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Some (selective) franster
opportunities ar FRIB

Transfer reactions for neutron capture

— Constraining n-capture/Surrogate reactions
with fast beams

Transfer reactions on isomers
- sd-shell nuclides
— Constraining proton capture [(d,p) for (p.y)]
— Direct (a.,p)
— Comparison with SM

FRIB TA Workshop, May 2023

Si detector array



Trcmsfer redc’rion observcbles Selective of particle/hole states

 Level energies (few keV — hundreds keV, depending . Smpbpmgf r.eaclﬁons Le? (d'p).f(ci:””
on reaction, beam and instrumentation) probe ofsingie-particie exciianons
« Pickupreactions [eg (p.d) (d,*He)]

« (Differential) cross sections probe of hole excitafions

«  Spin through momentum matching
— transferred orbital angular momenta (parity, some J) (choice of probe, and beam energy)

« Decay channels of excited states
— yspec Astrophysics

. . I : Level energies (exp. affect rates)
— arficle emission probabilities [discrete, or P(E . .
v/p P [ ()] Spins (barrier penetrabilities — ell, not J, most

] . . important)
« Direct reaction analysis o2
— Spectroscopic factors (C<S) Constraints on LD/GSF — eg SRM
. STrUCTure 5;;;01 Added Back & Doppler Corrected Gamma Energy vs Excitation Energy with timestamp cut Preferenﬁo“y populo‘l‘es porﬂcle eXCiTO _I_ions

(depending on WF, may or may not see via

« Astrophysics g e T lother probes — beta decay, KO, etc)

Branching ratios

i Though dlirect measurements are goal,
o S e need fo discoverimportant staftes first by
OAK RIDGE e some other means

| L | L L L L L L L L !
National Laboratory 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
E, (keV)

Surrogate reactions




Laboratory Energy (MeV)

Transfer reactions at FRIB Detectors at FRIB
Beam energy ~3-50 MeV/A Si+Solenoid arrays (SOLARIS,
HELIOS, ISIS) B ,

Cross sections (absolute and differential)
Beam intensity

restrict fo few
examples of FRIB

Kinematic compression
Beam optics
Special cases...

L T T T T | T

=1

J—

Cannof cover all -

specific opportunifies

Charged-particle arrays
(HIRA, ORRUBA, ...)

AsAd boards

- 10OMeV/A - 7y
g it < e iy 3
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45 MeV/A /7 ] NEXT, ODeSA, ...)
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n
0.000 . : . ‘ . .
, 5 0 5 10 s Devices often coupled to recoail Ge arrays (GRET(INJA,
NP P (PR A Qualue (MeV) SeGA, C/OV@fS,.../
30 60 90 120 150 180 ‘

separators (S800, SECAR, ISLA)



Constraining neutron-capture cross sections

" « Neutfron capture can occur via resonances (eg
'-----Q‘%;\:’ compound nucleus formation), and direct capture o

bound states

« Depending on neutron level density/strong resonances,
one or other may be dominant

L  In general, need methods to constrain bofh
mechanisms

Neufron fransfer reactions

e « Selective (states with tfarget+n wavefunctions)
_ 1 01 % B .- -D(T,i/) cross sections of Sr;tlzc;c::;/sg
E | * . i « Give properties of bound states and isolated
gwWE % E resonances (E, J7, C25)
@ C B S E .
@ 10" —e Dpsp '\T‘\\*\\g for DSD .
S o h ] « Constrain structure models
- X Rauscher et al. 7
1072 E [ R T B N B \\E\k/\;\_‘\??é
125 1i0 135 « Can be used as surrogate for CN capture (SRM)




Constraining neutron-capture cross sections

« Neutron capture can occur via resonances (eg compound
nucleus formation), and direct capture to bound states

* Depending on neutron level density, one or other may be
dominant

« |dedally need methods to constrain bofh mechanisms

S Counts
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Constraining n-capture cross sections - DSD

« Neutron capture can occur via resonances (eg compound
nucleus formation), and direct capture to bound states

* Depending on neutron level density, one or other may be
dominant

« |dedally need methods to constrain bofh mechanisms

\ Counts
= ~ R.L.Kozub efa/, PRL 109 172501 (2012)
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. do o o o o o o o
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Constraining CN n-capture cross sections - SRM

Desired Reaction 9Mo(n,y)?°Mo Surrogate Reaction ~ ®>Mo(d,py)°*Mo
n, . g ’ g
-9~ 0. - @- @
Y g Y
®Mo 96\o* %Mo %Mo 9B\ O* %Mo
o, (E)=> 0 E,.J.7)G(E,.J,m) P(E.0)=Y F,"(E,.J,7,0)G" (E,.J,m)
J.o J,w

A surrogate reaction forms the “same’™*

« Model reaction in HF formalism compound nucleus as the desired reaction

Model experimentally-determined

* Essenfial theory components: Po,(Eey/ iN HF formalism to constrain GV

- Formation of CN (¢“V) — simple

- Decay of CN (GM — complicated Essential theory components:
(Escher)

— Decay of CN (G“M) — complicated (Escher)
-  Need fo place experimenial

consiraints on GEN — ’(‘Eg’;reyl)spin distribution (FN) — complicated

OAK RIDGE _ ,
National Laboratory Figures and equations adapted from J.E. Escher et al. Rev. Mod. Phys. 84, 353 (2012).



https://link.aps.org/doi/10.1103/RevModPhys.84.353

Constraining CN n-capture cross sections - SRM

Desired Reaction 95Mo(n,y)?Mo

Ne—.

SMo 9\ |o* 96Mo

Gny(En) = Ear?N(Ex’J7‘7T)GyCN(Ex’J7‘7T)

Surrogate Reaction

9%SMo 9B\o*

P, (E,.0)= EFCN

%Mo(d,py)**Mo

d o
‘i; .E:> .""‘wv

%Mo

om0 G (E, T

)

Core experimental ’rec:hnlque
forms the “same’*

. Model reactionin HF * Measure outgoing particles, using Js the desired reaction

kinematics to determine entrance E,

above gn ally-determined

* Essential theory comy lism to constrain GEN

- Formation of CN (oM -

- Decayof CN (G“M -c
(Escher)

-  Need fo place experi
constraints on GN

Measure y rays to determine P, mponents:

- Typically requires either a collecting — complicated (Escher)
transition, or an understanding of the y

decay scheme

n (FN) — complicated

OAK RIDGE
National Laboratory

Figures and equations adapted from J.E. Escher et al. Rev. Mod. Phys. 84, 353 (2012).



https://link.aps.org/doi/10.1103/RevModPhys.84.353

Ratkiewicz et al., Phys. Rev. Lett. 122, 052502 (2019)

(d,p) as surrogate for (n,y

Experimenfial signature
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.052502

Ratkiewicz et al., Phys. Rev. Lett. 122, 052502 (2019)
Spin distributions

d,p) as surrogate for (n,y
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.052502

SRM outlook...

« SRM Progress Expt. challenges moving to RIB experiments

- Validation of (d,py) as surrogate for (n, y)

understanding J* formation distributions key ingredient B E(e)f;)gjrg(;gé:’]?rﬁ-e]JrOJrOhII((g(\??iS,Slgg—e]g]O%hISeV)
- Development of (p.d) as (n, y) surrogate _ ,
- Contaminants (eg carbon in target — however,

only need to address this ‘once’ — not a surprise
J.E. Escher efal, PRL 121 052501 (2018) every time)
E R 190 ;. z LI S L RS R i d 5 = = ‘:
= | Zr(n, Pr— Th;xswork R . . . . T )
£ 1@ Ay —o- eV || — Luminosity (beam intensity) — statistics-limited
- ‘!“‘ | - ;E;I:g;aﬁo(llswa : measurements
& il «  Ohgama (2005) o . . )
[ 3 — Limitation on nuclides that can be practically
Ty 2 _ studied
| o
al - R ] * Nuclides without a reasonably-collecting fransitions are
J B f K very challenging - complex y decay schemes disperses
0001L |11 Range of fit 4 t y
| ] : strength over numerous y transitions
N ]
I'B .Lll . [\ " Isomers (moving with beam) lead to unobserved gamma
0.0001 01 1 10 emissions

IEn[MeV]
- Ongoing development of (p,p’) as (n, y) surrogate
- What are the limits of the stafistical approach... An alternative fechnique — uniquely suited 1o

FRIB...

— More from Jutta next week...
OAK RIDGE

National Laboratory




A new technique with RIBs 9gvelopedn ASCL o=

84Se(d.p)b>Se experiment

C|—— *sefrom (d.p} reaction

- 84,
F | — " Se unreacted beam

...aetect the recoiling nucleus fo defermine if decayed by n or y «ook !

Use charged-particle [e.g (d,p])] to determine the formation s00F |

E,(as before) [, a5 es 200k '

Jo bound stares . ;9: SR W
‘s % 37 2.38 2.39 2.4 2.41 242

Vise(d.p)se(y)™Se H. Sims, $.D.Pain, J.A. )

Cizewski, A. Ratkiewicz, Focal plane
To unbound sfates ot ol position 4

° 84Se(d,p)8586*(y)8586

. 84Se(d,p)85Se*(n)84Se Three responses in the FP

84Se unreacted beam
85Se recoils from (d,p)
84Se after n emission
from 8Se recaill

W=

84Se(d,p)®°Se
reaction

OAK RIDGE

National Laboratory



i i Developed in NSCL N ——

A neW TeChnlque WITh RlBS 8456/0’,,0/8556 exper/'menf ésooi :as:$:::t;?;i?;jy nﬂJ‘HH
...detect the recoiling nucleus to determine if decayed by n ory g e

Use charged-particle [e.g (d,p])] to determine the formation s00E Wu
E,(as before) L gl - '

To bound sfafes s ;95 o JM ]
84Se(d p)85se*( )85Se . . << 37 2.38 2.39 2.4 2.41 B:;.?'I?m]

' v H. Sims, S.D.Pain, J.A.
To unbound states Cizewski, A. Ratkiewicz, Focal plane
et al., position

« %4Se(d,p)8Se*(y)*°Se

. 84Se(d,p)85Se*(n)84Se Three responses in the FP

84Se unreacted beam
85Se recoils from (d,p)
84Se after n emission
from 8Se recaill

W=

84Se(d,p)®°Se
reaction

OAK RIDGE

National Laboratory
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An alternative with RIBs...

400

Ground state

36000 =
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éfmm i_ é

Counts / 500 keV
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. s.D.Pain, N u P
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10 ef C7/., 100
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Energy loss in lon Chamber [arb]
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t
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Ptk P A Y SO T SO0 P O ke Wl

0 [

b

Advantages .

« concenfrates all statistics in a single observable i f

« high (25-50%), simple and experimentally- . - g ? ..... :
determinable detection efficiency (cfy - f i
cascades) - 1 f

« Enables measurements on (almost) any nucleus 107 e I T I
on same footing -

Challenges - | | | |

8 10
Excitation energy [MeV]

=]
no
P
[e2]

 need careful characterization of BG reactions
on Cin target Work ongoing with Jutta to extract (n,y) cross section



Unique opportunity at FRIB

Combination Detect profons, gammas and recoils
* FRIB n-rich beams « Discrete particle-y spectroscopy

« S800 * SRM with recoils

« GODDESS [ORRUBA+GRET(IN)A] « SRM with y

Two approved experiments

« 8Ge (Sims, Grinder, Cizewski, Pain, et al)
— WeaK r process

« 7°Ga (Pain, Balakrishnan, et al)
— -process

———= Alignment/Adjustment
Support

Flower Pot
Chamber
w/ Preamps

Cannot measure all; target specific gﬂ/‘

interesting cases Qe [ [

|deally like to have (empirical) predictive
model of (n,y) cross sections

- Model constrained by experiment in

sensitive cases?
OAK RIDGE

National Laboratory

Scattering Chamber
w /ORRUBA

—

e




Transfer on sd nuclei

« Testing ground of LBSM calculations

« Reaction models

- Beautiful experiments

- Astrophysical mofivation,, - ,

Wealth of experimental data (near
stability)

Well-constrained interactions for sd states
(eg USDDb)

Mid shell
* highly mixed states

e non-zero J* ground states

* non-spherical systems

How well are fp excitations described?

Lower-end of well-constrained
nucleon-nucleus global potentials
(near stability)

ADWA vs DWBA?
Finite range effects?

200
Ini=i+
Tli2s=1 351E

1 BN 19N
Ipi= Jp(1i2-)
Tiav-6240r | Ti2es oaor

34Ca

Jui-0¢

ﬁ 37Se H 39Sc 41So
S c JpE(7i2-) Jpi=Ti2-
WSMSE

400'

4380
fin Lo 1

41Ca 42Ca

39Ar 40Ar

38C1 39ClI

T 25=6.400

36Si

| Jpi=t
TL2s—4.500E

37Si

31Ne | 32Ne

Jpi=0t

23

21 22



Odd-odd N=Z sd-shell nuclides

* Networks of (p,y) and (p.a) reactions
(beta decays omitted) in novae

(p.,y) on odd-odd N= Znuclides
particularly important

- bottleneckreactions
— impact on astronomical observables

 Many have long-lived spin isomers that

can play roles in reaction networks
(astromers)

Species t(cs) (i) Jr(Gs) J*(1S) >

- 2Na 26y 240ns 3% 1+

—  2A| 2s  130ms 4* 1+

- Al 0.7My 635 5* o+

— 30p 2.5m  96fs 1+ 0

- 34C| 1.5s 32m 0O+ 3

- ¥K 6.7 m 09s 3* OF

- “4Sc 0.7s Im o+ 7*
OAK RIDGE

National Laboratory
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Si 'le][l]lll—.t

27
Al Joics
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- ﬁ
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3( Ar

l I 1
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lI]

3.8 34S 368
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I~1H J]
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= J
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6Sc | 37Sc 39Sc 43Sc  44sc
o) \ 1 I 401F J ] =141

41Ca 42Ca 43Cs

Odd-odd N=Z nuclides - isomers

« Networks of (p,y) and (p.a) reactions ca
(beta decays omitted) in novae

32K | 33K

* (p.y) on odd-odd N= Znuclides A A Fn s T

- botfleneck reactions [ so 0 7 o o e

- impact on astronomical observables 26s ) S 365 | 978
S ‘IT‘]iI" 1.000E J]EF E;-‘:\VLPHU]- '][Hll ZH] 000E [l“]iz‘r.:.‘:"-e'-ll }l:.l::j 1.000E 11 3.030E llu.‘ 1.022E T
° Re(]Cﬂon neTWOH(S 24P | 25P | 3P 32P 33P [34P  35P
P "‘_. 1.000E ]l 25=1.232F l[1I 2.189F ITl s =1.243E Tl;t£=£71‘lr

- independent
- orthermal coupling at high T

Si

i ¢Si i Si 328i
Jpi=0; Jpi=1/2; Ipi Jpi=0+
T1/25=1.000E T1/2s>1.000F 25>1.000E T1/25=5.428E

28A|
. Al 1 Tkt on0e. | TU2sel B5E|| Tioec3036
« Want reaction rates on both GS ' ® ﬂ I:I , ﬂ

36Al

23Mg 24\g.~.

Jpi=3 !+ Jpi=0, Jpi=5/ + ot
23 2 [1/2857.000] T1/2s>1.000F l 5>>1.000F 2

24Na 25Na
Ipi=3 Ipi=34 Jpi=d4+
s g¥2s>1.000E T1/2s=5.385E TI “ 910E

20Ne~21Ve 22Ne [23Ne' 24Ne 31Ne | 32Ne
H s I- 0E I\II\‘ Ir-l JOOE ll P 17 24E ll ”+ )28E oo o0

— v. different SP structure, limited expt
- sdpf states

23

29F 21 22

e General rule

- Insufficient beam intensities for 140
direct (p,y) measurements currently [ EEE R g
(Some OT FRIB) 13N 14N 1511

20

p=1/2- Ipi=1 Jpi:
T2 S.979E T1/2s>1.000E _Ja#¥Zs>1.000k

- indirect techniques within reach
OAK RIDGE 1S ,1F_° e

1 Tni=(
National Laboratory TI2oN000E TI261000E Th2ect s08t




Transfer reactions on isomeric beams at FRIB

e Unigue design of FRIB gives opportunities for producing beams of long-lived (>ms)
nuclear isomers at ideal beam energies/optics for transfer reactions - ReA

- Produce GS and IS with fragmentation, reaccelerate

e Conftrol the ground:.isomer compaosition via

— selection of production yields, via fragment separator
(spin, though not specifically that of final state)

- Adjustment of hold-up fimes inherent to ReA (lifetimes)

Selection on production

Transfer, charge-exchange, Coulex,... for
structure/indirect astrophysics (ORRUBA,
SOLARIS, GODDESS, GRETA, LENDA,
SeGA, Clarion2, ....)

Direct measurements of astrophysical
reactions [eg (.,9) with SECAR, or (a,p)
(a,n) with JENSA, MUSIC, HabaNERO, ...]

70 , ‘ . , ‘ 38K . .
_ - [ ] _ Selection by charge-breeding
‘é S(J; IE 1 : GS 3+ t -~ 7.6 mln I 1 | I
= sof o 1/2 o2 ! | ! .
2wl E i | i Isomer 0 (130 keV) t;, ~1sec 1 (b) -
é 30 I i 50 E —
E 20:_ E 4 987 mg target _: E 40 ; —_
10~ e S I 7
ol — 5 ‘ 5 — ] ‘ 1 " i 30 N E -
Percent off LISE optimum - E%C)Blﬁ_r-bun(:her & 20 __ E —_
" g o | } Argonne Gas Cell 10 — —
.AJ,E‘{ - 0 | ] | ] | I | 1

o

500 1000 1500 2000

End of A1900 K.A. Chipps ef al., Phys. Rev. Acc. and Beams 21, 121301 (2018) EBIT breeding time (ms)




Previous and upcoming isomer expts Nova nucleosyninesis
349mCl(d,p) FRIB PAC1 approved
38a.mK (d,p) run REA@NSCL 202

—_ Hg'mcl(d,p)

h: [GS + isomer]

600 - e ]
& r — ™adp 1
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Indirect constraints on (p,y) reactions

. Dominated by isolated resonances (some o ' E
too low for direct measurements) <0V> = —,ukT nfezexp - T
- Locate states £,
. To constrain resonance strength, determine: o= 15.) _Lly
Spins (23,+1)(23,+1)° " V=77

+  {,(constrains barrier, 'y ) low-energy limit

- Detfermine reduced width (10?) T, = (2S.T,, 4u— [, T,
wy = wl,

1.00E+02
1.00E+01 -
1.00E+00 -
1.00E-01 -

1.00E-02 -
1.00E-03 |
1.00E-04 | == mm oo o o =

1.00E-05 -
& 1.00E-06
%3 1.00E-07 |

0.1

& 1.00E-08 -
O 1.00E-09
@ 1 00E-10 -

0.01

O 1.00E-11 0.001 E
'(3 1.00E-12 - F

1.00E-13 - -
1.00E-14 0.0001 =

1.00E-15 :
1.00E-16 1e-05

1.00E-17 - 3
1.00E-18 - -
1.00E-19 | le-06 g
100820 — L 1 — — — ——— ;

Width (keV)

0 200 400 600 800 1000 le-07

Energy (keV)




What can we learn from transfer?¢
. Proton transfer ideal (d,n) or (3He,d o7 E
(dn) or (He.d) <OV>:( nj n@exp(_

- Selectivity —,ukT
« Energies 10s of keV
e / 2J +1

0 _ _
- 7S “ (2J1+1)(2J2+1)(1+512) vy =

- Experimental challenges
- Neufron defection
- Inclusive measurements
- Gamma ragging

- Non-spin-zero groundy/isomeric
slares

- JSHe fargefs
27§ 3
. Infer C2S for single-profon stafes via g
mirror symmelry
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Guide by SMEC P n 26 Al 27 Al |
— (2 i
10-20% effect [ = C55. T conf

1 1 1
200 400 600 800 1000

OAK RIDGE wy = wly Benchmark against 2Al(p,y)... ° E (keV)

National Laboratory




20Al(d,p)?’ Al experiment
{ JRRUBA

e 4.5 MeV/u %Al (Oak Ridge Tandem)
e 5x10° pps

26p(d,
e 150 pg/cm? CD, Al(d,p)
e MCP normalization (200 kHz) . Qgs = 10.8 MeV_.yu
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20A| sd-shell states

What to expect?
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20A| fo -shell states

: What to expect?
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26Al(d,p)%” Al angular distributions
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Resonance strengths from (d,p)
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Resonance strengths
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Resonance Strength (meV)

100

p—
-]

<
p—

0.01

0.001

le-04

le-05

26Al(p,\()mSi Resonances

Resonance strength @y (meV)

§ I I I I I | ;I §
=
_ 107 pps _
%
E ———————————————— R e E
3 Ii E
: | I N T N R
0 50 100 150 200 250 300 350
Resonance Energy (keV)

400

100

NS A
S o O

S = N W ke O

e 2 2 2
o o o °©
o O = =
E &® N o

[=]

0.04

0.03

0.02

0.01—

0.18

0.1
0.08
0.06
0.04
0.02

4e-05

2e-05

e}
(=]
T T

L 369 keV-|
| | | | | | |
[ | | [ | | [
: ST z
N 277 keV ]
| | | | | | | 1
[ | | [ | | [
- 241 keV-|
11+
- 231 keV |
T ¢
— —t—t—t—1+—]
- ¢ K ;o
r s .
- 189 keV
| | |
127 keV |
| | | | | | |



Comparison with USDB - energies  Excellentagreement in energies

. Using NuShellX@MSU » Perhaps unsurprising, as USDDb fitted to

_ N _ energy levels in the SD shell (608
« Calculated the first 40 states of each positive parity (5/2+ - states, 77 nuclei, incl 26:27A))

17/2+) in 2’Al (dim 80,000) and calculate overlaps with
26Al 5+ ground state (dim 70,000) (few minutes with 6-
core/12-threads (280 states total)

* Only fitted up until J* becomes
ambiguous - typically around 6-7

MeV
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Comparison with USDb

Macfarlane & French sum rules
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Summary

Impossibly broad scope of FRIB transfer reaction
program - focus on a couple of unique opportunities

Developments in SRM: (d,p) for (n,y)

Opportunities for (d,p) measurements at the S800

stfrong beams in the mass ~80 region
discrete particle and particle-y spectroscopy
New technique: SRM for CN neutron transfer using recoils, and ys

Two approved experiments GODDESS+S800 upcoming

Ability to produce high-quality Reacc. beams with
controllable isomer content

Mirror studies for (p, y) reactions on isomers, ultimately (p, vy)
SECAR

Direct (a,p) measurements (JENSA) on isomers, ultimately SECAR
Two approved ReA experiments — 34Cl(d,p) and 26Al/%Si(a,p)
expt/SM across the sd N=7 (22Nq, 3P, 349m(C]|, 26amA|, 38g.mK)
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