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Deuteron breakup induced by 14-MeV neutrons from inertial confinement fusion
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Measurements are reported for the angle-averaged double-differential cross section 〈d2σ/dEnd�n〉0◦<θ<7.4◦ for
the breakup reaction 2H(n, 2n)1H, induced by 14-MeV neutrons generated using an inertial confinement fusion
platform. A bright neutron source, created on the OMEGA Laser System [Boehly et al., Opt. Commun. 133,
495 (1997)] with a luminosity of L = 1024 s−1, was used to irradiate deuterated targets. The absolute yields and
energy spectra from the breakup neutrons emitted in a forward-angle geometry (θ = 0◦ to 7.4°) were detected
with a sensitive, high-dynamic-range neutron time-of-flight spectrometer. The cross-section data, measured for
neutron energy range from 0.5 to 10 MeV, is well reproduced by a theoretical calculation employing realistic
nucleon–nucleon and three-nucleon forces.
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I. INTRODUCTION

Few-nucleon systems and reactions between light nuclei
continue to attract interest since they provide testing grounds
for modern microscopic nuclear theory. Numerous experi-
ments conducted over the past several decades have searched
for evidence of a three-nucleon force (3NF) in addition to the
nucleon–nucleon (NN) interactions [1]. The under binding en-
ergies for 3H and 3He is one example of convincing evidence
for a 3NF [2]. It has been shown that the binding energies
of these nuclei cannot be reproduced by solutions of the
corresponding Faddeev equations employing only traditional
NN forces [3]. Furthermore, three-nucleon effects have been
reported in the theoretical analysis of deuteron breakup [4].

Studying the deuteron breakup has several advantages.
In particular, neutron-induced scattering and reactions with
deuterons, where the Coulomb force is absent, are useful for
theoretical analysis with realistic NN or 3NF, in both the elas-
tic and breakup channels. In the past, discrepancies between
theory and data were attributed to the inadequate NN and 3N
force models that were used to explain the measurements [5].
In this work, the experimental data can be only explained by
modern calculations including 3N forces.

Exact numerical solutions of neutron–deuteron Faddeev
equations have been obtained by several research groups [4,6].
In the present work, an extended force model using realistic
(CD Bonn + � + U1) [7] potentials in addition to NN and
3N forces considers also the excitation of a nucleon into a
� isobar, thereby yielding an effective 3NF, consistent with
the underlying two-baryon potential. The availability of these
exact 3N calculations using realistic potentials allows one
to examine 3NF effects. Previous experiments have reported
on cross-section measurements of the breakup of a deuteron
in the region far from the final-state-interaction (FSI) peak,

which is sensitive only to the scattering length αNN. In these
past measurements a significant difference as compared to
the available calculations in the evaluated nuclear libraries
(Nuclear Data Services) was observed [8–10]. Therefore, it
is necessary to measure the reaction in the region far from the
FSI dominance, where the cross section may be more sensitive
to the 3NF effect.

There is an additional, more-specialized aspect of study-
ing the neutron-induced process with deuterons. Active re-
search in thermonuclear fusion energy also requires accurate
cross sections for the neutron-induced breakup reaction of a
deuteron and triton to better understand the neutron energy
spectrum produced in inertial confinement fusion (ICF) ex-
periments that consist of cryogenic deuterium–tritium fuel
[11]. Precise knowledge of the neutron contributions from
thermonuclear and scattering reactions that comprise the en-
ergy spectrum is crucial to understanding the dynamics of
the fuel assembly at peak compression [12]. This includes
the double-differential cross section caused by the inelastic
scattering of n-2H at 14 MeV off the cold fuel in this class of
implosions, which is a significant component in the measured
energy spectrum. For this reason, the neutron contribution
from the inelastic scattering of deuterium in this energy region
must be known to within ≈5% to accurately model the neutron
energy spectrum to determine implosion performance metrics.
It should also be mentioned that the breakup reaction of
a triton is equally important to understanding the complete
energy spectrum and is currently being investigated using a
similar technique as described here and will be reported in a
future publication.

This paper reports on the first measurement of the deuteron
breakup using a new laser-based ICF platform developed on
the Omega Laser System. The cross section was inferred
with an emission angle of the breakup neutrons from the
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FIG. 1. Diagram of the neutron time-of-flight (nTOF) diagnostic
and the location of the OMEGA target chamber. The reaction vessel
is positioned 9 cm from the target chamber center using special
brackets to minimize neutron scattering from within the target cham-
ber. The detector is shielded from scattered background neutrons
with the utilization of a midbeam collimator (constructed from high-
density polyethylene) and the 1-m-thick concrete floor. Neutrons are
recorded in current mode using a time-of-flight spectrometer with a
large dynamic range, located on the line-of-sight axis downstream of
the reaction vessel. PMT: photomultiplier tube.

reaction vessel accepted by the diagnostic of 0◦ � θ � 7.4◦,
0◦ � ϕ � 2π with an energy range between 0.5 and 10.0
MeV, which is over a larger region than achieved in earlier
accelerator experiments. The measured cross section from the
experimental campaigns on OMEGA is well reproduced by
rigorous calculations of the double-differential cross section
in the energy region below the FSI peak. Details of the exper-
imental setup and analysis methods are reported in this paper.

II. EXPERIMENTAL DETAILS

A high-intensity pulse of 14-MeV neutrons produced from
direct-drive ICF implosions on the OMEGA Laser Sys-
tem with a luminosity of L = 1024 s−1 at the University of
Rochester’s Laboratory for Laser Energetics [13] is used to
irradiate axially symmetric vessels that contain either a deuter-
ated or a corresponding nondeuterated target. Both elastic
scattering and inelastic reactions are measured through the
detection of neutrons using a highly collimated spectrometer
in line with the reaction vessel. Evidence of the deuteron
breakup is inferred from the difference in the signal between
the deuterated and nondeuterated targets. A general schematic
of the OMEGA target chamber, a highly collimated line-of
sight, and the neutron time-of-flight (nTOF) experimental
setup is shown in Fig. 1.

In direct-drive ICF experiments, neutrons are generated
using a laser to implode microballoons filled with D-T fuel.1

The dominant fusion reaction in these implosions is [14]
2H + 3H → 4He(3.52 MeV) + n(14.03 MeV). (1)

Two additional primary fusion reactions [14],
2H + 2H → 3He(0.82 MeV) + n(2.45 MeV) (2)

1D-T (deuterium-tritium) denote 2H and 3H, respectively.

and
3H + 3H → 4He(0 − 3.5 MeV) + 2n(0 − 9.4 MeV)

→ 5He(1.7 MeV) + n(8.7 MeV)

→ 5He∗(≈4.4 MeV) + n(≈6.0 MeV), (3)

have a much smaller contribution due the yield produced
(≈10−2) and lower neutron energies compared to the primary
fusion reaction yield, which results in a minimal impact on the
experimental data presented in this paper.

The bright ICF neutron source (14 MeV) generated for
this experiment uses a specific type of ICF target with a
thin-walled (≈4-μm), ≈1-mm-diam SiO2 microballoon filled
with 10 atm of equimolar D-T fuel [15]. The OMEGA UV
laser’s 60 beams deliver up to 30 kJ of energy onto the ICF
target during a nominal 1-ns square pulse. The symmetric
illumination rapidly heats the thin shell of the microballoon,
causing it to expand, resulting in a shock wave that is driven
into the fuel [16]. This shock wave compresses and heats
the fuel as it converges at the center of the target. As the
shock rebounds, the fuel reaches sufficient temperatures (i.e.,
≈10 keV) to produce thermonuclear reactions with neutron
yields of up to 1 × 1014 emitted into 4π . In this ICF implosion
design, the “bang time” (time when peak neutron production
takes place) is ≈800 ps after the laser pulse hits the target
with a neutron-production rate of ≈100 ps [17]. The neutron-
emitting region (hot spot) for this class of implosions is
≈100 μm in diameter.

The nuclear reaction vessel (NRV) is constructed from
thin-wall (1-mm) aluminum to minimize residual neutron
scattering. The overall length of the truncated cone-shaped
vessel is 7.5 cm, with a smallest diameter of 0.9 cm and a
largest diameter of 4 cm. The vessel was specially designed
to be positioned 9 cm from the center of the OMEGA target
chamber to ensure that the laser beams have a clear path to
illuminate the microballoon. The vessel can be attached to
a specially designed bracket mounted in one of the ten-inch
manipulator diagnostic ports on the target chamber. The neu-
trons emitted from the breakup of the deuteron are measured
in the angular region of 0◦ � θ � 7.4◦, 0◦ � ϕ � 2π as a
result of the geometry of the reaction volume with respect to
the diagnostic instrument. The emitted neutrons are recorded
in current mode using a time-of-flight spectrometer with a
large dynamic range, located along the clear line-of-sight axis
downstream of the reaction vessel. The diagnostic used to
measure the neutron energy spectrum in this campaign is
a four microchannel-plate photomultiplier tube (MCP-PMT)
detector positioned 13.4 m from target chamber center. It con-
sists of a 20-cm-diam, 10-cm-deep stainless-steel cylindrical
cell that contains the scintillation fluid viewed perpendicular
by the four PMT’s outside the line of sight. This detector uses
a thin-wall (2-mm) construction to minimize neutron scatter-
ing by the scintillator housing. Thin (<0.3-cm) stainless-steel
end plates are used to seal the cylindrical cell to minimize
neutron attenuation. The ports for the MCP-PMT are 40-
mm-diam fused-silica windows mounted on the cylindrical
cell and sealed with Viton O rings. The cell is filled with
a liquid scintillator based on oxygenated xylene doped with
diphenyloxazole C15H11NO+ p-bis-(o-methylstyryl)-benzene
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FIG. 2. Experimental setup with a high-yield neutron source
incident on a nuclear reaction vessel positioned 9 cm from target
chamber center. The vessel contains nondeuterated or a correspond-
ing deuterated target compounds. Because of the geometry of the
reaction volume with respect to the diagnostic instrument, this mea-
surement will cover an emission angle of the breakup neutrons from
the reaction vessel in the range 0° � θ°� 7.4°, 0° � ϕ � 2π .

(PPO+ bis-MSB) wavelength-shifting dyes, which scintil-
lates and emits light in the visible to near-ultraviolet wave-
length range (i.e., from 380 to 420 nm). This oxygenated liq-
uid scintillator has a fast time response and a low-light after-
glow, which is required to measure lower-energy (<1-MeV)
neutrons [18]. The detector is shielded from scattered back-
ground neutrons using a mid-beam collimator constructed
from high-density polyethylene and the 1-m-thick concrete
floor. A schematic of the experimental setup of the reaction
vessel with respect to the diagnostic is shown in Fig. 2. The
primary D-T neutron yield signal from a separate (monitor)
standard diagnostic, which has an uncertainty of 5%, is used
to absolutely calibrate the spectrometer [19].

III. DATA ANALYSIS

The first set of experiments used vessels that contained
deuterated compounds such as D2O and C6D6 to investigate
the breakup of deuterons. A separate set of vessels in these
experiments were filled with standard nondeuterated target
compounds (H2O, C6H6) to identify contributions from the
inelastic neutron scattering on oxygen and carbon in the NRV.
For each reaction vessel, up to six implosions generating a
neutron luminosity of L = 1024 s–1 were performed for both
the nondeuterated and the deuterated samples. The primary
D-T neutron signal from the monitor diagnostic was used to
normalize the measured breakup neutron signal with respect
to the primary yield for each implosion. Signals that used a
specific vessel were averaged to enhance the signal-to-noise
ratio. A comparison of the spectra obtained with the ves-
sels filled with the deuterated and nondeuterated compounds
clearly shows the contribution from the neutron-induced
breakup in the time-of-flight region: 300 ns (≈14 MeV) to
600 ns (≈2.5 MeV), as seen in Fig. 3. In both cases, the
measured yield of neutrons generated in the breakup reaction
are affected identically by additional absorption and scattering
effects in the target material. For example, the two excited
oxygen states (6.1, 7.0 MeV) are seen in spectra measured
with the H2O and D2O vessels, and several excited states of
carbon (4.44, 7.65, 9.64 MeV) are observed in the spectra
from the C6H6 and C6D6 vessels.

The neutron yield from the deuteron-breakup contribu-
tion is extracted using the difference in the time-of-flight

FIG. 3. A comparison of the measured time-of-flight signals
clearly indicates the increase in the spectra (1 to 10 MeV) from the
breakup of deuterons in the reaction vessel. The excited states of
carbon (4.44, 7.65, 9.64 MeV) and oxygen (6.1, 7.0 MeV) are also
evident in the spectra.
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spectra obtained from the deuterated and the corresponding
nondeuterated vessel. This method is advantageous since it
removes the background contributions from inelastic scatter-
ing off both carbon and oxygen, along with any additional
scattering and nonlinearity in the detection system that arise
from the experimental configuration; it also demonstrates the
sensitivity in the signals. The residual signal from the subtrac-
tion has been shown to originate from the neutron-induced
breakup reaction [20]. With the neutron yield attributed to
the neutron-induced breakup reaction, the double-differential
cross section is calculated using the following relation:

d2Yn,2n

dEd�dia (xNRV)

= mnnd

∫ lNRV

0
Yinc(xNRV)

× d2σn,2n

d�dE
τNRV(E , xNRV)εdia (E )dxNRV,

where

(1) Yn,2n = the number of detected neutrons from the
neutron-induced breakup reaction

(2) mn = the multiplicity for the number of generated
neutrons from the breakup (mn = 2)

(3) ηD = the number density of deuterium in the reaction
vessel

(4) lNRV = length of the reaction vessel
(5) �dia (xNRV) = solid angle of the detector at xNRV

(6) Yinc(xNRV) = the number of incident 14.03-MeV neu-
trons at xNRV

(7) d2σn,2n/d�dE = double-differential cross section for
the neutron-induced breakup reaction

(8) τNRV(E , xNRV) = transmission of neutron with energy
E through the reaction vessel at xNRV

(9) εdia (E ) = fraction of neutrons at energy E interacting
inside detector

A total experimental uncertainty of the Yn,2n yield measure-
ment is derived from statistical and systematic uncertainties.
The number of neutrons measured in the 13.4-m spectrometer
for each 0.5-MeV energy bin is in the range between 104

and 105, which leads to a statistical uncertainty of ≈3%.
Systematic uncertainties are associated with a number of steps
involved in the calibration of the detector. A small uncertainty
of the order of ≈1% is caused by the nonlinear light output
as a function incident neutron energy from the scintillation
fluid. The YDD yield reference used to calibrate the nTOF
spectrometer efficiency is estimated to have a systematic
uncertainty of ≈9%.

A. Monte Carlo simulations

The 14-MeV neutrons entering the scattering sample can
cause the breakup reaction and can also slow down as result
of multiple elastic scattering on constituent nuclei. Slowed-
down neutrons with energies less than 14 MeV that in-
duce the breakup reaction could also systematically enhance
the experimentally measured cross-section values. This ef-
fect was modeled using the neutron transport code MCNP

FIG. 4. Simulations show that a correction is required to infer a
cross section only from 14-MeV neutrons. The y axis is the cross
section from the neutrons at less than 14 MeV divided by neutrons
at 14 MeV. Multiple scattering effects of the neutrons generated in
the breakup reaction were modeled using the neutron transport code
MCNP simulating details of the experimental setup. This correction
uses the cross section in MCNP, which has been shown to be different
from the measured cross section.

simulating details of the experimental setup [21]. The sim-
ulations included a high-yield source of 14-MeV neutrons,
which were incident on the nuclear reaction vessel. In the
model, an infinitely thin plane represented the surface of the
nTOF spectrometer positioned at 13.4 m from the high-yield
neutron source. It was determined from these simulations
that multiple scattering of the neutrons in the vessel affected
the measured neutron spectrum used to calculate the double-
differential cross section. This is the result of incident 14-
MeV neutrons that undergo a scatter event within the vessel
before the breakup reaction. Simulations showed that a cor-
rection is required to infer cross section from the measurement
of neutrons that were emitted in the neutron breakup by
only 14-MeV neutrons in the vessel. The corrections for
the different vessels can be as high as 20% in the energy
region below 2 MeV, as shown in Fig. 4, where the cross
section from neutrons <14 MeV to the cross section from
neutrons at 14 MeV is plotted. It should be noted that the
cross section available in MCNP is derived from the n-body
phase space distribution model (Law 6) used in Evaluated
Nuclear Data Files (ENDF). This distribution is significantly
different in shape and magnitude to the theoretical model
that is compared to the experimental data reported in this
paper.

IV. RESULTS AND DISCUSSION

Experimental results displayed in Fig. 5 are in much better
agreement with a model calculation employing realistic NN
and 3N forces over a larger energy region than achieved in
past accelerator-based experiments [7]. The good agreement
over a broad energy range indicates that essential aspects of
the interaction dynamics are treated correctly in the model
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FIG. 5. Double-differential cross section (d2σ/d�dE ) for
neutron-induced deuteron breakup at 14 MeV using two different
reaction vessels with deuterated water (a), deuterated benzene (b),
and the averaged values from the separate measurements (c) for a
near-zero forward angle. The solid circles are the data reported in
this paper, the squares are the data of Brullmann et al. [9], and the
diamonds are the neutron-induced breakup data of Kecskemti et al.,
respectively [10]. The solid lines represent Faddeev-type calculation
of the neutron-induced deuteron breakup using the realistic CD
Bonn + � + U1 model, averaged over forward neutron emission
angles at 〈d2σ/dEnd�n〉0◦<θ<7.4◦ .

provided. This experimental technique has not matured
enough, however, to measure the cross section in the region
of the FSI peak at ≈11.8 MeV because of limitations in the
current diagnostics, although the region below the final-state
configuration is of particular interest since it may be more
sensitive to the 3NF contributions.

The experimental angle-averaged cross section
〈d2σ/dEnd�n〉 measured in the angular range of
0◦ � θ � 7.4◦, 0◦ � ϕ � 2π and for neutrons between
0.5 and 10.0 MeV are presented in Table I. The error on the
data in Table I and Fig. 5 includes both the systematic and
statistical uncertainties. In the region between 3 and 10 MeV,
the measured cross sections from experiments using the
different reaction vessels (D2O, C6D6) are in good agreement.
The region from 2 to 3 MeV was excluded because of the
presence of a strong peak at 2.45 MeV caused by the D-D
fusion reaction and resulted in the low signal-to-noise in the
time-of-flight spectra.

The cross-section data were compared to results of rig-
orous calculations from Ref. [7] using the realistic CD
Bonn + � + U1 model. The model includes both effective
3NF because of the explicit virtual � isobar excitation and
irreducible 3NF as shown in Fig. 5. The solid line rep-
resents the calculation with the neutron emission angle at
〈d2σ/dEnd�n〉0◦<θ<7.4◦ , respectively; however, the 3NF effect
turns out to be very small. Results obtained using another
realistic NN potential INOY04 [22] without explicit 3NF are
indistinguishable from those shown in the plot. As compared
to model calculations, the measurements exhibit a systemat-
ically lower value than predicted in the 3- to 5-MeV energy
range

The cross-section measurements from this new experimen-
tal platform reported here are also compared to the previous
neutron-induced breakup measurement performed on accel-
erators [9,10]. Earlier data sets are plotted [see Fig. 5(b)]
with only the statistically uncertainty (5%) as provided by
the ENDF nuclear libraries. These experiments inferred a
marginally lower cross section between 4 and 10 MeV as
compared to the recent ab initio calculation. In addition, these
earlier experiments from Refs. [9,10] do not show a separation
consistent with the different neutron emission angles of 0° and
7°, respectively.

Several past experiments on the breakup of deuterons have
primarily focused on the FSI peak and the phase space of the
three-body breakup referred to as the quasi-free scatter region
to study nucleon-nucleon forces [23]. However, it has been
suggested that the collinearity case could be a third prominent
region in the phase space that might exhibit characteristic
behavior and could be of interest in understanding three-
nucleon interactions. In the collinear situation, one of the
nucleons is left at rest in the center-of-mass frame, while
the remaining two nucleons are emitted with opposite linear
momentum. This particular geometry, collinearity of the out-
going nucleons, could highlight shielding effects of a possible
three-body force with two-meson exchange [24]. This effect
received much attention in past experiments that measured
the proton-induced breakup of deuterons [25]. However, the
cross-section enhancement was only observed in an experi-
ment with Ep = 156 MeV, albeit with low statistics [26]. The
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TABLE I. Measured and calculated double-differential cross section for the neutron-induced breakup of n-2H as a function of Elab from
14-MeV incident neutrons. The theoretical results were obtained solving rigorous 3N Faddeev equations with the realistic CD Bonn + � +
U1 interaction model.

Energy Measured (D2O) Error Measured (C6D6) Error Theory
(MeV) (mb/sr MeV) (mb/sr MeV) (mb/sr MeV) (mb/sr MeV) (mb/sr MeV)

0.70 – – 2.03 6.50 2.43
1.22 0.66 3.14 2.67 2.85 2.46
1.74 1.06 1.82 1.70 1.44 3.00
3.26 3.67 1.42 4.26 1.38 6.15
3.77 4.32 1.68 5.41 1.61 7.80
4.27 7.06 1.65 7.84 1.71 9.84
4.78 9.67 1.81 10.99 1.98 12.13
5.28 11.11 1.64 12.68 1.85 13.99
5.78 12.08 1.68 13.65 1.64 14.07
6.29 10.61 1.54 11.92 2.30 12.63
6.79 10.63 1.89 11.24 1.74 10.86
7.30 9.21 1.35 9.38 1.70 9.38
7.80 8.77 1.21 7.78 1.64 8.21
8.30 8.47 0.99 7.72 1.45 7.30
8.81 7.46 1.03 7.29 1.66 6.58
9.31 6.67 2.46 6.05 2.75 5.95
9.81 6.96 1.04 5.09 1.65 5.40
10.32 5.81 0.79 5.19 1.16 4.96

experimental data reported in this paper do not show evidence
for an enhancement in collinearity behavior of the cross
section ≈1.7 MeV, which has been suggested in previous
experiments [27].

V. SUMMARY AND CONCLUSIONS

In summary, a novel laser-based ICF-driven platform that
provides a bright source of 14-MeV DT neutrons with a lumi-
nosity of L = 1024 s−1 was used to irradiate deuterated targets
and measure the cross section from the breakup reaction.
Contributions from the neutron-induced deuteron breakup
were observed from the difference in spectra obtained from
a deuterated and the corresponding nondeuterated reaction
vessel. The angle-averaged double-differential cross section
〈d2σ/dEnd�n〉0◦<θ<7.4◦ was measured over a larger region of
energy (0.5 to 10 MeV) than achieved in previous accelerator
measurements. Each data point has a statistical uncertainty
of less than 3% between 3 and 10 MeV. The systematic
uncertainty of the present data is 9%.

Rigorous Faddeev-type calculation of the neutron-induced
deuteron breakup using the realistic CD Bonn + � + U1
model, which includes genuine 3NF and effective 3NF effects
because of the � isobar excitation, reproduces well the exper-
imental data for neutron energies below the FSI peak; the 3NF
effect is, however, insignificant. However, the experimental
data exhibit systematically lower values in the 3- to 5-MeV
energy range.
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