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Abstract: Recent developments in neutron scurce design were largely
directed towards new applications in radiotherapy, fusion technology
and solid state physics. In these fields 14 MeV T(d,n), deuteron
break-up and spallation neutron scurces appear to be the most
promising types for providing high source strengths. The main
properties of such sources are briefly described with regard to
total neutron intensities and angular-dependent spectra. Nuclear
data related to the design, operation and application of the
sources are discussed in four main areas of interest: Determination
of scurce properties, source and acceleratcr shielding, safety and
maintenance, and radiation damage and dosimetry. The nuclear data
aspects including data needs, and availability of experimental data
or model predictions are then discussed separately in some detail.
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1. Introduction

In recent years there has been a growing interest in new intense
neutron sources for advanced fields of basic and applied research.
While source development over more than three decades was largely
governed by needs in basic nuclear physics and in neutron data
measurements for fission reactors,new sources are now largely re-
qguired for application in radiotherapy, fusion technology and
s0lid state physics. In radiotherapy radiohioclogical studies have
led to the hope that neutron therapy may contribute to some
malignant cancer diseases which do not respond to conventional
X-ray treatment. Neutron sources for radiotherapy must produce
high energy neutrons at high intensity. The high energy is
required to provide sufficient penetrations, and the high intensity
to provide short treatment times. The required intensity is ~ 25
rad/min (2 107 n.-s=1), and the average energy should be above

10 MeV. In fusion technelogy the investigation of radiation damage
is a severe problem. Thefirst wall of a DT fusion reactor is
subjected to an-exposure of 14 MeV neutrons with a flux of the
order of 1014 n-cm=2.5-1., These 14 MeV neutrons have a much higher
energy than fission neutrons and are expected to produce more
severe radiation damage not only because of their higher energy
but also because gas production and elemental transmutation cross
sections are much higher at these energies. The investigation of
the radiation damage due to gas production (He embrittlement) and
elemental transmutations are likely to_be cumulative and require
fluences of the order_of more than 1022 n.cm™2 delivered over
volumes of several cm” within a few months.

In sclid state physics a large number of investigations involve
slow neutron scattering techniques, and many of these are presently
carried out at high-flux fission reactors. But user-oriented N
high~-flux reactors are oversubscribed by suitably screened experl-
ments, so that there is an increasing demand for additional slow
neutron sources. Furthermore, the use of time-cf-flight instruments
and double-~or triple-axis spectrometers in this field has also.lgd
to an increasing desire for higher peak fluxes of thermal and epi-
thermal neutrons. Peak fluxes of pore than 10715 n-cm~2.s5~1 in the
thermal range and of more than 10'C n-cm~2.s~1 in the epithermal
region would be highly desirable. These fluxes cannot be achieved
from steady-state fission reactors. Especially high-flux reactors
are presently run at the upper technical limit which is determined
by the overall heat deposition released in the fission process.

2. Neutron Scurce Reactions

The main types of nuclear reactions which can be used for neutron
production are listed in Table I /1/. Also given are the numbers of
neutrons per particle or reaction and the heat deposition per
source neutron which both represent a measure for the utmost
attainable neutron source strengths. In order to judge the suita-
bility for application in the intended energy range, the type of
source spectrum is also characterized in the last column. From the
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Table I. Neutron Yields and Deposited Heat for Some Neutron Producing Reactions

Yield beposited Type of
Reaction n/particle Heat Spectrum

or event MeV/n :
T(d,n) (0.2 MeV) 8 x 1077 n/d 2500 14 Mev
W(e,n) (100 MeV) 3,2 X 10™2 n/e 3100 evaporation
Li(d,n) (40 Mev) 6.7 X 10°2 n/g 600 d-break-up
Fission (235y(n,£)) | ~ 1 n/fisstont | 200 fission
{(T,d) fusion ~ 1 n/fusion 3 14 MeV
Pb spallation (1 GevV) 20 n/p 23 evap. + cascade
238y spallation (1 GeV) 40 n/p 50 evap. + cascade

+ The yield per fission event is 2,4 but v 1.4 neutrons are required to maintain

the reaction and compensate for parasitic losses,



data in the table it is obvious that sources based on the fission
process or on (e,n)-reactions are poorly suitable for radiotherapy
or fusion materials damage studies, because fission or evapo-
ration spectra do not provide sufficient intensity of neutrons
in the required energy range. In radiotherapy the use of the
(d,n)~reactions (deuteron break-up) on light nuclei and of the
T{d,n) (0.2 MeV) reaction appears to be the best choices . For
radiation damage studies the most desirable source is a 14 MeV
DT source based on either the T(&,n)- or the DT-fusion reaction,
respectively. The T(d,n) reaction provides, however, the smallest
number ©f neutrons per particle and causes a very high heat de-
position per source neutron in the target. Thus, it cannot provide
the required neutron flux densities to study bulk damage effects.
Large plasma sources based on the DT fusion reaction cannot be
realized except for operating fusion reactorxs themselves. Neutron
sources which produce broad neutron spectra with an average neutron
energy near 14 MeV are therefore considered as a reasonable compro-
mise. Such spectra are obtained from (d,n)-reactions in the forward
direction emploving 30-40 MeV deuteron beams. Deuteron break-up
in the Coulomb or nuclear field of the target nucleus removes
the proton £rom the projectile and leaves the neutron with an
energy ©f about half that of the incident deuteron.
The use of spallation reactions and heavy element targets is most
promising to fullfill future needs in sclid state physics,
Spallation reactions provide by far the highest pumber of neutrons
per proton (up to 40 n/p).and cause except for the DT fusion reaction,
the smallest heat deposition per neutron. Spallation reactions,
however, produce also broad neutron spectra with contributions from
intranuclear cascade reactions (with neutron energies up to those
of the incident protons) and from evaporation processes of highly
excited compound nuclei. Therefore, neutron moderation is needed

in conjunction with the primary spallation source. Unmoderated
- spallation sources are also reasonable tools for radiation damage
studies of fusion materials /z/. '

Based on the above considerations, recent development of intense
neutron scurces has concentrated on the following three types:
14 MeV T (d,n) sources, deuteron break-up sources and spallation

neutron sources.

3. Nuclear Data Related to New Intense Neutron Sources

The nuclear data involved in the design and operation of the new
intense sources can be grouped mainly into four areas of interest:

a. Predictions or Determinations of Source Properties

The source characteristics are mainly governed by integral and
differential neutron yields and spectra. For two types of sources
(Lifd,n)and spallation sources) yields and spectra are strong}y
angular dependent. For this reason the most important quantities
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are double differential neutron production cross sections for
protons or deuterons depending on the accelerator type.
These differential data should be known for various possible
candidates of target materials.

b. Source and Accelerator Shielding:

Shielding of the new sources is complicated not only because
of the increased neutron intensities, but also because of

the increased energies ©f source neutrons at which the re-
levant neutron cross sections are largely decreased. Shielding
calculations typically require energy-dependent total neutron,
elastic and non-elastic¢ scattering cross secticons for the
important shielding materials. For the partial cross sections
also detailed angular distributions are needed for energies
above a few MeV. Finally, energy dependent y-ray production
cross sections must be known for shielding, target and
accelerator materials.

c. Safety and Maintenance:

At the high intensities and the high energies provided by

the new sources not cnly the target but also experimental
eguipment can be highly activated. Since beam losses during
acceleration cannot be completely avoided, high current proteon
and deuteron accelerators also accumulate a considerable.
activity in the accelerator structure. This,'‘can cause severe
limitations for shert-term maintenance and repairment work. .
To make proper selection of materials,proton-~ or deuteron-

and neutron-induced activation cross sections are needed for

a large variety of technically important materials.

d. Fusion Dosimetrv and Radiation Damage

Dosimetry plays an important role in damage studies, since it
allows to accurately specify the neutron expeosure of the
test samples. Using a large number of activation reactions
with thresholds, suitably covering the entire spectral range,
allows spectral analyses by the unfolding technigue, if the
differential cross sections of these reactions are properly
known. In additicen damage cross secticns allow materials
scientists to correlate damage measured in one type of
facility with that in another type. The most important
(although not only) informations needed in this context are
spatial dependent damage parameters such as damage energy,
recoil energy displacement, gas production and element trans-
mutation, i.e. energy- and angular-dependent displacement, .
gas production and transmutation cross sections.

Depending on the type of source all mentioned nuclear cross sections
.should be known over a wide range of energies. This extends from
thermal to ~50 MeV for deuteron break-up sources and from thermal

to more than 1 GeV for spallation sources. Evaluated nuclear data
from existing libraries (e.g. ENDF/B-V}/3/ are presently only
available for energies below ~ 20 MeV. But the data above ~ 38 MeV are

L

]

iSo4uiih

e



usually of lower quality than those below, and data above
15 MeV are often only poorly known, '

In the following sections the three types of new sources, i.e.
14 MeV sources, deuteron break-up sources and spallation sources
are discussed. The scope of individual discussions includes a
brief description of the main source properties followed by
some examples of presently operating, constructed or planned
facilities. Finally, nuclear data aspects related to the four
areas of interest defined above are discussed in some detail.

4. 14 MeV T{(d,n) Sources

4.1 Design Considerations

Among the neutron producing reactions inveolving hydrogen

isotopes the T(d,n) reaction has by far the largest cross section;
it reaches5b at a deuteron bombarding energy of 105 keV. This
large cross section at a low.bombarding energy has made this
reaction the most widely used reaction for applications in which .
a compact intense neutron source is needed . With only a few ex-
ceptions deuterons of energy between 100 and 400 keV are stopped
in a metalic target in which tritium has been absorbed. The method
limits, at present, the maximum neutron source intensenty to

-~ a few times 1013 n/s due to the large inherent heat deposition
connected with this kind of neutron production(see Table I). The use
of 14 T(d,n) sources is simplified by the nearly monoenergetic

and isotropic neutron field, To measure £fluences over short
irradiation times of up to a few weeks the 93Nb(n,2n)92™Nb reaction
has been routinely used, while for longer irraditions the S4Fe(n,p)
54Mn  reaction represented a suitable choice/4/. Particular care
must be taken to adeguately measure flux gradients in the small
experimental volume near the source. This has led to extensive
flux mappings /5/ on a very small scale at the RTNS-source

(see next section).

4.2 Examples of 14 MeV T(d,n) Sources

A few examples of presently operating 14 MeV T(d,n) sources and
their specifications are given in Table II. Special applications
of these sources in activation analysis, radiotherapy and in
radiation damage studies are also mentioned. Commercially preduced
neutron sources typically provide source strengths of the order

of 1012n.s~1. The highest intensity of 2.3.1013 could only be
achieved with the Rotating Target Neutron Scurce RTINS II at

LLNL. /7/. From recent development work at KfK there is also some
hope for achieving a similar intensity with the KfK/Hdfeli sealed
neutron source, KARIN, if possible improvements are made /8/.

But there is presently little prospect for further improved inten-
sity from 14 MeV T(d,n) sources involving tritium or deuteron /
tritium loaded metal targets. Previous studies td produce larger
14 MeV neutron intensities by employing colliding supersonic

d- and t-gas jets /9/ have been terminated some time ago, mainly
because of the extreme technical problems connected with the design
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Table II. Examples of Operating 14 MeV T(d,n) Sources 2)

Manufacturer Voltage Current Source Special

or Laboratory (kV) {ma) Strength Application

Neutrons/sec

Texas Nuclear 280 7 6 X 1011

Radiation Dynamics| 500 12 3.5 X 10?'2 Therapy

Philips 250 18 1012 Therapy

Cyclotron Corp. 175 450 8 x 1012 Therapy

KARIN, KfK, 200 500 5 X 1012 Therapy and Activation
Haefely ' (1 X 1013) b) Analysis

RTNS II, Livermore| 400 80 2,3 X 1013 c) Radiation Damage, 14 MeV

! ' Cross Sections
2) From Ref. 6 B) pef. 8 ) pef. 7
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Fig.1: Schematic drawing of the rotating target assembly for

+the high intensity 14-MeV T{d,n) source RTNS II /10/.
The shaded elements represent the porticn of the system
that rotates; the unshaded parts are stationary.
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of such sources. In crder to demonstrate the high sophistication
already involved in the target design of tritium metal targets,
Fig.1 shows schematically the target assembly used with the

RTINS IT scurce /10/. The neutron producing target is a 50 cm
diam. spherially shaped water cooled titanium tritide target,
which is rotated on a speed of 5000 rpm. In addition, the

entire target assembly is rocked around a pivot point,

to further distribute, on a time average, the beam power over
the whole available radial range.

4.3 Nuclear Data Aspects

The 14 MeV T(d,n) reaction is well understood at the relevant
energies and standard fluxes are obtained to an accuracy of

~1% /11/. In addition there appear to be no inherent problems

to the provision of moderated 14 MeV fields other than engineering
development and validation /12/. Neutren shielding characteristics
can be satisfactorily predicted with existing data libraries
established for fission and fusion reactcr applications. There
have been several calculations of shield and collimator properties,
especially for sources applied in radiotherapy,which showed gooa
agreement with experimental dose rate measurements, e.g. /13/.
Also 14 MeV activation cross sections for various source and
shielding materials are sufficiently known and are contained in
evaluated files. '
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5. Deuteron Break-up Sources

5.1 Design Considerations

Deuteron break-up cross sections in the forward direction increase
with increasing target mass number proportional to ~AW/M/.
Nevertheless, forward neutron yields have been found to increase
with decreasing mass number of the target nucleus /15/. This is
explained by a more rapid increase of the number of target nuclei
within the deuteron range. Furthermore, forward angle neutron
spectra peak around E./2 with half widths of the order of 10 MeV.
High intensity deuterdn break-up sources thus must involve light
target elements such as Li or Be. In order to provide neutrons

at an average energy of ~14 MeV, deuteron acceleration to 30-40 MeV
is sufficient. Typical angular-dependent neutron spectra measured
for 40-MeV deuterons bombarding a thick Li target /16/ are shown

in Fig.2. The forward neutron yields peak around 14 MeV and exhibit
bread continucus distributions with energies extending to more than-
50 MeV. Individual neutron spectra change rapidly with emission
angle, and the high energy contributicons decrease drastically

for larger angles. :

5.2 Examples of Deuteron Break-up Sources

Some deuteron break-up sources presently operating or under
construction where described in Ref.17.The operating facilities
-all represent medium energy cyclotrons consiructed originally
for low energy nuclear physics research. These typically provide
deuterons at .an energy of ~ 50 MeV and average beam currents

of several hundred pa(up to 1 ma). /17/. The corresponding source
strengths are of the order of 1014 n.s~1, and are not sufficient
for large-scale studies of bulk damage effects. For the latter

s 1 ! Fig.2: Energy distributions of

_: T neutrons emitted at wvarious
¢ = angles. The data refer to
s | ,,———~::?\\- an incident beam of 40 MeV
S — deuterons on a thick Li
i 5 S target /16/.
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Nevertheless, any Ilnal IUS1ion material S€.1eCcTlOn With L[EeSpect.
to bulk damage effects must involve a neutron. source of this

kind.
















































