First high-accuracy, model-independent NRF measurements on 78:30Kr
to constrain photon strength functions for p-process nucleosynthesis calculations
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The various nucleosynthesis processes
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The p-process is responsible for the nucleosynthesis beyond iron of ~35 proton-rich stable nuclei
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The p-Nuclei - ‘nuclear astrophysics p-nuts’

In the solar system, p-process contributes

about 1% to the elemental abundances!!!
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The p-process nucleosynthesis
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p-Process Nucleosynthesis:

an extended network of some 20000 reactions
linking about 2000 nuclei in the A <210 mass range
* Photodisintegrations (y,n), (y,p), (y,a)

* n-, p-, a-capture reactions

e P*-decays
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Image from C. lliadis, Nuclear Physics of Stars (2007)

The gs contribution to the stellar rate for photodisintegration reactions
concerning p-nuclei typically is only a few tenths per mille.

T. Rauscher, Ap. J. Suppl. 201, 26 (2012)
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\_

hotodisintegration experiments can only be used to > Gamma-ray strength function R
derive information on certain nuclear properties required

for the calculation of the stellar rates and, thus, to test an
support the theory (statistical Hauser-Feshbach models)!!

] > Nuclear level density

> Nucleon-nucleus optical potential
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PHOTONUCLEAR REACTIONS The reaction rate for a photodisintegration reaction
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Nuclear Resonance Fluorescence (NRF) Measurements on 78.80Kr to determine the ySF for
p-process nucleosynthesis calculations

PHYSICAL REVIEW C 73, 015804 (2006)

Branchings in the y process path revisited

No ySF data available for 7880Kr!!

Thomas Rauscher®
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40+ Z=36(Kr - & J  Photo data ] TABLE II. Nuclei with large rate uncertainties (derived from rate set A [10], see text); subscripts at each neutron
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80Kr was identified as a key branching point, for which the (y,p) and (y,a) reaction rates were found to be larger than the (y,n)
rate — NON-SMOKER calculations with GLO model for ySF & a shifted Fermi-gas model for NLD. .



Contrary to NON-SMOKER calculations, TALYS calculations indicate the dominance of the 8Kr(y,n) channel over the &Kr(y,p)
and 8%Kr(y,a) channels => 78Kr production follows the path 8Kr(y,n)”°Kr(y,n)”3Kr

10'9_ L1y |..|||.||...|...|...|.|.|.§. ..||...|.|.|..||...|...||.||.§.| ..||..|.|.|...||..|.|.|..|||E

2 22242628 3 3234 2 22242628 3 3234 2 22242628 3 3234
1 A9 . 19
T (10°K) T (10°K) T (10°K)

TALYS calculations with the D1IM+QRPA ySF model and HFB plus combinatorial NLD model



Overproduction factors [ X/ XO]
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The production of the 78Kr via the path 8Kr(y,n)”°Kr(y,n)’8Kr is increased
by 54%, while the (y,n) destruction of 8Kr is increased by a factor of 2.6
at T =3 GK when using the D1M+QRPA ySf model comparative to the
GLO ySF model.

10



110‘6_ S — — . l
ol El El
[ -- QRIPA(078K [ - - SMIJO(078K]r) ]
‘8 1 —(‘)%A(OSOF 2t —— SMIO(080K]|r)
E 6107 e QRIPA(D86K [ ——SMI}O(086K |
= 41071 R
2107 / i
0 S, sl I | I . ] 0 cdeo ]
g0 5 10 15 20 25 40 5 10 15 20 25
510" e 210° Pt
Lot M ‘ ] L MI ]
- ——QRPA(078Kr) J1510%L - - SMLO(07§Kr) -
s —QRPA(0§0Kr) ) [ —SMLO(08(Kr) ]
2 30 QRPA(046Kr) . [~ SMLO(08¢Kr)~;
= : 1 110 :
= 210°0 P
110%F | \
i T AU
A Iny }'l.‘._\
0 T "N | il -
0 5 10
E (MeV)
Photon Beam Energies (MeV) for our NRF measurements: S, (78Kr) = 12.1 MeV

6.40, 6.65, 6.95, 7.20, 7.28, 7.50, 7.80, 8.15, 8.45, 8.80, 8.92, 9.15, 9.55, 9.95, 10.35, 10.75, 11.20 Sn(%°Kr) = 111-15 MeV



CONCEPT OF PHOTON STRENGTH FUNCTIONS 1 o
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High Intensity Gamma-ray Source (HIGS) at TUNL

Highest intensity (y-rays/s/keV) y-ray beam in
the world

Produces y-rays by Compton backscattering
inside the optical cavity of a storage-ring FEL

Produces both linearly and circularly polarized
beams

= a1 O*_c‘,ﬁ
v colision polr T o)
S " o ot
> A
v / = e
e-beam x" d‘y - - i
( - 180 MeV Linac pre-injector
S 180 MeV — 1.2 GeV Booster Injector

guh®

FEL mirror

For more details see:
http://www tunl.duke.edu/higs/

250 MeV — 1.2 GeV Storage Ring
FELs: planar (linear pol.) and helical (circular pol.)

y-ray beam parameters Values
Energy 1 —100 MeV
Linear & circular polarization > 95%
Intensity with 5% AE /E, > 107 y/s
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NRF Experimental Setup at HyGS

Clover array Target gas cell and target holder




Flux (evts/s)

Photon beam flux measurements

Photon Flux comparison
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Photon Beam Energies (MeV) for our NRF measurements:
6.40, 6.65, 6.95, 7.20, 7.28, 7.50, 7.80, 8.15, 8.45, 8.80, 8.92, 9.15, 9.55, 9.95, 10.35, 10.75, 11.20
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80Kr NRF measurements (2023) :
6.4 MeV @ °*°*Fe(y,y’) & 8%Kr(y,y’)
target: stainless-steel cell with 8Kr 0 o

clover_back.amplitude[13]

AE,/E, ~ 4% |

35 RMS  818.325
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MaxY 35
Counts 7887
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B 20
c
3
&)
15
10
6.4 MeV @ *°~*Fe(y,y’) ]

target: stainless-steel empty cell oA SR — —

| | ]
4500 5000 5500 6000 6500
clover_back.amplitude[13]

Data analysis in progress
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80Kr NRF measurements

11.2 MeV @ °55%Fe(y,y’) & 8%Kr(y,y’)

target: stainless-steel cell with 8%Kr

Data analysis in progress
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PHYSICAL REVIEW C 99, 025802 (2019)

. . 0 0
Photoneutron reaction cross section measurements on ~*Mo and "°Zr relevant
to the p-process nucleosynthesis

A. Banu® and E. G. Meekins'
Department of Physics and Astronomy, James Madison University, Harrisonburg, Virginia 22807, USA

J. A. Silano* and H. J. Karwowski
Triangle Universities Nuclear Laboratory, Durham, North Carolina 27708, USA
and University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27516, USA

S. Goriely
Institut d’Astronomie et d’Astrophysique, Université Libre de Bruxelles, Campus de la Plaine, CP-226, 1050 Brussels, Belgium

M (Received 10 June 2018: revised manuscript received 19 December 2018; published 11 February 2019)

The photodisintegration cross sections for the *Mo(y, n) and *Zr(y, n) reactions have been experimentally
investigated with quasi-monochromatic photon beams at the High Intensity y-ray Source (HIyS) facility of the
Triangle Universities Nuclear Laboratory (TUNL). The energy dependence of the photoneutron reaction cross
sections was measured with high precision from the respective neutron emission thresholds up to 13.5 MeV.
These measurements contribute to a broader investigation of nuclear reactions relevant to the understanding of the
p-process nucleosynthesis. The results are compared with the predictions of Hauser-Feshbach statistical model
calculations using two different models for the dipole y-ray strength function. The resulting **Mo(y, n) and
®Zr(y, n) photoneutron stellar reaction rates as a function of temperature in the typical range of interest for the
p-process nucleosynthesis show how sensitive the photoneutron stellar reaction rate can be to the experimental
data in the vicinity of the neutron threshold.
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Experimental Setup

Wall
y-ray Flux Monitor s INVS Detector (*He proportional counter array)
paddle detector u Out of Bea

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

xxxxxx

xxxxxx

Al = N ———
Collimator e
: e
y-ray Beam / In Beam
Acrylic Deuteratéd
Vacuum Pipe == Benzene Cell
e Borated Polyethylene & Cd sheets

Liquid Scintillator Detector

~ 107 — 108 < %Mo: ~ 600 mg/cm?, 98.97%
107 -10%y/s < 2Zr:~1g/cm?, 97.7% L A e o
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Incident Photon

h )
N,

U(EV) N thn( )

N, — number of neutrons detected using 3He

counters

N, - number of incident photons

N, — number of target atoms per unit area
(enriched target)

g, — neutron detection efficiency

Y +992r — 9Zr"— 89Zr + n

v-ray Beam Energies (MeV):

[12,12.1,12.2,12.4, 12.5)12.8, 13, 13.5|

(only g.s. neutrons) (g.s./excited-state neutrons)
L=0
MeV (s-wave neutrons)
1.451 5/2 13.5
— 134 (L=2)
1 J, 2
095\L 3/ vely/ 48 13.1
0.589 \./1/2+ e 12.6
0 CJZAR 7NN B B 11.97
Sn
4 __ 101 0

QOZr
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Neutron Detection Efficiency

Axial View Side View
@

PN
@
\

e ° ® |
o0 o /

® o
>

=

polyethylene |l 3He M cavity

C. W. Arnold et al., Nucl. Instr. and Meth. A 647, 55 (2011)

Neutron energy is lost by the thermalization of
neutrons in the moderator (polyethylene)!!

» Simulated efficiencies for neutron energies
of interest:

~55% @ 20 keV - ~25% @ 4 MeV

Eno= (%)(EV_Sn)

(for g.s. neutrons)

Eni= (%)(Ey_sn_b"

i) (for excited-state neutrons)

&.(E,;)— neutron efficiency from Geant4

simulations

b; — neutron branching from TALYS

calculations

Effective neutron efficiency:

eff
€ =E bi€n,
:‘

E,,)
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Muclear Instruments and Methods in Physics Besearch A 647 (2011) 55-62

Contents lists available at ScienceDirect - —
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journal homepage: www.elsevier.com/locate/nima

Characterization of an INVS model [V neutron counter for high precision (y,n)
cross-section measurements

C.W. Arnold *”*, T.B. Clegg *°, HJ. Karwowski *®, G.C. Rich®", ].R. Tompkins *®, C.R. Howell "<

* Department of Physics and Astronomy, Uriversity of North Caroling ar Chapel Hill, Chapel Hill, NC 27599, United Stares
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Keyword:
Muetron detector

ABSTRACT

A neutron counter designed for assay of radicactive matenals has been adapted for beam experiments
at TUNL The cylindrical geometry and 60% maximum efficiency make it well suited for (v.n) cross-
section measurements near the neutron emission threshold. A high precision characterization of the
counter has been made using neutrons from several sources. Using a combination of measurements and
simulations, the absolute detection efficiency of the neutron counter was determined to an accuracy of
+3% in the neutron energy range between 0.1 and 1MeV. It is shown that this efficiency
characterization is generally valid for a wide range of targets.

@ 2011 Elsevier BV. All ights reserved.
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56 CW. Arnold et al. / Nuclear Instruments and Methods in Physics Research A 647 (2011) 55-62

Active ’\He
Region

Graphite
Moderator

.......

B2 Source
Location .

Longitudinal View

Fig. 1. Front and side cut-away cross-sectional views of the Model IV INVS
counter described in the text. The arrangement of inter-cavity moderator corre-
sponds to the experimental geometries either for the 2*Cf source measurement,
or for the H(y,n)'H experiment.
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Fig. 2. Efficiency vs. Z-axis position for an open detector geometry.

source provides a single measurement of efficiency representing
the response of the detector to a broad spectrum of neutron
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Livermore Neutron Detector H. Utsunomiya et al’'s Neutron Detector
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0Zr(y,n)3°Zr

E, (MeV) E: (MeV) JT E, (MeV) l; €, (%) b, e (%)
12 0 9/27 0.03 3(f wave) 52.89 1 52.89
12.1 0 9/2+ 0.13 3 (f wave) 52.15 1 52.15
12.2 0 9/2+ 0.23 3 (f wave) 51.53 1 51.53
12.4 0 9/2+ 0.43 3 (f wave) 49.21 1 49.21
12.5 0 9/2+ 0,53 3 (f wave) 47.69 1 47.69
12.8 0 9/2% 0.82 3 (f wave) 44.18 0.17 49.94
0.5878 1/2" 0.24 0 (s wave) 51.12 0.83
13 0 9/2+ 1.02 3 (f wave) 41.33 0.23 46.94
0.5878 1/2" 0.44 0 (s wave) 48.61 0.77
13.5 0 9/2+ 151 3 (f wave) 36.71 0.26 42.97
0.5878 1/2" 0.93 0 (s wave) 42.68 0.45
1.0949 3/2- 0.43 0 (s wave) 49.02 0.29)
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0Zr(y,n)3°Zr

E, (MeV) ok, (MeV) 0(y.ny (Mb) N = :;E'f = ﬁ

11.75 0.21 0.01 == 0.01 I

12 0.23 0.11 =0.01 I

12.1 0.21 0.14 == 0.02 I

12.2 0.22 0.50 = 0.03 I

12.4 0.22 2.28 =0.12 I

[2.5 0.23 4.42 +0.24 [

2.8 0.23 0.67 £ 0.52 0.88 1 excited state
13 0.22 [2.66 = 0.68 0.88 1 excited state
13.5 0.24 2094 = 1.13 0.85 2 excited states
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Oy, n)[mb]

1.0 10.0 100.0

0.1

A 4
A T *
R A . * ¢ only g.s. neutrons !!
*
i S !
o]
L ]
. ¢
* present work
+ Lepretre et al. (1971)
+ Berman et al. (1967)
11.5 12.0 12.5 12.8 13.0 13.5 14.0

Ey [MeV]
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Ey MeV)  op, (MeV) 0w (Mb) = = 70

€ T(y.ng)
9.5 0.18 0.28 4 0.02 1 94M n 93 M
9.6 0.17 1.21 £ 0.07 ] O Y’ O
9.65 0.17 251 £0.14 ]
9.7 0.17 2.97 £0.16 ]
9.75 0.17 4.504+0.24 ]
9.8 0.17 4.93 +0.27 ]
9.85 0.17 6.28 +0.34 ]
9.95 0.16 7.83 £0.42 ]
10 0.19 8.44 + 0.46 ]
10.2 0.17 10.11 £ 0.55 ]
10.5 0.17 11.77 = 0.63 ]
10.8 0.17 13.06 +0.70 0.89 1 excited state
11 0.17 14.53 £0.78 0.86 1 excited state
11.5 0.24 17.47 +0.94 0.80 | 3 excited states
[1.65 0.25 18.73 = 1.01 0.78 | 3 excited states
11.8 0.22 2063 £ 1.11 0.79 3 excited states
11.95 0.23 22.61 £1.22 0.79 6 excited states
12.25 0.22 24.20 &= 1.30 0.71 8 excited states
12.5 0.23 27.86 = 1.50 0.72 11 excited states
12.8 0.23 32394+ 1.74 0.74 14 excited states
13.5 0.24 48.64 4= 2.62 0.77 22 excited states
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E, i(MeV) E; (MeV) J E, (MeV) 15 €q, (G0} b; el (G
9.7 0 3/2* .02 1 {p wave) 533.79 1 33.79
9.75 0 32 0.07 1 (p wave) 33.29 1 33.29
9.8 0 3 0.12 1 (p wave) 33.03 1 53.03
9.85 0 3 0.17 I (p wave) 3244 1 52.4
9.95 0 32 0.27 1 (p wave) 3145 1 5145
10 0 32 0.32 I (p wave) 50.30 1 S0.30
10.2 0 52+ 0.52 1 (p wave) 47.74 1 47.74
10.5 0 52+ (.81 1 (p wave) 44.03 | 44.03
1028 0 32 111 1 {p wave) 40.51 0.59 45.35
0.9433 1/2* (.18 1 {p wave) 32.32 0.41
11 0 3/2* 1.31 1 {p wave) 38.37 046 44.73
0.9433 1/2* 0.37 1 {p wave) 5015 0.54
11.5 0 32 .80 1 (p wave) 34.35 0.31 42.83
0.9433 1/2* (.87 I (p wave) 43.23 0.37
1.4925 3 (.33 I (p wave) 30.19 0.26
1.6950 32 0.13 1 (p wave) 53218 0.06
11.65 0 52 1.95 1 (p wave) 33.14 0.29 42.46
0.9433 172+ 1.02 1 (p wave) 41.68 0.33
1.4925 32 0.47 1 (p wave) 48.39 0.28
1.6950 32 0.27 1 {p wave) 50.43 0.10
11.8 0 32 210 1 {p wave) 32.25 0.29 40.71
0.9433 1/2* 117 1 {p wave) 39.94 0.30
1.4925 3 (.62 1 (p wave) 4642 0.28
1.6950 3 (.42 1 (p wave) 49.04 0.13
11.95 0 3 2.25 I (p wave) 3299 0.26 41.57
0.9433 1/2* 1.31 1 (p wave) 38.36 0.25
1.4925 32 0.77 I (p wave) 44.66 0.24
1.6950 52 0.57 1 (p wave) 47.25 0.11
2.1420 52+ 0.129 1 (p wave) 52.30 0.04
21454 32+, 572t (L125 1 {p wave) 32.32 0.07
21811 32+ 0.09 1 {p wave) 52.83 0.03
12.25 0 3/2% 2.25 1 {p wave) 20.54 0.23 41.32
0.9433 1/2* L.61 1 (p wave) 35.57 0.16
1.4925 3 1.07 1 (p wave) 40.99 0.17
1.6950 3 (.87 1 (p wave) 43.44 0.08
2.1420 32 0.43 I (p wave) 48.93 0.07
2.1454 3/2%,5/2% 0.42 I (p wave) 48.92 0.12
21811 32 (.39 1 (p wave) 49.72 0.12
24374 172+ 0.13 1 (p wave) 51.98 0.04
25297 1/2-,.3/2 0.04 0 (s wave) 32.82 0.01

Mo(y,n)**Mo

A. Banu et al., Phys. Rev. C 99, 025802 (2019)
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E, (MeV) E; (MeV) % E,, (MeV) I €0 (58] b, e (55)
125 0 5/2* 279 1 (p wave) 26.78 0.23 39,56
0.9433 172+ 186 1(p wave) 3387 0.10
1.4925 32+ 132 1(p wave) 3837 0.19
16950 5/2+ 112 1(p wave) 4045 0.06
21420 572+ 0.673 1(p wave) 45.74 0.05
21454 3/2%, 52 0,669 1(p wave) 45.60 0.10
21811 32+ 0.63 1i(p wave) 46.26 0.10
24374 1/2+ 0.38 1(p wave) 4981 0.08
2.5297 1/2-,3/2- 0.29 0 (s wave) 50,60 0.01
26190 1/2-,3/2- 0.20 0 (5 wave) 51.55 0.01
2.6701 172+ 0.15 1(p wave) 5215 0.04
2.7046 1/2+ 0.12 1(p wave) 5126 0.03
128 0 5/2+ 3.09 1(p wave) 27.66 0.28440 37.16
0.9433 1/2+ 216 1(p wave) 3184 0.07408
1.4925 32+ 161 1(p wave) 35.74 0.14420
16950 5/2* 141 1(p wave) 3765 0.07771
21420 5/2* 0.970 1(p wave) 4227 0.03704
21454 372+, 5/2+ 0,966 1i(p wave) 4225 0.07167
21811 32+ 0.93 1(p wave) 46.46 0.0698 1
24374 1/2+ 0.68 1i(p wave) 4592 0.06373
2.5297 1/2-,3/2- 0.59 0 (5 wave) 46.71 0.01074
2.6190 1/2-,3/2- 0.50 0 (s wave) 48,01 0.00883
2.6701 1/2+ 0.45 1 (p wave) 48.90 0.05549
27046 1/2+ 041 1(p wave) 49.35 0.05335
28421 1/2+ 0.28 1(p wave) 50.66 0.04113
29551 1/2-,3/2- 0.17 0 (5 wave) 51.80 000459
3.0640 1/2-,3/2- 0.06 0 (s wave) 52.66 0.00283
135 0 5/2* 3.78 1(p wave) 2535 0.32964 3293
0.0433 1/2+ 285 1 (p wave) 2648 0.07525
1.4925 32+ 230 1(p wave) 30.79 0.10762
1.6950 572+ 210 1i(p wave) 3217 0.07133
21420 5/2* 1.660 1(p wave) 35.24 0.03091
21454 3fT+, 552 1.659 1(p wave) 35.27 0.05072
21811 32+ 1.62 1(p wave) 35.53 004801
24374 1/2+ 137 1(p wave) 3807 0.04383
25297 1/2-,3/2- 1.28 0 (3 wave) 3871 0.01244
26190 1/2-,3/2- 119 0 (s wave) 39,69 0.00935
26701 172+ 114 1(p wave) 40.15 0.04146
2.7046 1/2+ L1l 1(p wave) 4043 0.04142
28421 1/2+ 0.97 1(p wave) 4203 0.04114
20551 12,342 0,86 0 (3 wave) 4352 000860
3.0640 1/2-,3/2- 0.75 0 {5 wave) 4497 000680
3.1592 3T+, 557 0.66 1(p wave) 45.77 0.02017
3.3876 3fT+, 552 0.43 1(p wave) 48.92 0.01743
3.4503 3/2+,5/2+ 0.37 1(p wave) 49.78 0.03078
35900 1/2-,3/2- 023 0 {5 wave) 50.66 0.00354
3.5963 3f2%, 52 0.22 1 (p wave) 51.08 000348
3. 7089 32+, 501 011 1(p wave) 52.06 0.00241
3.7200 1/2-,3/2- 0.10 0 (5 wave) 5233 0.00229
3,790 1/2-,3/2- 0.03 0 (3 wave) 5157 0.00129

Mo(y,n)**Mo

A. Banu et al., Phys. Rev. C 99, 025802+2019)
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ARTICLE I NFO ABSTRACT

Keywords: A novel technique of direct neutron-multiplicity sorting with a flat-efficiency detector is proposed to resolve the

Neutron-multiplicity sorting long-standing discrepancy between the Livermore and Saclay data of partial photoneutron cross sections. A flat-

Flat-efficiency neutron detector response neutron detector with the detection efficiency of 36.5 + 1.6% over a neutron energy range 0.01-5.0 MeV

Partial photoneutron cross sections was developed by optimizing triple-ring configurations of He proportional counters embedded in a polyethylene
moderator. The technique forms a foundation of measuring cross sections with x = 1 — 3 for the photonuclear

data project of the Intemational Atomic Energy Agency. The methodology of direct neutron-multiplicity sorting
and key experimental elements are presented.
© 2017 Elsevier B.V. All rights reserved.
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H. Utsumomiya et al

Fig. 1. (Color online) The layout of triple rings of *He counters for the flat-response
neutron detector.

Fig. 2. (Color online) The experimental setup of the flat-response neutron detector.

Nuclear Inst. and Methods in Physics Research, A 871 (2017) 135-141
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Fig. 3. The total detection efficiency and efficiencies of the individual rings of the flat-
response neutron detector. Results of the calibration with a **Cf source are shown by the
filled symbols. Results of the MCNP Monte Carlo simulations for monochromatic neutrons
are shown by the broken lines, while those for the neutron-evaporation spectra by the
solid lines.
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Fig. 4 Neutron detection efficiencies of Ringl of 4 (solid curve),
Ring2 of 8 (dashed curve), and Ring3 of 8 (dotted curve) *He
proportional counters embedded in a polyethylene neutron mod-
erator and the total efficiency. Results of the detection efficiency
measurement with a >>>Cf neutron source are shown by open
circles in comparison with MCNP Monte Carlo simulations
(filled triangles).
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Fig. 3. The total detection efficiency and efficiencies of the individual rings of the flat-
response neutron detector. Results of the calibration with a ?Cf source are shown by the
filled symbols. Results of the MCNP Monte Carlo simulations for monochromatic neutrons
are shown by the broken lines, while those for the neutron-evaporation spectra by the
solid lines.
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