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USE OF THE LAMPF ACCELERATOR AS A FUSION MATERIALS-RADIATION LFFECTS FACILITY*
Malter F. Sommer,+ Lubomyra N. Kmetyk,++ Walter V. Green,+++ Robert Damjanovich,+

+Los Alamos National Laporatory, Los Alamos, New Mexico -
++Sandis National Laboratory, Albuquerque, New M:xico
+++E IR, Switzerland

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

smounts of transmutation product geses such H and He, as well as others. Theie yasesus

products can have a marked influence on material ~sechanical rro rties 45 they attect
cu

the microstructu: al evolution of the material. Previous Cé

ations by others have

shown that the 800 MeV proton beam at the Clinton P. Anderson Los Al amos Meson Pnysics
Facility (LAMPF) will produce gaseous transmutation produclts In anounils pedr thuse
expected 1n the fusion enviromment. This report will survey the LAWY facility fryn
the standjpoint of experiment design, temperature control, avallanle ex;erimental volaw

and availatle bean time. f(alculations have

been mede that predicl that allatnal.ie

displacement retes at specific available target stations at LAMPE. Kesulls for =, M,

Al and stainless steel will be reported.

1. IRTRWZTIION

Dedicated radieiion sources for fusion materials
1rradration studies, other than the possib’e
enception of the Intense Pulsed Neutron Source
{1PN>), have been planned but, for the most
parl, have not reached on opdretional atale.
Lost, comlexity and t.ngniial priority haee
411, seemingly, played their part in slowing
prugress on facihities swth ds tnae Intense
Meulron Source (INS;. In view of the large
capital regutred for (ontrallec Tnerawnxlear
Keactor (. Ix; syste=s, and evin their
deamnstrelion  prutulyses, the need for ¢
cox letv eurly understianding of materials
response o the Migh eneryy nedtrun spsitrg of
these .nachines 15 self-gvident,

It has Deen show= |1] that medirum eneryy proton
sources Such 4% the (linton P, Andersuon Los
Al amos Meson Pnysics Facility (LAMPE) can be
considered 4% a S1mulat'yn cnurce fur
fusion-materials-trradiatior studies. Recoy-
nizing this 4nd the prezent miture state of
LAMF we have p.rsued use of thisy facility and
have perfarmed celcridtional studies aimed at
determnming 1ts  feasiility and utibaty.
Additionally, wr have recently concluded an
eaper'ment [ 2] at LAMl that determined that
ultra-high-purity aluminum matertal subjected Lo
concurrent  Iwelwe  stress and  medvun-eneryy
protun bumbhardment shuwed lower void formation
than n vdentical materidl that ws
simultaneously subjected to the same 1rradiation
history, but was under no applied siress. The
conditions of concurrent cycl'c stress and
radiation are Inherent 1n advanced eneryy source
desiyny such 'Y magnetically- and
fnertially-confined C TR systems; this eaperiment
marky the first use of LA for fusion
materials studies,

"Re search supperted by the U.d. Departiment of
tneryy.
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FJSIJN MATERTALS- IRRAGIATION 3Tiu,to

LWl accelerates protons to BUU Mud. AL Lhis
eneryy, in adaition to larye naupers of atu e
dis; lecements, €ojluus eudunty of trans-.tuil o
products are formed. L1J This 15 glse Lhwe can
for the 14 Med neulron Spectrys 1N o in Systic .
Gascouus products Such a3 M, «% well 4y olners,
have been the Sudjecl of nNUueroud Studivd sine
they eve bDelleved to be  res,unsitie  tor
stapi1liziny vold emdryos. o dale, Hajur e.’s
i this area has reguired coig licele: oo
eapensive  tw-besn rradiativig. Frs,: me
neutrun 1rradiatinn studies, dlthouel wsetul ftov
d basit umigrstending of radiation eftecils, oo
not simulate the Internal gQas  guerarells’
tnherent 1n CT systean. LAWY jruvides 9 acre
direct sunlation using Just @ Single 1o

The HJU Me/ proton "over simuldtes” the i+ o
fieytron case 1n the anpunt of transtuted yuseda,
products; direct si1mlation 1% not poussitle bat
accylerated experimenls are. flor eaayle, the
work of (oulter, Parkin and Green [1] calialates
thet LAM'} produces lUx more He than the ls ‘v,
case, for an wdentical unmit of dandte.

Since the proton source 1% 4 charged-jariicle
hean, the DuRbidrding svectes can be wonirylied
and directed by stecring maygnets suun Lhat only
the subject material 15 nhignly 1rradiated.
Thus, periphal equipment used for e, erument
cuntrol and data acquisition, such a3 monilury
‘or load and strain, are ndt affsicled Ly tne
radiation and can be made reliable and sy le.
Mdllllmd“{. “"hanmds on" servicing of the
experimental hardware 135 possible because only
the relatively smal: amuunt of sanple material
ts irraiated. These facts ‘nvite tonsideration
of more complitated 1n-Situ experinents that
have previously been difficult or imossiwvle.
tor exampla, Weertsan and Green [3] have
recently tdentified one Such eaperient In 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 sample; enlongation
measurements can be made reliably, i17-s1tu, and
close to the specimen.

Additionally, the proton bean can be directed
into sizable experimental volumes. Tnis allows
use of generous amounts of subsidiary equipnent
for experiment control and monitor. Relative to
the core of a fission test reactor and most of
the proposed experumrtsl areas 1in 1intense
neuiron sources. this sizable volume 15 seen as
2 large odvantage. A scheratic layout of one of
the ex;erinmenial areas at LAMF 1S shown 1n
Figure l. Here ¢ usable experimental voluae of
greater than 0.5 =4 1y availanle.
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FIGURL 2: Sampie arranygement i1n the LA bean

000 Me¥ protons cen  penetrate  substantial
thicknesses ot material; eneryy loss is only 4.0
MeV/cm 1n aluminun. The requitrement of

GAUSSIAN BEAM PROFILE

extremely thin sections ana the pussibtlity st
ambiguous Surface effects inherenl to aany
hedvy-ion 1irradiation studles are €ililhaled.
Additionally, multyple semples mo; bDe easily
irradiated simuitaneously Dy Statking the
material along the beamline, Making maxlm. use
of dccelerator beam time. Yet another advarntlaut
of the nigh penetratiny power of BUU Mev prutuns
can be seen Dy noting Fiyure ¢.  For this
experimant, [2] it wds necessary that tne twy
foils have an 1dentical 1rradidtion nNistury.
The fo1ls were inecnanically aligned so thnal tney
wuuld both be I1n an 1dentical pasitign in tne
Gaussian-1ntensily-protfile L AMPH Dea n
Calculations (4] 1ndicdted thdal i, dv
scattering effects 1n the leading forl would nat
alter the  flux at the  sewund  fuil.
Pust-irradiation  rediochemsiry dnalysiu (%,
confirmed the calzulailion and assarec thal tnc
ditferential comartsun tna® we  Suaytl o wel
meaningful, Luln  sail; les received 1ge-liui
doses.

3. DLTAILS UF LAMYI LAPLRIRLYT Urbian
3.1 LAl pean Prufile and Iime struclure

The (AM'E bedas refile 18 essentially wauubiat
1n Intensity. Its  time structure s palsed
(Uen 5 pulses At ldv Mz, 5,35 mS  Lelwev
pulses). lhese pardaelers were d;, lled 1y
talculations on  point-detect  kineides  os
aftected by radidlton  Induced  te oy, eriiurg
0 Jilldations.  The results ot these calculatliatia
are suriarized below.

3.1a hinetics Lalculations

Considerable wure has been done on point-defelt
kinetics .alculationy under pulsed 1rradidtiut,
The 1nit.d]l work [b,7] developed computer codes
with the capability ot accountiny  fur
point-defect  production under Irradietion,
diffusion, and anminilation at sinks, fur both
steady rragiation and tor a single pulse ot
radiration followed by an annealing periuvd. Inis
work recugitze¢ the fact that under julsed
conditions, point-defect concentrationy woulu
rise during the radiation pulse and then decay
dt & rdal~ depenoent on the stnky  In e
material. The pulsed systen can be  vastly
difterent fron prior eaperience 1In  fisston
studtet 1n which the radiation 135 essentiglly
steady state n that, for a given net tluene
(total number of incident eneryetic porticles
per unil area), the pulsed system 15 sSubjectled
Lo periods of ntense point-detect yeneration
with an internedidte twune for annedliny belween
pulses. Void gruwth Is gyoverned not only U,
total fluence but also by puint-defect
concentrations as ¢ function of time. lu dlluw
conparison to the larye snount of fisyicn datd
avatlable, account nust be made ot  the
difference between stesdy-state dand  pulsed
frradiation, tne later Dbetny Lhe condition
fnherent in  advanced-cnergy  system  desiyny



including magnetically- and inertially-confined
CTR systems.

Our group [B8,9] extended the calculational
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 initiated
first in an efforl to unaerstand the effects of
pulsed irradiatiin since an eventudl Comparison
of our LAMPF resulls to avallable data under
steady irradiation was desired. Secondly, the
calculation is an aid towdard the understanding
of the effects ot pulsed radration n (TR
systems. The results of our cdlculations are
summarized 1n Figure 3, For this work, 100%
"omtime" 15 sleacdy 1rradiation. For other
on-timet”, the flua 15 adjusted such thet each
pulse for each "on®ime" couniains dn equal
nunber of inciden: .00 Mes protens but the pulse
lTengih 15 shorter. It 1s zeen thal the rate for
steady state and k% on21me, whizh 1s the LAM
CaSt, are very nedrly the saw after 3o, 00U
palses of radration.
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FIGURL 3: Te calculated effect of pulse
intensity on void grueth 10 a'uminunm, The
figure s from Ref. [9]). The flux {» this
calculation was 2 x 10“* protons/m*s.

Only when the pulsc 15 very intense, 0.1%
“on-time", does the rate become significantly
different; this work concluded that this effect
could be explained by the large radiatron-
produced temperature pulse caused by the intense
0,11 radiation pulse and 1ts direct effect on
point-defect diftusivity, In  sunmary, our
calculatigns cunrluded that the pul sed nature of
LAMM wouly not siygnificantly alter the kincoirs
of void growth relative to steady trradiation
and thus a comgrison of our results to sleady
frradiation date wuld be possible.

3.1b Temperature Calculations

for this calculation, [10] 1t was assumed tnat

the temperature would renain fixed 4t the
surface of the forl and at a redius, a, 3c
(where o 1s ore standard deviation of a Gaussian
beam) fron the center. This “ampient"
temperature in reality 15 the-temperature of the
coolant plus a small fi1lm gradient. This
assuaption is realistic because 1n practice
coolant flow rate can be adjusted tu a value
where the heat-transfer film coefticient 1s
large enough .0 keep the temperdature yradient
(forl surface to coolantj at less than ] . Tne
calculation reguired a solution tu  the
two-dimensional time-dependent heat cornduCiii,
eyudilon n cylindrical coordindLes:

where = 1S the therwa! diftusitivii., 1 tne
ten-eratare, L the time, r the radlea, 2 v
1ncreiental thickness along a, ) U Nv
conductivily and g the PReul 1mjot fru. ng
1ncident oGV Mev proton.  Singe the jroiort taan
for the LAM} beun 15 Sautstan 1n profitle, e
Current Cdh be desrridel a.

Hrozit) = 100 ex; (- =2 o
L

where  Jor,z,t) 15 e  Cutrett, r ‘s @
Chardller s, grvens on pual Lo vt .-.\u'h: L,
dieounls for the pulses strutiufe 0! the cn'%:
bedn grven by

v tur t <

I(v) =i for mi ~ t o e

¢
U forain v 1 vl s { »,)1},

where o« Uy 1, ¢4 « & o(Uhe ,ulse namber), 1
the beds pulse “un-taime™, 1 the tume Delwee
pulses, 1/i2in tur LAMY, ln 1y the total
current, glven b,

n./a n'_/ ol
R e B ol
;. 2wrexp (- r-/r"‘)dr v

[¢]

where n 18 the tutal nanber of protons ir g
pruise u‘ duration at.  Also, tne neat angat, |,
Vs given by

n /A .
Q- L'.r_.. ep (- —)
o ]

L
where « 13 the eneryy loss per protoun per unit
‘enyth,



The heat flow eqiation was solved {10] and used
to calculate bear. "= . iny maynitudas for various
beam current densities at LAMPF where, 1n

principle, radiation evfects studies could be
performed. The results dare summarized 1n
Figure 4. Presented here are temperature rises

after a 0.5 ms LAMPF pulse of 1 mA fur Lhe most
heavily irradiated area at the to1l center line.
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FIGURL 4: Max1mum calculated tem,erature rise In
an aluntnu. 7etal target as a function gt proton
flux and uam; le tnickness (t). e figure 1y
taken frun Ref, t¢] and snows the relation
belween lemperdtur: rise, sam le thickness and
flux, at the end uf the pulse,

In addatron to the requirement that the
tewmerature rise during o LAMI pulsc be small,
the material st return to "ambrent™ or coolant
temperature prior to the arrival of the next
pulse (7.8 ms later) or e gradual rise 1n
temperature will occur with time and vary with
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 thne
semg:1e temerature both at the end of the pulse
and just before the arrival of the next pulse;
the coolant flow ts maintained and thus heat is
continually being transferved. hese results
are shown 1n Figure 5. The bottom tinre on this
plot iz the tewperdlure rise At the end of @
cooling periog, Just before the arrival of a
pulse, for alumnum samles with a thickness
Tess than 0,5 mn At this thickness the sanple
will reach the coolant temperature before the
arrival of the nert radration pulse. towever,
for a thickness of | mm and flux greater than
1 x 1041, the sample dues not return to cuolant
temperature prior tv the arrival of the next
pulse. Under these conditions, the sample
temperature will gradually rise with each pulse.
These conditions, however, are decmed
unacceptable when teaperature control is
necessary.
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FIGURL 5: lalculated temierature risc "
alaminay metal foirls under guv mew  pritan
1rradiation 45 a4 funciiun ot tlux and thicr vas,
this plot glves the tem.erature ot Lthe tuil
7.t s atfter the radiration pulse, juil Lefore
the arrizal of the next pulse. Ihe tigure s
froa Ref, {3,.

J.¢ Attaingule Jrsplacesent rales

gear spot  s1zes  vary throughuoual  the  onle
facri*ty dlong the primary pedaline (one a,,
where protun current 1% typically HJu-wdd .
Uur mmitial Sstuay cunsidered locdtliorns al Ltne
verigus target dree In Line A where, In
rrinciple, access tu the bedn mighi be achivevd.
Beau spol si2es vary ftrom J.ld tu L.U 0 oM
dianeter (fwti] of the Uudusslan Ded.n in
praectice, pnysicdl access 1S dvatlable 1n Line i
only <t Taryget Station at A-o, near the tinagl
bean stop. MHere the proton beam 13 large; Fwr
1s about 5,0 ¢ Al though bigher displaceaent
rates can be achieved at other staitons, vur
study 1ndicates that tem:.erature contrul beconms
difticult at the current densities di these
stations. AL A-t, the 1nstantanvous proton flua
during a 0.5 ms LAMPI pulse 15 apbout ¢ : Ju*"™
protons-m™ =s” !,  Muay of Jigure ¢ Iindicates
that for eluninun, even at a thickness of | :nd,
tne resultant peak temperdature i <l'L,  Iny
proton curreni, huwever, leads Lu dn a;5ireciaic
atomc displacemenl rate, a5 Shown below.

Using the ‘hreshold displacement enery, L,
determined ty Mitchell et al., {11} L“t‘
displacescnt-efieryy cross section o, colculdate!
for 800 Mev protuns by ‘oulter et al., L1} ntum
extended to include aluminun, Jul stainlesy
steel, molybdenun, and tunysten and Lhe modifico
Kinchin-Peast fonmld, w have calculated tne
dpa retes for the various LAMPE bean spol sigues
at a current of 100U A, The results dre snown
In Higure b.



FIGURL ¢: Displacenri rates 1n the LAM'F proton
bean ai a current of 1030 wh.

For 30) stainless steel, this disylacement rate
translates to a damage level of 2 dpd 1n @
nine-weck LAMF run cycle 4t target station A-b
for ¢ HU) A beau

A low-current targel station (lU wA maximun) 1s
avarlable n Area b. This station has been
t bund te be cxcellent for short,
highly-controlled experinents that do not
regaire hign dose or fluence. Aadirtionally,
access 15 now avarlable to ¢ nedutron flux of
~1Ui¢-10' peutrons cme-s through 4 "stringer"
system that pldces speciinens under the beam stop
at target station A-t.

3.3 Proposals to LAMH

All proposals for research at LAMPI are
submitted to the Lirector of LAMF, Los Alanos
National Laboratory, PU Box 1663, Los Alamos,
NM, 87545 (opies of tne standard format and
submttal ynstructions can be obtdined fron the
LAM’I Users Office, Mail Stop 830, PU Box loud,
Lns Al amoy, NM, 87545,

4. COHTLULIUNS

a. LAM'I 15 4 usetul toul fur fusion-materials
radiationcffecls studves.

b. MNatlable dpa rates are high emnough to
perform accelerated er;erinents and beam
heatiny 1y dat d level where letperature

cuntrul can be achieved.
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