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USE OF THL LAMPF ACCELERATOR AS A FUSION MATERIALS-RADIATION EFFECTS FACILITY®
¥alter F, Sommer,+ Lubomyra N, Kmetyk,++ Walter ¥V, Green,+++ Robert Danjanovich,+

+Los Al amos National Laporatory, Los Alamos, New Mexico .
++Sandia National Laboratory, Albuguerque, New M:xico
++ IR, Switrerland

Materials for fusion applications will be subjected to radiation that produces larye

smounts of transmutation product gases such H and He, as well as others, Theie yasedus

products can have a marked influence on material ~echanical rro rties 45 they attect
calcu

the microstructu; al evolution of the material. Previous

ations by others have

shown that the 800 MeV proton beam at the Cl inton P, Anderson Los Al amos Meson Pnysics
Facility (LAMPF) will produce gaseous transmutation products 1n anounts pedr thuse
expected 1n the fusion environment, This report will survey the LAW" facility fryn
the standjpoint of experiment design, temperature control, availanle ex;erimental volaw

and avarlatle beam time. (alculations have

been mede that predict thatl attaeinal.le

displacement rates at specific available target stations at LAMPE. Results for o, My,

A and stainless steel will be rejorted.

1. IRTRWITIION

Dedicated radiedion sources for fusion materials
1rradiation Studies, o:her than the possib’e
excestion of the Intense i'ulsed Neutron Source
{(1PNS), have been planned but, for tne most
Irart, have nut reached an operational atatle.
tost, com lexity and f.,nenu1al priority have
all, seevingly, |laye! their part 1n Slowing
progress on facilities swh as tne Intense
Meulron Sourte (INS;. In wview ot the laree
captal reyuired for (ountrallec Tnerawwnx lesr
Keactur (i Ix; systess, amd even Lhieir
denonstration  prutulyees, the need for g
com le!r edrly uncerstanding of matertals
respnnse Ui the high eneryy nedtrun speitra of
these .nachines 15 sel f-evigent.

It has Deen show |1] that medium enerygy proton
sources Ssuch as the (linton P, Anderson Los
Al amos Meson Physics Racility (LAMPY) can be
considered as a simulat*yn cnurce  for
fusion-materials-i1rradiatior studies, Recoy-
niz1hg this and the prezent miture state of
LAMF we have p.rsued uze of ths facility and
have perfarmed cticelational studies aimed ot
determintny 1ts  feasitnility and utilaty,
Additionally, w have recently concluded an
exj:er'ment [ 2] at LAMPI that determined that
ultra-high-purity aluminum material subjected to
roncurrent lvelw  stress and  mediun-eneryy
proton bumbardment shuwed lower void formation
than n 1dent ical material that ws
sunultaneously subjected to Lthe same 1rradiation
history, but was under nu applied siress. The
conditiohs of concurrent cycl'c stress and
radiation are nherent 1n advanced eneryy source
desiyns such 'Y magnetical ly- and
inertiatly-confined L IR system; this exjeriment
marky the first use of LAWY for fusion
materials studies,

"Re search supprrted by the U.5., Departiment of
Ineryy.

2, NP ICATION OF Moo M ENkka? e, 0. ..
FJSIJN MATLR'ALS- [RRAGIATION STouico

L'l accelerates protons to sU0 Mes. AL this
eneryy, in addition to larye naupers of ato-ne
dis; lacemen’s, cojluus e¢udunty of tramsi.tall ¢
prouucts are formed. L 1J This 15 alse the cese
for the 14 Med neulron SpecLry: I1n o in $y5ie s,
Gascous products such as M, o5 well az olners,
have been the Sudbjectt of ndierouy Stuwdies sineye
they dave believed to D¢ res,ums:itle to
staprl121ny void emdryos. In date, g ur w.re
1 this area has regired cod luate: ot
expensive tw-besn 1rradiativng, Fisa: -
heutrun 1rradiatinn studies, altheu? uwsctal tor
4 basit umigrstanding of radiation efftecis, <.
hot simulate the nternal gas  gJenersi i
inherent 17 1 sysiean. LAY |ruvides a4 a.re
direc: sumlation using Just a Single 1en,

The HJU Me/ proton "over sumlates” tne 4 Yo
fieytron cdse 1n the anpunt of transtuted yused..
products; direct simulation 13 not yossitle bul
acculerated experments are. lor eaayle, lue
work of (oulter, Parkin and wreen [1]) calialates
that LAM'I produces lUx more He than the s “i,
case, for an 1dentical umit of danare.

Since the proton source 1% a4 chargel-;ariicle
hean, the Dunlidrding suecies can be enirolied
and directed by Stecring magnets suin tnal only
the subject material 15 Rigaly 1rradiaied.
Thus, periphal equipment used for ea,erument
control and ddta acquisition, such as momturs
‘or load and strain, arv not afficled Ly tue
radration and can be madr reliable and sy le.
Additonally, "hands on® servicim, ot tue
experimental hardware 15 possible becaure only
the relatively smal: amuunt of san)l¢ matertal
15 1irratiated. These facts invite Lonsideration
of more comylicated in-Situ experinents that
have previously been difficult or imwssivle.
tor exampla, lMeertsan and Green |J] have
recently ident1fied one Such experinent 1n which




they propose to Study fatigue-crack growth as a
function of dose rate, This experunent will be
possible because the proton beam can be directed
to impirge on only the samle; enlongation
measurements can be made reliably, i7-si1tu, and
close to the specimen.

Additionally, the proton bea: can be directed
into sizable experimental volumes. Tnis allows
use of generous amounts of Subsidiary equipnent
for experiment control and momtor. Relative to
the core of a fission test reactor and most of
the proposed experumrtal areas in intense
neutron sources. this sizable volume 15 seen as
a large advan!age. A scheratic laysut of one of
the ex;cerimenia’l areas at LAMF 15 shown n
Figure 1. Here 4 usable exyerimenial voluse of
gredter thaen 0.5 =4 1y availanle.
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FIGURL 2: Samji.e drranygement 1n the LAM'] bean

Q00 Me¥Y prolons  can  penetrate  substantial
thicknesses of material; eneryy loss Is only 5.0
MeV/cm 1n aluninun. The requirement of

GAUSSIAN BEAM PROFILE

extremely thin sections ana the pussibility st
ambiquous Ssurface effects inherent tu any
heavy-ion irradiation studies are eilinnated.
Additionally, multiple sawples may be easSily
irradiated simuitaneously Dy Stacking tne
material along tne beamline, Makiny maxif use
of dccelerator beam time. Yet anotner advartauv
of tne mygh penetratiny power of BUU Mev pruluns
can be seen Dby noting Figyure ¢. tor tuis
experimant, (2] it wds necessary tha' tne tw.
forls have an 1dentical 1rradidiion mstlury.
The fo11s were mecnanically al1gned so tha! they
wuuld both be 1n an 1dentical pasition 1 thne
Gaussian-1ntensity-profile LAME Dea .
Calculations [4] 1ndicated thdl Lty iv
scattering ettects 1n tre leaaing forl woold wat
alter the flux at the  sewund  fu:r,
Pust-irradiation  radiochemstiry dnalysts (4,
confirmed tne calculation Iy assarec that tne
ditferential comarisun tha” we  Suuyst  wel
meamingful, bLoin  Saif; 1€s received 1GenliQai
doses.

3. DLIALLYS Ub LAM'YY LAPLRIKLG Jebiae
3.1 LAM* pean Prufile and hme straciure

lThe (AM'E beas oretile 15 essenttally ua-uutar
1n Intensity. Its time structure s alacs
(Usd ms  palses At 12u M2, 3.33 M5 Lelwer
lrulses) . fhese  parantuers were d;, Lled L,
talculations on  poiat-defect  kineiies  on
affectes by radidtion  Induted  te g, erai.r
o c1llatiuns. e results o1 these caloulaitonag
are sanrurized brlow.

3.1a Linetics Lalculations

Considerable ware nas been done on point-defect
kineticas .alculations under pulsed 1rradiatiun,
The 1n1t.al work [b,7] develojed computer cudes
with the capability of accountiny tur
point-defect production  under 1rradiation,
diffusion, and anmnilation at sinks, fur botn
stedady 1rradiation and for a single pulse of
radration followed by an annealing periud. Inis
work recogiized the fact that wunder julseu
conditions, point-defect concentrations woulu
rise during the radiation Julse and tnen decay
dt & rat+ depenoent on the SI1nks 11 the
material. The pulsed systen can b wvastly
difterent fron prior experience 10 tission
studiet 1n which the radiration 15 essentially
steady state n that, tor o given net fluen.e
(total number of incident. eneryetic particles
per unit area), the pulsed system 13 subjected
to periods of 1ntense point-defect yenerdation
with an intermedidte tune for annealiny Letweren
pulses. Void gruwth is governed not only U,
total fluence Dbut alsu by puint-defect
concentrations a5 4 function of tume. lu allow
conjarison to the larye anount of fissiun datd
available, account nust by wmade of the
difference between steady-state and  pul sed
irradiation, tne later beiny the condition
fnherent  in advanceil-enerdy  system  desiygns



including magnetically- and inertially-confined
CTR systems.

Our groupr [8,9] extended the calculdtional
procedures to include the effect of multiple
pulses of radiation and also included the effect
of the nherent radiation-produced time-
dependent temerature. This work was imitiated
first in an effort to unaerstand the effects of
pulsed irradiatijn since an eventual comparison
of our LAMPF results to availlable data under
steady irradiation was desired. Secondly, the
calculation is an aid toward the understanding
of the effects of pulsed radiation 'n (IR
systems. The results of our calculations are
sunmdarized 1n Figure 3., For this wors, ]00%
“on-time" 1s steacy 1rradiation, For other
‘on-timet”, the flux 1§ adjusted such the: each
pulse for each “on:ime” coniains an equal
nunber of 1aciden: Z.u Mes protons but the pulse
length 1s shorter. It 1s zeen tha: the rale for
steady state and k% on=21me, whizn 1y the LAMI
CaSt, are very nearly the saw aller Ju,00u
pulses of radiation.
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FIGURL 3: Te calculated effect of pulse
intensity on void grueth 10 a°uminun, The
figure Is from Ref, [9]. The flux f{o- thiy
calculation was 2 x 1(** protons/m*s.

Only when the pulse 15 very 1ntense, 0.1%
“on-time”, does the rate become significantly
different; this work concluded that this effect
could be explawned by the large radiation
pruduced temjierature Jwlse caused Ly the 1ntensc
U.12 radlation pulse and 1ts direct effect on
point-defect diftusiviry, In  sumwry, our
calculatiuns cuncluded that the qwlsed nature of
LAM'I would not significantly alter the kincinrs
of void growth relative to Steady irradiation
and thus a comrarison of our results to steady
irradiation data wuld be possible.

3.1b Temperature Calculations

tor this calculatiun, [10] 1t was assumed tnat

the temperature would renitn fixed 4t the
surface of the foil and at a radwus, a, 3¢
(where o is ore standard deviation of a Gaussian
beam) from the center, This  “ampieni®
temperature in reality 15 the-temperature of the
coolant plus a small film gradient. Tmis
assuaption is realistic becouse 1n practice
covlant flow rate can be adjusted tu a value
where the heat-transfer film coefficren. 1§
large enough .o keep the temperature yradient
(fo1l surface to coolant] at less than ] .. Ine
calculation reguired a solution to  the
two-dimensional time-dependent heat cunduCily,
eyudtion 1n cylindrical coorginaten:
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where s 1S the therwal diftasitivii,, 1 otn
tew-eratare, L the i, r the radles, 2 tu
Increichial thickness alony a, ! t ne
cunductivity and 3 tne heol Lt fru. inge
1ncident oy Mev proton.  Siace the ;roie 1ia
for the LAM1 beuw 1S LausSstan 10 protile, e
Curreny cait be desrridel a.

Hr.z,t) » 1(%) ex; {- ;: .
(%)

where  Jor,zot) 15 the cutrett, v ‘s a
Chardiier st grieay e paua? to s, .-.‘.m.: R

aLcuuntls for the ulsed sirutture o the on%t
bed given by

U turt <d

I{t) = §i,., ftormt ~ U o LI

¢
U foraie * 1 vt s (w00},

where - Uy 1, ¢4 o Sthe yulse naser),
the beas pulse “on-lime®, 1 the T bdeiweed
pulses, l/idis tur LAMG, lu 15 tne total
current, given b

n,/at n|_/ "
N e e ol
S dwrenp (- r'/r\',)dr v

G
where n 18 the tutal namber of protons e g

Iruise u" duration at.  Also, tne neat anet, o,
15 given by

a N .I' A
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where 1~ 13 the energy loss per proton per unit
'enyth,



The heat flow equation was solved {10] and used
to calculate bean "= Liny maynitudas for various
beam current densities at LAMF where, 1n

principle, radiation erfects studies could be
performed, The results are SsSummarized 1n
Figure 4. Presented here are temperature rises

after a 0.5 ms LAMF pulse of ] mA fur the most
heavily irradiated area at the toi1l center line,
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FIGURL 4: Maximu= cdalculated lem,.erature rise 1n
an aluminu. metal target as a funclion of proton
flun and asam; le tmckness (t). e figure 1
taken frun Ref, t2] and snowe the relatiun
beilween tesyrerdtur: rise, Sdam le thickness and
flux, at the end uf tne pal se,

In  addition to the reguirement that the
tewerature rise duriny a LAM'I pulsce be small,
the material wmust return to "ambient” or coulant
temperature prior tu the arrival of the next
pulse (7.8 ms later) or a gradual rise 1n
temperature will occur with time and vary witn
beam current, This temperature rise 1S not
acceptable if temperature control 15 required.
Additional calculations were done, based on the
equations described above, to determine tne
sami:1e temperature both at the end of the pulse
and just before the arrival of the next pulse;
the coolant flow s maintained and thus heat i3
continually being transferived. These results
are shiown 1n Figure 5. The bottom li1ne an this
plot i3 the temerature rise at the end of a
cooliny peripg, Just before the arrival of a
lulse, for aluminum sanples with a thickness
less than 0.5 ma At this thickness the sample
will reach the coolant temperature before the
arrival of the nert radiation pulse. towever,
for a thickness of | mm and flux greater than
1 x 1041, the sample does not return to cuclant
temperature prior tuo the arrival of the next
pulse.  Under these conditions, the samle
temperature will gradually rise with each pulse.
These conditions, however, are dermed
unacceptable when teaperature control 1S
necessary.
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FIGURL 5: (alculated temerasiuvre risc 1,
alunnay metal forls  under Buu e prito
1rrad:ation as a funciiun of flux and thice vag,

tms plot gives the temaerdlure of the il
7.e s after the radiation pulse, yust wifure
the arriial of tne next pulse. Ihe figure s
froa Ref, 3.

J. ¢ Attarnable Drsplacesent rates

Beasr spot  S1zes  vary throaghoual  tie  onle

fauil -ty along the ;rimary pedsline (oane n,,
where prolun current 18 tymcally Llu-uvdd .
Uur 1nitial stuay considered locations at tme
vdrigus tarjet drea I Line A whefe,  Ih
rrinci;le, dccess tu tne bedn mignl be dachiteseds
Beaw spot Ss.2es vary fros J.ld tu L.0 0. O
drameler (fwii of the Ldussiean Dea.w in
practice, pnysical access 15 available 1n Lange it
only vt Targe! Statiyn at A-o, near the tinal
bean Stop. HMHerv the proton beam 15 large; Fart
15 abnut 5.0 cm. Al though higher displace:nen:
rates can be achieved at other stalions, uur
study 1ndicates that tem:erdture control Detunns
difticult at the current densities at these
stations., At A-t, the 1nstantancous proton flux
during a 0.5 ms LAMPI pulse 1s about ¢ : lu*"”
protons-m™ =8~ ',  Stuay of liyure /¢ 1ndicaics
that for ¢lumnun, even at a thickness of 1 i,
tne resultant peak temperature !i <l1'L, Iniy
proton curren., however, ledads tu an ap;wec:ale
atomec displacenent rate, oS Shown below.

Using the ‘hreshold displdcement enery, 1,
determined ty Mtchell et al., {11} L“t'
displacescnt-eneryy cross section o, colculair’
fur 800 Mev protuns by 'oulter et al., L1} 1vum
extended to iInclude aluminun, Jul stainlesy
steel, molybdenun, and tunysten and the modifice
Kinchin-l'east fonmla, w have calculated tne
dpa rates for the various LAMPE bedan spot sidus
at & current of 1000 A, Ihe results are stuwn
1n Higure b,



FIGURL ¢: Displacenerni rates 1n the LAM'F proton
bean a a current of 103U uh.

For 30) stainless steel, this disylacement rate
translates to a damage level of 2 djda 1n @
nine-weck LAM'Y run cycle dt target siation A-b
for a Hu) A beau

A low-current target station (10 wA maximun) 1§
avallable n Area b. This station has been
tuand te be cxcellent for short,
hignly-controlled experiunents tha:t do nol
regsire hign dose or fluence. Aoditionally,
accesy 1S now avarlable to a4 neutron flux of
~1y*- 101 neutrons cm*-s through & “stringer”
system that places speciunens under the beam stol
at targut station A-t.

3.3 Proposals to LAM't

All pruposals for iesearch at LAM'I are
submitted to the Director of LAM'F, Los Alanos
National Laboritory, PU Box 1663, Los Alamos,
NM, 8/545% (oyres of tne standard format and
submttal 1nstructions can be obtained fron the
LAM'l Users Uffice, Ma1l Stopr 830, PO Box leud,
Lns Al amos, NM, H7545.

4. CONCLUSTUNS

d. LAM' 15 a uwsetul taul fur fusion-materials
radiation-eltects studies.

b, Matlable dpa rates are high enough to
perfure  accelrrated ex;eriuents and beam
heating 1s at ¢ level where tewgierature

currtrul can be achieved.
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