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differential data. Integration of the cross section over the
angular range gives the integral cross section. Several types
of counter telescopes have been used for studying charged
particles and the subject is treated in detail by Vonach [2].
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ABSTRACT

Some of the off-line techniques used for the determination
of integral cross-section data are reviewed and, as a critical
check, some typical data sets are compared. The systematic trends
reported in the cross-section data for (n,d), (n,t) , (n,3He) and
(n,a) reactions are discussed. A brief discussion of the possible
reaction mechanisms is given. Some of the applications of the
data are outlined.

1. INTRODUCTIOM

In the interactions of 14 MeV neutrons with nuclei radiative
neutron capture has low probability but the emission of both
neutrons and protons is highly favoured. In addition the emission
of complex particles like *H, 3H, 3He and ''He is also energe-
tically possible. However, with the exception of ''He, in general
the emission of complex pari:icles has not been investigated in
great detail, mainly due to the relatively low cross sections of
such processes [cf. 1]. Such investigations are, however, of
great significance for enhancing our understanding of nuclear
theory and for practical applications. Integral cross-section
measurements play an important role in the study of such reactions
and this review gives a summary of the information available in
this field.

2. EXPERIMENTAL TECHNIQUES

In general three techniques are commonly used for measuring
integral cross sections of reactions involving the emission of
complex particles.

- On-line particle detection
- Activation technique
- Mass spectrometry

The on-line particle detection technique involves identifica-
tion and measurement of the energy and angular distributions of
the emitted complex charged particles (2H,3H,'»He) and yields

2.1 Activation Technique

This is a relatively simple technique and involves an off-line
identification and radiometric determination of the radio-
active reaction product. In the special case of (n,t) reactions
the technique has been applied in two variations, namely,
identification of the activation products and estimation of
the formed tritium by 6 - counting in the gas phase.

Several of the steps involved in the precise measurement of
the cross sections by the activation technique have been
discussed by Csikai [3]. In this review only those aspects are
emphasized which are relevant to the study of the rather low-
yield reactions.

2.1.1 Sample preparation for irradiations

The chemical form of the substance to be irradiated should
be well defined. As has been discussed in several publications
from Jiilich [cf. 4-10], in investigations of low-yield reactions
it is most essential that high purity materials be irradiated
since many of the activation products under investigation may
also be formed via interfering reactions on impurities, thereby
giving rise to erroneous results. In this context both isotopic
and non-isotopic impurities are undesirable. It has been found,
for example, that in the 14.6 MeV cross-section measurement of
the reaction 60Ni(n,t)58Co, if target nickel contains 10 ppm
cobalt impurity, the interfering reaction 59Co(n,2n)58Co will
give rise to •>. 20% of the 58Co activity. Similarly if the target
isotope 60Ni is 99.8% enriched with 5BNi isotopic impurity of
0.2%, the interfering reaction 58Ni(n,p)SBCo will contribute
about 12% of the 58Co activity. The interference from non-iso-
topic impurities can be suppressed by using > 99.999% pure
materials and that from the isotopic impurities by using highly
enriched isotopes.

Whenever possible thin samples should be used since thick
samples cause the production of low-energy secondary neutrons.
In general the Q-values of the low-yield reactions are highly
negative and the effect of secondary neutrons is therefore
negligible. However, if the investigated activation product is
the same as that formed in an (n,-y) reaction on some isotopic
or non-isotopic impurity, the measured reaction cross section
will be erroneous since the low-energy neutrons have rather high
cross sections for the (n,y) reaction. In investigations of
(n,t) reactions by tritium counting the interference due to
secondary neutrons must be taken into account, especially if the 281



irradiated sample contains lithium impurity for which the (n,t)
cross section is particularly high.

2.1.2 Choice of E n and neutron flux measurement

It is known that the energy of the neutrons produced in a
dt neutron generator ranges between 13 and 15 MeV, depending
on the energy of the deuterons incident on the tritium target
and the emission angle of neutrons. A typical irradiation
facility at a 300 keV dt neutron generator is shown in Fig. 1.
The energy and energy spread of the neutron incident on the
sample can be calculated [cf. 11] by taking into account the
angle of emission and scattering in the intervening medium.
From the energy profile of the neutron flux in various groups
it is estimated that the energy of 90% neucrons reaching the
sample is 14.7±0.3 MeV. Since in investigations of nuclear
reactions with low cross sections, with a view to obtaining
reasonably reliable counting statistics, it is necessary to
irradiate rather thick samples at angles of 0-40 , the resulting
neutron energy is 14.6±0.4 MeV.
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1 Experimental set-up for irradiations at a 300 keV
dt neutron generator and energy profile of the
neutron flux.

The neutron flux can generally be measured accurately by
the associated particle technique. However, in the case of
thick samples it may not give the neutron flux effective in
the thick target, unless some Monte Carlo type calculations
are done to take into account the size and thickness of the
sample. As an alternative the use of an internal standard
reaction with a well-known cross section may be very advan-
tageous. In investigations of (n,t) and (n.'He) reactions, for
example, (n,p) and (n,a) reactions, respectively, on the same
target nucleus have been employed as internal monitor reactions
[4.6,8,9].

2.1.3 Radiochemical separations

The activation products of strong reaction channels can
often be identified non-destructively, mainly through the use
of high-resolution counters. In the case of low-yield reaction
products, however, in order to identify the weak activities
it is important to separate them chemically from the strong
matrix activities. Such chemical separations are often straight-
forward but they do demand a good knowledge and skill of radio-
chemical techniques, especially when dealing with carrier-free
materials.

The more commonly used radiochemical methods of separation
include processes like precipitation, coprecipitation, adsorption
on preformed precipitates, solvent extraction, ion-exchange
chromatography, high-pressure liquid chromatography, gas extrac-
tion, etc. A summary of the radiochemical methods used at
Jillich for the determination of nuclear data is given elsewhere
[12,13]. The latter two separation methods, viz. high pressure
liquid chromatography and gas extraction, proved to be of special
advantage. The high-pressure liquid chromatography (HPLC) is
virtually an efficient column chromatographic technique which
makes use of high pressure to accelerate the separation. It
facilitated rapid separation of the rare earths [14] and allowed
accurate measurement of the (n,p), (n,3He) and (n,o) reaction
cross sections [9,15]. The gas extraction technique [5] is ideal
for those cases where the activation product is a very soft
B~ emitting gaseous product like 3H or 37Ar [16]. It has been
applied extensively to studies on (n,t) reactions
[cf. 5,7,12,13,17,18].

2.1.4 Sample preparation for counting

Radiochemical techniques not only allow separation of the
transmutation products from strong matrix activities but also
facilitate preparation of thin sources for B~ counting or
X-ray spectroscopy. Typical examples are furnished by investi-
gations on the reactions 58Ni(n,a) 55Fe and 50Cr (n,n!p) 1*9V [19].
Since both 55Fe and ""'v are long-lived, grarone quantities of



Ni and Cr target samples must be irradiated. Due to high self-
absorption effects, however, the products 55Fe and U-V, both
of which decay exclusively by EC and thereby emit 5.9 and 4.5
keV X-rays, respectively, cannot be accurately determined. Use
of carrier-free radiochemical separations for V and Fe, and
preparation of thin lt9V and 55Fe sources, eliminate this dif-
ficulty.

2.1.5 Measurement of radioactivity

High resolution counting methods are essential for an unam-
biguous identification of the activation products. In recent
years Ge(Li) detector y-ray spectroscopy has superseded almost
all the other methods of counting. There is, however, still
considerable scope of the application of soft X-ray spectros-
copy, such as applied in the detection of lt9V and =5Fe [19],
since cross-section data for many of_the light mass nuclei are
not known. The use of non-specific B~ counting should in general
be avoided. If, however, no other radiation is emitted, use
should be made of low-background anticoincidence B-proportional
counters [cf. 4,6,8,9]. Chemical separation, preparation of thin
source and a stringent test of half-life are most essential.

2.1.6 Calculation of cross section

The count rate is converted into decay rate by applying the
usual corrections like those for u^cay, y-ray branching, counting
efficiency, geometry, absorption, etc. and the cross section is
calculated using the well-known activation equation. It should
be pointed out that many of the older cross sections are in
error because of the use of erroneous decay data. It is therefore
recommended that in each case two or three strong y-rays with
well-defined branching ratios should be used for cross section
work. Furthermore, a check of the half-life of the product should
be carried out. It is also essential to give enough details of
the data used so that a renormalization, if necessary, may be
carried out at a later date.

2.1.7 Advantages and limitations of the activation technique

The advantages of the activation technique are:
- Simplicity
- High sensitivity, especially in combination with specific
radiochemical separations and low-level methods of counting.
In the case of (n,3He) reactions cross sections of the order
of 1 ub have been measured [8,9].

- It is possible to distinguish between (n,x) and (n.n'x) pro-
cesses since they lead to different activation products. In
contrast, in on-line detection of emitted charged particles
the contributions of (n,x) and (n,n'x) processes can be
analysed only by an elaborate theoretical analysis.

Cross sections for transitions leading to the formation of
closely spaced nuclear levels with measurable half-lives
can be determined. Due to resolution problems cjch isomeric
cross sections cnnnot be easily determined by an analysis
of the emitted particle spectrum.

The limitations of the activation technique are:
It is not applicable in the case of stable reaction products.
It yields only integral data and hence the information extrac-
table on the reaction mechanisms is rather small.
It involves measurement of the activation product, irrespec-
tive of its mode of formation. Therefore, if proper care is
not taken, the interfering reactions may lead to erroneous
results.

2.2 Mass Spectrometry
This method involves an off-line identification of the

generally stable or very long-lived reaction product via its
mass. Cross sections for the formation of some medium and heavy
mass products via (n,y) reactions during long irradiations in
nuclear reactors have been determined using a magnetic mass
spectrometer [cf. 20j. However, as far as nuclear reactions
involving the emission of complex particles are concerned, the
method has been applied exclusively to the estimation of light
mass gaseous products 3He and ''He; in cross-section work the
detection of 'H, 2H and 3H by mass spectrometry has so far not
been attempted.

The mass spectrometric determination of helium isotopes has
been carried out so far mainly at Rockwell International,
California [cf. 21,22] and JUlich [10]. Whereas at Rockwell
International the produced bHe was heated out ci the irradiated
material, spiked with 3He and measured using a high sensitivity
magnetic mass spectrometer in a static mode, in our Institute
relative measurements of 3He and ''He, both produced in fast
neutron-induced reactions, were carried out in a dynamic mode
using a quadrupole mass spectrometer.

Mass spectrometry constitutes a sensitive method for the ,8detection of light mass stable gaseous products and about 10
atoms can be detected [21,22]. The dynamic range of the system
is generally > 107, which means that the intensity ratios of
1:107 for neighbouring masses can be well distinguished [10].
The technique has proven to be very useful for estimating total
helium gas production in various structural materials [cf. 22].
In recent years it has gained considerable sophistication and
has found application even in passive neutron dosimetry [cf. 23].

Similar to the activation technique the mass spectrometric
method has the disadvantage of yielding only integral cross-
section values so that little information on the reaction
mechanism is obtained. Furthermore, no distinction is made
between (n,x) and (n.n'x) type reactions, the measured cross 263



section being a sum of all the helium emitting reactions. On
the other hand, in contrast, to the activation technique, mass
spectrometry can be applied even in those cases where the
transmutation products are stable.

In general it seems that the recent results obtained by u.he
three techniques are in agreement wiOiin the limits of expei\-
mental errors.

3. CROSS-SECTION DATA AMD SYSTEMATICS

3.1 Comparison of Cross-Section Data obtained by various
Techniques

The (n,t) reaction on very light nuclei has been investigated
using both particle detection with counter telescopes [cf. 24,25]
and the activation technique in combination with tritium coun-
ting. The results are more or less in agreement. In th& medium
and heavy mass regions so far both the (n,t) and (n,3He)
reactions have been investigated exclusively by the activation
technique so that a comparison with other techniques is not
possible. The cases of (n,d) and (n,a) reactions are discussed
below.

Since integral cross-section data of 14 MeV neutron-induced
reactions obtained via the three techniques mentioned above
incorporate varying contributions from side reactions, some
adjustments in the data are necessary before a comparison can
be made. We present in Table I the results for a few typical
cases.

Table I. Comparison of some data sets obtained by various techniques

3.2 Systematic Trends in Integral Cross-Section Data

Miljanic and Valkovic [26] surveyed the cross-section data
for (n,d) reactions on the light nuclei 3He, 6Li, 7Li, l 0B,
" B , lllN, 1 5N, 1 60 and 1 9F. In recent years extensive studies
on nuclei in the medium mass region have been carried out at
Livermore [cf. 27-29]. The trend based on the integrated (n,d)
data reported from Livermore is shown in Fig. 2. For comparison
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Systematics of (n,d) and [(n,d)+(n,n'p)+(n,pn)] reaction
cross sections at 14.7 MeV. The trend in the
[(n,d)+(n,n'p)+(n,pn)] reaction cross sections is based
on radiochemical measurements done at Jiilich, that in
the (n,d) cross sections on magnetic quadrupole spectro-
metric measurements carried out at Livermore.

* Value from systematics.
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the trend in the [(n,d)+(n,n'p)+(n,pn)] cross sections based
on the data measured at Julich [30-32] is also shown. It is

For medium and heavy mass nuclei it was observed that the
(n,t) cross section decreases rather slowly with (N-Z)/A of the



the trend in the [(n,d)+(n,n'p)+(n,pn)] cross sections based
on the data measured at Julich [30-32] is also shown. It is
apparent that for nuclei with A ̂  30 the (n,d) cross section
is small coippared with the [ (n,d) + (n,n'p) + (n,pn) ] cross section.
The sequential emission of a neutron and a proton is therefore
more favoured than the emission of a bound deuteron. In the
medium mass region, however, the (n,d) cross section almost
approaches the sum of the (n,d), (n.n'p) and (n,pn) cross
sections.

The (n,t) cross section for very light nuclei is exceptionally
large [cf. 24,25]. First systematic studies on (n,t) reactions
in the medium and heavy mass regions were carried out at Julich
[4-7]. The trends in broad terms are shown in Fig. 3. At 14.6
MeV, in general the (n,t) cross section decreases as a function
of Z. The proposed rising part of the curve is due to nuclear
structure effects; our Hauser-Feshbach calculations have shown
(see below) that in this mass region the (n,t) reaction proceeds
mainly via statistical processes, whereas in other mass regions
non-statistical processes are important.

Fig. 3
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Trends in tritium formation reaction cross sections.
(A) With break-up neutron spectrum (En = 11.5-43.5 MeV;
Imax at 22.5 MeV; FWHM = 15.8 MeV). (B) At E n = 14.6
MeV [7].

For medium and heavy mass nuclei it was observed that the
(n,t) cross section decreases rather slowly with (N-Zl/A of the
target nucleus. The cross section can be described by a pheno-
nenological formula [6],

exp[-1O(N-Z)/A]iib.r(n,t) = 4.52(Al/3+1)2

Measurements at Debrecen [17,18] on seven odd mass target nuclei
gave cross-section values wnich are by an order of magnitude
higher than the trend described above. This suggests the existence
of an odd-even effect in the (n,t) cross section at 14.6 MeV
for medium and heavy mass nuclei [18], somewhat similar to that
for light nuclei at higher incident neutron energies [7]. In the
above formula therefore an extra term should be included to take
into account the odd-even effect.

Systematic studies on (n,3He) reactions have been carried out
mainly at Julich [8,9]. Similar to (n,t) cross sections, a
phenomenological formula has been developed to predict unknown
(n,3He) cross sections.

a(n,3He) O.54(A 1 / 3+1) 2 exp[-1O(N-Z)/A]iib.

The trend in (n,3He) cross sections is similar to that for (n,t)
cross sections; in absolute terms, however, the (n,3He) cross
section is by an order of magnitude smaller than the (n,t) cross
section.

The gross trends in the cross sections for the four (n,charged
particle) reactions investigated in rather more detail, viz.
(n,p), (n,t), (n,3He) and (n,a) are shown in Fig. 4. The (n,t)
and (n,3He) cross sections have been multiplied by a factor of
1O3 to facilitate visual comparison.

The decrease in cross section as a function of the asymmetry
parameter (N-Z)/A is a characteristic feature of all the reactions
in which charged particles are emitted. The (n,p) and (n,a)
reactions constitute rather strong reaction channels in the light
mass region. The strong decrease in their cross sections as a
function of (N-Z)/A is due to the increasing competition from
(n.n'y) and (n,2n) processes. The decrease of both the (n,t) and
(n,3He) cross sections with (N-ZJ/A is much less pronounced.
Apparently the emission of 3H and 3He particles in the medium and
heavy mass regions at incident neutron energies very near the
grazing thresholds of the two reactions is relatively independent
of the emission of other particles, such as n, p and a, and
possibly entails substantial contributions from direct processes.

4. REACTION THEORIES AND CALCULATIONS

The differential cross-section data on the emission of
deuterons, tritons and a-pafticles in 14 MeV neutron-induced
reactions on very light nuclei have been interpreted in the
light of several direct reaction theories [cf. 24-26,33,34].
The (n,d) reaction seems to proceed via direct processes in
other mass regions as well [cf. 35,36]. For a-emission in the 265
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Gross trends in some (n,charged particle) reaction
cross sections at 14.6 MeV [9].

medium mass region multi-step Hauser-Feshbach analysis has
been quite successful [cf. 28,29] whereas in the heavy masf>
region direct effects play an important role [cf. 37].

Attempts to interpret the integral cross-section data, i.e.
those obtained by off-line methods described above, have in
general been limited to the use of the statistical n.odel. The
(n,a) cross section in the mass region 20<A£80 is described
successfully by the statistical model [cf. 38]. In contrast,
the (n,d), (n,t) and (n,3He) reactions in the medium and heavy
mass regions constitute special cases since their Q-values are
highly negative. A schematic representation of the energy scale
involved in those reactions is shown in Fig. 5. Most of the
transitions occur to the discrete states of the product nucleus.
The total width for the decay of the compound nucleus into all
open channels must therefore be split into two parts, thus
replacing the summation over transmission coefficients of dis-
crete levels by an integration over level densities at the be-
ginning of the continuum region. Another important factor is the
choice of the optical model parameters; in general for low
energy tritons and 3He-particles such parameters are not known
with high accuracies. Despite these limitations recently Sudar
and Csikai [18] calculated (n,t) cross sections for several

target nuclei and Qaim et al [39] gave an analysis of (n,t),
(n,3He) and (n,d) reaction cross sections in the mass region
27 to 59. It was concluded by Qaim et al [39] that the (n,t)
reaction on target nuclei in the (2S,1d) shell seems to proceed
predominantly via statistical processes; for heavier nuclei ron-
statistical contributions become important. In the case of (n,d)
and (n,3He) reactions non-statistical contributions appear to be
significant for all the nuclei.

if pick-up, =
then S=0,1

A-3.Z-2 it pick-up,
.n then S=0

A-2.Z-2

Fig. 5 Schematic representation of the energy scheme of (n,n'),
(n,2n), (n,p), (n,d), (n,t), (n,3He) and (n,a) reactions.



5. PRACTICAL APPLICATIONS

In addition to their importance for an understanding of
nuclear theory- studies of neutron-induced nuclear reactions
involving the emission of complex particles are of value in
reactor technology, especially for design calculations in fusion
reactor technology (FRT). Some of the areas demanding such
studies are discussed below.

5.1 Tritium Breeding

Most of the recently developed FRT-concepts are based on a
dt burner and aim at self-breeding of tritium via (n,t) reactions
on lithium. An accurate knowledge of the cross sections of the
two tritium producing reactions 6Li(n,t)'1He and 7Li(n,n't)*He is
therefore most essential. The excitation functions of those
reactions, taken from the ENDF/B IV file, are shown in Fig. 6.
Whereas the cross-section data for the 6Li(n,t)'*He reaction are
known with adequate accuracy, there are some discrepancies in

2 4 6 8 10 12
Neutron energy (MeVl ••

Fig. 6 Excitation functions of tritium producing and some
competing reactions on 6Li and 7Li.

the case of the 'Li(n,n't)MHe reaction. A recent measurement at
Harwell [40] gives 7Li(n,n't)''He cross-section values which, in
the energy range of 5.5 to 14 MeV, are lower than the ENDF/B IV
values by about 25%. If true, this will adversely affect the
tritium breeding ratio in a blanket. A careful measurement of
the excitation function is therefore underway at Argonne and as
a Geel-JUlich collaboration.

For estimating neutron losses in the blanket it is also essen-
tial to know the cross sections of the competing non-tritium
producing reactions. As can be seen in Fig. 6, cross sections
for some of the non-tritium producing reactions have been deter-
mined. Further investigations, however, are necessary.

5.2 Radiation Damage

Radiation damage in metals originates from two sources, viz.
displacement of atoms from their normal lattice sites and the
formation of foreign atoms via nuclear transmutations. As far as
the displacement damage is concerned, even with 14 MeV neutrons
the major contribution is furnished by (n,n), (n,n') and (n,2n)
processes. Nuclear transmutations give rise to foreign elements,
and more seriously, to hydrogen and helium gas production via
(n,xp) and (n,xa) reactions. The latter is normally not a very
serious phenomenon at relatively low neutron energies but is
expected to be one of the major sources of radiation damage in
the case of fast neutrons such as those anticipated in a fusion
reactor.

The radiation damage effects manifest themselves in phenomena
such as bulk swelling, radiation-enhanced creep, radiation-en-
hanced self diffusion and gas-produced embrittlement. For an
interpretation of the radiation damage effects at 14 MeV a
knowledge of the (n,p), (n,n'p), (n,d), (n,a) and (n,n'a) cross-
section data is essential [41j.

5.3 Activation and Nuclear Heating

Activation of reactor components constitutes a serious problem
in reactor technology. An estimation of the induced radioactivity
is essential to assess the practical problems associated with plant
maintenance, radioactive waste disposal and reactor safety. It
also enables one to calculate nuclear afterheat. Cross sections
of all the energetically possible reactions leading to the
formation of radioactive products, especially long-lived
radioisotopes, are needed.

The energy and momentum balance calculations necessary for
estimating KERMA (kinetic energy released in matter) factors je



for nuclear heating calculations require an accurate knowledge
of individual reaction cross sections, Q-values and energy
and angular distributions of emitted particles and photons. Since
local energy deposition is sensitive to charged-particle
producing reactions, data needs for those reactions are imminent.

CONCLUSIONS

activation technique in combination with radiochemical sepa-
rations constitutes a very sensitive method for measuring inte-
gral cross sections of fast neutron-induced nuclear reactions.
It is of special significance for studying the emission of
complex particles. Mass spectrometry has also been used success-
fully for estimating helium isotopes. The recent data obtained
by on-line particle detection as well as off-line activation and
mass spectre-metric methods are in good agreement. The cross
sections of all the (n,charged particle) reactions decrease with
increasing Z and (N-Z)/A. In complex particle emission both
statistical and non-statistical processes are involved. The
cross-section data are of practical importance for design cal-
culations in fusion reactor technology.
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