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ABSTRACT Titanium has long been of interest as hydrogen storage material since titanium has
a high affinity to hydrogen isotopes. Titanium deuteride or tritide is an important nuclear material
used in the field of nuclear technology. Investigations concerning hydrogen–titanium system seem to
mainly focus on the hydrogen thermal desorption spectra so as to study hydrogen desorption kinetics
from metal hydride and to determine the rate–controlling step, but little is known on the evolution
of its compositional changes under a much more un–equilibrium condition. In the past two decades,
the intense pulsed ion beam (IPIB) technique has received extensive attention as a tool for surface
modification of materials. Compared with conventional ion implantation, IPIB irradiation into ma-
terials possesses a higher energy density with shorter pulse width and be typical of more intense
thermal–mechanical effect. From such a point of view, considering the features of extreme high heat-
ing and cooling rate of IPIB, IPIB as a method to evaluate the stability characteristics of titanium
hydride film is utilized in order to determine a predictable behavior of the film’s evolution under
an extreme un–equilibrium external condition. In current study, TiH2 films irradiated by intense
pulsed ion beam have been investigated by using scanning electronic microscopy, surface profilometer,
X–ray diffraction and slow positron annihilation, in order to evaluate the effect of irradiation with
pulsed ion beam on the microstructure of TiH2. Three sets of TiH2 films are irradiated several shots
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at energy density ranging from 0.1 J/cm2 to 0.5 J/cm2. No noticeable phenomenon of melting and
change of phase structures have occurred to samples under irradiation of 0.1—0.3 J/cm2. However,
phenomenon of melting and indication of cracking has been detected on the surface after energy density
reaches 0.5 J/cm2. Besides, desorption of hydrogen from the film, and a titanium hydride with a
body centered tetragonal structure (bct), seldom reported by researchers and formed under extreme
conditions, has also been identified only after energy density of IPIB reaches 0.5 J/cm2. S parameter
of slow positron annihilation reflects that the crystal defect structures have been greatly changed by
IPIB irradiation, in which S parameter reaches a large value at 0.3 J/cm2 with 1 shot, while a small
one at 0.5 J/cm2 with 5 shots.
KEY WORDS TiH2, pulsed ion beam, surface morphology, slow positron annihilation

Ti k�vIÆPrT0�r, #2 H t�,a
9.2×1022 atom/cm2, �u0t�d 1 ��, $r4~}0�#~X:H-'Jrr#D, < Ti k�20 (r#�#~) r,V, 20` Ti �X α Bm δ BrW�, i$�,� 250 �\, H .bY Ti H�2 [1−3].

Ti r0a. (qas�ras) k�vIJrrM,V�A��MyuGHb�X%H, # Xr4�(�PJr(~Z, t>\�4k7(~r0��O���:. �V, U�s0r#�#~a.r.GaZF
kQg&O4F�g&�(�Jr��. �(E��>�s0a.rg&PrpH�s0a.r�:r�R[� [4−6]�H$ Ti HrF� [7]�H $ Ti Hr�0���ÆÆm}rs0Æ4r�NZF [8−10] O�NZF [11−13]. g&4 [14−17] ��/��0�r��g& H �2%��Er�N)�, hgoP�℄lg&>V#$2�$!r�+�	7�:Xr�+�:r�a.$H8rvZ��, +_iKEbx (IPIB) k�vI,V�x(Zr���$Ug&4qrA�>V [18−21]. �S�rEbxVHB�, IPIB (�St�,OiK9�*r
y, "} 108—1011 K/s r�b`,V�x�IEa�8�OB;rHF. I/+_iKk���, "2O�Pr
;Q/�x: vg�,$"2HFHnmr9R� – NkkB,VY�Vmr�a; �g��9RrS�FSO�Sk, �Ow(�,V�xV����[�r#�Æ�:�aB�t. �r0a.k�vI
or�BÆ4a., #$+_iKEbx"27r
Z�a!��6.�n. �V, g&+iKx_�qasrklE, 'h�V
x_�0a.rklErA^, 2Jrrg3�MyuZ�Hq�r�Zr�<�5Gfw'Oyu<A. ��V, �4k;lY℄lOg&+_iKEbx�s0a.B^k
Z, �(�s)Y$O$
yr IPIB k�vI��Vr�+RG�>"2 Ti r0a.�, }�g&
TiH2 $o���V�	7r�xVmO�+���:r�a, Y�5v4W>�0as�(~Zr1z.

1 "2x�Æ��/C65��lE� Ti �, ���x,65P

&RG\r Mo �v�D${bx8���l�rq��O, /{b)��r�� 99.9%r,U Ti ?m$
Mo �vO, ��\4�65�� 10−4 Pa. Mo �vZ� 1 mm, E�r�x Ti �Z��� 6 µm. �Jr Ti�$65�7�Wxm H2 O4�H, &YDo>65� 10−4 Pa. Or H2 Y U ��H�H��2om, U�� 99.5%, Ti �$ H2 O($ 10−3 Pa 7���m 500 �P& 1 h, =\�B;mj$, i4�65am 10−4 Pa \, Y U ��H��i�Ov~Sr H2,��q�� 550 �` Ti �2 H.

IPIB Xi$ TEMP–6 +_iKEbxYDO�X, ��%�go�, x_PrB�� 30% C+ O
70% H+(�b�z), ��S 100 keV. 
 TiH2 q��XSt� 0.1—0.5 J/cm2 rXi, XiXz
0—50 X./ A JSM–5600LVTKz{b9�! (SEM) O
Surfcorder SE–3H Te=z (7�	#� 2 µm) �X�x[3� Ra 4S,  SHIMADZUXRD–6000 T XR�jRz (XRD) �~�x6f>. /;{boor
Doppler ,9yu, 
q��X*�M4S [22−24]. g;{bxS$ 0—20 keV=�O_3|. ,U Ge�4%�4;{boo:Xr"R�, S��� 1 keV.��q�+$j$74S, p/�rzz� 105 }O.,9��V S 1z~��:

S =

a∫

−a

C(E)dE

∞∫

−∞

C(E)dE

(1)H, C(E) g6P�v\rk;{b Doppler ,9℄l�, E g;{boo\��4mr γ R�rS, (−a, a)g} 511 keV �Sl��yrS6�, 5H7 a=

1 keV. S 1zr�aPrn�HR6B
zzr	F, �Pr��;{b�u�S{boor2:. 5#T:=R, u�S{bt�B
Æd, ;{b�Xo{r
511 keV r γ R� Doppler ,9�ÆM, 
���rHR6, S 1z?(d.
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2.1 �{%�� TiH2  w�1�~50

IPIB Xi(\ TiH2 ��xVmG� 1 �d. �
1a ��b TiH2 �r SEM H. 3}0O, �b TiH2��x�L��11, h�LdM'B&, (�9Rr��vP'+�Z, �\��x��C:OTJ�X���[$#. iSt�� 0.1 J/cm2, O�bq�B�,

1—50 XiKXi7��x+!℄$�x�L~9rE
a\"�=rSn, h�℄"2Xzr|_(�, iKEbxr�Kik(+, �x℄$�9aOBtar5f.

0.3 J/cm2 �	7, ��xs!�XZ�~9rEa:K,� 0.1 J/cm2 2:A}, ��x}℄s℄$�9ar5f. � 2 �'�2:7 IPIB "2 TiH2 ��x[3��"2Xzr>4. 3}0O, $St�� 0.1 J/cm2,

1—20 X"2\, TiH2 ��x[3�o�9Rr�a,i(�"2Xz(� 50, TiH2 ��x[3�u�
0.21 µm. $ 0.3 J/cm2 �	7, 3}0m�[3�s

( 1 *^hJDaw (IPIB) !1[ TiH2 �q�wUl
Fig.1 Surface morphologies of TiH2 films irradiated by intense pulsed ion beam (IPIB) with different shots and

energies

(a) unrradiation (b) 1 shot, 0.1 J/cm2 (c) 5 shots, 0.1 J/cm2 (d) 10 shots, 0.1 J/cm2

(e) 20 shots, 0.1 J/cm2 (f) 50 shots, 0.1 J/cm2 (g) 1 shot, 0.3 J/cm2 (h) 5 shots, 0.3 J/cm2

(i) 10 shots, 0.3 J/cm2 (j) 1 shot, 0.5 J/cm2 (k) 5 shots, 0.5 J/cm2
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Fig.2 Surface roughness Ra of TiH2 films by IPIB under

different shots and energy densities℄$A}r�a5f. �=$VSt�7, ��xo�~93�rEa:K, hgY9Æ��x[3�r�a5f>0, �℄"2Xzr(�"��℄iKx�KiO�r(+, ��x5�2��9OBtr[�. � 1j, k � � 0.5 J/cm2 r IPIBXi 1, 5 X\�r�xVm. 3}0O, 1 XXi\��x{�℄$�Y&,  5 XXi\, PUdSr�[Y&=�d3}�7m�x�L
 g��RZ�~9rEa\"�=r:K. VI�[Y&g�iKx_{\��OB;HFH�:Xro,��N�B [15−18], V�, TiH2 gvI\ZB, YkB.Yr:X. ℄l�~, iSt��P,� 0.3 J/cm2\, TiH2 �e:XZ�~9rEaO.Y:K.

2.2 �{%��� TiH2 +.��~50�=$ 0.1—0.3 J/cm2 �	7, TiH2 ��x!�X~9rEa:K, h�� TiH2 r��$�B
Æu [1−3],�}#�+r.B�:$V�	7B=3�XW�. �
3 �d� IPIB "2(\ TiH2 �r XRD �. 3}0O,�b TiH2 ��6Pr� δ Br TiH2 :B, �\s�4mUkÆ Mo r.B. iSt�� 0.1 J/cm2 \,�H IPIB 1—50 X"2, TiH2 ��6B�:+!�X~9r�a. iSt�� 0.3 J/cm2, IPIB "2 1 X\, jR�H℄$ α–Ti (002) jR�". Mo r (200),

(211) O δ–TiH2 r (220), (211) jR�O
�E.>, 5 O 10 X"2\, 0jR�O�b��B�"*�FOr8 . VI2:g��q�$�℄g4E�rHFH℄$ H Yq�H	�%B TiH2 rIS�M, YkB α–Ti (002) �r0OO��v℄JRr Mo (200),

(211) O δ–TiH2 (220), (211) jR��E.>. � 3c �
0.5 J/cm2 IPIB Xi7, TiH2 (110), (220), U Ti (002)jR�rka�, Y�H0O, H Y TiH2 H��rHF"��℄ α–Ti (002) �r0O. [�, d�4mUÆR
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Fig.3 XRD spectra of TiH2 films irradiated by IPIB with
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V�:iHD5rg&. 5I��VB�:rO:� IPIB 7���r�\r7�B;r��VHFt,B>, $t$��r2:7, bct–TiH2 e|_��� α–

Ti O δ–TiH2,  IPIB "2�x\r7�B;, “��”U5I,$f>, `#>'r���℄7>. �G�~,$ IPIB Xi7, δ–TiH2 ��rSt��	B=,�
0.3 J/cm2. h��kÆr)>, TiH2 3$2urSt����{��XB�.

2.3 %��� TiH2  !-��~50�bU Ti ��TiH2 �}r'��	 IPIB Xi7 TiH2 �rk;{b S 1z��G� 4 �d. 3}0O, ��8����Tr
y, $��HFH��{�℄$dSr�X5#�5�:=. �H H }\�℄0a.rXB, dS\Z0a.r:X`��:XUdSr:=, �r S 1zB
��b[�C:(dr5f. “0B:=” v�xg��i�r�+O:0a.\#O�Æ,V℄$'h�Z, kB,V�+O:�YO#_; [v�x�r −H �b$RÆ;u,V�+5#:=VB, Y�$,V�+:=��r(d [33]. � 4b � 1OU 0.3 J/cm2 r IPIB "2 TiH2 1, 5, 10 Xrk;{b S 1z��. �U��
��0, �\s4SU 0.1O 0.5 J/cm2 r IPIB 5 XiK�	7�rk;{b S1z��. �G�~, H H $ Ti ���H:=, IPIBr"2�kB TiH2 �:XdSr:=�:, :=�:r�?PrpH���6 0.4 µm }�. �_V [34] �~,

100 keV r C+ O H+ �:Xr:=��� PrpH� 0.25 O 0.75 µm R (� 4a). �= IPIB B�H H+B
 C+ r�, hgg/ C+ 
�,Vr�MF�;,O H+ � 2 /zSu, �} IPIB "2,V�:X:=�?PrpH� C+ r�?R. ?oV�rg, �℄"2Xzr(�, S 1zr�?�7, �d℄:=��$7. �Ui�v*r
��0, � 4c 1Org 0.1, 0.3,

0.5 J/cm2 r IPIB 5 XXi7 TiH2 � S 1z��V�r�a. 3}0O 0.1 O 0.3 J/cm2 �	7, S 1z�?Bi,  0.5 J/cm2 �	7�r S 1zs)7,v℄am�b TiH2 �r?. �G�~, $ 0.3 J/cm2

1 XXi�	7 S 1z?hd, "�℄XiXzr(�O
�M. ��;{b
,VH�bG�r:=o#|*, i5#�kÆ�b�am 10−4 \ekB;{boo5�O [35]. EbrVH, "2HFH�:Xr�E�V�r� – NO�}r!�VBr��rH�N$`��+:XdSr5#T:=O#_TdG^:=. i:=G^amO��r\, ;{b*�"
#�X��, ;{b$!�oov℄3}k�d��oo. �V3��$
0.3 J/cm2 1 X IPIB Xi7, ,V�+3:XdSr5#T:="℄$#_TdG^:=, .�℄XiXzr|_(�, $ IPIB�$r�KiO�7, dG^:=��
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Fig.4 Vacancy productions per incident ion along projec-

tive range (a), and evolution of the positron annihila-

tion characteristics S parameter in TiH2 with differ-

ent shots as a function of depth (b, c) (S parameter is

defined as the ratio of the counts in the central area

of the slow positron annihilation, Doppler broaden-

ing peak: 510.56—511.44 keV)s�=(�, kBdSr;{b$#��℄}d��oo.

0.5 J/cm2 5 XiK�	7 TiH2 �lq�x℄$dSr�[Y&, �G^3azZ�vZ�r, VA:=so�3hS���+v~V�R. ;{b$GVG^r:=Hoo℄&3k�d��oo, 5Ioo�
� S 1zr(�"*7;. [�, ��b TiH2 �B�, "2\r
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3 ��
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TiH2 ��x"!O:~9rEa:K, h��6r9Æ[3�$x_'�r�Ki�	75��9; $ IPIB St�am 0.5 J/cm2 \, TiH2 ��6�XZ�~9rEaO.Y:K.

(2) iSt�am 0.5 J/cm2 \, TiH2 ��6B�:-�X~9r�a, H .bY TiH2 ��dSr�2"��� δ–TiH2 J bct–TiH2 �:r��VB�:W�.

(3) $ 0.3 J/cm2 1 X IPIB Xi7 TiH2 �rk;{b Doppler ,9 S 1z3amO?, "�℄XiXzr(��M. i IPIB St�(� 0.5 J/cm2 \,
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