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Nuclear Chart: decay mode of the ground state nuclide(NUBASE2020)
BEE: ESRFZINRTEAE (NUBASE2020)

M 724 % Stable [e] EMME. BREKRMMZER (F£i18094)
e e Observed nuclide with unknown mass (809)

B~ = B decay

M p* = EC =B or EC decay
o T o decay

B % %47 Spontaneous fission

s F %5t Neutron decay

BT %5t Proton decay

R YRR 4N Decay mode: ?

FI(114)

184

(BIFF A% 2022 £5k) =0y September 30, 2022 2/75



Nuclear Chart: decay mode of the ground state nuclide(NUBASE2020)
BEE: ESRFZINRTEAE (NUBASE2020)

B f2EH%ZE Stable [o] EMME], BRERMEZE GFit809M)
e e Observed nuclide with unknown mass (809)
B~ =ZL B decay

W p* =k EC =B or EC decay

FI(114)

o T o decay 184
W B%%7 Spontaneous fission
M +F%4t Neutron decay
B FF %54t Proton decay
R A AR Decay mode: ?
mc:ﬁn e 2 / S:;ia

electron

126

O

Knocked-out
proton

Subedi, Nature, 2008
Carrelated partner
proton or neutron
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BBRNIEAEFTEA

d('32Sn,p)'33Sn reaction at 4.77 MeV /nucleon.

60 i D (5/27) 2,005 keV
target (©/27) 1,561 keV
(1/2) 1,363 keV
50 1a2gy %30 —_— 3/2- 854 keV
beam 133g,
0 keV

72"

-1 0 1
Q (MeV)

Nature, 465, 454 (2010)
© 2022 £EFK)

K.L. Jones et al.,
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1933: possibly the first (d,p) reaction measured

The Emission of Protons from Various Targets Bombarded by Deutons of High Speed

Deutons (nuclei of H2) with energies ranging {from 600,000
to 1,330,000 volts have been directed against the following
targets: carbon, gold, platinum, lithium fluoride, silicon
dioxide, sodium phosphate, calcium chlorate, copper sul-
phide and brass (the backing of the other targets). In
addition to the emission of alpha-particles, which we have

already reported in the preceding communication, (FElliave ERNEST O. LAWRENCE

M. STANLEY LIVINGSTON
GILBERT N. LEwis

Every target, including gold and platinum which could Radiation Laboratory, Department of Physics,

hardly be expected to suffer nuclear disintegration, yielded Department of Chemistry,
protons of about 18 cm range in air. {Nelhavelbesaunable University of California,
to account for this group of protons common to all targets June 10, 1933.

up, presumably ino a proton and a neutron. This assurnp-

Ernest O. Lawrence, Phys. Rev. 45, 66 (1933)

(BIFF A% 2022 £5k) =0y 2733 September 30, 2022 7/75
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1934

Experiments with High Velocity Positive Ions. IIL—The Dis-
integration of Lithium, Boron, and Carbon by Heavy Hydrogen Ions.
By J. D. Cockcrorr, Ph.D., and E. T. 8. Warrox, Ph.D.

(Communicated by Lord Rutherford, O.M., I'.R.8.—Received April 4, 1934.)

5. The Mechanism of the Disintegration,
If we make th}mt the following nuclear reaction occurs
oLi® 4+ D? =, Li" 4 H*
the kinetic energy change in the transmutation may be caleulated from the
mass change
(6-0145 4 2-0136) — (7-0146 - 1-0078)
= 0-0057 4 0-0007 = 5-3 £ 0-6 million volts.

(RIFFAZE: 2022 £/) =xA-am) September 30, 2022
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1934

Experiments with High Velocity Positive Ions. IIL—The Dis-
integration of Lithium, Boron, and Carbon by Heavy Hydrogen Ions.

By J. D. Cockcrorr, Ph.D., and E. T. 8. Wavrron, Ph.D. 40
L
(Communicated by Lord Rutherford, O.M., I'.R.8.—Received April 4, 1934.) g %’ /‘ﬂ\
] il
na
5. The Mechanism of the Disintegration, iug 0 /a: %
If we make th}mt the following nuclear reaction occurs "é; ] %
aLi® 4, D? =, Li? 4 H* = =

0
the kinetic energy change in the transmutation may be calculated from the 0 20 30 ] 40
Thickness of absorber, ¢m air equivalent

mass change
Fre. 1.—Protons from lithium.

(6-0145 4 2-0136) — (7-0146 -+ 1-0078)
= 0-0057 4 0:0007 =53 4 0+6 million volts.

Cockceroft and Walton, Porc. Roy. Soc. Al44, 704 (1934)
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1947

PHYSICAL REVIEW VOLUME 73, NUMBER 3 FEBRUARY 1, 1948

Angular Distribution of the (d,p) Reactions Making Two Low States of 0"

N. P. HEYDENBURG
Depariment of Terrestrial Magnetism of The Carnegie Institution of Washi Washi D.C.

AND

D. R. IneGLIS
Department of Physics, The Johns Hopkins University, Baltimore, Maryland
(Received October 27, 1947)

antly as the square of one wave function, or as
the superposition of the squares of several wave s

functions but with similar angular properties. -/;:D\
At some higher bombarding energies no low o ﬁ
dip in the intensity appears at any angle, and
there is thus no evidence that one wave function 25
or type of wave function predominates. Whether e o R R T T
there be one or several components of the inten- e
sity distribution, it would be expected that it ‘”if!,ﬁ;”ffmi"%f;ﬁgfgﬁs"
could be expressed as a sum of terms of the form 0% (d,p) 07

0.80 MgV

sin™@, cos™6. FiG. 5. Angular distributions of the short-range protons
z L observed with a thin oxide target on steel.

with the exponents m and % going to values not
more than twice the highest orbital angular momentum quantum number involved in the
outgoing waves. With five observed values of

TN 7 S e e R el . . .

Heydenburg and Inglis, Phys.Rev. 73, 230 (1948).
(RIFFKZE: 2022 £8k) =0y 2733 September 30, 2022 9/75
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1950: $675R F{E Bk TEM !

Angular Distributions of Protons from the Reaction On Angular Distributions from (d, p) and (d, n)
0(d, p)0" Nuclear Reactions
HANNAH B, BURROWS S. T. BUTLER*
Unisersity of Liser pool, Liser pool, Englond Department of Halh:mnhml Physics, Universily of Birmingham,
W. M. Gissox Birmingham, England
University of Bristol, Bristol, England October 30, 1950
AND
J. RotsLAT “— Lo
Medical College of St. Bartholomew's Hospital, London, England -
October 30, 1950 e -z
We have used the 8-Mev deuteron beam from the University . \
of Liverpool cyclotron, and a scattering camera in which photo-
graphic plates record particles emitted from a gas target at all '
angles from 10° to 165°, to obtain detailed angular distributions

oo’ oago” *

H

+

0"(d,p) 0"(croUND STATE)

wNITs)

———— EXPERIMENTAL
THEORET ICAL (-2}

USRI L
Y\\_\J./“"\ Yr\

| T 11 I+ IHT\.“J%

DIFFERENTIAL CAOSS $EC°

e
LAa.AnnE(D(cnct_s)

o et $
Eic. 1. 0. 90U angular distributions in the center-o (c.m.)

aystem: ngle, ¢(¢) =c;m, diffcrential cross vection In arby Sreed the

ite Cufve a1s for mm.“ on of OV in the ground state, and curve b i for wround ll-!c Poalcion of the reastion. G O N Y R acatnt

the 0.88-Mev excited o euterons. The theoretical curve Ia that or fa =2

Burrows, Gibson, Rotblat, Bulter, Phys.Rev. 80, 1095 (1950)
(Bl 2022 &£3K) R September 30, 2022
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T= [exp(—iK- nei(nV

R.L.Preston et al.,

Cut off radius: R = 4.37 + 0.042A or 1.7 4+ 1.22AY3 fm for light nuclei at above

s

RBRE  (ERHEER

rdr x [ exp(—iq - r,)on(r,)dr,

»
T

DIFFERENTIAL CROSS SECTION (mb/ster)
)

Ze®°(d, p) Ze
Q =5.02 Mev

"\ — BUTLER CURVE
=e.5x10""% cm

o

Fig. 3. The angular distribution of the
the Zr  ground state. T -

expectations.

Phys. Rev. 121, 1741 (1961).

Coulomb barrier.

Bk 2022 47)

30 &0 920 120
O aa (doa)

R N

=0y 2733

jproton group leading to
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1953: % Rzl %l

The Mechanism of Stripping Reactions

J. Horowitz AND A, M, L, MESSIAH
Centre d' Etudes Nucleatres de Saclay, Saclay, France
(Received October 8, 1953)

proton outgoing wave itself. It is more convenient to consider
the matrix element I=(d|N+P|¥) for the time-reversed
process Jg(p, d)I0;. Both matrix elements are related in a
well-known fashion. ¥ is the exact wave function for a stationary
state of collision p4-JTs. An approximate value for I isobtained by :

(a) neglecting V in the Schrédinger equation for ¥;

(b) replacing P everywhere by a fixed average potential @
with the effect that ¥ becomes the product of ¥, by a
proton plane wave plus a wave elastically scattered by
potential ®.

J.Horowitz and A.M.L. Messiah, Phys.Rev. 92, 1326 (1953)
(RIFFKZE: 2022 £8k) =0y 2733 September 30, 2022
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1961: FHphiR K BTl

The Analysis of (d, p) Stripping Reactions by the Distorted

‘Wave Born Approximation

By B. Buckt and P. E. Hopagsow
Clarendon Laboratory, Oxford

[Reoceived March 11, 1961]

y 4 8 8

DFFERENTIAL CROSS-SECTION IN ARBITRARY UNITS

i

[ O (a.p) O (ground stote)

1d) copture.

Distortion Effects -3 MEW
1 MNo aistortions (Flane Wwoves)
2 Coulormb distortions only.
3 Muciear distortions onix
4 Both distortions present

Cut-off R=5Sf

B.Buck and P.E. Hodgson, Phil.Mag.

Bk 2022 47)

6, 1371 (1961)

=0y 2733
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Volume I, mimber 1

_PHYSICB LETTERS

1 April 1962

made withthe sime target and at thé sime bom-

berding enwrgy ¢ measure the angular distributior
of the -hdi?t!m

- scattered deuterons. A self-sup-

porting target of 8677 was then bombarded with
13.0 MeV protons and & further exposire made to
measure the proton elastic scattering.

v

S8 (4.4) ™
g=T.8 MV,

SeT(,p) Se7?
Ey=t3Me Vsl

TS SR WU SO AU U

S. Hinds and R. Middleton, Phys.

(Bl 2022 &£3K)

20 0 60 © W0 20 W 60 W
A GLE (C-01-M) DEGREES

Lett. 1, 12 (1962)

=0y 2733

sl 4™ (4.9)S¢77 GROUND STATE |
Eg=1.8MV,Q=5.19 Mev
I PLARE WAVE

20| PARAMETERS

B DWBA. MEASURED
W DMWBA, BEST FIT

Y ~—
T WP S e it s
L3 20 40 S0 20 00 RO MO i w0
ANGLE {C-31-M) DEGREES

Fig. 2. Differential cross-section for the Se75(d, p/e77
ground state proton group for Eg = 7.8 MeV.

of the pround state proton group from the

8e76(d, p)Se?7 reaction. Curve I illustrates the best
fit that could be ohtained from plane-wave theory
for { = 1. It may be noted that to fit the stripping
peak successfully a radius of interaction of 5.0 fm
had $n ha naad namnavad with tha amam - riteh-

September 30, 2022
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1963

Nuclear Physics 55 (1964) 1-33; © North-Holland Publishing Co., Amslerdam

Not to be reproduced by photoprint or microfilm without written permission from the publisher

THE DISTORTED-WAVES THEORY OF DIRECT NUCLEAR REACTIONS
WITH SPIN-ORBIT EFFECTS

G. R. SATCHLER
Oak Ridge National Laboratory, Oak Ridge, Tennessee

Received 12 December 1963

Abstract: A general and flexible formulation is given of the distorted-waves theory of direct nuclear
reactions which takes account of the effects of including spin-orbit coupling in the distortion,
and which does not make the zero-range approximation. The evaluation of the transition
amplitude is shown to involve two distinct steps, one the construction of a form factor which
characterizes the particular reaction mode and the particular nuclei, and the other the treatment
of the dynamics of the distorted waves, which is similar for all reactions. Expressions are given
for various differential cross-sections and polarizations. As examples, procedures for treating
inelastic scattering and stripping and knock-on reactions are described. The symmetry properties
of the reaction amplitudes are also discussed.

G.R. Satchler, Nucl. Phys. 55, 1 (1964)

(BIFF A% 2022 £5k) =0y 2733 September 30, 2022 15/75



1968

RBRE  (ERHEER

Nuclear Physics A119 (1968) 241—289; © North-Holiand Publishing Co., Amsterdam

Not to be reproduced by photoprint or microfilm without written permission from the publisher

SOME STUDIES OF REALISTIC FORM FACTORS
FOR NUCLEON-TRANSFER REACTIONS

R. J. PHILPOTT and W. T. PINKSTON
Vanderbiit University,
Nashville, Tennessee

and
G. R. SATCHLER
QOak Ridge National Laboratory
Oak Ridge, Tennessee*

Received 24 May 1968

Abstract: The effect of nuclear structure details on pick-up and stripping form factors is investigated.

Bk 2022 47)

After a short review of other calculati an ap; method i is set up in whlch the form
factor as the solution of an inh diffi ial The that
the derived spectroscopic amplitudes agree with corresponding shell-model amplitudes is shown
to impose a condition on the potentials ployed. For pick-up reactions i ing the “small™

components of the wave functions, structure effects often tend to enhance the form factor in the
surface region. For stripping reactions, the opposite is true. The Ni(p, d) reaction has been
studied in some detail with particular attention to the effect produced by different choices for
the nuclear wave functions and residual nucleon-nucieon force. The distorted wave analysis,
which i the \pari: with i is critically appraised. Although the derived
angular distributions do not vary greatly, the extracted spectroscopic factors are found to be
sensitive to the assumptions used. In addition, some preliminary work on the ¥Ca(p, d) reaction
is reported.

September 30, 2022
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Problems raised to the distorted-wave method in 1968

Ambiguities and uncertainties in optical model parameters;

elastic parts only of the scattering wave functions may not be sufficient;
Non-locality of optical model potentials is usually neglected;

Core excitation effects to weak transitions;

D-state contriubtions of projectile (d, *He, etc.);

Breakup effects of the projectile;

~N O oA W NN =

Elastic scattering measurements only determine the asymptotic form of the
distorted waves, which are extrapolated in the nuclear interior;

R.J. Philpott, W.T. Pinkston and G.R. Satchler, NPA119, 241 (1968)

(RIFFAZE: 2022 £/) =xA-am) September 30, 2022 17/75
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Transition amplitude of (d,p) reaction

Transition amplitude:

Too = (Xpr ®rlE 1) | Vi = Usl Va(€)0a(r) V) S F
= (XS Ml Upa + Vi — Upf| U0 | L. PSR,
f(r) = VAT L{@a(E)| (€, 1) -
HUV S (r,R) = EV(r,R), A A

H - TR —'I— an + UnA + UpA

BEeeB" "B 00

(RIFFKZE: 2022 £8k) =0y September 30, 2022 18/75
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Transition amplitude of (d,p) reaction

Transition amplitude:
Too = Otpr @r(& 1) Vs = Us| V()00 V()
= (X5 TalUpa + Vi — Upe 97)
() = VA+L®a)|PH(E 1))
HU(rR) = EV.D(rR),
H = Tr+ Hup+ Upa+ Upa

expand \I/,(Jr) with eigenfunctions of H,:

T (r, R) = o (DS (R) + / dkdr(ero XD (0 R).

DWBA, ADWA, CDCC: different approximations to '™

i

(RIFFKZE: 2022 £8k) =0y
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Distorted wave Born approximation: DWBA

Ui (r, R) = go(nxy” (R) +| | dkdy R |
DWBA takes the first term of \IIEH: >'< WP
d 7\ v
TR R) ~ go(nxs” (R) \
/\/ID.WBA _ (=) . A (+) R)) . A
fi <XpF¢ Al AV]go(r)xg  ( )> A—E 5 o)

with DWBA:
@ Uja: optical model potential (describe d + A elastic scattering)

@ Assume breakup effect taken into account in Uga
@ Omit all except elastic component in the three-body wave function
(Bl 2022 &)

=0y September 30, 2022 19/75



BBRE HEBRNEERRER
Improvement: the adiabatic model: ADWA
The three-body wave function:
[E+ 4 — Tem — Una — UpA] daXo(R)
+ / dk [E— ek — Tem — Una — UPA] Pk(ek)xk(Ex, R) = 0.

Ek=-Ed

Adiabatic approx.: replacing —eq with ey: P
d (n+p) _
[
Vv
With the adiabatic approximation: A B (A+n)

MADWA <XpF wnA ‘UpA + Vpn - pF’ ¢0( ) ) >

effective d — A interaction (zero-range): Uga = Usa + Upa
R.C. Johnson, and P.J.R. Soper, Phys. Rev. C 1, 976 (1970).
(BIFFRE: 2022 £F) =xA-am) September 30, 2022 20/75
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Further Improvement: CDCC

A
In the CDCC method Continuum states are Discretised into bin states €

¥(r, R) = b0l (R) + / dkdn(zro DXL (0 R)

Bin
States
CDCC ln
= 0P R) = go(nx (P (R +Z¢" (R).
g.s.
E— p
d(n+p)
A B (A+n)

(RIFFKZE: 2022 £8k) =0y September 30, 2022 21/75
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Further Improvement: CDCC

A
In the CDCC method Continuum states are Discretised into bin states €

¥(r, R) = b0l (R) + /lm¢4aﬁﬁxﬁRaoR>

Bin
States
— ‘III(JF)CDCC(I’, R) (+) + Z ¢bln
Three-body equation turned into Coupled-ChanneI equations: g.s.
(Tr+ Hy 4 Upa + U,,A Zq (N (R) EZ@
J=
= (Tr+ € — E+ Up)x ZUUXJ E— )
Us(R) = (64(1)|Una + Upal(1)- awn
A B (A+n)

(RIFFKZE: 2022 £8k) =0y September 30, 2022 21/75
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Comparisons between DWBA, ADWA, and CDCC

BN

—— ——
] 10’ E
10! 3 B 1
e} E| o
E 1 £ |
g g 10° <
3 3 i
S10° E 3 i
234MeV  \ ," 1 o | %®Ni, 10 MeV J f 122MeV
T O B M| 107 B v 1N PR T O IO N B
0 5 10 15 20 25 30 35 0 30 60 90 120 150 0 20 40 60 80 100 120
8¢, (deg) 6c.m. (deg) 6c.m. (deg)
; . 5 — SL
cbcc — 1 cDCC — o 10 E
ADWA ---- 1 ADWA ---- 3
= DWBA 1 = ] = -1
K x ] 10
S 107 F 3 S 3 re)
E E E 1 E
g ] g ] g 107
kel ° - kel
® e ® ®
° 10 b 4 ° ] B 43 .
60 MeV 1 D 79.2 MeV B
Il Il | SR Y N S I I BT i - | 10—4\\\\\\\\\\\\\\\
0 5 10 15 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70
¢ m. (deg) Oc.m. (deg) ¢ m. (deg)
y y
Pang and Mukhamedzhanov, Phys.Rev.C 90, 044611 (2014);
Mukhamedzhanov, Pang, Bertulani, and Kadyrov, Phys.Rev.C 90, 034604 (2014)
(RIFFAZE: 2022 £/) =xA-am) September 30, 2022 22/75
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The Weinberg state expansion method

P Ek=-&d
°' d(n+p) d(n+p)
A B(A+n) A B(A+n) A B(A+n)
DWBA ADWA

Expend the three-body wave function with
Weinberg states:

Ui(r, R)™) = Z o' (Nx!"(R)

[—eqg— T, — a;iVapld/ =0, i=1,2,...

S (1 (MeV™ im %)

Pang, Timofeyuk, Johnson, and Tostevin, Phys. Rev. C 87, 064613 (2013).

R.C. Johnson, J. Phys. G: Nucl. Part. Phys. 41, 094005 (2014).

(RIFFKZE: 2022 £8k) =xA-am) September 30, 2022 23/75
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RBRE EBREIELTHHEE

Solution: make use of systematic optical model potentials:

1.5 T T
[
0
5
B
g ° . °
Yy (m] -
© 1.0F @ O o
% « °0° & u] o
N ®
17} ] o
N P
s
205 E
o a
U) =
00 Bgp d)lzc N
me 12C(d p)isc
0.0 :
20 40 60
E; (MeV)
X.D. Liu et al., PRC 69, 064313 (2004)

Bk 2022 47)

=0y 2733

Spectroscopic factors

1.5

12 13
{me ¢(d.p) Cas

10 20

1
30 40 50 60
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Solution: coupled channel calculations: CCBA, CRC

|||]|4|D||l‘|]|| r|||T|0r|\1”T-r|‘
Caltd) “'ca Ca(dp) "Ca 1
E=20MeV 0.5- Ed=|2.0"IV -
L 32* (2,02 MeV) + 32t 2.02MeV)
2.0 ——CCBA -—-—-'::l:Bi\(2 ]
—=-DwBA L/ ==-=CCh
val. 2 = 02 [ . sreppvmmnlylﬂ
_ N | -——DWBA
% osk \“ E b 3 E
E
= blg
blc \ 4| “I'ﬂ 0.0% ’1\3 E
©l® g,21 \\ t! \V‘-\‘/ \
vxi N
|\ | N\
.05 \\ A\
\N ! ook VA
\ =
002 AW\
| Ll L L1l J l L Ll 1 L 1 1 3
62030 %0 30 %0 20 40 60 80 100 120
& m. 8.m.
T. Tamura and T. Udagawa, PRC 5, 1127 (1972)
(RIFFk: 2022 £5) =R September 30, 2022
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BRBREMN EHRERTREE

FFERIEEE M

rd> ll+1) -
—| = = ——— |uj(r
2| dr? r2 it

+IE = Ve(r) = (In - D) Vo (r)]uju(r)

00
- / gi(rru i (rdr’ =0, (11)
0
where [22]

/2

, 1 ri 4 N
a(rr’)y = ﬁexp — T 2i'zj(—iz)W(p), (12)
and W(p)= VnLJo(p). p = ’J;”, and z = 2. Here B is

the range of nonlocality and j;(—iz) is the spherical Bessel
functions of the /th order.

do/dQ (mb/sr)

Tianyuan, PDY and Z.Y. Ma, PRC (2018); N.K. Tiomfeyuk and

Timofeyuk, PRC 94, 034609(2016)

Bk 2022 47)
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100 T T T T T
40 4
. Ca@dp'ca  ©
10 E,=11.8 MeV
10  EETTSs L. —
1L f - Ug ™I
loc el
------ ° . + Perey factor —
0.1 L

1 1 1 1
60 90 120 150

c.m. angle (degrees)

R.C. Johnson, PRL (2013); S.J. Waldecker and N.K.
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10, 11 ;
205 10Beld.p)”Be(l 2+) Ground state Be(d,p) Be(1/2-) E =0.32MeV

--- No PCE
PCE

o Schmitt (2012)

P |
[

o[

PN R NP v 0
N "Betdp) 'Be(3/24) E =3.41MeV]

FIG. 1. Relevant coordinates involved in the calculation. a and b
are the cores to which the valence particle v is bound before and after 0 10 20 30 40 50 0
the transfer reaction. om{

M. Gomez-Ramos, A.M. Moro, et al., PRC (2016)
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S-state dominats at low energies. Both S- and D-states are important

left: G.R. Smith et al.,

RBRE EBREIELTHHEE

5: SAXRY D K ARSY

30 Mev—
————120 MeV——
(o e |
100 800
~ 604 B
meé i 5 Reid soft-core Dyfa) |
> 204 E
3
2 o
T-204
> 4 =
60 Eahii .
- / -
/ “-Hulthen Dy(q)
-004 4 g
- Zero. Range. -
140 , v r
o I 2 3 4 5 6 7
qfm-")

FIG. 9. The projectile Fourier transform of V,¢4 [See Eq.
(4)] is shown for Hulthén and Reid soft-core deuteron wave 0® L L
functions. The effective Dy implied by the zero-range approxi-
mation is indicated by the dotted line. The horizontal bars show
the range of momentum sampled by the '’C(p,d)''C(g.s.) reac-
tion at various energies assuming no distortion effects (PWBA).
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(B 6 3HAZHE R R B HY RN
Solutions: Adiabatic model (ADWA), CDCC, etc.

PHYSICAL REVIEW C VOLUME 1, NUMBER § MARCH 1970

Contribution of Deuteron Breakup Channels to Deuteron
Stripping and Elastic Scattering

R. C. Jonnson

Deparlmeni of Physics, University of Surrey, Guildford, Surrey, England
AND
P. J. R. Soper*

International Cenlre for Theorelical Physics, Trieste, Ilaly
(Received 10 November 1969)

We present a model of deuteron stripping and elastic scattering which treats explicitly the contributions
from channels in which the deuteron is broken up into a relative § state and the target is in its ground
state. An adiabatic treatment of these channels leads to a description of deuteron stripping which resembles
the distorted-wave Born approximation, although a deuteron optical potential plays no role. The adiabatic
approximation is shown to give a good account of 21.6-MeV elastic deuteron scattering from Ni, at least for
surface partial waves, and is expected to apply to other nuclei in this mass and energy region, as well as
at higher energies. The calculations assume that the effective two-nucleon-nucleus interaction is the sum
of the nucleon optical potentials evaluated at one-half the incident deuteron kinetic energy. Some possible
corrections to this assumption are discussed.
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[BIRR 7: SR HY A B iR BR

Solution???: make use of systematic microscopic optical model potentials:

and incident energies (Ejy) for the three reactions. The
reduction factors of single particle strength (R;) are obtained as ratios of experimental and theoretical (shell model) SFs, SF**P and SFSM, respectively. (Rg) are
the averaged values of Rg evaluated at the two incident energies for each reaction. CH89 and CTOM are analyzed. A unified uncertainty of 26% is applied to
the SF**P and R; values. See the text for details

Table 1 Single particle orbitals of transferred neutrons (nlj), rg values of single particle potential

) _ . SFexP R (Rs) SFeP Ry (Rs)
Target nlj rp (fm) SF> Ejgp (MeV) CHSs9 CTOM
14 14 1.11£0.26 1.00 £ 0.26 0.75 £0.20 0.67 £0.17
C 2512 1.273 1.107 0.87 £0.23 0.62+0.16
60 0.83+0.22 0.75+0.20 0.62+0.16 0.56 +0.15
36 12.3 0.79 £0.21 0.81+£0.21 0.70+0.18 0.72 £0.19
s 1finn 1.220 0.980 0.81 £0.21 070+0.18
25 0.79 £0.21 0.81+£0.21 0.67 £0.17 0.68 £0.18
S8ng: 10 0.53+0.14 0.92+0.24 0.38 £0.10 0.66 +0.17
J°Ni 2p3p 1.154 0.572 1.04 £0.27 0.69 +£0.18
T 56 0.66 +0.17 1.15+0.30 041 +0.11 0.72 £0.19

Yun Xiaoyan, PDY, et al., SCPMA, (2020)
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i T R I — L R

@ The deuteron stripping amplitude:

T= (x\F @, 12)| UpatVor— Ul @ a(Ea) da(r) U1 )

@ The overlap function f4:

d
: F
(1) = VAT L(@a(€n)|Pe(6a. ). 2y
! R P Rp In
@ Parentage expansion: —
OFM (A 1) = 3 BB A (B, i) 7 A A

A jl
@ The deuteron stripping amplitude:

_ do
T = a0 s (72) | Upact Voo = Upel 0 W) o o | T ox (1)(= SF)
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Asymptotic behaviors
@ of the overlap function (ANC):

F rna>Roa . (]_) .
IA(E,,Aj,,A)(rnA) B ClnAj,,A’HnAhE,,A(’K’nArnA)
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Asymptotic behaviors

@ of the overlap function (ANC):

F rna>Roa . (]_) .
IA(E,,Aj,,A)(rnA) B ClnAj,,A’HnAhE,,A(’K’nArnA)

e of the neutron s.p. w.f. of F=n+ A (SPANC):

raa>Rn . 1) /.
UnA(mtoping) (FA) 2% bt 2ina l/inAhI(gnz (iknarna)
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Asymptotic behaviors

@ of the overlap function (ANC):

F rna>Roa . (]_) .
IA(E,,Aj,,A)(rnA) B ClnAj,,A’HnAhE,,A(’K’nArnA)

e of the neutron s.p. w.f. of F=n+ A (SPANC):

raa>Rn . 1) /.
VnA(mtoping) (FnA) ——2 bn,znAjnAl/inAhé )(l/anan)
nA

@ Asymptotically: IZ(EWHA) proportional to Ypa(n,e,ajna):

'nA ZRnA CZ

F Al
IA(énAjnA)(rnA) b . w”A(”anAan)(rnA)
nrgnAjnA
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Asymptotic behaviors

@ of the overlap function (ANC):

F rna>Roa . (]_) .
IA(E,,Aj,,A)(rnA) B ClnAj,,A’HnAhE,,A(’K’nArnA)

e of the neutron s.p. w.f. of F=n+ A (SPANC):

raa>Rn . 1) /.
UnA(mtoping) (FA) 2% bt 2ina l/inAhI(gnz (iknarna)

@ Asymptotically: IZ(EWHA) proportional to Ypa(n,e,ajna):

rma>Rp an jn
Datapion) (o) =" T p b i) ()

rl nAJnA

@ A big assumption: such proportionality extend to all r,x:

Copina

F £nAdn,
IA(@nAJnA)(r”A) = b —

wnA(rnA) = SFn,Z,,AjnA = 35
nrlnainA nrl pajna

(RIFFKZE: 2022 £8k) =0y September 30, 2022
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Extration of SF and ANC from experimental data

spectroscopic factor in transition amplitude:

1 2 +
T S {ZnAJnA <XPF wnA nrznAJnA |UpA + Vpn - UPF|¢I( )>

Experimentally, SF, ., .;,» and C, ., are obtained by

e/
SFnrénA_jnA = do-th/dQ Cé nAJnA = San/nAJnAb

nelnajna

10"

10°

do/dQ (mb/sr)

107 B

(RIFAZE: 2022 4£7K) September 30, 2022
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Single-particle potential for ¥,a(n,0. 4 1)

YnA(nt,ajns) Obtained with a Woods-Saxon potential:
Vo
[+ exp [(r— RAY3) Jag

V(I’, o, aO) ==

assymptotically:

rnA> RnA b

VnA(nitopjna) (MnA) el ppion 1A hzz‘ (iknana)
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Single-particle potential for ¥,a(n,0. 4 1)
YnA(neonj,a) Obtained with a Woods-Saxon potential:

Vo
1+ exp [(r— nAl/?)/a]

V(fa foaao) =

by 132 ((m™"?)
11 13 15 18 22 27 32

T T T3
] L N A A I A B B |
S ] 1.00 DWEA To-
S NI 2pgp ] [
1 o, W 080 [
— k " N 1 [Z] F
= " i o
E107' E i 4 8 080
= H i € oal
i rp=1.0fm — 5 L
W org=1.11fm c
¢ org=1.2fm --- 0.20
' :1.3Tm r
102 L fo=1 P 0.00 T R S R
o 2 4 6 8 10 10 1.1 12 13 14 15 16 1.7
Toa (fM) o (fm)

(RIFFKZE: 2022 £8k) =0y 2733 September 30, 2022 35/75



BRBREMN EHRERTREE

Single-particle potential for ¥,a(n,0. 4 1)

YnA(neonjna) Obtained with a Woods-Saxon potential:

Vo
1+ exp [(r— rAY3)/a]

V(r, h, 30) =

by 152 ((M™?)
11 13 15 18 22 27 32

T T
L L L A L
. 1.00 GWEh -
Ni, 2p3/5 [
W 080 -7
3 2] L
Ziot b 1 8 o060
E Ef ER| [
1.0fm — £ 040
1.1fm w1 2 i
{ 1.21m --- 0.20
10—2 ‘ 1‘3Tm 1 L 1 3 0.00 | Il | | | 1
0o 2 4 6 8 10 1.0 1.1 12 13 1.4 15 16 17
roa (fm) ro (fm)

T=SF/; <XPF Yna|AV, pF‘q),(+)>, C? = SF x b*

nrenAf A
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T T T T T T - T — T T 3
R L 58Ni, 10 MeV
i 10" 3
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= B8 3 ]
= s | ]
B 100 F 4
© E 3
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T T T T T T - T — T T 3
R L 58Ni, 10 MeV
i 10" 3
S F 3
= B8 3 ]
= s | ]
B 100 F 4
© E 3
10—1 L L | L | L | L | |
2 20 40 60 80
0¢.m. (deg)

FT " U U ]
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° N ]
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T T T T T 7 T T T T E
R L 58Ni, 10 MeV
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= £ ]
= o ]
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|

[6(r)]
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Ty
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58Ni, 10 MeV

|

[6(r)]

do/dQ (mb/sr)

Ty

do/dQ (mb/sr)
<y
o

UREALLL L
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L 58Ni, 10 MeV
b4 F 1
L | L | L | |
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58Ni, 10 MeV

[6(r)]

do/dQ (mb/sr)
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do/dQ (mb/sr)
=y
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T T T T T 7 T T T T E
R L 58Ni, 10 MeV
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= 58Ni, 10 MeV
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peripherality shown by ANC: the °*Ni case

normalized ANC

(Bl 2022 &£3K)
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Application of the Combined method: ideally ...

For the 58Ni(d,p)>*Ni reaction:

1.2 [
1.0 |
08 [
06
04 |
0.2 | L
00}:}:}:*:“:}:‘

. T T
300 B : : 56 MeV (-80) ~e— ]
250 L : : 10 MeV

200 - s

15";”“ ]

100 | & g 1

o tragaaedy

1.0 1.1 1.2 1.3 1.4 15 1.6 1.7
ro(fm)

SF

c? (m™

50

DYP, A.M. Mukhamedzhanov, PRC 90, 044611 (2014)
(RFAFE: 2022 £/#) =27, v:3-4m)
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Application of the Combined method: actually ...

For the 58Ni(d,p)>*Ni reaction:

12 [
1.0 |
0.8 [
06 [
04 |
02|

0.0
300
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200
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Application of the Combined method: actually ...

For the 58Ni(d,p)>*Ni reaction:

12 [
1.0 |
0.8 [
06 [
04 |
02|

0.0
300

S,

200

SF

c? (m™)

150 | by ]
- $ 34508 %
100 + i R ¢ ¢ P4
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The internal part of the overlap is not well represented by the single-particle wave
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Need for accurate overlap functions!

© When SF and ANC are not compatible, the inner part of the overlap function is not
represented well with the well-depth prescription;

@ To obtain reliable SFs, improvement of the treatment of the internal region is
necessary.
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Inconsistency in neutron potentials V4 and U4

TAP = (X | Upa + Vin = Upel d0(PX5")
d(+)

dael

o Distorted waves Y5 "’ < complex U,a <

@ Single particle wave function 1,4 < real V,,A < Epinding

10 T T 10' T
= 10' = 3
% %
5 5 N
E L0 £
a a
2 3 +
o s}
S 107! © E

1072 104 L .

0 20 40 60 8 100 120 0 20 40 60 80 100 120
¢ m. (deg) 0.m. (deg)

FIG. 1. (Color online) Prior DWBA differential cross sections for FIG. 3. (Color online) Prior DWBA differential cross sections for

the “C(d, p)!SC(2512,Ex = 0.0 MeV) at E; = 23.4MeV. Thesolid  the “C(d, p)*C(2s12, E, = 0.0 MeV) at E; = 60 MeV. Notations
red lin is obtained using the optical potential U4 when calculating  arc the same as in Fig. 1.
Uaa; the blue dotted line is obtained with Uyy = V.3 in Uya.
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Inconsistency in neutron potentials V4 and U4

TAP = (e ooa | Upa + Vi —

o Distorted waves 71"

< complex U,q <

Upfl do(n 3" +)>

dael

@ Single particle wave function 1,4 < real V,,A < Epinding

102 T T

0 20 40 60 80 100 120
¢ m. (deg)
FIG. 1. (Color online) Prior DWBA differential cross sections for
the C(d, p)!5C(251/2,E; = 0.0 MeV) at E; = 23.4 MeV. The solid

red lin is obtained using the optical potential U4 when calculating
Uaa; the blue dotted line is obtained with Uyy = V.3 in Uya.

10’ T

do/dQ (mb/sr)

0 20 40 60 80 100 120
0c m. (deg)
FIG. 3. (Color online) Prior DWBA differential cross sections for

the “C(d, p)!SC(251/2,E, = 0.0 MeV) at E; = 60 MeV. Notations
arc the same as in Fig. 1.

A.M. Mukhamedzhanov, DYP, C. Bertulani, A.S. Kadyrov, PRC 90, 034604 (2014)

possible solution: dispersive optical model potentials

Bk 2022 47)
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Necessity of closed channels: at year 1987

The coupled-equations method also contains “closed channels”, in which the relative energy is
greater than the total energy, e(k)=(A’k"/M)> E, so that the associated center-of-mass functions
g1.(A, R) are exponentially damped asymptotically. These closed channels couple strongly to the open
channels that do contain outgoing flux and they affect their properties, especially at low bombarding
energies. Figure 25 shows that closed channels can make large contributions to the stripping cross

section.

bin-index dependence of 1y ;| 4 bin-index dependence of I, 4
. - 2
f‘\ “N.u,p)s’m(zp) " ®®Nifd,p) *°Ni(1p)
Lp=lg- Lp=Lg-1
Eq=80Mev A Eg= 21.6Mev

N. Austern et al.,
Phys.Rep. 154, 125 (1987)

|!!-n'-a|

0

Fig. 25. Contributions to the breakup part of £, ;, from individual continuum momentum bins, for the reaction “Ni(d, p) *Ni(2p, g.5.) at (3)
E,=80MeV and (b) E, = 21.6MeV. Quoted from [Is35b).
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EESEHAEEERE

The coupled equation: 2H/ ’r/
/ R~ —
’ 0
\I[model(R7 g) - ¢0(§)X0 K07 + 2% ¢n Xn Kna R) ! ‘\I/
n>
8 C
Problems: o
@ There are infinite number of continuum states n
t
@ The continuum states are non-normalizable i
n
(Prssi(N)| D 1si(r)) o< 5(k — K') .
m
@ SOLUTION = continuum discretization gs

(BIFFRE: 2022 £F) =xA-am) September 30, 2022
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Construction of the continuum bins
@ Select a number of angular momenta
(620717 7lmax)
@ For each /, set a maximum excitation energy €max

@ Divide the intervals ¢ = 0 — £,a¢ into a set of
sub-intervals (bins)

@ For each bin, calculate a representation wave function

l(r i
S_], s / UkESJ( )dk

e uyysj(r) radial scattering wave function

] k,' = \/2/L6;/Fl

o w(k): weight function
(RIFFKZE: 2022 £8k) =0y

gmax

kiyq
} bin
k;

g.s. £=-2.22 MeV

September 30, 2022
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ELESERNBEERAE (CDCC 73ik)

Construction of the continuum bins: example

deuteron (n-p system) with Huthén potential, S state.

1.6 I I I ' I ' I
1.2 - Epip=2 MeV \évi:de;[tr’ge1ri-r?gMV?/\|:/ ]
0.8 | \\ .
_ o4, /\
ER \ / \ /\\/
0.4 || \/ \/ .
\
0.8 | |
12 \/ ! ! ! L.
0 20 40

(RIFFKZE: 2022 £8k)
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The CDCC method

@ The three-body wave function:
v /P
U (r R) = da(Nxs” (R) + / dkgu(er )X (i R) / n‘/\R\\{\
N
= 0P R) = 040Xy (R + ) dulei D (e B g
k
@ The coupled equations: Bi
n
+) (+) States
(Tr+He+ Vo + V) quj(r)x,- (R) = EZ 3(Nx; " (R).
= (TR + € — E+ \/II Z \/’JX_] g.s.
J#i

Vi(R) = (0| Va + V| ().
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CDCC calculation: an example

Elastic scattering of d+°8Ni at 79 MeV. Neutron, proton optical potentials from CH89.

101 E [ T [ T [ T I E

E Stephenson et al., 1982 E

B no continuum — ]

10° . CDCC — .

o B ]

E ok -

g 0 f

Q F 1

5 C ]

© - i

1072 E
10—3 | | | | | . |

0 20 40 60 80 100 120

Bc.m. (deg)

exp data: E.J. Stephenson et al, PRC 28, 134 (1983)
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HUBe+%47n at 29 MeV

I T I T I T
noBU --- ]
exp o]
c _
& |
b _
b -
00 1 | 1 | 1 ]%- L | 1 i
0 20 40 60 80 100
0c.m. (deg)

Ei, = 0.502 MeV, A. Di Pietro PRL 105, 022701 (2010), PRC 85, 054607 (2012)
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HUBe+%47n at 29 MeV

o/ ORuth

Eq1, = 0.502 MeV, A. Di Pietro PRL 105,

022701 (2010), PRC 85, 054607 (2012)
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8B+208Pph at 170.3 MeV

L L LI |IIII|IIII||||
I BU — ]
121 i noBU ---]
4 exp e |
c 09| ]
E ol :
B 0.6 _— \“ __
03 |85, 208py, .
[ 170.3 MeV B ]
00 AN NN BN EE S AN R SR A S A S A A A A A
0 5 10 15 20 25
Oc.m. (deg)

Eip = 0.138 MeV, Yang Yan-Yun, Wang Jian-Song, et al., PRC 87, 044613 (2013)
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breakup coupling effects in the elastic scattering of B and '!Be
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Y.Y. Yang, X. Liu, D.Y. Pang, PRC 94, 034614 (2016)
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Experiments performed at IMP Lanzhou
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elastic scattering of weakly-bound nuclei: experiments performed at IMP Lanzhou
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Y.Y. Yang, et al., PRC 87, 044613 (2013), 90, 014606 (2014), 98, 044608 (2018), PLB 811, 135942 (2020)
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Experiments performed at IMP Lanzhou

elastic scattering of weakly-bound nuclei: experiments performed at IMP Lanzhou
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Y.Y. Yang, et al., PRC 87, 044613 (2013), 90, 014606 (2014), 98, 044608 (2018), PLB 811, 135942 (2020)
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Differences in n-rich and p-rich nuclei

@ The tidal force:

neutron rich nuclei proton rich nuclei

@ The Schrodinger equation:

h* o R 0(0+ 1)
o v Ve U ) oo
e Coulomb potential: Ve(r) = Zc—reZ, r>R)
e The centrifugal potential:V Ar) = %W:{l)

8BI Vc#o, ch7é0 (1p3/2 :>f:1), HBe: VC:O, ch:O (251/2 :>€:0)
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Effect of Coulomb and centrifugal barriers
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Effect of Coulomb and centrifugal barriers
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Effect of Coulomb and centrifugal barriers

25 vy T ‘ ; 1.2
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Elastic scattering = single-particle structure!
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elastic and breakup
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Elastic scattering and breakup cross sections : depend on Optical model potentials

do/dQ (mb/sr)

108 ||||IIIIIIIIIIIIIIIIIIIIIIII_
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OMP parameters: LHS: Nr=0.72, N; = 1.21; RHS: N, = 0.80, N; = 1.0
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Ratio of cross sections: weakly dependent on OMP

Ratio of breakup and elastic scattering cross sections depend weakly on OMP

The measured cross sections:

dosum . doe  dOinel dogy
O d +/dEdeE'
The ratio:
ddgu/dEdQ
sum E; = T T
Reum(E, Q) dosym/dQ

(Bl 2022 &)

107"

=0y

OMP 1 —
OMP2 ---

88+2%8pp 70 AMeV

0 5 10 15 20 25

8..m. (deg)
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The Recoil Eikonal breakup (REB) model

With the Recoil Eikonal Breakup (REB) model [Assumes V, 1 is negligible and
adiabatic approx., R. Johnson, J. Al-Khalili, J. Tostevin, PRL 79, 2771 (1997)]:
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The Recoil Eikonal breakup (REB) model

With the Recoil Eikonal Breakup (REB) model [Assumes V, 1 is negligible and
adiabatic approx., R. Johnson, J. Al-Khalili, J. Tostevin, PRL 79, 2771 (1997)]:

Elastic scattering: doe = [Foo? ﬂ
" \d)

Form factor: Foo = [ 16026 Q " Tdr, Q (K — K)
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The Recoil Eikonal breakup (REB) model

With the Recoil Eikonal Breakup (REB) model [Assumes V, 1 is negligible and
adiabatic approx., R. Johnson, J. Al-Khalili, J. Tostevin, PRL 79, 2771 (1997)]:

Elastic scattering: doe = [Foo? (da)
pt

Q) dQ
Form factor: Foo = [ 16026 Q " Tdr, Q (K — K)

= Elastic scattering of composite nuclei = form factor x point-like particle scattering
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The Recoil Eikonal breakup (REB) model

With the Recoil Eikonal Breakup (REB) model [Assumes V, 1 is negligible and
adiabatic approx., R. Johnson, J. Al-Khalili, J. Tostevin, PRL 79, 2771 (1997)]:

Q) dQ
Form factor: Foo = [ 16026 Q " Tdr, Q (K — K)

Elastic scattering: doe = [Foo? (da)
pt

= Elastic scattering of composite nuclei = form factor x point-like particle scattering

Breakup cross sections: 90bu |Feo? do
dEd) “\de)

, 2
Form factor: |Fg|* = > im ‘f Giim(E) ¢o Q- rdr’

=> similarity of elastic and breakup angular distributions
=> The ratio method!
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The ratio method

With the REB model:

om Fal(QF
ga  |Foo(@)|?

@ Independent on reaction mechanisms: nuclear or Coulomb breakup, light or heavy
targets
@ Directly related to the single-particle structure of projectile

@ Easy to measure: many systematic uncertainties canceled

Johnson, Al-Khalili and Tostevin, PRL 79, 2771 (1997); Capel, Johnson, Nunes, PLB 705, 112 (2011), ibid, PRC 88,
044602 (2013); Yun, Colomer, Capel, and Pang, JPG 46, 105111 (2019).
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The ratio: weak dependence on target masses

0.1 g ,

=A=

<
=y
<

|1”}?J)|2 —
1Be+Ph @ 69AMeV ——
11B|c+c @ IG?AMC‘Y’ -—=

104 L

(d?op, /dEAQ) [ (dogy /dQ) (MeV 1)

0 0.05 0.1 0.15 0.2 0.25 0.3

Q (fm™ 1)

Fig. 4. Sensitivity of ratio (4) to the reaction mechanism. DEA calculations on differ-

ent targets are compared to |F£_g|2.

Capel, Johnson, Nunes, PLB 705, 112 (2011)
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The ratio: sensitive to binding energies

Fgol* (MeVTY

Fig. 1. Form factor |Fg o|? for ''Be impinging on Pb at 69 MeV/nucleon. Its sensitiv-
ity to the projectile binding energy and partial-wave configuration is illustrated.

Capel, Johnson, Nunes, PLB 705, 112 (2011)
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The ratio method: applicability for proton-rich nuclei

102 T I T I T I T T I T I T I T T I T I T I T
(a) (b) (c)
0
10
1072
107
—6 z W
10 7 Fonol? = T~
P —  dogydd N
Vor=0 - - <
1078 Ver p=TV’cT - N
1 1 I 1 I 1
2 4 6 8

6 [deg]
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TF (a), Al (b) and *"P (c) from 5Ni at 60 MeV/n, breakup/elastic ratios and the FFs.
Proton separation energies: *"F: 0.6 MeV (1ds/2), °Al: 2.27 MeV (1d5)2);

2TP: 0.87 MeV (2s5)

Yun, Colomer, Capel, and Pang, JPG 46, 105111 (2019)
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Breakup induced dynamic polarization potentials

@ The coupled equations:

(Tr+ e — E+ Vi)x == Vi
J#i
@ For the elastic scattering channel (i = 0):

(+)
22 Vi (R) O
XV (R)

'

= TR+€;—E+V00+

@ The dynamic polarization potential:

L ViX™(R
VP(R) _ zﬁs, (+)XJ (R)
Xi (R)

@ We get a 1-channel equation with U(R) = Vi + V¥ (Vyo: bare potential):

= [Tr+e— E+ UR]I SR =0
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Breakup induced dynamic polarization potentials

Example: 1'Be+2%Pb elastic scattering at 140 MeV.

1.2

0.9

6/0Ry

0.6

0.3

0.0

30

Li Yan, D.Y. Pang, Eur. Phys. J. A 57, 46 (2021).
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Breakup induced dynamic polarization potentials

Example: 'Be+2%Pb elastic scattering at 140 MeV.

do 9
o =IO

f0) = fc(0) + fu(0)

= The breakup channels cause a destructive
interference between the Coulomb and Nuclear
amplitudes at angles where the Coulomb-nuclear
interference peak used to be.

Li Yan, D.Y. Pang, Eur. Phys. J. A 57, 46 (2021).

(RIFFKZE: 2022 £8k) =0y
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