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A MODEL FOR TRITIUM AND 
DEUTERIUM TRANSPORT IN TARGETS FOR 

NEUTRON GENERATORS 

Abstract 

The observed behavior of titanium 
tritide targets used for 14-MeV neutron 
generation indicates that two mechanisms 
for tritium motion are active. A model 
i s proposed based on thermally induced 
motion of tritium and deuterium in gamma 

There is increasing need for intense 
sources of 14-MeV neutrons. Two 
major applications are for cancer therapy 
and for materials studies related to D-T 
fusion reactors. Machines to generate 
these neutrons utilize the fusion of 
deuterium and tritium. Usually the tri
tium is contained in some type of target 
while deuterium ions are accelerated and 
directed into the tritium-bearing target 
to produce the D-T fusion, although sys 
tems have been suggested which would 
accelerate the tritium instead. In order 
to achieve high flux densities in small 
samples, it i s necessary to have as the 
neutron source a target design which 
tolerates intense ion beams of small 
diameter and permits sample placement 
near it. 

The most successful source of this 
type i s the Lawrence Ltvermore Labora
tory's rotating target. In normal use, 
atomic deuterium ions are accelerated to 
400 keV and impinge on a rotating target. 

phase hydride plus a radiation-induced 
component dependent on the incident ion 
current density. The model describes the 
observed behavior and permits specula
tion regarding target life under different 
operating conditions. 

The beam is typically l ess than 1 cm in 
diameter and contains about 15 mA of 
deuterons (~ 6 kW of beam power). This 
power la deposited in the front 3 urn of 
target thickness, and the heat it produces 
i s conducted to the backing and removed 
by a flow of cooling water over the back 
surface. The normal target has a 10-um 
(4.5-mg/cm > vapor-deposited layer of 
titanium tritide on a copper alloy backing. 
The tritium content of a new target 
approaches 1.5 tritium atoms per titanium 
atom. Such targets contain a very high 
density of tritium atoms. A fully stoichi
ometric compound of TiTg has a tritium 
atom density twice that of liquid tritium 
at 20°K. 

There are many innovative features of 
the cooling and rotating systems of the 
LLL. neutron source which have been 

1-4 described elsewhere. In this paper I 
intend to describe the observed behavior 
of the target used in this source and other 
similar systems and to formulate a ' 
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tritium-transport model which will ex
plain the behavior and hopefully permit 

prediction of target performance under 
different operating conditions. 

The Target Environment 

The gas pressure at the front target 
surface (on the beam side) must be about 

-5 
10 torr or l e s s to permit beam trans
port to the target. Early proposals for 
solid targets assumed that the target 
temperature could not be permitted to 
exceed about 2S0°C, and indeed for 
stationary, steady-state operation, tar
get life is severely shortened by such 
temperatures. This target, because of 
its rotation at 1100 rpm, is subjected to a 
repeating cycle of a rapid temperature 
rise as it rotates through the beam, a 
rapid quench as the heat is conducted to 
the copper backing, and a gradual cooling 
as the target rotates around to the beam 
spot again. I have modeled the system in 
a one-dimensional transient heat transfer 
calculation using a finite difference code 
at LLL. For a given set of assumptions 
representative of the most severe opera
ting conditions, the calculated temperature 
history is displayed in Fig. 1. The peak 
temperature in the spike is seen to be 
considerably above the supposed limit, 
but does not stay there for very long. 
The calculation of the base temperature at 
the end of a cycle i s uncertain because of 
uncertainty in the heat transfer to the 
water. The accuracy of the calculated 
temperature r ise in the peak is limited 
mostly by uncertainty about the beam 
power density profile, and is expected to 
be representative of a current of 15 mA 
incident with full width at half maximum 
(FWHM)of 0.3 cm. 

The bombarding deuterons lose energy 
to electrons as they move through the tar
get material and come to rest at a depth 

2 
of about 1.7 mg/cm . An estimate of the 
Implanted distribution (before diffusion) 
Is shown in Fig. 2. As the deuterons move 
through the titanium-tritium layer, about 
one in 3 X 10 reacts with a tritium atom 
and creates a 14-MeV neutron. Some 
deuterons interact with titanium atoms and 
cause energetic recoils which then can 
cause further displaced atoms. This 
"radiation damage1' from Ion bombardment 
i s most severe near the end of the deuteron 
range and will result in each titanium atom 

1000 

Time — sec 

Fig. 1. Calculated front-surface tempera
ture vs time for the LLL rotating 
target. 
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being displaced several hundred times over 
the lifetime of the target. I have written 
a computer code to calculate this damage 
rate from Rutherford scattering as a func
tion of dfjuteron energy in titanium. From 

5 
range-vs-energy data it is then possible 
to determine the damage rate as a function 
of depth in the target. This is also given 
in Fig. 2. These values become uncertain 
at low energy because of energy spread 
in the moving deuterons. I have used 
energy loss and range data from Ref. 5 
for metallic titanium in this paper. A 
more precise approach would use weighted 

data for titanium and tritium, but this 
would make little difference for our pur
poses, and in view of the uncertainty in 
the data it is not appropriate. 

Surface recession from ion sputtering 
should be insignificant. A sputtering 
ratio (atoms lost per incident ion) of 

-3 6 about 10" would be expected and would 2 remove about 0.01 mg/cm for each mA-
o 

hr/cm of exposure. While surface ero
sion is not an important consideration, 
sputtering would effectively remove sur
face oxide or carbon deposits and could 
change surface morphology. 

50 25 keV 

2,0 

Depth in target — •ng/cmi 

Fig. 2. Neutron yield, displacement damage, and deuteron implantation vs depth in 
target, for 400-keV deuterons. 
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Neutron Yield vs Depth 

The variation of the T(d, n)or reaction 
cross section o- (E) with deuteron energy 
is well known. The neutron yield Y(E) 
in the target at any energy is given by 

< T ( E ) N T 

dE/dx » Y(E) = K (1) 

where E is the energy of the moving 
deuteron, dE/dx is its rate of energy loss , 
and N_ is the tritium density. For a con

stant tritium density, the relative neutron 
yield as the deuteron moves through the 
layer is given in Fig. 2. Tritium deeper 
than about 1. 5 mg/cm does not produce 
neutrons, aad that contained near the 
front surface is relatively ineffective. 
This distribution is for a 400 -keV incident 
energy. A lower incident energy would in 
effect remove the front portion of this dis
tribution, 

Observations of Target Parameters and Target Behavior 

I know of no direct observatif ns or 
measurements of tritium profiles, deute
rium profiles, or density profiles of used 
targets. The available evidence comes 
from observed neutron yields under var
ious circumstances. 

If we consider a titanium layer with 
1.5 tritium atoms per titanium atom, 

22 there would be about 7 X 1 0 " tritium 
q 

atoms per cm . Since the useful range 
i s 3.3 X 10" 4 cm, there are about 2.5 X 

19 2 
10 tritium atoms per cm available 

over the useful range. If we use a target 
until its yield drops to about 70-80% of 
that of a new target we have implanted in 

2 
it about 5.0 mA-hr/cm of deuterons, 
which is several times as many deuterium 
atoms as the number of tritium atoms 
originally available. 

The burnup of tritium from D-T re
actions is negligible. About one atom in 
5000 over the first 1.5 mg/cm of target 
material is utilized. However, tritium 
Is lost from the target, and observations 
of the accumulation in the vacuum pump
ing system indicate that between 0.1 and 

0.2 of a tritium atom are emitted for each 
incident deuteron. There has been one 
poorly documented observation of the gas 
evolution from an operating target. A 
mass spectrograph indicated a nearly 
constant gas flow of molecular hydrogen. 
It was Initially dominated by T„, then 
changed to mixed DT, and finally was 
dominated by D„ near the end of the useful 
target life. 

Careful observations of the Livermore 
system indicate a slight rise in neutron 
yield for a short time when starting up 
with a fresh target. This is followed by 
a period of fairly rapid decay and a second 
period with more slowly varying yield. 
Figure 3 i s reproduced from Ref. 4. The 
reference to small and large radius ap
plies to the target. The target velocity is 
about a factor of two higher at the large 
radius. This decay with two separate 
time constants has also been observed at 
other laboratories for fixed (low-intensity1, 
targets using lower bombarding energies. 

Figure 4 (from Fef. 2) shows the 
neutron yield for various bombarding 



energies for fresh and used targets. The 
fresh target shows a yield consistent 
with uniform tritium concentration over 
the 1.5-mg/cm useful range. The meas
ured yield at 200-keV bombarding energy 
would be sensitive to any tritium deple
tion near the front surface, and the meas
urements indicate that any surface layer 
containing no tritium must be less than 
0.3 ym thick. Other laboratories have 
also observed surface depletion in 0.1-/im 
layers. After some use at 400-keV 
bombarding energy, the target yield has 
decreased. If at this point the bombard
ing energy is increased, the yield de
creases further. After prolonged use at 

14 

7 -

1 1 1 -

Large radius 

g»^Wr^*-— -

•—— 1.7mg/t 

0 100 200 300 400 500 
Cumulative bombardment — mA-hr 

Fig. 3. Neutron yield decay curves for 
various thicknt 3ses of the titanium 
trltide layer at the front of the 
target. Yield is plotted as a func
tion of cumulative bombardment. 
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2 -

~\ 1 1 
~ Calculated 

Fresh target 
240 - mA-hr bombardment — 
700-mA-hr bombardment , 
large radius 
700-mA-hr bombardment , 
small radius 

100 200 300 400 
Deuteron energy — keV 

500 

Fig. 4. Neutron yield vs deuteron energy 
for targets after various expo
sures to 400-keV deuterons. 

400 keV this phenomenon is so pronounced 
that decreasing the bombarding energy 
actually increases the yield. An estimate 
of tritium profiles which would account 
for this behavior is given in Fig. 5. This 
constant reduction factor for yield -\t 
200 and 300 keV is a strong indication 
that no steep gradient?! exist In the first 
1.0 mg/cm of target material, and the 
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700 mA-hr, inner radius 

J I I I I 1 L_i 
0.5 1.0 1.5 

Depth in target — mg/cm 

Fig. 5. Tri t ium concentration vs depth in target for various target use h is tor ies . 

sharp loss of yield for 450-keV deuterons 
indicates that a severe depletion occurs 

2 
between 1.0 and 1.5 mg/cm from the 
front surface. 

Studies have been made * * on the 
effect cf the thickness of the titanium layer. 
There is little eiiect on initial yield so long 
as the layer thickness is at least equa 1 to 
the deuteron range. However, the life of 
the target i s improved by thicker titanium 
layers up to thicknesses about 2.5 t imes 
ttie deuteron range. Thicknesses grea te r 
than this decrease the useful target life. 

Small static targets have been bombarded 
11 13 under various cooling conditions. ' 

These ta rge ts experience a constant 

temperature while being bombarded. They 
fail quickly at 253BC, ha^e an acceptable 
lifetime at 115°C, and a somewhat bet...r 
lifetime (decay r a t e reduced ~ 30%) when 
Freon-cooled to below room temperature . 
For the Livermore rotating target system, 
by contrast , cooling with chilled water r e 
sults :n no observable change in target 
l i f e . 1 4 

Some attempts have been made to run 
targets of this type vrith miifed bea.-as of 
atomic and diatomic ions. The neutron 
yield drops very rapidly under these 

14 conditions. No effect on tarf^t Hie is 
observed from the elimination of oil dif-

14 fusion pumping, indicating that surface 
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carbon deposits are not present or do not 
influence target life. 

When targotc are made with thicker 
titanium layers, the tritium loading that 

MoBt of the literature on the titanium-
hydrogen system has dealt with low hydro -
gen concentrations. The phase diagram 
shows that for equilibrium below about 
300°C two phases exist. The alpha phase 
of titanium is hexagonal-close-packed. 
The solubility of hydrogen in the alpha 
phase is at jut 0.00OS atom fraction at 

17 
room temperature and reaches a maxi
mum of approximately 0.08 near 30G-C. 
The gamma phase compound TiH„ has a 
face-centered-cubic fluorite-type structure 
and exists with a composition as low as 

The evolution of tritium and deuterium 
from targets of this type cannot be surface-
limited. One would not expect a surface 
layer (such as oxide) to survive the dis
placements an< sputtering caused by the 
deuterons. If a surface barrier existed 
with relatively easy internal diffusion, no 
appreciable hydrogen concentration gradi
ents could exist. We observe that the im
planted deuterium must move rather 
slowly and that it displaces tritium at the 
implantation depth. 

The loss of tritium is partially ther
mally activated. The rate of target decay 
i s dependent on temperature for other 
conditions being equal, but targets also 
ijhow yield drop when used at room temper-

can be achieved increases and in some 
cases approaches stoichlometry for 
layers thicker than 10 mg/cm 2 (Refs. 15 
and 16). 

50-60% hydrofc-n. No appreciable differ
ence i s known to exist for the titanium-
deuterium or titanium-tritium systems.* • 

Impurities have been observed to have 
dramatic effect? on phase boundaries and 
solubilities. Oxide layers are apparently 
formidable barriers to hydrogen diffusion; 

Since the temperature exceeds 300°C 
for only very short times and interesting 
tritium concentrations are greater '.ban 
30%, we are probably always dealing with 
a mixture of alpha and gamma phases or 
pure gai.ima. 

ature. These targets can be stored for 
i- prolonged periods at room temperature 

without yield loss, so no appreciable 
thermal degradation occurs at that temper
ature. Part of the t. itium loss must 
occur from a mechanism line radiation-
enhanced (nonthermal) diffusion. 

There is a strong experimental and 
19 theoretical basis for describing the 

jump frequency of a hydrogen atom in the 
gamma phase by the expression 

v = | ( 2 - X ) ( 3 6 X 1 0 1 2 ) exp (-U.. 07/kT), (2) 

where X is the number of tritium atoms 
pet- titanium atom. The hydrogen atoms 
occupy the tetrahedral sites in the fee 

The Titanium-Hydrogen System 

A Proposed Mechanism for Target Degradation 

- 7 -



lattice. When X = 2 all the tetrahedral 
sites are occupied. Since no thermally 
created vacancies are present the jump 
frequency is prot rtional to the fraction 
of vacant sites, - | ( 2 - X). 

I suggest that the incident deuterons 
can modify the jump frequency in two 
ways: 1) The collision cascades create 
vacancies not related to the tritium con
tent so that the concentration of vacant 
sites also depends on the average incident 
deuteron current density o, . 2) The 
kinetic energy of the cascade also causes 
"jumps" which are not thermally activated 
and which have a frequency proportional 
to current density. With these tw - con
siderations the expression for jump 
frequency becomes 

v = [|<2 - X ) + K j P d H 3 6 X 1 0 1 2 ) 

X ej£p(-0.507^tTM K 2 p d . (3) 

Since for the cases of interest X never 
approaches 2 and the lifetime of a collision 
vacancy i s short, KjP^ << -g(2 - X) and 
we can neglect the contribution from the 
KjP d term. 

A very rough estimate of the K„p . 
term can be made frcm several observa
tions. These targets can be soldered at 

13 100°C without serious damage, yet they 
lose tritium when used at -20°C. The 
average current density on the LLL ro
tating target is similar to that used on 
fixed targets at about 30 u A /cm . A very 
rough guess is "-.hat at a temperature of 
127"C "be thermal jump frequency and the 
deutero.-i- educed jump frequency are 
equal. If we let X = 1.2, p d = 30 uA/cm 2 , 
T = 400°K, and evaluate Eq. (3) for equal 
contributions, K„ = 2 X 10 (jumps/sec// 
t iA/cm ). This value Seems very large 

when compared to the energy deposition. 
If all the energy of each 400-keV deuteron 
were transferred to tritono requiring 1/2 
eV to jump, we would have 8 X 10 jumps 
induced by aach Incident deuteron. Since 
1 fiA/cm is 6 X 10 deuterons/fcm - sec 

19 2 
and there are 3 X 10 tritons/cm over 
the deuteron range, about 0.2 jump/sec 
(for each atom) would be induced for each 
liA /cm of deuterons - only one millionth 
of the value K, = 2 X 10 5 that was estimated 
above by Eq. (3). Since vory small energy 
transfers may cause jumps, and since a 
1/2-eV atom may jump many times, this 
large value is not energetically Impossible. 
It may be this high because some of the 
energy lost to the electrons in the com
pound effectively reduces the activation 
energy for motion of tritium. 

The expression for jump frequency is 
then 
v - 1 . 5 X 1 0 1 3 e x p (-0.507/kT) 

+ 2 X 10° Pd- (4) 

This is plotted vs 1/T in Fig. 6 for p . = 
2 30 nA/cm . 

We can see from this that for this model 
there is little point in attempting to lower 
the target temperature below 80°C unless 
the purpose is to limit the temperature 
excursion in the peak or to operate in a 
particular temperature range : equired by 
the cooling fluid used. 

The diffusion coefficient is propor
tional to the jump frequency so that an 
appropriate measure of diffusion-induced 
motion is (vt) ™, where t i.s the time and 
n is between 1 and 2. For a given tem
perature history it is then possible to 
define an average value of (v t) la called 
A which is 



f(vtdt)1/a 

A 3 4 n - — . (5) 
/ m1/n 

This value is the appropriate figure of 
mer i t for a given temperature cycle. For 
simple time cycles wt can evaluate this 

_3 
expression and we see that for n - 2, 10 
sec at 1000°K causes the same diffusion-
controlled motion as 4 sec at 400°K. More 
complicated cycles require computer 
evaluation. 

The value of n depends on the way con
centration gradients change. For a 
"diffusion couple' 1 where the concentration 
is initially discontinuous, the appropriate 
value for n is 2. For s teady-sta te equili
br ium flow {constant gradients) the flux is 
proportional to v t and n should be 1. 

There is a widespread impression 
that t r i t ium in these targets diffuses for
ward from regions beyond the range into 
the useful part of the target mate r ia l . ' ^ 
The evidence cited for this i s that lowest 
decay r a t e s a re observed when the tri t iated 
layer thickness is about 2.5 t imes the 
deuteron range. 

I believe, however, that such resupply 
doss not occur in any significant amounts 
and that tr i t ium in the target beyond the 
deuteron range is probably sti l l there when 
the target is discarded. 

Deuterons a re implanted at about 1.7 
2 

mg/cm depth with a spread of only about 
9 

0.1 mg/cm {for 400-keV incident energy), 
so in a very short t ime there i s an enor
mous hydrogen concentration peak at this 
depth. We have shown that this large dr iv
ing force does drive tr i t ium from this 

10 E — i — i — i — | — i — i — i — l — i — i — i — - . 

i o ° L _ i — . — i — I — i — I „ J — I — i — i — i — 
1 2 3 4 

1000/T(°K) 

Fig. 6. Jump frequency of a t r i t ium atom 
as a function of inverse tempera
tu re . 

region toward the forward part of the t a r 
get, which resul t s in the initial small in
crease in neutron yiold. Trit ium also 
will be driven toward the back of the t a r 
get, and in order for this tr i t ium to r e -
supply the front regions it will have to 
diffuse up a very large concentration 
gradient. But this cannot occur . Thus 
it appears that the region in the target 
beyond the deuteron range improves t a r 
get life by serving as a dump for excess 
deuterium, thereby reducing the concen
tration gradient which drives tr i t ium to
ward the front surface. If a target is used 
wi'.h the backing mater ial just beyond the 
deuteron range, the deuterium piles up at 
the interface, doubles the concentration 
gradient, and resu l t s in rapid target 
deterioration. The oxide at the interface 
is a very effective diffusion ba r r i e r , and 

Discussion 
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the solubility of hydrogen in the copper 
matrix is about 10" 6 at 700°K. 2 0 If on 
the other hand the titanium tritii le layer 
i s very thick, it increases the target 
temperature because of its low thermal 
conductivity (-4% that of copper), and 
target life is again shortened. 

The decrease in target decay rate after 
some usage 1B usually ascribed to the loss 
of all the tritium that is not "bound" in the 
delta phase. The very low solubility of 
hydrogen in the alpha phase obviously pre
cludes this explanation, since losing all 
of the "dissolved" tritium would not result 
in an observable yield drop. I believe the 
correct explanation for the observed be
havior is the gradual achieving of equili
brium concentration gradients, so that the -
effective value of the parameter 1/n in 
Eq. 5 changes from 1/2 to 1. 

This discussion has assumed that hydro
gen motion in gamma-phase titanium tri-
tide is the limiting mechanism for target 
behavior. Since some alpha-phase titanium 

metal may be present It may influence the 
model. Hydrogen diffuses much more 
readily in alpha titanium than in the ganiuia 

21 phase. Further, hydrogen solubility is 
very low in the alpha phase so that no 
appreciable deuterium or tritium inventory 
resides there. I believe that the presence 
of the alpha phase does not compromise 
the validity of this model, but it may make 
it impossible to calculate the actual con
centrations present in a target. A con
tinuous alpha matrix would serve as a 
"pipeline" for deuterium and tritium 
which had escaped from *_• gamma phase. 
This may create a mechanism for dis
charging deuterium from deep in the tar
get without "flushing out " the tritium in 
the useful region. 

Acknowledgments. I wish to acknow
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