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STUDIES OF HELIUM DISTRIBUTION IN METAL TRITIDES 
R. C. Bowman, Jr. 

A. Attalla 

Monsanto Research Corporation, Mound Laboratory 

ABSTRACT 

The distribution of helium (3He) in LiT, TiT2, 
and OT3, which are regarded as representative metal 
tritides, was investigated using pulse nuclear 
magnetic resonance (NMR) techniques. Analyses of 
the NMR lineshapes and nuclear relaxation times indi
cate the He atoms are trapped in microscopic gas 
bubbles for each tritide. The effects of concen
tration and temperature on the He distributions were 
investigated as well. 

INTRODUCTION 

Since the first generation of Controlled Thermonuclear 
Reactors (CTR) is based upon deuterium-tritium (DT) fusion, 
metal tritides are certain to be involved. Whether metal 
tritides are used intentionally as fuel material, tritium 
storage agents, and tritium getters or are accidentally forme 
by chemical reactions between tritium gas and various struc
tural materials, their physical characteristics will be 
important criteria in CTR designs. Although many properties 
of the metal tritides can be predicted from the available dat 
on corresponding hydrides or deuterides, the effects of the 
transmutation of tritium into helium { He) cannot be readily 
established from the behavior of hydrides or deuterides. 
Besides the possibility of extensive radiation damage to the 
metal tritide lattice from tritium decay, the presence of 
large quantities of 3He in the DT fuel would be detrimental 
to obtaining and sustaining the fusion reaction. Hence, the 
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helium distributions and release characteristics of the metal 
tritides expected to be found in CTR systems need to be 
carefully evaluated. 

Several previous studies^"' indicated that various metal 
tritides can retain significant quantities of 3He before re-

3 

leasing He to the gas phase. The helium atoms could be 
either individually dispersed in the metal tritide lattice 
{i.e., located in interstitial sites, vacancies, impurity-
vacancy pairs, etc.) or trapped in gas bubbles created in 
the host lattice. While some studies^'7 indicate that helium 
can exist in gas bubbles, most of these studies are not 
adequate to permit a detailed understanding of the helium dis
tribution in metal tritides and the influences of temperature 
and age. 

A broad-based investigation of the properties of various 
metal tritides has been in progress for several years at Mound 
Laboratory. Included in this program is the systematic evalua
tion of radiation damage behavior and studies of the distri
bution and release of helium. Pulse nuclear magnetic resonance 
(NMR) spectroscopy is a valuable technique in this program 
since the nuclear relaxation times can be related, in principle 
to the helium distribution. Recent NMR studies* of He in 
lithium tritide (LiT), titanium tritide (TiT x), and uranium 
tritide (UT3) are presented in this paper and interpreted in 
terms of the helium atoms being trapped in microscopic gas 
bubbles for each tritide host. 

PULSE NMR - THEORY AND TECHNIQUES 

The phenomenon of nuclear magnetic resonance can occur 
when nuclei possessing nonzero spin moments are placed in 
external magnetic fields. The nuclear spin energy levels 
which were degenerate in zero magnetic field are now split 
and transitions between adjacent levels become possible if 
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suitable electromagnetic radiation is supplied. The absorp
tion of energy obeys 

vo = YH0/277 (l) 

where V 0 is the radio frequency (rf) radiation frequency in 
Hertz, H 0 is the magnetic field strength, and Y is the nuclear 
magnetogyric constant which is unique for each nuclear species. 
In pulse NMR the rf radiation is applied in short bursts 
(i.e., 1-10 Msec) at a discrete frequency. The types of 
information obtainable from pulse NMR measurements are summa
rized in Table 1. The present work involves determining the 
3 
He concentrations by spin counting and measuring the nuclear 

relaxation times. The number of spins is directly proportional 
to either the initial height of the Free Induction Decay (FID) 
following a TT/2 pulse (i.e., the pulse giving the maximum NMR 
signal) or the maximum amplitude of the spin echo extrapolated 
to zero spacing between the pulses. Therefore, spin counting 
is a comparison of the NMR signal amplitudes of the unknown 
samples with standard samples. Spin counts are independent 
of the nuclear relaxation times if the repetition rate is 
several times the spin-lattice relaxation time (Ti), and the 
IT/2 pulse width is much less than the linewidth relaxation 
time T 2• The Ti values for He are determined using either 
the 7T-T-7T/2 or ir-x-Tr/2-t-Tr pulse sequences. T* is determined 
from either the FID or spin echo decay time. The spin-spin 
relaxation time T 2 m is measured using the Carr-Purcel1-Meiboom-
Gill (CPMG) pulse sequence.8 Since the Ti and the CPMG sig
nals generally decay nonexponentially, the nuclear relaxation 
times are defined as the time at which the NMR signals have 
decayed to 1/e of the initial values. 

In principle, the nuclear relaxation times can be 
directly related to the physical state of the resonant species. 
There are two limiting cases in which NMR can firmly establish 
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Table 1. Summary of Information Obtained Using Pulse NMR 

NMRParameter Symbol Type of Information 

Initial FID Amplitude 
Extrapolated Echo Amplitude 
Frequency Shifts 
Linewidth 

Spinspin Relaxation Time 

Spinlattice Relaxation Time 

<5v 
±
2 

T 2m 

Spin Concentration 
Spin Concentration 
Knight, Chemical, etc 
Local and External 
Fields 

Homogeneous Spin 
Interactions 

Spin Dynamics 

3 

8 

the local environment. When the nuclei are situated in 
rigid lattice positions, the relaxation times obey 

T 2d T
2 T2m <<

T
i (2) 

where T2(j is the dipolar spinspin relaxation time which can 
be calculated using the Van Vleck^ formalism if the lattice 
positions are known. On the other hand, the molecular motion 
in macroscopic quantities of gas averages the dipolar inter

actions to zero and yields 
T
2d <<Tf < T2 m (3) 

The differences in the nuclear relaxation times are dramatic 
with T* and T 2 m increasing by 2 to 4 orders of magnitude. 
However, there are also two possibilities for relaxation times 
to have the intermediate behavior 

T J < T * < T < T -■■2d x 2 ^ m M (4) 
If the diffusion rate in a solid is sufficient, the 

relaxation times obey either Eq. (3) or Eq. (4) depending on 
the nobilities of the diffusing species and the strength of 
the dipolar interactions. If the dimensions of gas bubbles 
are sufficiently small (i.e., ^lOOOA), collisions with wall 
surfaces will dominate^ the relaxation rates and tend to re
duce T| and T 2 m relative to T1. Careful analyses of the NMR 
data can distinguish between wall relaxations in microscopic 
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gas bubbles and bulk diffusion in solid particles. For He 
the same general considerations are valid with the possible 
addition of spin exchange effects occurring at low tempera
tures and high densities. Unfortunately, complications can 
occur in metallic materials which make the analyses somewhat 
less than straightforward. Examples of some of these compli
cations for

 3
He in the metal tritides will be discussed later. 

EXPERIMENTAL DETAILS 

The metal tritides were prepared by direct reactions 
between high purity metals and tritium gas. Samples suitable 
for NMR measurements were loaded into 9 mm o.d. pyrex tubes 
which were evacuated and sealed. A Bruker variable frequency 
BKR 323S spectrometer was used for both the spin counts and 
relaxation time measurements. Because the He resonance 
signals were generally weak and often required large receiver 
bandwidths due to short decay times, extensive signal averag

ing was usually necessary. The signals were digitized by a 
Biomation 8100 transient recorder and stored in the memory of 
a Nicolet 1074 signal averager for signaltonoise enhancement 
and baseline subtraction. The spin standards were protons in 
H2O/D2O solutions containing small quantities of MnC12 to 
shorten Ti. Relative sensitivity corrections were made be
tween the He and proton counts. The accuracy of the spin 
counts is ±1020% depending upon concentrations and relaxation 
times. All NMR measurements were performed at room temperature 
which usually varied between 1922°C. 

RESULTS AND DISCUSSION 

Representative pulse NMR spectra for He in LiT, T i T 1 7 , 
and UT3 are presented in Figure 1. The LiT FID with its long 
exponential decay is exactly as predicted for atoms in gas 
bubbles. Although T* for TiT 1  7 is an order of magnitude 
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shorte;, it is still consistent with He atoms in gas bubbles 
since the calculated T2cj for He atoms in octahedral inter

stitials is ~15 Us. The He lineshape for UT 3 is Gaussian 
and T| nearly equals the predicted T2(j value of ~10 lis. 

12 
Recent analysis of the magnetic field dependence of the UT3 
lineshape as well as very long T 2 m values (see Table 2) indi

cates the short T| is caused by magnetic field gradients 
13 3 

arising from the paramagnetic UT 3 powder and the He atoms 
are trapped in gas bubbles in this material as well. The 
nuclear relaxation times for samples maintained at room 
temperature for approximately 23 years are given in Table 2. 

3 
In each case, the He relaxation times are seen to obey the 
general relations of Eq. (4). This behavior also indicates 

3 
that He atoms are being trapped m microscopic bubbles in 

3 
each metal tritide. Analysis of the relaxation times for He 
diffusion in the solid leads to large effective diffusion 

3 
constants which would be inconsistent with the high He con
tent found. In other words, if the helium mobility in the 
metal tritide lattice was sufficient to yield the relaxation 
times in Table 2, the helium atoms should be reaching particle 
surfaces in short times. Since the helium is expected to 

3 
escape the lattice at these surfaces, the net He content m 
the lattice would be very small. However, at least 8090% 
of the helium generated in these tritides has been observed. 
Hence, the relaxation times in Table 2 indicate the He atoms 
are trapped in gas bubbles sufficiently small that surface 
relaxation at the bubble walls reduces T 2 m relative to T x. 

3 
Since the relaxation mechanisms for He spins in pure gas are 
very ineffective, the predicted Tx is ~10 sec for macroscopic 
quantities of gas. However, interactions with conduction elec 
trons or paramagnetic impurities at the bubble wall can greatl 
reduce Tj to the values in Table 2. As expected, the magni
tudes of Tj are very dependent on the host metal tritide and 
follow the trend of decreasing as the predicted susceptibility 
increases from LiT to UT 3. 
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Table 2. Nuclear Relaxation Times for JHe Spins in 
LiT, TiT x, and UT3 Samples Aged for -2-3 Years at 
Room Temperature. Resonance Frequency is 45.7 MHz. 

T* T 2 m
a Ti 

Sample ()Js) (ms) (s) 

LiT 1330 160 11 
TiTi.7 78 300 3.4 
UT 3 15.4 30 0.066 

a0btained from CPMG pulse sequence with pulse spac-
ings of 200 lis . 

The effects of age and temperature on the helium content 
in LiT are illustrated in Figure 2 where NMR spin count data 
for samples kept at room temperature (~23°C) and 75°C are 
compared with the amount of helium generated from tritium 
decay. Two observations can be made from these results: 
1) increasing the temperature significantly reduces the 
helium trapped in gas bubbles, and 2) after retaining most 

3 

of the helium for ~600 days at room temperature the He 
content apparently saturates at ~0.4 x 10 atoms/mol tritium 
It is believed the He not detected by NMR has been released 
from the LiT solid since no evidence for helium atoms in the 
lattice [i.e., obeying Eq. (2)] have been observed. As 
indicated in Table 3, differences in the relaxation times 
T 2 n and T; occur with both age and temperature. Raising the 
temperature significantly increases the relaxation times and 
they also increase with age. Taken together, the spin counts 
and relaxation times indicate the helium bubble dimensions 
increase with both age and temperature. Since the He re
laxation times are mainly controlled by interactions with the 
bubble walls, the increases in the average gas bubble dimen
sions during the trapping of additional helium atoms will 
give longer relaxation times. This process will continue 
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Table 3. The Effects of Age and Storage Temperature 
on the He Relaxation Times in LiT. Resonance Fre
quency is 45.7 MHz. 

Age 
(days) 

184 
346 
573 
798 
346 
573 
346 
541 

Storage Temp 
(°C) 

23 
23 
23 
23 
75 
75 

100 
100 

erature T 2 m (ms) 

15 
33 
60 

160 
100 
140 
380 

-500 

Ti 
(s) 

6. 5 
7 .8 

10.0 
10.7 
9.7 

12. 2 
22. 4 
24. 3 

until the stresses on the LiT lattice induced by the expand
ing bubbles causes a mechanical failure and the bubble rup
tures. The elastic properties of the LiT lattice are 
temperature dependent and should greatly affect the dis
tributions of the helium bubble dimensions for different 
temperatures. Unfortunately, this situation for LiT is 
complicated by the presence''^ of large (i.e., ~5-15 atom 
percent) quantities of molecular tritium (also trapped in the 
gas bubbles), which was produced by the radiolysis effects 
of the beta-electrons. However, the general distribution of 
helium in LiT is well represented by the present qualitative 
model. Crude estimates of the helium bubble sizes can be 

3 obtained by comparing the He and molecular tritium relaxa-
1 5 tion times for LiT with the results of Souers et al. for 

molecular protium in gamma irradiated LiH. Souers et al. 
found a distinct correlation between the proton relaxation 
times and tne average gas bubble dimensions. If the gas 
bubbles in LiT consist of a mixture of molecular tritium and 
helium atoms and if the tritium data for LiT correspond to 
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the protium data in LiH (which is expected since both nuclei 
have spin quantum number 1/2 and their magnetic moments differ 
by only - 7 % ) , the average bubble size after -1 year are 
estimated to be ~50 A for room temperature and -500 A for 
100°C. Naturally, a distribution of bubble size is expected 
and a better estimate is not possible from the present data. 

The retention of helium in UT 3 at room temperature is 
shown in Figure 3, Here, the closed symbols represent the 
helium contents obtained by pressure-volume-temperature mass-
spectrometry analysis of the gases released during thermal 
decomposition to ~1000°C. The results of the 3He spin counts 
correspond to the open symbols. The spin counts yield helium 
contents which are -10% lower than the thermal analyses. It 
seems very unlikely this discrepancy is due to the presence 
of He atoms being individually dispersed in the UT 3 lattice 
since no contributions to the NMR relaxations that obey Eq. 
(2) have yet been found. Two other explanations are: 1) 
the Tr/2 and TT pulse widths are not much shorter than T* -
which permits a partial reduction in the measured magnetiza
tion (i.e., signal amplitudes) - and 2) systematic errors may 
be occurring from the use of the proton standards although 
no apparent difficulties were found during previous studies 
on LiT. Nevertheless, both techniques indicate that nearly 
all the helium generated from tritium decay is retained by 
the UT3 lattice for -700 days. After this time significant 
amounts of the helium are being released as free gas until, 
after 1200 days, only 75% of the helium formed in the UT3 is 

1 2 3 
still retained. During recent measurements of the He 
relaxation times in UT3 samples kept at room temperature, T2m 
a. c? Ti were found to increase by a factor of 10 and 3, respec
tively, for sample ages between 100 and 1000 days. These 
xr^ul^s can be used to interpret the release of helium from 
UTj as follows: The helium atoms form small gas bubbles which 
can expand by trapping additional atoms. This process continues 

' ^ ^ ^ ^ H M « « M ^ ^ ^ ^ « i ^ » ^ ^ ^ ^ ^ s i ^ M ^ » ^ w a ^ ^ ^ W s ^ s w ^ ^ 6 ^ « E a 
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in a random fashion yielding a distribution of bubble sizes 
where the average bubble size increases. Ultimately, a gas 
bubble reaches a critical dimension or pressure and will 
rupture releasing the helium contents of that bubble. As 
the UT3 ages, more bubbles approach the critical conditions. 
The criteria for bubble bursting is unknown but probably 
depends upon the strength of the UT3 lattice and the particle 
or grain sizes (i.e., gas bubbles formed near a surface should 
burst at lower pressures than bubbles in the interior of the 
particle). Preliminary NMR data for UT3 samples kept at 
elevated temperatures suggest the helium bubble sizes are not 
very temperature dependent, which is very different from LiT. 
However, trapped molecular tritium has not been observed in 
UT3, and its absence may influence bubble growth processes 
since the helium atoms must form their own trapping sites in 
UT3 -

In very recent work, Weaver and C a m p ^ studied the dis
tribution of helium in samples of TiTi . i» and TiTi. 7 using NMR 
techniques. They concluded that helium is trapped in gas 
bubbles in old TiT x (i.e., ages >1 year), but helium atoms 
occupy octahedral interstitials in young TiTx crystals. 
Weaver and Camp propose a percolative mechanism for the forma
tion of gas bubbles from the interstitials. The results in 
Table 2 for a 3-year old sample of TiTi.7 are certainly con
sistent with helium atoms in gas bubbles. In order to deter
mine whether the-percolation model of Weaver and Camp or a 
bubble growing model analogous to the UT3 example described 
above is a better physical description of He retention in 
TiT x, additional TiTi.9 samples were prepared approximately 
seven months ago. These samples are being kept at room 
temperature, 75°C, and 100°C. Unfortunately, not enough data 
are currently available to firmly establish either model. 
Studies in this area are being continued. 
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CONCLUSIONS 
The present studies indicate that pulse NMR is a valuable 

method for evaluating the distributions of helium atoms in 
metal tritides. The nuclear relaxation times for three repre
sentative metal tritides, LiT, TiTi,7, and UT3, indicate that 
helium atoms are trapped in microscopic bubbles  at least, 
in samples 23 years old. Although the present studies 
indicate the helium bubble sizes depend upon both temperature 
and age, additional work is required before quantitative 
descriptions are possible. Nevertheless, NMR can be used to 
characterize the helium distribution in metal tritides with 
CTR applications. The main limitations of NMR are lack of 
sensitivity (i.e., ~5 x 102 spins are required for quantita
tive measurements) and complications for bulk powder magnetiza
tion effects. 
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