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Outline

e Overview of nuclear reactions

e Transfer reactions

® Observed and extracted information
® Techniques

e Normal vs. Inverse kinematics

e Systematic test of the sum-rules

e Start-to-finish example

‘ \'K Argonne@ ‘ Physics Division
NATIONAL LABORATORY



TR
Nuclear Reactions

* Which of the following is NOT a correct expression for a
nuclear reaction?

1. 48Ca(d,p)49Ca

2. 38Ni(46Ti,4n)100Sn

3. 160(p,p")15N

4. 9Be(44S, 9Be)42Si+2p
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Nuclear Reactions

* Which of the following is NOT a correct expression for a
nuclear reaction?

1. 48Ca(d,p)49Ca

2. 38Ni(46Ti,4n)100Sn

3. 160(p,p")15N

4. 9Be(44S, 9Be)42Si+2p

Answer: 3) = 160(p,p')1e0




Selectivity of the Reaction Mechanism

® | ow-energy (<1000 MeV/u) nuclear physics

¢ Knock-out / nucleon removal
® Fusion-evaporation

® Transfer

® Deep inelastic

e Scattering (elastic / inelastic)

e Capture
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Fusion Evaporation vs. Direct Transfer

Compound
nucleus

*A+b=C->D+X
® 12C(180,3N)27Si*

e Compound system has NO
memory of its formation

® Evaporated particle energies
give excitation energies of

Evaporated
particles final states
® Two-body A(b,c)D
Target nucleus Recoll
e 16 170%*
Light projectile O(d:p) O
® Qutgoing particles DO
retain knowledge of
transferred particles
Outgomg ion

&K Argonne@ ‘ Physics Division

NATIONAL LABORATORY



Knockout Reaction vs. Direct Transfer

Recoil e A+b=c-Xn _Xp
°® 9Be(44S,-1p1n)42P*

* Momentum distribution
of recoil reflects orbital
momentum transfer

Knocked out
nucleons

® Two-body A(b,c)D

Recoil

Target nucleus

Light projectile ¢ 160(d,p)170*
. . ® Qutgoing particles DO

retain knowledge of

transferred particles

Outgomg ion
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Transfer Reactions

Single-nucleon Two-nucleon

[e.g., (d,p), (3He,d), (o, 1)] [e.g., (t,p), (BHe,p), (o, d)]
* Single-particle states e Pair transfer (2n, d, etc.)

Charge exchange Surrogate reactions

[e.g., (p.n), BHe,t), (t,3He)] [e.g., (6Li,d), (“Li,t), (d,n)]
e Gamow Teller Strengths * Mimics the analogous particle
* |[sobaric analog states transfer
Heavy lon

[e.g., (13C,12C), (12C,10Be), (14C,10C)]
* Highly selective
* Exploratory
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Transfer Reactions: Measured Quantities

* Momenta and angles of outgoing light particles [or heavy-ion

recoils] .
Reaction: A(b,c)D
[e.g., 208Pb(3He,d)209Bi]
]
IR IR 0 IR 1./
BEp/=Mp + Efy = /M2 +E2 —2.E., {E.

E =[f(E.0,)

C

Q

(BE. + BEp) - (BE, + BE;)
|
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Transfer Reactions: Measured Quantities
[Q(g.S) = +2.92 MeV]
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Transfer reactions: Measured quantities

Cross sections - Yields as a function of angle
[differential cross section: millibarns per ster radians (mb/sr)]

Rutherford Scattering
[V = Coulomb]
der [zEez]E 1

dQ (4?(."':1]:]2 (4Ekin:]2 sin? (E}'{g)

cross section = are of ring of radius b

and Widthdb/

Particles hitting the ring between
b and b+db are scattered by an

angle between @ and 9+<9
/ They are scattered into a larger

ring on a sphere with the
scattering nucleus in its center

Transfer Reaction
[V = Nuclear + Coulomb]

Solid angle of the
entire ring :

dQ = ZJrRsin(ZG)Rdﬁ’ _27sin(0)d6 solid angle of
R small area:

dQ = deRsin@)RAH Si;gf’)Rdf’ —sin(8)dOd
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Cross Section vs. Incident Beam Energy

Metz et al.,
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Fia, 1. Theoretical angular distributions for (d, #) and (d, %) reactiona for
different angular momentum tranafera to the initial nucleus.
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Transfer reactions: Extracted quantities

Sensitivity of the differential cross sections to orbital angular
momenta (/) of transferred nucleon(s)

[in single-particle transfer

[e.g., (d,p)]

J ifincoming particle is

polarized
[analyzing power]

L of pair in two-particle transfer

Lak

[e.g., (t,p)]
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Examples of angular distributions
190(d,p)200 @ 6.6 MeV/u

£=2

0.00 MeV 0*

102 3

: 3.57 MeV 4" o, £=0

Cross section (mb/sr)
2,

4.46 MeV 0*

0O 10 20 30 40 O0 10 20 30 40 O 10 20 30 40 50
Angle in the center-of-mass (deg)

Hoffman et al., PRC 85, 054318 (2012) : g




Momentum Matching

Nucleon transfer at the surface of the nucleus ¢ =1 X p

[ \/
1
/ < Q'R R = T’(]A /3
14 | |
ro ~ 1.2 fm
q=PpPf — Pi
f 1200|||||||||||||II|II|||||||||||
=1 R
) 61 I I ‘EHeI I_

Determined largely by Q value of i x4l N y
the reaction s0oL N _

0% 10 12 14 :

[Sma” Q (d’p) = small| ] é Incident Energy (MeV/u) <
[Large -Q (4He,3He) — large ] = =3 §

. o
60N Target i <
+5.6 MeV (d,p) 400 |2 (d.p) « (a,”He) —
-12.8 MeV (4He,3He)
Good matching —» more reliable 0% 500 1000 1500 2000 2500 3000
calculations and extracted values Excitation Energy (keV)
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Transfer reactions: Extracted quantities

Experimental spectroscopic factor
[Relative values are typically reliable (<25%)]
[absolute values can be tricky (>30%)!]

Calculated cross section
for “pure” single-particle
like state

BA

80(d,p)'°0 at 10 MeV/u

30
Ocm [ded]

Statistical
Final state factor
do | s do
.= ey = g0y =
Sl] dQY | Measured 4 7dQ) pw
Initial state + Amount of overlap
+ . 1 between initial and final
nuclieon states
Spectroscopic Factor
____"o[p)"0at 10 Meviu 00 ®0(d,p) %0 at 10 MeV/u 100
I=0 -
............ S R . 10,
| W ; : 0 Z
g 5
S 3
I )
© 0.1
; z ; z 0.01
0.015 10 20 40 50 50 0

10 20 30 20 50 80
Ocm [deg]
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Transfer reactions: Extracted quantities

Methods for calculating the distributions

Distorted wave Born approximation (DWBA)
[e.g., PTOLEMY, etc..]
e Calculation using optical model, various parameter sets

Adiabatic wave approximation (ADWA)
[e.g., TWOEFNR, etc...]
* Better handling of breakup channels and near/beyond threshold states

Coupled Channels (CC)

» Extension to the optical model through description of strongest channels

Continuum Discretized Coupled Channels (CDCC)
[e.g., FRESCO, etc...]
e Extension of CC to unbound states

Coupled Reaction Channels (CRS)

* Extension of CC include multiple nucleon or composite particle transfer

Keeley et al., Prog. Part. Nucl. Phys. 63, 396 (2009) @
& Argonne Physics Division




Transfer reactions: Extracted quantities

Normalized spectroscopic factors (Asymptotic Normalization Coeff. [ANC])
[Clear procedures must be followed]

Orbital (njl)
Vacant
i —
]
Occupied
Neutron Adding Neutron Removal Degeneracy:
probes vacancy probes n — 9 +
[# of holes] occupation V+0 ZJ 1
[# of particles] [1p3/2=4]
Macfarlane & N R e Normalization
=2+ =@ T DE Saading + removing| [for single orbital]
French SUM RULE (2) g

Macfarlane and French, Rev. Mod. Phys. 32, 567 (1960) @
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Transfer reactions: Extracted quantities

Single-particle energies
[Deduce locations of single-particle orbitals from single-nucleon
transfer data]

40Ca(d,p)41Ca
T S weighted center of gravity
20 T 190 .
g 1 3/2 . N= S /(E, — E))C3S7 + (21, + V)(E} — E,)C*S}
= €= — - ;
115 201 > ,CIS; + (2 + 1)CS;
< par2
% pllfz N=28 [formula in general requires both
2 10 1| qp, — adding and removing reactions]
% . N=20
3 : E..— 5 (2.J41)S-E*
g 05 . cen T (2J+1)S
08 |
" ‘ [outside a robust shell closure]
0.0 : I : * ot
0 1 3 4 5 6 7 8

Excitation energy (MeV)
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Transfer reactions: Extracted quantities

® Two-body matrix elements Diagonal Two-Body Matrix
L Element
. 2J + HCES . E*
® Analyzing powers ((ds2)* T |V |(dsp2)*J)| = Eo + Z(Z(; +) nCes
o Pairing Strengths Eo = 2B[*'0] — B[*0] — B[*?0] = —3.04(6) MeV,

* ANCs L A S——

® Ftc...

TBME (MeV)

usda usdb usd 'o(d,p) ST

Schiffer and True, (1976)
& Ar onne Physics Division

NA IONAL LABORATORY



Experimental Techniques
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“Designing” a Transfer Measurement

® Physics interest — single-nucleon, pairing, astrophysics, etc...
® Reaction type and energy

e Momentum matching, cross sections, etc...

® Region of interest — Stable or radioactive nuclei
e Beam energies = Analysis methods and applicability
® Detection options and challenges — inverse kinematics

e Beam rates — Limits techniques, sensitivity etc...
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Transfer Reactions: Normal vs. Inverse

e A(b,c)D

Target nucleus Recoil

B . * Moderate outgoing
Light projectile ) )
‘9 . — particle energies
®

Outgoing ion

e <50 keV resolution

Heavy projectile Recoil ¢ b(A,C)D
— . e Low particle energies
. e, ' ‘ ' (theta_cm <40 deg)
Light target ® e 100 - 1000 keV

Outgoing ion

resolutions
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Transfer Reactions: Normal vs. Inverse

Neutron adding on 136xe at 10 MeV/u
T 1 T 1 T 1 T | ' I '
60 @ |
d(1 36ye. p)1 37%e
20 inverse 7
S
S 40} , .
= \
2
£ 30} -
S | 8cm <300 \\ 1%Xe(d,p) " xe
© ~ normal
o 20E RA =
x 0.31 compression| .
1ol \ at@cm =10° |

l’& &K Ar onne ‘ Physics Division
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Magnetic Spectrographs

o Split-Pole (Enge) - ANL,
formerly Yale U. etc...

¢ Q3D - Munich (TUM)
e Grand Raiden - RCNP

3004

200

Number Of Counts Per Holf mm Strip
o 8
N
A
S
4
&
i3
LB‘&L

: 2% ‘502.1‘9;3’0
55 &0 65
2004 |
Human- Seanned
Smm Wida Zon
mj m
o-__&’&&wgm%o‘?:g“&gﬁjﬂﬁ” il ot %, ﬁ
55 60 65

Distance Along Plate In cm
Fig. 9. Comparizon of a spectrum counted by Cyclops, the M.L.T. automatic scanner and by Mr. W. A, Tripp.

Enge, NIM 28, 119 (1964), NIM 162, 161 (1979)

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

s
PTTING
Flaxmeser Window  Return Yokes P TEE

s ¥
s
i

N
\

Plote Motion for
Kinematic Correction

e Separate particle of varying momentum in space across the
focal plane

* Fixed angle byte with good particle resolutions

e Can be used for heavy-ion measurements (gas-filled modes

of operation)

Argonne@ ‘ Physics Division
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Example Data from Magnetic Spectrograph

¢ Grand Raiden (Osaka, RCNP)

30

s [ @

e Zero-degree detection

® High rigidity ;

15 |

10 |

Proton Energy (MeV)

x102[

v
1000 - (b) ,%B

3000 |-

Counts

sl 8

3¢ CHe,t)*N
E=450 MeV
0=0"

o0 | A
:u.ﬂL.I..J

Fujiwara NIMA 422, 484 (1999)
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Transfer Reactions: Normal vs. Inverse

Neutron adding on 136xe at 10 MeV/u ° ReSO I UtiO n fa ctors

@ J e Larger energy losses in
d(138xe,p)137xe - the target

60

>0 inverse ] .
< ® L ower energy outgoing
S 40- . particles
-
> ]
fol N\ ww, ]  Enereyandangle
€ | 8em <30° \\ e(dp)'3'Xe | .
*3 e normal Straggl ing
o 20E m| . . .

M x 0.31 compression| . ® Kinematic compression
ol atOom =10° || .
e Qutgoing angles
B m < 30°
%0 30 60 90 120 150 180

Bjan. (°)

Winfield et al, NIMA 396, 147 (1997) @
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Transfer Reactions: Normal vs. Inverse

Detect the heavy ion beam-like recoil

[Magnetic spectrometer]
For example: SPEG (GANIL) etc.

Measure the outgoing target-like light-particle
[Charged particle detector array]
For example: HIRA & AT-TPC (NSCL/MSU), MUST2 (GANIL),
MAYA(GANIL/TRIUMF), Super ORRUBA (ORNL), HELIOS (ANL), IKAR (GSI),
MSTPC (RIKEN), ANASEN (FSU/LSU/ReA3), ACTAR (GANIL) etc.

Observe y-rays in coincidence with either of the above
[y-ray array + Si detector array/spectrometer]
GODDESS (ORNL), Hyall + CLARION (ORNL), T-REX+Miniball (ISOLDE),
TIARA+MUST2+EXOGAM (GANIL), SHARC+TIGRESS (TRIUMF), GASPARD
(SPIRAL2) etc.
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Detect the heavy ion beam-like recail

[SPEG/GANIL]
beam tracking
momentum _
dispersion vco _ e if1(1Be, '%Be)H
200 F 8('°Be)<1.2°
150 :_ S (Singles)

2t c* Gs

100
50 |
position :
at target

|
1
]
I
1
!
]
1
'
]

extended

number of counts

target X,y 60 |
o 40 |
coincident i
focal plane _
deuterons -
E,AE, x,y, 0,0 20
momentum

analysis oo 10 =200 250

focal plane position (channel)

active beam stop

Fortier et al., PLB 461, 22 (1999)
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Measure the outgoing target-like light-particle
[Active targets]
MAYA

| detectors [GAN | L]

Measure particle energies e Dritelesons
and tracks TNt 2mem
e Excitation functions —
® Thick target — excellent
capabilities with weak FEeoe
beams | Segmented cathode

*He beam Drift chambers

ANASEN

[FSU/LSU/ Target gas —
Re A3] =Detector gas ,-/p

RIB --->  =-=---=------m-- - _‘Iﬁﬁ,:;.

Beam enters 1 . RIS 5,
through . N g '
window Light charged particles : I N N
detected by Si+Csl aW
N e g 24ea1n?2“‘°wmm
Demonchy et al., NIM A (2007), FSU/LSU @
& Argon ne Physics Division




Measure the outgoing target-like light-particle
[Si and/or Csl Arrays: HiRA (NSCL/MSU)]

343646A 1 + p—q + 333545A

(Jenny Lee, 2009)

p{46Ar,d)45Ar - Q-values

2,42-2,76MeV

3.23-3.29 MeV

3.72-4.33 MeV

1.34-1.91MeV

1*e.x. = 0.476MeV
(FWHM:489keV)

=y
L%
=9
=
[
=
(=]
w
(=]

Lee et al., PRL 104, 112701 (2010)

da/d€2 (mb/sr)

-
[=]
T

-
T

Focal Plane

Target
Chamber

d
@ p(*Ard)
— JLM+HF
-=- CHB9
o/
o/ @
[ ] ‘._‘
*l
10 20 30 40
0., (deg)

F(e)

p(*Ar,d)

—JLM+HF @ this work
--CHgg  [QRef.[21]

N

T T
0 m(deg)

Lk

p(**Ar,d)

—JLM+HF
CH89
1 1 [l
0 10 20 30
0..m(deg)

NATIONAL LABORATORY
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Measure coincidence y-rays with charged particles/recoils
[TIARA+EXOGAM+VAMOS (GANIL)]

30 / - -
= 45 <0< 75
- (a) / — Total

o --- Siate 1
20 | e State 2

Breakup

100" <@ < 140"
— Total
-- State 1

- Stale 2
Breakup

Counts / 200 keV

26Ne(d,p)2’/Ne @ 9.8 MeV/u
[GANIL]

Brown et al., PRC 85, 011302(R) (2012)

Barrel:
© 35.5°<0,,<143.5°

Target
changing
mechanism

Forward anhular Backward annular
detectors: 3.8°<0,,<27.5° detector: 137°< 0, < 169.4°

Labiche et al., NIMA 614, 439 (2010)
20

-y
o

m

Counts / 6 keV
=)
T T T | T T 11 | T T 1771 | T T

&2

200 400 600 800 1000 1200
E, (keV)

Simpson et al., Acta Phys. Hung. 11, 159 (2000)
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-
Measure coincidence y-rays with charged particles/recoils

[TIARA+EXOGAM+VAMOS (GANIL)]

3 =
5 7= 3.0k 112"
i ajE 5027
3/2= o TR /A _ 12 e
. 3/2- 327 —
— B = ‘I'
a .—ELa_\H 20k 52 - .
—_— _ 72 —_
S ol 3nt 32" 3/2* % M — N
" § gn F—
_1 5 1.0 - 1."2+ .. - .
3 T -
i 1,r’2+ /(..,-—
EXP THEORY EXP THEORY EXP  THEORY ool 32" : --
Experiment  SDPF-M[12] WBP[27] WBP-M
ESNE Z?Ne IQMg
JT E;, Elppat C*§
(MeV)  (MeV)  Ref.[10]  Present  WBP-M
3/2+ 0 0 02(2)  0.42(22) 0.63
3/2-  0.765 0.809 0.6(2)  0.64(33) 0.67
/2 0885 0.869 0.3(1)  0.17(14) 0.17
7/2- 1.74 1.686 - 0.35(10) 0.40

Brown et al., PRC 85, 011302(R) (2012) @
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Measure the outgoing target-like light-particle
[New(ish) Approach]

Neutron adding on %%Xe at 10 MeV/u, 2 T
10 T T T T T T T T ] I |

HELIOS

Conventional

3 ]
S - Az=-056m
}‘ —
o
o
[
d) —
o
o
o
l —
1 | 1 | 1 1 . . 1 . | I | I
?00 120 140 160 08 06 04 02 0.0
Blﬂb_ (D) .ﬂz (m}
I ! I I I I ! ' 1 | T T
R Measure - | Measure -
0 — at Blab_ = 1?90_- [ atAz=—056m “ _.
E n \g,s_ 1 [ [ Eo=—Eex+const | ‘;i ]
g [~ |E|J=—i4’<Ee,L+cx)nsL|_- n A ]
1 1 L.l | 1 1 ] | 1 | 1 l 1
0 1 2 3 4 50 1 ) 3 4 5
Proton energy (MeV)

Lak
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Proton energy (MeV)

Arb. units

Measure the outgoing target-like light-particle

[New(ish) Approach]
Neutron adding on 136Xe at 10 MeV/u, 2 T M?&SU!’Ed uantities
[ — —— Flight time: Toight=T oy
Conventional 1t HELIOS Position: zZ
° 11 Energy: E
- Az=-056m lab
6 - 4
Op = 179° g .
ol ab- 11 Derived quantities
| 11 | Part. ID: m/q
2 1 - Energy: E,:m
| 1 1 1 1 1 1 1 11 1 1 1 1 1 1 1 | Angle: Gm
?00 120 140 160 08 06 04 -02 00
Bjap. (°) Az (m) & B
1 1 ! 1 ! 1 ! ! 1 ! 1 ! 1 ! 1 ! — — — X T .
- Measure - [  Measure . q 2m ™
N at By, = 179° ] [ atAz=-0.56m « h v 2
B Rgs. 1L [Eo=-Fex+oonst | L E.=E_ +imV} _ Yell®B
11 g.s. ] i 2n
— Ep =—AxEgy + -1 - —
| == A I geBz —-2mmV__
B 1r . 6_ = arccos : —
AT T A G AL 21 /2mE,, + m*V2, —mV, qeBz/
0 1 2 3 4 50 1 2 3 4 5 :

Proton energy (MeV)

( & < Ar onne ‘ Physics Division
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HELIcal Orbit Spectrometer

Wuosmaa et al., NIM (2007), Lighthall et al., NIM (2010)




Monitor detector

Target position

Recoil detection

i

. Mposition sensitive Si 2.85 T maximum field
- detector array 1 meter of uniform field

90 cm diameter bore




Results from HELIOS

Resolution <100 keV

600"I""I""I""I""I''
d('*5Xe,p)1¥7Xe, 10 MeV/u, 2 T

400

Counts
Counts

200

Excitation energy (MeV)

400 —

300

200

100

Resolution <70 keV

d(®Kr,p)e7Kr, 10 MeV/u, 2 T

o -

—
—
Al

g.s.
540
1480
2440
2790

3000

1 2 3 4
Excitation energy (MeV)

170( d’ pJISO

1400 8 MeV/u

1200

1000

3.920, 2*

800

Counts

3.555, 4*

600

1.982, 2

400

200

gs., 0

0 I WIS R
-1 0 1 2 3 4

Kay et al., PRC (2010), Sharp et al., PRC (2013), Lee et al., (2014)

5
Excitation energy (MeV)

5.336, 3%, 5.378, 0

Resolution <60 keV
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Ordering of the 154/, -

0dz,», neutron

Calculation

Experiment Orbltals
1h i (a)- 14
LN\ ! N\
» |
RN L S I —— Ob-——N\ o
¢ N\ | ]
o -1k ‘\‘4+ 13-t
,,_E_,, N\ PY %.—
4w
S-2f i 1 & -2f
< I \ <
_ | NE
Sr N O
-4l | 1 4]

L | VO VO |
= O 0~

[ |[2=2====

Hoffman, Kay, Schiffer, PRC (2014)
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Summary
® Choosing proper reaction for physics of interest is key

e Selectivity of reaction, momentum matching, etc...

® Many key properties can be obtained from transfer reactions

® Q-value, cross sections, spectroscopic factors & strengths,
single-particle energies etc...

e Transfer in normal kinematics has been crucial for our
understanding of nuclei

® |nverse reactions present a new set of problems

¢ \Various methods to overcome these challenges
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