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ABSTRACT 
This annual report describes the accelerator-driven transmutation project con­
ducted at the Department of Nuclear and Reactor Physics at the Royal Insti­
tute of Technology. The main results are: 

• development of the simulation tools for accelerator-driven 
transmutation calculations including an integrated Monte-Carlo burnup 
module and improvements of neutron energy fission yield simulations, 

• processing of the evacuated nuclear data files including preparation of 
the temperature dependent neutron cross-sections, development of 
nuclear data for a medium energy range for some isotopes, 

• development of the models and codes for radiation damage simulations, 

• system studies for the spent fuel transmuter, based on heavy metal 
coolant and advanced nuclear fuel, 

• contribution to the spallation target design being manufactured in IPPE, 
Obninsk 

• accelerator reliability studies. 

Moreover a lot of efforts were put to further develop existing international col­
laboration with the most active research groups in the world together with edu­
cational activities in Sweden including a number of meetings and workshops 
and a graduate course in transmutation. 

This project has been conducted in close collaboration with the EC-project 
"Impact of the Accelerator Based Technologies on Nuclear Fission Safety" -
IABA T and in bilateral cooperation with different foreign research groups. 
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1 INTRODUCTION 

In November 1996, SKB started financing of the project "System and safety 
studies of accelerator driven transmutation systems and development of a 
spallation target". The aim of the project was stated as: 

• Development of a complete code for simulation of transmutation 
processes in an accelerator driven system. Application of the code for 
analysis of neutron flux, transmutation rates, reactivity changes, toxicity 
and radiation damages in the transmutation core. 

• Build up of competence regarding issues related to spallation targets, 
development of research activities regarding relevant material issues. 
Performing of basic experiments in order to investigate the adequacy of 
using the spallation target as a neutron source for a transmutation 
system, and participation in the planning and implementation of an 
international demonstration experiment. 

In the present report, activities within the framework of the project performed 
at the department of Nuclear and Reactor Physics at the Royal Institute of 
Technology during 1998, are accounted for. 

Moreover, Charlotta Sanders, PhD student financed separately by Studsvik 
Nuclear, participated in the studies on radiation damages. 

2 CODES AND DATA FOR SIMULATION OF 
ACCELERATOR DRIVEN SYSTEMS 

Detailed system studies of accelerator-driven systems require a vast amount of 
nuclear data in order to get reliable assessment results and to guide an opti­
mized engineering design. Moreover, integration of existing codes for model­
ling of spallation, neutronics and bumup is essential in order to avoid 
problems with basic data discrepancies and neutron spectrum changes during 
burnup. This part of the project was performed in collaboration with our inter­
national partners including guest scientist Jerzy Cetnar (Technical University 
"Akademia Gorniczo-Hutnicza" in Krakow), Yuri Shubin (Institute of Phys­
ics and Power Engineering in Obninsk), Aleksander Polanski (Institute of Nu­
clear Research, Swierk), Vladilen Barashenkov (Joint Institute for Nuclear 
Research, Dubna), Anatoliy Grashin and his group (Moscow Institute of Phys­
ics and Power Engineering). Also close collaboration with Los Alamos Na­
tional Laboratory (Accelerator -Transmutation of Waste and Accelerator 
Production ofTritium groups) was indispensable for the outcome of the work. 
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2.1 SPALLATION 

Los Alamos Na tional Lab o ra tory (LANL)re leased ver sion 2 of MCNPX
[Hugh97], a Monte Carlo code that fully in te grates the high en ergy par ti cle
trans port ca pa bil i ties of LAHET [Prae89] with the "low en ergy" neu tron
trans port code MCNP [Brie97]. Our col lab o ra tor A. Polanski con trib uted with 
new the o ret i cally cal cu lated cross sec tions for spallation pro cesses that im -
prove the abil ity of the code to pre dict re sid ual el e ment pro duc tion. The per -
haps most im por tant fea ture of MCNPX from the ADS per spec tive is the
con tin u ous track ing of neu trons ap pear ing in pro ton in duced spallation hav ing 
ki netic en er gies up to sev eral GeV,  to the in stant of ab sorp tion in fuel and con -
struc tion ma te ri als of the sys tem. In com par i son with a sim i lar code de vel oped 
by the Emerging En ergy Tech nol ogy group of CERN (EET), MCNPX has a
dis tinct ad van tage in its abil ity to uti lize eval u ated cross sec tion data li brar ies
in the en ergy re gion 20 - 150 MeV, where it is known that cal cu lated cross sec -
tions are less re li able. For this pur pose, LANL pro duced  eval u a tions of cross
sec tion data for con struc tion ma te rial el e ments like iron and alu mi num (see
chap ter on Nu clear Data) .

MCNPX  it self was eval u ated at KTH in a sim u la tion of pro ton and neu tron
flux in a subcritical sys tem de signed for trans mu ta tion of non-recycled waste
from Swed ish light wa ter re ac tors. A core with hex ag o nal ge om e try was set up 
as shown in Fig ure 1.  
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Figure 1: Geometry set up of SSC -  a subcritical core designed for
transmutation of nuclear waste from Swedish light water reactors. The
cylindrical spallation target wall is shown in green, while different
TRU-enrichments in the nitride fuel elements are denoted by different shades
of blue.



The ra dius of the liq uid lead/bis muth spallation tar get turns out to be de ter -
mined by the larg est cy lin dri cal tube that can be fit ted into the empty space
cre ated by leav ing out the seven cen tral fuel bun dles of a tra di tional fast re ac -
tor core. Since the flat to flat dis tance of the fuel bun dle duct is given by re ac -
tor phys ics con sid er ations mostly de coup led from the spallation source,
op ti mi za tion of spallation neu tron yield will not be a de ter min ing fac tor in the
de sign of the tar get. Gen erally, duct flat to flat dis tances (FTF) vary be tween
10 to 20 cm. The max i mal tar get outer ra dius  

R FTFtarget = 2

3

is then con fined to the in ter val  11.5 to 23.0 cm. The high en ergy tail of the
spallation neu tron spec trum that will con trib ute to ma te rial dam age in con -
struc tion ma te ri als con sti tutes a rel a tively smaller frac tion of the to tal flux as
dis tance from the cen ter line of the tar get grows. Thus this con tri bu tion was in -
ves ti gated for the small est con fig u ra tion be ing of in ter est in re al is tic de signs,
i.e. an outer tar get ra dius of 11.5 cm. The cy lin dri cal tar get wall was as sumed
to have a thick ness of 5 mm and to be com posed of a 90% iron, 10% chro mium 
steel ap prox i mat ing the fer rit ic martensitic steels that are com pat i ble with liq -
uid lead/bis muth en vi ron ments.  The ac cel er a tor beam tube had a ra dius of 5
cm and the point of pro ton im pact was set to 12 cm above mid plane, in or der
to achieve an even dis tri bu tion of pri mary source neu tron ab sorp tions along
the z-coordinate of the fuel el e ments. It was shown that vir tu ally no pro tons
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Figure 2: Spatial distribution of spallation neutrons entering the target wall
within the vertical range of the surrounding core. The wall was divided into 5
cm wide bins. The impact of the 1 GeV proton beam was set to 12 cm above
midplane. Totally 21.5 neutrons per incident proton entered the target  wall.
Of these 10.0 entered below midplane, and 11.5 above.
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leave the lead/bis muth tar get. Fig ure 2 shows the dis tri bu tion of spallation and 
other sec ond ary neu trons tra vers ing the tar get wall .  

The frac tion of spallation neu tron flux above 20 MeV en ter ing the tar get wall
is dis played in Fig ure 3. It can be seen that it con sti tutes merely 1.4% of the to -
tal flux. This frac tion di min ishes fur ther out in the core. 

Con sidering that spallation neu trons ac count for less than 10% of the neu tron
flux in a typ i cal waste trans mu ta tion sys tem, one might think that the over all 1
promille frac tion of high en ergy neu trons could be ne glected also in de tailed
safety and neutronics anal y sis of the sys tem. How ever, since ma te rial dam age
rates in form of lat tice va cancy and he lium gas pro duc tion grow with neu tron
en ergy, it turns out that the high en ergy tail con trib utes with a sig nif i cant frac -
tion to these mac ro scopic observables. The ef fec tive lat tice de fect (in ter sti -
tial-vacancy) pro duc tion as func tion of pri mary re coil en ergy has re cently
been shown to fol low a sim ple power law for re coil en er gies up to 40 keV in
iron [Baco97] . Ex trap o lating this power law into the high en ergy re coil re -
gion, one may es ti mate that up to one third of the spallation neu tron in duced
lat tice dam age in the tar get wall is due to the 1.5% frac tion of high en ergy neu -
trons. 

The cross sec tion of the (n,α) re ac tion is prac ti cally equal to zero be low a
thresh old en ergy of about 5 MeV in iron. Since the tail of the fis sion neu tron
spec trum de clines to zero in the same re gion, he lium gas pro duc tion rates are
much smaller in fer rit ic steels than in nickel-containing steels, where the
thresh old of the (n,α) re ac tion is about 3 MeV. Hence, the high en ergy tail of
the spallation neu tron spec trum will be the ma jor con trib u tor to he lium gas
pro duc tion in fer rit ic steels used in ac cel er a tor driven sys tems. For the core
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Figure 3: Fraction of spallation neutron flux in the target wall below energy
En. Note that only 1.4% of the flux is above 20 MeV, even for a relatively small 
target such as the present.1.1% of the flux is found in the interval 20 - 150
MeV.
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depicted in Figure 1, it is found that about 80% of the a production in the tar­
get wa11 is induced by spallation neutrons, in spite of the fact that they repre­
sent only 0.1 % of the total neutron flux. 

2.2 NUCLEAR DATA - EVALUATION AND PROCESSING 

The reliability of simulation of accelerator driven transmutation depends both 
on quality of the simulation tools, i.e. computer codes and quality of nuclear 
data used on the input. It is therefore of a primary importance to review and 
re-evaluate the state-of-the art neutron cross-section data bases which have 
been developed during last 50 years mainly for nuclear reactor calculations. 
Moreover, due to spallation processes in accelerator-driven systems and an 
inadequate theory of particle interaction in the energy range between 20 and 
150 MeV it is desirable to extend nuclear data-libraries well over the current 
upper neutron energy limit of 20 Me V. Studies of the accelerator-driven sys­
tems require also temperature dependent neutron cross section data ( due to 
Doppler broadening of resonances). 

There are two types of data libraries which are broadly used in simulations of 
nuclear systems: 

a) transport data libraries, 

b) activation ( or transmutation) data libraries. 

While transport data libraries contain all the partial cross-sections and angle 
dependencies necessary for simulation of neutron transport in matter, activa­
tion libraries contain data which can be used mainly for transmutation rates, 
radioactivity and burnup calculations. These activation libraries are a very im­
portant complement to transport libraries, hence they contain much more iso­
topes. 

Several neutron transport data libraries available today which are of interest 
for ADS simulations:JEF2.2, ENDFB6.4 and JENDL3.2. 

Enormous amount of work has been put into transport cross section data bases 
in the last 50 years for the energy range from meV to 20 MeV. However there 
are still significant uncertainties, discrepancies between different data bases 
and missing data important for transmutation research. Typical examples are 
shown on Figures 4 and 5. Figure 4 exhibits a large discrepancy between 
JEF2.2 and ENDFB6.4 data bases in high energy part of the capture cross sec­
tion for 56Fe. Both in the resonance part of the data and in the MeV region the 
discrepancies are very visible by as much as 2 orders of magnitude for some 
resonances and by factor of2 in the high energy part. Figure 5 shows the qual­
ity of the data for fission cross-section of 238Np for JEF2.2 and ENDFB6.4. 
Equally bad quality data exist for some higher actinides and new experiments 
are required (some of the experiments are under way) to improve this situation 
if very reliable transmutation simulations are to be performed. 
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Transport cross-section libraries are represented in a commonly used 
END F 6-format ( evaluated nuclear data files) and the data must be reprocessed 
in a special way in order to be used for transport calculations. The reprocess­
ing code is called NJOY97. The NJOY nuclear data processing system 
[MF92] is used to transfonn evaluated nuclear data in the ENDF format into 
fonns useful for nuclear application calculations. Because of the favourable 
convergence of nuclear data formats all over the world, these evaluated data 
can come from the US ENDF/B libraries, the European JEF libraries, the Rus­
sian BROND libraries, the Japanese JENDL libraries, the Chinese CENDL li­
braries, the IAEA FENDL libraries, and others. 

One of the most important capabilities of NJOY is to perform resonance 
Doppler-broadening calculations, crucial for creation of temperature depend­
ent cross-sections. Some other important features include the gas-production 
capability, a DP A capability for MCNP, a radionuclide production capability, 
extensions for high-energy angular distributions and KERMA factors. 

As mentioned before one of the major tasks done by NJOY is preparation of 
temperature dependent neutron (and/or proton) cross-section involving Dopp­
ler-broadening ofresonances. A transport cross section data base prepared for 
our research consists of combined cross-section data from three libraries 
JEF2.2, ENDFB6.4 and JENDL3.2 at four temperatures (300K, 600K, 900K 
and 1200K). Data used in the calculation are picked-up in the following prior­
ity order: first JEF2.2 is searched, then ENDFB6.4 and finally JENDL3.2. A 
comprehensive list of isotopes in these different data bases can be found on 
our web site: 

http://www.neutron.kth.se/pu blications/library .html 

An activation (transmutation) cross-section data base has been prepared based 
on EAF3 .2 (European Activation File) and EAF97. This data-base contain 
continuous energy dependent capture ( and other transmutation reactions) 
cross-section data for over 700 isotopes ( over 400 isotopes more than in any 
transport library). A drawback of the EAF library, in its original forn1, is that it 
is not represented in the standard ENDF6-format. In order to be able to use this 
library in our calculations it had to be converted into ENDF6 format. It has 
been done using the PROCEAF code. ( In collaboration with M. Embid, J. 
Garcia-Sanz, R. Fernandez and E. M. Gonzalez -FACET group, CIEMAT, 
Spain). Finally the data has been processed by NJOY97 for different tempera­
tures. 

Recognizing the importance of spallation neutrons ( and spallation reactions) 
in accelerator-driven systems most effort of nuclear data evaluators in last few 
years has gone to the extension of the existing ( neutron and proton) 
cross-section libraries to 150 Me V [Koni98]. In co-ordination with different 
international efforts and in collaboration with the European IABA T-project 
and a Russian group from Institute of Physics and Power Engineering in 
Obninsk we are developing the evaluation of neutron and proton cross-section 
transport libraries for the energy range up to 150 MeV for 232Th and 238U iso­
topes. The evaluation is based on nuclear model calculations that have been 
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benchmarked to ex per i men tal data. We used the GNASH code sys tem
[Yo92], which uti lises Hauser-Feshbach sta tis ti cal, preequilibrium and di -
rect-reaction the o ries. Cou pled-channel op ti cal model cal cu la tions [Ra84] are
used to ob tain par ti cle trans mis sion co ef fi cients for the Hauser-Feshbach cal -
cu la tions, as well as for the elas tic neu tron an gu lar dis tri bu tions. The en -
ergy-angle cor re la tion for all out go ing par ti cles are based on Kalbach
sys tem at ics [Ka88]. Dis crete level data from nu clear data sheets were
matched to con tin uum level den si ties us ing the for mu la tion of Ignatyuk [Ig75] 
and pair ing and shell pa ram e ters from the Cook anal y sis [Co67]. Neu tron and
pro ton trans mis sion co ef fi cients were ob tained from the op ti cal po ten tials
[Ra84]. Trans mis sion co ef fi cients for al pha, deu ter ons and tritons were cal cu -
lated us ing the spher i cal op ti cal model. 

The to tal neu tron cross sec tion cal cu lated with the pa ram e ters given above are
shown in Fig ure 6 in com par i son with avail able ex per i men tal data and with
dif fer ent pre vi ous eval u a tions. Fig ure 7 shows the neu tron fis sion cross-sec -
tion for Tho rium up to 150 MeV. The eval u a tion for pro tons on 232Th and for
neu trons and pro tons on 238U are un der way.
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2.3 RADIATION DAMAGE 

Con struc tion ma te ri als in waste trans mu ta tion sys tems must be able to cope
with large neu tron fluences. The very hard neu tron spec trum re quired for low -
er ing cu rium ac cu mu la tion is ex pected to cause high rates of lat tice va cancy
and he lium gas pro duc tion in clad dings and ducts. In sub-critical sys tems, an
ad di tional bur den is brought by sig nif i cant flux peak ing in the vi cin ity of the
spallation tar get. Since ex per i men tal in ves ti ga tions of mac ro scopic ra di a tion
dam age ef fects are time con sum ing, it is of im por tance to de velop mod els that
can pre dict the mag ni tude of swell ing and embrittlement as func tion of neu -
tron fluence and spec trum.

An eval u a tion of the re coil cas cade sim u la tion pro gram MARLOWE
[Robi92] was made at the de part ment. Early ver sions of MARLOWE were
used to fix a stan dard of lat tice dis place ments yields known as "NRT DPA"
[Norg75]. Even though it sub se quently turned out that MARLOWE over es ti -
mates the num ber of sur viv ing lat tice dis place ments in fast neu tron spec tra by
up to a fac tor of four, NRT DPA has re mained a stan dard for char ac ter iza tion
of ra di a tion dam age in duced by a given fluence. Un for tu nately, many es ti ma -
tions of ra di a tion dam age found in the lit er a ture still use the out dated Kinchin
and Pease for mula for lat tice dis place ment rate cal cu la tions [Kinc55]. Even
worse, some au thors use val ues of dis place ment thresh olds that are cor rected
for the er rors of MARLOWE, but for get this fact when they com pare their pre -
dicted dam age yields with ex per i men tal NRT DPA lim its of con struc tion ma -
te rial re sis tance to ir ra di a tion. There fore, it is im por tant to ar rive at a
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consensus on how the actual displacement rates are to be characterized. Be­
fore such a consensus has been established, one should always state standard 
NRT DPA:s in conjunction with actual displacement rates, in order to avoid 
misinterpretation of simulation results. 

As shown in both experimental investigations in pure copper, and more de­
tailed modelling of displacement cascades in iron, recent versions of 
MARLOWE severely over-estimates lattice displacement rates for primary 
recoil energies above 1 ke V [Zink93]. This is mainly due to the binary colli­
sion approximation implemented in MARLOWE being unable to account for 
collective lattice displacements. Since the major fraction of the recoil spec­
trum in waste transmutation systems will be present above this threshold, a 
better simulation tool was needed. The capability of molecular dynamics 
(MD) simulation codes have improved considerably during the last decade. 
These codes solve the full set of Newton's equations for a moving atom in a 
lattice, using a potential that is pre-calculated by quantum mechanical meth­
ods. Simulating displacement cascades in pure iron, Calder, Bacon and Gao 
showed that simple relations between the actual number of surviving defects 
and the NRT DPA value exist for a given material, at least within the recoil en­
ergy range investigated (Er < 40 ke V) [Baco97]. 

While MD simulations of displacement cascades in iron are very difficult to 
verify experimentally, predictions of lattice defect yields in copper agree 
fairly well with experimental findings [Zink93]. Hence Calder's formula was 
used for a first estimation of actual lattice defect production rates in the ferritic 
steels that are likely to be used as construction materials in heavy metal cooled 
reactors [Sand98]. It was found that the standard displacement rate in cladding 
and ducts of a Pb/Bi cooled sub-critical core did not exceed 20 NRT DPA per 
year, which should be within acceptable limits. This number corresponds to a 
much smaller actual displacement rate ( < 5 defects produced per atom per 
year). However, since helium gas production in the spallation target wall will 
be about an order of magnitude larger than in critical reactor construction ele­
ments, the swelling threshold might be lower than the 100 - 200 NRT DPA 
that has been observed in ferritic steels irradiated with fission neutrons. 

In order to improve the estimations presented in [Sand98] real recoil spectra 
should be used instead of average recoil energies. Further, a project to imple­
ment a displacement cascade potential for F e-Cr alloys has been initiated and 
will be perfom1ed in cooperation with the University of Liverpool. 

2.4 FISSION PRODUCT YIELD 

Since experimental data on fission product yields of the minor actinides are 
scarce, and the energy dependence of mass and charge distributions are only 
known for three points (at best), there was a need for a theoretical model to 
create energy dependent fission product yield libraries. Three different models 
were investigated: 
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• The empirical Zp/ Ap model of Wahl ( Los Alamos National 
Laboratory) [Wahl85] 

• The semi-empirical model of Koldobsky and co-workers at Moscow 
Engineering Physics Institute (MEPHI) [Kold95] 

• The non-equilibrium thermodynamical model of Grashin and 
co-workers at MEPHI [Gras85]. 

Evaluation of the Zp/ Ap model showed that the empirical curve-fitting of 
gaussians and exponentials applied lead to unacceptable uncertainties in pre­
dictions of fission product yields where experimental data are unavailable. 
The semi-empirical approach ofKoldobsky turned out to give expectedly reli­
able predictions of low yield fission products in fission of uranium and pluto­
nium. It appeared to be less reliable in the task of predicting minor actinide 
fission yields, however, since it was dependent on fitting of a about 20 free pa­
rameters for each nuclide . 

The non-equilibrium thermodynamical model of Grashin is based on a new 
theoretical understanding of quantum mechanical processes in systems hav­
ing too many free variables for non-statistical methods to be useful, while be­
ing too short-lived for standard equilibrium thennodynamics to be fully 
applicable [Gras85]. By introducing the concept of "free energy" of the ex­
cited compound nucleus, the model calculates the probability of finding final 
states of two ( or three) fission products with concomitant release of a given 
number of neutrons within the manifold of the initial state. Thus the energy de­
pendence of the fission product yield enters as a fundamental property in the 
model. Shell effects are taken into account , and most free parameters are fixed 
by fitting model predictions with experimental yields for a fission of a single 
nuclide at a single energy - in our case 235 U (see Figure 8). For other nuclides 
only one free parameter, the ground state temperature, remains. This can be 
determined from e.g. the ratio of peak to fission valley yields, which is better 
known for the minor actinides than individual yields. Since yield distributions 
for thermal fission of 235U are comparatively well known, errors in the low 
yield predictions for arbitrary actinides should generally not be worse than the 
same errors for 235U. 

This is of great significance in transmutation simulations, as many system pro­
posals are based on pure minor actinide fuels, which existing commercial 
codes never were intended to model accurately. 

Accordingly, the non-equilibrium thermodynamical model of Grashin was 
chosen as a tool for producing energy dependent fission product yield libraries 
to the integrated bumup code. A collaboration with Grashin's group was initi­
ated, which resulted in a updated Fortran version of their code. Figures 9 and 
10 show the comparison of predicted fission product mass yields with experi­
mental data at thermal and fast (0.5 and 1 Me V) incident neutron energies for 
241 Pu and 245Cm. 
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Figure 8. Fission product yields in neutron induced fission of 235U. Open
circles - evaluated data, solid circles - theory. Fast neutron induced fission
for 1 and 0.5 MeV neutrons (upper), thermal neutron induced fission (lower).
235U-data for thermal fission were used for fitting free parameters of the
theoretical model.
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As can be no ticed from a com par i son of Fig ures  9 and 10 sig nif i cant dif fer -
ences in the yield of fis sion prod ucts with mass num bers around 90 and 110
ap pear. As the widely spread burnup sim u la tion code ORIGEN2 ap prox i -
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Figure 9. Comparison of theoretical prediction of fission yields for 241Pu with
JEF2.2 evaluated data. Fast neutron induced fission for 1 and 0.5 MeV
neutrons (upper), thermal neutron induced fission (lower). Note difficulties of 
the theoretical model to reproduce right-hand fission-yield peak for thermal
neutron induced fission.
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mates any fis sion yield for Am and Cm with that of 241Pu, one should take se ri -
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Figure 10. Fission product yields in neutron induced fission of 245Cu. Open
circles - evaluated data, solid circles - theory. Fast neutron induced fission
for 1 and 0.5 MeV neutrons (upper), thermal neutron induced fission
(lower).Note the discrepancy in the "fission valley" for thermal neutron
induced fission, and surprisingly good reproduction of fast neutron induced
fission.
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ous note of this dis crep ancy. Ap plying ORIGEN2 for mod el ling of burnup in
the so called Mi nor Ac ti nide burn ers pro posed by JAERI and CEA/Cadarache
may lead to er rors in pre dic tions of tox ic ity re duc tion. Es pe cially, the yield of
90Sr be comes over-estimated, as shown in Fig ure 11 be low. Since 90Sr dom i -
nates the in ges tion radiotoxicity of high level nu clear waste dur ing the first
100 years [Chop95], ORIGEN2 would over-estimate the short term ra -
dio-toxic in ven tory in Mi nor Ac ti nide burner waste streams. 

Fur ther note the sig nif i cant en ergy de pend ence in the yield of nuclides in the
fis sion val ley. In par tic u lar, the pre dicted yield of the long-lived radiotoxic nu -
clide 126Sn in an ac cel er a tor driven sys tem might be off by a fac tor of two or

so, when in te grat ing over the spec trum of fis sion in duc ing neu tron en er gies
see Fig ure 12). How ever, since the bulk of fis sions (> 75%) in fast breeder re -
ac tors are in duced by < 100 keV neu trons, the ther mal neu tron yield is in this
case a better ap prox i ma tion than the "re ac tor" fast neu tron yield usu ally mea -
sured (En ~ 1 MeV). 
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Figure 11.  Cumulative yield of 90Sr in 100 keV neutron  induced fission of
transuranic nuclides. Note the difference in yield between 239Pu (main
contributor in fast breeder reactors) and the minor actinides.  Compare also
with the 6 % yield in fission of 235U! The cumulative yield includes  90Sr nuclei
appearing after β-decay of other fission products  with the same mass number,
but smaller Z. In the present case,  all relevant precursors have decayed into
90Sr within one hour. 

4 

3 

2 

Cumulative yield 
of90Sr r1oJ 

Cm 
Am 

Pu 
Np 



2.5 BURNUP 

 The re quire ments of the burnup code de vel op ment are set by the de mand of a
cor rect mod el ling of sub-critical waste trans mu ta tion sys tems. These are sup -
posed to trans mute ex traor di nary large frac tions of orig i nal ma te ri als pres ent
in the sys tem. For in stance, ma te rial com po si tions af ter 20% heavy atom
burnup and up to 50% long lived fis sion prod uct trans mu ta tion dur ing a sin gle
ir ra di a tion cy cle must be cor rectly pre dicted by the code, which means that
sig nif i cant spec trum changes and self shield ing ef fects have to be treated by
in tel li gent and self-adjusting time step ping pro ce dures. Fur ther, in or der to op -
ti mize fuel and waste man age ment, it is ad van ta geous to ap ply the trans mu ta -
tion tra jec tory anal y sis method, which pro vides ad di tional in for ma tion of the
trans mu ta tion pro cess, as com pared to the ex po nen tial ma trix method of
ORIGEN2. 

The work on ex tend ing MCNP with ad vanced burnup ca pa bil i ties re quired by
the pro ject was to a large ex tent com pleted dur ing the year. Eval u a tion and
val i da tion of the in te grated code MCB (Monte Carlo Burnup) is now un der -
way.  

The ba sic cross sec tion and de cay data used by MCB con sist of:  
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Figure 12. Independent and cumulative yield of the long-lived  γ  radiotoxic
nuclide 126Sn in fission of 237Np, as function of incident neutron energy. 
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• Decay data including decay constants and branching ratios for over 2400 
nuclides. The decay data file was prepared on the basis of the Table of 
Isotopes (Toi) version 8E. 

• Neutron transport cross section libraries for about 300 nuclides, 
prepared with NJOY at various temperatures on the basis of the room 
temperature evaluations ENDF/B-VI, JEF2.2 and JENDL3.2. 

• Neutron reaction cross section libraries for about 400 additional nuclides 
(for which transport cross section evaluations do not exist), prepared 
with NJOY at various temperatures on the basis of the EAF evaluation. 

• Continuous energy fission product yield libraries for 36 actinides, 
including yields of over 1000 fission products. The library was 
constructed using an updated version of the THERMO code, which 
calculates independent yields using the non-equilibrium thermo­
dynamical model of Grashin [Grash85]. 

• Data for effective dose per unit intake for 738 nuclides, prepared on the 
basis of the Basic Safety Standards of IAEA. 

• Meta-stable to ground state capture ratios for neutron capture on 241 Am 
and 243 Am according to the evaluation of Mann and Schenter [Mann77]. 

In addition to standard MCNP material specifications "bumup", "residual" 
and "mixed" materials are introduced in MCB. Burnup materials are not used 
in transport calculations unless their macroscopic cross section contribute to 
the total cross section with a fraction larger than a discrimination level sup­
plied in the input file. Residual material have no defined density, and are used 
only for transmutation transition calculations. Finally materials may be mixed 
using the mixed material specification, which greatly simplifies initial system 
definitions. Materials for which bumup is to be calculated (not necessarily all 
materials) are specified with the "BURN" command. 

The physical conditions of the irradiation (and decay) simulation are fixed by 
specifying time periods of constant conditions, and corresponding source 
strength or heat dissipation (power). If neither power nor source strength is 
specified, or both are set to zero, plain decay of unstable nuclides takes place. 

The constraints of the automatized time-stepping routine are prescribed in the 
input file by specifying longest allowed time step ( equal to the first trial time 
step), allowed variation of k-eigenvalue, neutron multiplication and/or reac­
tion rate during a time step. Discrimination levels of macroscopic cross sec­
tion contributions and nuclide to nuclide transmutation transitions may also be 
specified, as well as a half-life threshold for treatment of fast decaying 
nuclides. 

At startup of the code, all unique cross section files pointed to in the XSDIR 
file are loaded. The program checks if nuclides with short half-life exist in the 
materials specified, and force them to decay before making a calculation of the 
k-eigenvalue of the system. If this is lower than a given threshold, a source 
particle transport run is made where system power and transmutation rates are 
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calculated "in flight". Otherwise, the particle flux is assumed to be sufficiently 
well described by the eigenflux and a new KCODE run is made, including 
sampling of heating and transmutation rates. Then, transmutation trajectories 
are selected, and the nuclide density evolution is calculated during the whole 
trial time step. The macroscopic cross sections of the appearing nuclides are 
calculated in order to check that they do not exceed the fraction of the total 
cross section set by the discrimination level. Similarly, a k-eigenvalue calcula­
tion is made to assure that changes in asymptotic neutron multiplication stays 
within the prescribed range. If either of these conditions are not fulfilled, a 
smaller time step is set for a renewed nuclide density prediction. Finally, new 
nuclide concentrations in the burnable materials are initialized and a new par­
ticle transport run is initiated. 

3 INVESTIGATION OF SPALLATION 
TARGET PROPERTIES 

The International Science and Technology Centre Project# 559 "Pilot flow 
lead-bismuth target of 1 MW111 for accelerator-based systems" is a 
collaborative project between Institute of Physics and Power Engineering 
(IPPE) in Obninsk, Los Alamos National Laboratory (LANL ), Royal Institute 
of Technology and CEA-Cadarache. Funding parties of this project are USA, 
EU and Sweden. 

The purpose of the project is to develop a heavy metal-Pb/Bi eutectic- flow 
target which possesses the best features for producing neutrons at a high 
power proton accelerator. Thus, the technical key problems of a flowing 
Lead-Bismuth 20 MW-power target should be investigated. Such a technical 
base will be established by the design of a pilot lead-bismuth 1 MW power 
target. It is decided that the pilot target will be tested at the LANSCE 
accelerator at LANL (LANSCE: 800 Me V, 1.5 mA linear proton accelerator) 
after extensive off-beam tests, first in Obninsk year 2000 and then in Los 
Alamos. 

The project has started in January 1998, had its kick-off meeting in March 
1998 and now it is at its half-way. The design work has been completed and 
presented to the collaborators. 

Figure 13 shows the general sketch of the target system together with radiation 
shielding and all auxiliary equipment: pumps, drainage tank, plumbing etc. 

Figure 14 presents the spallation target itself, i.e. the volume filled with liquid 
Pb/Bi-eutectic, into which the proton beam is dumped, producing an intense 
source of spallation neutrons. Spallation neutrons are produced through nu­
clear interactions with lead and bismuth nuclei. The window (1 on Fig. 13) is 
the most strained component of the target. Proton interaction with the window 
material generate a non-uniform volumetric energy deposition causing ther-
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A Active part of the arget - the pallation target itself 

Figure 13. The layout of the I MW spallation target with all auxiliary 

equipment: 1 - spallation target itseff, 2 - radiation shielding, 3 - steel 

containment, 4 - drainage tank, 5 -support structure, 6 - heat exchanger, 7 -

MHD-pump, 8 - flow rate meter. 

mal-mechanical loading on the window, large accumulation of displacements 

per atom and accumulation of helium. Moreover, frequent accelerator 

beam-trips (more than 1 per hour at the LANSCE accelerator) aggravate the 
window stress problem. 

The unusual placement of the drainage tank ( 4 on Figure 13 ) - above the 

spallation target volume - is caused by geometrical constraints of the existing 
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experimental beam stop position at LANSCE where the target will be tested 
on-beam. 

Coota11t i nll.\1 
'1 ~oolrio( outlel 1 

,. ~7f .•••. --1 

Figure 14. The spallation target. Main components ofthe target: 1 - window, 2 
- window support, 3 - diffuser plate, 4 - target hull, 5 - inner channel. 

The radiological safety problems have been studied for the target operation in 
the proton beam. A wide range of radionuclides is generated in the Pb/Bi 
eutectic (LBE) while irradiated by the proton beam of 0.8 Ge V energy and 
consequently by high flux of spallation neutrons. The LBE total specific activ­
ity will be about 18.5 TeraBq after six months of irradiation with a proton 
beam of a nominal power lMW. Figure 15 shows the decay of target specific 
radioactivity with cooling time. 

The gaseous and volatile radionuclides which are partially collected in the 
cover helium gas in the compensator volume present the most distinct danger. 
The noble gases Krypton and Xenon, radioisotopes of Polonium, Mercury, 
Caesium, Iodine, Bromine and Rubidium are of the biggest concern. The cal­
culations show [Grom98] that during normal operation the radioactive leak­
age into ventilation system is determined by 85Kr, 131 mXe, 129mXe and 127Xe 
and so does not exceed the permissible value. In accidental conditions includ­
ing the target window rupture the radiological contamination is determined by 
noble gases and will not exceed 0.1 TeraBq per day. 

The benchmark calculations done at RIT - see Figure 16 confirm the ther­
mal-hydraulic feasibility of the target design, from the point of view of cool­
ing (temperature field) and flowing (velocity field) parameters. The limiting 
factor for the target performance seem to be a number of accelerator beam 
(power) trips which have to be accommodated in the target. The life-time 
number of trips has been estimated to about 3000. 
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The tar get de sign is now un der an in ten sive re view and scru tiny pro cess at Los 
Alamos, and in the smaller ex tent at CEA and RIT. A work shop will be or ga -
nized in or der to fi nally ap prove the tar get de sign for man u fac tur ing. 
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Figure 14. Specific radioactivity of the Pb/Bi eutectic as a function of cooling
time  after 6 months of  irradiation in the 1 MW proton beam.  

Figure 15. Benchmarking of spallation target calculations. Temperature field
(left) and velocity field (right) for operational conditions of the target.
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4 SYSTEM STUDIES 

4.1 NEUTRON ECONOMY 

As shown by J-0 Liljenzin et al in [Enar98], the success of a transmutation 
strategy is determined by the combination of high burnup fractions during ir­
radiation of the waste, together with high separation degrees in the intermedi­
ate reprocessing that must take place. Radiation damage to solid fuel sets a 
general limit to the actinide bumup fraction at about 20%. Since reprocessing 
losses hardly can become smaller than 0.1 % for any of the long lived 
actinides, a theoretical lower limit of the secondary waste stream necessary to 
put into geological repositories will be 0.5% of the initial TRU amount pro­
duced by commercial nuclear power plants. In order to achieve this goal in 
practice, however, it is necessary to design the transmutation system in such a 
way that neutron capture in fission products, construction material and fuel 
components can be accommodate for, within the number of neutrons pro­
duced in an average fission. Further, if one is to transmute long lived fission 
products like Technetium-99 and lodine-129, the system must be able to pro­
vide an additional neutron surplus for this purpose. Hence, a complete design 
study of a nuclear waste transmutation system should include a neutron econ­
omy analysis. We define the neutron surplus G of a waste burning system as 
[Salv94]: 

G = 2] rtDi]-[ L +CM] +S 
i 

Here, Di is the average neutron gain due to neutron absorption in nuclide i and 
'lli is the cross section weighted atomic fraction of nuclide i in the waste: 

L is the loss of neutrons due to leakage out of the core, CM is the loss of neu­
tron due to absorption in construction materials, and S is the neutron surplus 
(per fission) due to sub-criticality of the system (if so configured). For most 
practically realizable reactors, L+CM is larger than 0.3. 

If G is larger than zero, the surplus neutrons can be used for extending the 
bumup up to 20%, by allowing for increased absorption in generated fission 
products, and/or for transmutation of long-lived fission products. Hence, 
given an initial waste composition, the formulae above can be used for esti­
mating the transmutation capabilities of a given system design. Table 1 shows 
the relative composition of transuranic nuclides in the waste of an average 
commercial PWR (bumup of 41 GW d/ton) and the resulting composition after 
having recycled the plutonium as MOX in a PWR once with moderate bumup 
(33 GWd/ton) [NEA98]. 
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Table 1: Relative composition of transuranic nucli­
des in waste from an average PWR, with 
and without recycling of Plutonium as 
MOX. Four years of cooling is assumed. 

PWR PWR 
Nuclide 

UOX-waste UOX + MOX-waste 

237Np 0.046 0.059 

238Pu 0.023 0.025 

239Pu 0.490 0.330 

240Pu 0.215 0.247 

241Pu 0.114 0.120 

242Pu 0.062 0.085 

241Am 0.028 0.072 

243Am 0.016 0.043 

244cm 0.005 0.015 

245cm 0.000 0.001 

It is to be noted that the use of extended MOX bumup does not lead to a sub­
stantial decrease in TRU mass. Increasing the bumup from 33 GWd/ton to 
43.5 GWd/ton only enlarges the effective TRU burnup from 20.9 to 22.7 % 
[NEA98]. At the same time curium content (and a-activity) is nearly doubled. 
Hence such MOX bumup levels may be considered contra productive in a 
waste transmutation scenario. In a previous report involving the present au­
thors, larger figures for TRU reduction were claimed [Enar98]. Those num­
bers were however based on unverified ORIGEN2 calculations, which only 
with great difficulty can accommodate corrections due to decrease in 
self-shielding of 238U capture as 239Pu is fissioned away. 

The individual nuclide neutron gain D for the minor actinides is displayed in 
Figure 17. It can be seen that 237Np, 241 Am and 243 Am and Am all are neutron 
consumers, however less so in a Pb/Bi cooled ADS than in a fast breeder reac­
tor. From these figures, one can conclude that a pure minor actinide fuelled 
system must contain exceedingly large 245Cm fractions in order to become 
even close to critical (G>0). Accordingly, the JAERI design of their 
MA-fuelled ADS uses 40% Pu for "start-up". 

The resulting neutron surplus G for different types of transmutation systems is 
shown in Figure 18. As seen, an arbitrary thermal spectrum system is hardly 
able to handle transmutation of MOX recycled waste at all. Only by continu-
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ous re moval of fis sion prod ucts, as in the mol ten salt ADS, could a ther mal
spec trum be con sid ered. The safety as pects of a liq uid fuel ap proach are how -
ever quite cum ber some. In ad di tion, there is very lim ited po ten tial of long
lived fis sion prod uct trans mu ta tion in a ther mal spec trum. The sodium cooled
Fast Breeder Re ac tor can be used for trans mu ta tion of both trans uranic waste,
Tech ne tium-99 (~0.2 sur plus neu trons needed) and Io dine-129 (~0.05 neu -
trons needed), still al low ing for close to 20% heavy atom burnup. The ne ces -
sity of hav ing large frac tions of ura nium in the fuel in or der to ob tain
ac cept able Dopp ler feed back makes the global TRU trans mu ta tion rate of the
FBR sig nif i cantly smaller than the cor re spond ing rate in a purely TRU fu elled
ADS, how ever. Fur ther, the slower spec trum of the FBR leads to in creased ac -
cu mu la tion of cu rium in the waste dur ing the trans mu ta tion pro cess, which
makes both re pro cess ing and fuel el e ment man u fac tur ing more dif fi cult and
ex pen sive. Finally, the out stand ing neu tron sur plus of the Pb/Bi cooled ADS
would al ways al low for reach ing high est pos si ble burnup frac tions, with close
to com plete trans mu ta tion of both technetium and iodine. There is even a
theoretical potential for transmutation of Caesium-135 without isotope
separation (~0.6 surplus neutrons needed), if this would be considered useful. 
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Figure 17: The neutron gain Di in absorption of a neutron in minor actinide
nuclides. Blue bars show values for a Pb/Bi  cooled ADS spectrum, red bars for
a sodium cooled fast  breeder spectrum. 
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 4.2 NEUTRONICS 

The extraordinary neutron surplus of the Pb/Bi-cooled ADS would not be a
decisive advantage with respect to the sodium cooled fast breeder, if it could
not be utilized for transmutation purposes in prac tice. There are however
several possible means of doing this, like: 

• Transmutation of the long-lived fission products 99Tc-,129 I and  135Cs. 

• Capture in burnable poisons for flattening of reactivity changes. 

• Low-energy capture in absorbers in order to block capture in fuel
nuclides and 209Bi. 

• Allow for fission product capture in fuel element in order to facilitate    
extended burnup (up to 20%). 

The first three points can be implemented separately or in combination. The
transmutation of 99Tc and blocking of capture in 209Bi was investigated using
MCNP in a paper presented at the Heavy Liquid Metal Coolant (HLMC)
conference held in Obninsk [Wall99]. It was shown that the comparatively
fast neutrons leaking out of the periphery of a core an a logue to the one
depicted in Figure 1, easily are captured in 99Tc rods placed in the direct
vicinity of the core. The number of Technetium transmutations per fissioned
TRU nucleus well exceeded the number of Tc-nuclides originally
co-produced with the TRU nucleus. While capture cross sections are larger for 
moderated neutrons, the corresponding self-shielding effects severely lowers

25

Figure 18. Neutron surplus G in a Pb/Bi-cooled ADS (blue bars), a
sodium cooled FBR (green bars), and an arbitrary thermal spectrum
ADS (red bars) loaded with UOX and UOX+MOX transuranic waste. 
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the transmutation efficiency [Kon98]. Consequently, the wide-spread belief
that moderation techniques are beneficial for FP-transmutation [Kloo95]
appears to be wrong. In addition, the capture of fast leakage neutrons stops
them from re-entering the core with a lower energy, and thus lowers curium
accumulation in the outer fuel elements. Further, it was shown that a reduction 
of 210Po accumulation in the coolant of up to 40% resulted as a side-effect of
the Tc-rod introduction. 

In a refined Monte Carlo study of the 99Tc transmutation potential, a smaller
amount (390 kg) of technetium was placed as 1.6 cm diameter rods
surrounding the periphery of the core shown in Figure 1. This corresponds to
about 1.4 Tc nuclei per TRU nucleus in the core, i.e. seven times the originally
concomitant production. The amount could be relevant for a scenario where
seven consecutive fuel loads are irradiated up to 15% burnup, without
exchange of Tc-rods. The initial capture ratio (at k-eigenvalue ~ 0.965) was
found to be 0.27 per TRU-fission. The neutron flux in the Tc-rods was only
slightly deteriorated by self-shielding as shown in Figure 19. This should be
compared to a self-shielding induced flux reduction of a factor of two found in
Tc-rods irradiated in an epithermal spectrum [Kon98]! 

An average neutron flux energy of 330 keV, an average capture energy of 130
keV and a mean free neutron path in the rods of 2.3 cm confirms the
importance of applying a fast spectrum for efficient technetium transmutation. 
In all cases, mean free paths should not be much less that one cm for avoidance 
of self-shielding. Figure 20 shows the neutron spectrum at the instant of
capture. Note that less than 2% of the captures take place below 1 keV. 
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Figure 19. Neutron flux across 99Tc rods placed at the periphery of a fast
spectrum sub-critical core. The effect of self-shielding is visible, but does not
deteriorate the transmutation rate across the rod significantly. R denotes
radial distance from the point of the rod closest to the core. An epithermal
irradiation would have led to a minimum in the flux (transmutation rate) in the
center of the rod ® = 0.8 cm).
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 4.3 FUEL TYPES 

The choice of fuel type will be of certain importance for the performance of a
transmutation facility. Early breeder reactors employed metallic fuels, having
advantages of high breeding ratios and high thermal conductivities. However,
the very fast neutron spectrum resulting, had the disadvantage of diminishing
negative Doppler feedback to levels where safety margins became
questionable. Further, swelling problems turned out to be severe even at
moderate burnup levels. The comparatively well known di-oxides used
extensively in Fast Breeder Reactors have the advantage of moderating the
neutron flux enough for the overlap with the uranium resonance region to be
significant. Hence, a large negative Doppler coefficient results, which has
allowed for safe operation of sodium cooled prototype reactors like BN-600
and Phenix.  

In the context of transmutation, where plutonium consumption is a priority,
one would like to avoid large fractions of 238U in the reactor. Thus the main
technical advantage of the oxide fuel is lost. The considerable industrial
experience of producing and reprocessing oxide fuels must then be
re-evaluated in the light of disadvantages appearing in the specific context of
transmutation like: 

• Relatively high neutron moderation, yielding higher capture to fission
ratios, in their turn leading to higher fractions of curium accumulation in

27

Figure 20. Neutron spectrum at instant of capture in 99Tc, normalized to
unity (red line).  Fraction of captures below a given neutron energy (blue
line).
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the fuel at given bumup levels. Curium isotopes are strong alpha 
emitters, which increase the cost of reprocessing and fuel 
manufacturing. 

• Low thermal conductivity, which limits the maximal power per meter of 
fuel pin to 50 kW if fuel melting is to be safely avoided. Especially for 
non-recycled transuranic waste, which is highly reactive, this limits fuel 
pin diameters to extremely small values (<5 mm), even when 
introducing annular fuel pellet designs. 

The requirement of a fuel type with small neutron moderation impact and high 
thermal conductivity therefore lead to reconsideration of metal fuels as well as 
nitride fuels, also developed and tested during the fifties and early sixties. 

Metallic fuels undoubtedly yield the highest fission to capture ratios for most 
transuranic nuclides. However, the problems of swelling at high bumup frac­
tions (minimum 10% bumup is required) can only be accommodate by means 
that lower the thermal conductivities of the TRU alloys down to levels where 
maximal linear power are in parity with the oxide fuels. Such means may be 
alloying with zirconium or lowering of fissile fuel density, and have been pro­
posed by CERN and Los Alamos in their designs of waste transmutation sys­
tems. 

Nitride fuels on the other hand, feature smaller moderation of neutrons than 
oxide fuel, due to one-third smaller fraction of light nuclides, moderate 
swelling and relatively high thermal conductivity. Irradiation tests also show 
that fission gas release is small [Arai97,Suzu99]. As shown in Figure 20, a 
maximal linear power of above 120 kW /m can be achieved without increasing 
the maximal temperature above 1400 K in annular nitride fuel pellets. This 
allows for a much smaller fraction of diluent material ( uranium, thorium, 
zirconium, magnesium oxide), than required by oxide or metallic fuels. 
Further, fuel radiation damage and fission gas release that deteriorates thermal 
conductivity is minimized. 

The main drawback of the nitride fuel is production of 14C due to the (n,p) 
reaction in 14N. Hence, I5Nenriched nitrogen is envisaged for manufacturing 
of the fuel. A 99. 9% enrichment would lead to a thousand fold reduction in 14C 
accumulation while raising fuel assembly costs by an acceptable amount of 
25% [Grup98]. 

Consequently, nitride fuels are considered as first choice for waste 
transmutation by JAERI and MINA TOM, both having ongoing research 
programs on nitride fuels including fabrication and irradiation. In a Swedish 
perspective nitride fuels should also be considered as most interesting, taking 
the very high reactivity ofun-recycled LWR waste into account. 
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5 ACCELERATOR RELIABILITY STUDIES

In col lab o ra tion with Los Alamos Na tional Lab o ra tory a re li abil ity study of
the LANSCE ac cel er a tor have been per formed [Eric98 and Ap pen dices 3,4].
The re li abil ity and avail abil ity of the ac cel er a tor in ac cel er a tor driven sys tems
is an im por tant is sue. Taking into ac count the fact that pro ton beams from ex -
ist ing high power pro ton ac cel er a tors trip (sud denly stop) very fre quently, it is
in dis pens able to un der stand the ef fect of such beam trips on dif fer ent sub sys -
tems, es pe cially a subcritical re ac tor. Tem per a ture fluc tu a tion caused by
power change in the ac cel er a tor beam en forces ther mal tran sients to re ac tor
struc tures and beam win dow, where ther mal fa tigue or creep-fatigue dam age
will be ac cu mu lated dur ing life time. When large num ber of se vere ther mal
stress cy cles are en forced, there is a pos si bil ity of crack ini ti a tion and prop a ga -
tion at struc tural walls.

The first step to wards a more re li able ac cel er a tor is to study the op er a tional
ex pe ri ences of the ex ist ing high power pro ton ac cel er a tors, pay ing spe cial at -
ten tion to the beam trip re cords. The ac cel er a tor fa cil ity at Los Alamos Neu -
tron Sci ence Cen ter (LANSCE) is the most pow er ful lin ear pro ton ac cel er a tor
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Figure 21. The linear power (power per length unit of fuel pin) produced in
an annular fuel pellet of CAPRA dimensions, having a surface temperature
of 900 K, as function of maximal temperature. Fuel melting occurs at about
2700 K for both oxide and nitride fuels, while fission gas release grows
quickly at temperatures above 1400 K. Nitride fuel allows for at least four
times higher linear power at any given maximal fuel temperature.
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in the world. The ac cel er a tor of fers enough op er at ing his tory to sup ply mean -
ing ful re li abil ity data.

The LANSCE ac cel er a tor de liv ers two pro ton beams at 800 MeV: the H+ and
the H- beam. The H+ beam may de liver 1.25 mA cur rent (rou tine op er a tion is
at 1 mA) and the H- beam de liv ers 70 µA. Each in jec tor sys tem in cludes a 750
keV Cockcroft-Walton type gen er a tor. Both ions are ac cel er ated si mul ta -
neously in one and the same struc ture. The low en ergy sec tion of the ac cel er a -
tor is an Alvarez Drift Tube Linac (DTL). The drift tube linac ac cel er ate the
pro tons from 750 keV to 100 MeV. The high en ergy sec tion is a Side Cou pled
Linac (SCL). The SCL may ac cel er ate pro tons up to 800 MeV. Af ter ac cel er a -
tion the H+ and H- beams are sep a rated and di verted into dif fer ent tar get ar eas.

The avail abil ity of an ac cel er a tor is ex pressed as the ra tio of the achieved
beam time to the sched uled beam time. How ever, in our case the re li abil ity to
beam trips and fluc tu a tions be comes more im por tant since sud den beam trips
cause se vere ther mal shocks in the sys tem. The ac cel er a tor re li abil ity is typ i -
cally de ter mined by the mean time be tween fail ure and the mean down time of
a trip.

The pres ent work ex am ines the data set of fail ure events for the LANSCE 800
MeV ac cel er a tor fa cil ity. The anal y sis con sid ers sched uled ac cel er a tor op er a -
tion of the H+ beam for 1997 and of the H- beam for 1996 and 1997. The H+
and the H- beams are in ves ti gated sep a rately. A his to gram of beam trips that
oc cur in the H+ and the H- beam is pre sented in Fig ure 22.

From Fig ure 22 it is ob vi ous that the H+ beam is ex posed to many beam trips
with short du ra tion. 76% of all trips in the H+ beam are 0-1 min ute long. On
av er age, the H+ beam is ex posed to 1.6 trips/hour and the H- beam 0.8
trips/hour. The data pre sented in fig ure 1 are based on op er a tional data re -
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Summary of Beam trips at LANSCE
Normalized number of trips per operating year (2800 h)
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Figure 22. Beam failure statistics of the LANSCE accelerator facility.

■ 
II> 
0. ■ ·c 
I-.... 
0 ... 
Cl) 
.c 
E 
:I 
z 



corded in the ac cel er a tor log book. Sim
 i lar beam

 re li abil ity anal y sis is also per -
form

ed for data re corded by beam
 cur rent m

on i tors po si tioned near the
tar gets. A

p prox i m
ately 2.4 trips/hour (60 trips per day) in the H

+
 beam

 are de -
tected by the beam

 cur rent m
on i tors. T

he rea son is that the cur rent m
on i tors

are able to de tect a larger num
 ber of short trips.

In Fig ure 23, the m
ost fre quent causes for beam

 trip and dow
n tim

e are pre -
sented.

Fig ure 23 show
s that 77%

 of all trips in the H
+

 beam
 are caused by a fail ure in

the in jec tor. T
he char ac ter is tic of the in jec tor fail ure is the in ter rup tion length.

It is usu ally shorter than 1 m
in ute, of ten in the or der of 15-20 sec onds, the tim

e 
it takes to re set the trip and re-energize the C

ockcroft-W
alton gen er a tor. A

n
in jec tor fail ure is usu ally caused by elec tric break dow

n in the high volt age col -
um

n. Since a typ i cal in jec tor fail ure is short, the in jec tor is not as dom
 i nat ing

w
hen it co m

es to the gen er a tion of dow
n tim

e. In other w
ords, the in jec tor is

the m
ain rea son for beam

 cur rent fluc tu a tions but it has rel a tively sm
aller in -

flu ence on the over all beam
 avail abil ity. T

he rf sys tem
, in clud ing the rf sys tem

 
for the D

T
L

 and the SC
L

, is re spon si ble for 8%
 of the trips and is ac count able

for 23%
 of the dow

n tim
e. H

ence, a fail ure in the rf sys tem
 usu ally re sults in a

long dow
n tim

e (>
 5 m

in utes).

Som
e im

 por tant con clu sions of this study are:

•
A

n ac tual beam
 trip rate of the L

A
N

SC
E

 ac cel er a tor is typ i cally 1.6-2.4
trips/hour or 40-60 trips/day. 75%

 of these trips are shorter than 1
m

in ute.

•
A

p prox i m
ately 10 trips/day w

ith dow
n tim

e lon ger than 1 m
in ute oc cur

in the L
A

N
SC

E
 fa cil ity. H

ence, if w
e as sum

e an an nual op er a tion tim
e

31

C
au

se
fo

r
b

eam
trip

an
d

d
o

w
n

tim
e

(S
ch

ed
u

led
O

p
eratio

n
o

fth
e

H
+

b
eam

fo
r

1997)

0%

20%

40%

60%

80%

100%

S
Y

S
T

E
M

F
ractio

n
o

fb
eam

trip
s

F
ractio

n
o

fd
o

w
n

tim
e

77%

30%

8%

23%

2%

15%

5%
4%

F
igure 23. System

s responsible for trips and dow
ntim

e in the H
+

 beam
.

Percent of total[%] 

H+ Injector 

RF System 

(201&805) 

Targets 

Accelerator 

tuning 

Magnet 1 r.-; 
power 

supply 

Vacuum 

system 

Water 

coollng 

DC 

magnets 



of 300 days/year the total number of trips in the LANSCE facility with 
down time longer than 1 minute is in the order of 3000 trips/year. 

• The typical downtime of a short trip is 15-20 seconds and the main 
source of beam trip is sparking in high voltage components, for example 
the injector column. 

• Upgrading the injector will result in a more stable beam with less 
interruptions, especially short ones. Upgrading the rf system will result 
in a better beam availability. 

• Accelerator trips will be a strongly limiting constraint for a spallation 
target experiment ("'Obninsk target"). 

The results are useful in accelerator reliability modelling and identifying de­
velopment issues in high power accelerators. One of the most important ques­
tion is: What beam trip rate is the maximum acceptable limit for a high 
power subcritical reactor? The beam trip frequency should be compared 
with actual number of unscheduled shutdowns in existing nuclear plants 
(LWRs), which are in the region of0.3-3.5 shutdowns/year. For instance, if a 
beam trip rate of the same level as the actual unscheduled reactor shutdown is 
required, the necessary improvement is tremendous and it seems to be very 
ambitious. On the other hand, if the maximum acceptable trip rate can be re­
laxed to 10-100 trips/year, the goal seems to be more realistic. Although, the 
beam trip rate for short beam trips (<1 min) is very high, one should keep in 
mind that short trips is not as serious as long trips in terms of thermal shock to 
structure material. The temperature swing in the reactor caused by a short 
beam trip is small due to the them1al ine1iia of the system, for example, it takes 
certain amount of time for the coolant to recycle the reactor. 

6 SEMINARS AND INTERNATIONAL 
COLLABORATION: VISITS TO KTH AND 
PROJECT FOREIGN TRAVELS 

The Swedish Spallator Network (SSN) is a network of Swedish scientists in­
volved or interested in research on partitioning and transmutation, that was 
initiated by the department. Scientists from Chalmers University, Uppsala 
University (including the Studsvik division) and Lund University participate 
in the activities of the network. A series of SSN seminars on aspects of trans­
mutation and partitioning was held in Uppsala, Stockholm and Goteborg dur­
ing the spring of 1998. A general audience seminar with guest speakers 
Francesco Venneri and Hans Blix was arranged at the Royal Academy of Sci­
ence in may 1999, attracting people from industry and educational institu­
tions. SSN also participated in the energy technology exhibition held in 
Goteborg in April 1998. 
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Informational meeting at The Swedish Advisory Group on Spent Fuel Man­
agement "KASAM" : A review of the present status of transmutation re­
search", presentation given by W. Gudowski and J. Wallenius (March 1998) 

W. Gudowski gave a presentation on transmutation at Uppsala University for 
about 140 teachers of physics and technology from Swedish high schools 
(April 1998). 

Between January and May W aclaw Gudowski represented Sweden and RIT 
on three meetings of the Nuclear Physics Group of OECD Mega Science 
Forum. The final meeting in Washington, May 1998, agreed on 
recommendation of transmutation research to the general meeting of OECD 
Research Ministers. This meeting will take place in the first half of 1999. 

In July, 1998 W. Gudowski headed the IAEA consultancy meeting on review 
of ADS-activities in Russia, taking place in Moscow. 

In August 1999 W. Gudowski presented the invited talk "The Importance of 
Nuclear Physics Research for Waste Transmutation" in the International 
Nuclear Physics Conference, INPC98 in Paris. 

In September and December 1998 W. Gudowski participated in a meeting 
hosted by CEA in Paris on preparation of project proposals for V Framework 
Programme of European Community. The results of these meetings have been 
summarized and reported to SKB during last months. 

J. Wallenius lectured at informational meetings arranged by The Swedish Ad­
visory Group on Spent Fuel Management "KASAM" in Nykoping and Stock­
holm. 

Marcus Eriksson was invited to present his paper on reliability of studies of 
the LANSCE accelerator [Erik98], OECD workshop on RELIABILITY of 
High Power Accelerators, Tokai (October 1999) 

In October J. Wallenius participated in the conference on Heavy Metal Cool­
ants (HLMC 98), held in Obninsk, Russia [ Appendix 1] 

J. W allenius and K. Tucek took part in the 5th International Information Ex­
change Meeting on Actinide and Fission Product Partitioning and Transmuta­
tion in Mol, Belgium (November 1998) presenting paper on Monte-Carlo 
bumup code (see Appendix 2) 

Kamil Tucek participated in the meeting of the IAEA Coordinated Research 
Project (CRP) - Use of Th-based Fuel Cycle in Accelerator Driven Systems 
(ADS) to Incinerate Pu and to Reduce Long-term Waste Toxicities NRG (for­
merly ECN) in Petten The N etherlands(December 1998). Results of our work 
in the third benchmark project were presented and discussed 

RIT is coordinating an EC project IABAT - Impact of Accelerator-Based 
Technologies on Nuclear Fission Safety. Some of the projects and topics in the 
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IABAT activities are intimately connected and cross-linked with the work 
financed by SKB. A separate reports on IABAT progress are available and 
may be delivered to SKB. 

Seminars organized in the frame of the project: 

Swedish Spallator Network seminars: "Status of the transmutation research" 
took place: 

• January 7, at Uppsala University 

• March 3 at KTH 

• April 24 at CTH, Goteborg 

May 14, Seminar at the Royal Swedish Academy of Sciences: "Transmuta­
tion - a new view on nuclear energy", lectures of F. Venneri (LANL) and J. 
Wallenius 

September 3, Seminar at KTH, Marcus Eriksson: Presentation of M.Sc. the­
sis: Reliability Assessment of the LANSCE Accelerator System 

September 3, Prof. Yuri Shubin (TPPE, Obninsk): "Evaluation methods in the 
construction of high energy neutron cross section libraries" 

September 4, Prof. Yuri Shubin (IPPE, Obninsk): "Properties of Heavy Liquid 
Metal Targets in Accelerator Driven Systems" 

September 7, Prof. Yuri Shubin (IPPE, Obninsk): "A New Approach to Neu­
tron Threshold Reaction Systematics (Physical grounds and creation of sys­
tematics for neutron induced reactions (n,p ), (n,a),(n,np ),(n,d), (n,t) at 14-15 
MeV)". 

November 5, Charlotta Sanders: Licentiate seminar: "Neutron induced mate­
rial damage in subcritical systems" 

November 1998, Prof. A.F.Grashin (MEPHI): "A nonconventional 
them1odynamical approach to subatomic phenomena ( supernonequilibrium 
thermodynamics) - 2 seminars. 

November 1998, Dr. Jerzy Cetnar (Technical University "Akademia 
Gomiczo-Hutnicza" in Krakow): Monte Carlo Continuous Energy Bum-up 
Code (MCB) 

December 1998, Profs V.Barashenkov, A.Puzynin, A.Polanski (JINR, 
Dubna): "High Energy Transp011 Physics" and" A proposal of accelera­
tor-driven experimental facility at JINR" 2 seminars 
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December 1998, Kamil Tucek: The 5th International Information Exchange 
meeting on Actinide and Fission Product Partitioning and Transmutation, 
Mol, Belgium. 

December 1998, Kamil Tucek: "The second stage of the IAEA CRP Bench­
mark - presentation of results" 

Visits of foreign collaborators: 

Dr. Francesco Venneri visited RIT in May 1998 g1vmg seminars in 
Stockholm (RIT and Swedish Royal Academy of Sciences) and Uppsala Uni­
versity on progress of ADTT research at Los Alamos National Laboratory. 

Prof. Y. Shubin (JPPE, Obninsk) visited RIT in September 1998 in the frame 
of our collaboration on nuclear data giving few lectures on nuclear data 
evaluation for the projectile energy region of 20 - 150 MeV. 

Prof. A, Grashin (MEPHI, Moscow) visited RIT in November in the frame of 
the fission yield evaluation sub-project giving also 2 seminars on 
non-equilibrium thermodynamical model for fission processes. 

Dr. J. Cetnar has been working at our department in November with a final 
version of MCB-code. 

Profs V. Barashenkov and A. Puzynin (JINR, Dubna) together with Dr A. 
Polanski (INP, Swierk and JINR, Dubna) visited RIT in December 1998 
giving 2 seminars on high energy transp01i modelling and presenting the 
activities of Joint Institute for Nuclear Research in accelerator-driven 
transmutation research. 

7 GRADUATE COURSE IN 
TRANSMUTATION 

A graduate course in transmutation was given at the department in December 
1998. Lecturer is J. Wallenius, with guest appearances by J. Blomberg from 
Uppsala University and P. Ekstrom from Lund University. The course con­
sists of 30 lectures and five laboratory exercises, and was attended by six stu­
dents from Uppsala University, one from Lund University and four from 
KTH. 
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8 PROJECT MILESTONES 

Milestone number two, for part one of the project was defined as "Integrated 
code package for system analysis completed". As accounted for in the present 
report, integration of burn up and neutron transport into a single code - MCB -
has been accomplished by the participants of the project. Integration of the 
spallation simulation code LAHET and MCNP into MCNPX was made as a 
part of the APT project in Los Alamos, with contributions from participants of 
the present SKB-project. The final integration of MCB with MCNPX is not 
yet completed however, but is expected to be so during 1999. 

Progress on system and safety analysis is on the other hand somewhat ahead 
of schedule. On the basis of MCNP and MCNPX calculations it could be 
established that liquid metal cooled reactors (fast neutron spectra) yield so 
much yield higher transmutation efficiencies ( and lower curium 
accumulation) that such systems must be considered a mandatory part of a 
transmutation strategy. Regarding choice of fuel type it was also clarified that 
the high reactivity of un-recycled UOX-waste in conjunction with the 
requirement of low U-238 fractions in the fuel, makes the use of standard 
oxide fuel less advantageous. Mono-nitride fuel would, mainly due to its 
higher thermal conductivity, lead to a better transmutation efficiency and 
smaller problems with radiation induced fuel damage. Hence, nitride fuels 
should be considered as first option in a Swedish transmutation strategy. 
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TECHNETIUM-99 NEUTRON ABSORBERS IN THE REFLECTOR OF PB/BI COOLED REACTORS 

Abstract 

Jan Wallenius, Kamil Tucek and Waclaw Gudowski 
Nuclear and Reactor Physics 

Royal Institute of Technology 
Stockholm, Sweden 

The transmutation rate of 99Tc as function of position in the reflector of a Pb/Bi cooled sub critical reactor has 
been investigated. The reactor fuel was supposed to consist of depleted uranium and transuranic waste from a 
light water reactor in enriched mono nitride form. The TRU fraction was varied across the core in order to 
obtain a flat power distribution. Monte Carlo simulations show that a maximal transmutation rate for small 99Tc 
concentrations is obtained at 25 cm distance from the periphery of the core. The maximal transmutation rate for 

concentrations is about 0.5 99Tc nuclei per fissioned TRU nucleus, if the technetium rods are placed right 
at the of the core. This rate is more than two times than the technetium production rate per 
TRU in spent light water reactor fuel, and corresponds to usage of about half the theoretical neutron surplus in a 
heavy metal cooled waste transmutation system. Further, the absorption of leakage neutrons in 9<JTc leads to a 
40% reduction of 2 Hlpo accumulation due to neutron capture in 209Bi. 

Introduction 

While ideas of transmuting long-lived radiotoxic 1so1totJes in spent nuclear fuel "1"'1'"""""r""r1 over 30 years 
ago [ 11, it was not until recently that consensus appeared regarding the necessity of applying fast spectrum 
neutron systems for achieving sufficient transmutation efficiency of both transuranics and fission products f2-6l. 
Especially, it seems that applying heavy liquid metal cooling of the core would yield a neutron surplus in 
principle allowing for transmutation of not only 99Tc, but possibly also 1291 and 135Cs f 41. In order to evaluate 
the actual potential for transmutation of these fission products, one should investigate the dependence of 
transmutation rates on neutron spectrum at various positions in the reflector of the waste transmutation system. 
The influence of self also needs to be well understood. In the paper, results of Monte Carlo 
simulations for transmutation rates of 99Tc and 1291 as function of radial distance from the periphery of a TRU 
fueled sub critical core are presented. In the following section we describe the characteristics of the waste 
transmutation system we have chosen as a basis for our investigations. Then we discuss the advantages of the 
Monte Carlo method applied for calculating the transmutation rates. Finally we display the resulting rates in 
various forms and discuss their implications on further studies. 

Core characteristics 

Fission products contribute only with a minor share of the long term radio-toxicity of spent fuel. However, due 
to the higher mobility of certain isotopes, transmutation of long-lived fission products would lead to a 
significant reduction in potential radio-toxicity leakage from a geological repository to the biosphere. Hence we 
have chosen to investigate waste transmutation systems with high neutron surpluses, like heavy metal cooled, 
accelerator driven reactors fueled by TRU waste from light water reactors (without MOX recycling). 
Theoretically they may yield a surplus of l. l 5 neutrons per TRU fission for the purpose of transmuting fission 
products l4J. In practice, one has to compromise with thermohydraulics-, corrosion- and material constraints, in 
order to design a realistic system. Hence we limit our investigations to lead/bismuth (Pb/Bi) cooled reactors 
using mono nitride fuels. Methods for managing liquid metal induced corrosion on cladding and construction 
material have been successfully applied in Russian Pb/Bi cooled submarine reactors, while it is doubtful 
whether the corresponding technology for pure lead will be applicable under reactor conditions. Mono nitride 
fuels have been manufactured and irradiated in the US, Russia and Japan, and feature higher linear ratings than 
oxide fuels while being less vulnerable to radiation damage than metallic fuels. The accelerator and spallation 
target of our system are yet unproven technologies, but are retained in order to maximize the fission product 
transmutation potential. The geometry of the sub critical core used in the present investigation was set up as 
follows: The spallation target was assumed to have a radius of 19.5 cm. A 0.5 cm thick target wall made out of 
90% Fe and 10% Cr was adopted. Five cylindrical fuel zones with a height of one meter and 10 cm thickness 
contained 60% (volume) Pb/Bi coolant, 10% cladding and construction material of the same composition as the 
target wall, and 30% "fuel". The "fuel" consisted of 238U and transuranics in mono nitride form (100% enriched 
15N). A TRU composition similar to that of 5% heavy atom bumup PWR fuel after 15 years of cooling 



was adopted. The fraction on TRU versus U content was increased as function of radius for the threefold 
purpose of 

• flattening the power density profile 

• increasing the average neutron energy in the core for a better transmutation performance 

• flattening the defect production profile in cladding and construction material. 

Method of simulation 

We used the continuous energy Monte Carlo code MCNP [7] for calculating multiplication neutron 
fluxes and transmutation rates. Monte Carlo codes based on particle splitting techniques are especially useful for 
calculating neutron fluxes in materials with high neutron absorption cross sections, such as shielding blocks or, 
like in the present case, technetium rods. JEF 2.2 evaluated cross section data were processed with NJOY f81 to 
obtain pointwise cross section libraries suitable for MCNP at 900K (core materials) and 600K (target and 
reflector materials). The spallation neutron source was simulated as a volume source, with a spectrum calculated 
using HETC [9]. 

Results 

First we made a reference calculation without any fission products in the reflector. The overall TRU enrichment 
was adjusted to obtain a neutron multiplication eigenvalue k" = 0.96. The fraction of TRU in the fuel zones was 
adjusted to obtain a flat power density profile with a ratio between maximal and minimal power density 
differing from unity by less than 15%. Folding the resulting neutron flux spectrum with the cross section of 
neutron capture in 99Tc and 1291, we obtained technetium and iodine transmutation rates as function of position in 
the reflector for concentrations small enough that self shielding effects would be negligible. Figure 1 a) displays 
the results for technetium. As seen there is a clear maximum at 20 - 25 cm distance from the periphery of the 
core. This maximum is due to the combined effect of the magnitude of neutron flux declining with distance from 
the core, while the cross section increases as the neutron spectrum overlap with capture resonances becomes 
larger. In Figure lb) the ratio of 1291 to 1271 capture rates is shown for equal concentrations of the isotopes. In the 
direct neighborhood of the core the probability of capture in 1291 is about half of that in As the spectrum 
slows down the ratio declines to 0.3. Since isotope separation of iodine from spent fuel is hardly conceivable, 
we conclude that iodine should be place as close to the core as possible for efficient transrnutation. 

l :Z '1 l :Z 7 

Tc transmutation rate I to I capture ratio 

Figure 1: The rate of 99Tc neutron captures (in arhitrmy units) in the reflector qf' the suh critical core here 
"·""'''·,._ ..... ,.,, ..... (a).In (h) the ratio q/'1 29 I to capture prohahilities is shown. It is assumed that the concentration 

products is srnall enough.for C'VJ1,,,,n,,., to he R Oto 65 cm. 
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Figure 2: The rate of polonium accumulation (per TRU fission) in the reflector of the suh critical core. In (a) 
4000 kg 99Tc was placed at a distance qf 20 - 25 cm from the periphe1y qf the core. In (h) 3/00 kg was placed 
right at the periphery qf the core. The rate qf Po accumulation without any neutron ahsorher in the reflector is 
shown in the background. 

We also calculated the number of neutron captures in 209Bi leading to the creation of 210Po in the spallation 
target, the coolant and the reflector, in order to evaluate the impact of putting neutron absorbers in the reflector 
on global polonium accumulation. 

Two calculations with 99Tc added into the reflector were made. First we put 4000 kg of the substance in between 
20 to 25 cm distance from the periphery of the core, corresponding to 60% of the volume in this region. The 
TRU content and distribution in the core was adjusted to obtain k;,. 0.96 and a flat power density profile. 
The number of fissions per source neutron increased slightly due to the higher concentration of TRU 
accompanied by the longer time needed to establish the eigenmode. It was found that 0.36 technetium nuclei 
were transmuted into IOORu, per fission taking place in the core. The number of polonium nuclei created in 
neutron captures on bismuth decreased from 0.067 to 0.047 globally, while the bismuth captures in the reflector 
were reduced from 0.036 to 0.016. 

The bismuth capture rate as function of radius is depicted in Figure 2a) with a comparison of the rate for the 
technetium free reflector. 

A less obvious effect was an increase in the neutron flux average energy in the periphery of the core, which can 
be ascribed to the fewer number of neutrons re-entering the core after slowing down in the reflector. This leads 
to a better transmutation efficiency of transuranic elements in the core, as the ratio between fission and capture 
increases with neutron energy for most of these nuclides. 

Then we put 3100 kg of technetium right at the periphery of the core (0 - 5 cm distance), corresponding to 60% 
of the volume in this region. The number of transmuted technetium nuclei now became 0.48 per core fission, 
mainly due to the higher neutron flux available in the vicinity of the core. The bismuth capture rate as function 
of radius is depicted in Figure 2b). Polonium accumulation was not affected by moving the technetium closer to 
the core, but the average neutron flux energy in the core periphery was increased even further. 

We also calculated the neutron energy at the point of absorption in technetium. The "capture energy" spectrum 
is displayed in Figure 3. Note that 98% of the captures take place at energies above 1 keV. This can to a large 
extent be ascribed to the effects of self shielding. 

Finally, we evaluated the potential for transmuting 1291 by putting 230 kg of the isotope in direct connection to 
the core. Three tons of technetium was placed in the adjacent reflector zone. We assumed an iodine composition 

to a fission yield of 32% 1271 and 68% 1291. Further, we assumed that the iodine was chemically 
confined as cesium iodide (natural Cs), having a comparatively high melting point (920 K). The total number of 
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Figure 3: Spectrum of neutron ,;,n,~i-n,,;,,;:, at the instant of technetium capture in the .,.,,r.,,,,.,,,,~, when having 
4100 at R 20 25 cm distancefi·om the periphery of the core (a). In (h) the accumulated.fi·action of 
captures helmv a given threshold energy is given. 

transmuted fission products did not increase by much (from 0.48 to 0.50 per fission), including merely 0.024 1291 
nuclei. 0.060 neutrons per fissions were consumed by absorption in non toxic 1271 and while the fraction 
of neutron captures in bismuth went down to 0.041 per fission. The transmutation efficiency of iodine appears to 
me much lower than that of technetium. Therefore, one should investigate if other chemical compounds of 
iodine may be better suited for a solid form at temperatures around 600 K. Possibly lead iodide (Pbh) could be a 
candidate, if it may be produced from separated iodine at a sufficiently low cost. 

Table 1 summarizes the characteristics of the four cases presented above. Note that ks denotes the source 
neutron multiplication constant. For sub critical C''1C•r,:u-vu• ks may deviate ITH~•~nTl'1 from the neutron 

multiplication eigenvalue k;,.,, which was set to be the same (k\ 0.96) for a11 configurations. 

Table 1: Summary of the characteristics of the sub critical cores investigated, assuming a total fission power of 
800 MWth. All configurations had a multiplication equal to 0.96. The transmutation rate of 99Tc (per 
core fission) is denoted by A1r(Tc), the 210Po accumulation rate (per core fission) by A1r(Bi). 

Case 1: No fission products in the reflector, ks = 0.953, A1r(Bi) = 0.67 

Core 
Zone 

2 

TRU 
fraction 

0.100 

0.115 

En lkeVJ 

124 

134 

EnuxlkeVJ 

407 

Neutron Flux 
[l0 15/(cm2 s)] 

8.70 

7.97 

Power Density 
[W/cm3

] 

522 

557 

14 I 0.160 I 15:> ii 4-66 :I 7.12 I 58... ,. 

5 0.200 138 465 5.88 599 



Case 2: Tc at R 20 25 cm, ks 0.954, Au-(Bi) 0.47, A1r(Tc) 0.36 

Core 
Zone 

TRU 
fraction 

En lkeYJ 
Neutron Flux 
f l0 15/(cm2 s)l 

10.2 

Power Density 
fW/cnY'l 

5.,..,. " 

Case 3: Tc at R = 0- 5 cm, ks = 0.962, At/Bi)= 0.42, A1r(Tc) = 0.48 

Core 
Zone 

4 

5 

TRU 
fraction 

0.115 

0.175 

0.235 

En [keV] 

132 

175 

188 

Enux[keV] 

406 

494 

510 

Neutron Flux 
r l0 15/(cm2 s)l 

12.2 

8.11 

5.73 

Power Density 
fW/cm3l 

583 

573 

519 

Case 4: Csl at R = 0-5 cm, ks = 0.957, 14r(Bi) = 0.41, 14r(Tc) = 0.41, Atr(1 29I) = 0.41 

Core TRU E11 [kcV] Et1ux[kcV] 
Neutron Flux Power Density 

Zone fraction [I 015/(cm2 s)] [W/cm3
] 

1 0.115 134 409 11.1 6lJj 

2 0.130 146 431 9.88 603 

3 0.150 158 460 8.67 603 

4 0.170 173 491 7.12 558 

5 0.235 187 511 4.99 514 



Conclusions 

In the present investigation, we showed that for small concentrations of 99Tc in the reflector of a Pb/Bi cooled 
sub-critical core fueled with TRU waste from a LWR, the maximal transmutation rate is obtained at a distance 
of 25 cm from the periphery of the core. For large concentrations (60% volume) the maximal transmutation rate 
is about 0.5 technetium nuclei per core fission, if the neutron absorber is placed right at the periphery of the 
core. As a beneficial side effect, the overall polonium accumulation is decreased by 40%. Further, the average 
neutron flux energy in the periphery of the core is increased by 10%, which yields a better transmutation 
efficiency of the TRU:s in that region. 

As the relative fraction of technetium in spent light water reactor fuel is about 0.2 Tc nuclei per TRU nucleus 
(~6% per fission), all configurations here investigated are able to transmute LWR technetium at higher rates 
than that of their concomitant TRU destruction rates. The transmutation efficiency of iodine here found is 
slightly too small for up with its production rate. However, as the system utilizes less than half 
of the theoretical neutron surplus in a heavy metal cooled sub critical reactor, there will be room for 
improvements in the design, especially so with respect to choice of iodine compound. 
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Investigation of the transmutation potential of accelerator-driven systems is an essential part in the 
assessments of their capabilities to reduce the environmental and safety threats arising from long-term 
radiotoxicity of spent nuclear fuel as well as possible proliferation of nuclear materials. 

In the present paper, a study of a fast spectrum sub-critical system with a nitride based fuel matrix is 
made. The investigations are performed for two types of fuel compositions: transuranics and minor 
actinides. 

2. Calculation methodology 

The Monte Carlo code MCNP (version 4b) l l _I is used as the tool for neutronic transport simulations. 
Energy continuous cross-section files for individual nuclei were taken from the JEF2.2 data evaluation 
except for 56Fe, 58Fe and Pb nuclei retrieved from the ENDF/B-VI library and data for ground and 
isomeric states of 244Am which were taken from the JENDL3.2 evaluation. The averaged fission product 
cross-section for was obtained from the FOSTER library. The cross-section data were processed by 
the NJOY code f2l in order to adjust for temperature dependencies, which were assumed to be 1200 K in 
the core region and 900 Kin remaining parts of the reactor. The multiplication eigenvalue kett was found 
by running MCNP in KCODE mode where multiplication values yielded in consecutive neutron 
generations are averaged when asymptotic state is attained. 

Effective one-group cross-sections and power distribution within the reactor core were obtained in MCNP 
fixed source calculation. These data were processed by an intermediate code to format the cross-section 
and input data for ORIGEN2 f3,4 l which simulates burn-up. The emerging of actinides and fission 
products is modeled quasi-two-dimensionally with the core divided vertically into several slices where 
individual cross-section sets are calculated at BOL. The one-group cross-sections were supposed to 
remain virtually unchanged during the burn-up. 

The source energy distribution for the neutronic and burn-up calculations was set up as given in the first 
stage of benchmark (HETC calculation of the spallation process), while for the sensitivity study of the 
external source neutron importance a quasi-mono-energetic neutron spectrum at 10 MeV (the first group 
of HETC spectrum), 2 MeV (the third group of HETC spectrum) as well as 239Pu fission spectrum were 
used. Additionally, the spatial distribution of neutron velocities was assumed to be isotropic. 



3. Results 

3. 1 Neutronic calculations 

The first task in the benchmark was to adjust the core radius of the system in order to obtain 
multiplication at the level of 0.96. The calculation procedure consists of determination of 
multiplication eigenvalues for individual core radii, in the case of transuranic system varying from 38 cm 
up to 47 cm and in the interval R·ore E < 50; 130 > cm for the MA-fueled ADS. 

For both systems - fueled by transuranics and minor actinides, calculated values of keff were fitted using 
the least-square method by polynomials of the third, respectively the fourth order in the later case. 
According to our calculations, the TRU-fueled system fulfils the condition kcrr 0.96 at the radius of 

cm while MA-fueled reactor at the radius of 92.42 cm. 

3.2 Calculation of ADS power, critical masses and specific fuel inventories 

The power of the system was calculated assuming average specific fission power density for nitride fuel 
as being equal to 600 MWJm3. For the transuranic core with a volume of 0.4737 m3 at BOL we obtain a 
fission power the reactor equal to 284.2 MWtt,- For the MA-fueled the core volume was 
determined to 2.3512 m3 at BOL, which yields the total fission power 1410. 7 MWth, see Tables 1, 2. 

As described in the benchmark propositions, the TRU fuel composition corresponds to equilibrium state 
while concentrations of nuclei in MA fuel are only near-equilibrium. Thus, the critical mass of the fuel 
could be determined at BOL as being 616.1 kg for TRU system and 3065 kg for MA-ADS. As for 

Fuel Inventory (SFI) calculations, the value of SF/ 2.168x 106 kgfTWt11 was obtained for TRU-
fueled and SF! 2. l 72x I 06 kg/TW111 for MA-fueled systems when using recommended values of 
(TRU/MA)N+ZrN mixture density (9.2 g/cm3

) and average power density. 

3.3 Calculations of burn-up and 99Tc transmutation rates 

As a further the burn-up calculations were performed for a burn-up interval of 100 days with a time 
step of 20 days. The transmutation rate of 99Tc in the system was calculated by subtracting the amount of 
Tc in the LLFP blankets at EOL from that at BOL and normalizing per TW111 and day. For TRU-fueled 
system, we obtained RTc = 695.1 kg/TW111 day while for MA-fueled reactor the value of RTc appeared to be 
somewhat lower (383.6 kg/TW111 day). On the other hand - regarding 99Tc transmutation rates per reactor 
unit - a total amount of Tc transmuted in the MA-ADS is approximately 2.5 times higher than in 
transuranic system. 

3.4 Neutron balance 

The neutron balance was calculated for the whole ADS as well as the core region only. The production 
term describes the normalized production of neutrons by the external neutron source, fission and (n,2n) 
reactions while the loss term shows the normalized losses of neutrons in capture, fission, (n,xn) reactions, 
and in leakage. Thus, the expression production hy jzssion points to the total number of neutrons released 
in fission rather than to the excess of such neutrons over the number absorbed in a fission as it is 
understood in classical reactor theory. 



Table 1: Summary of the results for TRU-fueled ADS 

Rcore p M SF/ Rrc Neutron halance 

/cm/ /TW/ /kg/ /kg!TW/ /kg!TWday/ loss production 
Region 

TRU-j11eled ADS capture (n,xn) fission leakage fission (ll,Xll) source 

0.6661 0.0053 0.3175 0.0111 0.9582 0.0109 0.0309 ADS 
43.59 2.842E-4 616.1 2.168E+6 695.1 

0.2105 0.0022 0.3299 0.4574 0.9956 0.0044 0 Core 

Table 2: Summary of the results for MA-fueled ADS 

Rcore p M SF/ Rrc Neutron halance 

/cm/ /TW/ /kg/ /kg!TW/ /kg!TWday/ loss production 
Region 

MA-fueled ADS capture (11,xn) fission leakage fission (n,.rn) source 

0.6897 0.0051 0.2945 0.0107 0.9578 0.0104 0.0318 ADS 
92.42 1.41 lE-3 3065 2.172E+6 383.6 

0.4674 0.0022 0.3060 0.2244 0.9956 0.0044 0 Core 

3.5 Sensitivity study of the external source importance 

Once the sub-critical reactor system relaxes to the asymptotic the criticality source in MCNP 
KCODE calculation well approximates the spatial and energetic distribution of neutron sources within the 
core as obtained from the solution of the eigenvalue problem of the Boltzmann neutron transport 
equation. Hence, the differences observed in our calculations of the core radii, and consequently total 
thermal powers and critical masses for different types of external neutron source spectra C l-C4 are only 
of statistical character, see Table 3. 

The source multiplication coefficient ksourcc was obtained from the following formula: 

k.murce 1 - ko V - } 
Vo G1 

where ko is the number of neutrons emerged from fissions induced by one external source neutron, v0 is 
the average neutron yield in such fis~ons, Gr is the overall gain of neutrons in the fission reactions 
normalized to one source neutron and v has customary sense of the averaged number of neutrons emitted 
per one fission. The calculated multiplication coefficients ksource for individual source types showed to be 
quite the same when considering their confidence intervals. 

The external source importance was according to the proposal from CEA defined as: 

_ l-k11 P 
V 



where P is the fission power _9f the reactor (fissions/s) and S0 is the external neutron source strength 
(neutrons/s). Since values of v appeared to be virtually independent on the neutron spectrum type and 
system's multiplication eigenvalue kett is maintained constant (kett = 0.96), the external source importance 
depends only on the fission density in the core (i.e. number of fissions per source particle). 

In the case of source type C2, which corresponds to the quasi-mono-energetic neutron spectrum at 
1 0MeV, a single source neutron appears to induce significantly higher number of fissions than in the 
other cases. This can be ascribed to the enhanced production of secondary neutrons from (n,xn) reactions 
in the lead of the target (approx. 0.3 neutrons per source particle). It decreases the external source strength 
necessary to maintain a constant total thermal power. 

Table 3: Results for sensitivity study of the external source neutron importance, TRU-fueled ADS 

Type of external Rcore p M SF/ Source Neutron 

spectrum /emf /TW/ /kg/ /kg!TW/ Importance 

Cl 43.593 2.8422E-4 616.15 2.168E+6 0.96327 1.351 

C2 43.592 2.8420E-4 616.11 2.168E+6 0.96366 1.939 

C3 43.573 2.8391 E-4 615.48 2.l68E+6 0.96395 1.296 

C4 43.581 2.8404E-4 615.75 2.168E+6 0.96403 1.242 

4. Conclusions 

Performing the eigenvalue calculation for TRU- and MA-fueled sub-critical ADSs with different core 
radii, we determined the values of Rcore corresponding to the multiplication eigenvalue kerr 0.96. 
Consequently, the fission powers of the systems, critical ,nasses, and Specific Fuel Inventories were 
calculated using proposed value of the average specific power density. The 99Tc transmutation rates in the 
transuranic and minor actinide systems were assessed at the burn-up calculations within the interval of 
I 00 days. In the TRU-fueled system roughly twice as much 99Tc transmutations per power and time unit 
occur in comparison to the MA-fueled ADS. Nevertheless, the total amount of transmuted 99Tc per time 
unit is about 270% higher in minor actinide system than in TRU-ADS. The sensitivity of the external 
neutron source was evaluated only for the transuranic system. A higher value of the source importance 
corresponds to a higher number of fissions caused by each individual source neutron, leading to a lower 
strength of the external neutron source necessary for maintaining a constant fission power. 
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Abstract 

This paper describes the reliability analysis of the accelerator facility at Los Alamos Neutron Science 
Center (LANSCE)[ I]. The goal of the analysis is to present beam failure statistics of LANSCE and 
identify the root cause of a beam failure. Beam trips and failure causes are assembled using 
operational data records, accelerator logbook and beam monitor data. Mean Time Between Failure and 
Mean Down Time estimates are obtained for typical accelerator components. The results are useful in 
accelerator reliability modelling and identifying development issues in high power accelerators. 

Introduction 

The reliability and availability of the accelerator in an accelerator driven system is an important 
issue. New applications for high power proton accelerators such as the production and destruction of 
radioactive elements demand high availability, reliability and maintainability. Persistant beam power 
fluctuations have a influence on a hybrid system. In order to estimate and improve the 
availability and reliability future accelerator designs, data from existing accelerators are being 
analyzed. The accelerator facility at Los Alamos Neutron Science Center (LANSCE) is the most 
powerful linear proton accelerator in the world. The accelerator offers enough operating history to 
supply meaningful reliability data. 

The objective of the present data col1ection and analysis effort is to understand the behavior of 
existing operating accelerator facilities so that better, more reliable systems can be 'U-'-'""k''"'...,. and built 
in the future. Previous work has identified the current state of the art lacking in the area of reliability 
database information for components typically used in rf accelerator systems, such as rf stations, rf 
drives, rf transport, cooling, vacuum systems, magnets, and magnet power supplies. Thus, while it is 
possible to use the reliability theory to model accelerator systems, the input data cuffently available for 
such analyses lacks credibility. This led to the initiation of an effort of data col1ection and analysis of 
which this study is one of the tasks. The present work examines the data set of failure events for the 
LANSCE 800 MeV accelerator facility. 

The LANSCE Accelerator Facility 

The LANSCE accelerator delivers two proton beams at 800 MeV: the H+ and the H- beam. The 
H+ beam may deliver 1 mA current (routine operation is at 1 mA) and the H- beam delivers 70 µA. 
Each injector system includes a 750 keV Cockcroft-Walton type generator. Both ions are accelerated 
simultaneously in one and the same structure. After acceleration the H+ and H- beams are separated. 
The H- beam is injected into a Proton Storage Ring for accumulation and delivery to the neutron 
scattering center or weapons neutron reseach. 



Beamline Energy Current Injector Proton Storage Ring 
(High Voltage Generator) 

H+ beam 800 MeV 1.25 mA Cockcroft-Walton No 
H- beam 800 MeV 70µA Cockcroft-W alton Yes 

Table 1. The LANSCE accelerator delivers two ion beams 

The low energy section of the accelerator is an Alvarez Drift Tube Linac (DTL). The drift tube 
linac accelerate the protons from 750 keV to 100 MeV. The high energy section is a Side Coupled 
Linac (SCL). The SCL may accelerate protons up to 800 Me V. Different rf systems are used for the 
drift tube linac and for the side coupled linac. In the DTL, triode power tubes are used for the 
generation of rf power while in the side coupled linac klystrons are used. The rf system for the DTL is 
sometimes referred to as the 201 system since the rf frequency in the drift tube linac is 201.25 MHz. 
The rf system for the SCL is called the 805 rf system since the rf frequency is 805 MHz. 

Linac Section Energy region RF Power RF FreQuency 
Drift Tube Linac 750 keV-100 MeV Triode power tubes 201.25 MHz 

Side Coupled Linac 100 MeV-800 MeV Klystrons 805 MHz 
Table 2. Different rf are used in the DTL and the SCL 

Ahead of time a beam schedule has been organized with respect to time-sharing between 
experiments, beam intensity, and beam energy. An overall schedule of commissioned beam time for 
each beamline is set out. Scheduled operation at LANSCE is divided into run cycles. During 
scheduled operation, the accelerator is operated almost 24 hours per day for an entire run cycle with 
only a few scheduled breaks. A run cycle is maintained for approximately weeks (800-1000 
hours). A large fraction of the year the accelerator is not scheduled due to maintenance activities. 
Scheduled operation is usually in the region of 2000-3000 hours per year, which is about 30 % of the 
year. In reliability assessment of LANSCE the total scheduled beam time is an important factor -beam 
trips are only analyzed if they occur within scheduled accelerator operation. 

Input Data 

Beam delivery is measured by current monitors near the targets. If the beam current for some 
reason is below half the scheduled current the beam is considered as interrupted. This event/trip 
generates loss of scheduled beam time, commonly ca11ed down time. The operator assigns a failure 
cause, or down time assignment, to each trip. The down time assignment is recorded in the logbook. 
The failures and down time assignments are also ar,f·a.,.LJ,rl into operational data records. ,cu"\n-rnT data 
records are maintained for each beam line or target area. In this investigation beam trips associated 
with the H+ beam and the H- beam are analyzed. The records obtained cover run cycles 71 through 76, 
over the period 1996-97. 

The first, and most time intensive task of this effort was collecting the input data. Thanks to the 
cooperation of the LANSCE Operations Group, a large amount of data was collected. This included 
the: 

1 ) Operational data records 
2) Central Control Room Logbook 
3) Operations Shift Supervisor's Summary Reports 
4) Beam Monitor data for 1997 

Overall LANSCE Reliability 

In this section, the distribution of beam trips and down time for the entire LANSCE accelerator 
facility is presented. The analysis considers scheduled accelerator operation of the H+ beam for 1997 
and of the H- beam for I 996 and I 997. The H+ and the H- beams are investigated separately. All 
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calculations are based on operational data records or indirectly accelerator logbook data. A histogram 
of beam trips that occur in the H+ and the H- beam is presented in figure I. 

4000 

3500 

r,:i 3000 =-
~ 2500 
i:... 
Q 

2000 
"" i:l.,I 

~ 1500 
::I z 1000 

500 

0 

0-1 min 1-5 min 5-15 min 15-60min 1-5 hours > 5 hours 
Duration of Beam Interruption 

Figure I. Beam failure statistics of the LANSCE accelerator facility 

From figure 1 it is obvious that the H+ beam is exposed to many beam trips with short duration. 
of all trips in the H+ beam are 0-1 minute long. When comparing the total number of trips in the 

H+ and H- beams, the conclusion is that twice as many trips occur in H+ beam. When operating, the 
H+ beam is exposed to 1.6 trips/hour and the H- beam 0.8 trips/hour. The main reason is the larger 
number of short trips in the H+ beam. For long down times (> 5 minutes), almost the same number of 
trips occur in the H+ and the H- beams. This makes sense since both beamlines utilize, for most of 
their length, the same accelerating structure. At a closer look, a slightly larger number of long trips 
occur in the H- beam. The reason is that the H- beamline is more complex. It includes the Proton 
Storage Ring and hence more components are subject to failure. 

In figure 2, the most frequent causes for beam failure and beam downtime in the H+ beam are 
presented. Two columns are displayed for each individual system. The leftmost column in each system 
shows the fraction of total number of H+ trips the system is responsible for. The rightmost column 
shows the equivalent fraction of total downtime. It is a good thing to separate trips and downtime. 
Trips affect beam stability and produce power fluctuations. Downtime has a ... ,.,., ........... ,,.. influence on the 
overall beam availability. 
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2. Systems responsible for trips and downtime in the H+ beam 

From figure 2, it is obvious that an injector failure is the most frequent cause for beam trip. In the 
H+ beam 77% of all trips are caused by a failure in the H+ injector. The characteristic of the injector 
failure is the interruption length. It is usually shorter than I minute,often in the order of 15-20 seconds, 
the time it takes to reset the trip and re-energize the Cockcroft-Walton generator. An injector failure is 
usually caused by breakdown in the high voltage column. Since a typical injector failure is 
short, the injector is not as dominating when it comes to the generation of downtime. While the H+ 
injector is responsible for 77% of the trips it is "only" responsible for 30% of the downtime. In other 
words, the injector is the main reason for beam current fluctuations but it has a significantly smaller 
influence on the overall beam availability. The rf system, including the rf system for the DTL and the 
SCL, is generating 8% of the trips but is accountable for 23% of the downtime. Hence, a failure in the 
rf usually results in a long downtime 5 minutes). 

In figure 3, historical data on overall beam availability and beam schedule for the years I 979-97 
is presented [2]. The line graph represents beam availability and the column bars represent the 
scheduled beamtime. It is important to remember that the availability only measures the availability of 
the accelerator during scheduled operation. A common misunderstanding is that the availability of the 
machine gives the year round availability. 
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Figure 3. Historical availability and scheduled beamtime of the H+ beam [2] 
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Figure 3 is interesting in that sense it shows the relation between beam availability and the length 
of the operating period. Since a short scheduling period is usually followed by a longer maintenance 
period figure 3 also information on the affect of accelerator maintence on overall availability. 
When examining figure 3, the conclusion is that the scheduled beamtime seems to have little 
influence on the availability. It means that a long schedule does not have to imply lower beam 
availability. This is not all true but one obvious example occured in 1985. In 1985, the longest 
schedule ever was practiced. The accelerator was commissioned for 4500 hours (50% of the year) and 
it operated with normal availability (83% ). In some years the availability actually drops when the 
accelerator is operated for less time! In 1996, the availability experienced a decline due to a single 
water leak in one of the otherwise the standard availability of LANSCE is in the 80-
90%. This level of availability is similar to the availability experienced in other accelerator facilities. 

Analysis of beam current 
Previous calculations and diagrams presented in this paper were a11 based on data originating 

from the accelerator logbook. Similar beam reliability analysis is performed for data orginating from 
beam current monitors. The H+ beam current has been analyzed during scheduled operation of 1997. 
The beam current at the end of the H+ beamline is inspected and interruptions are registered. A total of 
163.000 beam current recordings are included in the analysis. The current analysis will verify previous 
results and it wi11 present the "true" beam performance. When analyzing beam current data it is not 
possible to investigate the failure cause. Results of the beam current analysis are presented in figure 4. 
The histogram includes the total number of beam trips detected in the beam current and the 
corresponding down time. For comparison, the total number of trips in the logbook during 
the same time period are also included in the histogram. 

1800 

1600 

1400 
'./':J 
0. 1200 
~ 
""" 1000 
0 
i. 

800 ~ 

~ 600 i 
400 

200 

0 

14 sec-5 min 

0 trips per day) 

0 trips per day) 

5-15 min I 5-60 min 1-5 h 

Duration of Beam Interruption 

4. Reliability of the H+ beam at LANSCE 
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The trips occured during scheduled operation of the H+ beam for 1997. When analyzing the beam 
current a total of 6914 beam trips are detected. This number is larger than the number of trips recorded 
in the logbook (4655 trips) under the same period of time. From figure 4 it is clear that the main 
reason is that a large number of short interruptions ( 15-20 seconds) are detected in the beam current 
which are not included in the logbook. This is also confirmed by operating personnel. For ...,,,.,.,H .. ~J ... ,, in 
difficult periods when the injector is tripping frequently all short beam trips are not recorded in the 
logbook, instead comments like "continous arcing in the injector column" are used. 
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For trips with long downtime (>5 minutes) it is remarkable how well the results agree even 
though the underlying data origins from two completely different sources. That is a strong evidence 
for the coffectness of the results from both analyses. When analyzing the beam current it is also 
evident that practically no interruptions with downtime shorter than l O seconds occur. In other words, 
if an interruption occurs it is likely it will last for at least l O seconds. 

Reliability of subsystems & components 

In this section the reliability of major LANSCE subsystems and components are investigated. A 
first cut analysis of the available LANSCE data is performed. Mean Time Between Failure (MTBF) 
and Mean Down Time (MDT) for individual subsystems are studied to obtain input data for 
accelerator reliability modelling (RAMI). Individual failures are thoroughly investigated with the help 
of logbooks, operational reports, operators, maintenance personnel. In case the cause of a trips is 
uncertain, experts in particular field are consulted to correctly classify the event. The aim is to detect 
the root cause, down to components level, of each failure. For this purpose, the raw data is divided into 

corresponding to individual subsystems and subsequently estimates of failure and repair 
rates are obtained. ,...,:i,.,,.n-r, ... , are listed in table 2. 

MAIN SYSTEM SUBSYSTEMS 
805RF Klystron assembly Phase and Amplitude Control Other 

High Voltage system Resonance Control Unknown 
805 Tank Module Control 

DC Magnets Magnet Hardware Water cooling Vacuum 
Interlocks 

Ma2net Power Supplies Electronics Transformers Interlocks 
Capacitors Water cooling Unknown 

Pulsed Power Harmonic Buncher Chopper Kicker 
Deflector 

Water S:vstem Water Pump Piping Unknown 
Other 

Vacuum Svstem Ion Pumo Pining: Unknown 
Table 2. Classification of subsystems 

Failures corresponding to each subsystem are merged and classified into individual databases. In 
table 3, an illustration of the database format for failures in the Klystron Assembly of the 805 RF 
System is presented. Similar databases are compiled for each subsystem. The database contain trips 
that affect both the H+ and the H- beams. Failures are only recorded if they occur within scheduled 
operation. 

DURATION OF BEAM INTERRUPTION LOCATION OF FAILURE CAUSE OF FAILURE 

Date & Time of Date & Time of Down Time 
Arca System Subsystem 

Component failure 
Comment 

Outage restoration lh:min] or other reason 
k:111.;trnn A<:<:<>n1hlv 

11/01/% 02:09 11/01/96 02:29 0:20 LINAC 805 Klystron Flow switch Module 21 Klystron warer not okay. 
Mechanically agitated flow switch and it 
made 1m. 

11/23/% 09:43 11/23/% 09:56 0:13 LINAC 805 Klystron Watertlow Sector D off. Module 21 klystron water 
flow trip. The klystron magnet supply 

.valve has heen onened 1/8 ora turn . 
11/23/% 23: 17 11/23/96 23:32 0:15 LINAC 805 Klystron Water flow . Module 21 klystron water flow trip 
03/ I 7 /97 07:25 03/17 /97 07:40 0:15 LINAC 805 Klystron Ion Pump Module 46 (Sector H) Klystron ion pump 

suoolv failed. It was rcolaccd. 
05/24/97 07:24 05/24/97 13:14 5:50 LINAC 805 Klystron Klystron Module 36 Main Amplitude crowbar. 

Sector F tripped a second time and the fire 
alann went off. Acrid smell from the 
capacitor room. Module 36 klystron was 
renlaced. 

Table 3. Illustration of final database format 
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The database is for practical reasons divided into three major sections: One section deals with the 
Duration of the Interruption. It contains the date and time of the beam outage and restoration. It also 
includes the Down Time of each interruption. The second section considers the Location of the 
Failure. The Area defines the geographical location of the failure [3]. The System and Subsystem 
columns specify in what System and Subsystem the failure is located. The third section gives detailed 
information on the Cause of the Failure. The cause may be a component failure that needs 
replacement, a bad condition such as a water flow problem or an adjustment failure that needs to be 
tuned. In the comment column, extra text has been added to explain the failure. 

The main objective of the analyses is to obtain estimates for the MTBF and MDT for typical 
accelerator components, such as RF amplifiers, HY power supplies, magnets, magnet power supplies, 
vacuum system components, or water cooling components. For illustration the mean down time 
estimate as a function of time for the magnet power supplies is presented in figure 5. Each dot marks a 
failure in the magnet power supply. Spaces in between dots is the time between failure. The diagram 
shows the Mean Down Time estimate at a certain number of failures. The final Mean Down Time 
estimate for the magnet power supplies is obtained at the last failure in the diagram. 
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Figure 5. Cumulative Mean Down Time for Magnet Power Supplies 

One indication of sufficient number of entries in the data set is the asymptotic behavior of the 
statistical estimators for the desired quantities, such as the Cumulative Mean Downtime which is 
calculated as the ratio of the cumulative downtime to the cumulative number of events as shown in 
figure 5. The conclusion in this case is that further data collection is not necessary, Mean Down Time 
estimate appears to be stable at approximately 50 minutes. A similar plot is made for the cumulative 
Mean Time Between Failure in figure 6. 

Cumulative Mean Time Between Failure 

40 
(Magnet Power Supplies 1996-97) 

~ 30 
~ 

-~ 5 20 -~ 
1 10 
= u 

appears to converge! Mean Time Between Failure: 30 hours 

0 

0 1000 2000 3000 4000 5000 
Scheduled Time [hJ 

Figure 6. Cumulative Mean Time Between Failure for a single Magnet Power Supply 
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Cumulative Mean Time Between Failure is calculated as the ratio of the cumulative number of 
failures to the cumulative up time (scheduled time - downtime). As illustrated in figure 6, the MTBF 
behavior for the magnet power supplies is not as smooth as for the cumulative downtime but it appears 
to converge somewhere in the region 30 h. With 278 ... ..,..'"' . .,.., .. power supplies total in the system, the 
MTBF estimate for an individual magnet power supply is 8445 hours, assuming that all supplies have 
the same failure rate and can be treated as a series system of independent power supplies. 

The results obtained via similar analyses for the other subsystems at LANSCE are summarized in 
table 4. 

RESULTS OF RELIABILITY STUDY AT LANSCE 

Main System Subsystem MDT 
MTBF for all MTBF for a single 

devices device 
lh:mml lhl lhl 

80SRF Klystron Assembly 0:44 262 11560 
High Voltage System 0:18 137 960 

DC Magnets 0:53 290 232280 
Magnet Power Supplies 0:50 30 8445 
Pulsed Power Harmonic Buncher 0:09 44 44 

Chopper magnet 0:08 291 291 
Deflector magnet 0:10 342 684 
Kicker magnet 1:58 185 557 

Water System 1:20 120 
Water pump 0:29 245 29506 

Vacuum System 0:48 77 
Ion pump 0:29 101 25308 

Table 4. Some results of the reliability investigation of subsystems and components 

The MTBF for the klystron assembly calculated from the raw data corresponds to the entire 805 
RF system consisting of 44 klystron assemblies. An estimate of the MTBF for an individual klystron 
assembly was obtained by multiplying this value by 44 as 11560 hours. This value is not unreasonable 
when compared with the 20-50,000 hours commonly quoted for the typical klystron tube by itself. A 
total of 800 de magnets exist in the LANSCE facility. MTBF for a single magnet is 232280 hours (~26 
years). The de magnets at LANSCE are very reliable. This is also confinned by maintenance personnel 
at LANSCE. 50% of the magnet failures are water cooling problems inside the magnet. The most 
frequent failure cause in a magnet power supply is malfunctioning electronic equipment. Most of the 
power supplies at LANSCE are controlled by manual electronics. Modem power supplies are 
computer controlled and proves to be much more reliable. MDT for a water pump is 29 minutes and 
MTBF is 29500 hours (~3 years). MDT for an ion pump is 29 minutes and MTBF is 25300 hours (~3 
years). 
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Failure analysis 
Analysis of failure causes is performed for all major systems. In this section the failure analysis of 

the rf system is illustrated. In figure 7, the distribution of trips in the rf system is presented. In figure 8, 
on a level, the distribution of trips in the klystron assembly is presented. 
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Figure 7. Distribution of trips in the 805 rf system 

Other 805 Tank 

All subsystems of the 805 rf system are represented in figure 7. The High Voltage System causes 
many short interruptions. Usually the High Voltage system causes phase or amplitude disturbances to 
the beam. 26% of the failures in the rf system are unknown. Sometimes when a failure occurs in the rf 
system it is not possible to point out any specific subsystem (but it is known that the failure occured in 
the rf system!). 15% of the failures in the rf system are caused by the klystron assembly. In figure 8, 
typical failure causes in the klystron assembly are presented. 
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The klystron assembly includes some other components beside the klystron tube, for example an 
ion pump, a klystron magnet etc. 38% of all failures in the klystron assembly are water cooling 
problems and 32% are amplitude crowbars. Amplitude crowbars are usually electric sparking in the 
klystron tube or switchtube (and this may be due to an old switchtube). Most of the downtime occurs 
when klystron replacement is necessary. During scheduled operation of 1996-97, four klystron 
replacements occurred. 
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Conclusions 

Operational statistics of the powerful 1.25 mA H+ beam at LANSCE has been obtained using the 
accelerator logbook and beam monitor data. When the beam current is inspected over a long period of 
time (2800 hours), on average trips/hour or 60 trips per day are Approximately 75% of 
all trips are 0-1 minute long. The typical down time of a beam trip is 15-20 seconds. 

In the overall reliability balance of the entire LANSCE accelerator, the injector is responsible for 
most of the trip events. The injector is accountable for 77 % of all trips in the H+ beam. The injector is 
primarily generating short trips. For long down times (>5 min) the rf system is the largest producer of 
trips. Upgrading the injector will result in a more stable beam with less interruptions, especially short 
ones. Upgrading the rf will result in a better beam availability. 

In summary, as a result of the investigation of individual systems, estimates for both MTBF and 
MDT were obtained for several typical accelerator components: DC magnet power supplies, DC 
magnets, klystron assemblies, HV power supplies, vacuum system, and water system. The results will 
be useful in developing preliminary estimates for reliability, availability, and maintainability of high 
power accelerator systems planned in the future. However, before we can fully trust them, they have to 
be corroborated through comparison with statistics obtained from other facilities. The impact of 
maintenance activities outside of the scheduled production time needs to be tracked down and 
included in the estimates as well. 
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Preface 

Royal Institute of Technology 
Nuclear and Reactor Physics 

This report is a M.Sc Thesis prepared at the Department of Nuclear and Reactor 
Physics at the Royal Institute of Technology, Stockholm. For the most time the analyses 
were conducted at Los Alamos National Laboratory, USA. 

The objective is to present the reliability and availability of the high current linear 
proton accelerator at LANSCE (Los Alamos Neutron Science Center). The reliability and 
the underlying cause of failure in major accelerator and components are 
investigated. The distribution of beam failures and down time for 6 consecutive run 
cycles ( 1996-97 accelerator operation) are analyzed. The investigation offers the 
opportunity to evaluate power fluctuations and long-term reliability and availability of 
high power linear accelerators. 

The analysis was initiated with the intention to examine the reliability and 
availability of an accelerator for the purpose of transmutation of nuclear waste. It may as 
well be valuable in availability assessment of similar accelerators for use in other 
applications. Results may also be helpful in development of a reliability and availability 
model of high power accelerator systems. 
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Abstract 

Royal Institute of Technology 
Nuclear and Reactor Physics 

High availability is of vital importance for future high power proton accelerator 
applications such as the Accelerator driven Transmutation of Waste (ATW). The ATW 
accelerator demand excellent year round availability in order to match the desired 
transmutation performance. In order to estimate the availability and reliability of 
accelerator designs, data from existing accelerators are analyzed. The Los Alamos 
Neutron Science Center (LANSCE) is an accelerator facility with enough operating 
history to supply meaningful reliability data. The report describes the data collection and 
analysis effort of the LANSCE accelerator operational data which was initiated to supply 
the accelerator reliability models with credible input data. A preliminary database of 
beam trips was assembled using operational data records, Central Control Room 
Logbook, and Operations Shift Supervisors' Summary Reports covering 1996-97. The 
events were classified according to the underlying cause into categories corresponding to 
typical accelerator subsystems. The ambition has been to identify the root cause of the 
down times. Mean Time Between Failures (MTBF) and Mean Down Time (MDT) 
estimates were obtained for magnets, RF stations, power supplies, etc. The results are 
useful for identifying development issues in high power accelerators. 

Persistent power fluctuations in the accelerator may beam window 
characteristics and have a negative influence on a hybrid system. At LANSCE, beam 
delivery is frequently measured by current monitors near the target. The thesis 
investigates the beam current history and a better insight into power fluctuations of the 
LANSCE accelerator is achieved. 
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One of the most important specifications on an ion accelerator for transmutation 
of waste is the overall beam availability and reliability. Such large accelerators are major 
capital investments and the availability determines the return of investment. A year round 
availability of 90% is necessary to match the desired transmutation performance. High 
component reliability is also essential to minimize power fluctuations, radiation hazards, 
and activation of structure material. Power fluctuations are particularly important in 
applications for transmutation since the accelerator is coupled with a subcritical reactor. 
In a hybrid system, short beam trips creates a loss of heat generation and causes thermal 
shock to the structure material and fuel rods. 

The LANSCE accelerator is the world's most powerful linear proton accelerator. 
It delivers 800 Me V protons at I mA of beam current. It has been in operation for many 
years and offers considerable quantities of operational data. 

In chapter 2, the option for transmutation of nuclear waste will be briefly 
reviewed. 

For the general reader, an introduction to particle accelerators will be made in 
chapter 3, "Introduction to Accelerators". The principle of particle acceleration, 
accelerator development, different types of accelerators and some basic definitions are 
discussed. In this chapter, formulas will not be described but rather focus on different 
technical realizations of particle acceleration. 

Chapter 4 presents the current Los Alamos National Lab concept for linear 
accelerator design for transmutation of waste. Also, the circular accelerator design 
proposed by the CERN group is presented. At the end of this chapter advantages and 
disadvantages of both accelerators are discussed. 

In chapter 5, the LANSCE accelerator complex is outlined. A general description 
of different beam lines and important areas is made. Major parts of the accelerator are 
explained. 

Information on LANSCE accelerator operations are discussed in Chapter 6. The 
method for classification, organization, and recording of beam interruptions are shown. 
Run cycles and beam schedules are explained. 

Chapter 7 investigates the overall reliability of the LANSCE accelerator. Statistics 
of beam interruptions and down time for the H+ and H- beams are analyzed. For the most 
part operational statistics for 1996-97 is presented but some previous historical reliability 
data is also shown. Mean Time Between Failure and Mean Down Time for the entire 
accelerator are calculated. Conclusions and proposals for reliability improvements are 
summarized. 

In Chapter 8, a more detailed reliability assessment of major systems and 
subsystems is carried out. Particular emphasis is made for systems which are used in 
modern rf accelerator systems such as rf stations, rf drives, rf transport, magnets, magnet 
power supplies, cooling and vacuum. 

In Chapter 9, statistics of beam monitor data during 1997 for the H+ beam is 
shown. Analysis of 163,000 beam current recordings is performed. The analysis verifies 
the true beam performance. It does not investigate the cause of the beam failure. These 
results are compared with results from Chapter 7 "Overall LANSCE Reliability". 
Important conclusions with respect to both analyses are summarized. 
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2 Nuclear Waste 
If one assumes the same level of global nuclear power generation for the future as 

it exists today there will be more than 250.000 tons of spent reactor fuel in the world by 
the year 2015. The spent fuel contains large quantities of long lived transuranics and 
fission products. This amount of long lived radiotoxic waste presents a major threat to all 
living organisms if released to the environment. 

Due to different geological conditions, national views on nuclear 
reprocessing, and proliferation concerns various programs have evolved for dealing with 
nuclear waste. One option is storing unprocessed spent fuel in geological repositories. 
Other options involves utilization of the fissile material contained in the spent fuel before 
storage in waste repositories. Long term uncertainties, the possibility for dilution of 
radiotoxic elements and extraction of weapon plutonium are the main concerns for 
the geological repository. 

2. 1 Transmutation of Waste 
Nuclear waste may be eliminated in a nuclear way. One option for dealing with 

nuclear waste and weapon plutonium is transmutation. Transmutation is the conversion of 
one element into another. A nuclear transmutation entails a change in the structure of 
atomic nuclei. The transmutation reaction (see examples below) may be induced by a 
nuclear reaction such as neutron capture, or occur spontaneously by radioactive decay, 
such as alpha decay and beta decay. Chemical reactions are not capable of effecting the 
nuclear changes required for transmutation. 

Examples of transmutation reactions in nuclear waste: 
Transuranics: n + 2Y)Pu _, fissionproducts + energy or 

n + 24opu _, 241 Pu _, 

n + 241 Pu _,, jzssionproducts + energy 

Fissionproducts: n+ (99 Ru is stable!) 

Transmutation of waste aims to enhance the viability of the geological repository. 
By transmuting the long lived transuranics by fission and the long lived fission products 
by neutron absorption the waste repository would have substantially reduced inventories 
of the long term radioactivity and heat sources. This will transform the time scale of 
repository perfonnance requirements from a geological scale (tens of thousands years) to 
an engineering scale (hundreds of years). Transmutation of waste has the potential to 
provide added flexibility to the design of the waste repository and reduce the 
uncertainties about its performance. 

2.2 Spallation 
Large neutron availability is essential for transmutation of waste. Lack of 

neutrons make transmutation of waste in normal reactors less effective. A high intensity 
neutron source may be achieved in a process called spallation. Spallation occurs when 
high energy particles strike a target of heavy elements. The target material is usually 
tungsten, lead or an lead-bismuth alloy. In the collision, the incoming particle may tear 
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out protons, neutrons and nuclear fragments. Protons knocked out in the initial collision 
may strike a second tungsten nucleus, causing a ..., .... ,,...,..,, ...... ....., nuclear ~-·~-,~,, The 
remaining nucleus is left in an excited state. In the deexcitation process the nucleus emits 
additional nuclei. Most of these nuclei are neutrons which are emitted isotropically. 

2.3 Accelerator driven Transmutation of Waste 
Several options of transmutation methods have been proposed. Up today the most 

reasonable suggestions utilize high power proton accelerators. In Accelerator driven 
Transmutation of Waste (ATW) protons are accelerated to high energy ( z I Ge V) and 
then hit a heavy metal target. The result is an intense spallation neutron source. 

ATWBurner 
Typical Power: 
1000-3000 MWt 

Pump 

Liquid Lead 
Coolant 

Heat Exchanger: to 
steam-driven power 
production (up to 40% eff.) 

Beam 
Guide 

Window 

/_,.. Spallation •11· ... ·'_/ ./· Neutron Source 
-"~";,. ... ,« 
~\~ 

Transmutation 
Region (solid fuel) 

Figure 2 .1 Illustration of the ATW burner, the Los Alamos National Lab concept [ 1 J 

In the ATW burner (see Figure 2.1 ), the target is surrounded by a subcritical 
transmutation region containing the fuel, "transmutation assemblies". The fuel consists of 
spent fuel and recycled ATW fuel. Since considerable neutron multiplication and heat 
production arises from fissioning of waste actinides, adequate heat removal must be 
present. The ATW burner may use an alloy of liquid lead-bismuth both as coolant and 
spallation target material. Because of its subcritical mode of operation the ATW system 
do not rely on delayed neutrons for control and power change, it is only driven by the 
externally generated neutron source. Control rods and reactivity changes have very low 
importance. Subcriticality allows the ATW burner to work with any composition of fuel. 
The neutron poor thorium-uranium fuel cycle may for example be used rather 
straightforwardly in the A TW burner. Extended burn up is achieved with appropriate 
accelerator operation. If desirable, significant electric power may be generated in a 
steam-cycle connected to the ATW burner. 
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A particle accelerator is a device that produces a beam of fast-moving, electrically 
charged atomic or subatomic particles [2]. Physicists use accelerators in fundamental 
research on the structure of nuclei, the nature of nuclear forces, and the properties of 
nuclei not found in nature, such as the transuranic elements and other unstable elements. 
Their application as research tools in nuclear and high energy particle physics require the 

and most energetic facilities. One of the ironies of modern physics is that the 
study of tiny nuclear particles and interactions often requires an extremely large 
apparatus, such as an accelerator. The world's longest electron linac is the 3.2-kilometre 
(2-mile) machine at the Stanford (University) Linear Accelerator Center, California (see 
Figure 3.1 ). SLC can accelerate electrons to 50 billion electron volts (50 Ge V). 

0 500 
Sc;ale i,n 1Feet 

Fi:md Focus 
Test Beam 

Figure 3 .1 The Stanford Linear Accelerator 

Experimental 
HaHs; 

The Stanford Linear Accelerator Center has a 3 .2-kilometre linear accelerator that 
produces one of the highest-energy electron heams in the world. At the far end qf' the 
accelerator, the electrons and positrons can he directed into the Stanford Linear Collider 
(SLC ), which consists of two separate arcs of magnets forming a loop to hring the two 
beams into head-on collision at a total energy q{ ahout 100 GeV. 

Much smaller accelerators, however, have found broad applications in a wide 
variety of basic research and technology, as well as medicine. Examples of such 
applications are radioisotope production, industrial radiography, cancer therapy, 
sterilization of biological materials and polymerization of plastics. Today, large particle 
accelerators are proposed for new applications, such as transmutation of waste, energy 
production, and production of tritium for use in nuclear weapons. 

The particles that are accelerated most often are electrons or protons, and their 
antiparticles, or heavier ionized atoms. All electric charged particles may be accelerated, 
but for neutron production in a spallation target high energy protons are generally used. 

Sometimes the primary beam is used, in other cases, the primary beam is directed 
onto a fixed target to produce a beam of secondary particles, such as X rays, neutrons, 
mesons, hyperons, or neutrinos. Such fixed target experimentation dominated nuclear and 
high energy particle experimentation from the first applications of artificia11y accelerated 
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particle beams far into the seventies and is still a valuable means of basic research. 
Obviously, it is also this method in conjunction with a heavy metal which is used 
to produce secondary particles like neutrons for use in a ATW burner. 

To increase the energy available for interaction the particles are sometimes aimed 
not at fixed targets but to collide head on with other particles. By this, almost all kinetic 
energy come to use in the collision. This is the main goal for the construction of colliding 
beam facilities figure 3.1 ). 

A few circular accelerators are operated as sources of the intense radiation, called 
synchrotron radiation, emitted by electrons moving at almost the speed of light along 
curved paths. This radiation is highly collimated in the forward direction, of high 
brightness and therefore of great interest for basic research, technology, and medicine. 

3. 1 Accelerator technology 
Particle accelerators come in many forms applying a variety of technical 

principles. All are based on the interaction of the electric charge with static and dynamic 
electromagnetic fields and it is the technical realization of this interaction that leads to 
different types of particle accelerators. 

The development of charged-particle accelerators has progressed along double 
paths which by the appearance of particle trajectories are distinguished as linear 
accelerators and circular accelerators. Particles travel in linear accelerators only once 
through the accelerator structure while in a circular accelerator they follow a closed orbit 
periodically for many revolutions accumulating energy at every traversal of the 
accelerating gaps. No fundamental advantage or disadvantage can be claimed for one or 
the other of accelerators. It is mostly the particular application and sometimes the 
available technology that determines the choice between both classes. Both types have 
been invented and developed early in this century, and continue to be improved and 
optimized as associated technologies advance. 

Since the late l 920's, when the first accelerators were built, the highest energies 
accessible have risen from around I Me V to I Te V. Several specific developments have 
allowed this progress to successively higher energies, but the basic principles of particle 
acceleration have remained essentially the same. For example, superconductivity has 
been employed to extend the reach of the highest-energy machines, but the machines 
themselves are still direct descendants of the first accelerators. 

The effectiveness of an accelerator is usually characterized by the kinetic energy, 
rather than the speed, of the particles. The unit of .... r ..... ,r-""' commonly used is the electron 
volt (eV), which is the energy acquired by a particle that has a charge of the same 
magnitude as that of the electron when it passes between electrodes that differ in potential 
by one volt; it is equivalent to 1.602* 10- 19 J. The protons in the proposed ATW 
accelerator reaches an energy of I Ge V and travel about 87 percent of the speed of light. 

The particle beam current is measured generally in Amperes, no matter what 
general system of units is used but occasionally in terms of the total charge or number of 
particles. In a simple case, if the particles come by in a continuous stream the beam 
current is proportional to the particle flux. This case, however, occurs very rarely since 
particle beams are generally accelerated by rf fields. As a consequence there is no 
continues flux of particles. The particle flux is better described as series of bunches 
separated by a number of wavelengths of the accelerating rf field. In these cases the 
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current is distinguished between different definitions. The peak current is the peak 
instantaneous beam current for a bunch, while the current is defined as the 
particle flux averaged over the duration of the beam pulse. 

Particle accelerators consist of two basic units, the particle source or injector and 
the main accelerator structure. The region in which the particles are accelerated must be 
highly evacuated to keep the particles from being scattered out of the beam, or even 
stopped, by collisions with molecules of air. 

The most successful acceleration of particles is based on the use of radio 
frequency alternating electromagnetic waves (rf fields). Acceleration occurs in resonant 
cavities (see figure 3.2) which are fed by rf power. Very high accelerating voltages can 
be achieved in resonant rf cavities, far exceeding those obtainable in electrostatic 
accelerators of similar dimensions. Particle acceleration in linear accelerators as well as 
in circular 0 

.. ..,,i- ..... , .. " are on the use of rf fields. 

COUPLING 
CAVITY 

Figure 3.2 Illustration of the Side Coupled Cavity at LANSCE 

RF accelerators require very powerful sources of electromagnetic fields. RF fields 
are produced by large klystrons (high-frequency vacuum-tube amplifiers) with power 
outputs of 20-30 megawatts. 

Electron 
Gun 

A E 

RF Input 

B 

Rr output 

RF Section 

F C 

Figure 3.3 Picture of the 2-cavity Klystron Ampl(fi'er [3} 

D 

The principle of the two-cavity klystron amplifier can be understood from figure 
3.3. A is an electron emitter and D is a collector for the beam. E is a modulating element, 
often used when pulses of power are required. Power is coupled into cavity B (input 
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cavity) and the rf voltage developed across the gap of the cavity modulates electrons in 
the beam. tunnel between cavities B and C is called the drift tube (F) and its length is 
designed to provide optimum bunching of the beam at the gap of cavity C (output cavity). 
The electron bunches induce an rf current in the output cavity which can be coupled out 
as rf power. Depending on the resonant frequency of the second cavity (C) compared 
with the frequency of the input signal, an rf voltage will be excited in the second cavity 
which will be larger than that in the first cavity. Thus an amplified signal can be coupled 
out from the second cavity. In a multi-stage klystron (for example the LANSCE klystron) 
several cavities are connected in series and the rf energy grows in successive cavities as 
the beam flows from cathode to collector. 

3.2 Linear Accelerators 
In linear accelerators the particles are accelerated by definition along a straight 

path by either electrostatic fields or oscillating rf fields. When rf fields are used the linear 
accelerator is commonly called a linac [2]. 

The final energy of the particles is proportional to the sum of the voltages 
produced by the accelerating devices along that line. The linac consists of a linear 
sequence of many units where accelerating rf fields are generated and timed such that 
particles absorb and accumulate energy from each acceleration unit. 

The principle of the linear accelerator based on alternating fields and drift tubes 
was proposed by Ising in 1925 and demonstrated by Widera in 1928. In this method 
particles are accelerated by repeated application of rf fields (see figure 3.4). 

Particle 

Source 

Figure 3 .4 Principle of the Wider i5 accelerator [ 4 J 

RF 
Generator 

While the principle of the linear accelerator is simple, the realization requires 
specific conditions to ensure that the particles are exposed to only accelerating rf fields. 
For efficient acceleration the motion of the particles must be synchronized with the rf 
fields in the accelerating sections. During the half period when the fields reverse sign the 
particles must be shielded from the fields in order not to be decelerated again. 
Technically this requirement is realized by surrounding the beam path with metallic drift 
tubes as shown in figure 3.5. The electric field is zero inside the drift tubes, and the 
length of the tube segments are chosen such that the particles reach the gap between two 
successive tubes at the moment the rf field is accelerating. The length of the tubes are 
therefore almost as long as it takes the particles to travel for half an rf period. 

In the twenties when this principle was developed it was difficult to build high 
frequency generators at significant power. In 1928 rf generators were available only up to 
about 7 MHz and this principle was useful only for rather slow particles like low energy 
protons and ions. The drift tubes can become very long for low rf frequencies. At higher 
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frequencies, however, the capacitive nature of the Widero structure becomes very lossy 
due to electromagnetic radiation. To overcome this difficulty, Alvarez proposed to 
enclose the drift tubes in a long cylindrical metal tank, or cavity. The Alvarez linac is 
based on the formation of standing electromagnetic waves inside the tank. The electric 
field is parallel to the axis of the tank. Most of these accelerators operate at frequencies of 
about 200 MHz. Focusing is usually provided by magnetic quadrupoles placed inside the 
drift tubes. The Alvarez linac is suitable for acceleration of protons and ions from a few 
hundred ke V to a few hundred Me V. That energy range makes the Alvarez structure 
useful in the first accelerating stage in a linear accelerator or as a preaccelerator into a 
synchrotron. 

l \""-------.1·11--------
wuroe \ 

RF oscmator copper envelope 

Figure 3 .5 The Alvarez linac 
The acceleration chamber is an evacuated cylindrical pipe that serves as a waveguide for 
the accelerating field. 

Linear accelerators fall into two distinct types: standing-wave linear accelerators 
(used for heavy particles) and traveling-wave linear accelerators (used to accelerate 
electrons). The reason for the difference is that after electrons have been accelerated to a 
few Me V in the first few metres of a typical accelerator, they have ~;!:~ee(:!~; very close to 
that of light. Therefore, if the accelerating wave also moves at the speed of light, the 
particles do not get out of phase, their speeds do not change. Protons, on the other hand, 
must reach much higher energies before their speeds can be taken as constant, so that the 
accelerator design must allow for the prolonged increase in speed. 

In most new linac designs RFQs (radio frequency quadrupole accelerators) are 
included. The RFQ is a low velocity, high current linear accelerator. Many laboratories 
have adopted the RFQ as a "front end" accelerator. The Alvarez linac is most efficient in 
a higher energy range (0.5-100 Me V). Below that range, RFQs are more appropriate. 
Separate bunching devices are not necessary in the RFQ. The RFQ receives a continuos 
stream of ions from the injector, forms it into bunches, and accelerates nearly 100 % of 
the beam. In other linacs the bunching process usually discards 30 to 50 of the beam. 
The RFQ has eliminated the historic requirement of operating the ion source at several 
hundred kilovolts above ground before injection into a drift tube linac. Increased 
accelerator reliability is gained due to a lower probability of high voltage sparking in the 
injector column. 
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The RFQ, as shown in figure 3.6, is a focusing structure to which acceleration is 
added as a perturbation. Other linac designs impose focusing onto an accelerating 
structure. This fundamental focusing attribute of the RFQ gives rise to very good beam 
stability in all three dimensions. 

3.3 Circular Accelerators 
In a circular accelerator, the path of the particles is bent by the action of a 

magnetic field into a spiral or a closed curve that is approximately circular. In this case, 
the particles pass many times through the same accelerating devices. This simplifies the 
rf system compared to the large number of energy sources and accelerating sections 
required in a linear accelerator. While this approach {'A.:i,rnt:::,,, at first like the perfect 
solution to produce high energy particle beams, its progress soon became limited for the 
acceleration of electrons by the generation of synchrotron radiation. 

The simplicity of circular accelerators and the absence of significant synchrotron 
radiation for protons and heavier particles like ions has made circular accelerators the 
most successful and affordable principle to reach the highest possible proton energies for 
fundamental rAci,::.flrE--n in high LC>TILC>T"(T'1 physics. 

In circular accelerators, the final energy depends on the magnitude of the voltages 
multiplied by the number of times the particles pass through the accelerating gaps. 
Because the total distance traveled by the particles in a cyclic accelerator may be more 
than a million kilometres, cumulative effect of small deviations from the desired 
trajectory would be dissipation of the beam. Therefore, the beam must be continually 
focused by the magnetic fields, which are precisely shaped by powerful magnets. 

The magnetic resonance accelerator, or cyclotron, was the first cyclic accelerator 
and the first resonance accelerator that produced particles energetic enough to be useful 
for nuclear research. For many years the highest particle energies were those imparted by 
cyclotrons modeled upon Lawrence's archetype. In these devices, commonly called 
classical cyclotrons, the electric field oscillates at a fixed frequency and the 
bending magnetic field has a fixed intensity (see figure 3.7). The principle of the 
cyclotron is basically the application of the Widera linac in a coiled up version to save 
space and rf equipment. 
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The magnetic resonance accelerator, or cyclotron, conceived hy Lawrence as a 
modification of Wideri.J's linear resonance accelerator. 

The accelerating cavity has basically the form of a circular pillbox cut in two 
halves, where the accelerating fields are generated between those halves and are placed 
between the poles of the magnet. Because of the form of the half pillbox, these cavities 
are often called the of a cyclotron. The particle orbits occur mostly in the field 
interior of the Dees and traverse the accelerating gaps between the two Dees twice per 
revolution. Due to the increasing energy, the particle trajectories spiral to larger and 
larger radii. 

The bending magnet field serves only as a beam guidance system to allow the 
repeated IJl.-t,.,..,u.:;;. of the particle beam through the cavity. Since the cavity fields are 
oscillating, .... ...,,.,...,.,..,. is not possible at all times and for multiple accelerations we must 
meet specific conditions of synchronization between the motion of particles and the field 
oscillation. The time it takes the particles to travel along the orbital path must be an 
integer multiple of the oscillation period for the rf field. 

The energy gained by a particle in a classical cyclotron is limited by the 
relativistic increase in the mass of particle, a phenomenon that causes the orbital 
frequency to decrease and the particles to get out phase with the alternating voltage. This 
effect can be reduced by applying higher accelerating voltages and shorten the overall 
acceleration time. The highest energy imparted to protons in a classical cyclotron is less 
than 25 Me V, and this achievement requires the imposition of hundreds of kilovolts to 
the Dees. 

Cyclotrons in which the frequency of the voltage is changed as the 
particles are accelerated are called synchro cyclotrons, frequency-modulated (FM) 
cyclotrons. Because of the frequency modulation, the particles do not get out of phase 
with the accelerating voltage, so that the relativistic mass increase does not impose a limit 
on the energy. The particles reach the maximum energy in bunches, one for each time the 
accelerating frequency goes through its program. In other words, the particle flux has a 
pulsed macro structure equal to the cycling time of the rf modulation. The average 
intensity of the beam is much lower than that of a classical cyclotron. 

The isochronous cyclotron is another modification of the classical cyclotron that 
also evades relativistic constraint on its maximum energy. The isochron cyclotron is the 
solution to obtain high intensity (classical cyclotron) at high energy (synchrocyclotron). 
Its advantage over the synchrocyclotron is that the beam is not pulsed and therefore more 
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intense. The frequency of the accelerating voltage is constant, and the orbital frequency 
of the particles is kept constant as they are .... ...,,..,...,.•.e ... ,.T.c,,.., by causing the 
field on the orbit to increase with orbit radius. This ordinarily would cause the beam to 
defocus axially. Hence, the magnetic field in an isochronous cyclotron would not be 
axia11y symmetric. But, if the magnetic poles are constructed from sectors, the particles in 
the cyclotron would experience azimuthal variation of the magnetic field. This in turn 
introduces an axially restoring force on the particles at the of the sectors. 

sector 

Figure 3 .8 Isochronous cyclotron 

If the sectors are twisted to a spiral form we some additional axial focusing 
since the particles enter and leave the magnet with a larger spiral angle. 

The development of circular accelerators has fina11y made a fu]] circle. Starting 
from the use of a constant rf field, in classical cyclotrons, the need for frequency 
modulation was obvious to meet the synchronicity condition for particles through the 
relativistic transition region. Application of technica11y complicated focusing schemes 
allowed to revert back to the most efficient way of particle acceleration with constant 
fixed frequency fields. 

Accelerating protons with isochronous cyclotrons is usua11y limited by the 
focusing limit of the magnet. The ultimate focusing limit for this is a separated sector 
cyclotron. In the separated sector cyclotron (or ring cyclotron) the magnets consist of 
sectors only (see figure 3.9). In the va11ey between the sectors there is no iron and 
practically no magnetic field. RF cavities, extraction and other beam diagnostic 
equipment may be insta11ed in the space between the sectors. This type of cyclotron is a 
possible candidate for transmutation of waste purposes (see section 4.2). 
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The Ring Cyclotron at Paul Scherrer Institute (PSI). The cyclotron accelerates protons to 
590 MeV at 1.5 mA. 
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To produce enough neutrons in a spallation target the accelerator must deliver 
energetic protons at high current (see figure 4.1 ). Since the neutron yield increases almost 
linearly (in the range 0.8-4 Ge V) with proton energy the energy and current may be 
exchanged. For example, if the proton energy is doubled and the beam current is divided 
by two the neutron yield stays approximately the same. Typical specifications of an ATW 
linac are 30-40 mA at 1 GeV. Such high power accelerators do not exist today, but 
considering recent progress in accelerator technology there is a good confidence in 
realization of these accelerators. 
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[6] 

The ATW accelerator must be designed to deliver large beam currents to a target 
facility with very little beam losses along the accelerator. Several types of difficulties 
arise when one tries to increase the beam intensity. One effect is the mutual repulsion of 
particles due to their electric charge. This repulsion affects phase stability as well as 
focusing. In the case of beam loss, relative losses increase with intensity and there is a 
risk for contamination, local heating and damage of the accelerator structure. Light ions, 
such as protons, have long stopping ranges, penetrate deeply, and have nuclear reactions 
that cause radioactivity buildup in the structure [7]. This activation is the main problem 
with beam losses in light ion accelerators. It is desirable to be able to perform 
maintenance activities without using remote manipulators (hands-on maintenance) over 
the lifetime of the facility. 
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In this section the linear accelerator design for transmutation of waste purpose is 
outlined. The proposed accelerator is the Los Alamos National Lab concept for 
accelerator design. Most of the text is based on the A TW accelerator design by George 
Lawrence of Los Alamos National Lab [8]. 

A linac for an A TW facility should be designed: 
• To have high availability and operational flexibility 
• To have high reliability and minimal power fluctuations 
• To have very high electrical efficiency (ac to beam power) 
• For minimum capital and operating costs 
• To have short length 
• To vary the power on target over a wide range 

The ATW linac design is based on the APT (Accelerator Production of Tritium) 
linac design and technology. Extensive Research and Development on the APT linac has 
been in .--.r,,<Tr,"'... for The baseline accelerator for the ATW linac is a 
normalconducting-superconducting proton linac that produces a continuos wave beam 
power of 40 MW at l Ge V. The ATW linac is illustrated in figure 4.2. 

Superconducting 

1 .43 MV/m I ;;rno MV!m I 
75 keV $, 7 MeV 2L2 MeV 4e MeV i 00 MeV 

(FODO) foouslng lattice 

Figure The ATW linac proposal [8} 

Normalconducting (nc) linac is used for low energies. This facilitates a high­
density magnetic focusing lattice and smoothly varying accelerating and focusing 
parameters. It also allows for excellent emittance control of the high-current beam and 
minimal generation of halo. Halo is the formation of an outer ring of particles 
surrounding the inner core of the beam. The beam halo particle losses in an 
accelerator. This of great concern for the next generation of high power proton linacs. 

At high energies superconducting cavities and quadrupoles are used. This 
eliminates RF cavity losses and provides very high power efficiency. Large aperture 
dramatically reduces beam loss threat. Short cavities provide wide velocity acceptance 
bandwidth. 
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The ATW linac design is more advanced than APT. Some of the most important 
aspects an the linac proposal for ATW are: 

• High accelerating gradients in the superconducting section 
gradients of 1 SMV /m in superconducting section. These gradients have 
been achieved in cavity tests (TESLA). 

short linac (only m) reduces as well as costs 

• Cryomodules contain superconducting quadrupoles 

stronger focusing ==> larger aperture/beam-size ratio ==> less contamination 

higher electrical efficiency ==> minimizes quadrupole power 

• Superconduction starts at lower energy (20 Me V) 
reduces RF losses in low energy linac ==> increases efficiency 
increases aperture size at low energies 
makes use of 1/2-wave (spoke-type) superconducting resonators 

Table 4.1 Global ATW accelerator parameters 
Parameter Value 
Output proton current 40mA 
Duty factor 100% 
Final energy of nc linac 21.2 MeV 
Final energy of sc linac 1000 MeV 
Length 345 m 
RF power 44.6 mA 
Number of klystrons 3 at 350 MHz; 53 at 700 MHz 
Number of cryomodules 31 
Number of nc accelerating cavities 106*2 
Number of sc accelerating cavities 134 
Number of nc quadrupoles 105*2 
Number of sc quadrupoles 165 

At Los Alamos a 110 mA, 75 ke V proton injector is being developed for the APT 
project. The new injector is based on a microwave proton source which operates at 2.45 
GHz. The ion source is coupled with a two-solenoid, system for matching into a 
RFQ [9]. 

A low-energy demonstration accelerator (LEDA) has been developed. LEDA is 
virtually identical to the first 20 Me V of the APT accelerator. It is used to confirm beam 
parameters, system availability, component reliability, provide experimental 
determination of the beam halo distribution, develop a commissioning plan for a 
continuous wave system, and prototype the low-energy portion of the APT plant 
accelerator. As far as now the LEDA injector has demonstrated APT beam performance 
requirements and reliability. In 1997, the injector was operated for 168 hours. In this 
time, the injector operated at 75 keV, > 120 mA with an availability of 96-98 % [9]. The 
ion source accounted for 3.4 hours of down time (see definition in section 8.5. 1) because 
of recovery from high voltage sparks. 
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4.2 The A TW Cyclotron 
In the section the solution based on circular machines for accelerator driven 

transmutation projects is presented. The proposal is made by the transmutation group at 
CERN (European Organization for Nuclear Research). The text is a summary of the 
proposition in the IAEA Status report on Accelerator driven systems [ 10]. The 
accelerator complex is based on a .._,.._, ... ,,.,.,,..._, cyclotron accelerator (figure 4.1) 

2 Injectors 10 MeV 42MHz Booster 120-990 MeV 42MHz 

Main-cavities 

Intermediate 120 MeV 42MHz 

10 m 

Main-cavities 

Figure 4. I General layout of the CERN group accelerator complex [ I O] 

The injector is made of two l O Me V, Compact Isochronous Cyclotrons (CIC). 
Beams are merged with the help of negative ion stripping to the intermediate stage, a 
cyclotron with four separated sectors (ISSC) bringing the beam up to 120 MeV. In the 
final booster, a ten separated and six cavities cyclotron (BSSC), the kinetic energy is 
raised up to 1 GeV. The main parameters of the cyclotrons are presented in table 4.2. 

Table 4 .2 Main parameters of the cyclotrons 
Parameter Injector Intermediate Booster 
Injection energy 100 keV l0MeV 120 MeV 
Extraction energy lOMeV 120 MeV 990 MeV 
Frequency 42MHz 42MHz 42MHz 
Harmonic 4 6 6 
Magnet gap 6cm 5cm 5cm 
Niobium sectors 4 4 10 
Sector angl (injection/extraction) 15 '/34 6 /31 ° 10° /20° 
Sector spiral extraction oo oo 12° 
Niobium cavities 2 2 6 
Type of cavity delta delta single gap 
Gap peak voltage llOkV 170kV 550kV 
Gap peak voltage extraction ll0kV 340 kV 1100 kV 
Radial gain per turn extraction 16mm 12mm 10mm 
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The injector cyclotron consists of a four sector isochronous cyclotron capable of 
delivering 5 mA. The beams of two such injectors working at the same frequency are 
then merged before injecting them into the intermediate stage (ISSC) and the final 
booster. Since high current is required the injection energy must be about 100 keV in 
order to avoid space charge effects. A stripper is installed at the end of the injection line, 
before beams enters the ISSC to convert the H- beam into a H+ beam. As a result the 
particle density in the phase space is doubled at no increase of the single beam emittance. 

4.2.2 Intermediate cyclotron 
A four-separated-sector cyclotron has been chosen as the intermediate stage. 

Acceleration of the beam is provided by two main resonators located in opposite valleys 
giving an energy gain per turn of 0.6 Me V at injection and 1.2 Me V at extraction, 
increasing the beam energy from 10 MeV to 120 MeV. The RF frequency of the 
accelerating cavities has been chosen equal to 42 MHz. The choice of the injection 
energy into the ISSC is certainly one of the most important parameters which influences 
the overall perfonnances of the cyclotron complex. The space charge effects are strong at 
low ,.,,..,.,,""r .. -,, They are present in both transversal and longitudinal directions of the beam. 
Results of simulations show that a nominal 10 mA beam can be handled at an injection 
energy of the order of 10 Me V. 

Double gap cavities have been selected because their radial extension is much 
smaller leaving more space in the centre of the machine for the bending and injection 
magnets and the beam diagnostics. 

4.2.3 Booster cyclotron 
The magnet of the final booster consists of 10 identical C-shaped sector magnets 

with a strong spiral in order to obtain sufficient vertical focusing at high energies. 
Acceleration of the beam is provided by 6 main resonators located in the valleys. They 
should provide an energy gain per turn of 3 Me V at injection and 6 Me V at extraction, 
increasing the beam energy from 120 MeV to 990 MeV. In order to compensate the 
effects of the space charge forces, two flat-topping cavities are needed (flat-topping is a 
technique to achieve a constant accelerating voltage at a phase width of 30°). The RF 
frequency is equal to 42 MHz. A voltage ratio of 2.0 is used between injection and 
extraction in order to reduce the number of turns in the cyclotron and to have sufficient 
turn separation at extraction. 
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As mentioned before, both linear and circular accelerator designs are proposed for 
transmutation of waste and energy production. Both accelerators use radio frequency (rf) 
electromagnetic waves for acceleration. The main advantage for the linac is the 
possibility to produce high currents. For the cyclotron, the main advantages are low cost 
and compact 

Due to longitudinal space charge effects and extraction losses the maximum beam 
current is limited for the cyclotron. For the current state of the art at about I 0-20 mA. 
Since the space charge influence is strong at high current and low energy it is suitable to 
inject protons at high energy. To achieve high intensities in a circular accelerator one 
may utilize a multistage sector separated cyclotron, consisting of several low energy, low 
current cyclotrons feeding into one high energy, high current cyclotron. 

The cyclotron can be made very compact in size due to repeated use of the same 
accelerating cavities and not requiring a long beam transport system. The beam is held on 
a circular path by magnetic fields in bending magnets. The cyclotron is cheaper, but to 
deliver a beam current comparable to a linac one must use two or three cyclotron 
facilities. To increase particle energy is less costly. Since the neutron yield per incident 
proton is proportional to beam power in the region 1-4 GeV, beam current and beam 
energy may be exchanged. 

One problem in cyclotrons is beam extraction. In order to get a high extraction 
efficiency, it is necessary to achieve a large radial separation of the last turns. This may 
be accomplished by a low average magnetic field and a high energy gain per turn. 

For very high beam linear accelerators become very long, often 
hundred meters long, and more expensive than cyclotrons. The linac length determines 
the total cost and the maximum energy hence the cost is proportional to the particle 
energy. Increase of particle energy in a linac is much more costly than for the cyclotron. 
New superconducting linac structures offers high accelerating gradients this reduces the 
size of the linac. Superconduction also reduces operational costs as rf losses in cavities 
are negligible. Most of the existing cyclotrons utilize room temperature magnets 
(conventional magnets) where the maximum magnetic field is limited to 2 T due to iron 
saturation. Superconducting cyclotrons offer higher energies as compared with 
conventional cyclotrons. Also, superconductivity offers a way to build small magnets to 
give relatively high energies However, superconduction in cyclotrons is complicated 
since T,r,c, ........ 

1
,., of a strong magnetic field destroys the superconducting state. 

Linear electron accelerators constructed of superconducting materials have been 
developed. Such structures dissipate far less energy than conventional metal structures, 
allowing a continuous electron beam, rather than a pulsed beam, to be accelerated. 
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5 The LANSCE Accelerator 

5. 1 Short History 
Operated by the Los Alamos National Laboratory of the University of California 

for the United States Department of Energy, Los Alamos Neutron Science Center 
(LANSCE) is a national research facility for nuclear physics. 

The initial name of the facility was LAMPF, Los Alamos Meson Physics Facility. 
Later, the complex was renamed as the Clinton P. Anderson Meson Physics Facility 
because of the late senator's long-time interest in and support of Los Alamos National 
Laboratory. In the l 990"s, Los Alamos National Laboratory decided to focus on neutron 
research and applications. In October 1995, the accelerator complex was renamed to the 
present Los Alamos Neutron ,__,:'..,'/...,,""',n_ •• r.:,...,= ......,..., •• .,..,. (LANSCE). 

LANSCE is a pulsed spallation neutron source facility that includes the world's 
most powerful proton linear accelerator. LANSCE is ideal for research in neutron 
scattering, neutron physics, and transmutation technologies. The linac was brought into 
initial operation at 800 MeV with a low intensity beam on June 9, 1972, within the time 
schedule and the revised cost estimate of $57 000 000. By January 1983 the accelerator 
produced a beam current 1.2 mA. Routine operation now is at I mA and 800 Me V. 

NUCLEAA 
CHEMISTRY 
W1NG 

LABORATORY- SIDE·COUPLED-
OfFICE CAVITY LINAC 
BUILDING 

Figure 5.1 Overview ofLANSCE 
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5.2 General 
Two particle beams are available at LANSCE: H+ and H- (the third polarized H­

beam is not in use). Both ions are accelerated simultaneously by alternating electric fields 
in the accelerator cavities. The first stage of the accelerator contains the injector systems, 
one for each kind of particle (see figure 5.2). The beams are passed through Low Energy 
Beam Transport (LEBT) systems before injection into the second of the accelerator 
which is an Alvarez Drift Tube Linac (DTL). The DTL accelerate protons from an energy 
of 750 keV to 100 MeV. The beams are then transported through a transition region for 
matched injection into the third section, the Side Coupled Linac (SCL). The SCL is the 
main section of the linac, it can accelerate protons to energies varying from 113 Me V to 
800MeV. 

At the end of the linac the beams enter a switchyard in which the beams are 
separated, focused and diverted into their final beam lines. 

The high intensity proton beam (H+) is directed through Line A (LA) to 
experimental area A, passing through secondary beam production targets as desired, and 
culminating at the isotope production, radiation effects, and beam stop area. 

The negative hydrogen ion beam (H-) may be directed to Line D. Selected pulses 
are then delivered to the Proton Storage Ring (PSR) for accumulation and delivery to the 
Manuel Lujan Jr. Neutron Scattering Center (Lujan or LANSCE) target or to the 
Weapons Neutron Research area (WNR, Target 2 and 4). 
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Line X 
lnjt:ction Kicker 

H+ Source 

Line D 

Switchyard 
Kicker 

SCL 
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H- Source 

LAMPF PSR 

LANSCE Target ~ \f 
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Figure 5.1 Major Accelerator Sections and heam lines at LANSCE 
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The accelerator is divided into different sectors. Beam transport systems and 
experimental facilities are ,;;..,,.,...,., .... ,..,.. as beam lines and areas. 

Table 5.1 Description of sectors of the accelerator 
Sector Sector Description Detailed Sector Description 

Sector J Injector Building The injector building houses the injectors and Low Energy 
Beam Transport (LEBT) Systems. 

Sector A Drift Tube Linac (DTL) Sector A houses the DTL and the Transition (TR) 
which permits matching of the different beams from the 
DTL to the SCL. 

Sectors B-H Side Coupled Linac (SCL) These sectors includes the SCL structure. Six or seven 
klystrons and a high voltage capacitor room are associated to 
each sector. 

Sector S Switchyard (SY) The Switchyard (SY) p1vv 1uc;;:, mll!:nP:hr ,;-, ;-1 of the r 

beams at the end of the SCL. 

Table 5.2 Description of beam lines and target areas 
Beam line Target Area Description Detailed Line and Area Description 

Line A Area A Line A delivers the H + beam to a number of targets in 
Area A. 

Line D Lujan and Weapons Line D provides H- beam to the Proton Storage Ring 
Neutron Research (PSR), Lujan Neutron Scattering Center, and the 

Weapons Neutron Research (WNR) area. 
Line X Area Band C Line X provides H- beam to experiments in Area B or C. 

5.3 Injector Building 
Each injector system has a 750 keV Cockcroft-Walton type generator and an 

duoplasmatron type ion source (see figure 5.4) to produce positive and negative charged 
protons. The ion source is positioned within the high voltage terminal of the Cockcroft­
Walton generator. These units are located within large electrically shielded bays in the 
injector building. Created inside the high voltage dome, the ions are accelerated by the 
electrostatic field as they travel in the injector column connecting the dome to a grounded 
plane. Beams from the two ion sources enter a beam transport (LEBT) area which directs 
each one into the entry of the DTL without interference with the other. 
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Figure 5.3 The Injector Building and LEBT system at LANSCE [ 11] 

,;-) e~trac!ion 
electrode 

Figure 5.4 The H+ ion source at LANSCE (Duoplasmatron) 

5.4 Low Energy Beam Transport System 
Before the protons enter the DTL the beams must pass through a Low Energy 

Beam Transport system (LEBT) where the protons are focused and bunched 
figure 5.3). Timing when these bunches are injected into the drift tube linac is crucial to 
ensure their acceleration by the rf field. 

Particles from the ion source enter the beam line in what appears to be a constant 
stream. This stream could be injected into the accelerator structure and a small percentage 
of the particles which entered the accelerator at the correct phase angle would be 
accelerated, the rest would be lost. For high beam densities it is desirable to compress the 
continuous stream of particles from the source into short pulses with the help of a 
prebuncher, figure 5.5. 

Efficient acceleration by rf fields occurs only during a very short period per 
oscillation cycle and most particles would be lost without proper preparation. It is the 
purpose of the buncher to collect the particles into bunches and to time the of 

28 



Marcus Eriksson 
M.Sc Thesis: "Reliability Assessment of the LANSCE Accelerator System" 

Royal Institute of Technology 
Nuclear and Reactor Physics 

these bunches so that they enter the accelerator at the most favorable phase angle. Early 
particles within a bunch are and late particles are This 
may be imitated to the bunching of vehicles that occurs as they go through a traffic light: 
protons are accelerated or slowed, as required, to group them into bunches. By this 
technique the percentage of the particles in the initial ion stream that are successfully 
accelerated is substantially increased. 

rf in 

l5 

Beam Line 

2J 1....-----~□ Tuning slug 

Figure 5.5 The prebuncher at LANSCE 

The buncher itself is simply a resonant cavity that establishes an alternating 
potential across a gap in the beam line. In the LANSCE accelerator there are two 
bunchers between the ion generator and the drift tube linac. Both are driven at 20 I MHz. 
The rf power for the two bunchers are in phase coherence with the rest of the 20 I MHz rf 
system (DTL rf system). The first buncher is excited with relatively low power of 10-20 
Watts, the second is excited with several hundred Watts. 

5.5 Drift Tube Linac 
The first section of the linac is of drift tube type developed from the original 

Alvarez design (figure 3.5). It uses four successive copper-lined tanks with drift tubes 
mounted along their axes to accelerate the beams from 750 keV to 100 MeV. An 
alternating electric field is set up in the tanks at a frequency of 201.25 MHz. The basic 
problem is to arrange for the particle bunches to reach each cavity at the exact time at 
which the rf fields is of the right sign and proper amplitude. This is done in the Alvarez 
linac by letting the particle bunches "drift" inside the tubes while the rf field through 
the decelerating part of its cycle (figure 5.6). 
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Figure 5.6 lllustration qf dr(ft tuhes [ 12} 

field particles while they are in between drift tubes. Drift tubes 
shield particles while the field reverses direction. 

In practice the cavities or cells at LANSCE are grouped together into four 
separate series known as a tank. There are a number of modes in which the particles can 
be accelerated in these tanks. In the 2pi mode (figure 5.7a), which is normally employed 
in Alvarez accelerators, the field is in the same direction in each cell at any given 
moment (standing wave). In the pi mode, the fields are oppositely directed in adjacent 
cells (figure 5.7b ). In the pi/2 mode the field also alternates in direction but in addition 
every other cell contains no field. 

a b 
Figure 5.7 a)pi mode and h) 2pi mode 

At LANSCE resonant posts are placed facing the drift tubes, they will transform 
the mode of operation of the drift tube linac from the conventional 2pi mode to 
something which approximates a pi/2 mode. By this, a way has been found to stabilize 
the beam, by a factor of I 00. However, although it works very well for low energy 
protons, the drift tubes must become ever longer as the particle velocity increases, and 
correspondingly more of the rf power is then dissipated in the copper walls of the tanks 
and drift tubes. Another accelerating structure is necessary if one is to go much beyond 
I 00 Me V at high duty factor. 
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5.6 Transition Region 
The beam transport section between the Drift Tube Linac and the Side Coupled 

Linac is called the Transition Region (TR). The main functions of the Transition Region 
is to: 

1) Transversely match the output H+ and beams from the DTL to the 
acceptance of the SCL. 

2) To increase the flight path of the H- beam by 8 cm compared with the H+ 
beam so that the H- particles enter the SCL at an instant one-half 805 MHz rf 
cycle later than the H+ particles [ 13]. 

The TR have three beam lines. These lines are called (from top to bottom in 
Figure 5.8) the short track (H+), the straight through section, and the long track (H-). 
Each line includes four quadrupole magnets. During no1mal operation, one 20° bending 
magnet in the beginning of the TR separates the H+ and H- beam, another 20° bending 
magnet at the end recombine the beams. The short track includes two bending magnets 
and the long track includes four bending magnets. All the bending magnets are of the 
same design. 

Figure Transition Region at LANSCE [ 13} 
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The main section of the linac is a side coupled cavity system operated in the pi/2 
mode at a rf frequency of 800 MHz. The side coupled linac (SCL) was developed at 
LANSCE over the years 1963 to 1970. The SCL allows the particles to be accelerated to 
high energy in much shorter distances than in the drift tube linac. With cells that are 
nearly enclosed instead of suspended drift tubes, the SCL is designed for maximum 
efficiency in space and power. Conversion of rf power to beam power is about four times 
more efficient in this section than in the DTL. 

The unique field distribution in the pi/2 mode of operation provides a high degree 
of stability of the electromagnetic wave against effects due to heavy beam loading and 
manufacturing imperfections. The combination of efficiency and field stability allow high 
duty factor. The problem with the pi/2 mode, is that every other cavity carries no field 
and the accelerator is likely to be twice as long as a conventional one reaching the same 
energy. 

From the mathematical model [14], it is realized that the pi/2 mode of operation 
allows a multitude of possible cavity configurations to be considered, all with the same 
excellent "mode" characteristics (see figure 5.9). 

I__,! L __ .I 1-1 1-1 
-----------

1-1 1--1 1-1 1--1 

,..,......-.._ 1---,,...---.1---1 

Figure 5.9 Illustration of different pi/2 mode structures { 12] 
All structures are excited in the pi/2 mode. Obviously the field free cavity may he 
completely moved qff heam line. 

In fact, the odd (empty) cavity may be completely moved off beam line. Of 
course, they still remain coupled via slots to the field carrying cavities. 

Coupling Cavity (slot) 

_ __6_d 
I 1~r:=:::1 
~ ~s 

Figure JO Side Coupled structure in pi/2 mode 
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This scheme has substantial namely (a) the a maximum length along 
the beam line is available for accelerating fields, (b) only small slots at the outer wall are 
required for coupling, allowing large amounts of freedom to design the online cavity for 
maximum efficiency, (c) the coupled cavity stores very little energy and thus little 
attention need to be paid to its geometry. 

At LANSCE, the beam is accelerated in a series of 4962 resonant cavities, 
powered through coupling cavities on the side of the structure. The physical spacing 
between centers of resonant cavities increases steadily with increasing velocity of the 
particles, so each of the cavities has a different length. From a cell length of about l 0 cm 
at 100 Me V to 20 cm at 800 Me V. A group of individual cells (12-18) are brazed into a 
section ranging from 1.5-2.5 m, including the side cavities, which fonns a single vacuum­
tight unit. A total of such multi cell sections are .,.., ... ..., ..... ...,. along the main linac. Various 
beam handling devices are mounted in the space between sections, such as quadrupole 
focusing magnets, beam monitors, and other control systems. 

5.8 Switchyard 
At the end of the linac the beams enter a beam switchyard in which a variety of 

focusing and deflecting magnets and other beam handling equipments are located. The 
beams are separated, focused, and diverted into the final beam lines and experimental 
areas. Deflection magnets provide simultaneous but separated H+ and H- beams. A large 
switchyard kicker magnet deflects the H- beam by 1.2° to the Proton Storage Ring or 
Line X. The H+ beam is deflected upwards and then into Line A. 

5.9 Proton Storage Ring 
The 30 m in diameter storage ring is located under ground and it became operable 

in April 1985. The Proton Storage Ring (PSR) acts as a bunch compressor, it converts the 
long beam pulses into short, intense proton pulses that provide the capability for precise 
neutron time-of-flight measurements. The Proton Storage Ring does not ..... .., .. .,...., .. ..,. the 
particles. It compresses the 750 µs H- proton pulses from the accelerator into pulses 
about three thousand times shorter. These protons are used to produce neutrons in a target 
by spallation in either Manuel Jr. Lujan Neutron Scattering Center or the Weapons 
Neutron Research Center. 

Figure 5.11 The Proton Storage Ring at LANSCE 
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The Manuel Jr. Neutron Scattering Center (Lujan) is a high power, pulsed source 
of spallation neutrons that is used in condensed matter science, nuclear physics, and 
nuclear applications. Neutrons are produced when the proton beam impinges on a 
tungsten target. Moderators adjacent to the target is used to slow down neutrons. Lujan 
includes 16 neutron flight paths [15]. 

5. 11 Weapons Neutron Research Center 
In the Weapons Neutron Research Center (WNR) two target areas (target 2 and 4) 

are available, each with several flight paths aimed at bare target locations. Neutron beams 
with energies ranging from about 0.1 MeV to 600 MeV are produced in Target 4 (an 
unmoderated tungsten spallation source). In the area (Blue Room) samples can 
be exposed to the direct 800 MeV proton beam. A H- chopper is installed to allow 
isolated micropulses of beam to be delivered to these targets. The WNR complex is used 
for national security research and basic nuclear physics research. 
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During operation beam delivery is measured by current monitors near the target. 
If the beam current for some reason is below a threshold current the beam is considered 
as interrupted. The event/trip generates a loss in scheduled beam time, commonly called 
down time. The underlying cause of the event is appointed a down time assignment, this 
is done by the operator (Beam Delivery Team) situated in the Central Control Room. The 
down time assignment is recorded in the logbook. An automated system extracts the 
down time assignments from the logbook and enter them along with current monitor data 
in a database (Excel spreadsheet). One database exists for each beam line or target area. 
From the database further down time statistics are obtained. 

6.2 Down time assignment 
The operator or the Beam Delivery Team is situated in Central Control Room 

(CCR). Whenever a beam loss occurs the operator appoints the trip a down time 
assignment. The computer presents a menu to the operator that requires entries of down 
time assignments. The computer also prompts the operator for comments on the cause of 
the beam trip. 

Every down time assignment includes an Area assignment and a System 
assignment. A single set of Area and System categories are available to choose from. A 
list of System categories is presented in table 6.1. 

The Area assignment indicates the geographical location in the accelerator 
complex where the failure occurred. The System assignment defines the kind of 
equipment responsible for the down time [ 16]. 

Tahle 6.1 System Definitions Used for Down Time Assignment [16] 
SYSTEM DEFINITION 
201 201 MHz Radio ..... .c,,r,na•~''" pad power ,,u~,1-HJLv'1, C,ll~~a.CJlr,1.r rooms, ~ .. u ..... ii.•i-i 

s stems, interlocks (flow, tern , etc.), resonance controllers and valves. 
805 805 MHz Radio Frequency System: pad power supplies, capacitor rooms, amplifier 

systems, klystron systems, interlocks (flow, temp, etc.), resonance controllers and valves. 
Includes rebunchers (but excludes Proton Stora e Rin buncher.) 

CTRL-HW Control HardWare: Computer, control system and network hardware. Includes hardware 
on remotes, VME, Remote Instrument and Control Electronic 
(RICE), Analog Digital (ADS), networks, console equipment, printers, knobs, etc. 
Excludes Master Timer. 

CTRL-SW Control Software: Computer, control system and network software. Includes software on 
VAXes, Suns and remotes. 

DIAG Diagnostics: Problems with harps, wire scanners, current monitors, Delta T hardware, 
stri · · · · 

DC-MAG D L-~~•-r,•i•~ .. ,. _,_,..._..,,;;;.u•~u,, -~•L'Li>•_,-,, i-o,,v-o.-,a.-,,1-,,..,,. .,,.,,tPhP<' vacuum and 
water leaks, ma net water strainers. Does not include ower su lies. 

DC-MAG-PS DC Ma tnet Power Su lies: electronics, tri s, interlocks (flow, ri le, etc.), water leaks. 
EXPT Experimenter: Flight paths, shutters and secondary beam lines, experimenter requested 

beam-off. Further clar(fication TBS b.v M. Zumbro. 
FACILITY Facility problems not elsewhere on the list (water main leaks, compressed air, natural gas, 

etc.) 
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HVAC Heating, Ventilation and Air Conditioning systen1 problems. 
INJECTOR Ion sources, ion source support 111 inrnf"nt Cockcroft-Walton generator. Includes ion 

source power supplies, 80KV /670KV /750KV columns and power supplies. 
INTLKS Interlocks: Fast Protect, Run Permit, H,ud Ware Transmission Monitor, Loss Monitors 

and Area Protect problems. Weekly Radiation Security System (RSS) checks. Interlock 
checks during scheduled production that are not required by an RSS trip. Failures of 
interlock hardware. If an RSS trip report is required, see RSS-TRIP. 

OTHER Cause is known but does not fit in above categories. Use comments to identify. 
POWER Site power, the AC electrical distribution system for ll0V and above. Includes outlets, 

breaker failures, power line surges, etc. 
PULS-PWR Pulsed Power System: Kickers, Ring buncher, deflectors, inflector, choppers and their 

related power supplies, local controls and modulators. 
RSS-TRIP Radiation Security System (RSS) trips: RSS and Personal Security System (PSS) trips. 

SCRAM switch actuation, doors rattled, high spill on gamma detectors, current 
detector sees too high current, etc. Anything I c4 u1111 an RSS trip report. RSS-TRIP is not 
part of INTLKS because an RSS trip is an important safety issue. 

TARGETS All production targets, target boxes, beam stops, proton inserts, degraders, isotope 
stringers and foils. Includes flow and temperature interlocks and water and vacuum leaks. 

TIMING Problems with Master Timer and timing signal distribution. 
TUNE- Tuning other than TUNE-UP. Spill. High losses. Off-energy beam, micropulse 
RECOVERY contamination, off-center beam at Lujan target, etc. 
TUNING Intentional tuning to bring beam to production status. Does not include tuning time require 

to recover from an equipment problem. Typically used for recovery from inter-cycle 
breaks and scheduled maintenance periods. (This system assignment was abandoned in 
1996, hence only assignments made before 1997 may include "tuning".) 

TUNE-UP Tuning to bring beam to production status after scheduled down-time periods such as 
inter-cycle breaks and maintenance days. Tuning to recover after down-time caused by 
equipment failure is attributed to the failed system. 

UNKNOWN Cause of down-time cannot be identified. 
VACUUM Vacuum system: Vacuum pumps, pump power supplies, roughing packages, valves, 

instrumentation, controls, pipes, flanges. Does not include leaks in individual components 
or loads such as magnets, targets, etc. 

WATER Cooling water systems: pumps, pump controls, makeup water, valves, pipes, heat 
Pvr~hnn~P(;.: Does not include leaks and flow problems in individual cooled components 
such as magnets, amplifiers, cavities, etc. unless problem is caused by variations or limits 
in water system. 

Usually the System assignment identifies the personnel responsible for attending 
the failure, although the same crew may be responsible for several Systems. In general, 
the assignment should point to the System to "cost effectively make the problem 
away", not to the first-out system. This may in some cases result in misleading down time 
assignment. For example, if the prebuncher malfunctions the System assignment in the 
logbook is 805 since the 805 rf personnel is responsible for the prebuncher, but the 
prebuncher is actually driven by the 20 I rf system and the correct assignment should be 
201. 

6.3 Databases 
Beam trips that occur within the frame of scheduled production are recorded in 

the databases. Events affecting the beam that take place outside scheduled production 
may be available in the logbook but this information is not included in the databases. 
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Depending on which beam line or target the trip affects beam trips are sorted into 
databases spreadsheets). Subsequently, beam trips are classified into five 

databases, namely: 

Table 6.2 Description of Databases 
Database Description 
Area A Includes all beam trips ;-1 ......... t: the H+ beam line from the H+ injector to 

Area A. 
Lujan Includes beam trips affecting the H- beam when delivered to Manuel Jr. Neutron 

Scattering Center. 
WNRT2 Includes beam trips affecting the H- beam when delivered to Weapons Neutron 

Research Center Target 2. 
WNRT4 Includes beam trips affecting the H- beam when delivered to Weapons Neutron 

Research Center Target 4. 
Line X Includes beam trips affecting the H- beam when delivered to Line X. 

A schematic overview in table 6.3 presents which accelerator section is an 
integral part of each database. 

Table 6.3 Schematic overview of equipment and beam lines corresponding to each 
database 
LEBT - Low Energy Beam Transport located after the injector, before the Drift Tube 
Linac (DTL). In this table the Linac embraces all equipment associated with the Dnjt 
T b L. T R i J 5 .d C I i L. u e mac, ransztwn egwn, anc tie .. z -e oup ec mac. 

Accelerator Section 
Database H+ H- H+ H- Linac Line A Line D LineX PSR 

Injector Injector LEBT LEBT 
Area A X X X X 
Lujan X X X X X 

WNRT2 X X X X X 
WNRT4 X X X X X 
LineX X X X X 

Table 6.3 gives information in which database (or databases) a particular failure is 
recorded. For example, a failure in the H+ injector wi11 only be recorded in the Area A 
database. Where a failure in the Linac will be recorded in all databases since all beam 
lines utilize the Linac section. This allows for overlapping of beam trips in the 
databases. Identical trips may be recorded in several databases. This must be taken in 
consideration when merging of databases is in question. 

6.4 Beam Schedule 
Ahead of time a beam schedule has been organized with respect to time-sharing 

between experiments, beam intensity, and beam energy. An overall schedule of 
commissioned beam time between different beam lines is set out. 

Scheduled operation at LANSCE is divided into run cycles. During scheduled 
operation, the accelerator is operated almost 24 hours per day for an entire run cycle with 
only a few scheduled breaks. A run cycle is maintained for approximately 5-6 weeks 
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(800-1000 hours). In table 6.4 run cycles and beam schedules for the H- beam are 
presented. 

Table 6.4 Run cycles and scheduled H- beam time 
Year Cycle Scheduled Time [hours] 
1993 63 648 

64 636 
65 549 

1994 66 Not Scheduled 
67 Not Scheduled 
68 Not Scheduled 

1995 69 1366 
70 998 

1996 71 964 
72 1062 
73 654 

1997 74 755 
75 956 
76 752 

Between run cycles two or three maintenance days are scheduled. Usually there 
are three run cycles per year. An extended maintenance period is initiated at the end of 
the last run cycle each year. In figure 6.1 an illustration of the scheduled H- production 
for 1996 is displayed. 

H- scheduled production C7 l 
I 

C72 

Jan Feb Mar Apr May Jun Jui Aug Sep Oct Nov Dec 

Scheduled Operation of 1996 
Figure 6.1 Illustration of Scheduled H- Production at LANSCE 
Gray boxes are scheduled operation, white spaces in between represent maintenance 
period. 

The LANSCE accelerator delivers two beams (H+ and H-) to different target 
areas and each target area has a separate schedule. In other words, Area A, which 
receives the intense H+ beam from Line A has a different schedule compared to the 
Lujan or WNR target facility which receives the H- beam via Line D. 
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In this chapter operational statistics of the entire LANSCE accelerator facility is 
presented. The overall reliability/availability of the accelerator is analyzed, all systems 
are included. For the most part, the reliability for cycles 71-76 is discussed, but some 
early reliability history will also be presented. A more penetrating reliability analysis for 
individual subsystems and components is performed in chapter 8. 

The Area A and the Lujan databases for Cycles 71-76 (1996-97 operations) are 
used for all statistics. 

Main reasons for utilization of Area A and Lujan databases are: 

• 

• 
• 
• 
• 

• 

At a rough estimate, Area A and Lujan covers >95% of all beam trips and scheduled 
beam time for 1996-97 operation. 
Area A includes all beam trips common to the powerful H+ beam line . 
Lujan includes trips common to the H- beam line and the Proton Storage Ring . 
During 1996-97, commissioned beam time was longest for Area A and Lujan 
Most beam trips common to Lujan and WNR are overlapping. On comparison, only a 
small fraction of beam trips are unique for each beam line. Therefore it is little gain in 
processing the WNR database as well. 
Line X was hardly ever in operation during 1996-97 . 

Trips that in the Linac (DTL and SCL) structure will overlap in both databases. But, 
results are treated separately and comparison of beam trips is not necessary. 

7.2 Definitions 
down time - any unscheduled time recorded in the logbook when beam current is 

below a threshold current. For 1997 the threshold current was one-half the scheduled 
current. 

availability - time beam was delivered at or above a threshold current divided by 
the scheduled time. 

7.3 Operational statistics 

7.3.1 H+ Beam line (Area A) 
In this section, the distribution of beam trips and down time of the H+ beam line 

are presented. The analysis considers accelerator operation during scheduled H+ 
production for 1997 (Cycles 7 4-76). 

7.3. 1. 1 H+ Beam schedule 
The total scheduled beam time is an important factor -beam trips are only 

recorded if they occur within scheduled production. To obtain the total scheduled 
beam time it is necessary to investigate the beam schedule closely. In Appendix I, a 
detailed beam schedule is available for the H+ beam. 
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For 1997, the total scheduled beam time of the H+ beam was 2870 hours. The 
was operated in three run cycles (cycles 74-76), scheduled production 

in 18th of March and ended the 27th of July. In general, one or two scheduled interruptions 
took place inside each run cycle. Each of these interruptions lasted for 1-2 days. At the 
end of each run cycle a two-day maintenance activity was performed. In figure 7 .1, a 
perspective on the historical operation of the H+ beam is presented. 
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Figure 7.1 Scheduled Operation of the H+ Beam at LANSCE (1979-97) [17] 

Scheduled operation is usually in the region of 2000-3000 hours per year, about 
30 % of the year. In 1985, the longest schedule ever was practiced. The accelerator was 
commissioned for 4500 hours and it operated with normal availability (83 % in figure 
7.5). 

7.3.1.2 H+ Beam statistics 
Beam trips and the distribution of down time of the H+ beam are shown and 

discussed. 
From the Area A database, statistics of beam trips and the distribution of down 

time is obtained for the H+ beam. In figure 7.2 beam trips are sorted into down time 
intervals. In order to explicitly show the influence of the injector an extra column has 
been added which does not include any trips caused by the H+ injector. 
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SUMMARY OF H+ BEAM TRIPS PRODUCED AT LANSCE 
(H+ Beam for Cycles 74-76) 
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Figure 7.2 Summary of H+ Beam trips produced at LANSCEfor Cycles 74-76 

From figure 7 .2 it is obvious that the H+ injector is causing many short beam 
interruptions. Using the numbers from 7 .2 the ,.,,.::,, .. ,.,...= number of H+ trips per hour 
may be calculated: 

Average number of H+ trips per hour: 
4655/2870 = 1.62 trips/h 

The most common injector failure is arcing in the high voltage column. This may 
be due to a contaminated column, bad vacuum, dust on the column surface etc. The 
characteristic of the injector trip is the interruption length. It is shorter than I min, usually 
in the order of 10-20 seconds, the time it takes to reset the trip and re-energize the 
generator. In each down time interval the three most dominating failures are presented in 
table 7. l. The Systems are ordered in the fraction of total number of trips the system is 
responsible for in downtime interval (for System ..-,.,. ... ,.,.r1,..,,..,." see table 6.1 ). 

H + Beam Interruption length 
Short Medium Lon~ 

No 0-1 min 2-5 min 5-15 min 15-60 min 1-5 h >5 h 
1 Injector (86%) Injector (67%) Injector (20%) 805 RF (37%) Injector ( 15%) Targets (36%) 

2 Unknown (3 % ) 201 RF (11 %1) 201 RF(l8%) 201 RF (11%) Targc (14%) Injector (27%) 

3 Tune-Recovery (3%) Interlocks ( 4%) 805 RF ( I 60-1!) Injector (I0°J;) 805 RF (12%) 805 RF (18%) 

Table 7.1 Predominant H+ failures in each down time interval 
The Systems are ordered qfter the fraction of trips the system is responsible for. For 
example, in the down time interval 15-60 min the 805 RF System is responsible.for 37% 
of all trips. 
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In the interval of 0-1 min the injector is responsible for almost 90% of all H+ 
beam interruptions. For medium down times, the fraction of trips produced by the 
injector is much smaller. Some short trips were unknown, since they were short they 
were, at the time of occurrence, not investigated thoroughly. On the other hand, it was 
possible to assign a known system for all other trips with down time longer than 5 
minutes. At medium down times (>5 min) the RF System contributes more to the total 
number of trips. In fact, the 805 RF System (includes the klystron system) dominates the 
failure cause in the interval of 15-60 minutes. For long down times the Targets and the 
Injector are responsible for a large portion of the trips. The injector was shutdown in 
order to investigate the reason for the short injector trips. Only a few trips with long 
down time occurs and a system causing only a small number of long trips is rather 
dominating. 

In figure 7 .3 all trips are classified into systems. The systems are presented in 
order of importance, starting at left-hand side with the System responsible for most of the 
trips. 
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Figure 7.3 H+ Beam trips produced by each System 
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Again, it is obvious that the injector is the origin for most of the trips. 

Predominant failure causes of the H+ beam are: 
I) H+ Injector (77 % of all trips) 
2) 201 RF System (5 % of all trips) 
3) 805 RF System (3 % of all trips) 
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As far as now we have only looked at the number of trips (interruptions) each 
system is responsible for, another important point is the down time. In 7 .4, the 
total down time produced by each system is presented. 
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Now the result looks a little bit different. While the injector is responsible for 
77% of all trips it is "only" producing 30% of the down time. The 805 RF System is 
generating 3 % of the trips but is accountable for 16 % of the down time. This is a direct 
consequence the fact that the injector is producing mainly short interruptions while the 
805 RF System generates trips with long down time ( 15-60 min). Most of the H+ down 
time is concentrated to a few Systems, namely: 

The three largest contributers of H+ down time are: 
1) H+ Injector (30 % of all down time) 
2) 805 RF System (16 %) 
3) Targets ( 15 %) 

The availability of the accelerator is defined as: 
Availability= Total Up Time {h} I Scheduled Beam Time {h} 

The availability is a measure of how large fraction of the scheduled beam time the 
accelerator is actually operating. Another interpretation would be what the probability is 
for a functioning accelerator at a given instant of time. 

For 1997, the availability of the H+ Beam at LANSCE was: 
H+ Availability (2870-406)/2870 86 
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It must noted that the availability only measures the availability of the 
accelerator during scheduled operation. A common misunderstanding is that the 
availability of the machine is the availability over the whole year. If that was the case, the 
availability of LANSCE for 1997 would be (2870-406)/8760 = 28 %. A large fraction of 
the year the accelerator is not scheduled due to maintenance activities. In figure 7 .5 
historical H+ availability data for 1979-97 is presented [17]. 
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Figure 7.5 Perspective on the historical Availability of the H+ Beam at LANSCE (1979-
97) [17] 

In 1996, the availability experienced a decline due to a single water leak in one of 
the targets, otherwise the availability of LANSCE is usually in the region of 80-90 %. 
This level of availability is also in good agreement with other accelerators, for example at 
SLAC: 

Accelerator Year Availability 
SLC 1993 82.8 % 
SLC 1994 80.7 % 
SLC 1996 79.0% 

Table Availability of the Stanford Linear Collider (SLC) ref SLAC Accelerator 
operations report. 

7.3.2 H- Beam line (Lujan) 
Similar analysis of beam trips and down time has been done for the H- beam. 

Operational statistics of the H- beam line to Lujan Neutron Scattering are 
investigated. The H- beam is analyzed during scheduled production for 1996-97 (Cycles 
71-76). 

7.3.2. 1 H- Beam schedule 
During 1996 the H- beam was operated in three run cycles (Cycles 71-73). Cycle 

71 started at the I 0th of July and Cycle ended at the 28th of November. Between each 
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run cycle the beam was off schedule for 4-8 days due to maintenance periods. Within 
each run cycle the beam was also off for shorter maintenance activities. total 
scheduled H- beam time for 1996 was 2681 h. 

In 1997 the H- beam was also operated in three run cycles (Cycles 74-76). Cycle 
74 was initiated at the ih of March and Cycle 76 ended at the 24th of July. During 1997 
the H- beam was scheduled for 2463 h. 

Since this section investigates the reliability for both 1996 and 1997 the important 
beam time is the total scheduled time. For 1996 and 1997 the total scheduled time was 
5144 h. In Appendix 1 a detailed schedule of the H- beam during 1996-97 is available. 

In figure 7.7 some historical scheduling information of the H- beam line at 
LANSCE is presented. 

5000 

:E' 4500 ........ 
C 4000 
0 
.: 3500 
CtJ 

m 3000 
c. 
0 2500 
,:s 
,!!? 2000 

"5 1500 

1 1000 
u en 500 

0 

Historical Scheduled Operation of the H- Beam 

79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 

Year 

Figure 7.7 Scheduled Operation of the H- Beam at LANSCE (1979-97) [17] 

Historically the H- beam has been scheduled less time than the H+ beam 
(compare with figure 7.1). During 1984-85 the Proton Storage Ring was under 
construction and hence the H- beam was not scheduled at all. 

7.3.2.2 H- Beam statistics 
The overall statistics of beam trips and down time produced by the H- beam are 

presented. 
In fig 7 .8 a summary of all beam trips is shown. An extra column has been added 

in order to point out the influence of the injector. 
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Figure 7.8 Summary of H- Beam Trips produced at LANSCE during 1996-97 

The H- beam is more reliable than the H+ beam (compare with figure 7.2). This is 
mainly due to a more stable H- injector. 

No 
1 
2 
3 

Average number of H- trips per hour: 
4020/5144 = 0.78 trips/h 

In table 7.3 the predominant failures in each down time interval are presented. 

H- Beam Interruption len2th 
Short Medium Lon~ 

0-1 min 2-5 min 5-15 min 15-60 min 1-5 h >5 h 
Injector (40%) Other (21 %1) 805 RF (19%) Targets ( 17%) Targets ( 16%) Mag PS(l8%>) 

Interlocks ( 12%) Injector ( I 6%) Other(I3%) 805 RF (13%) Water ( 11 %,) Vacuum( 189i)) 

Unknown (10%) 20IRF(ll%) ip(l2%) Ip (9%) Mag PS (9%) Injector ( 14%) 

Tahle Predominant H-failures in each down time interval 
The Systems are ordered after the fiAaction of trips the system is responsible for in each 
interval. For example, in the down time interval 5-15 min the 805 RF System is 
responsible.for 19% ri all interruptions. 

In the interval 0-1 min the H- injector is "only" responsible for 40% of the trips. 
The H- injector produces only a few long down times. Again, as in the case with the H+ 
beam, the 805 RF System is responsible for many trips in the medium down time interval 
(5-60 min). It is natural these trips occur to both beams since both beam lines utilize the 
same RF System. In the medium and long down time interval the targets are troublesome. 
Many long H- trips occurred due to problems with the target moderator. A single Magnet 
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Power Supply in the Proton Storage Ring was causing very long interruptions during 
1996. 

In figure 7 .9 all trips are classified into systems. The systems are presented in 
order of importance, starting at the leftmost with the system responsible for most of the 
trips. The diagram does not consider the duration of the interruption. 
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Figure 7.9 H- Beam trips produced hy each System 

Predominant failure causes of the H- beam are: 
1) H- Injector (26% of all trips) 
2) Other (11 %) 
3) Interlocks (9%) 
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Even though the H- injector is still the largest producer of trips (26% of all trips) 
it is obviously much more reliable than the H+ injector (77% of all trips). The assignment 
"Other" is responsible for 11 of the trips. In most of these trips the accelerator is not 
subject to any actual component failure. Sometimes beam measurements are performed 
which prevents the beam from reaching the target. 9% of all H- beam trips are assigned 
"Interlocks". The underlying cause of these interruptions are sometimes unknown. For 
example, a loss monitor detects a high beam spill in the Proton Storage Ring and 
subsequently the Fast Protect System shuts the accelerator off, but the underlying cause 
of the beam spill is unknown. 

In figure 7 .10 the total down time produced by each system is displayed. The 
systems are presented in order of importance, starting with the largest contributor of 
down time on the left-hand side. 
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The H- down time is more evenly distributed among several systems in 
comparison with the H+ beam figure 7 A). It is interesting to note that the H- injector 
is not causing as much down time even though it is without doubt the producer of 
trips (see figure 7.9). Instead the Magnet Power Supply system is clearly the largest 
contributor of down time. During 1996 a single power supply in the Proton Storage Ring 
was causing very long interruptions (days). For that reason, the event may be regarded as 
extraordinary, it is not likely that the Magnet Power Supply System will cause a similar 
failure the fo11owing year. On the other hand, it is not unusual that one or a few 
extraordinary failures are responsible for a large portion of the total down time. For 
example, during 1996 the H+ beam was off for several days due to a single water leak in 
the target. Therefore, it is not justified to exclude the extraordinary down time, since they 
do occur, but the Magnet Power Supply System will not always be predominant. Almost 
any System may be responsible for a failure which causes long down time. 

For 1996 and 1997, the largest contributors of u .. down time were: 
1) Magnet Power Supplies ( 16 % of all down time) 
2) H- Injector (11 %) 
3) Targets ( 10%) 

The Availability of the H- Beam was: 
Availability 1996 = (2680-449)/2680 = 83 % 
Availability 1997 = (2463-379)/2463 = 85 % 

In figure 7.11 a perspective on the historical availability of the H- beam is 
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Historical Availability of the H- Beam at LANSCE 
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Figure 7.11 Per,\pective on the historical Availahility (f the H- Beam at LANSCE ( 1979-
97) [17] 
1984-85 the Proton Storage Ring was under construction, hence no H- beam was 
delivered. 

Obviously the historical availability of the H- beam has ...... ";;......,...,,. significantly 
from year to year, but the last 4 years ( 1994-97) the availability has been in the region of 
80-90 %. 

7.3.3 Conclusions 
In the overa11 reliability balance of the entire LANSCE accelerator, the injector is 

responsible for most of the trip events. For short interruptions (<I min) the H + injector is 
accountable for 90 % of all trips of the H+ beam. In other words, a more reliable injector 
in combination with, for example, an RFQ could substantially reduce the number of beam 
interruptions. For long down times (>5 min) the injector is no longer the main source of 
trips, but instead the RF System is the primary generator of trips. A short summary of all 
beam trips produced by the H+ and H- beam is presented in table 7.4. 

SUMMARY OF THE LANSCE ACCELERTOR 

Beam line Period Cycles 
Scheduled Beam Total number of Average number of trips 

Time rhl trips per hour rtrips/hl 
H+ Beam 1997 74-76 2870 4655 1.62 
H- Beam 1996-97 71-76 5144 4020 0.78 

Table 7.4 Summary of Beam Trips produced at LANSCE 

One may conclude that the H+ beam experiences twice as many trips per hour 
than the H- beam. When operating, the H+ beam experiences almost 40 trips/day. That is 
mainly due to problems with the H+ injector. One should keep in mind that the injector 
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used at LANSCE is an electrostatic Cockcroft-Walton type injector. It is therefore 
justified to exclude many of its trips when using numbers for future 
Modem microwave ion sources present a significant increase in reliability. For example, 
the new microwave proton injector developed for the APT project proves to be very 
reliable. In figure results from the LEDA Injector Availability Test [9] is presented. 
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Figure 7.12 LEDA injector beam availability test 
LEDA is the Low Energy Demonstration Accelerator developed to demonstrate the LEBT 
system for the APT accelerator [9 J 

Two important means when measuring reliability is the Mean Time Between 
Failure (MTBF) and the Mean Down Time (MDT). In Table the Availability, MDT 
and MTBF for the entire accelerator are shown. 

OVERALL RELIABILITY OF LANSCE 
Beamline Classification Availability MDT MTBF 

[%] [h:mm] [h:mm] 

H+ Beam All trips included 86% 0:05 0:31 
Injector trips excluded 90% 0:15 2:22 

H- Beam All trips included 84% 0:12 1 :05 
Injector trips excluded 87% 0:14 1 :35 

Table 7.5 Overall Reliability of LANSCE 

The overall availability of the machine is in the region of 80-90 % for both the H+ 
beam and the H-. This level of availability is in the same as that observed in other 
accelerators. MDT for the H+ and H- are both found shorter when the injector trips are 
included compared to the case when the injector trips are excluded. This is obvious since 
the injector produces mainly short interruptions (see figure 7.2 and 7.7). MTBF for the 
H+ beam is significantly shorter due to the large amount of injector trips produced. 

In the case where the injector trips are excluded, it is interesting to note that the 
MDT is almost the same for H+ and H- even though these numbers originate from two 
different data sets. This makes sense since both beam lines utilize, for most of their 
length, the same accelerating structure. Where the beam lines are separate, the 
components are very similar. MTBF for the H+ beam when the injector trips are excluded 
is longer in comparison to the MTBF for the H- beam. The reason is that the H- beam 
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line is more complex, since it includes the Proton Storage Ring, and hence more 
components are subject to failure. 

The conclusion is that upgrading the injector would result in a more stable 
beam with less interruptions, especially short ones. This would significantly increase 
the MTBF. The RF System and the Magnet Power Supplies are next in order 
important. Upgrading the RF System would reduce the total down time and the 
accelerator would gain a better availability. A shorter MDT would be also be 
achieved since the RF System is responsible for many long interruptions. 
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8 Subsystem and Component Reliability 

8. 1 Introduction 
In this chapter the reliability of major LANSCE accelerator systems are 

investigated. For this purpose, the raw data is divided into categories corresponding to 
individual subsystems and subsequently estimates of failure and repair rates are obtained. 
With the progression towards individual components, the available statistics become 
more and more scarce. To address this issue, the analysis combines the data from the H+ 
and the H- beam for six run cycles to enlarge the size of the samples. 

The objective of the present data collection and analysis effort is to understand the 
behavior of existing operating accelerator facilities so that better, more reliable systems 
can ...... ...,,.:,,_,;;...,,...,""" and built in the future. Previous work has identified the current state of 
the art lacking in the area of reliability database information for components typically 
used in rf accelerator systems, such as rf stations, rf drives, rf transport, cooling, vacuum 
systems, magnets, and magnet power supplies. Thus, while it is possible to use the 
reliability theory to model accelerator systems, the input data currently available for such 
analyses lacks credibility. This led to the initiation of an effort of data collection and 
analysis of which this study is one of the tasks. The present work the data set of 
failure events for the LANSCE accelerator facility. 

8.2 Method 
From the input data (section 8.2.1) failures associated with the following main 

systems were extracted and analyzed. 

Main Systems for which reliability analysis has been performed: 
I) 805 RF System 
2) DC Magnets 
3) Magnet Power Supplies 
4) Pulsed Power 
5) Water System 
6) Vacuum System 

Individual failures corresponding to these systems were thoroughly investigated 
with the help of logbooks, operational reports, operators, maintenance personnel and 
other experts in particular fields. The aim was to detect the root cause (down to 
component level) of each failure. Each failure was classified into subsystems (see table 
8. I). Trips were then entered along with their failure causes into different databases (see 
table 8.2) depending on which system and subsystem the trip affected. Trips affecting the 
H+ and the H- beam line were merged into the same records. From the databases further 
reliability statistics were obtained. 

8.2.1 Input data 
In this investigation beam trips associated with the H+ beam to Area A and the H­

beam to Lujan Neutron Scattering Center are analyzed. The records obtained cover run 
cycles 71 through 76, over the period of 1996-97. 
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The first, and most time intensive task of this effort was co11ecting the input data. 
Thanks to the cooperation of the LANSCE Operations Group, a amount of data was 
collected. This included the: 

1) Operational data records from LANSCE-6 
2) Central Control Room Logbook (CCR Logbook) 
3) Operations Shift Supervisor's Summary Reports (OSS Reports) 

The data includes all beam delivery trips during cycles 71-76 ordered by time of 
occurrence for H+ and H- beams. The Operational data records are the same records that 
were used for reliability calculations in Chapter 7 (Overall LANSCE Reliability). The 
Central Control Room logbook contains operational information such as trips, down time 
assignments (section 6.2), repairments and other maintenance activities in -.-. .. r,,..,. ... """" etc. 
The logbook is used to determine the underlying cause of each event down to the level of 
subsystem and component. At the end of each shift the shift supervisor summarizes a 
report. The OSS Report contains information concerning significant events during the 
shift. The report may include additional information that was not included in the logbook. 
In case the cause of the trip is uncertain, experts in particular fields are consulted to 
correctly classify each event 

Due to the extra knowledge that was added, a few failure assignments were 
changed from the original assignment. Sometimes the real cause of a failure is realized 
several days or weeks after the failure incident. This may initially lead to an incorrect 
classification of the failure at the time of occurrence. 

8.2.2 Subsystems 
In order to categorize the trips, each system to be studied was broken down to 

subsystems. These subsystems are listed in table 8.1 

Tahle 8.1 Classification of Subsystems 

MAIN SYSTEMS SUBSYSTEMS 

805 RF Klystron assembly Phase and Amplitude Control Other 

High Voltage system Resonance Control Unknown 

805 Tank Module Control 

DC Magnets Magnet Hardware Water Vacuum 

Interlocks 

Magnet Power Supplies Electronics Transformers Interlocks 

Capacitors Water cooling Unknown 

Pulsed Power Harmonic Buncher Chopper Kicker 

Deflector 

Water System Water Pump Piping Unknown 

Other 

Vacuum System Ion Pump Piping Unknown 

A detailed description of the subsystems is outlined in section 8.4, "LANSCE 
Subsystems". 
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8.2.3 Database 
Trips associated with the H+ and H- beam lines were merged and classified into 

different databases depending on what System the trip affected. Since merging of two 
databases "Area A" and "Lujan" occurred, trips that affected both beam lines were 
originally present in both databases. In other words, some trips overlapped in both 
databases. Therefore identical trips were recognized and only one trip was finally 
recorded in the merged database. Within each database trips were classified into 
subsystems. In table 8.2 an illustration of the final database format is presented. In this 
case, the 805 RF System database and trips corresponding to the Klystron Assembly are 
shown. 

Table 8.2 Illustration of ji'nal database 
In this case, the database for failures in the Klystron Assembly rl the 805 RF System is 
presented. Similar databases are compiled for each subsystenz. The database contains 
trips that affect both the H+ and the H- beam line. 

DURATION OF BEAM INTERRUPTION LOCATION OF FAILURE CAUSE OF FAILURE 

Date & Time of Date & Time of 
Down Component 

Outage restoration 
Time Area System Subsystem failure or Comment 

[h:min] other reason 

Klll&trgn AH~mblll 

10/29/96 22:19 10/29/96 22:37 0:18 LINAC 805 Klystron Water flow 
Sector D tripped on Module 21 Klystron 
water flow 
Module 21 Klystron water not okay. 

11/01/96 02:09 11/01/96 02:29 0:20 LINAC 805 Klystron Flow switch Mechanically agitated flow switch and it 
made uo. 
Sector D off. Module 21 klystron water 

11 /23/96 09:43 11 /23/96 09:56 0:13 LINAC 805 Klystron Water flow flow trip. The klystron magnet supply 
valve has been opened 1 /8 of a turn. 

11/23/96 23:17 11/23/96 23:32 0:15 LINAC 805 Klystron Water flow Module 21 klystron water flow trip 

03/17/97 07:25 03/17/97 07:40 0:15 LINAC 805 Klystron Ion Pump 
Module 46 (Sector H) Klystron ion pump 
supply failed. It was replaced. 
Sector B trip on Main Amplitude 

03/26/97 07:22 03/26/97 07:33 0:11 LINAC 805 Klystron Klystron 
Overcurrent. RFON aborted. Locally 
recovered. Loud hum from 
klvstron/switchtube 

04/18/97 23:23 04/18/97 23:24 0:01 LINAC 805 Klystron 
Voltage Linac excursion. Adjustment of voltage in 

adjustment Klystron 1 in Sector D recovered linac. 
Module 36 Main Amplitude crowbar. 
Sector F tripped a second time and the 

05/24/97 07:24 05/24/97 13:14 5:50 LINAC 805 Klystron Klystron fire alarm went off. Acrid smell from the 
capacitor room. Module 36 klystron was 
reolaced. 

The database is for practical reasons divided into three major sections: One 
section deals with the Duration of the Interruption. It contains the date and time of the 
beam outage and restoration. It also includes the Down Time of each interruption. The 
second section considers the Location of the Failure. The Area defines the geographical 
location of the failure. The System and Subsystem columns specify in what System and 
Subsystem the failure is located. The third section gives detailed information on the 
Cause of the Failure. The cause may be a component failure that needs repairment, a bad 
condition such as a water flow problem or a bad adjustment failure. In the comment 
column, extra text has been added to explain the failure. 
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In the analysis scheduled beam time of the H- beam for 1996-97 and the H+ beam 
for 1997 is considered. This means that the total scheduled beam time embraces the 
scheduled H- beam time for 1996 plus the merged scheduled beam time of the H+ and H­
beams for 1997. The analysis investigates accelerator operation during scheduled 
operation only. In Appendix 1, a detailed beam schedule of the H- and the H+ beams are 
available. In table 8.3 the merged beam schedule of the H+ and H- beams for 1997 1s 
presented. 

Tahle 8.3 Merged Beam Schedule for 1997 of the H+ and H- Beams at LANSCE 
LANSCE: 1997 SCHEDULED DELIVERY OF H+ AND H-

Active Beam Line Beam On Beam Off Beam Time [h:mm] 
CYCLE 74 
H-On 03/06/93 08:00 03/17 /93 17:00 273:00 
H+ and H-On 03/17 /93 17:00 03/21 /93 08:00 87:00 
H+On 03/21 /93 08:00 03/22/93 17:27 33:27 
Both Off 03/22/93 17:27 03/24/93 19:28 
H+On 03/24/93 19:28 03/25/93 21 :50 26:22 
Both Off 03/25/93 21 :50 03/27 /93 08:00 
H+ and H- On 03/27 /93 08:00 04/ 12/93 20:00 396:00 
H+On 04/ 12/93 20:00 04/20/93 08:00 180:00 
Scheduled Beam Time for Cycle 74: 995:49 
Minus 1 hour daylight savings time -01:00 

Adjusted Time: 994:49 

CYCLE 75 
H+ and H- On 04/22/93 08:00 05/13/93 08:00 504:00 
H+On 05/13/93 08:00 05/18/93 08:00 120:00 
Both Off 05/18/93 08:00 05/19/93 22:50 
H+On 05/ 19/93 22:50 05/20/93 07:30 8:40 
H+ and H-On 05/20/93 07:30 06/08/93 04:00 452:30 
H+On 06/08/93 04:00 06/15/93 08:00 172:00 
Scheduled Beam Time for Cycle 75: 1257:10 

Cl::CI.E 16 
H+ and H- On 06/ 17 /93 08:00 07/11/93 08:00 576:00 
H+On 07/11/93 08:00 07 /13/93 08:00 48:00 
Both Off 07 /13/93 08:00 07 / 15/93 04:41 
H+On 07/15/93 04:41 07/16/93 08:00 27:19 
H+ and H-On 07 /16/93 08:00 07 /23/93 I 0:00 170:00 
H+On 07 /23/93 I 0:00 07 /26/93 08:00 70:00 
Scheduled Beam Time for Cycle 76: 891:19 

Total Scheduled Beam Time for H+ and H-, 1997 3143: 18 

By merging the statistics of two beams the total scheduled beam time increases 
and thereby more trips are included in the analysis. For 1997, the H+ beam alone, was 
scheduled for 2870 hours and the H- beam was scheduled for 2463 hours. The merged 
beam time was 3143 hours. Sometimes the H- beam is scheduled while the H+ beam is 
not and the other way around. For 1996, the H- beam was scheduled for 2681 hours and 
hence the total scheduled beam time used in the analysis is 5824 hours 
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8.4 LANSCE Subsystems 

8.4.1 805 RF System 
The rf system is the most complicated and also the most expensive system of an 

linear accelerator. The rf system supplies the necessary power to the accelerator and 
controls this power within specified limitations. There are different rf systems for the 
DTL and the SCL. The DTL operates at 201 MHz and is powered by triode power 
tubes. The SCL operates at 805 MHz and rf power is produced by klystrons, this system 
is sometimes referred to as the 805 RF System. The RF System for the envisioned ATW 
accelerator is more similar to the 805 RF System than the 201 RF System. Therefore, 
reliability analysis has been performed for the 805 RF System and not the 201 RF 
System. No further explanation of the 201 RF System will be made. 

The 805 RF system is divided, basically, into two parts: 
I) RF Reference System - which provides a stable phase and amplitude reference for 

each accelerator section. 
2) The Klystron System - which provides rf power for the beam. This system also 

includes phase and amplitude control circuits. 
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Figure 8.1 805 MHz Side Coupled Linac (805 RF System) 
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8.4.2 RF Reference System 
The rf reference system provides precisely controlled power at 201.25 MHz and 

805 MHz for distribution throughout the accelerator. This power is also used to drive all 
rf equipment other than the more power demanding modules and bunchers. It is used as a 
standard of comparison in all systems for phase relationships, power levels, and timing. 
The rf reference consists of a low frequency oscillator, multipliers to derive the 
two operating frequencies, power amplifiers, distribution system, distribution system 
temperature control, and the source phase and amplitude control equipment. 

The basic reference is a sophisticated crystal oscillator operating at the relatively 
low frequency of 6.289 MHz. It is followed by multipliers which derive 201.25 MHz and 
805 MHz. Since the power output of the multipliers is only I W and because of 
transmission line losses, power amplifiers are required at each frequency. This power is 
then distributed along the accelerator and when a reference or drive power is required, 
roughly 6 W is coupled out of the transmission line. 

Stable rt 
2.6 kW_..... 3-1/8" drive line 

~ 
source 
CW at 
805 MHz 

> > 
phase J_ 
control --

2 watts 

amplitude 
controls 

10 watt peak 

accl. Klystron tank 
1 megawatt peak 

Figure 8.2 The RF reference system for the Side Coupled Linac 

Since almost every operation connected with the accelerator is dependent upon 
the rf reference system, there are two identical units of the oscillator, multiplier and 
amplifier system. These are designated the A and B chains. One is in service 24 hours a 
day, while the other is in standby mode but pretuned and ready for service. 
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8.4.3 The Klystron System 
The heart of the 805 MHz rf system is the klystron system. The klystron system 

provides rf power at 805 MHz to the side coupled linac. The SCL is divided into 44 
modules. Each module contains its own klystron system. Modules are clustered into 
groups of six or seven, each group is fitted into a cluster building (sectors B to H): 

Table 8.4 Count of Klystron Systems and High Voltage System 
Sector or cluster building Modules No of Klystron Systems No of High Voltage Systems 

B 5-10 6 1 
C 11-17 7 1 
D 18-24 7 1 
E 25-30 6 1 
F 31-36 6 1 
G 37-42 6 1 
H 43-48 6 1 

Total 44 7 

The number of klystron used for the SCL is 44. 

8.4.3. 1 The Klystron 
Two types of klystrons are used at LANSCE; the Varian (V A-862) and the Litton 

(L-5120), both klystrons produces 1.25 MW pulses of rf power with a time duty factor of 
up to 1 (duty factor during normal operation is 6%). The klystron provides a power 
gain of more than 100,000. An input rf drive of about 10 Watts results in an output of 
1.25 MW. 

The LANSCE klystron is comprised of three parts: 
1) The electron gun, where the beam is formed and focused. The gun end is under oil in 

the modulator tank. In this end are the filament, cathode, beam focus electrode and 
the modulating tank. 

2) The rf interaction region, where the actual amplification of the rf signals take place. 
The rf interaction region contains five cavities and four drift spaces. 

3) The collector, where the electron beam is intercepted. The collector is water cooled as 
considerable beam power is dissipated their, especially when low levels of rf drive are 
used. 

These components are shown in greater detail in figure 8.3. 
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Figure 8.3 The Klystron System and the Klystron Assembly subsystem 

The High Voltage System, the Phase and Amplitude Control System, and the accelerator 
tank are not included in the Klystron Assembly. 

Some other equipment associated with the Klystron Assembly are: 

a focusing klystron magnet 
a klystron magnet power supply provides DC power for the focusing magnet 
a klystron ion pump is used to maintain the vacuum within the klystron 
an ion pump power supply provides high voltage power for the ion pump 
a klystron water system including a flow switch and a bypass flow switch 

8.4.3.2 The Klystron Modulator 
The main purpose of the modulator is to switch the electron beam in the klystron 

on and off. The Pulse Amplifier turns the modulator switchtube on and off. The 
switchtube turns the klystron beam on and off. Another important function of the 
modulator is to prevent arcing and corona discharge from the cables which is connected 
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to the electrodes of the klystron. Thus, the large modulator tank is filled with transformer 
oil to provide high voltage insulation. The oil is circulated within the modulator 
tank by an oil pump. The oil pump circulates oil through a heat exchanger in the 
modulator tank and supplies cooling oil to the high voltage switchtube and other heat 
sources in the tank. 

8.4.3.3 Phase and Amplitude Control System 
When the beam is turned on, energy is transferred from the cavity fields to the 

beam. Beam loading up to 40% is anticipated in the LANSCE accelerator. That is, up to 
40% of the total rf power supplied will be transferred to the beam, with the remaining 
60% lost in the cavities. Beam loading in a cavity in which the rf phase and amplitude are 
not controlled results in a decrease in the amplitude of the accelerating gradient and a 
shift in the apparent synchronous phase The result is reduced acceleration and 
of particles. Since the beam is somewhat "sucking" power from the cavity fields 
correction signals must be applied to both amplitude and phase to keep them within 
tolerance at all times when there is beam in the cavities. 

The phase and amplitude control systems are designed to maintain the rf field in 
the cavities within the specified limits of I O in phase and l % in amplitude during the 
entire rf pulse. One system controls amplitude another controls phase. A magnetic pickup 
loop located inside the tank is used to obtain a "sample" of the rf cavity field. The control 
system operates by comparing the actual tank amplitude or phase to a reference value and 
then applying a correction signal to the rf amplifier chain to produce the desired result. 

This phase and amplitude loop is sometimes referred to as the servo loop and a 
fault in this chain is called a servo fault. 
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The High Voltage (HV) system provides HV power to the 6 or 7 klystrons in each 
sector. The capacitor room is a large metal enclosed structure which contains the HV 
distribution system and the crowbar system. Each HY distribution system consists of: 

HV switch 
capacitor bank, including 50 capacitors 
84 Amp fuse+ air cooling blower 
two crowbar resistor banks 
shorting bar switch 
voltage divider 
current meter shunt 
cable fault detection system 
klystron duty factor detector 

8.4.5 DC Magnets 
Most magnets constructed for beam transport lines are electromagnets rather than 

permanent Such are by electrical current carrying coils around 
magnet poles. Iron magnets are the most commonly used magnets for particle beam 
transport systems. Quadrupole Magnets together with bending magnets are the basic 
building blocks for focusing devices to keep the particle beam close to the desired beam 
path. 

Coils 

Pole face 

Figure Standard Quadrupole Magnet geometry 
The j1gure shows a standard design for the quadrupole magnet geometry. The core is 
symmetric around the four poles, with coils mounted on the pole sides [ I 8]. 

In the LANSCE accelerator complex most magnets are supplied with DC (Direct 
Current) power. A table of summary of all magnets located at LANSCE is available in 
Appendix 2. DC magnets are used for focusing, steering, and bending actions on the 
beam. The most suitable device for producing a focusing effect is the quadrupole magnet. 
The quadrupole magnet reduces the transverse dimensions of the beam and confines it to 
the vicinity of the accelerator axis. 

In the SCL there is a quadrupole doublet between each tank of the structure, for a 
total of I 03 quadrupole doublets. The quadrupole ... ..,.,~··•··"·U have a center-to-center 
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spacing of 20 cm. Each quadrupole doublet is protected by two interlocks, namely a 
thermal switch and a flow switch. The thermal switch senses that the quadrupole doublet 
temperature is less than 93°C (200 F), and the flow switch senses that the flow of coolant 
is normal. Both of these interlocks must be satisfied in order for the quadrupole doublet 
power supply to operate. 

In the DTL, the quadrupole magnets are located inside the drift tubes. There are 
quadrupole magnets in every drift tube of tanks I and 2 and in every other drift tube of 
tanks 3 and 4. Totally, this system includes 132 quadrupole magnets. The quadrupole 
magnets of each tank are cooled by water that comes from a supply line, passes through a 
high pressure pump and is distributed to each magnet by a supply header. The magnet 
windings are cooled in paraIIel by water that flows from the supply header through a 
throttling valve. The flow is throttled so that the temperature rise in each magnet is about 
the same for all in the tank. 

8.4.6 Magnet Power Supplies 
In an electromagnet, the strength of the magnetic field is proportional to the 

current flowing in the magnet windings. Therefore, magnet power supplies are designed 
to deliver relatively high currents to the magnets. 

The magnets used in LANSCE requires DC power for operation. In the power 
supplies, AC power from the building power distribution system is converted to DC 
power. A typical power supply generates 50 Amps of output DC current. Sometimes, for 
reason of economy, one power supply is providing several magnets with power. 
Generally, each power supply is set to deliver the maximum current required by any 

in the group (usually the first or second magnet). The required currents for the 
quadrupole magnets in each group generally decrease with magnet number. 

The power supplies are protected by a number of interlocks. These interlocks are 
power supply temperature, ground current, door interlock, transformer primary overload 
protection, and shunt control power. 

8.4.7 Pulsed Power System 
The pulsed Power System includes: 

Table 8.5 The Pulsed Power System 
Count Subsystem Specification 

l Harmonic B uncher The harmonic buncher is located in the Proton Storage Rin_g 
1 Chopper The beam chopper is located in H- Low Energy Beam Transport. 
2 Deflectors One deflector each for the H+ and H- Low Energy Beam Transport. 

3 (5) Kickers One Injection Kicker in Line D. Two Extraction Kickers in the Proton 
Storage Ring. The Switchyard Kicker (includes nvoferrite kicker 
rnagnets) was not in operation during 1996-97. 

A detailed list of components for the Pulsed Power System is available in 
Appendix 3 [ 19]. 

8.4.7.1 Harmonic Buncher 
The Harmonic Buncher is located in the Proton Storage Ring. The buncl1er itself 

is simply a resonant cavity that establishes an alternating potential across a in the 
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beam line. It is the purpose of the buncher to collect the stream of particles into clusters 
and time this ....... ,.,._,..a.,, in a proper manner. The resonant cavity is excited with 2.8 MHz rf 
power. 

The Harmonic Buncher includes: 
• RF Cavity 
• Low Level Electronics 
• RF Preamplifier 
• RF Drive Amplifier 
• Output Transmission Line 
• Controls/Interlocks 
• Computer Interface 

8.4.7.2 Chopper 
The chopper is a deflecting magnetic moving the continuous beam across the 

opening of a slit. The chopper produces macropulses of H- ions, ca11ed bunches. These 
bunches are further processed by the 20 I prebuncher. The Chopper system also includes 
a DC power supply, a slow wave structure and a distributed amplifier. 

8.4.7.3 Kicker Systems 
Altogether there are five kicker magnets at LANSCE, namely: 

Kicker Magnets 
• I Switchyard Kicker (comprised of two ferrite kicker magnets in 
• I Injection Kicker 
• 2 Extraction Kickers 

During 1996-97 three kickers were in use, the Switchyard Kicker was not in 
operation. 

Injection Kicker 
The Injection Kicker is located in Line D. The Kicker injects protons into the 

Proton Storage Ring. 

The Injection Kicker includes: 
• Kicker Magnet 
• Charging System 
• Modulator 
• Controls/Interlocks 
• Computer Interface 

Extraction Kickers 
Two extraction kickers are used for single-turn fast extraction of the accumulated 

proton beam. The horizontally kicked beam is captured by a pair of septum magnets for 
transfer to the extraction line and then to the WNR target. 
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Extraction Kickers include: 
• 2 kicker magnets (vacuum vessels, electrodes etc.) 
• Charging System 
• Switching System 
• Cables 
• Controls/Interlocks 
• Computer Interface 

8.4.8 Summary of Subsystems 

Table 8.6 Summary of Subsystems 
System Subsystem Count Definition 
805 RF System 805 MHz Radio Frequency System (section 8.4.1 ): pad 

power supplies, capacitor rooms, amplifier systems, 
klystron systems, interlocks (f1ow, temp, etc.), resonance 
controllers and valves. Does not include prebunchers. 

Klystron Assembly 44 The klystron (section 8.4.3.1) and the klystron modulator 
Klystron ion pump and and their 

associated power supplies. Any water or vacuum failure 
inside the klystron system. The Phase and Amplitude, 
Resonance and Module Control System is NOT included 
in the Klystron Assembly. 

High Voltage 7 The High Voltage System (section 8.4,4). The HY switch, 
System capa1.,;uu1 :s, cabling, fuses etc. 
805 Tank 44 Any failure in the tank module vacuum leaks valves etc. 
Phase and 44 Phase and Amplitude Control System (section 8.4.3.3) 
Amplitude Control 
Resonance Control 44 Resonance Control System 
Module Control 44 Module Control System 
Other Extraordinary failure that is not classified into any other 

subsystem. 
Unknown Unknown failure within the 805 RF System. 

DC Magnets 800 Magnets, winding, DC cabling, flow and temperature 
switches, vacuum and water leaks, magnet water strainers. 
Does not include power supplies. 

Magnet Hardware Any failure to the hardware (wiring, cabling) 
Water Water 1..1 flow 1:, w 1L1..;11c:1:>, JJl UlvUli:l 

flow problems) 
Interlocks Magnet interlocks (flow interlocks) 
Vacuum Vacuum leaks 

Magnet Power 278 DC Magnet Power Supplies: electronics, trips, interlocks 
Supplies (flow, ripple, etc.), water leaks. 

Electronics Power supply electronics ( computer control system, SCR, 
o-nl:1t1on shunts, overcurrent problems, ..., 

drifting problems) 
Capacitors Capacitors inside the power supply (usually dry out) 
Transformers Transformer for power supply (insulation aging) 
Water cooling Water cooling problems within the power supply (flow 

switches, valves, hoses) 
Interlocks Power supply interlocks (door interlock) 
Unknown Unknown failure within the power supply. 
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Pulsed Power Pulsed Power System: Kickers, Ring buncher, deflectors, 
.... 

r .... --.., and their related power ~nrrhM local 
controls and modulators. 

Harmonic Buncher I Failures connected to the buncher and power supply (water 
flow, arcs, crowbars, adjustments etc.) 

Deflectors 2 Failures connected to the deflectors and power supplies 
Chopper 1 Failures connected to the chopper and power supplies 

( water flow, adjustments, FET) 
Kickers 3 Injection kickers, extraction kickers and their associated 

power supplies (timing problems, Blumlein, arcs) 

Water System Cooling water systems: pumps, pump controls, makeup 
water, valves, pipes, heat exchanges. Does not include 
leaks and flow problems in individual cooled components 
such as magnets, amplifiers, cavities, etc. unless problem 
is caused by variations or limits in water system. 

Water pump 120 Water pumps and their associated power supplies 
Piping Water lines, valves, hoses etc. which do not belong to any 

other System. 
Other Other failures that occur in the Water System 
Unknown Unknown failure in the Water System 

Vacuum Vacuum system: Vacuum pumps, pump power supplies, 
System roughing packages, valves, instrumentation, controls, 

pipes, flanges. Does not include leaks in individual 
components or loads such as magnets, targets, etc. 

Ion pump 250 Ion pumps and their associated power supplies. 
Piping Vacuum lines, tanks, valves etc. which do not belong to 

any other System. 
Unknown Unknown failure within the Vacuum System 

8.5 Operational Statistics 
All trips are divided into different databases depending on which system is 

responsible for the failure. The total number of trips corresponding to each system is 
presented in table 8.7. 

Tahle 8.7 Summary of Trips produced hy the Systems Analyzed 

TRIPS PRODUCED BY INDIVIDUAL SYSTEMS 

Main System No. of trips 1996 No. of trips 1997 Total 

805 RF 68 162 230 
Pulsed Power 127 72 199 
Magnet Power Supplies 102 83 185 
Vacuum System 27 47 74 

Water System 30 18 48 
DC Magnets 3 17 20 
Total 357 399 756 .. 

The systems are presented in order of importance, starting with the system 
responsible for most of the trips. It must be noted that not all accelerator systems are 
included in the summary, only the systems which being are analyzed. The total number of 
trips included in this analysis (756 trips) are significantly less than the actual number of 
trips that occurred in the 8000 trips). In other words, one may not 
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conclude that, for example, the 805 RF System is the most "troublesome" system at 
LANSCE. Reliability estimates of the entire accelerator and other systems are outlined in 
chapter 6. 

In the systems analyzed, the 805 RF System is causing most of the interruptions. 
Next in order is the Pulsed Power System followed closely by the Magnet Power Supply 
system. The DC Magnets are causing the smallest number of interruptions, only 20 trips. 
The DC Magnets are in fact one of the most reliable systems of the entire accelerator. 

During 1996, 357 trips occurred and for 1997 the number was 399. It is 
understandable, the accelerator was scheduled for more time in 1997 (3143 hours) than in 
1996 (2681 hours). 

8.5.1 Reliability Calculations 
For all systems and subsystems identical reliability calculations have been 

performed. The Magnet Power Supply System is selected for the purpose of illustrating 
some reliability calculations. In table 8.8 the first cut of some of the calculations are 
presented. 

Table 8.8 Jllustration of Reliability Calculations 
1 2 3 4 5 6 7 8 9 10 

Time Cum 
.. 

Cum 
Date & Time of Date & Time of Between Failure 

Gum Down 
Down 

cum 
Cumulative 

No 
Outage Restoration Failures Rate 

MTBF Time 
Time 

MDT 
Availability 

[h:min] [lid] 
[h:min] [h:min] 

[h:min] 
[h:min] 

68 I 0/17/96 17:59 10/17/96 18:02 3:41 0.87 27:38 •.. 0:03 102:49 :[ l 0.948 I 39 
69 10/18/96 15:51 10/18/96 15:52 21:49 0.87 I 27:33 0:01 102:50 I ('9 0.948695 
70 I 0/18/96 16:15 10/18/96 16:16 0:23 0.88 . 0:01 102:51 l G, 0.948697 
71 I 0/ 18/96 20:04 I 0/ I 8/96 20:05 3:48 0.89 26:50 0:01 102:52 1:26 0.948786 
72 I 0/19/96 08:41 10/19/96 08:48 12:36 0.90 26:38 0:07 102:59 1:25 0.949051 
73 I 0/20/96 00:53 I 0/20/96 00:58 16:05 0.91 26:29 0:05 103:04 1:24 0.949414 

Each row represents an event or a failure that resulted in a beam interruption. In 
this case, event numbers 68-73 are displayed. In columns 2-3 the date and time when the 
beam was interrupted and restored is shown. 

Time Between Failures - time between the end of one trip to the beginning of the 
next. For example, Time Between Failure = Date & Time of Outage 69 Date & Time of 
Restoration 68. 

Cumulative Failure Rate - this number reflects what the failure rate would be 
based on the events up to that point. In other words, if the Magnet Power Supply system 
only included 70 trips then the mean failure rate would be 0.88 failures per day. 
Cumulative Failure Rate = Event number/cumulative time between failures 

Cumulative MTBF - Mean Time Between Failure up to that event. For example, 
if the Magnet Power Supply system only included 70 trips then the MTBF would be 27 
hours and 10 minutes. Cumulative MTBF = Cumulative Time Between Failures/Number 
of failures. 
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Down Time - duration of individual trips. Down Time Date & Time of 
Restoration & Time of Outage. 

Cumulative Down Time = down time 1 + down time 2 + .... 

Cumulative MDT - Mean Down Time up to this event. For example, if the 
Magnet Power Supply system only included 70 trips then the MDT would be 1 hour and 
28 minutes. Cumulative MDT= Cumulative Down Time/Event number. 

Cumulative Availability = Cumulative MTBF/(Cumulative MTBF+Cumulative 
MDT). The probability that the magnet power supply system is functioning. 

To visualize the reliability behavior of the Magnet Power Supplies the 
calculations have been plotted. The most important plots are presented in figures 8.6 -
8.11. All these plots apply to the Magnet Power Supply System only. Similar plots have 
been made for the other Systems as well. 

For illustration the cumulative number of trip events as a function of time is 
presented for the magnet power supply system in figure 8.6. 
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Figure 8.6 Magnet Pmver Supplies: Cumulative Number o.f'Trips 

This plot is remarkably straight, despite the fact that it is the sum of many 
different types of activities by many different people and equipment. One can see neither 
significant improvement nor deterioration of the system, although local variations are 
visible. At some instances, several trips occur in a short period of time. That is an 
indication of the real failure was never attended at the first time. The trip was reset but 
the failure was probably never investigated until numerous trips had occurred. The wide 
gap in the middle of the plot shows the duration of the extended maintenance period 
between 1996 and 1997. Some other short maintenance periods or periods when the 
accelerator was not scheduled are visible as well. 

In figure 8.7 the cumulative down time is illustrated. 
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Figure 8.7 Magnet Power Supplies: Cumulative Down Time 

Mean Downtime is calculated as the ratio of the cumulative downtime to the 
cumulative number of events as shown in figure 8.7. One indication of sufficient number 
of entries in the data set is the asymptotic behavior of the statistical estimators for the 
desired quantities, such as Cumulative Mean Down Time. The conclusion is that further 
data collection is not necessary, the MDT estimate appears 
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A histogram of magnet power supplies down times is presented in figure 8.8 
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Magnet Power Supplies: Histogram of Down Times 

On the x-axis different down time intervals are displayed. The y-axis displays on 
one side, the number of trips within each down time interval, and on the other the fraction 
these trips represent. The majority (80%) of the trips have down times <20 minutes. Two 
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trips which resulted in very long down times occurred. The Mean Down Time for the 
power supplies is 50 min. 
Cumulative Failure Rate is calculated as the ratio of the cumulative number of 

events to the cumulative up time. As shown in figure 8.9 the behavior is not as smooth as 
for the cumulative downtime but appears to converge. 
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Figure 8.9 Magnet Pmver Supplies: Cumulative Failure Rate 
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Figure 8.10 shows the histogram of Times Between Failures. 
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Figure 8.10 Magnet Power Supply: Histogram qf'Times Between Failures 

The Mean Time Between Failures is 30 h 22 min. With 278 magnets power 
supplies total in the system, we can estimate the MTBF for an individual magnet power 
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supply as 8445 hours, assuming that all the supplies have the same failure rate and can be 
as a system of independent power supplies. 

8.5.2 Results 
The results obtained via similar analyses for the other components of the 

LANSCE accelerator are summarized in table 8.8. Information on failure causes in the 
individual systems are presented in Appendix 4. 

RESULTS OF RELIABILITY STUDY AT LANSCE 

Main System Subsystem MDT 
MTBF for all MTBF for a 

devices single device 
[h:mml [hl [hl 

805RF Klystron A..:c.e:mhlJ 0:44 262 11560 
High Voltage System 0:18 137 960 

DC Magnets 0:53 290 232280 
Magnet Power Supplies 0:50 30 8445 
Pulsed Power Harmonic Buncher 0:09 44 44 

Chopper magnet 0:08 291 291 
Deflector magnet 0:10 342 684 
Kicker magnet 1:58 185 557 

Water System 1:20 120 
Water pump 0:29 245 29506 

Vacuum System 0:48 77 
Ion pump 0:29 101 25308 

Results of Reliability Investigation of Systems and Subsystems 

The MTBF calculated from the raw data corresponds to the entire 805 RF system 
consisting of 44 klystron assemblies. An estimate of the MTBF for an individual klystron 
assembly was obtained by multiplying this value by 44 as 11560 hours. This value is not 
unreasonable when compared with the 20-50,000 hours commonly quoted for the typical 
klystron tube by itself. 38% of all failures in the klystron assembly are water cooling 
problems and 32% are amplitude crowbars (which is usually due to an old switchtube). 
Most of the downtime occurs when klystron replacement is necessary. During 1996-97, 
four klystron replacements occurred, these replacements were responsible for 54% of the 
downtime in the klystron system. 

The High Voltage System is to many short interruptions. Sometimes 
when a failure occurs in the High Voltage System it is not possible to point out any 
specific component. Usually the High Voltage system causes phase or amplitude 
disturbances (85% of all trips), commonly called servo faults. In this analysis, all servo­
faults are classified as high voltage failures, but in some cases these failures are caused 
by the phase and amplitude control system. Even though many servos occur the total 
downtime caused by failures is small. Sometimes the capacitors dry out and 
to be replaced, this causes long downtimes. Capacitor failures are responsible for 68% of 
the downtime in the high voltage system. 

A total of 800 de magnets exist in the LANSCE facility. MTBF for a single 
magnet is 232280 hours (z26 years). The de magnets at LANSCE are very reliable. This 
is also confirmed by maintenance personnel at LANSCE. When a magnet failure occurs it 
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is usually a water cooling problem inside the magnet. 50% of the magnet failures are 
related to the water cooling system. Water cooling failure is also responsible for of 
the downtime. 5 failures in the magnet hardware occurred. Hardware failures accounted 
for 32% of the total downtime in de magnets. 

The Magnet Power Supply System includes 278 power supplies. For a single 
power supply the MDT is 50 minutes and the MTBF is 8445 hours (~ I year). A single 
capacitor failure inside a power supply was responsible for 80 hours, or 54% of the 
downtime. The most common failure cause is problems with the electronics (31 of all 
trips). Most of the power supplies at LANSCE are controlled by manual electronics. 
Modern power supplies are computer controlled and proves to be much more reliable. 
Many unknown trips occur in the power supplies (58%), according to expertise at 
LANSCE most of these trips are caused by malfunctioning electronic equipment as well. 

48 trips occurred in the water system. A water system failure is usually connected 
to the piping subsystem ( 42%) or water pumps (35% ). Most of the downtime is also 
caused by the piping (68%). Failures with hoses, valves, water lines etc are included in 
the piping system. MDT for a water pump is 29 minutes and MTBF is 29500 hours (;:; 3 
years). 

In the vacuum system, 76% of the trips were caused by ion pump failures and 
18% were caused by piping failures. On the other hand, piping failures were responsible 
for 54% of the downtime and ion pumps accounted for 45%. MDT for an ion pump is 29 
minutes and MTBF is 25300 hours ( z 3 years). 

8.6 Conclusions 
In summary, as a result the investigation individual systems, 0 .,,..,m,,,.a,, for 

both MTBF and MDT were obtained for several typical accelerator components: DC 
magnet power supplies, DC magnets, klystron assemblies, HV power supplies, vacuum 
system, and water system. Both MTBF and MDT values are shorter than expected, driven 
by short beam trips, rather than major replacement jobs. The results will be useful in 
developing preliminary estimates for reliability, availability, and maintainability of high 
power accelerator systems planned in the future. However, before we can fully trust 
them, they have to be corroborated through comparison with statistics obtained from 
other facilities. The impact of maintenance activities outside of the scheduled production 
time needs to be tracked down and included in the estimates as well. 
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9 Beam Current Analysis 

9. 1 Introduction 
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In this chapter statistics of beam interruptions originating from current monitor 
data are presented. The analysis verifies the true beam performance. It does not 
investigate the cause of the beam failure. Mean Time Between Failure and Mean Down 
Time estimates of the H+ beam are obtained. The analysis considers scheduled 
production of the H+ beam for 1997 (Cycle 74-76). 

9.2 Input data 
Near the targets of Line A (H+ beam) current detectors are positioned. These 

detectors monitor the beam continuously. Every in beam current is 
From the detectors the current level is read at a steady rate, about once per second. 
Software running on the main control computer of the LANSCE accelerator facility 
collects the current monitor data and automatically calculates the average current 
integrated over the last minute. This average value is the final input data used in the 
Beam Current Analysis. In figure 9.1 an illustration of this procedure is presented. 

Illustration of Beam Current recordings 
)()()() 

900 

800 

< 7()() 

-=. 6()() -= 500 
~ 4()() .. 
::I u 3()() 

2()() 

100 
() 

() 20 30 4() 50 60 
Count of Measurement 

Figure 9.1 Illustration qf Beam Current recordings 

On average, a new current value is recorded to the database every 1.10 min. The 
analysis extends over the period 20th of March to 2?111 of July 1997 (Cycle 74-76) and the 
input data contains 163,000 current recordings. 

9.3 Method 
From the original database the current data is extracted and compiled into Excel 

spreadsheets. Due to the amount of data the final input data is divided into several 
data files. In table 9.1 the final database format is illustrated. Beam recordings which 
occur outside scheduled production are not included in the analysis. The scheduled 
current is entered along with the beam current data to the final database. This is done 
because the beam is considered as interrupted only if the current is below a threshold 
current. For 1997, the threshold current was one half the scheduled current. For most of 
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the time the scheduled current is 1000 µA, but sometimes other current levels are 
scheduled. 

Table 9 .1 Illustration offinal data base 
Average 

Scheduled 
Time 

Classification of 
Event 

Date Time Delivered 
Current 

between 
event 

Down 0-2 min 2-5 min 5-15 min 15-60 min 1-5 h >5 h 
Current measurement Time 

lµAI lµAI lmm:ssl 
O=below threshold 

lh:mm:ssJ 
O=No O=No O=No O=No O=No O=No 

I =above threshold !=Yes !=Yes !=Yes !=Yes !=Yes !=Yes 

Schedule On, threshold level= 0.5*Scheduled Current 
97-06-11 0:00:30 996.70 1000.00 01:07 I 0:00:00 () () () () () () 

97-06-11 0:01:37 997.20 1000.00 01:07 I 0:00:00 0 () 0 () () 0 

97-06-11 0:02:43 996.90 1000.00 01:06 I 0:00:00 0 () () () () 0 
97-06-11 0:03:49 734.30 1000.00 01:06 I 0:00:00 () () 0 0 0 () 

97-06-11 0:04:56 387.10 1000.00 01:07 () 0:00:()() () () 0 0 () 0 
97-06-11 0:06:02 46:'i.30 1000.00 01:06 0 0:02:13 () I 0 0 () () 

97-06-11 0:07:09 993.30 1000.00 01:07 I 0:00:00 () () () 0 () () 

In the database, each current value is checked and determined whether or not the 
current was above or below the threshold value. Consecutive events below the threshold 
current are interpreted as one interruption. Interruptions are classified into down time 
intervals. Six down time intervals 0-2, 15, 15-60 minutes and 1 hours and 
>5 hours. As we shall see later, the intervals 0-2 and 2-5 minutes are combined into one 
interval which is denoted 0.5-5 minutes for reasons which will be explained later. 

9.3.1 Beam Schedule 
In this analysis, beam current data are only processed if they occur within 

scheduled production. Therefore, the beam schedule is important. The scheduled beam 
time used in this analysis is most similar to the beam schedule used for the H+ beam in 
chapter 7, "Overall LANSCE Reliability" (or Appendix 1). After all, both analyses 
investigates the same beam during the same period of time, but small divergences exist. 
These are: 

• Current recordings starts in the 20th of March 
• Small differences in time following maintenance periods when the beam is 

switched on and off. 

First of all, the current recordings used in the Beam Current Analysis started in 
the 20th of March at 07:47, where in the Overall Reliability Analysis the scheduled 
production started at the I 8th of March at 17:00. Meaning that 38 hours of beam time is 
not included in the Beam Current Analysis compared to the Overall Reliability Analysis. 
Also, when the current data is more closely investigated it is obvious in some cases that 
the beam was not switched on exactly at 08:00 rather at 08:45. In order to be able to 
compare the two analyses this difference in time should not be considered as down time 
which would be the case if the schedule had started at 08:00. 

In table 9 .2 the final schedule used in the Beam Current Analysis is presented. 
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H+ BEAM SCHEDULE USED FOR THE BEAM CURRENT ANALYSIS 

Beam On Beam Off Beamtime fh:mml 

CYCLE '.Z4 
03/20/97 07:47 03/23/97 17:27 81:40 
03/25/97 19:30 03/26/97 21 :49 26:19 
03/28/97 09:56 04/21/97 06:09 572:13 
Scheduled beam time for Cycle 74: 680:12 
Minus I hour daylight .g time 1:00 

Adjusted Time: 679:12 

CYCLE7.5 
04/23/97 08:45 05/19/97 04:04 619:19 
05/20/97 22:51 06/16/97 06:00 631:09 
Scheduled beam time for Cycle 75: 1250:28 

CYCLE :Z6 
06/18/97 08:00 07 I 14/97 08 :00 624:00 
07 /16/97 04:42 07 /27 /97 08:00 267:18 
Scheduled beam time for Cycle 76: 891:18 

Total Scheduled H+ Beam Time for 1997 2820:58 

Royal Institute of Technology 
Nuclear and Reactor Physics 

Table 9.2 Final Beam Schedule used in the Beam Current Analysis 

The total scheduled beam time is 2821 hours. Interruptions that occur during this 
time are included in the analysis. In the Overall Reliability Analysis the total scheduled 
H+ beam time for 1997 was 2870 h. In other words, the accelerator in the Beam Current 
Analysis is scheduled for 50 hours beam. The ri~+-1-...-. .. ,,....,,,.,,.,. in scheduled beam time 
have a very little effect on the total number of interruptions. On average 

50 hours / 2821 hours = 1.8 % 

Meaning that if the number of interruptions would be extrapolated for an extra 50 
hours the Beam Current Analysis should include 1.8 more interruptions (which is 
negligible). 

9.4 Results of Beam Current Analysis 
Beam current statistics originating from beam monitor data are presented. 

Statistics of two data runs are shown and discussed. The first computation uses a 
threshold factor of 0.5. The threshold factor determines at what beam current the beam 
should be regarded as interrupted. Threshold factor 0.5, or half the scheduled current, is 
the definition for an interruption used in the Overall LANSCE Reliability Analysis in 
Chapter 7. By comparing these two investigations a verification of the correctness and 
reliability of both analyses is achieved. The second computation is performed at a 
threshold factor of 0.8 for reasons which will be explained later. 
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9.4.1 Threshold Factor 0.5 
It is interesting to compare the results of the Beam Current Analysis with the 

results in the Overall Reliability Analysis. In order to easily discuss and compare results 
from both analyses similar diagrams have been assembled. The results are presented in 
figures 9.2 and 9.3 
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Figure 9.2 Summarize qf" Interruptions from the Beam Current Analysis at threshold 
factor 0.5 
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Figure 9.3 Summarize of Interruptions from the Overall Reliability Analysis 

> 5 hours 

In the Beam Current Analysis, events which fall below 0.5*Scheduled Current are 
interpreted as interruptions. This is the same definition for interruptions used in the 
Overall Reliability Analysis. Lets start by comparing the rightmost columns in both 
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figures. It is remarkable how well the two analyses even though the underlying data 
origins from two completely different records. Overall Reliability Analysis is based 
on comments in the logbook while the Beam Current Analysis is based on current 
recordings from a beam monitor. In table 9.3 the number of interruptions are summarized 
for both analyses. 

Table 9.3 Comparison of Interruptions which occur in the Beam Current Analysis and 
the Overall Reliability Analysis 

NUMBER OF INTERRUPTIONS 
Down Time Interval Beam Current Analysis Overall Reliability Analysis 

(Current Monitor data) (Logbook data) 
0-5 min* 1888 4250 
5-15 min 217 203 
15-60 min 124 132 
1-5 hours 53 59 
> 5 hours 13 11 

Total 2295 4655 
*The interval 0.5-5 minis used.for the Beam Current Analysis since interruptions shorter 
than 0.5 minutes are not included. 

For interruptions longer than 5 minutes both analyses agree very well. 407 
interruptions with down time >5 minutes occur in the Beam Current Analysis compared 
to 405 interruptions in the Overall Reliability Analysis. But, in the interval 0-5 minutes 
significant differences occur. The reason is due to the existence of a large number of 
short interruptions of the H+ beam. observed in table 7. I, 86 of all short 
interruptions (0-1 min) are caused by the injector, and a typical injector failure lasts for 
10-20 seconds (sparking in the high voltage column). Interruptions which last for only 20 
seconds will not affect the average current sufficiently enough in order for it to fall below 
the threshold current. Subsequently, short interruptions will not be interpreted as a "real" 
interruptions in the Beam Current Analysis and therefore they will not be included in the 
statistics. In the Overall Analysis any interruption is included. If the beam current is 
below half the scheduled current an interruptions is registered no matter how short the 
interruption is. 

During steady state operation (without any interruptions) the beam is usually 
delivered at the scheduled current level. Of course, this is not all true. Sometimes the 
operator deliberately delivers the beam with current, for example at tuning, but this is 
exceptional. For most of the time the operator tries to deliver the beam at the scheduled 
current level. When a failure or a beam disturbance occurs it is usually the Fast Protect 
System or the Run Permit System which activates and shuts the beam off. The result is 
that the beam current drops to zero immediately. This means that during continuous 
operation the accelerator delivers either the scheduled current or zero current (see 
Appendix 5). On the other hand, the current which is recorded in the database 
and used as input data may be anywhere in between, it depends on the duration of the 
interruption. As mentioned the input data is based on the average current during one 
minute (usually 70 seconds). This means that: 

At threshold factor 0.5, most Interruptions shorter than 35 seconds are not included in the 
Beam Current Analysis 
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9.4.2 Threshold Factor 0.8 
A similar investigation as in section 8.4.1 has been performed at a threshold factor 

of0.8. 
If we say that the accelerator during scheduled operation delivers either the 

scheduled current or zero current (during a failure) then if we raise the threshold factor 
from 0.5 to 0.8 we actually increase the ability to detect short interruptions. The reason is 
due to the nature of the input data. Each input value represents the average current 
delivered during 70 seconds. Since the delivered current is either full scheduled current or 
zero the interruption length will determine the average current. This is illustrated in figure 
9.4a and 9.4b. 

Detection of Interruptions at Tores hold Factor0.8 Detection of' Interruptions at Threshold Factor 0.5 

0 10 20 30 40 50 60 70 

Figure 9.4a 
Time Is] .. . liJ 

Interruption length 

Scheduled I 

Threshold 0.5 

Detection 
region (0-0.5) 

() 

Figure 9.4b 

() 10 20 30 40 50 60 70 .. .. 
Time [sl Interruption length 

Figure 9.4a and 9.4h. Detection of Interruptions at Threshold factor 0.8 and 0.5 

If the average current is below the threshold current the event will be detected and 
subsequently an interruption will be recorded. For example, if the threshold current is set 
to 0.8*(Scheduled Current) and an interruption with a duration of 20 seconds occur, the 
average current will be 0.71 *(Scheduled Current) and the interruption will be detected 

figure 9.4a). But, if the threshold is set to 0.5*(Scheduled Current), the average 
current will exceed the threshold current and the interruption will not be detected (see 
figure 9.4b). In summary, 

At threshold factor 0.8, interruptions > 14 seconds are detected. 
At threshold factor 0.5, interruptions > 35 seconds are detected. 

The risk of having a too high threshold factor (>0.9) is that you start detecting 
events that are actually no interruptions. For example, if the scheduled current is set to 
I 000 µA but the beam is deliberately delivered at 900 µA then the software would start 
to detect many false interruptions since small current fluctuations always occur. 

In figure 9.5 the total number of detected interruptions at threshold factor 0.8 is 
presented. The analysis considers scheduled operation of the H+ beam for the period l 8th 

of March - 2?111 of July, 1997. 
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Figure 9.5 Summarize qf Interruptions from the Beam Current Analysis at Threshold 
factor 0.8 

A total of 6914 interruptions were detected. Significantly more than at threshold 
factor 0.5. In table 9.4 aII three analyses are compared. 

Table 9.4 Comparison of Interruptions which occur below threshold factor 0.5 and 0.8 
and the Overall Reliability Analysis 

NUMBER OF INTERRUPTIONS 
Down Time Threshold Factor 0.8 Overall Reliability Analysis Threshold Factor 0.5 

Interval (current monitor data) (Logbook data) (current monitor data) 

0-5 min* 6396 4250 1888 
5-15 min 281 203 217 
15-60 min 163 132 124 
1-5 hours 53 59 53 
> 5 hours 16 11 13 

Total 6914 4655 2295 
*The interval O .5-5 min is used at threshold factor O .5 and the interval 14 sec-5 min is 
used at threshold O .8 

The ,.,..,..,,.,..,.,.,,,,,.,. in number of interruptions at threshold 0.8 is mainly due to the fact 
that a large number of short interruptions is detected. This is natural since the most 
common failure is high voltage sparking in the H+ injector column and this failure causes 
a down time of 10-20 seconds. At threshold factor 0.8, interruptions longer than 14 
seconds are detected and hence most of the injector failures are recorded. Another 
important conclusion is that more interruptions are detected in the Beam Current Analysis 
at threshold factor 0.8 than in the Overall Reliability Analysis. This means that all short 
beam interruptions are not recorded in the logbook. This is also confirmed by operating 
personnel. For example, in periods when the injector is tripping very frequently the exact 
number of interruptions is not recorded, instead comments like "continuous arcing in the 
injector" are used. 
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In table 9.5 the growth of detected interruptions as a function of the threshold 
factor is ....... ,,,.,,o-nt".:i,rl 

Table 9.5 Threshold Factor as a function of Total number of Interruptions 
Threshold Factor Total Number of Interruptions 

0.1 825 
0.5 2295 
0.7 4636 
0.75 6558 
0.8 6914 
0.85 7030 
0.9 6845 

Obviously, the number of Gf~~-·e,...:r~"~,ri .... interruptions begin to grow for threshold 
factors larger than 0.75, reaching a maximum around 0.85. This means that most 
interruptions are found at that point, and it also implies there are actually not many 
interruptions with down time less than 10 seconds. The reason why less interruptions are 
detected at threshold factor 0.9 is that individual interruptions which occur closely in time 
starts to "melt" together and form single interruptions with longer down time. For 
example, at threshold factor 0.9 22 interruptions with down time hours are registered, 
while at threshold factor 0.8 16 interruptions are detected. 

In figure 9.6 a representative plot of the average beam current is presented. A 
similar plot that reflects the instantaneous beam current every minute is presented in 
Appendix 5. 

1000 

':X)() 

< 
~ 800 -f 700 
i.. 

S 600 u 
e soo 
ee 
~ 400 

<:lJ 

~300 
i.. 

~ 200 
< 

100 

0 

Average Beam Current data observed for 12 hours 
(The plot reflects the H+ beam current at I July between OO:CKl-12:00) 

00:00 0100 02:00 0300 0400 05:00 06:00 07:00 08:00 0900 10:00 11:00 
Time [h] 

Figure 9.6 Plot of Average Beam Current as a function ri time 

The scheduled current is 1000 µA and most of the vertical spikes reach down to 
the region of 700-750 µA. This is no coincidence, the majority of the spikes represent 
injector failures with a duration of 15-20 seconds. As observed, very few spikes ends 
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above 800-900 µA. This means that there don't occur many interruptions with down time 
shorter than 10 seconds. In other words, if an interruption occurs it is likely it will last for 
at least I O seconds. 

9.5 Reliability Estimates 
From the beam current data estimates of the Availability, Mean Time Between 

Failure (MTBF) and Mean Down Time (MDT) may also be obtained. In table 9.6 these 
numbers are summarized for all three analyses. 

Table 9.6 Summary of the Availability, MTBF and MDT 
Analysis Availability MTBF [h:mm] MDT [h:mm] 
Overall Reliability Analysis 86% 0:31 0:05 
(l nohnnk data of H+ Beam, I 997) 

Threshold Factor 0.5 86% 1:04 0:10 
(Current data of H+ Beam, 1997) 

Threshold Factor 0.8 78 % 0:19 0:05 
(Current data of H+ Beam, 1997) 

The Availability for both the Overall Reliability Analysis and the Beam Current 
Analysis at threshold factor 0.5 is 86 % while it is 78 at threshold factor 0.8. Since the 
availability is determined by the total down time, it means a substantial amount of 
additional down time is included in the Beam Current Analysis at threshold factor 0.8 in 
comparison with the other two analyses. We know for a fact that many more interruptions 
are detected at threshold 0.8, but most of these interruptions are short and the contribution 
to the total down time should not that much. Due to the nature of the input data any 
short interruption 70 seconds) will be assigned a down time of 70 seconds even if the 
interruption only lasted for 20 seconds. In other words, the calculated availability at 
threshold factor 0.8 does not reflect the real availability. Of course this applies at 
threshold factor 0.5 as well but the effect is not as pronounced. Actually, a somewhat 
similar problem occurs in the Overall Reliability Analysis where only discrete numbers 
of down time are recorded I minutes (every short interruption will be assigned a 
down time of 1 minute). The conclusion is that the overa11 availability of the H+ beam is 
most likely in the region of 85%. 

MTBF in the Overall Reliability Analysis is 31 minutes which is half the value 
compared to the MTBF in the Beam Current Analysis at threshold 0.5. This is natural 
since the Overall Reliability Analysis includes twice as many interruptions. At threshold 
factor 0.8 even more interruptions are included and subsequently the MTBF is lower ( 19 
minutes). The correct MTBF estimate of the H+ beam should probably be in the region of 
20-25 minutes. 

MDT is 5 minutes for both the Overall Reliability Analysis and the Beam Current 
Analysis at threshold 0.8. At threshold factor 0.5 the MDT is l O minutes, but this number 

more what the MDT would be if the injector interruptions were not included in 
the analysis. Naturally, the injector interruptions have a big influence on the MDT. Since 
the total down time observed at threshold factor 0.8 is too large the actual MDT is in fact 
shorter than 5 minutes, more likely in the region of 4 minutes. 
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When comparing the Overall Reliability Analysis of the LANSCE Accelerator 
facility with the Beam Current Analysis it is remarkable how well the results agree even 
though the underlying data origins from two completely different records. The Overall 
Reliability Analysis is based on comments in the logbook while the Beam Current 
Analysis is based on current recordings from a beam monitor. For down times minutes 
a total of 407 interruptions are detected in the Beam Current Analysis compared to 405 
interruptions in the Overall Reliability Analysis. That is a strong evidence for the 
correctness of both analyses. For down times <5 minutes, especially <1 minute, 
significant differences in reliability results occur. This is due to the nature of the input 
data in the Beam Current Analysis. When analyzing interruptions where the average 
delivered current should fall below half the scheduled current, interruptions with down 
time shorter than 35 seconds are not detected. By raising the threshold current to 
0.8*(Scheduled Current) interruptions with down time > 14 seconds are detected. At this 
interruption length most of the short interruptions are detected. When taking in 
consideration the results from all three Analyses, the conclusions are: 

Conclusions concerning the reliability of the H+ beam at LANSCE: 
• Many short interruptions with down time in the region of 10-20 seconds 

occur. 
• The occurrence of short interruptions is larger than recorded in the logbook. 
• Practically no interruptions with down time <10 seconds occur. 
• The Availability is 
• Mean Time Between Failure is about 20-25 minutes. 
• Mean Down Time is about 4-5 minutes. 
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Appendix 1 

A 1 Beam Schedules 

1997 H+ BEAM SCHEDULE TO AREA A 

Beam On* Beam Off* 
Beamtime 

fh:mml 
CYCLE74 
03/18/97 17:00 03/23/97 17:27 120:27 
03/25/97 19:28 03/26/97 21 :50 26:22 
03/28/97 08:00 04/21/97 08:00 576:00 
Scheduled beam time for Cycle 74: 722:49 
Minus I hour daylight savings time -1:00 

Adjusted Time: 721:49 

CYCLE75 
04/23/97 08:00 05/ 19/97 08:00 624:00 
05/20/97 06/ 16/97 08:00 10 
Scheduled beam time for Cycle 75: 1257:10 

CYCLE 76. 
06/18/97 08:00 07 / 14/97 08:00 624:00 
07 / 16/97 04:41 07 /27 /97 08:00 267:19 
Scheduled beam time for Cycle 76: 891:19 

Total scheduled H + beam time for 1997 2870:18 

Table Al .1 Summarize of 1997 scheduled beam time for H+ beam (Cycles 74, 75 and 
76) 
*Times and dates hased on Area A database. 
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1997 H- BEAM SCHEDULE TO LUJAN 

Beam On* Beam Off* 
Beamtime 

fh:mml 
CYCLE 74 
03/06/93 08:00 03/21 /93 08:00 360:00 
03/27 /93 08:00 04/12/93 20:00 396:00 
Scheduled beam time for Cycle 74: 756:00 
Minus 1 hour daylight savings time -1 :00 

Adjusted Time: 755:00 

CYCLE 75. 
04/22/93 08:00 05/13/93 08:00 504:00 
05/20/93 07:30 06/08/93 04:00 452:30 
Scheduled beam time for Cycle 75: 956:30 

CYCLE76 
06/ 17 /93 02:00 07/11/93 08:00 582:00 
07/16/93 08:00 07 /23/93 10:00 170:00 
Scheduled beam time for Cycle 76: 752:00 

I 

Total scheduled H- beam time for 1997 2463:30 
Table Al .2 Summary of 1997 H- Beam Schedule 

1996 H- BEAM SCHEDULE TO LUJAN 

Beam On* Beam Off* 
Beamtime 

fh:mml 
CYCLE71 
07 /09/92 08:00 07/15/92 08:00 144:00 
07/17/92 2 I :30 07 /27 /92 08:23 226:53 
07 /29/92 14:00 08/23/92 08:00 594:00 
Scheduled beam time for Cycle 71: 964:53 

CYCLE 72 
08/29/92 02: I 0 09/02/92 08:00 101:50 
09/06/92 08:00 09/20/92 08:00 336:00 
09/24/92 07:00 10/20/92 07:00 624:00 
Scheduled beam time for Cycle 72: 1061:50 

CYCLE 73 
10/28/92 20:00 11/17 /92 07:00 467:00 
11/19/92 07:00 11/26/92 00:00 161 :00 
11/26/92 18:00 11/27 /92 20:00 26:00 
Scheduled beam time for Cycle 73: 654:00 

Total scheduled H- beam time for 1996 2680:43 
Table Al .3 Summary of 1996 H- Beam Schedule 
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Appendix 3 

A3 Summary of Components in the Pulsed Power System 
Subsystem Assembly Component 
Switchyard Kicker 

Kicker Magnet 
Vacuum Vessel 
Current Connections 
Current Buses 
Compensation Capacitor 

Charging System 
HVPS, EMHP 
External Capacitor Bank 
Charge SCR 
Resonate Inductor 
Do-Q SCR 
DE-Q Shunt Resistor 

Modulator 
PFN Capacitors 
Output SCR 
Shunt Resistor 
Load 
Regulator Transistors 
PS, Sorensen DCR40-250A 

Output Transmission Line 
Transmission Line 
Cooling Blower 

Controls/Interlocks 
PS, PD Model 6050A 
LDK IOI Run Permit Interface Panel 
LOK I 02 Run Panel Permit Interface Panel 
SCR fire Module 
Switchyard Kicker Interlock/Control Chassi 
Regulator Amplifier Module 
Current Regulator Drive Module 
Fast Protect Module 
DAC Do-Q Module 
Gate Generator Module 
PS, PSR Low Voltage Group 

Computer Interface 
CAMAC 

Injection Kicker 
Kicker Magnet 

Current Connections 
Coils 

Charging System 
PS, Sorensen SCR 
Zener Diode Assembly 
Charge Recover SCR 
Freewheel SCR 
Transfer Chassis 

Controls/Interlocks 
RIK I O 1 Run ? Interface Channels 
NIM Crate w/6 Modules 
Short NIM Crate w/8 Modules 

Computer Interface 
CAMAC 
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Harmonic Buncher 
Cavity 

Ceramic Gap 
Gap Shunt Capacitors 
Ferrite 
RF Connector 
Cooling Hoses 
Bias PS. RF Choke 
Bias PS, PEI SR 1064 

Low Level Electronics 
Dual TTL Fanout 63 Y 182451 
2.8 Mhz Harmonic Buneher 
CW Leveling Amplifier 
Hex Analog Fanout 63 Y 182290 
Harmonic Buncher Fast Protect 
Buncher Wide Band Amplifier 

RF Preamplifier 
ENI /\-300 

RF Drive Amplifiers 
HVPS UVC 15 kV/3 J\ 
UVC Capacitor Bank 
UVC Crowbar Unit 
HVPS UVC 15 kV/6 A 
Tu be 4CW25000 
Tube 8919 
Driver Filament PS Chassis 
Final Filament PS Chassis 
Final Filament Transformer 
PS, UVC I kV/I A 
Pulsed Bias PS Chassis 
Screen Grid PS Chassis 
Balun Transformer 
Driver Coupling Transformer 
Final Coupling Transformer No. 1 
Final Coupling Transformer No. 2 

Output Transmission Line 
Output Transmission Line 

Controls/Interlocks 
UVC Monitor/Control/Interlock Chassis 
Harmonic Buncl1er Control/Interlock Chassis 
Buncher Cavity Bias Remote Control Chassis 
PSR Buncher Interface Chassis 
Cap Voltage Distribution/Monitor/Filter Chassis 
Master Sync System 2.8 MHz Chassis 

Computer Interface 
CAMAC 

Extraction Kickers 
Kicker Magnets 

Vacuum Vessel 71 
Vacuum V cssel 81 
Electrodes 71 
Electrodes 81 
HY Vacuum Feedthroughs 
HY Cable Connectors 

Charging System 
UVC HVPS 1.6 kV /6 A 
Charge Thyatron 
Bias PS, HP 6207B 
Bias PS, Bertan Model 210-00R 
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Driver, IE TD-25 
Do-Q Thyratron, HY 3002 
Do-Q Thyratron Driver 
Storage Capacitors 
Pulse Transformer 
Pulse Charging Diode Stack 
Inverse Diodes 
Ree-Htr PS 

Switching System 
Switch Thyratron, CX 1725 
Switch Driver 
PS, Bertan Model 210-00R 
Ree/Htr PS 
Blumlein Cables 
Heat Exchanger System 
Hydraulic Lift 

Cables 
Output Cables 
Output Connectors 
Output Cables ? Modulators 
Load Cables 

Loads 
Loads 

Controls/Interlocks (NIM 
Modules) 

ESI PS-90-N 
ESI LDM-2N 
Voltage Comparator, Dual 
Fast Kicker Audio Arc Monitor 
Arc Threshold Detector 
Local/Remote g 
Fine Pulse Booster 
SRFK71 Fast Protect 
SRFK8 l Fast Protect 
Extraction Kicker Control/Interlocks Chassis 

Computer Interface 
CAMAC 

Table A3.1 List ri Components.for the Kickers and Buncher [19} 
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Appendix 4 

A4 Statistics of failure causes in individual Systems 
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Failures in the High Voltage System 
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Failures in Magnet Power Supplies 
120 

100 

(h 

~ 80 .:? 
'iii 
LL 

0 60 .. 
Q) 
.Q 
E 40 
:::, 
z 

20 

0 

Unknown Electronics Interlock Water Power Capacitor Transformer Ventilation 
cooling Supply 

Subsystem 

Figure A4.7 Failures in Magnet Power Supplies 

Distribution of Downtime for Magnet Power Supplies 
100 

90 

80 

£ 70 

(1) 60 
.§ 

50 E 
::: 40 0 
C 

30 

20 

10 

0 
Capacitor Electronics Unknown Transformer Water 

cooling 

Subsystem 

Power 
Supply 

Figure A4.8 Distribution of Downtime for Magnet Power Supplies 

93 

Interlock Ventilation 



Marcus Eriksson 
M.Sc Thesis: "Reliability Assessment of the LANSCE Accelerator System" 

Failures in DC Magnets 
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Failures in the Water System 
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Failures in the Vacuum System 
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Appendix 5 
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Thesis for the degree of Technical Licentiate in Reactor & Neutron Physics presented at the 
Royal Institute of Technology in 1998. 

Abstract 

2 

In the design of nuclear reactor cores for transmutation of nuclear waste, special demands have 
been placed on cladding and construction material. The highly energetic neutron spectrum that is 
needed for an effective transmutation of actinides and fission products may be implemented by 
the use of heavy liquid metal coolants, such as lead/bismuth. The average neutron elastic 
collision· energy in a heavy metal cooled reactor core may be as high as 400 - 500 ke V, which is 
about three times higher than the typical value for a sodium cooled breeder reactor. In the 
present study, the energy available for lattice displacements in cladding materials was calculated 
with NJOY as a function of incident neutron energy. Quenched cascade defect fractions were 
calculated within the binary collision approximation using the simulation code MARLOWE in 
the energy range 1-1000 ke V. The fraction of lattice defects surviving correlated recombination 
was then estimated using results of recent molecular dynamics simulations. A comparison with 
standard NRT DPA values show that the latter should be used with considerable caution in the 
description of defect production in fast neutron spectra. O:msequently, experimental data on 
void swelling and embrittlement in sodium cooled reactors cannot be trivially scaled to heavy 
metal cooled systems using ratios of NRT DPA, as has been customary in previously published 
works. 

Keywords 

Defect Production, Radiation Damage, Fast Spectrum, Nuclear Waste Transmutation, Fenitic 
Martensitic Steel 



LIST OF PAPERS 

This thesis is based on the following paper: 

I. C Sanders and,]. W alknius 
Fission Neutron Induced Defect Production in Heavy Metal Cooled Reactors 
Submitted to J oumal of Reactor Technology. 

The autlxr,-

3 



4 

Contents 

1. INTRODUCTION ............................................ 5 

2. TRANSMUTATION OF NUCLEAR WASTE 
2.1 Introduction ............................................... 5 
2.2 Nuclear Waste .............................................. 6 
2.3 Nuclear Economy ........................................... 6 

3. ACCELERATOR DRIVEN SYSTEMS 
3 .1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 
3.2 Accelerator driven Transmutation of Waste ..................... 7 

4. THE SING-SING CORE (SSC} STUDY 
4 .1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 
4 .2 The Design of the Core . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 

5. IRRADIATION DAMAGE 
5 .1 Introduction .............................................. 10 
5.2 Theory .................................................. 11 
5.3 Results ................................................... 12 
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .13 

6. ACKNOWLEDGEMENTS .................................. . 14 

7. REFERENCES ............................................. 15 



5 

CHAPTER 1. INTRODUCTION 

The demands of energy in the world today are ever increasing. It has been proven that where 

there is enough energy provided, health care is better, food is more affordable, more children are 

educated, life spans are longer and the quality of life is better. Therefore, it is essential that 

nuclear energy can be preserved as an energy source. One obstacle facing nuclear energy is the 

highly radioactive waste, which is generated during power production. In order for nuclear power 

to realize its full potential, there must be safe and efficient ways of taking care of the waste. In 

order to both be able to take care of the waste and to sustain the growing energy demands, a new 

approach to nuclear energy is needed. Accelerator driven Transmutation of Waste (ATW) rould 

off er a new breakthrough in the field of nuclear energy. The A 1W accelerator burns the nuclear 

waste in a subcritical reactor driven by neutrons from a spallation target subject to the impact of 

a proton beam. This reduces the toxicity of waste while providing, because of its subcriticality, a 

safer system. 

This report is outlined in the following manner. Chapter 2 and 3 give a brief explanation of the 

transmutation concept and the Accelerator Driven System (ADS) that provides the option of 

transmutating nuclear waste. Chapter 4 briefly presents the current investigation, which is 

referred to as the Sing-Sing Core (SSC) project, motivated by efforts to find environmental 

friendly and safe management of spent nuclear fuel by means of transmutation. In the design of 

nuclear reactor cores for transmutation of nuclear waste, special demands have been placed on 

cladding and construction materials. Chapter 5 outlines the study focusing on irradiation 

damages in ferritic martensitic steel induced by fission neutrons. 

CHAPTER 2. TRANSMUTATION OF NUCLEAR WASTE 

2.1 Introduction 

Spent nuclear fuel contains large quantities of long-lived radio-toxic transuranics and fission 

products. From a geologic storage point of view, there is a potential problem if there are any 

possibilities of release to the environment. One way of preventing these toxic elements of being 

released into the environment is to eliminate them by transmutation. Through transmutation, one 

element can be converted into another by changing the structure of the atomic nuclei. This way 
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the actinides and the fission products can be eliminated to a large extent and, consequently, 

significantly reduce the geologic storage inventory and toxicity. 

2.2 Nuclear Waste 

Natural uranium consists of 99.3% uraniwn-238 and 0.7% uraniwn-235. Fuel used in modem 

light water-cooled nuclear power plants consist of 97% 238U and 3% 235U. It is mainly 235U that 

fission, while 238U has a very low probability of fissioning compared to neutron capture. When 
238U captures a neutron, Plutonium•239 is produced according to equation 1: 

(1) 

In a similar way amencmm, neptunium and cunum are produced, which are the main 

constituents of the long-lived toxic waste. These isotopes are unstable and they also have a very 

long half-life. Some toxic fission products, like 99Tc, have a half-life of 200000 years. By 

transmutation, 99T c can be converted to 100Ru, which is both stable and unharmful. The reaction 

that takes place is the following: 

(2) 

2.3 Neutron Economy 

Large neutron availability is necessary for transmutation of waste, otherwise the transmutation 

will not be as efficient. The neutron economy can be improved by using a coolant with heavy 

nuclei and/ or by adding an external neutron source. By exchanging water coolant for liquid 

heavy-metal coolant the neutrons maintain high velocities and can, therefore, fission also heavy 

nuclei with even number of neutrons. An added external neutron source achieves a series of 

nuclear reactions in the reactor without the necessity of a self~sustaining chain reaction, i.e. the 

reactor can be subcritical. This kind of system, that provides increased safety margins because the 

external neutron source controls the heat development, is commonly referred to as an 

Accelerated Driven System (ADS). 
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CHAPTER 3. ACCELERATOR DRIVEN SYSTEMS 

3.1 Introduction 

Several options of transmutation methods have been proposed. Among the most feasible systems 

are those that utilizes high power proton accelerators, i. e., an Accelerated Driven System (ADS). 

Some of ADS's advantages are: 

□ While producing power, up to 99 % of the nuclear fuel is burnt 

□ Allows for plutonium free fuel (i.e. minor actinide only) 

□ Offers safety due to its subcriticality 

Existing commercial nuclear power plants do not off er these features. Through ADS, the nuclear 

fuel can be utilized to a much larger fraction reducing geological storage of long-lived actinides 

and fission products. ADS also have, in addition to the traditional reactor safety control 

functions, the possibility of more easily shutting down by turning off the accelerator (see details 

below) which makes it a veiy safe system, provided that the accelerator reliability is sufficiently 

high. 

3.2 Accelerator driven Transmutation of Waste (AlW) 

Because an ADS is subcritical, the system doesn't rely on delayed neutrons for power control and 

power change. The ADS system is driven by an externally generated neutron source, the 

accelerator, which delivers a highly energetic proton beam to strike a target (Fig.1). The target is 

proposed to be made out of tungsten or lead-bismuth compositions, which both feature low 

absorption of neutrons. When the high-energy particle beam strikes the target, a high intensity 

neutron source (spallation neutrons) is being created. This process is referred to as spallation and 

it ensures a large neutron availability, which is needed to effectively transmute the waste. Next, 

the spallation neutrons go into a subcritical blanket surrounding the target. The blanket contains 

the nuclear waste and, due to the system's subcriticality, it can bum any type of waste 

composition. In the blanket, the neutrons are multiplied by fission reactions transmuting waste 

isotopes into stable or short•lived nuclei [15]. 
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The frame of our investigation, which we call the Sing-Sing Core (SSC) project, is motivated by 

efforts to find environmental friendly and safe management of spent nuclear fuel by means of 

transmutation. The aim of the project is to find a core configuration that minimizes flux and 

power gradients at a given total fission power over the full length of a burn-up cycle. The SSC­

project will result in a design of a sub-critical core with purpose of transmuting long-lived nuclear 

waste from Swedish nuclear power plants. Currently, the Swedish nuclear waste management 

policy involves burial of the waste in underground geological formations (bedrock). There are 

several concerns about the operation of the geological underground depositories primarily 

regarding safety and non-proliferation issues. Thus, the research was mainly focused on reducing 

the amount of actinides and long-term radiotoxicity of fission products in the spent fuel coming 

from the commercial nuclear power plants. 
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4.2 The Design of the Core 

The Sing-Sing Core design is limited to solid fuel forms, even though fast spectrum liquid fuel, 

like molten chlorides, also feature veiy attractive properties from the point of view of neutron 

economy and separation chemistiy. The gradient in power density, although, for homogeneous 

fuel compositions severely limits the total power and thus the grade of bum-up. 

When considering the issue of construction materials, experiences from fast reactor program 

show that Zirconium is not ideal. Different types of steel are usually designed for specific 

neutron spectra and radiation doses. In the SSC study, various types of steel are to be investigated 

as to minimize radiation damages in terms of annual defect production. For the optimized fuel 

composition, the induced defect production per spallation neutron will set the upper limit of 

neutron source strength. 

Figure 2 shows the geometiy of the Sing-Sing subcritical core. 

Pb/Bi coolant & reflector 

Proton 
beam 

Figure 1: A schmzaticviewof the SSC for "transnutation of n:udear7.RX1Ste. 1he spallatian ta:ttg1: is assurrurl to 
consist of liquid Pb/Bi, having a didmeter of 60 on The core itself uu.s approximaa:d with h~ foe/, 
zones of 10 on thickness, each cmtaining 45% coolant, 20% Femtic Martensitic steel, and 35% 238UITRU 
foe/,. In the first ronfigµratim im:estigate::l, fire foe/, zones with cunsum.t TR Ufraaion equal, to 21 % 7.am? adopt«/, 
wile in the second semi foe/, zrnes with 1R Ufraaion increds«lfran 13% in the innermost fud zone up to 30% 
in the periphery~ rnalekd. 
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CHAPTER 5. DEFECT PRODUCTION 

5.1 Introduction 

While ideas of transmuting long-lived radiotoxic isotopes present in spent nuclear fuel appeared 

over 30 years ago [1], research programs were until recently mainly focused on conceptual 

studies. With the consensus that has appeared during the last few years of the necessity of 

applying. fast neutron spectrum systems for achieving sufficient transmutation efficiency [2-5], 

more attention has to be paid to material's analysis and radiation damage issues. 

High burn-up fractions are necessary for obtaining small secondary waste streams m the 

reprocessing of the high level waste. As the burn-up level is generally limited by radiation damage 

of the fuel itself as well as to the cladding, additional experimental and theoretical investigations 

of the induced radiation damage are mandatory. 

It is well known that steels used as fuel cladding and duct material in liquid metal cooled reactors 

begin to swell at differing neutron spectrum dependent threshold values. Nickel based austenitic 

steels generally exhibit high swelling rates above a few tenths of standard NRT DP A, wbile 

tempered ferritic martensitic (FM) steels have shown to be very resistant to swelling up to and 

above 150 NRT DPA [6]. The chemical compatibility of certain FM-steels with a liquid 

lead/bismuth environment is well known from the long experience of the Russian submarine 

reactor park. Hence, FM-steels are now considered to be the optimwn choice for construction 

materials in waste transmutation systems, where the very fast neutron spectrum arising from 

potential use of heavy liquid metal coolants would yield high transmutation rates of both 

actinides and fission products [7]. 

It is not well established to what degree the low swelling rate in tempered ferritic martensitic 

steels is due to the inherently lower dislocation bias discussed in [8], specific bee lattice 

dislocation types [9] or high self-diffusion rates [10]. However, the progress in recoil cascade 

simulations made during the last decade has led to a deepened understanding of defect 

production in neutron irradiated metals [11-13]. Unfortunately, this understanding has not yet 

fully dissipated into the nuclear engineering community, leading to not so well founded 

statements on radiation damage issues in the literature [ 14-16]. 

In this study, an effort is made to introduce the recent land winnings in microscopic defect 

production theory into the nuclear engineering field applied to waste transmutation systems.We 

start by recapitulating important definitions and implications of modem microscopic defect 
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production theory. Then we use the data processing code NJOY [17] to calculate the available 

damage energy cross section for a ferritic martensitic-like steel as function of incident neutron 

energy. The quenched cascade de£ ect fraction for the corresponding primary recoil energy is 

calculated within the binary collision approximation (BCA) using the simulation code 

MARLOWE [18-20]. The shortcomings of the BCA model is discussed, and results of MD­

simulations are used to estimate the true fraction of surviving defects. 

5.2 Theory 

The definition of standard NRT (Norgett, Robinson & Torrens) DPA [21] is based on the 

Kinchin & Pease assumption [22] that the number of stable defects (vacancy-interstitial pairs) 

VNRT, emerging from a displacement cascade, is growing linearly with the "available damage 

energy" Edam• The available damage energy Edam is the energy of the primary knocked on atom 

energy EPKA less the energytransferred to electronic excitations [23]: 

V = 0 8 Edam 
NRT • 2E 

d 

(3) 

where the displacement energy Ed is the average energy supplied to displaced atoms ending up as 

stable interstitials. The factor 0.8 was introduced to express the influence of the scattering not 

being of hard sphere type, while the factor of 1/2 accounted for replacement collisions taking 

place. The replacement collisions takes place when atoms with energy in the interval Ect < E < 2 

Ed are put to rest at a lattice site, as a result of displacing the target atom. Ed was assumed to be 

constant for a given material, with recommended values being 30 e V for copper and 40 e V for 

iron, nickel and chromium. The NRT DPA has become the industry standard for quantifying 

radiation damage. 

However, experimental investigations in the last two decades have shown that the relationship 

between available damage energy in displacement cascade and the resulting number of stable 

defects is non•li:nRar [11]. The NRT DPA turns out to correspond more closely to the number of 

stable defects created at zero Kelvin for low energy primary recoils (where the clef ect density 

during the displacement cascade is too low for defects to interact). With increasing PK.A energy, 

defects in the displacement cascade starts to interact and recombine. In modern defect 

production theory, the quenched cascade defect fraction ( Q DF) is defined as the number of 

stable defects emerging from the cascade at zero Kelvin rrlatir.:e to the NRT DP A value [11]. 
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5.3 Results 

The simulation code MARLOWE was employed for calculating the number of stable defects for 

primary recoil energies in the range 34 e V - 40 ke V, corresponding to incident neutron energies 

in the range of 1 - 1000 ke V. Ferritic Martensitic steels originally have tetragonal body centered 

structure, but after annealing they revert to body centered cubic (6cc) structure. We employed a 

model material having bee structure with Fe and Cr atoms situated on random lattice sites. The 

MARLOWE code generated the collision cascades in static single crystals for Fe and Cr. In 

addition, collision cascades where also generated for the 90%Fe~10%Cr alloy. The bee lattice 

constant of Fe was 0.2866 nm, 0.288 nm in Cr and 0.287 nm in the model steel. The projectiles 

were followed until their kinetic energy fell below (Ee) 5 e V in both materials. It is well known 

that atoms are bound in solids with energies above 5 e V. Therefore, it can be expected that in 

order to displace an atom within the solid, energy exceeding 5 e V is required. The thermal 

displacements of the lattice atoms where considered by employing a Debye temperature for Fe of 

462K. 

Since MARLOWE does not take into account neither collective effects nor local melting of the 

lattice, the code will overestimate the actual defect production for recoil energies above 1 ke V. 

Hence we will use the results of MD-simulations instead of MARLOWE's BCA ma:lel for our 

purposes. We define the defect production cross section, CTdef, as follows: 

VNRT 
O'DEF =O'dam --1] 

Edam 

(4) 

where 11 is the 'cascade efficiency', defined as 11 ::: QDF [11,13]. Using values of 11 from reference 

[13] for pure iron, figure 3 displays the resulting crdef as a function of incident neutron energy. 



13 

300 .------------------------------, 
Defect Production Cross Section [b] 

250 

200 

150 

100 

Neutron Energy [keV] 

200 300 400 500 600 700 800 900 1000 

Figure 3. The defrxt jJYCXlucti.an, cross soctian wrsus neutron energy calaJaud using the NJO Y cale. 

5.4 Conclusions 

Irradiation damage related to fission neutrons in high power heavy metal cooled reactors will 

severely limit the life-time of the construction material and must be carefully modeled. In the 

presented study, the energy available for lattice displacements in cladding materials was calculated 

with NJOY, as a function of incident neutron energy. Quenched cascade defect fractions were 

calculated within the binary collision approximation using the simulation code MARLOWE in 

the energy range 1-1000 ke V. The fraction of lattice clef ects surviving correlated recombination 

was then estimated using results of recent molecular dynamics simulations. Because MARLOWE 

does not take into account collective effects nor local melting of the lattice, the results of MD­

simulations was also used in order to calculate the defect production cross section. Also, 

comparisons with standard NRT DPA values show that the latter should be used with 

considerable caution in the description of defect production in fast neutron spectra. 
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Fission neutron induced defect production in heavy metal cooled reactors 

Abstract 

Charlotta Sanders and Jan Wallenius 
Department of Nuclear & Reactor Physics 

Royal Institute of Technology 
Stockholm, Sweden 

The highly energetic neutron spectrum that is required for an effective transmutation of actinides 
and fission products places special demands on cladding and construction material. The average 
neutron elastic collision energy in a heavy metal cooled reactor core suitable for transmutation 
may be as high as 400 - 500 ke V, which is about three times higher than the typical value for a 
sodium cooled reactor. In the present study, the energy available for lattice displacements in 
cladding materials was calculated with NJOY as a function of incident neutron energy. Quenched 
cascade defect fractions were calculated within the binary collision approximation using the 
simulation code Nf..A.RLOWE in the primary recoil energy range 0.03 - 30 ke V. Comparison with 
experiment and recent molecular dynamics simulations showed that Nf..A.RLOWE is inadequate 
for recoil energies above 1 keV. Hence, the number of surviving lattice defects was estimated 
using molecular dynamics predictions. Comparison with standard NRT DP A values for annual 
defect production in the cladding material of a lead/bismuth cooled sub-critical core shows that 
the concept of NRT DP A should be used with considerable caution. Consequently, experimental 
data on defect production in sodium cooled reactors cannot be trivially scaled to heavy metal 
cooled systems using ratios of NRT DP A, as has been customary in previously published works. 

Keywords: Defect Production, Radiation Damage, Fast Spectrum, Nuclear Waste Transmutation 



Introduction 

While ideas of transmuting long-lived radiotoxic isotopes present in spent nuclear fuel appeared 
over 30 years ago [1], research programs were until recently mainly focused on conceptual 
studies. With the consensus that has appeared during the last few years of the necessity of 
applying fast neutron spectrum systems for achieving sufficient transmutation efficiency [2-5], 
more attention has to be paid to material's analysis and radiation damage issues. 

High bum-up fractions are necessary for obtaining small secondary waste streams in the 
reprocessing of the high level waste. As the bum-up level is generally limited by radiation damage 
of the fuel itself as well as to the cladding, additional experimental and theoretical investigations 
of the induced radiation damage are mandatory. 

It is well known that steels used as fuel cladding and duct material in liquid metal cooled reactors 
begin to swell at differing neutron spectrum dependent threshold values. Nickel based austenitic 
steels generally exhibit high swelling rates above a few tenths of standard NRT DP A, while 
tempered ferritic martensitic (FNI.) steels have shown to be very resistant to swelling up to and 
above 150 NRT DPA [6]. The chemical compatibility of certain FM-steels with a liquid 
lead/bismuth environment is well known from the long experience of the Russian submarine 
reactor park. Hence, FM-steels are now considered to be the optimum choice for construction 
materials in waste transmutation systems, where the very fast neutron spectrum arising from 
potential use of heavy liquid metal coolants would yield high transmutation rates of both 
acti.nides and fission products [7]. 

It is not well established to what degree the low swelling rate in tempered ferritic martensitic 
is due to the inherently lower dislocation bias discussed in [8], specific bee lattice 

dislocation types [9] or high self-diffusion rates [10]. However, the progress in recoil cascade 
simulations made during the last decade has led to a deepened understanding defect 
production in neutron irradiated metals [11-13]. Unfortunately, this understanding has not yet 
fully dissipated into the nuclear engineering community, leading to not so well founded 
statements on radiation damage issues in the literature [14-16]. 

In the present paper, we make an effort to introduce the recent land winning; in microscopic 
defect production theory into the nuclear engineering field applied to waste transmutation 
systems. This will be important in view of the fact that the magnitude of the surviving defect 
number is not growing linearly with available damage energy. That is, ratios between NRT DP A 
values for different types of neutron spectra will not give a correct picture of the ratio between 
lattice defect production in sodium and lead/bismuth cooled FM-steel cladding. First, important 
definitions and implications of modern microscopic defect production theory are recapitulated. 
Following, the data processing code NJOY [17] was used to calculate the available damage energy 
cross section for a ferritic martensitic-like steel as function of incident neutron energy. The 
quenched cascade defect fraction for the corresponding primary recoil energy is calculated within 
the binary collision approximation (BCA) using the simulation code MARLOWE [18-20]. The 
shortcoming; of the BCA model is discussed, and results of MD-simulations are used to estimate 
the true fraction of surviving defects. Finally, we fold the defect production cross with the 
neutron spectrum of a lead/bismuth cooled sub-critical waste transmutation system and relate 
the resulting defect production rate to standard NRT DPA values. 



Theory 

The definition of standard NRT (Norgett, Robinson & Torrens) DPA [21] is based on the 
Kinchin & Pease assumption [22] that the number of stable defects (vacancy-interstitial pairs) 

VNRT, emerging from a displacement cascade, is growing linearly with the "available damage 
energy" Edam· The available damage energy Ecwn is the energy of the primary knocked on atom 
energy EPKA less the energy transferred to electronic excitations [23]: 

0 8 Edam 
VNRT = · --

2£d 
(1) 

where the displacement energy is the average supplied to displaced atoms ending up as 
stable interstitials. The factor 0.8 was introduced to express the influence of the scattering not 
being of hard sphere type, while the factor of 1/2 accounted for replacement collisions taking 
place. Replacement collisions appear when atoms with energy in the interval Ed < E < 2 Ed are 
put to rest at a lattice site, as a result of displacing the target atom previously located at the site. 
Ed was assumed to be constant for a given material, with recommended values being 30 e V for 
copper and 40 eV for iron, nickel and chromium. The NRT DPA has become the industry 
standard for quantifying radiation damage. 

However, experimental investigations in the last two decades have shown that the relationship 
between available damage energy in displacement cascade and the resulting number of stable 
defects is non-Ii.near [11]. The NRT DPA turns out to correspond more closely to the number of 
stable defects created at zero Kelvin for low energy primary recoils (where the defect density 
during the displacement cascade is too low for defects to interact). With increasing PK.A energy, 
defects in the displacement cascade starts to interact and recombine. In modem defect 
production theory, the quenched cascade defect fraction (QD F) is defined as the number of 
stable defects emerging from the cascade at zero Kelvin relative to the NRT DPA value [11]. 
Molecular dynamics (MD) simulations show that QDF decreases from a value closer to one at 
low PKA-energies down to 0.2 in copper for EPKA = 14 keV and 0.35 for the same energy in 
iron [13]. 

At non-zero temperatures, thermal diffusion of vacancies and interstitials will place. The 
surviving defect fraction (SD F) is defined as the number of defects surviving correlated 
recombination of Frenkel pairs due to thermal diffusion relative to the NRT DPA value [11]. At 
temperatures typical for the outer surface of reactor claddings (400 - 900K) measurements [24] 
and MD-simulations indicate that SDF may be as low as --0.12 in copper. The calculated value in 
iron at 600K is SDF ~ 0.25 [12,13]. Note that SDF is higher in iron than in copper, leading to 
higher defect production rates at elevated temperatures in iron, in spite of its higher NRT 
displacement threshold energy. 

Void swelling rates are given by difference in absorption rate of migrating vacancies and 
interstitials at void embryos [11]. Similarly, embrittlement due to radiation hardening is given by 
the concentration of interstitial clusters acting as obstacles for the motion of dislocation loops. 
While the clustering fraction and migration rates in principle are possible to calculate, in practice 
these entities have shown to be rather elusive, especially so in alloys. Hence there is still a 
quantitative gap between the macroscopic radiation damage setting limits to bumup fractions in 
reactors on one side, and the newly extended understanding of how lattice defects are produced. 



Damage energy 

The data processing code NJOY[l 7] was used to calculate the available damage energy cross 
section for a model material approximating tempered ferritic-martensitic (F.M) steels. The model 
material consisted of 90% Fe and 10% Cr. The ENDF /B-VI neutron cross section and recoil 
spectrum library was used. In NJOY, the distribution of neutron target recoil energies is 
calculated with contributions taken into account from elastic and inelastic scattering as well as 
absorption (capture, fission). The fraction P(Ep~ of the recoil energy EPKA that is available for 
lattice damage after subtracting energy transferred to target electron excitation, is found by 
multiplying EPKA with the Robinson partitioning function [17]: 

P(E ) - EPKA E 25 V 
PKA --------------, PKA > e 

1 + Fi (3.4008 e 116 + 0.40244 e 314 + e) (2) 

P(EPKA)=0, EPKA <25eV 

where€ and FL are expressed as 

E 
E=~ 

EL 

E = 30.72 z z (Z2/3 + z213 )112 APKA + AL 
L PKAL PKA L A 

L 

0 07932 213 2 112 (A + A ) 312 
F, = • PKA L PKA L 

l (Z 2/3 + z 2/3 )3/4 A 3/2 A 1/2 
PKA L PKA L 

and the index denotes lattice nuclei. 

The available damage energy EdQ.lll for a given incident neutron energy is calculated by averaging 

over the recoil spectrum. The damage energy cross section crdam is obtained by multiplying Ec1am 
with the total cross section (sum of elastic, inelastic and absorption cross-sections) and averaging 
over the material components. Figure 1 shows for natural Fe, Cr and our model material for 
incident neutron energies up to 100 ke V. Several resonances in the elastic scattering cross section 
show up in the damage energy cross section. In figure 2, the resulting ratio of EdQ.lll to as 
function of incident neutron energy is displayed. It is seen that up to ten percent of the PK.A 
recoil energy is transferred to electron excitations at neutron energies up to 100 keV. 
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Figure 1. Damage energy cross section far incident neutron energies up to 100 ke V far chrome, iron, and ferritic 
martensitic model steel calculated with NJOY. 
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Figure 2. Ratio of available damage energy to initial recoil energy Eda,/ EPKAfar the model FM steel 



Displacement cascade 

At low energies, the interaction of a primary recoil atom with the surroundings may be described 
by the binary collision approximation, i.e., one assumes that the energy in a collision beween the 
recoil and the lattice target atom is transferred to the target atom on!J. If this energy is larger than 
the lattice binding energy (typically of the order of 5 e V) the target atom will be displaced, and one 
may talk about a displacement cascade. If the kinetic energy of the atom is within the range Ed < 
E < 2Ed where Ed is the energy required to create a stable defect, a subsequent cascade collision 
transferring energy larger than Ed will lead to the projectile stopping at the vacant lattice site 
appearing. Hence the total number of displaced atoms does not increase. 

For higher recoil energies one should take into account the possibility of collective displacements 
regions of crystal [11, 12]. By this mechanism, interstitials appear far away from the center of 

the displacement cascade, leaving vacancies behind in the displacement core. Further the 
phenomenon of "thermal spiking" must be considered, i.e. the energy transferred to lattice 
vibrations might lead to a local temperature exceeding the melting point of the solid. In this case, 
local disorder may lead to aggregation of vacancy clusters, which stabilize when cooling takes 
place. If the local temperature of the core is lower than the melting point, much less vacancy 
clustering will take place. 

The temporal evolution of the displacement cascade consists of several overlapping [11]. 
During the collisional phase, which lasts for approximately 0.1 ps, all collisions transferring energy 
> Ed occur. During the following ten picoseconds the cascade is quenched, its kinetic energy 
being dissipated in the lattice, causing rearrangement of the atoms in the cascade region. The 
displacement mix~ng factor DMF is defined as the number of lattice ... "",.,,_,.,...:...." .. ~~~.=,,....,,.""' .. "'...',..., .......... relative 
to the NRT displacement and may be as large as ,.._,100 for energetic PKA cascades. In the next 
stage, the relaxation and cascade cooling phase, annihilation, in-cascade clustering, and replacement 
events takes place. This phase lasts for about 100 ps. The number of defects surviving 
annihilation in displacement c:15:ca,:.u!s at zero Kelvin, relative to the NRT DPA value, is labeled 
quenched cascade defect fraction (QDF). Due to the above mentioned collective and thermal 
spike QD F rtar•..-c.r,,c,ac, by a factor of four when primary recoil lS from 0.1 
ke V up to 10 ke V in both fee and bee type metals [13]. 

At elevated temperatures, thermal diffusion and reduced temperature gradient between cascade 
core and surrounding lattice will result in increased recombination of defects [11]. The surviving 
fraction of defects (SDF) relative to NRT DPA is measured to be as low as 0.13 in copper at 
300K [24] and calculated to be 0.25 in iron at 600 K 

There are two kinds of recovery of migrating defects; correlated (recombination with its own 
vacancy pair) and uncorrelated (recombination with a vacancy from another Frenkel pair). SDF 
corresponds to the fraction of NRT DPA remaining after correlated recombination has takeri 
place in the cascade. SD F is, therefore, a measure of the fraction of defects that escape intra­
cascade annihilation. They may subsequently migrate and react with other defects in the matrix. 
The SDF's can be divided into isolated point defects and clustered defects. These have different 
migrating properties, and hence macroscopic damage rates (radiation hardening, void swelling) 
depend on the ratio between surviving isolated and clustered defects. 



Results 

For low recoil energies the binary collision approximation should be valid. We have employed the 
simulation code MARLOWE for calculating the number of stable defects for primary recoil 
energies in the range 0.03 - 30 ke V, corresponding to incident neutron energies in the range of 1 
- 1000 ke V. Ferritic Martensitic steels originally have tetragonal body centered structure, but after 
annealing they revert to body centered cubic (bee) structure. We employed a model material 
having bee structure with Fe and Cr atoms situated on random lattice sites. The MARLO\X'E 
code generated the collision cascades in static single crystals for Fe and Cr. In addition, collision 
cascades where also generated for the 90% Fe-10%Cr disordered alloy. The bee lattice constant 
of Fe was 0.2866 nm, 0.288 nm in Cr and 0.287 nm in the model steel. The projectiles were 
followed until their kinetic energy fell below the lattice binding energy ~ 5 e V in both materials. 
Further, 500 primaries were initially launched for each PK.A energy. Thermal displacements of 
the lattice atoms where taken into account by employing a Debye temperature for Fe of 462 K. 

In Figure 3 we show the number of stable vacancy-interstitial pairs versus neutron energy for the 
model material. Note that these figures correspond to the quenched cascade fraction (QDF) 
rather than the surviving defect fraction (SDF), since MARLOWE does not treat thermal 
diffusion. Also note that the binary collision approximation employed by MARLO\X'E will not 
be valid for recoil energies above 1 ke V, corresponding to neutron energy of 30 ke V. 

In Figure 4 the entity Q = Ed:uulv , where V is the number of distant Frenkel pairs (18], is plotted 
as a function of incident neutron energy. As seen it is only weakly dependent of energy, which is 
a sign of the inability of the BCA model to account for collective effects. Converting Q into an 
effective displacement threshold energy, we note that MARLO\X!E yields a value Ed ~ 15 e V, 
which is significantly lower than the NRT DPA value of 40 eV for iron. This is however 
consistent with molecular dynamics simulations which predict higher QDF in iron (bee-lattices) 
and in copper (fee-lattices) in spite of the NRT DP A value of v being higher for iron than for 
copper [13]. According to the standard, similar recoil energies in iron should yield 25% less 
cei~e:cts than in copper, while MD-simulations yield that the magnitude of .......... ,,.,,., .. ., in iron is 50% 
higher than in copper. 
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Figure 3. Number of vacancies produced tJ neutrons (as a function ef its energy) in a model jem'tic martensitic 
steel calculated with MARLO U7E. 
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Figure 4. Q (energy per created defect) versus incident neutron energy in the 'FM' model steel as given !?JI 
MARLOWE. 



Since MARLOWE does not take into account neither collective effects nor local melting of the 
lattice, the code will overestimate the actual defect production for recoil energies above 1 keV. 
Hence we will use the results of MD-simulations instead of MARLOWE's BCA model for our 

purposes. We define the defect production cross section, O'def, as follows: 

(J' de/ a dam SDF 
Edam 

(3) 

where S_DF is the Surviving Defect Fraction. In [13] SDF was calculated for cascades in pure iron 
at three different temperatures and recoil er-ie:r~Di~s up to 13.5 keV. We extrapolated the results for 
T = 600K by fitting the function SDF(Epr<J = a (Epr<Jb as suggested in [25]. The resulting curve 
is shown in figure 5. Figure 6 displays the resulting O'def as a function of incident neutron energy 
up to 5 Me V. As seen, the defect production cross section grows more slowly for high energies. 
This is in clear contradiction to the employment of a constant displacement threshold energy 
used in the definition of NRT DPA [21]. Even though there exists a weak PK.A energy 
dependence in NRT DP A due to the decrease of Ec1.m/EPKA , NRT DP A grows much faster with 
incident neutron energy [25]. · 
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Figure 5: The fraction of surviving defects, relative to NRT DP A, as function of primary recoil enezy;y. Filled 
circles denote results of MD-simulations {13}, and the curoe is the fit function SDF(EP~ = 0.565/ (Epr<J0
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Figure 6. Defect production cross section versus incident neutron energy. The growth as function of energy is 
significant!J smaller than that efNRT DPA. 

Defect production in sub-critical core cladding material 

We applied the detect production cross section calculated above to estimate the clef ect 
production rate in cladding material of a sub-critical lead/bismuth cooled core designed for 
transmutation of Swedish L WR spent fuel. The spallation target of th~ sub-critical system was 
assumed to consist of liquid lead/bismuth at a temperature of 600K., having a radius of 30 cm. 
The core was divided into seven cylindrical zones having different ratios of spent fuel 
transuranics (fRU) and U-238, for the manifold purpose of a) flattening the power density 
profile, b) increasing the average neutron energy in the core for better transmutation 
performance and c) flattening the defect production profile. Oxide fuel form was adopted in the 
present calculation. A proton beam power of 30 MW was assumed with a neutron yield of 25 
neutrons per proton. The TRU content was adjusted to yield a multiplication eigenvalue kA = 
0.96 in the core, corresponding to a source neutron multiplication constant ~ = 0.95. The total 
power of the system then became 1500 MWth, with an average power density of ,...,520 W /cm3

• 

The neutron flux and power densities were calculated with the continuous energy Monte Carlo 
simulation code MCNP [26]. Table 1 summarizes characteristics of the neutron flux obtained. In 
figure 7 we display the resulting annual defect production rate obtained by integrating the 
product of neutron flux and defect product cross section over energy, for comparison with NRT 
DPA expectations. It can be seen that the average neutron flux energy in the periphery of the 
core is 38% higher than in the vicinity of the target. This directly leads to higher fission to 
capture cross section ratios in the periphery, as well as a flattening out of the defect production 
profile. Note that even though the average neutron flux is a factor of two smaller in the 
periphery, the defect production rate is 0.57 of that in the target vicinity. The ratio of NRT DP A 
rates is as large as 0.61, but as we have argued throughout this paper, the faster spectrum in the 
periphery will not create as many defects as one expects from scaling NRT DP A with average 
neutron energy. As seen from figure 5, SD F is extremely sensitive to the value of primary recoil 



Zone TRU Neutron flux Power density Average neutron Fraction of flux Annual Annual 
fraction [1015 cm-2 s-1] [W/cm3] flux energy [ke V] above 500 ke V SDF*NRTDPA NRTDPA 

1 0.130 2.42 499 338 0.200 4.16 16.2 

2 0.149 2.20 505 356 0.204 3.85 15.2 

3 0.166 2.06 521 378 0.215 3.71 14.8 
4 0.185 1.93 540 401 0.228 3.60 14.5 

5 0.205 1.77 543 425 0.243 3.41 14.0 

6 0.240 1.52 541 455 0.260 3.05 12.7 
7 0.300 1.16 505 467 0.260 2.37 9.9 

Table 1: Characteristics of the 1500 MWth lead/ bismuth cooled sub.critical core investigated. 

energies in the region ErKA = 0 - 3 ke V, corresponding to incident neutron energies of O - 100 
ke V in cladding materials. In lead/bismuth cooled cores ljke the present only about 15% of the 
total defect production derives from this part of the neutron spectrum. Hence the accuracy of 
our fit to calculated defect productions may not be that critical. Note however that a large 
fraction of the neutron spectrum in a sodium cooled system will be located in this energy region. 
Therefore one may expect that defect production rates characterized by NRT DP A in materials 
irradiated with sodium moderated neutrons will not be trivially scalable to lead/bismuth cooled 
systems. It will be necessary to calculate actual surviving defect production rates, taking into 
account collective displacement, thermal diffusion and local melting effects. Further, it is likely 
that averaging over primary recoil energies before predicting neutron induced lattice damage may 
not be a good approximation, considering the relatively large impact of low energy recoils. 
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Figure 7: Defect production per atom per year in the firritic steel claddings of a 1500 MWth subcritical waste 
transmutation fuel elements. Zone 1 to 7 denote increasing enrichment as function of radius according to table 1. 
Note the vast difference in magnitude between NRT D PA per year compared to the number of surviving defects. 



Conclusions 

Irradiation damage related to fission neutrons in high power heavy metal cooled reactors will 
limit the life-time of cladding and construction material and must be carefully modeled. In the 
presented study, the energy available for lattice displacements in cladding materials was calculated 
with NJOY, as a function of incident neutron energy. Quenched cascade defect fractions were 
calculated within the binary collision approximation using the simulation code MARLO\VE in 
the primary recoil energy range 0.03 - 30 ke V. Comparison with molecular dynamics simulations 
shows that the present version of MARLOWE does not yield adequate results for primary recoil 
energies above 1 ke V. This may be explained by MARLOWE's inability to account for collective 
effects and local melting of the lattice. The results of MD-simulations were thus used in order to 
calculate clef ect production cross sections, which for recoil energies larger than a few ke V turns 
out to be a factor of four smaller than what is predicted by the standard NRT DP A model. Even 
though the standard displacement rate in the construction material of a 1500 MWth sub-critical 
lead/bismuth cooled core turns out to be about 15 NRT DPA per year, the actual defect 
production will be less than four vacancy-interstitial pairs per atom per year. Consequently, NRT 
DP A values must be used with considerable caution in the comparison of defect production in 
fast neutron spectra, especially so if any of the recoil spectra has a maximum in the vicinity of a 
few keV. 

Acknowledgments 

The authors would like to thank Kamil Tucek for help in various matters and Wadaw Gudowski for 
preparing MCNP cross section data files. This work was financially supported by Studsvik Nuclear AB 
and the Swedish Fuel and Waste Management Board (SKB). 

References 

[1] M. Steinberg, G. Watsak, B. Manowitz, Neutron Burning of Long-Lived Fission Products for Waste 
Disposal, BNL -8558, Brookhaven National Laboratory (1964). 

[2] T. Sasa et al, in Proceedings of the international conference on future nuclear systems, Global 97, 425 
(1997) 

[3] M. Salvatores et al, in Proceedings of the international conference on future nuclear systems, Global 
97, 428 (1997). 

[4] C. Rubbia, Fast Neutron Incineration in the Energy Amplifier as Alternative to Geologic Storage, 
CERN/LHC/97-01, CERN (1997). 

[5] F. Venneri et al, Disposition of Nuclear Waste Using Sub-critical Accelerator-Driven Systems, LA-UR 
98-985, Los Alamos National Laboratory (1998). 

[6] J. Boutard, Radiation Effects on Window Structural Material, proceedings of an ISTC-559 meeting in 
Obninsk (1998). 

[7] Salvatores et al, in Proceedings of the international conference on future nuclear systems, Global 97, 
561 (1997). 

[8] J .J. Sniegowski and W.G. Wolfer, Proc. Topical Conf. Ferri tic Alloys for Use in Nuclear Energy 
Technologies, Warrendale, The Metallurgical society of AIME (1984) 579. 



[9] E.A Little et al, Proc. Roy. Soc., London A372, 565 (1980). 

[10] G.R. Odette,]. Nucl. Mater. 155-157, 921-927 (1988) 

[11] S.J. Zinkle and B.N. Singh,). Nucl. Mater. 199 (1993) 173. 

[12] A.F. Calder and DJ Bacon,). Nucl. Mater. 207 (1993) 25. 

[13] W.J. Phythian et al.,J. Nucl. Mater.223 (1995) 245. 

[14] M.S. Wechsler, Lin and W.F. Sommer, in AIP proceedings 346, eds. E. Arthur, A. Rodriguez, S. 
Schriber (1995) 466. 

[15] C. Rubbia et al, in Accelerator Driven Systems, Editor W. Gudowski, IAEA-TECDOC-985, IAEA 
(1997). 

[16] H. Takahashita and H. Takahashi, Nucl. Inst. Meth. A 399 (1997) 421. 

[17] The NJOY nuclear data processing system, version 91, LA-12740-M. Editors RE. Macfarlane and 
D.W. Muir, Los Alamos National Laboratory (1994). 

[18] M. Robinson, Nuc. Instr. and Meth. B67, 396, (1992). 

[19] M.T. Robinson, J. Nucl. Mater. 216, (1994) 1. 

[20] M. Robinson, user's guide to MARLOWE, version 14, Oak Ridge National Laboratory (1997). 

[21] Standard Practice for Neutron Radiation Damage by Charged Particel Irradiation, Annual book of 
ASTM standards vol 12.02, p 137, ASTM (1997). 

[22] G.H. Kinchin and R.S. Pease, Prog. in Phys.,1-51 (1964). 

[23] J. Lindhard, M. Scharff and H.E. Schiott, Kungl. Dan. Vidensk. Selsk. Mat. Fys. Medd. 33 (1963) 14. 

[24] S.J. Zinkle,J. Nucl. Mater. 155-157 (1988) 1201. 

[25) DJ. Bacon, A.F. Calder and F. Gao, Radiation 

[26] MCNP A general Monte Carlo N-Particle transport code, version 4B, LA-12625-M. Editor J.F. 
Briesmeister. Los Alamos National Laboratory (1997). 


	Abstract
	Table of contents
	1 Introduction
	2 Codes and data for simulation of accelerator driven sysems
	2.1 Spallation
	2.2 Nuclear data - evaluation and processing
	2.3 Radiation damage
	2.4 Fission product yield
	2.5 Burnup

	3 Investigation of spallation target properties
	4 System studies
	4.1 Neutron economy
	4.2 Neutronics
	4.3 Fuel types

	5 Accelerator rliability studies
	6 Seminars and internationa collaboration: visits to KTH and project foreign travels
	7 Graduate course in transmutation
	8 Project milestones
	9 References
	Appendix 1
	Appendix 2
	Appendix 3
	Appendix 4
	Appendix 5



