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Abstract: The deuterium depth distribution for a 20 keV/D DF beam implanted into ytterbium (Yb) at a temper-
ature between 300 and 340 K was studied using the D(d,p)T reaction. By analyzing the proton yields, the deuterium

depth distribution from the front surface to 500 nm depth was found. The results indicate that an equilibrium

deuterium distribution region from the front surface to a depth approximately equal to the mean range of implanted

deuterons was formed in Yb during the implantation.
deuterium distribution region was D/Yb = 22%.

The deduced deuterium concentration in the equilibrium
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1 Introduction

Measurements of hydrogen isotope depth profiles can
provide information on the depth distribution of defects
which are responsible for deposition and diffusion be-
haviors of hydrogen isotopes in materials and, therefore,
can help to understand the mechanisms of the inter-
actions between hydrogen isotopes and materials. Al-
though many theoretical models have been developed to
explain the diffusion behaviors of hydrogen isotopes in
materials [1, 2], not enough experimental data, which
are needed to study the physical processes governing the
complicated behaviors of hydrogen isotopes in materials
and verifying the models, have been observed because of
experimental difficulties.

Since nuclear reactions can directly reflect informa-
tion on the depth profiles of deuterium implanted into
materials, the nuclear reaction analysis (NRA) technique
is undoubtedly one of the possible techniques for obser-
vation of hydrogen isotope diffusion behaviors in mate-
rials. The NRA technique using the D(d, n)*He or D(d,
p)T reaction was proposed in the early 1970s to study
deuterium depth profiles in materials [3, 4]. Thereafter,
the NRA technique has been well developed and widely
applied [5-14].

In this work, to study the deuterium depth distri-
bution in metals, an ytterbium (Yb) foil was implanted
by a high flux 20 keV/D D3 beam at a temperature be-
tween 300 and 340 K. A 75 keV D' beam with lower flux
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and fluence was employed to probe the deuterium depth
distribution following the implantation and after about
66 hours. The proton yields of the D(d, p)T reaction
for the implantation and probing beams were recorded
during the experiment. The deuterium depth distribu-
tion from the front surface to 500 nm depth in Yb was
obtained by analyzing these proton yields.

2 Experiment

The experiment was carried out using a low-energy
high-current ion beam generator at the Research Center
for Electron Photon Science, Tohoku University, Japan.
The details of this ion beam generator have been de-
scribed in [15, 16]. D*, DF and DI beams can be ex-
tracted from the 25 kV duoplasmatron ion source of the
experimental setup by using high-purity deuterium gas
[17].

The experimental details of this work are similar to
those given in [14, 18]. A high-purity (99.9%) Yb foil
with a thickness of 75 wm was fixed horizontally on the
target holder without heating or cooling. The target
holder was placed at the center of a high vacuum (better
than 3 x 107° Pa) target chamber. During the experi-
ment, the deuterium ion beam bombarded the Yb target
with an incident angle of 30° after passing through a di-
aphragm with a diameter of 8.5 mm. The beam spot
area on the target was ~ 14 mm in diameter. A silicon
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surface barrier detector (450 mm? in area and 300 pm in
thickness) cooled by water was employed to detect the
energies of the protons coming from the target with an
exit angle of 50°. The distance from the detector cen-
ter to the beam spot area center was ~ 49 mm. The
detector, which had a solid angle of ~ 0.179 sr, was lo-
cated at an angle of 125° with respect to the ion beam
direction. A 50 pg/cm? thick carbon film was placed in
front of the detector to prevent scattered deuterons from
colliding with the detector directly.

During the experiment, the Yb foil was implanted by
a 20 keV/D D3 beam with a flux of 3.0 x 10** D/cm?/s
for ~ 8.0 x 103 sec at a temperature between 300 and 340
K until it reached a saturation state, i.e., the recorded
proton yields did not change with the accumulated im-
plantation dose, as shown in Fig. 1.
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Fig. 1. Recorded proton yields of the D(d, p)T

reaction for the implanted 20 keV/D DI beam
as a function of accumulated implantation dose.
The dashed line was drawn to guide the eye.
The levelling-off of the proton yields following the
initial rise signifies that a saturation state was
reached.

Following the implantation, a DT beam with an en-
ergy of 75 keV (the maximum energy of the beam pro-
vided by the ion beam generator used) and a current of
0.6 wA was applied to monitor the deuterium depth dis-
tribution in Yb foil, since the implanted deuterium con-
centration in the deeper region of the target was more
accurately determined by a probing beam with higher
energy. This probing beam was provided by the same
experimental setup as the 20 keV/D D3 implantation
beam. The fluence of the probing beam was controlled so
as not to cause noticeable unwanted changes in the deu-
terium concentration. In this step, the measured proton
yield was (92.3 &+ 2.0) protons/pC.

Then the Yb target was left in the high vacuum tar-
get chamber for about 66 h without any deuterium im-
plantation. Thereafter, the deuterium depth distribution

was probed again by the 75 keV D+ beam and this time
the measured proton yield was (92.4 £+ 2.0) protons/uC,
without any appreciable change compared to the pro-
ton yield measured 66 h previously. This indicates that
the deuterium depth distribution showed no noticeable
change over the 66 h period. Also, as expected, the em-
ployed probing beam did not induce conspicuous changes
in the deuterium concentration.

The typical charged particle spectra obtained at Eq4
= 20 and 75 keV/D for the D(d, p)T reaction in Yb
are shown in Fig. 2(a) and 2(b), respectively. Two
peaks, which correspond to the tritons and protons emit-
ted from the D(d, p)T reaction, are clearly observed in
Fig. 2.

100 T T T T T T T T T T T A—
E triton proton

10 Y (@E~20kevD Y ]

102k [\ [\ 1

counts

10 |‘

:Li : M IFTRTTTRENIATE 'H‘|I

10°E
F triton

10°E Y () E~75keVID X ]

M

proton

\ /
[ |

a ‘

counts

10'E

3 ) ‘\x
.’
100 ||| i ‘\“ Il Il
0 200 400 600 800
channel

|

I

1 1
1000 1200 1400

Fig. 2. Typical charged particle spectra for the
D(d, p)T reaction in Yb obtained at Fq = (a)
20 and (b) 75 keV/D.

3 Analysis methods and results

The total proton yield Y,(Ey) of the D(d, p)T reac-
tion in thick target can be expressed as [19, 20]

(@Cf)lﬂ

(1)
where FE, is the incident energy, Ny is the number
of incident deuterons, {2, is the detector solid angle,
Np(z(FE)) is the number of target deuterons (deuterium
concentration), df2.,, /df2,,, is the transformation coeffi-
cient of the solid angle between the center-of-mass (cm)
system and the laboratory (lab) system, o(E) is the re-
action cross section and dF/dx is the stopping power.

Taking into account the screening effect [21, 22], Eq.
(1) can be transformed into

dfem
B =N [N (o(E) 50
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where U is the constant screening energy provided by the
environment where the reaction happens [23], opae(E)
is the reaction cross section for bare nuclei, f(FE, U,) ~
exp(mnU,/E) is the enhancement factor [21], in which n
= Z1Zya(pc?/Eqy)'/? is the corresponding Sommerfeld
parameter (Z; and Z, are atomic numbers of the target
and projectile, « is the fine structure constant and p is
the reduced mass in amu).

For the D(d,p)T reaction in Yb, the U, was estimated
as 74.3 eV, including values of 20.4 eV estimated from
the adiabatic limit due to the screening effect of bound
electrons [24] and 71.4 eV calculated from the Thomas-
Fermi Approximation because of the screening effect of
conductive electrons [25]. Yuki et al. [19] studied the
screening effect of the D(d, p)T reaction in Yb experi-
mentally, and their deduced U, was (81 %+ 10) eV, in good
agreement with the expected value used in this work.

In this work, the proton yield of the D(d, p)T reaction
in Yb as a function of depth was calculated by a Monte-
Carlo spectrum simulation program NRIBA code, whose
details have been given in [14, 26]. The proton yields per
unit deuterium concentration (D/Yb = 1%), Y,(x;), of
the D(d,p)T reaction produced in a single layer (10 nm
per layer) calculated by NRIBA code are shown in Fig.
3. Similar to what was done in Ref. [14], an effective
reaction region, from which the proton yield is produced
and which contributes ~ 95% to the total proton yield,
was assumed in this work. The effective reaction re-
gions were 0-130 and 0-500 nm for 20 and 75 keV/D
deuterons, respectively.
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Fig. 3. Proton yields with D/Yb = 1% produced

in a single layer calculated by NRIBA code. The
effective reaction regions were 0-130 and 0-500
nm for 20 and 75 keV /D deuterons, respectively.

Based on the view of Raiola et al. [27] that the deu-
terium depth distribution is nearly homogeneous within
the region from the front surface to the mean range of
implanted deuterons at saturation state, and similar to
what was done in Ref. [14], it was assumed that the deu-
terium concentration Np (D/Yb at.%) within the effec-
tive reaction region (0-130 nm) for 20 keV /D deuterons
was uniform in this work. Thus, the proton yield Y,(20)
can be deduced from the following equation

13
0.95Y, (20) = Np » Y2 (x,), (3)
i=1

where Y°(z;) is the proton yield per unit deuterium
concentration produced in a single layer calculated by
NRIBA code for 20 keV /D deuterons and i = 1, 2, ---
number of layers.

The deuterium concentration within the effective re-
action region for 20 keV/D deuterons deduced from the
experimental data is shown in Fig. 4. It shows that the
deuterium concentration increases with the accumulated
implantation dose until it reaches a saturation state af-
ter the dose reached ~ 120 mC. The linear fitting of the
data after 120 mC resulted in D/Yb = (22.3 + 0.7)%.

30 . — . 73
o 20keV/D deuterons | 1 o
55 |. - - -linear fitting of data after 120 mC le1 5
N {'}"'E"-{--§"§' -
0 Y03 b : 148 2
Xt ' 1 =
= H RS
S 15t i 436 B
=2 i =
N ! 1 3
A 0L i 424 %
-3 i 1 E
St : {12 £
i 120 mC %
0 1 1 H 1 0.0 =

0 50 100 150 200
accumulated implantation dose /mC

Fig. 4. Deuterium concentration within the effec-

tive reaction region (0-130 nm) for 20 keV/D
deuterons. The deuterium concentration in-
creases with the accumulated implantation dose
until it reaches a saturation state.

The deuterium depth distribution for 20 keV/D
deuterons implanted into Yb can also be obtained from
simulation with SRIM [28] and the simulated result can
be fitted by a quartic polynomial expressed as

Np (x) = ap+ a7+ ax® + asx® + agx?, (4)

where Np(z) is the deuterium concentration (unit:
D/em?), ag, a1, as, az and a, are parameters of the
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quartic polynomial, and z is the depth beneath the front
surface.

It is reasonable to assume that the deuterium con-
centration Np(z;) in a single layer (10 nm per layer),
which is derived from Eq. (4), is uniform. Thus, the
total proton yield Y, (E,) can be expressed as

Y}(EO):ZND (@)Y () (5)

From Fig. 4, it is concluded that an equilibrium deu-
terium distribution was formed within the region from
the front surface to at least 130 nm depth in Yb dur-
ing the implantation after the accumulated implantation
dose reached ~ 120 mC, while it was difficult to quan-
titatively determine the precise depth of the equilibrium
deuterium distribution region. Thus, a parameter x,
describing the depth of the equilibrium deuterium dis-
tribution region beneath the front surface, was used as
an adjustable parameter in the data analysis process. So
Eq. (5) can be transformed into

Y, (Eo)—<A'ND (Io)zyp (w:)+ Z A-Np (;)-Y, (xi)> ;
=0 z=x (6)

where Np (o) is the uniform deuterium concentration in
the equilibrium deuterium distribution region (from the
front surface to ) determined by the deuterium concen-
tration at x4, which can be deduced from Eq. (4), and A
is an adjustable multiplication factor for the deuterium
concentration.

Finally, the deuterium depth distribution from the
front surface to 500 nm depth (effective reaction region
for 75 keV /D deuterons) in Yb was obtained by varying
the adjustable parameters x, and A together to fit the
experimentally measured proton yields of the D(d, p)T
reaction for the 20 keV/D Dj implantation beam and
the 75 keV D* probing beam, simultaneously. The re-
sulting fit resulted in fitting proton yields of Y(20) =
2.28 protons/uC and Y](75) = 92.4 protons/uC, which
agree well with the experimental data with values of (2.28
+ 0.05) and (92.3 £+ 2.0) protons/pC for the 20 keV/D
D7 and 75 keV D* beams, respectively. The obtained
deuterium depth distribution is shown in Fig. 5.

4 Discussion

Since the fitting proton yields calculated by Eq. (6)
coincide well with the experimental data, it is concluded
that the present result shown in Fig. 5 can quantitatively
characterize the deuterium depth distribution in Yb.

From Fig. 5, it is found that an equilibrium deu-
terium distribution region from the front surface to ~
260 nm depth was formed in Yb during the implanta-
tion. According to the simulated result from SRIM [28],

the mean range of 20 keV /D deuterons in Yb is about 250
nm, which agrees well with the depth of the formed equi-
librium deuterium distribution region. The deuterium
concentrations in the equilibrium deuterium distribution
region at a temperature between 300 and 340 K deduced
from Egs. (3) and (6) are consistent with each other,
while they are higher than the deuterium concentration
(D/Yb = 13%) at a temperature of 473 K and signif-
icantly lower than the deuterium concentration (D/Yb
= 130%) at room temperature obtained by Raiola [29].
It should be mentioned that Zhao et al. [14] studied the
dynamic saturated deuterium concentration in beryllium
by the D(d, p)T reaction at a temperature between 300
and 340 K, and their obtained saturated D/Be was about
20%, in agreement with the value of D/Yb obtained in
this work.
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Fig. 5. Deuterium depth distribution for 20 keV /D

deuterons implanted into Yb foil. An equilibrium
deuterium distribution region from the front sur-
face to ~ 260 nm depth with D/Yb = 22% was
formed.

As mentioned in Section 2, the deuterium depth dis-
tribution showed no appreciable change over a 66 h pe-
riod after the implantation. Furthermore, the presence
of a certain deuterium concentration near the front sur-
face in Yb suggested that considerable deuterium diffu-
sion occurred during the implantation. A similar phe-
nomenon was also observed by Lewis when he studied
deuterium migration and tripping in uranium [30], and
the irradiation enhanced diffusion phenomenon during
ion irradiation [31] was employed to explain his results.
However, ion-induced defects and dislocations usually
create defect densities of a few % at maximum, but
not the very high deuterium trap density up to ~ 22%
obtained in this work. Since the deuterons deposited
in metals were in the form of separated atoms and D,
molecules, which have been confirmed in beryllium [32],
such high deuterium concentration might be caused by
the implanted deuterons being precipitated into gas bub-
bles formed in the target during the implantation.
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5 Conclusions

In this work, an Yb foil, implanted by a high flux
20 keV/D D7 beam at a temperature between 300 and
340 K, was employed to study the deuterium depth dis-
tribution in metals. A 75 keV DT beam with lower
flux and fluence was used to probe the deuterium depth
distribution following the implantation and after about
66 h.

By analyzing the proton yields of the D(d, p)T reac-
tion for the implantation and probing beams, the deu-
terium depth distribution from the front surface to 500
nm depth in Yb was found in this work. The present
results showed that an equilibrium deuterium distribu-

References

1 P. G. Shewmon, Diffusion in solids (New York: McGraw-Hill,
1963)

J. R. Manning, Diffusion kinetics for atoms in crystals (New
York: D.V. Nostrand, 1968)

C. M. Bartle et al, Nucl. Instrum Methods, 95: 221-228 (1971)
P. B. Johnson, Nucl. Instrum Methods, 114: 467-475 (1974)
A. E. Pontau et al, J. Nucl. Mater., 91: 343-346 (1980)

Y. Takeuchi et al, J. Appl. Phys., 64: 2959-2963 (1988)

S. M. Myers et al, Phys. Rev. B, 43: 9503-9510 (1991)

H. Kudo et al, J. Nucl. Mater., 258—263: 622-627 (1998)

Z. Qin et al, J. Nucl. Mater., 264: 228-233 (1999)

N. Kawachi et al, Nucl. Instrum Methods B, 190: 195-198
(2002)

11 V. Kh. Alimov et al, J. Nucl. Mater., 337—339: 619-623 (2005)
12 D. J. Cherniak et al, Chem. Geol., 268(1): 155-166 (2009)

13 W. R. Wampler et al, J. Nucl. Mater., 415(1): S653-656 (2011)
14 J.T. Zhao et al, Nucl. Instrum. Methods B, 316: 13-16 (2013)
15 H. Yuki et al, J. Phys. Soc. Jpn., 66: 73-78 (1997)

16 K. H. Fang et al, J. Phys. Soc. Jpn., 80: 084201 (2011)

17 J. T. Zhao, Ph. D. thesis (Lanzhou University, 2013)

N

OO0k W

=

tion was formed in Yb within the region from the front
surface to a depth of ~ 260 nm, which is approximately
equal to the mean range of implanted 20 keV /D deuteron
in Yb. The deduced deuterium concentration (D/Yb)
in the equilibrium deuterium distribution region was ~
22%.

The relevant work is still going on to accumulate
more especially necessary data for studying the phys-
ical processes governing the complicated behaviors of
deuterium in metals, such as tungsten, molybdenum,
beryllium, samarium, palladium and gold.

The authors would like to thank Prof. Gen-Ming Jin
for fruitful discussions.

18 J. T. Zhao et al, Nucl. Instrum Methods B, 299: 54-60 (2013)

19 H. Yuki et al, J. Phys. G: Nucl. Part. Phys., 23: 1459-1464
(1997)

20 H. Y. Lv et al, Chinese Phys. C, 35: 26-30 (2011)

21 H. J. Assenbaum et al, Z. Phys. A, 327: 461-468 (1987)

22 S. Engstler et al, Phys. Lett. B, 202: 179-184 (1988)

23 T. S. Wang et al, J. Phys. G: Nucl. Part. Phys., 39: 015201
(2012)

24 L. Bracci et al, Nucl. Phys. A, 513: 316-343 (1990)

25 C. Kittel, Introduction to Solid State Physics (New York: John
Wiley & Sons, Inc., 1986)

26 T.S. Wang et al, Nucl. Instrum Methods B, 269: 2721-2725
(2011)

27 F. Raiola et al, Eur. Phys. J. A, 13: 377-382 (2002)

28 J.F. Ziegler, J. P. Biersack, code SRIM (http://www.srim.org)

29 F. Raiola, Ph. D. thesis (Ruhr-Universitdt Bochum, 2005)

30 M. B. Lewis, J. Nucl. Mater., 88: 23-30 (1980)

31 S. T. Picraux, F. L. Vook, Radiation Effects, 11:
(1971)

32 V. Kh. Alimov et al, J. Nucl. Mater., 241-243: 1047-1052
(1997)

179-192

054002-5



