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High Intensity γ-ray Source at TUNL

HIγS produces γ rays by
Compton backscattering
free-electron-laser photons
from stored electrons

I intense and nearly
monochromatic

I circularly or linearly polarized

neutron emission induced by
incident 10-20 MeV photons

I via (γ, n), (γ, 2n), and (γ, f)
I in both fissile and nonfissile

targets
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Photofission studies at HIγS

using linearly polarized incident
γ rays, neutron emission is
azimuthally asymmetric

asymmetry depends on:
I emitted neutron energies
I nuclear species of the target

can possibly be exploited for
applications involving isotopic
identification
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Neutron detection

outgoing neutrons detected by
18 liquid-scintillator neutron
detectors

I mounted at:
φlab = 0◦, 90◦, 180◦, 270◦

θlab = 55◦, 72◦, 90◦, 107◦, 125◦, 142◦

targets positioned in center of
array, tilted in θlab and φlab
(each at 45◦) to double
effective thickness

time of flight measured over
58 cm flight path
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Neutron emission asymmetries

asymmetrical production of neutrons allows construction of I‖/I⊥, the ratio
of yields parallel to yields perpendicular to the plane of γ-ray polarization

I‖
I⊥

=
Nleft + Nright

Ntop + Nbottom

I N is the number of neutron counts per detector in an energy bin of
width ∆E = 0.5 MeV

generate plots of I‖/I⊥ as a function of outgoing neutron energy En

I potentially useful for isotopic identification

C. Smith, G. Feldman (GWU) Asymmetric neutron emissions 5 / 13



Targets

Mar. 2009 Feb. 2010 Jul. 2010 Jul. 2011

fissile
targets

238U 235U, 238U 239Pu, 232Th -

nonfissile
targets

natPb, 209Bi,
natFe, natCu,
natCr

natPb
9Be, natCd,
natSn, 181Ta

natLa, natHg,
natDy
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July 2010 natCd, natSn, and 181Ta runs

γ rays produced by HIγS were incident on natCd, natSn, 181Ta

data were taken at incident photon energies Eγ = 11.0 − 15.5 MeV

for nonfissile targets with high (γ, 2n) thresholds, measured
asymmetries result unambiguously from (γ, n)

I e.g. natCd, natSn, 181Ta

targets chosen for low (γ, n) thresholds and high expected I‖/I⊥ values

Eγ (MeV) 11.0 12.0 13.0 14.0 15.0 15.5
natCd - - X X X X
natSn - - X - X X
181Ta X X X X - X
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Data analysis with ROOT

data collected includes:
I pulse height
I time-of-flight (ToF)
I pulse-shape discrimination (PSD)

1 neutrons distinguished from Compton-scattered photons by 2D cuts
on ToF vs. PSD plots

2 En calculated using ToF techniques:

En =
1

2
mn

(
∆x

∆t

)2

, where ∆x = 0.58 m

3 additional data taken using 15.5 MeV circularly polarized γ rays used
to check for systematic differences in detector efficiency

I corrections applied to data taken using linearly polarized γ rays
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Analysis!
Outgoing neutrons were first detected by the liquid-scintillator detectors. Data collected 
included time-of-flight (ToF), pulse-shape-discrimination (PSD), and pulse height 
information. Neutrons were identified and characterized as follows: 
1.  Neutrons were coarsely distinguished from Compton-scattered photons using a hardware 

cut placed on PSD data. 
2.  Neutrons were subsequently isolated from photons with two-dimensional cuts on the plots 

of ToF vs. PSD, as shown below.  

3.  These nonrelativistic neutrons had their energies (En) determined by ToF techniques using 
the following: 

Additional data for each target at 15.5 MeV were taken using circularly polarized ! rays and 
then used to check for instrumental asymmetries and correct for differences in the neutron 
detection efficiency in each detector. 

Motivation 

The goal of this project was to catalog neutron emission asymmetry measurements for 
various targets as a potential new means of cargo photo-interrogation. 

This polarized (!,n) experiment was carried out at the High Intensity !-ray Source (HI!S) at 
Duke University. HI!S was used because it produces intense, nearly monochromatic ! rays 
with essentially 100% circular or linear polarization and tunable energies. 

Experiment 

Linearly polarized ! rays at energies E! = 11.0 - 15.5 MeV were incident upon the targets. 
Neutrons produced by processes including (!,n), (!,F), and (!,2n) were detected by an array 
of 18 liquid-scintillator detectors. The detectors were mounted above, below, to the left, and 
to the right of the beam line at angles in the range "lab = 55° - 142°. 

High-energy electron bunches are stored 
in the main storage ring, passing through the 
optical klystron. Using magnets,  
this “wiggles” the electrons, 
emitting visible light, which then lases  
and is reflected back into the optical cavity 
by a downstream mirror. The next electron  
bunch collides with this radiation, resulting  
in Compton-scattered ! rays with 
energies up to 100 MeV. 

My results for natCd, natSn, and 181Ta (shown in red) were added to a preexisting catalog of 
asymmetry data determined at HI!S taken from the following targets: 

Due to the nonfissile nature of natCd, natSn, and 181Ta as well as their (!,2n) thresholds being 
relatively high, the measured asymmetries result unambiguously from the (!,n) reaction. 

Results!
For each detector angle, the En spectra were plotted and compared using circular polarization 
as well as using linear polarization.  

This difference between the in-plane detectors 
(left and right) and the out-of-plane detectors (top 
and bottom) inspires us to form the following ratio: 

Here, N is the number of counts from that detector in  
an energy bin of width #E = 0.5 MeV. 

These ratios, Ipar / Iperp, were calculated across the  
outgoing neutron energy range. The resulting  
plots for detectors at 90°, the forward angle 55°,  
and the backward angle 125° are shown on the right. 

Some key observations: 

•   At all three angles, the curves for natCd, natSn,  
 and 181Ta are sufficiently distinct 

•   natCd and natSn have similar values of Z, yet their  
 “signatures” are noticeably different 

•   The curve for 181Ta peaks at a relatively low  
 energy (4.5 MeV) compared to other targets 

•   For every angle "lab = 55°, 90°, 125°, the  
 “signature” shapes are preserved, but the ratios 
 tend to be most pronounced at "lab = 90° with a  
 decrease as "lab deviates from 90° in both the 
 forward and backward hemispheres 

Conclusions!
•   We have obtained “signature” curves for three nonfissile targets, characterizing their neutron 
emission asymmetries as a function of neutron energy. 
•   Remaining tasks: 
•   Finalize corrections (gamma flashes, cesium thresholds, and efficiency differences) 
•   Analyze data from other angles ("lab = 72°, 107°, 142°) and other photon energies 

•   Future work: 
•   Additional fissile and nonfissile targets will have their “signature” curves determined.  
•   Test targets with multiple isotopic components in order to gauge ability to determine 
isotopic composition. 

Clarke Smith, Gerald Feldman 
Department of Physics, George Washington University!

HI!S Collaboration!

Polarized (!,n) reaction studies of natCd, natSn, and 181Ta!

March 2009 February 2010 July 2010 

Fissile Targets 238U 238U, 235U 239Pu, 232Th 

Nonfissile Targets natPb, 209Bi, natFe, 
natCu, natCr 

natPb natCd, natSn, 181Ta, 9Be 
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The liquid-scintillator 
detector array, showing 
the maximum capacity (24 
detectors) of the mounting 
frame. 

x = 0.5m

One-dimensional histograms showing TOF and PSD 
projections. The results of the 2-D cut are highlighted in red 
(isolated neutrons). 

En plots for natCd at 15.5 MeV using circular and linear 
polarization. 90° detector data shown. 

Plots of Ipar / Iperp as a function 
of outgoing En for natCd, natSn, 
and 181Ta targets using data 
taken at 15.5 MeV with linear 
polarization. 

Neutrons!

Photons!

Booster!
Injector!

LINAC!

RF Cavity!

Mirror!

Optical Klystron!

Neutrons 
shown in red!

t =

(flight path)!

time-of-flight!

En spectra are the same!

CIRCULAR! LINEAR!

En spectra different for left, right 
and top, bottom detectors!

55°!

125°!

90°!

I par
I perp

=
Nleft + Nright

Ntop + Nbottom

Schematic view of the 
Duke Free-Electron Laser 
Laboratory showing the 
linac, the booster injector, 
and the main storage ring. 

TOF vs. PSD plot, showing two-dimensional cut to isolate 
neutrons inside the red box. 

Neutrons 
shown in red 

ToF projection

PSD projection

C. Smith, G. Feldman (GWU) Asymmetric neutron emissions 9 / 13



circularly polarized

linearly polarized
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Neutron asymmetry plots for various Eγ (θlab = 90◦)
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Neutron asymmetry plots for various θlab (Eγ = 15.5 MeV)
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Summary

linearly polarized γ rays were
incident on natCd, natSn, and
181Ta

we observed an azimuthal
asymmetry in neutron emission
that was relatively distinct for
natCd, natSn, and 181Ta

asymmetries also distinct from
previously studied targets at HIγS

future work

determine characteristic I‖/I⊥ vs. En curves for additional fissile and
nonfissile targets

collect data for targets with multiple isotopic components to gauge ability to
determine isotopic composition
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