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Abstract. A new experiment configuration was designed, developed, and implemented to measure
photoneutron yields using the Rensselaer Polytechnic Institute (RPI) electron linear accelerator (LINAC) at
the RPI Gaerttner LINAC Center. The experiment configuration includes a new target assembly that
converts the LINAC electron beam into a high energy bremsstrahlung photon flux incident upon a sample
material of interest. The photons excite nuclei in the sample of interest, which can subsequently emit
neutrons (photoneutrons). The photoneutrons emitted in the direction of the detector system travel through
a series of collimated vacuum pipes before reaching a pair of proton-recoil high-energy neutron detectors.
The signals generated by the neutron detectors are processed using a digital data acquisition system and
subsequently analyzed to determine the energy-dependent photoneutron yield from the sample of interest.
The new experiment configuration was used to perform proof-of-concept experiments to measure the
photoneutron yields from samples of tantalum and beryllium. The measured results were then compared
against the results from Monte Carlo simulations of the detailed experiment configurations to perform
preliminary assessments of evaluated photoneutron data libraries.

of the project efforts and results are summarized in the
following sections. Additional details regarding the
experimental configuration development, equipment
used, experiments performed, and data analysis methods
utilized are documented in [3].

1 Introduction and Background

The Rensselaer Polytechnic Institute (RPI) electron
linear accelerator (LINAC) is primarily used in support
of neutron cross section measurements. The LINAC
produces up to a 60 MeV electron beam which strikes a
water-cooled tantalum target, creating a bremsstrahlung
photon flux that excites the tantalum nuclei and results
in the emission of neutrons. Neutrons traveling in the

2 Experimental Configuration
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direction of samples of interest pass through collimated
evacuated pipes. Various detector systems are used to
measure the neutron interaction rates in the samples and
allow subsequent determination of cross sections.
Work efforts at the RPI LINAC often require
simulation of the specific experimental configurations
using neutron transport codes such as the Monte Carlo
particle transport code, MCNP [1]. It has long been
known that such simulations starting with the electron
beam incident on the target do not produce the correct
neutron emission spectra [2]. One potential cause is
inaccuracies in the photoneutron data libraries used in
the simulations. This project endeavoured to
demonstrate a  proof-of-concept  experimental
configuration to interrogate the performance of
evaluated  photoneutron  data  libraries  using
experimentally measured data. A high level summary
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2.1 Basic Experimental Configuration

A new experiment configuration was developed for use
at the RPI LINAC to measure photoneutron yields from
samples of interest. In this configuration, the LINAC
electron beam is directed onto a bare tantalum plate
(converter), which converts the electron beam into a
bremsstrahlung photon flux. Residual electrons that
emerge from the converter are swept away by a dipole
magnet to ensure they do not contact the sample and
instead are fully absorbed in an aluminium beam dump.
A sample of interest is placed in the flight path of the
photon flux and photoneutrons are induced when the
photons strike the sample. Collimated evacuated pipes
are positioned to provide a clear flight path for
photoneutrons emitted from the sample toward the
detection system (at an angle of 90 degrees from the
initial electron beam direction). The detection system
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consists of two neutron detectors located at a distance of
approximately100 meters from the sample, along with
the supporting components and electronics necessary to
record the data. Data are recorded in various time bins
correlated to each LINAC pulse to allow determination
of the energy of each neutron event using the time of
flight method [4]. Each detection event is digitized for
subsequent data processing and analysis. An illustration
of the basic experimental configuration is shown in Fig.
1.
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Fig. 1. Basic representation (not to scale) of the experimental
configuration used to measure photoneutron yields at the RPI
LINAC. The black dashed arrows represent the LINAC
electron beam and residual electrons emerging from the
converter. The red dotted arrows represent photons emitted
by the converter and the sample. The green solid arrows
represent neutrons emitted from the sample.

2.2 Developmental Experiments

Several developmental experiments were performed in
order to investigate and validate the new measurement
configuration.

The first set of experiments used radiochromic film
(without the converter in position) to map the LINAC
electron beam traversing through and ultimately exiting
the dipole magnet towards the beam dump to ensure that
any residual electrons ultimately emitted by the
converter would be sufficiently swept away to avoid
striking the sample and be fully absorbed in the beam
dump. An additional set of radiochromic film
measurements was performed with the converter in
position to verify that the photon flux emitted by the
converter would strike the sample.

The second set of experiments measured residual
electrical currents in various components in an attempt
to correlate the magnitude of the LINAC electron beam
(which cannot be directly determined during
measurements) for eventual use in normalizing MCNP
simulation results to the actual experimental conditions.
Unfortunately, these efforts were not successful,
resulting in the need to use a more generalized
normalization technique as discussed in section 3.3.

The third set of experiments monitored the
temperatures of the converter, beam dump, and sample
during maximum power LINAC operation to ensure that
these components would not overheat and suffer
damage.

The final set of experiments was used to characterize
the efficiency of the neutron detectors. These efforts
were only partially successful, and ultimately resulted in
the need to re-utilize previously determined detector
efficiency values from another project [5].

3 Photoneutron Measurements and

Analysis

3.1 LINAC Experiment Runs

The new experimental configuration was used to
measure photoneutron yields for tantalum and beryllium
using the RPI LINAC. Each experimental run lasted
approximately one week. In addition to measuring the
photoneutron yield from the tantalum and beryllium
samples, additional data runs were performed using an
open (i.e., no sample) position to assist in characterizing
the background as well as additional runs using a
graphite (carbon) filter inserted in the neutron beam to
determine the effective neutron flight path length. The
applicable details of the experiment conditions
(materials, detailed geometries, LINAC operating
conditions, etc.) were recorded for use in the subsequent
Monte Carlo simulations.

3.2 Analysis of Measured Data

Pulse shape analysis [5] was used to identify neutron
events in the detectors and eliminate gamma ray photon
events. The neutron events were then summed for each
individual time bin.

The summed neutron counts were corrected for
background. The background signal consists of two
parts: the time-independent (LINAC off) background
and the time-dependent background which results from
LINAC operation. The time-independent background
was determined by recording detector events over a
period of a few days while the LINAC was not operating
— the results demonstrated that the time-independent
background was negligibly small and could be ignored.
The time-dependent background was determined by
measuring neutron events while the LINAC was pulsing
but there was no sample material in position
downstream from the converter. These “open sample”
neutron counts were run-time normalized and subtracted
from the measured sample neutron counts to eliminate
the background.

Observing the time bin spacing between known
resonances in the neutron transmission through the
carbon filter allowed the neutron flight path length
between the sample and detectors to be determined
(101.4 meters). The location in time of the “gamma
flash” (i.e., the burst of gamma ray photons that
coincides with neutron emission from the sample) was
then used in conjunction with the flight path length to
establish “time zero” (i.e., the time bin corresponding to
when each photon pulse impinged upon the sample).
The time zero and flight path length were then used to
define the actual time grid for the neutron flight from
each LINAC pulse and the corresponding neutron
energies for each detector time bin via the time of flight
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method. Finally, a smoothing algorithm was used to
minimize bin-to-bin variations in the photoneutron yield
results.

The relative uncertainties for all known
experimental effects were propagated through to the
results shown in section 4.

3.3 Monte Carlo Simulations

The detailed experiment conditions recorded during the
measurement runs were used to develop and execute
MCNP simulations of the experiments. The ENDF/B-
VIO nuclear data library was used during the
simulations for the transport of all particles through all
materials with the exception of photoneutron emission
from the sample of interest, for which the specific
libraries being assessed in this study were varied from
run-to-run as applicable.

Since the measurements of correlation of residual
currents described in section 2.2 were inconclusive,
there was no absolute method available to normalize the
MCNP “per source particle” results to the measured
results based on LINAC electron beam current. As a
work-around for this preliminary study, the MCNP
results were area-normalized to the measured results.
Therefore, the relative shapes of the measured versus
simulated results could be compared (although the
absolute values could not).

The relative uncertainties from the MCNP output
decks were propagated through to the results shown in
section 4.

4 Results

The measured photoneutron data results for tantalum are
compared to MCNP simulations using two evaluated
photoneutron libraries (ENDF/B-VIIL.O [6, 7, 8] and
TAEA-2019 [9]) in Figures 2 and 3. Fig. 2 shows that
the measured data and both libraries are in good general
agreement up to approximately 3 MeV. Fig. 3 suggests
that both libraries may be under-predicting the
photoneutron emission from tantalum in the energy
range of 3 MeV — 12 MeV, with the IAEA-2019
performing generally better than ENDF/B-VIILO
between 3 MeV and 6.5 MeV. However, it should be
noted that limitations in the ability for MCNP to account
for anisotropic emission of photoneutrons may also be a
contributor to the observed mismatches between the
measured and simulated results in this energy range
[10].

The measured photoneutron data results for
beryllium are compared to MCNP simulations using two
evaluated photoneutron libraries (IAEA-1999 [11] and
TAEA-2019) in the energy range of 0.5 MeV to 6 MeV
in Fig. 4. Both libraries have variations not seen in the
measured data results, with the TAEA-1999 showing
large variations between 2.5 MeV and 3.5 MeV. The
TAEA-2019 library has better general agreement with
the measured data results over the entire energy range.
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Fig. 2. Comparison of measured photoneutron yield from
tantalum over the energy range of 0.5 MeV to 5 MeV to
MCNP simulation results using the photoneutron libraries
from ENDF/B-VIIL.0 and IAEA 2019. Relative uncertainties
are shown in the lower graph. Uncertainties in the
simulations only represent the statistical uncertainties.
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Fig. 3. Comparison of measured photoneutron yield from
tantalum over the energy range of 3 MeV to 12 MeV to
MCNP simulation results using the photoneutron libraries
from ENDF/B-VIILO and IAEA 2019. Relative uncertainties
are shown in the lower graph. Uncertainties in the
simulations only represent the statistical uncertainties.
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Fig. 4. Comparison of measured photoneutron yield from
beryllium over the energy range of 0.5 MeV to 6 MeV to
MCNP simulation results using the photoneutron libraries
from IAEA-1999 and IAEA-2019. Relative uncertainties are
shown in the lower graph. Uncertainties in the simulations
only represent the statistical uncertainties.

5 Conclusions

The capability to use the RPI LINAC to measure
photoneutron yields and then analyze the data to assess
the performance of evaluated photoneutron data
libraries has been demonstrated as a proof-of-concept.
The results obtained thus far are only preliminary, due
to known limitations with the current experiment
configuration (including but not limited to, inability to
perform detailed characterization of the LINAC electron
beam operating conditions and the efficiencies of the
neutron detectors). Future upgrades to the RPI LINAC
and the photoneutron experiment configuration and
methods are in progress and expected to provide higher
quality results. Upon completion of the upgrades, plans
are in place to repeat the tantalum and beryllium
photoneutron measurements, perform comprehensive
assessments, and publish the final results.
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