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Abstract

The accelerator production of tritium project will utilize spallation neutrons incident on thousands of *He gas filled
metal tubes to produce tritium by way of the exothermic 3He(n,p)*H reaction. Tritons with energies up to 192 keV and
protons with energies up to 576 keV are directly implanted into the tube walls. To minimize tritium retention in the
tubes and permeation into the coolant surrounding the tubes, it is desirable to have the implanted tritium migrate back
to the inner surface of the tubes and rapidly recombine to be released as T, and HT. Aluminum alloy (Al 6061-T6) is the
primary candidate material for fabrication of the tubes. Aluminum alloy samples implanted with deuterons and protons
to fluences as high as 3 x 102 D (and p)/m® were studied. Deuterium retention was measured by mass spectrometry
during thermal desorption. Approximately 10% of the implanted deuterium was retained. Copper, nickel and anodized
coatings on aluminum alloy were studied as possible methods of reducing retention and permeation of the tritium. In
these experiments, the Cu and Ni coatings reduced the retention significantly, whereas retention increased in the an-

odized coated sample. © 2002 Published by Elsevier Science B.V.

1. Introduction

The concept of the accelerator production of tritium
(APT) device is to accelerate protons to very high en-
ergies, interact these protons with tungsten to produce
spallation neutrons, thermalize the neutrons, and react
the thermal neutrons with 3He gas to produce tritium.
The APT device will contain approximately 8000 thin-
walled tubes filled with 3He to a pressure of 0.68-0.88
MPa. The exothermic *He(n,p)*H reaction converts the
3He gas to tritium with an energy of 192 keV. Depending
on the final design for the diameter of the tubes and the
3He gas pressure, ~10-15% of the tritium produced will
be injected into the tube walls. Depending on the loca-
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tion of the tubes in the APT blanket, the tritium flux
incident on the tube walls will vary between 10" and
10" T/m?s with an average of about 5 x 10" T/m?’s.
Similarly, the temperature of the tubes will vary between
330 and 370 K. Candidate materials for the fabrication
of the APT tubes are Al 6061-T6 and stainless steel (SS
316L). The wall thickness will be between 0.51 and 0.81
mm for the aluminum alloy and between 0.56 and 0.64
mm for stainless steel.

The tritium gas pressure that will exist within the
tubes and the continuous tritium injection into the tube
walls raise a valid concern about tritium retention in the
tube walls and/or permeation through the tubes into the
surrounding cooling water. Neither of these conditions
is desirable for APT operation. Holdup in the tube walls
will make it difficult for APT to meet its production
goals and extract the produced tritium from the tube
walls. High levels of permeation will necessitate a costly
detritiation system for the cooling water.
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This paper discusses experiments completed at San-
dia National Laboratories that utilized a 200 keV ac-
celerator to implant deuterons and a 700 keV accelerator
to implant protons into aluminum alloy samples at
temperatures and particle fluxes appropriate for APT.
Deuterium was used for these experiments, because the
migration of deuterium and tritium through materials is
very similar [1]. Initial experiments in which only deu-
terium was implanted demonstrated that the aluminum
alloy retains ~20% of the implanted deuterium [2]. This
prompted an investigation into methods to reduce both
retention and permeation. One possibility is to coat the
inside of the tubes with a material whose characteristics
promote the rapid recombination of tritium and protium
into the gas at the inner tube surface. Both copper and
nickel were examined as possibilities. These materials do
not form stable oxides in the APT environment, have
high recombination coefficients for tritium and have
relatively high tritium diffusivity and solubility. The
porous structure of anodized aluminum may aide in the
release of tritium, thus this type of coating was tested as
well.

The implanted samples were analyzed by several
techniques providing significant information on the be-
havior of the implanted deuterium within the samples.
The build-up of deuterium in the near-surface during
implantation was measured by D(d,p)T nuclear reaction
analysis (NRA). The total deuterium retained within
the samples after the implant was measured by a mass
spectrometer during thermal desorption. The perme-
ation of deuterium through the sample to the back
surface was measured with D(*He,p)*He NRA. The
formation of blisters and other visual changes in the
surface of the samples were identified by SEM. The re-
sults of the sample analysis and the potential impact of
the results on APT are discussed.

2. Motivation

The objective of the implantation experiments was to
determine the behavior of tritium in the reference ma-
terials for APT tubes under conditions closely resem-
bling those expected for APT operation. The diffusion,
solubility, recombination rate, and trapping and bubble
formation of tritium with respect to the metal all con-
tribute to the concentration profile of tritium in the
sample. The direct implantation of tritium into a metal
allows a high concentration of tritium to develop in the
implant region dependent on the incident flux and dif-
fusivity of the tritium. The tritium migrates from this
area of high concentration toward regions of low con-
centration at the surface and in the bulk. The concen-
tration of tritium at the surface is dependent on the
release rate of tritium from the surface. In most cases,
the release rate is limited by the rate at which tritium

atoms are able to recombine into molecules and can be
defined as the product of the recombination rate coeffi-
cient times the square of the tritium concentration im-
mediately below the surface.

Ideally, the tritium injected into the APT tube walls
would migrate to the inner surface of the tube and re-
combine into molecules. Previous accelerator experi-
ments that implanted deuterium into the Al 6061-T6 [2]
showed that the aluminum alloy hindered this process.
The recombination rate coefficient for hydrogen isotopes
in aluminum alloy under the experimental conditions
was low, thus the deuterium concentration at the surface
and therefore in the bulk was high. Secondly, the low
solubility of deuterium in aluminum alloy combined
with the deuterium flux used in the experiment promoted
the formation of blisters that trapped deuterium within
the tube walls. The blisters form when the concentration
of deuterium gas exceeds the limit of solubility, and
deuterium atoms recombine into molecules at defects in
the metal. The concentration of deuterium above the
solubility limit will precipitate into bubbles. Significantly
larger quantities of hydrogen isotopes can be trapped in
bubbles (H/Metal = 0.1) than in solution. Both of these
characteristics increase the retention and possibly the
permeation of tritium.

This experiment focuses on an attempt to lower tri-
tium retention and permeation in the APT 3He tubes by
the application of a thin metal coating to the inside
surface of the tubes. There are several effects the coat-
ings may have on the tritium migration. First, if the
coating material has a higher recombination rate coef-
ficient for tritium than the bulk material, the tritium
release from the surface should be increased, lowering
the tritium concentration at the surface and in the bulk.
Second, at the interface between the coating and the
substrate there is a discontinuity in tritium concentra-
tion based on the ratio of the solubility of tritium in the
substrate to the solubility of tritium in the coating. A
coating with higher tritium solubility than that of the
substrate material will help reduce the permeation. The
higher solubility also decreases the probability of blister
formation. Both copper and nickel have these charac-
teristics.

Recombination rate coefficients are highly affected by
surface conditions and impurities, especially oxides. The
addition of impurities to the metal surface decreases the
recombination rate coefficient by essentially covering
sites where the hydrogen can recombine to form H,.
Two research groups have measured the recombination
rate coefficient for hydrogen in aluminum. Kamada et al.
[3] used elastic recoil detection in 1984 to determine
the recombination rate coefficient for hydrogen in pure
aluminum to be approximately 1073 m*/s at tempera-
tures relevant to APT. In 1992, Hayashi et al. [4] de-
termined the effective recombination rate coefficient for
deuterium implanted into pure aluminum to be ap-
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proximately 10722 m*/s at 500 K. The high flux im-
plantation, 1 x 10" D/m?’s, used in their experiment is
thought to have continuously ‘stirred’ the oxide layer on
the surface creating an environment not relevant to
APT. The difference between these two values is 14 or-
ders of magnitude. This stresses the importance of
measuring the recombination rate coefficient under APT
conditions. Due to the low temperature, low particle
flux, and relatively high oxygen potential that will be
present in APT, the recombination rate coefficient of
tritium in the bare aluminum alloy will most likely be
quite low. Both copper and nickel can be used to in-
crease the surface recombination rate of tritium, reduc-
ing the concentration at the surface and in the bulk.
Wilson et al. [5S] measured the recombination rate coef-
ficient for copper to be a constant 6.7 x 10726 m*/s over
the temperature range 575-825 K. Besenbacher et al. [6]
determined the recombination rate coefficient for pure
nickel to be at least 10727 m*/s at 350 K.

Eichenauer et al. [7-9] calculated the solubility of
hydrogen in 99.5% pure aluminum, copper, and nickel
from measurements of the diffusivity. The solubility of
hydrogen in copper is several orders of magnitude
higher than for aluminum at 353 K. Under APT con-
ditions, the formation of bubbles in copper may be
possible. As the solubility of hydrogen in nickel is sev-
eral orders of magnitude higher than copper, blisters are
not expected to form under APT conditions.

3. Accelerator implants
The *He(n,p)’H reaction produces 192 keV tritons

and 576 keV protons. These monoenergetic particles are
emitted isotropically and at various distances from the

tube walls. The particles lose energy in the *He gas be-
fore striking the tube walls resulting in a continuous,
linearly decreasing profile of ions injected into the tube
walls. The experiments discussed in this paper were de-
signed to simulate these conditions. The 200 keV accel-
erator was used to implant deuterons with energies of
14, 78, 140, and 200 keV. The 700 keV accelerator was
used to implant protons with energies of 150, 225, 300,
375, 450, 525 and 600 keV. The 700 keV accelerator
loses stability at energies lower than 150 keV, thus the
lowest proton energy implanted was 150 keV. The ions
were implanted with an average flux of 1.0 x 10'7 ions/
m?s to a total fluence of 3 x 1022 D/m? and 3 x 10% p/
m?. The low energy ions were implanted to higher flu-
ences and the higher energy ions to lower fluences to
simulate the profile expected in APT. Implantation
profiles calculated using TRIM [10] are shown in Fig. 1.
The implant was initiated with the 14 keV deuterons and
progressed through the higher energies, then the protons
were implanted beginning with 150 keV. To reach a
fluence of 1 x 102 D (and p)/m? the experiment pro-
gressed through three of these cycles, alternating be-
tween deuteron and proton implants. The cycles were
repeated until the final fluence was reached.

The tritons and protons recoil injected into the APT
tube walls will be injected simultaneously. The accel-
erator implantation of the deuterons and protons
alternated, with the protons implanted last. The im-
plantation of the samples took approximately 2 months,
therefore the experiments were not repeated implanting
protons and then deuterons. The effect of the proton
implantation following the deuteron implantation will
be discussed in the results section.

The following procedure was used for the daily
deuteron and proton implants. A liquid nitrogen cold
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Table 1
The methods used to prepare the implanted samples and the thicknesses of the coatings (the thickness of the Zr getter is given in
column 3)
Sample Sample preparation/coating thickness Zr layer
Bare Al Al 6061-T6, 0.81 mm thick 0.63 um
Anodized Al 17 pm thick anodized coating
Cu coated Al Electroless electroplating process: 1 min Ni deposition at 372 K 120 min Cu 0.51 um
deposition at 316 K 6 pm thick
Cu coated Al Electroplated: zincated Cu plating for 7 min at 10 ASF 1 pm thick
Ni coated Al Electroless electroplating process: zincated 20 min Ni deposition at 361 K 8 pm thick 0.5 um

trap was filled to improve the vacuum and reduce car-
bon build-up on the samples. Temperature sensors were
used to sense the level of liquid nitrogen in and auto-
matically fill the trap throughout the experiment. Then,
the samples were heated to 373 K. The ion beam was
focused to a quartz viewer for conditioning. A rotating
beam profiler aided in the conditioning of a collimated
25 mm diameter beam with <10% deviation in intensity
over the entire beam spot and was used to monitor the
beam throughout the implants. After the beam was
properly conditioned the quartz viewer was removed
and a calibrated current integrator measured the beam
current incident on the samples located at the bottom of
a Faraday cup. The entrance aperature to the Faraday
cup was biased to suppress secondary electrons from
scattered beam. After the desired fluence was reached,
the quartz viewer was inserted into the beam line, the
sample heater was turned off, and the liquid nitrogen
supply was turned off.

A unique feature of this experiment was a foil ladder
used to change the energy of the implanted deuterium
without changing the voltage of the accelerator. This
allowed energy changes to be easily controlled by a
computer and made it possible to run the experiment
overnight, decreasing the number of days needed to
reach the fluences of interest to APT. The foil ladder was
located directly in front of the samples to prevent loss of
the beam due to scattering in the foils. The foil ladder
consisted of several 99.1% pure aluminum foils of
varying thickness including a thick piece of commercial
aluminum foil to act as a beam stop. A LabVIEW™
program was designed to monitor the experiment and
control the movement of the foil ladder.

The sample holder was designed to allow seven 7.9
mm diameter samples, positioned in a hexagonal array,
to be implanted simultaneously. The holder was both
electrically and thermally isolated from the beam line.
Two calibrated thermocouples were connected to the
sample holder to ensure a correct reading of the tem-
perature. One was connected to the temperature con-
troller and was used to regulate the temperature of the
sample block. The other thermocouple was touching the
backside of one of the samples to give an accurate

reading of the sample temperature. The sample tem-
perature was lowered slightly before each increase in
proton energy so that the beam heating would not raise
the sample temperature above 373 K.

One of the goals of these experiments was to assess
the feasibility of applying coatings to the inside of the 3
m long 6.35 mm OD APT tubes. The samples implanted
during these experiments are listed in Table 1. The ap-
plication of nickel coatings was fairly well understood,
whereas copper coatings proved much more difficult to
apply. The second column describes the method used to
apply the coating and the thickness of the coating. These
methods of application are thought to be feasible in the
3 m long tubes. The thickness was determined from
optical or SEM images of the sample cross-section. The
200 keV deuterons penetrate approximately 1.3 pm and
the 600 keV protons penetrate approximately 4 pm into
both copper and nickel. Thus, the optimal thickness for
the coating was at least 4 pm to ensure that the ions
stopped in the coating and did not penetrate into the
substrate. The third column lists the thickness of the
zirconium getter applied to the back surface of some of
the samples. Samples used for thermal desorption
analysis did not have a Zr layer applied to the back
surface. The zirconium was used to trap deuterium that
permeated through the sample. The trapped deuterium
was then measured by D(*He,p)*He NRA. The zirco-
nium layer must be thinner than the range of 650 keV
3He in zirconium, approximately 1.3 um, so that the
entire thickness of the coating can be profiled. The
samples were prepared from the same piece of 0.81 mm
thick certified Al 6061-T6. The surfaces were not pol-
ished before the implantation in an effort to simulate the
as-fabricated surface finish on the inside of the APT
tubes as closely as possible.

4. Analysis techniques

4.1. D(dp)T nuclear reaction analysis

The deuteron beam is unique in that it can be used to
simultaneously implant deuterium and probe the sample
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Fig. 2. A diagram of the experimental setup for the D(d,p)T
NRA.

to measure the accumulation of deuterium in the im-
plant region. D(d,p)T NRA was used to measure the
build-up of implanted deuterium in the near-surface
region of the samples during the implant. An array of
five silicon detectors measured the protons and tritons
emitted from the D(d,p)T reaction during the 200 keV
deuteron implants. A schematic diagram of the experi-
mental setup used for the NRA of a single sample is
shown in Fig. 2. The deuteron beam was incident nor-
mal to the sample and the silicon detector was located at
135° with respect to the beam. A collimator positioned
in front of the detector ensured that only particles
scattered from a single 49 mm? sample entered the de-
tector. The dotted lines drawn from the detector to the
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sample show the boundary of the 33 mm? area of the
sample visible by the detector. The detector subtended a
solid angle of 0.018 sr, calculated from the geometry of
the experimental setup. The 2 um thick aluminum foil in
front of the detector prevented the low energy back-
scattered deuterons from entering the detector.

A detailed description of the D(d,p)T analysis tech-
nique and the limitations of this method are given in a
paper by Cowgill [11]. The analysis converts the mea-
sured proton energy spectrum to the deuterium con-
centration versus depth. The deuteron and proton
stopping powers and ranges needed for this conversion
were calculated using the computer code TRIM [10].
The depth profiling calculations were calibrated with five
preloaded ErD, samples bombarded by 200 keV deute-
rons to a fluence of 2 x 10%° D/m?. Fig. 3(a) shows the
proton spectrum and (b) the resulting deuteron con-
centration (D atoms/metal atoms) profile for one of the
silicon detectors. The channel corresponding to protons
emitted from the surface of the sample was chosen by
requiring that the calculated concentration be approxi-
mately half-maximum at the surface and is indicated by
the dotted line through the proton spectrum in Fig. 3(a).
Once the surface channel was determined, it remained
unchanged for the analysis of the implanted samples.
The gradual increase in the deuterium concentration
from the surface to about 0.2 pm is due to the depth
resolution of these measurements. The depth resolution
has several major contributions: the detector resolution,
the straggling of the incident deuterons in the sample,
the straggling of the outgoing protons in the sample and
in the 2 pm aluminum foil in front of the detector,
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Fig. 3. (a) The proton spectrum resulting from the D(d,p)T nuclear reaction from the bombardment of 200 keV deuterons on a ErD,
sample. The dotted line indicates the surface channel of the profile. (b) The calculated deuteron concentration with respect to sample
depth for (a). (c) The proton spectra obtained from the D(*He,p)*He nuclear reaction from the bombardment of 650 keV *He on a
ErD, sample and (d) the calculated deuteron concentration with respect to sample depth for (c).
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and the angle of acceptance of the detector. From Fig.
1(a) the range of the 200 keV deuteron is seen to be 1.1
um. The resolution of the profiling method is only suf-
ficient to depths of ~0.7 um, thus calculations beyond
that are unreliable.

4.2. Thermal desorption spectroscopy

Thermal desorption spectroscopy (TDS) was used to
measure the total deuterium retained within the samples
after implantation. Only samples without a Zr layer on
the back surface were desorbed. A radiant vacuum fur-
nace and mass spectrometer were used to thermally de-
sorb the deuterium from the samples. A sample loader
and a moveable sample holder allowed the furnace to
remain under vacuum when a new sample was placed in
the system; this reduced the amount of background
contamination measured by the spectrometer. The mass
spectrometer was calibrated preceding each desorption
with a D, standard leak. A programmable temperature
controller ramped the temperature of the furnace at a
rate of 1 K/s to 903 K, just below the 933 K melting
temperature of aluminum. The temperature was main-
tained at 903 K until desorption of the relevant masses
was completed. The desorption rates for H,, HD, D,,
and various water and methane molecules (masses 16,
17, 18, 19, and 20) were recorded in a data file for
analysis.

4.3. D(*He,p)*He nuclear reaction analysis

The exothermic D(*He,p)*He nuclear reaction was
used to measure deuterium permeation through various
samples. A 0.5 um thick zirconium layer applied to the
back surface of the samples trapped deuterium that
permeated through the sample. The trapped deuterium
was measured by D(He,p)*He NRA after each 1 x 10?2
D (and p)/m? implant interval. A well-focussed 650 keV
‘He beam was incident normal to the sample. An an-
nular silicon detector located at 180° with respect to the
beam detected the 12.78-17.11 MeV scattered protons.
The area of the detector was 200 mm? with a 4mm di-
ameter opening through which the *He beam passed.
The detector was shielded on the upstream side by an
aluminum aperture held at —200 V to suppress scattered
electrons and on the downstream side by a 2 um thick
aluminum foil to prevent low energy back-scattered
particles from entering the detector. The detector sub-
tended a solid angle of 0.019 sr. This was calculated
from the geometry of the experimental setup and was
confirmed using a > Am alpha source. The energy sig-
nals from the silicon detector and the integrated current
were recorded using LabVIEW™, The proton energy
signals were converted to deuteron depth in a manner
similar to that used for the D(d,p)T analysis. The cross-
section of the D(*He,p)*He reaction was taken from

measurements by Moller and Besenbacher [12]. The
stopping powers and ranges of *He and protons were
calculated using TRIM [10].

The measurement was calibrated with a 1.39 pum
thick ErD, sample. The beam current used for the
profiling was 3 x 10'® He/m?s (10 nA), therefore beam
heating was not a concern. A typical proton spectrum is
shown in Fig. 3(c). The channel corresponding to pro-
tons scattered from the surface of the sample was chosen
by requiring the concentration to be half-maximum at
the surface. The surface channel is indicated by the
dotted line. The range of 650 keV *He in the ErD, is
~1.5 pm, however the profiling is only accurate to ap-
proximately 1.0 pm. This is seen in Fig. 3(d) by the in-
creased scatter in the concentration. The gradual
increase in the deuterium concentration from the surface
to 0.1 um is due to the depth resolution of these mea-
surements. A comparison of Fig. 3(b)-(d) shows the
increased depth resolution for the *He profiling com-
pared to the D profiling. The D(d,p)T analysis is re-
stricted by experimental conditions, whereas the *He
profiling is optimized for analysis.

5. Results
5.1. Near-surface deuterium concentration

The protons emitted from the D(d,p)T nuclear reac-
tion were used to measure the deuterium in the near-
surface region of the sample during the implant of the
200 keV deuterons. The spectra were obtained with a
collection fluence of 4.76 x 10 D/m?. After converting
the proton yield to deuterium concentration, the total
deuterium in the near-surface region was calculated by
integrating the deuterium concentration over the depth.
The integrated totals are plotted versus fluence in Fig. 4.
The figure shows a steady increase in deuterium con-
centration in the near-surface region of all the samples
with increasing dose. The anodized coating exhibited an
increase in the concentration compared to that for the
bare aluminum alloy, whereas both the Cu and Ni
coatings showed decreased concentration compared to
the aluminum alloy. Due to limitations in the experi-
mental setup, the depth resolution was insufficient to
distinguish between deuterium trapped in surface oxides
and deuterium trapped in the substrate material.

5.2. Deuterium retention

The total deuterium retained within the samples after
the implants was measured by TDS. The TDS mea-
surements were completed within a few weeks of the
final implants. During the temperature ramp, deuterium
was released from the samples in the form of HD, D,,
and HDO. The total quantity of deuterium released
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Fig. 4. The total deuterium in the near-surface region of the
samples during the implantation of 200 keV deuterons mea-
sured by D(d,p)T NRA versus the fluence. The accumulation of
deuterium in the copper and nickel coated samples is consid-
erably less than that for the bare and anodized aluminum alloy.
Measurements were made for several samples.

from a sample was calculated by integrating the mass
spectrometer signals over time and summing the deute-
rium contributions from the various molecules. The re-
sults are listed in Table 2 and the retention versus fluence
is plotted in Fig. 5. A few observations can be made
from the data. Retention in the bare aluminum alloy and
anodized aluminum alloy has not appeared to reach
saturation at these fluences. The copper coating suc-
cessfully decreases the retention and the nickel coating
nearly eliminates retention. One should remember that
the implant cycles always ended with proton implanta-
tions. This may have allowed the diffusing protons to
have exchanged with the trapped deuterons allowing
deuterium to migrate toward the surface, and thus de-

Table 2

Anodized Al 6061-T6
Al 6061-T6

Cu/Al (1 um)
Cu/Al
(6 pm)
Ni/Al

Retention (x10?' D/m?)

&
0 1 2

-
3
Fluence (x1 0% D/mz)

Fig. 5. The total deuterium retention measured by TDS for
coated and bare aluminum alloy samples implanted up to flu-
ences of 3 x 10 D (and p)/m?.

creasing the deuterium retention. This exchange and the
continued migration of the deuterium to the surface
of the samples explains why the deuterium retention
throughout the bulk of the sample is less than the deu-
terium measured in the near-surface region during the
implants.

5.3. Deuterium permeation

The 0.5 pm zirconium layer on the backside of the
samples acted as a trap for permeated deuterium. After
each 1 x 10> D (and p)/m? implant cycle, the zirconium
was profiled by the D(*He,p)*He nuclear reaction.
Spectra with sufficient statistics were obtained with
collection fluences of either 5 x 10" or 1 x 10% 3He/m?.
No deuterium was measured in the zirconium layer on
any of the bare and coated aluminum alloy samples,
indicating that no deuterium permeated through the
samples.

The thermal desorption data for the samples (the implant fluence and the total deuterium desorbed as HD, D,, and HDO molecules are

listed for each sample)

Sample Fluence (D/m?) >~ HD(D/m?) > D, (D/m?) >~ HDO (D/m?) Total D (D/m?)
6061-T6 Al 1.0 x 10 5.40 x 10%° 0 0 5.40 x 10%°
2.0 x 102 1.70 x 10% 9.08 x 10" 0 1.88 x 10%
Electroplated Cu/Al 1.0 x 10% 2.21 x 10% 0 0 2.21 x 10%
2.0 x 102 6.35 x 10% 0 0 6.35 x 10%
3.0 x 10 6.17 x 10%° 0 0 6.17 x 10%°
Electroless Cu/Al 3.0 x 10% 3.07 x 102 8.14 x 107 0 3.23 x 10%
Electroless Ni/Al 1.0 x 10% 0 0 0 0
2.0 x 102 4.86 x 108 0 0 4.86 x 10'8
3.0 x 10% 0 0 0 0
Anodized Al 1.0 x 102 0 0 4.92 x 10% 4.92 x 10
2.0 x 10% 0 0 2.18 x 10* 2.18 x 10%!
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6. Discussion
6.1. Bare aluminum

Al 6061-T6 is the base-line material for these exper-
iments. The release of H,, HD, and D, during thermal
desorption of the aluminum alloy samples is shown in
Fig. 6. The H,, HD, and D, spectra all have a narrow
peak around 675 K. This peak may be the result of
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Fig. 6. The thermal desorption spectra for the aluminum alloy
samples implanted to 1 x 10> and 2 x 10*> D (and p)/m?. The
narrow peaks of H,, HD, and D, at 675 K are due to the release
from bubbles.

bubbles and blisters forming in the aluminum alloy. The
deuteron and proton implantation cycles always ended
with protons; therefore the higher H, peak than D, peak
may be the result of the protons ‘washing out’ or ex-
changing with the deuterium trapped in bubbles and
blisters. Previous experiments for aluminum alloy using
only deuteron beams [2] showed a higher release of D,
and no H, peak at 675 K. Kamada et al. [13] completed
an experiment with successive implants of 25 keV D5
and 100 or 140 keV HY into high purity aluminum. They
found that the deuterium retained in the sample de-
creased as the hydrogen fluence increased even though
the depth of the implantation of the hydrogen was sig-
nificantly larger than for the deuterium. Kamada et al.
calculated the collisional de-trapping cross-section and
found that it was significantly smaller than the measured
effects, therefore some other mechanism such as cascade
mixing or enhanced diffusion contributed to the reduced
deuterium retention [14]. This is consistent with the de-
crease in deuterium seen here.

SEM images taken at 20000x of the surface of the
aluminum alloy sample before implantation (Fig. 7(a)),
and after implantation (Fig. 7(b)) show that blisters and
cracks were formed during implantation. The NRA
(Fig. 4) and TDS (Fig. 5) results also indicate that at a
fluence of 3.0 x 102 D/m? the deuterium retention in
the aluminum alloy has not yet reached saturation. Al-
though permeation was not detected up to fluences of
3.0 x 102> D/m?, the 10% deuterium retention is rela-
tively high.

The implantation results obtained from the alumi-
num alloy samples are supported by other experimental
measurements on aluminum alloys. The low surface re-
combination rate for hydrogen in aluminum results in a
high concentration of deuterium in the implantation
region even at low fluxes. This high concentration of
deuterium combined with the low solubility of deute-
rium in aluminum would predict the formation of bub-

Fig. 7. SEM images at a magnification of 20 000x of aluminum samples (a) before and (b) after the implantation of 2 x 10?2 D (and p)/
m?. Blisters and cracks on the surface due to the implantation are clearly visible.
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bles, therefore complicating the modeling of the behav-
ior of hydrogen in aluminum. Extensive research has
been completed on hydrogen interactions and bubble
formation in aluminum. Myers et al. [15] discuss three
hydrogen traps: the surface oxide, vacancy defects
caused by irradiation, and D, bubbles. The irradiation
defects have a measured binding enthalpy of 0.52 eV.
However, trapping at the surface oxide and in bubbles is
significantly stronger than trapping at the irradiation
defects. Ades and Companion [16] discuss the formation
of blisters as well. Hydrogen is thought to diffuse to
voids where it combines to form molecular hydrogen.
With increased concentrations the pressure will increase,
spreading the void. However, two atoms at interstitial
sites adjacent to a vacancy are more stable than a hy-
drogen molecule. This suggests that hydrogen atoms will
collect at sites around the void instead of forming mol-
ecules. The stress caused by the slightly negative charge
of the atoms around the border of the void may then
promote blisters.

6.2. Anodized aluminum

The anodized aluminum layer was considered as a
possible aide to the release of deuterium due to its
porosity. Song et al. [17] studied the permeation of
hydrogen through various applied oxide coatings on
aluminum. They found that the oxide layers served as
permeation barriers rather than release enhancers.
However, they concluded that the porosity of anodized
aluminum had less of a barrier effect than other applied
oxide layers. Song’s experiments were performed with a
vapor phase permeation technique, not with implanted
hydrogen. The implantation of hydrogen directly into
the bulk can cause important differences in retention and
permeation results.

The thermal desorption spectra for the anodized
aluminum samples show that the deuterium was released
as HDO, mass 19, shown in Fig. 8. All of the desorption
spectra have a peak at about 400 K, including the
sample that was not implanted. Since the samples were
washed with ethanol before thermal desorption, and the
cracking of ethanol produces a TDS peak at mass 19,
the low temperature release is attributed to ethanol
cracking and the higher temperature release to HDO.

Fig. 5 shows that the deuterium retention in the an-
odized aluminum is similar to that for the aluminum
alloy and has not reached saturation. The deuterium
concentration in the near-surface region measured by
D(d,p)T analysis during the deuteron implantation is
two times greater than that retained after the implants,
suggesting that the deuterium is trapped easily in the
anodized layer, but that the proton implant promotes
the release of the deuterium. Permeation measurements
were not made for the anodized aluminum. The anod-
ized layer was not effective in reducing the retention
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Fig. 8. The thermal desorption spectra of mass 19 for the an-
odized aluminum samples. The deuterium was desorbed as
HDO (mass 19) only, no HD or D, was measured. The lower
peak in the mass 19 spectra is attributed to ethanol used to
wash the samples, whereas the higher temperature peak is at-
tributed to HDO.

compared to bare aluminum alloy, therefore it is not
suggested for use in APT.

6.3. Copper coated aluminum

Two copper coated aluminum alloy samples were
studied during these experiments. The electroless elec-
troplated copper sample had a 6 um thick coating
whereas the electroplated copper sample had only a 1
um thick coating. A comparison of these two samples
emphasizes the importance of the thickness of the cop-
per layer. The 6 pm layer ensures that all of the im-
plantation occurs in the copper layer and that the
interface between the copper and aluminum alloy may
act as a barrier for the permeating deuterium. A thin
coating may allow some implantation to occur directly
into the aluminum alloy substrate. In this case, the
coating provides an oxide free surface to enhance re-
combination, but does not act as a migration barrier.
Inal et al. [18] implanted 3.3, 6.7, and 9.8 um thick
copper coated aluminum samples and found that deu-
terium retention did decrease with increased coating
thickness.

The near-surface deuterium concentration measured
by D(d,p)T analysis in both the samples is very similar.
However, the total retention measured by TDS in the
sample with the 1 pm thick coating is larger than that of
the other sample. This suggests that deuterium is being
directly implanted into the aluminum alloy through the
1 um coating and is trapped at the copper—aluminum
alloy interface or within the aluminum alloy. The ther-
mal desorption spectra for the release of HD from both
of the copper samples implanted to a fluence of 3 x 10%
D (and p)/m? are shown in Fig. 9. No deuterium was
released as D, from the sample with the 1 um thick
copper coating and only a small amount was released
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Fig. 9. The thermal desorption spectra of HD for the 1 pm
thick and 6 um thick copper coated aluminum samples.

from the sample with the 6 pm thick copper coating. The
broad HD peak (6 pm sample) suggests that deuterium
trapped within the sample migrated to the surface where
it recombined with a hydrogen atom. The narrow peak
(1 um sample) suggests that the release is from deute-
rium trapped at the interface or possibly in bubbles
formed within the aluminum alloy.

No obvious changes in the surface are seen in SEM
images of the two copper coatings, thus the images are
not shown. No permeation was detected in the 6 pm
coating sample implanted to a fluence of 3 x 10?> D (and
p)/m?. Permeation was not measured for the other
sample. Both coatings were successful in reducing the
retention compared to the aluminum alloy sample.
However, a coating thicker than the implant range of the
deuterons is preferable.

Two research groups experimentally determined trap
energies for deuterium in pure copper. Besenbacher et al.
[19] investigated the effects of defect trapping on the
migration of deuterium in copper. Two traps were
found: a 0.22 eV trap associated with self-interstials and
a 0.42 eV trap associated with monovacancies and small
vacancy clusters. These trap energies result in deuterium
release peaks from implanted copper occurring at 250
and 300 K, showing relatively rapid migration at APT
temperatures. Wilson et al. [5] implanted 10 keV D7
deuterons at a flux of 1 x 10® D/m’?s to a fluence of
1 x 10® D/m? at room temperature into copper. Two
traps were found in the near surface region at 0.6 and 0.9
eV. The 0.9 eV trap may be due to deuterium release
from bubbles whereas the 0.6 eV trap may be due to
deuterium-vacancy traps. The traps were measured
using TDS.

Johnson and Armstrong [20,21] found that blisters
form rapidly in copper at a fluence of 7 x 1022 D/m?.
Their experiment was performed with polycrystalline
copper samples heated to 350 K and bombarded with a
200 keV deuteron beam at a flux of ~9 x 10'® D/m?s.
After blisters formed, the deuterium concentration in
the blistered area stayed constant. This was measured by
D(d,p)T NRA during implantation. They found that

the critical dose for blistering in Cu is about 1 at.%
deuterium. Blisters were not formed during this experi-
ment, but they may form at the fluences reached by
APT.

6.4. Nickel coated aluminum

The experimental results for the nickel coated alu-
minum alloy samples appear very promising. The ap-
plication of an electroless nickel coating is a well
understood process and is easier to control than the
electroless electroplating copper deposition process. No
deuterium was released during the thermal desorption as
either HD or D,, thus the spectra are not shown. Similar
experiments were completed that implanted nickel
coated stainless steel samples. These samples were
heated to 1273 K during TDS and again no deuterium
was measured. SEM images of the nickel surface up to
20000x resolution show no visible change in the metal
due to the proton and deuteron implants. The D(d,p)T
NRA of the near-surface reveals small amounts of
deuterium building up in the near-surface region during
the deuterium implantation. The absence of deuterium
in the TDS spectra indicates that the deuterium is re-
leased, possibly by the implantation of the protons after
the deuterons. No permeation was measured in the
sample implanted to 3 x 10> D (and p)/m?. The nickel
coating is successful at reducing the amount of retained
deuterium to negligible amounts. Nickel coated alumi-
num alloy appears to be a strong candidate for mini-
mizing tritium retention in the APT tubes, although
testing under actual irradiation conditions is needed for
confirmation.

Besenbacher et al. [6] investigated the effects of defect
trapping on the migration of deuterium in nickel. They
reported two trap energies for deuterium attachment to
defects produced by implantation. The first trap, with an
energy of 0.24 eV, is associated with the attachment of
deuterium to a single vacancy. The other trap was re-
ported at 0.43 eV, associated with deuterium attachment
to multiple-vacancy defects. Relatively rapid migration
of the trapped deuterium was seen for temperatures
between 250 and 350 K. For both trap energies, the
deuterium would be expected to remain mobile at the
temperatures relevant to APT.

7. Implications to APT

The implantation of deuterons and protons into
various aluminum alloy samples was performed to test
possible candidate materials for APT 3He tubes. Bare
aluminum alloy retained approximately 10% of the im-
planted deuterium prompting the investigation of cop-
per, nickel, and anodized coatings for minimizing
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Fig. 10. Calculations using the computer code DIFFUSE to
predict (a) the retention and (b) the permeation of nickel coated
aluminum tubes over 10 years of APT operation.

retention. A nickel coating approximately 6 pm thick on
an aluminum alloy substrate proved successful in sub-
stantially reducing the retention.

DIFFUSE code [22] calculations for the nickel
coated sample were completed to determine the impli-
cations of the experimental data to APT. The calcula-
tions were performed assuming that the average tritium
flux for APT is 5 x 10'> T/m? s and the total wall area of
the *He tubes is 1200 m?. These values allow for 950 g T/
year to be incident on the tube walls. Fig. 10 shows
the results of retention and permeation calculations
for nickel coated aluminum over 10 years of contin-
ual APT operation. The calculations predict that within
a few months the tritium retention reaches saturation.
The calculations also predict that after 10 years of
operation, only 1 g of tritium is predicted to be retained
in the APT tube walls. The amount of tritium predicted
to permeate through the APT tube walls is only 2 x 1073
g for the nickel coated aluminum. These results indicate
that nickel coated aluminum tubes should be effective
for use in APT, although actual testing in a prototypic
proton and neutron flux is needed to support these
results.
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