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Abstract

The stopping power and the range of 10 to 100 keV deuterons were determined in the
deuterium-containig substances, such as TiD,, ZrD, PdD and D,0O. The evolution rate of
neutron due to deuteron irradiation was measured as a function of the energy of the incident
deuteron E,, and the relation between them was analyzed to determine the atomic stopping
cross-section S; of the concerned atomic species by using the well-defined value of the reaction
cross-cection of the (d, n) reaction. The relationship between S, and E, for each atomic
species was given generally by the equation S;=kE?%, in which £ was in a range from 1.20
for deuterium to 6.80 for palladium atom, and p from 0.3 to 0.4. S; was approximately pro-
portional to square root of the atomic number of the target atom for constant deuteron
energy.

The range R was obtained by the integration of the observed inverse stopping power,

_ S'FO (dx/dE)dE

The estimation of the local distribution of neutron evolution by using the above experi-
mental data indicated that the main contribution to total neutron evolution was limited with-

in a relatively small depth-range, namely approximately 40% of the deuteron range.
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Fig. 1 Layout of the measuring system of (d, n) reaction.
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B BEEMESEP CEMIIEL, 257 v (bHER—BBILAERARPCEE L (HER
e a bR Lz, 30°C @ 5.8w/o NaOD-D,0 ¥, P ¢ 10mAjem® OV — FEH € 12hr B
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Fig. 2 Gamow plot for relationship between neutron
evolution and deuteron energy

Table 1. Values of constants @ and & given in eq. (9) for specimens used.

Specimen | Demteron ation g i eaf
TiDg 914 x10%22 (cm3 ) | 119 x 10° 47.9
Ti Do.41s 225 x1022 322 x 108 47.9
ZrDs 7.24 x 1022 8.64 x 108 482
PdD 6.58 x 1022 5.82x 108 47.9
D20 6.00 x 1022 225 x 109 48.7
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Fig. 3 Gamow plot for relationship between (d, #) reaction
cross-section and deuteron energy.
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Table 1 ©7h® a, b, C {EXRATIE, (18) RIELERFWCOWCTEFREFREAD XS
%o
dE

TiDy: ~2E =187 10:E3 exp (15852 : ke Vo] (14)
TiDo.s: —2E =170 x 10°EY" exp(L5SE ) (15)
ZiD, : —‘é—E —2.03 X 10°E}? exp(1.76E-1/2) (16)
PdD : —%E —2.76 X 10°E? exp (1.62E;1/%) (17)
D,0: ~2E 6371083 exp(2.38E7) (18)

LoOHERIWERCIHAEREB R TN = A ¥ — 2 EBETLRPORBC LEHTE 50T,
Ey Ot E LW ThEALT %,

BEAREOHEHEF LI oTwB Ti, Zr, Pd, i3 O, 1 b1 O ILEE, BV hid,
SFHIERE S BT S &

TiDy: Sy=2x ddE_4 10 x 10-15E4/2 (1,58 E-11%) (147)
TiDy4s: ,04015( ) 3.14 x 10~ 1BV (1.58E-11) (15')
7rD, : E( fi—f) 5.61 X 10-13EY2 exp (1.76 E-1/2) (16')
PdD: Si= é—( ‘é—f) 419 x 10-15E2 exp (1.62E-11%) (17)
DO: =2 (- ‘LE) =212 X 10-EY? exp (2.38E-12) 18)

o3, (1410)~(18") KiiBifra [eV-.cm?/molecule] & LTFEH LTh b,

(14) & (15) R X MFEAESEEI BRI 2T & 0hvb LTS HIERE (—dE/dx) ~®
WEIHIOBBETH D, Lichi-T, AROMAESLEVERER» TR TTL —dE/dx
DYFEBHRILAREEY Fhahitl s Ui L 14)~18) KRB L AHFHILEE S ORER
HleoTE, KREBBELEDOT, BEOCERLREY BN E T2 THERNERET -
AR NDETH B,

4.2 [BEFEIERED M

LBILEE S WRBTFORFE Se LRFHEOFS S »bind, & ziX, TiD, oHEwi

S (TiDg) = Se(T1) +2S.(D) + S, (Ti) + 25, (D)
Lk MBRTHE v 2KERETDE 1 Bohr MEETFEE v < BT
R VAL
AL T B S BT RAT Ik S ik

VALIYVA v
Se = 871‘626l0z‘Z'2HZ'—2'/237372 * - (19)

Llehe Zy & Zy IMERT LM IEFEFORTFES, 4 & Bohr ¥, €2=14.397x107%eV-
em Thbo —FH Su IOWTIEL v=00150,Z2 DFHET Sy O S Wi T5HFENEAE 7
19, %@ Sn-mux &i
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S z? | daZ,Z,M,
wmasTD 7183 T 2V (M, + M)
Linho My & My 3ZhZhiBERF LHIEERTOERETH 5,
ok zf 50keV 0BT ¢ TiD, 2BEH LB SR2WT (19 & (20) A TR+ 5 &K
DXBERD, FF, BEWI BT S.(Ti)=1.60x10"*eV.cm?/atom, S.(D)=0.677x
10714 eVecm2fatom & 755, BT X BRIARIL 1keV Dbl &JkEn D, TOMHEIL Simax
(T1)=0.818 x 10~1% eV-cm?/atom, Sp.max(D)=1.96x10-1% eV cm?fatom & 75 %, 10~100keV T
i, S, offirz g b bR b, Schigtt? DENF —~ 2k B E 50keV Wik Tik S
1, TOED BBV BEDOT S, O S Wit B HEIE3HUTERELON, HELE
BTE B, LictioT (A)~018) R L » TR L S Offiix Se X & LTEDH 20,
T (14 KL (15) XoEF, BREEGHFECHYT 2215

Se (D) =S, (D) = St (’I‘)’D‘%):(')SZ(I"EIDO 415)

=0.609E"? exp (1.58E~1/2) x 10~1% [eV+cm?/atom] (21)

(20)

L%

FRFEEM Lo > T BEFEF ORI (14)~(18) D& X 2{E» B, (21) ROFEKHE
iz BECHERC X A BEE T CELFITIERD bR S, ThEFhOFHEES Y Fig. 41
RLlco ThbLOFERILELMTIT
S.~S,=kE*
TEbEINbD, b &L p Offrx Table 2 R LI,

LSS BRI XY p OfEix 05 Lin b2, HEDLOEJEIT ST Z DE  BbXTHE
{Iho ZDFEIL Morita® 5, Ormord®*® LOPEMLHFL L THBHH, #HOMEI S FEE

Table 2. Values of £ and p given in eq. (22).
The data given by the present (with no

(22)

2

-5

—~ mark) and also the previous authors are
CE> indicated.

o

E Stopping k P

g material |Experimental| Theoretical

(3}

o 501 o D 1.20 090 0.377

= 40[- 7 Be* | 183 1.64 0-435

o3 /i c* | 253 1.85 0.40
® 201 0 310 1.90 0-31
[¥2] A

Q ') Al 255 210 0.430
g !0 // Ti 5.40 228 0-392
o 8 D cut | 46 2:30 0.391

g 4: Zr 6.40 2.35 0.375

2 o oo Pd 6.80 2.45 0385

Deuteron energy (KeV) AgA 564 248 0-407

. . . . Au 6.83 250 0-381

Fig. 4 Estimated stopping cross-section of

several atoms for 10-100keV deuteron. .
a Morita et al.

4 Ormord et al.
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Stopping cross section at 50KeV{(xIO éFcm/atom)

50
40}

T

20

O This work

10 A Ormord
8 A Morita
6 B ——==LS.S. theory
4
| ! I { | L 1
I 2 4 10 20 40 100

Atomic number of stopping materials
Fig. 5 Atomic stopping cross-section for 50 keV deuteron
as function of atomic number.

DI FMNAR HID, FBLIEAEOEWEL LSS M X5 L b b 20 fou s L 0% BEKRE /%
LEERRD bt

Fig. 5 1% 50keV BB IC7c\ T BB FEF OMILREX R FEFS OB E L TURL TV %,
Se=~=S 1k ZV Wi L THRT 5 2 bbb, LSS HRiC L A (Z£,=2, v=v, L L
T (19) RCFHBE L2 S TR L Th Do) LIk, EHEMCEE L TW52Y, HTFA—FN
BB, TOREME LTI LSS MoK Lo TOHHRECHB EEL Db,

43 M O £ R

MefRE (14) ~ (18) OHKOMIEAERY Ey 76 0 KRB FTESTAHZ L I - TRD LR
5o (22) XEEETH L

M@=g0?%—%§?E“1 (23)
dx
Lis%, Table 2 OEAWE I\ T5 k, p OED LRADE»N D,

TiD,: R(E)=0.45 x 10-3E£0-61 (cm/keV)

7Dy : R(E)=0.368 x 10-3E0-6 (cm/keV)

PdD: R(E)=0.300x 10-3E0-5! (ecm/keV)

D,0: R(E)=1.06x10"3E0.63 (cm/keV)

£ X BFRERE Fig 6 WiRTER Y TH B, Thboflix (d ) BT X% $EEm
EDOBEKFBE 2R FHCE BRAROYWIER LT 5,
FHF=IAF—DETELEELC o ORIPBD B0, BEOBEKED LORUETFRES,
BEROBEKEN BLOLICE L EBTHENH D, HERORERERNR~A 7 Shamrd
Do SO XK THDTHT S,
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i I
© 50 |

Deuteron energy (KeV )
Fig. 6 Range of deuteron in deuterium-containing substances
as a function of deuteron energy
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FLIFBER SO RJCHIER O 7 — 2 0 b i o il R, (d,n) FSxWEHOBEKELY TR
DTMTHHEE LTFHATEL X5 eoTc, BPOHMBATE, BERFOo=FLF—42FED5
EMBEID X DSBS EET A LD, N Ey, oA T s ik, BEK
ROBET e 7 4y v ERDLNDENL L\ EHBE Lic, L L, LB b5 — 225
LTCEELABH L TAa B L, BPFLL 03Bl tiiiabhvo Eaibmns, TiD,
KPEFIC LT, UTRZDOERDNTEEL TR,

Fig. 7 1% 100keV 0&ET 4 TiD, KiTiA%, BE x KL ABERF=F51+¥— E 0% %
(14) X ok, 7 (12) R x5 [dn) EHEEOERF=F & — 1T X 2Z(LExt
HLUT, RS v XA RIGHTERE ¢ OB(bERDT- LD TH D, MO EIITILER v ©F
THEBRT=AALF— E OENRTZAIR TV 5,

Fig. 8 (3 Fig. 7% b W LTHEBTOAMH = IV F — Ey 2B 21 & 2 C W=0(E)|o(E,)
DX 2 WEAEERDILDTHD, COEED W OEXNEHOBEREL BOdHETF
HLEEOBEKRED LOFRERROILELRTLOTH - T, Vorziul, ERERENR—T
BAGECEFRETFRERC VT AESRALRTEXBERCHY T %, 50keV 75 100 keV
¥T E REZIBED W ORE x R XBFNRBEIRTW 32, WIFhoBsg LR
LOBEENRBRTHDZ EDbnb, =ALF —~ By BB LIeh LB OB b hic i
KIBEFARINTBH, N oK LCOIREHRED bOREROBINAKE <
A, EBTOBEREIOHMRKC IBZHENINLLEIRTLES,

BRI 5\ C, BB OBEKES A & Fick B0 Lea 5 5 ik E LT Ne—Ey i s sk
DTHIE L THRIH, FEDOMBIEH T EMNIELRE T, REREENRD o7, TOH
B ED X3 X o TEFAH 2 LR LM 572,

Fig. 9 1% 50keV & 100keV OB FHBEARBREES—k TiD, W AH Lick &0, i
FREZRCICTIRELD + OWXEFTOFESTFLEEELR LTV %, WThOBALRE R
DAOYPNOEFELENR NGB Z 252 bbb, LA, COWEERECLTCOlm #— 8 —
OEEBPIBOER XG5 BMCFIHTLOXHEYITH B = L2MER I D,

BFIXEDOZ EEEE LT, BABERESHNUECHIc > UL, AEFNHEC L >T=y 5 v
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1

Deuteron energy (keV)
100 80 60 40
1 5 1 T i T i |

Eo =100 keV

O(E)/ O(Eo)
(@]
&

W

i 1
1000 2000 3000 4000
Depth  (A)
Fig. 8 Normalized (d, #) reaction cross-
section for deuteron which have
initial energies of 50 to 100 keV,
as a function of depth in target
substance TiDs,.

10

dn cross section (mb:x10'27cm2)

5 1
50 Eo: keV
100
] 1 1 1 505 »
2000 4000 2
Depth (A)

Fig. 7 Depth distribution of (d, #) reaction cross-
section in TiD, for initial deuteron

energy of 100 keV. 0

0 02 04 06 08 10
x/R
Fig. 9 Integrated distibutrion of neutron
evolution rate as a function of de-
pth in TiD, for deuteron having
initial energies of 50 to 100 keV.
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