Knockout-reaction with RIB

A3F-CNSSS20, August 17%-21%, 2020

My aim is:
— to explain very basic (but important) things on proton-“induced” knockout reactions,
— to instruct how to perform DWIA calculations with a code pikoe (with thought!),

—not to demonstrate our recent activities or to go into the very details of theories.

Kazuyuki Ogata

RCNP, Osaka University
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Plan of this talk (1/2)

1) Overview of (p,2p) studies (on stable nuclei)
T Wakasa, KO, T. Noro, PPNP 96, 32 (2017),; T. Noro+, PTEP 2020 (in press).
1-1. “Definition” of the KO reaction
1-2. What we can learn from PWIA analysis of KO reactions.
1-3. What we can learn from DWIA analysis of KO reactions.



What 1s the knockout reaction?

Qualitatively speaking, by quasi-free scattering a process is meant in which a high
energy (100-1000 MeV) particle knocks a nucleon out of a nucleus and no further
violent interaction occurs between the nucleus and the incident or the two outgoing

particles.
G. Jacob and Th. A. J. Maris, Rev. Mod. Phys. 38, 121 (1966).

In essence, a proton induced knockout reaction is a nuclear reaction in which an
incident proton interacts with either a nucleon or a nuclear cluster in a target nucleus
and knocks this entity out of the nucleus, generating a one-hole or a clusterhole state.
This process, in particular the one nucleon knockout reaction, is the most dominant

reaction at intermediate (200—1000 MeV) energies.
1. Wakasa, KO, 1. Noro, Prog. Part. Nucl. Phys. 96, 32 (2017).



Knockout or removal?
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NOTE: At Michigan State University (MSU), nucleon removal processes have
intensively been measured and studied. Some people call them “knockout” processes

but those reaction mechanism is quite different from that of the knockout process.



What we can study via KO reaction?
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v" We have 9+1 d.o.f. in the final state. Because of the energy-momentum conserva-
tion, 6 out of 10 are independent.

v If K, and K, are specified, all the kinematics are determined as well as 1/ (internal
energy of the residue B). This is called kinematically complete measurement.

v" In what follows, I assume that M, has been specified. Then, there are 5 d.o.f. left.

v In the picture of KO reactions, B behaves as a spectator. This indicates that before
the KO, the nucleon had a momentum Ky = —Kj in the nucleus A.



What we can study via KO reaction? (Con’t)
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/ v If B is in a bound state, it has a specific J*. Then, the
» s.p. orbit j of the nucleon inside A can be specified.

(In some cases, j is not unique but the contribution of each j is
incoherent so we can consider j one by one.)

v' Momentum conservation and the spectator assumption
K.=-Kz;=K, +K,— K, for B allows a specification of K.

By KO reactions, one may take a “snapshot” of a s.p. momentum of a nucleus.



Plane-Wave Impulse Approx" (PWIA) for p2p (1/2)
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Plane-Wave Impulse Approx" (PWIA) for p2p (2/2)
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‘ Snapshot!

TPWIA — 3 (Ky + Ko — KO)/e"‘”"Stpp (s)e"™*ds = ¢ (K1 + Ky — Ko)ity, (q)

v Momentum transfer ¢ (usually large): ¢ =k — k' = Ko — K,

v’ Missing momentum Q (usually intended to be small): Q = Ko — K1 — K>
NOTE: Q = 0 corresponds to the recoilless condition. = —Kp



An example of PWIA calculation

E, =251 MeV 12C(p,2p)“Bg-S-@392 MeV
\ 0, =32.5 deg. 250
1 ¢, =0 de :
1 g I
. o 200 |
RT
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" ST s0f
oL
A key observable: 20 40 60 80
Triple-differential cross section (TDX) 0, (deg)
2

v' At 0, =50 deg., Kz ~ 10.7 MeV/c, which corresponds to the recoilless condition
(RLC). £, and 0, were chosen so that the RLC 1s achieved at a value of 0,.



samplel.cnt

atomic # and mass #
of 12C

incident energy

proton separation
energy of 12C

not use the Bohr-
Mottelson s.p. pot.

T\, 9, ¢,, and ¢, are
fixed at 251 MeV,
32.5 deg., 0 deg.,
and 180 deg.

Input for pikoe (read the manual!)

You need to put FLtbl rede.dat at the directory specified here. In this example, it must be put on the directory
where pikoel.exe (or a.out etc.) exits. You can change the path accordingly to your directory structure.

L S [ o o N 1y e e sy P T e T T T T ]

L=

0
1
1.
0
0
6
1
0
0
0
1
0
1
3
1

RPN PO ROI PO NS
~ =M -
OO Oo

*xxxk ppN control data sk
10:unknown ::./tbl_12Cp2p11Bgs_set1_cs_PW. dat j=3/2,0 =1, the

oo
o

11:0ld .. /FLtb| _rede. dat!
Oﬁfunknown ::./12Cp2p11Bgs_set1 cs PW.outlist

99:
PUT ——
B_gs@392MeV setl PWIA cs
0 0 IONS IFRM IMIR ICAL

00 1.007825 (6.0 P AP ZA AA

392.0 IKIN ELAB ICTREIN

15. 96 : : : ISH EBIND ZSP ASP-BETASP RM

1.0 1.00 FL SFAC NOD

1.35 . IBMC RC ICTRC AOC RCL ICTRCL

8.2 . IBMS VOLS RS ICTRS AS

60 60 LMAXO LMAX1 LMAX2

0 2.00 IVAR TEX FKNCUT IXUNT KUNT

251.0 : : IVVAR VARMIN VARMAX DVAR

32.5 : : IVTHX_ THXMIN-THXMAX DTHX

: PHX PHXMIN PHXMAX DPHX

IVTH2 TH2MIN TH2MAX DTH2
IVPH2 PH2MIN PH2MAX DPH2
KIB: TBL OUT TMD LG PX TR TL
IELM KIBELM IONSH KINELM IELMEDG
RMAX DR NG24-B, TH, PH, K1, PH1Q
0: IPOT FV FW FVS FWS BET MS EDG
1: IPOT FV FW FVS FWS BET MS EDG
2. IPOT FV FW FVS FWS BET MS EDG

Distorting pots. for particles 0, 1, and 2 are switched off.

($g]

S-factor is setto 1,
the # of nodes 1s 0.

WS parameter used
in 12C(e,e’p) analysis

0, 1s varied from 0
deg. to 180 deg. with
the step 0f0.5 deg.



PWIA results for “*Ca(p,2p)

“Ca(p,2py¥K,, @392 MeV 0Ca(p,2pY K 111 2 spev @392 MeV

[
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20 40 60 80
0, (deg) 0, (deg)

v" The orbital angular momentum /¢ can be determined by the shape of the TDX.

0 : ! ! ! | ! I ! | !
20 40 60

&P | dEdQ,dQ, (ub sr>MeV)
o | dEdQ,dQ, (ub sr>MeV)
[
&

R
—

HW: By preparing the input files, reproduce the results shown above. The kinematical
condition for 7, 0,, ¢,, and ¢, is the same as for the 12C target case.




Ky (fm™)

Profile of Kq

0, (deg)




From PWIA to Distorted-Wave IA (DWIA)

TPWIA _ <eiK"R] e—gKQ.Rg‘tpp () yeiK(_).R{_)Lp(RQD

g

TPV = (YK, (R1) XK, (R2)|tpy (3) XK, (Ro) ¢ (R2))

v" The asymptotic momentum approximation (AMA) on the propagation of the DW

for a short distance: Yk, (R + 8/2) = i, (R) e"Fi5/2

4

Factorization approx™ to the 7" matrix

TOWIA ~ § (o) / IR i (R) Y, (R) Xk, (R) ¢ (R)

v NOTE: Some people call this the zero-range approx” but it will be misleading.

t,, does contain an integration over s. The zero-range approx" is not adopted for L



Why DWIA, not DWBA?

v Answer: Because the transition interaction is the NN effective interaction in which
all the ladder diagrams regarding vy are taken into account.

unN (8) P (8) = tyn (s)e™*
TR
1 step 2 step N step

cf. Lippmann-Schwinger Eq.
1

E NN — Ts + 1€
1

:ein-s+ v S ein's_*_
Eny —Ts + ic NN( )|:

U (s8) = e % + v (8) Y (8)

1
Enn —Ts + i

vy (5)0(9)] = .

v" We need an NN effective interaction in the many-body system but it is often
replaced with #,,. This is the essence of the impulse approximation, which will be
valid at intermediate energies.



NN t-matrix effective interaction (in free space)

onN (S)Y (s) =tnn (s) piks

Transition by a bare interaction with infinite order processes is expressed by

a single step transition by an effective interaction.

- An effective interaction has no repulsive core and 1600 £ Vn (5)
~ \/ NN
is easily handled. E 1200 |
- The wave function (of a many-body system) =
to be operated does not need to be very accurate. :2
S
=
An example of the comparison between v and ¢ ‘ -

M. Yahiro, K. Minomo, KO, M. Kawai, PTP 120, 767 (2008).



Spectroscopic study via p2p with DWIA

2C(p,2p)'B,, @392 MeV

YCa(p,2p)°K, s @392 MeV

v" The spectroscopic factor can be determined by the magnitude of the TDX.

v" NOTE: In the PPNP review and PTEP paper, the finite solid-angle and momentum-
bite (€2-AP) corrections have been applied to the DWIA calculations.

1 200 1 100
é) : Sy, = 1.77 glgfszozo é) Spoy =247 (S,, = 2.58)
150 - (S,.,=1.72) e
% i % i 0d3/2 l‘
0 100 | Op3/2 = 50|
% [ %i '
[ ]
S sof R z
= Y = i
\b 0 i .. | . \b 0 | . | .
RS 20 40 60 80 = 20 40 60 80
0, (deg) 6, (deg)



Spectroscopic study via p2p with DWIA

2C(p,2p)'B,, @392 MeV

1 200
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= - P —e— Noro 2020
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YCa(p,2p)°K, s @392 MeV

v" The spectroscopic factor can be determined by the magnitude of the TDX.

v" NOTE: In the PPNP review and PTEP paper, the finite solid-angle and momentum-
bite (€2-AP) corrections have been applied to the DWIA calculations.
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S-factor. In an actual
study, it is determined
to reproduce exp. data.

Distorted waves are
calculated with orbital
ang. mom. L up to 60.

Distorting pots. are
given in the files of
unit #s =12, 13, and
13 for particles 0, 1,
and 2.

CcCoo~JOaU s —

Input for “C(p,2p) with DWIA

The optical potential file for particle O (unit # is set to 12) and that for particles 1 and 2 (unit # 13). Because
the KD potential is not applicable, you need to prepare optical potentials as ext. files.

1 I P Y

*xdkx ppN control data ek
10 unknown ::.

11:0ld
12:0ld
13:0ld
06 :unknown :
999:
—— INPUT ——

12C (p, 2p) 11B_gs@392MeV set1 DWIA cs

000 0 0
.60 1.007825

92.0

1596

0
6.0
0
1.0

1
12.00

O T PO P < P EP (11

/tbl_12Cp2p11Bgs_set1_cs. dat
... /FLtbI\rede. dat
... /EDAD1p12C_e. dat
... /EDAD1p11B_e. dat
.. /12Cp2p11Bgs_set1_cs. outl ist

1.007825 0.85

0
0.65

1.35

0.65

LIMFS IONS IFRM IMIR ICAL

[P AP ZA AA

IKIN ELAB ICTREIN

ISH EBIND ZSP ASP BETASP ICGTRM

FJ FL SFAC NOD

IBMC RC ICTRC AOC RCL ICIRCL

IBMS VOLS RS ICGTRS AS

LMAXO LMAX1 LMAX2

IVAR TEX FKNCUT-TXUNT KUNT

IVVAR VARMIN-VARMAX DVAR

IVTHX THXMIN THXMAX DTHX

IVPHXPHXMIN PHXMAX DPHX
VTH2 TH2MIN TH2MAX DTH2

IVPH2 PHZMIN PH2MAX DPH2

KIB: TBL OUT TMD LG PX TR TL

IELM KIBELM IONSH KINELM IELMEDG

RMAX DR NG24-B, TH, PH, K1, PH1Q

0: IPOT FV FW FVS FWS BET MS EDG
12 IPOT FV FW FVS FWS BET MS EDG
2. IPOT FV FW FVS FWS BET MS EDG

This value is negative.
So the nonlocality
correction function is
read from the ext.
files (the absolute
value has no meaning
in this case).

If you use KD (when
it 1s applicable), 0.85
1s recommended for
these values.



Spectroscopic study via p2p with DWIA 2

4'”Ca_(p,Zp)”K Ef‘ — 3 40Ca(p,2p)39KeX @392 MeV

. | Tp=392MeV ‘3 (u:l E’ ; 10 -
2 0T T=251Mev >y o F

N 0;=32.5° 2| & =
= 0=60.0° 3 % L 8 T o
iy S| B 2 10 |
NS (I ) _
§ %7()() E \l * 3
A = o | N
sz | %: 'l
R 5 \l | C:—' 10 L
+° >~ - -

§ 100 ’:o“ i S*
= £ S I
X iy =

[ ﬁ {'ll'ﬁ t [ | é 100 ! L L | ! ! ! ! ! !
it ¥ 20 40 60 80
B Sep;ll(l')‘d[i()l] Ellfergy ([\/;(e)\/) i e2 (deg)
v" When the states are not well separated, the 17215 ,,=1.03 (S,,,=1.03)
multipole decomposition analysis (MDA) 71278, =042 (S,,, =0.38)

b d Gf/ different).
can be used (if 7 are different) [ HW: Draw this figure by yourself. J




Consistency between S, and S

ee’p
Based on data at 392 MeV taken at RCNP I Norot, PTEP 2020 (in press).
/1 4 12C 1p3) 160 40Ca )m 40 208Pb
' 1pyr (5.0) 1ds)» 1ps il y ®
| en (5.3) 3 (2.5) Sy i
1p3), =) 5 (6.3) (1.4)
(0.0) 1p1/2 *1/2 ld ©.0) '
‘§ ® (0.0) (0.0) 0 (1.7)
S | T | ¢ | e g
> O (3.6)
=~ 1.0 | S A i 2.0 O
=
2 (.8 i ' 1.0 o
~ ® EDADI . . ~ ® EDADI
O TIMORA O TIMORA
N e Y

v" They are consistent within uncertainties of 15-20 % except for 2°Pb.
v" ppN can be applied to n KO and KO for unstable nuclei.



Plan of this talk (1/2)

2) A bit more advanced aspects of (p,2p) studies
Th. A. J. Maris, Nucl. Phys. 9 (1958-1959) 577.
2-1. Key ingredients for spectroscopic studies
2-2. The Maris effect

2-3. Treatment of the identical particles in (p,2p)



Keys to “establish” p2p as a spectroscopic tool

v Bound state W.Fn. used in the analysis of (e,e’p).
v' If not available, the s.p. model of Bohr-Mottelson can be used (IBMC=IBMS=1).

v' Well-constrained optical potential U,
v' The Koning-Delaroche (KD) global U, are adopted when [POT=1. It is limited
for the target mass 24 < 4 <209 and the incident energy 1 keV < E <200 MeV.

v" The Dirac phenomenology (Dirac PH) was employed in the PPNP review article.
The EDADI set is applicable to nuclei from >C to 28Pb for 21 MeV < E < 1040
MeV. To use the Dirac PH, you need to prepare an external file for the potential.

v" Nonlocality corrections to the bound-state W.Fn. and distorted waves (next page).

v Mgller factor: the Jacobian for the NN ¢-matrix amplitude from the NN c.m. frame to
the p + A c.m. frame. pikoe always takes this into account.

v" Fermi motion of the nucleon in A (for £, = 392 MeV, the NN scattering energy
varies from 95 MeV to 550 MeV). pikoe always takes this into account.



Nonlocality corrections (NLC)

v" Local phenomenological N-A potentials are not constrained so as to generate a proper
W.Fn in the nuclear interior region. (Its asymptotic form is OK.)

v' N-A potentials are nonlocal in general. (cf. the projection operator formalism by Feshbach)

12C(p,2p)"'B, @392 MeV (S,,, = 1.77) v' As a phenomenological prescription, the

200 : ot ool DW W.Fn. 1s multiplied by the following Perey

all local factor to include the nonlocality effect.

local b.s. W.Fn.

150
- —1/2
Fer (R) =0)|1 — 5580 (R)|

renormalization factor for b.s. W.Fn.

v" A similar correction can be made by using

a Darwin factor in Dirac PH, though its

o | dEdQ,dQ, (ub sr>MeV)

correspondence with the Perey factor has

not yet been proved.



Feshbach’s projection operator formalism
proj p

v" The entire space is divided into the P-space (to be described explicitly) and the
Q-space (complement).

((PHP—E)P\IHrPHQ\If:O, A , o
= OV=— —_ OHPV.
YA o E—QHO +in
k(QHQ—E) OV + QH PV = 0.
(pHp+pH@ L ,@HP_E)qu:o.
E—-—QHQ +in

v" The potential to describe the P-space is complex, energy-dependent, and nonlocal.
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Input for checking the NLC effect

You can switch-off the NLC for the b.s. W.Fn. by setting this value to O.

Draw a figure for
seeing the NLC effect
on “°Ca(p,2p)*’K,, at
392 MeV that is
similar to the figure

/HW: \

o

\on the previous slide/

1
2
3
4
5
)
1
8
9
0
1
210
3|1
411.
50
60
1/6
8|1
910
0|0
D110
P2 | 1
D310
P4 | 1
053
D6 | 1
P71
P8 | 1
9| 1

wWwhoT ©

1 A R i P N PO P - PO P (P ER PR I P P )

*xkx ppN contro\ data ¥k

10:unknown ::./thl_12Cp2p11Bgs_setl_cs. dat
11:0ld ... /FLtb | _rede. dat

12:0ld ... /EDANp12C_e. dat

13:0ld ... /EDAD1p11B_e. dat

06:unknown ::./12Cp2pi1Bgs_setl_cs.outlist

999:

——— INPUT ——-

12C (p, 2p) 11B_gs@392MeV set1\DWIA cs

1000 0 0 0 1 LIMFS IONS IFRM IMIR ICAL
1.00 1.007825 6.0 12.00 IP AP ZA AA

You can switch-off

3920 0 IKIN ELAB ICTREIN the NLC for the DWs
15.96 1.0 1.007825 0185 ISH EBIND ZSP ASP BETASP ICTRM

1.0 1.77 0 FJ FL SFAC NOD by setting these values
1.35 0.65 1.35 IBMC RC ICTRGC AOC RCL ICTRCL 0. Y. 1
8.2 : 0.65 IBMS VOLS RS ICTRS AS to 0. You can also

60 60 LWAXO LWAX1 LMAX2 L
0 200 [VAR TEX FKNCUT-TXUNT KUNT investigate the NLC

251.0 ) ) IVVAR VARMIN-VARMAX DVAR effect on each particle_
: : : IVTHX THXMIN THXMAX DTHX
IVPHXPHXMIN PHXMAX DPHX
VTH2 TH2MIN TH2MAX DTH2
IVPH2 PH2MIN PH2MAX DPH2
KIB: TBL OUT TMD LG PX TR TL
IELM KIBELM IONSH KINELM IELMEDG
RMAX DR NG24-B, TH, PH, K1, PH1Q
0: IPOT FV FW FVS FWS BET MS EDG
12 IPOT FV FW FVS FWS BET MS EDG
2. 1POT FV FW FVS FWS BET MS EDG

o

o



The Mogller factor

v It is just a Jacobian but its (trivial) importance has not been recognized well in some
studies (in my observation).

v" Neglect of the Moller factor results in an overshooting of the TDX at high energies.

2C(p,2p)'B,, @392 MeV

|
% 200 : szp — 177 — w/ Mogller
= [ — w/o Mgller
L 150 .
@ i
¢ 100
%i :
'%i 50 :_ o .. >
g %
\b 0 ] | | .
S 20 40 60 80



Plan of this talk (1/2)

2) A bit more advanced aspects of (p,2p) studies
Th. A. J. Maris, Nucl. Phys. 9 (1958-1959) 577.
2-1. Key ingredients for spectroscopic studies
2-2. The Maris effect

2-3. Treatment of the identical particles in (p,2p)



MDA for two states having the same /

T Wakasa, KO, and T. Noro, PPNP 96, 32 (2017).

25 ———T———T T 1.0 111
- [ Bca(p,2p)'K ' -
KN 2 20f To=197MeV - +
S | :
0N % :
% = 15 -
RN < 0.0 < 3
S b 10} H SO = o
N o o---- |
b o — _o5k i
nws 3 s __o lds/s (x3.5) 05T tds, --- PWIA _
r O---1d3. T O---1dy. (1dsp=1dg;5)
0 : . L 1 1 _1.0 1 1 1 1
0 50 100 150 =200 0 50 100 150 =200
Recoil momentum pg (MeV/c) Recoil momentum pg (MeV/c)
MDA fails to differentiate the two The (vector) analyzing power 4, has
states. a strong j dependence because of the

Maris polarization (Maris effects).



MDA for two states having the same /

S ——
18Ca(p,2p) V'K

Thn=197MeV
ey, To

_do(t) —do({)
Y7 do (1) +do(])

K 27 20
=

v’ A4, (for > 0) represents to what
extent a spin-up projectile contrib-

utes the process considered.

v' The Maris effect is useful for the

J™ specification in general.

T Wakasa, KO, and T. Noro, PPNP 96, 32 (2017).

1.0 T

[ @ — 1d,, ---PWIA _
O---1dy. (ldg/p=1ds/) |

_1.0 [l [ [l 1
0 50 100 150 200

Recoil momentum pg (MeV/c)

The (vector) analyzing power 4, has
a strong j dependence because of the
Maris polarization (Maris effects).



The Maris effect (1/2)

Th. A. J. Maris, Nucl. Phys. 9 (1958-1959) 577.

6,= 30 deg. and 6, =30 deg. T <<T, Assumptions
" 1. For NN collision, Gy and o I

quantization dominate o 11 and o It

J>
axis X 2. The mean free path for a low-
energy nucleon is short.
up KN .
up ». up / . ..
' % o 75> T, When spin-up incident proton
Ky S~ AN X hits a nucleon in a ;. orbit, (p,pN)
£]/s o h . events are observed only when
hAT T,>>T,.
K 1s fixed so as to satisfy ) 0\ (This 1s also the case when spin-down
the energy and momentum T,<<T, incident proton hits a j_ orbit nucleon.)

conservation.



The Maris effect (2/2)

Th. A. J. Maris, Nucl. Phys. 9 (1958-1959) 577.

I>>T, 4
0,=30 deg. and 0, = —30 deg. When spin-up incident proton
= hits a nucleon 1n a j_ orbit, (p,pN)
up K, events are observed only when
» / up .,\ T1<<T2 T2 >> Tl‘
*.up K, B~ - - .. :
~o @ (This 1s also the case when spin-down
X \ incident proton hits a j. orbit nucleon.)
quantization <
~
axis j< \\\\ T,>>T,
0/ —s S . A, 1s positive for a j. (j) orbit

with T, >> T, (T, << T,).

_do(t) —do(])
Y7 do (1) +do(])




MDA for two states having the same /

T Wakasa, KO, and T. Noro, PPNP 96, 32 (2017).

25 ———T———T T 1.0 111
- [ Bca(p,2p)'K ' -
KN 2 20f To=197MeV - +
S | :
0N % :
% = 15 -
RN < 0.0 < 3
S b 10} H SO = o
N o o---- |
b o — _o5k i
nws 3 s __o lds/s (x3.5) 05T tds, --- PWIA _
r O---1d3. T O---1dy. (1dsp=1dg;5)
0 : . L 1 1 _1.0 1 1 1 1
0 50 100 150 =200 0 50 100 150 =200
Recoil momentum pg (MeV/c) Recoil momentum pg (MeV/c)
MDA fails to differentiate the two The (vector) analyzing power 4, has
states. a strong j dependence because of the

Maris polarization (Maris effects).
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2) A bit more advanced aspects of (p,2p) studies
Th. A. J. Maris, Nucl. Phys. 9 (1958-1959) 577.
2-1. Key ingredients for spectroscopic studies
2-2. The Maris effect

2-3. Treatment of the identical particles in (p,2p)



NOTE: An integral with no specific The PP SC atterin g

range means an integration over

entire regions. \
1 dorconv 27 /2 doconv .]
oy = , 10 = { sin 6d6
Opy @ 70 ) ( A do i ( 70 ) sin fc ;
—> <9
doconv )U’Q , R 2 doexP
- tyy (1 — P ‘ '
dS) (27h2)? |<K' ‘ NN( ) K’> :m &

defined by # of counts at a detector

defined by reaction probability p cross section at 500 MeV

1/ d theor
‘ ~ ——— SP07
do.theor [LQ |< , 2 g
L] () N
ds (27h2)? G
=
£
Counting rule Antisymmetrization of
(classical mechanics) the wave function 00 30 60 90 120 150 180

(quantum mechanics) 0 (deg)



defined by # of counts in

The (p,2p) process: case 1

12C(p,2p)"'B, at 392 MeV (RCNP data)

i
g &; . 200 -290 | 1|1 ' 2(')0 | »\
] - I
5 Q| : 1p3/2 A7
2 % > 150 F @ S / 3
o c 9 [ / \
E hd E [ " \\
"5 C °|2 100 - ’1‘ ¥ \ 2
= S sf;" o ) »—
5 o sof4 A ® &y B ]
= m"d 3 /e ¥ o . .
dFEod2od 2
0, (deg) I

defined by ' Bo
reaction probability @j (dEldszldsz)( R

v" When pikoe outputs an integrated TDX, regardless of the integration region, the value
is divided by 2.



defined by # of counts at a detector

12C(p 2p)11B

0.8

e 2
TR

tr

e Lo 2
_— N W

AND reaction probability
do/dP [mb/(5MeV/c)]
o
N

02
0

UpmozzJ/‘(

The (p,2p) process: case 2

at 400 MeV/u (GSI data)

0.7f

V. Panin+, PLB753 204 (2016)

do

dPp

) dPpg

i — l | —— 'l \
100 200 300

P [MeV/c]
tr

dPp

400 500

d?c
dPgd)y

[
' d?o

_ 27 o

@/ (dPBdQQ>( 2

Whether the factor 1/2 1s needed
depends on the definition of the
observables. For the integrated
(total) p2p cross sections, the
division by 2 1s necessary.
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3) Momentum distribution in inverse kinematics
KO, K. Yoshida, K. Minomo, PRC 92, 034615 (2015).
3-1. Peak shift and asymmetric shape
3-2. Phase volume (PV) and attractive distortion effects
3-3. SEASTAR, SHARAQ, and GSI data analysis with DWIA



Spectroscopic study via p2p with DWIA 2

0Ca(p,2p)*K

Tp=392MeV
Ti=251MeV

<« 2.5 MeV
(124

V(7/2)

' 300
o

T~

Question:

Why do you expect a symmetric

shape for the TDX?

100

T. Norc

A w
'M%'WMM 'MJ] M‘W‘ ¥ L‘ ..wl *m#wumm.
25 20 15 10 5
Separation Energy (MeV)

d*c / dE,dQ,dQ, (ub sr?MeV-)

v" When the states are not well separated, the

multipole decomposition analysis (MDA)

can be used (if / are different).

, Ca(p,2p)* K., @392 MeV
10 E
10° L
10 L
0 N A L
20 40 60 80
N\
0, (deg)
128, =1.03 (S,,,=1.03)
7/2- Sp2p—042 (S, =0.38)

[ HW: Draw this figure by yourself. J




Symmetric or asymmetric?

A-rest frame

Lab. frame

c.m. of A

Kinematics are asymmetric so the
observables. Symmetric shape 1s
obtained only when the effect of
the asymmetric kinematics can be
neglected.

A-rest frame

X in final channel
B \
Y4y
/ c.m. of A
2
— Lab. frame

B c.m. of A changes i1ts motion!



Momentum distribution (MD) of the residue B

/
» Kl
‘o’", tpp o\ e,
e : :‘ » .0’) .:.‘.‘.0’) .
RO R
'4‘. .‘ .‘. .‘ N\ .
My Ky -

v’ do/dKy, with specifying My, will be an ideal observable for the s.p. structure of A.

v" It will be rather easy to measure in inverse kinematics experiments.



MD of "B of “C(p,2p)!'B in inverse kinematics

A-frame (A is at rest)

»
.: 3 Kl >
Y = y ,Z
K, o —
0
A T
K2
x107*

) 5\:\ 5 5 wl Longitudinal (LG) S 60| Transverse (TR)
< 7 2 !
3 s 2 : |
b — ~ ~ 40
= !

2l ENN El

— £ 20 B E L

7 S S

%200 ° i =

Z < <

2 200 ° Oor 200 0 200 T T e
S, 0 -400 - (Me\]/c) -400 -200 0 200 400 0 200 400
Ky: Ky, (MeV/e) Ky, (MeVic)

v" The 2-dim. MD directly reflects the proton s.p. structure in 2C.



Input for MD calc. of 12C(p,Zp) in A-frame & inv. kin.

Fokokok ppN control data Forkok

10:unknown ::./tbl_12Cp2p11Bgs_MD. dat
11:0ld 1. /FLtbl_rede. dat

12:0ld ... /EDAD1p12C_e. dat

13:0ld .. /EDAD1p11B_e. dat
14:unknown : :/EGN12Cp2p11Bgs MD dat

sample3.cnt

— OWWoO~ T~ Wh —

15:unknown ::.;?é:}%gp%p}}ggs_mg.gat
16-unknown . /IR_12Cp2pl1B8gs_WD. dat
A-frame (V-frame for 17:unknown : :(/TL_12Cp2p11Bgs_MD. dat
inv. kin.) gggfunknown ... /12Cp2p11Bgs_MD. outlist
— INPUT ——
. ) . ~2p) 11B_gs@392MeV DWIA MD
inverse kinematics 2 0 1
6.0 12.00
0
. 1.0 1.007825 0.85
. . . 0
MD calc. _ 0. 65

Ky, in the A-frame 1s
varied from —2.0 to

2.0 with the step size
of 0.05 (unit is fm™).

Ky, 1s varied from
0 to 2.0 with the step
size of 0.05.

LIMFS ION RM IMIR ICAL
[P AP-7A AA

KIN ELAB IGTREIN

ISH EBIND ZSP ASP BETASP ICTRid
FJ FL SFAC NOD

IBMC RC ICTRC AOG-RCL ICTRCL
IBMS VOLS RS ICTRS AS
LMAXOMAXT LMAX2

TVAR TEX FKNCUT IXUNT KUNT

IVVAR VARMIN VARMAX DVAR

IVTHX THXMIN THXMAX DTHX

IVPHX PHXMIN PHXMAX_DPHX

IVTH2 TH2MIN FHZMAX DTH2
IVPH2PHZMIN PH2MAX DPH2

KIB: TBL OUT TMD LG PX TR TL
IELM KIBELM IONSH KINELM ITELMEDG
RMAX DR NG24-B, TH, PH, K1, PH1Q
0: IPOT FV FW FVS FWS BET MS EDG
12 IPOT FV FW FVS FWS BET MS EDG
2. IPOT FV FW FVS FWS BET MS EDG

output files for the
1-dimensional MDs

The unit of 1dim-
MD is ub/(MeV/c)

These lines have

no meaning when
IVAR=9

You must make
these #s finite (15
is enough in usual
cases).



do | dKg

@q‘éﬁ [ub / (MeV/c)

N

MD of "B of 2C(p,2p)"'B, , @100 MeV /u in inv. kin.

A-frame (A is at rest)

°]

s.‘

) K
0

A

do / dKg, [ub/ (MeV/c)]

K
B
K, .
f,‘ > z
/.
lKé
Longitudinal (LG) < 40 Transverse (TR)
40 - >
| Q
=S
| 5
20 [ E 20
' 3
' S
0 ey Ly N Ly 0 | ! ! !
-400 -200 0 200 400 200 400
Ky, (MeV/e) Ky, MeV/e)

v" The asymmetric LG-MD is due to the phase-volume & attractive distortion effects.



What is the phase volume (PV)?

v’ Answer: The size (volume) of the phase space (here, momentum space) that can
satisfy the energy and momentum conservation. It depends on the choice of
independent variables.

v Infinitesimal cross section defined in the p-A c¢.m. frame (the starting point)

do = Co|T|*6 (K|, — Kiot) 0 (Ely, — Erot) dK 1 dK2d K g
|
Lorentz invariance of the 4-dim. delta function and dK/E for each particle

Superscript A means the A-rest frame .
EyEsEp
A A DA
E 1 E 2 E B

do = Co |T1* 8 (Ko — Ky ) 0 (B — Efy) IK K3 dK

v’ Let us decide to choose K3 and 25 as independent variables. Our aim is to calculate
d*o

dK5dQ%




Calculation of the PV

v" We perform an integration over K ‘f‘ . By the mom. cons. it is fixed at
A A A A_( A A
Ky = K; - Kg - Ky =(qg)— K;
v" Infinitesimal cross section for which the mom. cons. is satisfied (in the A-rest frame)

E\E> Ep
E} By Ef

do = C TP 6 (BA - EY,) dKS (KD dK2d0d

v PV
p=(K3) [0 (B - E&) dKs = (K2)° [6(7 (K8)) axch

f(KS) = (m1c2)” + (he)’ i g K ’ — 2¢A K5 cos 0 ) + (mac2)” + (th§)2
( (a)” + (K3') e




Calculation of the PV (Con’t)

v" One can perform the integration over K4 by using:
—1

0
S (D) =2 |oe| (KD - (K2),). F((KD),) =0
i 2 1(K2),
9 (B~ B W (KD — b costhy,) | WK
OK B EP E3
]

We implicitly assume that (K QA)Z satisfying the energy cons. is unique and is written as /' 2A for simplicity

\ 4

A)g !h282 (KgA — ¢ cos HQAQB) . h2c? K4

1 Experimental condition

K} and masses of all particles

= (K

Independent variables

-1 | K35 (thus E3), Q3
A A A A KA—KA)-KA B BJ> 3°2
_ L5 K 1 L £y ( B 0 2 Fixed quantities
e | T EA T ER A2 A
B (K3') K2 (thus EY), K2 (thus E2)



Calculation of MD 1in the A-rest frame

_ o -1
A A A
to . EBb BK [ By mp (KEKD) KR
AKpdQ) ENEREL B EN TEN T (K))
d d2 Phase Volume
UA — / ( Aa A) dﬂé
dKy dK 5 dS;
x10~4 x1074
= o 3
T <% 5
< 9 5 < L
e 2 2
S g S g
g g
%‘2 %‘2 200
S, 0 -400 ;{00 MeVI©) = 0 -a00 200
Bz



Role of the PV

A-frame (A is at rest)

~_ K.

K,
. »
Positive Ky, g‘;‘:—> E, + E, : must be large
»
, | %
AN -
Kl . KB » I
: <—¢;: E, + E, : can be small
Negative Ky, . b
K,

KO, K. Yoshida, K. Minomo, PRC 92, 034615 (2015).



PV effect on MD at 100 MeV (PWIA)

— 2 15—

z z T

= = | 1.5
: i

= Q05 -"\\\\\ ™ 1
8 1 \\\ﬁ/

“ L= 0.5

g 00 — 0
/\

%é 200 -200

S, 0 -400 ‘. MeV1©) 0 -400 ‘. MeV/0)

Op;,, proton MD in !2C

Phase Volume

NOTE:

Energy dependence of the NN f-matrix is

disregarded for a transparent interpretation
(w/ IELM=0).



PV effect on LG-MD at 100 MeV (PWIA)

w/o PV

do / dKyg, [a.u.]

0 !
-400

-200

0
Ky, (MeV/c)

200

400

do | dKy. [b / (MeV/c)]

w/ PV

150 |
100 |

50 |

0
-400

v' The PV effect gives a cut on the high-mom side.

-200 0 200 400
Ky, (MeV/c)

v" This effect becomes large at low energies and/or for deeply bound nucleons.

KO, K. Yoshida, K. Minomo, PRC 92, 034615 (2015).



Attractive distortion effect

A_frame (A iS at rest) \. KO, K. YOShlda, K. Mil’lOl’ﬂO,
K, " PRC 92, 034615 (2015).
» - ™ 1
at <« " ¢:’
L o 4‘
A "
" B
K2 .‘-‘
/
Longitudinal (LG) Longitudinal (LG) Transverse (TR)
30 50

= 50 — PW =0 —PW+W| T — PW+W
> I — PW+V > I — DW > — DW
< 100 | s 20 =
O o g )

= 50 | 210 =

50
S 7 S | S
g | e | I
0 ! L N O o Ny O ! | ) !
-400 -200 0 200 400 -400 -200 0 200 400 0 200 400

Ky, MeV/e) Kz, (MeV/e) Ky, MeV/e)



Input for checking the attractive distortion effect

[1]

40

fxkk ppN control data ¥k
sample4.cnt 10:unknown ::. /tbl_12Cp2p11Bgs_MD100. dat
11:0ld ... /FLtb| rede. dat
old ... /EDAD1p12C@100_e. dat !
old ... /EDAD1p11B_e. dat
‘unknown ::./LG_12Cp2p11Bgs_MD100. dat
) . :unknown ::. /PX_12Cp2p11Bgs_MD100. dat
Incident energy is 100 ‘unknown ::. /TR_12Cp2p11Bgs_MD100. dat
‘unknown ::./TL_12Cp2p11Bgs_MD100. dat
MeV (/u) :unknown ::. /12Cp2p11Bgs_NMD100. out | ist
INPUT ——|
_ 12C(p, 2p) 11B_gs@100MeV DWIA MD ielm=0
Distorted waves are 0 ? 007%25 0 }2 %
v . . .
calculated with orbital 100.0
L to 30 15. 96 .0 1.007825 0.85
ang. mom. L up to . . 1.0 1.717 0

1.35

8.2

30 30
2.00

A very simplified NN
cross section is used
by setting IELM=0

0.65 1.35
1 0.65

0.05
0.05
10.0
0.5
10.0
16 17

30 40
~00 -0.85
.00 1.00 -0.85

1.00 1.00 -0.85

LIMFS IONS IFRM IMIR ICAL
ZP AP ZA AA
IKIN ELAB ICTREIN
ISH EBIND ZSP ASP BETASP ICTRM
FJ FL SFAC NOD
IBMC RC IGTRC AOC RCL ICTRCL
IBMS VOLS RS ICTRS AS
LMAXO LMAX1 LMAX2
IVAR TEX FKNCUT IXUNT KUN
IVVAR VARMIN VARMAX DVAR
IVTHX THXMIN"THXMAX DTHX
IVPHX-PHXMIN PHXMAX DPHX

TH2 THZMIN TH2MAX DTH2
IVPH2 PHZMIN PH2MAX DPH2
KIB: TBL OUT TMD LG PX TR TL

IELM KIBELM IONSH KINELM IELMEDG

RMAX DR NG24-B, TH, PH, K1, PH1Q

0: IPOT FV FW FVS FWS BET MS EDG
12 IPOT FV FW FVS FWS BET MS EDG
2: 1POT FV FW FVS FWS BET MS EDG

Now you need a p-
12C potential at 100
MeV, which can be
downloaded from
the web.

Change these values
if you want to control
real and imaginary
parts of optical
potentials



Attractive distortion effect

HW: Draw the figures below. Note that the DWIA calculations on the MD with the
current setting take time; on RCNP HPCI (miho), it takes roughly two hours.

|

do / dKg, [ub/ (MeV/c)]

Longitudinal (LG)
150 I — PW
— Vonly
100 |
50 |
0 i ! L ! P !
-400 -200 0 200 400
Kz, (MeV/e)

do / dKg, [ub/ (MeV/c)]

Longitudinal (LG)
30
I — W only
I — DW
20
10 -
O ] o Ny
-400 -200 0 200 400

Ky, (MeV/e)

do / dKg, [ub/ (MeV/c)]

50

25

Transverse (TR)

— W only
— DW

200
Ky, (MeV/c)

400



MD of EB in the Glauber model

K. Hencken, Bertsch, and Esbensen, PRC 54, 3043 (1996).

k
c Q X CQK//'_V)K K~Ky+ K e
r $0_ 0 O (AD + forward scattering
n R oj\ n \4 approximation)
> —
d o iy 1 f 370275 ,—iK R, 4% - |
o 1Ay i) AT AN
TR LO+ Tgs || Ard’Rue B3 (1)SeS, bo,y(r)

- Taking a Jacobi representation results in the simplest form of the PV.

- small w-¢g 1s assumed, with neglecting the E-conservation.

Integration over K | in the whole region

dadiff 1 1 J' -
— = d’R
BE (2w 2L+ 1% =

« MD 1n the A-frame if the mom. of the c-n ¢.m. 1s 0.

2

f d*rep; (r)SeSy o, (r)




Application of DWIA to SEASTAR data analysis

do/dP ,[mb/(MeV/c)]

0.008 F 5
| + — d
/
0.006 *
[ 3Ca(p,2p)>K
0.004 F
0.002 F
0 . 1 2 1 " ‘
—400 —200 0 200 400
P//[M@V/C]

80Zn(p,2p)”?Cu: L. Olivier+, PRL 119.
77Cu(p,2p)’°Ni: Z. Elekes+, PRC 99.
Cu(p,2p)’8Ni: R. Taniuchi+, Nature 569.
MCa(p,pn)’3Ca: S. Chen+, PRL 123.
3432Ca(p,2p)>3°'K: Y. Sun+, PLB 802.
3V(p,2p)®°Ti: M. L. Cortés+, PLB 800.
70.72.74Ni(p, 2p)%% 71 73Co. T. Lokotko+. PRC 101.
and more ...

3K (837 keV) Y. Sun+, PLB 802.

do/dP,[mb/(MeV/c)]

000 T T T T ey T
! 180 MeV
0.0025 = 1s,, (837 keV) | 190 MeV - -+ - - —
[\ 200 MeV — - -
| ey 210 MeV |
0002 FA% 220 Mev
1 230 MeV - - - - -
0.0015 |- %% 240 MeV — - -]
7 \y) 250 MeV — - -
0.001 | _
0.0005 {— ~ _
/ i
ol L 7| | i N1

-500 -400 -300 -200 -100 0 100 200 300 400
P//[MGV/C]



DWIA analysis of RIBF/RCNP data

S. Kawase+, PTEP 2018, 021D01 (2018).

1 T M B N B AL E N RN B A ma e
[ 305 MeV (@ Lanzhou {
- 4 — 7
0.8 [ O (@) 180 } -
_ 6. ¥ 200 MeV @ RCNP ]
14 O
0.6 [ O (p32) } s -
, - 250 MeV (@ RIBF 22 “0 !
&’ I @ f{ o1
041 i 7
b | —a—i () 2 1
- (p,2p) W/ DP 250 MeV @ RIBF
- | Y (p,2p) w/ MS
0.2 [ %= 190(¢,e'p): M. Leuschner et al. [24] j
F | —e— Mt~ 140 13nn. 7 v Qun o 4l 1251
\/{ V’ l". £i. L . JUll ©t . LLJJ
O PO TR NN TN T TR TN TN SO [N TN TN TR N NN SN TR SN TN NN TR TN SN T NN TR TN T T (NN SN SN SN AN SN SN T SN S SN TN S T S S S S N
-25 -20 -15 -10 -5 0 5 10 15 20 25

AS=S, -, (MeV)

1 d?
Tp2p = 3 / (dEl dQOl-dQQ ) dE1d€21dYs  with T>30 MeV, 20 deg. < 0 < 65 deg., and || < 15 deg.



A puzzle

200 —T &
Ry 2 : @ 1ps, ‘g 1 [ Ao
— [ 3/2 | — : ‘
E" 5 10 A S v Ty f <(1E1ds21 (1&22> dErdihdtly
e 2 ” ‘\ mﬁ
%* T 1001 . L1 DWIA triple-differential cross sections (TDX),
o % 50 ] % are integrated over £, €2, and Q),, and compared
= L o = with the GSI data.
% 20 e
0, (deg) V. Panin+, PLB 753, 204 (2016).
Pikoe for the GSI data
DWIA w/o local +w/o  PLB757 PPNP96 (e,e’p)
Moller Moller (GSI) (RCNP)
3/2- g.s. 3.36 2.68 2.33 2.11 1.82(3)  1.72(11)
1/2=2.13 MeV  0.34 0.27 0.25 0.26 0.30(2) 0.26(2)
3/2-5.02 MeV' 0.32 0.25 0.21 0.21 0.23(3) 0.20(2)



A puzzle

1 [ d>o
) ):— ]E ]Q ]Q‘
P2 2/((1151(191(1&22)( 1R R

DWIA triple-differential cross sections (TDX),
are integrated over £, €2, and Q),, and compared

[HW: Try to get these numbers. } with the GSI data.
V. Panin+, PLB 753, 204 (2016).
Pikoe for the GSI data
WIA local w/o local +w/o  PLB757 PPNP96 (e,e’p)
Moller Moller (GSI) (RCNP)
3/2- g.s. | 336 294 | 268 2.33 2.11 1.82(3)  1.72(11)
1/2=2.13 MeV  0.34 0.31 0.27 0.25 0.26 0.30(2) 0.26(2)

3/2-5.02 MeV'  0.32 0.28 0.25 0.21 0.21 0.23(3) 0.20(2)



Plan of this talk (2/2)

4) Some theoretical achievements (for future)
K. Yoshida, M. Goméz-Ramos, KO, and A. M. Moro, PRC 97, 024608 (2018).
4-1. Microscopic optical potential

4-2. Benchmark study on C(p,pn) with DWIA, TC, and Faddeev,-AGS.



From phenomenology to microscopic theory

TABLE 1. Optical-Model Parameters Neutrons
NUCLIDE ENERGY REAL POTYENT IAL VOL.IMAG. POTENTTAL SURF.INAG . POTENTIAL SPIN-ORBIT POTENTIAL ST SR FIT KOTE REF.
(MEV) v R A W RW AW WD RD AD vse RSO AS0
AL . 490, 1.25% 0.65% 5.06* 1.25% (.98 10,  1.25*% 0.65% 3520 1340 353 15 GILb3
AL 1.5 7.4 1.25% 0.86 6. 3G 1.25%  Q,98% 10.= 1.25% 0,46 3200 s1 10 KOREB
AL 2.u47 4B.4Q T 0.65 B.uz2 1.19 0.UB* 8.0* 1,14 0.65 2530 12790 52 2 HOLT1
AL 3.00 47.9 1.13 0.72 7.35 1.08 0.u8% 8.0% 1.13 0.72 2520 1250 S2 2 HOL71
AL 3.49 ug.? 1.18 0.61 8.6 1.29 O.LA* 8.0*% 1.18 0.61 2360 1130 31 2 HOL71
AL U4.00 49.1 1.20  0.62 T7.99 1.26  0.u8* 8.0% 1.20 0.62 2290 1090 52 2 HOL71
AL 4.56 50.2 1.13 9.59 8.38 .26 ¢.L8% 8.0 1.18 0.58 2050 1020 51t 2 HOL71Y
AL 6.09 u7.8 1.20 0.67 B.23 1,23 Q.uB* 8.0 1,20 0.67 1880 1070 s3 2 HOLT 1
AL 7. 45,5 1.25% 0.65%* 9.56 1.25% 0.98%* 8.6 1.25*%  0.65% X3 BJO58
AL T7.05 49,1 1.29 0.682 7.90 1,20 D,ugx* 8.0% 1.20 0.68 1800 1040 52 2 HOL71
AL T7.97 49.4 1.20 0.69 2.1 1.30 0. 41 0.8 1.20 0.69 51 2 BRA72

1 step 2 step N step



Multiple scattering theory (MST)

N N N
gvl, + ég 4+ e 4+ Eig 4+ e = t_z
i th i th i th
A{ - A{ - A{ _
1 step 2 step N step
Resummation B _
(TNA+ZW+HA—E)\D:0 —) (TNAJthH—HA—E)\I!:O
¢ (for all boundary conditions) t (for a specific b. c.)
_ A—1
ti = Tti, t; = v; + U,;G(()—I_)ti

L. L. Foldy, Phys. Rev. 67, 107 (1945); K. M. Watson, Phys. Rev. 89, 115 (1953).
A. K. Kerman, H. McManus, and R. M. Thaler, Ann. Phys. (NY) 8, 551 (1959).
Extension to nucleus-nucleus scattering —> M. Yahiro, K. Minomo, KO, and M. Kawai, PTP 120, 767 (2008).



The folding model potential based on the MST

An “expectation value” of a nucleon-nucleon (NN) effective interaction

tz' T — rT
/ (‘ |) T~ NN t-matrix (or g-matrix)

\ ti = v; + ;G5
Nucleon(r\/‘r‘ Lo o

Target

U (r) =/veﬁ<rr—m>m (rr) drr

7

one-body density



Microscopic description of nucleon-nucleus scattering

proton at 65 MeV neutron at 65 MeV
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Y SUCRT cf. K. Amos+, Adv. Nucl. Phys. 25, 275 (2000).
No free parameter (“prediction”) T. Furumoto+, PRC 78, 044610 (2008).

M. Toyokawa+, PRC 92, 024618 (2015).



Benchmark with Transfer to the Continuum model

K. Yoshida, M. Goméz-Ramos, KO, and A. M. Moro, PRC97, 024608 (2018).
BC(p,pn)*C, at 420 MeV/u BC(p,pn)*C, at 420 MeV/u
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v" TC justifies the impulse approximation (use of #,,, with choosing NN kinematics
according to the two asymptotic nucleon momenta and including the Méller factor)

v' DWIA justifies fixing the optical potentials of outgoing nucleons at one energy.



DWIA vs. Faddeev-AGS

R. Crespo+, PRC77, 024601 (2008); PRC90, 044606 (2014).
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FIG. 15. (Color online) Cross section for the breakup 'Be(p,pn)

FIG. 8. (Color online) "B core transverse momentum distribu-
at 100 MeV.

tion for the "*C(p,2p)''B reaction at|400 MeV/u] The curves
represent the observable calculated to second and third orders in
the multiple scattering expansion using all the Faddeev-AGS terms
and with a truncated series as in the DWIA reaction approach.



Plan of this talk (2/2)

5) Divergence of the TDX 1n inverse kinematics
KO+, in preparation.
5-1. Two-value feature of the kinematics and divergence of PV
5-2. When occurs?



2C(p,2p)!'B, , at 392 MeV/u
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Input for TDX calc. of 1*C(p,2p) in inv. kin.

sample5.cnt

11 i P T S T - O T - O I (1S R I P I -

sk ppN control data sk

: -~ 10:unknown ::./tbl_12Cp2p11Bgs_setl1_cs_PWi. dat i i
output in the V-frame i1 old - FLth] reds. dat The .dl?e(.:tlon of the
06:unknown ::./12Cp2p11Bgs_setl cs PWi.outlist z-axis 18 inverted.
999:
—— INPUT ——1|
12C (p; -)1;B_gs?392MeV z WA ¢cs inv
- - 1000 0 1 LIMFS IONS IFRM IMIR ICAL

When you investigate 1.00 1.007825 ? 0 12.00 ZP AP ZA AA
0 3920 IKIN ELAB ICTREIN

the correspondence 1596 1.0 1.007825 0.85 ISH EBIND ZSP ASP BETASP ICTRM

between the forward 1.5 1.0 1.00 0 FJ FL SFAC NOD

. ) . 0 1.35 0.65 1.35 IBMC RC ICTRC AOC RCL ICTRCL
and inverse kinematics, 0 8.2 _ 0.65 IBMS VOLS RS ICTRS AS
dt 60 60 60 LMAXO LMAX1 LMAX2
we recommend to use 1 0 200 IVAR IEX FKNCUT IXUNT KUNT
— 0 251.0 . IVVAR VARMIN VARMAX DVAR

ICTREIN=1. 0 . IVTHX THXMIN THXMAX DTHX
0 IVPHX PHXMIN PHXMAX DPHX
1 IVTH2 TH2MIN TH2MAX DTH2

o 0 IVPH2 PH2MIN PH2MAX DPH2
Usually it is better 2|1 KIB: TBL OUT TMD LG PX TR TL

[ELM KIBELM IONSH KINELM IELMEDG
RWAX DR NG24-B, TH, PH, K1, PH1Q

tep size of 0 i .00 1.00 1.00 1.00 -0. 0: IPOT FV FW FVS FWS BET NS EDG
step size o1 U 1n .00 1.00 1.00 1.00 0. 1: IPOT FV FW FVS FWS BET MS EDG
inverse kinematics. .00 1.00 1.00 1.00 -0. 2: IPOT FV_FW FVS FWS BET NS EDG

0
9.

to use a smaller

HW: You can directly control the kinetic variables in inverse kinematics measurement by putting IKIN=1,
IFRM=0, and IMIR=0. Reproduce the result in the lower panel on the previous slide in that way.




E, (MeV)

E, (MeV)

130

125

120

115 ———

600

400

200

“C(p,2p)"'B,

20

100

T

T

T

5 10

15 20

0, (deg)

25

S

“at 392 MeV/u

E, =251 MeV
0, =32.5 deg.
R Y
/ ¢, = 0 deg.
»
2 .
0, : varied
.o« B F— ]
&o:\ ) ¢, = 180 deg.
N E, =129 MeV
/' 0, =50.7 deg.
-

¢, = 0 deg.

'\j ] 0, : varied

¢, = 180 deg.



Plan of this talk (2/2)

6) Some recent/ongoing KO reaction studies around RCNP/RIBF
6-1. ?n correlation study via (p,pn)
6-2. a. KO reactions
6-3. deuteron KO reactions



*He(p,pn)



Proving *n in ®*He via (p,pn) (in inverse kinematics)

Y. Kikuchi, KO, Y. Kubota, M. Sasano, and T. Uesaka, PTEP 2016, 103D03 (2016).
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(p,pa)



20Ne(p,pa.) at 101.5 MeV

K. Yoshida, Y. Chiba, M. Kimura, Y. Taniguchi, Y. Kanada-En’yo, and KO, PRC 100, 044601 (2019).

RWA obtained by AMD (20-body calculations)
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20Sp(p,pa): K. Yoshida, K. Minomo, and KO, PRC 94, 044604 (2016).
DBe(p,pa): M. Lyu, K. Yoshida, Y. Kanada-En'yo, and KO, PRC 97, 044612 (2018).
PBe(p,pa): M. Lyu, K. Yoshida, Y. Kanada-En'yo, and KO, PRC 99, 064601 (2019).
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(pP>pd)
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Experimental fact

C. Samanta+, RRC 26, 1379 (1982).

*O(p,pd)!*N 3 95) at 101.3 MeV
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C. Samanta+, RRC 34, 1610 (1986).
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Remarks on pn knockout

deuteron breakup/formation during
the emission described by CDCC
pn pair distribution calculated with EDF

in collaboration w/ K. Yoshida (Kyoto) & —7
5
-
-9

' 4

The elementary process can be either
knockout “d” or breakup the pn pair.

A pickup type of (p,pd) can also be considered (NP1912-SAMURAI53)



Pairing strength vs. TDX

Y. Chazono, K. Yoshida, K. Yoshida, and KO, arXiv:2007.06771
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- The peak height of the TDX clearly reflects the pn pairing strength.
+ The deuteron breakup 1s neglected.
- The elementary process 1s assumed to be the pd elastic scattering.
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Y. Chazono, K. Yoshida, and KO, in preparation.

» The deuteron breakup effect is very large.

+ A naive pn single-particle wave function

1s adopted.

- The elementary process is assumed to be

the pd elastic scattering.



‘n and "H



‘“n and "H

Approved as an RCNP COREnet program
with Hiyama-san (Kyushu U / RIKEN )
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Summary

1) (p,pN) 1s a powerful tool for investigating proton/neutron s.p. structure of stable
and unstable nuclei. Determination of the S-factor is, however, not so trivial even
for stable nucle1 via kinematically complete measurement in forward kinematics.

2) Momentum distribution (MD) 1s a key observable in inverse kinematics. Its shape
1s asymmetric in general because of the asymmetry in the kinematics. The phase
volume and attractive distortion effects are responsible for the asymmetric MD.

3) The triple differential cross section (TDX) diverges in some kinematical conditions
in inverse kinematics. It happens when the solution to the energy conservation is a
double root. Although an integrated cross section becomes finite, the TDX 1s
significantly enhanced around the divergence point, which 1s nothing to do with the
s.p. structure of nuclei.

4) %n correlation, o clustering, eff. polarization of residue, deuteron-like pn pair (and
pn tensor correlation), “n, and "H are under investigation via knockout reactions.



