
<\> 
TicRtg--ii>~t*i 

L 
RJBOTrn PREPRINT UCRL-76761 

3 
Lawrence Livermore Laboratory 
ANALYSES AND HYDROGEN-ISOTOPE-TRANSPORT CALCULATIONS OF CURRENT AND FUTURE DESICNS 
OF THE LLL ROTATING-TARGET NEUTRON SOURCE 

S. A. Steward, R. Nlckerson, and R. Booth 

September 8, 1973 

This paper was prepared for submission to 
International Conference on Radiation Effects and Tritium Technology for 
Fusion Reactors, October 1-3, 1975, Gatlinburg, Tennessee 

"3 
This is a preprint of a paper intended for publication in a journal or proceedings. Since changes may be made 
before publication, this preprint is made available with the understanding that it will not be cited or reproduced 
without the permission of the author. 

DISTRIBUTION OF THIS OOCUMewr !S l.!l\'!. IWT^C 



- 1 -

ANALVSES AND HYDROGEN-ISOTOPE-TRANSPORT 
CALCULATIONS OF CURRENT AND FUTURE DESIGNS 
OF THE LLL ROTATING-TARGET NEUTRON SOURCE* 

S. A. Steward, R. Nickerson, and R, Booth 

Lawrence Livermore Laboratory 

ABSTRACT 

Analyses of the present titanium-tritide RTNS targets 
are presented. These results include the hydrogen-isotope 
content of new and used targets, metallography, scanning 
electron microscopy, and hydrogen-isotope-diffusion calcula
tions using a heat-flow finite-difference computer code. 
These latter calculations indicate that a combination of 
long target life and high neutron output is optimized when 
the rate of hydrogen isotope evolution from the target 
balances the deposition rate from the beam. Auger spectra 
show that carbon and oxygen species are present in the bulk 
and on the surface. 

INTRODUCTION 

Description and Function of the Neutron Source 

The Rotating-Target Neutron Source (RTNS) has been described in 
1-4 detail previously. The current target design is shown in Fig. 1. 

The target itself is a 9" concave water-cooled Amzirc** dish coated with 
titanium tritide. A 15-mA deuteron beam accelerated to 400 keV impinges 
on this target, which rotates at 1100 rpm and produces a 14-MeV neutron-

12 -1 source strength greater than 3 * 10 s for approximately 100 hr of 
intermittent operation. 

*Work performed under the auspices of the U.S. Energy Research & 
Development Administration. 

**Reference to a company or product name does not imply approval or 
recommendation of the product by the University of California or the 
U.S. Energy Research & Development Administration to the exclusion of 
others that may be suitable. , f c 
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Fig. 1 Sketch of the rotating-target neutron source (RTNS) target 
section. 

A high-intensity 14-MeV-neutron source is desirable especially for 
materials research in fusion-reactor technology and also in biomedical 

17 -2 applications. Currently, fluences of approximately 10 cm have been 
achieved in 60 hr of experimental time on the LLL-RTNS. 

Purpose for Studying Target Performance 

It has been projected that neutron fluences of 10 cm may be 
needed to adequately predict some radiation effects that would arise in 
an operating CTR reactor. The realization of such experimental condi
tions is still many years away; however, the LLL RTNS is the most intense 
source of 14-ffeV neutrons currently available. Therefore, it will be the 
premier instrument for radiation-effect studies in the oear future. 
A program to upgrade the RTNS design for the proposed new facility has 
been undertaken, so that a ten-fold increase in the neutron-source 
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strength may be obtained, thus yielding greater possible-- fluences. This 
effort is in three areas: 

• Ion source, accelerator, and beam transport. 
• Mechanical design of the rotating target. 
• Target materials and fabrication. 

The latter category is the one to which this paper is devoted. 

EVALUATION OF PRESENT TARGETS 

The present titanium tritide targets, produced at Oak Kidge National 
Laboratory, lose half their neutron output in 30 - 100 hr of normal 
operation. The initial neutron output at the same operating conditions 
varies greatly between targets. Although considerable research with 
neutron generators employing metal tritides has been previously reported, 
most of it has dealt with units whose neutron output and useful operating 
life were considerably smaller than that demanded from the LLL KTKS. 
Also, their environments in use were much more controlled than is nuw 
possible with the Livermore instrument. 

A program is being undertaken at the Laboratory to determine what 
parameters affect target life and neutron output. Ac present, three used 
targets have been analyzed, in addition to three small coupons that were 
especially prepared at Oak Ridge that were never bombarded with deuterons. 
Using these data, which are reported here as background information, we 
are initiating a program in which considerable data for each target will 
be collected in the next year. Besides a coupon for later analysis at 
LLL, production data will be provided for targets received from Oak 
Ridge. This will include substrate bakeout times and temperatures, 
vacuum conditions, and tritium absorption pressures and tiroes. RTNS 
operational data for each target, such as target position, speed, beam 
current, and tritium release, will also be logged for comparison with the 
physical, chemical, and metallographic measurements that were obtained on 
each used target and the aforementioned coupons. The techniques outlined 
below will tell us the condition of the new and used targets and how the 
RTNS operation has altered them. 



Met.il lopraphv 

Small samples are punched from the coupons and targets without 
contact between the punch and the surface to be studied. A laboratory 
diamond saw Is being investigated as an alternative cutting instrument. 
These samples are vertically encased in epoxy and then polished making it 
possible to study the target cross-sections under an optical microscope. 
These examinations provide information concerning tritide adhesion, 
sputtering, cracking, and substrate crystallization. 

Chemical Analysis 

Several punched discs are heated in vacuo in a mass spectrometer to 
determine the quantities of each hydrogen isotope species present; i.e., 
H , HD, D-, HT, DT, and T9- These degassed samples are then dissolved in 
acid and the total amount of titanium in each disc is determined by atomic 
absorption spectroscopy. From these two measurements the initial and 
final gas-to-metal ratios may be calculated. 

Surface Analyses 

Scanning Electron Microscopy (SEM) is employed to determine the 
surface characteristics of the targets before and after their use on the 
RTNS. In addition, the energy-dispersive accessory was utilized to 
determine whether there were any metallic impurities in upper layers of 
the bulk material. 

Our Laboratory's Auger Electron Spectroscopy (AES) capability allows 
the study of light elements, except hydrogen, that may be present on the 
surface. Also, an Electron Spectroscopy for Chemical Analysis (ESCA) 
spectrometer exists and may be employed to study elemental valence states 
at the surface. Neither AES nor ESCA can currently be used with tritiated 
samples, however, because of the need to avoid radioactive contamination. 

http://Met.il
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CURRENT STUDIES OF NEW TARCET MATERIALS 

In cooperation with the General Electric Neutron Devices (GEND) 
Department, we have initiated a program to evaluate other binary metal 
tritides; e.g., scandium, erbium, and yttrium. Small, internally cooled 
targets coated with these tritides will be placed on the RTNS in a 
pulsed mode and compared for neutron strength and projected life. Gas-
to-metal ratios, Auger, and SEM studies for each target are carried out 
at GEND. Similar measurements vill he made after the RTNS irradiations. 

Also, hydrogen absorption measurements of certain titanium alloys 
are being undertaken to determine their suitability as target materials. 

FUTURE STUDIES OF NEW TARGET MATERIALS 

Consideration will also be given to raultilayered or composite films 
after sufficient information has been gathered from studies of the 
present titanium tritide targets and other candidate tritides. Such 
target concepts are not new. A patent describing a target consisting of 
a very stable tritide; e.g., erbium or scandium, on top of a less stable 
one; e.g., titanium, was published in 1973. This target in principle 
would transfer tritium from the less stable tritide reservoir into the 
upper tritide reaction zone on heating, thus replenishing the depleted 
tritium. 

Researchers at the NASA Lewis Research Center recently described a 
multilayered target, shown in Fig. 2, that consists of a copper substrate 
and layers of palladium, titanium, titanium oxide or nitride. Such a 
design would flood the titanium layer with the unreacted deuterons and 
then drain the excess into the palladium and voids. The oxide or nitride 
barriers will supposedly prevent hydrogen isotope diffusion into or from 
the titanium tritide target layer. However, it has been shown that 
titanium oxide may not serve as an effective diffusion barrier. 
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Fig. 2 NASA design of a multilayered tritide target. 

PRELIMINARY EXPERIMENTAL RESULTS 

Metallography 

A photograph of a typical target after approximately 100 hr use is 
shown in Fig. 3. The concentric rings are caused by the deuteron beam. 
A fresh target has similar features and color, but without rings. 

The metallographic cross section in Fig. 4 a) is typical of a fresh 
target. The tritide layer follows the sujstrate contour quite well, and 
the adhesion seems good. There was a cracking problem with one specimen, 
but this may have been a result of damage during sample preparation. In 
another case, poor adhesion to the substrate was observed. 

Figure 4 b) is a similar cross section for a used target. The surface 
has been noticeably flattened by deuteron bombardment. Fragments pro
duced by this bombardment are also apparent. Approximately 25% of the 
titanium tritide was removed by the beam during the life of the target. 
Figs. 4 a) and b ) . 
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The ene rRy-d i spe r s ive c a p a b i l i t y of the "»F*l I.;!'* used to <!• I .rniin, 

the meta l l i c composition of the n e a r - s u r f a c e ree ion- Ki' rocl;il o the r th in 

titanium was detected. 

Surface Analysis 

An Auger spectrum was taken on a small hvdrided i>ak Ridce target. 
Since the available Auger spectrometer vas not in a tritium-b rind Hup 
area, no fitided specimens could be examined. The surface information 
obtained from the small targets should give us an indication of the 
actual target surface prior to deuteron bombardment. 

A reproduction of the Auger spectrum* of che target as received is 
seen in Fig. 6 a). The sample initially had a deep blue color, which 
stimulated the interest in studying its surface. Slight traces of 
sulphur and chlorine were found, in ad'ition to some copper. As expected, 
numerous titanium peaks exist, although the carbon and oxypvn peaks 
predominate. The chemical composition of these chomisorbed species 
cannot be deduced from Auger spectra. 

The sample was subsequently ion bombarded in argon at 10 mPa 
(8 * 10" Torr) for one hour. The sputterinr removed about 60 nt- of 
material, changing the blue color back to the characteristic !v<Iri<io 
gray. On ejtposure to air the blue color returned within 1 min., indicat
ing that oxygen cheoisorptioo was the probable cause. Such occurrences 
have not been noticed on the larger RTCS tareets, however. Possibly the 
blue color is that of titanium sesquioxide, or interference produced by 
some Other oxide layer. An ESCA study may resolve tbls uncertainty. 

Figure 6 b) is the Auger spectrum of the specimen after argon 
sputtering. The spectrum of the sputtered sample was taken with a beast 
current *hree times greater than with the initial run. This will 
normally produce a signal approximately three times greater with the 
same surface concentration. Normalizing to the titanium signal, the 
carbon peak decreases by a factor of four and the oxygen peaks by three. 
The sulfur, chlorine, and copper peaks have disappeared. Two other 

*These spectra were kindly provided by C. Coltsenares of this Laboratory. 
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signals previously interpreted as characteristic o r carbide and oxide 
anions have appeared, however. These carbide and ,'xlde peaks nay be due 
to diffusion of adsorbed atoms during hydriding or to entrapment of 
residual gas and pump oil during titanium evaporation. 

Hydrogen Isotonic Content in Targets 

The computed gas-to-metal ratios and errors For eacli target studied 
are listed in Table 1. Although the number of targets we have examined 
is still small, certain consistent findings may be stated with regard to 
deuterium and tritium content. 

1. If the small targets we have examined are representative of a 
new 9-in. one, the tritium loading is high. The tritium-to-titanium ratios 
are 1.8-2.0. 

2. There is a 10-20% loss of tritium by thermal degassing, in 
addition tr the losses due to beam sputtering. 

Table 1. Experimental hydrogen-isotope-to-metal ratios 
for new and used targets. 

Target 
No. 

T/Ti 

New 

1 1.78 t 0.16 

2 1.81 ± 0.08 

3 2.02 ± 0.02 

4 

5 
6 

T/Ti 
Bombardment 

D/Ti 
Bombardment 

Light Heavy Light Heavy 

1.17 ± 0.12 1.04 ± 0.11 0.107 ± 0.010 0.244 t 0.02 
1.74 ± 0.11 . 1.35 ± 0.08 0.128 ± 0.003 0.223 ± 0.12 
i.84 i 0.01 i 1.55 ± 0.03 0.012 ± 0.003 0.221 ± 0.011 
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3. The deuteron beam strikes the inner portion of the target, releas
ing some tritium. This confirms the evidence for sputtering seen in the 
SEM photographs. 

4. A significant quantity ol deuterium is implanted in the target. 
The amount depends upon the length of the bombardment. 

In the future, when operational data have been gathered for each 
target studied, it may be possible to determine the relative influence of 
getterlng action, diffusion and ion Implantation on the hydrogen-isotope 
content of various regions on the target. 

HYDROGEN-ISOTOPE-TRANSPORT CALCULATIONS 1 0 

The similarities between the mathematics of thermal conductivity and 
diffusion are well known. A finite-difference code, TRUMP, can be used 
to solve the familiar differential equation: 

3x 

where T = absolute temperature 
t = time 
p = density 

C = specific heat sp 
k » thermal conductivity 
x * distance. 

This code can handle other aspects of heat transfer; e.g., heat-
generation sources, heat losses through surfaces and layers of different 
materials. By comparing Eq. (1) with Pick's second law for diffusion 

3x 

where D * diffusion coefficient 
C » concentration 
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it can be seen that TRUMP may be applied to mass transport problems, in 
general, and the layered rotating target in particular. 

Initially, two extreme cases of target operation were studied. The 
results of those calculations are given in Table 2. 

For the high-power-density case, the high heat in?, causes the gas 
release '.ate to dominate over deposition. Actual operation at such levels 
would cause rapid tritium loss and unacceptable' short target life. 

For operation at lower power density the deuterium deposition rate is 
greater than the temperature-dependent tritium loss. The target life is 
thus determined by the rate at which deuterium replaces tritium as the 
hydrogen-isotope content of the titanium approaches stoichiometry. 

In order to determine the optimum operating conditions of targets 
planned for the new RTNS, TRUMP calculations were performed for a 28 cm 
diameter target rotating at 576 rad/s (5500 rpm). Initially heat flow 
calculations were employed to obtain time-temperature data at various 
beam sizes and power. These results are plotted in Fig. 7. Using these 
results, mass deposition and loss rates were determined and are shown in 
Fig. 8. It is obvious that the mass flow of deuterium and tritium out of 

Table 2. Parameters of two extreme cases of RTNS operation. 

Case I 

Linear target velocity (en's ) 

Power (kW) 

Beam density at FHHM (kW'cm ) 

Max. surface temp (K) 

D deposition (ng/cycle) 

h + T release (ng/cycle) 

Ratio of deposition-to-release 

115 51 

6 6 

21 85 

582 1223 

0.502 2.38 

0 .138 320 

3.64 0.0074 
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Fig. 7 Power-temperature results from heat-flow calculations. 

the target is much more sensitive to beam power than is the deposition 
rate of deuterium into the target. 

In Table 3, beam powers are given for the selected beam profiles at 
mass-flow ratios of 0.5, 1, and 2. A separate study indicated that for 
a 20-cm-dlam target rotating at 576 Tails (5500 rpm) and being bombarded 
at 0.05 ng/cycle, the tritium content would drop by 50% (the target half 
life); (a) in 35 hr with 2r. = r , (b) in 85 hr with r. = r and (c) in 

1 O 1 O 
242 hr when r. • 2 r . This Information, coupled with the data in 
Table 3, shows that increasing the input power by i. 12% raises the front 
surface temperature enough to decrease the target half life by a factor 
of about 2.5. This results in an integrated neutron output loss of 
approximately 55% of the output at t, • t . Decreasing the input power 
by ^ 12% lowers the front face temperature and triples the target half life 
for an integrated neutron output gain of 164%. This increase in total 
neutron output occurs at the expense of neutron source strength, however. 
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Fig. S Hydrogen-isotope deposition and loss rates. 
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Table 3. Bean powers at selected beam profiles and gas exchange rates. 

Beam Profile Beam Power <KW> 
FWW» 
(mm) r * r 

I 0 
2 r l " Co r, - 2r i o 

5 16 18 14 
7.5 62 48 37 
10 56 62 49 
15 101 112 89 
20 166 180 146 

In conclusion, adjusting the operating parameters to balance the 
input of deuterons from the beam against the combined losses of deuterium 
and tritium from sputtering and thermal degassing (r. = r ) gives an 

l o 
optimum combination of neutron source strength and target life. A large 
deviation from this condition imposes severe penalties in either lifetime 
or intensity. 

SDC-'AkY 

The theoretical and experimental studies presented In this report 
show several important features of targets as they relate to the LLL 
RTNS operation. These are: 

• Deuteron-beam bombardment causes significant sputtering of the 
titanium tritide layer. 

• Thermal heating from the bean degasses tritium from the remaining 
tritide. 

• Carbon and oxygen species occur in the bulk and on the surface of 
the tritide layer. 

• Theoretical calculations indicate that operation of the RTNS so 
that the deutexon bonbardaent rate equals the deuterium and tritium out-
gassing rate (r, « r ) permits both long target life and high neutron 
strength. 
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