Inclusive deuteron—induced reactions

Grégory Potel Aguilar (FRIB/NSCL)
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(d, p) reactions: a probe for neutron—nucleus interactions

.......................

proton detected '

deuteron beam

@ elastic scattering

® inelastic excitation

@ direct transfer

g

@® compound nucleus
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General framework for inclusive experiments

this is detected ‘ ‘ summed over states of this

do(E)

~ >l oadp| VW)
= (WVTpa0R)d(E — Ea — E) (¢BoalVIV)

|9B) (05|
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E—E\ HB+I€<¢‘V’ )

= lim Im(V|VT|¢pA)
e—0 -

Main challenges

|¢B <¢B‘

@ describe propagator Gg = lim.0 ), EE—fotic

@ describe wave function WV
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Some applications
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Implemented so far: Inclusive (d, p) reaction

let's concentrate in the reaction A+d— B(=A+n)+p
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we are interested in the inclusive cross section, i.e., we will sum over all
N C
final states ¢f.
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Derivation of the differential cross section

the double differential cross section with respect to the proton energy and
angle for the population of a specific final ¢

T =2 WED) (ol v W)

Sum over all channels, with the approximation W(+) ~ XdPdPA

2

d’c 27
N =
d0,dE, ~  hvg" )

X Y (xdbadal V [xpd) 6(E — Ep — ES) (95Xp| V | axada)

X4 — deuteron incoming wave, ¢4 — deuteron wavefunction,
Xp — proton outgoing wave ¢4 — target core ground state.
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Sum over final states

the imaginary part of the Green's function G is an operator representation
of the d—function,

95) (¥5]
E, — Hg + ie

=36

76(E — E, — ES) _|.mJZE

d%o

2
dQ,dE, _mp(Ep)3<Xd¢d¢A! V |xp) G (Xp| V | paXd®a)

@ We got rid of the (infinite) sum over final states,
@ but G is an extremely complex object!
o We still need to deal with that.
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Optical reduction of G

If the interaction V' do not act on ¢4

(XdPdPal V [Xp)G (xp| V | daXdPd)
= (Xa%d| V |xp) (04l Glda) (Xp| V | Xad®d)
= (Xd%d| V |xp) Gopt (Xp| V | Xaa)

where G, is the optical reduction of G

G I 1
= lim
P S0 E —Ey— Tp— Upn(ran) + i€’
now Uan(ran) = Van(ran) + iWan(ran) and thus G, are single—particle,
tractable operators.

The effective neutron—target interaction Ua,(ra,), a.k.a. optical
potential, a.k.a. self-energy can be provided by structure
calculations
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Capture and elastic breakup cross sections

the imaginary part of Ggp: splits in two terms

elastic breakup .
A non elastic breakup

k2 —TN—
SGope = =7 ) _ |xn)d (E —Ep— 2m> (Xn| + Gopt Wan Gope.
kn "

we define the neutron wavefunction [1,) = Gopt (Xp| V' | Xd®d)

cross sections for non elastic breakup (NEB) and elastic breakup (EB)

d?c 2
T = ——p(E n Wn n/
o] 2 Ep) (ol Wan 1)
Fo 1 2 (B [oxexel V Il
dedEp - thp P p n XHXP Xd d )
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neutron transfer limit (isolated—resonance, first—order

approximation)

Let's consider the limit Wa, — 0 (single—particle width ' — 0). For an
energy E such that |E — E,| < D, (isolated resonance)

G~ lim |&n) (¢n] .
Pt Ways0 E — Ep — Ep — i{n| Wan|én)

with |¢p) eigenstate of Ha, = T+ R(Uan)

d?c .
lim (xq%d| V' [xp)

dQ,dE, " W0
|¢n> <¢n| WAn|¢n><¢)n|
(E - EP - En)2 + <¢n| WAn|¢n>2

(Xpl V [ xdPd) ,

we get the direct transfer cross section:
d’c
dQ,dE,

~ | <Xp¢n| V' | xd9d) |25(E —E, - E,)
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Validity of first order approximation

For Wy, small, we can apply first order perturbation theory,

NEB
4o oo Q)] 1 (Dn|Wan|dn) dan(Q)] transfer
dQ,dE, T (En — E)* + (¢n|Wan|pn)2 dQ
& —‘ co‘mplet‘e calc‘ulation
100 - first order i o : 4
g m iwAn=o.5 MeV] § § 7 S'W"-_TO M)
p o s CES : 7
e Py P - ‘ ;
E E E

we compare the complete calculation with the isolated—resonance,

first—order approximation for Wy, = 0.5 MeV, Wy, = 3 MeV and
Wa, = 10 MeV
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0,

Spectral function and absorption cross section

East Lansing, July 19th 2016

W,,=0.5 MeV
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Choosing the potential /propagator

@ Phenomenological fit of elastic scattering. Local.
@ Available for a wide range of stable nuclei and energies.

o Not defined for negative energies. Good reproduction of scattering
observables.

Dispersive optical model (DOM)

o Elastic scattering fit — dispersion — negative energies. Local and
non—local versions.

@ Limited availability. Good reproduction of scattering and low—energy
observables. Satisfy sum rules (dispersive).

Coupled cluster (CC)

@ Ab-—initio calculation — predictive power. Non—local.

@ Accuracy of reproduction of observables 7.
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Neutron states in nuclei

scattering and resonances
o

T 12—
V(r)
[e]
i - i scattering states
Fo @smgle particle 9
S l 3
§ | - f weakly bound states
Luu_ \
LII-I . .
narrow single-particle
u 3 deeply bound states
A
L N 8
e 0 N
Imaginary part of optical potential neutron states

Mahaux, Bortignon, Broglia and Dasso Phys. Rep. 120 (1985) 1
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Application to surrogate reactions

East Lansing, Jul

I ¥ Desired reaction: neutron induced fission, gamma emission and

neutron emission. 0 i
0ﬁssmn
@
. ~
ne ° ‘ O—' gamma
A . emission
T
SA neutron

\ emission

\

% The surrogate method consists in producing the same compound
nucleus B* by bombarding a deuteron target with a radio active
beam of the nuclear species A. / °®

fission
)

-~
‘_’ ® ‘ ~_, gamma
d ~. emission

A
I
S neutron

emission

\.

J\.

¥ Atheoretical reaction formalism that describes the production
of all open channels B* is needed.

)

19th 2016
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Disentangling elastic and non elastic breakup

BNb(d, p) (Mastroleo et al., Phys. Rev. C 42 (1990) 683)

' 93 =
proton singles Nb(d,p) E, 15:!\(/)lt‘:"vcompound nucleus spin distribution

AL R B L T T T T T T T T
total proton singles 1 \

60+ 7 25E ./ . El

i 1 / —{J=3
N compound nucleus < E . \ E|
é 40 |formation % 20 I./ \ E
re) S E . . E
£ g 15 / ! = ]
= . \ o~ E|
w L E . \ 3
% 20+ ° 10 /. \ Ve A
) -—~ . - 3
3 3 <. ~ ~T- - J=0 \ E
L . 5F J N
. 7,0 . 3
o J— dh P R S N TR R 0 e e — Tt sy s o

2 4 6 8 10 12 14 16 18 4 8 12 16
E, (MeV) E, (MeV)

@ We obtain spin—parity distributions for the compound nucleus. ’

@ Contributions from elastic and non elastic breakup disentangled.

East Lansing, July 19th 2016
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Using the DOM: Calcium isotopes

“Ca(d,p) 1l “cadp ] “Ca(d,p)
E=20 MeV 1 E=20 MeV ) E4=20 MeV
T 1 w0l N T = total 1
s 4 - = EB
— . -+~ NEB| {
U ..
e A A daeerr e Tk B e = D T
= :
E
o
S L “Ca(d,p) | ++  “Ca(d,p) 1 L] %Ca(dp) |
E4=40 MeV [ | E4=40 MeV ] E4=40 MeV
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Using the DOM: angular momenta

Eaaasaatt
“Ca(d,p)
E4=40 MeV

“Ca(d,p) 1 TE “cadp)

E=40 MeV 4 . E;=40 MeV

do/dE (mb/MeV)

E, (MeV)

0 3 (i, ,.h):f'vc:\ B
w0 |F & H B 5 =10 (g)
% W ©
- 5 ¥ 5 M 308 H
() & 3 8 "
x 3 - K
-y ol H ]
g
> 10} EH
H 2
2
[3)
[] A
LW 10
L) 2 ] 6 0 10 2 4 s 8

Excitation Energy (MeV)
Excitation Energy (MeV)

Uozimi et al., NPA 576 (1994) 123
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Using the DOM: comparing with data

- e

do/dQ (mb/sr)

“Ca(d,p), E=10 MeV

do/dQ (mb/sr)

“Ca(d,p), E;=56 MeV
gy, resonance

do/dQ (mb/sr)

001

9Ca(d,p), E;=40 MeV

2o ground state resonance

L
[ET T

L . i
W w0 w2 M0 160
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CC: preliminary results (with J. Rotureau, MSU and G.

Hagen, ORNL)

first results using a propagator and self-energy generated within the
coupled—cluster formalism (J. Rotureau, MSU and G. Hagen, ORNL)

“Ca(d,p), E;=10 MeV

W————7——7——7——T

=
T
|

r integrated 0=12.3 mb
N,,=12

E=-7.6 MeV

»
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2
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_ do/dE (mb/MeV)

©

°
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Open questions (personal selection)

@ Separate different channels in the NEB (possibly with M. Dupuis and
G. Blanchon 7).

@ Better description of deuteron channel (adiabatic approximation?
CDCC? Coupled cluster?)

@ Implement (p, pn). Could shed light on the problem of spectroscopic
factors as a function of asymmetry. Two—particle Green's function?
Final neutron as a spectator?

Gade et al. PRC 77, 044306 (2008) Flavigny et al. PRL 110, 122503 (2013)

B aars T T T T T
L L , 1-+ ]
" F 4
31p] 5
o
;

©)/6,(6)

08— -

oy @% g

exp

©
I
1 g o’ 04 i
L . . ‘si
04 4 R, (e,e'p): AS=S,-S, “’+ 4 02 [ N B R
® R, p-knockout: AS=S,-S, st ’ 20 10 0 10 20
5-5.-S, n

R n-knockout: A
0oL ‘o N ‘n nockout: ‘ ‘ ‘ ‘ ‘ 4 AS=¢ (Sp -S.) (MeV)
20 -10 0 10 20
AS (MeV)

Seattle, March 28th 2017 slide 9/9



Inclusive cross section

Single—particle Green's function of B system:

Geg=Ilim(E-—T—Ug+in) !
n—0

Strength at given E,r,, v, J,m — ImGg(E, vy, v, J, )
inclusive cross section — folding of strength with "breakup probability
density” |ppu(rn, ki, kf)|*:

Pbu(tns ki ke) = (xp(rp, k)| VIxa(ra. ki)da(rpn))

25~ [ Phulin ik )ImGa(E. . 1. W6 ki )l

dEdQ "

ImGg = elastic breakup spectrum + G;ImUB Gg

How to write Ug = Ucompound + Urest?
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Inclusive deuteron—induced reactions

Grégory Potel Aguilar (NSCL/FRIB)
Filomena Nunes (NSCL)
lan Thompson (LLNL)

East Lansing, July 19th 2016
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Inclusive (d, p) reaction

let's concentrate in the reaction A+d— B(=A+n)+p

- XP
*— Xn elastic breakup
-
ba

_/'Xp
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direct transfer
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we are interested in the inclusive cross section, i.e., we will sum over all
N C
final states ¢f.
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neutron wavefunctions

the neutron wavefunctions

|7;Z)n> = Gopt <Xp| 4 |Xd¢d>

can be computed for ANY neutron energy, positive or negative
2 T T

bound state — E=2.5MeV
— — E=7.5MeV

/-\’ transfer to resonant and

N~ non-resonant continuum

well described
scattering state h

_: L L | L L
25 5 10 15 20 25 30
IBn

|1n) are the solutions of an inhomogeneous Schrddinger equation
(Han — Ean) |¥n) = (Xp| V | Xd®a)

East Lansing, July 19th 2016
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Breakup above neutron—emission threshold

proton angular differential cross section

T T T T T 3
E — L= E
L ®Nb (d,p), E;=15 MeV — =2 ]
10 L= .
L=3 E
— L=4 3
< L=5 ]
% - total 1
E =
& 3
2 .
£ .
C o1k i
D F E
5 F 0 T T T e =
T I NG ]
0.01 e =
- E,=9MeV E =3.8 MeV :
0001‘ P T N AR N R N R B
) 20 40 60 80 0 100 120 140 160 180
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Dropping a proton

100

compound "*Tm formation cross section

~ o] ©
o o o

(2]
o

N
o

do/dE (mb/MeV)

N
o

10

— "9Er(3He,d)@20 MeV

— "Er(d,n)@15 MeV

We can also transfer charged clusters

East Lansing, July 19th 2016
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Austern (post)-Udagawa (prior) formalisms

The interaction V' can be taken either in the prior or the post
representation,

o Austern (post)— V = Vpost ~ Vpn(rpn) (recently revived by Moro
and Lei, from Sevilla and Carlson from S3o Paulo)

e Udagawa (prior) — V = Vo ~ Van(ran. £an) (used in calculations
showed here)

in the prior representation, V' can act on ¢4 — the optical reduction gives
rise to new terms:

d?o 1Pt 2 : .
Ty = B 3 (W)

+ 2R (PO Wl ) + (YO Wy [9NOV)]

where 1" = (x,| xada)-

The nature of the 2—step process depends on the representation ]
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Summary, conclusions and some prospectives

We have presented a reaction formalism for inclusive
deuteron—induced reactions.

@ Valid for final neutron states from Fermi energy — to scattering
states
@ Disentangles elastic and non elastic breakup contributions to the

proton singles.

Probe of nuclear structure in the continuum.
Provides spin—parity distributions.

Useful for surrogate reactions.

Need for optical potentials.

Need to address non—locality.

Can be generalized to other three—body problems.

Can be extended for (p, d) reactions (hole states).
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The 3-body model

From H to Hsp
o H=Ty+ T+ Ha(§a) + Vpn(rpn) +
Van(ran,€a) + Vap(rap: €a)
o Hig = Tp + T,+ HA(fA) +
Vin(ron) + Uan(ran) + Uap(rap)
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Observables: angular differential cross sections (neutron

bound states)

@ capture at resonant

energies compared with

e direct transfer (FRESCO)
calculations,

=)
T T T T

W,,=0.5 MeV

do/dQ (mb/sr)
T

@ capture cross sections
rescaled by a factor

(G| Wan|dn)m

=]
T
-
I}
=y

oot T EIE A A e ey Ly
40 60 80 e100 120 140 160 180

double proton differential cross section

&9 _ 2w 2/‘ ram k)Y (0)]° W(ran) dr
dQPdEp Vd (lelp Bni K An Bn-

I,m,lp
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Observables: elastic breakup and capture cross sections

70

I T I T I T I T [
- “Nb (d.p) @ 15 MeV |

- capture
- elastic breakup
= total

T
P

elastic breakup and capture cross sections as a function of the proton

energy. The Koning—Delaroche global optical potential has been used as

the Ua, interaction (Koning and Delaroche, Nucl. Phys. A 713 (2003)

231).
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—orthogonality term

24
[ *Nb(d,p)
s E=25.5MeV
S a=10°
O -
=151 -
g
§127 -
o
wor
B 9 ]
5er

00— . . : — : : : :

=)

d?o/dEJQ (Mb/MeV sr)

East Lans
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Obtaining spin distributions

0 p

®Nb(d,p)  [=3]_ -\
EF15Mev 7

TITTTTTTT

2

o

T T T T T

20

do/dE (mb/MeV)

[ L AT, |

4 6 8 10 12 14 16 18

spin distribution of compound nucleus

do 27 _ 2
B = 7B Y [ Lo (rani k) Wirao)

Ip,m
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Getting rid of Weisskopf-Ewing approximation

SRR RS RN RN R 2.5
A 235U(n,f) A Cramer et al. [6] 1 . .
“ —-eormay 12° o Weisskopf—Ewing
415 5 approximation:
i L{E@%{ﬁmﬁg £, 3 P(d, nx) = o(E)G(E, %)
[ 1os @ inaccurate for x = and for
r | x = f in the low—energy regime
R 00
T T y @ can be replaced by P(d, nx) =
) AAA‘ e Present work ] ) ZJJTO—(E7J77T)G(E7J77T’X) |f
o6 3 o(E,J,m) can be predicted.
- %ﬁﬁmﬁmﬁ@— s &
0.2 S E,310 MeV
- . 2
cov v by byr by b 0.0 E“”
0 05 10 15 20 25 °
E, (NjeV) 5:/ -
Younes and Britt, PRC L
68(2003)034610

East Lansing, July 19th 2016 slide 22/27



Introduction

We present a formalism for inclusive deuteron—induced reactions. We thus
want to describe within the same framework:

./'

.-

elastic breakup

direct transfer

./'

compound nucleus .

East Lansing, July 19th 2016

@ Direct neutron transfer: should be

compatible with existing theories.

Elastic deuteron breakup: “transfer”
to continuum states.

Non elastic breakup (direct transfer,
inelastic excitation and compound
nucleus formation): absorption above
and below neutron emission
threshold.

Important application in surrogate
reactions: obtain spin—parity
distributions, get rid of
Weisskopf—Ewing approximation.
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Historical background

breakup—fusion reactions

10

\ CHBI E " 126 Moy
/ o Alpha Parficles
© Protons

T T T T

o

T T 7T

(bmm/lhmdian)

0+Bi Ej,,= 168 Mev

o
aq

»
T T TTTTR

/

gy
Britt and Quinton, Phys. Rev. 124 (1961) 877

protons and a yields
bombarding 2°°Bi with
2C and '°0

East Lansing, July 19th 2016

[ T I W R NI L1 1a

PRaT

Kerman and McVoy, Ann. Phys.
122 (1979)197

Austern and Vincent, Phys.
Rev. C23 (1981) 1847

Udagawa and Tamura, Phys.
Rev. C24(1981) 1348

Last paper: Mastroleo,
Udagawa, Mustafa Phys. Rev.
C42 (1990) 683

Controversy between Udagawa
and Austern formalism left
somehow unresolved.
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2—step process (post representation)

East Lansing, July 19th 2016

N
- breakup (xp| V | daxdda)

N i
® ®

A A
. J

. propagation of n in the field of A )

to detector
p non elastic breakup P

elastic breakup

e

.G. ' \
n
B* A

\_ J
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Weisskopf-Ewing approximation

W-E approximation . .
Tar(E) = 3 0 (Eo 1, G (Eo 1, ) il VEE,) = 0N (E)GNE)

"V\/eisskopf—Ewing approximation: probability of y decay independent of J,

T
o4r (e) Distrib. 1 7

(b) IS.Gd(n:{l

02 Bl

i B

04F (f) Distrib. 2

02f 1

P e S

o4f (g) Distrib. 3

02f 3

._:—’_,—k_‘—\_‘

o4r (h) Distrib. 47

h

02 E

0.01

0123 4

Angula momentum 1 0.1 1
\ Escher and Dietrich, PRC 81 024612 (2010) Neutron energy [MeV] /
Different J,m Different cross section for y emission

8 910112

Weisskopf—-Ewing is inaccurate for (n,~) |
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Weisskopf—Ewin imation

(9 Distrib. 2

_:—‘_'—lﬁ—|_.

(g) Distrib. 3

Reference cross secti
Direct measurement

1 : ' 0.1
Escher and Dietrich, PRC 81 024612 (2010) Neutron energy [MeV]
Different J, 1 Different cross section for y emission

We need theory to predict J, 7 distributions J

East Lansi
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Inclusive three—body cross sections

January 31, 2017
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Introduction

General description of experiments in which we measure the energy of final
product A and do not measure the energy of final product B:

d
dE,(E) ~ 2 l(oacglviv)

= (W|VT|¢adB)S(E — Ea — EB){dpdal VIV)

n

= S lim (|Viga) >

n

48)(05

m(éfm\v’w

Main challenge: get the B—system propagator Gg = ) % \
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ICNT Workshop " Deuteron—induced reactions and beyond:

Inclusive breakup fragment cross sections” (July 2016)

Januar

structure

W. Dickhoff (St. Louis)
J. Rotureau (MSU)
J. Escher (LLNL)

31, 2017

reactions

B. Carlson (Sao Paulo
A. Moro (Sevilla)
F. Nunes (MSU)
M. Husein (Sao Paulo)
P. Capel (Bruxelles)
G. Potel (MSU)

experiment

G. Perdikakis (CMU, NSCL)
A. Macchiavelli (LBNL)
S. Pain (ORNL)
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Recent results (1): Ca isotopes

“*Ca(d,p)

E;=20 MeV

“Ca(d.p)
E~20 MeV
— total | |
- = EB
NEB| -
“Ca(d.p)

[ Ca(d,p)
[ E=20 MeV
S
0
= P WSS
3 g
£
=2} T T T T T T T
4
S .l “Ca(d,p)
E~40 MeV
January 31, 2017
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Recent results (11): Ca isotopes

“Ca(d.p)

“Ca(d;p)

w0 4
o = “Ca(dp), E=56 MeV = “Ca(d.p), E~40 MeV
3 2 0, e A
< 2 oa Tesonance r g9 ground state resonance
= g b 4 E F
] = &
2, g g
© 3 -%
© £ < ol
!
0 L 0.0, L
v i v 0 30 0 £
Ocy oM
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e Implement (p, d) (with DOM optical potential from Wim Dickhoff
and Mack Atkinson).

@ Include non-locality in the propagator (with Weichuan).

@ Use Coupled—Clusters propagator (with Jimmy).
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Derivation of the differential cross section

the double differential cross section with respect to the proton energy and
angle for the population of a specific final ¢

T =2 WED) (ol v W)

Sum over all channels, with the approximation W(+) ~ XdPdPA

2

d’c 27
N =
d0,dE, ~  hvg" )

X Y (xdbadal V [xpd) 6(E — Ep — ES) (95Xp| V | axada)

X4 — deuteron incoming wave, ¢4 — deuteron wavefunction,
Xp — proton outgoing wave ¢4 — target core ground state.
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Sum over final states

the imaginary part of the Green's function G is an operator representation
of the d—function,

95) (¥5]
E, — Hg + ie

=36

76(E — E, — ES) _|.mJZE

d%o B i £ y c y
dQ,dE,  hvg P(Ep)S (XddaPal V' [Xp) G (Xp| V [ $axXa¢d)

@ We got rid of the (infinite) sum over final states,
@ but G is an extremely complex object!
o We still need to deal with that.
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Optical reduction of G

If the interaction V' do not act on ¢4

(XdPdPal V [Xp)G (xp| V | daXdPd)
= (Xa%d| V |xp) (04l Glda) (Xp| V | Xad®d)
= (Xd%d| V |xp) Gopt (Xp| V | Xaa)

where G, is the optical reduction of G

G I 1
= lim
P S0 E —Ey— Tp— Upn(ran) + i€’
now Uan(ran) = Van(ran) + iWan(ran) and thus G, are single—particle,
tractable operators.

The effective neutron—target interaction Ua,(ra,), a.k.a. optical
potential, a.k.a. self-energy can be provided by structure
calculations
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Capture and elastic breakup cross sections

the imaginary part of Ggp: splits in two terms

elastic breakup .
A non elastic breakup

k2 —TN—
SGope = =7 ) _ |xn)d (E —Ep— 2m> (Xn| + Gopt Wan Gope.
kn "

we define the neutron wavefunction [1,) = Gopt (Xp| V' | Xd®d)

cross sections for non elastic breakup (NEB) and elastic breakup (EB)

d?c 2
=——p(E n Wn n/ s
o] 2 Ep) (ol Wan 1)
Fo 1 2 (B [oxexel V Il
dedEp - thp P p n XHXP Xd d )
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2—step process (post representation)

Januar

31, 2017

N
@ v o

N =
® ®

A A
. J

. propagation of n in the field of A )

to detector
p non elastic breakup P

elastic breakup

e

@+ 0X
n
B* A

\_ J
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Austern (post)-Udagawa (prior) controversy

The interaction V can be taken either in the prior or the post
representation,

o Austern (post)— V = Vpost ~ Vpn(rpn) (recently revived by Moro
and Lei, University of Sevilla)

e Udagawa (prior) — V = Vyior ~ Vaan(ran. £an)

in the prior representation, V' can act on ¢4 — the optical reduction gives
rise to new terms:

d2 post 2 ) )
deCOI-Ep:| — _ m (Ep) [% < wﬁnor‘ WAn |wﬁr/or>
+ 2 (VNN Walwf® ) + (6NN Wan [£5OV) ]

where VOV —

<Xp| Xd¢d>

The nature of the 2—step process depends on the representation )
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neutron wavefunctions

the neutron wavefunctions

|7wbn> — Gopt <Xp‘ v ‘Xd¢d>

can be computed for any neutron
2 : —

energy

bound state — E =2.5MeV
— E =7.5MeV

P transfer to resonant and
N~ non-resonant continuum
well described

scattering state N

. . | . .
0 5 10 15 20 25 30
IBn

these wavefunctions are not eigenfunctions of the Hamiltonian
HAn = Tn + gfe( UAn)
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Breakup above neutron—emission threshold

proton angular differential cross section

00— T T T T3
E — L= E
L ®Nb (d,p), E;=15 MeV — = ]
10 L= .
L=3 E
— L=4 E
< L=5 ]
% - total 1
E =
& 3
2 .
£ .
c o1k _
B ¢t E
s F e e TS 3
T 0 [ OO U )
0.01 e .
- E,=9MeV E =3.8 MeV :
0001‘ P N NN RN R R R B B
=0 20 40 60 80 o 100 120 140 160 180
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neutron transfer limit (isolated—resonance, first—order

approximation)

Let's consider the limit Wa, — 0 (single—particle width ' — 0). For an
energy E such that |E — E,| < D, (isolated resonance)

G~ lim |&n) (¢n] .
Pt Ways0 E — Ep — Ep — i{n| Wan|én)

with |¢p) eigenstate of Ha, = T+ R(Uan)

d?c .
lim (xq%d| V' [xp)

dQ,dE, " W0
|¢n> <¢n| WAn|¢n><¢)n|
(E - EP - En)2 + <¢n| WAn|¢n>2

(Xpl V [ xdPd) ,

we get the direct transfer cross section:
d’c
dQ,dE,

~ | <Xp¢n| V' | xd9d) |25(E —E, - E,)
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Validity of first order approximation

For Wy, small, we can apply first order perturbation theory,

NEB
4o oo Q)] 1 (Dn|Wan|dn) dan(Q)] transfer
dQ,dE, T (En — E)* + (¢n|Wan|pn)2 dQ
& —‘ co‘mplet‘e calc‘ulation
100 - first order i o : 4
g m iwAn=o.5 MeV] § § 7 S'W"-_TO M)
p o s CES : 7
e Py P - ‘ ;
E E E

we compare the complete calculation with the isolated—resonance,

first—order approximation for Wy, = 0.5 MeV, Wy, = 3 MeV and
Wa, = 10 MeV
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Application to surrogate reactions

J

anuary 31, 2017

I ¥ Desired reaction: neutron induced fission, gamma emission and

neutron emission. 0 i
0ﬁssmn
@
. ~
ne ° ‘ O—' gamma
A . emission
T
SA neutron

\ emission

\

% The surrogate method consists in producing the same compound
nucleus B* by bombarding a deuteron target with a radio active
beam of the nuclear species A. / °®

fission
)

-~
‘_’ ® ‘ ~_, gamma
d ~. emission

A
I
S neutron

emission

\.

J\.

¥ Atheoretical reaction formalism that describes the production

of all open channels B* is needed.

)

S|
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Weisskopf-Ewing approximation

W-E approximation

Tar(E) = Y 0N (Eey, J, MG Ey, ], ) IWE(E,) = oSNEL) GN(Ee,)
"V\/eisskopf—Ewing approximation: probability of y decay independent of J,

T

o4r (e) Distrib. 1

04F (f) Distrib. 2

(b) 15.Gd(n:{l B

02f 41—

04 (g) Distrib. 3

o2f B

o4 (h) Distrib. 4 Re section
. Direct measurement

—— —— ~ 0.01 -
U miernn " ol
\ Escher and Dietrich, PRC 81 024612 (2010) Neutron energy [MeV] /
Different J,m Different cross section for y emission

Weisskopf—-Ewing is inaccurate for (n,~)
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Weisskopf—Ewin imation

(9 Distrib. 2

_:—‘_'—lﬁ—|_.

(g) Distrib. 3

Reference cross secti
Direct measurement

1 : ' 0.1
Escher and Dietrich, PRC 81 024612 (2010) Neutron energy [MeV]
Different J, 1 Different cross section for y emission

We need theory to predict J, 7 distributions J

January 31, 2017 slide 20/30



Disentangling elastic and non elastic breakup

BNb(d, p) (Mastroleo et al., Phys. Rev. C 42 (1990) 683)

' 93 =
proton singles Nb(d,p) E, 15:!\(/)lt‘:"vcompound nucleus spin distribution

AL R B L T T T T T T T T
total proton singles 1 \

60+ 7 25E ./ . El

i 1 / —{J=3
N compound nucleus < E . \ E|
é 40 |formation % 20 I./ \ E
re) S E . . E
£ g 15 / ! = ]
= . \ o~ E|
w L E . \ 3
% 20+ ° 10 /. \ Ve A
) -—~ . - 3
3 3 <. ~ ~T- - J=0 \ E
L . 5F J N
. 7,0 . 3
o J— dh P R S N TR R 0 e e — Tt sy s o

2 4 6 8 10 12 14 16 18 4 8 12 16
E, (MeV) E, (MeV)

@ We obtain spin—parity distributions for the compound nucleus. ’

@ Contributions from elastic and non elastic breakup disentangled.
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Extending the formalism

compound "*Tm formation cross section
100

— "9Er(3He,d)@20 MeV

©
o

— "Er(d,n)@15 MeV

~ o]
o o

(2]
o

do/dE (mb/MeV)

N
o

10

We can also transfer charged clusters J
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Summary, conclusions and some prospectives

We have presented a reaction formalism for inclusive
deuteron—induced reactions.

@ Valid for final neutron states from Fermi energy — to scattering
states

@ Disentangles elastic and non elastic breakup contributions to the
proton singles.

Probe of nuclear structure in the continuum.
Provides spin—parity distributions.

Useful for surrogate reactions.

Need for optical potentials.

Can easily be generalized to other three—body problems.

Can be extended for (p, d) reactions (hole states).
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The 3-body model

From H to Hsp
o H=Ty+ T+ Ha(§a) + Vpn(rpn) +
Van(ran,€a) + Vap(rap: €a)
o Hig = Tp + T,+ HA(fA) +
Vin(ron) + Uan(ran) + Uap(rap)
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Observables: angular differential cross sections (neutron

bound states)

@ capture at resonant

energies compared with

e direct transfer (FRESCO)
calculations,

=)
T T T T

W,,=0.5 MeV

do/dQ (mb/sr)
T

@ capture cross sections
rescaled by a factor

(G| Wan|dn)m

=]
T
-
I}
=y

oot T EIE A A e ey Ly
40 60 80 e100 120 140 160 180

double proton differential cross section

&9 _ 2w 2/‘ ram k)Y (0)]° W(ran) dr
dQPdEp Vd (lelp Bni K An Bn-

I,m,lp

January 31, 2017 slide 25/30



Observables: elastic breakup and capture cross sections

70

I T I T I T I T [
- “Nb (d.p) @ 15 MeV |

- capture
- elastic breakup
= total

T
P

elastic breakup and capture cross sections as a function of the proton

energy. The Koning—Delaroche global optical potential has been used as

the Ua, interaction (Koning and Delaroche, Nucl. Phys. A 713 (2003)

231).
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Sub—threshold capture

0,

50|

W,,=0.5 MeV 1
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—orthogonality term

24
[ *Nb(d,p)
s E=25.5MeV
S a=10°
[} L
=151 ]
g
§127 -
o
wor
B 9 ]
5er

00— . . : — : : : :

=)

d?o/dEJQ (Mb/MeV sr)
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Obtaining spin distributions

30— \ \
FNb(d,p)  [=3 ]
BEE =15 MeV . E
E /
g zog ./ E
é 15E 'I 1
= F / L=2 E
T | / Sy
6 10F . 3
© E / - - 7 \ El
E M - L=0 \ g
st dr A%
E 7yl Y
0: e | F o njia s s oY
4 6 8 14 16 18

spin distribution of compound nucleus

Januar

do _ 2m
dE, ~ Ty

€)Y [

Ip,m

‘@/mlp(an; kp)‘2 W(fAn) drgp.

31, 2017
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Getting rid of Weisskopf-Ewing approximation

SRR RS RN RN R 2.5
A 235U(n,f) A Cramer et al. [6] 1 . .
“ —-eormay 12° o Weisskopf—Ewing
415 5 approximation:
i L{E@%{ﬁmﬁg £, 3 P(d, nx) = o(E)G(E, %)
[ 1os @ inaccurate for x = and for
r | x = f in the low—energy regime
R 00
T T y @ can be replaced by P(d, nx) =
) AAA‘ e Present work ] ) ZJJTO—(E7J77T)G(E7J77T’X) |f
o6 3 o(E,J,m) can be predicted.
- %ﬁﬁmﬁmﬁ@— s &
0.2 S E,310 MeV
- . 2
cov v by byr by b 0.0 E“”
0 05 10 15 20 25 °
E, (NjeV) 5:/ -
Younes and Britt, PRC L
68(2003)034610
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