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Abstract

By applying the depth-profiling technique using the nuclear reaction D(*He, p)*He,
the thermal behavior of deuteriums implanted in aluminium at a depth of 0-2 ym was
examined.

The behavior of deuteriums depended greatly on the polishing procedures for the
sample surface. When the surface was polished on a series of five abrasive papers or
finished by diamond paste, the dispersion behavior of deuteriums in aluminium was
quite different from that preducted on the basis of ordinary diffusion in homogeneous
media. As suggested by Bugeat and Ligeon, it may be explained by the existence of a
weak trapping effect against implanted deuteriums. The halflife of the trapped state
at 0°C was estimated at about 1.4 X 104 sec. Once they are released from the trapping
sites, they rapidly disperse over the bulk of aluminium with an ordinary diffusivity
measured by permeation methods.

On the other hand, for the samples whose surface was finished with coarse Al;Os, the
deuterium implanted at a depth of 0-2 ym had a much smaller dispersitility than those
observed for samples which were polished on a series of five abrasive papers or finished
by diamond paste. At room temperature the depth profile was almost unchanged,
even after a few weeks. A large depth-dependence of the dispersion behavior was
observed.

I. Introduction

For the development of fusion reactors, many technical problems concerning
the behavior of hydrogen isotopes in metals must be solved. The retention of the
hydrogen isotopes in the material of the vacuum chamber, and their subsequent
release and return to the plasma are very important for plasma parameters. Hy-
drogen isotopes in metals give rise to a serious problem for the structural integrity
of the material because of swelling, cracking, hydrogen embrittlement and bli-

stering.
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Recently, depth-profiling methods for hydrogen isotopes by the use of nuclear
reactions have been developed. These ion-beam techniques have the poten-
tiality to become useful methods for the observation of the behavior of hydrogen-
isotopes in materials. The nuclear reactions of H(t, n)*HeY, H(B, a)2'He*®,
D(d, n)*He*®, D(d, p) T®, D(*He, p)*He*"?, H(®F, ar)®0'9, and H (*N, ar)?
C®™1" have been applied for the depth-profiling.

By using the reaction D(*He, p)*He, we examined the thermal behavior of deu-
terium implanted in aluminium at a depth of 0-2 um. The depth profiling was
successfully carried out, and some interesting behavior of deuterium in aluminium
was observed.

II. Analytical Method

Fig. 1 shows the principle of the depth-profiling method. The beam of *He*
with energy E° comes vertically into a metal. The incident particle is gradually
decelerated along the path in the metal because of the stopping-power effect, and
finally stops at the depth L. Then, the energy of *He changes from E° at the
surface (x=0) to 0 at the end of the range (x=L).

Incident
3Het+ E® o l
/
Detector P
é (Metal)
Metal
surface

Fig. 1. Illustration for principle of depth profiling.

The energy of a proton generated by the reaction of *He of energy E(=<E")
with a stagnant D in the metal can be expressed by the so-called Q-equation,
which is written in the present case as follows:

122.3

E(x)

12 cos 6 {cosz 64-6. 667(1§(3—)5+ 0.25 )} 2] . (1)

2(E) = 0. 12E(x)|:2 cos? 0252 11,667

In the above dimensional formula, E(x) has the unit of MeV. The angle ¢ for the
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Fig. 2. Relation between emitted proton energy and incident *He energy
at laboratory emission angles.
released proton is taken in the laboratory system as shown in Fig. 1. The Q-
value of the reaction D(*He, p)*He is 18.36 MeV.

The relation between the energies of *He and p is shown in Fig. 2 with a par-
ameter of the angle #. One may see in Fig. 2 that the smaller the energy of
®He, the larger the energy of p released in a backward direction. When *He reacts
with D in a deeper location in metal, the detected proton energy must be larger.
Then, the proton-energy spectrum observed can be converted into a corresponding
depth-profile by using the information on nuclear reaction kinematics, slowing-
down of the incident and generated particles, and cross section of the reaction.

When the relation between *He-energy E and the residual range R in the

metal®'? (i.e. the range function) is written as
E=F(R) | (2)
or R =F"Y(E) (3)
the energy of *He at depth x, E(x), can be expressed as a function of x as follows:
E(x) = F{F(E%) —x} (4)

where F~! is the inverse function of F. - When *He reacts with D at depth x and a
proton is released at an angle 6, the proton energy at the moment of generation,
e(x), is '

e(x) = go{E(x)} = go[F {FH(E*)—x}]. ’ (5)
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The energetic proton is also decelerated along the path-length x/|cos 8| before
coming out of the surface. The proton energy at the surface, ¢°, is expressed by
means of the range function of the proton in the metal, f, as

o) =f| S e+ ]

cos @

— [ Hetr @ -+ 2] (6)
cos @

The above expression shows that the proton energy at the surface for a fixed angle

and for a given incident energy of 3He has -a unique relation to the depth at which

the reaction occured.

When the depth profile of deuterium concentration in the metal is denoted
by N(x) (D/cm®), the number of protons which come out of the surface at the
experimental solid angle of detection (d2),,, after the reaction in an infinitesimal
width dx around x is

n()de® — ISN (x)dx (M) c(dD)ony - (7)
dQ /iap
Hence, the energy spectrum of the proton at the surface is

do(E)
ISN(x)de(222))  .(49).,,
n(eo) — ( dg )lab ( 8)

(&)

where I and S are the dose of *He per unit area and the surface area bombarded

by the He beam, respectively. The differential cross section of the nuclear reac-
tion, o(E), is a function varying smoothly with energy’”. The peak appears
at the *He energy of ~600 keV. The reaction differential cross section converted
to lab-coordinates is denoted by (do(E)/d2),,,. Because, in the energy range of
E<1.5MeV, the reaction of D(*He, p)*He may be regarded as isotropical in the

21)

center-of-mass system?’, we may write??

d@ /v
q=""12rcosd+1 (10)
147 cos??
= 0.375E « 11
"“NEr2350 ‘ (1
cos § = rtecosd (12)

V72427 cos 3 +1 ’
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where 7 is the average differential cross section, @ is the angle in the center-of-mass
system. By substituting Eq. (9) into Eq. (8), we have

n(e) (de (x))

1Sa(dD)exp )

N(x) =

The depth x and de°(x)/dx corresponding to a given ¢’ can be obtained from
Eq. (6).

II. Experimental

HI-1 Preparation of Aluminium Specimens for Implantation

Rod-shaped aluminium (99.999 %) of 10 mm diameter was sectioned me-
chanically into 2 mm thickness and annealed at 200°C for one hour. Because
surface roughness leads to erroneous results in depth-profiling, the specimens were
polished prior to the implantation of the deuteriums.

The thermal behavior of deuterium implanted in a near surface region depends
greatly on the surface conditions. Then; the following three kinds of specimens
(A,B and C) were prepared with different polishing procedures to obtain some
information about their dependence.

Specimens A: Aluminium specimens wéere pohshcd on a series of five abrasive-
papers ($400, £800, #1000, #1200, and # 1500) supplied by Sakamoto Koki Ltd..

Specimens B: After polishing on the series of five abrasive-papers above, some
specimens were further polished by diamond-paste with oil. The surface ap-
peared featureless when the surface roughness was investigated with microscope.

Specimens C: After polishing on the series of the five abrasive-papers, some
specimens were polished by an abrasive of 0.3 um AL,O, in a wet condition. “Comet-
tails” were observable with a microscope.

In the discussion below, the polishing proceduré for a used specimen will
be distinguished by A,B or C.

III-2 Implantation of Deuterium

Polished aluminium-specimens were implanted with D* ions of 100 or 200
keV using the Cockcroft-Walton accelerator at The Radiation Laboratory of
Kyoto University. The target was kept at around —130°C by liquid nitrogen.
A change of the depth profile of deuteriums implanted in aluminium has never
been observed at this temperature. The D+ beam for the implantation was colli-
mated with a 6 mm-dia. aperture. After the implantation of deuterium, samples
were stored in liquid nitrogen.
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III-3 Probing for Depth Profiling

Probing of the implanted samples was performed on the Van de Graaff ac-
celerator at The Radiation Laboratory of Kyoto University. A schematic dia-
gram of the target chamber is given in Fig. 3. The incident beam of *He™ of 1.1

Suppression

Target Table

Target
Holder

"Target Chamber,

Fig. 3. Schematic diagram of target chamber for probihg.

or 1.3 MeV was collimated to 2 mm. A secondary electron shield in the form of
a cylinder, with a cap on top, encloses the sample holder. This suppression shield
was maintained at —300V. The exit port for the reaction proton was covered
with 17 um aluminium-foil to protect the detector from flooding by backscattered
%He ions and sécondary electrons. Samples were kept at around —120°C by liquid
nitrogen. To prevent the implanted deuterium from dispersing due to heating by
the *He beam, the current of the probing beam was maintained under 0.1 puA.

A silicon detector with a depletion depth of 1500 um was placed at an angle
6 (=150°) with respect to the incident beam and collimated to 2 mm diameter.
The checking source of #'Am was set at the side of the cylinder surface. Before
and after probing by the *He™ beam, it was used for energy calibration of a multi-
channel pulse height analyzer (MPHA). -

IV. Results and Discussion

IV-l Omn Samples Finished by Abrasive Paper (A) or Diamond Paste (B)
A proton energy spectrum obtained for a sample polished only by abrasive
papers (A) which was implanted with 100 keV deuterium at the dose of - 10*’(D/cm?)
is shown in Fig. 4-a. The energy of the probing *He* beam was 1.1 MeV. A
peak appears around the energy of 12.75 MeV, which corresponds to a depth of
~0.9 um. ’
One might think that the probing ions might cause a radiation enhanced
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Fig. 4. An example of the results of depth profiling. (a) is
plotted on an energy scale and (b) on a depth scale.
(D-implantation: 1x 10¥cm~2 at 100keV, *He energy:
1. IMeV, Polishing: A.)

diffusion of the implanted atoms. However, no changes were found when mea-
suring two energy spectra of the same area of the implanted surface in succession.
It may be explained by the fact that radiation damage is produced mainly near
the end of the range of the probing ions.

According to the monograph by Ziegler, the projected range of D ions of
100 keV in aluminium is about 0.9 gm, which is in a fair agreement with the depth
of the center of the depth-profile. Bohr’s formula®® or the LSS theory® has
generally been used to estimate the full width at half-maximum (FWHM) in a
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profile of implanted particles. - However, the deuterium energy of 100 KeV in the
present case is so low that the Bohr formula or LSS theory might be applicable
only for a crude estimation. The application of the LSS theory leads to 0.3 yum
of FWHM?"), which is narrower than that in Fig. 4-b. It is thought that the
energy-struggling of SHe, the resolution of the detector, the geometry of the pro-
bing system and others contribute to the broadening of the peak. However, the
obtained peak-area must be close to the real one.

The depth profile changed with time, as shown in Fig. 5, when the sample
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Fig. 5. Effect of annealing at 0°C on the depth profile. (@: Before
annealing, O: Annealed for 2hr, A: Annealed for (2-4) hr.
D-implantation: 1x 107 cm~2 at 100 keV, ®He energy: 1.1
MeV, Polishing: A.)
was maintained at 0°C in an evacuated condition. If the dispersion of deuterium
had occurred in homogeneous media, the Gaussian profile should have changed,

as shown in Fig. 6. Its standard deviation, @, would increase with time as
@(t) = Vi+20t (14)

where @, is the standard deviation at {=0, and 0 is the diffusivity of deuterium.
The standard deviation @ of a Gaussian is related to FWHM as FWHM=2.355.
As seen in Fig. 5, however, the sequential change of profile, observed for the
sample and finally polished by the abrasive papers (A), was quite different from
that shown in Fig. 6. The FWHM did not increase with time. As discussed
by Bugeat and Ligeon®, it seems that implanted deuteriums suffer from a trapp-
ing action in an aluminium matrix at the points of the end of the range. Once
they are released from the trapping sites, they rapidly disperse over the bulk of
aluminium with an ordinary diffusivity measured by permeation methods®.
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Fig. 6. Change of Gaussian profile due to simple diffusion in homogeneous
media. The standard deviation increases with time.

Assuming that the number of deuteriums in the trapped state is expressed by
m = mge M (15)

In

the above expression, for a first-order reaction, m is the number of deuteriums at

the time-dependence of the profile in Fig. 5 may be explained qualitatively.

a trapped state at a time £, m, is m at =0, and 2 is a constant.
rate of m leads to an estimation of 2=5x107% (1/sec).
10% sec of the half-life of the trapped state at 0°C.
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Fig. 7.

Effect of annealing at 0°C on the depth profile in double-
implanted sample. (D-implantation: 1x107cm~2 at 100
and 200 keV, *He energy: 1.3 MeV, @: Before annealing,
O: Annealed for 2hr, A: Annealed for (2+6)hr, polishing:
B)
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A specimen finished by diamond-paste (B) was implanted sequentially at
200 and 100 keV with an equal dose of 1 X107 (D/cm?). After analyzing the
depth profile, it was maintained at 0°C for 2 hours, and then 6 hours in an eva-
cuated condition.

The observed profiles in the sample before and after the annealing at 0°C are
shown in Fig. 7. As seen in this figure, two peaks showed a similar decrease with
time. Deuteriums implanted in aluminium specimens A or B dispersed so easily

that their behavior at high temperature could not be followed.

IV-2 On Samples finished by A1,0, (C)

Experiments similar to those for the sample polished by abrasive papers (A)
or diamond-paste (B) were also performed for samples finished by ALO, (C).
Deuteriums implanted in these samples had a very small dispersibility in com-
parison to those implanted in samples finally polished by abrasive papers (A) or
diamomd-paste (B). The change of depth-profile was not detected even when
they were kept at room temperature for a few weeks. It is quite certain that
something other than the trapping effect discussed in IV-1 controlled the mobility of
the deuteriums implanted in specimens finished by Al,O; (C).
Observed profiles before and after annealing for 4 hours at 200°C are shown
_in Fig. 8. Deuteriums were implanted at energy of 200 keV. As seen in Fig. 8,
the FWHM broadened with time in contrast to the cases for samples polished with
abrasive papers (A) or diamond-paste (B). (cf. Fig. 5) By using Eq. (14), a rough
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Fig. 8. Effect of annealing at 200°C on depth profile. The FWHM
was expanded by annealing. (@: Before annealing, O: an-
nealed at 200°C for 4hr, D-implantation: 1x107cm~2 at
200 keV, ®He energy: 1.3 MeV, Polishing: C.)
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estimate of the diffusivity of deuterium at a given temperature can be made.
Diffusivities at 250 and 300°C were also obtained through the same procedure.

The Arrhenius plots are given in Fig. 9. It may be expressed by
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Fig. 9. Arrhenius plots for diffusivity of deuterium
implanted in aluminium. (D-implantation:
1x107cm~2 at 200keV, Polishing: C.)

D~1.5x 1078 g 130URT

(16)

In Fig. 10, the diffusivity expressed by Eq. (16) is compared with previous
data® % which have been measured by permeation methods. As shown in
Fig. 10, the diffusivity of deuterium implanted in the sample finished by AlLQO,
(C) is much smaller than the extrapolated values of the previous data for deuter-
iums absorbed in bulk of aluminium. Because the temperature in the present
experiment is much lower than those in previous data, a direct comparison of the
present results with the exptrapolated values of the previous data may not be
appropriate. However, it is Interesting that the obtained activation energy of
diffusion (i.e. the slope in the Arrhenius plots) is nearly equal to those in some of
the previous data, and the pre-exponential factor (or frequency factor) is much
smaller. According to well-establised theories®™??® on interstitial diffusion, it

is almost impossible that the pre-exponential factor be as small as 1.5x107® for
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hydrogen diffusion in aluminium.

Aluminium specimens finished by Al,O; (C) were implanted with deuteriums
sequentially at 200 and 100 keV with an equal dose of 1x10Y (D/cm?). Fig. 11
shows one of results of probing before and after their annealing. During the an-
nealing, the peak-height at the deeper location was considerably lower, but that
at the location closer to surface was almost unchanged. - It shows that the diffusi-
vity of deuteriums depends on the depth. Comparing F1g 11 with Fig. 7, one
may see that the deuterium behavior in specimens finished by ALO; (C) is quite
different from that observed for specimens finished by diamond paste (B) (or five
abrasive papers (A)). ‘

We have no physical explanation on the remarkable difference of deuterium-
behavior caused by polishing procedures.

V. Conclusion

Applying the depth-profiling technique by use of the nuclear reaction D(He,
p)*He, the thermal behavior of deuteriums implanted in aluminium at the depth
of 0-2 um were examined. The exsistence of a weak trapping effect against
implanted deuteriums around the end of the range was suggested through the
observed thermal-behavior (Fig. 5 and 7). The half-life of the trapped state was
estimated as 1.4 x10* sec at 0°Cl.

It was found that the thermal behavior near the surface depends greatly on
preparation procedures of the samples. The dependency of dispersibility on
depth was observed in the case of samples polished with coarse AL,O; (Fig. 11).
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