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The Surrogate Idea

The Surrogate Nuclear Reactions
approach is an indirect method
for determining cross sections of
compound-nuclear reactions that
are difficult/impossible to measure
directly.
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The Surrogate Idea

Various direct-reaction
mechanisms can be employed to

create the compound nucleus of
interest.
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The Surrogate Idea
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The Surrogate Idea

One experiment can be used to
determine several cross sections.

H
(A, Z+1) |(A+1, Z+1)(A+2, Z+1) , (*He.p)

\ I , I (*He,d)

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

<=

CNR* 2007, October 22-26, 2007 J. Escher, LLNL



The Surrogate Idea - Formalism

Hauser-Feshbach (HF) theory describes the A “Desired” reaction
“desired” CN reaction a o ,
Oy = 2y, 0,°N (E,dy) - GON. (E ) S B*
The issue: C N Y
- 0N can be calculated ‘ L
@
» GON. are difficult to predict C
A Surrogate experiment gives «g o7 ction
urrogate reactl

P.(E)=Z, ;; Fs°N(E,J.m)}GON, (E.J.m) 9 ¢ b
. Ideal procedure: calculate F;°N(E,J,x), extract

GCNX(E,J,n), and insert into HF formula D

Y *

Il.Realistic: model CN decay, adjust parameters B

to reproduce measured P, (E), obtain GCNX
lll. Most common approach - approximations: C ‘ 'S l R

assume (J,r)-independent GEN and employ °

simplified formulae (“Weisskopf-Ewing” and C

“Surrogate Ratio” approaches _

g PP ) P, =Ny, /Ns
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mation schemes

Weisskopf-Ewing approximation

Surrogate Ratio approach



The Weisskopf-Ewing limit

HF theory of the “desired” reaction:

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

20— Q) .
Q.

C
@~
C

Weisskopf-Ewing description of the
“desired” reaction:

GCNX(E,J,J'E) ------ > GCNX(E)
Thus:
O VE(E) = 0, N (E) - G°N, (E)

HF expression for the “Surrogate”
measurement :

P.(E)=2,  Fs®N(E.J;m)-GON, (E.J,m)

TR

% B*

b

Weisskopf-Ewing expression for the
“Surrogate” measurement:

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

Cross section for the desired reaction:

0, "¥(E) = 6,N () - P, (E)

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

C Y
0,‘ '
C
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Most applications to date use
the WE approximation!
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Surrogate experiments analyzed in the WE approximation

Cramer and Britt, Nucl. Sci. Eng. 41 (1970) 177
Britt and Wilhelmy, Nucl. Sci. Eng. 72 (1979) 222

(n,f) cross section estimates for actinides based on
Surrogate (t,p), *He,d) and (*He,t) experiments

25U(n,f)| | *'Np(n,f)
P ()
234U 235U 236U 237Np 238Np

(3Heatj\238U

O(n,f)(E)= 0CN(n+A)(E).Pf(E) with Pf = Ncoinc/ Nsingle

Petit et al., Nucl. Phys. A 735 (2004) 345

(n,f) cross sections for Th, Pa from
Surrogate (*He,x) experiments (x=o.,t,d,p)

232Pa

233Pa

— AT,

23 lTh 232Th
<==

234Pa

G(H,D(E)= GCN(IH.A)(E)’Pf(E)

On,p(E) is from a
Semi-microscopic
optical-model

a(nf) (barns)

**Th(n.n

J. Wi Meadows (1984)
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Approximations justified a posteriori by
comparison with direct measurements.
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The Surrogate Ratio approach

1 O\K" b,
Goal: Determine experimentally D

A, 1
a (@)
o, (E) ind * NS
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Gazxz (E) C1 ‘ r'd
we T4 (E) G(E) ¢

o (E) G (E) o0,
(N J\ J A D2
caIcJated m;asured ¢ﬂ

= No;x, /Ny,
X N&,/Ny,d,

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 The Ratio approach has only
been used recently!

Ns,/Ns, = const
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First results from the Surrogate Ratio approach

Plettner et al., PRC 71 (2005) 051602:
* (d,pf) and (d,d’f) on 238U and 236U

Burke et al., PRC 73 (2006) 054604 22

e (ar,0’f) on 238U and 236U 1

237U (n,f) cross section from Ratio analysis
A Burke et al., PRC 73 (2006) 54604

W Surrogate estimate by Younes
and Britt

236 238 0
\I(OL,OL’) V(OL,OL,) :: s

O 1 2 ¥ 4 5 & 7T & 9 10 0 12 13 W 65 #® 7 18 9
Equivalent nautron enargy (MeV)

Bernstein et al., submitted (2006): - : : : : :
e (a,0’X) on 238U, with x=f,y,2n 10 % i 27U(n,y) cross section -
05 |-_§-_4- = = ]
1 1 1 hﬁql I 1 u I 1
238U 0 CO 0 0.2 04 0.6 08 10 1.2 14
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] the assumptions

Validity of the Weisskopf-Ewing assumption:

* Are the decay probabilities independent of spin and parity?
* Does a Surrogate analysis in the WE approximation yield reliable results?

Validity of the Surrogate Ratio approach:

* Does a Ratio analysis yield reliable results?



Testing the assumptions with a simulated experiment

24

J. Escher and F.S. Dietrich !
Phys. Rev. C 74 (2006) 054601 2 [
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E

Fitton +
235U fission
cross section

Simulation procedure:

14
12

1.
08 [
06 [ sonT
04 [ ' ’
02 [

o

1. Determine ‘“‘reference cross sections” with a

L >
statistical-model calculation. .

Fission cross section [barn]

2. Extract fission probabilities for each (J,it) and
study as function of E.

Neutron energy [MeV)]

3. Simulate a Surrogate experiment and carry out :o J” distributions
—7 an analysis in the WE limit. 0.00 ] considered here
g 0.08
4. Simulate two Surrogate experiments and carry 5 007
~1” out a Ratio analysis. £ %% D
._’6 0.05
2 004 C
— CN .ACN 8 003
P (E)=Z, ; FPNEJ M) GON (Edm) | o] 8
0'00-""I“"l""l""1
0 5 10 15 20
Total angular momentum J
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236y fission probabilities’ dependence on J”

1 t t t 0.75
0.70} —°—j(1) 236 decay
0.653 » )
| J2 Positive parity
260} [——J3
> =
= D553
o
g gﬁc
- .45
2 B
ug_f .L‘.e.40
] 0.25
02l T B 0.20
I Positive parity [ — ~—J=13 l
01} =20 | S 0.25
0 I U S S T T S S S SR N SR S S T N T 0.20
0 5 10 13 20 0005 1.0 1.5 20 25 30 25 40 45 50 55 8.0 65 7.0
Neutron energy [MeV] Neutron energy (MeV)
Observations:

It is not a priori obvious whether
the WE limit applies to a particular
reaction in a given energy regime.
The validity of the WE
approximation depends on the
relevant J® and E values.

* Fission probabilities show significant J* dependence

* For small energies the WE approx is not valid

* Differences between fission probabilities increase at onset of
2nd chance fission

* Results depend little on parity (not shown)
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(n,f) cross sections from our simulation

C . ] Results from Weisskopf-Ewing analysis

n
(=]

LI L L B L
|

f99900g, * Cross sections depend on the J™ distribution
’ ’ (WE limit not strictly valid)

18 | 1 e Largest uncertainties are below E =3 MeV
12 -’~ 1 and are due to J™ effects
- * Deviations at higher energies are due to
08 [ ; o
i ] preequilibrium effects.
0l e 235(n,f) reference
0 - . PR I RN SR (N N
0 5 10 15 20

Neutron energy [MeV]
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(n,f) cross sections from our simulation

32 | o

_. 28 :

2 | -
Results from Ratio analysis S 24 |
* Cross sections show some dependence S Lf
on J© S i
» Agreement with expected cross section is @ 1871
very good (except for small energies and 5 ol

at 2nd-chance fission) IS [ .
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(n,f) cross sections from our simulation

n ¢
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Results from Weisskopf-Ewing analysis
* Cross sections depend on the J* distribution

(WE limit not strictly valid)

e Largest uncertainties are below E =3 MeV

and are due to J™ effects
* Deviations at higher energies are due to
preequilibrium effects.

32 L

08 L

Fission cross section [barns)

04 L

e 235J(n,f) reference

—t

0 —_— e

0 5 10

Neutron energy [MeV]

15 20

Results from Ratio analysis
* Cross sections show some dependence on J™©
» Agreement with expected cross section is very good
(except for small energies and at 2nd-chance fission)
* Less J™ dependence and better agreement than for

the Surrogate WE approach

Knowledge of J™ is important!

J. Escher, LLNL



portance of spin

or: the need to move beyond current
approximations




Angular-momentum effects at low energies

B. Lyles et al.
PRC 76 (2007) 014606

Surrogate (°*He,af) experiments at LBNL:

* Determined the 23°U(n,f) cross section using the WE

approximation
* Good agreement up to 3-4 MeV

* Deviations at higher energies due to target impurities
e Angular-momentum effects discernable at small

energies

U (n,f)

(n) (PHe,o)
<2 2

23517 | 23617 | 2377 | 238U

U @y [barns]

6 8 10 12 14 16 18 20
Equivalent Neutron Energy [MeV]

Angular-momentum mismatch between
Surrogate and desired reactions affects
low-energy regime.
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Knowledge of the CN J™ populations is important!

Younes and Britt
Phys. Rev. C 67 (2003) 024610, 68 (2003) 034610

Re-analysis of (t,pf) data from the 1970s: al A, I2I35IUI(rI1 If)l :
 Incorporated effects of J™ population differences & W ’
* Better optical model 1.5¢ %H ba oy, 1

* Fit model to experimental fission probabilities "\.:_ \\\iﬂﬁmﬂm&w&
b: »

* Added renormalization procedure to improve fit i
a Crameretral. !

() 0.5 __ ENDF/B-VI -

e Younes etal. ]

234 235 236 OO0 by v v v b v by vy v by ]
U|=>U|~°u 00 05 1.0 15 20 25

E (MeV
(t,p*l n(e)

Improved agreement with
the evaluated result!

Need information on CN J” populations

« To improve extracted cross sections

» To test validity of approximations used

* To extend the method to lower energies
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2 approach for (n,y)?

Actinide targets

Mass-90 targets



Considering (n,y) reactions for actinides

A look at the vy yields for 236U decay with different J* populations
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Relative y-ray intensities as

Observation: Relative y-ray intensities depend sensitively on
J™ distribution of the decaying compound nucleus.

function of E for n+*3"U
and n+*3°U

CNR* 2007, October 22-26, 2007

J. Escher, LLNL



Considering (n,y) reactions for actinides

Simulating Surrogate experiments for (n,y)

(n,y) csec (barns)

” o?*’U(n,y)] cross section from
NN analysis in WE limit, compared
5 RN to reference cross section
— x “ R

10 ' _:: v - /
7 Distribution a P

. || —— Distribution b RV Ny

107 o . ) Gow
3 Distribution ¢ e
1| —— Distribution d e
T “\J reference -.®
1 ™ reference

10‘. L] | L] | L] | ] l ] l

1 2 3 4 5
Neutron energy (MeV)

* Goal: Examine reliability of cross sections
determined via Surrogate approach(es)
* Specifically: Study dependence of extracted cross
sections on J® population of CN
| * Surrogate WE cases studied: 2°U(n,y) and **U(n,y)
* Surrogate Ratio case studied: 2>U(n,y) from 233U(n,y)
» Same procedures as before

o?*’U(n,y)] cross section from Ratio
analysis, compared to reference cross
section

L 1 uul

Distribution a

The Surrogate approach might work
for (n,y) cross sections, but knowledge
of J" is crucial!
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(n,y) reactions for near-spherical nuclei - a stretch?

Branching ratios for 92Zr decay for various J™ values

- 92 . 0 22 T x
y-decay probability of ~ Zr for various J" values y-decay probability of “Zr for various J values
1 1 = T T
......z,........negalive pm"y..,..
01 L% 0.1 Euecyes
PY 0.01 o ~  0.01
0.001 L 0.001 ez
0.0001 i i i i 0.0001 i i i 1
' 0 1 2 3 4 5 0 1 2 3 4 5
En (MeV) En [MaV]

Shown is the probability (P,) that a %2Zr state with excitation
energy E=S_+E, and given J* value decays via y-emission.
S, is the neutron separation energy in 92Zr.

Forssen et al., PRC 75(2007) 055807

At small energies, the
branching ratios are VERY

Worst-case scenario!

sensitive to CN J™ values!
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Considering (n,y) reactions for near-spherical nuclei

Non-negligible uncertainties in
calculated cross sections:

200 o LA | L L L -
C + AR.Del Musgrove, (77) (3
= 150 = R.LMacklin et ol (63) H
= - + S.P.Kapchigashev (65) |3
= 100F + K Ohgamaetal, (05) [
3 - -
=) 50 C (b =
E o1 a2 Bkt ]
o i
300} (@ |_=_RLMacklinetal(85)| |
re) " \ o
2r(n; 1“21

E. 200f= T -

b;‘:' . .
100 -~ -
B e —
L L Ll :Wl_l.l LLll
L} L} L II L} T L B I B A
300, ™ ]

a . »Zy(n,'(INZt
£ 200 4

&
© 100 ~
1 L1111 11-1-_‘7%
10 100 1000
e [keV]

Information from Surrogate

Forssen et al.

Phys. Rev. C 75 (2007) 055807

experiments at higher neutron
energy can constrain calculations:

— Hi HHH
[ (C) Referencs
150K ——— Simulation 2| -
'S -=-=- Simulation 3| |
"\ —-—— Simulation 4
100 ™ .
RN
501 \\ -
5 \\\ g
L Ll L1l llll ﬁl-l‘lrm
0.01 0.1 1
e, [MeV]

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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nges for theory

Primarily related to predicting
J™ distribution for decaying CN



Challenges for reaction theory

Formation of a highly excited nucleus in a
direct reaction
* inelastic scattering, pickup, stripping

reactions T

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"

See F.S. Dietrich’s talk on Wed

Width fluctuation correlations

Kerman and McVoy (1979)
See G. Arbanas’ talk on Wed
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Summary

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

Various approximations to the full Surrogate approach (Weisskopf-Ewing approximation,
Surrogate Ratio method) show promising results for (n,f) cross sections for actinides.

Limitations of the method primarily related to differences in the CN spin distributions of
the desired and Surrogate reactions.

Challenge to theory: Description of the formation of a CN following a direct reaction.



