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ABSTRACT

Cross Sections were measured with uncertainties of 13 to
21 % for +the reactions CBe(n,t)'Li, ‘°B(n,t)2e¢ and
14N(n,t)lac over wvarious energy ranges. Irradiations were
performed with thermal neutrons and neutrons produced via the
reactions 2H(d,n)3He and 9Be(d,n)ioB. The tritium produced
and accumulated in the irradisted samples was separated by
vacuum exXtraction and measured in the gas phase using
anticoincidence $ counting. The residual itritium content was
determined for the enriched loB and AlN samples. The
characteristics of tritium diffusion in Béc were studied by
high-temperature release experiments. The Li impurity in the
AIN sample was determined via neutron activation analysis.
The average gBe(n,t)?Li cross sections lie between 3 and
14 mb for break-up neutrons produced by 17.% to 31.0 MeV
deuterons on a thick Be target. A comparison of the measured
data with the wvalues deduced from differential data and
neutron spectral distributions shows agreement within + 21 %.
The loB(n,t)Qa cross sections in the neutron energy range of
0.025 eV to 10.6 MeV lie between 12 and 215 mb (with the
maximum at about 5.5 MeV). The 14N(n,t)l2c cross sections in
the neutron energy vange of 5.0 to 10.6 MeV lie between 11
and 30 mb. The excitation function shows a fluctuation which
is attributed to the decay properties of the compound nucleus
15N. Detailed Hauser-Feshbach calculations show that the
statistical model cannot satisfactorily describe the (n,t)

cross section on light nuclei.
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1. INTRODUCTION

The study of nuclear reactions is one of the largest
areas of nuclesar physics and chemistry. This field of study
originated in 1911, when Rutherford Iinvestigated the
scattering of low energy a-particles in a thin gold folil and
later the first nuclear reaction 14N(a,p)170. The discovery
of the neutron and invention of the particle accelesrator
provided tremendous impetus to the development of this area.
The property of the neutron responsible for the earlier
success was Iits absence of charge, which enabled it to
interact with a2 nucleus at close distances at all neutron
energies. Hence the nsutron was the first suitable projectile
for studying the nuclear structure and the mechanism of
nuclear reactions., Todavy, after 77 vears, edquipped with
sophisticated accelerators, high sensitivity detection
systems, advanced radiochemical methods and high speed
computing machines, the study of nuclear reaction continues

to be an important research topic.

In the present chapter we consider some basic properties
and concepts of nucliear reactions, neutron sources and
neutron induced reactions, especially the process of triton

emisgsion, which has so far not been studied in as much detail

as nucleon emission.
1.1. Basic Properties and Concepts of Nuclear Reactions

& nuclear reaction A(a.b)B means that when an incident
particle a hits a target nucleus A, a particle b is emitted
leaving & residual nucleus B. The probkability that a
particular tvpe of reaction occurs is called the cross
section for that reaction. Cross section aaib;is defined as
the number of reactions (a.b)} per unit time for ona target
nucleus placed in unit incident flux. The cross section is
measured in barns (1lb = 10—28 mz} and ls known as an integral
cress section. If we consider the angular dependence of




emitted particles in the solid angle 40, then the guantity
do/dn is called the differential cross section. This guantity
gives the angular distribution of emitted particles with
respect to the beam direction and is measured in mb sr_l.
Another guantity that is usually measured is dza/deE, which
is a function of the Lkinetic energy E of the emitted
particle, and of the angle of emission ¢. It is known as the
double-differential cross section. The variation of cross

section with incident energy is called the excitation

function.

In a nuclear reaction the following guantities are
congervaed: 1) Number of nucleons, 2} Charge, 3) Energy,
4) Momentum, 5) Angular momentum, 8) Parity, 7) Statistics
and 8) Isospin (not in all cases). Using conservation
guantity no. 3, we can derive Q-value of a reaction. For a
particular kinetic energy of particle a this value gives an

indication as to whether the reaction could proceed.

As a special case relevant to this work we consider the
incident particle z as 2 neutron and the emitted particle b
as a triton. The Q-values of most (n,t) reactions are nega-
tive; for example, for lém(n,t)lgc reaction the Q-value is
-4.02 MeV. To some approximation this means that the reaction
can be induced by neutrons of any snergy above 4.02 MeV.
However, this is not exactly true since an extra energy is
needed to conserve the momentum in the reaction. Furthermore,
the particle has to overcome the coulomb barrier, not only on
entering but also on leaving the nuclei. On the other hand, a
small finite probability exists for tunneling <through the
barrier. The minimal incident energy required to initiate a
reaction is c¢alled the threshold energy. The Q-values and
threshold energies of some of the (n,t) reactions on light
nuclei are given in Table 1 [Refs. 1,2]. The reactions
6Li(n,t)éHe and loB(n,t)za have positive Q-values, and since
there is small coulomb barrier, even thermal neutrons induce

the process.




Table 1. Q-values and threshold energies of some (n,t) reactions
on light nuclei. The Q-values are calculated using

binding energies taken from Ref. 1

Nuclear Q-value Threshold Energy
Reactions {MeV) (MeV)
®Li(n,t)a + 4.78 0
Li(n,n't)a - 2.47 3.91
®Be(n, t) ‘Li - 10.40 11.59
5 (n,t)2¢« + 0.32 0
Yl (n,t)%Be - 9.56 10.42
126(n,t) % - 18.93 20.50
*c(n,t)*'B - 12.42 13.37
Yy, )% ~ 4.02 4.29
YN (n,t)3a - 11.29 12.10
yn, t) 3¢ - 9.90 10.55
80 (n,t) ~ 14.48 15.37
Yo(n, 1) x - 7.79 8.24
o(n,t) ~ 13.34 14.06
¥ n, 1)1 70 - 7.56 7.94

One useful concept in considering nuclear reactions is
that of channels. Let us consider the reaction betwsen a
neutron and loB. The reaction may proceed in several
different ways: ‘UB(n,e) Li, '°B(n,t)2e, '°B(n,p)'’Be ana
los(n,d)gse. The palrs of &a,4& and b,B on each side of the
reaction is called & channel. A vreaction starts in the
entrance channel ¢ and ends in one of the exit channels c’
The number of possible channels for this system ‘is equal to
the number of ways in whlch ) neutrons and 5 protons (of the
intermediate exc1ted nucleus B) are divided into pairs of

reaction products.




1.2 Overview of Reaction Mechanisms

Studies of nuclear reactions have con{ributed to the
development of theoretical frameworks which may be applied
for a better understanding of experimental data. There exists
no single exact theory to asxplain all the nuclear phenomena
but instead one has to rely on various models, each of which,
to some approximation, explains a particular type of reac-

tion.

In the interactions of fast neutrons with nuclei,
rvreactions such as {(n,n'),{n,2n),{(n,p).{n.4d),(n,a),{(n,n'p),
{n,t}) and (n,aﬁe) are observed. Radiative capture also
occurs, although 1t is mainly confined to interactions with
thermal and epithermal neutrons. These interactions at low
neutron ehnevgies follow ¢ ~ I/QE where o=cross section and
E=gnergy. The earliest theories of nuclear reactions
considerad the interaction of an incident particle with a
classical potential well. Since the Interaction with a
potential well (without an Iimaginary component) could not
change the energy of & particle or remove it from the bean,
this model only favoured elastic scattering processes and
became the fundamental of scattering theory. Experimental
evidence showed that slow nesutron reactions produced narrow
closely spaced resonances. This sugdgested that radiative

capture rather than scattering was the main interaction,

The Bohr theory of the compound nucleus [3] offered a
good interpretation of this phenomenon. This model was later
extended to consider the nucleus as having a shell structure
[4]. However the scattering theory remained useful and its
use led to the idea of the cloudy.crystal—ball model, known
commonly as the 6ptical model [5,6]. In 'this model the
incident particle was considered t0 move in s éomplex3§0ten~
tial field. Interactions of waves inside the nucleus can be

solved using the Schrédinger eguation, for which a potential




of the form U(r) = -V(r)-iW(r) having a solution of the form
eiki'r . e_ik2°r wheare kl , are the wave numbers. The ratio
of the coefficients of tée incoming wave and the outgoing
wave is the amplitude 74 of the outgoing partial wave with
angular momentum 1h. This amplitude iz related to the trans-
mission coefficient Tl by Tl = (1*/n1/2). The cross section
for the formation of the compound nucleus is found to be
x%2(21+1)rl [Ref. 7]. By using the optical model it is then
possible to obtain optical model parameters, l.e. the real
and imaginary components of the optical model potential which
are useful for making other model calculations, such as

Hauser-Feshbach calculation.

As the incident energy increases the competition among
various reaction channels also increases. Some of these
reactions showed deviation from compound nucleus phenomenon.
Even at low energy, for an interaction of neutrons with light

nuclei, other reaction mechanisms especially direct reactions

already started to contribute.

_ In principle nuclear reactions can be divided into com-
pound nuclear reactions, direct reactions, and intermediate
processes which are in between the compcund and the direct
reactions. To understand this we can look at a typical ex-

perimental nucleon emission spectrum shown in Fig. 1.

In the compound nucleus region the incident particle is
captured to form a compound nucleus in & highly excited state
which then decays by enmission of particles. Because of
similarity to the escape of molecules from & drop of hot

liguid the region is also known as the evaporation region.




Precompound

Multistep direct

Direct reactions
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Fig. 1 Schematilc representation of nuclecon emissicn spectra.
A lavge fraction remains unexplained by compound
nucleus and direct reactions. Precompound model and
multistep direct model are propoged for the inter-

mediate process [cf. 8].

The spectrum in this region is symmetric to 90° and even-
tually isoctropic. The interaction time is between 10“14 and
10_195 compared to direct reaction which is in the order of
10—228. The angular distribution at the high energy end lis
anisoctropic and forward peaked, indicating a direct inter-
action in which the incident particle interacts with the
nucleus as it passes without forming an intsrmediate state,
The nuclear processes of compound and direct interactions can
be separated by means of delay time, which is the time taken
by the particles to be in the internal regicn of the nuclear
interactions. The region in between the compound nucleus and
direct interaction is known as the precompound region (near
to the compound nucleus region) and the multistep direct

region (near te the direct interactions).




It is not intended in this introduction to present a
complete analysis of the reaction models currently in use
because many excellent reviews have already been published
[cf. Refs. 9-11]}. The elastic scattering and some inelastic
scattering (involving excited rotational bands and vibra-
tional levels) can be well described by coupled channels and
single-channel optical model {[cf. 12]. Fast neutron radiative
capture is successfully treated by the direct-semidirect
model [cf. Refs. 13,14]. For the common reaction channels
such as (n,n'),{n,p),{(n,a) and (n,2n) the experimental data
show good agreement with the statistical compound nucleus
model calculation [cf. Refs. 15-18}. It may be possible also,
to treat the fast neutron reaction with light nuclei using a
shell model S-matrix calculated from a shell model R-matrix
[13]. In recent years very good progress has been achieved in
applying precompound and multistep direct models for neutron

induced reactions [20].

So far, for (n,t) reactions no detailed theoretical work
has been carried out to describe successfully the integral
cross section results. Analysis of the emitted triton specirs
from light nuclei [cf. Refs. 21-24] showed the occurrence of
direct reactions such as deuteron pick-up and triton knock-
out. An attempt was alsc made to calculate the differential
cross sections of {(n,%t) reactions on light nuclel using a
distorted-wave Born approximation (DWBA) analysis [285]. In
order to interpret the integral (n,t} cross sections Qaim et
al. [26] performed detailed statistical model calculations
using the Hauser-Feshbach method and a unified set of optical
model parameters without introducing any normalization
factors. Similar calculations on several medium mass nuclei
were carried out using level density parameters determined
from a data fitting  [27]. The attempts have been only

partially.successful.




1.3 NHeutron Sources

Production

The availability of neutron sources with well defined
characteristics is essential for a detailed study of neutron
induced reactions. The earliiest experiments used ({(a,n) and
{y,n) sources which had complex energy specira and Jlow
vields. The development of particle accelerators and high
flux neutron generators provided neutron sources of higher
neutron flux density' from a number of nuclear reactions.
Above all, fission reactors and Linacs provide neutrons of
high intensity and are catagorised as the most intense
available neutron sources. These sources are either guasi-
monoenergetic or continuous spectrum beams. No source of
neutrons is truly monoenergetic. Using the time-of-flight
technigue with an advanced pulsing system [cf. Refs. 28,29]
it is possible to measure the spectra of these sources with

good accuraclies.

Fast neutrons are generally produced by the interaction
of deuterons on deuterium, tritium or beryllium (see Table
2). The nsutron production cross sections of those reactions
in the forward direction are given in Fig. 2 {cf. Ref. 30].
The average energy of the neutrons as & function of incident

deuteron energy is given in Fig. 3 [cf. Ref. 307].

The most important characteristics of a neutron source
include the neutron yield, the neutron energy spread and the
minimum background neutrons. A 2H(d,n)BHe source and a
3H(é,n)4He source vield guasi-monoenergetic neutrons whereas
a d{Be)} target produces a breakup neutron spectrum. The dd
target can be used for low deuteron energies:; however, the
vield is also very low. On the other hand the dt target gives
high vield a2t low deuteron energies which decreases to a
minimum at about E_ =3 MeV. Then as the energy of the deuteron

d
increases the neutron vyvield increases again due to the
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3H(d,np)SH reaction with a threshold at 3.71 MeV, and the
SH(d,zn)sﬁe reaction for Ed. > 4,92 MeV. The d(Be} target
gives high vields but needs deuterons of energies > 3 MeV.

Table 2. Nuclear reactions used for the production of neutrons

with some tvypical neutron yvields.

Source Q-value Target O-deg Neutron Energy Neutron
Reaction {MeV)} yield Spread Energy Range
-1 -1
{sr “-pA ) (keV) {MeV)
2 3 7
H(d,n) He + 3.27 Gaseous (2.8-7.5)x10 100 3-10
Ti(D) (0.5-9.0)x10° 100 3-8
3 4 &
H{(d,n) He + 17.59 Gaseous 8x10 i00 i3-20
Ti(T} 1x108 100 13-15
e 10 . 8 .
Be(d,n) B + 4.36 Solid Be > 3.0x10 broad up to nmaximum
spectrum of incident
deuteron
enargy

In the case of the dd target, there is a choice to use
either a deuteride metal target or a deuterium gas target.
The former is easy to use, stable and depending on the design
can vield a point neutron source. The latter is somewhat
inconvenient to use due to leakage problems. The entrance
window may be easily ruptured and the neutron source is a
line source instead of a point source. On the other hand a
gas.target is'superior at Ed > 5 MeV since the background

neutrons can easily be determined by evacuating the gas cell.

In gas targets the entrance window, beam stop and
structural materials have to'be carefully selected to obtain
clean neuiron épectra. For the entrance Window and beam stop,

materials like Havar, Mo, Ni, Nb, Ta and Au have been used.
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Fig. 2 MNeutron production cross sections in the forward
divection as a function of incident deuteron energy
[c£. 30].

With a2 suitable design the gas target can withstand pressures
> 2 atm and beam currents > 20 pA [cf. 31]. At high beam
currents it is important that the ion beam be diffused
uniformly over the entrance window so that local hot spois do
not develop and rupture the foil. The relation betwesn
deuterium gas density and beam current has been Investigated
fcf. 32]. The characteristics of a &euterium_gas.target in

use at Jﬁlich have been desgribed [33][

”In the éase of dt reactions three types of tritium
targets'have been used: gas targets,.ﬁet&l tritide'targets,
and targets in which a mized beam of deuterons and'fritons
implants the hydrogen isotopes in a metal target.:The most
popular 'case is:”a :neutron generator .using titanium or
zirconiumftritide target due tec its low cost and iess %ritium
hazards. In most commercial dt neutron generators deuterium
ions are sccelerated to 150 keV with beam currents in.the
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Fig. 3 Average energy of the neutrons from bombardments of
thin targets with deuterons of varying energies [cf,.

30].

range of 1-5 mA, and neutrons of energy around 14 MeV are
obtained. A 1 mA beam of 150 keV deutesrons produces about
iaﬁxlolln/s [cf. 34]. However the presence o©f other ionic
species and the fact that targets often deteriorate rapidly
with ion bombardment, lead to lower vyields. At Los Alamos,
tritium is accelerated to initiate the dt process [cf. Refl.
35]., The reasocn tritium is accelerated instead of deuterons
is that the accelerated deuterons at Ed > 5 MeV start to
breakup., Using tritium beams monoenergetic neutrons of

anergies ﬁp to 28 MeV were cbtained.

4 d(Be) target gives spectral neutrons whose energies
extend from nearly zero to the value of the incident deuteron
energy. The characteristic continuous energy distribution is
due to the simultaneous excitation of many nuclear levels.
Measurements of d{Be) neutron specira for incident deuteron

energies between 7 and 54 MeV have been reported [for a
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detailed review cf. Ref. 38]. However, informatlon over a
wide range of deuteron energies is still lacking. Some
properties of the spectra have been brisefly described {[cf.
Ref. 36]. Time-of-flight studies show that the neutron vield
iz strongly forward peaked. The intensity of neutrons
decreases sharply with the zangle of emission. The energy
dependence of the neutron flux at 0O-deg exhibits a broad
specitrum. These obgervatiocons indicate a reaction mechanism of
deuteron stripping and that the peaks in the spectra of
neutrons for a thin Be target are due to nuclear energy

levels in the residual nucleus 108.

Detection and Characterization
Neutrons can be detected indirectly by scattering and

absorptive reactions. The main scattering reaction used is
neuntron-proton ccllision and the detection method ussd is
called the proton-recoil method. A simple method, which uses
proton recoil, produces a proton response spectrum from a
liguid organic scintillator. The scintillators have proven to
ba excellent fast neutron detectors for many reasons: high
gfficiency, good energy resolution, low sensititiy to ganmma,
higher H/C ratioc, isotropic response to neutrons, and insen-

sitivity to mechanical and thermal shock.

Fast neutrons incident on the hydrogen-~containing scin-
tillator give rise to recoll protons and from kinematices it
can bs shown that the limits of the proton energy are
OgEPgﬁn. Therefore, the shape of the response specirum should
be rectangular, ranging from zero to the full neutron energy.
However due to nonlinearity of the light ouitput with recoil
preton energy. edge effect, multiple scattering from
hydrogen, scattering from carbon, =and at En > 8 MeV two
competing reactions 12C(n,a)98e and 120(n,n{)3a,”the shape of

the spectrum may somewhat change.

High energy resolution specira can be obtained using the

time-of-flight technigque in which a narrow angle proton-
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recolil telescops is used. Fig. 4 [Ref. 31] shows time-of-
flight spectra for neutrons from a deuterium gas target
measured at O-deg and 5 MeV deuteron ensrgy. The 2 cm gas
cell was filled tc 2 atm with deuterium. The spectrum from
the evacuated cell, under similar conditions, is also shown.
In addition to the neutron peak from ths ZH(d,n)sﬂe reaction,
there are szeveral other peaks originating from {(d,n) reac-
tions such as those on structural materials, and on 120 and
160. The contribution from background neutrons Iincreases

slowly with use.
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Fig. 4 Time-of-flight specira of & deuterium gas targset at
O-deg and 5 MeV deuteron energy. Results for an
evacuated c¢ell and one filled to 4 atm com with

deuterium are compared [31].

Anocther popular method makes use of activation through
one ¢f the nesutron absorptive reactions and is known as the
threshold detector methed. The detectlion of fast nsutrons by
this method is based on the sxistence of an energy threshold
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for the reaction. The activity of the foll gives a measure of
the neutron flux above the threshold. The advantages of this
method are: the foils are small in size, insensitive o
gammas and do not disturb the neutron field. The requirements
-are, that the foil materials should be of high purity and the
excitation functions of the resactions and decay character-
istice o©f the reaction preducts (e.g. energy, relative
intensity, half-lifs etc.) are well known. The unfolding of
the spectrum is achieved using several codes [c¢f. Ref. 37].
The method has been extensively appllied in the case of

gpecitral nsutrons.

W3lfle et 2l1l. [38] nmeasured the distribution of neutron
flux at a d(Be) target for dsuteron energles between 17.35 and
30.0 MeV. Sets of 12 flux monitor foils having different
reaction thresholés were uged. The d(Be) neutron flux distri-
butions cbtained are shown in Fig. 5 [Ref. 38]. Some of those
were used in this worlk to calculate the average gae(n,t)7Li

reaction cross sectionsg (see section 4.2}.

1.4 Review of (n,t} Reactions

Most of the work on (n,t) rsactions has been carrvied out
at energies around 14 MeV. The subject has been discussed in
several publications [cf. Refs. 39-41]. Some investigations
have been reported in the energy range of 15 to 20 MeV using
monoenergetic neutrons [cf. Refs. 42,43]. 30 as well as
53 MeV 4{Be) breakup neuitron spectra [¢f. Refs. £4-46] have
also been used to investigate (n,t) reactions. Some of the

salient features of (n,t} reactions are described below.
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Significance and Difficulties

Measurements of integral and differential cross sections
for triton emission may add to our understanding af basic

veaction thecry and vyield useful information for practical

applications, especially for tritium breeding in fusion

reactors as well as tritium production in the upper level of
the atmosphere, in the vicinity of a reactor core, and in

shielding and absorber materials.




The main difficulties occurring in the investigation of

(n,t) reactions are as follows:

{I) Low cross sections (in gb-mb range).

(II) Low neutron flux densities (105—109ncm_25_1

(III) The need for a very high purity sample
(Li-impurity should be very low).

(IV) The pressnce of a high matrix activity,

).

Experimental Technigues

Most of the recent (n,t) cross section measurements were
performed in the light mass rvegion at Zagreb (cf. Refs,
21-23] and in the medium and heavy mass regions at Jilich
[cf. Refs. 47-49] and Debrecen ([cf. Refs. 27,50]. Two
technigues, viz. activation and on-line spectral measurs-

ments, were employed. Both technigues are discussed balow:

{I) Activation Technigue

This technique Iinvolves an off-line identification and
determination of the radiocactive reaction product. We can
identify the activation product in combination with specific
radiochemical separations or wvia tritium separation and 8

counting. Both the methods have their own merits and limita-

tions.

Good radiochemical separations are needed to separate
the low vield (n,t) reaction product from the sitrong matrix
activity [cf. 39,47,42]. In general large samples are
irradiated and therefore special separation methods have to
be developed. In some cases use of highly enriched'isotopes
as- farget material is mandatory to get higher precision
results. The activity of the reaction product is then
determined by high resolution Ge(Li) detector r-ray spectro-
metry, via yy-coincidence counting or using Ilow-level B
counting. This activation method has the disadvantage that it
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cannot distinguish between the different competing processes,
such as (n,t), {(n,dn}) and (n:pzn), which lead to the sanme
reaction product, unless Q-value considerations eliminate the

contributions of the latter processes.

The separaticn and absolute counting of tritium has besn
applied in several laboratories [cf. Refs. 44,50-52]. The
method is of special wvalue when the residual nucleus is
stable or has very unsuitable decay properties. In this case
the (n,t) reaction can be distinguished from the other
competing processes mentioned above. The tritium is premoved
from the irradiated material by a high temperature vacuum
gextraction technicue and counted in the gas phase in an
anticoincidence system. The extracted gas can be filtered
through a Pd window or be zbsorbed by Kb and released
subseguently [cf. section 3.11] =0 allowing only hydrogen gas
to bes collected. The purity of the counting gas is proved by
radiogas chromatography {cf. 44,45} or wvia pulse shape

discrimination usling proportional counting [cf. 50].

Tritium content can also be determined wusing liguid
scintillation counting [cf. Refs. 51,52,491.. This method has,
however, been applied mostly to °Li(n,t)%He and ‘Li(n,n't)%He
processes where the cross sections are large and the sizs of
samples is small. In cases WwWhere large samples are
irradiated, the dissolution procsss leads to relatively largs

volumes which are unsuitable for scintillation counting.

A somewhat special method inveolves the study of gamma-
rays (originating from the reaction product} emploving the
time-of-flight technigue. Benveniste et al. [53] measured the
cross section of 9Be(n,t)?Li* i ?Li+r(0.4?T MeV) reaction in
the wvicinity of 14 MeV by detecting the gamma-rays at
scattering angles from 30° to 150°. Due to the simplicity of
the gamma-ray spectrum and simple correcticn for secondary
processes it was possible to detect the gamma-rvavys in the

presence of high neutron fluxes. If the (n,dn) and (n,p2n)
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processes would have high c¢ross ssctions, or if several
closely spaced levels would be populated, the analysis would

lead to vrather uncertain results.

The technigue of determining the residual activity has
besn applied successfully in the investigation of (n,t)
reactions at 14 MeV on medium and heavy nuclel [cf. Refs. 47,
38,41]1. The method of tritium counting, on the other hand,
has besen used in all the mass regions [cf.54,44,45,42,50-582].
The disadvantage of these twe technigues compared to spectral
messurements {(s=2s below) is that only integral cross section
data are obtained. They do not lead to as detaziled an

information on the reaction nmechanism as the differential

data.

(I} Spectral Messurements

Tritons emitted in neutron induced resactions have been
detected directly via & counter telescope [cf. Refs.21-247,
sLiI(Eu) scintillator [cf. Refs. 55,58}, nuclear emulsion
fct, Refs. 57,88)], cloud chamber [59], gridded ionization
chamber [60-82] and pulse-height analiysis of a BFS PTODROY—~
tional counter {[{63]. The more common technigue of measuring
the energy and angular distribution of emitted tritons,
however, seems to employ a counter telescope consisting of
several AE proporticnal counters for measurement of the
gpecific ensrgy loss and one scintillation or semiconductor
E-detsctor for msasuring ths residual energy. A& semiconductior
telescope in combination with time-of-flight facility has

also been used [84].

In general, the sample material must be thin compared to
the range of the tritons. Furthermore, thers should be
possiblilities for discriminating tritons against other
charged particles and gammas which are produced by neutrons
in the sample, in the detector and the structural materials.

Por investigating a low cross section reaction, like the
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{n,t) reaction, & strong neutron source is raquired. There-
fore most of the measurements have been performed at around
En=zé MeV and on light nuclel due to their hilgher cross

sections.

Rosario~-Garcia and Benenson [24] measurad angular
digtributions of tritons from the 6Li(n,t)éﬁe and QBe(n,t)?Li
reactions using three proportional counters filled with
0.1 atnm 002 as a AE detector and a 1 mm thick 200 mm2 area
silicon detector as an E-~detector. & similar principle was
used by Fassenden and Maxson [65] to study the 14N(n,t)126
reaction. They used two thin silicon surface barrier AE
deteitors and a 0©CsI E-~detector. OQOther investigators [cf.
Refs. 23,66,67] used either two or three gas proportional
counters and a solid state E-detector to study gse{n;t)?Li,
08(n,t)2¢, “'B(n,t)%Be and *N(n,t) % reactionms.

Some of the difficulties encountered in the counter
telescope method are low ftriton fluxes and high background
events. If however, the sample can also serve as the triton
detector, the low flux problem can easily be overcome and the
background events from the detector housing are of minor
importance. In this way 6LiI{Eu) scintiliator for ﬁLi{n,t)éae
reaction ([861]., 1OB--J.oaded nuclear emulsicon for 1OB(n,t)2a
reaction {571, grid-type ionization chamber filled with
nitrogen or a nitrogen-argon nixture for 14N{n,t)120 reaction
{601 and BFS proporticnal counter for 1OB(n,t)za reaction

[83] have been studied.

Multi-particle emission occurs predominantly in reac-
tions on light nuclei. This is due to the small separation
energies of nucleons or clusters of nucleons in light nuclei.
Detection by nuclear emulsion and cloud chamber offers
simultanecus detection of two or more emitted charged
particles in an almost 4r detection geomelry. Background
problems due to gammas and electrons are considerably reduced

because the detection process is insensitive to these
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particles. According to the composition of the sample, these
technigues can be modified for use in the case of target
nuclei such as 6’TLi, 10’115, 120, 14N, and 160 [67,59,68].
The ranges and angles of the emitted charged particles are

recorded using several scanners at different positions.

A ¢grid-type lonization chamber has been used to study
{n,t) reactions [62]. The chamber is filled with nitrogen or
nitrogen—-argon mixture fto observe the disintegration of
nitrogen by fast nesutrons [80,82], or with argon and boron

trifluoride enriched in loB for neutron induced reactions on

IOB and 19? [61]. A typical pulse-height distribution from
the disintegration of nitrogen after reaction with 6.1‘Mev
neutrons is shown in Fig. 6 [862]. However some pulses arve
lost due to the wall effect, and a correction has to bs
aprlied. An alternative method, with almest simllar principle
is to use a 1OBF3 gas proporticnal counter to measure the

thermal cross section of 1OB(n,t}2a reaction [83].
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Fig.- 6 Pulse height distribution from the disintegration of

N2 by 8.14 MeV neutrons [62].




Cross Section Data and Excitation Functions

Most of the measurements on (n,t}) reactions have beasn
carried out by using the activation technique, resulting in
integral data. Differential data, i.e. angular distributions
obtained wvia spectral measursments are limited 1o light
nuclei. Some of these data have been integrated to yield
integral data [cf. 23]. Differential cross sections as =a

function of energy are scarce.

Measurements of angular distributions of tritons from
light nuclei have been carried out mostly at Zagreb for
neutron energies around 14 MeV. Typical results for
105 n,t1%8e [25] and **N(n,t)*%c [23] are shown in Figs. 7
and 8. The triton spectra obtained are forward peaked showing
that direct processes (mainly the deuteron pick-up) are
involved and are responsible for the relatively high (n,t%t)
cross section. Integral data for light nuclei (except 6'7Li),
a subject of interest in this work, are rather scarce. In the
cases of medium and heavy mass nuclei the cross sections are
in the order of pb and the reported results before 1870 by
varicus investigators were Iin discrepancy,., mainly because
disturbances from impurities were not recognized. The results
reported after 1971, mostly from Jiulich [47,39] and Debrecen
[50,27], are more consistent. The status of the data and
systematics up to 1976 was reviewed by Qaim and Sticklin
[32]. Some confirmatory studies were also performed by Woo
and Salaita [69]. Body and Mihaly [70] compiled and evaluated
{n,t) cross section data at 14 MeV. Iscomeric cross section
ratios for' several (n,t) reactions were measured for the

first time by Qaim {41].




10" - L

o e
o T ~

{mb/sr) —

dg
de?

udh
<

Differential cross section

(b)

104 T T T T T
0 40 80 120
Angle of emitted tritons (B¢.p.) —=
X . . . . n - i0 8
Fig. 7 Angular distributions of tritons from B{n,t) Be

{ground state} {(a), and 1OB(n,t}8§@ (2.2 MeV} (b). The

full and dashed curves represent DWBA calculations

with different potentials [25].

The {n,t) cross section as a function of nsutron energy

is known onlv for a few target nuclei. The excitation

function for the 5Li{n,t)4He reaction is shown in Fig. 9 [cf.

Ref. 711 and that for ths 7Li(n,n't)éﬁe process in Fig. 10

[cE. Ref. T21. The results of a recent measurement on

gBe{n,t)7Li are g¢given In Fig. 11 [4£3].
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Fig. 8 Angular distribution of tritons from the I%N(n,t)lzc
reaction (ground state}. The full and dashed curves

represent the refined version of PWBA .calculations

{23].

At the commnencement of this work only limited

information on 108 and iéEé_was available. Frye and Gammel

[57] measured the 1OB(n,t)za cross section at eight neutron
energies between 5 and 20 MeV using boron-loaded nuclear
smulsion. Wyman et al. [54] used tritium gas counting to
measure the cross sections at four neutron energies between 4
and 14 MeV. Triton emission was investigated at 14 MeV using
a counter telescope [cf. 22]. The tritium counting technigue
was also used for cross section measurements with 14 MeV
neutrons [50], thermal and fission neutronse {73} and d(Be)
break—up_neutrons [45}. Recently the cross section was also
measured at thermal neutron energy via pulse-height spectrum

analysis from a BFS proportional counter [63].
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The 14N(n,t)lgc reaction was studied over a small range
of neutron energies by varilous investigators using either an
ionization chamber or a ccunter telescope. Using the first
technigue Gabbard et al. {[{60] investigated this reaction in
the energy range of 5.6 to 8.2 MeV. Later the cross section
valuss were increased by 20 % due to a correction in the
efficiency of the long counter [74]. Using the same technligue
Scobel et al. [62] measured the crosgs secticons at neutron
energies between 5.5:énd 6.4 MeV; their wvalues were higher
than those reported earlier. The second technigue, viz. the
use of a counter telescope was carried out mainly at 14 MeV
[cf. Refs. 23,65,566,68,28] and studies were directed towards

measurement of angular distributions of the emitted tritomns.
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At neutron energies above 14 MeV the four particle
break-up 14N{n,t)3a process (Q-value = -11.28 MeV) was also
observed, e.g. at 15.7 MeV ([59], 18.2 and 19.3 MeV [57].
Double~differential cross sections for triton emission from
nitrogen were measured when using neutrons of energies 27, 40
and 61 MeV [75,78]. Integral cross section for the (n,t)
process of nitrogen, induced by 53 MeV d(Be) break-up

neutrons, was also determined [45].

In the case of medium mass nuclei excitation functions
have been measured only for 2?A1, 5900 and g3Nb, and the
results are shown In Fig. 12 [Ref. 42]. Recently the
excitation function of (n,t) reaction on Al was determined
using activation in diverse d{Be) neutron fields and
unfolding code calculations [38]. The method ssems feasible
and may be extended to a great number of nuclei especially

with high threshold energy reactions.
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Fig. 12 Excitation functions of (n,t).reactions on 2?A;,.5900

and 2%wb [42].




Extensive studies of (n,t) reactions have alsc besen
carried out with 30 and 53 MeV d(Be) break-up neutrons
[44-46]. The cross sections for the emission of tritons even

at relatively high excitation energies are of the order of a

few mb.

Systematics

Systematics of (n,t} reaction cross sections at En ~
14 MeV were completed at Jilich ([39]. Fig. 13 shows an up-
dated version of {(n,t}) reaction cross section as a function
of target nucleus [77]. No systematic trend can be observed
for the light nucliei. An up-dated version of the gvstematics
as a function of the velative neutron excess (N-Z)/A has also
been reported [41]. The trends for even mass and odd mass

nuclei are different due to differences in Q-values.

The isomeric cross section ratios in (n,t) reactions
were found to vary as a function of the spin of the isomeric
state [£41]. Alsc, thers exists a possibility of an isotopic

affect [39] but so far no generalized trend has been

established.

Systematics of triton emission cross sections with 30
and 53 MeV d{Bes) break-up neutrons have also been reported

[45,46]; the trends are somewhat similar to those at 14 MeV.

1.5 Model Calculations

Comnpound Nucleus Model

Once the compound nucleus is formed, it can decay in a
great many ways, e.g. by the emission of neutrons, protons,
tritons  etc., each leaving the final nucleus in many

different excited stat951“Sinqe §enerally'a large number @3'
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Fig. 13 Updated version of the systematics of (n,t) reaction
cross sections at 14 MeV [Refs. 39, 77].

excited states are available, the chance of the final nucleus
being left in its ground state is very small. A schematic
representation of the energy scale involved in various
possible reactions is shown in Fig. 14 [cf. Ref. 78]. The
transitions may occur to the continuum region of the product
nucleus e.g. for (n.pr) and (n,a)} reactions. In the case of
{n,t) reactions most of the transitions occur to discreste
states of the product nucleus. The total width for the decay
of the compound nucleus into all open channels must be split
into'fwo parts: the discrete energy'levels'region'and the
continuum vreglion. The total width is calculated by”:a
sunmation over transmission ceoefficlents of the discrete
levels (in the discrete region) and by an integration over

level densities {(in the continuum region).
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The statistical compound nucleus model depends on two

assumptions:

{1} Intermediate states are formed through which the
reaction proceeds;

(IZ) the states are numerous within a small ensrgy
interval; their widths and energies are randomly
distributed.

it pick-up,
then S=0/i

if pick-up,
; LT then S=0

Fig._ié Schematic representation of the energy scheme of
~ (a,n"), (n,2m), (n,p), (n,d), (a,t), (n,°He) and

{n,éHe) reactions [cf,'Ref. 787.
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Optical Model Paramsters

A neutron optical model potential is required that is
valid for all ranges of energies under consideration. The
search for an adeguate set of optical model parameters for
use in calculating transmission coefficients is one of the
first steps in making detailed Hauser-Feshbach cross section
calculations [cf. 28], which have been successfully applied

in neutron induced reactions up to 20 MeV.

Global optical modelﬁparameter sets, such as those of
Bjorklund and Fernbach {79], Perey and Buck [80], Wilmore and
Hodgson [81], Becchetti and Greenlees {82] and Rapaport et
al. [83] have been tested recently over =z wide mass range.
The parameters, however, do not work well at very low
energies since the imaginary potentials continue to decrease
with increasing energy [for review cf. 84,85]. This is
especially so in the case of (n,t) reactions where the

emitted tritons have low energies,

In Hauser-Feshbach analysis for the emission of protons
generally the parameters of Becchetti and Greenlees [82] that
are suitable for neutron energies between 2 and 60 MeV are
used. For other particles as well as neutrons a set of
optical model parameters selected by Qaim et al. [26] from
the values given in [Refs. 86-89] were used and are given in

Table 3.

Level Density

The statistical assumption implies that statisticsal
equilibrium exists during a compound nucleus reaction.
Statistical eguilibrium means that the relative numbers of
compound nuclei and cof sets of particles that correspond to
the various decay channels are determined by their relative
state densities, i.e. level densities of the residual nuclei
shown by Eg. la and 1b. The density of nuclear levels depends

strongly on the excitation energy and on masgs number A. For




Table 3. Optical model parameters used for calculation of

transmission coefficients [cf. Ref. 26].

Real

Imaginary
Particle Potential Radius Diffusivity Potential and type Radius Diffusivity
(MeV) {fm) (£m) (MeV) (fm) (fm) Ref.
n 56.3-0.82E~ 1.178%7/3 0.75 13.0-0.25E~12(N-2} /8% 1.26a%/3 0.58 78
24 (N-Z) /A SW-DERIV
1/3 a 1/3
D 54.0-0.32E+ 1.17A 0.75 11.8-0.25E+12 (N~Z) /A 1.328 0.51+ 78
24 (N-Z) /A+ SW—DERIV 0.7(N-Z)/A
0.42/81/3
1/3 1/3
a 81.0-0.22E+ 1.15A 0.81 14.440.24E SW-DERIV 1.34A 0.68 82
2z/a/® |
& 152.0 1.24a1/3 0.67 25.4 SW 1.4417/3 0.82 83
®He 158.1 1.24a17/8 0.56 24.5 SW 1.35a%7/3 1.07 84
o 183.7 1.40a1/3 0.56 26.6 SW 1.408173 0.56 85

a

In case of negative values, a figure of zero is used. A1l & values are in MeV and

refer to c.m. system.




- 32 -

light nuclei, near to the ground state, the levels nmay be
about 1 MeV apart and closer for heavier nucleil (except for
magic number nuclel). The discrete levels are taken from
results of nuclear spectrocopy. The energy levels in the
continuum are obtainsd from the constant temperature Fermi
gas formula given by Gilbert and Cameron {[90]. The density of
nuclear levels at excitation energy E of a given angular
momentum I (either parity ) is
1

ﬁ>1(E.I) = — gxp [{(E-E,}/TIF(I,0)
T
fer E £ Ex {1la)
1 1 i o
and {E,I) = : , exp(2/aUu}F(I,qa)
P2 1243 Ji/4 " BT
for E > Ex {ip)
wharsa
21+1 o 2
F{(lI,o) = ( 5) expl-(I+%)"/207]
20

U = E-P{Z)-P{N)
¢ = spin—dependsnce parameter
T = nuclear temperature
P(Z) = proton pairing energy
P(N} = neutron pairing ensrgy
E, = energy at the tangency point of the curve of
total number of levels as a funcition of E.

The constant temperature expression,ﬂl is used for Eg@x
and the Bethe expressionlcz for E>Ex‘ The value E, is

determined by fittingfol and,cg at E=Ex. The parameters E,,
Ex' T, P(Z) and P{H) ars taken from Ref. ¢0. The level
density paramster 2z may alzo be taksn from Ref. 20 but in

cases where no value is available, it can be calculated by

a = (0.00817[S(Z2)+3(NW)1+0.142}4 {(2)
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The shell corrections 3{(Z) for the proton and S(N) for
the nesutron are taken from Cameron and Elkin [91]. For Z or

N<? approximate values of pairing energies and level density

parameters are

0.551 (3)

P(N) = 16.2/4
A/7.5 {4)

P(Z)

and a

The spin cut-off expression used by Gilbert and Cameron
is given by

6
62 = ~ <n?> (au)® (5)
®

where the mean sguare spin projection <m2>, taken from Ref.

g2 is

%> = 0.24 a2/% (6)

Gardner [83] found that this <m2> value suggested by
Reffo (93] and other Iinvestigators is a better average
representation for <m2> than the original value given by

Gilbert and Cameron.

Hauser-Feshbach Caleculations

The total cross section, saccording to Hauser-Feshbach
formalism {[cf. 94,22,85] for the excitation energy EB via

entrance channel 1 and exit channel 2 of reaction A(a.,b)B is

max
oy (I)G(EG.I5,T)/G(T) (7)

O b G

Ty1.0(Bgrlg)

The term GCN(J) is the cross section for the formation
of a compound nucleus with spin J. G(EB,IB,J) is the partial
widith for the decay of a compound nucleus state with spin J
to a state of the residual nucleus at an excitation energy Eg
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and spin IB' and ¢g(J) is the total width for the decay of the
compound nucleus inte all open channels (denotad by primes).

Each of the above terms is given below:

I+ NE 3
2 2J+1 a2 -1 T, ()
ooy (d) = 22, ) 2 1 (8)
(21A+1)(21a+1) Sl=/IAmIa/ 11=/J_Sl/
3:B+Ib 82+J
Tl (EB)
G(Eg, Iy, J) Z Z 2 (9)
32=/IB~Ib/ 12=/82—J/
] H
12 +J 32 +Ibf Ec .
l %
Q(J) = z z E 2 -+
H ! L L = LR =
b 12 32 /12 J/ IB' /S2 Ib,/ EB' 0
EB,max
ce. * Ty P (Eg. IB,)@,EB,j (10}
E..=E 2
B ol
where
IA’Ia’Ib’IB = gpins of the participating nuclei
11,12 = angular momentum of entrance and exit
channels
S,:8, = spin channels of sntrance and exit
channesls
%1 = wavelength of incident particle
'1‘l = {ransmission coefficient
/O B{EB,IB).z level density of residual nucleus B with

an excitation energy of EB and spin IB

58

Z?Al, Co, and

.The calculated excitation functions for
gsNb have already been shown in Fig. 12 together with the
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experimental data {42]. For the ZYAl(n,t} reaction the agree-

ment is good; for the other two reactions the contribution of
compound nucleus processes decreases with the increasing mass

of the target nucleus,.

Other Compound Nucleus Model Calculations

Several computer codes exist which are based on the
complete statistical model (Weisskopf-Ewing formalism). One
of them, an empirical model, has been developed by Pearlstein
fes] to calculate reaction cross sections for medium mass
nuclei. The model is based on the fact that the high snergy
non-elastic cross section is well known and that the
competition for charged particle and neutron emission for
neutron induced reactiocns is a relatively smcoth function of
the neutron excess over protons in the target nucleus. Since
direct reaction effects can be important the calculations are
normalised by experiment s0 as to partly compensate for
deficiencies in the model. The code has been tested
extensively by Hermsdorf et al. [97] to find a basis for the
adjustment of calculated cross sections for some rare

reactions like (n,t), (n,gﬁe) etc.

Perroud and Sellem ([67] deduced the integral cross
section of QBe(n,t)?Li (first excited state) from their
differential cross sectlion measursments by assumning symmetvic
angular distribution at 90°. Their result was comparable with
the result reported by Benveniste et &l. [53] and concluded
that the reaction proceeded wvia compound nucleus formation.
KEnox and Lane [98] calculated the integral and differential
cross sections of sLi(n,t}éﬁe reaction from En = Q.025 eV up
to 4 MeV using R-matrix analysis based on the compound
nuclear model. Thev found good agreement with experimental

results.




Direct Interactions

The difference in the time scales of nuclesar reactions
implies compound nucleus formation on one extreme {(for slow
reaction) and direct interaction on the other extreme (for
fast reaction). Since such time scales may merge and overlap,
we expect that both processes mavy compete with each other. In
the present section, the salient features of the direct
interaction 1is compared to the formation of a compound

nucleus with specizal reference to the (n,t) process.

Basically, the direct reaction thecrvy accepts the
optical model description of elastic scattering by a complex
potential well as a first approximation, but introducses as a
perturbation an additional direct interaction capable of
giving rise to non-elastic processes. Such pesrturbation
treatment employs the plane-wave Born approximation (PWBA)
and more successfully the distorted-wave Born approximation
{DWBA). This approximation is valid as long as the reaction
is sufficiently weak. For stronger transitions, the coupled
channel formalism [cf. 99] offers the most usaful means of
going bevend filrst order in the interaction causing the

transition.

A major success of the perturbation theory was the
devaleopment and applicaticn of Butler theory {[1066] to
describe pick-up, e.g. (p.d), {n,4d}, {n,t) etc. and
stripping, 2.g9. (d.p), {(d,n), {t,n) etc. processes. The (n,t)
reaction for light nuclel proceed via deuteron pick-up and
triton Lknock-out due teo deuteron and triten cluster
formation. Some of the evidence for this structure was
obtained by Zafiratos [101] who correlated deutsron cluster

in 14N, In case of lOB, which is not a <tvypical cluster

structure, theoretical studiess of the low-lving states of 105

by Gabr and Hackenbroich [102] showed that several cluster

configurations contribute to the properties of 105, notably

6Li—a and 6Be—d.
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Rendid [23] and Antolkovié et al. [68] analysed the
angular distribution of the 14N(n,t)120 reaction using Butler
[100] and Newns [103] theories (see Fig. 8). Both theories
are a refined version of PWBA and originate from the Born
collision formula for the eslastic scattering of a particle of

mass m. The differential cross section is given as

do m2 kf 5
=g M/ (1)
daq h k.
i
where

ki = wave vectors of the incident particle

kf = wave vectors of the emergent particle
/mfi/ = transition matrix element

The idea is extended to non-elastic processes enmploying

plane wave theorv. The differential cross section according

to Newns is given by

do 2 2 2
— « exp(-K"/4B7) L / A j,{gr_}/ (12)
1-1 o
4aq 1
where
Al = A{(J1S)
q = ki - (MI/MF)kf = momentum transfer
i
Ki=—-—%k -k
3 t "h
kt = triton wave vector
k = neutron wave vector
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B = constant of the assumed Gaussian wave function of
the triton

A = amplitude

S = neutron-proton spin

= spherical Bessel function

v = interaction radius

OGn the other hand, the Butler's differentiazl cross

section is given by

do i
— af HWij.{(gr_}, ho(kr }1) {13)
a0 q2+k2 1 o X o]
whers
2
5 2r B ch leze
o= Y2
h B r
o
mc = reduced mass of the captured particle in the

residual nucleus
5 = binding energy of the captured particle in the
residual nuclesus

atomic number of the capture particle

N
li

atomic number of the target nucleus

N3
#

The Butler theorvy as well as Newns theory are known to
predict satisfactorily the position of the firsi maximum in
the angular distribution of reaction products as a function
of the orbital nmomentum of the nucleon picked up by an
incident particle or stripped by the nucleus. Howsver, these
theoriss fail to euplain some other features such as the
change of angular distribution with the incident energy and
absolute valuss of cross sectlions. In the case of léﬂ(n,tjlgc
[Ref. 23], both thecries give almogt similar curves. The
angular distributions Iinvolve itransitions Jleading to the
4,44 Me?(zf) excited state as well as to the ground state.
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The total cross sections integrated over the measured angular
range are found to be Oog = 23.4 + 3.0 mb for the excited
state and Tog = 6.4 + 1.2 mb for the ground state.

A more refined treatment takes account of the distortion
of the wave during the reaction. Lindsay and Veit [66] used a
two nucleon pick up theory, which introduces a vradial
Gaussian surface cutoff as a first approximation to the
effects of the distorted wave functions of the entrance and
exit channels, in the evaluation of the appropriate matrix
elements for the 14N(n,t)lzc reaction. Theories of two
nucleon transfer reactions have been developed by El Hadi
[104], Newns [103] and Glendenning [i05]. The differential

cross section is given by

do k. (25.+1)
R S S (21+1)A12F2(q.r0,1)G2(K) (14)
da k., (2j;+1) 1

where
F(q.rafﬁ)

7 expi-(r-r )2/2%13 (ar)ridr
o o 1

I exp(-ZthUz)j (KU)UZau
o =]

G(K)

g o= ki—(mi/mf}kf

2
K= - (ki + mn/mf)kf
3
A = surface-thickness parameter

Using Glendenning's approach [106], DWBA analysis of the
(n,t) reactions on 6. 751, 05, 1l 4na 14y nave been
performed. The angular distribution for the 108(n,t)83e
reaction is shown in Fig. 7 {258}. The shapes of the measured
angular distributions are well reproduced bY theoretical

calculations using suitable optical model parameters.
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However, there are strong discrepancies in the absclute
values of calculated and nmeasured integral cross sections,
possibly due to the use of inappropriate interaction
potentials and intrinsic wave functions for the incident and
emitted particles, as well as due to the crude approximations
and inconsistencies in the treatment of the overlap integrals

of the nuclear states.

Presently the theoretical treatment of neutron induced
reactions on light nuclei, especially those involving complesx
particle emission, such as (n,t) reactions, is not very
satisfactory. Although angular distributions are reproduced,
no theoretical method is available to deduce the integrated
crogs =séections of (n,t) reactions. This work therefore relied

on the Hauser-Feshbach calculations.

Intermediate Procasses

In recent years, there has been increasing interest in
investigating the nuclear interaction mechanism via inter-
mediate processes. These processes are Iin between the
compound nucleus model (statistical equilibrium) and direct
interaction (interaction with an individual nucleon or small
cluster of nucleons). As far as theoretical calculations of
(n,t) reactions on light nuclei are concerned, there is good
agreament with the compound nucleus model in some cases and
with the direct interaction model in others. It should be
mentioned that theoretical calculations are performed mostly
for triton angular distributions and when either model fails,
no other model calculation 1is attempted. AT present, the
excitation functions of (n,t) reactions on light nuclei
cannct be explained satisfactorily by any model. The
possibility of a contribution from intermediate processes
cannot be ignored. However, calculations of (n,t} cross
sections using intermediate processes are still not

established.




Merkel and Minzel [107] attempted calculations of (p.,t),
(d,t)}) and (a.t) excitation functions on Al, V, Nb and Au
using precompound-compound model calculations. Uhl [108]
attempted to calculate the integrated (n,t) cross section on
56Fe. The result is an underprediction of the experimental
data. The major difficulty is that precompound formation of
tritons in the nucleus cannot be well estimated due to
competition between other nucleon emissions and the direct

pick-up process.




- 42 -
2. AIM AND SCOPE OF THIS WORK

The main aim of this work was to measure the excitation
functions of (n,t) reactions on some light nuclei using
tritium separation and low level gas phase B counting.
Emission of tritium in the interaction of fast neutrons with
6Li and ?Li is well known. For other light auclei, however,
the available information at the commencement of this work,
especially as a function of nesutron energy, was scanty. In
this work thres target nuclei, namely gBe, 1OB and 14N were
chosen. In all the three cases experimental measurements were
considered Necessary since in general naclear model
calculations do not vyield satisfactory results for light
elements. The status of data for the three cases is discussed
below and the objective in sach case is defined.

The 9Be(n,t)?Li reaction {Q-value = -10.4 MeV) ig of
interest in fusicn reactor design (neutron reflector) as an
extra source of +tritium. Measurements exist in the 13 to
15 MeV region {54,53,50,109,110] and very recently the
excitation function was determined over the energy range of
12.8 to 192.6 MeV in a Geel-Jilich collaboration [43]. In the
work described in this thesis the average (n,t) reaction
cross section was determined for break-up neutrons produced
during the interaction of 17.5, 20.0, 22.5, 25.0, 27.5 and
31.0 MeV deuterons with Be. The integral data should provide
a useful test of the measured excitation function [43].

The loB(n,t)Za process has a low triton emission
threghold {(Q-value = +0.33 MeV). Boron iz o¢cne of the
important nuclear materials and tritiam build-up in the
shield and absorber can be estimated satisfactorily if the
10B(n,t)2a cross section is known accurately. The 1OB(n,t)2a
cross section is also needed to explain the discrepancy [cf.
1i1i] in the interpretation of the 1OB(n,m)7Li reaction used

as a neutron standard cross section.
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Az mentioned in section 1.4 a few measurements has been
reported for the 1OB(n,t)2a reaction in the energy region of
5 to 20 MeV [57,54,22,50] as well as with thermal amd fission
neutrons [73,63] and d(Be) brs=akup neutrons [45]. In this
work the 1OB(n,t)za cross section was measured over the
neutren energy range of 2.5 to 10.6 MeV as well as at thermal
neutron energy wheres large discrepancies exist. During the
course of the study the diffusion of tritium in Béc was also

be investigated.

The 14N(n,t)120 reaction (Q-value = -4.02 MeV) is known
to contribute to tritium producticon in the wvicinity of =a
reactor core [cf. 112]. The cross section data are also
needad for calculation of tritium production in +the upper
level of the atmosphere and for estimation of the effect of

cross section uncertainties on neutron tissue doses in air

[cf. 213].

The 14N(n,t)120 reaction cross sections have been
measured in the neutron energy range of 5.5 to 8.2 MeV
[60,74,62], between 1i4 and 20 MeV [cf. Refs. 23,65,66,68,25,
59,571, at En > 27 MeV [75,76] as well as with d4d(Be) breakup
neutrons [45] (see section 1.4). In the present work the

l'éN(n,‘t)lzc cross section was determined over the neutron

energy range of 5.0 to 10.5 MeV.

In oxder to shed some light on the mechanism of total

triton emission in the interaction of neutrons with gBe, 105

and iéN statistical wmodel calculaticons using the Hauser-
Feshbach method were performed. The excitation functions were
calculated up to En = 31,20 and 15 MeV, respectively. The

results obtained were compared with experimental data.




3. EXPERIMENTAL METHODS
3.1 Neutron Producing Targets

At Julich neutreon targets are available at the two
isochronous cyclotrons: (I} compact cyclotron "CV 28", (II)
high energy cyclotron "JULIC". At the compact cyclotron a
deuterium gas target is used and at the high energy cyclotron

a d(Be) target.

A sketch of the deuterium gas target assembly is shown
in Fig. 15. It 1is important that the materials of
construction have low (d,n) cross sections. The gas cell
(3.7 cm long, 4.0 cm ¢, 0.1 cm wall thickness) 1is made of
brass. A copper/beryvllium allovy threaded cap system in front
and at the back of the cell are usad to hold the beam stop
and the entrance window holder, respectively. The beam stop
is 200 um molybdenum foil and the entrance window holder
congists of two sheets of 500 um thick circular brass having
0.8 cm ¢ holes in them. The entrance window is elther niobium
or Havar foll sanwiched between the two sheets of the window
holder. The threaded cap system facilitates a rapid changing
of the entrance window folil in case it is ruptured during the
irradiation. The beam stop is cooled by an air jet. All seals

are made of rubber "O0"-ring gaskets.

Two magnetic solenoid valves are used to f£ill and
gvacuate the cell. Filling of the cell is achieved by using
high purity deuterium gas, after flushing the cell twice with
the same gas. Normally 1800 mbar deuterium gas pressure was
used but in some cases pressure as low as 600 mbar was
preferable. A& TV-camera view of the pressure gauge helps
monitoring any slow leakage or sudden rupture of the foil

during the irradistion.

A collimated deuteron beam of ~ £ gA from the cyclotron

produces neutrons in the cell via the 2H(d,n)3ﬂe reaction in

the order of 10° nem %s™! at the sample located 38 mm away
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from the beam stop. Havar foils of 7.5 um thickness, and Nb
foils of 6.5, 20 and 50 um thickness were used as entrance
windows of the deuterium gas target. The primary deuteron
gnergy was varied between 2.0 and 8.0 MeV, so that gunasi-
monoenergetic neutrons in the ensrgy range of 2.5 to 10.6 MeV
were available at the sample. The limits of this energy range
are set by a decline of the 2H(d,n)3He reaction cross section
towards the lower end and the rapid increase in background
neutrons towards the upper end [c¢f. 1141. The imporitance of
correcting experimental cross sections due to background
ﬁeutrons as well as the integral and differential neutron

spectrum within the gas target will be discussed in sections

3.7 and 3.8.

Cyclotron Target room
shielding Pressure D; shielding
transducer 4  Air cooling Sample <
yclorron Nbor

bunker Havar e
K fod y Scintillator
[ g

T 0 (NE 213)
- s i - % D
(3-8MeV) ] = '
T
N Monitor analyzer
foils

b £,(0°) = 5-10 MeV S

Brass D, Beamstop (0% =b-9%0"nemsec” A
ring (Mo} {at 0.5cm)

Fig. 15 Sketch of deuterium gas targat assembly, setup for
irradiation and measurement with NE-213.

A strong deuteron beam in the gas cell would heat the
deuterium gas. A change in the gas density would alter the
neutron vield, the average nsutron ensrgy and the resoclution

of the neutron source. In the gas target used during this

Electronics and
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project, a relatively low beam current was used and the
target was cooled by a Jjet of air; the target heating effect

was therefore negligible.

The use of fast neutrons produced in the interaction of
energetic deuterons with bervyllium is of special Iinterest
because of the high yields and high average neutron energies.
For this purpose deuterons accelerated at JULIC were used.
The primary deuteron energy of 47 MeV was degraded to
energies between 17.5 and 31.0 MeV by a beryllium degrader of
variable thickness located at ~ 6 m from the bervlilium
target. The target consists of a 10 mm thick beryllium disc
having a § mm copper backing and is cooled by flowing water.
A sketch of the d(Be) target is shown in Fig. 16. A deuteron
beam of 1 to 3 pA was used to bombard the Be target producing

a continuous neutren field via the 9Be(d,n)lOB reaction.

Cooling
water

Flux
monitor foils

(u-backing —

|

Qeuteron beam Neutrons

|
(175 -31 MeV)

Be-target-—

\ I T
- ot L —_—_-—T
T lﬁ%!——__ﬁ

Be Sample
=—45 mm —=

Fig. 16 Sketch of the d(Be) target and irradiation geometrv.
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A few irradiations were also perfovmed in a pure thermal
column ("Trommelmagazin”} of the FRJ-2 reactor. The neutron

flux density was in the order of 1012 cn™2g71,

3.2 Sample Preparation for Irradiations

Choice of target material

For the determination of (n,t}) cross sections the ideal

target material should posses the following properties:

1. Availability in an ultra-pure form, especially free
from traces of Li which has a wvery high (n,t) cross
section a2t low nsutron energies. In the cases where a
compound is used undesired nuclei should have a high
threshelé energy for the [(n,t) reaction {(i.e. > 10.8
MeV for investigations on lOB and léN). The welght
ratio of the investigated nuclei compared to other
nuclei should be high. In some cases, use of anriched
materials is nescessarvy.

2. Solid state materials arve favoured, which have
chemical, mechanical and thermal stability under the
irradiation and tritium extraction conditions. The
materials should not attack the wall of the heating
tube.

3. The melting point of the target material should not be
very high. During the heating of the material in the
presence of Hz-carrier at the oven temperature
(maximum 1200 °C), tritium release is facilitated if

the material temperature is near to its melting point.

No material simultaneously meets all these criteria, and
the choice of a particular sample was always a conpromise.

The following target materials were chosen:

{1) Enriched 108, B,C. and Bzos for the 1OB(n,‘t)Za reaction,
(2) ALN for thes léN(n,t)lzc reaction, and (3) Be metal for
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the gBe(n,t)?Li reaction. Some information on the chosen

target materials is summarized in Table 4.

Preparation of samples

Boron samples for irradiations at the compact cyclotron
CV 28 consisted of enriched 108 and Béc powder. They were
first degassed at 1000 °C until no more gas evolved {(~ 2
hours) and then heated in Hz—carrier to shsure that they were
free from tritium contamination. Each sample contained about
1 g of enrviched 108 or 12 g of Béc in a polyethvilene capsule.
The sizes of the samples are given in Fig. 17. Ni and Fe
foils (e=ach 250 pm thick) were placed in front and at the
back of the sample to serve as neutron flux monitors. The
foils and capsule were thoroughly c¢leaned and the whole
sample was wrapped in aluminium foil.

Use of enriched ioB was necessary for En > 9.5 MeV to

eliminate tritium contribution from 113 {Q-valus =
-92.55 MeV). Enrichsd IOB was also used in some cases at lower
neutron energies to confirm the wvalidity of the results from
Béc irradiations. Alsc at En < 3.0 MeV, where the loB(n,t)za
reaction cross section is low, enriched 10B was used to be
able to accumulate enocugh tritium activity during a short

irradiation.

For irradiations at the reactor 3203 powder was mixed
homogenously with high purity Zn0 powdsr in a ratio of
1:18:-38. The mixture was sealed in several small hicgh purity
guartz ampoules (3.0 mm inside ¢, 40.0 mm long). Zn0 was used
as an internal flux monitor wvia the 64Zn(n,r)GSZn reaction.
The amount of Zn0 was in much larger portion compared to 5203
in order to get a real thermal neutron flux distribution
gince boron has high thermal neuiron abscrpticn cross
section. In addition, similar ampoules containing only 2Zno

were prepared as blanks.




Table'é.};rnformation“on targét materials

used.
Material Chemical Concentration of Melting Grain Attack on Comments Supplier
purity target nucleus point size wall of guartz
(%) in material (°C) (#m) heating tube
g (wt. %)
Enriched 1OB 99.998 94 .4 > 2000 < 420 negligible Expensive Eagle-Picher
o USAa
B4C > 29 15.7 2350 < 250 negligible Inexpensive; Koch-Light,
readily England
available
8203 99.9999 6.2 ~ 450 < 50 S8S tube* Readily Merck
' necessary available W. Germany
A1N 98 34.0 > 2200 < 10 negligible Hygroscopic Aldrich-Chenie
W. Germany
Be 99.5-99.8 i00.0 1278 sheet SS tube* Toxic Degussa
necessary W. Germany

*88 = stainless steel
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Fig. 17 Irradiation assemblvy. (a) Béc sample; (b} Enriched

105 sample (all lengths are in millimeters).

Nitrogen samples to be irradiated consisted Qf betwean 9
and 15 g of degassed AIN powder pressed into a peolysthylene
capsule (24.5 mm ¢, 19.0 mm long for 10 g 'sample). The
procedure for sample preparation was similar to that for Béc.
The chosen material had the disadvantage of being
hygroscopic, therefore exposure to the atmosphere.was kept to
a minimum by enclosing the capsule in a polyethylene bag and
keeping it in a dry glovebox, except during ﬁhe'irradiation

where it'was wrapped tightly in thin aluminium foil.

As described above, Ni and Fe folls were placed in front
and at the back of the sample to serve as neutron flux

monitors. In addition, g¢gold foils of 20 Hm thickness (with




and without Cd shielding) was attached in front of the sample

to determine the percentage of slow neutrons in the bean.

The Be sample was of metallic sheet (10 mm x10 mm x5 mm)
sanwiched between twe 300 pm thick a2luninium foils. Prior to
irradiation the Be metal surface was cleaned with sandpaper
and finally with acetone. Only tritium free Be was used and
to protect the sample from contamination, the sample was
wrapped in aluminium foil. The thickness of the sample was

enough to minimize the tritium loss due to triton recoil.

3.3 Neutron Irradiations

The feollowing general requirements had to be met in

irradiations:

{1} The direction of the sample was around (O-deg relative
to the incident desuteron beam: The axis of the sample
was placed along the O~deg direction using a sample
holder. The reascn for this was that when using the
gas target, neutrons are produced along the line
betwesen entrance window and beam stop, therefore
estimateé of neutron energies for angles other than
O-deg are uncertain. The incident deuteron may be
scattered in 2 multiple small angle inside the
entrance window and influences the neutron energy
width. This energy and angle straggling effects arve
small at around O0-deg directicn [e¢f. 115])]. The massive
structural material of the gas target may provide a
strong source of scattered neutrons. The total
scattered neutron fraction at O-deg direction is about
1.5 % for En = 5 MeV and declines to about 0.5 % for
En = 10 MeV [cf. 31]. For the d(Be) target only small
samples were irradiated at O-deg direction dus to the

- strong anisotropy of the source.




{2) Small neutron energy spread AEn: The sample was
mounted on a small holder that could be slided closer
or further from the target on a millimeter scale. By
placing the sample further away, the subtended
irradiation angle became smaller and increased the
neutron energy resclution; however, the neutron flux
density decreased with distance.

{3) Minimum amount of material nesar the target: Structural
materials may absorb and scatter the nesutrons and
therefore cause spurious geometrical asymmetries and
degrade the neutron energy.

The irradiation geometries of the enriched 1OB and 340
samples are given in Fig. 17. The front part of the sample
was 6.5 mm away from the beam stop of the deuterium gas
target ln the case of enriched 1OB samples, and 10 mm for Béc
samples. The maximum angle subtended by the peripheries of
the samples relative to the deuteron beam was < 80°,
Deuterons of energies between 3.0 and 8.0 MeV were used with
varying thickness of the target window (Havar or Nb foil) to
deliver guasi-monoenergetic neutrons of energies between 2.5
and 1¢.6 MaV. Each Sample was irradiated for a period between

2 and 12 hours at deuteron beam currents of about 4 pa.

Bgo3 + Zn0 samples irradiations were performed with

thermal neutrons in the nuclear reactor for 22 hours.

‘The irradiation geometry of the AIN sample was sinmilar
to that of the Béc sample (cf. Fig. 17). The front part of
the sample was 10 mm away from the neutron source. Irra-
diations were performed for 2.4 to 6.0 hours with guasi-mono-

energetic neutrons in the energy range of 5.0 to 10.6 MeV.

The irradiation arrangement of the Be sample is shown in
Fig. 16. The distance from the front of the saﬁple to the
copper backing of the d4(Be) target was 45 mm. The deuteron
energies used in this work were 17.5, 20.0, 22.5, 25.0, 27.5,
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and 31.0 MeV. Irradiations were performed for ¢ to 17 hours

at deuteron begam currents of 1 to 3 pa.

3.4 Neutron Energy and Flux Density

The best method for determination of neutron energy and
flux density is by the time-of-flight method. This facility
was not available. However, the d(Be) breakup neutron
spectrum in the O-deg¢g direction is well characterized and the
energies of dd neutrons from a gas target can be well

calculated. This work therefore relied on calculations.

Degradation of Deuteron Energy in Gas Target

The degradation of the deuteron energy in the Nb or
Havar (21 % Cr, 19 % Fe, 43 % Co, 14 % Ni, and 3 % W)
entrance window as well as in the deuterium gas was
calculated using range-energy data. The modified stopping

power relation of Bethe given by Williamson et al. [116] was

used:
2
4g Z Zi {E) A(E)
= 0.30711 — T {1n 1/ -
apx) W8 [1-exp(-a~'F (E))1F
2 8 2
L= BT=- =) in MeV cm™ /g {15}
2
where
2
1.022 8™ @ 1
max
A(E) = f{ 7 ) T
1-8 I
P =1+0.035 (z,1% 4+ 208
Zi = atomic number of incident deuteron
Z = atomic number of target
W = mass of the target nuclei
B = ratio of the velocity of incident deuteron and

speed of light
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§ = Sternheimer density effect correction
Qmax = maxinum energy transfer to electron from incident
dauteron
I = ionization potential

BEg. 15 was used to calculate the deuteron energies on
entering and leaving the gas cell. The input data were energy
of the incident deuteron, atomic numbsrs of deuteron and
window folil (or Dz gas)}, mass numbers of deuteron and window
foil (or Dz gas}, and density thickness of the foil (or D2
gas). The foll as well as Dz gas could be subdivided into
many small s2iements so that the change of deutsron energy and

stopping power at esach element was considered.

Calculation of HNeutron Energy and Flux at any Laver in the

Sample

The gas cell is divided into M segments to account for
deuteron beam energy loss in the cell as well as geometric
effects. The cell is 3.7 cm long, thersfors each segment has
the thickness of Ay = (3.7/M) cm. Fig. 18 1s wuseful in

+ Sagment k
Segment i ]
] |
] | A
o | ) |2
. |
| | - b i
f 1 | -
L ' Jali !
37cm
i =123 .....,H
k=123 ..... N

Fig. 18 Illustration of gas cell and sample geometry.
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visualizing the analysis. Let the segment starting from the
entrance window' be i = 1, 2,...., M and considering a
perpendicular thin layer in the sample with respect to
incoming neutrons having D cm diameter; the distance of the

i-th segment in the cell to the sample layer is

3.7 3.7
a{(i) = b + 3.7 - —i + — {16)
M 2M
where
b = distance from the cuter face of bsam stop to the

sample layer considered.

X

The maximum polar angle BFa for the i-th segment and

sample layer (in rad) is given by

max -1 D
8. = tan { ) (17)
! 2a(i)
max ., c oo .
The angular range ek = 0 to Bk = 3[ is divided into N

equal polar-angle sectors. The partial solid angle dﬂik for
the lk-th sector corrected for the distance of transmission

through the sample lavyer is

67 =% (k-1) 6% . x
2z[cos( )y-cog (———} ]
N N
dan. = {18}

ik s?ax-(k—o.S)

cos }
N
where k = 1, 2, . H

The deuteron energy loss in the Havar or Nb window as
well as in the deuterium gas of the cell have been described
above. Let E. = energv of deuteron entering the cell and EB =

&
energy of deutercon before the beam stop. Assuming linear




degradation in the deuterium gas, the energy of deuteron in

the middle of i-th segment is

Ep; = By - (EA_EB)(;; - ) (19)

Using tabulated values of Liskien and Paulsen [117] for

each E (keV) a corresponding interpolated value of neutron

Di
ansrgy Eﬁik {keV) and neutron gg;ductlon cross section CONik
{inb/s1r) at Bk = 0 to 9k’== % are obtained. Channesls of

neutron energy EN (j) are defined up to 11000 keV as follow:
EX (i) = 50j-25 for j=1,2,3,...,220 (2C)

For each E a guantity proportional to neutron

Nik’
abundance Aik is stored into respective energy channels, each

50 keV wide. The neutron flux ¢N falling on the sample layer

is
4N. N
by (om 2es™h) = —S=R g A (21)
=D ik
where
Nd = number of incident deuterons / second
(1#A»s=6.24-1012 deuterons)
'ND = number of deuterium target atoms in the gas cell
per sz area and 3.7/40 cm length
= 2%7.48%10 > /en’x 0.0925cm°x6.02x10%°
= 8.3305x1018
A, = aq

ik~ pmik ~ “Yix
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The abundance-weighted mean neutron ensrgy EN is

L (503-25) A,
ik
B (keV) = (22)
£ A,
ik K

and standard deviation of the Eﬁ is

sy E 2. 1/2
£ [(503-25)-Eg]% A,
_ ik
AEN {(kev) = (23)
z Aik
ik

3.5 Experimental Determination of Neutron Flux Density

The neutron flux density was determined via monitor
reactions. In the measurementis at the deuterium gas tarvget

54Fe{n,p)5éMn were chosen as

the reactions 58Ni(n,p)5800 and
monitors because their excitation functions are known with
errors of + 8 %. The cross sections were taken from the
ENDF/B-V {118]. The activities of the activation products
5800 and 54Mn were determined via y-rav spectrometry using a
high resclution Ge{Li) detector (statistical error between
+ 0.5 and 2.0 %}). The counting efficlency of the detector was
known to be *+ 3 %. The count rates were subjected to usual
corrections (see below). At the low end of neulron energies,
i.e. below 4 MeV, the activity of 5%&1’; was very weak and
hence only the monitor reaction 58Ni(n,p)ESCo was used. The
presence of thermal neutrons in the beam from the deuterium
gas target was measursd via the monitor reaction

197 198A

Au(n,y) u.
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During irradiations at the d(Be} target the monitor

24Na was used: and at the nuclear resactor

Zn(n,r}eﬁzn° Errors of =all of the above

reaction 27Al(n,a)
the reaction 64
monitor cross sections were + 8 ¥ (for En < 25 MeV in case of

the 2?Al(n,a)24ﬂa reaction).

3.6 Determination of Mean Neutron Energy and Mean Flux

Density for a Thick Sample

Due to the use of large samples, namely enriched 1OB,

840 and AlN, an arithmetic mean of the neutron fluxes in
front and at the back of the sample did not give the mean
flux density with high certainty. A simple method was
therefore developed to determine the mean flux. The sample
may be considered to be divided by four lavers intoc three
equal partial volumes. The program-incorporated tables on the
production of neutrons via the ZH(d,n}sﬂe reaction allowed
calculation of ths mean nesutron energies and f[luxXes at the
1r By By By o@nd 6,0 0, 05 4y
respectively. & typical result is shown in Fig. 12. From the

four layers, viz. E

results the ratios of the calculated fluxes {¢1/¢é)

calc’
(¢2/¢4)calc’ (¢3/¢4)ca1c and (¢4/¢4)calc denotsd as Rlcalc’
chalc’ RScalc’ and Récalc' were obtained. The experimental
flux ratio for lavers 1 and 4, R is
lexp
& A -0
®s/exp P49

Al and Aé were the measured specific monitor activities

in front and at the back foils after wvarious corrections
{refer to sections 3.7 and 3.9) and o, and 9, were obtained
from ENDF/B-~V for the calculatesd mean neutron energies for

the lavers 1 and 4.
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; 6.0 MeV d
6.5um Nb window
En (MeV) By (MeV)
8.915 5.696
Target —+——1.8bar D; gas
8.754 5529
R E— Mo beam stop
3
E,(MeV) B<60° 0 \\ ® (107 necm2s Tpat)
8.501 } 1.020
|
8.605 0.796
Sample |
8.668 i 0.617
|
8.714 ' 0475

Fig. 19 Scheme for energy calculation. Deuterons of 6.0 MeV
pass through the 6.5 um Nb window and produce
neutrons in the deuterium gas via the reaction
2H(d,n)3He, Neutron energies and flux densities in

the sample segments are shown.




The ratios of experimental and calculated fluxes were

compared to account for neutron flux attenuation through the

thick sample. R and R are defined as follows:
2exp 3exp
Rlex 2
R, = (—=ER _ gy . - 41 (25a)
exp R 3
icalc
Rlex !
R, = (222 _ 4y . - 41 (25b)
exp R 3
icalc
and R4calc = Réexp =1 {25¢c)

The mean weighted neutron energy for the three partial

volumes is

E - EI2'Rlzexp+E23°R23exp+E34'R34exp (26)
Rizexp+R23exp+R34exp
where

E12 = (E1+E2)O.5

E23 = (E2+E3)O.5

E34 = (E3+E4)0.5

R12exp = (Rlexp+R2exp)0'5

RZSexp - {RZexp+R3exp)o'5

Rséexp = (RSexp+R4exp)o'5

From each monitor reaction the mean neutron flux density

¢ was determined as
(A1+A4)0.5

¢(58Ni or'54Fe)=

(27)
Neog:-[1l-exp(~0.693 €3 /Ty) ]




where
_ 88... 54
N = number of Ni or Fe target atoms per ¢
o = cross section of the monitor reaction at § MeV
taken from ENDF/B-V in cmz
ti = duration of irradiation in hours
= half-life of reaction product (i.e. 5800 or 5éﬁn}

in hours.

From the mean values obtained using the two monitor
reactions the nmean neutron flux density for the thick sample

was obtained as

= ¢(°%w1) + 2(%*Fe)
6 = (28)

2

3.7 Background Neutrons

For irradiations using deuterium gas target at the
compact cyclotron (guasi-monoenergetic neutron source), the
contribution due to background neutrons was estimated and
subtracted from the total count rates o¢f the products,
Background neutrons are produced during the interactien of
deuterons with structural materials of the target as well as

via breakup of dsuterons on deuterium.

Gas out/gas in ratios (i.s. the ratios of induced
activities neasured with the cell sgmpty and filled with
deuterium gas) were measursed to estimate the contribution of
background neutrons other than those due to breakup of
deuterons on the deuterium gas. Five threshold reactions were

chosen, namelvy, 58Ni(n,p)5860(2thr = 1.0 MeV); 54F9(n,P)5§Mn
= L 27 27 _ .
(Egpp = 106 MeV); ““Al(n,p)“"Mg(E, . = 2.7 MeV);
56 56 _ 27 24 ~
Fe(n,p) Mn (E,, = 4.8 MeV) and ""Al(n,a)” Na(E.,. = 5.3

MeV). Two set of foils, each containing Al, Fe and Ni, were




irradiated at a particular primary deuteron energy with the
gas cell enmpty and filled with deuterium gas under identical
geomatry. Using the activation equation the ratio of induced

activities is

A N .0 -9 -5
o __©o o "o "o (29)
Ay Nyr0;:0;°8;
where
o and i refer to ocut and in respectively
A& = gpecific activity
¥ = number of target nuclei
¢ = cross section
¢ = neutron flux
S = gaturation factor
Therefore
Og Ay'N;:0,:5; A Ny .Zé,/t, -8,
JLE R = (30)
Gi Ai'No'é’o'so Ai'No°z¢o/t0’So
where

Z¢ = integrated flux (integrator value at compact
cyclotron eguivalent to total deuteron beanm
charge)

t = duration of irradiaticn

If a constant flux is assumed throughout the irradiation
then ratio of induced activities in an ideszl case corrected

for the saturation effesct, is

& g
]

lo

(31)

B:/ideal 1

Fig. 20 shows the gas out/gas in corrections as a

function of mean deuteron energy inside the gas c¢ell. The
results are similar to those described earlier from this
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laboratory [33]. However, they weres measured again since the
buildup of carbon in the cell (through sputtering under the
impact of deuteron bean) may seriocusly increase the
correction factors. Havar foil of 7.0 um thickness was used
as the entrance window of the deuterium gas target in a few
cases at the beginning of this work. Because of the
' difficulty in getting the foil from the supplier another foil
was selected. Nb foil of 6.5, 20 and 50 um thickness were
then used and they were replaced freqguently. Most of the
background neutrons originate from the interaction of
deuterons with the Nb window, gas cell wall and Mo beam stop.

40 ' T ; i ' 1 ' 1

*8Ni{n,p)°%Coa

A
/
@

A/Q‘Fe(n.p) Mn

27 7
A/ Al(n:&p} Mg

S

Gas outfin correction (%)
&
i

Average deuteron energy inside gas cell (MeV)

Filg. 20 Measured ratio of background to total neutron vield
from a deuterium gas target determined using nuclear

reactions with different thresholds.




&s the Nb window was more than 57 mm away from the middle of
the sample during irradiation of Béc and AlN samples; and
47 mm during irradiation of enriched 105 samples, the
largest contribution to background neutrons arcse from the

beam stop and gas cell wall.

Background neutrons are also produced via breakup of
devterons on deuterium gas. In order to determine this
contribution the results of Meadows and Smith ([(ii¢] and
Lafevre et al. [i20] measured by the times-of-flight techniqﬁe
were used. The estimated values of breakup neutron
corrections are 1, 4 and 10 % at neutron snergies of 8.6,

10.1 and 106.6 MeV, respectively.
3.8 Characterization of Fast Neutron Spectra

In order to characterize the gpectrum of neutrons at the

gas target two standard technigues were used:

Proton-Racoil Response Method

4 commonly used scintillator NE-213, whose propsriies.
have been studied in detail [cf. 12i], was employed. Somne
details using the scintillator of 5.0 cm ¢ and 5.0 cm height
have been reported earliier [cf. 33]. The experimental setup
is shown in Fig. 15. & primary deuteron energy of 6.5 MeV was
“used (En ~ 8.0 MeV). At a fixed distance of 25.5 + 0.2 cm,
the spectrum was determined with the gas cell empty and
filled with 1.8 bar D2 as well as H2 gas.

The overall response of the scintillator is illustrated
in Fig. 21 for a calculated neuitron energy of 9.0 MeV. The
response function (pulse-height spectrum} for an empity gas
cell was of the same shape as Fig. 21 but the specirum ended
at a lower channel number and the pulse-height was snmaller

than the spectrum with deuterium filled gas cell. A similar




Counts / channel

1 1 - i i | 1

0 200 £00 600 800 1000 1200
Channel number

Fig. 21 Response function of NE-213 for the dd-gas target

filled with deuterium.

regult was obtained if the cell was filled with H2 gas. The
pulse-height spectra were found to be similar %o those given

in the literature [cf. 122].

Multiple Foil Activation Technigue

seven threshold reactions were chosen and are listed in
Table 5. High purity thin foils of 1 cm ¢ were arranged as in
Fig. 22 and wrapped with thin aluminium snest. Neutron
irradiations were performed using primary deuteron energies
of 7.5 and 8.0 MeV in which the foils were located at around
the O-deg direction, 0.5 cm from the back of the beam stop.
The absolute activity of each desired activation product was

then determined usingfhighzresolution Ge(Li) detector ry-ray




Table 5. Neutron threshold reactions used for unfolding dd

neutron spectra -

Reaction Q-Value Threshald Normalized activity of the activation product (10"18)
(MeV) eneray E =7.5 MeV (E_=10.1 MeV) E,=8.0 MeV (E_=10.6 MeV)
Front Back Center Front Back Center
218 (n,n) 1%y~ 0.34 0.34 - - 30.21 - - 60.45
58yi(n,p) 28co 4+ 0.39 1.0 33.18 32,83 33.01 63.21 58.95  61.08
S%re(n,p) M + 0.08 1.5 29.47 25.86 27.67 50.35 46.98  48.67
4853 (n,p) *°sc < 1.62 2.8 11.58 11.14 11.36 19,66 16.39  18.03
%%Fe(n,p) ?Oun ~2.98 4.3 2.89 2.71 2.80 4.55 4.18 4.37
48pi(n,p)*8sc ~ 327 4.8 1.20 1.16 1.18 2.12 2.10 2.11
2751 (n, «) **Na - 3.25 5.3

3.61 3.36 3.49 5.53 4.91 5.22




Fel Ni1 In Ni2 Fe2

Neutron —————=

beam -

|

ALY Ti1T Ti2 A2

Fig. 22 Arvrangement of foils for irradiation and specirum
unfolding with SAND-II. Indium was sanwiched between
sheets of PVC (dashed line).

spectrometry. To determine the nsutron flux as a2 function of
energy, one considers n threshold reactions (in this case

n = 7) and obtains n eguations for the saturation activity

per target nucleus,

e & .

A, =f o (E)$(E)AE i=1, 2,....n (32)

=]
where

ai(E) = crogss section of the i-th reaction a2t neutron
energy E

¢(E}) = unknown neutron flux

A me - measured activation for the i-th reaction.

i

If saturation activity cannot be obtainad because of
long half-iife, an appropriate time correction factor is
used. Wh@n Aime and ai(E} are known, o(E) can be deduced. The
flux is expressed in terms of a number of energy groups N.
For practical interest, it is taken as N > n and the only way

to deduce ¢(E) is to assume an initial guess of the input




spectrum. The result depends on the choice of the input
spectrum, the set of threshold resactions chosen, the errors
of the measured activities, and the uncertainties of ths
cross sections inveolved. There are many unfolding codes
available to calculate the shape of the neutron spectrum
which differ in the choice of the input specirum. Program
SAND-ITI [123, 124] was used in this work, which determinses
the neutron flux by iterative calculations., With an arbitrary
initial input of the neutron fluxes, the following

theoretical activities may be calculated:

N
th
A, = £t o.. ¢. AE, {33)
i §=1 iJ "3 J
where
aij = cross section of the i-th reaction for the energy
group j
¢j = neutron flux of the energy group jJ
AE., = E, - E_
J J+1 J
A th = theoretical activity for the i-th reaction

The ratlic of the activaticn in the energy intsrval AEj

to the total activation gives the weighting factor Wij as

. .0 AE
w,, = —1d 1 (34)
ij A th
i

Thus, the energy weighted correction function Cj may be

cbtained,
n
) W, . In (R,)
P ij i : . :
L. o= — _ {35)

J n
z 14
i=3 *J




The neutron flux is calculated using correction function
Cj so that the next iteration step {m+l) gives a better value

of calculated neutron flux. For the m-th iteration,

(m+1) _ {m) (m) . o
P ¢j exp Cj - j=1,....,N (36)

= m~th iteration correction term for the j-th

energy group.

The iteration is continued until a2 given number of
iteration steps is reached. The cross section values were
taken from ENDF/B-V [118]. Calculation was carried out for
the neutron energy range between 2 and 11 MeV which was
divided intec 18 energy groups, each 0.5 MeV wide. The neutron
spectra obtained are shown in Fig. 23. The contribution of
background neutrons increases with increasing neutron energy.
The spectra for low deuteron energies were Treported
previously [33]. The results are gualitatively in agreement
with those obtained from the .time-of—flight measurements

[cf. Refs. 31, 119].

The .method oflﬂmultiple foil"activation is 'specially
useful for unfolding continuous spectra, such as in the case
of d{Be) breakup neutrons;'Since detailed studies.on those
spectra have already been“carried out [cf. 38], no further

effort was devoted in this work to their characterization.
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Fig. 23 Neutron spectra at 0.5 cm from the back of the bean
‘stop of a deuterium gas cell for primary deuteron
energies of (a) 7.5 MeV and (b) 8.0 MeV,

3.9 . y-ray Spectrometrv

A high resolution Ge(Li) detector in combination with a
computerized multichannel analyser ND 66 system was used for
y-ray measuremnents. Procedures in y-spectrometrvy, e.d. energy
calibration, peak area determination, efficiency measurement
etc.,_ére well known. In this section, {he corrections due to
dead times, ‘pileup 'effact,h'coincidence_ilqssesj  decay - and

r—ray_ébundanpe.are:briefly_des;ribed,-'
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Some common data relevant to r-ray spectrometry of the
activated monitor folls are given in Table 6. The specific
activity of each reaction product in cps/g after various

corrections is given by

NE__F

A S (37)
spec
me H
¥
where
N = measured ceunting rate

fDT = dead time correction factor
fp = pileup effect correction factor
fc = coincidence losses cerrection factor
e = @fficiency
HT = y-ray abundance

m = mass of the foil
A = decay constant of the reaction product
t., = decay time

e” d = decay correction

Dead time is the time taken for the counting system to
process the incoming signal. Any other signal coming during
the dead time will be lost. Suppose r is the dead time which
can be determined by the itwo source method {cf. e.g. 1257,

then the expression for nonextendable dead time is

1
£ = {38)

DT 1-ﬁt

Neutron irradiation at the compact cyclotron induced low
activity in the foils so that they could be measured directly
on the Ge{Li) detector with negligible dead time correction.
¥For irradiations with d{Be) breakup neutrcns and reactor
neutrons, the sctivity was high and it was necessary te place
the feoils at a distance of > 7 cm from the detector. In some




Table 6. Some common decay data and correction factors used
in y-ray spectrometry.

Reaction Half-life Isotopic Gamma Gamma Efficiency Coincidence
of product abundance ray ray of the loss
of target energy abundance detector factor
nuclide (keV) (%) (%)
{%)
27 24
Al(n,d)**Na 14.96 h 100 1368 100 2.12 1.156
56pe(n,p)°%un 2.58 h 91.7 847 98.87 3.20 1.037
S4pe(n,p) 2HMn 312.2 4 5.8 835 100 3.24 1.0
S50 (n,n) %% n 4,49 n 95.7 336 45.9 7.59 1.0
4804 (n,p) *8sc 43.67 h 73.8 1312 100 2.21 1.445
4811 (n,p)*®sc 83.8 d 8.2 889 100 3.05 1.161
81 (n,p) ®co 70.8 4 68.3 811 100 3.34 1.062




- 73 -

cases it was also possible to measure the foils directly
after some decay time. Another correction method is to
compensate for the loss of counts due to dead +time by
counting in live-time mode. Live-timer is stopped as long as
the analog-to-digital converter (ADC) 1is busy processing an

incoming signal.

Pulses lost due to pileup effect depend on the measured
counting rate, increasing with increasing counting rate. For
low counting rate (lower than a few hundred cps) using the
multichannel analvzer (MCA) with clock-time CT and live-time

LT, the pileup effect correction factor is [cf. 126]

1
- (39)
P {-0.5[(CT/LT)-1]

On the other hand the coincidence loss is independent of
the ccocunting rate but does depend on detector efficiency. The
coincidence loss occurs due to {ransitions of gammas in
cascade, e.g. for nuclei such as 5800, 5GMn, 46Sc, 4880 and
24Na (see Table 6). In order to correct for the counting
losses for these nuclei, one of the methods is to construct a

calibration curve from measurements of a set of nuclei

without y-cascade, for example 1090d, 5700, 123mTe’ 44mSc,
Slcr, 115m1n’ 87Y, 64Cu, 13708’ 54Mn, Sng, gszb, 86Rb,
nge, 65Zn, GsNi, 42K and 142Pr (according to their
r-ray energies). Let the ratio of the counting rates
{corrected for decay, dead time and pileup) measured directly
and at 10 c¢m distance be Rl for a nucleus without

ry—cascade and R2 for another nucleus with 7r-cascade. The
calibration curve was determined by plotting the ratio Rl of
each of the nuclei without y-cascade against its gamma-ray
gnergy. It is assumed that the probabiiity of detecting
coincidence incidents at 10 cm distance is wvery small.

Therefore by comparing the ratio R2 of a nucleus with




coincidence loss %o the ratio Rl of the calibration curve,

tha coincidence loss for the nucleus under consideration can

be estimated.

3.10 Tritium Extraction and Gas Counting

This section describes separation of tritium formed
inside the sample by high temperature wvacuum extraction,
followed by gas phase Bﬂ—counting, Basicallvy the +tritium
extraction method was the same as that used extensively at
Jilich {cf. 44}, but for each chemically different samplie
different precautionary steps were needed. This method was
also used for the study of tritium diffusion in Béc samnples

and for the determination of residual tritium content (see

next section).

Vacuum Extracition Apparatus

A sketch of the basic wvacuum apparatus used is shown in
Fig. 24. The wvacuum 1line was constructed from pyrex and
guartz tubes. The moving and connecting parts (e.g. valve
connections etc.) were greased with normal high vacuum grease
except near to the heat écurce where silicon Jgrease was
applied. Three ovens, all with automatic setting of
temperaturse, were used {(not shown in Fig. 24}: (I} for
heating the sample up to 1200 °*C, (II} the Zn column
(4006 °C), and (III) the Pd window (600 °C}.

Threa common tTypes of vacuum pumps were used: an oil
rotary-vane pump, a mercury diffusion pump and a Topler pump.
An initial wvacuum, to about 10~1 Torr, was achieved with the
cil pump (ABEG/Ll80W/1280 1 per min), then together with the
diffusion pump a pressure of about 10—3 Torr could be
obtained. Thereafter a combination of diffusion pump and
Topler pump. as well as oil pump, were used to pump the Hz

gas (+HT) into the counting tube. The pressures at wo




locations of the vacuum line were measured by two mercury U-

tube manometers (up to 1 Torr) and a Heraus Autovac 3294D

vacuum~meter (up to 10”° Torr).

(as counfer

Vacuum
meter

Zn ccddumn

[KINUTURANINNT,

LY

Hg~diffusion pump

Automatic swifching
system

L

(e

fo rofary pump

Fig. 24 Sketch of vacuum extracticn apparatus for tritium

separation,.

Extraction of Tritium

i. Boron Samples
The irradiated samples, enriched IOB and Béc, were

subjected to vacuum extraction at 1150 °C. In the first few
investigations'a temperature of about 1000 °C was used. The
tritium extraction was found to be rather slow. Even after
five extractions about 10 cpm was left (compared *tc 2 copn
background counting rate). As a consequence, a temperature of
1500 °C was tried. At this temperature, a Zroz tube was used
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instead of a quartz heating tube. Unfortunately the 32 gas
used as a carrier diffused through the tube at this high
temperature., It was therefore decided to heat the sample
inside a guartz heating tube at 1150 °C.

At first the whole apparatus was evacuated to about 10—3

Torr. Thereafter 80 Torr H, gas was Iintroduced into the main

line (limit by valves nugier 1 to 8 of Fig. 24) and the
sample tube. Heating was carried out for 3 hours and the
tritium released was pumped into a proportional cocunter for
another 1 hour. Methane was introduced to flush the vacuunm
line and to facilitate the collection of tritium. in the
counting tube, as well as to obtain a good counting plateau.
The tritium extraction process was repeated at least 3 times,
each time with the addition of new carrier. The heating of
the irradiated sample was carried out only after a control
heating of an empty heating tube that showed a background
counting rate of < 4 cpm. Sometimes a control extraction was
also carried out in between the tritium extraction cvycles but

without heating the sample.

In one typical measurement the counting rates per minute
above background were 290,7 and 3 after the first, second and
third extraction cycies, respectively. The lowest counting
rate encountered in the first extraction cvecle was for the
sample irradiated with 2.56 MeV neutrons and amocunted to
11 epm (see low level gas counting). The statistical error
for the main extracted fraction in each case was, however,

invariably kept below 1 %.

Extraction of tritium from samples of Bzo3 + Zn0 and ZnO
was carried out the same wav. Each samp;e was placed in a
stainless steel tube before introducing it into the guartz

heating tube. & heating temperature of 1100 °C was used. Two




or thrae extraction cycles were found sufficient to extract
the tritium. In a typical series of extractions the amount of
tritiun extracted was 94.4, 5.3 and 0.3 %, respectively, of

the total collected tritium.

2. AlN Sample
Each irradiated sample was itransferred to a guartz tube

16 mm ¢ and 250 mm long (sample tube}. Quartz wool was
introduced directly on to the top of the sample to avoid
upward sucticn o¢f the powder when pumping was sgtarted. A&
small guartz tube containing about 700 mg of Zn granules was
placaed on the guaritz wool. The sample tube was then placed
inside a bigger guartz heating tube. A sketch of the
apparatus is given in Fig. 25z {s=e sample heating arrange-
ment S5). The advantage of this slightly modified arrangement
was twofold; firstly, the heating tube remained clean from
the condensed Zn vapour and secondly, a fast transfer of the
post-heated sample to a water wvapour fres gloveborx was

possible (the sample was still reguired for residual tritium

content analysis).

The tritium extraction method was nearly similar to the
one described earlier. The sample was heated at 1150 °C in
the presence of 30 Torr Hz—carrier for 2 hours. A slowly
increasing pressurs in manometer 1 indicated that the water
vapour released from the sample was being reduced to H2 by Zn
vapour. Usually after about an hour the pressure did not
increase. During the first heating of the sample, the gas
(HT+H2) was pumped out in two cvcles due 1o excessive Hz
produced from the water content of the sample. In the first
cycle,lafterlz hours heatingntimeifhe valve hear the sample
was closed and the gas (HTO + HT + Hz) in the main line was
circulated through a 2Zn reduction column (400 °C) for 2
hours. In the second cycle, for nearly guantitative
extraction, .any remalining 'water vapour femoved from the

sanple was trapped in a LN2 cooled trap, and after warming
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Fig. 25 Apparatus for tritium extraction.

()

(b}

Enlarged view of 14C removal unit using P4 alloy,
permeating system, including the sample heating

“arrangement (S). The unit is connected to the
main vacuum line at point (B) for removal of
from tritium, and at point (A) for H,-carrier

fillingsand extraction, by-passing the P4 window.
Vacuunm line for separation of tritium [cf. 44].
In the case of 14C removal using Nb absorber the

‘sample heating arrangement (8) is connected
directly to the main vacuum line,
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the trap was circulated through the Zn reaction column.
Double Zn reductors, i.e. the Zn wvapour in the heating tube
and the Zn reduction column, wsre used to minimise the loss

of tritium in the form of HTO.

The tritium sextraction process was repeated at least
twice more, each with new szcarrier, until nearly a back-
ground counting rate (~ ¢4 cpm) was obtained.

Before transferring the gas (HT + Hz) t¢ & proportional
counter, it was nscessary to remove anvy possible 14C activity
arising from the 14N(n,p)léc rgaction. In principle the
amounts of 3H and 140 present in the separated gas could have
been analysed via pulse shape discrimination. However, since
the expected amcount of 140 was very small (see below), it was
decided to simply remove it. Two methods were used which are
described separately in the next section. The purified gas
was transferred by Tépler and diffusion pumps, collected in a
100 ml gas counting tube, mixed with about 80 vol-% CH4 and
counted in an anticoincidence system [cf. 44]. More than 82 %
of the teotal tritium was collected during the first two

extraction cyles and about 4 ¥ in the fourth cvcls.

3. Be sample

The wvacuum apparatus used for the separation of tritium
was similar tco that used in the Iinvestigation of boron
samples. However, the inner slide of the qgquartz heating tube
had to be shielded by a 0.1 mm thick high-purity iron f6il to
prevent the attack of the Be sample on the gquartz wall at the
heating temperature of 1150 °*C. For each Be sample a new iron
liner was taken. In gsneral three or four extraction cycles
were mandatory. On average, the amount of tritium sxtracted
was 96.3, 2.8 and < 0.9 %, vrespectively of the total
collected tritium. In subsequent extraction c¢ycles only
negligible activity was found. It was assumed that tritium

was extracted guantitatively [cf. 43].
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Loss of Tritium through Permeation

At a high heating temperature (1150 °C) some Hz—carrier
might permeate through the quartz heating tube and mayv result
in the loss of some tritium. To determine any possible loss,
during the heating process, the change of pressure was
observed after a specific time for three situations. Firstly,
at 1150 °C when the heating tube was filled with Hz;
secondly, at 1180 °C in wvacuum and thirdly, at room
temperature when the heating tube was filled with Hz. During
heating, Hz permeated through the guartz heating tube to the
atmosphere; however, Nz and 02 permeated in the opposite
direction. The third situation was to check if any leakage

occurred.,

The main part of the tritium separation apparatus
including the gquartz heating tube was filled with 443.5 Torr
H2 at 20.5 °C. Leakage was unlikely since the pressure
remained at 443.5 Torr even after 15 hours. The guartz itube
was heated at 1150 °C for about 3 h 10 min and then the oven
was removed immediately. After 3 h. H2 pressure was recorded
to be 445.8 Tovr at 22.5 °C and after 15 h, it was 442.5 Torr
at 20.5 °C. From the gas law, it follows that there is no
noticeable leakage during the 156 h interval. The difference
ef 1.0 Torr H2 pressure observed is due to the heating
process. This corresponds to 0.58 cm3 at 20.5 °C or 0.31 cm3
at 8TpP, for a volume of 257.48 cm3 of the system (determined
by calibrating the wvolume). At the same time N2 and 02
permeate into the guartz tube. ByY heating the tube under the
sacond condition for the same time as under ~the first
condition, a very slight rise of pressure was noticed and
this amounted to 0.07 cm® at STP. The total amount of H,

permeation at 1150 °C was therefore (0.38 =+ 0.03)cm3
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The amount of any gas which permeates through the guartz
tube at a constant temperature can be calculated using the

following relation:

Kat(P.-P.)}
g = 1 2 (40)
a

where
= permeation velocity constant for the specific gas

= area of the guartz wall sxposed
= time
gas pressure on high side

= gas pressure on low side, and

(=7 B I
I

= thickness of the gquartz wall

Taking K as 2.0 x 10°° cm® (STP) mm cm s
1150 °C [Ref. 127] and the average area of the quartz wall

expcsed as 16 cm2 with thickness 1.5 mm, the amount of Hz

?orr_l at

permeating at 1150 °C is

9

(2.0 x 10 ° x 76 X 11400 x 443.5)/1.5
3

0.51 + 0.04 e~ {STP)

q(H,)

and similarly,

io

(1.1 % 10~ 2 76 x 11400 x 760}/1.5
3

0.05 + 0.01 cm~ (STP)

|

q(N2+02)

The values obtained saxperimentally were somewhat lower
than the calculated wvalues but considering the approximate
data used for calculation, they were in good agreement. The
tota; cprrection for fritium loss due to H2 permeation during

3fh_of;heating time was estimated to be 0.06 %.
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Determination of Residual Tritium in 1OB Samples

A sketch of the apparatus used for residual tritium
analysis is sghown in Fig. 26. About 0.5 g post-heated
enriched loB sample was filled into a coiled quartz tube.
Under vibration, the sawmple grains could flow downwards
through the coils of this tube and only a very small amount
could fall at any one time into an Alzo3 crucible placed
under the coiled tube, which was filled with about 25 ¢

molten PbhO.

Granulated Zn

Pyrex
EEICEIEETY

To usual fritium
extraction apparatus

Air cooling
of joint

Electronicaily controlled
oven { 400 °C)

Quartz wool

“Enriched B (grains)
Al,05 crucible——__ Reaction tube (quartz)
Pb0 powder "“(oiled tube (quartz)

Ceramic piece /\\\ \\\—“Eieci’ric oven {max. temp. 1260 °C)

Fig. 26 Sketch of apparatus used for residual tritium

analysis on enriched 1OB samples.

The system was evacuated to 10 % Torr and then the main
part of the separation apparatus including the reaction tube

was filled with sbout 40 Tory H2 carrier. The electric oven

with a tTemperature of 1000 °C was lifted up to the reaction

tube. After 30 ninutes, when Pb0 had melted, enriched 103

grains were allowed to fall into the crucible by generating
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vibration o¢f the reaction tube. A very bright glow was

observed due to the reaction:

3 PO+ 2B — 3 Pb + 8203

Through the dissclution of boron in the melt, tritium
was released. The H2 carrier was oxidized to water vapour
during the reaction and tritium appeared as HTO. After the
completion of the reaction the diffusion and Topler pumps
were turned on to circulate any residual H2 gas and water
vapour through a LN2 cooling trap for 15 nminutes. A small
amount of water was seen tc condense inside this trap. The
gas circulation was then stopped. The reaction tube was
pumped out until vacuum was obtained, and then it was closed
and thus separated from the other parts of the apparatus. 2
reduction column, connected to the apparatus and containing
Zn granules was heated to 400 °C electrically. Thercafter the
LN2 trap was removed, allowing the condensed water to
vaporise, The water vapour was circulated for a least 2 hours
through the Zn column and reducsd to H2 gas, Finally, the gas
was collected into the proporticnal gas counter, mixed with

methane and counted as usual.

The reaction between B and molten Pb0 occurred
vigorously wielding Pb. Through weighing of the Pb it was
found that about 90 % of the enriched 'UB filled into the
coilad tube had reacted. The amount o¢f residual tritium in
the samples was determined to be on the average (7.3 + 3.5)%
oflfhe total tritium.activity. This value may be somewhat low
since some loss of HTO due to exchange with wall Hzo may
occur. However, since this experiment invoelved only the
determination o¢f residual +tritium content, the loss of
tritium in the process, if any, was negligible (< 1 %)

compared with the total tritium.




Comparing the cross section results from 108 samnples and

Béc samples, it was assumed that about the same amount of

residual tritium remained in B,C samples. A gdetermination of

&
residual tritium in Béc samples could not be done since its
weight was 12 times larger than that of 103 samples, and

A1203 crucible {or others which were tried here) would not
withstand the much longer reaction time needed in order to
avoid a too strong temperature rise. The 002 and possibly
CHST produced in the reaction with Béc would cause a further
complication of the system through the need to separate fronm

the water vapour.

Determination of Residual Tritium in AlN Samples

Due to the low melting point of 8203 {~ 480 °C)}) it was
expected that the melting point of the mixture A1N~B203 would
be lowered and the residual tritium would be released. About
45 g of B2
stainless steel crucible., After cooling, the glassy 5203 was
crushed and filled intc & 21 cm long stainless steel tube

which was then placed inside a guartz heating tube connected

O:3 powder was mnelted in s normal oven using a

to tritium extraction apparatus. 5203 was degassed at 1000 °C
for a long period {~ 15 h} uwntil no more gas or water vapour
evolved. Moisture must be avoided and check of water content
was therefore critical. A contrel heating was then done at
1100 °C to check whether the apparatus and 5203 were free
from tritium. Thereafter 5.0 g of the post-heated AlN sample
was added to the cooled 8203 melt and heated at 1100 °C for 2
hours in the presence ¢f 30 Torr Hz—carrier. Tritium
extraction cycle was carried out using 2Zn reductor (400 °C)

and Nb_absorption method.

The first extraction c¢cvycle on alN-—BZO3 system showed
gsome residual tritium but the second extraction cycle showed
almost background. Since the last extraction cycle (without
8203} on the irradiated AlIN had vielded very little tritium,

it was concluded that the AIN-B,0

293 system was successful in




- 85 -

relesasing the residual tritium from the sample. A typical
result was 0.9 cpm for the last cycle of tritium extraction
from AlIN, compared to 12.6 cpm (net counts) for residual
tritium extraction from AlN—3203 system. The amount of
residual tritium in the samples was found to be on the
average (13.3 + 6.5 }% of the total tritium activity.

Low Level Gas Counting

For radicisotopes with B energies < 50 keV internal gas
counting in the proportional region constitutes an excellent
method. A& 31 mm ¢ cylindrical gas-filled counter FZ35
{Berthold, W. Germany) was used for absolute tritium activity
measurements. The counter has an effective counting volume of
85 cm3 and a dead volume of 15 cms.

Low level counting was achieved in an anticoincidence
system. The gas proportional counting tube was placed inside
a ring type gas counting tube (RZ/500 Berthold) zlso known as
a guard detector and both were placed within a lead shield.
Pulses from both detectors were fed into an anticoincidencs
unit, i.e. an electronic device that accepts pulses in two
input channels and preovides an ocutput signal only if the two
pulses do not arrive within a time period . When a cosmic
ray falls on the ring counter, it also hits the proportional
counter in the time 7 (&lmost simultaneously) and the event
is not counted. In this way, the zero effect could bs reduced
by a factor of 20, giving a background count rate zas low as
2 cpm. However, counting tubes used over long periods had a
somewhat higher background counit rate dug to some contamina-
tion. Conseguently during the course of the study the
counting tube was changed several times. Undesired activity
inside the tube was removed by emptyving the tube and then
filling it with an inactive mixture of Hz and CHé. Prior to
tritium counting the extraction apparatus and the counting

tube were checked for tritium contamination.




The high-voltage (HV) plateau of the guard detector was
measured from time to time. & very slight change was observed
throughout the whole study period. In the case of the
proportional counting tubs, the HV plateau was measured
baefore each tritium counting, since the gas composition of
the tube might wvary slightly in each tritium extraction
process. The plateau was obtained with the help of a GGCO
source when the tritium counting rate was low (in most
cases), otherwise measurement was done with the internal

tritium source which was more reliable.

The efficiency of the gas proporticnal counter was
determined using standards of tritium gas supplied by the
CEA-Bureau HNational de Métrologie, Saclay, France. The mean
value of the efficiency was 85 %. The given error in the
standards was + 3.0 %. The total error in the efficiency of

the detector was therefore estimated to be +(3.6 - 4.0)%.

3.11 *%c Removal from irradiated A1N Samples
. 14 i4
The reaction N{n,p)~ ¢ (Q-value = +0.63 MeV) competes
at low energies with the (n,t) process on 14N and 14c, if

present in gaseous form, would contribute to the total counts
observed in tritium counting. Fortunately, due to its wvery
long half-life the contribution of '7C is expected to be
small. Assuming a cross section of 20 mb for the léN(n,p)léc
reacticn at the energies Iinvestigated {c¢f. 128], a rough
estimate showed that the contribution of 14C would amount to
about 0.2 % of the total tritium activity. Howsver, dus to
the presence »of many resonances in the 14N(n,p)140 Cross
section at En < 4.5 MeV [cf. 3128, 129] and due to the
occurrence of low energy components in the dquasi-monoener-
getic neutrons, it was necessary to introduce an extra step

in the extraction process to remove 140 from tritium.




A sketch of the apparatus used is shown in Fig. 26a and
Fig. 25b. Two removal metheds were applied: permeation of HT
+ H2 through a P4 window (Pd-Ag alloy, 3:1) and absorption in
Nb metal, followed by degassing. In the first method the
intervening P4 tube was heated to 600 °C. Only HT + H2
permeated through the tube and was extracted into the
proportional counter; 140 should be retained on Pd. A 100 ml
bulb was connected to the sample tube in order tc accomodate
excessive H2 originating from the sample water content. The
detailed procedure for extraction cycle was otherwise the
same as described in the last section. An additional cycle of
tritium sxtraction using the Zn reductor (400 °C) was also
conducted bv-passing the Pd window to check the occurrence of
any residual activity: < 3 % of the total accumulated tritium
was observed. A similar result was obtained when this last

cycle was performed aftev 14C removal by the second method

{described below).

The permeation of H2 through Pd window was fast in the
early stage, then tended to be rather slow and time
consuning. In the second 140 removal methed, the HT + H2 was
absorbed in about 50 g of Nb metal at 550 °C for an hour. In
most of the cases the vacuum gauge indicated a pressure of
about 6 x 1071 Torr after the absorption. Thereafter the Nb
metal was cooled to room temperature. Then any remaining gas
was transferred to the proportional counter which showed only
background count rate. The Nb metal was then heated again to
1180 °C to release the HT + H2 which was pumped intoe the
counting tube. The 140 activity remained in Nb. In a blank
extraction cycle 100 % of the given H2 could be absorbed in
Nb, then released back and collected. To prove that both the
methods were effective for removing 1éC from tritium a blank
experiment was conducted by introducing a small amount of
standard 140 activity in polymer form into the heating tube
together with an unirradiated AIN sample. The heating tube
was heated as usual using either H2 or CO2 as carrier das. AT

egquilibrium the 140 activity was probably converted to léCH4
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in the former case and to 14CO2 in the latter case. Both the
products were retained in Wb and no radicactivity was

observed in the counting tube.

3.12 Determination and Effect of Impurities in Target Samples

A study of (n,t) cross sections using tritium counting
demands the use of a very high purity target sample. Light
elements Li and B (especially Li) have high {(n,%t) cross
sections. Other impurities 1like Ca and P may produce
disturbing radioactive gases. Therefore determination of

those impurities was mandatory.

The Li impurity in AlN was determined via neutron
activation analysis involving tritium counting {c¢f. Ref.
130]. 3 g of AlN powder in a quartz ampoule was irradiated
for 5 days in the thermal column ("Trommelmagazin”) of the
FRJ-2 reactor. 7.2 mg of Zr wire was used as a flux monitor.
The thermal and epithermal neutron flux densities were

determined wvia the monitor reactions 94Zr(n,r)952r (T% =

64.03 d, ET = 757 keV, IT = b4.44 %, Oep = 0.052 b, gepi/gth
= 5.88) and gszr(n,r)QTZr (T, = 16.75 h, ET = 743 keV IT =

%

97.¢ % , ¢ = 0,02 b , o = 282). The thermal and

th epi/ath
epithermal neutron flux densities were calculated using the

following eqguations:

. _
= 1 _ (41)

(1/4°%)-(1/¢°%)

Pen

e = 2 o 5 o " (42)-
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where
95 and 97 refer to isotope number with g = Gepi/ath

ath = g¢ross section for thermal neutrons

Gepi =  cross section for epithermal neutrons (resonance

integral}

95 97
2, ==& 95 97
o . F .
epi epi
£95 97
Z, = & 95 57
%th ¢n

atomic weight ({4)

a =
weight of the monitor (w)x Avogadro number (NA)
pgs(m 95/sum 85}
£95 _ £
T .95 95 95
h € 7
97 g7
f97 ) (mf /eum 97)
97 o7 9%
h & n
-
85 and p9° are net peak area
h = isotopic abundance
£ = intensity of r-ray
n = gfficiency
sum = (l—e_Zti)»e_ztd
ti = irradiation time
'td = decay time
A
m =
£ 1-e atm
tm = measuring time

= decay constant

. The thermal and epithermal neutron flux densities were
calculated to be (2.0 + 0.2)x1012. and (4.6 =+ 0.9)x108

cmfzs 1, respectively. The amount of eplthermal neutrons was
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thus only 0.023 % of the thermal neutrons and could be

neglected in the Li impurity determination.

43 mg of the reactor irradiated AlN was subjected to
tritium extraction Iincluding Zn reductor and 140 removal
step. From the measured tritium activity (192 dps) the
contribution due to the Li impurity in AIN was cazlculated

using the well known activation eguation:

w(%Li) -h-N a’m)
A
= s (43)
A an,t ¢th {i~-e i)
where
A{3H) = gxtracted tritium activity

sLi(n,t}a reaction cross szction with thermal

<
]

neutrons

Therefore,

24

w(®Li)x0.075%0.602%10 192
6.941 940%10 %%%2. 0x10 % (1-exp(-8x10"%))
w(®ni) 1.96x10 °

and ~———— = ——————— ~ 0.5 ppm
w(ALN) 43%10

Thus, the Li impurity in AlN was estimated to bs
0.5 ppn. This neutron activation analvysis is more accurate in
detecting traces of Li than the optical emission spectrocopy
described below. Unfortunately this method could not be
applied for boron samples since boron has a positive Q-value

for the (n,t) reaction.

Samples of enriched 10B, Béc, AlN and a mixture of BZOS+

Zn0 were analysed by :optical emission spectrocopy at the
"Zentralabteilung fir Chemische Analysen", of XKFA Jilich. In

this technique the atoms of a sample are excited by an
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electric avrc which during their return to a less excited
state emit photons. The freguencies of these lines are
characteristic of the elements present. The quantity of the
glement is determined by emploving a comparative method,
whereby the intensity of the element line is compared with a

known standard.

For enriched 105 and Béc no Li was detected. An upper
limit of 10 ppm was given with respect to the sensitivity of
the method used. For AlN no Li and B were dstected. Upper
limits of 25 ppm for Li and 4 ppm for B were given. In case
of 8,0, +Zn0 no Li, Ca and P were detected. Upper limits of

273
25 ppm for Li, 75 ppm for Ca and 150 ppm for P were given.

The effect of possible Li-impurity, which gives rise to
tritium wvia the 6Li(n,t)éﬁe reaction, was estimated to be

103 samples an upper limit of Li-impurity

gmall. For enriched
was placed at 1 ppm ({(in fact no Li was detected) and,
considering that the thermal neutron flux density in dd
neutrons is < 1 % of the fast neutron flux density, the
tritium contribution through impurity was estimated to be
< 0.01 %. In the case of B,C samples the impurity level was
higher. For an upper limit of 20 ppm Li-impurity the

contribution of tritium through impurity amocunted to < 0.5 %.

For the AlN sample the impurity level assumed was 1 ppm
for Li and 4 ppm for B. Ccnsidering that the contribution of
thermal neutrons in duasi-monoenergetic nsutrons produced
using the dd-gas target (En = 5.0 to 10.6 MeV) is < 1 %, in
ocur cross section measurement of the 14N(n,t)j’zc reaction the
tritium contribution through impurities is estimated to be

< 0.085 %.
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For the mixtures of 8203+Zn0 samples an upper limit of
Li-impurity was placed at 1 ppm (20 times higher than the
composition given by the supplier). The tritium contribution
through impurities was estimated to be < 0.2 % in the

1OB(n,t)2a reaction cross section measurement at thermal
anergy.




4. EXPERIMENTAL RESULTS

4.1 Tritium Release from B, ,C Samples

4

High temperature relsase experiments were performed to
study diffusion of tritium in Béc. The apparatus used was
similar to tritium degassing apparatus [44). Six Béc samples
were Iirradiated for about 2.6 hours each with 6.5 MeV
neutrons. The samples were heated in the presence of carrier
H2 (80 Torr) at temperatures of 550, 600, 640, 680, 780 and
1100 °C, and the tritium released was repeatedly pumped out
and measured. Then the samples were heated at 1150 °C till
nearly no mors tritium evolved. The total amount of tritium
collected from each sample was corrected for residual tritium
content. These values were used to calculate the relsased
fraction fr' Fig. 27 shows the released fraciion fr versus

the sguare root of time of heating JE.

Using the conventicnal approximation formuls {131] for

the released fraction,

6
= ‘fp.t (44)

£

where
diffusion coefficient and

o
Il

i

radius of the grains,

the diffusion coefficients of tritium can be obtained.
Equation (44) is valid only for £, < 0.25 [cf. 1327.
Therefore only the curves of Fig. 27 could be used at
temperatures of 550, 600, 640 zand 680 °C {the latter two had
to be intrapolated). The grain size of Béc was deduced by
taking 500 grains at random and weighing them. This method

gives a reliable average valug as the grains are of irregular

shape.
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Fig. 27 Emission of tritium from B,C (grain size < 250 um) at
various temperatures. The dashed lines depict
tentative exitrapolations. The results at 780 and
1106°C are reproduced only to show that release of
tritium is fast.

2

For r = 1.933x10 ° cm, assuming the B.C grains to be

4
spherical, the difffusion coefficients D were calculated and

the results asvre given in Table 7. The D values are plotted on
a logarithmic scale against the reciprocal of the absolute
temperature. The result (Arrhenius plot) is shown in Fig.. 28.
Using the eguation .

In (D./D,)
— 1 2 »
Ba s 1. 2 'R (45)
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Table 7. Coefficients of tritium diffusion in Béc

at various temperatures.

Temperature Diffusion coefficient
(°C) (cmzsml)
550 2.70 x 10”11
600 1.24 x 10 19
-1C
640 4,12 x 10 i
680 1.36 x 102
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Fig. 28 Arrhenius plot of tritium diffusion in Béc grains.




the activation snergy Ea of 186 + 30 kJmol_1 was obtained.
The error includes uncertainties in time and temperature of
heating as well as the size and deviation from spherical

shape of the Béc grains.

4.2 Calculation of Cross Sections and Errors

The cross sections were calculated using the well known

activation eguation:

S ) fE e & d - fr . fbg . fbr (46)
n,t weN
(—Rm)y e 5 o (1-e1 )
A
where
AT = the accumulated tritium activity
fr = residual tritium content correction factor
fbg = background neutrons correction factor
fbr = breakup neutrons correction factor
H = isotopic abundance
n = gas counter efficiency
¢ = mean nsutron Fflux
td = tritium decay time
t = irradiation time

The sources of erreors and their estimated magnitudes are
given Iin Table 8., The total errors in cross sections were

obtained by adding all the individual errors quadratically.

1OB(n,t)2a Reaction

Measured cross sections for neutron energies between 2.6
and 10.6 MéV’ of the 1OB(n,t)za process together with the
errors are given in Table ¢. An overall error ranging between
12 and 21 % was cobtained. The deviations given for neutron
energies do not describe any errors; they give only the

energy spreads for various sanmples. At neutron energies




Table 8. Principal sources of error and their

magnitude (in %).

1 ]

Sources of uncertainty O8(n,t)2¢ 2 n(n,0)'%c ®Be(n,t)Li

Welght of monitors and foils 0.1 0.1
Irradiation time
Half-1ife dependent effects 1-2 1-2 i-2

Neutron source characteristics 3 3 4
(beam deviation)

Irradiation geometry 3 3

Correction for activity induced 1-1% 0.2-15 -
by background neutrons
{gas out/in, breakup)

Correction for absorption and 5 5 < 2
scattering of neutrons in the
sample

Error in excitation function 8 8 8-15
of monitor reaction

Determination of detector 4-6 4-6 4-6
counts (statistics, pile-up,
coincidence losses, geometiry)

Absorption af y-ray in the < 1 < 1 < 1
monitors

Efficiency of the y detector

Efficiency of gas counting tube

s W

Separation yield 4

Stopping power/gas filled 1i-4 1-4
target

Uncertainty of plateau 3 3 3

140 removal -

Total error 13~-21 14-21 13-1¢9 . .

a excluding the reaction with thermal neutrons

higher than 8.5 MeV the contribution from background neutrons
increases sharply; conseguently the 'uncertainty"in the
correction also increases nmarkediv. At neutron energies">
10 MeV the background correction for tritium production was
achieved by irradliating enrviched 1OB samples With'the'gas

cell empty and the error was then lower.




Table 9 Cross sections of 1OB(n,t)za reaction using Béc and

enriched 1OB samples.

B4C samples Enriched 108 samples
En(MeV) Gn.t(mb} En(MeV) Gn,t(mb)
3.38 + 0.22 81 + 11 2.56 + 0.26 39 + 5
3.91 + 0.26 147 + 19 3.48 + 0.31 g2 + 11
4.42 + 0.20 152 + 20 4.60 = 0 20 168 + 22
4.73 + 0.17 195 + 25 5.26 + 0.17 209 + 27
5.28 + 0.17 215 + 28 8.02 + 0.22 139 + 20
5.88 + 0.17 202 + 26 8.52 + 0.23 128 + 19
6.43 + 0.18 186 + 25 9.00 + 0.24 119 + 22
6.44 + 0.18 176 + 24 .57 =+ 0.18 112 + 23
6.98 + 0.18 176 + 24 10.09 + 0.26 97 + 13
7.51 + 0.19 179 = 25 10.57 + 0.27 108 + 14
8.01 + 0.21 147 + 21
8.02 + 0.22 135 + 19
8.54 + 0.18 135 + 20
8.52 + 0.22 114 + 23

The 108(n,t)2a reaction cross section at thermal neutron

energy was calculated from the difference in tritium
production rates of a mixture of 5203+Zn0 and Zn0. The r-ray
count rate of 65Zn, produced via the 64Zn(n,r}SSZn reaction
and used as a flux monitor for thermal neutrons, was higher
in the ZnC sample than in the 3203+Zn0 mixtures by 22.6 %.
This meant that the thermal neutron flux depression in the
3203+Zn0 mixture was 22.6 % compared to the: ZnO sample. The
flux depression occurred due to. the wvery high loB(n,a)TLi
reaction cross section at. the thermal neutron energy. A
correction could therefore be applied. A typical calculation

10

to deduce  the B{n.t)2a reaction cross section with thermal

neutrons is described below:
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il18 mg of the irradiated 8203+Zn0 mixture (containing

108.7 mg 2Zn0) gave a specific activity A of 1.64x10° dps/mg

{for photopeak 11i5 keV of 652n after wvarious corrections)

and a net tritium activity A&, of 454 dps. For the blanks,

158 mg of Z2n0 vielded & = z.oTlxlOé dps/mdg and AT = 662 dps.
Therefore, 108.7 mg Zn0 should precduce 372 dps tritium under
the same thermal neutron flux of the mixture. The net
activity of tritium coning from the 8203 samnple was thus

82 dps. The thermal neutron flux for the 8203+Zn0 mixture is

&
@ = {47)
th N(sgzn)»a c{l—exp(~0.693 t./244))
n,v 1
where
4
A= 1.64x10" dops/mg
“N(ﬁézn} = number of 6éZn atoms in 1 mg Zno
-3 23
65.38x0.486x1Ix10 "x6.02x10 18
= = 3.60x10
81.38x65.38
—-24 2
o " = 0.78 barn = 0.78x10 (o311}
t., = 0.817 4
3
The 1OB{n,t)2a reaction cross section at En = 0.025 eV
is
A
n,t = .10 » (48)
! N{( "B) - ¢th s {i-exp(~0.683 ti/ééga))
82 26 2

= e i,186%10 ““cm

2 iz

(2.,182{10'1 )+ (2.25%10°%) - (1.41x10 ")

11.9 + 2.4 mb
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14N(n,t)lzc Reaction

Calculation of c¢ross sections for <the léN(n,t)lzc

loB(n,t)2a process. The

pbrocess was similar to that for the
present results covering the energy range of §.0 to 10.6 MaV
are given in Table 10. The total error ranges between 14 and
21 %. At 10.6 MeV the correction due to background nsutrons
is wvery high, especially if gas out/gas in results for
various threshold reactions are used. The amount of tritium
produced due to background neutrons at this energy was
therefore obtained by irradiation of AlN sample with the gas

cell empty. The error was then lower.

Integral Data on gse(n,t)jLi Reaction

The c¢alculation of the average (n,t) reaction cross
sections of gBe exposed to extended neuitron spectra from the
d{Be)} target will now be dealt with. The dsuteron energies Ed
used in the present work ranged between 17.5 and 31.0 MeV.
The excitation function of the monitor reaction 27Al(n,a}24ﬁa
was known only up to 256 MeV (118, 133)] and the missing parts
were approxXimated, taking into account Hauser-Feshbach
calculations. Errors of monitor cross sections were + 8 % for

En < 26 MeV; they were assumed %o increase to ~ 15 % at

31 MeV.

The wvalues of the d{Be) neutron flux distributions for
Ed = 17.5 to 31.0 HeV were taken from Wolfle et al. [38]
obtained via the neutron spectrum unfolding method SAND-IT.
The neutron flux distribution for Ed = 31.0 MeV was extra-
polated from Ref. 38. The average c¢ross section of the

monitor reaction for z given spectyum is

51

b} ¢,0,
_ i=2
g = e (49)
mon 5,

I 9




1

Table }(. Cross sections of 4N(n,t)12C reaction

Primary Nb Mean neutron enerqgy Weight of Duration Gas out / in Breakup Tritium Average neutron o 14N(n,t}12C

deuteron window and energy spread AlN sample of correction neutron activity flux density {mb)

energy //Lhickness effective at the (g} irradiation (%) correction {dps)b -2 -1 7

(MeV) {utm) ALN sample (min) (%) (cm “s 1 x 10
{MeV) 2

3.5/20 5.02+0.16 10.076 150 0.5 0,398 0.73+40.05 23x3
5.5/50 5.5740,17 9.878 190 0.5 0.408 0.78+40.07 1843
4.0/20 5.671+0.17 10.116 165 0.7 1.247 1.734+0.12 28+4
3.5/6.5 6.05+0.17 10.316 313 0.9 1.697 1.28+0.08 26+4
4.5/20 6.29+0.18 9.457 180 1.5 0.953 1.76+0.12 20+3
4.0/6.5 6.59+0.16 15.274 357 2.1 4.849 1.91+0.11 3045
4.5/6.5 7.1040.18 12,200 330 3.6 2.442 1.82+0.11 21+3
5.0/6.5 7.61+0.19 10.370 280 5.6 1.764 2,22+0.13 1743
5.5/6.5 8.1120.20 10.445 282 9.3 1.723 2.2110.13 1743
6.5/20 8.50+0.21 10.651 187 12.0 1.46% 2.33+0.16 2043
6.0/6.5 §.61+0.22 10,287 178 13.0 1.121 2.0310.12 1943
7.0/20 8.93+0.27 10.037 150 17.5 1.410 2.6740. 21 2244
6.5/6.5 9.03+0.26 10.373 270 17.5 1.15%86 2.23+0.186 1242
7.0/6.5 9.61+0,23 10,100 143 22.2 1 0.800 2,2340.16 1643
7.5/6.5 10.08+0.24 10.212 195 28.6 4 0.893 2.64+0.18 1142
8.0/6.5 10.5740.25 10.266 176 49.0° 10 1.202 3.03+0.24 14+2

Arhe spread 1in neutron energy is due to angle of emission and deuteron
energy loss in gas.

bTritium activity after gas out/in, breakup neutron and residual tritium
corrections.

®rhis value was obtained by neutron irradiation of ALN sample with the
gas cell empty.
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neutron flux density for i=2 to 31

-
it

monitor reaction cross section for i=2 to 31

i corresponds to the neutron energies between 2 and

31 MeV

The neutron flux densities in front and at the back of
the Be sample were calculated using the activation egquation.
The mean neutron flux density for the Be sample was taken as
average of both the front and back neutron flux densities.
Using Eguation 46 the average cross section &n & for the
9Be(n,t)TLi reaction was calculated. The datsa toéether with
some important parameters are given in Table 11. The sources
of errcr are given in Table 8. The total error in the

integrated cross sections was estimated to be between 13 and

1g %.




Table 11. Integral cross sections of the 9Be(n,t)TLi reaction

for different neutron fields.

17.5 MeV-d 20.0 MeV-d 22.5 MeV-ad 25.0 MevV-4d 27.5 MeV-d - 31.0 Mev-d

o (mb) 35.8 42.1 45,0 49.3 49,2 53.4
kmon 8 -2 —1

6, (x10%cm “s™ ) 5.46 18.80 19.90 0.92 0.70 10.80
w(Be) (g) 0.563 0.565 0.543 1.041 0.908 0.942
a(3H) (aps) 6.995 25.343 34.953 3.191 3.291 71.048
t: (h) 16.75 12.00 12.00 9.00 11.00 11.25

G, (mb) 3.17+0.40 4.6310.70 6.29+1.07 8.638+1.50 10.96+2.00  14.48+2.75
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5. RESULTS OF HAUSER-FESHBACH CALCULATIONS

in this studvy, Hauser-Feshbach calculations were
performed using the program code HELGA ({c¢f. Ref. 134] for
neutron induced reactions on QBe, IOB and iéN. The incident
neutron enerdgies covered were between 1 and 31 MeV in steps

of 1.0 MeV for gBe, between 1 and 20 MeV in steps of 1.0 MeV

for 108, and between i and 15 MeV in steps of 0.5 MeV for

14N_

For each target nucleus, calculation was carried out for
six binary scattering and reaction channels A(a,b)B; one of
them was {n,t) channel and the others (n.n'), (n,p}, {(n,4),
(n,SHe) and (n,éﬁe). The Q-values of the reactions were
calculated using the mass excess values given in Ref. 1. &
knowledge of the discrete levels is very important since most
of the transitions in the (n,t) reaction occur to the
discrete levels. The discrets levels fFor all the reactions
considered were taken from Ref. 1. The numnbers of discrete
levels used for each {n,t) reaction product nucleus are given
in Table 12. In order to determinsg energy levels in the
continuum region the level density paramelers Eo and T were
taken directly from Gilbert and Camercn [80]. The parameters
P(Z) and P(N) for the light nuclei were extrapolated from
table of Ref. 90 and were used to calculate the pairing

snergy A as
s = P(Z) + P(N) (50)

The other parameters Ex and a were calculated using

E_=U_+ A (51}
x X :
whare
Ux = 2.8 + 150/A
and a = A/7.5 {52)
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Table 12. Number of discrete levels used for (n,t)

reaction product®.

Reaction Number of Starting energy for
discrete levels level density parameter
in product {MeV)

gBe(n,t)YLi 8 11.4

10 8

B(n,t) Be-»2a 15 20.2

Yy, 1) % 16 17.9

*PTaken from Ref. 1

The transmission coefficient Tl was calculated via the
optical model without considering spin-orbit coupling. The
sets of optical nmodel parameters were calculated with the
guide of Table 2 [Ref. 26]. The data for tritons and SHE
particles, which are emitted with low energies, are not known
with the same accuracy as for the other enitted particles.

Only the first chance emission of particlies was considered.

The (n,t) reaction cross sections obtained from Hauser-

1OB, 14¥ and gBe are given in

Feshbach calculations for
Tables 13, 14 and 15, respectively. The results of some other
strong reaction channels are also given Iin order Yo
demonstrate the competition among the varicus reaction

channels.

It should be pointed out that the results of statistical
model calculations on light nuclei have to be viewed with

caution. They should be regarded only as rough estimates.
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Table 13. Theoretical cross sections of some strong reaction
channels induced by fast neutrons on 10B.
Neutron g{n,t) g(n,n') g{n,p) o{n,a) o(n,ad)
energy {mb) {mb) {mb) {mh} {mb)
(MeV)
1 17.5 5.6 3.7 652.3
2 38.9 28.7 8.1 560.1
3 52.9 57.5 11.8 518.8
& 91.1 78.3 17.3 495.2
5 134.8 87.6 30.7 454 .4 0
G 140C.6 136.2 356.1 416.6 20.1
7 128.1 177.8 38.7 385.0 36.5
8 116.4 214.9 47.9 347.8 48.3
=] 112.8 254.8 59.2 354.8 72.0
10 94.1 279.¢ 60.7 314.1 86.2
11 - 75.7 317.1 56.1 280.7 85.8
12 58.3 312.1 47.3 307.3 70.8
13 44 .6 289.0 39.3 348.0 54.4
14 ' 35.3 260.4 33.1 382.9 41.2
15 26.5 235.5 28.9 408.1 30.5
16 19.4 215.7 26.2 424.7 22.1
17 13.9 "199.9 24.3 434.4 15.9
18 9.8 187.4 23.0 438.0 1 11.4
19 7.0 175.3 22.0 437.0 10.3
20 5.1 4 21.58 435.8 2

' 158. 12.
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Table 14. Theoretical cross sections of some strong reaction

channels induced by fast neutrons on 14N.

Neutron ol(n,t) g{n,n'} c{n,p} c{n,a) o{n,d)
anergy (mb) {nmb) {mb} (mb} {mb)}
(MaV)
5 2.8 109.5 72.6 463.4
5.5 16.3 135.4 64.6 456.8
6 30.5 178.7 57.3 435.4
6.5 38.4 234.8 52.1 408.1 6.8
7 40.3 278.9 52.7 385.5 24.2
7.5 39.1 303.3 £5.0 371.5 37.5
8 36.4 318.5 83.9 359.0 43.9
8.5 34.0 320.8 102.5 350.6 47.2
9 31.3 328.0 117.3 340.6 47.6
9.5 28.7 334.2 i28.5 333.6 47.0
10 32.5 384.1 137.8 353.8 49.8
10.5 36.1 431.2 124.4 314.3 50.8
11 36.0 480.9 107.8 270.0 57.7
11.5 33.5 521.6 94.5 234.4 61.3
12 29.3 560.5 85.0 203.3 57.9
12.5 25.0 589.4 80.3 178.3 52.0
13 21.1 610.1 78.8 i587.3 45.86
13.5 17.8 624.3 78.0 132.9 39.5
i4 i5.1 632.7 80.1 125.3 34.5
14.5 13.0 628.4 82.9 118.¢9 31.7
is 11.2 807.6 86.9 125.2 30.9
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Table 15. Theoretical cross sections of soms strong reaction

channels induced by fast neutrons on gBe.

Neutron g{n,t) o{n,n") c(n,p) o(n,a} oc(n,d)
energy (mb) {mb) {rmb) {mb) {mb)
(MeV)
i1 : 587.5 109.9
12 c.9 595.3 74.7
13 9.2 602.9 49.8
14 13.8 602.7 33.8
15 i4.6 596.5 0.5 23.7
16 12.7 588.0 1.0 16.1
17 10.3 574.3 1.1 11.8 0.7
18 8.6 556.6 1.1 8.8 1.9
13 7.0 535.6 1.0 8.7 2.5
20 5.7 503.0 1.0 24.6 2.8
21 4.8 465.7 1.0 46.0 2.6
22 3.9 431.4 c.9 64.5 2.2
23 3.0 401.1 1.0 78.7 1.8
24 2.4 373.8 1.0 89.0 1.7
25 1.9 345.9 1.0 $9.4 1.8
28 2.8 314.8 1.1 111.4 2.1
27 3.3 27%8.%9 1.3 126.2 2.5
28 4.8 242.7 1.4 142.2 3.0
2¢ 6.4 204.3 1.7 15%9.2 3.5
30 ‘8.2 166.5 1.9 177.2 4.0
31 9.9 131.3 2.1 183.9 4.5
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6. DISCUSSION
6.1 Diffusion of Tritium in Béc

Diffusion cof tritium in Béc was Iinvestigated previously
{135-138} using both recoil tritium implanted and slow
neutron irradiated samples. Tritium inmplantation was carried
out by irradiation in a nuclear reactor of a sample
surrounded by a thick blanket of 6Li salt [cf. 136]. The
GLi(n,t)éﬁe reaction results in a2 linear tritium concentra-
tion profile in the sample with the concentration geing to
zero at the maximum recoil range in the samnple. In the case
of a slow neutron irradiated sample [cf. 135] a more unifornm
distribution was expected by tritium formation in the sample
via the reaction 1OB{n,t)2a. However, since at low ngutron
energies the lOB(n,a)?Li reaction is much more dominant than
the triton emission process (sse below), a considsrable
amount of ?Li impurity (up to 0.24 at. %) was also formed
during the irradiation [1358]. The tritium diffusion
coefficients in the case of implanted samples were found to
be much higher (and activation energy much lower) than for
neutron irradiated samples. The results reported in this work
are Iin agreement with those for the neutron Iirradiated

samplies reported by Miles =t al. [135] and Schnarr and Minzel

[138]. For samples of grain size 1¢3 gm, for exanple, the
diffusion coefficient at 700°C was raportead to be
3“0}';1(2)“g cmgs_1 [Ref. 1381, a wvalue comparable with our
result of 2.1x10 ° cm’s™!. The reported activation snergy of

1 [Ref. 138] in the temperature range of 5580 to

1. the

250 kJ mol
680°C is also comparable with our value of 186 kJ mol
slight differesnce 1in the diffusion cosfficiesnt may be
attributable to the presence of 7Li impurity in reactor
neutron irradiated sample. Since in this work tritium was
produced wvia irradiation with monosnergetic neutrons of
§.5 MeV energy, the amount of ?Li is expected to be
negligibly smaell and the {tritium formed mav be regarded as a

uniformly distributed real dilute impurity. The time needed
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to extract most of the tritium in the samples at 1150°C is
estimated to be about 40 min. Thereafter a very slow tritium

diffusion is expected.
§.2 Excitation Function of the 1OB(n,t)2a Reaction

The measured cross sections as well as the literature
values are shown in Fig. 29 as a function of neutron energy.
The values of Frye and Gammel [57], Wyman et al. [54] and
Kavanagh and Marcley [63] are in good agreenment with the
measurements reported here. Our measurements cover the
thermal neutron energy and the energy range of 2.6 to 10.6
MeV in small energy steps, and include detailed corrections
which have been realized only in recent years. The
measurement with thermal neutrons was performed using an
internal monitor reaction in order to take into account the
depression of neutron flux in the sample. There has been sonme
controversy about the cross section at thermal neutron
energy. The result reported in this work and a very recent
report [63] have solved the discrepancy. The measurement of
Ref, 73 is considered to be in error presumably due to Li

impurity and thermal neutron flux depression.

The following processes are known [cf. Refs. 57, 61, 22]

to contribute to triton emission in the interaction of 10B

with neutrons:

205 L n - @+ a+ t+ 0.33 MeV (1)
105 v n = Tnis 4 o - 1.48 Mev

Trss w g 4 € + 2.16 MeV L (II)
1% i n  %8e + t + 0.60 MeV

8Be — @ + « + 0.09 MeV (III)
;1OB'+ n — 8Be* + t - 2.34 pMeV

SBe* —- @ + & + 3.00 MeV (IV)
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Fig. 29 Excitation function of 1OB(n,t)2a process.

Route (I) is a multiparticle breakup of the target nucleus
and may occur at any neutron energy. Mechanism (II) proceeds
rainly through the 4.863 MeV level of ?Li and can occur at
En > 1.48 MeV. Route (III) involves formation of the ground
state of 8Be and route (IV) its 2.2%4 MeV level. Kinematic
studies suggest that routes (I) and (II} are dominant,
although the relative contributions of the wvarious routes
depend on the incident neutron energy. It should also be
pointed out that especially at low energies pure a-emission
procasses [loB(n,ao)7Li and loB(n,al)?Li* {(0.478 MeV level)l
are very dominant and tritium emission processes constitute
only a small fraction of the inelastic cross section. The
radiochemical measurement described here gives a sum of all
the tritium emitting processes. The increase in cross secticn
with neutron energy is possibly due to the enhanced

probability of tritium enission from the excited levels of




Tritium emission cross section {mb)
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the compound nucleus 11B and the intermediate nuclei 7Li and
sBe. For an incident neutron ensrgy of about 5.5 MeV {where
the maximum of the excitation function occurs) the levels
formed in llB, for example, have excitation energies of more
than 17 MeV. In contrast to low-lving levels such sxcited
states are known to decay appreciably by triton emission. At
higher incident neutron energies the cross section decreases,

presumably due to the onset of other competing reactions like

108(n,dn) 2« etc.

The results of Hauser-Feshbach calculations for the
1oB(n,t)za process are shown in Fig. 30. The theoretical
excitation function follows a trend similar to the

experimental curve. However the calculated cross section

300 - f . ; ' l - : ; . , r
' 8 (nt)2¢ reaction
I - H F calculation
- === Experiment

200 + /N ‘ -

100

] A I 2 i L L

R

0 2 A 6 8 10 12
- Neutron energy(MeV) -

Fig. 30 Comparison of statistical model cross section values

with the experimental resulits for the 1OB(n,t)2a

reaction.
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values are lower than the nmeasured cross sections except at
En € 2.8 MeV. For this low neutron energy region the
agreement betwsen experimental results and compound nucleus
model calculations is excellent. At En > 2.6 MeV, the conitri-
bution of direct interactiocons may be dominant, presumably dus
to 6Li~a and sBe—é cluster configuration of 10B [102}. The
6Li and 83& nuclel are known to have well pronounced cluster
structure which is reflected in the low binding energy of the
¢—-particle. Thersfore, 1f sufficlient ensergy is brought by a
bombarding neutron, 105 will split into two a-particles and a
deuteron, initiating a deuteron pick-up process leading to

the emission of a triton.

iz

6.3 Excitation Function of the 1%N(n,t) ¢ Reaction

The excitation function of the 1é§(n,t)1zc reaction
measured in this work is given in Fig. 31 together with the
literaturs cross section values {60, 74, $62]. Ths agresment
batween the data presented here and the limited litsraturs
data [74, 62] is generally good, though at about 6.0 MeV ths
updated values of Gabbard et al. [74] are somewhat low. The
energy region below 5.5 MeV and that between 8.5 and 10.86 MV
has been investigated for the first time in this work. The
crogss secition is appreciable even near the thresheld and
fluctuates over the whole investigatsd energy range. Even at
14.4 MeV the cross sectlen is only 30 + 3 mb {cf. 138]. The
whole shape of the excitaticn function is thus indicative of

direct interactions, tvplcal for light nuclel.

The disadvantage of tritium accumulation and 8 counting
as applied in our measurements 1is the rather poor neutron
energy resclution because of large sanple size. The mneasured
cross sections are low and large sample sizes are thus
necessary to accunmulate sufficient tritiusm. The advantages,
on ths other hand, are good counting statistics and reliables

tritium production data for applied purmposes.
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Fig. 31 Excitation function of NH{n,t) ~C proceass.
The following reactions are known to contribute to

triton emission in the interaction of nitrogen with neutrons

at E_ < 14 MeV:
n

14N + n —- 120 + t — 4.02 MeV (1)
— 3 + t - 11.29 MeV ({II)
By +n - B+t - 2.90 Mev (III)
Process {(II) is 2 multiparticle breakup of the target
anucleus and has a high thresheld. Process (III) starts

contributing

Of-lﬁ

bution of this process to our measurement at En

N in natural nitrogen is only 0.4 %,

at En > 10.55 MeV. However, since the abundance
the tyritivm contri-
10.6 MsV is

negligible. The main contributing process is thus route (I).
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The fluctuation in the excitation function may be
attributed to the decay properties of the excited nuclear
levels involved. The levels formed in the compound nucleus
15N have excitation energies of about 16 MeV for an incident
neutron energy of about 5.0 MeV. At En = 10.86 MeV the
excitation energy would be up to 21.5 MeV. It is known [cf.
Ref. 140] that in 15N several discrete excited levels from
i6.4 to 192.5 MeV decav by triton emission {see Table 16). The
probability of triton emission, however, varies in the decay
of each excited level since there 1is a strong competition
between 1H, 3H and éHe emission. This is reflected in
fluctuations in (n.,t) cross sections. In Fig. 31 four pesaks
{at energies 15.8, 16.6-17.0, 17.2-17.6 and 19.5 HeV) =are
distinguishable and these may be considered as "resonances'

for triton emission.

The triton emnission from excited levels of 15N up to
1.2 MeV populates mainly the ground state of the product

nucleus 120. At higher excitation energles transitions are

expected to occur also To the 2t excited state of 120
(4.44 MeV). At En = 14,4 MeV (excitation energy -~ 25 MeV),
for example, about 80 % of the transition occurs to the 2*
state of 120 fef. 132], an observation in agreement with the
systematice of isomeric cross section ratios [141]. The
measurenents described in this work give a sum of all the
triton groups emitted, irrespective of thelr energies and
angulay distributions. For more detaliled mechanistic studies

double differential cross section measurements are neesded.

The result of the Hauser-Feshbach calculations for the
14N(n,t)1zc reaction is shown in Fig. 32. The first peak

gives the cross section for the populatien of the ground

state of 12¢. At E_ > 9.5 MeV the 4.44 MeV excited state of

120 is also populated; the cross section then increases and

describes the total triton emission cross section. Similar to

the 3'OB(n,"c’)zm reaction the compound nucleus model doss not
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Table 186. Nuclear levels in the compound nucleus 15N excited

during the interaction of fast neutrons with 14N.

En(MeV) EX*(lsN)(MeV) Level in 15N_kn9wn to decay
by triton emissicn (MeV)

5.02 + 0.1% 15.85 + 0.16 15.38, 15.78, 15.93, 19¢.84, 16.03
5.57 + 0.17% 16.40 + 0.17 i6.19, 16.2%, 16.32, 16.39, 16.58%9
5.67 + 0.17 16.50 + 0.17 16.32, 16.39, 16.59, 16.68

6.06 £+ 0.17 i6.88 + 0.17 l6.68, 16.85, 16.91, 17.05

6.29 1+ 0.18 17.12 + 0.18 i16.91, 17.05, 17.15, 17.23, 17.37
6.59 + 0.16 17.42 + 0.16 17.23, 17.37, 17.58 '
7.10 + 0.18 17.93 + 0.18 17.72, 18.09

7.61 + 0.19 i8.44 + 0.19 18.09, (18.22, 18.27, 18.70)
8.11 + 0.20 18.94 + 0.20 (18.70, 18.%81, 19.20) |
§.50 + 0.21 18.33 + 0.21 12.56

8.61 + 0.22 19.44 + 0.22 19.58

8.93 + 0.27 19.76 + 0.27 i1e.5, {1¢.72)

89.03 + 0.26 18.86 + 0.26 19.5, (19.72, 20.12)

9.861 + 6.23 20.44 + 0.23 {20.5)

10.08 + 0.24 20.91 + 0.24 (20.96)

10.57 + 0.25 21.40 + 0.25 (20.98, 21.82)

The level values in brackets show possible decay by triton

emission.
EX*IISN) = maximum energy available for the excitation of ISN.
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satisfactorily explain the reaction mechanism of the

14N(n,t)lzc procsss.

i N (n.#1"C reaction i
—= M E calculation

50 = —-— Experiment
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Fig. 32 Comparison of statistical model cross section values
with the experimental results for the 14N{n,t)126

reaction,.
6.4 Excitation Function of the QBe(n,t)7Li Reaction

The excitation function of this reaction was determinsd

experimentally recently up to 19 MeV [Ref. 43] and is shown

in Fig. 11. The cross sections between 19 and 25 MeV were
obtained by .extrapolation. An .extrapolation beyond 25 MMeV
appeared to be vervy uncertain and was therefore not carried
out. The 'values calculated in this work by the Hauser-
Feshbach method are shown in Fig. 33. The calculated excita-
tien - function shows good agreement with the experimental
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Fig. 33 Comparison of statistical model cross section values
with the experimental results for the gBe(n,t) Li

reaction.

results at the neutron energies close to the threshold energy
cf the reaction. As the neutron energy increases the

calculated cross sections are lower but the shapess of the two

curves are somewhat similar.

8.5 Ccmpatlbllity of Differentizl and Integral Data for the

gBe(n <) L1 Reaction

The measured integral cross sections of the gBe(n,t}jLi

reaction in. various neutron fields produced via  the
interaction of 17.5 to 31.0 MeV deuterons on Be are already
given in Table 11. Average triton emission cross sections of

thezsﬁe(n,t)TLi reaction were alsc obtained from the nono-
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energetic (n,t) data up to 19 MeV [Ref. 43] and extrapolated
values up to 25 MeV. For this purpose the neutron speciral
distribution listed in Table 17 [Ref. 38] were used. The
calculation of +the average triton emission cross section
using monoenergetic (n,t) data is alsc shown in Table 17. The
thus obtained integrated cross secition valuses are compared
with the measured integral data.in Table 18. The agreesment
appears to be good (within 21 %) and adds confidence to both
differential data meéasurements using monosnergetic neutrons
and intsegral data determinaticns using neutron spectral
distributions. Since the experimental monoenergetic neuirons
cross sections of the gBe(n,t)?Li reaction could not be
extrapolated to neutron energies bevond 25 MeV the comparison
of the average triton emission cross sections was limited up

to the incident deuteron energy of 25 MeV.

The integrated data obtained from the Hauser-Feshbach
calculation and the known neutron spectral distribution are
alsc given in Table 18. The values arve too low compared to
the measured integral data. Evidently the statistical
compound nucleus model fails to explain the rsaction

mechanism involved in the gBe(n,t)?Li reaction.




Table 17. Calculation of average triton emission cross section using monoenergetic
{n,t) data. The listed neutron flux distributions have been normalized to

30 5

L ¢ (E,)AE = 10°.

£

2
E Cross section 17.5 MeV-d 20 MeV-d 22.5 MeV~d 25 MeV--d
e} .

of %*Be(n,t)"Li " i 7 )

(MeV) o, [N ;00 (x107) ) ¢;-0,(x107) by ¢;-0,(x107) ¢ ¢;-0,(x107)

(inb)
12 2.0 3744 0.75 4224 0.85 4561 0.91 5495 1.10
i3 14.5 2025 2.94 3378 4.90 3664 5,31 4403 6.38
14 18.5 1502 2.178 2820 5.22 3108 5.75 3678 6.80
15 25.5 1437 3.66 2370 6.04 2706 6.90 3154 8.04
16 28.5 1412 4.02 1979 5.64 2372 6.76 2741 7.81
17 29.5 1324 3.91 1609 4.175 2052 6.05 2378 7.02
18 31.0 1211 3.75 1243 3.85 1759 5.45 2109 6.54
19 30.0 813 2.44 925 2.78 1482 4.45 1908 5.72
20 29.5 500 1.48 623 1.84 1200 3.54 1725 5.09
21 28.5 245 .70 580 1.65 899 2.56 . 1545 4.40
22 28.0 133 0.37 507 1.42 561 1.57 1305 3.65
23 26.5 82 .22 326 0.886 283 0.75 988 2.62
24 25.0 58 0.15 197 0.49 210 0.53 654 1.64
25 24.5 41 0.10 113 0.28 155 0.38 382 0.94
z(¢i-ai)(x104) 27.27 40.57 50.91 67.75
1
En't = ———=(mb) 2,173 4.06 5.09 6.78

i x 10




Table 18. ' Integral data for the 9Be(n,t)TLi reaction.
Incident Average triton emission cross Average triton emission cross Average triton emission
deuteron section from this work section calculated using cross section calculated
energy on {mb) monoenergetic (n,t) data using Hauser-Feshbach
Be target {mb) results

{MeV) {mb)

17.5 3.17 + 0.40 2.73 1.16

20 4.63 + 0.70 4.06 i.78

22.5 6.29 + 1.07 5.09 2.13

25 8.63 + 1.50 6.78 2.67

27.5 '10.96 + 2.00 - 3.17

a1 + 2.75 - 4.14

“14.48
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7. CONCLUSIONS

Studies of (n,t) reactions on light nuclei are of
considerabls significance for tritium breeding 4in fusion
reactor technology., tritium build-up in the upper level of
the atmosphere, the vicinity of a reactor core, shielding and
absorber materials, and for testing nuclear models. Cross
sections were determined for the reactions °“Be(n,t)’Li,
1OB(n,t)Za and 14
the cass of gBe(n,t)?Li reaction, average Ccross sections wers

N(n,t)lzc at wvarious neutron energies. In

measured using break-up neutrons produced during the
interaction of 17.5% to 31.0 MeV deuterons on a thick Be
target. A comparison of the measured data with the wvalues
deduced from recent differential data and neutron speciral
distributions showed agreement within + 21 %. For the
103(n,t)2a reaction measursments were carried out with guasi-
monoenergetic neutrons of energiss between 2.5 and 10.6 MeV
as well as with thermal neutrons. The resulis provide a
reliable data base, and a long standing discrepancy in the
thermal energy region has been solived. The cross sections of
the 14N(n,‘t)lzc process were measured in the energy range of
5.0 to 10.6 MeV. The excitation function shows fluctuation
cover the whole investigated energy range; this is attributed
to the decay properties of the excited nuclear levels

involved.

Detailed Hauser-Feshbach calculations of fast neutron
induced reactions on gBe, 108 and 14N showed that the
statistical model does not satisfactorily explain the {(n,t)
reaction mechanism in all the three cases; presumably direct

interactions are involved.

This work has advanced some knowledge about the (n,t)
reaction on light nuclei. However, the total available
information is still lacking. Investigations on the nucleil
170 and 19F can be carried out using dd neutrons and on the

{n,t) reactions with thresholds between'iz and 12 MeV (ses
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Table 1) using 4t neutrons. Another possibility is to perform
a number of irradiations in different neutron fields
exhibiting extended spectra, followed by application of
mathematical unfolding procedures to obtain the desired
excitation function. This experimental-mathematical method
can be applied to a great number of (n,t) reactions. For ail
those studies, however, interdisciplinary experimental

techniques, especially radiochemical methods, are of great

importance.

Above all, it is necessary to develop newer

calculational methods to be able to estimate total tritium

emission rates.
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