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The International Fusion Materials Irradiation Facility (IFMIF) is a neutron source facility designed
to produce an intense neutron field for irradiation test of fusion reactor candidate materials. In the design
of IFMIF, long-term operation with total facility availability of at least 70 % is required. However,
activation of structural materials by deuteron beam limits maintenance, which causes lower facility
availability. Thus it is essential to prepare deuteron-induced activation cross section database and to select
low activation materials based on it. In this work, we measured deuteron-induced activation cross sections
of aluminum, vanadium, chromium, manganese, iron, nickel, copper, tantalum, tungsten and gold. The
measured cross sections were compared with other experimental data and calculations. Deuteron-induced
activities of nuclides produced in SS316 and F82H alloys used as the accelerator structural material were
also measured to validate the measured cross sections comprehensively. It demonstrated that the measured
activities of almost all the nuclides were in agreement with evaluated ones based on the measured cross

sections within error.

Keywords: IFMIF, Deuteron, Activation Cross Section, TIARA, Induced Activity

+Radiation-Applied Biology Division, Quantum Beam Science Directorate
#Post-Doctoral Fellow
* Kyoto University



JAEA-Research 2006-071

IFMIF JNE g sobt ko m 15 17 AFHZ L2 b O F A

H AR T SE B SE s 1mh & i JEBR JE 58
B e =L — T JE g = b
TR AR, MO, RS SONES, AfRH EEE, L R
WPy @i, Ak e, ZHEE RTTT, e R

(2006 4F 10 A 2 H )

[ BREZ Rl A AR i 5% (IFMIF) (X EZ Rl S A RS 3RBR 2 AT O 7200 58 ) - & U CRT
HOfta% CTHD. ZONis% TITIMEIEER 70 %% BIEL WD, B2 XD A B O fik
SHUIZE S TA T F U AEERHIRINDZ LN, BB R TS ELHER LD, LT, HG A
FHZHT DI EE D BB RS 7 — 2 X — A5 B L, F % B SH b A B AR 95 2 80
R RCTdD. AAFFETIE, IEZERM B THATNI=T L, NFUTL, Jah, v Hy, 8k, =
v, $lil, BB, BT AT e OO GRS E L, oSSR, SR e L. £,
BE LTS bW i S D 2 4 M2 A VRT3 5720, SEERICNE SR Cffi &5 SUS316, F82H ~
DEG AFHZ > TER T 2RO B BEO R EB T o7, JE KRG LTIZE 2 TORZFED KU 6E
1, BE U7 WA 2 B RN L 7 O RE LR 2 O #IPH C— T 2 2 AR LTE.

BRETAZ B A ZE AT (BEAE) : T319-0193  FIk S ARET i) (L 801-1
+ BB — LSRRI S A A A SR = b

DAL R

TR NES

ii



JAEA-Research 2006-071

Contents

L U113 (014 1017 5 o s BTSRRI 1
2. EXPerimental PrOCEAUIE .......ccuiiiiiiiitieiieitie ettt ettt ettt ettt ettt e bt e et e e eetesatesbee bt e nbeebeenbeenseenns 1
2.1 DEULETON TITAAIATION ..ottt sttt et eat e et sate s bt esbeesbee st e esbeeeaseseaesaeesaeesaeesseesseenseenns 1
2.2 DAt PTOCESSINZ .. vveevieiteeitieetieetee et eeteettesttestteettestee bt e bt e stesseesaeesbeesbee bt enbeenteenseesaeeeseesbeebeenbeenbeenbeenneenneennes 2

3. RESUILS AN QISCUSSION «..evtieiiieiieeiieeie ettt ettt et ettt et et et et e s bt e a bt ent e e st e bt e bt e bt enbeenbeenseenneennes 3
3.1 Activation cross sections for pure metal Materials.........c..ocvvviiiiiiiiiieeiieiee e 3
31T ATUIMITIUITY ¢ttt ettt et et e e bt e beesseesseesseesbeesseesbeese e seensaenseenseenseenseenseenseenseennes 3
3012 VANAGIUN ..ottt ettt ettt e et e bt et e e b e esbeesbeesseesbeesbeese e seenseenseenseenseenseenseenseenses 3
313 CRTOIMIUITE ¢ttt ettt et et e st e ab e e st e st e e bt e bt e bt e bt enbeenbeenbeenbeeeneenneenes 3

T B Y 21 0 o Lt USROS 3
T T (0 s BSOSO 4
BUTL0 INICKEL ..ttt ettt e e et e e st e e st et bt e b e enb e et e e nbeenbeenteeateenbeenbeenneenseenns 4
T B 1) o) 1 USRS 4
BU1.8 TANLAIIIM ...ttt e b et e e b e e sbeesbeesbeens e e bt e seenseenseenseenseenseensaenneenneens 5
T B 0 I 7] 1<) o DO USRS 5
BULiT0 GOttt ettt et eae e 5

3.2 Induced activity 0f SS316 and FE2H ........cccuiiiiiiiiiiiee et 6
0114101 F: 8 AU 6
ACKNOWIEAGEIMENES ... ..ottt ettt ettt e ste e e et e steeeteesteesteesse e seensaesseesseesseesseenseenseenseenseenseenseenses 6
RETEIEIICES ..ottt ettt ettt et e s e e b e esbeeabeess e e st e st enseenseenbeenseenbeensaeeseenseeseenseenseenseenns 7
Appendix  Numerical values of activation CroSS SECLIONS .......eecvieiieiiriieierieeteeteereeteereeeeeeeseaeenseenseenseas 26

iii



JAEA-Research 2006-071

H K

L T R evevee ettt ettt ettt ettt ettt en et n et enenn s 1
2 FEBRTTVE ettt 1
2.1 BB T I oottt ettt 1
2.2 T B BIUBR ettt ettt 2
B T ETE R ettt 3
3.1 FA B F O JEACITIEIIE ..o 3
311 T VR0 e 3
312 7T 0 T et 3
313 TN oottt 3
B0 U T ettt 3
315 B et 4
310 o T Tl ettt ettt ettt ettt 4
31T B et 4
318 U B IL ettt 5
309 BT AT U e 5
3110 A ettt 5

3.2 SUS316 F3L TN F82H D I ..ot 6

B FEEBD ettt ettt ettt et e e 6
T ettt 6
EFE TSR oottt ettt 7
% T T T FE D BB T 2 oo 26



Table 1
Table 2
Table 3
Table 4

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

O 0 9 N U B WD~

Fig.

—_
(==

Fig.

—
—_—

Fig.

—
\]

Fig.

—
98]

Fig.

_.
o

Fig.

—
(V)]

Fig.

—_
@)

Fig.

—
3

Fig.

—_
o]

Fig.

—
O

Fig.

o
S

Fig.

\S]
—_

Fig.

N
[\

Fig.

N
W

Fig.

)
o

Fig.

\]
9]

Fig.

[\
(o)

Fig.

[\
~

Fig.

[\
o]

Fig.

N
O

Fig.

(O8]
e}

Fig.

W
—

Fig.

JAEA-Research 2006-071

List of Tables and Figures

Purity and thickness for pure metal fOilS..........cceeviiiiiiiiiiiiiicie e 8
Composition and density for alloy fOIlS ........ccceeviiriiiiieiiiiiie et 8
Cross section for the ™'Cr(d,x)*V, *Mn, **Mn(d,x) **Mn and ™Ni (d,x)*Co reactions............. 9
Deuteron induced activity of nuclides produced in SS316 and F82H ..........cccoooveiiriiiininiennne. 9
TFIMIE DITd VIEW .ocuiiiiiiiiciie ettt ettt e ettt e e st e et e e sabaeestaeessseeessaeessseessseeensseesnseeennns 10
TTARA DITA VICW .eceiieiiiieeiiee ettt ettt e e et e et e e esbae e taeessseeessseesssaaensseesssaesnsseesssenans 10
TIARA beam transSpOrt LINES ......cc.eevveerieeiiieiiesiieriestesteereereeseesseesseessaessnesssessseensaesseesssesssensnes 11
schematic view Of @ Stack fOLACT .....c.oevviiriiiiieiii et 11
Typical gamma-ray spectrum from Cu fOIl ........cccveviiriiiiiiieiieeeee e 12
Cross section for the 27 AL(d,X)™Na T€ACHON. ..........c..ovveeereeeeeeeeeeeeeeeeeeeeeseeseeeesese s eeseeeseeneees 12
Cross section for the 27 AL(d,X)** Na T€ACHON. ..........c.evveevreeeeeeeeeeeeeee oo es e 13
Cross section for the 2" Al(d,2P) 2 Mg FEACHON ...........vevereeeeeeeeeeeeeee e 13
Cross section for the > V(d,40)  Cr FEACHION .......vvveeeeeeee e 14
Cross section for the ™Fe(d,X) M TEACHON ..........ovveeveeeeeeeeeeeeeeeeeeeeeeeeeeseeeseesseeeeeseeeseenaees 14
Cross section for the ™Fe(d,X) M FEACHOMN ......v.oveevveeeeeeeeeeeeeeeeeee oo eeeeee e eee e eeraees 15
Cross section for the ™Fe(d,X)  CO FEACHOMN ..........c..oveveeeeeeeeeeeeeeeeeee e oo eee e 15
Cross section for the ™Fe(d,X) CO FEACHON .........c.oveveeeeeeeeeeeeeeeeeeeeeeeeee e 16
Cross section for the ™Fe(d,X)*7CO FEACHOMN ..........c..oviveeeeeeeeeeeeeeeeeee e 16
Cross section for the ™Ni(d,X)* CO TEACHON .........c.veevevereeeeeeeeeeeee e ereeeeeeeae 17
Cross section for the ™Ni(d,X)*7CO TEACHOMN .........c.vueveereeeeeeeeeeeee oo ereeeeeenae 17
Cross section for the ™ Ni(d,X)* CU FEACHOM ..........eveveeeeeeeeeeeeeeeeeeee oo eee e eeeeee e e eeeaees 18
Cross section for the ™ Ni(d,X)* CU FEACHOMN ..........c..ovveeeeeeeeeeeeeeeeeee oo 18
Cross section for the ™ Cu(d,X) 2 Zn0 FEACHOMN. .........cv.oveveeeeeeeeeeeeeeeeeeee e 19
Cross section for the ™ Cu(d,X)™Zn FEACHOMN. .........cv.oveveeeeeeeeeeeeeeeeeeee e 19
Cross section for the ™ Cu(d,X)* CU TEACION .........v.evveeeeeeeeeeeeeeeeeeee e eeee e 20
Cross section for the ™ Cu(d,X)** CU TEACION .........v.evveeeeeeeeeeeeeeeeeeee e eeee e 20
Cross section for the ™ Ta(d,x)" "¥Ta TEACION ............evveeeeeeeeeeeeeeeeeeeeee oo ee e e 21
Cross section for the ™ Ta(d,x) " ®'Ta TACION .........c..ovveeveeeeeeeeeeeeeeeee oo 21
Cross section for the ™ W(d,x) ¥ Re F€ACHOMN .........c..ovovmeveeeeeeeeeeeeeeeeeee oo 22
Cross section for the ™ W(d,x) ™ Re F€ACHOMN .........c..o.oveeeeeeeeeeeeeeeeeeee oo 22
Cross section for the ™ W(d,x) ™ Re FCACHOM .........o.ovveeeeeeeeeeeeeeeeeeeeeee oo e e eee e 23
Cross section for the ™ W(d,x) ™ Re FEACHOM ........ovevveeeeeeeeeeeeeeeeeeeeeee e eeee e 23
Cross section for the ™ W(d,x) " Re FCACHOM .........c..o.veeeeeeeeeeeeeeeeeeee e 24
Cross section for the ™ W(d,x)"™ W TEACON ..........c.ovveeeeeeeeeeeeeeeeeeeee e 24
Cross section for the "7 Au(d,x) " AU T€ACHON .........o.vu v 25






JAEA-Research 2006-071

1. Introduction

The International Fusion Materials Irradiation Facility (IFMIF)" is an accelerator-based D-Li
neutron source designed to produce an intense neutron field for testing fusion reactor candidate materials.
The IFMIF has two 40 MeV deuteron linear accelerators with each 125 mA beam current. Figure 1 shows
a bird view of the IFMIF.

In the design of IFMIF, long-term operation with total facility availability of at least 70 % is
required. However, activation of structural materials along the beam transport lines by deuteron beam loss
prolongs the cooling time for maintenance, which causes lower facility availability. Thus it is essential to
prepare deuteron-induced activation cross section database in order to select structural materials and
determine the beam loss criteria to reduce activations based on it. In particular, cross sections of
radioactive products with half-lives greater than several minutes are important because their nuclides
determine cooling time for maintenance.

In this work, we performed deuteron irradiation experiments to measure two kinds of data for IFMIF
accelerator structural materials. One is a measurement of deuteron-induced activation cross sections for
pure metal materials, i.e. aluminum, vanadium, chromium, manganese, iron, nickel, copper, tantalum,
tungsten and gold, in the energy range of 14-49 MeV. Aluminum is the main material of the beam tube
and chamber. Vanadium is the corrosion material in Li target. Chromium and manganese are contained in
SS316 and F82H. Iron is the inner material of drift tube and major component of SS316 and F82H. Nickel
is the corrosion material in Li target and contained in SS316. Copper is used in the cavity walls, electrodes
and magnetic conductors. Tantalum, tungsten and gold were chosen because high-Z materials are
candidate for beam slits and coatings to protect the beam facing materials.

The other is a measurement of deuteron-induced activities of nuclide produced in SS316 and F82H
by 39.5 MeV deuteron. The both alloys are used mainly as structural materials and especially also used as
an assembly around liquid lithium target. We intend to be the experimental verification of estimated

activities with the measured activation cross sections for pure materials in the alloys.

2. Experimental procedure

2.1 Deuteron irradiation

The deuteron irradiation experiment was performed at the LA1 station of an AVF cyclotron in the
Takasaki Ion accelerators for Advanced Radiation Application (TIARA) facility. Figures 2 and 3 show a
bird view of TIARA and beam transport lines of the cyclotron, respectively. In this experiment, we
adopted a stacked-foil activation technique to measure cross sections at different energy points
simultaneously. The stacked-foil consisted of some kinds of materials which produce radioactive nuclides
with different half-lives, which made the following activity measurement effective. For example, a
stacked-foil with a twenty-layer structure was Ta, Ni, Fe, V, Ta, Ni, Fe, V, Ta, Ni, Fe, V, Ta, Ni, Fe, V,
Ta, Ni, Fe and Cu. Each foil with thicknesses of 10-200 um was cut into a 10 mm squared sample. The
purities of pure metal foils were more than 99 %, which is listed in Table 1. The samples wrapped in an
aluminum cover of 10 um in thickness were set in the stack folder, which is held with an aluminum

stopper of 100 um in thickness as shown in Fig. 4. The LA1 port was evacuated by a turbo-molecular



JAEA-Research 2006-071

pump to a base pressure of 1x10” Pa. The stack holder was cooled by water. The stacked-foil was
irradiated with the deuteron beam on normal incidence with the current of 0.1 pA(beam spot size: 8§ mm in
diameter) during 2-7 minutes. Incident energies of 25, 35, 41 and 50 MeV were chosen. After the
irradiation and suitable cooling time, gamma-rays emitted from the irradiated samples were measured by a
High-Purity Germanium (HPGe) detector.

In the same way, activities of nuclides produced in SS316 and F82H were measured by 39.5 MeV
deuteron (incident deuteron energy: 41 MeV). The composition of SS316 and F82H alloys is listed in
Table 2. The thickness of the samples is 100 pm.

2.2 Data processing
The activation cross section, o(E), at the incident deuteron energy, E, in laboratory system was

calculated with the following equation;

AY

photo

NILGT B e

O'(E )

where
Yphoto : gamma-ray yield of the photo peak,
N :number of target atoms in the irradiation sample,

#(E) : incident deuteron fluence rate,

A :decay constant,

t; : deuteron irradiation time,

tn . gamma-ray measurement time,
t : cooling time,

&  :detection efficiency of the HPGe detector,

I,  :emission intensity of gamma-ray pre decay.

The energy £ was the averaged value derived from the energy loss in the sample, which was calculated by
OSCAR code based on the Ziegler’s empirical formula in the IRACM code system®. The fluence
rate ¢(E) was computed from measured “Zn activities and the "'Cu(d,x)**Zn reaction cross section data
reported by Takacs et al. *)

A typical gamma-ray spectrum emitted from a Cu sample is shown in Fig. 5. There are four photo-
peaks at 596, 655, 669 and 1345 keV arising from 62Zn, 61Cu, %7n and *Cu activities, respectively. The
activation cross sections were derived from these photo-peak yields of gamma-rays.

Error sources of the measured activation cross sections are due to statistical accuracy of a photo
peak yield, continuous background countings of other gamma-rays such as Compton continuum, the cross

nat

section of the ™'Cu(d,x)**Zn reaction, the full energy detection efficiency of the HPGe detector and the
estimated number of the target atom in the beam spot area. The total error of the measured activation cross
sections was 10-20 % except for the case of a small Y, under large countings of background gamma-

rays.
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3. Results and discussion

Activation cross section data measured in this work were compared with previous experimental data
measured by other groups and two types of calculation ones. Data in the EXFOR database were cited as
the previous experimental data. Calculation values were the data library (ACSELAM) computed by the
ALICE-F code” and are computed by the TALYS code” (TALYS). Since both the calculated values are

given for each isotope, data normalized by weighting with natural abundance are used for the comparison.

3.1 Activation cross sections for pure metal materials
3.1.1 Aluminum

The cross sections of *’Al(d,x)**Na, ’Al(d,x)**Na and *’Al(d,2p)*’Mg reactions in aluminum have
been measured. The half-lives of 22Na, *Na and 27Mg are 2.6 years, 15.0 hours and 9.5 minutes,
respectively. The result for the *’Al(d,x)**Na reaction is shown in Fig. 6. The present data correspond with
the previous ones by Martens et al.”, Michel et al.” and Takacs et al.”’ within 40 %. ACSELAM is smaller
than the present data by a factor of 2-8. TALYS agrees with the present data within 60 %. The cross
sections of the *’Al(d,x)**Na reaction are shown in Fig. 7. The present data also correspond with the data
previous ones by the same authors within 40 %. ACSELAM is smaller than the present data by a factor of
2-13. TALYS is in good agreement with the present data above 35 MeV and is larger than the present data
by a factor of 2-3 below 30 MeV. The cross section of the >’Al(d,2p)’'Mg reaction is shown in Fig. 8. The
previous cross section was only measured by Wilson et al.® below 16 MeV. ACSELAM corresponds with
the present data within a factor of 2. TALYS agrees with the present data within 30 % above 35 MeV and
is larger than the present data by a factor of 1-4 below 30 MeV.

3.1.2 Vanadium

The *'V(d,4n) *’Cr (42.3 minutes half-life) reaction cross section has been measured, as is shown in
Fig. 9. Weinreich et al.” only reported the data of this reaction above 32 MeV, which is smaller than the
present data by a factor of 2. ACSELAM is larger than the present data by a factor of 4-6. TALYS is

smaller than the present data by 2 orders of magnitude.

3.1.3 Chromium

Natural chromium includes four stable isotopes, i.e. “"Cr(4.34 %), **Cr(83.79 %), >*Cr(9.50 %) and
*Cr(2.37 %). The cross sections of the "'Cr(d,x)*V and ™ Cr(d,x)**Mn reactions at 39.5 MeV are listed in
Table 3. The half-lives of **V and **Mn are 16.0 days and 5.6 days, respectively. No experimental data for
both reactions are measured in this energy region. For the ™'Cr(d,x)*®V reaction, ACSELAM and TALYS
correspond with the present data within 60 % and 50 %, respectively. For the "™Cr(d,x)’*Mn reaction,
ACSELAM is larger than the present data by a factor of 2 and TALYS agrees with the present data within
40 %.

3.1.4 Manganese

The cross section of the 55Mn(d,><)54Mn (312.1 days half-life) reaction at 39.5 MeV is also listed in
Table 3. There is no previous experimental data. ACSELAM and TALYS are roughly in agreement with
the present data by 60 % and 30 %, respectively.
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3.1.5 Iron

Natural iron is composed of **Fe(5.81 %), *°Fe(91.72 %), *"Fe(2.21 %) and **Fe(0.28 %). The
measured cross sections of the ™Fe(d,x)’Mn, ™Fe(d,x)’*Mn, ™Fe(d,x)’Co, ™Fe(d,x)*Co and
"'Fe(d,x)’’Co reactions are shown in Figs. 10, 11, 12, 13 and 14, respectively. The half-lives of produced
nuclides *Co, **Co and *’Co are 17.5 hours, 77.2 days and 271.8 days. The previous experimental data
were reported by Clark et al.'” and Hermanne et al.'” for "Fe(d,x)*Mn, "Fe(d,x)**Mn, "Fe(d,x)*Co
and "™Fe(d,x)’’Co. Note that "™Fe(d,x)**Mn, ™Fe(d,x)’Co and "™Fe(d,x)’’Co data in Ref. 10 were

19 and Takacs et al.”’ reported the data of

smoothed ones fitted to the experimental results. Clark et al.
"'Ee(d,x)*°Co. For the ™Fe(d,x) Mn reaction, the present data correspond with both the previous
experimental and calculated data within 50 %. For the "™Fe(d,x)**Mn reaction, the present data agree with
the previous experimental data within 50 %. ACSELAM is smaller than the present data by a factor of 5.
TALYS is in good agreement with the present data above 35 MeV and is smaller than the present data by
a factor of 3 below 30 MeV. For the ™Fe(d,x)Co reaction, the present data correspond with Clark’s data
within 30-80% and Hermanne’s data within 40 %. ACSELAM is larger than the present data by a factor of
3-8. TALYS corresponds with the present data within 40 %. For the "'Fe(d,x)*°Co reaction, the present
data agree with the Clark’s one above 27 MeV and the Takacs’s one. ACSELAM is larger than the present
data by a factor of 2 and TALYS corresponds with the present data within 50 %. For the "'Fe(d,x)’'Co
reaction, the present data agree with the previous ones within 60 %. ACSELAM is larger than the present

data by a factor of 1-3 and TALYS is smaller than the present data by a factor of 2-3.

3.1.6 Nickel

We obtain the cross sections of the "Ni(d,x)>Co, "Ni(d,x)**Co, "™Ni(d,x)*’Co, ™Ni(d,x)*’Cu and
"Ni(d,x)*'Cu reactions in natural nickel(*Ni: 68.08 %, “Ni: 26.22 %, *'Ni: 1.14 %, °*Ni: 3.63 %). The
half-lives of “)Cu and ®'Cu are 23.7 minutes and 3.3 hours. The cross section of the ™Ni(d,x)**Co reaction
is shown in Fig. 15. The present data agree with the previous one reported by Cline et al.'® The difference
among the present and both calculated data with the same tendency is less than a factor of 2. The cross
section value for the ™Ni (d,x)’°Co reaction at 39.5 MeV is indicated in Table 3. ACSELAM is in good
agreement with the present data and TALYS corresponds with the present data within 70 %. Figure 16
shows the cross section of the "™Ni(d,x)’’Co reaction. The previous data and TALY'S correspond with the
present data within 40 % and 80 %, respectively. ACSELAM is smaller than the present data by a factor
of 2-4. Figure 17 shows the cross section of the "Ni(d,x)*°Cu reaction. There is no previous experimental
data for the reaction. ACSELAM is larger than the present data by a factor of 1-7. TALYS corresponds
with the present data within 70 %. For the "Ni(d,x)*'Cu reaction, the present data are in good agreement
with the data by Takacs et al.”, which is shown in Fig. 18. ACSELAM is larger than the present data by a
factor of 1-3. TALYS is smaller than the present data by a factor of 2-3.

3.1.7 Copper

Natural copper is composed of 63Cu(69.17 %) and 65Cu(30.83 %). The measured cross sections of
the "Cu(d,x)**Zn, "Cu(d,x)*Zn, "™'Cu(d,x)*'Cu and "'Cu(d,x)**Cu reactions are shown in Figs. 19, 20,
21 and 22, respectively. The half-lives of 62Zn, 63Zn, 1Cu and *Cu are 9.2 hours, 38.5 minutes, 3.3 hours
and 12.7 hours. The previous data were reported by Bartell et al.'"” and Fulmer et al.'"¥ For ™'Cu(d,x)**Zn,
Fulmer's data are larger than the present one by a factor of 2-3. ACSELAM is also larger than the present
data by a factor of 2-3. TALYS below 25 MeV is in good agreement with the present data although that
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above 30 MeV is smaller than the present one by a factor of 2-3. For "Cu(d,x)*Zn, Fulmer's data are
larger than the present one by a factor of 2. ACSELAM corresponds with the present data within 40 %.
TALYS is smaller than the present data by a factor of 2-3. For
than the present one by a factor of 1-6. ACSELAM and TALYS are larger than the present data by a

nat

"Cu(d,x)*'Cu, Fulmer's data are larger

factor of 2-3 and 1-3, respectively. For "Cu(d,x)**Cu, Fulmer's and both calculated data correspond with
the present one within 60 % and 80 %, respectively.

3.1.8 Tantalum

The cross sections of the *'Ta(d,x)'"*Ta (2.4 hours half-life) and "*'Ta(d,x)'*"Ta (8.2 hours half-life)
reactions are measured. Figure 23 shows the '®'Ta(d,x)'"*Ta cross section. There is one measurement by
Bisplinghoff et al.'” above 42 MeV, which are 3 times as small as the present data. ACSELAM and
TALYS are larger than the present data by a factor of 2-6. Figure 24 shows the '*'Ta(d,x)'*"Ta cross
section. There is no previous experimental data for this reaction. ACSELAM and TALYS are half of the

present data.

3.1.9 Tungsten

Natural tungsten is composed of "W (0.12 %), "**W(26.50 %), "*W(14.31 %), "**W(30.64 %) and
'S°W(28.43 %). The cross sections of eight reactions, i.e. "™*W(d,x)'*'Re, "™W(d,x)'**"Re, ™*W(d,x)'***Re,
"W (d,x) P Re, "™W(d,x)"**"Re, "W (d,x)**ERe, "'W(d,x)"**Re and ""W(d,x)"*"W, have been measured in
this work. The half-lives of '*'Re, '**"Re, '***Re, '“Re, **"Re, '***Re, '**Re and '*’W are 19.9 hours,
12.7 hours, 2.7 days, 70.0 days, 169 days, 38.0 days, 3.8 days and 23.7 hours, respectively. As the
previous experimental data, the data reported by Tarkanyi et al.'® are compared to the present data. As for
the ™W(d,x)'"*'Re cross section shown in Fig. 25, the present data correspond with the previous one
within 40 %. ACSELAM and TALYS also agree with the present data within 70 % and 40 %. Figure 26
shows the cross sections of both ™W(d,x)"**"Re and "™W(d,x)"***Re reactions. The present data of both
reactions are in good agreement with the previous one. ACSELAM and TALYS correspond with the
present data within 50 %. Figure 27 shows the cross section of ™W(d,x)'¥Re. The present data
correspond with the previous one within 50 % below 30 MeV and are in good agreement with the
previous one above 30 MeV. The both calculated data agree with the present data within 50 %. Figure 28
shows the cross sections of both ™'W(d,x)"**™Re and ™'W(d,x)"***Re reactions. The present data
correspond with the previous one within 50 %. TALYS also agrees with the present data within 50 %.
ACSELAM is different from the present data in shape above 20 MeV and is smaller than the present data
by a factor of 2-7. For "W(d,x)'*Re, the present data are in good agreement with the previous data,
which is shown in Fig. 29. Both calculated data are larger than the present data by a factor of 1-3 for
ACSELAM and 2 for TALYS. For ™W(d,x)"®’W, the present data correspond with the previous one
within 60 %, which is shown in Fig. 30. ACSELAM is smaller than the present data by a factor of 1-9
below 40MeV and corresponds with them within 60% above 40MeV. TALYS is smaller than the present
data by a factor of 2-4.

3.1.10 Gold
The cross section of the 197Au(d,x)w4Au (38.0 hours half-life) reaction is shown in Fig. 31. No
previous results are found in literatures. ACSELAM and TALYS agree with the present data within 60 %.
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3.2 Induced activity of SS316 and F82H

Table 4 shows deuteron induced activity of each nuclide produced in SS316 and F82H by 39.5 MeV
deuterons. The evaluated activities are derived from the cross section measured in the present experiment.
The averaged deuteron fluxes were 4.09x10'" /s for SS316 and 3.86 x10'' /s for F82H. The irradiation
time was both 240 seconds. We considered 6 nuclides produced by 10 reactions, that is **V (d+"™Cr),
Mn (d+™Cr and d+™Fe), **Mn (d+™Fe and d+°Mn), *>Co (d+™Fe and d+"Ni), *°Co (d+"Fe and
d+"Ni), *’Co (d+"Fe and d+™'Ni) and '*'Re (d+™'W). The evaluated activities of *V, **Mn, **Co, **Co,
*’Co in the both alloys, **Mn in $SS316 and '*'Re in F82H are in agreement with the measured ones within
14%, whereas that of **Mn in F82H is overestimated by about 29 %. The difference within 14 % between
the measured and evaluated activities in the both alloys is the margin of errors caused by the cross section
measurements. We could not identify cause of the discrepancy for **Mn. It is confirmed that the induced
activity in SS316 and F82H can be evaluated with 14 % accuracy although further consideration is needed
for the activity of >*Mn in F82H.

4. Summary

Cross section data of deuteron-induced reactions for pure metals used as IFMIF accelerator
structural materials were measured within the accuracy of 10~20 %. TALYS is closer to the present data
than ACSELAM for most reactions.

We have measured and evaluated activity of each nuclide induced by deuteron of 39.5 MeV in
SS316 and F82H. As the result of the comparison between the measured and evaluated activities, it is
confirmed that the induced activity in SS316 and F82H could be evaluated with 14 % accuracy except for
**Mn in F82H.
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Table 1 Purity and thickness for pure metal foils

atomic weight purity thickness isotope ratio
(g/mol) (%) (m) (%)

Al 26.981538 99.99 200 *TA1(100)

\Y% 50.9415 99.8 25 v(0.250), °'V(99.750)

Cr 51.9961 99.99 25 'Cr(4.345), >*Cr(83.789), *Cr(9.501), >*Cr(2.365)

Mn 54.938049 99 25 55Mn(100)

Fe 55.845 99.95 50 *Fe(5.845), °Fe(91.754), *'Fe(2.119), **Fe(0.282)

Ni 58.6934 99 20 Ni(68.0769), “*Ni(26.2231), *'Ni(1.1399),
62Ni(3.6345), **Ni(0.9256)

Cu 63.546 99.99 25 %Cu(69.17), ©Cu(30.83)

Ta 180.9479 99.95 10 "0Ta(0.012), '*'Ta(99.988)

W 183.84 99.95 20 "W (0.12), "**W(26.50), "¥W(14.31),
W (30.64), "W (28.43)

Au 196.96655 99.95 30 7 Au(100)

Table 2 Composition and density for alloy foils

loment SS316  F82H
(Wt%)

v — 0.18
Cr 17.2 7.74
Mn 1.58 0.10
Fe 655  89.74
Ni 124 <0.02
Mo 207 <001
Ta — 0.04
W <0.03 195

density (g/cm”) 6.96 7.60
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Table 3 Cross section for the ™'Cr(d,x)**V, >*Mn, *>Mn(d,x) **Mn and "Ni (d,x)’°Co reactions

reaction cross section (mb) ratio
(Eq=39.5MeV)  present (error) ACSELAM  TALYS ACS/present TAL/present
MCr(d,x)*V 69.3 (9.8) 38.2 47.9 0.55 0.69
Cr(d,x)*Mn 48.0 (6.6) 111.9 68.2 2.33 1.42
*Mn(d,x)**Mn  507.4 (68.6) 201.2 3425 0.40 0.68
MNi(d,x)°Co 88.4 (11.9) 93.2 146.2 1.05 1.65

Table 4 Deuteron induced activity of nuclides produced in SS316 and F82H

SS316 F82H

product target meas. eval. eval /meas meas. eval. eval /meas

(kBg/cm’) ' ' (kBg/cm’) ' '
By natCy 46.2 47.1 1.02 20.7 21.9 1.06
2Mn "Cr, "'Fe 500.4  515.4 1.03 585.8 630.9 1.08
**Mn >*Mn, "'Fe 13.7 14.5 1.06 14.3 18.5 1.29
*Co natpe AN 40.0 42.0 1.05 42.9 48.0 1.12
TCo natpe AN 17.8 17.4 0.98 5.4 5.6 1.04
8lRe natyy — — — 213.0 2292 1.08
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Appendix - Numerical values of activation cross sections

Table A-1 Measured cross section of the 2’Al + d reactions

TAI(d,2p) Mg TAl(d,x)**Na 7TAl(d,x)*'Na

Ey4 o Ao Ey4 o Ao Eq4 o Ao
(MeV) (mb) (mb) (MeV)  (mb) (mb) (MeV) (mb) (mb)
9.89 18.66 4.13 30.67 1.16 0.18 18.96 37.77 5.08
20.78 23.61 3.85 31.19 1.16 0.17 20.78 42.62 5.82
21.65 25.87 5.29 32.86 1.66 0.24 22.48 61.09 8.34
22.48 28.16 5.56 33.35 2.11 0.30 23.25 59.30 8.00
24.41 29.60 4.90 33.76  2.07 0.31 23.88 57.10 7.70
26.97 24.10 3.90 3399 2.6l 0.40 24.41 61.60 8.20
29.36 23.70 3.70 36.18 3.63 0.75 25.90 64.10 8.60
31.62 21.70 3.30 38.54  7.14 1.14 26.48 63.30 8.50
33.76 19.90 3.00 40.23 1091 1.69 26.97 62.70 8.30
37.01 17.32 2.83 4286 13.12 1.69 28.36 58.00 7.80
39.18 15.17 2.32 4457 1734 232 28.91 57.40 7.70
41.17 15.25 2.46 46.51  22.19  2.89 29.36 52.60 7.00
44.57 15.51 2.31 30.67 51.10 6.90

31.19 51.10 6.90
31.62 48.50 6.50
32.86 42.40 5.70
33.35 47.10 6.40
33.76 43.00 5.70
33.99 42.39 6.42
36.18 38.43 5.82
38.54 35.59 5.40
40.23 32.61 4.94
41.17 33.62 4.45
44.57 27.53 3.77
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Table A-2 Measured cross section of the °'V + d reaction
*'v(d4n)¥Cr

Eq4 o Ao
(MeV) (mb) (mb)
29.77 0.49 0.08
32.36 1.50 0.23
32.43 1.59 0.25
32.92 2.09 0.34
33.02 2.24 0.36
33.57 3.44 0.55
34.49 4.20 0.72
36.08 7.87 1.24
37.33 10.41 1.67
37.61 12.84 1.84
39.10 19.69 2.72
43.97 14.69 2.00
46.06 17.20 2.32
47.16 19.08 2.57
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nat-

Table A-3 Measured cross section of the ™ Fe + d reactions

"iEe(d,x) *Mn "iEe(d,x)>*Mn "MiEe(d,x)Co

Ey o Ao Ey o Ao Ey o Ao
(MeV) (mb) (mb) (MeV)  (mb) (mb) (MeV)  (mb) (mb)
28.54 7.18 1.02 2598  32.68 4.23 16.22 4.06 0.55
30.59 22.06 3.22 26.38  30.50 4.07 18.06 3.67 0.49
33.38 44 .44 6.70 27.65 32.20 4.48 20.43 4.07 0.55
35.01 50.33 7.59 28.54  27.10 3.62 20.59 4.35 0.60
36.58 57.84 8.71 29.50  26.53 3.48 22.15 9.04 1.19
38.10 55.49 8.36 30.59  24.19 3.24 23.18 12.80 1.66
39.57 59.82 9.00 31.27 2582 3.39 23.65 14.53 1.89
42.60 57.20 8.00 3238 2791 3.72 25.98 18.19 2.44
43.67 51.20 6.96 3338  34.80 4.55 26.38 18.12 2.43
47.27 50.49 6.87 35.01 47.42 6.17 27.65 2449 3.27
36.58  71.24 9.16 28.54  26.65 3.64

38.10  92.86 11.92 29.50  31.41 4.23

39.57  117.65 15.10 30.59  31.63 441

42.60 135.19 17.93 31.27  34.80 4.717

43.67 153.06 19.67 3238 3774 5.35

4727 20895  26.82 3338  40.27 4.40

33.56 37.55 5.89
35.01 38.70 5.83
36.58 37.61 5.66
38.10 32.28 4.86
39.57 30.64 4.62
42.60 31.92 4.36
43.67 28.19 3.75
47.27 25.56 3.39
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Table A-3 Measured cross section of the " Fe + d reactions (continued)

"iEe(d,x)°Co "iEe(d,x)’ Co
Eq4 o Ao Eq4 o Ao
(MeV)  (mb) (mb) (MeV)  (mb) (mb)
15.31 27454  36.35 1531 129.78  18.07
17.30  292.53  38.96 17.30  102.11  14.89
19.06  312.12  41.68 19.06  82.25 11.43
20.59 27471  36.49 20.71 74.39 9.90
2228  263.59 35.38 2228  68.21 9.64
2598 199.86  26.81 2376 56.90 7.57
26.38 19249  25.72 25.98 5491 7.44
27.65 166.57  22.20 26.38 53.72 7.15
28.54  145.08 19.96 27.65 50.90 6.71
29.50  135.87 17.64 28.54  46.51 6.19
30.59  111.75 1530 29.50  48.32 6.23
3127  109.24  14.25 30.59  41.36 5.51
32.38  102.26  13.61 31.27  39.20 5.08
33.56  90.56 11.96 32.38  39.02 5.19
35.01 86.04 11.95 33.56  36.21 4.70
36.58  79.62 11.42 35.01 37.20 4.80
38.10  71.81 9.60 36.58  36.21 4.66
39.57  67.79 9.07 38.10  31.96 4.15
43.67  58.62 7.59 39.57  30.01 431
4727  51.35 6.60 42.60  29.93 3.99

43.67 29.19 3.77
47.27 26.70 343
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Ni + d reactions

"iNi(d,x)>Co ™iNi(d,x)*"Co "Ni(d,x)*Cu

Eq4 o Ao Ey4 o Ao Ey4 o Ao
(MeV) (mb) (mb) (MeV) (mb) (mb) (MeV) (mb) (mb)
15.25 7.26 0.93 18.06 4412 6.12 14.23 16.51 2.15
16.23 9.96 1.43 19.77 86.37 11.63 15.25 28.08 3.75
17.16 12.12 1.67 21.38 147.25 20.30 16.23 38.27 5.08
18.06 14.85 2.02 2291 232.82 31.77 17.16 46.39 6.22
18.93 16.70 2.23 26.66 313.78 41.86 18.06 49.11 6.52
19.77 19.48 2.70 27.31 339.44 46.15 18.93 49.28 6.60
21.38 25.33 3.34 29.42 410.75 55.69 19.77 52.68 7.03
21.81 21.60 2.84 30.12 428.06 55.19 21.38 46.57 6.25
2291 27.48 3.60 31.50 450.79 60.00 21.81 42.71 5.69
23.92 24.46 3.75 32.10 486.57 63.26 2291 44.66 5.95
26.66 26.19 3.45 32.69 498.48 64.84 23.92 34.86 5.40
27.31 22.30 3.22 32.76 480.90 62.55 26.66 35.96 4.80
28.30 20.26 2.77 33.25 475.42 63.78 27.31 33.67 4.69
29.42 17.95 2.46 33.95 500.85 64.55 28.30 28.35 3.82
30.12 17.88 2.39 34.76 470.43 60.39 29.42 27.16 3.76
31.50 14.67 2.06 35.55 489.75 64.10 30.12 23.78 3.16
32.10 14.17 1.93 37.10 467.42 60.45 31.50 21.53 2.99
32.69 13.26 2.07 37.63 465.45 60.65 32.10 20.49 2.75
32.76 14.16 2.23 38.61 459.12 62.20 33.25 18.71 2.60
33.25 12.85 1.83 40.07 411.07 52.90 33.95 16.37 2.27
33.95 11.92 1.85 43.22 409.80 55.23 34.76 14.11 2.22
34.76 9.44 1.55 44.28 424.14 54.93 35.55 13.44 1.92
35.55 10.28 1.41 45.33 393.80 52.62 37.10 12.91 2.12
37.10 8.47 1.38 46.45 399.63 53.88 37.63 12.42 1.97
37.63 8.59 1.40 47.84 383.77 49.83 38.61 11.50 1.64
38.61 8.92 1.26 40.07 11.88 1.86
40.07 7.51 1.45 43.22 11.19 1.56
43.22 8.74 1.23 45.33 9.83 1.35
44.28 8.88 1.21 46.45 9.70 1.33
45.33 8.67 1.26
46.45 8.52 1.21
47.84 8.79 1.20
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Table A-4 Measured cross section of the "Ni + d reactions (continued)
"MINi(d,x)®' Cu

Ey4 o Ao
(MeV) (mb) (mb)

14.23 34.98 4.61
15.25 29.12 4.04
16.23 25.56 3.44
17.16 20.82 3.01
18.06 22.31 3.08
18.93 15.99 242
19.77 19.74 2.89

21.38 17.52 2.68
21.81 15.32 2.37
2291 18.82 2.94
23.92 14.77 2.61
26.66 15.69 242
27.31 15.71 2.63
28.30 15.86 2.60
29.42 15.45 2.51
30.12 16.21 2.37
31.50 15.34 2.27
32.69 14.47 2.37
33.25 14.65 2.46
33.95 16.42 2.65
34.76 13.84 2.35
35.55 13.92 2.21
37.10 12.29 1.99
37.63 11.70 1.95
38.61 12.00 1.79

40.07 10.53 1.76
43.22 10.28 1.54
44.28 9.57 1.60
45.33 10.10 1.48
46.45 9.33 1.48
47.84 9.73 1.72
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Table A-5 Measured cross section of the " Cu + d reactions

"Cu(d,x)*Zn "Cu(d,x)*Zn "Cu(d,x)*'Cu
Ey o Ao Ey o Ao Ey o Ao
(MeV) (mb) (mb) (MeV) (mb) (mb) (MeV) (mb) (mb)
20.30 3.68 0.49 20.30 263.97 36.44 2275 0.40 0.40
21.54 6.28 0.83 21.54 227.63 31.28 24.31 0.50 0.40
22.75 9.71 1.33 22.75 207.66 28.84 24.92 0.70 0.20
24.31 13.60 1.90 23.88 158.03 21.80 25.44 0.60 0.30
24.92 15.40 2.10 24.31 175.00 25.00 26.88 1.10 0.40
25.44 16.90 2.30 24.92 165.10 22.30 27.45 1.40 0.30
26.88 23.60 3.20 25.44 147.00 20.80 27.92 1.80 0.40
27.45 25.00 3.40 26.88 127.90 18.60 29.28 2.80 0.50
27.92 25.10 3.30 27.45 120.30 16.80 29.81 3.40 0.60
29.28 31.60 4.20 27.92 107.80 15.30 30.26 4.20 0.70
29.81 32.80 4.40 29.28 96.90 14.10 31.53 7.80 1.13
30.26 32.90 4.40 29.81 87.80 12.90 32.04 9.30 1.40
31.53 31.60 4.20 30.26 84.40 12.60 32.46 11.50 1.60
32.04 37.70 5.10 31.53 96.90 14.10 33.68 18.60 2.50
32.46 36.50 4.80 32.04 77.90 11.50 34.15 22.20 3.10
33.68 37.30 5.00 32.46 76.90 11.60 34.31 22.68 3.18
34.15 37.70 5.10 33.68 69.70 10.60 35.19 31.48 4.34
34.31 38.51 5.22 34.15 71.20 11.40 36.04 38.69 5.29
35.19 38.29 5.19 34.31 70.58 10.29 36.89 48.08 6.52
36.04 37.73 5.11 35.19 67.68 9.93 37.72 54.19 7.36
36.89 36.55 4.95 36.04 68.32 10.39 38.54 63.99 8.69
37.72 33.59 4.55 36.89 71.94 10.89 39.35 70.30 9.55
38.54 33.15 4.49 37.72 66.13 10.84 40.15 76.84 10.41
39.35 31.28 4.25 38.54 64.16 10.02 40.99 71.39 9.49
40.15 29.45 3.99 39.35 63.56 9.89 41.86 77.39 10.24
43.68 25.40 3.48 40.15 70.79 11.07 43.68 96.74 12.92
40.99 27.72 3.56 43.68 64.06 9.10 44.74 102.25 13.41
44.74 22.54 2.90 45.78 66.16 9.27 45.78 109.37 14.66
45.78 21.00 2.90 46.89 66.24 9.38 46.89 112.32 15.08
46.89 20.68 2.84 48.27 114.15 14.72

48.27 19.64 2.69
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Table A-5 Measured cross section of the " Cu + d reactions (continued)

" Cu(d,x)**Cu

Ey4 o Ao
(MeV) (mb) (mb)

20.30 105.36 14.64
21.54 107.16 14.85
24.92 130.10 18.00
27.45 140.00 19.30
29.81 156.90 21.60
32.04 161.40 22.20
34.15 174.40 24.00
34.31 172.90 24.48
35.19 175.06 25.11
36.04 194.53 27.43
36.89 166.59 22.90
37.72 156.34 22.35
38.54 172.53 25.01
39.35 163.48 23.82
40.15 157.21 22.36
40.99 160.66 20.94
41.86 152.32 20.32
44.74 150.50 20.15
48.27 136.28 18.26
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Table A-6 Measured cross section of the

Ta + d reactions

natTa(d,X)178Ta

natTa(d’X)ISOTa

Ey4 o Ao Eq4 o Ao
(MeV) (mb) (mb) (MeV) (mb) (mb)
28.63 0.14 0.02 25.38 81.19 12.66
30.74 0.49 0.07 25.38 81.19 12.66
31.80 0.77 0.10 26.97 111.67 15.44
33.05 1.26 0.17 26.97 111.67 17.30
33.28 1.77 0.28 27.64 127.40 17.62
33.83 1.43 0.20 27.64 127.40 19.74
34.24 2.21 0.29 28.63 153.55 19.78
35.04 2.77 0.42 28.63 153.55 23.10
35.83 3.44 0.46 29.10 161.21 21.97
37.37 5.03 0.67 29.10 161.21 24.68
37.90 5.53 0.86 30.05 181.43 24.93
38.87 8.45 1.12 30.05 181.43 27.96
39.61 9.55 1.47 30.74 198.87 25.62
40.49 14.69 1.92 30.74 198.87 29.92
45.28 42.62 5.74 31.80 210.17 27.10
48.78 96.95 13.05 31.80 210.17 31.64
33.05 232.18 30.97
33.05 232.18 34.99
33.83 242.18 36.56
33.83 242.18 36.56
35.04 214.06 32.46
37.90 253.40 38.76
39.61 275.01 42.62
41.56 251.22 32.42
45.28 255.78 33.71
48.78 268.12 37.18




JAEA-Research 2006-071

nat-

Table A-7 Measured cross section of the W + d reactions

natW(d,X)lglRe natW(d,X)lnge natW(d,X)183Re
Ey4 o Ao Eq4 o Ao Eq4 o Ao
(MeV) (mb) (mb) (MeV) (mb) (mb) (MeV) (mb) (mb)
19.66 286.97 37.95 19.54 256.00 29.52 18.34 486.97 68.25
20.93 335.59 45.11 20.93 232.48 30.23 19.54 477.67 61.75
22.14 386.73 52.42 22.36 247.36 30.13 19.66 489.31 67.85
22.79 385.90 51.60 22.79 242.20 33.00 20.93 492.75 70.34
23.33 379.00 50.00 23.33 232.50 30.90 22.14 565.81 78.26
24 .87 451.70 60.00 24.87 249.20 31.30 22.36 538.18 69.57
25.47 485.90 64.90 25.47 277.40 35.00 22.79 422.40 56.40
25.98 440.10 58.00 25.98 271.80 33.70 23.33 391.00 51.60
27.40 473.20 62.90 27.40 311.60 39.10 24.87 369.60 49.10
27.96 479.80 64.10 27.96 350.30 38.70 25.47 371.20 49.60
28.43 448.90 59.20 28.43 358.30 42.60 25.98 307.80 40.60
29.76 434.80 57.80 29.76 395.60 44.80 27.40 267.50 35.60
30.29 449.40 60.00 30.29 410.90 43.20 27.96 253.70 34.00
30.73 387.80 51.10 30.73 383.40 43.20 28.43 232.20 30.70
32.00 403.70 53.70 32.00 399.50 44.40 29.76 239.20 31.90
32.50 416.50 55.60 32.50 408.00 42.30 30.29 229.60 30.70
32.92 382.60 50.40 32.92 381.00 37.40 30.73 207.20 27.40
34.12 392.90 52.20 34.12 372.30 40.40 32.00 238.60 31.80
34.75 462.45 64.48 34.75 371.42 45.79 32.50 253.90 34.00
35.62 461.75 64.36 35.62 371.59 41.09 32.92 241.30 31.90
36.47 482.83 67.07 36.47 349.92 38.44 34.12 272.10 36.10
37.31 536.81 73.78 37.31 326.93 42.61 34.75 305.76 41.43
38.13 528.72 73.03 38.13 306.94 36.59 35.62 322.53 43.67
38.95 527.83 73.09 38.95 284.69 32.02 36.47 347.90 47.29
39.75 499.88 70.18 39.75 252.44 29.62 37.31 363.37 49.27
42.16 543.88 69.84 42.16 253.10 28.79 38.13 367.54 49.83
45.85 508.17 65.26 45.85 277.44 30.51 38.95 368.95 50.02
49.32 416.00 5343 49.32 359.30 38.11 39.75 362.83 49.19

42.16 338.08 46.23
45.85 259.13 35.49
49.32 187.07 25.56
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Table A-7 Measured cross section of the W + d reactions (continued)

natW(d,X)184Re natW(d,X)186Re natW(d,X)187W

Eq4 o Ao Eq4 o Ao Ey4 o Ao
(MeV) (mb) (mb) (MeV) (mb) (mb) (MeV) (mb) (mb)
19.67 108.54 13.20 22.79 28.70 4.20 22.36 42.23 6.48
22.79 136.60 16.50 23.33 24.30 4.20 22.79 40.70 6.50
23.33 169.10 19.50 24 .87 21.00 3.50 23.33 35.00 5.60
24.87 259.90 28.60 25.47 23.00 3.60 24.87 28.90 4.90
25.47 313.70 34.60 25.98 20.90 3.80 25.47 33.30 5.60
25.98 294.20 31.90 27.40 17.10 3.30 25.98 25.00 4.50
27.40 384.10 41.70 27.96 18.80 3.00 27.40 25.20 4.80
27.96 410.70 44.10 28.43 16.90 3.50 27.96 23.80 4.40
28.43 407.10 43.60 29.76 15.70 3.10 28.43 23.30 4.60
29.76 496.00 54.30 30.29 15.00 2.70 29.76 22.70 4.50
30.29 468.70 49.40 30.73 13.30 3.10 30.29 22.40 4.20
30.73 418.50 44.10 32.00 14.30 3.00 30.73 20.30 3.70
32.00 391.50 42.50 32.50 13.60 2.40 32.00 20.70 4.20
32.50 419.50 44.60 32.92 13.40 3.00 32.50 18.50 3.70
32.92 371.40 38.50 34.12 11.60 2.60 32.92 18.10 2.70
34.12 318.60 33.00 34.12 16.50 3.50
34.75 337.11 36.25 34.75 20.35 3.53
35.62 298.00 32.46 35.62 20.12 3.76
36.47 276.10 30.66 36.47 17.25 3.04
37.31 257.23 27.85 37.31 17.65 3.32
38.13 229.67 27.05 38.13 16.15 3.05
38.95 199.66 22.33 38.95 16.74 3.03
39.75 188.19 20.82 39.75 15.65 2.90
42.16 12.57 2.22

45.85 9.78 1.94

49.32 7.02 2.25
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Table A-8 Measured cross section of the ~'Au + d reaction

97 Au(d,x) "**Au
Ey4 o Ao
(MeV) (mb) (mb)
33.74 291 0.60
35.21 4.61 0.83
35.93 5.16 0.93
36.64 6.64 1.08
37.33 7.00 1.12
38.03 7.99 1.23

38.71 10.74 1.59
39.38 11.70 1.75
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