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A cryogenic deuterium gas target operating at 80°K
and 10 J W pressure has been designed for use wlch a
saail cyclotron; Che D(d,n) reaction is used to produce
a neutroa beam suitable for radiation therapy. The tar-
get is cooled by circulation of the s<.s in a closed
loop becveen the target and an external heat exchanger
ismev3ed in liquid nitvogen.

Introduction

Several clinical trials are under way in which the
passible advantages of neutrons for radiotherapy are
being investigated. Most neucron beams currently in use
for this purpose are produced by bombardment of chick
beryllium targets with deuterana or protons froa accel-
erators located in physics laboratories. These acceler-
ators are being used because of che high botabardlng
energies for deuterons (X20 MaV) or protons '.̂ 35 MeV)
requirad to produce a neutron beam that is suitable for
radiation tr>e?apy with a beryllium target. If neutron
therapy is to become widely available, the accelerators
needed for the production of neutron beans oust be lo-
cated in hospitals.

The minimum clinical requirements for a hospital-
based neutron therapy facility have beer, outlined re-
cently. " These requirements state that the bean must be
easily available for therapy, preferably not fixed in
one dirsction, and o* sufficient intensity and penetra-
tion to pernit treatment techniques similar to those
used with conventional cobalt-60 units. The last two
conditions are net reasonably well if the average
energy of the neutron beam is at least 3 MeV and the
output is at lease 25 rad/mln at a distance of one meter
rrco che target. This distance is dictated by the amount
of shielding required for the production of a well-
colliaated beam.

A neutron beaa with output anO penetration suf-
ficient for radiotherapy can be produced with an 8 MuV
deucjron bean from a soall cyclotron if a thick deu-
terium target is used. Me have carried out dose measure-
ments2 by using the 8.3 MeV deuteron beam from the
Franklin McX.ean Memorial Research Institute (FMI) cyclo-
tron with a low-power totally stopping deuterium gas

target. The observed dose rate for a 10 x 10 cm field
at one meter is 0.1? rad/min-uA. The dose in tissue
reaches a aaxisum value at about 1.5 mm ftom the en-
trance and is attenuated to 50% at a depth of about
10 en. These measurements were exceeded to higher bom-
barding energies and it was observed that at 10 and 12
MeV the penetration in tissue is not increased; only the
neutron output increases. This is in agreement with our
calculations which show that the a-erage neutron energy

does not change significantly as the bombarding energy
is Increased from 8 to 12 MeV, and that the cocal neu-
tron yield increases roughly as the third power of the
bouibarding energy.

Deuterium gas targers capabJ<= of generating high-
intensity neutron beams are still in the developmental
stage. The two difficulties encountered are (1) the
confinement of the pressurized gas in a vessel which
has a thin window with an adequate lifetime for routine
use and (2) removal of the beam power dissipated In the
gas. A deuterium gas target is presently in use with
the 10.6 MeV deuteron beam at the German Cancer Re-
search Center (DKF2) in Heidelberg.1'* This target is
30 cm long and Is operated at a pressure of 11 atm. The
gas is separated frou the vacuum system by a 0.0005 In.
thick llavar** toil. The target has been ops rated at
beam currents up to 70 -A. The 0.77 kW of beam power
dissipated in the gas is removed by water cooling of
che gas chamber. Experience with this targee Indicates
that It is reasonable co expect a lifetime for the
Havar foil of as much aa 1000 uAhJ Information avail-
able so far 1J insufficient to allow predictions
whether this design would be adequate for the 1.2 kW
power dissipation necessary for a tnerapy beam with 8.3
MeV deuterons.

Conceptual Design

Tha basic requirements sec for che design of a
deuterium target to be used with the 3.3 MeV deuteron
beam from the 30" cyclotron of the FMI are as follows:

1. The 3.3 MeV deuteron beam muse be completely
stopped in the gas.

2. There must be provisions for dissipation of a
maximum power of 1.5 kW in the gas under controlled
temperature and pressure conditions. This value is as-
sociated with a projected maximum deuteron beam cur-
rent of 180 uA.

3. The overall dimensions of the target volume
should be sufficiently small to permit good geometrical
beam definition at one meter by use of a 65 cm long
collinator, as well as adequate local shielding of the
neutron beam.

4. In addition, safety, reliability, simplicity,
and cost or operation must be considered.

Of the two possibilities of operating a gas target
at room temperature with water cooling or at liquid ni-
trogen temperature with cryogenic cooling, the second
offers two distinct ad\antages. The increased density
of the cold gas makes it possible to reduce the target
dimensions, and the lower temperature increases the
tensile strength of the Havar toil. A third possibility,

Supported in part by .he Frederick E. and Ida H. Huamel Foundation.
'operated by The University of Chicago for the US ERDA under Contract EY-76-C-O2-QO69.
**Havar, a cobalt-base alloy of l.lgh tansila strength, supplied by Precision Mecals Div. of Herailton Match Co.,
Lancaster, Pennsylvania.
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Figure 1. Cross-section of the cryogenic deuterium gas target dewar.

chat of 'isms 4 closed system consisting of a liquid
deuterium target coupled to a liquefier in which heat ia
removed by boiling of the Hquid deuterium, is not prac-
tical due to the high power requirement.

A cryogenic system in which the heat id removed by
boiling oi liquid nitrogen is the choice for th« present
design. The problem or" transmitting the 1.5 kW of power
to the liquid nitrogen is hanClod by circulation of the
deuteriun gas in a closed loop through a heat exchanger.
A compact carset is achieved by operation at high gas
pressure and by keeping the heat exchanger removed from
the target. The design goa! for the temperature rise in
the target under normal operation is set at 10°C above
liquid nitrogen temperature. With the system operating
under pressure regulation at 10 atn jnd betweea "7" and
3?°K, the target iervgth can be as small as 7.5 ctn.

A critical part of the target is the thin foil
separating the gaa from the vacuum system. It is im-
portant that energy loss In the foil be kept to the
lowest possible value. Besides the static stress on the
foil, cue has to consider radiation damage and local
heatir.g. The latter cii be controlled it the cold cir-
culating gas entering the target vessel is aade to im-
pinge directly on tha foil. Radiation damage is ex-
pected to reduce th* tensile strength of the foil ma-
terial. The extern cf the damage can only be judged by
experience; in any event, provisions must be made for
rapid fjil replacement and for reccvery of the deuterium
gas in case of foil rupture.

Target Dewar

The cryogenic j,as target is shown in fig. 1. The
target design represents a compromise between the re-
quirement? of. ssall physical size, to permit good colli-
mation of the r.eution bean, and the thinnest possible
entrance window. Tt.e target ves,sel consists of a stain-
less steel cell 4 cm in diameter and 7.5 cm long. The
deuteron beam enc-rs the cell through a 0.00O5 in. thick
Havar foil window held in ilace by a teflon 0-ring. Cold
deuterium gas Is circulates ftom the heat exchanger to
the target through 5/8 lr.. ciiameter vacuum-insulatad
lines. The gas e.iters the target vessel and is blown
,j.st the window as an annular ^et by the conical parti-
tion and exits az the back of cne target vessel. A
water-coolpd, gold-faced colliEator at the end of the

beam line prevents the deuteron bean rrom striking the
frame of the target window. The collioator is electri-
cally insulated, so that the bean current striking the
pollinator can be monitored when the bean is cuned.

The target vessel is contained within an evacuated
chamber which forms a dewar designed tc tit lnttf the
5 in. diameter opening In the target shield and is con-
nected to the 1-1/2 in. beam line from the cyclotron.
The target vessel uan be removed for window replacement
by removal of the back plate froo the dewar vessel; the
two deuterium lines are disconnected at the O-rlng-
;aled coupling, and the entire target assembly is re-

aoved through the neutron collinator opening.

Havar is used for the window because of its high
tensile screngch which, for the unannealed sheet, is
260,000 psi. After annealing, this is increased to
330,000 psi. An attempt was made to preform the Havar
into a h.jmispherital Jhape that would fit the window
opening, in order to give the window greater strength.
This approach failed because the Havar fractured before
it took on any deformation.

Since the performance oi Havar at liquid nitrogen
temperatures was unknown, destructive tests were Bade
on several samples of annealed sheets 0.Q005 in. thick.
A test jig with a 3/4 in. diameter window opening was
prepared, with the edge of the window carefully rounded.
Tests at room temperature were rur. vich nitrogen iron a
high-pressure bottle. For the low-tenperature tests,
the jig was Immersed in a vessel containing liquid ni-
trogen and the window was pressurized slowly with ni-
trogen gas. The accumulation of liquid nitrogen in the
high-pressure space behind the window insured that the
entire window was at the boiling temperature of nitrogen,
?7°K. At room temperature, the 0.0005 in. annealed Hsvar
in a 3/4 i'n. diamete" window burst at a pressure of
220 psi. At 77°K, the bursting pressure was 320 psi. an
increase of i5'J. At room temperature, the foil fractured
into small pieces when it filled; at liquid nitrogen
temperature, it failed at the center, the point of
highest stress, and from this point split radially into
a number of pie-shaped segments. The segments resained
attached to the unbroken annular ring under the pres-
sure seal. This response is taken to indicate that the
allo> is not only stronger, but also more ductile at
low temoeratures.
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Figure 2. Schecatic diagram at' the gas han<lXLn% svsteo.

Glancing the desire for a reasonable window safety
factor and lif'jtlse, with the scaliest allowable energy
loss in she window, we deciiec to use a 0.0005 in.
:.hick, annealed Havar window 2 :a in diaceter. This

-•ili have an areal density of 10 og/crc" and :he energy
l:>ss ir. the window by the 3.1 MeV deuterons is about
J.c MeV. At 1.5 kW total beas power, 100 ••aces vill be
.dissipated i.n the window.

Jaa Handling; Svstea

Figure Z is a simplified iidgraa of Che gas hand-
lins aystea. Th-i sain features showr. are she gas target,
.ioat exchanger icvar, deuteriua supply and buffer ves-
sels, ar.d a liquid-heiiiua cryopuap for recovery of the
gas ir. the systea. Duri.ig noisal operation, the deu-
teriua jas :roa the target is circulated by a cold puap
through a heat exchanger lanerscd in liquid nitrogen
iL; returr-ed to the target. Pressure (PI) and teapcra-
ture (TI) indicators installed at the points shown
Borneo* conditions in the circulating gas. 9e<ieariuo
gas is adalttei t: the systea as needed to aair.tain
operating pressure from a high-pressure supply bott!«
equipped with a pressure-indicating controller 'PIC).
This controller vill also release jas to tho buffer
vessel if the pressure increases abo\re a preset value.
A jitfarential preisure Indicator (DPI) operating in
conjunction vith a venturi tubt: monitors the rate oi
f;as flaw. Interlocks (DPA) and (TAH) are provided to
shut down the bean in case of less or gas flow or ab-
noraal temperature rise. Safety release valves are

provided throughout, the syst.cn t.o prevent the ieveiof-
-ent of excessive pressures. These safety roluase valvea
and gas vents are connected Co a stack fcr fiale dis-
posal of explosive as veil as other gases.

The systttM Is filled with Jeut«ri'.i= after evacua-
tion of all parts, purging with dry nitrogen g<!O, and
evacuation oi Che nitrogt.' . "KTICM the target wi.idcv id
being changed, :hat pari of the systea can be isolated
fron Che rest by closing jf cold valves V5 and V*. Thcs«
valves ar« provided wl.th long, th.in-wallod stcos of
stainless steel tubing which thetaally isolate the wara
operating ond frcn the cold sea'..

Deuteriun jja-t can be pusped fron the tjrget duvtar.
or froo «".ny other part of the syqtQS including thi buf-
fer tanU, by a liqutd-h.eiiua cryopusp. The liquid Jeu-
teriua will bt collected in a vessel of 0..3 liters ca-
pac.tcy. On warning, pressure in the vessel .an rise to
as auch as 2,000 psi, and a large part o£ ihc dcuterlu=
can be returned to the supply bottle. The reminder —iv
be left for the next punplng operation.

Heat Exchanger Ocvar

Tne heat eschanger dewar shovn in fig. 3 is .1
vacuun-Jacketed vessel with super-insul.it '<-n and with a
capacity oi 130 liters .;: liquid nitrogen. A coil oi }
copper tubes, I/I in. in dlaaeter ond 20 ft long, trans-
fer heat frcra the circulating deuteriua ^as to liquid
nitrogen. Vacuuo-insulated transfer lines, pressure and
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Heat l(*y*£ into the liquid nitrcgen
iewar fr.r: all source*, including the
vacu^s-.'a :it*tad line* ii.-.d«r bt'42-off zcr,-
Jltlcna. ar« estlsatcJ at 15 uatt0. This
v i l l cort«uaa atwjt O.i l i t er hr 0̂  liquid
"itragefl. With the ^aais.-jc pewer dl**i?4-
tion oj 1.5 *•'•' ir. the target, the ccn-
susption oi liquid i trogen v l l l bo 3i
^iterai'hr. Si.".co the heat eschdngTr icwar
hclda ISO l i ters of l i^jld nltr.jgen ani tr.
Inventory cJ 10- l i tero is rei;'jjr<fd far
.iiicqujtc aubsersiicn it the heat exchanger
c e i l s , 1-1/4 ho-jru of operacisn ate pos-
nible. TTanaiate;'. into c l inical •-»«. this
woulJ be suifficiant ^cr aicut !C paticr.c
troat=«nt«, whl^h represesc* a full i-,y's
uork on a busy schedule.
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