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Needs of high-energy nuclear data

Various applications fields relevant to “high-energy nuclear data”

. ETARER 4

C T RBEBT MRS L
High Power Proton Accelerator g

fEREREH
Spent Fuel

ESREEE )
Accelerator Power Supply
MT i E—
Thermal Energy _

TRU (]
=

TRU f
|

i
arget Nucleus

BB

B
Generator i -
R+ Neutre TRU recovery > 99.9%

Accelerator applications
- Accelerator design (Shielding

Medical applications  Astrophysics, Space Engineering
- Advanced radiation therapy - Study of origin of material and

calculation, Activity estimation) - Medical radioisotope comic-rays

- Nuclear waste transmutation
(Particle transport calculation)

production - Estimation of radiation dose for
space ships and astronauts
- Radiation damage on
microelectronics by cosmic-rays



Energy region required for high-energy nuclear data

20 MeV
102 10 100 105 106 107 108 109 1000 eV
Fission
Neutron
Fusion (= 20 MeV)
M —— Vedical (= 250 MeV)
Neutron & _ Accelerator
charged particles <
(p,d,t, alpha, etc.) Space

N

a EXxtension of incident energy range beyond 20 MeV

@ Inclusion of protons and other light-ions (d, t, alpha,etc.)
as incident particles
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JENDL high-energy file project

@ JENDL = Japanese Evaluated Nuclear Data Library

NRAZ7AILDE#FhiR: JENDL-3.3 (2002)
— 20MeVLEL T4 F, 337 #%7&
(JENDL-4: EEEXRAFHTE)

0 VIVYEELE BEIRIILXE—¥T—REHEWG: 16 L(H205FEE)
EEFEEIODIIR
(JAEA, T K, ik, KEK, RIST, Hif. j&/KEHZE)

JENDL High-Energy file (JENDL-HE) I




Continued

Contents of JENDL High-Energy file (JENDL-HE) I

@ Nuclides : Total 132
15t Priority (39 nuclides), 2" (43), 39 (40), 4% (10)

@ Upper limit of incident energy : 3 GeV for neutron and proton
@ Type of cross sections

- Total, Elastic, Non-elastic cross sections

- Light particles and gamma-ray production cross sections and
DDXs (n, p, d, t, 3He, a, pions, and y)

- Isotope production cross sections

- Fission cross sections

@ Data format: ENDF-6



List of Nuclel

15t priority | *H, 12C, 1N, 180, 27Al, 50525354C, 54565758 ¢,
(39) 58,60,61,62,64|\|j 63,65C;, 180,182,183,184,186\\/

196,198,199,200,201,202,204Hg 204,206,207,208p  209Bj. 235,238 J
] ] ]

QBe’ 10,118’ 24,25,26Mg’ 28,29,3OSil 39,41K, 40’42’43’44’46’48C3.,

2" priority 4647484950 51\/ 55\n. 59C0, 90.91.92.94967 93N,
(43)

92,94,95,96,97,98,100MO 238,239,240,241,242Pu
]

o 2H, 67, 13C, 19F, 23Nq, 3537C|, 353840/ 64.66,67.68,707p)
3" priority 69.71(Gg, 70.72737476Ge, 75As, 89Y, 181Tg 197Ay 232Th,
(40)

233,234,236U’ 237Np’ 241,242,242 m, 243Am’ 243,244,245,246Cm

Ath [()rio)rity 15\ 18() 7476,77,788082Gp 113,115|p
10 - ’

Released as JENDL/HE-2004 ( 66 nuclei )
Released as JENDL/HE-2007 ( 66+40=106 nuclei )

It will be released as a supplement in next year Evaluation is not accomplished yet ...



How Do We Produce Nuclear Data for Applications ?

— 1 = "Nuclear data evaluation™
= provides the most probable data

' e st - -
X T—5 - 3 Theoretical Calculation ;;,) = —— set by using
Experimental Data . : ),

- Experimental data,
- Theoretical model calculations,
- Statistics, etc.

] P(B|Ay) P(Ap)
%7 — 7 5Ll s > P(B|A;)P(A4;)
Nuclear Data Evaluation i=1n

Evaluated nuclear data are
compiled to numerical data sets
having specific formats, e.g.,
ENDF-6

SFEEAET—IS1 TS
Evaluated Nuclear Data Library

These data sets are processed
according to user's
requirements

FRAFEEHOERS)
Application(Group Constant etc.)




Overview of high-energy nuclear reactions

10-22sec 10- 1> ~10-9sec
Elastic Direct Process Highly excited
Scattering Collective excitation ] Nuclei
Quasi-Elastic Scat. Evaporation

Dynamical Processes
* Preequilibrium Process
o— Intra-Nuclear Cascade Process
*Multi-fragmentation Process

Energy Spectrum of Emitted Particles

Evaporation Direct process
process Transition to
discrete levels

Dynamical process
Forward-peaked Ang. Dis.

Isotope Production

' : Y
1.5-GeV p + *°Fe
- QMD

Proton Number Z

Neutron Number N

T T T
1.5-GeVp+5Fe 28
- QMD+SDM

Scale

Proton Number Z

20
Neutron Number N

Ref.) Chiba et al., Phys. Rev. C 54
(1996) 285.




Hybrid nuclear model code system (I)

Intermediate energies | Einc < 150 =250 MeV

®Total cross sections
®Elastic cross sections
®Total reaction cross sections

Optical
model
calculations

Statistical HF +
preequilibrium
exciton model

DWBA model for
direct process

N

}v

OPTMAN —
® Transmission

or ; coefficients
ECIS ®Direct Inelastic cross
sections ‘

ENDF6

JENDL-HE

@®|sotope production cross sections
®Light-particle emission spectra
® Gamma-ray emission spectra




Hybrid nuclear model code system (ll)

Higher energies E..>150—250 MeV
— JOMD/GEM . .
QMD+ GEM — ®|sotope production cross sections
or or ®Light-particle emission DDXs
(_INC + GEM JAM/GEM

® Gamma-ray emission spectra

/
evaporation
"
[ ? TOTELA
Systematics
FISCAL

®Total cross sections
®Elastic cross sections
®Non-elastic cross sections

P4

®Fission cross sections

L> JENDL-HE

ENDF6




Optical Model Analysis (<200 MeV)

107 SI:Q.M'C.C . . .
- Falmstra, 1984 —w»—
Model: LERg
- Coupled-channel OM (RRM/SRM) 10 B PSipp Sakageo 1960 et
Ground State  Qlmer, —a—
—— Deformed Nuclei 01 fL % | L4750
: 02 : _ 262MeV (x10™)
- Spherical OM + DWBA - e
: ) 10" § T R 304 MeV (x1077) 4
— (Near-) spherical Nuclel N\ e —
TR e A0 MeV (x10'")
- . g Wy, 21.9 MeV (x10%)
Optical Potential (OMP) : y 10 S,
e B5 MeV (x10)
| e
- Continuous local/global (<200MeV) 10° |
. 2 |4
- Isospin-dependent 10 _
- - = _3 p— L
( Soukhovitskii’s framework ) A
10° | : L
- Global / folding OMP for d, t, h, « oL L2 MeV (<10
. | L %, 180MeV (XT0

0 30 60 90 120 150 18C
8, (deg.)



GNASH Calculation

OM + Statistical + Pre-equilibrium model + Kalbach’s syst.

105_ _E Ll
- Pb(p,xn), 113 MeV °  Meier (1989) ST 1

I — ENDF/B-VII =

& — JEFF-3.1 E

E 107 =%, — JENDL/HE-2007 2

o R 5 ]

< 107 =

E 7 _E

g 10-4§ —§

3 10 = E

S 10 E
10‘7%_ I Lol | lé

60 80 100
Emitted Particle Energy (MeV)

(—
[\ ]
(=
N N
(=
[—
[\ ]

0



e Titarenko+ (2002)
— ENDF/B-VII

— JEFF-3.1
— JENDL/HE-2007

Prod. X-sec. of Residual

Cross Section (b)

2098

1(P,X)

L B L L L L L L B L L T LA B L L WE
wf 210pg E wf  208p, : wf
| ] | |
! ; 3 ! ! ;
107 E 3 WE 107
10k 3 U 3 Wk
i 3 [ 3 [
1075079060 80 100 120 140 10" 55406080 100 120140 10°--90""90 60 80 100 120 140
WE T T T T T T T WET™T T T T T W T T T WWET™T T T T T ™3
wp  206p i of  205pg i W 204pg wp 203pg
1E 3
'""é m"é
10 10k
10°E 10°E

107503060 80 100 120 140 10°"=50""40 60 80 100 120 140 10°="50""20""60 80 100 120 140 107502060 80 100 120 140
“]ZE‘ [T T T T T T T T T "}25'"I"'I"'I"‘I"'I"'I"" "'2, | I L I IE N}ZE'"I"'I"'I"'I"‘I"'I"'I'E
wp  202pg 1 wp 200pg 1 vk 200pg 1 vk 199pg 1
1L 1 1 1 ' ik

0! w! — w! ] w! ]

107 E 10 107 10

10°E W'E i 10°E

WE w'E w 3 0E 3

10’ e e o v N G R R

30730 60 80 100 120 140

Incident Proton Energy (MeV)




Isobar production cross section for p+ %C

Nuclear data related to nucleosynthesis of light elements induced by cosmic-rays

10% ¢
£ 10t} :
c L
e
5]
Q L
%]
@ 10° _
g F * experimental
----- LA150
—JENDL-HE
10* TR
10 100 1000
Incident Energy (MeV)
10% ¢
A=9
£ 10']
c
e
3]
(O]
%]
@ 10° |
3]
10™ T
10 100 1000

Incident Energy (MeV)

10%

cross section (mb)

10*

10% .

cross section (mb)

10

ool L | L
100 1000

Incident Energy (MeV)

TR L T S | L
100 1000

Incident Energy (MeV)

cross section (mb)

cross section (mb)

10%

10*

10° ¢

=
o

N
T

=Y
(@)
-

10

ol L L TR L
100 1000
Incident Energy (MeV)

A=11

““1‘00 o 1000 |
Incident Energy (MeV)
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Cosmic-rays induced single-event upsets
In microelectronics

and related nuclear reaction database
- The role of nuclear physics in IT society -

Memory devices

Silicon
Chip

T= 0
Elementary
particle

o HLh

i
—> 5
!

Silicon Nucleus
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Note that the cosmic-ray
Forbes November 13, 2000 iInduced SEU was predicted by
meam Ziegler@I1BM and
Landford@Yale Univ. (1979).

Sun Screen

THE MYSTERIOUS GLITCH has been popping up since late last year. At a new Web
company in San Francisco, a telecommunications company in the Midwest, a Baby Bell
In Atlanta, an Internet domain registry on the East Coast--for no apparent reason,

high-end servers made by Sun Microsystems suddenly crashed.

Sun says it has finally figured out what's wrong. It Is an odd problem

Involving stray cosmic rays and memory chips in the flagship Enterprise server
line, whose models are priced at $50,000 to more than $1 million. Yet Sun won't fix
all of the servers it has sold; instead it will make repairs when it deems them necessary.

http://www.forbes.com/forbes/2000/1113/6613068a_print.html




Cosmic-ray environment

1015 — Solar wind
profons Aurora electrons
10 &\\ l"l apped eleclrons
101V —
o Trapped protons
8 (inner zone) —
r\fE Trapped pr otom /
"3 (outer z.(}ni.)
¥
g 10 R
5
" —/
=
= 00 Solar storm protons
100 \
Solar flare prglons
: crpe G %clic cosmic rays —/
10-5 1 . L 1 | | ~— | |
10-4 10-2 100

e 104
Particle energy, MeV > 10 MeV/A

Cosmic-rays in Space

1L

- protons(92%), alphas(6%), and HI (2%)
In Galactic cosmic rays

- protons and electrons trapped in Van
Allen belt

- protons from Solar flare

Neutron flux @Tokyo
about 12 n/cm?h
for above 10 MeV

T

Secondary cosmic-ray

neutrons at sea level on the

Earth

Neutrons  Latitude: 42.35deg. N
Longitude: 288.95 deg. |

Altitude: O ft. E

g 108 Press. = 1033 g/cm”
>
Q6
= 10 =
=
= 107 ]
‘E’ Total flux/cm?-yr : E
E 10 Neutrons = 178210

107° L C A, §

10 100 1000 10*

Particle energy (MeV)
J.F. Ziegler, IBM J. Res. Develop. Vol. 40, No. 1 (1996), p. 19
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FHF
=
N
S)
N
N
\l
i
=t
=L
A

MOSFET% &3 PHITSO—FK{&E R
Q482 (Cu : Si0, = 1:1) —— 2l S
e — T T wEeLES
4128 (Si0,) /
RIGHEE(S) . A AR (Si)

0.1X01X05 Um

residual@O
residual @Si
Si

residual@Cu

residual@W

40 60 80
Critical Charge [fC] Critical Charge [fC]



5 )Let E D ELER (OMD vs INC)
p+2’Al@180MeV

0+ Al@180MeV p+’Al@180MeV  A=22 |
e Exp. ] : e Exp.
— PHITS (GMD/GEM) : — PHITS (QMD/GEM)
-— PHITS (INC/GEM) L oo -— PHITS (INC/GEM)
-—I E

[y |
o)
e
| -
|
o
-+
(&
(b}
n
n
n
o
—
(]

d2c/dEAQ [mb/sr/MeV]

20
Mass number [A] Energy [MeV]




Future requirement for nuclear data

@ More measurements of DDXs of secondary ions over the wide
mass range are required for testing the predictions of reaction
models and their refinement. (Target: Si and O)

H. Machner et al., PRC 73, 044606 (2006): He, Li, Be, B from 200 MeV p+Al

DDX [mb/MeV st]

AV

10-2 3 ===:'-"'..'£.__I_"! . E
1 Bhm., Z7Al(p,SLi) 27 ] z
i - e o - | A| i
-3 G
10 5 T T 3
T % L R
0] T =
B
5] E 20
10 E ¥ 45
1 [ 60
1 @ 90
- < 110
10 . | . |
0 20 40

e (MeV)

DDX[mb/MeV sr]

20 degree *

—fitting
----- QMD/GEM
* EXp.

Further refinement of the models is necessary to provide

reliable nuclear reaction data
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200 and 300 MeV/nucleon nuclear reactions responsible for single-event effects in microelectronics
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FIG. 2. Angular distribution of He fragments observed with FWD
and SAD (open points) for 200 and 300 MeV/nucleon »Si+'H(*H)
reactions confronted to the prescription of DCM (solid curves) and
JQMD (dashed curves). Statistical error bars fall within the point size.
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Present status of QMD for light-ion production

102 E ) ' ) ' ) ' ) ' ' ) ' ) ' ) ' )

neutron proton deuteron

10" ¢

i Si(n,x) @ 96MeV *,

10" F 3
> E Measurement: Cal.. QMD + GEM - ’
= 10” = U. Tippawan et al., exp * E
‘ED F PRC69, 064609 (2004). —— QMD + GEM
- 10° pb—+—+——+—+—+—+—+— | | |
5 ; trit 3
= 1 riton He
_8 10" E

’”“,0,‘00 00 . E
+ =
f } :
" 1 " 1 T " " " |'|r|-| L 1 " 1 " "
60 80 0 200 40 60 80 100

E (MeV)
Remarkable underestimation in the preequilibrium region !
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FENDL (Fusion Evaluated Nuclear Data Library)
- ITER, DEMOJF : 20 MeV H&FT—43 s

- IFMIF : 40MeVETD E[5ZF+50MeVETD
thitF 7 —%

D REE FTA BEQ Jehv—hE D AT

Gar |12 | http s maore/fendii/ [

IAEA org

International Atomic Energy Agency

Nuclear Data Libraries for Advanced Systems: Fusion Devices
TAEA Nuclear Fusion Evaluated Nuclear Data Library

Data Services

CEEORED FENDL 3.0

An [AEA Muclear Data Section Coordinated Research Project

m
m
4
=]
-
@

HOME

activity lines

Participants

Starter Library NE NEWS

e e

Backaround OBJECTIVES

information

Contract preparation The overall objective of the initiative is to imprave the status of the nuclear databases for

forms assessments of radiation damage to structural components of fusion devices, such as IFMIF, which is
Glossary in an advanced stage of design and planning. & primary ohjective of the CRP is to provide an

evaluated nuclear data library for fusion applications. The library will represent a substantial extension
m of the presently available FENDL-2.1 library toward higher energies, with inclusion of incident charged

JLstRCM . partides and the evaluation of related uncertainties. The new library will be called FENDL-2.0, and will | | ] |
(TH November 2007 he released at the end of the proposed CRP activities, The present version of FENDL has been m
Related extansively used in benchmark studies of materials for ITER. The purpose of the present CRP proposal H lgh -Energy Bea

d°”m5"tat‘°" is to extend the scope of the library for fusion applications to IFMIF and also for design studies of

DEMO, which represents the next generation device beyond ITER.

Transport

The expected research output and results are:

= The present FENDL-2.1 library {which contains nuclear data only far neutron induced reactions and for
neutran energies up to 20 Mew) will be updated with existing evaluations fram major libraries, praviding
that full consistency with the validations and benchmarks experiments performed on the present version
of the library can be assured;

p- and d-induced reaction data will be included in the general purpose and activation sub-libraries;

The energy range of incident particles will be extended up to 150 Mew, to camply fully with the
requirements of the TFMIF design;

Inclusion of covariances in the evaluated libraries for uncertainty assessment in design studies will be
accomplished by creating a library based on model calculations and covariance estimates,
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N)FrH LDIEREAL

Bk E Rk : D+T >He+n+17.6MeV

MJFSLER:  °Li+n— T+ He+4.8 MeV i

(R)FLtEHEHMD) "Li+n — T+ He+n'-2.5 MeV 7Li (92.6%)
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CDCC analysis of d+Li reactions W
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Application of the CDCC method to deuteron elastic scattering from ©6-7Li
T. Ye, Y. Watanabe, K. Ogata, and S. Chiba, PRC 78, 024611 (2008).
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