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ABSTRACT

Cross Sections were measured with uncertainties of 13 to

21 % for the reactions 9Be(n,t) L1, 10B(n,t)2a and

14 N(n,t) 12C over various energy ranges . Irradiations were

performed with thermal neutrons and neutrons produced via the

reactions 2H(d,n) 3 He and 9Be(d,n) gOB . The tritium produced

and accumulated in the irradiated samples was separated by

vacuum extraction and measured in the gas phase using

anticoincidence ß - caunting . The residual tritium content was

determined for the enriched 10 B and A1N samples . The

characteristics of tritium diffusion in B 4 C were studied by

high-temperature release experiments . The Li impurity in the

A1N sample was determined via neutron activation analysis.

The average 9 Be(n,t) 7 Li cross sections lie between 3 and

14 mb for break-up neutrons produced by 17 .5 to 31 .0 MeV

deuterons on a thick Be target . A comparison of the measured

date with the values deduced from differential date and

neutron spectral distributions shows agreement within + 21 %.

The 10 B(n,t)2a 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) 12C cross sections in

the neutron energy range of 5 .0 to 10 .6 MeV lie between 11

and 30 mb . The excitatian 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 nuclear physics and chemistry . This Field of study

originated irr 1911, when Rutherford investigated the

scattering of low energy a-particles in a thin gold feil and

later the firnt nuclear reaetion 14N(a,p) 170 . The discovery

of the neutron and Invention of the particle accelerator

provided tremendous impetus to the development of this area.

The property of the neutron responsible for the earlier

success was its absence of Charge, which enabled it to

interact wich a. nucleus at close distances at all neutron

energies . Hence the neutron was the first suitable projectile

for studying the nuclear structure and the mechan .ism of

nuclear reactions . Today, after i7 years, eguipped wich

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 wre consider some basic properties

and concepts of nuclear reactions, neutron sources and

neutron induced reactions, especially the process of triton

emi.ssion, which has so far not been studied in as auch detail

as nucleon emission.

1 .1 . Basic Properties and Concepts of Nuelear Reactions

A nuclear reaction A(a,b)B means that wehen an incident

particle a hits a target nucleus A, a particle b is emitted

leaving a residual nucleus B . The probability that a

particular type of reaction occurs is called the Cross

section for that reaction . Cross section c a,b as defined as

the number of reactions (a,b) per unit time for o$le target

nucleus placed in unit inciden.t f1ux . The Cross section is

measured in barns (ib = 10-28 m' ) and is known as an integral

Cross section . If we consider the angular dependence of
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emitted particles in the solid angle d0, then the quantity

da/d0 is called the differential cross section . This quantity

gives the angular distribution of emitted particles wich

respect to the beam direction and is measured in mb sr
-1

.

Another quantity that is usually measured is d 2 a/dOdE, which

is a funct .ion of the kinetic energy E of the emitted

particle, and of the angle of emission 0 . lt is known as the

double-differential cross section . The variation of cross

section wich incident energy is called the excitation

function.

In a nuclear reaction the following quantities are

conserved : 1) Tumber of nucleons, 2) Charge, 3) Energy,

4) Momentum, 5} Angular momentuni,

	

Parity, 7) Statistics

and 8) Isospin (not in all cases) . üsing conservation

quantity no . 3, we can derive Q-value of a reaction . F'or a

particular kinetic energy of particle a this value gives an

indication as to whether the reaction could proceed.

As a special rase relevant to this work we consider the

incident particle a as a neutron and the emitted particle b

as a triton . The Q-values of most (n,t) reactions are nega--

tive ; for example, for 14N(n,t) 12 G reaction the Q-value is

-4 .02 MeV . To seine approximation this means that the reaction

can be induced by neutrons of any energy above 4 .02 Mehl.

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 an

entering but also an leaving the nuclei . On the other hand, a

sm,all finite probability exists for tunneling through the

barrier . The minimal incident energy required to initiate a

reaction is called the threshold energy . The Q-values and

threshold energies of some of the (n,t) reactions an light

nuclei are given in Table i {Refs . 1,2] . The reactions

6Li(n,t) - He and 10B(n,t)2a have positive Q-values, and since

there is small coulomb barrier, even thermal neutrons induce

the process .
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Tabie 1 . Q-values and threshold energies of some (n,t) reactions

an light nuclei.

binding energies

The Q-values are calculated using

Laken from Ref . 1

Nuclear Q-value Threshold Energy
Reactions (MeV) (MeV)

6Li(n,t)a +

	

4 .78 0

7Li(n,n't)a 2 .47 3 .91

9Be(n,t) 7 L1 -

	

10 .40 11 .59

10B(n,t)2a +

	

0 .32 0

11 B(n,t) 9Be 9 .56 10 .42
12 c(n,,t) 10$ -

	

18 .93 20 .50
13 0(n,t) 11 B -•

	

12 .42 13 .37
14N(n,t) 12 C 4 .02 4 .29

14N(n,t)3a -

	

11 .29 12 .10
15N(n,t) 13 0 9 .90 10 .55
160(n,t) 14N - 14 .48 15 .37
17 0(n,t) 15N 7 .79 8 .24

18 0(n,t) 16N -

	

13 .34 14 .06
19F(n,t) 17 0 -

	

7 .56 7 .94

useful concept in considering nuclea.r reacti.ons is

channels . Let us consider the reaction between a

and 1 °B . The reaction may proceed in several
10 (n,a) 7Li, 1 °B(n,t)2a, 10

B(n,p) 1°Be

b,B an Bach side of

reaction starte in

of the exit ehanneis

The number of possible channels for this System is equal to

the num.ber of ay in which 6 neutrons and 5 protons (of the

intermediate excited nucleus 11 B) ere divided into pairs of

reaction products.

ßne

that of

neutron

different ways:

10B(n,d) 9Be . The pairs of a.,A and

reaction is called a channel . A

en.trance ehannel c and ende in one

and

the

the

c'



1 .2 ©verview of Reaction Mechanisms

Studies of nuclear reactions haue contributed to the

development of theoretical frameworks which may be applied

for a better understanding of experimental data . These exists

no single exact theory to explain all the nuclear phenomena

but instead one has to rely an various modele, Bach of which,

to some approximation, explains a particular type of reac-

tion .

1n the interactions of fast neutrons wich nuclei,

reactions such as (n,n »,(n,2n),(n,P),(n,d),(n,a),(n,n'p),

(n,t) and (n, 3He) are observed . Radiative capture also

occurs, although it is mainly confined to interactions wich

thermal and epithermal neutrens . These interactions at lo`a

neutron energies follow where a=cross section and

E=energy . The earliest theories of nuclear reactions

considered the interaction of an incident particle wich a

classical potential well . Since the interaction wich a

potential well (without an imaginary component) could not

change the energy of a particle or remove it from the beam,

this model only favoured elastic scattering processes and

became the fundamental of scattering theory . Experimental

evidence showed that slow neutron reactions produced narrow

closely spaced rasonanees . This suggested that radiative

capture Tather than scattering was the main interaction.

The Bohr theory of the compound nucleus [3] offered a

good interpretation of this phenomenon . This mode). 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 optica3 model [5,6] . In this model the

incident particle was considered to move in a complex poten-

tial field . lnteractions of waves inside the nucleus can be

solved using the Schrödinger equation, for which a potential
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of the form U(r) _ -V(r)-iW(r) having a solution of the form

eik1 .r . e-ik z Nahere k l,2 are the wave numbers . The ratio

of the coefficients of the incoming wave and the outgoing

wave is the amplitude n l of the outgoing partial grave with

angular momentum Ih . This amplitude is related to the tra.ns-

mission coefficient T 1 by T 1 (1-/n 1 / 2 ) . The cross section

for the formation of the compound nucleus is found to be

ag ( 21¢1) T1 (Ref .. 7] . By using the optical model it is then

possible to obtain optical model parameters, i .e . the real

and imaginary components of the optical model potential Nahich

are useful for making other model calculations, such as

Mauser--Feshba.ch calculation.

As the incident energy inereeses the competition among

various reaction ehanneis also increases . Some of these

reactions showed deviation from compound nucleus phenomenon.

Even at low energy, for an interaction of neutrons wich light

nuclei, other reaction mechanisms especially direct reactions

already started to contribute.

In principle nuclear reactions can be divided into com-

pound nuclea.r reactions, direct reactions, and intermediate

proeesses which are in between the compound and the direct

reactions . To understand this Eve can look a.t a typical ex-

perimental nucleon emission spectrum shown in Fig . 1.

In the compound nucleus region the incident partiale is

captur°ed to form a compound nucleus in a highly excited state

which then decays by emission of partiales . Because of

similarity to the escape of molecules from a drop of hot

liquid the region is also known as the evaporation region .
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Energy of emiti-ed purtide

Fig . 1 Schematic representation of nucl.eon emission spectr°a.

A large fraction remains unexplained by campeund

nucleus and direct r°eactions . Precompound model and

multistep direct Model are pr <oposed for the inter-

mediate process [cf . 8].

The spectrum in this region is symmetric to 90° and even-

tually isotropic . The interaction time is betwaeen 10 -14 and

10-19 s compared to direct reaction which is in the Order of

10-22s . The angular distribution at the high energy end is

anisotropic and forwFard peaked, indicating a direct inter-

action in which the incident particle inter°acts with the

nucleus as i.t Passes writhout forming an intermediate state.

`ehe nuclear° proeesses 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 region of the nuclear

interactions . The region in bet een the compound nucleus and

direct interaction is known as the precompound region (near

to the compound nucleus region) and the ultistep direct

region (near° to the direct interactions) .



lt is not intended in this introduction to present a

complete analysis of the reaction modeln currently in use

because many excellent reviews haue already been published

[cf . Refs . 9-11] . °ehe 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] . lt 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

[19] . 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 spectra

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 also made to calculate the differential

cross sections of (n,t) reactions an light nuclei using a

distorted-wave Born approximation (DWBA) analysis [25] . In

order to Interpret the integral (n,t) cross sections Qaim et

al . [26] performed detailed statistical model calculations

using the Hauser-Reshbach method and a unified set of optical

model parameters without introducing any normalization

factors . Similar calculations an 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 Neutron Sources

Production

The availability of neutron sources wich well defined

characteristics is essential for a detailed study of neutran

induced reactions . The earliest experiments used (a,n) and

(r,n) sources which had complex energy spectra and low

yields . The development of particle accelerators and high

flux neutran 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

availabie neutron sources . These sources are Bither quasi-

monoenergetic or continuous spectrum beams . No source of

neutrons is truly monoenergetic . Using the time-of-flight

technique wich an advanced pulsing system [cf . Refs . 28,29j

it is possible to measure the spectra of these sources with

good accuracies.

Fast neutrons are generally produced by the interaction

of deuterons an deuterium, tritium or beryllium (see Table

2) . The neutron production cross sections of Chose reactions

in the forward direction are given in Fig . 2 [cf . Ref . 30).

The average energy of the neutrons as a function of incident

deuteron energy is given in Fig . 3 [cf . Ref . 30).

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) 3He source and a

3H(d,n) 4He source yield quasi-monoenergetic neutrons whereas

a `d(se) target produces a breakup neutron spectrum . The dd

target can be used for low deuteron energies ; however, the

yield is also very low . On the other hand the dt target given

high yield at low deuteron energies which decreases to a

minimum at about E de 3 MeV . Then as the energy of the deuteron

increases the neutron yield increases again due to the



3H(d,np) 3H reaction with a threshold at 3 .71 MeV, and the

3H(d,2n) 3He reaction for Ed > 4092 MeV . The d(Be) target

g,ives high yields but needs deuterens of energies > 3 MeV.

Table 2 . Nuclear reactions used for the production of neutrons

wich some typical neutron yields.

Source

	

Q-value

	

Target 0-sieg Neutron Energy

	

Neutron
Reaction

	

(MeV)

	

yield

	

Spread

	

Energy Range

(sr -1 •uA-1 )

	

(keV)

	

(Mev)

2H(d,n) 3He

	

+ 3 .27

	

Gaseous (2 .8-7 .5)x10 7	100

	

3-10

Ti(A)

	

(0 .5-9 .0)x10 6	100

	

3-8

3H(d,n) 4 He

	

~ 17 .59

	

Gaseous

	

8x10 6	100

	

13-20

Ti(T)

	

1x108	100

	

13-15

9Be(d,n) 10B

	

4- 4 .36

	

Solid Be > 3 .0x10 $	broad

	

up to maximum

spectrum of incident

deuteron

energy

In the case of the dd target, there is a choice to use

einher a deuteride metal target er a deuterium gas target.

The former is ea.sy to use, stable and depending an the design

can yield a point neutron source . The latter° is somewhat

inconvenient to use due to leakage problems . The entrance

window ma.y be easily ruptured and the neutron source Je 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 hagre to be carefully selected to obtain

clean neutron spactra . For `the entrance window and beam stop,

materials Ilke Havar, Mo, Ni, Nb, Ta and Au haue been used .



10

5oo

200
E

c

100
U
m
Ih

w 50
o
U

20

10

o .1 0.2

Fig . 2 Neutron producti.on cr°oss eections in the forward

direction as a fu.nction of incident deuteron energy

[cf . 30],

ith a suitable design the gas target can withstand pressgares

> 2 atm and beam currents > 20 gA [cf . 31] . At high beam

currents it is important tha.t the ion beam be diffused

uniformly over the entrance window so that local hot spots do

not develop and rupture the foil . The rela.tion between

deuterium gas density and beam current has beeil i,nvestigated

[cf . 32] . The characteristics of a deuterium gas target in

use at Jülich haue beten described [33].

In the ca.se of dt reactions thr°ge typen of tritium

targets haue been used : gas targets, metal tr,itide targets,

and targets in which a mixed beam of deuterons and tritons

implants the hydrogen isotopes in a metal target . The most

popular case is a neutron generator using ti.tanium or

zir°conium tritide target due to its äow c .ost and less tritium

hazards . In most commercial dt neutran generators deuterium

ions are accelerated to 150 kev wich 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 deuterons produces about

1 .5x10 11 n/s [cf . 34] . However the presence of other ionic

species and the fact that targets often deteriorate rapidly

wich ion bombardment, lead to lower yields . At Laos Alamos,

tritium is accelerated to initiate the dt process [cf . Ref.

35] . The reason tritium is accelerated instead of deuterons

is that the accelerated deuterons at E d > 5 MeV start to

breakup . Using tritium beams monoenergetic neutrons of

energies up to 28 MeV were obtained.

A 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 mang nuolear levels.

Measurements of d(Be) neutron spectra for incident deuteron

energies between 7 and 54 MeV haue been reported [for a
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detailed review cf . Ref . 36] . Howover, information over a

wide range of deuteron energies is still laeking . Seme

properties of the spectra haue beeil briefly d.escribed [cf.

Ref . 36] . Time-of-flight studies show trat the neutron yield

is strongly forward peaked . The intensity of neutrans

decreases sharply wich the angle of emission . The energy

dependonee of the neutron flux at 0-deg exhibits a broad

speetrum . These observations 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 nueleus i® .

Detection and Characterization

Neutrons can be detected indirectly bfr scattering and

absorptive reactions . The Main scattering reaction used is

neutron-proton collision and the detection method used is

called the proton-recoil method . A simple method, which uses

proton recoil, produces a proton response spectrum from a

liquid organic scintillator . The seintinators harre proven to

be exeellent fast neutron deteetors for many reasons ; high

efficieney, good energy resolution, low sensititiy to gamma,

higher H/C ratio, isotropie response to neutrons, and insen-

sitivity to mechanical and thermal shock.

Fast neutrons incident an the hydrogen--containing sein--

tillator give rise to recoil protons and from kinematics it

can be shown that the limits of the proton energy are

C< <E . Therefore, the shape of the response spectrum shouldp_ n
be rectangular, ranging fron zero to the full neutron energy.

However due to non.lineari.ty of the light output with recoil

proton energy, edge effect, multiple scattering from

hydrogen, scattering from carbon, and at En > 3 MeV two

competing reactions i2 C(n,a) 9Be and 12C(n,n')3a, the shape of

the spectrum may somewhat change.

High energy resolution spectra can be obtained using the

time---of-flight technigue in which a narrow angle proton-
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recoil telescope is used . Fig . 4 [Ref . 31] shows time-of-

flight spectra for neutrons fron a deuterium gas target

measured at 0--deg and 5 MeV deuteron energy . The 2 cm gas

cell ras filled to 2 atm with deuterium . The spectrum from

the evacuated cell, under similar conditions, is also shown.

In addition to the neutron peak fror the 2 H(d,n) 3He reaction,

there aAe several other peaks originating grob (d,n) reace

tions such as those an structural materials, and an I2{
: and

0 . The contribution from back gground neutrons increases

slowly with use.

16
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Fig. 4 Time-of-flight spectra of a deuterium gas target at

0-deg and 5 MeV deuteron energy . Results for an

evacuated cell and one filled to 4 atm cm with

deuterium are compared [31].

Another popular method makzes use of activation through

one of the n>eutron absorptive reactions and is known a.s the

threshold detector method . The detection of fast neutrons by

this method is based an the existence of an energy threshold
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for the reaction . The activity of the feil gives a measure of

the neutron flux above the threshold . The advantages of this

method are : the foils are small in size, insensitive to

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 reactions and deeay character-

istlee of the reaction products (e .g . energy, relative

intensity, halfelife etc .) are well known . The unfolding of

the spectrum is achieved using several codes [cf . Ref . 37].

The method has been extensively applied in the case of

speetral neutrons.

Wölfle et al . [38] measured the distribution of neutron

flux at a d(Be) target for deuteron energies between 17 .5 and

30 .0 MeV . Sets of 12 flux monitor falls having different

reaction thresholds were used . The d(Be) neutron flux distri-

butions obtained are shown in Fig . 5 [Ref . 38] . Some of Chose

were used in this work to caIculate the average 9 Be(n,t) 7 Li

reaction erees sections (see section 4 .2).

1 .4 Review of (n,t) Reactions

Most of the work an (n,t) reactions Maas been carried out

at energies around 14 MeV . The subject has been discussed in

several publications [cf . Raft . 39-41] . Seme investigations

haue been reported in the energy range of 15 to 20 MeV using

monoenergetic neutrons [cf . Refs . 42,43] . 30 as well as

53 MeV d(Be) breakup neutron spectra [cf . Refs . 44-46] have

also been used to investigate (n,t) reactions . Same of the

salient features of (n,t) reactions are described belog .
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Vlg . 5 The d(Be) neutron flux d .istributions, obtained via

spectrum unfolding wich the code SAND-II, for the

deuteron energies fron 17 .5 to 30 MeV . The fluxes haue

been normalized to equal areas under the curves
30
CE 0 ( i )dg=IO 5 , taken from Ref . 38.
2

Signif .icanoe and Difficulties

Measure ents of integral and differential goss sections

for triton emission may add to our understanding of basio

reaction theory and yield useful information for practical

applications, . especially for trit€um breeding in fusion

reaotors as well as tritiu production irr the upper level of

the atmosphere, in the vicinity of a reactor core, and in

shield.ing and Absorber materials .
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The main difficulties occurring in the investigation of

(n,t) reactions are as follows:

(1)

	

Low cross sections (in gb-mb range).

(11) I,ow neutron flux densities (10 5 -10 9ncm -2s- 1 ) .

(111) The need for a very high purity sample

(Li-impurity should be very low).

(IV) The presence of a high matrix activity.

Experimental Technigues

Most of the recent (n,t) cross section measurements were

performed in the light mass region at Zagreb [cf . Refl.

21--23] and in the medium and heavy . mass regions at Jülich

[cf . Refs . 47-49] and Debrecen [cf . Refs . 27,50] . Two

techniques, vi,z . activation and an-line spectral measure-

ments, were employed . Both techniques are discussed below:

(I) Activation Technique

This technique involves an off--line identifi .cation and

determination of the radioactive reaction product . We can

identify the activation product in combination wich speeitle

radiochemical separations or via trit .ium sepa.ration and ß-

counting . Both the methods haue their own merits and limitas-

tions.

Good radiochemical separa.tions are needed to separate

the low yield (n,t) reaction product from the streng matrix

activity [cf . 39,47,49] . In general large samples are

irradiated and therefore special separation methods haue to

be developed . In some cases use of highly enriched Isotopes

as target material is mandatory to get higher precision

results . The activity of the reaction product is then

determined by high resolution Ge(Li) detector p-ray spectro-

rmetry, via rr-coincidence counting or using low-level ß

counting . This activation ethod has the disadvantage that it



- 17 --

cannot distinguish between the different competing processes,

such as (n,t), (n,dn) and (n,p2n), which lead to the saure

reaction product, unless Q-value considerations e1iminate the

contributi.ons of the latter proeesses.

The separation and absolute counting of tritium has been

applied in several laboratories [cf . Refs . 44,50-52] . The

method is of special value when the res,idual nucleus is

stable or has very unsuitable decay properties . In this case

the (n,t) reaction can be distinguished from the oth.er

competing processes mentioned a.bove . The tritium is removed

fron the irradi.ated material by a high temperature vacuum

extraction technique and counted in the gas phase in an

anticoincidence system . The extracted gas can be filtered

through a Pd window or be absorbed by Nb and released

subsequently [cf . section 3 .11] so allowing only hydrogen gas

to be collected . The purity of the counting gas is proved by

radiogas chromatography [cf . 44,45] or via pulse shape

discrimination using proportional counting [cf . 50].

Tritium content can also be determined usin.g liquid

scintillation counting [cf . Refs . 51,52,49] .•This method has,

however, been applied mostly to 5 Li(n,t) 4 He and 7 Li.(n,n°t) 4 He

processes where the cross sections are Iarge and the size of

samples is small . In cases where large samples are

irradi.ated, the dissolution process leads to relatively large

volumes which are unsuitable for scintillati.on counting.

A somewhat special method involves the study of gamma-

rays (originating from the reaction product) employi.ng the

time-of-fli.ght technique . Benveniste et al . [53] measured the

cross section of 9Be(n,t) 7 Li* ee 7Di+r(0 .4ii Peil) reaction in

the vicinity of 14 Mey by detecting the gamma-rays at

scattering angles from 30° to 150° . Due to the simplicity of

the gat a-ray spectrum and simple correction for secondary

processes it was possible to detect the gamma-rays in the

presence of high neutron fluxes . If the (n,dn) and (n,p2n)
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processes would haue high cross sections, or if several

closely spaced levels would be populated, the analysis would

lead to rather uncertain results.

The technique of determin.i.ng the residual activity Maas

been applied successfully in the investigation of (n,t)

reactions at 14 eV an aedium and heavy nuclei [cf . Refs . 47,

39,41] . `he method of triti counting, an the other hand,

has been used in all the mass regions [cf .54,44,45,42,50-52]

The dlsadvan.tage of these two techniques compared to spectral

measurements (sse below) is Maat on .ly integral goss section

data are obtained . They do not Iead to as detailed aas

information an the reaction mechanism as the differential

data.

(11) Spectral easurements

Tritons emitted in neutron induced reactions haue beeis

detected directly via a counter telescope (cf . Refs .21--24j,

SLil(Eu) scintillator [cf . Refs . 55,56], nucl,ear emulsion

[cf . Refs . 57,53], cloud ehamber [59], gridded ionization

chamber [60-62] and pulse-height anal.ysis of a BF 3 propor-

tional counter (63] . The more common technique of measuring

the energy and angular d.istribution of emitted tritons,

however, seeins to employ a counter telescope consisting of

several ä proportional counters for measurement of the

specific energy loss anal one scintillation or semiconductor

Eedetector for measuri.ng the residual energy . A semiconductor

telescope in combination with time-of-flight facility has

also been used [54].

In general, the Sample material raust be Mein compared to

the range of the tritons . Furthermore, Meere should be

possibi.liti,es for discriminating tritons egalnst other

charged particles and gammas wh.ich are produced by neutrons

in the sa.mple, in the detector and the structural materials.

Yor investigating a Iow cross section reaction, Ilke the
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(n,t) reaction, a strong neutron source is r°equired . There-

fort most of the easurements ha.ve been performed at arou.nn

n=14 MeV and an light nuclei due to their higher cross

sections.

Rosario-Garcia and Benenson [24] measured angular

distributions of tritons fron the 6Li(n,t) 4 He and 9Be(n,t) 7 Li

reactions using three proportional counters filled with

0 .1 atm CO 2 as a AE detector and a 1 mm thick 200 mm 2 area

silicon detector as an E--detector . A si i.lar principle was

used by Fassenden and Maxson [65] to study the
14N(n,t) 12 C

reaction . They used two thin silicon surface barrier ßE

deteetors and ta Csl E-detector . ®ther investigators [cf.

Refs . 23,66,67] used either two or thr°ee gas proportional

counters and a solid state E-detector to study 9Be(n,t) Li,
10B(n,t)2s, 11 $(n.,t) 9Be and 1 N(n,t) 12 C reactions.

Some of the diffieulties encountered in the coun .ter

telescope method are Iow tr°iton fluxes and high background

events . If however, the sa ple can also nerve as the triton

detector, the low flux problem can easily be over°come and the

ba.ckground events fr°om the detector housing are of minor

i por°tance . In this way 6Li l ( Eau ) scintil lator for 6L1(n, t) 4He

reaction [56], ®B--loaded nuclear emaalsion for 10B (n, t) 2s

reaction [57], gridstype ?onization chamber filled with

nitrogen or a nitrogen-argon mixture for 14N(n,t) 12C reaction

[60] and BF 3 proportional counter for
10B(n,t)2s reaction

[63] have been st€adied.

ulti-par°ticle B ission occurs gredominantly in reac-

tions an light nuclei . `his is due to the lall separation

energies of nucleon.s or cl sters of nucleons in light nuclei.

Detection by nuclear emulsion and cloud chamber offers

simultaneous detection of two or ore emitted charged

particles in an almost 4a detection geometry . Background

proble s due to gammas anal eiaetrans are considerably reduced

because the detection process is insensitive to these
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particles . According to the composition of the sample, these

techniques can be modified for use in the case of target

nuclei such as 6°7Li, 10,11

	

120, i4N, and 160 [57,59,66].

The ranges and angles cif the emitted charged particles are

recorded using several Scanners at different positions.

A grid- type ionization ehamber has been used to study

(n,t) reactions [62] . The ehamber is filled with nitrogen or

nitrogen-argon mixture to observe the disintegration of

.Nitrogen by fast neutrons [60,62], or with argon and baren

trifluoride enriched in 1®B for neutron induced reactions an
10B and 19F [61] . A typical pulse-height distribution frort

the disintegration of nitrogen After reaction wich 6 .1 MeV

neutrons is shown in Fig . 6 [62] . However some pulses are

lost due to the wall effect, and a correction has to be

applied . An alternative method, with almost simi.lar principle

is to use a 1OBF 3 gas proportional counter to measure the

thermal cross section of 10B(n,t)2a reaction [63].
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Cross Section Data and Excitation Functions

Most of the measurements an (n,t) reactions haue been

carried out by using the activation technigue, resulting in

integral data . Differential data, i .e . angular distributions

obtained via spectral measurements are limited to light

nuclei . So ge of these date. haue 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 haue been carried out mostly at Zagreb for

neutron energies around 14 MeV . Typical results for

10B(n,t) 8De [25] and 14 N(n,t) 12C [23] are shown in Figs . 7

and 6 . The triton spectra obtained are forward peaked showing

that direct processes (mainly the d.euteron pick-up) are

involved and are responsible for the relatively high (n,t)

cross section . Integral date. for light nuclei (except 6,7 Li),

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 gb and the reported results before 1970 by

various investigators were in discrepancy, mainly because

dieturbanees from impurities were not recognized . The results

reported after 1971, mostly fron Jülich [47,39] and Debrecen

[50,27], are more consistent . The Status of the data and

systematics up to 1976 was reviewed by Qaim and Stöcklin

[39] . Some confirmatory studies were also performed by Woo

and Salaita [69] . B®dy and leih&ly [70] compiled and evaluated

(n,t) cross section data at 14 MeV . Isomeric cross section

ratlos for several (n,t) reactions were measured for the

first time by Qaim [41] .
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Fig . 7 Angelar distributions of tritons from I0B(n,t) 8Be

(ground state) (a), and 10
B(n,t)

8
Be (2 .9 MeV) (b) . The

full and dashed curves represent DWEA calculations

wich different potentials [25].

The (n,t) cross section as a function of neutron energy

is known only for a few target nuclei . The excitation
6 .function for the LI(n,t) he reaction is shown in Fig . 9 [cf.

.
Ref . 71] and Maat for the

7 LI(n,n't) 4He process in Fig . 10

[cf . Ref . 72] . The results of a recent measurement an

9 Be( 7n,t) Li are given in Fig . 11 [43] .
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reaction (ground state) . The fu.ll and dashed curves

represent the refined version of PWBA .calculations

[23].

At the coimnencement of this work only 1imited

,information an 10B and 14N was available . Frye and . Gammel

[57] measured the 10B(n,t)2a Cross section at eight neutron

energies between 5 and 20 MeV u.sing boron-loaded nuclear

emulsion . Wyman et al . [54] used tri.tium gas cou.nting to

measure the cross sections at .four neutron energies between 4

and 14 MeV . Triton emission was investigated at 14 MeV using

a counter te.lescope [cf . 22] . The tritium counting technique

was also used for Cross section measurements with 14 MeV

neutrons [50], thermal and fission neutrons [73] and d(Be)

break-up neutrons [45] . Recerntly the cross section gras also

measured at thermal neutron energy via pulse-height spectrum

analysis from a BF3 proportional counter [63] .
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The 14N(n, t) 12 C reaction Haas studied over a Small range

of neutron energies by variou.s investigators using Bither an

ionization chamber or a counter telescope . Using the First

technique Gabbard et al . [60] investigated this reaction in

the energy range of 6 .6 to 8 .2 MeV . Later the crnss section

values were increased by 20 % due to a correction in the

efficiency of the Jong counter [74] . Using the saure technique

Scabel et al . [62] neasured the cross sections at neutron

energies between 6 .5 and 6 .4 MeV ; their values were higher

than those reported earlier . ahe second technique, viz . the

use of a cnunter telescope was carried out mainly at 14 MeV

[cf . Refs . 23,66,66,66,26] and studies were directed towards

mea.surement of angular dietributions of the emitted tritons.
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At neutron energies above 14 MeV the Tour particle

break-up 14 N(n,t)3a process (Q-value = -11 .29 MeV) was also

observed, e .g . at 15 .7 MeV [59], 18 .2 and 19 .3 MeV [57].

Double--differential goss sections for triton emission from

nitrogen were measured when using neutrons of energies 27, 40

and 61 MeV [75,76] . Integral cross section for the (n,t)

process of nitrogen, induced by 53 MeV d(Be) break-up

neutrons, was also d.etermined [45].

In the case of medium mass nuclei excitation functions
haue been measured only for 27A1y 59Co and 93Nb, and the

results are shown in Fig . 12 [Ref . 42] . Recently the

excitation function of (n,t) reaction an Al was determined

using activation in diverse d(Se) neutron fields and

unfolding code calculations [38] . The method seeins feasible

and may be extended to a great number of nuclei especially

wi.th high threshold energy reactions.
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Extensive studier of (n,t) reactions have also been

carried out wich 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

f eia mb.

Systematics

Systematics of (n,t) reaction cross sections at En a

14 MeV were completed at Jülich [39] . Fig . 13 shows an up-

dated version of (n,t) reaction cross sect,ion as a function

of target nucleus [77] . Ido systematic trend can be observed

for the light nuclei . An up-dated version of the systemati.cs

as a function of the relative 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 ratlos in (n,t) reacti .ons

were found to vary as a function of the spie of the isomerie

state [41] . Also, there exists a possibility of an isotopic

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

established.

Systematics of triton emission cross sections with 30

anal 53 MeV d(Se) break-up neutrons have also been reported

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

1 .5 Model Calculations

Compound Nucleus Model

Once the compound nucleus is formed, it can decay in a

grea.t mang ways, e .g . by the emission of neutrons, protons,

tritons etc ., Bach leaving the final nucleus in mang

different exci.ted states . .. Since : generally a lange ngmber of
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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 . 73] . The

transitions may occur to the continuum region of the product

nucleus e .g . for (n,p) and (n,a) reactions . In the ca.se of

(n,t) reactions =st of the transitions occur to discrete

states of the product nucleus . The total width for the decay

of the ccmpound nucleus into all open channels raust be split

into two parts : the discrete egergy levels region and the

continuum region . The total width is calculated by

summation cver transmission coeffici.ents 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 an two

assumptions:

(1)

	

Intermediate states are formed through Nahich the

reaction proceeds;

(11) the states are numerous within a small energy

interval ; their widths and energies are randomly

distributed .

t
E

A,Z

if pick- up,

timen S.0,1

,.Y

A-2 , Z-1
Y Y

A, Z 1

A-3 , Z-2

A-2

if pick-up,
r,n thcn S=0

Fig . 14 Schematic representation of the energy scheme of

(n,n » , (n,2n), (n,p), (n,d), (n,t), (n, 3He) and

(n, 4He) reactions [cf . Ref . 78] .
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®ptical Model Parameters

A neutron optical model potential is required that is

valid for all ranges of energies under consideration . The

search for an adequate set of optical model Parameters for

use in calculating transmission coefficients is one of the

firnt steps in making detailed Hauser-Feshbach cross section

calculations [cf . 26], which haue been successfully applied

in neutron induced reactions up to 20 Mulm

Global optical model parameter sets, such as those of

ßjorklund and Fernbach [79], Perey and Blick [80], ilmore and

Hodgson [81], Secchetti and Greenlees [82] and Rapaport et

al . [83] have been tested recently over a wide mass range.

The garameters, however, do not werk well at very 1ow

energies since the imaginary potentlaie continue to decrease

wich increasing energy [for review cf . 84,86] . This is

especially so in the case of (n,t) r°eactions where the

emitted tritons have low energies.

In Hausen-Feshbach analysie for the emission of protons

generally the parameters of Becchetti and Greenlees [82] Maat

are suitable for neutron energies between 2 and 60 Mein are

used . Fox* otYaer° garticles as well as neuteens a set of

optical model par°ameter°s selected by Qaim et al . [26] from

the values given in [Refs . 86-89] were used and are given in

Table

Leve1 Density

The statistical assumption implies that statistical

equilibrium exists during a compound nucleus reaction.

Statistical equilibrium means that the relative numbers of

compound nuclei and of sets of particles that cor°respond to

the various decay channeis are deter°mined by their relative

state densities, i .e . level densities of the residual nuclei

show<an by Eq . la and lb . The density of nuclear° levels depends

strongly an the excitation ener°gy and an mass number A . Fox°



Tab1e 3 . Optical model parameters used for calculation of

transmission caefficients [cf . Ref . 26].

Real Imaginary
Particle Potential

(MeV)
Radius
(fm)

Diffusivity
Um)

Potential and type
(MeV)

Radius
(fm)

Diffusivity
Um) Ref.

n 56 .3-0 .32E 1 .17A 1/3 0 .75 13 .0-0 .25E-12(N-Z)/Aa 1 .26A I/3 0 .58 T$

24(N-Z)/A SW-DERIV

P 54 .0-0 .32E 1 .1TA 1/3 0 .75 11 .8-0 .25E+12(N-Z)/Aa 1 .32A 1/3 0 .51+ 78

24(N-Z)/A+ SW-DERIV 0 .7(N-Z)/A

0 .4Z/A 1/3

d 81 .0-0 .22E+ 1 .15A 1/3 0 .81 14 .4+0 .24E SW-DERIV 1 .34A 1/3 0 .68 82
2Z/A 1/3

t 152 .0 1 .24A 1/3 0 .67 25 .4 SW 1 .44A 1/3 0 .82 83

3 He 168 .1 1 .24A 1/3 0 .56 24 .5 SW 1 .35A 1/3 1 .07 84

a 183 .7 1 .40A1/3 0 .56 26 .6 SW 1 .40A 1/3 0 .56 85

a In case of negative values, a figure of zero is used . All E values are in MeV and
refer to c .m . system .



- 32 -

light nuclei, near to the ground state, the levele may be

about 1 MeV apart and closer for Keavier nuclei (exeept for

magic number nuclei) . 'ehe discrete levels are taken from

results of nuclear spectrocopy . The energy levels in the

continuum are obtained from the constant temperature Fer i

gas formula given by Cilbert and Cameron [901 . The density of

nuclear levels at excitation energy E of a given angular

m.omentum I (either parity ) is

/

	

1
1 (E,1) = - exp [(E-E®)/T]F(I,c)

T

for E < Ex

1
g~

	

,py

	

1

	

1

	

and%o

	

Qy

	

~y Q~

	

!42 (E,l) T

	

1/

	

5/4exp(2 65sä)~+(T,V)

12A

	

a

	

u

	

c,

for E > Ex
where

21¢1
F (I, 6 ) - (

		

2 ) exp[-(I+%)2/2g 1
2~

U = E-P(Z)-P(N)

= spin--dependence parameter

T e nuclear temperature

P(Z) = proton pairing energy

P(N) = neutron pairing energy

Ex = energy at the tangency point of the curve of

total number of levels as a function of E.

The constant temperature expression %o1 is used for E<Ex

and the ethe expression i0 2 for E>Ex . The value E, is

determined by fitting /0 1 and /0 2 at EeEx. The parameters Em,

Ex , T, P(Z) and P(N) are taken freie Ref . 90 . `ehe level

density parameter a may also be taken from Ref . 90 but irr

cases where no value is ava.ilable, it can be calculated by

(la)

(ib)

a

	

(0 .0091nS (Z)+S(N)1+® .142)A

	

(2)
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The Shell corrections S(Z) for the proton and S(N) for

the neutron are taken from Cameron and Eikin [91] . For Z or

N<9 approximate values of pairing energies and level density

Parameters are

P(Z)

	

P(N)

	

16 .2/A°' 551

and

	

a ® A/7 .5

The sein cut-off expression used by Gilbert and Cameron

is given by

6
<m2 > (a[7)

	

(5)
~c

where the mean square spie projection <m 2 >, Laken from Ref.

92 is

<m 2 > = 0 .24 A 2/3

	

(6)

Gardner [85] found that this <m2> value suggested by

Reffe [93] and other investigators is a better average

representation for <m2> than the original va.lue given by

Gilbert and Cameron.

Hauser-Feshbach Calculations

The total Cross section., according to Hauser-Feshbach

formali.sm [cf . 94,92,95] for the excita.tlen energy EB via

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

j
a1a2(EB,IB) = tax CICN (J)G(EB ,1wJ)/g (J)

J

'ehe term acN(J) is the cross section for the Formation

of a compound nuc.leus wich spie J . G(EB ,IS ,J) is the partial

width for the decay of a compound nucleu .s state with spie J

to a state of the residual nu.cleus at an excitation energy ES

(S)

( 4 )

(7)
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and spin IB , and g(J) is the total width for the decay of the

compound nucleus into all open channels (denoted by primes).

Each of the above terms is given below :

J+S 1
T

	

(E )11

	

($)
1 1 -/J-S 1 /

,'c. (J ) - gg 1 E
(2IA+1)(2Ia+1) S1%°-/IA-la/

IA-'-la
2J+1

I E'Ib	S 2 -1-J

	

T (E )

S 2 =/IB --I b /

	

1 2 =/S 2 -J/

g(J) =

	

12'+J

	

S 2 I b'

	

Ec

	

T l %

b'1 2 '

	

S2`=/12'-J/ IB,~/S2'-Ib,/

	

E B ,--ß

where

s 1° s 2

T1
~EE~,I S ) .

IA

E

B

, tax

% , . .c
T l , p(ES ,, I B ,)dEE

,]

	

(10)
z

spinn of the participating nuclei

angular oment of entrance and exit

channels

spie channels of entrance and exit

channels

wavelength of incident particle

transmission coefficient

level density of residual nucleus B with
an excitation energy of EB and spin I E

'ehe calculated excitation funcations for 27A1,
59cc, and

93
Nb have already been shown in Fig . 12 together with the
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experimental data [42] . For the 27A1(n,t) reaction the agree-

ment is good ; for the other two reactions the contribution of

compound nucleus proeesses deereeses wich the increasing mass

of the target nucleus.

Other Compound Hucleus Model Calculations

Sev'eral computer codes exist which are based an the

complete statistical model (Weisskopf-Swing formalism) . One

of them, an empirical model, has beeis developed by Pearlstein

[96] to calculate reaction cross sectione for medium mass

nuclei . The model is based an the fact that the high energy

non-elastic cross section 3s gell known and that the

cmepetition for charged particle and neutron emission for

neutron induced reactions is a relatively smooth function of

the neutron excess over protons in the target nucleus . Since

direct reaction effects can be important the calculations are

normalised by experiment so as to partly compensate for

d.efielencies in the model . The code Maas been tested

extensively by Hermsdorf et al . [91] to find a basis for the

adju.stment of calculated cross sections for seine rare

reactions Ilke (n,t), (n, 3He) etc.

Perroud and Seilern [67] deduced the integral cross

section of 9Ee(n,t) 7Li (firnt excited state) from their

differential cross section measurements by assuming symmetric

angular distribution at 90° . Their result was comparable with

the result reported by Henveniste et al . [53] and concluded

that the reaction proceeded via campeund nucleus formation.

Knox and Lane [96] calculated the integral and differential

Cross sections of 6Li(n,t) 4He reaction from En = 0 .025 eV up

to 4 Mey using R-matrix analysis based an the campeund

nuclea.r model . They found good agreement wich experimental

results .
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p irect Tnteractions

`ehe difference in the time scales of nuclear react .ions

implies compound nucleus formation an one extreme (for slow

reaction) and direct interaction an the other extreme (for

fast reaction) . Since such time scales may merge and overlap,

e expect that both processes may compete with Bach other . 1n

the present section, the sali.ent features of the direct

interaction 3s compared to the formation of a compound

nucleus with special reference to the (n,t) processa

Basically, the direct reaction theory accepts the

optical model description of clastic scattering by a complex

potential well as a firnt approximation, but introduces as a

perturbation an additional direct interaction capable of

giving rise to non-ela.stic processes . Such perturbation

treatment employs the plane-grave Born approximation (PWBA)

and more successfully the distarted-wave Born approximation

(DWBA) . `his approximation is valid as long as the reaction

is suffi.ciently Steak . For stronger transitions, the coupled

channel formalism [cf . 99] offers the dost useful means of

Boing beyond first order in the interaction causing the

transition.

A major success of the perturbation theory was the

development and application of Butler theory [100] to

describe pick-up, e .g . (p,d), (n.,d), (n,t) etc, and

str .ippi,ng, e .g . (d,p), (d,n), (t,n) etc . proeesses . The (n,t)

reaction for light nuclei proceed via deuteron pick-up and

triton knock-out due to deuteron and triton cluster

formation . Seme of the evidence for this structure gras

obtained by Zafiratos (101] who correlated deuteron cluster

in "N. In case of 10B, which is not a typical Cluster

structure, theoretical studies of the lo -l.ying states of ® B

by Oabr and Hackenbroich [102] showed that several cluster

configurati.on.s contr .ibute to the properties of 10B, notably
66Li-a and Be-d .
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Rendic [23] and Antolkovic et al . [68] analysed the

angular distribution of the 14N(n,t) 12C 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 elastic scattering of a particle of

mass m . The differential cross section is given as

du

	

m 2

	

k f_

	

/m fi/
dis

	

h

	

ki

where

= wave vectors of the incident particlek i

kf = wave vectors of the emergent particle

/mfi / = transition matrix element

The idea is extended to non-elastic processes employing

plane wave theory . The differential cross section according

to Newns is given by

du
-- a exp(-K 2/4ß ) E / A l j i (gro )/ 2
d0

	

1

rohere.

Al = A(31S)

q .= k i - (MI /N p )k f = momentum transfer

1
K' _ k t-kn

kt = triton wave vector

kn = neutron wave vector

(I2)
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ß = constant of the assumed Gaussian wave function of

the triton

A ampliLude

= neutron-Proton sein

j i	spherical Bessel function

ro = interaction radius

On the other hand, the Butler's differential cross

section is given by

du

	

1

dn a(

	

Mj l (qro ), hi (kro )])q 2 +k2

where

2 cB

	

2m Z 1Z2 . 2
k2	 +h2

	

ro

mc = reduced mass of the captured particle in the

residual nucleus

B = binding energy of the captured particle in the

residual nucleus

Z 1 = atomic number of the capture particle

Z2 = atomic number of the target nucleus

The Butler theory as well as Newns theory are known to

predict satisfactorily the position of the firnt maximum in

the angular distribution of reaction products as a function

of the orbital momentum of the nucleon pickeä up by an

incident particle or stripped by the nucleus . However, these

theories fall to explain some other Features such as the

change of angular distribution with the incident energy and
1absolute values of cross sections . In the case of 4N(n,t) 12 C

(Rief . 23], both theories give almost similar curves . The

angular distributions involve transitions 2eading to the

4 .44 MeV(2 +) excited state as well as to the ground state.

(13)
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The total cross sections integrated over the measured angular

range are found to be
a2n = 23

.4 + 3 .0 mb for the excated

state and 62~
d 6 .4 -1- 1 .2 mb for the ground state.

A more refined treatment Takes account of the distortion

of the wave during the reaction . %indsay and Veit [661 used a

two nucleon pick up theory, which introduces a radial

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
14 N(n,t) 12c reactiono Theories of two

nucleon transfer reactions haue been developed by El Nadi

[104], Newns [1031 and Gl.endenning [1051 . The differential

cross section is given by

da

	

k f (24+1)

	

2 2

	

2
-- «

	

E (21+I)A 1 E' (q,r ,A)G ( K )

where

F' (q,ro .A)

	

w exp[--(r-r o ) 2 /2 2 1j 1 (gr)r 2dr
o

G(K) = I 0 exp(-2r t 2u 2 ) j o (KU)U 2dU

q = k2
.-(mi /mf )kf

2
K = - (ki

	

mit/m f )k f
3

A = surface-thickness parameter

Using Glendenning's approach [1061, DWBA analysis of the

(n,t) äeactions an 6°7%I., 10B, 11~ and 14N haare been

performed . `ehe angular distrib€ation for the
10

B(n,t) 613e

reaction is shown in rig . ä [251 . The shapes of the measured

angular distributions are well reproduced by theoretical

calculati.ons using suitable optical model parameters.

(14)
d0

	

ki (2j a.+I) 1



- 40 -

However, tigere are streng discrepancies in the absolute

values of calculated and measured integral cross sections,

possibly due to the use of inappropriate interaction

potentials and intrinsic wave fu.nctions for the incident and

emitted particles, as well as due to the crude approximations

and ineeneistenei.es in the trea.tment of the overlap integrals

of the nuclear states.

Presently the theoretical treatment of neutron induced

reactions an light nuclei, especially Chose involving complex

particle emission, such as (n,t) reactions, is not very

satisfactory . Although a.ngular distributions are reproduced,

ago theoretical method is available to deduce the integrated

cross sections of (n,t) reactions . This merk therefore relied

an the Hauser--Feshbach calculations.

lntermediate Processes

In recent years, tigere has been increasing interest in

investigating the nuclear interaction mechanism via inter-

mediate proeesses . These proeesses are in between the

compound nucleus model (statistical equilibrium) and direct

interaction (interaction with an individual nucleon er small

cluster of nucleons) . As far as theoretical calculations of

(n,t) reactions an 13ght nuclei are concerned, there is good

agreement with the compound nucleus model in some cases and

with the direct interaction model in ethers . lt should be

mentioned that theoretical calculations are performed mostly

for triton angular distributions and iahen either model fails,

no other a~odel calculation is attempted . At present, the

exci.tation functi.ons of (n,t) reactions an light nuclei

cannot be explai.ned satisfactorily by any model . The

possibility of a contribution fror€ intermediate proeesses

cannot be ignored. However, calculations of (n,t) cross

sections using intermediate proeesses are still not

established .
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Merke). and Münze). [107] attempted calculations of (p,t),

(d,t) and (a,t) excitation functions an Al, V, Nb and Au

using precompound-compound mode]. calenlations . ühl [108]

attempted to calcula.te the integrated (n,t) cross section an

"Fe . The result is an underprediction of the experimental

data . The major difficulty is that pracompound formation of

tritons irr the nucleus cannot be well estimated due to

competition between other nucleon emissions and the direct

pick-up process .
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2 . AIM AND SCOPE OEM THIS WORK

The main a.im of Hais work was to m.easure the excitation

functions of (n,t)

tritium separation

Emission of tritium

6w. and 7L1 is well

rea.ctions an some light nuclei using

and low level gas phase 13 - counting.

in the interaction of fast neutrons with

known . Fox° other light nuclei, however,

information at the commencement of this work,

a function of neutron energy, was scanty . In

this work three target nuclei, namely 9Be, 10S and 14 N were

Chosen . In all the three cases experimental measurements were

considered necessary since in general nuclear model

calculations do not yield satisfactory results for light

elements . The Status of date. for the three cases is discussed

below and the objective in Bach case is defined.

The 9Be(n,t) 7Li reaction (Q-value = --10 .4 MeV) is of

interest in fusion 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 cver the energy range of

12 .3 to 19 .5 MeV in a Geel-Jülich collaboration [43] . In the

work described in Mais 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 wich Be, The integral date. should provide

a. useful tes-t of the measured excitation function [43].

The 10B(n,t)2a process has a low triton emission

threshold (Q-value - x-0 .33 MeV) . Boron is one of the

important nuclear materials and tritium build-up in the

shield and absorber can be estimated satisfactorily if the

10S(n,t)2a Cross section is known accurately . The 10B(n,t)2a

Cross section is also needed to expla .in the discrepancy [cf.

111] in the interpretation of the 10B(n.,a) 7 Li reaction used

as a neutron standard Cross section.

sehe available

especially as
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As mentioned in section 1 .4 a few measurements has been

reported for the 10B(n,t)2a reaction in the energy region of

5 to20Me'~~
j
[57~

j
, 54, 22, 50]as well as with thermal amd

y

f
y

~ission

neutrons [~]d3, 63 ] and d(Be) breakup neut q
~1 ans [45] . In this

work the 10
(n,t)2a cross section was measured over the

neutron energy range of 2 .5 to 10 .6 MeV as well as at thermal

neutron energy rohere large discrepancies exist . During the

course of the study the diffusion of tritium in B 4 C was also

be investigated.

The 14N (n, t) 12 C reacti.on (Q-value = -4 .02 MeV) is known

to contribute to tritium product .ion in the vicinity of a

reactor core [cf . 112] . `he cross section data are also

needed for calculation of tritium production in the upper

level of the atospherre and g or estimation of the effect of

cr®ss section uncertainties an neutron ti .ssue loses in air

[cf . 113].

`ehe 14N(n,t) 12C reaction cross sections have been

measured in the neutron energy range of 5 .5 to 5 .2 MeV

[60,74,52], between 14 and 20 MeV [cf . Refs, 23,65,66,60,25,

59,57], at En > 27 MeV [75,76] as well as with d(Re) breakup

neutrons [45] (see section 1 .4) . In the present work the

14 N (n, t) 12 C cross section was detcermined over the neutron

energy range of 5 .0 to 10 .6 MeV.

In order to shed some light an the mechanism of total

triton emission in the interaction of neutrons with Be, 10 B

and I4 N statistical model calculations using the Hauser-

Feshbach method were performed . The excitation functions were

calculated up to E n = 31,20 and 15 MeV, respectively . The

results obtained were compared wich experimental data .
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3 . EXPER1MENTAL METHODS

3 .1 Neutron Producing Targets

At Jülich neutron targets are available at the two

isochronous cyclotronss (I) compact cyclotron "CV 28", (11)

high energy cyclotron "JULa1C" . 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 . lt is important that the materials of

construction haue low (d.,n) cross sections . The gas cell

(3 .7 cm Jong, 4 .0 cm 0, 0 .1 cm wall thickness) is matte of

brass . A copper/beryllium alloy threaded cap system in front

and at the back of the cell are used to hold the beam stop

and the entrance window holder, respectively . The beam stop

is 200 gm molybdenum foil and the entrance window holder

consists of two sheets of 500 gm thick circular brass having

0 .8 cm 0 holes in them . The entrance window is either niobium

or Havar foil sanwiched between the two sheets of the window

holder . The threaded cap system facilitates a rapid changing

of the entrance window foil in case it is ruptured during the

irradiation . The beam stop is cooled by an air jet . All seals

are made of rubber "0"-ring gaskets.

Two magnetic solenoid valves are used to fill and

evacuate the cell . Filling of the cell is achieved by using

high purity deuterium gas, after flushing the cell twice wich

the saure gas . Normall.y 1500 mbar deuterium gas pressure was

used but in some ca.ses pressure as low as 500 mbar was

preferable . A TV-camera view of the pressure gauge helps

monitoring any slow leakage or sudden rupture of the foil

during the irradiation.

A collimated deuteron beam of 4 gA fron the cyclotron

prod.uces neutrons in the Gell via the 2 H(d,n) 3He reaction in

the order of 107 n..--2 s-1 at the sample located 38 mm away
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from, the beam stop . Havar foils of 7 .5 gm thickness, and Nb

foils of 6 .5, 20 and 50 bam thickness were used as entrance

Windows of the deuterium gas target . The primary deuteron

energy was varied between 3 .0 and 8 .0 MeV, so that quasi-

monoenergetic neutrons in the energy range of 2 .5 to 10 .6 MeV

viere 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 lawer end and the rapid increase in background

neutrons towards the upper end [cf . 114] . The importance of

correcting experimental cross sections due to background

neutrons as well as the integral and differential neutron

spectrum within the gas target will be d scussed in sections

3 .7 and 3 .8 .

Target room
shielding

Fig . 15 Sketch of deuterium gas target assembly, setup for

irradiation and measurement wich NE-213.

A streng deuteren beam in the gas cell would heat the

deuterium gas . A change in the gas density would alter the

neutron yield, the average neutron energy and the resolution

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

Cyclofron
shielding

Monitor
feile

En (4°] = 5-10 MeV

ci)„ (0°1 =(4-9)x107 ncm_
2

sec-1 p.A-l
(at 0.5cm)

Pressure

	

D 2
transducer

	

Air cooling Sample

l`!6 or (1
.8 bar)

	

jet

Havar
feit
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project, a relatively low beam current was used and the

target was cooled by a jet of air ; the target heating effect

was therefore negligible.

The use of fast neutrons produced in the interaction of

energetic deuterons wich beryllium is of special interest

because of the high yields and high average neutron energies.

For this purpose deuterons accelerated at .JÜL,IC 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 beryllium

target . The target consists of a 10 mm thick beryllium disc

having a 5 mm copper backing and is cooled by flowi.ng werter.

A sketch of the d(Be) target is shown in Fig . 15 . A deuteren

beam of 1 to 3 pA was used to bombard the Be target producing

a continuous neutron field via the 9 Be(d,n) 10B reaction.

Coeding
water

Ca-backing

Deuferon beam

(17.5 -31 MeV)

Be-farget

Fig . 16 Sketch of the d(Be) target and irradiation geometry .
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A few irradiations were also performed in a pure thermal

column ("Trommelmagazin") of the FR3-2 reactor . The neutron

flux density was in the Order of 1012 cm-2 s-1 .

3 .2 Sample Preparation for Irradiations

Choice of target Material

For the determination of (n,t) erees sections the ideal

target material should posses the following properties:

1. Availability in an Ultra-pure form, especiall,y free

fror traces of Li which has a very high (n,t) cross

section at low neutron energies . In the cases where a

compound is used undesired nuclei should have a high

threshold energy for the (n,t) reaetion (i .e . > 10 .6

MeV for investigations an
10B and 14 N) . The weight

ratio of the investigated nuclei compared to other

nuclei should be high . In some cases, Ilse of enriched

materials is necessary.

2. Solid state materiale are favoured, which have

chemical, mechanical and thermal stability under the

irradiation and tritium extraction conditione . The

materiale should not attack the wall of the heating

tobe.

3. The melting point of the target material ehould not be

very high . During the heating of the material in the

presence of H 2-carrier at the oven temperature

(maximum 1200 °C), tritium release is facilitated if

the material tempera.ture is near to its melting peaint.

Ne material simultaneously meets all these criteria, and

the chelee of a particular sample was always a compromise.

The following target materiale were Chosen:

(1) Enri.ched 10D, D Ä C, and B 20 3 for the
10S(n,t)2a reaction,

(2) A1N for the 14 N(n,t) 12 C reaction, and (3) Be metal for
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the 9Be(n,t) I,i reaction . Seme information an the chosen

ta.rget materials is summarized in Table 4.

Preparation of samples

Baron samples for irradiations at the compact cyclotron

CV 23 consisted of enriched 10B and B4C powder . They were

first. degassed at 1000 °C until no more gas evolved (- 2

hours) and then heated in H2 -carrier to ensure that they were

free frone tritium contamination . Fach sample contai,ned about

1 g of enriched 10B or 12 g of B4C in a polyethylene ca.psule.

The sizes of the samples are gieren in Fig . 17 . Ni and Fe

fo,ils (each 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 cleaned and the whole

sample was wrapped in aluminium fall.

eliminate tritium contributlon fron 11B (Q-value =

-9 .55 Mey ) . nriched 10B ras also used in some ca.ses at Iower°

neutron energies to confirm the validity of the results from

B 4 C irradiations . Also at E n < 3 .0 MeV, where the 10B(n,t)2a

reaction cross section is low, enriched 10B was used to be

abie to accumulate enough tritium activity during a skort

irradiation.

For irradiations at the reactor B 2 0 3 powder was mixed

homogenously wich high purity Zn0 powder in a ratio of

1 :13 .38 . The mixture was sealed in several small high purity

quartz ampoules (3 .0 mm inside ¢, 40 .0 mit Jong) . Zn® was used

as an internal flux monitor via the 54Zn(n,y) 05 Zn reaction.

The amount of Zn0 was in rauch larger portion compared to B 2 03

in order to get a real thermal neutron flux distribution

since boron has high thermal neutron absorption cross

section . In additi.on, similar ampoules containing only Zn0

were prepared as blanks.

Ilse of enriched 10B was necessary for Zn > 9 .5 Mey to



Ta.ble

	

Information` an target'ma:terials used.

Melting

	

Grain
point

	

size
(°C)

	

(qcm)

Attack an
wall of quartz
heating tube

Comments Supplier

> 2000

	

< 420 negligible Expensive Eagle-Picher

USA

2350

	

< 250 negligible Inexpensive ; Koch-I,ight,

readily

available

England

- 450

	

< 50 SS tube*

necessary

Readily

available

Merck

W . Germany

> 2200

	

< 10 negligible Hygroscopic Aldrich-Chemie

W. Germany

1228

	

sheet

	

SS tube*

necessary

Toxic Degussa

W. Germany

Material

	

Chemical Concentration of
purity

	

target nucleus
(90

	

in material
(wt . %)

Enriched
. 10 B

99 .998 94 .4

B 4C > 99 15 .7

D 2 0 3 99 .9999 5 .2

AlN 98 34 .0

99 .5-99 .8 100 .0

'A SS = stainless steel
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Fig . 17 Irradiation assembly . (a) E4 C sample ; (b) Enriched

10B sample (all lengths are in millimeters).

Nitrogen samples to be irradiated consisted of between 9

and 15 g of degassed AIN powder pressed into a polyethylene

capsule (24 .5 mm 0, 19 .0 tim€ long for 10 g sample) . `Ihe

procedu.re for Sample preparation was similar to that for B 4C.

`ehe chosen material had the disadvantage of being

hygroscopi.c, therefore exposure to the atmosphere was keilt to

a minimum by enclosing the capsule in a polyethylene bag and

keeping it in a dry glo`rebox, except during the irradiation

where it was `wrapped tightly in thin aluminium foil.

As described above, Ni and Fe falls were placed in front

and at the back of the sample to serve as neutron f1ux

monitors . In addition, gold foils of 20 ,um thickness (wich

Neutrons

Mo beam - stop

D2 gas target
a)

3.0-Ö.0 MeV
deuterons

37.0

24 .5
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and without Cd shielding) was attached in front of the sample

to determine the percentage of slow neutrons in the beam.

The Be sample was of metallic sheet (10 mm x10 mm x5 mm)

sanwiched between two 300 qcm thick aluminium foils . Prior to

irradiation the Be metal surface was cleaned wich sandpaper

and finally wich acetone . Only tritium free Be was used and

to protect the sample from contamination, the Sample was

wrapped in aluminium feil . The thickness of the sample Haas

enough to minimize the tritium lose due to triton recoil.

3 .3 Neutron lrradiations

The following general requirements had to be ratet in

irradiatians:

(1) The direction of the sample was around 0-deg relative

to the incident deuteron beam : The axis of the sample

was placed allong the 0-deg direction using a Sample

holden . The reason for this was that when using the

gas target, neutrons are produced along the line

between entrance window and beam stop, therefore

estimates of neutron energies for angles other than

0-deg are uncertain . The incident deuteren may be

scattered in a multiple small angle inside the

entrance window and influences the neutron energy

width . This energy and angle straggling effects are

small at aneund O-deg direction (cf . 1151 . The massige

structural material of the gas target may provide a

streng source of scattered neutrons . The. total

scattered neutron fraction at O-deg direction is about

1 .5 % for n = 5 MeV and deennes to about 0 .5 % for

En = 10 MeV (cf . 311 . For the d(Be) target only emall

samples were irradiated at 0-deg direction due : .to the

streng anisotropy of the source .
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(2) Small neutron energy spread Q n : The sample was

mounted an a sman holder that could be slided closer

or further from the target an a millimeter scale . By

placing the sample further away, the subtended

irradiation angle became smaller and increased the

neutron energy resolution ; however, the neutron flux

density decreased wich distance.

(3) Minimum amount of material near the target : Structural

materials may absorb and scatter the neutrons and

therefore cause spurious geometrical asymmetries and

degrade the neutron energy.

The irradiation geometries of the enriched 10B and B4 C

samples are given in Fig . 17 . The front pari of the sample

was 6 .5 mm away from the beam stop of the deuteri,um gas

target in the rase of enriched 10B samples, and IO mit for S 4C

samples . The maximum angle subtended by the peripheries of

the samples relative to the deuteron beam was < 60°.

Deuterens of energies between 3 .0 and $ .0 MeV were used wich

varying thickness of the target window (Ha.var or Nb foil) to

deliver quasi-monoenergetic neutrons of energies between 2 .5

and 10 .6 MeV. Bach Sample was irradiated for a period between

2 and 12 heure at deuteron beam currents of about 4 gA.

B 2 0 3 + Zn0 samples irradiations were performed wich

thermal neutrons in the nuclear reactor for 22 heure.

The irradiation geometry of the A1N sample was similar

to that of the B4 C sample (cf . Fig . 17) . The front pari of

the sample was 10 tim away from the neutron source . Irra--

diatione were performed for 2 .4 to 6 .0 hours wich quasi-m,ono-

energetic neutrons in the energy Tange 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 sample to the

copper backi.ng of the d(Se) 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 9 to 17 hours

at deuteron beam currents of 1 to 3 gA.

3 .4 Neutron Energy and Flux Density

'ehe 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 di.rection is well characterized and the

energies of dd neutrons from a gas target can be reell

calculated . This work therefare relied an 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 :

dE

	

Z
a
. 2 (E)

	

A(E)
0 .30711 -

	

(In

- ß 2 - -)

	

in MeV cm 2 /g

	

(15)
2

where

A(E)

P

zi -
Z

1 + 0 .035 (Zil°5

	

Z 0 .5 )

atomic number of incident deuteron

atomic number of target

W = mass of the target nuclei

ß = ratio of the velocity of incident deuteron and

speed of light
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ö = Sternheimer density effect correction

Qma~ _ maximum energy transfer to electron from incident

deuteron

I = ionization potential

Ecl . 15 was used to calculate the deuteron energies an

entering and leaving the gas cell . The input data were energy

of the incident deuteron, atomic numbers of deuteron and

window foil (or D 2 gas), nass numbers of deuteron and window

feil (or D2 gas), and density thickness of the toll (or D 2

gas) . The feil as gell as D2 gas cou.ld be subdivided into

many small elements so Maat the change of deuteron energy and

stopping power at each element was considered.

Calculation	 of Neutron Energy and Flux at any Lsayer 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 Jong, therefore Bach segment has

the thickness of 6y - (3 .7/M) cm . Fig . 18 is useful in

i ® 1,2,3,	 M

1( =1,2,3,	 N

Fig. 18 Illustration of gas cell and sample geometry .
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visualizing the analysis . riet the segment starting fron the

	

entrance window be i - 1, 2,	 M and considering a

perpendicular thin layer in the sample wich respect to

incoming neutrans 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

	

(1 6 )
2M

whe r e

b = distance from the outer face of beam stop to the

sample layer considered.

The maximum polar angle B orax for the i-th segment and

sample layer (in rad) is given by

D
Omax r tarn

-1
(

	

)
'

	

2a(i)

The angula.r range 8 k = 0 to 6 k = 8 max is divided into N

equal polar-angle sectors . The partial solid angle dOik
for

the keth sector corrected for the distance of transmission

through the sample layer is

2 x ( cos ( r

	

)-cos( '

	

- ) )
N

	

N

( 17 )

	

ei

	

.(k-0 .5)
	cos( '	 _en= )

d81. k
(18)

N

where k = 1, 2,	 N

The deuteron energy loss in the Havar er Nb window as

well as in the deuterium gas of the ce11 haue been described

above . Let EA _ energy of deuteren entering the Gell and E $

energy of deuteron before the beam stop . Asst ing linear
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degradation in the deuterium gas, the energy of deuteron in

the middle of i-th segment is

i

	

1

	

ED,
m A - ( EA- EB ) (	 )

M 2M

Using tabulated values of Liskien and Pau.lsen [117] for

each EDi (keV) a corresponding interpolated value of neutron

energy ENik (keV) and neutron production cross section 6 DNik
(mb/sr) at 8 k = 0 to ek = 0 .max are obtained . Channels of

neutron energy EN (j) are defined up to 11000 keV as follow:

	

j ) = 50j--25 for

	

j=1,2,3, . . .,220

	

(20)

For Bach ENik, a quantity proportional to neutron

abundance Aik 3s stored into respective energy channels, Bach

50 keV Saide . `ehe neutron f lux O N fall i.ng an the sample layer

is

4N N
(cm-2°s-1) -
	 d	

2D E Aikx0

	

ik

number of incident deuterons / second

(1gA . s=6 .24 . 1012 deuterons)

number of deuterium target atoms in the gas cell

per cm2 area and 3 .7/40 cm length

2x7 .43x10 -5 /cm3x O .0925cm3 x6 .02x10 23

3 .3305x10 16

pik aDNik d0ik

(1 g )

(21)

Nahere

Nd =

ND =
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The abundance-weighted mean neutron energy E N is

(50 j-25) . Aikik
N (keV)

E Aikik

( 2 2)

and standard deviation of the E N is

E [(50j-25)-EN ] 2 `Aikik

1/2

®E (keV) =

3k Aik

(23)

3 .5 Experimental Determination of Neutron Flux Density

The neutron flux density was determined via monitor

reactions . In the measurements at the deuterium gas target

the react ions 58Ni (n, p) 58Go and "Fe (n, p) "Mn were chosen as

monitors bacaus,e their exc .itation functions are known with

errors of + 8 % . The cross sections were Laken from the

ENDE/8--V [118) . The activities of the activation products

58Co and "Mn were determined via 7-ray spectrometry using a

high resolution Ge(Li) detector (statistieal error between

+ 0 .5 and 2 .0 %) . The counting efficiency of the detector was

known to be + 3 % . The caunt rates were subjected to usual

corrections (see below) . At the low end of neutron energies,

i .e . below 4 MeV, the activity of "Mn was very weak and

hence only the monitor reaction 58Ni(n,p) 58Go was used . The

presence of thermal neutrons in the beam from the deuterium

gas target was measured via the monitor reaction
197Au(n,r) 1 ~ 8Au .
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During irradiations at the d(Be) target the monitor

reaction 27A1(n,a) 24 Na was used ; and at the nuclear reactor

the reaction 64 Zn(n,r) 65Zn . Errors of all of the above

monitor cross sections were + 8 % (for E n < 26 Met' in case of

3 .6 Determination of Mean Neutron Energy and Mean F'lux

Density for a `hick Sample

Due to the use of large samples, namely enriched 1®B,

B4C and AIN, an arithmetic mean of the neutron fluxes in

front and at the back of the sample did not give the mean

flux d.ensity wich high certainty . A simple method was

therefore developed to determine the mean flux . °ehe sample

may be considered to be divided by four layers into three

equal partial volumes . The program-incorporated tables an the

production of neutrons via the 2H(d,n) 3He reaction al7.owed

calculation of the mean neutron energies and fluxes at the

four layers, viz . E 1 , E 2 , E 3 , E 4 and 01' 0 2 , 0 3 4 4

respectively . A typical result is shown in Feig . 19 . From the

results the ratlos of the calculated fluxes (¢
1 /0 4 ) caic ,

(0 2 /04 ) cale ' (0 3 /0 4 ) calc and (04/04)calo denoted as R lcalc'

R2ca1c' 3ca1c° and R4calc' were obtained . 'ehe experimental

flux ratio for layers 1 and 4,
R1exp

is

the 27 A1(n,a) 24 Na reaction).

A 1 .a 4

exp

	

A4 *a 1

(24)

Al and A4 were the measured specific monitor activities

in front and at the back foils after various corrections

(refer to sections 3 .7 and 3 .9) and 6 1 and 0 4 were obtained

from ENDF'/B--V for the calculated mean neutron energies for

the layers 1 and 4 .
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0.796

0.617

0.475

5.5298 .754

En(MeV)
8 .501

8 .605
Sompte

8.668

8.714

Fig . 19 Scheue faß° energy calculation . Deuterons of 6 .0 MeV

pass through the 6 .6 g Nh window and produce

neutrons in the deuterium gas via the reaction

2 H(d,n) 3 He . Neutron energies and flux densities in

the sample segments are shown .
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The ratlos of experimental and calculated fluxes were

compared to account for neutron flux attenuation through the

thick sample . R2exp and R3exp are defined as follows:

R2exp = (Rlexp - 1)

	

1

Rlcalc

	

3

R3exp = (Riexp - 1)

R1ca.lc

	

3

and R4calc _ R4exp _ 1

The mean weighted neutran energy for the three partial

volumes is

T
E 12 .R12exp +E23• R23exp~ E 34• R34exp

	

(26)

R12exp +R23exp +R34exp
rohere

E12

	

= (E l+E 2 )0 .5

E 23

	

= (E 2 ~E 3 )0 .5

E 34

	

= (E3+E 4 )0 .5

R 12exp

	

(R 1exp+R2exp )0 .5

R23exp

	

(R2exp +R3exp )0 .5

R34exp

	

(R 3exp +R4exp )0 .5

From Bach monitor reaction the mean neutron flux density

0 was determined as

¢( ~'$NI or 54 Fe

	

(A I +A 4 ) 0 . 5

	

(27)
•[1-exp(-0 .693. t“T )]

(25a)

(25b)

(25c)
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where

N = number of 3Ni or 4Fe target atoms per g

= cross section of the monitor reaction at i MeV

taken from ENDF/B-V in cm 2

t . = duration of irradiation in heurea
T5i = half-life of reaction product (i .e . 58 0o or 54 )

in heure.

Fron the mean values obtained using the two monitor

reactions the mean neutron flux density for the thick sample

was obtained as

0( 3 Ni) + 0(
5 Fe)

3 .7 Background Neutrons

For irradiations using deuterium gas target at the

compact cyclotron (quasi-monoenergetic neutron source), the

contribution due to background neutrons was estimated and

subtracted from the total count rates of the products.

Background neutrons are produced during the interaction of

deuterens wich structural materiale of the target as well as

via breakup of deuterons an deuterium.

Gas out/gas in ratlos (i .e . the ra.tios of induced

activities measured wich the cell empty and filled with

deuterium gas) were measured to estimate the contribution of

background neutrons other than Chose due to breakup of

deuterons an the deuterium gas . Five threshold reactions were

Chosen, namely, 3Ni(n, p )
53Co(E

thr = 1 .0 MeV) ; 54
Fe(n,p) 54Mn.

(E thr ' 1
.5 MeV) ; 27 A1 ( n , p ) 27Mg ( Ethr = 2 .7 MeV);

55Fe(n,p)5S n
(E thr e 4 .3 MeV) and ~~Al(n,a)24Na(Ethr ` 5 .3

MeV) . Twa set of foi i.s, each containing Al, Fe and, Ni, were

(28)
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irradiated at a particular primary deuteran energy with the

gas Gell empty and filled wich deuter .ium gas under identical

geometry . üsing the activation equation the ratio of induced

activities is

Ao

	

N0 ~0 °0 0 ,S0

Ai	N. .6i-0 . .S.

where

o and i refer to out and in respectively

A = specific activity

N = number of target nuclei

« = Cross section

¢ = n.eutron flux

S = saturation factor

Therefore

~o	Ao . Ni . 0 . .Si	A o.N . .E0i /ti . S.

u i	Ai •No . 0 . S

	

A . .No •E$o /to . So

rohere

E0 = integrated flux (Integrator value at compact

cyclotron equ.ivalent to total deuteron beam

eha.rge )

t = duration of irradiation

If a constant flux is assumed throughout the irra .dia.tion

then ratio of induced activities in an ideal case corrected

for the saturation effect, is

( Ao

	

0

Ai ideal

	

i

Fig . 20 shows the gas out/gas in correcti.ona as a

function of mean deuteren energy inside the gas cel1 . The

results are similar to those described earlier frort€ this

(29)

(S0)

(31)
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laboratory [33] . However, they were mea.sured again since the

buildup of carbon in the cell (through sputtering under the

impact of deuteron beam) may seriously increese the

correction factors . Havar foil of 7 .0 gm thickness was used

as the entrance window of the deuterium gas target in a few

cases at the begira.ning of this work . Because of the

difficulty in getting the foil from the supplier another fall

was selected . Nb foil of 6 .5, 20 and 50 gm thickness viere

then used and they were replaced freguently . Most of the

background neutrons originate from the interaction of

deuterons wich the Nb window, .gas cell wall and Mo beam stop.

2

40

20

10

r

®/"Fe(n,p) s4Mn

27A1(n,p) 27mg

®

	

® "oe(n,pl`in

®/
o

o
/,ze

Vn - 7A1() 24n,cL Na

t

	

7
6

	

8

A/

	~
1

~	 g,

2

	

4
Average deuteron energy inside gas Gell (MeV)

Fig . 20 Measured ratio of background to total neutron yield

from a deuterium gas target determined using nuclear

reactions with different thresholds .



- 64 -

47 mm during irradiation of enriched 10B samples, the

langest contribution to baciground neutrons arose freie the

beam stop and gas cell wall.

Background neutrons are also produced via breakup of

deuterons an deuterium gas . In order to determine this

contribution the results of Meadows and Smith [119] and.

Lefevae et al . [120] measured by the time-of-flight technigue

viere used . The estimated values of breakup neutron

corrections are 1, 4 and 10 % at neutron energies of 9 .6,

10 .1 and 10 .6 MeV, respectively.

3 .8 Characterization of Fast Neutron Spectra

In order to characterize the spectrum of neutrons at the

gas tarnet two standard technigues were used:

Proton-Recoil Response	 ethod

A commonly used scintillator NE-213, whose properties

haue been studied in detail [cf . 121], was employed . Seme

details using the scintillator of 5 .0 cm ¢ and 5 .0 cm height

haue been reported earlier [cf . SS] . The experimental setup

is shown in Fig . 15 . A primary deuteran en.ergy of 6 .5 MeV was

used (En - 9 .0 MeV) . At a fixed distance of 25 .5 -- 0 .2 cri,

the spectrum was determined wich the gas cell empty anal

filled wich 1 .8 bar D 2 as well as H 2 gas.

The overall response of the scintillator is illustrated

in Fig . 21 for a calcul.ated neutron energy of 9 .0 MeV . The

response function (pulse-height spectrum) for an empty gas

cell was of the saure shape as Fig . 21 brat the spectrum ended

at a lower channel number and the pulse-hei.ght was smaller

than the spectrum with deuterium Mied gas cell . A similar

As the Nb window was more than 57 mm away fron the middle of

the sample during irradia.tion of B 4C and A1N samples ; and
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Fig . 21 Response function of NE-213 for the dd-gas sarget

filled with deuterium.

result was obtained i.f the cell was filled with H2
gas . The

pulse-height spectra were found to be similar to those given

in the literature (cf . 122].

Multiple Feil Activation Technique

Seven threshold reactions viere Chosen and are listed in

Table 5 . High purity thin foils of 1 cm 0 were arranged as in

Fig . 22 and wrapped wich thin aluminium sheet . Neutron

irradiations were performed using primary deuteron`energies

of 7 .5 and 8 .0 Mev in which the foils were located at around

the 0-deg directi.on, 0 .5 cm from the back of the .:. beam stop.

The absolute activity•of Bach desired activation product was

then determined using'high rosolution Ge(Li) detector 7-ray



Talale 5 . Neutron threshold reactions used for unfolding dd

neUtrOn spectra

Reaction Q--Va1ue Threshold Normalized a,ctivity of the activafion product (10-18 )
(MeV) energy

(MeV)
Ed=7 .5 MeV (E n=10 .1 MeV) E d=8 .0 MeV (E n=10 .6 MeV)

Front Back Center Front Back Center

115 1n(n,n , ) 115anIn - 0 .34 0 .34 - - 30 .21 - - 60 .45
58

Ni(n,p) 58Co + 0 .39 1 .0 33 .18 32,83 33 .01 63 .21 58 .95 61 .08

54Fe(n,p) S M x ` 0 .08 1 .5 29 .47 25 .86 27 .67 50 .35 46 .98 48 .67
46 Ti( n , p)

46S c 1 .62 2 .8 11 .58 11 .14 11 .36 19 .66 16 .39 18 .03

56Fe(n,p) 56Mn -

	

2 .98 4 .3 2 .89 2 .71 2 .80 4 .55 4 .18 4 .37

48T .i(n,p) 48 Sc 3 .27 - 4 .8 1 .20 1 .16 1 .18 2 .12 2 .10 2 .11
27A1(n,a) 24 Na 3 .25 --5 .3 3 .61 3 .36 3 .49 5 .53 4 .91 5 .22
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spectrum . The result depends an the choice of the input

spectrum, the set of threshold reactions chosen, the errors

of the measured activities, and the uncertainties of the

cross sections involved . There are ma.ny unfolding Codes

available to calculate the shape of the neutron spectrum

whi.ch differ in the choice of the input spectrum . Program

SAND-II [123, 124) was used in this work, which determines

the neutron flux by iterative calculations . With an arbitrary

Initial input of the neutron fluxes, the following
theoretical a.ctivities may be calculated:

N
A i

th _
3_1 61J

¢ J

	

J (33)

rohere

o iJ
cross section of the i--th reaction for the energy

group j

neutron flux of the energy group j
® Ej .el _ E J

theoretical activity for the i-th reaction

The ratio of the activation in the energy interval ®E

to the total activation gives the weightincg factor
W

as

a i2¢®!

lj

	

A . tha

Thus, the energy weighted correction funotion C . may be

obtained,

E

	

14 . .
i=1 13

J

(34)

(36)
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where
A_ me
aR.a th
a

The neutron flux is calcu,lated using correction function

C» so that the next iteration steil (m+I) gives a better value

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

j(m+1) - ¢J(m) exp C j (m)

	

j=1,	 N

	

(33)

where

C j (m) = m-th iteration correction term for the j-th

energy group.

The iteration is continued until a given number of

iteration steps is reached . The cross section values were

Laken from BNDF/B-V [118] . Calculation was carried out for

the neutron energy range between 2 and 11 MeV which was

divided into 18 energy groups, each 0 .5 MeV wide . The neutron

spectra obtained are shown in Fig . 23 . The contribution of

background neutrons increases wich increasing neutron energy.

The spectra for low deuteron energies were reported

previously [33] . The results are qualita.tively in agreement

with Chose obtained from the time-of-flight measurements

[cf . Refs . 31, 119].

The mcthod of multiple foil activation is specially

useful for unfolding continuous spectra, such as in the case

of d(Be) breakup neutrons . Since detai.led studies an Chose

spectra haue already been carried out [cf . 38], no further

effort was devoted in this work to their characterization .
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0 .
8 4
Neutron energ ( eV)

Fig . 23 Neutron spectra, at 0 .5 cm from the back of the bea.m

stop of a deuterium gas cell for primary deuteron

energies of (a) 7 .5 MeV and (b) 8 .0 MeV.

3 .9.r-ray Spectrometry

A high resolution Ge (Li) detector in combi nati an wich a

computerized multichannel analyser ND 65 system was used for

y-ray measurements . Procedures in y--spectrometry, e .g . energy

calibration, peak area de .termination, efficiency measurement

etc ., are well known . In this section, the corrections due to

dea.d times, pileup effect, . coincidence l .osses, decay and
y-ray abundance. are br,iefly . descr.ibed .
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Seme common data relevant to r-ray spectrometry of the

activated monitor foils are given in Tab1e 6e °ehe specific

activity of Bach r°eaction product in cps lg after va.rious

corrections is given by

=
spec

NfDT fp fc e2td

m e HI
(37)

where

N = measured counting rate

fDT e deal time correction factor

fp = pileup effect correction factor

f c = coincidence Iosses correction factor

e = efficiency

H = 7-ray abundance

m = mass of the feil

2 = decay constant of the reaction product

td = decay time

Dead time is the time Laken for the counting system to

process the incoming signal . Any other signal coming during

the dead time will be lost . Suppose ~ is the dead time which,

can be determined by the two source method [cf . e .g . 125],

then the expression for nonextend.able dead time is

I

fDä

	

1-Ne

	

(3S)

Neutron irradiation at the compact cyclotron induced Iow

activity in the feile so that they could be measured directly

an the Ge(Di) detector wich negligible dead time correction.

rar irradiat.ions with d(Se) breakup neutrons and reactor

neutrons, the activity was high and it was necessary to place

the foils at a distance of > 7 cri from the detector . In some

e 2td = decay correction



Table 6 Some common decay data and correction factors used
irr 7--ray spectrometry.

Reaction Half--life
of groduct

Tsotopic
abundance
of target

Gamma
ray

energy

Gamma
ray

abundance

Efficiency
of the

detector

Coincidence
lass
factor

nuclide (keV) (%) (%)
(%)

27Al(h,a) 2 Na 14 .96 h 100 1368 100 2 .12 1 .156
56Fe (n,p) 56Mn 2 .58 h 91 .7 847 98 .87 3 .20 1 .037
54Fe(37,) 54Mn 312 .2

	

d 5 .8 835 100 3 .24 1 .0
115 1n(n,n') 115m in 4 .49 h 95 .7 336 45 .9 7 .59 1 .0

48 i(n,p) 4 8Sc 43 .67 h 73 .8 1312 100 2 .21 1 .445

46 Ti(n,p) 4 6Sc 83 .8

	

d 8 .2 889 100 3 .05 1 .161

5$Ni(n,p) 58 Co 70 .8

	

d 68 .3 811 100 3 .34 1 .062



- 73 -

Gases 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) is busy processingr an

incoming signal.

Pulses lost due to pileup effect depend an the measured

counting rate, increasing with increasing counting rate . For

low counting rate (lower than a few hundred cps) using the

mult.ichannel analyzer (MCA) with Glock-time CT and live--time

LIT, the pileup effect correction factor is [cf . 1263

1
f =

		

(39)
1-0 .5 « CT/LT)-1j

On the other hand the coincidence loss is independent of

the counting rate but does depend an detector efficiency . The

p

coincidence loss

cascade, e .g . for
24Na (see T'able 6 ) . In

losses for these nuclei,

calibration curve from

without r-cascade, for

due to transitions of gammas in

such as 58 Co, 56Mn, 465c, 48 Sc and

order to correct for the counting

one of the methods is to construct a

measurements of a set of nuclei

example 109 cd, SZ Cor 123mTe, 44m sc,

occurs

nuclei

51Cr, 115mIn/ 87
y,

59Fe	65Zn, 65Ni

64 cu,

42K

137cs, 54Mn` 89Zr, 92mNb, 86Rb,

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 cm distance be R 1 for a nucleus without

r-cascade and R2 for another nucleus wich r-cascade . The

calibration curve was determined by plotting the ratio R 1 of

each of the nuclei without r-cascade against its gamma-ray

energy . lt is assumed that the probability of detecting

coincidence incidents at 10 cm distance is very small.

Therefore by comparing the ratio R 2 of a nucleus with
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coincidence loss to the ratio R1 of the calibration curve,

the coi.ncidence lass for the nucleus under consideration can

be esti.mated.

3 .10 Triti.um Extraction and Gas Counting

This section describes Separation of tritium formed

inside the sample by high temperature vacuum extraction,

followed by gas Phase ß --counting . Basically the tritium

extraction method gras the saure as tha.t used extensively at

Jülich [cf . 44], but for Bach chemically different Sample

different precautionary steps were needed, . This method was

also used for the study of tritium diffusion in B4C samples

and for the determination of residual tritium content (see
hext section).

vacuum Extraction Apparatus

A sketch of the basic vacuum appara,tus used is shown in

Fig . 24 . The vacuum live was constructed from pyrex and

quartz tubes . The moving and connecting parts (e .g . valve

connections etc .) were greased with normal high vacuum grease

except near to the heg t source where silicon grease was

applied . Three ovens, all with automatic setting of

temperature, were used (not shown in Fig . 24) : (1) for

heati.ng the Sample up to 1200 °C, (11) the ~n column

(400 °C), and (111) the Pd window (600 °C).

Three common types of vacuum pumps were used : an oil

rotarg-vane pump, a mercury diffusion pump and a. Töpler pump.

An Initial vacuum, to about 10
-1

Torr, was achieved with the

oil pump (AEG/180W/1280 1 per min), then together with the

diffusion pump a pxessure of about 10
-8

Torr could be

obtained . Thereafter a combination of diffusion pump and

Töpler pump, as well as oil pump, were used to pump the H 2

gas (+HT) into the counting tube . The pressures at two
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locations of the vacuum lins were measured by two mercury U-

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

vacuum-meter (up to 10-3 Torr).

Glas Counter

Vacuum
meter

c H 4 H2 Zn cdumn

3 .q 60

	a
8

m

H2 Q
t

Hg diffusion pump

Sample

Automatic switching
system

Töpler pump

to rotary pump

Fig . 24 Sketch of vacuum extraction apparatus for tritium

separation.

Extraction of Tritium

1 . Eoron Samples

The i.rradiated samples, enriched
10E and B4 0, were

subjected to vacuum extraction at 1150 °C.

investigations a temperature of about . 1000

tritium extraction was found to be rather

In the fi.rst few

°C was used . The

slow . Even after

five extractions about 20 cpm was left (compared to 3 cpm

background counting rate) . As a consequence, a temperature of

1500 °C Haas traed . At this temperature, a Zr0 2 tute was used
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i.nstead of a quartz heating tube . Unfortunately the H 2 gas

used as a carrier diffused through the tube at this high

temperature . lt was therefore decided to heat the sample

inside a quartz heating tube at 1150 °C.

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

Torr . Thereafter 30 Torr H 2 gas was introduced into the main

line (limit by valves number 1 to 5 of Fig . 24) and the

sample tobe . Heating was carried out for 3 hours and the

tritium released was pumped into a proportional counter for

an.other 1 hour . Methane was introduced to flush the vacuu.m

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 wich 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 . Semetimes a control extraction Utas

also carried out in between the tritium extraction cycles but

without heating the sample.

In one typical measurement the counting raten per miaute

above background were 290,7 and 3 after the first, second and

third extraction cycles, respectively . The lawest counting

rate encountered in the first extraction cycle was for the

sample irradiated wich 2 .56 MeV neutrons and amounted to

11 cpm (see low level gas counting) . 'ehe statistical error

for the main extracted fraction in each case was, however,

invariably kept below 1 %.

Extraction of tritium fron samples of 5 20 3 + Zn0 and Zn0

was carried out the same way . Each sample was placed in a

stainless steel tube before introducing it into the quartz

heating tube . A. heating temperature of 1100 °C was used . Two
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or three extraction cycles were found sufficient to extract

the tritium . In a typical series of extractions the amount of

tritium extracted was 54 .4, 5 .3 and 0 .3 %, respectively, of

the total collected tritium.

2 . A1N Sample

Each irradiated sample was transferred to a quartz tube

16 mm 0 and 250 mm Jong (sample tube) . Quarte wool was

introduced directly an to the top of the sample to avoid

upward suction of the powdar when pumping was started . A

small quartz tube containing about 700 mg of Zn granules was

placed an the quartz wool . The Sample tube was then placed

inside a bigger quartz heating tube . A sketch of the

apparatus is given in Fig . 25a (see sample heating arrange--

ment 5 ) . The advantage of this slightly modified a.rrangement

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 vapour free glovebox was

possible (the sample Haas still required 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 H 2-carrier for 2 hours . A slowly

increasing pressure in manometer 1 indicated that the water

vapour released from the sample was being reduced to H 2 by Zn

vapour . Usually after about an hour the pressure did not

i.ncrease . During the first heating of the sample, the gas

(HT+H2 ) was pumped out in two cycles due to excessive H 2
produced from the water content of the sample : In the First

cycle, after 2 hours heating .. time the vgles near the sample

was closed and the gas (HTO -~ HT + H2 ) in ` the ` main line was

circulated through a Zn reduction column (400 °C) for 2

hours . In the second' cycle, for nearly quantitative

extraction, any remaining waten vapour removed from the

sample was trapped in a LN 2 cooled trap, and after warming
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Fig . 25 Apparatus for tritium extraction.
(a) Enlarged view of I4 C removal unit using Pd alloy

permeating system, including the sample heatigg
arrangement (S) . The unit is connected to the
main vacuum live at point (B) for removal of 14C

from tritium, and at point (A) for H z -carrier
filling and extraction, by--passing the Pd window.

(b) Vacuum live for separation of tritium [cf . 44].
Ina the case of 14 C removal using Nb absorber the
Sample heating arrangement (S) is connected
directly to the main vacuum lins .
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the tra.p was circulated through the Zn reaction column.

Double Zn reductors, i .e . the Zn vapour in the heating habe

and the Zra reduction column, were used to minimise the loss

of tritium in the form of HTO.

The tritium extraction process was r°epeated at least

twice mor°e, each wich new H 2-carrier, unt .il nearly a back-

ground counting rate (- 4 cpm) was obtained.

8efore transferring the gas ( H`I` -1- H 2 ) to a proportional

counter, it was necessary to remove any possible 1 C activity

arising fron the 14N(n,p) 14C rea.ction . In principle the

amounts of 3H and 14 C present in the separated gas could haue

been analysed via pulse shape discrimination . However, since

the expected amount of i4c was very s,mall (see below), it was

decided to simply rem.ove it . Two methods were used which are

described separately in the n.ext section . The purified gas

was transferred by Töpler and diffusion pumps, collected in a

100 m1 gas counting tu.be, mixed wich about 80 vol-% CH 4 and

counted in an anticoincidence system (cf . 44] . More than 82 %

of the total tritium was collected during the fir°st two

extraction cyles and about 4 % in the fourth cycle.

3 Be Sample

The vacuum appar°atus used for the separation of tritium

Eias similar to that used in the investigation of boron

samp1es . However, the inner siele of the quartz heating tube

had to be shielded by a 0 .1 mm thick high-purity fron foil to

prevent the atta.ck of the Be sample an the quartz wall at the

heating temperatu.re of 1150 ® C . For Bach Be sample a nett iran.

Mner was taken . In general three or four extraction cycles

were mandatory . On average, the amount of tritium extracted

was 95 .3, 2 .8 and < 0 .3 %, respectively of the total

collected tritium . In subsequent extraction cycles only

negligible activity was found . lt was assumed Maat tritium

was extracted quantitatively [cf . 43] .
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Lose of Tritium through Permeation

At a high heating temperature {1150 °C) sor ge H2 -carrier

might permeate through the quartz heating tube and may result

in the lass of some tritium. To determine any possible loss,

during the heating process, the change of pressure was

observed after a specific time for three situati.ons . Firstly,

at 1150 °C when the heating tobe was filled wich H2 ;

secondly, at 1150 °C in vacuum and thirdly, at room

temperature when the heating habe was filled wich H 2 . wring
heating,

H2 permeated through the quartz heating tube to the

atmosphere ; however°, H2 and 0 2 permeated in the opposite

direction . The third situat .ion was to check if any leakage

occurred.

The main Part of the tritium separation apparatus

including the quartz heating tube was filled wich 443 .5 Torr

Fit at 20 .5 °C . Leakage was unlikely since the Pressure

remained at 443 .5 Torr even after 15 hours . The quartz tube

was heated at 1150 °C for about 3 h 10 rein and then the oven

was removed immediately . After 3 h, H2 pressure was recorded

to be 445 .5 Torr at 22 .5 °C and after 15 h, it was 442 .5 Torr

at 20 .5 °C . Fron the gas law, it follows that there is no

noticeable leakage during the 15 h interval . The difference

of 1 .0 Torr H2 pressure obeerved is due to the heating

process . This cor°responds to 0 .53 cm3 at 20 .5 °C or 0 .31 cm 3

at STP, for a volume of 257 .43 cm3 of the system {determined

by calibrating the volume) . At the sam.e time
N2

and 02

perm,eate into the quartz tube . By heating the tube under the

second condition for the saure time as under the firnt

condition, a very slight rise of pressure was noticed and

this amounted to 0 .07 cm 3 at 3TP . The total amount of H 2

permeation at 1150 °C was therefore {0 .38 + 0 .03)cm 3 .
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The amount of any gas which permeates th.rough the quartz

tobe at a constant temperature can be calculated using the

following relation:

KAt(P 1 -P 2 )
q =

d

rohere

K ä permeation velocity constant for° the speelf e gas

A e area of the quartz wall exposed

t = time

P 1 = gas pressure an high side

= gas pressure an l.ow side, andP 2

d = thickness of the quartz wall

Taking K as 2 .0 x 10-9 cm 3 (STP) mm
cm-2s-1 Torr -1 at

1150 °C [Ref . 127] and the average area of the quartz wall

exposed as 76 cm 2 with thickness 1 .5 mm, the amount of H 2
permeating at 1150 °C is

q(H 2 ) = (2 .0 x 10
-9

x 76 x 11400 x 443 .5)/1 .5

= 0 .51 + 0 .04 cm3 (STP)

and similarly,

q(N2--0 2 ) - (1 .1 x 10 -10 x 76 x 11400 x 760)/1 .5

0 .05 1- 0 .02 cm 3 (STP)

The values obtained experimentally were somewhat lower

than the calcula.ted values but considering the approximate

date, used for calculation, they were in good agreement . The

total correction fier tritium loss due to H 2 permeation during

3 . h . of heating time was estimated to be 0 .06 % .

(40)
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Determination of Residual Tritium in 	 10B	 Samples

A sketch of the apparatus used for residual tritium

analysis is shown in Fig . 26 . About 0 .5 g post--heated

enriched 10B
Sample was filled into a coiled quartz tute.

Luder vibration, the Sample grains could floss downwards

through the coils of Hais tobe and only a very Small amount

could fall at any one time into an A1 2 03 crucible placed

under the coiled tube, which was filled wich abou.t 26 g

motten Pb0.

Fig . 26 Sketch of apparatus used for residual tritium

anal,yszs an enriched 10B samples.

Th.e system ras evacuated to 10 -4 Torr and then the rain

pari of the separation apparatus including the reaction tobe

was filled wich about 40 Torr
H2 carrier . The electric oven

wich a temperature of 1000 °C was lifted up to the reaction

tube . After 30 minutes, sehen Pb0 had melted, enriched 10B

grains were allowed to fall into the crucible by generating

Quartz woo[

A( 203 crucible
Pb0 powder

Ceramic piece

Granulated Zn

To usual tritium
extraction apparatus

Electronically contro(led
oven ( 400 °C )

Enriched 10B (grains)

Reaction tobe (quartz )

Coiled tute (quartz)
Electric oven (max . temp. 1200 °C)



83

vibration of the reaction tube . A very bright glow was

observed due to the reaction:

3 Pb0 + 2 B

	

3 Pb + B2 03

Through the dissolution of boron in the melt, tritium

was released . The
H2 carrier was oxidized to Brater vapour

during the reaction and tritium appeared as HTO . After the

completion of the reaction the diffusion and Töpler pups

were turned an to circulate any residual H 2 gas and water

vapour through a LN2 cooling trap for 15 tinutes . small

amount of waten was seen to condense inside this trap . The

gas circulation was then stopped . The reaction tobe was

pumped out until vacuum was obtained, and uzen it was closed

and thus separated from the other parts of the apparatus . A

reduction caluran, connected to the appara .tus and containing

Paz granules was heated to 400 °C electrically, Thereafter the

LN2 trap was r°emoved, allowing the condensed waten to

vaporise . The waten vapour Maas circulated for a least 2 hours

through the ~n column and reduced to
H2

gas . Finally, the gas

was collected into the proportional gas counter, mixed wich

methane and counted as usual.

The reaction between B and molten Pb0 occurred

vigorously yielding Pb . Through weighing of the Pb it was

found that about 90 % of the enriched 10B filled into the

coiled tobe had reacted . The amount of residual tritium in

the samples was determined to be an the average (7 .3 + 3 .5)%

of the total tritium activity . This value may be somewhat low

since soßte Soss of HTO due to exchange with wall H 20 may

occur . However, since this experiment involved only the

determination of residual tritium content, the lass of

tritium in the process, if any, was negligible (< 1 %)

compared wich the total tritium .
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Comparing the Cross section results from 10B samples and

B4 C samples, it was assumed that about the Same amount of

residual tritium remained in B 4C samples . A determination of

residual tritium in B4 C samples could not be done since its

weight was 12 times larger than that of 10B samples, and

A1 2 03 crucible (or others which were tried here) would not

withstand the rauch langer reaction time needed in order to

avoid a too streng temperature rise . The CO2 and possibly

CH3 T produced in the reaction with B 4C would cause a further

complication of the system through the need to separate from

the waten vapour.

Determination of Residual Tritium in A1N Samples

Due to the low melting poin.t of B 2 03 (e 450 °C) it was

expected that the melting point of the mixture AIN--B2 0 3 would

be lowered and the residual tritium would be released . About

45 g of B 2 0 3 gowder was melted in a normal oven using a

stainless steel crucible . After cooling, the glassy B 2 0 3 was

crushed and filled into a 21 cm Jong stainless steel tobe

which was then placed inside a guartz heating tobe connected

to tritium extraction apparatus . B2 0 3 was degassed at 1000 °C

for a lang period (e 15 h) until n.o more gas or water vapour

evolved. oisture reust be avoided and check of werter content

was therefore critical . A control heating was then do pe at

1100 °C to eileck whether° the apparatus and B 2 0 3 were free

from tritium . Thereafter 5 .0 g of the post-heated A1N sample

was added to the cooled B 2 0 3 melt and heated at 1100 °C for 2

hours in the presence of 30 Torr H -carrier . Tritium

extraction cycle was car°r°ied out using Erz reductor (400 °C)

and Nb absorpt ion method.

The first extraction cycle an A1N-B 2 03 System showed

some residual tritium but the second extraction cycle showed

almost Background . Since the last extraction cycle (without

B2 03 ) an the irradia.ted A1N h.ad yielded very little tritium,

it was concluded that the A1N-B 2 03 system was successful in
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releasing the residual tritium Brom the sample . A typical

result gras 0 .9 cpm for the last cycle of tritium extraction

fror A1N, compared to 12 .6 cpm (net counts) for residual

tritium extraction from A1N-B203 system . The amount of

residual tritium in the samples was found to be an the

average (13 .3 + 6 .5 )% of the total tritium activity.

Kiew Level Gas Counting

For radioisotopes wich i3 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

65 cm3 and a deal volume of 15 cm3 .

Low level counting was achieved in an anticoincidence

system . The gas proportional counting tube was placed inside

a ring type gas counting trabe (RZ/500 Berthold) also known as

a guard detector and both were placed within a lead shield.

Pulses from both detectors were fed into an anticoincidence

unit, i .e . an electronic device that accepts pulses in two

Input channels and provides an output Signal only if the two

pulses do not arrive within a time period r . When a cosmic

ray falls an the ring counter, it also hits the proportional

counter in the time r (almost simultaneously) and the event

is not counted . In this way, the zero effect could be reduced

by a factor of 20, giving a Background count rate as 1ow as

2 cpm . However, counting tubes used over Jong periods had a

somewhat higher background count rate due to some contamina-

tion . Consequently during the course of the study the

counting tobe Haas changed several times . Undeslred activity

inside the tube was removed by empt .ying the tube and then

filling it with an inactive mixture of H 2 and CH4 . Prior to

tritium counting the extraction apparatus and the counting

tute were checked for tritium contamination .
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The high-voltage (HIV) plateau of the guard detector was

measured fron time to time . A very slight change was observed

throughout the whole study period . 1n the case of the

proportional counting tube, the HV plateau was measured

befor°e Bach tritium counting, since the gas composition of

the tute might vary slightly in Bach tritium extr°action

process . The plateau was obtained wich the help of a 60Co

source when the tritium counting rate was low (in most

ca.ses), otherwise measurement was Bone wich the internal

tritium source which was more reliable.

The effi.ciency of the gas proportional counter° was

determined using standards of tritium gas supplied by the

CEA-Bureau National de M t-rologie, Saciay, France . 'ehe mean

value of the efficiency was 65 % . The given error in the

standards was + 3 .0 %. The total error in the effic,iency of

the detector gras therefore estimated to be +(3 .6 -- 4 .0)x.

3 .11 14C Removal from irradiated A1N Samples

The reaction 14N(n,p)14C (Q-value = +0 .63 MeV) competes

at low energies wi.th the (n,t) process an
14N and 1 C, if

present in gaseous form, would contribute to the total counts

observed in tritium countin:g, Fortunately, due to its very

Jong half-life the contribution of 14c is expected to be

small . Assuming a cross section of 20 mb for the 1 (n,p) 14 c

reaction at the energies investigated [cf . 128], a rough

estimate showed that the contr .ibution of 14 c would amount to

about 0 .2 % of the total tritium activity . However, due to

the presence of mang resonances in the 14N(n,p) i4 C cross

section at En < 4 .6 MeV [cf . 128, 129] and due to the

occurrence of low ener°gy campenente in the quasi-monoener-

getic neutrons, it was necessary to introduce an extra step

in the extraction process to remove 14C fron° tritium .
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A sketch of the apparatus used is shown in Fig . 25a and

Fig . 25b . Two removal methods were applied : permeation of HT

+ H2 through a Pd window (Pd-Ag a11oy, 3 :1) and absorption in

Nb metal, followed by degassing . In the first method the

intervening Pd tube was heated to 600 °C . On1y IST

	

H 2

permeated through the tube and was extracted into the

proportional counter ; 14C should be retained an Pd . A 100 m1

bulb was connected to the sample tube in order to accomodate

excessive H2 originating from the sample waten content . The

detailed procedure for extraction cycle was otherwise the

saue as described in the last section . An additional cycle of

tritium extraction using the Zn reductor (400 °C) was also

conducted by--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 after 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

consuming . In the second
14C removal method, the HT -~ H 2 was

absorbed in about 50 g of Nb metal at 550 °C for an hour . irr

most of the cases the vacuum gauge indicated a pressure of

about 6 x 10-1 Torr after the absor°ption . 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 gras then heated again to

1150 °C to release the HT -1- H 2 which gras pumped into the

counting tobe . The 14C activity remained in Nb . In a blank

extraction cycle 100 % of the given H2
could be absorbed in

Nb, then released back anal collected . To prove that both the

m,ethods wer°e effective for removing 14C from tritium a blank

experiment was conducted by introducing a small aomount of

standard
14C activity in polymer form into the heating tube

together with an unirradiated A1N sample . The heati.ng tube

was heated as usual using either H 2 or CO 2 as carrier gas . At

equilibrium the
14C activity was probably converted to 1

CH4
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in the former rase and to 14002 in the latter case . Soth the

products were retained in Nb and no radioactivity was

observed in the counting tube.

3 .12 Determination and Effect of Impurities in Target Samples

A study of (n,t) cross sections u.sing 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 like Ca and P may produce

disturbing radioactive gases . Therefore determination of

Chose impurities was mandatory.

The Li impurity in A1N was determined via neutron

activation analysis involving tritium counting [cf . Ref.

130] . 3 g of A1N 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 via the monitor reactions 94Zr(n,7) 95Zr (T
3f

64 .03 d, E 7 = 757 keV, I 7 = 54 .44 %, a th = 0 .052 b, 6 epi /a th

= 5 .88) and 96 Zr(n,7) 97Zr (T = 16 .75 h, E r = 743 keV I 7 =

97 .9 % , a th = 0 .02 b , a epi /a th - 282) . The thermal and

epithermal neutron flux densities were calculated using the

fol.lowing equations:

Z1

` th

	

(1/g95 )_(1/g97 ) ( 4 1)

~e2

	

g95_g97 (42) .:
Z 2
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rohere

95 and 97 refer to isotope number with q = °
epi~ u th

6 th = cross section for thermal neutrons

6 pi = cross section for epithermal neutrons (resonance

integral)

f 97

Z -1

	

u 95

	

9~
epi

	

epi

f 95

	

f97

Z 2 = a

	

95 -

	

97~
a th

	

u th

a.tomic weight (A)
a
. = weight of the monitor (w)x Avogadro number (NA )

f 95 - p
95 (m f 95 /sum 95)

h 95 X 95 X 95

p97 (m f 97 /sum 97)

h97 X 97 X 97

7
p95 and p are net peak area

h = isotopic abundance

= intensity of y-ray

= efficiency

= (1-e Ät i) .e -2t d

= irradiation time

= decay time

2
mf

- 1-e
-2tm

tm = measuring time

2

	

= decay constant

The thermal and epithermal neutron fiux densities were

calculated to be (2 .0 -i- 0 .2)x10 12 and (4,5 ~- 0 .9)x10$

-cm s 1 , respectively . 'ehe amount of epithermal neutrons was

f 95.

f97 =
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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 rector irradiated A1N was subjected to

tritium extraction including Zn reductor and '4c removal

step . Frön the measured tritium activity (192 dps) the

contribution due to the Li impurity in A1N was calculated

usine the gell known a.ctivation eguation:

w( 6Li) ~h=NA

	

A( 3 H)

	

(43)

where

A( 3H) = extracted tritium activity

ßn,t ® 6Li(n,t)a reaction cross section wich thermal

neutrons

Therefcre,

w( 6Li)x0 .075x0 .602x10 24

6 .941

192

940x10 24 x2 .0x10 12x(1-exp(-8x10-4 ))

w( 6Li)

	

1 .96x10
-3

and

	

w(A1N)

	

43x10_
3 - 0 .5 ppm

Thus, the Li impurity in A1N was estimated to be

0 .6 ppm . °his neutron activation analysis is more accurate irr

detecting traces of Li than the optical emission spectrocopy

described, below, ünfortunately this method could not be

applied for boron sam.ples since boron has a positive p-value

for the (n,t) reaction.

Samples of enriched 10B, B 4C, A1N and a mixture of B 20 3+

Zn0 were ana,lysed by optical emission spectrocopy at the

"Zentralabteilung für chemische Analysen", of KFA Jülich . In

this technique the atoms of a sample are excited by an
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electric arc which during their return to a less excited

state emit photons . The frequencies of these lines are

characteristic of the elements present . The quantity of the

element is determined by employing a comparative method,

whereby the intensity of the element line is compared wich a

known Standard.

For enriched 10B
and, B4 C no Li was detectedm An upper

limit of 10 ppm was given wich respect to the sensitivity of

the method used . For A1N no Li and B were detected . Tipper

limits of 25 ppm for Li and 4 ppm for B were given . In case

of B 203 eZnO no Li, Ca and P were detected . üpper limits of

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 via the 5 Li(n,t) 4 He reaction, was estimated to be

sm.all . For enriched l0$ samples an upper limit of Li-impurity

was placed at 1 ppm (in fact no Li was detected) and,

considering that the thermal neutron flux dens .ity in dd

neutrons is < 1 % of the fast neutron flux density, the

tritium contribution through impurity was estimated to be

< 0 .01 % . In the ca.se of B4C Samples the impurity level was

higher . For an upper limit of 20 ppm Li--impurity the

contribution of tritium through impurity amounted to < 0 .5 %.

For the A1N Sample the impurity level assumed was 1 ppm

for Li and 4 ppm for P . Considering Maat the contribution of

thermal neutrons in quasi-monoenergetic neutrons produced

using the dd°gas target (En ° 5 .O to 10 .5 MeV) is < 1 %, in

our cross section measurement of the 14 N(n,t) 12 C reaction the

tritium contribution through impurities is estimated to be

< 0 .05 % .
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For the mixtures of B 2 0 +Zn0 samples an upper Uralt of

Li-impurity was placed at 1 ppm (20 times higher than the

composition given by the supplier) . The tritium contribution

through impurities aas estimated to be < 0 .2 % in the

10B(n,t)2a reacticn cross section measurement at thermal

energy .
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4 . EXPERIMENTAL RESUL'T°S

4 .1 Tritium Release from B 4C Samples

High temperature relea.se experiments were performed to

study diffusion of tritium in B 4 C . The apparatus used Haas

simi.la,r to tritium degassing apparatus [44] . Six B 4 C samples

rotere irradiated for about 2 .6 hours each with 6 .5 Mey

neutrons . The samples were heated in the presence of carrier

H2/~ (60 Torr) at temper
4
a~turesof 55~0, 600, 640, 680, 780 and

1100 ° b, and the tritium released °yp®as rep a`edly p mped out

and measured . Then the samples were heated at 1150 °C tall

nearly no more tritium evolved . The total amount of tritium

collected from each Sample was corrected for residual tritium

content . These values viere used to calculate the released

fraction f r . Fig . 27 shows the released fraction f r versus

the square roat of time of heating A.

Using the conventional approximat .ion formula [151] for

the released fraction,

6
f r =

	

D-t

	

(44)

nahe r e

D = diffusion coefficient and

r = radius of the grains,

the diffusion coefficients of tritium can be obtained.

Equation (44) is valid only for fr < 0 .25 [cf . 102].

Therefore only the curves of Fig . 27 could be used at

temperatures of 550, 600, 640 and 680 °C (the latter two had

to be intrapolated) . The grain size of B 4 C was deeduced bfr

taking 500 grains at random and weighing them . This method

gives a reliable average value as the grains are of irregular

shape .
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Fig . 27 Emission of tritium fron 84 C (grain size < 250 pm) at
various temperatures . The dashed lines depict
tentative extrapolations . The results at 780 a.nd
1100°C are reproduced only to show that release of
tritium is fast.

S V8 d. '- 1 .933x10 -2 cm, assuA/. ing the B 4C grains to I. G.

spherical, the difffusion coefficients D were calculated and

the results are given ixe Table 7 . The ~ values are plotted an

a logarithmic scale against the reciprocal of the absolute

temperature . The result (Arrhenius plot) is shownin : Fig . .28.
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Table 7 . Coefficients of tritium diffusion in B4 C

at various temperatures.

Temperature

	

Diffusion coefficient

(° C )

	

(cm 2 s -1 )

550 2 .70 x 10 -11

600 1 .24 x 10 -10

640 4 .19 x 10 -10

680 1 .36 x 10 -9

10
-g

C

	 1	 i	 s	 i)	 i
'11

	

1 .2

~ [
K-1~

	

X10 -
1 .3

Fig 28 Arrhen.ius Plot of tritium diffusion in B 4C gra.ins.
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the activation energy Ea of 196 + 34 kJmo1
-l

gras obtained.

The error includes uncertainties in time and temperature of

heating as well as the size and deviation fron spherical

shape of the B4 C grains.

4 .2 Calculation of Cross 5ections and Errors

`ehe crees sections were calculated using the well known

activation equation:

Al,

	

e2td , fr,
	 fbg	

.
	 f ür

an,t wNA j

( 6

	

) e n .

	

-2 t .

	

0

	

2)
A

Nahere

AT = the accumulated tritium activity

f r = residual tritium content correction factor

fbg = background neutrons correction factor

fier = breakup neutrons correction factor

H = isotopic abundance

= gas Counter efficiency

0 = mean neutron flux

td = tritium decay time

ti	irradiation time

The saurces of errors and their estimated magnitudes are

given in Table B . The total errore in cross sections were

obtained by adding all the individual errare quadratically.

10B(n,t)2a Reaction

Measured Cross sections for neutron energies between 2 .6

and 10 .6 MeV of the 1°B(n o t)2a process together with the

errors are girren in Fable 9 . Arg overall error ranging between

13 and 21 % Haas obtained . The deviations given for neutron

energies do not describe any errors ; they give only the

energy spreads for various samples . At neutron energies

(46)
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Table B .

	

Principal sources of error and their

magnitude (in %).

Sources of uncertainty 10E(n,t)2a a 14N(n,t) 12 C
9De(n,t) 7L1

Weight of monitors and foils 0 .1 0 .1 0 .1

Irradiation time 0 .1 0 .1 0 .1

Half-life d.ependent effects 1-2 1-2 1--2

Neutron source characteristics
(beam deviation)

3 3 4

Irradiation geometry 3 3 3

Correction for activity induced
by background neutrons
(gas out/in, breakup)

1-15 0 .2-15

Correction for absorption and
scattering of neutrons in the
sample

5 5 <

	

2

Error in excitation funetion
of monitor reaction

8 8 8-15

Determination of detector
counts (statistics,

	

pile-up,
coincidence losses, geometry)

4-6 4-6 4-6

Absorption of r-ray in the
monitors

<

	

1 <

	

1 <

	

1

Efficiency of the r detector 3 3 3

Efficiency of gas counting tobe 4 4 4

Separation yield 4 4 4

Stopping power/gas filled
target

1--4 1-4 -

üncertainty of plateau 3 3 3

14c removal - 4

Total error 13--21 14-21 13 7 19 .

a excluding the reaction wich thermal neutrons

higher than 8 .5 MeV the contribution from background neutrons

increases sharply; consequently the uncertainty in the

correction also increases arkedly . At neutron en.ergies' >

10 MeV the background correction for tritium production was

achieved by irradiating enriched 10B samples wich the gas

cell empty and the error was then lower.
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Table 9 Cross sections of
10
B(n,t)2a reaction nsing B 4 C and

enriched 10 B samples.

B 4 C samples

	

Enriched 10 B samples

En (MeV) an .t (mb) E n (MeV)
an,t

(mb)

3 .38 +

	

0 .22 81 11 2 .56 +

	

0 .26 39 +

	

5

3 .91 +

	

0 .26 147 +

	

19 3 .48 +

	

0 .31 82 +

	

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 9 .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

9 .52 +

	

0 .22 114 +

	

23

The 1OB(n,t)2a reaction cross section st thermal neutron

energy was calculated from the difference in tritium

production raten of a mixture of
2
O
0
+Zn0 and ZnO . The 7--r°ay

count rate of 65Zn, produced via the 64Zn(n,7)
65Zn reaction

and used as a flux moni tor for thermal neutrons, was higher

in the ZnO sample than in the B 2O 3i-ZnO mixture by 22 .6 %.

This meant that the thermal neutron flux depression in the

B 2O 3 +ZnO mixture was 22 .6 % compared to the. :ZnO sample . 'ehe

flux depression,occurred due to the very high 10 B(n,a)
7 Li.

reaction cross section at the thermal neutron energy . A

correction cauld therefore be applied . A typical calculation

to deduce the 1®B(n,t)2a reaction cross section wich thermal

neutrons is described below:
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115 mg of the irradiated B 2 03 -1-Zn0 mixture (containing

103 .7 mg Zn0) gave a specific activity A of 1 .64x104 dps/mg

(for photopeak 1115 keß' of 65Zn after various corrections)

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

158 mg of Zn0 yielded A = 2 .01x104 dps/rag and AT = 562 dps.

Therefore, 103 .7 mg Zn0 should produce 372 dps tritium under

the saure tigermal neutron flux of the mixture . The net

activity of tritium coming from the B2 03 sample was thus

82 dps . The thermal neutron flux for the 52 0 3+Zn0 mixture is

A

4N( 6 Zn) .u
n .r

.(1--exp(-0 .693 t i/24 ))°th = (47)

where

A = 1 .64x10° dps/mg

N( S4Zn

	

64) = number of Zn atoms in 1 arg Zn0

65 .38x0 .486x1x10-3x6 .02x19 23
4 3 .60x1018

31 .33x66 .35

u

	

= 0 .78 baralt = 0 .78x10 -24 cm 2n 9yi

0 .91 ry dt . m

The 10 B(n, t) 2a reaction cross section at E n = 0 .025 eil

is

A,

m( 10B)
	¢th ® (1-exp(--0.693 t i/4498))

an,t = (48)

82

(2 .18x101 ) . (2 .25x10 12 ) . (1 .41x10-4 )

= 11 .9 + 2 .4 mb

= 1 .186x10 -26 cm2
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14N(n,t)12c	 Reaction

Calculation of goss sections for the 14N(xi,t) 12 C

procees was similar to that for the 10B(n,t)2a process . The

present results covering the energy Tange of 5 .0 to .10 .6 MeV

are given in Table 10 . The total error ranges between 14 and

21 % . äst 10 .6 MeV the correction due to Background neutrons

is very 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 A1N Sample wich the gas

Gell empty . The error was then lower.

Integral Data an8Be(n,t) 7 La Reaction

The caicula.tion of the average (n,t) reaction crr~ss

sections of 8Be exposed to extended neutron spee ra from the

d(Be) target will now be dealt wich . The deuteron energies Ed

used in the present werk ranged between 17 .5 and 31 .0 MeV.

The excitation function of the monitor reaction 27Al(n,a) 24Na

was knoten only up to 26 MeV [118, 133) and the missing Parts

viere approximated, ta.king into account Mauser-Feshbach

calculatlons . Errors of monitor cross sections were 4- 8 % for

En E 26 MeV ; they were assumed to increase to a 15 % at

31 MeV.

The values of the d(Be) neutron flux distributions for

Ed = 17 .5 to 31 .0 MeV were Laken from Wölfle et al . [38]

obtained via the neutron spectrum unfolding m.ethod SAND--Ii.

The neutroll flux distribution for Ed e 31 .0 MeV was extra-

polated fron Ref . 38 . The average Cross section of the

monitor reaction for a given spectrum is

Qraon -

31

i=2
(4 g )



Table M Gross sections of 14N(n,t) 12C reaction

Primary ///ppp

	

Nb Mean neutron energy weight o£ Duration Gas out / in Hreakup Tritium Average neutron 14N(n,t) 12a

	

C
deuteron~ window and energy spread A1N sample of correction neutron activity flux density (mb)
energy

	

thickness effective at the (g) irradiation (%) correction (dps) b
(cti -2s-1 . )

	

x

	

10 7(MeV)

	

(vm) A1N Sample (min) (8)
(MeV) a

3 .5/20 5 .02+0 .16 10 .076 150 0 .5 0.398 0.73+0 .05 23+3
5 .5/50 5 .57+0 .17 9 .878 190 0 .5 0.408 0.78+0 .07 18+3
4 .0/20 5 .67+0 .17 10 .116 165 0 .7 1 .247 1 .73+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 30+5
4 .5/6 .5 7 .10+0 .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 17+3
5 .5/6 .5 8 .11+0 .20 10 .445 282 9 .3 1 .723 2 .21+0.13 17+3
6 .5/20 8 .50+0.21 10.651 187 12 .0 1 .466 2 .33+0.16 20+3
6 .0/6 .5 8 .61+0 .22 10 .287 178 13 .0 1 .121 2 .03+0 .12 19+3
7 .0/20 8 .93+0 .27 10 .037 150 17 .5 1 .410 2 .67+0 .21 22+4
6 .5/6 .5 9 .03+0 .26 10 .373 270 17 .5 1 .156 2 .23+0 .16 12+2

7 .0/6 .5 9 .61+0 .23 10 .100 143 22 .2 1 0 .800 2 .23+0 .16 16+3
7 .5/6 .5 10 .08+0 .24 10 .212 195 28 .6 4 0.893 2 .64+0 .18 11+2
8 .0/6 .5 10 .57+0 .25 10 .266 176 49 .0c 10 1 .202 3 .03+0 .24 14+2

aThe spread in neutron energy is due to angle of emission and deuteron

energy Ions in gas.

bTritium activity after gas out/in, br.eakup neutron and residual tritium

corrections.

oThis value was obtained by neutron irradiation o£ A1N Sample with the

gas cell empty.
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where

¢ i = neutron flux density for i=2 to 31

c i = 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 equation.

The mean neutron flux density for the Be sample was Laken as

average of both the front and back neutron flux densities.

Using Equation 46 the average cross section a n ,t for the

9Be(n,t) 7 Li reaction was calculated . The data together wich

some important parameters are given in Table 11 . The sources

of error are given in Table B . The total error in the

integrated cross sections was estimated to be between 13 and

19 % .



Table 11 . Integral cross sections of ihe "Be(n,t) 7 Li reaction

for different neutron Fields.

17 .5 MeV-d 20 .0 MeV-d 22 .5 MeV-d 25 .0 MeV-d 27 .5 MeV-d 31 .0 MeV-d

umon (mb ) 35 , 8 42 .1 45 .0 49 .3 49 .2 53 .4

On (x10 8 cm.-2 s
-1

) 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( 3 H)(dps) 6 .995 25 .343 34 .953 3 .191 3 .291 71 .048

i (h) 16 .75 12 .00 12 .00 9 .00 11 .00 11 .25

6 n,t (mb)

	

3 .17±0 .40

	

4 .63+0 .70

	

6 .29-1 .07

	

8 .63-1 .50

	

10 .96+2 .00

	

14 .48+2 .75
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a . RESULTS OF HAÜSER-PESHBACH CALCULATIONS

In this study, Hauser-Feshbach calculations were

performed using the program Code HELGA [cf . Ref . 134] for

neutron induced reactions an 9Bs, 10H and 14N . The incident

neutron energies covered were between 1 and 31 MeV in steps

of 1 .0 MeV for 9Be, between 1 and 20 MeV in steps of 1 .0 MeV

for 10E, and between 1 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)$ ; one of

them was (n,t) channel and the others ( n, n» , ( n, p) , ( n, d) ,

(n, 3He) and (n, 4 He) . The Q-values of the reactions were

calculated using the mass excess values given irr Ref . 1 . A

knowledge of the discrete levels is very importa.nt since =st

of the transitions in the (n,t) reaction occur to the

discrete levels . The discrete levels for all the reactions

considered were tauen from Ref . 1 . The numbers of discrete

levels used for each (n,t) reaction product nucleus are gieren

in Table 12 . In order to determine energy levels in the

continuum region the level density parameters E o and T were

tauen directly frone Gilbert and Cameron [90] . The parameters

P(Z) and p (N) for the light nuclei were extrapolated Brom

table of Ref . 90 and were used to calcula.te the pairing

energy A as

A

	

e- P(Z)

	

P(N) (50)

The other parameters Ex and a were ca.lculated using

Ex = Ux + A (51)

where

LI A = 2 .5 + 150/A

and a

	

r A/7 .5 (52)



- 105

Table 12 .

	

Number of discrete levels used for

	

(n,t)

reaction product*.

React .ion Number
discrete
in product

of
levels

Starthag energy for
level density Parameter

(MeV)

9 Be(n,t) 7Li 8 11 .4
10B (n, t) 88e-42a 15 20 .2
14 N(n,t) 12 C 16 17 .9

x °haken ,f r om Re f . 1

The transmission coefficient T 1 was calculated via the

optical model without considering sein-orbit coupling . The

Sets of optical model Parameters were calculated with the

guide of gable 3 tRef . 26) . The data for tritons and 3 e

particles, which are emitted with low energies, are not knawn

with the Same accuracy as for the other emitted partscles.

Only the first chance emission of particles was considered.

The ( n, t ) reaction cross secti.ons obtained from Hauser-

Feshbach calculations for 1®B, I4N and 9Be are given in

Tables 13, 14 and 15, respectively . The results of sorge other

strong reaction ehanneis are also gi.vean in order to

demonstrate the competition among the various reaction

ohanneis.

lt should be pointed out that the results of statisti .cal

model calculations an light nuclei haue 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 an 108.

Neutron a(n,t) a(n,n » u(n,p) a(n,a) a(n,d)
energy
(MeV)

(mb) (mb) (mb) (mb) (mb)

1 17 .5 5 .6 3 .7 652 .3

2 38 .9 28 .7 8 .1 560 .1

3 52 .9 57 .5 11 .6 518 .8

4 91 .1 78 .3 17 .3 495 .2

5 134 .8 97 .6 30 .7 454 .4 0

6 140 .6 136 .2 35 .1 416 .6 20 .1

7 129 .1 177 .8 38 .7 385 .0 36 .5

8 116 .4 214 .9 47 .9 347 .8 48 .3

9 112 .6 254 .8 59 .2 354 .8 72 .0

10 94 .1 279 .9 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 11 .4

19 7 .0 175 .3 22 .0 437 .0 10 .3

20 5 .1 158 .4 21 .5 435 .8 12 .2
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Table 14 . Theoretical cross sections of some strong reaction

channels induced by fast neutrans an 14 N.

Neutron a(n,t) 6(n,n') c(n, p ) a(n,a) a(n,d)
energy
(MeV)

(mb) (mb) (mb) (mb). (mb)

5 2 .6 109 .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 65 .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 .7 334,2 128 .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 .8 157 .3 45 .6

13 .5 17 .8 624 .3 79 .0 139 .9 39 .5

14 15 .1 632 .7 80 .1 125 .3 34 .5

14 .5 13 .0 628 .4 82 .9 118 .9 31 .7

15 11 .2 607 .6 86 .9 125 .2 30 .9
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'fable 15 . Thearetical cross sections of some strong reaction

channels induced by fast neutrons an 9Be.

Neutron 6(n,t) a(n,n') a(n,p) c(n,«) u(n,d)
energy
(MeV)

(mb) (mb) (mb) (mb) (mb)

11 567 .5 109 .9

12 0 .9 595 .3 74 .7

13 9 .2 602 .9 49 .8

14 13 .6 602 .7 33 .6

15 14 .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

19 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 0 .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 99 .4 1 .8

26 2 .3 314 .8 1 .1 111 .4 2 .1

27 3 .3 279 .9 1 .3 126 .2 2 .5

28 4 .8 242,7 1 .4 142 .2 3 .0

29 6 .4 204 .3 1 .7 159 .2 3 .5

30 8 .2 166 .5 1 .9 177 .2 4 .0

31 9 .9 131 .3 2 .1 193 .9 4 .5
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6 . DISCOSSION

6 .1 Diffusion of Tritium in D 4 C

Diffusion of tritium in S 4 C was investigated previously

[135--138) using both recoil tritium implanted and slow

neutron irradiated Samples . Tritium Implantation was carried

out by irradiation in a nuclear reactor of a Sample

surrounded by a thick blanket of GM Salt [cf . 136] . The

Li(n,t) 4He reaction results in a linear tritium concentra-

tion profile in the Sample with the concentration Boing to

zero at the maximum recoil Tange in the Sample . In the case

of a slow neutron irradiated Sample [cf . 133] a more uniform

distribution Haas expected by tritium formation in the Sample

via the reaction 10$(n,t)2a . However, since at low neutron

energies the 10B(n,e) 7 Li reaction is much more dominant than

the triton emission process (see below), a considerable

amount of 7Li imgurity (up to 0 .24 at . %) was also formell

during the irradiation [135) . The tritium diffusion

coefficients in the case of implanted samples were found to

be much higher (and activation energy rauch lower) than for

neutron irradiated samples . The results reported in this work

are in agreement wich Chose for the neutron irradiated

samples reported by Miles et al . [135] and Schnarr and Münzel

[138] . For samples of grain size 153 dumm for exa tp.le, the

diffusion coefficient at 700°C was reported to be

3 .0x10-0 cm 2 s-1 [Ref . 138), a value comparable wich our

result of 2 .
8
1x10-9 cm2 s-1 . The reported activataon energy of

250 kJ mal .-S [Ref . 138] 1n the temperature Tange Cif 550 to

680°C is also comparable with our value of 196 kJ mol-1 . The

slight difference in the diffusion coefficient may be

attributable to the presence of 7Li i€npurity in reactor

neutron irradiated Sample . Since in this work tritium was

produced via irradiation with monoenergetic neutrons of

6 .5 MeV energy, the amount of 7L1 is expected to be

negligibly Small and the tritium formed may be rega.rded as a

unifarmly distributed real dilute impurity . The time n.eeded
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to extract most of the tritium in the samples at 1150°C is

estimated to be about 40 rain . Th.ereafter a very slow tritium

diffusion is expected.

6 .2 Excitation Function of the 10B(n,t)2a Reaction

The measured cross sections as gell as the literature

values are shown in Fig . 29 as a funetnen of neutron energy.

The values of 'rye and Gammel [57], Wyman et al . [54] and

Kavanagh and Marcley [63] are in good agreement w.ith the

measurements reported hexe . 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

msasurement wich thermal neutrans was performed using an

internal monitor° reaction in order to Lake into account the

depression of neutron flust in the sample . There has been some

controversy abtaut 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 proeesses are known [cf . Refs . 57, 61, 22]

to contribute to triton emission in the interaction of 10
E

wich neutrons:

	

+ n

	

a + a + t + 0 .33 MeV

	

(I)

1OE + n -e iLz* + a -- 1 .43 MeV

Li*

	

a + t + 2 .16 MeV

	

(II)

10 + n ~. Be + t + 0 .60 MeV

8Ee

	

a .+ a + 0 .09 MeV

	

(111)

	

1OE .¢ n

	

3Be* + t - 2 .34 MeV
8Ee*

	

a + a + 3 .00 MeV

	

(IV)



i

E
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Neutron energy [MW] -e

Fig . 29 Excitation function of l0B(n,t)2a process.

Route (I) is a mult :iparticle breakup of the target nucleus

and rmay occur at any neutron energy . Mechanism (11) proceeds

mainly through the 4 .63 MeV level of 7Li and can occur at

En > 1 .48 MeV . Route (111) involves formation of the ground

sta.te of 8 Be and route (IV) its 2 .94 MeV level . Kinematic

studies suggest that routes (I) and (11) are dominant,

although the relative contributions of the various routes

depend an the incident neutron energye lt should also be

pointed out that especially at low energies pure a-emission

p rocesses [ 10 B(n,ao ) 7Li and '10B(n,a l ) 7
L1 2s (0 .478 MeV level)1

are very dominant and tritium emission processes constitute

only a srmall fraction of the ine .lastic cross section . The

radiochemical measurement described fiere gives a surm of all

the tritium emitting processes . 'ehe increase in cross section

wich neutron energy is possibly due to the enhanced

probability of tritium emission from the excited levels of

300

0
0

1

	

1

	

r

	

1

	

r

	

1

	

i

	

1

	

i

	

1

	

1

0 Tritium counting (this work)

	

-
0 Tritium counting (Ref.54)

	

-
Tritium counting { Ref 73)

	

_
® ßoron-loaded emulsion (Ref.57)

°

	

p Pulse-height spedrum (Ref .63)
Trend (eye-guide)

	

_
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the compound nucleus 11B and the intermediate nuclei 7%,i and
8Be . For an in.cident neutron energy of about 5 .5 MeV (where

the maximum of the excitation function occurs) the levels

formed in 11 B, for example, have excitation energies of more

than 17 MeV . In contrast to loco-lying levels such excited

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 Ilke

1©B(n,dn)2a etc.

The results of HauserW-Feshbach calculations for the

B(n,t)2a process are shown in Fig . 30 . The theoretical

excitation function follows a trend similar to the

experimental curve . However the calculated cross section

4

	

b

	

10

	

12
N.eutr®n energy ( eV )

Fig . 30"Comparison of statistical mode). cross section values

with the experimental results for the 10B(n,t)2a

reaction.

300

E

10
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values are Iower than the measured cross sections except at

En 4 2 .6 MeV . For this Iow neutron energy region the

agreement between experimental results and compound nucleus

model caIculations is excellent . At En > 2 .6 MeV, the contri-

bution of direct interactions may be dominant, presumably due
6Lito

	

-a and 8Beed cluster configuration of 10B [102] . The

6Li and 8Be nuclei are known to haue well pronounced Cluster

structure which is reflected in the Iow binding energy of the

a-particle . Therefore, if sufficient energy is brought by a

bombarding neutron, 10B will split into two a-particles and a

deuteron, initiating a deuteron pick-up process leading to

the emission of a triton .

4
6 .3 Excitation Function of the

1 N(n,t) 12 0 Reaction

The excitation function of the 14 N(n,t) 120 reaction

measured in this work is given in Fig . 31 together wich the

literature cross section values [60, 74, 62] . The agreement

between the data presented here and the limited literature

data [74, 62] is generally good, though at about 6 .0 MeV the

updated values of Gabbard et al . [74] are somewhat low . rohe

energy region below 5 .5 MeV and that between 8 .5 and 10 .6 MeV

has been investigated for the firnt time in this work . The

cross section is appreciable even near the threshold and

fluctuates over the whole investigated energy range . Even at

14 .4 MeV the cross section is only 30 + 3 mb [cf . 139] . The

whole shape of the excitation function is thus indicative of

direct interactions, typical for Iight nuelei.

The disadvantage of tritium accumulation and ß - counting
as applied in our measurements is the rather poor neutron

energy resolution because of Iarge sample size . The measured

cross sections are loser and Iarge sample sizes are thus

necessary to accumulate sufficient tritium . The advantages,

an the other hand, are good counting statistics and reliable

tritium production data for applied purposes .
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Fig . 31 Excitation function of 14 N(n,t) 12 C process.

The following reactions are known to contribute to

triton emission ixe the interaction of nitrogen with neutrons

at

	

< 14 MeV:

14N + n

	

12C + t - 4 .02 MeV

	

(1)

	

3a + t - 11 .29 MeV

	

(II)
15N + n

	

13C + t - 9 .90 MeV

	

(111)

Process (II) is a multiparticle breakup of the target

nuc.leus and has a high threshold . Process (1II) starts

contributing at n > 10 .55 MeV . However, since the abundance

of I5 in natural nitrogen is only 0 .4 %, the tritium contri-

bution of this process to our measurement at En = 10 .6 MeV is

negligible . The main contributing process is thus route (1) .

13

o Tritium counting ( this work )
-- Fonization cha€nber ( Ref. 74)
-- Ianization chamber ( Ref . b2 )
® Trend (eye guide, this work )
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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 hagre excitation energies of about 16 MeV for an inci.dent

neutron energy of about 5 .0 MeV . At En = 10 .6 MeV the

excitation energy would be up to 21 .5 MeV . lt is known [cf.

Ref . 140] that in 15N severa.l discrete excited levels from

15 .4 to 19 .5 MeV decay by triton emission (see Table 16) . The

probability of triton emission, however, varies in the decay

of Bach excited level since there is a streng competition

between i H, 3H and 4He emission . This is reflected in

fluctuations in (n,'t) cross sections . In Fig . 31 four peaks

(at energies 15 .3, 16 .6. 17 .0, 17 .2--17 .6 and 19 .5 MeV) are

distinguishable and these may be considered as "resonances"

for triton emission.

The triton emission frort excited levels of 25 N up to

19 .2 MeV populates mainly the ground state of the product

nucleus 12 C . Pst higher excitation energies transitions are

expected to occur also to the 2+ excited state of 12 C

(4 .44 MeV) . At En = 14 .4 MeV (excitation energy 25 Met'),

for example, about 30 % of the transition occurs to the 2 ¢

state of 12 C [cf . 139], an observatien in agreement wich the

systematics of isomeric cross section ratlos [141] . The

measurements described in this werk giere a surr of all the

triton groups emitted, irres pecti.ve of thei.r energies and

angular distributions . For more detailed mechanistic studies

double differential cross section measurements are needed.

The result of the Hauser--Feshbach calculations for the

14 N(n,t) 12C reaction is shown in Fig . 32 . The first peak

gives the cross section for the population of the ground

state of 12 c . At n › 9 .5 MeV the 4 .44 MeV excited state of

12C is also populated ; the cross section then increases and

describes the total triton emission eross section . Similar to

the 10H(n,t)2a reaction the compound nucleus model does not
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Table 16 . Nuclear levels in the compound nucleus 15N excited

during the interaction of fast neutrons wich 14 N.

E n (MeV) Ex *( 15N)(MeV) Level in 15N known to decay
by triton emission (MeV)

5 .02 + 0 .16 15 .85 + 0 .16 15 .38,

	

15 .78, 15 .93, 19 .94, 16 .03

5 .57 + 0 .17 16 .40 + 0 .17 16 .19,

	

16 .26, 16 .32, 16 .39, 16 .59

5 .67 + 0 .17 16 .50 + 0 .17 16 .32,

	

16 .39, 16 .59, 16 .68

6 .05 + 0 .17 16 .88 + 0 .17 16 .68,

	

16 .85, 16 .91, 17 .05

6 .29 + 0 .18 17 .12

	

+

	

0 .18 16 .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 18,44 + 0 .19 18 .09,

	

(18 .22, 18 .27, 18 .70)

8 .11 + 0 .20 18 .94 + 0 .20 (18 .70,

	

18 .91, 19 .20)

8 .50 +

	

0 .21 19 .33

	

+ 0 .21 19 .5

8 .61 + 0 .22 19 .44 + 0 .22 19 .5

8 .93 + 0 .27 19 .76 + 0 .27 19 .5,

	

(19 .72)

9,03 + 0 .26 19 .86 + 0 .26 19 .5,

	

(19 .72, 20 .12)

9 .61 + 0 .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 .96,

	

21 .82)

The level values in brackets show possible decay by triton

emission.

Ex*( 15N) = maximum energy'ävailable for the excitation o 15N.
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satisfactorily explain the reaction mechanism of the

14 N(n,t) 12 C process.

50

E

E

b

	

7

	

8

	

9

	

10

	

11

	

12

	

13
Neutron energy (MeV)

Fig . 32 Comparison of statistical model cross section values

wich the experimental results for the l (ny ) 124 tc

reaction.

6 .4 Excitation Function of the 9Be(n,t) 7
Li Reaction

The excitation function of this reaction was determined

experimenta.lly 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 MeV

appeared to be very uncertain :and was therefore not Barried

out . The values calculated in this work by the Hauser--

Feshbach method are shown in Fig . 33 . The calculated excita-

tion function shows good agreement with the experimental

% N(n,t) 12-C reaction
H.F calcutatior1
Experiment

12c 5 . (0¢ 1
12c4.4MeV (2»

12c .s .(01

5
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15

	

20
Neutron energy (M eV}

Fig . 33 Comparison of statistical model cross section values

with the experimental results for the 9De(n,t) 7L,i

reaction.

results at the neutron energies close to the threshold energy

of the reaction . As the neutron energy increases the

calculated cross sections are lower but the shapes of the two

curves are somewhat similar.

6 .5 Compatibility of Differential and Integral Date. for the
9

	

7De (n, t) L,i Reacti.on

'ehe measured integral cross sections of the g Be(n,t)7Li

reaction in various neutron Fields produced via the

interaction of 17 .5 to 32 .0 Meü deuterons an Be are already

given in Table 11 . Average triton Bission cross sections of

the', 9Be(n,t) 7Li reaction were also obtai.ned from the mono--
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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 spectral

distribution listed in Table 17 (Ref . 38] were used . The

caloulation of the average triton emission cross section

using monoenergetic (n,t) data is also shown in Table 17 . The

thus obtained integrated cross section values are compared

with the measured integral data in Table 18 . The agreement

appears to be good (within 21 %) and adds confidence to both

differential data measurements using monoenergetic neutrons

and integral date. determinations using neutron spectral

distributions . Since the experimental monoenergetic neutrons

Cross sections of the 9Be(n,t) 7Li reaction could not be

extrapolated to neutron energies beyond 25 MeV the comparison

of the average triton emission Cross sections was limited up

to the incident deuteron energy of 25 MeV.

The integrated date. obtained from the Hauser-Feshbach

calculation and the known neutron spectral distribution are

also given in Table 18 . The values are too low compared to

the measured integral data . Evidently the statistical

compound nucleus model falls to explain the reaction

mechanism involved in the Be(n,t) 7 Li reaction .



Tab1e 17 . Calculation of average triton em1ssion GOSS section using monoenergetic
(n,t) data . The listed neutron flux distributions haue been normalized to

30
E

	

(E i )AE = 105 .
2

En	Cross section 17 .5 MeV-d 20 MeV-d 22 .5 MeV-d 25 MeV-d
of

	

9 Ee(n,t) 7 Li
(MeV)

	

6 . 0 .

	

0 .•6 .(x10 4 ) 0 . .u .(x10 4 ) 0 . .c .(x10 4 ) 0 . .u .(x10 4 )
(mb)

s

	

s

	

s i i

12

	

2 .0 3744 0 .75 4224 0 .85 4561 0 .91 5495 1 .10
13

	

14 .5 2026 2 .94 3378 4 .90 3664 5 .31 4403 6 .38
14

	

18 .5 1502 2 .78 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 .75 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 0 .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 0 .22 326 0 .86 283 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

E(O . .u .)(x104)
i

27 .27 40 .57 50 .91 67 .75

E(O i	ai )
i6

	

- 2 .73 4 .06 5 .09 6 .78(mb)
,t 1 x 105



'fable 18 . Integral data for the 9Be(n,t) 7 L,i reaction.

Incident

	

Average triton emission cross Average triton emission cross Average triton emission
deuteron

	

section tram this work

	

section calculated using

	

cross section calculated
energy an

	

(mb)

	

monoenergetic (n,t) data

	

using Hauser-Feshbach
Be target

	

(mb)

	

results
(MeV)

	

(mb)

17 .5 3 .17 + 0 .40 2 .73 1 .15

20 4 .63 4-

	

0 .70 4 .06 1 .78

22 .5 6 .29 4 .

	

1 .07 5 .09 2 .13

25 8 .63 + 1 .50 6 .78 2 .67

27 .5 10 .96 + 2 .00 - 3 .17

31 14 .48 A-

	

2 .75 - 4 .14
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7 . CONCLUSIONS

Studies of (n,t) reactions an light nuclei are of

considerable significance for tritium breeding in 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 9Be(n,t) 7 Li,

10B(n,t)2« and 14N(n,t)12C at various neutron energies . In

the case of 9 Be(n,t) 7LEi reaction, average Cross sections wert:

measured using break-up neutrons produced during the

interaction of 17 .5 to 31 .0 MeV deuterons an a thick Be

target . A comparison of the measured date, with the values

deduced from recent differential data and neutron spectral

distributions showed agreement within + 21 % . For the

IOB(n,t)2a reaction measurements leere carried out wich quasi--

monoenergetic neutrons of energies between 2 .5 and 10 .6 MeV

as well as with thermal neutrons . The results provide a

reliable date. bare, and a lang standing discrepancy in the

thermal energy region has been solved . The Cross sections of

the 14 N(n,t) 12 0 process were measured in the energy Tange of

5 .0 to 10 .6 MeV . The excitation function shows fluctuation

over the wahole investigated energy Tange ; this is attributed

to the decay properties of the excited nuclear levels

involved.

Betailed. Hauser--Feshbach calculations of fast neutron

induced reactions an OBe, I0B 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 an light nuclei . However, the total available

information is still laeking . Investigations an the nuclei

170 and 19 F can be carried out using dd neutrons and an the

(n,t) reactions with thresholds between 12 and 19 MeV (see
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Table 1) using dt 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 all

Chose studier, 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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