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Abstract. Accelerator-based neutron sources oﬀer many advantages, in particular tunability of the neutron beam
in energy and width to match the needs of the application. Using a recently constructed neutron beam line at the
88 Inch Cyclotron at LBNL, tunable high-intensity sources of quasi-monoenergetic and broad spectrum neutrons
from deuteron breakup are under development for a variety of applications.

1 Introduction
Fast neutrons are finding increasing use for many applications.
At the same time, reactor based sources of fast neutrons are
disappearing. Accelerator-based sources oﬀer many advantages, not the least of which is the possibility to tune the
neutron source in energy and width to match the needs of the
application.
Sources of monoenergetic neutrons based on the 7 Li(p,n)
reaction [1] are available at accelerator facilities in Europe
[2, 3], Asia [4], and elsewhere [1, 5]. This method – which has
been applied over a wide range of energies from a few MeV
through hundreds of MeV – produces a neutron beam narrow
in energy and peaked at the proton beam energy minus the
Q-value. Two disadvantages of this method are 1) a broad
neutron tail (approximately 40% of the total neutron flux) at
lower energies due to breakup reactions [6] and 2) relatively
low cross sections, especially at higher energies. The cross
section for this reaction peaks at approximately 6 MeV and
decreases rapidly at higher energies [7].
An alternative method to the 7 Li(p,n) reaction for neutron
production is deuteron breakup. This mechanism has the potential to produce forward-focused neutrons at higher fluxes,
important for cross section measurements on radioactive targets. The cross section for neutrons produced by deuteron
breakup increases rapidly above the threshold value of approximately 9 MeV [8]. Typically, as an accelerator-based neutron
source, thick, light targets, e.g., Li or Be, have been utilized
[9, 10]; few measurements of neutron energy spectra produced
by deuteron breakup on thin targets are available.
At the 88-Inch Cyclotron at LBNL, a tunable highintensity source of neutrons has been developed that employs
deuteron breakup on thin targets. The 88-Inch cyclotron can
deliver deuteron beams of 10 µA at energies of ≈5–65 MeV.
Energies below 5 MeV are available at lesser intensities. Phase
1 construction of a new beamline for this project is complete
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and characterization of the neutrons produced in thin target
breakup is underway. For applications in which neutron energy
is not important, broad spectrum fast neutrons are currently
available.
The present studies are aimed at determining the utility of thin target deuteron breakup as a source of quasimonoenergetic neutrons for a variety of applications, by
mapping out the phase space of neutron energy, energy width
and flux over the full range of initial deuteron energies on
several targets.

1.1 Applications of fast neutrons

Cross sections for direct neutron reactions – e.g., (n,γ),
(n,fission), (n,2n) – are important for a wide variety of applications that either take place in a neutron environment or employ
neutrons as a probe. In the former category are included
science-based stockpile stewardship for nuclear weapons programs in a non-testing era, advanced fuel cycle reactors, fusion
at high energy densities and s-process nucleosynthesis. In
addition to cross sections, the eﬀect of neutrons on materials,
on electronics and on humans is of concern in the environment
of space, the upper atmosphere, the earth’s surface and in
special environments such as high energy accelerators and
reactors. Examples of applications in which neutrons are
employed as a probe are neutron interrogation techniques for
detecting special nuclear material, and materials studies using
neutron scattering and radiography.
Table 1 summarizes the needs in terms of neutron energy and flux of a sample of applications under consideration at the 88-Inch Cyclotron. The immediate goal of the
present work is to determine the phase space of overlap between the capabilities of neutron production at the Cyclotron
with the needs of the applications. Because there are tradeoﬀs between, for example, energy spread and flux for cross
section measurements, each experiment will require unique
conditions.
©2008 CEA, published by EDP Sciences
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Table 1. Applications of fast neutrons (optimal conditions).
Application

Energy
(MeV)

Resolution
(MeV)

Cave 2 beam
line

Flux
(n/cm2 /sec)

Main Vault at 88-inch Cyclotron

40°

Switching magnet
quadrupoles

Cross Sections for:
1–2 MeV

cyclotron

105 –109

Weapons
Stewardship [11]
(radioactive targets)

0.1–20

Fusion (NIF) [12]
(tertiary diagnostics)

20–30

1–2 MeV or
integral

105 –106

Advanced Fuel
Cycle: (n,f) [13]

0.5–2

Fission-like

105 –107

Electronics [14]
(ionization eﬀects)
(non-ionizing)

6–30

Either few
MeV or
broad

10 –10
104 –105

Materials damage [15]

6–30

Few MeV

104 –106

Radiation Biology [16]

6–30

Few MeV

104 –106

Break-up
target

Stilbene
shadowbar

Distances: Target to Stilbene: 3.75 m
Cyclotron to target: ∼ 4 m

Radiation Eﬀects for:
4

Fig. 1. Experimental Setup. The neutron production target for thin
targets is located in the Vault before the main switching magnet,
which diverts the unreacted beam into Cave 2. Neutron time of
flight is measured 3.75 meter downstream with a Stilbene or NE213
detector inside the shielding. For thick target neutron production, the
target can be located in either Cave 2 or the adjacent Cave 3.
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2 Experimental method
1.2 Neutron production by deuteron breakup

Deuterons are very weakly bound, with a Q-value of
2.22 MeV. The breakup of a deuteron in the Coulombic field
of a heavier nucleus is a basic nuclear physics problem that
has been studied extensively since first suggested by Oppenheimer and Phillips in 1935 [17]. Assuming pure Coulombic
breakup in its most simplistic manifestation, the deuteron deaccelerates as it approaches the heavy target nucleus. At a
radius RB , it breaks up, and the proton and neutron each
take half of the available energy at that time. The proton reaccelerates on the way out, leaving the neutron with an energy
given by
En = 1/2(Ed − Ze2 /RB − 2.22) MeV.

(1)

This energy is well defined, so theoretically this process
should yield a forward focused neutron with an energy spread
determined by the width of the breakup radius.
Several early experiments [18–20] studied the breakup
process at low energies (Ed = 8–17 MeV) on a range of heavy
targets. By measuring the energy and angle of the proton in
coincidence with neutrons, it was determined that breakup
occurred well outside of the nuclear radius. This body of work
gave evidence that Coulombic breakup dominated at forward
angles for heavier targets, but nuclear breakup played a role at
all energies for lighter targets like Be and C, and became more
important for all targets as the deuteron energy was raised.
In contrast to the early experiments, a more recent experiment by Okamura et al. [21] measured breakup at very
forward angles at 56 MeV. They concluded that the nuclear
breakup was more dominant for the heaviest targets. This data
has been validated by modern 3-body theories [22]; however,
these models have not yet been demonstrated to work at lower
energies. The role of Coulombic and nuclear breakup is clearly
changing in this energy region and systematic measurements
are needed.

A schematic of the neutron beamline is shown in figure 1. Two
target stations are available. Thin target “quasi-monenergetic”
neutrons are available in the Cyclotron Vault for oﬄine cross
section measurements on either stable or radioactive targets.
The deuteron beam is dumped well downstream in Cave
2. Thick target “broad energy” neutrons are available at an
irradiation station in Cave 2.
The absolute flux is measured at either target station using
standard activation foil techniques [23]. By using a variety of
activation foils and measuring reaction products with diﬀerent
thresholds, some energy information can be obtained as well.
This technique utilizes the code SAN-II [24]. In particular,
by comparing results from reaction products that are sensitive
to thermal neutrons, the background from thermals can be
estimated.
The energy distributions can be measured directly with a
proton-recoil detector by using neutron time-of-flight (TOF)
combined with pulse shape discrimination to distinguish the
neutrons from the gamma-rays. This setup has been described
in a previous paper [25].
In order to perform neutron time-of-flight measurements,
it is necessary to tune the Cyclotron to a narrow phase width –
optimally less than 2 nsec. This is complicated because the 88Inch Cyclotron does not have single turn extraction and the
natural phase width of its beams is 5–10 nsec. A fast Faraday
cup was developed in the 1990s as a diagnostic device used
to tune a set of slit collimators inserted into the center region
of the Cyclotron. The slits intercept a single orbit and produce
extracted beams with phase widths of 1–2 nsec [26]. The fast
Faraday cup and slit collimators have been reconstituted and
moved to the Cyclotron Vault in order to make the neutron
TOF measurements easier.

3 Results
Initial characterization of the neutron spectra and fluxes
with thin targets have been done at 29 MeV and 20 MeV,
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Fig. 2. Typical neutron energy spectra at 0◦ for Ti and Ta targets.
Table 2. Neutrons from deuteron breakup at 0◦ .
Target

Ed
(MeV)

En 
(MeV)

FWHM
(MeV)

Fluence
rateˆ
(n/sec/
cm2 /µA)

Fluence
rate*
(n/sec/
cm2 /µA)

Ti
Ti
Ta
Ta

20
29
20
29

8.7
13.6
6.0
10.3

7.0
9.0
6.0
5.5

2 × 104
7 × 104
2 × 104
5 × 104

8.5 × 104
–
–
–

ˆrough extrapolation from TOF data, 1 meter from target.
* measured

chosen because the first applications under consideration –
for stewardship applications and for radiation eﬀects – require
neutron spectra peaked in the 10–14 MeV range. Neutron
energy distributions have been measured using thin targets for
the following target/energy combinations: Ti and Ta at 20 and
29 MeV. Typical energy spectra for the cases of Ti and Ta
targets at 0◦ are given in figure 2. Additional measurements
were taken using Ta targets, examining the eﬀect of target
thickness and measuring angular distributions.
With the current target geometry, activation foil measurements have been completed with the Ti target at 20 MeV.
Table 3 summarizes the present data for the two targets at
20 and 29 MeV, giving neutron energy, FWHM of the energy
distribution and flux as estimated from the energy measurements or as measured directly using the activation method.
The uncertainty in the extracted mean neutron energy and
FWHM is 0.3 MeV in all cases.
Neutron spectra for deuterons stopping in Be targets have
been measured at several angles for Ed ≤ 20 MeV. The
thick target distributions using Be targets at Ed = 20 MeV
agree with data taken at other facilities [9,27] and will not be
presented here.
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Ta at both energies. This is in contrast with the data at 56 MeV
[21], that showed an almost constant – albeit double-peaked
– mean energy for targets of C, Ca, Zr and Pb. In that work,
the major eﬀect of target mass was the disappearance of the
lower of the two energy peaks for Pb. The target eﬀect is also
not reproduced by preliminary calculations based on modern
coupled channel calculations [28].
For both targets, the neutron FWHMs are wider than
expected from pure Coulombic breakup and from what was
seen at the higher energies of ref. [21]. This may be partially
due to the large neutron background subtraction that must be
done because of the experimental location in the Cyclotron
vault. In particular, a large number of neutrons are produced
at the deflectors at the exit of the Cyclotron, and this source of
neutrons cannot be corrected for by using a shadowbar [25].
In spite of this, the width is somewhat narrower for Ta than
it is for Ti targets, indicating that eﬀect is not totally due to
background subtraction.
It can be seen from figure 2 that the error bars are significantly larger for the Ta target than for Ti, especially at 20 MeV.
This is because the beam scattering in the target is greater for
the heavier target, causing beam scraping downstream and an
increase in the background that must be subtracted in order to
obtain the energy distribution. This is a fundamental limitation
on the method.
The flux is relatively constant between the two targets at
both energies, and increases with energy. This agrees roughly
with the results of ref. [21] at 56 MeV, in which the authors
examined the dependence of the energy-integrated cross section on target atomic number. In that work, comparisons with
DWBA calculations led them to conclude the presence of a
large contribution from nuclear breakup at forward angles for
the Pb target. This has yet to be confirmed in our results at
lower energies.

5 Conclusions
We have recently begun a set of measurements to systematically explore the energy and angle dependence of the
neutron production during the breakup process in order to
understand the disagreements between our measurements at
20 and 29 MeV and the work of Okamura et al. [11] at 56 MeV,
and the discrepancies between our measurements and coupled
channel calculations.
At the same time, the shielding around Cave 2 is being
enhanced to allow operation at deuteron intensities greater
than 1 µA. When this is complete, absolute flux measurements
will be completed for both targets at several energies, and the
first cross section measurement on a radioactive target will
take place.
Future plans include installation of a magnet in Cave 2 so
that the thin production target can be moved out of the Vault;
this will eliminate the largest source of neutron background,
from scraping on the deflectors at the exit to the Cyclotron.

4 Discussion
There are several points that can be deduced from the results
of table 3 and figure 2. Firstly, the mean energy is strongly
dependent on target, decreasing significantly between Ti and
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