
LLNL-JRNL-428631

Epithermal Neutron Source for Neutron
Resonance Spectroscopy (NRS) using
High Intensity, Short Pulse Lasers

D. P. Higginson, J. M. McNaney, D. C. Swift, T. Bartal,
D. S. Hey, S. Le Pape, A. Mackinnon, D. Mariscal, H.
Nakamura, N. Nakanii, F. N. Beg

April 23, 2010

Physics of Plasmas



Disclaimer 
 

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 
 



Epithermal Neutron Source for Neutron Resonance Spectroscopy (NRS) using High
Intensity, Short Pulse Lasers

D. P. Higginson1,2, J.M. McNaney2, D.C. Swift2, T. Bartal1,2, D.S. Hey2, S. Le Pape2,
A. Mackinnon2, D. Mariscal1, H. Nakamura3, N. Nakanii1,3,4 and F.N. Beg1

1Department of Mechanical and Aerospace Engineering,
University of California-San Diego, La Jolla, California 92093, USA

2Lawrence Livermore National Laboratory, Livermore, California 94550, USA
3Institute of Laser Engineering, Osaka University,
2-6, Yamada-oka, Suita, Osaka 565-0871, Japan

4Graduate School of Engineering, Osaka University,
2-1, Yamada-oka, Suita, Osaka 565-0871, Japan

A neutron source for neutron resonance spectroscopy (NRS) has been developed using high inten-
sity, short pulse lasers. This measurement technique will allow for robust measurements of interior
ion temperature of laser-shocked materials and provide insight into equation of state (EOS) mea-
surements. The neutron generation technique uses protons accelerated by lasers off of Cu foils to
create neutrons in LiF, through (p,n) reactions with 7Li and 19F. The distribution of the incident
proton beam has been diagnosed using radiochromic film (RCF). This distribution is used as the
input for a (p,n) neturon prediction code which is compared to experimentally measured neutron
yields. From this calculation, a total fluence of 1.8×109 neutrons is infered, which is shown to be a
reasonable amount for NRS temperature measurement.

A concrete understanding of material equation of state
(EOS) is of underlying importance in many fields (e.g.
planetary physics, geophysics, shocked matter physics,
warm-dense matter physics). One of the most fundamen-
tal quantities in EOS measurement is temperature. A
major hurdle to temperature measurements is that con-
ventional optical diagnostic techniques cannot be used to
probe the interior of opaque materials, such as metals. A
new technique known as neutron resonance spectroscopy
(NRS)1,2 avoids this problem by using neutrons to diag-
nose temperature.

In NRS, a beam of neutrons, of 1-100eV, is sent
through a sample made of or doped with a material pos-
sessing strong neutron absorption resonances at these en-
ergies (e.g. W, Mo). When passing through the material
neutrons are absorbed by nuclear resonances in the ions,
which can be seen as negative-peaks in the resulting neu-
tron spectrum. From these peaks, the spectral broaden-
ing and shifting can be measured, enabling determination
of ion temperature and velocity, respectively.

So far, NRS experiments have been performed using
spallation neutrons from proton accelerator rings. In
order to provide shocked states for EOS investigation
at these facilities, detonation of chemical explosives ac-
celerate flyer plates into the material of interest. This
technique is difficult to employ and has a prohibitively
high cost. On the other hand, nanosecond lasers have
been used extensively to study shocked3 and warm-dense
matter4. Many of these laser facilities are equipped with
high intensity, short pulse lasers that can be used con-
currently with the nanosecond laser pluse.

The use of high power, high intensity laser beams to
accelerate protons has been well studied5–7. These pro-
tons can be converted into epithermal neutrons using a
material with a high cross-section for (p,n) reactions (e.g.
LiF)8 and then moderated down to appropriate energies
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FIG. 1: Experimental layout showing Phase I, measurement
of proton distribution using RCF and Phase II showing neu-
tron production through 7Li(p,n)7Be reactions and neutron
measurement using CR-39.

for NRS. The picosecond scale pulse length of the laser
(as with the accelerator beam) and the ability to dope
only a given section of the material, enabling temporal
and spatial effects (e.g. rarefaction) to be neglected.

In this letter, it is shown that neutrons produced
through (p,n) reactions with laser accelerated protons
are a route to performing NRS measurements in laser
shocked materials.

The experiment was performed on the Titan Laser of
the Jupiter Laser Facility at the Lawrence Livermore Na-
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tional Laboratory. The Titan laser is a Nd:glass laser
with λlaser =1054 nm, used at best focus (spot diam-
eter of 7 µm, with 20% of energy) and shortest pulse
length, 0.7 ps. The laser was focused on Cu foil of 25
µm thickness, which accelerated high energy electrons
in the forward direction setting up an electric field that
accelerated a quasi-neutral proton beam from a hydro-
carbon debris layer on the rear of the target. In Phase I,
these protons were then incident on a radiochromic film
(RCF) stack (see Phase I of Fig.1) to measure the proton
distribution or, in Phase II, they were incident on a 0.9
mm LiF converter foil (see Phase II of Fig.1). The LiF
converter foil contains large cross-sections for (p,n) reac-
tions (see Fig. 3) which generated neutrons that were
detected on absolutely calibrated CR-39 detectors at 3
different angles.
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FIG. 2: RCF data from a shot with 140 J on target and laser
intensity of 1×1020 W/cm2. Each data point represents one
layer of RCF, where the horizontal axis shows the minimum
proton energy neccesary to reach that layer. The experimen-
tal data is shown with circles (•). The dashed line is the best
fit of a two temperature maxwellian as described in the text.

In Phase I, radiochromic film (RCF) stacks were used
to characterize the proton beam distribution. RCF is an
absolutely calibrated film9 which contains an organic dye
that increases in opacity with exposure to ionizing radi-
ation. The RCF stack consists of alternating layers of Al
filters and RCF. A total of ten sheets of RCF were used
to give an energy resolution from 5.1 to 42.5 MeV. The
lower limit was chosen to avoid signal contamination from
other high energy ions accelerated off the foil. Note that
the lower limit does not add significant error to our neu-
tron predictions as the probability of neutron production
at lower energies is quite small (see Figure 4). The stop-
ping of the protons and the energy that they deposited
in each layer of film was calculated with the collisional
monte-carlo code SRIM10.

In order to fit the data, a two temperature maxwellian
proton distribution was assumed, dN

dE = N1√
πET1

e−E/T1 +
N2√
πET2

e−E/T2 , which is a function of proton energy, E .
The parameters N1, N2, T1 and T2 representing proton

number and proton temperature, respectively, were opti-
mized to minimize the reduced χ2 fit to the data. The
result of this fit is compared with experimental data,
shown in Figure 2. The best fit is given by T1=2.9 MeV,
N1 = 4.34× 1013, T2=10.27 MeV and N2 = 5.44× 1012,
with a reduced χ2 of 0.41. The conversion efficiency into
protons above 5.1 MeV is 3.5% with is consistent with
previous results7. The largest error in the RCF comes
from the batch to batch error which is 10%9.
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FIG. 3: Plotted on the left axis, are cross sections for
7Li(p,n)7Be (solid line) and 19F(p,n)19Ne (dashed line) vs in-
cident proton energy. The other stable isotope of Li, is 6Li
which has no documented (p,n) cross-sections. On the right
axis is the mean stopping range of protons in LiF as calculated
with SRIM (dash-dotted line).

In the Phase II, a LiF block of 0.9 mm was placed
about 1 mm in back of rear of the Cu foil so that the
proton beam was incident on the LiF converter. RCF
was not used concurrently, as the proton beam was ab-
sorbed the the LiF converter. In order to record the neu-
tron emission, three stacks of absolutely calibrated CR-
39 detectors were placed at 22, 90 and 158 degrees from
rear target normal. CR-39 is a plastic that can be dam-
aged indirectly by neutrons through knock-on protons
and has been used previously in laser generated proton
experiments8. To determine the sensitivity of CR-39 to
neutrons, the cross section from a 252Cf source was used.
This is a good assumption given that the CR-39 sensi-
tivity is nearly constant with neutrons 0.5 to 5 MeV11.
The error in this measurement is calculated by adding in
quadrature the variation in the background of unexposed
CR-39 and the variation within the CR-39 detector stack.

The code DOWNSPEC12 was used to calculate the
production of neutrons created in a given (p,n) converter
material by given energy protons. The code simultane-
ously calculated the stopping of incident protons as well
as calculating their cross-sections for (p,n) type reactions
(see Fig. 3). This allows for determination of angular
and energy resolved neutron yields. The code uses the
continuous deceleration approximation (CDA) so it does
not account for scattering or for energy broadening for a
single energy incident proton.
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FIG. 4: Angularly integrated neutron production probability
(NPP) of protons of a given energy in LiF. The solid line is for
0.9 mm thickness, as used in the experiment, and the dotted
line is for an infinite block of LiF.

A useful way to evaluate a material’s ability to produce
(p,n) neutrons is to look at neutrons produced per inci-
dent proton (NPP) at a given energy, as shown in Figure
4. The NPP is more useful than the cross section alone,
because it also takes into account the stopping of protons
in the material.

To predict the number of neutrons produced, the pro-
ton distributions (see Figure 2) were used as inputs in
DOWNSPEC, which gave angularly resolved neutron
yields. These predicted yields are plotted in Figure
5 against the experimentally measured CR-39 yields of
shots. It is worth noting that there is shot-to-shot varia-
tion for shots with the same laser energy. This fluxuation
is common in short pulse laser experiments6,7.

In this letter, the capacity to predict and generate
beams of 1.8×109 neutrons within a few picoseconds
has been demonstrated. Using statistical error analy-
sis, the predicted fractional uncertainty in tempetature,
T , is ∆T = 2/

√
N . Where N is the number of neutrons

that are useable for NRS measurements (i.e. they pass
through the target and are in the 1-100 eV range),

√
N

is the statistical noise and 2 is the degrees of freedom.

Thus for temperature measurement with 1% accuracy
4 × 104 useable neutrons are required. The moderator
setup must therefore capture the epithermal neutrons,
direct them towards the shocked target and downshift
their energy with an efficiency of > 2.2×10−5. While in-
depth modeling is necessary to determine and optimize
the moderator setup, this efficiency seems achievable.

To conclude, the viability of short-pulse laser produced
epithermal neutrons as viable path for an NRS temper-
ature diagnostic has shown. Future experiments on the
Titan laser are underway that will illustrate the capacity
to moderate and collimate neutrons for NRS and to ul-
timately perform NRS temperature measurements on a
sample ablatively loaded with a nanosecond laser pulse.
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FIG. 5: Experimental neutron yields (CR-39) plotted against
predicted. Two shots of 127 J plotted with diamonds (�,�)
and one shot of 114 J is shown with squares (�). The pre-
dicted yield, using a 140 J shot, is shown as the solid line.
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