Cross sections for neutron capture from
Surrogate measurements

Jutta Escher

Nuclear Theory & Modeling
Lawrence Livermore National Lab

Gamma Strength and Level Density in Nuclear Physics and Nuclear Technology
Aug 30 — Sept 3, 2010, Dresden-Rossendorf, Germany

UCRL-PRES-452591




Weisskopf-Ewing approximation

Challenges specific to (n,y)
Getting better cross section constraints from Surrogate data
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‘Compound-nuclear reactions




Compound-nuclear reactions

=

Stable nuclei

Important for understanding
astrophysical phenomena and
the origin of the elements:

Known nuclei

e The s and r processes produce
almost all heavy elements

e Processes are linked to stellar
evolution

e Abundance patterns predicted by /
8 Y y
2

Protons

models, require cross section
input

Important for exploiting nuclear energy in a clean and safe manner:

o Goals are to operate safely, reduce toxic waste, ensure availability of
U resource, increase efficiency, and contain costs

» Cross sections are needed for investigating waste transmutation
scenarios, explore alternative fuel cycles, simulate reactor designs

» Reactions on actinides, minor actinides, fission fragments, structural
materials are of interest.

Dresden, August 2010 J. Escher, LLNL



Compound-nuclear (CN) reactions

Simplified description:

e A CN reaction proceeds in two stages:
- Formation of the CN via absorption
of the projectile by the target nucleus
(a series of nucleon-nucleon
interactions leading to equilibration)
- Decay of the CN via particle
emission or fission

e Characteristics:

- CN reactions are slow: ~10-1%s (direct
reactions ~1022s)

- Evaporated particle spectra exhibit
characteristic energy spectra and
angular distributions

- The CN forgets how it was produced
(but retains memory of conserved
quantities!)

Dresden, August 2010

CN reaction
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Theoretical formulation:

e Early, simple expression (Weisskopf-Ewing):

o (5 =@ SN E) €2 E

e Accounting for conservation of angular
momentum (Hauser-Feshbach):

Oy = Zy 5 0N (Ed,m) - GON (E,J )

J. Escher, LLNL



State-of-the-art: powerful tool to calculate cross sections

Average cross section per unit energy in the outgoing channel:
HF
dOqy E D T T s Pr (U)
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Evaluating this expression requires knowledge of optical potentials and the structure of the
nuclei that can be reached in the decay of the CN:
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State-of-the-art: powerful tool to calculate cross sections

Avallable online at www sciencadirect.com
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Constraining the input

SZr(n,y)*%Zr cross section

Constraints for models and parameters: 0.15

* ySF: total radiative width,...

¢ [evel densities: discrete low-lying levels,

. 0.1
neutron resonance spacings at Sn,...

e Microscopic calculations for ySF and LDs

Factor ~4
uncertain!

Cross section [b]

¢ Global systematics 0.05

¢ |ocal systematics

e Complementary/competing cross sections

e Measured cross sections of the reaction of O et
interest, possibly near the energy of interest R L
E[MeV]

From: www.nndc.bnl.gov

Lack of cross section constraints can lead to large differences between evaluations

Dresden, August 2010 J. Escher, LLNL



Constraining the input

33Gd(n,y)’*Gd cross section [

1 § a
— ENDF/B-VIL.8: GD-153(N,G>CD-154
s ENDF/B-UIT.08. QD-1553(N,QICD-159
JEHDL-1.8: GD-153(H, G>GD-154

32 .l)D 2.0

Constraints for models and parameters:

* ySF: total radiative width,..

o . 1>°Gd(n,y)
¢ [evel densities: discrete low-lying levels,

neutron resonance spacings at S,,,...

(bharnc)

e Microscopic calculations for ySF and LDs

Scction

¢ Global systematics

Factor ~2

uncertain!
Shape?

Croce

¢ [ocal systematics
e Complementary/competing cross sections

e Measured cross sections of the reaction of
interest, possibly near the energy of interest ]

Incident Energy (Mel)

From: www.nndc.bnl.gov

Measurements of cross sections are very important to constrain calculations.
Where these are not feasible, we explore using Surrogate reactions to determine
meaningful constraints.




e Surrogate Idea




The Surrogate Idea - schematically

“Desired” reaction

a._.‘%

‘e, 1
The Surrogate Nuclear Reactions o !
approach combines theory and

measurements to determine cross

sections of compound-nuclear IR eReal: 5
reactions that are difficult/ d
impossible to measure directly. D
X X
N
I

C‘ W
C.

Dresden, August 2010 J. Escher, LLNL



The Surrogate Idea - examples

23517 235U(n,1)

AN .236U*
N v
<

Various direct-reaction
mechanisms can be employed
to create the compound nucleus
of interest.

Dresden, August 2010

J. Escher, LLNL



The Surrogate Idea - examples

153Gd “Desired” reaction
neg N

154Gd*

154Gd ‘ L e
Different types of compound- }
nuclear decays can be considered. y%

“Surrogate” reaction

Dresden, August 2010 J. Escher, LLNL



The Surrogate Idea

One experiment can be used to

determine several cross sections:

(A,Z+1) |(A+1,Z+1) |(A+2,2+1)

N7

(A-1,7) (A,Z)

ham
\ (3He.t) ’ (°He,p)

&= o) I CHe.d)

Dresden, August 2010

A Surrogate measurement with fixed
beam energy can be used to probe the
desired cross section for a range of
energies:

For fixed beam energy E,, the CN can be
produced at various excitation energies

“Surrogate” reaction .
d
D
@
N\

‘® |
C.

J. Escher, LLNL



Simple Weisskopf-Ewing (WE) description

“Desired” reaction:

a ._,A‘%

C‘./ |
C

B*

N

Weisskopf-Ewing description of the
“desired” reaction:

O "E(E) = 0, (E) - G°N. (E)

“Surrogate” measurement:

d%”
D

S

C.
o/
C

'

B*
N

Weisskopf-Ewing expression for the
“Surrogate” measurement:

P, (E)= G°N, (E)

Cross section for the desired reaction:

T HE) = @, B BB

W J\ J
Y Y
calculated =Ncoinc/Nsingle
measured

Dresden, August 2010

J. Escher, LLNL




' WE applications

to (n,f) reactions




Early Surrogate work in the WE limit

Cramer and Britt
Nucl. Sci. Eng. 41(1970)177

LANL experiment to study fission barrien
* 18 MeV triton beam
 charged-particle detector at 140°, AEx120keV

* 8 fission detectors in the reaction plane
o P,=2n/AQ x N(t,pf)/N(t,p)

fission
peam |~ ,
AE .
E«@ -

Fission probabilities P; were used

¥ Np(n )|

to estimate (n,f) cross sections: 1 E)
o o™N,.a)(E) was obtained fro
an optical-model calculation

* Opp(E)= 0N, (E)P(E) 234U 235U 236U

P

237Np 238Np

..
Results
e (n,f) cross section estimates (t9p)

for 7 nuclei: 231Th, 233Th,
235(] 237[] 239[] 241py; 24
3SU, 270, 29U, 241Pu, 243Pu

Britt and Wilhelmy
Nucl. Sci. Eng. 72(1979)222

(’He,d) and (°He,t) experiments:

various actinide targets

same procedure as before
additional simplification:

0N ea)(E) = 3.1 b = const

(n,f) cross section estimates for 34

nuclei for E = 0.5-6 MeV:
229232py 230,231 232238Np,

236-237Pu ,
238-244 Am, 240-243Cm , 2442483k ,
248-250ES

(*He 96\238[]

* Comparison with available direct measurements for 23U and

241Pu showed reasonable agreement above E, =~ 1 MeV

* Uncertainties: 10% for Py, 5-20% for o~ , , 5-20% for
angular-momentum differences between the desired and
Surrogate reactions

Dresden, August 2010

Results

* Essentially reasonable agreement with directly measured cross

sections, where available

e Uncertainties similar to those of the earlier work

J. Escher, LLNL



Results from CENBG collaboration

3 I I l,‘-l. ll I I I I
“"Am(n,f)
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Fission cross section /b
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Neutron Energy /MeV
Jurado et al., CENBG
¢ 242 243 244
AIP Conf. Proc. 1005(2008)90 Cm| “~Cm| **Cm
Experiment at IPN Orsay 2 | j
241 Am 242 Am

3
He Beam

Si Telesé(iiig;
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J

|
|
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‘,‘ 243

-~ "Am Target

-
-

-

 (p.d.t.alpha)

(n,f) cross sections extracted in Weisskopf-Ewing approximation are consistent
with direct measurement, able to resolve controversies and extend range of data.

Dresden, August 2010

J. Escher, LLNL




Results from the STARS/LiberACE collaboration

Burke et al., PRC 73 (2006) 054604

2 237U(n,f) cross section from Ratio analysis
¢ (a,0'f) on 238U and 236U A Burke et al., PRC 73 (2006) 54604

236U 238U

U

(a,0’)  (a,a’)

O 1 2 § & 5 & 7 & 9 1001 12 13 W 5 ¥ 7 8B 19 N
Equivalent nautron enargy (MeY)

z
» =

] TNl work

" J : o ]
= - % i “Np(n, 1) -
= = Q 3.:' < ] A
237U 238U S ENDF/B-VII 0 !
L = ~—= .JENDL3: ii."f:;‘é‘ ,
_ ~CN . 3 5 ===
O = O ety Py 2 ' il

C

S. Basunia et al. :
NIMB 267 (2009) 1899 B s R e

 Charge-exchange 238U(®He,t) Meutren Energy iMe')

(n,f) cross sections extracted in Weisskopf-Ewing and Ratio approximations are
consistent with each other and with direct measurements

Dresden, August 2010 J. Escher, LLNL



Weisskopf-Ewing

Approximation:
Ignoring spin effects




The Weisskopf-Ewing (WE) limit

HF theory of the “desired” reaction:

Oy = ZJ,W o, N (E,J,) - GCNX(E,J,n)

" e

M
C‘./ |
C

B*

Weisskopf-Ewing description of the
“desired” reaction:

GCNX(E,J,n) ------ > GCNX(E)
Thus:
O, VE(E) = 6,5N(E) - N, (E)

HF expression for the “Surrogate”
measurement :

P, (E)=2 ; Fs®N(E,J,m)-GCN, (E,J,m)
b
e,
i
N\

C
@ -
C

Weisskopf-Ewing expression for the
“Surrogate” measurement:

------ >P,(E)= G\ (E)

Cross section for the desired reaction:

T HE) = @, B BB

W J\ J
Y Y
calculated =Ncoinc/Nsingle
measured

Dresden, August 2010

J. Escher, LLNL




Reduction of Hauser-Feshbach to Weisskopf-Ewing

J prl )
&, 22 TS [T Eoer U,

WE limit valid when:

e Decay channels are dominated by integrals over the level density.
e Width fluctuations are negligible.

e Transmission coefficients T associated with available exit channels are
independent of spin of states reached.

* |evel densities in available channels are independent of parity and dependence on
spin | has the form ~(2I+1)

Oy = 27 O, N (Edym)  GN(Edm) > 0, "5(E) = 0,°N (E) - G, (B)

Dresden, August 2010 J. Escher, LLNL



Reduction of Hauser-Feshbach to Weisskopf-Ewing

— a

do;lxp ﬂ}.z EwJ E TaJisTx‘:'s’pl'(U)
aE, m et Y Tpe+ 2 [T (E)p(U"E,,

— Neg. parity
— Pos. parity
- lsomer

W.E. Ormand (LLNL)




the WE approximation

for (n,y)




Testing the WE approximation....

J. Escher and F.S. Dietrich,
PRC 74 (2006) 054601
PRC 81 (2010) 024612

=
1 =) 13 w
LAt A B e iy e

Simulation procedure:

+ ENDF/B-VI

1. Determine “reference cross sections”
with a statistical-model calculation.

2. Extract gamma decay probabilities for
each (J,m) as function of E ...

|

~

Dresden, August 2010

n [b]

— 233U(n,gamma)

I 1 T N B B
0.1 1

E [MeV]

GCNY(E,J,:rc) or GON(E,J,n)

J. Escher, LLNL




Case 3: (n,y) reactions for rare-earth targets

Probability G(E,J,n) that a 1°6Gd state with excitation
energy E=S +E, and given J™ value decays via y-emission

Probability for y channel

001

— G(EJ=0%)
----- G(EJ=3")

G(EJ"=6")
-——- G(E,J"=9%)

—--— G(EJ"=12%

|||||

Probability for y channel

lllll

— G(EJ=07)
-=---- G(EJ'=3)

G(EJ"=6")
-——- G(E,J"=9")
—-— G(EJ=12)

~:l\-1§-
001 156 —
F (b)) °Gd
Lo o by v by v a by v v Loy v by a g g
8.5 9 9.5 10 10.5 11

Excitation energy of compound nucleus [MeV]

115

Probability for y channel

Prcbability for y channel

0.0l

0.1F

0.01

Q
td
=-_.=
& -
F
Lol

G(EJ"=6")
-——- G(EJ"=9%
—-— G(EJ=12%)

[

a
m
:Hﬂ
5
1 1 |I|I|I

G(E,J"=6")
———- G(EJ"=9")
== G(EJ=127)

el

() Gd

ST T TN TN N T T N T W T T S N O T W W O W Y O

8 8.5 9 9.5 10 10.5
Excitation energy of compound nucleus [MeV]

Dresden, August 2010

J. Escher and FE.S.
Dietrich, PRC 81
(2010) 024612

J. Escher, LLNL



Case 3: (n,y) reactions for rare-earth targets

Neutron-induced spin-parity
distributions n+53Gd

Dresden, August 2010

0.4f ! @ E_=0.1 MeV
I R ]
0.2 | : ]
- ]
T :
O 1 Ju— w— ]
041 (b)E_=0.5 MeV
" r—1 ]
02F _ 1 1 i
I gy i
0'_1-J 1 1 -; 4 - ]
0.4F (©)E, = 1.0 MeV
02F [TL_ .
L - -1 -
Og_—!_:_—k--n 1 1 L 1 1 1 ]
0.4 (d)E_=1.5MeV -
02| = .
[ J:'_‘_C:j_ ]

0

1

2 3 4 5 6 7 8 9 1011 12

Angular momentum J

J. Escher, LLNL



Testing the WE approXi | cees
-

J. Escher and F.S. Dietrich,
PRC 74 (2006) 054601
PRC 81 (2010) 024612

section [b]

235U(n’f)

3. Simulate a

1. Determine “
with a statistical-model calculation.

Simulation procedure:

reference cross sections”

2. Extract gamma decay probabilities for
each (J, ) as function of E,.

Surrogate experiment and

carry out an analysis in the WE limit.

4. Repeat 1-3 to carry out Ratio analysis.

|

™~

P 5y

(E)= Z FéCN( ,J,TE)'GCN

™~

v

section [b]

GCNY(E,J,:rc)

(E,J,m)

0.01

* ENDF/B-VII
v Hopkins & Diven

233U(n,gamma)

L1 1 L1
0.1 1
E [MeV]

SSE

Dresden, August 2010
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Case 3: (n,y) reactions for rare-earth targets

Neutron-induced spin-parity
distributions n+15°Gd

Schematic spin-parity
distributions for simulations

J. Escher and FE.S.
Dietrich, PRC 81
(2010) 024612

- ! (@) E_=0.1 MeV 7 04F (e) Distrib. 1

I ] C ]

A 1 021 .

C 1 l—— 1 1 1 1 1 1 1 1 ] O- 1 1 1 1 1 1 1 1 1 1 1

- (b)E_=0.5MeV - 04} (f) Distrib. 2

- L 1 02fF 3

: - e e

N (c)E =10MeV 7 041 (g) Distrib. 3 ]

F 1 0ak N
1 1 | 1 1 1 1 1 0 1 1 1 1 1 1 1 1

- (d)E_=1.5MeV - 04} (h) Distrib. 4

:_ [T+ — _: 02:_ =
L L L — 1 1 1 1 1 1 0 L 1 1 1 1 1 1 1 1

o 1 2 3 4 5 6 7 8 9 1011 12 0 1 2 3 4 5 6 7 8 9 10 11 12

Angular momentum J

Angular momentum J

Dresden, August 2010
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(n,y) reactions for rare-earth targets

Cross sections extracted from simulated Surrogate observables

Cross section [bam|

10

0.1

0.01

T Illlll] T T lllllll T

T

ﬂﬂ TTIT
I“'

.'l“l

-. "‘.‘
vl

------ Distribution 1
------- Distribution 2
————— Distribution 3
————- Distribution 4
Distribution ABB
Reference cross section

. Direct measurement

Al o I

0.1

Neutron energy [MeV]

Cross section [barn]

10 — —

-
k.
;--

Illllll]
vl

- Distribution 1
'''''' Distribution 2
————— Distribution 3
e Distribution 4
Distribution ABB
Reference cross section
. Direct measurement

0.1

T lllllll
1 Illllll

I

0.01 1 .
0.1 1

Neutron energy [MeV]

Dresden, August 2010

J. Escher and E.S. Dietrich, PRC 81
(2010) 024612

J. Escher, LLNL




Inelastic p scattering on 154156:158Gd at STARS/LiBerACE

Target chamber and
| Ge detectors

Silicon
Telescope
Array

“Surrogate” reaction

154Gd %

154Gd*
154Gd ‘ v | N\

P, =Ng,/N; Y%

N. Scielzo et al., PRC 81 (2010) 034608
Measurements of 1>*156-18Gd(p,p’y) with with E =22
MeV. Goal: determine the 133155-157Gd(n,y) cross
sections -- two cross sections are known, can provide

tests, one is an unknown cross section of interest to
astrophysics.

J. Escher, LLNL




156Gd decay following excitation by inelastic p scattering

Measured y-ray emission
probability for lowest 4 y-
rays in'%6Gd Normalized to
1 below S,

1.4 (b) Gd-156
2 "
g 12e I
s S L AT el el et |
= 0.8—
9o C
3 08
5 0af
g 0.2 :
LF Wit ok
S S T T N
5 6 7 11 12
Excitation Energy (MeV)
Y SRR L T T T T ]
N. Scielzo et al., ) — G(ES=0)
PRC 81 (2010) T eEr=) )
- G(EJ=6") ||
034608 § -——- G(EJ"=9") |
J. Escher and F.S. E — = G(EJ=12))
Dietrich, PRC 81 | £ "'} | 3
(2010) 024612 = ~—
E ;\'-\-__\_\‘;\: ..~..
0.01 (b)) *6Gd E
I | A | A | lv1 01 l v 1010 ]
8.5 9 9.5 10 10.5 1 115
Excitation energy of compound nucleus [MeV]

Calculated probability
G(E,J,n) that a 196Gd state
with excitation energy
E=S, +E, and given J™
decays via y-emission

Dresden, August 2010

Indication that different
transitions sample different
parts of the cascade.




155,157Gd(n,y) cross sections from WE analysis

Extracted 195Gd(n,y) cross section
compared to reference cross
section and Surrogate simulations

The WE approximation gives results

10—

T T T T T T

(a) °Gd( n.y)

Cross Section [barns]

0.1F

- Distribution 1

Surrogate messurement 27— 07)

Surrogate messurement (4” — 27)
Direct measurement
Reference cross saction

Distribution 2
Distribution 3

0.01

0.1 1

roughly within a factor of 2-5 of the

expected cross section. Neutron Energy [MeV]
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. . (b) I5TGd(n.y)
More work is needed to obtain cross

sections to better than a factor of two.

—
TTTT

e

Cross Section [barns)

0.1 1
Neutron Energy [MeV]

0.01 L

N. Scielzo et al., PRC 81 (2010) 034608
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The Surrogate Ratio approach

Goal: Determine experimentally

o@M(E)
E)

R(E) =
(E) -
we % (E) G'(E)

o (E) G.'(E)

W J\_ )
Y Y
calculated measured

x No,/Ny,5,

Advantages of the Ratio approach:

* Eliminates need to measure direct-reaction
“singles” events in Ncoinc/Nsingle

» Small systematic errors or violations of
assumptions underlying a Surrogate WE
analysis might cancel

Dresden, August 2010

a o

Ns,/Ns; = const

J. Escher, LLNL



Ratio method for 57Gd(n,y) / 155Gd(n,y)

Comparing ratio of extracted cross sections to ratios of reference cross sections and
ratios of Surrogate simulations:
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N. Scielzo et al.,

0.1 l
Neutron Energy [MeV]

PRC 81 (2010)
034608

The Ratio approach reduces, but does not remove the discrepancies!

Dresden, August 2010
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Case 1: WE for (n,y) reactions for near-spherical nuclei?

Branching ratios for 92Zr decay for various J™ values

y-decay probability of 27t for various J” values
1

y-decay probability of *Zr for various J" values
1 e

01 01k

0.001

0.0001

E, MeV]

a” 001
t

0.001 =

0.0001
0

E,_[MeV)

Forssen et al., PRC 75

: — o : L
Shown is the probability (P,) that a ®*Zr state with excitation (2007) 055807

energy E=S_+E, and given J™ value decays via y-emission.

is th : i 922 i -
S, is the neutron separation energy in r At small energies, the

branching ratios are
VERY sensitive to CN J"

values!

Dresden, August 2010 J. Escher, LLNL



WE is worse for (n,y) reactions for near-spherical nuclei

=

T

llllllll 1 llllllll 1 1

e, [MeV]

1000\ —— Reference]
- S ——— Extracted | A
= I I
E [ N :
OE 500_— \\\ §
M! el L [

0.01 0.1 1

Forssen et al., PRC 75
(2007) 055807

Simulated Surrogate WE
analysis compared to
91Zr(n,y) reference cross
section

Weisskopf-Ewing analysis does not work here!

Dresden, August 2010

J. Escher, LLNL



Case 2: (n,y) reactions for actinide targets

J. Escher and F.S. Dietrich, PRC 81 (2010) 024612

Gamma-deay probability of 236U
Branching ratios for various J values
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0.1

LI LR |

Probability for gamma channel

0.01

TTTT]

lllllllIIllllIllll[lllllllllllllllllll

— G(E.JPi=0+)
‘. - =« G(EJPi=3+)
S, G(E,JPi=6+)
N, — - G(EJPi=9+)

> -—- G(EJPi=124)
G(E,JPi=15+)
-—- G(EJPi=18+)

111

Lol

vl

lllllllllllllllIlllllllll

1.5 8 8.5 9 95 10 1

Excitation energy of 236U

w

Gamma-deay probability of 236U
Branching ratios for various J values

1+ .
- — G(EJPi=0.)
N ---- G(EJPi=3-) ]
S - S G(EJPi=6-) .
E N — - G(EJPi=9-) -
.x:f e s N -—- G(EJPi=12-)
= R R, .. GEJIPi=15)| 1
é \\' ~ T~ -—- G(EJPi=18-)
s 0.1fF .
=11 - -
. C ]
< - ]
":C; - \’\' -
£ N
001 \'1
TENINEN AR AT N B A A AN N N SN AN S AN T A A A IA.I.' N 1) 1A|\|-| L]
7.5 8 8.5 9 95 10 0

Excitation energy of 236U

i

Probability G(E,J,x) that a 23%U state with excitation energy
E=S,+E, and given J” value decays via y-emission.

Dresden, August 2010
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Case 2: (n,y) reactions for actinides - Weisskopf-Ewing limit

Cross sections extracted from simulated Surrogate observables

J. Escher and E.S. Dietrich

PRC 81 (2010) 024612

Simulated Swrrogate WE results vs reference cross section

i
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¢ 9 DN + Direct measurements

E . N
N
g 01 . =
U i § g 01

i 1 g

\,
1 ! ! | ! ! -
0.01 Al ekl - 1 A Il 1 il 1 Aol NI .|
035 1 15 2 25 3 35 4
Neutron energy [MeV]
0.01
0 03 1 15
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The WE limit may or may not work for (n,y) cross sections.
Knowledge of J™ would be very helpful!

Dresden, August 2010
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Case 2: (n,y) reactions for actinides - External Surrogate Ratio

Cross section and cross section ratio extracted from simulated Surrogate observables

P . . )
235U(n.g) cross section Cross section ratios

Simulated External Ratio results vs reference cross section Various surrogate JPi distributions compared to reference case
T I LI L I L 1 I T 1 I LI | T I LI T I LI ) T I T LI

w

'llll[lllllll‘llll‘lllllllllllllllllllll

= =
g o1 - g _
.
s ] e .
+ = Distrib. ABB T _
— Distrib. D 7
- —= Distrib. A - F ¢ Reference Ratio| -
-— Distrib. B -—- Distrib. ABB
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J. Escher and E.S. Dietrich
PRC 81 (2010) 024612

The Ratio approach yields some improvements.
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\ges specific to (n,y)




Detecting the y channel

Considering some options:

* Most experiments gate on individual y rays in the
residual nucleus instead of determining the
appropriate sum of y rays
-> need to account for portion of gamma cascade
not seen
-> correction depends on the CN spin distribution
Additional spin dependence!

« Alternative: detecting the complete gamma
cascade:
-> better statistics
-> ‘contamination’ from other y sources, such
as vy following n evaporation require corrections
-> does not resolve the spin mismatch issue

12

1,0 4

0.8 4

0,6

0,4 A

0,2 -

0,0

A raw probabilities
® probabilities corrected
for (n'y) contribution

4.8

T
50

T T T T T
5,2 54 5,6 58 6,0 6,2 6,4

Excitation energy in #“pa nucleus (MeV)

Gamma probability
for decay of 234Pa
following (3He,p)

S. Boyer et al.
NPA 775 (2006) 175

(n,y) cross sections pose new challenges

Dresden, August 2010
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~ Getting better cross section
constraints from Surrogate data




The Surrogate Idea - Formalism

Hauser-Feshbach (HF) theory describes the
“desired” CN reaction

Oy = ZJ,R o1, SN (E ) - GCNX(E,J,n)

The issue:

- 0,°N can be calculated
* GCN_ are difficult to predict

“Desired” reaction

a._.‘%

A Surrogate experiment gives

P.(E)=2, ; Fs®N(E.J.m) GEN, (E.J,m)

Preferred approach: calculate F,°N(E,J,x),
model CN decay, adjust HF parameters to
reproduce measured P, (E), obtain G®N,

Typical approach so far - approximations:
assume (J,m)-independent GEN and employ
simplified formulae (“Weisskopf-Ewing” and
“Surrogate Ratio” approaches)

Dresden, August 2010
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“Surrogate” reaction
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J. Escher, LLNL




Predicting compound-nuclear spin-parity distributions

“Surrogate” reaction 5
d
D
@

N\
C‘./ |
C

Dresden, August 2010 J. Escher, LLNL



Predicting compound-nuclear spin-parity distributions

Formation of a highly excited nucleus in a
direct reaction
* inelastic scattering, pickup, stripping
reactions
e various projectile-target combinations
* resonances, quasi-bound states

Damping of the excited states into a
compound nucleus
e competition between CN formation and
non-equilibrium decay (particle escape)
* dependence on J*

Width fluctuation correlations

Dresden, August 2010

Producing a compound nucleus
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C‘ 7 | N
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J. Escher, LLNL




y-rays as a signature of the CN spin-parity distributions: actinide case
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y-ray intensities are sensitive to the J* distribution of the decaying CN nucleus.
The ‘collector’ transition (2*->0%) accounts for 90-100% of the intensity.

Dresden, August 2010
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Summary

The Surrogate nuclear reaction approach is potentially very valuable. It is the
only indirect method for obtaining CN reaction cross sections.

We have observed:

*(n,y) reactions are very sensitive to angular-momentum effects

e(Cross sections extracted from Surrogate experiments in the WE approximation
do, in general, not give satisfactory results. Conclusion is based on theoretical
considerations, calculations, and Gd experiments.

eNuclei near closed shells present a special challenge due to the low level
densities, actinides seem somewhat less sensitive to spin effect.

e|ndividual y transitions contain valuable information. A combination with
measurements of the complete y-cascade is potentially very useful.
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236y fission probabilities: dependence on J©

1 ' - + 0.75
ored |——J0| 236 decay
| _‘_J1
0.85 . .
| 2 Positive parity
—J3
>
o
o]
8
a
S
B
1
o L Postive party |~ ~~9=19 )
o-‘...l.“.x...‘x....
a < 10 19 20 0.0 05 1.0 1.5 20 25 30 35 40 45 50 55 6.0 85 7.0
Neutron energy [MeV] Neutron energy (MeV)
Insights:

e |t is not a priori obvious whether the WE approximation applies. The validity of the
approximation depends on the energy and the range of J™ populated.
¢ Note the range of spins and the linear scale.
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Theory tests of WE and Ratio approximations

Simulations of Surrogate results for different spin distributions
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Results from Weisskopf-Ewing analysis Results from Ratio analysis

Calculations illustrate the level of agreement that can be expected from (n,f)
cross sections extracted in Weisskopf-Ewing and Ratio approximations.
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Surrogate approach for (n,y) cross sections

2,0 1

1.5 9

1.0

0.5

0,0

S. Boyer et al.
NPA 775 (2006) 175

Extracted 233Pa(n,y) A Pelitet al
cross section and eeee endf6.8

. jendl 3.3
evaluations ®| our results

00

T T
0.4 0,6 0.8

Neutron energy (MeV)

Hatarik et al.

(PRC 81 (2010) 011602(R))
Desired: of'"Yb(n,y)l/o['"3Yb(n,y)]
Surrogate: P['71Yb(d,py)l/P['""Yb(d,py)]

Goldblum et al.(PRC 78 2008)064606)
Desired: 171Yb(n,y)
Surrogates:
P['"1Yb(®He,3He")]/P['¢'Dy(3He,3He’)]
P['"2Yb(®He,)]/P['¢2Dy(He, o]

Allmond et al. (PRC 79 (2009) 054610)
Desired: of235U(n,y))/o[235U(n,1)]
Surrogate: P[23°U(d,py))/P[?3°U(d,pf)]

10| Scielzo et al.

(PRC 81 (2010) 034608)

A 22Th(PHe p)***Pa Surrogate measurement for fission,
used to adjust HF calculation of (n,y) cross section

® >*Th(*He p)***Pa Surrogate measurement for y exit
channel, analyzed in WE approximation

Dresden, August 2010

Desired: of53.155.157Gd(n,y)]
Surrogate: P[154156.158Gd(p,p’y)]

Surrogate measurements for
(n,y) are now being considered.

J. Escher, LLNL



Minimizing effects of the spin-parity mismatch: ratio results for 23°U(n,y)

J.M Allmond et al. (PRC
79 (2009) 054610)

Deduced the 2*3U(n,y) cross 0.3 OfFains [ Inner bar=sys. err.
section from a Surrogate . poriion Outer bar=tot.err.
Internal Ratio, using 2>U(d py) L 0.25 of En <0
and 235U(d pf) with E;=21MeV o(ny) :
o(nf) 0.2¢
Work assumes that 34% of the [
gamma cascade proceeds VS. 0.15 [
through the 1- -> 2+ (642keV) . [
transition. O [
P(d,py) 0.1¢
Result is in agreement with P(d,pf) :
evaluated cross section. 0.05F

0:
0 05 1 15 2 25 3 35
E, (MeV)
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Minimizing effects of the spin-parity mismatch: ratio results for 235U(n,y)

J.M Allmond et al. (PRC
79 (2009) 054610)

Goal: deduce the >U(n,y)
cross section from a Surrogate

Internal Ratio, using >»U(d py)
and 25U(d.pf) with E;=21MeV
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Normalizing calculated cross sections with Surrogate data

10° T T
o —— P, () =3, . FaCNN(E,J, )} GOV, (E,J,m)
=) N
o 10— Reference PR E)=P_exr(E)/ P_t(E
of |7 Gipaton N n(E)=P,>*(E)/ P, (E)
107E]---- Simulation 4
101: — T T T T 1 3
E /7 TN ——— Simulation 2| 3
[/ o=~ "~o_ |---- Simulation 3|
§ ;:a.l- (b) \'“\ \t:' === Simulation 4| -
= 4 ]
10°E- T———
01 2 3 4 5
e, [MeV]
Forssen et al.
Phys. Rev. C 75 (2007) 055807 Oy ™ (E) = n(Es) 200 onCN’th(E,J,n)-GCN’thX(E,J,n)
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Normalizing calculated cross sections with Surrogate data

2 2 )
a 10 E- —— Refarance ~ = t 3
F [——— Simulation 2 \\‘: ]
-3L_|-—-—- Simulation 3 -
10 :E —-—— Simulation 4 \:
——— H—+—+H
¥ () —— Referencs
15()*,i ——— Simulation 2|
- \ -—-—- Simulation 3
= \ —-—— Simulation 4
.—E‘ 100 1
50 1
I 1 il 1 llm
0.01 0.1 1

Forssen et al.

Phys. Rev. C 75 (2007) 055807

PXth(E) =ZJ,TE FécN’th(E’Jaﬂ)GCN,thx(E’J’n)

n(E)= P.o(E)/ P, "(E)
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Surrogate experiments may help constrain models at higher energies and improve
calculations in the desired energy range - even for very challenging cases!
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