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DESIGN AND OPERATION

WATER-(XMLED PYROLYTIC GRAPIIITE TARGETS

R. D. Brown and D. L. Grisham
Los Alamcs National Lahorntory

Los Alamos, NN 87545

AT LAMPF*

W!!w!zz

Design considerations and actual operating experi-
ence are reported for water-cooled pyrolytic graphite
targets at the Clinton P. Anderson Neson Physics Facil-
ity (LANPF). Emphasis is placed on the use of finltc
element computer calculations to detrrminc target tem-
peraLure9 and stresses, which can then be evaluated to
judge the usefulness of a particular design. Consider-
ation is also given to the swelling of the target fol-
lowing irradiation, mid to the measures taken to pro-
lung target lifetime.

introduction

An important application of LAN’PF is the genera-
tion of nc~ntivc pions for use in an expcrimuntal cnn-
ccr thcrapv program conducted jointly by the University
of New Mcx;co Ncdicnl School nnd the Los Alamos Nution-
01 Labrirntory. Consideration of the -elntive n- flux
produced by various target Fzterials, electron contum-
illntion of the pion hcahl, arid thermal properties lcd to
the choice of a carbon tarRrt.

There are two iml,ortant boundary conditions on the
biomedical target-- the first a limit on tnrgct thick-
ness imposed by the inside dinmcter of the targct-
insertion vacuum tube and pion chunnel scccptance, the
second the nrnd to maximize the n- flux to make possi-
ble rnpid p~ticnt treatment, These conditions lcd to
the choice o’ pyrolytic grnphitc, which (at 2.2 g/cm3]
is 25? dense” than n typicnl polycrystnllinc gruphitc,
providing a h.!hcr pion flux pcr unit thlckncss. The
high thcrml c,nductlvity of pyrolytic graphite (890 W/
m.K at room temperature) makes it possible to remove
much of the heat generated by direct water coGling,
lessening the heat load received by the vscu’lm box
through radiation,

Flgurc 1 show~ the original biomedical target dc-
sign. Vcrticnl target motion tillows either the full
t[ir~ct thlckncss to bc pluccd in the beam or o lfJ%
thJckncss turgct tu bc used, The latter consists of
the tbln fins cxtcndlng down from the full thickness
pltitcs.

TnrMct Fabrication

Buslc fnbricution mctbods for these tur~cts hnvr
hccn discussed In an cnrller pmpcr.1 Lxnmlnntion Of
the bru:c joints between the pyrolytic ~ruphitc and
the copper coollng tuhcs hnp shcwn thut th~ brnzc
imtcrlnl rcmnlrts lntnct whiIc circumferential crncks
develop in tbc pyrogrnpbltc, rcduclni the rftlcicncy
of hcnt trunsfcr to the coolln~ tubes. To improve t.hc
bent trunsfcr cnpublllty of these Joints, wc arc now
rxpcrlmcntln~ with v twu.sta~c Jolnin~ procedure In
which u thin lnyer t!f titanium/copper/sllvrr nlloy is
first brII:cd onto tllc Krfiphltc. Tbc sccontl stngc con-
sists of sl~l,.ler!llp 1 copper mnnIfo]d to the hra:c Iuycr
nt low tempt’’dturc. The much ?mnllcr tcmprrnture
rh~lngr on uoulin~ should rcducc tbl. tbrrmn] Mtrrsscs
substnntln]ly,

Target Heating and Temperature Calculations

The target is heated through Ionization energy
losses from the proton beam and secondnry particles
Eenerated from interaction between the protons and the
target nuclei. Calculations of the heat produced in a
6.5-cm-long pyrolytic graphite target give ❑ value of
48 kW/mA, which is within 10% of the measured value.2

A finito element calculation of target temper-
atures was run using the AYER code,3 which solves the
two-dimensional bent equntion implicitly for plane or
axisymmetric geometries. “rhc proton beam was assumed
to hnvc a Gaussian distrib!ltion, with FIWN = 4.9 mm.
The boundary condition nt the cooled end of the target
was specified by assuming n bulk water tcmpcraturc and
a hcnt trnnsfcr coefficient bused on the flow through
the tubes, In a~dition, a Joint efficiency bctwccn O
and 1 multiplies the bent transfer area, tnking into
account the known cracking of the graphite ncnr the
tubes and the grcnter efficiency of the segments of
the tube surface nearest the heat source. ,Joint ef-
ficiencies of ().5 guvc results in ROOIJ agrccmcnt with
thermocouples locnted near the cooling tubes.

All the calculations assume the temperature in
the direction of the proton beam to be constant. BY
using the maximum power
exit fete, conservative

supplied to the
temperature and

target at the
stress values

m
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FIN. 1. Thr nrl~lnnl slx-plmtc, wutcr-cooled blo-
mcdlcal target. The tur~ct plntcs 6.5 cm
of pyrolytic gruphltc In tbr proton beam.
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are obtained. Effects of thmnal radiative cooling
from the target edges have been considered, tw~t give
temperntuws only about 45 lownr, About 96# of the
heat is remved by the cooling water. Figure 2 shows
a typical isothermal map for this target. The tern.

peratures shown for this particular target design are
well helm the 2250 K level, at which evaporation of
graphite begins to litiit tErget lifetime.

Stre9s Calculations

Computation of stresses in the target can be ac-
complished by the SAAS4 progrnm using as inputs the
temperature distribution and mechanical constraints on
the graphite plates. SAAS is a finite element computer
code for solving two-dimensional therm~l stress prob-
lems. Figure 3 shows a typical ❑ap of the maximum
principal stresses in the target plates, The maximum
tensile and compressive stresses shwn in Fig. 3 are
about 1250 psi, while the static tensil~. strength of
pyrolytic graphite varies between 5000 and 20 000 psi,
and the compressive strength is about 12 000 psi.s
Thus, the thermal stresses generated should pose no
problem. Because the biomedical target is inserted and
removed from the proton beam nbout 100 times a day, the
stresses vary cyclically from zero with the target out
of the proton beam to the values indicated when in-
beam. A study of cyclic stress effects 011 pyrolytic
graphlte6 indicates that the target should survive
about 106 cycles if the ❑aximum cyclic tensile stress
is less than 3000 psi.

Operating Experience and Target Examination

The first water-cooled biomedical target of the
present design was run in November 1978. It ran with-
out problems for several months, after which the thermo-
couple installed in the leading graphite plate dbruptly
registered temperature increases of ceveral ~,undred
degrees kelvin. The target was subsequently withdrawn
and it was found that the platee lad swollen heavily
along the beam path, producing such large strains in
the leading plate as to break it away from the water-
cooling tubes.
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Fig. 2, A map of temperatures calculated for th~ A-S
t~rget at ● beam current Of 400 LIA. ThL
maximum temperature just exceeds 1300 K near
the bean center, whl]e near the cooled sur-
face the tsmperaturo drops to 670 K.
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A simple model of the plates considered them to
be cantilevered beams fixed by the water-cooling tubes
and displaced by a fixed amount at the proton beam
position. By reducing the thickness of the individual
plates by a factor of two (and doubling the number of
plates) the strains near the fixed ends would be re-
dJCOd by two. This would double the time before an
end plate would fracture, increasing target lifetime.
This solution has been implemented and appears to ex-
tend the target lifetime, although no target has yet
been pushed to the point where it has fractured.

Prev?.ous studies cf neutron-i:rndiated pyrolytic
graphite7 have found swelling in the c-direction. The
amount of swelling dropped sharply as the crystallite
size Lc increased (Fig. 4). Swelling measurements for

In,0,
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Fig, 3. A ~tress map for the maximum principal
9tressesm The maximum tensile stress
is about 8.5 MPa (1235 psi), while the
greatest compressive 9tre9s i9 -4.J MPo
(-600 pSi).

CRTITALLITI SItI (A)

Fig. 4. The cuwo shows the dependence of neutron-
produccol swellln~ on the lnItlal crystallite
size for pyrolytic ~raphltem The polntn ore
gxp~rlmentnl data from our proton-irradiotod
p)frOlytlc grmphito.



our proton-irradiated pyrographite were ;]lotted vs
crystallite size (Fii?. 4). With crystallite sizes
ranging between 150 and 400 A in the as-deposited
material, there was no indication that samples of
larger crystallite size showed lower swelling, as
predicted by the neutron results.

In general, the crystallite size of as-deposited
pyrolytic graphite can bc increased by annealing at
temperatures above 3100 K. It is indeed found that
when the swelling of as-deposited or annealed pyro-
lytic graphites is compared with that for single
crystals of graphite, the swelling is ICSS in the
single crystals.a With this in mind, we have anncnled
Some of our as-deposjted plntes of pyrolytic graphite,
some of which hnvc shown increases in the crystallite
size. By incorporating thcs.c into the target, together
with as-deposited plates, wc have sought to detenninc
whether it will be possible to reduce the swcllinR I
prior heat treatment of the grnphite. These tnrgcts
~’ill be cxnmincd

Many uf the
cooled nvrolvtic

In the nenr-future.

Conclusions.— —

design problems associated with wutcr-
Ermhite tnrtzets hnvc been reviewed.

The com~utat~ollnl-”to~ls used ~o nssurc thnt the target
will not sco cxcessivc stresses appcnr adequate, nl-
though it mn:” he difficult to dccldc on the tnrgct!s
Iifctime when cyclic stresses nppronch the fntiguc
limit. Improvements in the brn:ing of tnrgcts to
wntcr-cooli,lg tuber should increase their nbility to
dlssipnte grcotcr bent loncls. A better understanding
of the swelling process may yet lend to its rcductlon
through prior muterial processing.

Acknowledgments

kc kould like to thnnk G, A. Bennett for hcr work
on computer calculation of turgrt tcmpcruturcs :ml
stresses,

1.

2.

3.

4.

$. .

6.

7.

u,

L. Agnew, T. S.
tfolmberg, .1. E.
ReiswiE, and L.

Reterenccs.— —

Baldwin Il. L. Crisham, R. C,
Lambcrt, L. O. Lindquist, R. D.
L. Thorn, llGruphitc Targets for

Use in-i{lgh intensity Beams nt-LAJJPF,” Particle
Accelerator Conference, Accclcrator Engineering
and Technology, Snn Francisco, CA (Mnrch 1979).

J. B. Donahue, IiPower Deposition Of LAMpF pro-

ton Benin in Varinus Mntcrinls,” Los Alnmos Nntion-
nl Laboratory Croup MP-7 technlcul note MP-7-TN-14
(August 19130).

R. G. Lnwton, llThe AYER Heat Conduction computer
Program,” Los A
LA-5613-MS (Mny

R. V. Browning,
‘7SMS: Finitr
s1s of Axlsymme’

amos Nntionnl Laboratory re~ort
1974) .

D. G, Niller, nnd C. A. Anderson,
Element Thcrmnl nnd Stress Annly-
rlc Solids with Orthotropic Tcm-

pcraturc-f)cpcndcnt Muterinl Propc:tics,”-
J,OS Alnmos Nntionn] Lnborntory report LA-5599-MS
(hluy 1974).

W, V. Kotlensky nnd 11. l!. khrten~, “Tensilr Prop-
erties of Pyrolytic Grnphltc to 50(J0°F,11 ,Jet l’ro-
pulsion Laborntc)ry, California Institutr of I’cch.
nology, .JI’L Report No. 32-71 (196i].

,J. .J, Cncciottl nnd V. J, Krdcmun, “FntJguc He-
hnvlor of ❑ Pyrolytic Grnphltc,” Gcncrul I;lcctrlc
Compnny, Aircraft GLM Turbine Division report
DM 61-229 (JuIy 19(,1).

R. .J. Price, llllj Kh-orcmncrntllrc Ncutrnn lrrildi:l-
tlon of Illghly Orlcntcd Carbon:, nn,l Gruphitcs,”
Cnrhon ~, 15!J (1974].

.J. C. Bokros, G. L, Guthric, nnd D, W. Stevens,
“lrrudlntion-lnduccd [Iimrnsionu] Ch,lngcs ‘n lm-
pcrfcct Grnphitc Crystuls,” Curbwn ~, 3A!) (l!171),


