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The displacement cross section set was developed by considering nuclear
reaction kinematics in order to evaluate displacement damage as a typical index

for radiation damage. This set includes the same kinds of 40 nuclides, and the same

energy structures of 42-group and 125-group types as those in FUSION-J3 of the

neutron and gamma-ray coupled transport calculation group constant set.

We calculated displacement damages of SS316 and copper for neutron fluence
of IMWa/nf in ITER (International Thermonuclear Fusion Experimental Reactor) .
These results were obtained as 10dpa and 13dpa, respectively, which were in good

agreement with the values estimated concerning only 88316 and copper in the past.

Keywords: Displacement Cross Section, Radiation Damage, Neutron Irradiation,

Fusion Reactor

*  Hitachi, Ltd., Hitachi Research Laboratory
** Century Research Center Corporation, Ltd.,



JAERI—-Data/Code 97—002

AR E AT i A EREHR S A 3 &t U M €~ b OBH3E

SE N =Syl e ST S s
HA f—-EE BeJIF a0

(1997 5 1 H20B528)

RGO REIHTE TS 2 W i URSIHE LB LI » P&, SO s A
2wF g 7 2EACTEN L, BEBUMEE €y MCPB L AIES T 3 V¥ - BEE R
AV ERSER Y v P FUSION-J3 &F—& L, Zheh, 401 128#L 280"
DDy FEEE LI, 02y bEAVT, EEAMMAERY ITER 2R ICHE BEfiz
FouzvA IMWa/nt LT, SS316 LMo LESEEHLLER, 2a€h 10
dpa, 13dpa AE SN, BECETHHE LM hABRLIFE-RLTV S, PlEd&D,
FEDOUETHROHEERA~— i, BEH LIRSS T8 L CHMT & s EEaHHHE > X
T AR

REEFSERT . FT311-01 R AR ERIRETR] S 8011
* BRISAHITBMERT BB
*x B2 CR CRAUISEH



JAERI—Data/Code 97—002

CONTENTS

1. TRLLOQUGLION  #eersrrsreresrerssmess st st e riere s ar e s sh s e s b st e bbbt
2. Estimatioﬂ Method Of dpa CTOSS Section ......................................................
21 Deflnltlorl Of dpa CTOSS SeCtiOn ...............................................................
2.2 Knock on Energy and Displacement Cross Section = srerrerssersrrsrsmssesesersesees
3. Displacement CTOSS Section Calculation .........................................................
4. Evaluated Displacement Damage ..................................................................

5' COHCIUSiOI’] ...................................................................................................

1 12 LIDIT  wreeersrsrmenenmmtareirr b e L
2. dpa BREIREDERMEATHE  woorerrerrrerroresror st

2.1 dpa BRI TESE -eoovvreomsres o

90 PHEHU T RAF — LB LMTETRR ooovvrrerreemrmer st
3. B UMREBEODITEL  coereerommrem s e s
4, R UBEEEOTEIE  cooeorrererrrrre s s
B M) eeeeeeeereneereereesieiine oL

i



JAERI—Data/Code 97—1002

1. Introduction

Neutrons produced by fusion reaction interact with materials constructing divertor, the first
wail and blanket, etc. The secondary neutrons, charged particles and gamma-ray are emitted by
interaction with materials. Target nuclides are knocked on by this interaction. When knock on
energy for the nuclide is greater than displacement energy, atoms constituting lattice of crystal are
displaced from the lattice by knocking on, and pair point defects of vacancies and atoms among the
lattice are created. When primary knock-on atom (PKA) energy is much higher than displacement
energy, the secondary, the tertiary, * - cascade damages occur.  Most of cascade damages vanish
in the very short period, but much small number of vacancies leave. These assembling vacancies
form voids and occur swelling, and make materials damage together with helium production{l]. In
addition to this, material properties become lowered by ionizing around the cascades. A parameter of
displacement per atom (dpa) was derived as physical quanfity to evaluate material damage with
knocked cn atoms by Rindhardf2] and Rebinson([3].

Main causes of strength property deterioration in structural materials such as stainless steel
are displacement damage by knocking on, disturbance of lattice in crystals and ionization by charged
particle flying, swelling and deposition of hydrogen and helium in grain boundaries. The parameters
to evaluate these damages can be considered as dpa, and helium and hydrogen production, However,
damage characteristics are known different from each other in the two cases of same dpa, and helrum
and hydrogen production, but irradiation with different neutron spectra. Further more in the cases of
different using temperature, progressions of damage are different from each other. Therefore, it is
the future subjects what method radiation damage should be evaluated by.

In functional materials such as electric insulators, gamma-ray has important effect on
radiation damage in addition to dpa, transmutation, and helium and hydrogen production. The
electric conductvities and photon absorbing rate during neutron and gamma-ray irradiating are
different from those after irradiation by several orders[4). There is not enough of data base for
irradiation information about the functional matenals.

T. Ide, etal.[5] estimated PKA energy and displacement cross section by the energy balance
method. The energy balance method is the one to calculate PKA energy from the value of (incident

“energy + Q-value) — (outgoing particle energy). In that method, since only several per cents of
derivative between the two large numbers, the first and the second terms, large error occurs to the
PKA energy. According to the method by Rindhard and Robinson, Lijima, etal.[6] tried to estimate
primary knock on atom energy and displacement cross sections, etc. Considering these back ground,
to evaluate dpa as irradiation parameter is necessary for estimate radiation damage in structural and
functional materials used in fusion reactors, although radiation damage cannot be perfectly understood.
For the purpose of this, dpa cross section set is made to include the same elements and the same
group structure as those in fusion neutrenic transport cross section set of FUSION-J3[71.

The energies of PKA must be estimated to make the dpa cross section set. In the present
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work, the dpa cross sections are calculated by direct method in which PKA energies are computed
from secondary neutron, gamma-ray and charged particle energies by momentum and energy

conservations.

2. Estimation method of dpa cross section

2.1 definition of dpa cross section
In the method to evaluate displacement damage, the number of displacement times by
neutron irradiation is considered as the parameter to indicate irradiation damage. The displacement
damage is obtained from the dpa cross section multiplied by neutron flux. The dpa cross section
O dpe is given by Lindhard{2] and Robinson[3] as a functicn of incident neutron energy En as follows,
0.8 E

p
O dpa (Bn)= —— * 2 S . G, (En, E,) dE, , 2.1)
Ed x 1+ Xy - g(Ep)

where K, : the knock on energy in laboratory,

Ky =0.1337 - 2 /A" | (2.2)
the symbols of Z and A are respectively atomic number and mass number.

g(Ep)=¢ + 040244 - £ + 34008 - e | (2.3)

£=0.01151 - E,. 7%, (2.4)

g4 : the displacement energy ,
O,’s are neutron reaction cross sections of (n, 7 ), (n, 2n), (1, p), (1,2), (n,np),
(n,d), (n,1), ***.
The equation (2.5) can be expressed by averaged knock on energy and integrated cross sections with
energy and angle as follows [6],

0.8 E,
) “GET (2.5)

€4 X 1+ Ky - g(Ep

C dpa (En) ==

where I, : the knock on energy averaged with reaction cross sections through energy and angle.

O, (Ex) is a cross section of reaction x integrated with energy and angle.

The last two parameters are given as,

ﬂ‘Ep * O.(Er, e, 8. dedQ
by = (2.6)
.U Oy (Er, €., 0.) de. dQ

G (Bn) =JJ 0, (Br, £, 0. d £ dQ. 2.7)

where Eg is relative kinetic energy.
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work, the dpa cross sections are calculated by direct method in which PKA energies are computed
from secondary neutron, gamma-tay and charged particle energies by momentum and energy
conservations.

2. Estimation method of dpa cross section

2.1 definifion of dpa cross section
In the method to evaluate displacement damage, the number of displacement tmes by
neutron irradiation is considered as the parameter to indicate irradiation damage. The displacement
damage is obtained from the dpa cross section multiplied by neutron flux. The dpa cross section
O dpa is given by Lindhard{2] and Robinson[3] as 2 functicn of incident neutron energy En as follows,
0.8

EP
S (En, E,) dE, , (2.1)
Eq x 1+ Xy - g(Es)

C dpa (En):

where K, :the knock on energy in laberatory,

Ky =0.1337 - 2% /A% | (2.2)
the symbols of Z and A are respectively atomic number and mass number.

g(Ep)=¢ + 040244 - & + 34008 - ¢ | (2.3)

£=0.01151 - E,../Z%, (2.4)

€y : the displacement energy ,
O,’s are neutron reaction cross sections of (n, 7), (n, 2n), (n, p), (1,2), (n,0p),
(n,d), (n,t), <=+
The equation (2.5) can be expressed by averaged knock on energy and integrated cross sections with
energy and angle as follows [6],

0.8 E
) : "G (En) (2.5)

€4 X 1+ K - 2(Ep

C dpa (En) =

where I, - the knock on energy averaged with reaction cross sections through energy and angle.

O, (Ex) is a cross section of reaction x integrated with energy and angle.

The iast two parameters are given as,

JJE,+ 0u(Erenbs) decd
P (2.6)
S 0. Br 680 dedO

G (Bn) =S 0. (Er, £, 8. d £ d 2.7

where Ey is relative kinetic energy.
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From above derivation, displacement damage cross section Odpa{En) can be given by

eq.(2.5). The knock on energy E, of a target nuclide and kinetic energy E. of a emitted charged

particie are given by momentum and energy conservations in collision as follows.

Hq my m;

E ™ b + — 2 {————— E¢ e } * 2
P M G M c - Mz G [ ide 3 ( -8)
m; My mj Itz
E. = e + —€ + 2 Eg-€& }
", G M { N G } e, (2.9)
E, + B.=EF¢ + & 2.10)
where M - mass of a compound nuclide,
M$m01+m0;= m; + m; (2}1)

mp; - mass of an incident neutron,
my: | mass of a target nuclide,
m; : mass of an outgoing particle,

m, : mass of a residual nuclide,

i ; cosine of out going angle of the first out going nuclide in center-of-mass system,

e =cos(B),
Fc - kinetic energy in center-of-mass systern,

€, : kinetic energy of the first out going particle in center-of-mass system.

Kinetic energy of gravity center B is presented

by incident neutron energy of Ea from kinematics in reaction

as shown in Fig.2.1, and energy and momentum conservations

as follows, From Fig.2.1, the velocity of the gravity center
in laboratory system can be understood to be equal to the

target nuclide velocity of ¥, in center-of-mass system.

. The kinetic enerey E, of the gravity center can be therefore

represented as,
1
E, = —2“—M“§ﬂ)22 (2.12)

The incident neutron velocity 1 in laboratory system
is given from relationship between the velocities in laboratory
and center-of-mass systems as,
Yo = w1 T Wz -
where b1 : the velocity of the incident neutron in center-of-
mass system,

Voot Vg
Bo2
e T
C- W F#&
oo 0oz
Mo
cT

lab &

Fig.2.1 Kinematics in laboratory and
center-of-mass systems
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w2 : the velocity of the target nuclide in center-of-mass system.
Using the relation of mor * %1 = moz * e,
mo1 + IMge

M
Vo= — W2 = e . (2.13)
mo1 Mot

Applying eq.(2.13), the kiretic energy of the gravity center Eg is obtained as,

1 mo: 2 2 mor 1 2
Ec=—M {— } W = — moe1 W1 } .
2 M M 2

Since the incident neutron energy of Ex is given as

1 2
En = — mo1 ¥ ,

4

the relationship between the kinetic energy of the gravity center E¢ and the incident neutron energy

. can be obtained as,

mei
EG = " En . (214)

M
2.2 Knock on energy and displacement cross section
Knock on energy of target nuclide by reaction with neutrons needs to be estimated in order

to create dispiacement cross sections. Kinds of neutron reactions are (r, v) as non-particle emitting
reaction, (n, ), (n, n°), (n, 2n), (o, 3n), (n, np), {n, nd), (n, na), etc. as secondary neutron emitting
reactions, and (n, p), (n, 2p), (n, d), (n, 1), (n, @), etc. as charged particle emitting reactions. The

knock on energies of target nuclides are estimated in accordance with these three categories of the

neutron reactions, as follows.

[1] 7 -productive capture reaction (n, 7 ) (radiative capture)

We estimated the displacement cross sections on the basis of the evaluated nuclear data file
of JENDL-3[8], which is edited with the format of ENDF/B [9]. According to the format, reaction
cross section of {n, 7 ) is installed in MT=102 of File 3 (neutron cross section). The target nuclide

knock on energy Ep can be estimated with momentum and energy conservations for ernitted gamma-

" ray, since no charged particle is emitted in this reaction.

From eq.(2.10),
E, = Ec + & (2.15)

where Eg is given by incident neutron energy En with eq.(2.14).

The knock on energy €, of the target nuclide in center-of-mass system is given as follows.
Emitted photon momentum P is presented by p=E, /¢, since the emitted photon energy €, 1s
givenby €, =h v,
where h: Planck constant (=6.626176X107'J*s) .

v : frequency of photen (sH.

By momentum conservation between target nuclide and pHoton,

— 4 —
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M:we = p = §g /¢,
where ¥ : knock on velocity of target nuclide in center-of-mass system,

¢ : photon velocity in a vacuum.

Applying this equation, knock on energy of target nuclide €, in center-of-mass system is obtained as,

1 M g, £} E}
.= —M-+en? = { = = Y (Itn), 2.16
o= M (T T e e T (2.16)

where the symbol of Y, (Ex) means multiplicity of gamma-ray created by one reacticn with neutron

having the incident energy of En.  The value of Y,(E,) can be given from Filel2 in the evaluated
nuclear data file of JENDL-3. And the value of €, can be read from Filel5 in JENDL-3.

Installing the equation of eq.(2.16) into eq.(2.15), knock on energy of target nuclide Ep

laboratory system can be expressed as,

Mai

%, = B + — Y@ . 217)

[2] elastic scattering (n, n)
Elastic scattering ¢cross section Gy, 15 stored
in MT=2 of File3{Neutron cross section). The knock

on energy of target nuclide By n laboratory system

is given by the following equation with kinematics of

momentum and energy conservation as shown in Fig.2.2.

_ o1 © D302 —
E, = 2————— E. (1-w), (218)
m- Mo oz
where U is the coefficient of Legendre expansion, that is, V31
the coefficient of the equation as, 8

Liax 2 ¢ +1
O@E.6)=0Ey) & —B ¢((E) - P £(cos £ o),
c=0 4 labh, %

I = B ¢ (E,) is given in File 4.
Fig.2.2 Kinematics between center-of-
mass and laboratory systems

[3] Inelastic seattering (n, n’}

Tnelastic scattering cross section Oqy are stored in positions of MT=51, 52, *++, 50 File
-3 {Neutron cross section) from the first excited level to the fortieth excited level. In this reaction,
charged particles are not emitted but the secondary neutron and photon are done. Displacement
damage is contributed to by knock on energy of target nuclide E, in laboratory system, which can be
estimated by velocity of gravity center, and momentum and energy conservation conceming with

secondary neutron and emitted photon.
In this reaction charged particle energy is equal to zero 1n laboratory system, that is, E. =0,

ﬁ5_
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since no charged particle is emitted.  The knock on energy of target nuclide E; in laboratory system
is therefore given by estimating each excited level energy in laboratory system with separating

scattered neutron energy of €. in eq.(2.10).

me M| m: * Im2
E, = Ec + —— &~ 2{———Eqg* €M }12 (2.19)
M M M?

The value of Eg, moving energy of the gravity center, is given by eq.(2.14} as,

mol
EG = : En
M

The magnitude of €:{*) is given by the scattering neutron energy of the excited level (A} in center-

of-mass system, that is, relative energy Er, and reaction energy in excited level QY ~value as,

e = Er + QY
where Er is expressed by incident neutron energy of En as foilows,

Mgl maoz2

Er=E.—Ec =E.— -E. = En . {(2.20)
Therefore, E«*) is given as,
Moz
g = E. + Q.
M

Inserting this equation and Eg into eq. (2.18), Ep(*) expressed by eq.(2.14) can be obtained as,

1 ms2 mot mi moz2 1
E, (1= . B, + { E. + Q™)
M M M M
mo1 _ Iog moz ) 1/2
— 2 [— E. { Ea +Q™) ] ueth (2.21)
M M

Inserting eq.(2.20) into the definition equation of dpa cross section of eq.(2.5), dpa cross section can
" be represented as, i
0.8 90 E %
O apx (Bu) = - 2 — + g, (Ea) . (2.22)
Eg A=31 1+ KL . g(EP(A])

Where if £.< 0.0, €. = 0 is applied in this calculation. The value of We!*? is read from File 4

as the same manner of calculation for displacement cross section due to elastic scattering.

[4] Other reactions
This genre includes all secondary neutron production reactions except elastic and inelastic

i6_



JAERI—Data/Code 87—002

scatterings, all proton production reactions, all alpha particle preduction reactions, and deuterium and
tritium production reactions, etc.
(1) Secondary neutron production reacticn

The reactions of (n, 2n), (n, 3n), (n, '), (n, n’p) and (n, n’) are included in this category
and set in the positions of MT=16, 17, 22, 28 and 91 {continuum region), respectively, in JENDL-3.
(2) Proton production reaction

The reactions of (o, n’p), (n, p) and (n, 2p) are included in this category and set i the
positions of MT=28, 103 and 111, respectively, in JENDL-3.
(3) Alpha particle production reaction

The reactions of (n, n’a), {n, o) and (n, 2c) are included in this category and set m the
positions of MT=22, 107 and 108, respectively, in JENDL-3.

The knock on energy EpD of target nuclide in laboratory system for every reaction of MT
number is expressed as,

msz 11101 mi
Ea +

Ep M= [

M M

Ywmr * € M1 S (2.23)

where £ mr is the outgoing particle energy in center-of-mass system. In the case of the secondary
neutron emission reaction, the emitted neutron energy is represented as,

& o G}
€n =2 €n ~Y¥n " Opox(Ba)/ 2 Yo ® Cpue(En) - (2.24)
¥y

y

Since normalized neutron spectrum is set in File5 of JENDL-3, the spectrum is used in this formula,
where the superscript y is the number in the energy of emitted neutron in every reaction and Yn®
means multiplicity in the reaction, for example Y»®=2 reaction.

On the other hand, energy spectra of charged particles emitted by the reactions are not
installed in JENDL-3. Then we calculated the spectrum averaged energy of € x * G, z-prod (Exn)
{(x=p or o) by PEGASUS code[10] in accordance with Jijima’s method {6]. In the case of installing

imaginary natural nuclide considered isotope ratios in JENDL-3, we used the energy averaged with
isotope ratic w; instead of spectrum as follows.

i)

@ ) i
n'y (En)/ E wi * Onn'x (En) ; (225)

9 ;
Ex(En) =Z Wi'Ex(Eﬂ)'OH‘

where, 1=1sotepe, XD, a.
Using knocked on target nuclide energies estimated above in leboratory system, the

displacement cross sections can be obtained as,

0.8 E,™D
O dpa (En) = . * 0, {Ea.) . (2.26)

Eq 1+ K- g(Ep(MT) )
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3. Displacement cross section calculation

Neutronic calculation system is required to be able to perform continuously from neutron
and gamma-ray flux calculation to dpa calculation. For that purpose, the 40 nuclides and energy
group structure in the dpa cross section set should be made the same as those in FUSION-J3. The
included 40 nuclides in the set are listed in Table 3.1. We prepared two type energy group
structures of the dpa cross section sets, which have the same group structures as those in the
FUSION-J3. One is the 42 group structure and the other is 125 group structure. These group
structures are shown in Tables 3.2 and 3.3, respectively. The dpa cross sections of the 40 nuclides
are illustrated in Figs. 3.1 - 3.40 and in Figs. 3.41 - 3.80 for 42 and 125 group structure sets,
respectively. Numerical values of 40 nuclide dpa cross sections are listed in Tables 3.4 and 3.5 for

42 and 125 group structure sets, respectively.
4. Evaluated displacement damage

As described above, the method to evaluating displacement damage 1$ to estimate the
number of displacement times given by integrating the value of displacement cross section multiplied
by neutron flux with a certain period of neutron irradiating as indexes of irradiation damage. We
estimated displacement damage dpa for the materials of §S316 used as structural materials and
copper used as cooling tube materials in ITER (International Thermonuciear Experimental
Reactor)[11] as the typical materials.

A two dimensional RZ model of ITER is expressed in Fig. 4.1 for neutron and gamma-ray
transport calculation. Total neutron flux contour is illustrated in Fig.4.2 calculated by the two
dimensional transport code of DOT3.5 {12] with using group constant set of FUSION-J3({7]. The
values of dpa contours of SS316 and copper are presented in Figs.4.3 and 4.4, respectively, and the
dpa distributions on the mid-plane are ilIustfated in Fig.4.5 for neutron fluence of 1 MWa/m’ under
the above neutron flux. From these figures, displacement damages of SS316 and copper can be

understood as 10dpa and 13dpa, respectively, in agreement with the values estimated concerning with

only S8316 and copper in the past {13].
S, Conclusion

Displacement cross section set was developed in order to evaluate displacement damage as
typical index for radiation damage for predicting life time of reactor components and developing

fusion reactors.

2) Displacement cross sections (dpa cross section) were estimated from primary knock on atom

(PKA) energy calculated by momentum and energy conservations with using energy of emitted

secondary neutron, gamma-ray and charged particles.
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understood as 10dpa and 13dpa, respectively, in agreement with the values estimated concerming with

only SS316 and copper in the past {13].
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Displacement cross section set was developéd in order to evaluate displacement damage as
typical index for radiation damage for predicting life time of reactor components and developing
fusicn reactors.

2) Displacement cross sections (dpa cross section) were estimated from primary knock on atom
(PKA) energy calculated by momentum and energy conservations with using energy of emitted

secondary neutron, gamma-ray and charged particles.
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respectively. Numerical values of 40 nuclide dpa cross sections are listed in Tables 3.4 and 3.5 for

42 and 125 group structure sets, respectively.
4. Evaluated displacement damage

As described above, the method to evaluating displacement damage 15 t0 estimate the
number of displacement times given by integrating the value of displacement cross section multiplied
by neutron flux with a certain period of neutron irradiating as indexes of irradiation damage. We
estimated displacement damage dpa for the materials of SS316 used as structural materials and
copper used as cooling tube materials in ITER (International Thermonuclear Experimental
Reactor)[11] as the typical materials.

A two dimensional RZ model of ITER is expressed in Fig. 4.1 for neutron and gamma-ray
transport calculation. Total neutron flux contour is illustrated in Fig.4.2 calculated by the two
dimensional transport cede of DOT3.5 {12] with using group constant set of FUSION-J3[7]. The
values of dpa contours of SS316 and copper are presented in Figs.4.3 and 4.4, respectively, and the
dpa distributions on the mid-plane are illustrated in Fig.4.5 for neutron fluence of 1 MWa/m® under
the above neutron flux. From these figures, displacement damages of S5316 and copper can be

understood as 10dpa and 13dpa, respectively, in agreement with the values estimated concerning with

only SS316 and copper in the past {13].
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Displacement cross section set was developéd in order to evaluate displacement damage as
typical index for radiation damage for predicting life time of reactor components and developing
fusion reactors.

a) Displacement cross sections (dpa cross section) were estimated from primary knock on atom
(PKA) energy calculated by momentum and energy conservations with using energy of emitted

secondary neutron, gamma-ray and charged particles.
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b) T he displacement cross section set including the same 40 nuclides and two types of energy group
structure as those in FUSION-J3 wasproduced. One isthe 42 group structure and the other is 125 group
structure.

¢) Using this set, displacement damages of 553 16 and copper were calculated for neutron fluence of
IMW/m? in ITER. These values are respectively 10dpa and 13dpa, and in good agreement with the

values evaluated in the past.
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b} The displacement cross section set including the same 40 nuclides and two types of energy group
structure as those in FUSION-J3 wasproduced. One isthe 42 group structure and the other is 125 group
structure.

¢) Using this set, displacement damages of 53 16 and copper were calculated for neutron fluence of
|MW/m? in ITER. These values are respectively 10dpa and 13dpa, and in good agreement with the

values evaluated in the past.
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Table3.1 Nuclides installed in the dpa cross section set for fusion reactors

No.| Nuclide | No.| Nuclide | No.| Nuclide | Na.; Nuclide | No. Nuclide
1 H 9 "B 17 Si 25 SMn 33 Cd

2 D 10 2 18 ¥p 26 Fe 34 W

3 He 11 “N 19 S 27 Co 35 Pb

4 ‘He 12 e 20 K 28 Ni 36 209g;
5 5L 13 YE 21 Ca 29 Cu 37 22Th
6 j 14 “Na 22 Ti 30 Zr 38 B35y
7 *Be 15 Mg 23 Sy 31 ®Nb 39 =8
8 g i6 A 24 Cr 32 Mo 40 29py

Table 3.2 Energy group structure of 42-group dpa cross section set for fusion reacters

1 No En(MeV) [No.| En(MeV) [No. En(keV) |No. En{keV} [No. En(eV)

‘ 1 [15.000]13.7201 10| 5.757 | 5.089 { 19| 800 566 |98t 10.00| 465 |37| 10.0 | 4.65
2 113.720]12.549| 11| 5.099 | 4.516 | 20| 566 400 |29 4.65 2.15 |38 4.65 2.15
3 112.549|11.478| 12| 4.516 | 4.000 | 21| 400 283 |30 2.15 1.00 [39) 2.15 1.00
4 |11.478(10.500] 13| 4.000 | 3.162 | 22| 283 200 (31| 1.00 | 0456 |40 1.00 | G.465
5 110.500] 9.314 | 14| 3.162 | 2.500 | 23| 200 141 1132|0456 0.215 |41 0.465 | 0.215
6 |9314) 8251 |15] 2500 1.871 |24| 141 100 |33| 021510100 (42| 0.215 | C.001
71826117328 |16 1.871 | 1.400 | 25| 100 465 | 34| 0.100 10.0465
g | 7328|6500 |17| 1.400 | 1.058 | 26| 46.5 21.5 |35(0.0465,0.021%
9165005757118 1.058 1 0.800 {27 21.5 10.0 {36]0.021510.0100

Table 3.3 Energy group structure of 125-group dpa cross section set for fusion reactors

' No.| En(MeV) [No.| En(MsV) |no) En{MeV) INo. En(keV) |No. En{eV)

g 1| 165 16.2 126 11.2 11.0 |51 3.25 3.05 76| 267 235 |101| 7100 | 5530

’ 21 162 16.0 |27| 11.0 10.8 {52 3.05 287 1771 235 208 |102| 5530 | 4310
31 16.0 153.7 1281 10.8 107 B3| 2.87 269 |78 208 183 j103| 4310 | 33860
4 1 157 15.5 {29 10.7 10.5 | 54| 2.69 253 |79 183 162 |104| 3360 ¢ 2610
5| 15.5 153 |30 1835 10,3 [ bbb | 2.53 2.38 |80 162 143 11053| 2810 | 2040
6| 15.3 15.0 (31| 103 10.2 (56| 2.38 2.23 |81 143 126 {106| 2040 | 1890
T 15.0 148 (321 10.2 10.0 (57| 2.23 2.10 |82 128 111 [107| 1580 | 1230
81 148 146 |33] 10.0 | 9.34 |58 2.10 1.97 |83 111 ag8.0 [108, 1230 961
91 14.6 14.3 {34] 934 | 883 |59] 1.87 185 |84 980 865 |109] 861 583
10¢ 143 | 14.1 |35 883 829 {60 1.88 1.74 |85 B6.5 76.4 [110] 583 354
11] 14.1 139 |36 825 779 1611 1.74 1.53 |96 | 76.4 67.4 {111| 354 215
12| 13.9 13.7 137 7.79 7.32 162| 1.53 1.35 |87 67.4 59.5 1112{ 215 130
13| 13.7 13.5 | 38| 7.32 7.87 163 1.35 1.19 |88 bH5%.5 52.5 [113] 130 78.9
14| 13.5 13.3 139 7.87 | 6.46 |64 1.19 1.05 {89} 52.5 46.3 |114| 789 | 479
151 13.3 130 40| 6.46 | 6.07 |65| 1.05 | 0.930 [90| 46.3 40.9 |115| 47.8 29.0
15| 130 | 128 |41| 607 | 570 |66 0.930 | 0.821 |91 409 | 36.1 1167 29.0 17.6
171 12.8 126 42| 570 | 5.35 | 67| 0.821 | 0.724 |92 | 36.1 318 (1177 176 10.7
181 12.6 125 |43 5.35 503 [681 0.724 | 0.639 |93 1 31.8 28.1 (118} 10.7 6.48
19| 12.5 12.3 {44 5.03 472 |69 0.639 | 0.564 {94 | 28.1 248 [119]| 6.48 3.3
201 123 12,1 |45 4.72 444 |70 0.564 | 0.498 |95 | 24.8 21.9 (120 3.93 2.38
21 12.1 11.5 46| 4.44 417 |71 0498 | 0.439 | 96| 21.9 19,3 {121 2.38 1.45
221 11.9 11.7 | 47| 4.17 292 |72 0439 | 0.383 197 | 193 15.0 {122 1.45 8.76
231 11.7 11.5 |48 3.92 368 | 73] 0.388 | 0.342 | 98| 12.0 11.7 |123] 876 5.32
241 11.5 1.3 {49 3.68 346 |74 0.342 | 0.302 |99 | 11.7 912 |124] 5.32 322
25| 11.3 112 150] 3.46 | 3.25 {75 0.302 | 0.267 {100 9.12 7.10 |1z51 3.22 | Ix10%
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DPA micro cross section (x 10" 2%cm?)

DPA micro cross section (x 10"**cm?)
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Fig. 3.1 H DPA cross section (FUSION-40)
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Fig. 3.2 D DPA cross section (FUSION-40)



DPA micro cross section (x 10"2¢m?)

DPA micro cross section (x 10°2%cm?)
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Fig. 3.4 He-4 DPA cross section (FUSION-40)



DPA micro cross section (x 10 2%cm?)

DPA micro cross section (x 10 2% m?)
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Fig. 3.5 Li-6 DPA cross section (FUSION-40)
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Fig. 3.6 Li-7 DPA cross section (FUSION-40)



DPA micro cross section (x 10"%*cm?)

DPA micro cross section (x 10"2*cm?)
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Fig. 3.7 Be DPA cross section (FUSION-40)
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DPA micro cross section (x 10"2%c m?)

DPA micro cross section (x 10 2%cm?)
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DPA micro cross section (x 10"2%c m?)

DPA micro cross section (x 10°2%cm?)
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DPA micro cross section (x 10°2%cm?)

DPA micro cross section (x 10" 2%¢m?)
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DPA micro cross section (x 10°*%cm?)

DPA micro cross section (x 10°2*%cm?)
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Fig. 3.16 Al DPA cross section (FUSION-40)



DPA micro cross section (x 10" 24cm?)

DPA micro cross section (x 10°2%c m?)
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Fig. 3.18 P DPA cross section (FUSION-40)



DPA micro cross section (x 10°2% m?)

DPA micro cross section (x 10°%*cm?)
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DPA micro cross section (x 10"%% m?)

DPA micro cross section {x 10" **¢cm?)
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Fig. 3.22 Ti DPA cross section (FUSION-40)



DPA micro cross section (x 10°2%*cm?)

DPA micro cross section (x 10"2%cm?)
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Fig. 3.23 V DPA cross section (FUSION-40)
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Fig. 3.24 Cr DPA cross section (FUSION-40)



DPA micro cross section (x 10°2%c m?)

DPA micro cross section (x 10°2%% m?)
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Fig. 3.26 Fe DPA cross section (FUSION-40)



DPA micro cross section (x 10°2%c m?)

DPA micro cross section (x 10 2%cm?)
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Fig. 3.28 Ni DPA cross section (FUSION-40)



DPA micro cross section (x 10" 2% m?)

DPA micro cross section (x 10"**cm?)
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DPA micro cross section (x 10°2*cm?)
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Fig. 3.32 Mo DPA cross section (FUSION-40)
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Fig. 3.33 Cd DPA cross section (FUSION-40)

1 0 E T TTTIH T T TT71T7 T T TTTT T YT ¥ Irlrﬂ'ri T rirrnr{ fIT‘ETI’H[ T lilfffw T T ETTT

t_t 420l

DPA micro cross section {x 10 2*cm?)

r-[ 4 l|l|l|l' LIIIL"]l LllLlulj L 11111111 1 I!l\l![i L !]Il1||| 1 |||r|u[ Ll r1urrr

1 0"2 b1 4t
10" 10 10" 102 108 10* 10° 10° 107 10°
Neutron Energy (eV)

Fig. 3.34 W DPA cross section (FUSION-40)



DPA micro cross section (x 10°2%c m?)

DPA micro cross section (x 107 2%cm?)
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Fig. 3.35 Pb DPA cross section (FUSION-40)
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DPA micro cross section (x 10 2‘cm?)

DPA micro cross section {x 10"2%*cm?)
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DPA micro cross section (x 10"2% m?)

DPA micro cross section (x 10"**cm?)
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Fig. 3.42 D DPA cross section (FUSION-J3)



DPA micro cross section (x 10°2%¢m?)

DPA micro cross section {x 10"?%c m?)
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Fig. 3.43 He-3 DPA cross section (FUSION-J3)
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DPA micro cross section (x 10°2%m?)

DPA micro cross section (x 10"2%¢ m?)
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DPA micro cross section (x 107?*cm?)

DPA micro cross section (x 10" 2*cm?)
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DPA micro. cross section (x 10" %*cm?)

DPA micro cross section (x 10°2%cm?)
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DPA micro cross section (x 10" ?‘cm?)

DPA micro cross section (x 10°?*cm?)
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DPA micro cross section {(x 10"?*cm?)

DPA micro cross section {x 10"2%c m?)
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DPA micro cross section (x 107 2*cm?)

DPA micro cross section {x 102%cm?)
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DPA micro cross section (x 10" 2% m?)

DPA micro cross section (x 10" 2%cm?)
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DPA micro cross section (x 10" %2%cm?)

DPA micro cross section (x 10" %%cm?)
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DPA micro cross section (x 10°2%¢m?)

DPA micro cross section (x 10" %*cm?)
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DPA micro cross section (x 10°%*cm?)

DPA micro cross section (x 10°2%cm?)
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DPA micro cross section (x 10" 2% m?)

DPA micro cross section (x 10°2%cm?)
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DPA micro cross section (x 10" 2%cm?)

DPA micro cross section (x 10"?%*cm?)
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DPA micro cross section (x 10 2%cm?)

DPA micro cross section (x 10°2%c m?)
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DPA micro cross section (x 10°2%cm?)

DPA micro cross section (x 10°%’c m?)
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DPA micro cross section (x 10°?*cm?)

DPA micto cross section (x 10°2%c m?)
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DPA micro cross section (x 10 2%cm?)

DPA micro cross section (x 10" 2%cm?)
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DPA micro cross section (x 10°2%cm?)

DPA micro cross section (x 10"%*cm?)
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