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Radiative Captures Are Important ...

Focus on (p,y) and (o, y) with A<65 in inverse kinematics
Stellar Reaction rate mostly dominated by resonances

lgnoring higher masses and the highly critical (n, v) is a choice
not a statement!

“Storage” rings have emerged as a very competitive way to study
those reactions and much more!

=>» Talk by Carlo Bruno “Storage rings for nuclear astrophysics”
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"We recoils produced from the ""(la, 3 17" Ne reaction were detected in coincidence with capture
v ravs using a recoll separator, NaltTl) yv-ray detectors, and a hellum gas target. Total cross sec-
“tions for cascade and ground stale capture were measured In the range £, = 1.7-2.35 MeV. Im-
proved measuremenis of the total width and resonance sirength of the E_ ., = 1.99 MeV (J"=0%)
resonance and the resonance strength of the E, o = 10534 MeV ("= 1" resonance are reported.
The astrophysical § factor for nonresonant capture into the “Ne ground state was measured 1o be
0,26=0,07 Me¥ b, assuming an energy-independent § factor between £, . =1.7 and 2.35 MeV,
Using theoretical estimates for the energy dependence and branching ratios for the nonresonant
capture, a best estimate for the total 5 Gactor at 300 ke of 0074003 MeV b i determined.
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Recoil Separator Principles

High efficiency
v detector

Y spectroscopy
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Particle Identification
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If angular distribution is unknown = Separator must
accept 100% of the angular opening for absolute
cross section determination



The Required Performances are Determined by Science

Aiming for a beam suppression
Separator+ Particle Identification
of less than 1 background event

Typical astrophysical resonances
Minimum beam intensity for a 2-week measurement
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St. George and SECAR: Experimental Goals

* St. George is designed to study (a,y) reaction in inverse
kinematics induced by “high-intensity” (103 pps) stable beams

— +40mrad and A?E < 7.5% with 100% transmission of 1 charge state

* SECAR is designed to study (p,y) and (a.,y) in inverse kinematics
induced by beams from FRIB ReA3 accelerator (at most ~10° pps).

— +25mrad and AE—E < 3% with 100% transmission of 1 charge state

UNIVERSITY OF
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Choose Your Own Adventure

* |f you want to discuss some (ion) optics and address fewer
details about recoil separators: vote 1

* |f you want to skip ion optics discussion and address current
recoil separator design and capabilities: vote 2

UNIVERSITY OF Cheat sheet: if vote 2, skip to slide 20
NOTRE DAME T s\N A P



Straight Rays

e 7 axis = Optics axis of a bundle of rays

x(z3) = x1 + (2, — z1) tan(a,)

* Deviation of rays from bundle V(2) = y1 + (2, — ;) tan(By)

* Angular dependence

tan(a(z)) = tan(a;)
/ /r/ﬂﬂw e tan(lg(z)) = tan(f,)

[Honﬂ, *
— 0] y

r‘ j S
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optic axis
f= Z;'Z' -

X -
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2=2 2=2

1 -2

Optics of Charged Particles
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Straight Rays

e Z axis = Optics axis of a bundle of rays
* Deviation of rays from bundle
* Angular dependence

x(zz) = %1 + (22 —z)tan(@1)  tan(a(z)) = tan(ay)

¥(22) =y1+ (z2 —z)tan(By)  tan(B(z)) = tan(By)
/\ Transfer matrix

X (11 X1 from one profile
tan(ay)) ~ \o 1/ \tan(ay) plane to another
In rotationally symmetric system
( G ) - (1 l) ( ! ) Both matrix are identical...
tan(f>) 0 1/\tan(B)
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What is a Focal Point?

Rays that the system to the optical axis are
such that they pass through the “rear focal” point.

Any ray that will emerge from the system
the optical axis.
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e transfer from 2 to 3

X3 = X2
tan(az) = —x,/f

Y

(ianca) = (<177 1) lance)

X3 = X3
. \\:\ ftana, tan(ag) = tan(az) _xZ/f

focal plane

UNIVERSITY OF Optics of Charged Particles
1) NOTRE DAME By Hermann Wollnik T sWN A F




a,

f profile plane &

(sneo) = (o ¥)(Cizr 1o 1) tancan)

( X4 )= 1- (/) l1+l2—(lllz/f)( X )
tan(ay) -1/f 1-(/f) ) \tan(ay)

UNIVERSITY OF Optics of Charged Particles
1) NOTRE DAME By Hermann Wollnik T sWN A F
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How do we get a proper picture?

X4 )_ 1-(/f) L+L—WWlL/f) ( X1 )
tan(ay)/ ( —1/f 1—(L4/f) ) tan(a,)
Independence of final ray position on initial angle
L+L—-WL/f)=0
/L) + /L) =1/f
Under that condition there is a relation
between profile planes 1 and 4
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Additional Definitions

X4

Z=M=1-== (/L)

X1 f

M is called the

( X4 )_ 1-=(/1) 0 ( X1 )
tan(a,)) — 71/f 1—(4/f) ) \tan(ay)

Notation change to allow for generalization

x(2)
tan(a(z))

a(z)

(xz|tan(aq))

>:< (x2]x1)
(tan(aq)|x;)) (tan(az)|tan(a;))

a,

(alx)) (ala)

1

Can be a simple drift or a
very complex system.

I

X1
tan(a,)

() R ) seyezeng
= Vy/C = fan

)
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(x|a) =0 <x(z))=((x|x) (x|a)) (xl)
> o \a@) " \@h) @lo)la

(x]x) =0

(a)

Wk A

\/ﬂ
\ “” (ala) = 0

(b)
-7

What constraints on which matrix ()
element needs to explain the plots?

UNIVERSITY OF Optics of Charged Particles
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Charged Particle Optics

e Same idea
e [ = q(ﬁ+ﬁx§)

* |[n uniform magnetic fields charged particles have a circular

motion
—mv?/R = quB
—-Bp=p/q

e Equivalent for Electric field
—Ep = 2K/q
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single ray of light

(alx)) (ala)

dlx) (dla) (d|d)

v
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d could represent any variable
They could be more

Actually, most transport code
Use at least 6 dimensions.

(x|x)  (xla) (x]d)\ /%
(alx) (ala) (ald) (§1>
1



Design Philosophy:
lon Optics Optimization Approach St. George and SECAR

Key Design parameters:
* Ratio: AM/M to reject e.g. 1*N(p,y)*>0 AM/M=1/15
* Angular acceptance: Target effects to be included First order — Description of horizontal plane

* Momentum or energy acceptance
x1 = xo(x]x) + ag(#a) + L E)+5WM(x|5m)+6— 5q)

E
Define Mass separation:
Magnification

180(a,y)*’Ne @ 2. MeV
=0 we want a focus

A (x| m) L, =0 we want an achromatic focus

Minimum theoretical mass separation achieved
AM
when the two blobs touch: —= (x|dm) = 2x(x|x)

-o.o1f
: Good on paper but in real life???
2asf Recoil Beam For SECAR, expectation of AM/M = 1/65

N e e . . . q ~10—17
1 R v TR To achieve this for a theoretical separation of ~10

-0.02|

Aecuming Gaussian shane: 2 = L ic noaded
UNIVERSITY OF ssuming Gaussian shape: M 800 IS heeade
NOTRE DAME —7 s\.N A P




Separator Design Choices: St. George and SECAR

e “Low emittance” beam

* Point like gas jet target (+extended for SECAR)
— HIPPO (10 at/cm?)
— JENSA (10%° at/cm?)

* Mass separation using Wien filter(s) (velocity filters)
* One charge state selection

* “Clean-up” section -> Momentum selection

* Particle identification detection system

UNIVERSITY OF
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- T
11 quadrupole magnets

6 dipole magnets
1 Wien Filter




15 quadrupole magnets
3 HO Magnets

8 dipole magnets

2 Wien Filter

- Step 2: Velocity Filter
™ Mass resolution 510
Recoil selection

iy = il g
~ = ‘

Step 1: Dipoles
Charge state
selection

Step 4: Dipoles
Cleanup scattered beam

Step 5: Focal Plane

HYEEERE Detectors

2 N Step 3: Velocity Filter
‘?’ Mass resolution 770

Berg et al. NIM, Section A, 877, 2018

SECAR e Separator for Capture Reactions




SECAR @ FRIB
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Commissioning of the System(s)

* Acceptance
* Experiments to reproduce known information
* Solve unexpected issue(s)

UNIVERSITY OF

NOTRE DAME
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St. George: Yield Calculations

* Experimental Yield:

_ — Nyecoil(E)
Y(E) f(@Q)Te(E)Npeam

* T the separator recoils transmission
* f(q) the charge state fraction
* ¢(E) the detection system efficiency

UNIVERSITY OF
NOTRE DAME




St. George Acceptance Measurements
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* Measurement of energy and
horizontal acceptance
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St. George Commissioning Experiments

* Goal: Demonstrate that we can reproduce existing results
 Selected reactions: **N(a.,y)¢F and ?°Ne(a,y)**Mg

* Advantages
— Well studied at “high energy” E-)y = 1 — 2 Mel
* High cross section ~10-20 minutes measurement needed with ~10pnA beam

— There are remaining interesting questions at low energy
* Helium burning and AGB stars for 1*N+a.
* Neon burning for 2°Ne+a.

— Most abundant charge state (average charge state) is accessible

UNIVERSITY OF
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Time (ns)
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St. George Commissioning Results
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SECAR: Machine Learning for Tune Optimization
e Standard Approach

— Canonical ion optics, scaled to rigidity

— Experience

* Two goals
— Find new magnetic field tunes that will optimize SECAR for different
experimental conditions

* For reactions other then radiative captures
— Wien filter(s) off

* Too high electric rigidity, need different E/B ratio in Wien filters
— Reduce actual tuning time

UNIVERSITY OF SECAR / Separator for Capture Reactions ——

NOTRE DAME — T s\N a F




SECAR ~

SEparator for CApture Reactions

Bayesian Optimization for Beam Tuning

Q7

Qb

Hex2 Analyze viewer image movement to quantify quadrupole steering

/ (measure of deviation from SECAR ion optical axis)

Quadrupoles used to N, N

quantify deviation
from beam axis steerers steerers

@‘ Facility for Rare Isotope Beams
) ) U.S. Department of Energy Office of Science
m Michigan State University




SECAR ~

SEparator for CApture Reactions

Bayesian Optimization for Beam Tuning

« Implemented through the Python GPy library and the associated GPyOpt tool, with the PyEpics
library for controls

Algorithm

I: Randomly select initial steerer settings and evaluate average Frg
steering function f at viewer mpern

2: while criterion not met do “dq M,
3 Compute x* = argmin (LCB(x)) les
+: Set steerer settings to new x*

5 Evaluate f to get average beam movement at viewer
6 Add new observation to set of samples

7

Set x* to the final tune

Miskovich et. al., PRAB 25, 044601 (2022)
F R I B @ Facility for Rare Isotope Beams
&m Mlic'higan State University &




Bayesian Optimization for SECAR _~

B eam Tu n I n g SEparator for CApture Reactions

Image: D1542_allNom_03-03_13:56.427845_000.tiff Image: D1542_allNom_03-03_14:36.488207_000.tiff
Scale: Not found Scale: Not found
Raw Center X-pos: 87.5 +/- 5.5 px, Center Y-pos: 57.5 +/- 3.5 px Raw Center X-pos: 87.5 +/- 2.5 px, Center Y-pos: 55.5 +/- 0.5 px
0 0
20 20
40 40
60 60
80 80
100 100
120 120
140 140
160 160
180 180
500 O 10090000 —— Mean
500
0 : 0
0@@@@\/@@)’»@\/@’&0@0 0'19@60%0\90\99\?‘0\90\?0'190
Steering Before: Steering After:

~21 px /7 mm ~2px /0.6 mm

Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
Michigan State University




Bayesian Optimization for Beam Tuning S A

SEparator for CApture Reactions

£
FOIUFF
oN,
74 . —— 2D Vert, ?’Ne OnteS
. . — —— 2D Vert, 33Cs
= 15-35 iterations '-.._\ e
= 5-30 min per tune ) "‘\‘ ]
L | |
= ~84% faster than initial g°] |
manual tuning 3 | |
- Removes human bias S | *:\‘\
& I". \
. 2 Vo |
= Reproducible %] \ S 1\ _______
= Can use any viewer/quads | H\ |
combination to adjust \:hT 1\ b
along beamline N \ | \
L
0 5 10 15 20 25 30 35

Iteration

éz Facility for Rare Isotope Beams
‘ U.S. Department of Energy Office of Science
m Michigan State University




SECAR ~

SEparator for CApture Reactions

Commissioning of SECAR: (a,y)

Measurement of a known resonance in 1°0O(«,y)?°Ne reaction at Ecm = 6.36 MeV.

— > 24 1))
F tsco - tbssp ' B | BGOs energy spectrum | 5 RUC
r g 22 : . - ! y
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@‘ Facility for Rare Isotope Beams
) ) U.S. Department of Energy Office of Science
m Michigan State University




SECAR: Experiments Beam Rate Limited = Alternative Use

* How can we use the separator while the beam intensity is
increased?

— (p,n) and (o,n) reaction studies €< New SECAR tune
— Neutron detectors at the JENSA gas target

UNIVERSITY OF SECAR se )
parator for Capture Reactions —_—
NOTRE DAME — e w A E




Weak r-process: n-rich v-driven winds in Core-Collapse SECAR _~

S u p e r n Ova e SEparator for CApture Reactions
o
: £

Weak r-process : o
may explain the o SECAR large acceptance quj G
metal-poor stars S \ | allows for (a,n) reactions. af’g

with large 8 2% Already performed

Z=38-47 : 86Kr(a,n)88.89Sr

abundances. St measurement, Feb 2022.

J. Hester and A. Loll, NASA, ESA

Mo
Nb Atomic Number (Z)
Zr iU ]
: . Monte-Carlo variation of (a,n) rates
RL 10 within a factor of 100 ‘
Kr 10”‘ ;
Br /
Se 4l a7 Nuclear uncertainties @ £10°
As VAW Aar/Ar . . . 8 Bliss et. al., PRC 2020
Ge 77747 on (a,n) reactions limit = s
G 2 / /;g/ / comparisons of models *
Zn . 0 -7
o /T /t// -+  with observation 10
Ni ’ / 4 7/ -8
Fe V4 Bliss et. al., PRC 2020 & l A

41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 10 10 15 20 25 30 35 40

A

FRIBEL.

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science

Michigan State University




86K r(at,n)%°Sr and 3°Kr(ot,2n)%8Sr SECAR -~

SEparator for CApture Reactions

Important to the weak r-process. SECAR configuration: Ff'omR
Sensitivity study by Bliss et. al. [PRc 2020] | |[JENSA gas jet target Uch Gy
showed #Kr(a,n)8889Sr to affect elements | |LENDA + Liquid Scintillators Ohi'(;%dmt\’%:rsity Yy
Z=38-42, 44, 45, & 47. IC + DSSD recoil detectors Z. Meisel (P.1)

C. Marshall (Postdoc.)
Michigan State University

Plots by C. Marshall Beam = 86Kr 26+, 3 MeV/u F. Montes (P.1.)
PID: SECAR tuned for 8Sr 28+ Gated on neutrons > 2 MeV
10000 1 — 10000 — —
9000 w9000+
= =
- cC n
S 8000 S 8000 .35
Q2 7000 2 7000
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S 6000 - o 6000 -
Ly W
<] 50001 <] 5000
4000 . —— : : : 4000 : , : : , : ,
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Epssp (arb. units) Epssp (arb. units)

@‘ Facility for Rare Isotope Beams
‘ U.S. Department of Energy Office of Science
m Michigan State University
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The reaction chain of the vp — process starts at °°Ni and is wou| [ N I TN

initiated from the neutrons created by the neutrino winds.

N eN | e e

Isotopes diagram from NucNet Tools

@ ECU ‘ 8o | 8900 ‘

Sequence of (n,p), (p,y) reactions
drive nucleosynthesis to heavier
elements.

We can study of (n,p) reactions of interest
via measuring the time reverse (p,n)
reactions

CMU

CENTRAL MICHIGAN
UNIVERSITY

https://link.aps.org/doi1/10.1103/PhysRevResearch.7.013074




The °8Fe(p,n)°%Co reaction

°8Co belongs to the “Fe-peak” elements and its
creation takes place at the final reactions of the
silicon burning chain in massive stars

°SKe(p,n) - Q - value = -3.09 MeV,
Coulomb barrier = 3.9 MeV

Previous measurements were done using the
activation method

A 8Fe2l* heam accelerated at 3.785 MeV/u
impinged on a thin (0.391 mg/cm?)
polyethylene (CH,) foil

0.3

c
N

Cross Section (barns)

2017 Ghosh
F < 1993 Tins
1994 Sudar
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L T

<10.3
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410.1
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Beam energy at the
center of the target foil is
~ 3.65 MeV/u

PA |
5.0

CMU

CENTRAL MICHIGAN
UNIVERSITY



Commissioning of SECAR: (p,n)

Measurement of the known >8Fe(p,n)°*¢Co

reaction cross section

SECAR ~

SEparator for CApture Reactions
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Summary

* Radiative capture reactions play crucial roles in stellar nucleosynthesis
* Direct measurements are hard

* The St. George recoil separator at Notre Dame is now studying (a.,y)
reactions of astrophysical interest
— Need help to figure out ways to estimate charge state fraction (let’s chat at the
coffee breaks if you are curious)
 SECAR at FRIB is commissioned and ready to performed PAC approved
experiments
— Already used to study (o,n) and (p,n) reactions

— Leading the way in ML for optimization of ion optic design and beam tuning
procedure
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Radiative Capture in Inverse Kinematics

 Heavy ion beam on light target (H or He)

* Compound Nuclei/Product of Reaction/Recoil (,
decays by gamma emission

* Boosted forward PN o 0
-—:p- = Recoil*r;
* From conservation of momentum \----"?‘L,Z P

Pbeam = Precoil + ﬁy’s and orte 4

) B

* The beam and the recoils are moving forward in a harrow aperture cone
defined by the g-value+ center of mass energy

0.nax = arctan(

— Too much beam for direct recoil detection
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