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Phenomenology to Microscopic Theory
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Success of microscopic optical potential
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Success of microscopic optical potential (ctnd.)
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Examination of PHITS
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We have validated nucleon-nucleus cross sections implemented in PHITS.



Success of microscopic optical potential (ctnd.)
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NOTE
» We can microscopically describe the
nucleon elastic scattering and the total
reaction cross section (not shown).
- We cannot describe all the reaction
processes of the nucleon-nucleus system.
» Thus, our framework 1s not ab-initio but

an effective microscopic theory

“Predictability” and wide applicability
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Microscopic description of deuteron scattering

p-n breakup Microscopic Pot.

treated explicitly

Microscopic Pot.

Microscopic Effective Reaction Theory (MERT)
1. Degrees of freedom selected (= setting model space)
2. Distorting (““Mean-field”) potential generated microscopically
3. Reaction process due to residual interaction calculated with 1. and 2.



The Continuum-Discretized Coupled-Channels method: CDCC
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Description of deuteron breakup process by CDCC
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MERT (M-CDCC) for deuteron-induced reactions

Y. S. Neoh, K. Yoshida, K. Minomo, and KO, PRC 94, 044619 (2016).
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Deuteron-induced reaction analysis code system (DEURACS)

TTNY [#/(MeV sr uC)]
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v CDCC is implemented in DEURACS to evaluate
elastic breakup cross sections of deuteron.

FIG. 7. Calculated and experimental TTNY's at several angles for
(a) the "Be(d.xn) reactions and (b) the '>C(d.xn) reactions. The solid
curves represent the TTNY's derived from the DEURACS calculation.
The dashed lines are results of the Monte Carlo simulation codes
PHITS.



MERT evaluation for deuteron reaction cross sections

K. Minomo, K. Washiyama, and K. Ogata, Journal of Nuclear Science and Technology, 54, 127 (2017).
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Production cross section (mb)

Spallation cross section taken at RIBF

937r at 100 MeV/nucleon
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Cross section (mb)
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Outline of the model
v’ SemiClassical Distorted Wave model (SCDW) [QM-INC] is adopted.

S. Weili, Y. Watanabe, M. Kohno, KO, and M. Kawai, PRC 60, 064605 (1999).
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Schematic illustration of SCDW
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DDX for 4°Ca(p,p’x) at 392 MeV

—— KO, Y. Watanabe, W. Sun, M. Kohno, and M. Kawai, Proc. of MEDIUMO02, p.231 (2003).16

00 00
10 10
~
-
; 25.5 dego 10.01 10_01 100 deg.
—— 1+2+3STEP
L —— ISTEP
2 —— 2STEP
02 02 —— 3STEP
~
= 10 —— 1+2+3STEP 10 —e— Cowley et al.
g —— 1+2+3STEP - ;gg
N’ — —
4 — ZsTEp 10" — e g™ S
a —— 3STEP —@— Cowley et al. o
Q —&— Cowley et al.
-04 04
10 10

50 100 150 200 250 300 350 0050 100 150 200 250 300 350 0150 100 150 200 250 300 350

10 10
A
: 1+2+3STEP
- 1STEP - —
> 10 . 2STEP 10 ” — i;ﬁfps TEP
@ 3STEP —— 2STEP
2 —&— Cowley et al. — 3STEP
-02 -03 —&— Cowley et al.
iy 10 10 y
= = 1+2+3STEP
E ——— 1STEP 80 deg‘ iﬁ
A d — 2STEP -03 -04 f
—— 3STEP 10 10
E 40 deg. —&— Cowley et al. 120 deg'
Q -04 -05
10 10
50 100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350
Energy transfer (MeV) Energy transfer (MeV) Energy transfer (MeV)

Exp. data: A.A. Cowley et al., PRC62, 044604 (2000).



Outline of the model
v’ SemiClassical Distorted Wave model (SCDW) [QM-INC] is adopted.

S. Weili, Y. Watanabe, M. Kohno, KO, and M. Kawai, PRC 60, 064605 (1999).

DDX for (p,p’x)
e C/Ik: o6 (K +ks—Ki—ko)5(Er+e5—E; — )
T 10 / UK 0K 8B — i~ v : € — Ly — Eq
dE dQ; ’ ;e JrEs
. —(— 2 3 « o 2| _ 2
X‘ / dR ‘\((ffzr, (R)‘ [[2 - fl(z | (k,.;,}.R)] fl(z ) (ka-.Rﬂ‘tNN ("5,?"‘” ‘(52 (R)|
Incoherent sum of contributions Wigner Transform of nucleon in :
. : o adjustable parameter
from collision points a nucleus (“Pauli principle™)
do €3 > Coulomb barrier and
o: energy transfer d{:‘( A1) 6((53 DS &:
d*o d3o d?o [Pre-Fragment = A—1]
dE;dSdsdkodR dwdka,dR dsgde(A 1)
Note: R and k_, determine nucleon s.p. energy, do _ do  Otherwise

hence the excitation energy of the residual nucleus dw dggf{\) [Pre-Fragment = A]



Excitation energy
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S~ N W A Y

Excitation energy distribution

— 5-7fm

_ (p’pn) /\ ; — 3-5fm

-30 -20 -10 0 10 20 30 40

Excitation energy
distribution (mb/MeV)

E . (MeV)

137Cs, —1n
: (-5.5.55) (-7.0,3.5)
LAV I S
S S— P A,
o  —
- (—4.0,7.5)
- o
E (na p) = (Os 0) —o— calc
- —&— Wang et al.

G_ Ip (mb)

KO, arXiv:1801.09994.

c
0
L5 i (p Zp) ! — 3-5fm
-\ : — 5-7fm
: ~T N ——7.9fm
1+ total
05 F
O_ T ol e IR A A S T NN TN NN N N AN A A L
-40 -30 -20 -10 O 10 20 30 40
E.. (MeV)
137CS —1
12 i &
i —&— calc
(0, 0) —&— Wang et al.
8 I (-7.0,3.5)
.............—u—.........................................................0 ............
i (-5.5,5.5)
e i
I (—4.0, 7.5)
0




O_in (mb)

O_in (mb)

150

100

50

250
200

Incident energy dependence

93ZI- A —2&— calc
A —&— Kawase et al.
- A
A
L B L
] P I S T R S R P T T S R
0 50 100 150 200
- 107pd —=— fit@118
- —~— fit@196
T ok —®— Wang et al.
3 Tk -
- Tk
aik
E. | R P T T T TR T |
0 50 100 150 200
E, (MeV)

cS—Ip (mb)

o_,, (mb)

15

35
30
25
20
15
10

KO, arXiv:1801.09994.

10 |

937t % +
5 —4&— calc
A —&— Kawase et al.

! | a1 |
0 50 100 150 200
107pd I
7
2 I = f@is
i —#— fit@196
% —®— Wang et al.

F . S 1 PR - PR TR S W W |
0 50 100 150 200

E, (MeV)



OC_1n (mb)

O_in (mb)

150

100

50

150

100

—1IN cross sections by neutron

T —— fit@118
T 5 —#&— fit@196
5 Tk
=i @ K
5107Pd
L L ol
0 50 100 150 200
9SZT —2&— calc
A =K
=
.

B x N
P N TR R R T TR S TR N I R T S R T
0 50 100 150 200
E, (MeV)

G_ Ip (mb)

G_ 1p (mb)

120
100

80 |
60 |
40 |

20

50
40 |
30 |
20|
T

KO, arXiv:1801.09994.

E, (MeV)

F107pd % —— fit@118
; % —%— fit@196
3 1 P 9 *
- T
o * @
0 S Ll | .
0 50 100 150 200
93
- /r % % —2&— calc
!
0 : [ N N T NN TN N S AN N R S SR SR N ]
0 50 100 150 200




Summary

[0 The microscopic description of nucleon-nucleus elastic scattering and total reaction cross
sections at energies higher than about 30 MeV i1s now feasible.

0 We have proposed a framework of the microscopic effective reaction theory (MERT) for
describing various direct reaction processes.
v" Essential degrees of freedom for the process of interest are taken into account explicitly.
v’ Microscopic optical potentials between the constituents of the reaction system are used.
v It is not ab-initio but has a wide applicability.

O As an example of MERT, we use a microscopic CDCC for describing deuteron scattering.
v We have improved significantly the deuteron reaction cross sections used by PHITS.
v" This reduces the energy cost for transmutation with deuteron.

O We proposed a new model for describing one-nucleon knockout reactions.
v It seems that this model needs further validation/improvement by looking carefully all
the data taken in this program (PJ2).



