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Application of transfer reactions

® Goal: Test the Macfarlane & French transfer sum rules

N

[Z(2j + DC?Saading + ZC* Sremoving]

(2j + 1)

® Measure reactions on 4 stable Ni isotopes (°8,60,62,64Nj)

® Measure cross sections and check orbital angular momentum
assignments

® Extract reduced cross sections
* Normalize to orbital degeneracies

® |[nvestigate robustness of results

® Deduce orbital occupancies and single-particle energies

l'& g& Argonne@ ‘ Physics Division
NATIONAL LABORATORY




How to best test the sum rules?

® Obtain systematic and clear data under near identical
experimental conditions

e | arge number of stable isotopes w/ robust targets
e Well known spin-parity assignments

® Choose reactions best matched momentum for the transfer
® Requisite particles and beam energies

® Measure large fraction of single-particle strength
e Sum rules assume full strength identified

e Consistent calculations used for reduction cross sections
(Spectroscopic factors)

e |[s there are common normalization factor for “all” nuclei?
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Question

e Which of the following reactions is best suited to study the
single-neutron states in these Ni isotopes

A) (6Li,d)
B) (d.p)
C) (d,d")

D) (3He,t)
E) (14C,10C)




Question

e Which of the following reactions is best suited to study the
single-neutron states in these Ni isotopes

A) (6Li,d)
B) (d.p)

C) (d,d")

D) GHe,t)
E) (14C,10C)

Answer: B) single-neutron adding and removing reactions
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Choice of Reaction Type

® Single-neutron adding probes vacancies (# of holes)
® Single-neutron removal probes occupancies (# of particles)

® | ow energy elastic scattering provides reliable absolute cross
sections
’ — # ~ Vacancy




Choice of Reaction Type

® Single-neutron adding probes vacancies (# of holes)

® Single-neutron removal probes occupancies (# of particles)

® | ow energy elastic scattering provides reliable absolute cross
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Choice of Reaction Type

® Single-neutron adding probes vacancies (# of holes)
® Single-neutron removal probes occupancies (# of particles)

® | ow energy elastic scattering provides reliable absolute cross

sections
' - # of target
particles

',
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Question

e \Which reaction is best matched for I = 4 neutron transfer on
64N;i?

A) (d,p) Q = +3.9 MeV

B) BHe,t) Q =-1.7 MeV

C) (4He,3He) Q = -14.5 MeV
D) (4He,t) Q =-12.4 MeV




Question

e \Which reaction is best matched for I = 4 neutron transfer on
64N;i?

A) (d,p) Q = +3.9 MeV

B) BHe,t) Q =-1.7 MeV

C) (4He,3He) Q = -14.5 MeV
D) (4He,t) Q =-12.4 MeV

Answer: C) (4He,3He) Q =-14.5 MeV




Choice of Reaction Type

Momentum matching conditions

e Strong Q value dependence, along with beam energy and radial dependence

RN
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Estimated Cross Sections & Distributions

® Calculated differential cross sections from DWBA with global
Pd rameter sets [e.g., An & Cai, PRC 73 (2006), Becchetti & Greenlees PR (1969)]

® Angle dependencies and momentum matching

I=1-1p3/3¢1/2y =32 0f5,, 1=4-08;,

®*Ni(d,p) E4 = 10 MeV . *Ni(a,°He) E,, = 38 MeV

........................................................................
'

----------------------------------------------------------------------

do/d® [mb/sr]
o
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Estimated Cross Sections & Distributions

® Calculated differential cross sections from DWBA with global
Pd rameter sets [e.g., An & Cai, PRC 73 (2006), Becchetti & Greenlees PR (1969)]

® Angle dependencies and momentum matching

(d,p) & (p.d) (a,"He ort) 1=4
20 |
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Estimated Cross Sections & Distributions

® Calculated differential cross sections from DWBA with global
Pd rameter sets [e.g., An & Cai, PRC 73 (2006), Becchetti & Greenlees PR (1969)]

® Cross section and angular distribution sensitivity to incoming

beam energy

%4Ni(c,3He)®°Ni
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Summary of Reaction Conditions

Reaction Beam energy (MeV) Hrap (deg) FWHM (keV)
(d.p) 10 15 33

35
(p.d) 28 10 43

23
{(e,"He) 38 7 50
(*He.w) 25 5 75

® Measure each reaction on each target

* x4 targets, x4 reactions, x6 angles — a lot of measurements

e Completed in ~5 days of beam time
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Experimental setup and data

e Yale ESTU tandem and Enge split-pole spectrograph

SPLIT - POLE MAGNETIC SPECTROGRAPH

Optic Axis MR Fluz=meter
Probes

Entrance

screw o _
Correct for A Return
Kinematic Shift  j ) oke
: - Surface
Heavy-lon ? 5I'] IIE'['
Detector Seake (o)
Dimpensions of the 2plit-Pole Spectrograph are showr in the drawring wwhere

trajectories of particles with two different Bp's are indicated
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Target Thicknesses and Cross Sections

ONi(c,0) at 9 MeV

o scattering in I
Rutherford regime ‘
09
0.8
drz OR) = mray |
- T
5°0.6
Yr = # of observed particles © 05
np — # of beam particles 0.4
| tp — # target particles | 0360 20 30 40 50 80 70 80 %0
: Anglecyy [deg]
Qg — Detector solid angle
Nucleus Thickness (pg/cm?) Purity (%)
t R= YRQ o S8Ni 211 99.6
n 60Nj 204 99.7
R aQR( R) R 62Ni 219 96.5
84Ni 160 91.0

& Argonne@ ‘ Physics Division
NATIONAL LABORATORY



S
Raw counts to cross sections

» Key to have reliable absolute cross sections with small
systematic and statistical uncertainties

e Same target position and aperture as Rutherford scattering

data
d Y
a00) = o

Y = # of observed particles

do 0
- i -1
n — # of beam particles do (9) _ m( R) R Y
t — # target particles df) YR n
Q - Detector solid angle *
do _F Y
Absolute cross sections within ~5% m(@) - n
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Examples of data taken

_I 1 1 I 1 1 I'I 1 I 1 1 I 1 1 1 T‘IT _
60Ni Target: Identification of the ook haep g |-
protons in (d,p) - it b
(a) (€) v
5 10
£ z
3la -
ST O
1000 |- Ni{a, *He) [EEE
(d) N [ ™ ty ]
e S - - 't
% _ : . € - . | + -
_-?. i o ; = L e AW 415 |[|'|]_— 1!, | —
-E-:Int-iilalur Focal plane position Focal plane position N + I\ ’r‘ ’1 ! + -
Well known excitation energies; MML%MM
500 I 15 2000 2500
small backgrounds: ~10% or less Excitation Energy (keV)
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Confirmation of / Assignments

® Did not measure full ang. dist.

® Check though by looking at ratios
of measure cross sections

® Dot size proportional to cross

section
(d,p) & (p.d) (*He.d) (. *He ort) 1=4
2{] T e e e e e ey e e e rer ey rrrr e e et |||_| LU L L L
S Rl A eNDN

(e, He)

=

ol ) (arbitrary units)
=]

(d.p)5/(d.phis

Led = LA
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Reduced cross sections: Relative
Spectroscopic Factors

e Normalize the calculated cross sections to measured cross
sections

® Distorted wave Born approximation (DWBA) calculations
(~10% variations between parameter sets)

® Global potentials: Parametrized to data as function of Beam E,
Target Z, & A
Calculated cross section for

Statistical “pure” single-particle like
factor state Final state
do do
9. ==

]
—_— sy g ! [
dQ) | Measured 4 7 dS)IDWBA Sl]
Amount of overlap Initial state +
between initial and final + . nucleon
states
Spectroscopic Factor
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Consistency of Reduced cross sections

® Spectroscopic factors (S) for 1.00

| | |
| = 3 states Neutron adding <
[ | Neutron removal o %
® Deduced from both Proton adding i
reactions from Z=1 & 2 v 5
projectiles 0.101- . 3 _
s T %ﬁ %
°e.g., (d,p) & (4He,3He) - o o E X .
v o
o
 Small deviations for states . 7
. . e
with maximum strength v
0.0l _
(S >~0.1) vy
. v
al | ¥ | |
0.01 0.1 |
S
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Was a majority of the strength measured?
e Strength (GS) — (2j+1)C2S for neutron adding, C2S for removal

e E, — Energy of (/ = 1) state relative to binding of target ground
state

e Fits suggest < 3-5% of strength lies above Ey = 3.5 MeV

4[":' | T | T | I | I | I | ‘TIE-NJ 4':}
. (p.d) (d,p) '
1.00 - Ty “Ni _|
osof ¢ o TtlllirTe N o
. " [ ] oo h_1N'| 40
2 B T » 1 ] 2 |
> 0.10 - ! il — =
T Le e lllit - o
0.04 - ’ d s - |
s ¥ "
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0.01

A
|
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Extract normalization value using sum
rules for each target

Orbital (njl)
Vacant
s -
L]
Occupied
Neutron Adding Neutron Removal Degeneracy:
probes vacancy probes n — 9 +
[# of holes] occupation V+O=2+1
[# of particles] [1p3/2=4]
Normalization
Macfarlane & N=— [TQ) + 1)CSuing + EC Seomoving]

French SUM RULE (2j+1) [for single orbital]

Macfarlane and French, Rev. Mod. Phys. 32, 567 (1960) @
& Argonne Physics Division




Normalize the S values for each Ni isotope

® Three different ways to
| 1P1/2 ¢ ¢
normalize 0f5)5 ——00000—
e /=1 from (d,p)/(p,d) 'Pas ’ .28. ’
e /=3 from (d,p)/(p,d) M2

e /=3 from (4HE,3He)/(3He,4He)

Macfarlane & French SUM RULE

OSum1p3/2+1p1/2=6—>/=1

N [E (ZJ + 1 }Clsadding + X CE Sremm'ing]

2j + 1)

e Degeneracy Of;p =6 = /=3
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Results of the Normalization for Z = 28

Summed Spectroscopic Factors

The Macfarlane and French SUM RULES are
shown to be robust!!

Neutron adding strength = -
fs]
Neutron removal strength 2
T g
g | =3 |
o Combined (e, *He)+(*He,cr) &.{d p)-i{_pa']
Nucleus Ng=] Ng=3 Ng=3,a ]
8Ni 0.527 0.528 0.518
0N 0.548 0.503 0.464 B
62Ni 0.558 0.554 0.471
4N 0.566 0.480 0.433 —
Mean 0.550(15) 0.517(28) 0.471(30)
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Results of the Normalization for Z = 28

Nucleus N,E:] N£=3 N£=3,a
BNi 0.527 0.528 0.518
0N 0.548 0.503 0.464
02Ni 0.558 0.554 0.471
64Ni 0.566 0.480 0.433
Mean 0.550(15) 0.517(28) 0.471(30)

Similar normalizations for each isotope!!
Independent of orbital!!
< 10 % deviation
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Results of the Normalization for Z = 28

Nucleus N,E:] N£=3 N£=3,a
BNi 0.527 0.528 0.518
0N 0.548 0.503 0.464
02Ni 0.558 0.554 0.471
64Ni 0.566 0.480 0.433
Mean 0.550(15) 0.517(28) 0.471(30)

Good agreement for the normalizations across the different methods
< 20% deviation
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Results of the Normalization for Z = 28
The Macfarlane and French SUM RULES are shown to be robust!!

Nucleus Ne—1 Ni—3 Nz

BNi 0.527 0.528 0.518

ONi 0.548 0.503 0.464

©2Ni 0.558 0.554 0.471

64N 0.566 0.480 0.433

Mean 0.550(15) 0.517(28) 0.471(30)
Deuteron Proton Bound state Normalization
[12], fixed [13], fixed [15] 0.492 £+ 0.020
[16] [13], fixed [15] 0.646 & 0.041
[17] [13] [15] 0.568 £+ 0.037
[12] [13] [15] 0.550 £ 0.015
[18] [19] [15] 0.572 &+ 0.051
[12] [13] [13] 0.475 £ 0.018
[12] [14] [14] 0.561 &+ 0.022

Different optical parameters for (d,p)(p,d) / = 1 still shows consistency
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Global Consistency of the Normalization

Number of rms
Reaction, ¢ transfer determinations F, spread
(e.e'p), all € 16 0.55 0.07
(d.p). (p.d), € =0-2 40 0.53 0.09
(d.p). (p.d), € =0-3 46 0.53 0.10 1 a add o e
(aHe), CHe,a), £ = 4-7 26 0.50 0.09 = i i 3
(a*He), CHe,a), £ = 3-7 34 052  0.09 F‘? {2j + 1}[2(gnw)j + z(gnw)j ] —sameas N
(*He.d), € = 0-2 18 0.54 0.10
(*He.d), £ = 0-4 26 0.54 0.09
(at), £ =4-5 14 0.64 0.04
(a,0), £ =3-5 18 0.64 0.04
All transfer data” 124 0.55 0.10
“Rows 3, 5, 7, and 9.
1.2||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
: @ ®) 1 © 1 @
1Ok 1 1 1 i
PROTON KNOCKOUT | NEUTRON TRANSFER NEUTRON TRANSFER PROTON TRANSFER
0.8} 1 o 1 1 i
= | I o) 1 T
3 ﬂ.ﬁ-qﬁ ¢$ 4 & L 8] ii A 2] B@ .
A PR E
04F ™ o 1 + 7 4 .
0.2- , - 1 3 3 - (*He, d)[squares] -
_ (e, e'p) I (d,p) and/or (p,d) (o,”He) and/or (*He,a) | (, 1) diamonds]
oo v v ey 1 1 MEPE I B B i | BT R R B | B B R R
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
MASS (A)

Kay, Schiffer, Freeman, PRL 111 (2014)

Lk
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Success of Sum Rules Procedures

e Systematic test of the Macfarlane and French sum rules was
carried out on the stable even-even Ni isotopes

e Care was taken in the experiment to extract reliable and
consistent absolute cross sections

e Common procedures were used to reduce the cross sections
to spectroscopic factors (reduced cross sections)

e Consistent values for the normalization value (N) using the
sum rules was obtained for each of the different targets

¢ \Value of the normalization is common across all nuclei (N ~
0.4 - 0.7) using consistent optical model parameters
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Extract normalization value using sum
rules for each target

Orbital (njl)
Vacant
s -
L]
Occupied
Neutron Adding Neutron Removal Degeneracy:
probes vacancy probes n — 9 +
[# of holes] occupation V+O=2+1
[# of particles] [1p3/2=4]
Normalization
Macfarlane & N=— [TQ) + 1)CSuing + EC Seomoving]

French SUM RULE (2j+1) [for single orbital]

Macfarlane and French, Rev. Mod. Phys. 32, 567 (1960) @
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Determination of Neutron Occupancies

Sum only the neutron removal strength (OR 2j+1 - adding strength)

Occupancy

Neutron Occupancies

0992

1p4/2
0f5/9

1p39

0f7/o

0d;),
1840

0d5)9
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Applications: Single-Neutron Strength and
Single-Neutron Energy Centroids

| Neulron-adding sirangth | | @ Experiment ]
e e e T e e —, = e . - o GXPFIA -
1 =] | =] e s :

Centroid Excitation (MeV )
in
|

1.0+ —
| 1Py
B ey .
2 Wz 05— —
| Jguz B
. | T R R B
'%]’ 50 6l 63 [
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Protons Occupancies and Centroids

® Only measured proton adding reactions — additional
assumptions made e.g., robust Z = 28 shell closure

Observed Proton Vacancies

Binding Energy (MeV)

A&

- O T.Centroid Energies

@® Combined T_ & T. Centroids =

5/2

/2
3z

=)
|

b

i
=l

i
oo

ra
T

Ipy, | B
ﬂrjiz
1ps; .&M _|
x{ i
-
\;\' |
u I _
T
®
| | | | L |
56 58 60 62 64
A
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Question

* \Who are the defending National Champions in College

Football? (Hint: Their quarterback also won the Heisman
Trophy!!)

A) Michigan State University Spartans
B) University of Connecticut Huskies
C) Florida State University Seminoles
D) A school from the SEC

E) If football = soccer

Physics Division
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C) Florida State University Seminoles!!

Zl!M
!AI!@!!AL

CHAMPIONS
Lt
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Thank Youl!

Email: crhoffman@anl.gov
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