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ABSTRACT

Two types of experiments, studying angular momenta of y ~rays and of energy levels connected
with radiative neutron capture, have been performed. Circulat polarization of the y -rays
emitted from nuclei capturing polarized neutrons was studied by means of the dependence of
the Compton cross section upon the relative spin direction of the photon and the electron.

o Thermal neutrons polarized.by transmission through magnetized iron fell on the (n,T)-tar,get,
(I . and the | -rays were detected by two Nal (T1)-crystals after having passed through analyzers
& of tron magnetized in the direction of transmission. The degree of cirgular polarization was
found to be in accordance with theory. Measurements were performed for the most intense
neutron capture T -rays from S, Ca, Ti, Cr, Fe, Ni, Cu, Zn and W,

Coincidence and angular correlation experiments were carried out using neutron capturing
targets as sources. The existence of several y -ray cascades was established. An earlier
unobserved v -ray of 0.60 1 0.05 MeV in Cub4 was found. The most prominent T -ray cascades
of Cl, Cr, Ni and Cu were studied by the angular correlation method.

Combined results of these experiments yielded several spin values for the nuclei studied. The
first part of the paper deals with theoretical aspects pertinent to methods of these kinds In
particular, the degree of circular polarization of y -rays emitted from nuclei capturing polarized
neutrons has been calculated for various cases, including emission of mixed multipoles.
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CHAPTER 1

INTRODUCTION

The existing theories on nuclear structure have led to various predictions about nuclear
properties. Particularly the nuclear shell model by Mayer (1950) and Haxel, Jensen and Suess
(1950) together with the theory on collective motions in nuclei by Bohr and Mottelson (1952,
1953) have successfully accounted for a greater part of the existing data on nuclear energy
level schemes, The spins®/ and parities of stable nuclei are now very well understood, but

t compared to the large number of energy levels that have been observed, rather little has been
experimentally determined about nuclear spins in excited states. From measurements on
energies, spins and parities of excited nuclear levels the reliability of theoretical predictions
can be checked., On the other hand, studies of cumulated experimental nuclear data may suggest
new theoretical methods. '

No generally useful method has been developed for the study of the spins of the nuclear energy
levels. There are many different ways in which nuclear states can be observed, but any parti=-
cular level is usually known from one or two types of reactions only.

Special conventional methods, primarily used for the study of the ground states of stable nuclei,
are well developed. Among these are the measurement of the hyperfine structure of atomic
spectra, the atomic and molecular beam methods, the riuclear induction methods and microwave
. , spectroscopy. These techniques can also be applied to the measurement of the ‘properties of
7"4‘ relatively long-lived radioactive and isomeric states, provided that the excited nuclei can be

: obtained in sufficient quantity.

. g The spins of short-lived puclear states must be studied by means of observation of their decay
. products, In some cases this can be done for random orientation of the exited nuclei, for
: example when one can measure the lifetime or internél conversion coefficient of T4radiation,
the lifetime and form of the spectrum for B -radiation, and the peak height and width of resonan-
ces for particle absorption and scattering. The theories for the,lifetimes ofy - andp -rays and
for the shape of(3 -spectra are, however, not complete and ambiguities may occur in the deter-
mination of nuclear spins with these methods.

The third group of experimental techniques consists of the measurement of angular distribution
or polarization of the reaction products. Clearly, these properties, being dependent upon a
preferred direction in space, require that the excited nuclei are polarized. Polarization here
includes any deviation from the usual random orientation of the nuclear spin directions. Spiers
(1948) first showed that the reaction products from aligned nuclei in general will be anisotropi-
cally distributed. The polarization and distribution of y -rays was calculated by Tolhoek and

Cox (1953).

x) According to current terminology, the total angular momentum of-a nucleus in this paper
will be referred to as "nuclear spin'' in cases where no confusion with intrinsic spin of

single particles should be possible.
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The most straightforward way of polarizing nuclei is the alignment of nuclear magnetic mr‘)ments
in magnetic fields, This method, however, requires very low temperatures, £ 1° K, covmbmed
with strong magnetic fields. The technique is very specialized and refined and it has hitherto
found little application.

When the incident particles in a nuclear reaction have a definite’ spin direction or a definite
angular momentum relative to the nucleus, the total angular momentum of the compound system
will not be randomly oriented. Therefore, the reaction products may show a certain polari-
zation or directional distribution with respect to the incident axis of spin or momentum This
will also be the case when no compound nucleus is formed, like in deuteron stripping, for
example. The technique of measuring directional distributions of reaction products due to the
angular momentum of the incident particles has been applied to nearly all types of nuclear
reactions. Incidence or emission of polarizéd particles can give increased information, butthe
procedure may be rather complicated because of the difficulty of production and detection of
polarized particles.

Finally, randomly oriented excited nuclei may become polarized by emission of radiation in a
definite direction. If a nucleus decays by the emission of radiation in two rapidly consecutive
steps, the observation of a fixed direction or polarization for the first reaction product will
serve to select the disintegrations of nuclei with a certain spin orientation. The second disinte-
gration then may have directional correlation or polarization correlation with respect to the
first one. The first event may also consist in particle emission, - A coincidence detection
system is required for the selection of the pair of reaction products {rom the same nucleus.
This principle is especially used for investigations of the spins of radioactive nuclei decaying
by means of 3 -y - or § - ¥ -cascades.

The present work is concerned with the study of the spins of the huclear energy levels that can
be observed when the excitation of nuclei by the capture.of neutrons is followed by y -ray emis-
sion. This is a well known reaction which can take place in'almost all nuclei. Some of the
theoretical aspects pertinent to radiative neutron capture are treated in chapter II. Using a
magnetic pair spectrometer, Kinsey, Bartholomew and Walker (1951 abe, 1952) and Kinsey and
Bartholomew (1953 abcde) have carried out a very comprehensive study of the energies and
intensities of the high energy neutron capture y -rays from most of the elements of the periodic
table. Another magnetic spectrometer, measuring the energy of Compton electrons, was used
by Groshev, Adyasevich and Demidov (1955 ab) for the study of a smaller number of spectra.
The latter instrument gives very good resolving power for all energies of interest, whereas the
former one can not be used for energies below 3 MeV, and gives good resolution above 4.5 MeV
y-ray energy only, The most useful of other methods is the application of Nal(T1)-scintillation
crystals for the study of neutron capture ¥ -rays at low energy. Reier and Shamos (1955) and
Braid (1956) successfully applied this technique,

From the knowledge on j -ray energies and ‘intensities, tentative decay schemes may be con-
structed, in many cases with great certainty, dependent upon the number of isotopes in the
target and the complexity of the decay scheme. The y -ray cascades can be followed in detail
by coincidence measurements. A few studies of that kind are contained in chapter IV, In many
cases the level scheme is known from (d,p)-reaction studies, and when the angular distribution
of the protons has been measured, the orbital angular momentum of the level is known. It is
more difficult to obtain the level spins from radiation intensities, since the connection between
y-ray emission probabilities and multipolarities are still not well known.

The measurement of internal conversion of ¥ -rays of low energy is a practical method for the
determination of multipole orders, and it was applied by Muehlhause and Hibdon (1951 ab, 1952)
to the study of radiation below 0.5 MeV following neutron capture. Since the conversion coeffi-
cient is decreasing rapidly as energy increases (Rose et al 1951), the principle is not very use-
ful at higher energies of the capture radiation. In that case, the alternative method, internal
pair formation, is more promising because its conversion coefficient is increasing with energy
(Rose 1949). However, as the spectra of the pair electrons are continuous, it seems to be
experimentally very hard to study the pairs originating from internal conversion .of a definite
y-ray in the presence of a complicated distribution of radiation energies.

The interaction of polarized neutrons with samples polarized in magnetic fields has been studied
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by Bernstein and co-workers (1954 ab, 1955). By means of measurements of the

neutron transmission or the activity induced in the samples, they were able to determine whether
the spin of the captured neutron was added to or subtracted from the spin of the target nucleus.
As an apparatus for polarizing nuclei was not available for the present study, the useful methods
would consist in polarization performed by the incident neutrons or by the emitted photons.

Polarized neutrons can be obtained from nuclear reactions, for example from the d-d-reaction
as predicted by Wolfenstein (1949 a) and measured by Meier, Scherrer and Trumpy (1954).
However, the fast neutrons have such a low capture cross section that they can hardly be used
for the experimental study of neutron capture y-rays. Polarized beams of thermal neutrons

are fairly easily obtained, but their use is limited because only particles with angular momentum
zero are captured. Halpern (1951 ab) was the first to suggest the measurement of circularly
polarizedy -rays following the capture of ‘polarized thermal neutrons. When the degree of
circular polarization is measured, some information of the spin states of the emitting nucleus
can be derived, This principle is discussed in chapter III together with the description of an
experimental set-up and some measured results.

The second possibility, being the study of y -ray cascades by means of the angular correlation
method, is treated in chapter IV. An apparatus was built and a few experiments were performed.

Regarding the theoretical considerations of the following chapters, it should be pointed out that
in several cases the use of the same symbol for different properties has been unavoidable.
These symbols were, however, applied in such a way that no confusion should arise.
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CHAPTER II

GENERAL THEORY

Thermal neutron capture

Neutrons of any velocity are easily introduced into the region of nuclear forces since there is
no barrier like the Coulomb force acting upon them. The neutron may be scattered or absorbed
by the nucleus. In the case of absorption, the resulting system will obtain an excitation energy
that is equal to the binding energy of the neutron plus its kinetic energy. For thermal neutrons
the kinetic energy is negligible compared with the binding energy which is of the order of 8 MeV
The de-excitation may take place by re-emission of the neutron which is observed as scattering,
by emission of a charged particle which only in a very few cases is energetically possible, or
by ay -ray disintegration to the ground state or to a lower excited state from which further de-
excitation by y-ray emission may occur. '

The total angular momentum J of the nucleus is due to the combined action of the intrinsic spin
of the nucleons and the orbital angular momentum of their motion. A thermal neutron has so
low energy that no change in the orbital angular momentum is possible .in a nucleus absorbing
it. The intrinsic angular momentum of the neutron is _, ¥/ and the quantum mechanical proper-
ties are such that when it is captured by a nucleus the value + L or - L will be added to the
2 . Y

nuclear spin. This implies that the thermal neutron absorption by zero-spin nuclei will produce
the compound state T =%
resulting spin: Jo = J; + L Accordingly, the nucleus may have two types of neutron resonances
at thermal energies. No parity change of the nucleus takes place on absorption of particles with

zero orbital angular momentum.

, whereas for initial spin Ji#G there are two possibilities for the

The capture cross section for thermal neutrons is determined by the shape and position of the
nearest resonances. If the binding energy of a neutron happens to be equal to-a resonance
energy level of the compound nucleus, the thermal capture cross section will be extremely large.
In the case that the influerice of one single resonance predominates at thermal energies,' the
neutron cross section is given by the one-level Breit-Wigner formula (see Blatt and Weisskopf
1952) for the reaction product &:

L

2
oo = TR ¢ - . o
(€, - B2+ (/22 . :
where X is the neutron wavelength A divided by 21, r; and |y are the resonance widths for
neutron and reaction product respectively, and r: r\n + r; is the total width of the resonance.

E, is the energy of the incident neutron and Ey i the resonance energy. The statistical factor
is:

_1 + 1 . . (12)
g"z“‘ZJiH )

. o4l
where the upper and lower signs correspond to the signs.of Jo = J; T 3

x) Throughout the present paper, all spin and angular momentum values are referred to in
units of # .
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Formula (1.1) is accurate near the resonance peak only.. Other nearby resonances with the

same spin J, may p!o‘duce large deviations of the cross section due to interference effects.
Nevertheless, the one-level formula can be used to give a useful qualitative picture of the cross
section for radiative capture of thermal neutrons. As the y -ray energy is very large and the
neutron energy very small, F‘( is essentially energy-independent in the rggion of thermal
energies; one has a reaction width F<E and the denominator for formula (1.1) can be written
E,“. From quaitum mechanical considerations one finds for the width of neutrons with zero
angular momentum!:

I oco, Ezll/z L.3)

Here,'Dn is the average spacing of resonances with the same spin. As xn [0, E;l/z,
formula (1.1) now becomes: »

9 () K Ty o E;I/Z (1.4)
£

This is the well known 1/v-law for the absorption of thermal neutrons; v 1s the neutron velocity
which is proportional to the square root of E .

The largest fluctuations of ¢ tp from one element to another are due to the variable magnitude
of Dn' which in the regions of filled nucleon shells can be increased by several orders of
magnitude with respect to the neighbouring elements. Outside these domains, the general trend
is that D_ falls slightly off as the number of nucleons A is increased. rx is remarkably
constant (22 0.1 eV) and it only increases somewhat in the regions of closed shells as shown
by Levin and Hughes (1956).

In the rare cases when thermal energies coincide with a resonance of the compound nucleus,
-ray observed corresponds to a unique transition between the state of the resonance and a
lower state of the nucleus.When in that case the spin of the initial state is measured, this will
be the spin of the resonance. If thermal energies do not fall on a peak, all the nearby resonances
will contribute to the capture cross section. However, the Er'2 -dependence of formula (1.4)
shows that generally the nearest resonance will be major importance. - This formula does not
take account of interference effects which, according to Teichmann (1950), may give large
positive or negative contributions to the cross section in regions where resonances with the
same total angular momentum 7T, contribute with the same order of magnitude. '"Negative
resonances' have energies smaller than the binding energy of a neutron in the compound nucleus.
Their existence is not.easily observed and of those occurring in the vicinity of thermal energies
only very few are actually known: For thermal neutron reactions one may therefore not be able
to tell which is the nearest resonance. The factor g implies that a resonance with spin
Jo=J0; + % gives a somewhat larger contribution to the cross section than does one with

Io=17; --é— under-equal conditions. One may conclude that there is a great chance of finding

that the observed total angular momentum value of the composite initial state of a definite
rray transition, largely is due to one of the two possible combinations, but in many cases it
will not be possible to ascribe this value to a definite resonance.

2. Electromagnetic radiation.

An electromagnetic wave moving in free space is described by the complex vector potential:
- ad
72 ilkr-wt) TR ¥ -ilkr-wt
AzAj e ( ) +tA, e ( )

T2 (2.1)
divA=0

Here t is time; w is frequency of the oscillation, r is the vector from the origin andT:is the
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- .
propagation vector. The wave number per unit length equals |k| -k = w/c. Energyand
momentum of the photon are then given by f\ ckand hk, respectively.

-l
The electric and magnetic fields can be expressed in terms of A: -

% . .
B--1282 R (2.2)

B Vxh=iExh) 4 @3)

- - .‘ N .
The condition div_A) = 0 implies thatK as well as E and H are perpendicular to the direction of

propagation.

The state of polarization is given by the direction of the el}ech‘-ic field vector:

Fo R T haT (2.4)
punry 1 272
|Eq| [Adl

o and e, define an orthogonal co-ordinate system, where the photon

—
H the unit vectors e /]
ere, L The complex coefficients 2 and a are normalized by

is propagated along the 3-axis.

13112 + lazl 2.1

are both imaginary, the polarization is linear. If one is real avnd
lar polarization will be obtained. This corresponds to a rotation
i quations (2.1) and (2.4). Generally, the
whose components in the co-ordinate

Their magnitudes have been given by

If aj and a) are both real or
the other is imaginary, circul  will
of the vector £ in space, as is seen by combmahon:f e

polarization of a photon is defined by a unit vector k3
system defined above are called the Stokes parameters.
Tolhoek and Cox (1953):

£ faf? - Joof

* *
B, = aap * a2 ’ (2.6)

R *
gj = i@y, - azal)

: ) long the propagation
Linear polarization is expressed by g 1 and g 2: The component g 3 va‘ g p :

vector of the photon, gives the degree of circular polarization.

E is positive for left circular polarization, and vice_.versa. When the Stokes parameters dre
3
used to express the polarization of a photon beam,lglé 1.

The properties of the spin operator Tfor a vector field are given by Rose (1955):

=
RE-ss+1) A

and of the z-component

(2.7)




The ﬂgenvalues are S=1and Sy =1,0or -1 a4 denoted by the index on.gx

unit vectors along the co-ordinate directions and X is normalized to unit Tgngth:
form Xj or X_1, the photon prdpagated in the z-direction has lef't or‘rig}:t gircular Polarization
redpéctively. X= E; is o solution for this photon, since the ve@igor field must be tre nsversal,
Linear polarization is expressed by a combination of left and right circular pofarization. The
extpectdtion value of thé“spin;‘uompojl_ené in, the direction of ‘motion.is then zero, i.e. Syispot .
sharp: .The fact that the photon has spin 1 with the two possible components 11 in the direction
of motion, corresponding to the two types of circular polarization, has also been pointed out by

" Heitler (1954, appendix;1). & il e il agd v o :

Rt el

A detailed account of the expansion of electromagnetic radiation into multipolé fields has been
given 'y Blatt and Weisskopf (1952). An arbitrary vector field’is-expressed by the series:

A - Z i ALMT) )
O s }

o banilg i pon el alraef wdd el Betogees
Here, the terms A(L,M,r) are pure x;ultipole fields, being functions of vector spherical
harmonics. L is the angular momentum quantum number and M is the z-component, thereof.
Accordingly, also the electric field may be expanded into multipoles, and one gets:

JEg) (L, M)+ cmag(L,M)Emag(L,M:t)] i (2.10)

ATLgH e N vl 8 o y ) . ) ,‘ ’ § v
whére“E mag * e tor of ‘the ‘electric-and magnetic multipole tadiation: :
respectively and the amplitudes are of the form: & by
, 1
+_ A L+1\ 2z b
esf —t— (B} Fang : © ey
L+l \ L/ LM (2.11)

Here Qg is the multipole matrix element of the transition. It is dependent upon tix; convection
_currents and the varying magnetization-density in the nucleus.’ An equation similar to (2.10)
applies for the magnetic field H. 2 ! P

Thg‘,gq;itjsﬁ for the

m

two, types of ;n)xltipole radiation are:

(LM) = ()

and o e (2a2),

T

g

(M) == (-1)E

Even and odd pari?ies‘ are denoted.'by T=+1 and -1 respectively so that by‘tha expansion of

the electromagnetic fields according to equation (2.10), the radiation is classified in terms.of.

. the angular momentum’: and parity change it produces in the radiating Systém‘ g 1.4 g
& 5 =, :

x) (zL‘,+1)!.'=,1-3-5 prerre e QL4 )
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Transitions of multipole radiation between nuclear levels with total angular momenta J, and

=
Jp are limited by the selection.rule:

- = =
o= tL (2.13)
or
.Ia-lb\ <L <Jﬁ+;rb (2.14)
and
m, - my = M ‘ ) (2.15)

where m is the z-component of the total angular momentum, The radiation atleast carries
away angular momentum 1, 50 that L>>1. Another selection rule follows from the parity of the

radiation: .
-ﬂa= ﬂrad ﬂb (2.16)

TABLE 1
The lowest multipole order allowed by the selection rules

Angular momentum carried away
by radiation = L.

0 1 2 3 4 5
Parity of -1 None EI M2 E3 M4 E5
the radiation
=-ﬂ-rad +1 None Ml E2 - M3 E4 M5

The lowest possible order of multipole radiation is given in table 1 as determined by the above-
mentioned selection rules. We shall see that this radiation generally has the highest transition
probability. Electric and magnetic 2L-poles are denoted by the symbols EL and ML respectively.

The radiated energy is proportional to the square of the absolute value of the amplitude c; and
one gets for the transition probability of a’'quantum per unit time:

g (L+1) . k2L +1 lQLM‘Z L (2.17)

vikal L [(zL+1)::|Z h

The matrix element Qy y can only be derived when the nuclear properties are completely known.
On the basis of the individual particle model, Weisskopf (1951) obtained a rough estimate for the
transition probability for the electric radiation of multipole order L:

L 44102 wa) (3 )2 h ek | 2L gL gec! (2.18)
el"= 1 TeL+) ¢ L+3, 197 MeV

where the nuclear radius R is given in 10-13 em.

parison between the matrix elements
he electric and magnetic moments of the nucleus.
nd the magnitude of the magnetic moment is a few

1 momentum and of the spins of the nucleons are
f.the transition probabilities is:

An estimate for the magnetic radiation is obtained by a com
of the transitions, which are dependent upon t
The electric moment is of the order of eR, a
times e h /m, ¢ when the action of the orbita
added. Here mp is the nucleon mass. The ratio of
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W;nag (L) _ ‘QLMmag ‘ ) Jﬁ ’ (2.19)

vl feiwer| 2 \mack ‘

This quantity is approsimately 10~2 for A = 100. The order of magnitude of the r.atio between
successive multipole orders is (kR)2, which is as small as 105 for A =100 and y-energy
=0.5MeV, According to these estimates the transition probability is quickly reduced for succes-
sive radiations of the series: El, M1, E2, M2, » » « - v v ¢ e v, . -

TRANSITION PROBABILITY w'IN sec?
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Figure 1,

Theoretical y-ray transition probability for various multipole orders, as calculated from
formulee (2.18) and (2.19). For the nuclear radius was used the value R = 6.73.10-13 cm,
corresponding to atomic weight A = 100, 3 :

Figure 1 is a graphical representation of the theoretical transition probability expressed by the
formulee (2.18) and (2.19). The magnitude of the resonance width for emission of y -radiation

[; = w’,ﬁ is also given in the figure, According to Weisskopf, formula (2.18) must be considered
as an upper limit for the transition probability., In fact, practically all measurements of
transition probabilities yield values which are several orders of magnitude smaller than w'
(Goldhaber and Sunyar 1951). In spite of this, the theory accounts well for the ratio between
diI‘fereql multipoles, and for the dependence upon energy and nuclear radius.

As seen from the selection rules illustrated in table 1 and in figure 1, the lowest allowed order

of magnetic radiation will be very improbable when the most intense radiation is of the electric
type. Mixing of two types of radiation is much more probable if the most intense ¥ -ray according
to the above rules is a magnetic multipole, Electric radiation of one multipole order higher,
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also being allowed, will in the region of 1 MeV be a factor 100 less probable. Most cases of
mixing observed are of the type Ml + E2, ;

Mayer and Jensen (1955) derived a separate selection rule for the case that the transition is due
to a single proton or a single neutron which changes its orbital angular momentum from l’i to Lf
In this case the additional condition is:

L e -4 . o v (2.20)

Generally, this rule has not complete validity, but transitions violating the rule have va strongly
reduced transition probability as compared with the expressions (2.18) and (2.19). ]

When a neutron is captured, the nucleus is excited to approximately 8 MeV, and the following
¥ -ray emission leads, either directly, or by successive y-rays emitted in cascade, to the

-ground state of the compound nucleus. Blatt and Weisskopf (1952, chapter X1I) have shown that

for emission from highly excited states a more correct form' of the transition probability is
obtained when it is multiplied with a factor proportional to the average level spacing D¢ in the
region of the initial state. Only:levels from which radiative transitions of the same multipole
order can produce the same final state are concerned.. The authors proposed the proportionality
constant D 22 0.5 MeV. - Transition probabilities for high energy dipole and quadrupole radia-
tion were determined by Kinsey and Bartholomew (1954), who found that the theoretical transition
probability w' = (Dr(/Do)W' was too small by about a factor 10-2 for El radiation and somewhat
larger for M1 fadiation.

1 ’ .
The y -ray width, being proportional to the transition probability, is the sum of the partial widths
for transitions to various lower levels:

= >

From a careful study of various neutron resonances Levin and Hughes (1956) found that I}

was of the order of 0.1 eV for nearly all cases studied. As a general rule, IE’ is decreasing
slowly with increasing A, but seems to increase somewhat in the regions of closed nucleon
shells, Furthermore, \; is not varying strongly, if at all, amongst resonances of the same
nucleus. A comparison of the measurements of Levin and Hughes with those of Kinsey and
Bartholomew indicates that most of the radiation emitted in neutron capture is of the electric
dipole type. This is a plausible result since generally the de-excitation may proceed by ¥ -ray
emission to many lower levels, and there is a great chance that some of these levels can be
reached by electric dipole radiation, which because of its high transition probability then will
account for the greater part of the decay.

(2.21)

3., Nuclear energy levels.

The best general agreement with observed nuclear level data is obtained by the nuclear shell
theory combined with the theory on collective motion of the nucleons.

In the shell model (Mayer 1950; Haxel, Jensen and Suess 1950) the nucleons are suppoéed to be
moving in individual orbits. The eigenfunctions of the particle motion in the spherically symme-
tric potential chosen, are, analogous to the electron states of an atom, given by the quantum
numbers n and £, where n is the number of radial nodes of the eigenfunction and Lis the orbital
angular momentum quantum number. In order to explain the experimental data it is necessary

to add a spin-orbit-coupling potential which implies a splitting of the £-levels due to the nucleon
spin. The two total angular momentum states T :,@i‘ 1 then have different energies, and contrary
to the case of atomic spectra, the state with parallel spin and angular momentum, J =4+ L has
the lower energy. Nucleon configurations are given by the quantum numbers (neI)V , wheZe ¥
is the population of the level, and the value of £is given by the usual letters s, p, d, f, .. .. ..
The level degeneracy is 2(24+ 1), and the parity-of the eigenfunction is Trzz (-1)4 When the
parameters of the potentials are adjusted to give the best possible agreement between the theore-
tical and the existing experimental values of nuclear spins in ground states,onearrivesatanenergy
level scheme of which the lowest part is shown in figure 2, taken from Klinkenberg (1952).
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Figure 2.
Energy level scheme of the nuclear shell model.

In the ground state of the nucleus the nucleons are filling the lowest possible energy states of
the level system. In order to excite the nucleus, one or more of them must be lifted to a higher
level. For the nuclei with filled shells, i.e, for proton and neutron numbers 2, 8, 20, 28, 50, 82
and 126, comparatively high energies are required for the excitation of the system.- These
""closed shell" nuclei are therefore unusually stable.

The lowest energy states are obtained when pairs of protons, and neutrons. couple their anguiar '
momenta to zero with even parity. Thus even-even nuclei always have zero spin and even parity
in the ground state. This rule has been verified in all cases experimentally studied. In nuclei
with odd mass number A, there will be a core consisting of even numbers of protons and neu-
trons, and one extra nucleon which alone determines the spin and parity of the nucleus. This
single particle model has given an extremely good explanation of the spins of stable odd-A nuclei.
A few exceptions to this rule and to the sequence of levels in figure 2 must be explained by
special coupling rules (Mayer and Jensen 1955). In an odd-odd nucleus one proton and one neutron
couplé their angular momenta to produce the total angular momentum of the nucleus. For this
case, complete coupling rules have not been deduced. !

In general, the excited states of nuclei are due to the combined action of the shell structure and
the collective motion of the nucleons which has been treated by Bohr and Mottelson (1952, 1953).
For the larger nuclei far from closed shells the collective motion of the particles in the defor-
med nucleus contributes appreciably to the properties of the excited states. This is an additional
degree of freedom which gives rise to rotational and vibrational levels in analogy with rotational
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bands in molecular spectra. The lowest excited states in the regions 155 <A< 185 and A > 225
are very well explained by this theory. The quantum energies of collective motions are large
for small nuclei and for systems in the vicinity of closed shells. In these cases, the nuclear
shell levels account for the lowest excited states. ‘Above the two or three lowest states one
must expect contributions from combinations of single particle configurations which will be
hard to predict or explain unambiguously, As the excitation energy increases, the number of
combinations and the density of levels will increase rapidly. For odd-A nuclei, the single
particle model applies, and the lowest energy levels are simply give by figure 2, Even-even
nuclei can be excited when one nucleon pair obtains a change of the coupling in the same,
configuration as that of the ground state. The first excited state then becomes angular momen~
tum 2, and the second has the possibilities 0,2 and 4. A change of coupling only, involves no
change of parity. Also the first excited state of the collective motion in even-even nuclei has
angular momentum 2 and no change of parity. In fact this rule has beén confirmed in almost
all cases studied (Scharff-Goldhaber 1953), For the more complicated case of excited states
of odd-odd nuclei, no rules have been formed. -

Generally the spacing of energy levels is decreasing as A increases, due to the action of collec-
tive motions in the nucleus. Because of this, most neutron capture y -ray spectra for heavy
nuclei have been resolved to a small extent only. Exceptions are encountered in the vicinity of
closed nucleon shells, where the spectra clearly resemble those of light nuclei. For capture of
thermal neutrons in even-even nuclei the spin of the compound nucleus has only one possible

-1 , and the spectrum may then be fairly simple. If the ground level of the
2

resulting nucleus is a p-state, which has spin Lor 3 and odd parity, the disintegration to the ground

state will be of electric dipole (E1)-type and of high intensity. For reasons of poor resolving power,
most of the ¥ -rays experimentally studied in the present work were of the type mentioned, and all
except one originated in light nuclei (2  30).




-
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CHAPTER III

CIRCULAR POLARIZATION OF GAMMA-RAYS FOLLOWING CAPTURE
OF POLARIZED NEUTRONS

Consider the reaction in which y -rays are emitted from a target as a result of the absorption

of polarized thermal neutrons. We shall in the following discuss the effects that the polarization
may have upon the radiation, and the possibilities‘of detecting these effects. It shall also be
investigated to what extent these detecting methods may be used for the determination of nuclear
properties.

1. Main principles.

The polarization of a particle beam is generally defined as the net alignment of the particle spins:

+ -
pL=I" (1.1)
" +1°
where P is the polarization and It and I- are intensities of particles with spins parallel and

antiparallel to a certain axis of reference. This definition is also valid for photons as far as
circularly polarized radiation is concerned.

The experiment treated in the present chapter deals with polarized slow neutrons, which have
zero angular momentum, and with ¢ircularly polarized y ~rays. Certain rules, which imply a
limitation on the application of these effects to nuclear spectroscopy, may easily be deduced.

Consider a nuclear réaction induced by particles with angular momentum zero, and the net spin
direction along the x-axis, The outgoing intensity must have symmetry about the x-axis, since

no other direction is defined for the compound system. Accordingly the intensity I, emitted in
a certain direction (x, y, z) is independent of a reversal of the y-co-ordinate:

Ix,y, 2) = 1, - y, 2). ‘ (L.2)
If we perform the transformation

x'=x,y' =-y,2' =2, . (1.3)

the polarization will reverse its direction since spin is an axial vector. The intensity will be
unaltered and equal to

I(x', y', 2') = Ix, - y, 2) = I(x, y, 2) (1.4)

which means that the direction of polarization has no influence upon the distribution of the
reaction products.

A similar restriction applies for the scattering of circularly polarized photons. If the radiation
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is incident along the z-axis, this is the direction of polarization, and accordingly it is the axis
of symmetry. Also in this case the transformation (1.3) will reverse the direction of polari-
zation, while the intensity is unaltered as in equation (1.4). Therefore one cannot distinguish
between left and right circular polarization of radiation purely by measurement of the scattered
photons.

These two conclusions on the application of polarization are also contained in the polarization
theorems number 2 and 3 formulated by Wolfenstein (1949 b).

Consider a material which mainly scatters particles having a definite spin direction. When
there are only two possible orientations of the spin due to quantum mechanical requirements,
the total cross section may be expressed by
o =d 1 (1.5)

where 60 is the cross section for unpolarized particles, anddp is the contribution that is added
or subtracted, depending upon whether the particle spins are garallel or antiparallel to a certain
axis of reference. The corresponding particle currents are I and I~ respectively. The intensity
transmitted through polarizing material is given by

+ it b3 -¢6.t 4
PR o SN 5ot ) (1.6)

where Ty is the transmission and I, and Il are the intensities of the incident and the transmitted
beams as indicated in the left part of figure 3. All the upper or all the lower signs should be
chosen, indicating the spin direction of the particles considered. @ is the number of atoms per
square centimetre of the beam.

An unpolarized incident beam is characterized by 13 =15 :% Io. In this case, the combination

of (1.1) and (1.6) gives:

e'?dp - e?dP n pdp
Py = = (1.7)
99 + 99 | quc.pz
1+
2

The condition for the validity of the approximate formula is Qd € 1. The relative difference
between the transmission T, and T ,respectively, of the polarizer and of the same device with=
out polarizing properties is'called the Ysingle transmission effect!!:
. To Ty e f% + 00
T,

u

2 g .
in for qofp << 1 (1.8)

-1

2

n

Polarization now becomes'the form P¥ Qﬁp /(1 +1). In many experiments the measurement
y

of N can be used as a simple method for the determination of 6P and the polarization P.
Equation (1.1) gives for unpolarized incident beam:

+

-1 +

11 =510 Ty (1 _Pl) (1.9)

Generally, the properties of a polarizer are completely described by the transmission T and by
the polarization P of the emitted beam when the incident beam is unpolarized. The transmissions
for the two components of the beam with opposite polarization directions are equal to T(1 tp).

Figure 3 shows the principle of a double transmission polarization experiment, which means

that the particle beam passes successively through two polarizers with properties T1,P) and

T,,P; respectively, When the incident particles are unpolarized, the intensities emitted from
the second polarizer are:

i

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/24 : CIA-RDP81-01043R002400120007-1

- 23 -

BEAM I Iy I
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Figure 3.

Schematical double transmission experiment.

+ _ ot 1
b= T,(1+P,) = EIO T) T, (1+P)(1+P,)
i} . i (1.10)
Iy = 1) TZ(I-PZ)zzloTsz(l-Pl)(l-PZ)
With a polarization-independent detector the intensity
+ -
L=l + 15 = Ty T,(1+P P,) (1.11)

is measured, If I'Z is the observed counting rate for parallel polarizers (P;P, > 0), and 12" is
that obtained for antiparallel polarizers (P} P, < 0), we get the relation
1 " E :
-1z ,
PPy = , (1.12)

"
I t1

Thus, the polarization Py of a particle beam can be determined by means of an "analyzer"
whose polarization P; is known.

In the production of polariied particles by passage through matter, a compromise must always
be made between the increase in polarization and the decrease in intensity as the thickness of
the polarizer is increased. When background counts are neglected, the standard deviation of a

counting experiment measuring polarization is

Apoc Y t1n 1
- PVT I,

(1.13)
[/

9%
oc 2 for Q‘Up<l

~ 1
o RN
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The minimum value of this quantity is obtained for ?6° = 2. This means that the greatest
statistical accuracy of a measurement carried out in a certain time is obtained when the length
of the polarizet is equal to twice the mean free path in the polarizing material, |

2. Polarizationvof the radiation.

In the discussion the radiation emitted after polarized neutron capture, one can make use of the
well known theory for the angular correlation of radiation. This procedure was used by Bieden-
harn, Rose and Arfken (1951 a), who treated the possibility of linearly polarized radiation. In
the following we shall give a short review of their theory, which then will be used to calculate

" the ‘'emission probability for circularly polarized photons. -

COMPOUND
STATE
A A+1
——T—— Je. Me

NEUTRON
CAPTURED

Y-RAY -
EMITTED

LM

e . my
FINAL
STATE

Ji.m
INITIAL
STATE
Figure 4,

Energy level scheme for (n.y )-reaction.

The angular momentum quantities involved are shown in the simple decay scheme of figure 4.
The target nucleus, having A nucleons, has total angular momentum J;, with z=-component m;. .
The compound and final states of the nucleus have one nucleon more, and the total anguiar
momenta are J, and J¢ with z-components m¢ and my respectively. Since the transition between
the compound and the final state is due to a single y -ray with multipole order L and angular
momentum in the z~direction M, we get the following relations between these quantities

1l g
l'z c
I5-1(< IS HL @)
+1
mi_z = mc=mf+M

- 25
n j s s =3 5 N
The sign + or - depends upon the orientation of the neutron spin relative to J; and to the z-axis,

The relative probability for the emission of a capture y -ray in the R-direction with circular
polarization p following the capture of an s-neutron with polarization P, is given by

w(Pn;p-TK)z Z Z{i |H1 c >< c | Hy I f’>*
me

mjmg
Here, the probability amplitudes for the initial, compound and final states of the nucleus are
simply denoted by i, ¢ and f respectively. H) and Hj are the Hamiltonians that effect the neutron
capture and the y -ray emission respectively. The quantity p equals +1 for left and -1 for right
circular polarization of the y -ray. If the z-direction is chosen as the quantization axis, no
cross terms will be obtained from (2.2), and one gets
<c HZ ‘ i>

Zf Gl |

ml mc m,
The values of these matrix elements are given by Biedenharn, Rose and Arfken (1951.a). The
first one is proportional to the occupation probability of the m,~th sublevel: :

2 (2.2)

)

o
w(P,,pk) =

ilHy )2 Li20c-%) P, (2.4)
. 2 2R e

Here, P is defined by equation (1.1) when 1" and I” are the probabilities that the incident
neutron has spin parallel and antiparallel to the z-axis respectively,

In order to calculate the second matrix element, they make use of the expansion of a circularly
polarized plane wave as performed by Goertzel (1946)"

A = T

Lzl M=-L

il Y24 Dﬁ")P (“FX) [ZTM +ipKEM:[ ; (2.5)

where DI\E[L) @ PI) is the rotation matrix of the L-th order as defined by Wigner (1931, p.180)
P .

and the superscripts ¢ and m denote electric and magnetic multipoles respectively, The resultis

<c

The symbol (JC Jf.mc -m;) ' T Il (—M)) is a Clebsch~Gordan or vector addition coefficient as
defined by Condon and Eﬂmrtley (1935). The amplitudes b(J.J¢ TT L) of the waves may be chosen
real, but the relative phése between two b's can be 0 or 1800, and their signs will not be known.
Parity change due to the radiation is denoted by Tl and is also contained in the exponent

)\.= L(1 +TT(-1)L' ) which equals 0 or 1. In the rotation matrix the values of the Euler angles
2

PN ) MR
Hzl f>0CZiL (ip)* b7, 7 TT L) DM’P(OQO) (17 gme(-mp) lJ?J!L L(-M)es T (26)

o and ¥ are insignificant, and can be chosen equal to zero. @ is the angle between the ¥ -ray
and the z-axis; it corresponds to the Euler angle p The angle Tis the phase of the circularly
polarized wave., The sum over L implies coherent mixing of different multipole orders.

We shall here consider mixtures of radiation with a difference of multipole order one only, i.e.
LZ = L1 + 1. Then the square of the second matrix element becomes: . !

—
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l<: ‘Hz‘ f> }2 oco? Dgrlp)l 0@0) (Jchmc (-my)
) ‘ i .
+ b% D\~ (000) (J(-:I[mc (-m) | 1%L, (-M))2

1P,
2 Lol A2 :'(L) (L) )
+Zblb2p1)lpz Bgatned ZDM’IPI (090) DM;Z (0@0)

a%blvMQz

%L, (.M)>

(5% fr‘é_p'z cos 2’(?) ) . (2.7)
131

(Jclfmc (emg) | JeIely ('M)) .(Tclfmc (-mg)

Py

where 6if is the Kronecker symbol.
A plane polarized wave is equal to the sum of two circularly polarized waves:

- — N - :

Rp = Alp=1)emiT +Ap = -1)eiT (2.8)
The direc'tion_gi linear polarization is given by the angle T with respect to a fixed vector per-

pendicular to k. The only term of equation (2.7) which may be dependent upon linear polari-
zation gives the intensity 1

L) (L)
W OC cos 2T Py DM,p] (0@ 0) DM»'Pl (080) (2.9)

Pl=

Wigner (1931, p.204) has given the relation

1) (@ (L)
P Fr) P n @py)

’ (F)
= 2 (LZLl mM‘ LZLIF(WM)) DM+m,N+n (dpy)(LlenN

LLF (mND (2.10)
"F= lLl-‘Lzl

If one also makes use of the symmetry relations for the Clebsch-Gordan coefficients given by
Biedenharn, Blatt and Rose (1952)

e <LZLl M | L L F (m#M)) = '(-1)L1+L2fF@1LZMm [ LiLpF (m+M)> (2.11)

it is easily seen that

L) (L) (L) (L)
Dit,p PMy-p ¥ PMp Pm,-p (2.12)

Hence, the expression (2.9) is zero, and no linear polarization is obtained.
It is seen that if circular polarization occurs, this is the only additional property obtained from

the capture of polarized thermal neutrons. The intensity of circularly polarized radiation is
given by a .combination of the formule (2.3), (2.4) and (2.7): .
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N '2' 1,200,-7)
~ w(B, ,py.py k) OC {z PEATS RS

memf

, [ @) 2
{bl DM,Pl(OQO) (JCmeF(-mf)

(L) 2
w2 o 2 000 (Jchmc (-mjy) \ oLy (-M> z
2 | M, ; !

T (-N{92

A (L1)~ (LZ)
- (-7 (py +pp)bib, DM,p1(0@ Q) DM‘PZ([)@ 0)

(’cjf“,‘c (=mg)| T Il ('M> (chfmc ('mf)\ eIl ('M)) : (2.13)

In this formula the expression corresponding to the first term of the first factor is very easily
deduced when one makes use of the simple sum rule for Clebsch-Gordan coefficients as given
by Alder (1952):

a

Z (abaosp

Oh=-a
We get for the polarization independent part of the intensity

g 2
W°°CZIZ Kc Hz‘ f>l e | (2.15)

mcmg

abdc ) = ¢ (2.14)

abc (d+p)) (abatp

since D is a unitary matrix.

The other expression to be calculated is:

) 2
f> (2.16)

wpoC g_(if:_lﬂ.)_ m P, <: H,
mcmf
(L) (L) B 9 R :
The relations D, (0 o) - ()M ® oo ©60) and LA ©060).= P, (cos 0),

being the Legendre polynomial of order L, have been given by Alder (1952). Combined with.the
formula (2.10) they give

(L (L,)
D. l)(060) p 2 (080)
M,p M,p

R Zé‘zl‘l (-plp lLZLlF—Q GJZLI (-M)M
F

1
One may also write the factor m¢ = [JC(JC + l)li Gclmco [IclICmc) according to Condon

L,LiF ()PF (cos @) . (217)

and Shortley (1935). The summations to be performed then read
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Z Pplcos B) (LZLI(-p)p L,L,F o) Z(-x)M Gle(-M)M ‘”LZL‘F o>
F M
Z(Jclmco [RIENROANES

me

I L, (—M)) (Jclfmc(-mf) \JCJfLZ(-M> (2.18)

To do this we make use of a summation formula given by Biedenharn, Blatt and Rose (1952)
(eboip | avelatp))(eala+p)y-a-p) | edey)(baply-a-p) ba(y )
1 1

= (2e+1)E ( afcy) W(abcd;ef) (2.19)

zm)E (aio\(r-d)v

where W(abcd;ef) are Racah coefficients, which are tabulated in the paper mentioned. Also
given are symmetry relations of the Clebsch-Gordan coefficients whichare needed in the present
calculations. Terms of the sum (2.18) having F =£1 become zero. This sum therefore is
proportional to Pl(cos @) =cos & . The y-ray emission probability then has the form

w=1+pPRcos B (2.20)

1f wt and w- are the intensities for left (p = 1) and right (p = -1) circularly polarized radiation
respectively, the.circular polarization of the {-rays is

+ -
B = Y - ¥ - P Rcos® (2.21)'
wh+w

The reaction consisting of neutron absorption leading to emission of a y-ray is schematically
illustrated in figure 5. Clearly, the degree of circular polarization is largest in the direction
of neutron polarization, i.e. for cos © - 11, In these cases, the neutron and photon spins are
parallel or antiparallel corresponding to R being positive or negative respectively.

NEUTRON BEAM

/

(n,Y)— TARGET

' RAY BEAM

Figure 5.
'Schematical (n,y )-reaction.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/24 : CIA-RDP81-01043R002400120007-1

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/24 : CIA-RDP81-01043R002400120007-1
. >

-29 -

The dependence of the polarization upon nuclear properties is expressed by the factor R:
2 2 \
by r(Ly,Ly) + by x(Ly,Ly) + Zblhzr(Ll,LZ)

2 2
+
1 bZ

(2.22)

b

where the single terms are obtained by means of the summation (2.18):

.Jf-Jc.LZn/z(LI-LZ&l->\2) A+ Apl 407
P 2 741

LllLZ(-p> W<L1L2JCJC;IJ£> (2.23)

HLL) - 2(J=T;). L(LAL) + To(I#1) - Tg(Tg+1) (.29
25, +1 L(L+1)

£(Ly,Ly) = (1)

1
[JC (JC+1)(zJC +1)(zL1+1)] P <L11(-p)q

The practical forms of this formula are:

and

N k) 1

r(Ly,Ly) = =(-1)
25 +1 L+l

Ll(L1+2)(IC+]i+L1+Z) (IC-Jf+L1+l) (-Jc+¥.+L1+1) (Jc+Tg-Ly)

(2L1+L)(ZL1+3)

(2.25)

In the case of pure multipole radiation one has by = 0, and R = r(L,L). Formula (2.24), which
is valid for this case, has also been quoted by Biedenharn, Rose and Arfken (1951 b). The
numerical values of R are given in table 2 for the cases of greatest interest.

TABLE 2.

Numerical values of r(L,L), calculated from formula (2.24). For pure multipole
radiation this equals the polarization ratio R.

Tg 0 1 2 3

[
o

o
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1t is limited by

1‘)/ R>_§ (2.26)

When R = 1, the polarization of the y -rays is equal to the polarization of the incident }'xeutrons.
It'is seen from table 2 that if one or two of the spin values of the reaction are known in advance,
a measurement of the ratic between y -ray and neutron pol
mine the other spin values unambiguously. Some applicati
below.

arizaiion may be sufficient to deter-
ons of this method will be reported

implies a dependence of the
1 _ 41 when Ly is the

1 —
In the formula for r(L),L,) the exponent ?\1= 3 [1 +11 (-I)Ll]

polarization-direction upon parity and multi'pole order. Actually, (-1)
multipole order of the magnetic radiation, and -1 when L] represents electric radiation.
Since L) = L-1 we see from section 11,2 that the former case will be the one of practical
importance. The sign of the mixing term is also determined by the relative phases of the
amplitudes by and by, which are not known. Table 3 gives the magnitude of r(L;,Ly) for the
lowest nuclear spins.

TABLE 3.

Numerical values of r(Lj,L,) calculated from formula (2.25) for the case of mixture
of M1 and E2 radiation. When El and M2 radiations are mixed, all signs in the table
are reversed, °

Only if all the spin values of the decay scheme are known can the intensity ratio (bl/bz)Z and
the phase difference of the mixed radiations be studied. Because of the uncertainty in the
experimental determination of R, this method has not yet been attempted.

-3 -

3. Polarized thermal neutron beams.

Two methods exist for the production of intense beams of polarized thermal neutrons.

The highest degree of polarization is obtained by selection of particles corresponding to a
definite reflection from a magnetized, ferromagnetic single crystal. This method was applied
by Shull, Wollan and Koehler (1951) who report that it is possible to obtain approximately 105
polarized neutrons per second in the (220) Fe30y reflection, using neutron radiation from a
reactor with a central flux of 1012 neutrons/cm2 sec. '

Another polarizing principle consists in the transmission of neutrons through a magnetized

block of iron which predominantly scatters particles with a definite spin direction. According

to Stanford et al. (1954), neutrons passing through a 4 ¢m long iron sample magnetized to 11000
Oersted have a polarization of 32 %. Since such & polarizer has a total transmission of approxi-
mately 2 %, about 106 polarized neutrons per second should be obtainable with the kind of reactor
mentioned above. The smaller total intensity in the former case will, in principle, contribute to
better statistical results. This is, however, an unimportant point, as the background is very

high for y -ray counting equipment in the vicinity of a reactor, and the total counting rate would
be of the same order of magnitude in the two cases. On the basis of these considerations, the
transmission method was found to be best suited for the present purpose.

The cross section for thermal neutrons passing through a block of polycrystalline iron has the
form (1.5), whereas equations (1.7) and (1.8) must be somewhat modified for this case. When
the iron sample is not magnetized to saturation, the magnetic fields of the microcrystals are
not completely aligned. In passing through domains with varying field directions, the neutrons
may be depolarized. The theory for this effect has been considered in detail by Halpern and
Holstein (1941). They introduce the depolarization coefficient dg which is proportional to the
deviation from magnetic saturation, In the region of thermal neutrons, da is essentially energy
independent for polycrystalline iron. When ?d'p(l, the formulee (1,7) and (1.8) obtain the forms
-
P = E_.Eg(?vd) (3.1)

"o

(3.2)

(3.3)

L (3.4)

The correction functions g and f are shown in figure 6, where the abcissa is proportional to the
deviation from magnetic saturation. Since complete saturation is never obtained, g and f are
always smaller than one. Even in the best transmission experiments performed, these correc=
tions played a dominant role.

The transmission method utilizes the whole thermal neutron spectrum of the source. Because

of neutron reflection from lattice planes in the polarizing iron block, both @, and dP are strongly
energy dependent, Therefore the degree of polarization is varying according to energy and the
neutron spectrum is altered by transmission through the polarizer. Neutrons passing through

2 device with transmission T(v) obtains the flux distribution @ (v) T(v), where d (v) is the spectrum
of the iricident beam. These quantities are functions of the neutron velocity v. When the emitted
neutron beam is studied by means of a detector with sensitivity £(v), the neutrons counted have
the distribution TE . In certain cases one detects the y-rays resulting from neutron capture.
Then & is proportional to the absorption of neutrons in the target.

By setting & (v) €(v) =§*(v) and using the equation (3.1), we obtain for the average polarization
of the neutrons detected after having passed through a magnetized block of iron

7 o
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CORRECTION FACTOR

\
I~

X

When dP , @’ and T are known as functions of v, the integrations can be carried out.

The ecorrection factor can be determined in two ways. If the average single transmission effect
is measured, one can determine f from the relation

S‘”: q)'T dav
{@rav

where I, and I are the transmitted intensities for the magnetized and unmagnetized block of
iron respectively. The value of f determines g, as'seen from figure 6. The factor g can also
be evaluated from a double transmission experiment, as indicated in (fifure 3. When both
polarizers are magnetized in the same direction, the counting rate Imz is obtained. The super-
script (2) indicates a double transmission experiment. In weak fields J4 for iron is very large.
A fraction of a millimetre of iron plate is sufficient to depolarize the neutrons completely, as
shown by Burgy et al. (1950). Thus, when an iron shim with a thickness of about 0.5 mm is
placed in field free space between the polarizers, the neutron beam is depolarized in passing
thfough it. The counting rate after having been corrected for the attenuation of the beam. in the
sl?izrin, is denoted by I, 2), For a definite neutron energy, equation (1.11) gives the r/zlation

Iy’ = Is(z)(l + Py PZ)’ and the double transmission effect averaged over the whole neutron
spectrum has the form

(3.6)

2) .(2)
I&n 2l g2 02 f“EZ ' 1% av @
1(2) Sq;' 1% av
o

2,

from which g can be calculated. Iu( ) is the intensity when none of the polarizers are magnetized.
For the numerical evaluation of the equations (3.5), (3.6) and (3.7) the energy dependence of the
quantities &, ,d' y® and € is needed.

‘ Taking into account both nuclear and magnetic scattering of neutrons, Halpern and Johnson

(1939) obtained for the differential coherent cross section of a single atom
40 = [bl+sz‘ﬁé’n+p2‘?{l%]dﬂ (3.8)

where b is the amplitude of the nuclear scattering, giving for the total coherent scattering of a
single atom:g@con =4 T b2, The magnetic scattering amplitude is p,?n is a unit vector in the
direction of polarization of the incident neutron, and q = es(:s e—;) - €, is the magnetic interac-
tion vector, where?s is the the unit scattering vector and € is a unit vector parallel to the
atomic magnetic moment, By applying the methods indicated by Halpe‘fn, Hamermesh and
Tohnson (1941) and by Steinberger and Wick (1949) the total, atomic, elastic scattering cross
section for magnetized crystalline material becomes

a%el = X. bZEM WL 2 %2 2 g2 N(&) F(g)2e 2V
222 7 P 3 mec2 }ln & L £
+y 2h s E N8 5y [1 + (LA 2] aw (3.9)
mec? bn e v L 2a

Here Ais neutron wavelength and a is the length of one side of the body-centred cubic unit cell

of iron. The quantityltakes all possible values £ = an + n% + n% where the n's are Miller
indices for a set of reflecting planes. N(£) equals twice the value of the multiplicity of the set
of planes corresponding tod . The factor e~2W#) is a cofréction for inelastic scattering due
to thermal lattice vibrations. Its magnitude is given by Bacon (1955, p. 42). The magnetic form
factor F(£) for the set of planes £ in iron was calculated by Steinberger and Wick (1949) for two
different assumptions regarding the 3d wave function of the iron atom. For the application in
equation (3.9) the lower of the two values was chosen for F(£), since this apparently gives the
better agreement with the experimental data as shown by Stanford et al. (1954, fig. 2). Sa is
the spin quantum number of the scattering atom, and My is the neutron magnetic moment in
nuclear magnetons. The first two terms are due to nuclear and magnetic scattering respectively.
The last.term in equation (3.9) is the polarization dependent cross section due to interference
between elastic nuclear and magnetic scattering. It is preceded by the sign + or = corresponding
to positive or negative neutron spin respectively in the direction of magnetization. The total
cross section includes inelastic scattering which takes the form of a smaller correction to the

above formula.

Cassels (1950) has evaluated the complete cross section for nuclear scattering of neutrons in
iron in the region of neutron velocities between 900 and 2200 m/sec. Its magnitude is given in
relation to the coherent and incoherent cross sections (O.qp and (& fora single atom. Shull
and Wollan (1951) have given for these quantities: 40 coh = 11.7 barns and ¢Ojp. = 0.3 barns.

The magnetic elastic cross section was calculated from the second term of equation (3.9).
According to Lowde (1954) the corresponding inelastic cross section is of the order of 10 milli-
barns, so that it can safely be neglected. Outside the energy region treated by Cassels,
experimental values for the total cross section of iron are given in the compilation by Hughes
and Harvey (1955). At the low energy side, the data indicate that the absorption of neutrons in
iron obeys the 1/v-law, where :

5830
Fabs = 2o (barns) (3.10)
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in which the neutron velocity v is inserted in m/sec. We are now able to form the total neutron
cross section for unmagnetized polycrystalline iron

a. ; -
To = %pue * Tmag T Tabs (3.11)

s

which is illustrated in the upper diagram of figure 7.. From 2200 m/sec upward a smooth curve
| is drawn through the above mentioned experimental points. Since it represents an average over
many absorption edges, the curve is drawn as a broken line in the figure.

3

The polarization cross section 0'p was calculated by Stanford et al. (1954) for the neutron velo-
cities between 980 m/sec and 2700 m/sec. They also quote observed values from various experi-
ments. Above 2700 m/sec we apply a smooth curve drawn through these points. The corre=-
sponding line in figure 7b is broken. Below 980 m/sec the single transmission effect M for a
single crystal of iren has been measured by Hughes, Burgy and Woolf (1950). From equation

\, (3.2) we get :

\ ! . | op =% } (3.12)

1 Because a single crystal was applied, f = 1; dp is then easily calculated for this region.

e

5

CROSS SECTION (BARNS)
G

“w

The curve thus obtained for the complete polarization cross section for iron at thermal energies
is drawn in figure 7b. 8y, is positive, which means that the magnetization is parallel to the
neutrons having the highest cross section, and antiparallel to the polarization of the transmitted
beam, N '

[+

The velocity distribution of the thermal neutrons emitted from the reactor JEEP was measured
o i by Pelser (1954). In figure 7c is shown the Maxwell flux distributiondd, which was adapted
p from his results.

x

In the evaluation of experimental results, the energy response of the neutron detector or the
absorption of the target should also be known. For BF3 counter tubes, having a pure 1/v cross
section, the energy dependence of the absorption is easily calculated. Polycrystalline targets
may present a greater difficulty, since both the strongly varying scattering cross section and
the capture cross section should be taken into account. For "thin" targets, having ed't<1
one can generally assume a 1/v-dependent absorption. Thicker targets will be 1/v-absorbers
at high energies and total absorbers in the low energy region, Nearly complete absorption
must be assumed for high capture cross sections and very thick targets.

B

I
s
k4
7

CROSS SECTION (BARNS)
o

o}

4, Principles for the measurement of circular polarization.

x

For a beam of light, the degree of circular polarization can be determined by means of a
quarter wave plate", which utilizes the fact that the electric field vector of the photon is
rotating in space. In the case of y -rays, however;,no similar detecting device exists. The
methods for measuring circular polarization must, therefore, be based upon observation of the
spin direction of the photon. As pointed out in section IL;2 , the angular momentum is directed
along the axis of propagation.

L

>

Using a mechanical method, Beth (1936) measured the angular momentum acting upon a disc
irradiated with circularly polarized light. He was able to assign the spin +1 and -1 to left and
right circularly polarized photons respectively, in accordance with theory. This method
requires high photon intensity, and it is hardly applicable toy -rays.

(<Y

FLUX (ARBITRARY UNITS

(o]

o] 000 2000 3000 4000 5000 6000 7000 .
As shown in the first section of this chapter, ordinary angular distribution measurements can

NEUTRON  VELOCITY (m /‘ec) ! not be used to distinguish between spin directions parallel and antiparallel to the direction of
; incidence. This method can only be useful in the case that the target particles are also polari-

Figure 7. zed. Gamma-rays interact with both nuclei and electrons, but the only easy way of polarizing

oy matter is obviously by magnetization of ferromagnetic materials. In this method electrons of

The upper eurve shows the total neutron cross gecti i [ :

Et‘ussp;ect{uﬂ for iron m’:j 21 1;“‘ : ,n M%? rect;ontfur iron, then follows the polarization ! the outermost shell are aligned. These electrons are not concerned with the photodisintegration,

v 4 iy he lowest curve gives the thermal neutron flux distribution from | photoelectric emission or pair formation processes. Only in the Compton scattering process can
' 1 y-rays interfere with electrons aligned by magnetic fields.
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A practical form of the generalized Klein-Nishina formula for the Compton cross section of
polarized photons interacting with polarized electrons, has been evaluated by Lipps and
Tolhoek (1954 ab). They give the differential cross section for the scaitering of a photon into

ey

the solid angle d{2 as a function of the polarization vector g fox the photon as defined in
-

section 11,2, the unit vector C directed along the spin of the electron, the momentum of the

ey — ) X & '
photon, k = k e3, and the corresponding quantities for the emitted particles g , L' and k'

For the present purpose, this function should be averaged over all directions of the vectors
ey

g’ and r' , since we are not interested in the polarization of the scattered photon and elec-
tron. Lipps and Tolhoek (1954 b) give for this case

- = . - —
oT wi, 5.5 =a Lo &6 4.7, (4.1)

The symbol eT denotes the cross section for a single electron. For the sake of simplicity we
shall in the following introduce the unitsime =1, ¢ =1, = 1. Then the scattering angle
between the vectors k and k' is related to their magnitudes. by
k - k'

kk'

cosd =1~ (4.2)

The azimuthal angle of the scattered photon with respect to the (&1,5%)-plane shall be called .
In equation (4.1) the first term is the ordinary differential Compton cross section!
2,2
a T o= Sk [ 1+ cos? b +(k-k')(l-cosn”)] aQ (4.3)

e c
28
and the polarization dependent cross section is a vector:

=~ 2 02 - -
a T = -2K° (1-cosn7‘)(kcos:\}’+ ©) af
eP 22

in which e is the electronic charge. 1 i
Figure 8. Figure 9.
The relative polarization dependent part of The relative polarization dependent part of
the differential Compton cross section for the differential Compton cross section for
iron. The scattering electron is polarized iron. The polarization vector of the AscaAttering
in the propagation direction of the Y -ray. electron is in the same plane as the incident
€-7 g T ehic? ! & "9‘ Q . and the emitted Y-ray, and it is perpendicular
g o Ge P flrKI0 - cos ) costlid .5) ' . to the incident beam.
= -

In the two special cases of the electron being polarized parallel and perpendicular to the
momentum of the incident photon we get

2 k2

2103 ’ -
s = ?1' 5 de P= < 2 {1 - cos “,\) Si"“"cos‘? a9 (4.6) 1 polarization= sensitive method, which consists in measuring the transmission of -radiation
3 through magnetized iron, was applied, In such an experiment one can, to some extent, distin=

z n
These.quantities change sign when g is reversed. When scattered y-radiation is measured, guish between y =rays of different energies by selecting pulses from 2 scintillation crystal,

the. ratio between scattering from polarized and un| olarized electrons i b ; s 5
’ ’ 3 : reveay The transmission for iron is given by the total cross section which can be obtained by inte-
NP_ 1 g d \GT gration of the differential cross section over the sphere. Asa result of the integration over
2 = 53 g "p 7 , components of the electron spin perpendicular to the axis of incidence will cancel out. The

Nunpol 4 \EL c - total,Compton cross section for a single electron then becomes

where 1 )Es} _1.In figures 8 and 9 is shown the ratio 5 {d E%P/dn)/’(de Te/d L) between caT —~ e e
the polarization dependent and the ordinary Compton cross section as function of the scattering 3 &4 = . L c ‘+ 5 3 53 ebp
angle, for the two above mentioned cases of electron polarization. The diagrams illustrate the an
large effects resulting from circular polarization of low energy y-rays when the electrons are
polarized transverse to the incident beam. When the photon and the electron are polarized along

1 + 3k

the same axis large effects can be obtained for all energies. i
i 2 )i+k | 2(14k) _ 1 + L on(ezx) -
! T =W {T’ [m - ¢ In+2K) 35 (142K - fra

(4.8)

where the ordinary Compton cross section is

For the study of singley -rays resulting from neutron capture, discrimination between various .
photon energies is required. When scattered quanta are studied, energy discrimination can Lo and the polarization dependent part
only be performed if narrow y -ray beams are available. In the present experiment rather : [

L+4k & 5k2 ]

) 1n(l+2k) - R

large y-ray sources must be used in order to obtain sufficient intensity. Therefore, a less : T 2Te? 1tk
| etp=-

/
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¥ -ray cross sections for iron. Note that the polarization cross section ’l,—P

and Page (1953).

Y is on a hundred
times larger scale than the other quantities. The experimental value was obtained by Gunst
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1t is seen from figure 8 that the polarization effects of the forward and backward scattering
give opposite contributions to the integral (4.8). The total polarization cross section ¢
becomes zero at about 0.65 MeV. It is positive for lower energy, and negative for higher
energy photons, which are mainly scattered in the forward direction. This means that above
0.65 MeV the transmission is greatest when g3 and have the same sign, i.e. when the
photon spin is parallel to the electron spin and antiparallel to the magnetic field.

Atomic cross sections are obtained by multiplication with the number of electrons:

aLc=Z eTc (4.11)
a('p =veif eTp (4.12)

where Z = 26 is the atomic number for iron, and Ve“ is the effective number of polarized
electrons in magnetized iron. The cross sections , T.and ; are given in figure 10 as
functions of energy. For the number of polarized electrons, the value for saturated iron,
Vgat = 2.06 was used, as reported by Argyres and Kittel (1953), The photodisintegration and
pair formation cross sections for iron were-taken from the tables of Davisson (1955). As seen
from the figure, the polarization cross section is only about 1.5 % of the total cross section in
the region of high energy neutron capture y-rays. This low value is mainly due to the fact that
only about two of the 26 electrons of the iron atom can be polarized. By performing a single
transmission experiment for y-radiation passing through magnetized iron, Gunst and Page
(1953) have performed an experimental determination of the magnitude of arp at 2.62 MeV.
Their result is indicated in figure 10.

5. Experimental set-up.

A schematical top view of the main apparatus is shown in figyre 11. A neutron flux of about

107 neutrons/cm? sec is emitted from the collimator which "sees" a slug of graphite very near
the reactor centre in one of the isotope channels of JEEP. At the collimator opening the slightly
divergent beam has its narrowest cross section, which is 10 x 30 mm. After having passed
through the polarizer, it hits the (n, r)-tatget. The neutron polarizer is a 12 x 18 x 40 mm
block of iron, joined to the pole faces of a magnet by the 40 x 18 mm planes, The neutrons pass
through 18 mm of iron, which approximately satisfies the condition ¢ = 2/, for optimum
counting statistics. The block is cut from cold-rolled iron in such a way that the magnetic field
is applied in the direction of rolling. According to Hughes, Wallace and Holtzmann {1948), this
procedure gives the highest degree of polarization. The field strength was measured by means
of a small search coil which could be inserted between the pole pieces near the surface of the
polarizing block. In pulling the coil quickly out of the field, the induced electromotoric force
was measured on a ballistic galvanometer, giving the result of 14900 Oersted. During continuous
runs, water cooling was provided for the magnet coils. . '

Measurements of the single and ‘double transmission effects were performed with a BF3 counting
tube placed in the beam in such a way that the neutrons would traverse at most the diameter of
the tube. Hence it is essentially a 1/v-detector. In order to use the measured results to calcu-
late the polarization of the neutron beam, the integrals of the equations (3.5), (3.6) and (3.7)
were determined in the region of neutron velocities between 400 and 7000 m/sec. Contributions
to the thermal flux outside this region can safely be neglected. Multiplication and integration

of the velocity dependent functions were performed graphically. In the double transmission
experiment the neutron beam once more passed through a polarizing block exactly like the first
‘one. A duplicate. of the polarizing magnet was not available, and a smaller magnet, producing a
field strength of 5200. Oersted, was applied for-the second polarizer. In the formula (3.7) for
the double transmission experiment, the factor g2 should be replaced by ‘glgzin the case of
different field strengths,” Measurements were performed, first with both fields at 5200 Oersted,
and then with the first magnet at 14900 Oersted. The results are quoted in table 4, where the
errors indicated are the statistical standard devitions. '
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TABLE 4,

Experimental results from measurements of neutron polarization.

H) H, Observed T:?f’;sc‘:";f_g:g“, Calculated correction factor
transmission equation

Experiment | Oersted | Oersted | effect.in % | (3.6) or (3.7) f g g

c11 @an81g

Single
transmission | 14900 5.2510.10 0.0676 £ 0.775%0,015 0.67%0.02
effect

el
‘Q- I“

Double N 2 '
transmission 2.7320.20 0.107 g'z " 10.505-0.02
effect

@)

(2)

u

-195 pejuswaadxy

SA13IHS NOdl

3.49%0.20 0.107 g g, 0.65%0.04

1

The integrals of equation (3.5) were calculated for both a 1/v-detector and a total absorption
detector. For the polarization of the neutrons detected we get, using the values of table 4:

|, 1308v1-Aw

P (1/v) = 0.325 g__ = 20.4% 10.8% (5.1)
n 1+9

A
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’I; K i P, (total) = 0_.zs3l_‘fr: = 18.0% ¥ 0.8% (5.2)
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All the (n,r)-targets that were actually used had absorbing'and scattering properties far from
these extremes. For the further calculations, the value Pp =19 % was considered as a satis-
factory approximation.

Between polarizer and target the neutrons travel 40 cm through an approximately homogeneous
magnetic field of apout 100 Oersted.. This field, which insures that the neutrons keep their
direction of polarization, is-produced by two parallel iron plates that pick up part of the stray
field from the magnet. :

L13NOVI ONIZI¥V10d
HOLVWIT10D NO¥L1N3N

d3did LHOIT

13INOVIW ONIZATYNV

L IVLSAYD - (101N

The target islgenerally a thin walled aluminium cylinder‘ of 35 mm diameter and 25 mm high,
containing the element to be studied. For some materials such a thick target would result in
too many scattered neutrons producing unpolarized ¢ -rays in the target and the surroundings.
Then its extension in the direction of the neutron beam is reduced.

2929 IN3

If the capturing material is ferromagnetic it can depolarize the neutrons before absorption.

For iron- and nickel-targéts the non-ferromagnetic compounds Fe,03 and NiSO4 were chosen.’
As small ferromagnetic impurities can reduce the polarization considerably, the targets were
studied for depolarizing action by placing them at the position of the iron shim in the double
transmission experiment. It was found that the neutron beam had 65% of its original polarization
after having passed through 23 mm of the Fep03-target. When the target was placed in its
ordinary position, the average polarization of the neutrons captured was reduced by 78%. The
other materials, including the NiSO4-powder, gave no depolarizing effect.

sal3iHs 2’8
SQ7131HS aval

The directions of greatest circular polarization of the Y -rays.are given by an axis through the
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(n,r)-target, parallel to the incident neutron spin, which is defined by the magnetic field direc-

tion of the polarizing magnet. Radiation emitted in both directions along this axis are detected . . SATRODE
by Nal(T1)-crystals after having/passed through analyzers consisting of 8 cm long pieces of
iron magnetized ih the direction of transmission, The crystals, the cores of the analyzing
magnéts and the maximal size of. the target, constitute parts.of a cylinder with'diameter 35 mm.
CHANNEL NO 1
As shown in figure 11, both ends of each iron core are formed as flat discs fitting into an outer
‘cylinder. The coil producing the magnetic field is placed within the cylinder and around the
core, which forms the narrowest part of the magnetic circuit. A few separate windings serve
for the measurement of the. magnetic induction, which is found to be 18300 gauss, corresponding
to 86,3 % of saturation. The polarization is then P, = 1.96 % at 7 MeV, and is slowly varying
with energy above 3 MeV, as’ indicated by figure 10.

An estimate for the sensitivity of the experiment can now be obtained by‘insertion of the derived
polarization quantities in equation (1.12) combined with (2.21) for cos e -1:

Do
T =B Pa = RBy Py = 0.0037R (5.3)

at 7 MeV. Lis the y-ray intensity as measured by the crystals. It is seen that in order to
determine the magnitude of R, which is between 0 and 1, extremely small relative variations s (",)j)‘ TARGET
in the intensity should be measured, Furthermore, the sensitivity of the method is considerably 2 RE?LSTER

reduced by background and scattering. ) LINEAR SINGLE
i ANALY ZING MAGNET CHANNEL

DISCRIMINATOR

AMPLIFIER

Each detector consists of a cylindrical Nal(T1)-crystal, 35 mm in diameter and 25 mm high,
coupled to an EMI 6262 photomultiplier. Systematic errors may arise if the pulse height is :
influenced by the inversion of the magnetic fields, because this effect can simulate polarization. | Nal(Tl)-CRYSTA.
Therefore, long light pipers are used to bring the photomultipliers away from the magnets, and 1
the tubes are surrounded by M -metal and soft iron shields. The EMI venetian blind photo=~ :
multipliers employéd are reported by Wardley (1952) to be less influenced by magnetic fields 9 LIGHT PIPER REGISTER
than other types. The influence is mainly due to magnetic deviation of the electron current ¢ SINGLE 2A

between the photocathode and the first dynode, since this is by far the largest interelectrode ; LINEAR CHANNEL f
distance in the tube. Ordinarily 180 volts, being the highest voltage allowed, is applied between : PHOTO MULTIPLIER AMPLIFIER DISCRIMINAT I O—| REGISTER

these electrodes. By lowering this voltage to 1/20 of the usual value, the sensitivity to. magnetic i | 28 |
¢ | -
|

fields was increased accordingly. Using a.radioactive source, the pulse discrimination was set
by trial to the position of highest magnetic sensitivity. Relative changes in the counting rates CHANNEL NO 2
due to inversion of the magnetic fields were less than 5.10~4, corresponding to less than 3:10~5 -
for the actual experiment in the worst case. ‘In the next section is quoted the result of a . N CATHODE
isymmetry control" experiment, performed with a titanium target placed 12 cm from the ordinary g
position, but still in the neutron beam, so that the Y -rays passing from target to detector would
not pass through the analyzer core. The measurements showed the expected absence of asymme-
try, but the statistical accuracy is poor, so that no decisive conclusion can be drawn from this
experiment alone, As mentioned below, series of observations were carried out in such a way
that systematic errors due to reversal of magnetic fields would cancel out.

ALTERNATING
RELAY
CIRCUIT.

Figure 12. \
Block diagram of the electronic circuit for the polarization experiment.

¥ I (1)
Na o ‘I"ils

‘which is largely due to y -rays resulting {rom neutron capture in and scattering from the i (1)

Heavy shielding of lead and boron carbide serve to reduce the intense background radiation,

polarizing iron block. The effect of neutrons scattered from the target is reduced by boron : N OC —
containing plastic plates, placed between target and analyzing magnets. 2 !

2,

Figure 12 shows a block diagram of the electronic apparatus used. and using equation (5.3), we get for the observed asymmetry:

The pulses from the two photomultipliers are applied to two identical channels consisting of
cathode follower, linear amplifier, single channel discriminator and scaler, In channel No. 1
the scaling factor is 8, 16 or 32, and in channel No. 2. it is twice this value, The output pulses . N' +N" s (R PhRa )2
from the scalers can be led to the mechanical registers A og B, The switching between these 3 a 2

registers is performed by means of a relay circuit at every lOch.pulse from scaler No. 2, A ~n
At the same moments the current in the analyzer magnets is reversed. =

Ny - N3 2RP P,

2RP P, forRPnPa<l

The analyzer magnets are 5pposite1y coupled, meaning that the ¥ -intensity I' (1) in channel This condition is fulfilled as shown by equation (5.3).

No. 1. is registered at the same time as I" (2) in channel No. 2, and vice versa. As channel

No. 2. is used as a monitor, the number of counts per period in channel No. 1. is given by By observation of opposite polarization in the two channels, fluctuations due to changes in

neutron flux or in background are compensated.
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The numbers of counts N} and NY are observed alternatively, and the data are accumu{ated o‘n
the registers A and B. Each period with one definite polarizer current is of about 3 minutes
* duration, which is adjusted by means of the scaling factor in channel No. 2, When ana.lyzer

magnet currents are inversed frequently, errors due to different drift in the electromc.s of the
two channels should be unimportant. If both polarizer and analyzer change field directions, the
values 'of 'the counting rate N should remain the same, but the influence of the magnetic ﬁel.ds
upon the photomultipliers will be opposite in the two cases. An average of the two polarization
values thus obtained will compensate for the change in photomultiplier sensitivity. Measure-
ments are always done with a certain polatizing field direction for a longer period, The next
period is then performed with opposite polarizing field, in order to eliminate possible syste=
matic errors.

The resolving power of the experimental set ~up was found by measurements of the spectra
from titanium, iron, sulphur and aluminium, which have quite prominent high energy y -rays.
In neither of these spectra was complete resolution of a single T -ray performed, but by trial
it was found that curves calculated with a resolution of 14.5% give the best agreement with

the experimental results. By using the cross sections for Nal, as given by Bell (1955, fig. 17),
the total absorption of § -rays in a crystal of 25 mm length was calculated, together with the
contributions from the three different types of interaction. These properties are shown in
figure 13 as functions of energy.

1\\

TOTAL
=PHOTO+COMPTON+PAIR FORMATION
EFFECTS

z
o
-
a
4
o
n
[11]
<

02 05 1
GAMMA RAY ENERGY IN MeV

Figure 13. ‘
Absorption of y-rays in 25 mm of Nal.

In the region of high energy neutron capture ¥ -rays, i.e. from about 5 to 10 MeV, the Compton
and pair formation cross sections are of the same order of magnitude. Compton electrons are
widely distributed, as shown in figure 14 for ¥ -rays of 7 MeV. In the small crystals used,

most of the annihilation quanta resulting from the positrons will escape. The pulses due to pair
formation will then correspond to a single peak at an energy ZmecZ lower than the ¥ -ray energy.
This peak makes energy discrimination possible,

I—— CALCULATED
EXPERIMENTAL

PAIR PEAK
CONTRIBUTION

INTENSITY IN ARBITRARY UNITS

GEOMETRY
DISTRIBUTION

ENERGY IN MeV

Figure 14,

Pulse spectrum of a 7 MeV {-ray in a 25 mm long crystal of NaI(T1). Pair and Compton
contributions are shown in the ideal case and for a resolution of 14.5 %. The full drawn
curve is the expected experimental distribution,

The ideal theoretical spectrum of figure 14 was folded with a gaussian distribution with half
width equal to 14.5% of the total energy. The resulting distribution of the photomultiplier pulses
is shown. The y -ray spectra for the elements studied could then be constructed, by use of the
energy and intensity data given by Kinsey, Bartholomew and Walker (1951 ¢, 1952), Kinsey and
Bartholomew (1953 abe) and Groshev, Adyasevich and Demidov (1955 b).

Measurements of the spectra were performed with the analyzing magnets removed. Contri-
butions from slow neutrons scattered into the counters were determined by comparison witha
graphite target, and subtracted. Four experimental pulse distributions are shown in figure 15.
Curves, as the one in figure 14, were used to construct these spectra, but in order to obtain
approximate agreement below the highest peaks, one must introduce an additional contribution
to the single y -ray spectrum. Such a contribution will result from electrons escaping from
the crystals and from f -rays scattered in the target and in the surroundings of the detectors.

The correction is shown as a broken line in figure 14.

The poor resolving power is mainly due to the fact that the crystals used were quite small for
the study of high energy y-rays. By use of a collimator, and without the light piper, the
resolution could be improved somewhat, but these changes would imply a too large decrease in
intensity. Within experimental errors, the photomultiplier pulse height was found to be a linear
function of energy.
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6. Treatment of experimental data.

During the polarization measurements, several y -rays are simultaneously detected. 'Instead

INTENSITY IN ARBITRARY UNITS of R P, P, of equation (5.6), one then measures the average quantity:

n —
T - : RP, P, = P, & RP,; (6.1)
] z .

where O is the relative contribution of the i-th Y-ray, and ; di =1, As P, is slowly
varying with energy, a good approximation is ‘ i

1
I
|
| —_

;
l

!

1

.

| i :

\ ] R % o« R; for' P, 2, constant (6.2)

Generally, R; is unknown for all the { -rays in the spectrum, If the radiation X is predominant,
i.e. if “X is large, an approximate determination of RX is obtained from a measurement of

1 N! =N X
—_— 32 R X OfyRy 7d. R, (6.3)
= i
2P,F, NytNy
igX

n
where the sum is taken over all ¥ -rays except X, and the values of R; may be anything between
+1 and - 1/2. Using constructed spectra like the ones in figure 15, the best discrimination of
pulses could be chosen, and the intensities Of for the different Y-rays entering the single
channel discriminator were easily evaluated.

‘umoys axe
uswtxadxay
61 @anB1 g

-eajoads Aei-R 1ey

For the experiment it must be appreciated that Nj of equation (5.6) is the counting rate of
-rays that are not scattered, produced by capture in the target of the incoming neutron beam
plus the non-depolarized part of the scattered neutrons. The asymmetry actually observed is

L Np-Np

T NNy 6.4)

where Ny is the total counting rate which consists of direct and scattered y -rays from the target
and y -rays due to capture of neutrons scattered from the target as well as background. The
difference in the numerator is due to polarization only, thus N} - N = N} - Nj . Equation (6.3)
and (6.4) together with the abbreviation N = (N + N")/2 give

S170A NI NOILISOd ¥OLlVNIWI¥OSIO

N
1

t q
Na

P, P

R = (6.5)

If we define Ny '= counting rate of y-rays that are not scattered, produced by neutrons captured
in the target after depolarizing scattering, N, + Np represents the direct y -rays originating in
the target.

The correction factor p = Na/(Na +Np), due to depolarization of neutrons scattered in the
target, can be calculated. For the repeated scattering of an already scattered neutron we obtain
the probability (og/0p){(1-e~%? T), . where 0sand 0t are scattering and total cross sections
respectively, 7 is the atomic density of the target, and T is the average distance that the neutron
must travel to escape from the target. Considering multiple scattering and depolarization, we

get the correction factor

po1-2 Xf'i (1 -e0T) (6.6)
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The spin flip probability % is given by Meyerhof and Nicodemus (1950):
’ .
finc

%
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Here di;lc is the incoherent scattering cross section due to spin effects only. A scattering

nucleus with angular momentum zero has x = 0. For the targets employed, f was very near,
or equal to 1.
and detected without being

lati ibuti he ¥ -rays originating in the target
The relative contribution of the ¥ -rays orig g get, s by. o experiment

scattered, is given by §= N, + Np)/N. This quantity can be found indirefzt" :
in which the analyzing magnets and some of the shielding around the detecting crystlals is
removed. Measurements were performed with the ordinary targets, and for cor}‘ectxox? purposes
with a graphite target, which does not produce y-rays. In comparing obse.rvahons th}} anfi
without thin boron shields in front of the counter, it was possible to determine the clontr\butxon
to the counting rate from neutrons scattered from the targets, followed by capture in t.he
crystals. By insertion of a cadmium foil in the neutron beam, it was found that the eplthermal
neutrons did not contribute to the counting rate by a measurable amount.

The resulting y -ray intensity was multiplied by the calculated transmission tlhrough thle
analyzer, yielding Na + Np. From measurements with the analyzing magnets in the ordinary
positions Ni was determined. In this way the factor $ was found for all the targets and fo.t all
the discriminator positions used to select y -rays. It had magnitudes from 9.5'7? fmj calcium
up to 91% for chromium. The complete correction factor needed for the determination of R
from Q as given by equation (5.6) is

P, T, Na/Ny = P, PP (6.8)
In the determination of the numerical values of the quantities given in (6.8), the relative errors
were estimated to be smaller than 8% for Py, 2% for By, 3% forp , and 5% for When the
relative error ofx is denoted by A (x)/x, and considered as a standard deviation, the root mean
square error of (6.8) becomes

sozes TR BT (T

A g
The measured quantity Q has the standard deviation

@ - ]/E(o)]z s[4, @] (6.10)
where 2\, (Q) is the statistical error of counting, and AZ‘(Q) is due to the reduced accuracy
which resulis when the counts taken during each period are registered as an integral multiple
of the scaling factor. When the register counts the number n, the correct value may be anywhere
between n-1 and n+l. In a certain counting period, let uj be the number of pulses incident upon
the ‘scaler before the first register count, and up the number of pulses after the last count.

‘Then (v=u1+u2+1-usc) is the single error for this measurement. For a great number of measure-
ments K, u} and up are supposed to be uniformly distributed between zero and the scaling factor
The root mean square error for the arithmetic mean is then

“SC'
ugc-1 ugc-1
) )
(u1+u2+l usc)
q7=0 up=0 ~ sc

A - 22 N (6.11)

K(K-1) [ W (k-1) 6(K-1)

sc
The corresponding errors in the total number of counts Ni is K A (v), when K is the number of
periods for one register. As the deviations in N and N} are equal and opposite, the error in
the measured quantity Nt - N{' is equal to 2 KA '(v). The number of register pulses per period
is about 200 in channel No. 1, where the measurement of N} - N{' is performed. This gives
N¢¥200 K uge. In setting K-12 K, we get

Ao -n) kw1 4f
AZ(Q) R T % — == (6.12)
ANy 2N; 40 | 3
The standard deviation due to counting is AI(Q) =1/ V 4Ny, and the total error becomes
1 1 u,
A = - ___(1 + SC (6.13)
2w, V1200
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Even at the highest scaling factor applied, ug¢ = 32, the error due to scaling is negligible
compared with 2 ) (Q). '

Each complete determination of Q consisted of between 15 and 40 separate series of measure-
ments. When Q is determined from each of these, the root mean square error is

E N, (Q;- D2
N - |22
(K -1) E‘: N,

where K_ is the number of measuring series. Generally, this error was of the same magnitude
as l/ﬁﬁ, indicating that no fluctuations other than the statistical counting rate variation were
of any importance. For the quotation of the results in the next section, the largest of the two
errors has been chosen.

(6.14)

The experimental value of R has the relative standard deviation

AR 1[4 ]2, [AmPFaps)]?
X L a :[ ¥ [ gF,.p6 | fe:19)

In all the cases studied, the counting statistics were the largest contributor to the error inR.

7. Measurements.

Measurements were taken with the' JEEP running ata power level between 200 and 450 kW,

A few times 107 neutrons per second were emitted from the collimator. The y -ray counting
rates were from 300 to 3000 pulses per minute. In order to obtain standard deviations of Q as
low as 10-4, continuous counting must be carried on for weeks or months on each target.

In table 5 the results from measurements on 12 different y-rays are quoted. First the
emitting nuclei are listed, and the second and third columns give the y -ray terms and energies
taken from the papers of Kinsey, Bartholomew and Walker (1952), and Kinsey and Bartholomew
(1953 abe).'.Then the experimantal values obtained for Q are quoted, together with the standard
deviation. In the fifth column is listed the correction factor PnFa pé , which shows large
fluctuations, mainly due to the correction factor O, being quite’ small for the measurement of
radiation with low intensity. The corresponding value of R = Q/(Fn T"ap&) is given in column
6, also with standard deviation. From constructed y -ray spectra the relative contributions to
R were found from the various energies of the spectrum, as shown by equation (6.3). They are
listed in the 7th column together with the maximum uncertainties which are due to the g -rays
not studied. Finally, the last column gives the derived value of R for the y -ray under
investigation.

The table first gives the result of a "symmetry. control" experiment, which has already been
mentioned in section 5.

For the 6.18 MeV neutron capture y -ray from wolfram, all the related spin éroperties are
known. Kinsey and Bartholomew (1953 e) showed that it is due to the ground state transition in
w183' as illustrated in the decay scheme of figure 36. w182 {5 an even-even nucleus, so that
the compound state has spin 1/2 and even parity. Walchli (1953) gives the ground state spin
Jg= 1/2 for w183 and its nucleon configuration was put up by Mayer and Jensen (1955), who
place the extra nucleon in a pl-state, having odd parity. Then the radiation is of electric dipole

type, and according to table 2, Rp = 1. The theoretical value for the measurement is _R.th
+0.20 -
=0.80 + _0'10] as compared to the obtained Rexp = 0.60 £ 0.16. This resultverifies the theoreti-

cal prediction for the direction and magnitude of the circular polarization. However, the
uncertainty in the numerical agreement with theory is still quite large.

For the determination of spin values by means of measuring the circular polarization of y -rays,
we shall assume that the theory gives a quantitatively correct value for R. The most suitable
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TABLE 5.

Results of the polarization experiment.

~ray | y-ray | Experimental [ Correction Experimental | Theoretical value of Derived
Emitting| term |energy | asymmetry | factor value of Z —_— value of
Nucleus | X [in MeV Q PoPp o R,= Rex &.R; = Ry, R,
Units of 105 | Units of 1073| Units of 102 | Units of 10-2 X
Ti Symmetry N
Control 6113
.Experiment CHAPTER 1V
533 + . +18] 1 :
G 5.44 [-31 117 0.7 -4 £ 24 82Rg + |29 z COINCIDENCES AND ANGULAR CORRELATION OF GAMMA RAY CASCADES
+
Catl c 642 |-14 t11 035  [-40t30 9RG + -4?5 -3
. 1
Tit? Folemnle12 t7s | 193 |-el4 69RF + 22RGH [ﬁz.s] T2
49 + .
Ti G 6.41 59 .1 + +10 3 i
9. -1 . 0.9 S0Rp + 40RGH 1T +1 When the coincidence method is applied to the study of the lowest excited levels in nuclei
crot A 9.72 |39 *a0 255 15t 8 6Rg + 31Rgt [* 1 ~L L resulting from capture of neutrons, it is necessary to observe the simfltaneous emissifm of
05| = T3 high energy y -rays of about 7 MeV and of lower energy ¥ -rays of 1 MeV or less. This
cri¢ B 8.88 | 3¢ 13 2.15 16t 421 1 combination implies certain complications for the measurement of angular correlation between
: -8 13Ry + 66Rp+ [—10,5 + b the ¥ -rays. An attempt to carry out these experiments is described in the following.
Fe57 E 7.64 | 42 t6.5 0.54 8114 87RE + [ua] ‘1
"6.5,
. 1. Theory.
Ni59 A 9.00 |-45 39 1.80 -25 122 82R, + [HS] _1
-9 2 The theory of angular correlations has been extensively treated by Biedenharn and Rose (1953)
cub4 A 791 |41 he2 1.62 6t 8 78R, + 18R+ |4 AN and Frauenfelder (1955), and here we shall only review the main results of practical interest
A BT |2 45 for the experimentalist. A ¥ -ray cascade where two photons, Yl and xz , are successively
cubt B 7.63 3 s L6 + " emitted from the same nucleus, is schematically shown in figure 16.

i - . -2 .9 ,51RA + JDRB+ [_ 3’5] - % The multipole orders are L) and Lj. Alonga given axis of quantization, the successive nuclear
65 spins T, Jp and Jo will have the components mg, my, and m respectively. Such a double cas-
Zn E 7.88 [-10.5% 9 0.50 -21t18 7R + +23 1 cade shall be denoted by the y-ray terms as y;, ¥, OF by the spin values as J5 (L1)Tp(L2)Tc-

115 z Each component of the disintegration, m,=» m= m, possesses a certain angular correlation,
wlss D 6.18 | 45,5111 0.76 60t16 sor._ + |+20 . . and the Y -rays from the various components may interfere. The probability that Y, is emitted
D .10 +1 into the solid angle dQ at an angle [ with respect to 11 is, similarly to the equation 2.2) of the
preceding chapter, given by

240

target materials for these experi ' *

3 e periments have relatively large captu i '

with the emission of ¥ -rays that are strong compared to tie re};t :: til;o::e::‘tlmns};ox?b}nehd w (P) afR-= a I Hl ‘ b <b I HZ l c>
. m ost of the

feach {.-ray St“die'd. the derivation of Ry as given in table § maMe my

rom this value, will be discussed in chapter V.

)
where E means summation over all unmeasured radiation properties, such as polarization. In
the matrix elements, Hj is the interaction Hamiltonian for the emission of the ¥-ray ¥, and
a, b, c stands for the properties of the states A, B, C of figure 16 respectively. It is seen that
an experimental study of W(P) can establish a connection between these properties.

In evaluating equation (1.1), one arrives at the result

wp) = 1+ Z ay B, (cosp) 1.2)

Here the functions P, (cosp) are the Legendre polynomials of order v, and ¥ takes all even
X values from 2 upwards. The highest term for which a,’is different from zero is given by the
| selection rule

v,

nax = Min(23,, 2L, 2L

2)

I
i
t
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JO: Mg

C J.m

Figure 16.
Energy level scheme for a double Y-ray cascade.

For pure multipole transitions the coefficients aj can be separated into two factors, each of
them depending upon one single transition only:

ay =F, (L1 Ja ) Fp (L Jc Tp) (1.4)

where F, is expressed by the product of a Clebsch-Gordan and a Racah coefficient:

: 1
F, (LT, 3) = (-1)%a=T"1 (25,41)Z (2L+1) (LLl(-l)] LLVO) W(Jpdy LL;PT,)  (1.5)

Tables of the functions Fp (L 'Jan) have been evaluated by Biedenharn and Rose (1953), so that
any angular correlation function can immediately be written down.

As in the case of circularly polarized x—radiation, competing radiations of different multipole
orders can interfere and produce a correlation distribution which is very different from either
of the distributions resulting from pure multipole transitions.. When one of the transitions is
mixed, consisting of radiations with wave amplitudes b) and by as defined in section 2 of
chapter III, the angular correlation function can be expressed as

2 2 )
bl W, +b5 W, +2b,b, W;,
T 172" 2°2 Mz
(1.6)

w(g)
F 2, .2

bli-b2

E
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where W) and W, are the correlation functions for the pure cascades, as described above. For
the case that the transition between the levels A and B is a mixture of the multipole orders Ll
and I.a‘1 , the contribution due to interference is:
1 .
= _1)p-Ta-1 ! 3 !
Wiy = EV (-1)7b-Ta [(ZJbH)(ZLlH)(ZLlH)]Z Gy (Ly Ly 1,3) Fyy(LyT Jy) B (cos)
(1.7)

The sum is taken over all positive even numbers, and V satisfies the rule (1.3). Also the
functions Gy have been tabulated by Biedenharn and Rose (1953). W}, has the same order of
magnitude as the quantities W) and W It'is seen that an intensity ratio as small as

(bl/bz)Z =0.01, corresponding to the coefficient 2b;b,/(by + by)= f‘0.2 for Wy,, can produce a
correlation function which is quite different from the case of by =0. .

In the case of a ¥-ray cascade where one of the transitions is a pure dipole, formula (1.3)
shows that only the coefficient a, of the expansion (1.2) is different from zero. We then have

w(g) =W’1+a Po(cosB) = 1 - 242 o cos? W
FL1=1 . 2 Faleosf PR :

The only unknown, a,, can be determined from a measurement of the anisotropy of the
coincidences:

A g WO -wm/2) o 3% (1.8)
w(T/2) 2-ay

In a decay scheme like the one of figure 16, the level B may also be obtained by transitions
other than ¥, or the state B may decay in different ways. The disintegration rate of the cas-
cade shall be called No‘ Then No/)(-L is the total disintegration rate of xi , where Wj is the
contribution of the cascade to this transition. Using the symbols @; and g; for the solid
angle and efficiency, respectively, of the detector measuring the radiation §; , we get for the
net counting rates of the two detectors:

Ny = N E /M

(1.9
N, = N, W, €/,
When angular correlation is neglected, the coincidence rate becomes
C=N, W E WE, (1.10)

Random coincidences occur as a result of the accidental overlap of two pulses in the coincidence
circuit. The resolving time t_ is equal to the maximum time separation for which two pulses
are registered as coincident. For two square pulses of equal duration this is equal to the pulse
length. If the counting rate is one pulse per channel per second, the chance of getting a false
coincidence is equal to 2 t, per second. With total counting rates N'l and N'Z, the chance coin-
cidence rate is

Cep = 2N} Npty (1.11)
The ratio of true to chance coincidences is
¥,

h 2ty Ny

(1.12)

0‘0

c!

which shows that the statistical accuracy of a coincidence experiment is not indefinitely
improved by increasing'the source strength, unless the electronic circuit or the detectors are
also improved.
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2, Experimental set-up.

For the present'experiment a narrow but intense beam of neutrons falling upon a small target
of the material to be studied is needed. A small target is advantageous because scattering of
the ¥ -rays can produce false contributions to the angular correlation. The higher the intensity
of the beam, the smaller the target can be made.

The neutron source is a graphite scatterer ‘in one of the isotope channels of JEEP. For intensity
reasons the target should be placed as near to this source as possible, However, in the vicinity
of the reactor wall the neutron and y-ray background is very high, and the ratio of total to
background counts is considerably improved by moving the apparatus farther away from the
channel opening. The counting apparatus is actually placed 3 metres from the reactor wall, and
about 7 metres from the graphite scatterer. The main outline of the set-up is shown in figures
17 and 18. At the position of the (n, Y)-Larget the neutron beam is cylindrics!, with a diameter
of 7mm. This is also the inner diameter of the aluminium tube containing the target material.
The target length, varying between 9 and 35 mm, is dependent upon the neutron absorption cross
section.

°
The two scintillation counters viewing the target consist of 38 mm diameter by 25 mm high
Nal(T1)-crystals mounted on RCA 6655 photomultipliers without light pipers. Crystal No. 2,
«—38m hvt»———»;-zm-'ur—@ 12m I
|
DETECTOR 1 '
|
. GRAPHITE| |
= TARGET
- T
\ - 8,C LEAD ;
= ) GRAPHITE - [
PLUG X
X - I
REACTOR | Reacron DETECTOR 2| | |
CENTRE ’

SHIELD OF IRON AND LEAD ’

Figure 17.
Main outline of the coincidence and angular correlation experimental set-up.
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Figure 18.
Target and detectors seen in a plane perpendicular to the neutron beam.
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from the target

which is used for measuring the lower energy y-rays, is placed a little farther i
and

than No. 1. During angular correlation measurements, detector No. 1. was stationary,
detector No. 2 could be moved in a circle with the target as centre. As the measurements CQ:I]-
sist in observing the asymmetry, only the positions B=T/2 and B=Tt were used. These posi-
tions were chosen so that the change of distance between target and crystal, due to the weight
of the detector, should be a minimum. Both boxes containing the detectors are made from soft
iron tubes, and in addition the movable detector No. 2 has a '“-metal shield around the upper
part of the photomultiplier. Thus the influence of the earth's magnetic field will not produce
changes in the counting rate as the detector is moved.

The detectors are surrounded by lead shielding, as shown in figure 18. Especially ¥ -rays
emitted from one crystal into the other shqﬁld be avoided. When a high energy y-ray is pro-
ducing an electron pair in one crystal, and the corresponding annihilation quant gives a pulse
in the other, a false coincidence can be recorded. Correction measurements are performed by
placing a shield in front of the low energy counter in such a way that only the direct low energy

-rays are attenuated. Photons passing from one crystal to the other in the T/2-position are
unaffected by this shield, which is drawn with a broken line in figure 18. In order to reduce the
intensity of scattered neutrons reaching the crystals, shields of Li;CO3 are placed between
target and counter. Boron, which has a higher absorption cross section, could not be used for
this purpose, since it emits 9 -rays of 0.478 MeV following neutron capture, as reported by
Ajzenberg and Lauritsen (1955).

As a consequence of the large solid angles which are necessary, the absence of a y-ray
collimator, and scattering in the shielding surrounding the crystals, the resolving power of the
detectors is only about 15% at 1 MeV.

A coincidence circuit was built to receive pulses from Nal(T1)-crystals. The resolving time
ought to be at the most 50 millimicroseconds mM sec ' to give an acceptable ratio between

true and chance coincidences. On the other hand, resolving times of the order of 10 m M sec
would hardly be obtainable, as NaI(T1)-crystals give pulses with a rise time of about 250 m M sec
and distributed amplifiers were not at our disposal.

A block diagram of the electronic circuit employed is shown in figure 19.

From the photomultiplier, the pulse is fed via a cathode follower to the linear amplifier of the
type A.E.R.E. 1049B. Both differentation and integration time selectors were set to 320 mM sec.
From the amplifier, identical pulses are fed to the single channel discriminator and to the input
of the fast coincidence circuit. Some details of the latter instrument are shown in figure 19,
and figure 20 illustrates the form of the pulses that are counted, for various points of the circuit.
Very large amounts of scattered low-energy ¥ -rays occur in the present experiment. Pulses
with approximately half the height of the ones that should be studied are removed by discrimi-
nation before entering the fast coincidence circuit, The rest is amplified to about 50 volts and
fed to a clipper circuit which gives an output corresponding to the rise of a few volts only of

the input pulse. This rise takes place within 10 to 20 mi sec and as the clipper tube E180F

is a very fast broadband amplifier pentode, the output pulses should rise to maximum height
within the same time. A pulse forming delay line of 4 length corresponding to 20 mM sec, is
coupled to the output and shortcircuited at the end. In the ideal case it produces a square pulse
of 40 mAt sec duration, but the actual pulse has trapezoidal form. Coincidences between the
pulses from two identical clippers are recorded by a 6BNé6-circuit, as described by Fischer and
Marshall (1952). As seen from figure 20, the time elapsing between the start of the original
pulse and the start of the clipper pulse, is strongly dependent upon pulse héight and discrimi-
nator position. Therefore, only pulses of approximately uniform height can be studied by this
coincidence circuit, In fact, a height variation of 20 % can be allowed.

The real selection of pulses is performed by a single channel discriminator whichhasa fixed lower
discrimination of 20 volts, This height corresponds to the ideal input pulse for the fast coincidence
circuit. The width of the single channel can be up to 4 volts. It has been experimentally
verified that no coincidences are lost at this width. A slow triple coincidence circuit gives an
output pulse when the two discriminators admit pulses at the same time as a fast coincidence
occurs. To the first approximation the number of random coincidences can be calculated from
equation (‘1.11) when the resolving time t; is given by the fast coincidence circuit, and Nj and
N, are counting rates obtained from the two single channel discriminators. At very high
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DISCRIMINATOR|
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AMPLIFIER CHANNEL [>{ SCALER
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Figure 19.
Block diagram of the electronic circuit for the coincidence measurements.

counting rates, when Ny or N is comparable to 1/15, where tg is the resolving time of the
triple coincidence circuit, the formula for Nch fails. In the present case, tg is of the order of

5 M sec.

The resolving time of the fast coincidence circuit is determined by the‘voltage at which the
6BN6-tube is triggered, and by the form of the input pulses. When they are triangular, very
short resolving times can be obtained if only the upper part triggers the circuit. The available
cathode ray oscilloscopes were not fast enough to show the actual form of the pulses incident
upon the coincidence tube. The resolving time can be measured by other methods, however.
By placing different delay lines in the two channels, and measuring the coincidence rate as a
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function of the delay difference, curves like the ones in figure 21 are obtained. When all the
pulses fed to the coincidence tube are equal, the measured curve should have a flat top with
vertical edges. Due to the fact that a spectrum of pulses is incident upon each channel, also
the shortened pulses.have somewhat different heights, and the edges of the experimental curves
are sloping, Pulse forming delay lines of 10 and 20 mu sec were used, giving the two curves
of figure 21. The narrowest curve indicates that the shorter pulses have triangular form, or

a very short flat top. The fact that the two curves have the same coincidence rate at maximum,
indicates that all the true coincidences are counted.

—f— — —_— — — — DISCRIMINATOR
LEVEL

When different sources are used for the two counters, only random coincidences occur, and by
means of formula (1.11) the resolving time is determined:

PULSE FROM LINEAR AMPLIFIER (a) t o= Cch

L= (2.1)
2NN,

_______ ~— CUT OUT LEVEL
OF CLIPPER

In this'way the resolving times tr=8 musec and t,. = 35 mu sec respectively were measured,
in rough agreement with the curves of figure 21,

The broader pulses, giving the 35 m ysec resolving time, were used in the actual experiment.
Although the random coincidences are more numerous in this case, the smaller probability of
losing any true coincidences justifies this choice.

PULSE BEFORE CLIPPING (b)

As all the pulses fed to the fast coincidence circuit should be equal, or only varying very little
from a standard size, the selection of various ¥ -ray energies is performed by keeping the
single channel discriminator in a fixed position while the photomultiplier voltage is altered by
means of a fine potentiometer. A calibration curve for the relative pulse height as a function
of the voltage is shown in figure 22. It is seen that the logarithm of the pulse height is very
nearly a linear function of the high tension.

CURRENT IN CLIPPER TUBE
j t ~ 40 mpsec
PULSE FROM CLIPPER (c)
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Figure 20,
Pulse forms at certain points in the electronic circuit of figure 19,

S
=3
T

PULSE HEIGHT IN ARBITRARY UNITS

o
g
T
~
.
=
-
~
.
-

COINCIDENCES PER MIN
N
~
-

| L . L L
1200 1400 1600 1800 2000
PHOTOMULT IPLIER VOLTAGE

L/ / A
L4 ‘ . . .

-20 =15 -10 -5 0 5

10 15 20
TIME DIFFERENCE BETWEEN THE TWO PULSES, IN mpsec

Figure 21,

Figure 22.
Coincidences obtained with different delay of the pulses in the two channels,

Photomultiplier pulse height as a function of the voltage applied to the tube.
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3., Treatment of experimental data.

which are readily

The data obtained are first corrected for accidental coincidences Ccp»
e 3 ured and found to be

calculated from formula (1.11). The influence of cosmic rays was meas n
negligible compared to the effect to the targets. Scattered neutrons can be captured in the
Nal(TI)-crystals, and resulting ¥-ray cascades can give rise to unwanted coincidencesl. ‘In
order to measure this effect, the actual target was replaced by a paraffine scatterer, giving

no capture radiation. Coincidences due to scattering from the targets were estimated and
subtracted. This contribution was of the order of one percent of the total coincidence rate when
the lithium shields were applied in front of the crystals.

For the comparison of different coincidence rates itis advantageous to use the value

oo C (3.1)
N} N

instead of the measured coincidence rate C. Here N'l and N'Z are single counting rates,
obtained when background and perturbing activities have been subtracted. To the first approxi-
mation this procedure corrects for small variations in the sensitivities of the counters and in
the distance between the counters and the target.

False coincidences can be due to a high energy ¥-ray which produces a Compton recoil pulse

in one counter, and after scattering enters the other crystal, producing the second pulse.

Formula (4.2) of chapter III shows that the energy of a y-ray Compton scattered at 90° or more
is always less than mgc® = 0.51 MeV. In figure 18 it is clearly seen that all false coincidences

of this type must be due to scattering angles equal to or larger than 909, corresponding to energies
smaller than 0.51 MeV measured by the second detector.

As has already been mentioned, false coincidences canalso be due to high energy {-rays pro-
ducing electron pairs in one counter, where the annihilation of the positrons gives rise to
quanta detected in the other counter. The energy of these quanta is mg c2 =051 MeV.

In the present experiment, detector No. 1 is set to count high energy y-rays of several MeV.
The low energy y-rays, causing false coincidences can, therefore, only be detected in counter
No. 2. The two aforementioned causes of false coincidences can be corrected for by means of
the lead shield mentioned in section 2. When accidental and background coincidences are sub-
tracted, let C' (x, 5) be the measured coincidence rate, where the correction shield is placed
between the target and counter x. When x = 0, no extra shielding is applied. Counter angle is
denoted by B , as before. The measured coincidence rate can be separated into the true and
false parts:

c-(o,?i) =G, (%) + clz(L;t (3.2)

Here, C¢ (P) is due to the cascade only, and Cj (p) results from %f-rays originating in
counter 1, and being detected in counter 2. Using the shield, one can also measure the quantities

c@f) = 1,6 8 +c @) (3.3)
C'(2,T) = T Cc (W) + Tyz C12(T) (3.4)
C'(1,T) = T, € (M) + T Ty, Cp,(T) (3.5)

where T) and T are the transmissions through the lead shield of the high and low energy cascade
y-rays respectively, and T} is the transmission of the {-rays passing from one counter to the
other in the position PaTt. The quantity T) can be determined from the single counting rates

of the high energy ¥ -rays passing through the shield. T, and T}, are not easily measured,

since scattering of the higher energy Y -rays will strongly influence the observation. When T;
is known, we get from equations (3.1) to (3.4) the desired ratio

—_— (3.6)
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W' is the measured correlation function. In the derivation of equation (3.5) we have neglected
the fact that T) for the ¥ -rays of the cascade can be slightly different from the average value
for the y-rays producing annihilation quanta that are counted as coincidences. However, the
y-ray cross section for lead varies very slowly with energy in the region between 4 and 10 MeV,
so this error can be considered as unimportant.

The symmetry axes of the two counters form a definite angle p .- Since both the target and the
detectors have finite dimensions, y-ray pairs with relative angles somewhat different from 8
can be detected as coincidences. Feingold and Frankel (1955) have developed the theory of
geometrical corrections in angular correlation experiments. They give methods for calculating
the coefficients hy) of the experimental distribution

Wp) = 1+ Zhv B, (cosp) (6.7
2

when the coefficients ay of the theoretical distribution (1.2) are given. In the application of

these corrections to the present experiment, the detectors are considered as circular discs with
their axes going through the centre of the source. The source is considered part of a straight
line perpendicular to the axes of both counters; and it extends equally on either side of the centre.
When only the coefficient a; is different from zero, the experimental angular correlation function
for a target of 30 mm length is

W'(p) =1+0.8l4a; P, (cosp) +0.042 2, Py (cosp) Forereen (3.8)

A good approximation is obtained when this expansion is cut off after the third term. The ideal
anisotropy A as defined by (1.8) can be expressed in terms of the experimental anisotropy A':

1.201 A'
a- (3.9)

1-0.087A'

(Target length = 30 mm)

The complete error in the anisotropy, due to the approximate validity of the corrections, is
estimated to be smaller than 2 %. This is of very little importance when compared to the
experimental errors due to the statistics, of counting.

By scattering in the target and in the surrounding material, the {-rays can change direction,
and produce coincidences with a false angular correlation. When discrimination between
different Y-ray energies is performed, this error is not serious, since scattering by more than
a few degrees will reduce the energy of the ¥-ray so much that it will not be counted by the
detector. The effect of this scattering is that the angular correlation is "'smeared out", and the
numerical value of the anisotropy is reduced.

Absorption or reduction of the ¥-ray energy by interactions in the target itself is on the
average more important for the y-ray pairs which give coincidences in the 180° position, than
for those which give coincidences in the 90° position. Thus more coincidences are lost at

P = 1800 than at P =90°. The measured anisotropy will be somewhat more negative than the
true one. For the present experiment it was estimated that the largest contribution due to this
effect would not amount to more than half a percent in the anisotropy.

4. Measurements.

For the study of decay schemes, one of the counting circuits. is adjusted to count pulses from a
certain ¥ -ray. In the other circuit, the coincidence spectrum is scanned by measurements
during a stepwise alteration of the photomultiplier voltage. The structure of this spectrum
reveals which Y-rays are coincident with the ¥-ray .chosen by the first counter. Observation
of the coincidence spectrum can be used to choose the best position of the discriminators (i.e.
the best photomultiplier voltage) for special experiments like the angular correlation measure-
ment. The single counting rate spectrum which is obtained at the same time shows the positions and
relative intensities of the most intense Y -rays emitted by the target.
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TABLE 6.
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Results of the coincidence and angular correlation experiments.

Decaying | Cascade ¥-ray Approximate | Correction, Experimental Corrected
Nucleus energies |value of Xy shield anisotropy anisotropy
in-MeV applied Al
Higher | Lower (_f 0.1)
c136 N
®v | 7.1 17 2.8 0.08810.015 | 0.107%0,018
(c,u) | 7.40 .16 1.2 . 0.076:0.021 | 0.09240.025
149 +G,v) [ {677} | 1.3 0.97
Til (F+G,V) {6.41 9
(G,w) | 6.41 | 0.33 0.88 X
(GU)| 641 | 1.75 0.1
ci54 (B,U) | 8.88 | 0.84 1.02 -0.27 40,05 |-0.32 0.06
) ]

Ni59 (B,U) | 8.53 0.45 0.45 X 0.36 10.10 0.46 10,12
Cub4 (B,v) | 763 | 0.28 1.03 0.03240.065 | 0.039£0.080
: (c,u) | 7.30 0.60 1.38 -0.22 10.055 |-0.26 10.06

2n5 (E,0) | 7.88 | 0.052 €0.002 X

Coincidence spectra were taken for nuclei havin

g strong neutron capture ¥ -rays emitted to low

lying energy states. In table 6.are first given the nuclei which were investigated. The second,
third and fourth columns contain the terms and the, energies of the y-ray cascades that were-
studied. A cascade consisting of ¥ -ray ¥, followed by Y-ray ¥, is denoted by (
Figures 23, 24, 25 and 26 show some experimental spectra, ’
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Singles and coincidence spectra for Ni.
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The curves are given without background, and for the coincidence rates random coincidences
have also be'en subtracted. Standard deviation is indicated on coincidence points. The discrimi-
nator positions indicated were used in the measurements of the coincidence spectra, and in the
angular correlation studies, The spectra have partly been decomposed into’the contributions
from the various ¥ -rays. At high energies the decomposition was performed as described in
section 5 of chapter III. The low energy %4 -ray lines consist of a photopeak and a continuous
Compton electron distribution. Their form has been given by Maeder, Mtller and Wintersteiger
(1954). Annihilation quanta contribute to the measured spectra. In the angular correlation
studies this influence was eliminated by additional measurements using the correction shield.

The quantity Wy being the relative contribution of the high energy ¥ -ray to the cascade, can
be experimentally determined. From a combination of equations (1.9) and (1.10) one gets

Y- )
N W, €,

Here C is the coincidence rate obtained when the discriminator is set to admit the photopeak of
the lower energy ‘X-ray XZ minus the effect of scattering and annihilation quanta. N) is the
counting rate in channel No. 1, being due to &) only. The efficiency € for the photopeak of a
A-ray ina 1 E" diameter, 1" long NaI(T1)-crystal has been given by Kalkstein and Hollander

(1954). If )(1 becomes larger than one, this means that more than one cascade contributes to
the coincidence rate. When the intermediate state B of figure 16 can disintegrate in two or
more different ways, or when this state has a lifetime which is comparable to the resolving
time of the coincidence circuit, one finds W; < 1. Calculated values of Kl are given in the fifth
column of table 6. The experimental uncertainty in the determination of this quantity is about
0.1.

Measurements of angular correlations were performed with the JEEP running at a level of

450 kW. Coincidence rates obtained without the correction shield were between 3 and 20 coinci-
dences per minute. Single counting rates were 10000 per minute or more. For counter No. 2,
the larger part of this was background due to scattered Y-rays of higher energy. Counter No. 1,
detecting the high energy Y-rays, had at the most 10°% background. Every 5th or every 15th
minute the position of the movable detector was changed. Only the two angles 3 =T/2and B=T
were used. When correction for annihilation quanta was necessary, the four coincidence rates
C'(O T/2), c(2,%/2), C(2,T) and C(1,) were observed. Also the background and the influence

of a paraffine scatterer were measured. Series of observations were taken with the stationary
counter in various positions.

Table No. 6 indicates the cases in which the correction shield was applied. The experimental
anisotropy, as well as the anisotropy corrected for the geometrical extension of the source and

the detectors, are given in columns 7 and 8.

A discussion of the results follows in the next chapter.
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CHAPTER V
RESULTS

1, ¢ 136
The level scheme of this nucleus has been investigated by Paris, Buechner and Endt (1955) who
studied the proton spectrum emitted from the (d, p)-reaction on chlorine. In figure 27 are shown

the two lowest excited levels in C136,

533

C{3b
L1 m £, 1T
8.56MeV = p——p————— 0 1 + 865 MeV ————— 0 12 +
El
M
" (49%)
(28%) [(78%) [(14%)
3.3 — 1 32 -
El
116
o7 —7 9 2+ (t9%)
- Mt+ E2
0 ! 2 2+ 0 L 232+
A BV CU G P

Figure 27. Decay scheme for c136, Figure 28. Decay scheme for 533,
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been studied by Kinsey, Bartholomew and
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3

Neutron-capture ¥-rays emitted from chlorine }}ave
Walker (1952), by lGrcxshev, Adyasevich and Demidov
some discrepancy between the relative intensities quo
intensities and nuclear spin values are taken from the paper

state of 533, This corresponds to the d 2-state predicted by shell theory, as seen from figure

2 for the case of 17 neutrons. Accordingly, the y-ray P emitted to the ground state is also an
El-transition. The state at 3.23 MeV may be interpreted as the odd neutron being lifted to the

(1955 b) and by Braid (1956). There is
ted in these papers. In figure 27 the
by Groshev et al, Using a coin-

cidence method, Recksiedler and Hamermesh (1954) verified the existence of the cascades shown Zp-:--state of the nuclear shell model.
in the figure.
In the present coincidence experiment a 30 mm long target of hexachlorobenzene (C4Clg) was 3. Cadl,

ray B from the 'Y-ray C was unsuccessful,

used. An attempt to separate the high energy ¥~
; " 4 diation with energy lower than C,

With the counter No. 1 set to measure essentially no ra .
coincidences were obtained with the photopeak of the y-ray Uat 1.16 MeV.' (?om;xdences were
also measured with the y-ray V at 0.77 MeV, but the photopeak of this radiation is masked by

the Compton electronlpeak of U, which has very nearly the same energy. The value Y{ =1.2,
obtained for the cascade (C,U), shows that all the y -rays C are followed by emission of U.

As ¥;>1, detector No. 1 probably counts a small amount of Y-rays with energy lower than

C, contributing to the coincidence rate through another cascade.

The lowest excited level of this nucleus is situated at 1.95 MeV, according to Braams (1954)
who performed an analysis of the protons emitted in the (d,p)-reaction on calcium. An angular
distribution study on the same reaction, carried out by Holt and Marsham (1953 b), showed that
this level is a p-state. The transition from the capturing state to the 1.95 MeV level is repre-
sented by the 6.42 MeV X-ray C found by Kinsey and Bartholomew (1952, 1954).

Polarization experiments were performed using a target of standard size, consisting of pure
calcium powder in an aluminium container. The relative background was very high due to the low
Angular correlation measurements on the cascade (C,U) yield the anisotropy A =0.092£0.025. capture cross section of calcium.
The a priori most probable multipole transitions are given by 1(M1)2(M1)2, corresponding to a

theoretical anisotropy of -0.288. The experimental value can apparently best be explained by
considering the angular momentum difference A[,n=z of the transition U, for which the ,[n
selection rule (II,2.20) predicts a reduced dipole transition probability. Agreement with the
experimental value is obtained for the mixed cascade 1(1)2(86% M1, 14 % E2)2. The pure
cascade 1(1)2(2)2 gives the right anisotropy, but complete forbidden-ness for the M1 transition
is rather improbable.

Ca40 is an even-even nucleus, and J. must be l. As J; corresponds to a p-state, only the
c V3 f P P
possibilities R =1 and R = - 'lZ exist., The value Rexp = -0.40 ¥ 0.30 in agreement with

_R_th = =0.46 + [t 8825] was obtained. J¢ then equals 3,

2

With the discriminator set to receive the photopeak of the 0.77 MeV y-ray, the value ¥ ; = 2.8
is obtained for the (B,V)-cascade. . This shows that these coincidences are also mainly due to the
(C,U)-cascade. Angular correlation measurements give about the same result as in the former 4 49
case. If the cascace (B,V) contributes appreciably to the coincidence rate, this one will also CO T i
have a positive anisotropy.

AT A1 T
840 MeV —1—1———- o 1/2 + 816 MeV ____W —_— 0 1/2 +

Polarization studies were not carried out for chlorine as the %-rays are too closely spaced in
the high energy region to be separated from each other to an acceptable extent.

2. S33.

L

The high energy ¥-ray spectrum following capture of thermal neutrons in sulphur has been b o E1
studied by Kinsey and Bartholomew (1952) and by Groshev, Adyasevich and Demidov (1955 b). <80 °@ (560/3 (34%)
By far the most intense high energy transition is the 5.44 MeV 7-ray which is emitted in 48 of
100 cases of neutron capture. In both papers it is identified as the transition from the capturing
state to the 3.23 MeV level in 533, which was found by Holt and Marsham (1953 a) and by Paris,
Buechner and Endt (1955) in the study of the (d,p)-reaction.

The 5.44 MeV 'x-ray G was studied by the polarization method. Neutrons werc captured in pure 195 ! 3/2 - 11
splphur melted into a standard aluminium target container. The separation of the ‘{-ray from E2 3

the rest of the spectrum was fairly good, as indicated in fi 1 i i
. » 2 ind gure 15. As this photon energy is % i
comparatively low, the background was quite high in the present case. ____(N1OO ‘)3 7/2 - (¢] —— 3 7/2 -

cu FVvGeGw U

ey
14
()
~
~
|

832§ - i i
is an even-even nucleus, thus the capturing state has ln =0, and .TC = —;- with even parity.

Holt and Marsham (1953 a) found, by angular distribution measurement of the -protons emitted
from the (d,p)-reaction, that the 3.23 MeV level is a p-state. The possible values for the

transition Jo(L)Jg are then %(El)% or g(El% giving the polarization ratios Re =+l and Rg= A
2

respectively. As seen from table 5, the latter value gives Fth = -0.41 + {+ 0.018] in agreement
=0.09

with the experimental result R =-0.44t0 24, Fi . .
exp s gure 28 shows a simplified d. heme '
for §33, PHA ecay sche Figure 29. Decay scheme for Catl,

Figure 30. Decay scheme for Ti49,

In the compilation of nuclear moments by Walchli (1953), spin 3 is given for the ground
2
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, corresponding to one neutron in the

For the ground state of Catl, Walchli (1953) gives J = 1

111 shell. When it is lifted to the p% level of the next shell, the first excited state of 1.95 MeV . . C 53+
r+n

2
is obtained. Braid (1956) found a of -ray with an energy of 1.93 Me
photons per 100 neutrons captured. This is clearly the ground stat
red it must consist of E2-radiation. . .

788 keV —\ 3,1

V, and intensity of about 98
e transition U of the first ]

excited state. According to the spin value measu:

all to allow coincidence studies to be performed. 4,16 — Vi \
o 972MeV = —

The capture cross section of calcium is too sm:

4, Ti%9.

By neutron capture in this nucleus, two prominent ¥ -rays F and G with energies 6.77 and 6.41

MeV respectively, are emitted. They were détected by Kinsey and Bartholomew (1953 a, 1954)

who identified them with the decay to the two excited states at 1.35 and at 1,70 MeV found by

Pieper (1952). Braid (1956) and Reier and Shamos (1955), by the scintillation method, found Ef
-rays of 0.33, 1.39 and 1.75 MeV, obviously corresponding to the transition between these (35%)

states and to the ground state transition of each of them respectively.

of a simple coincidence measurement performed

with a 30 mm long target of pure titanium powder. With channel No. 1 set to detect both the

two high energy y-rays, the coincidence spectrum of figure 23 was obtained by varying the
voltage on detector No. 2. Photopeaks of the 0.33 and 1.39 MeV y-rays are clearly found. An
indication of the -ray at1.7% MeV is also present. By using these rough measurements the
values of Yy given in table 6 were calculated for the cascades (F+G,V), (G, W) and (G,U) shown

in the decay scheme of figure 30. The results strongly indicate that the decay scheme is correct.
1t should be kept in mind, however, that the error in )(l may be about 0.1.

These assignments were checked by means

Polarization measurements were carried out with a target consisting of pure titanium powder | E2 o2+
o 0 +

filling a standard target container of aluminium. The two different discriminators applied are
shown in figure 15. Although it was not possible to separate the two y-rays, conclusions can
be drawn from measurements at two discriminator settings, giving different weights to the two A B U

X-rays. Figure 31. Decay scheme for cr34,

Angular distribution measurements on the (d,p)-reaction on titanium have been performed by
Bretsch t al, (1954), wh i 1: t = .

T s; ;Ar etal. (19 ) ‘w ° ass\gl} .angu ar momentum ’e'n 1 to the levels' at 1 35 MEY and Both angular correlation and polarization experiments were performed with chromium. As the
at 1.70 MeV. Thus, a direct transition to one of these levels must be electric dipole, with §-rays ‘A and B are of very high energy, the background is comparatively small for these

_ 1 . _ ) L= - . - )
R =1 or - > corresponding to Jp=Lor3 respectively. By seiting Reyp = Ry, in table 5, two : measurements. The ground state spin of Ce53 is 3, as quoted by Walchli (1953), and it has odd
2 2 2 P g P! q Y
parity according to the shell model. No definite resonance is known to have a dominating
1 : : . n £3 influence upon the capture cross section, so that Jo may be 1 or 2, ora mixture of both. For

be Ry = -=and Rg = +1. The d d N ’

¢ F ane TG e derived spin values are given in figure 30. For the ground state . . Cr54, being an even=even nucleus, the ground state spin is zero. Angular correlation measure-
ments on the cascade (B, U) yielded the anisotropy A = =0.32 1 0.06, which agrees very well
. . L ith the theoretical value for the cascades 1(1)1(1)0 and 1(1)2(2)0, both givin| A =-0.33. N
comparison of figures 2 and 30, it is seen that the 1.39 and 1.75 MeV levels probably constitute ‘Z;her possible :a:cade has a negative anisot(rzpir ) (12(2) giving °

equations are obtained, giving the solutions Rp = -0.53, Rg = t1.4. The correct values must then
of Ti49, Walchli (1953) gives T = % and according to the shell model it is a f1-state. Froma
2

the doublet consisting of J =1 t% The /4-rays W and V must be M1~ and E2-transitions
For the polarization experiment the target was of standard size, consisting of metallic chromium

respectively, and the transition U, if it exists, is of the M3 type.

powder. Two different discriminator positions were used, giving the values of Rip presented in
table 5. When these expressions are set equal to the experimental vah{es Fexp' the solutions
5. cr®4. Ry = -0.36 and Rp = +0.31 are obtained. Rp may be equal to -1 or +1 corresponding to
Jo=1or J.= 2 respectively. The experimental result shows that the former case at.least
is the more important of the two. As already shown by the angular correlation experiment,
thermal neutron capture in the state Jo =1 is predominating. Emission of A from J. = 2 is
respectively, can with certainty be assigned to crid, A y-ray U of 0.83 MeV was observed by rather improbable, since this would be a quadrupole transition. The actual value of Ry, there-
Braid (1956) and by Reier and Shamos (1955), indicating that the nucleus decays to the ground fore, must be very near to -1 According to the angular correlation experiments the 0.83 MeV
state by means of the cascade (B, U), as shown in figure 31. state can have J = 1 or 2, corresponding to RB = Lol

4 4

In the neutron capture Y -ray spectrum of chromium, measured by Kinsey and Bartholomew
(1953 a), only the two highest energy y-rays A and B with energies of 9.72 and 8.88 MeV

respectively. The polarization

That this is actually the case was shown by a coincidence measurement, using a 28 mm long experiment confirms the latter case.

target of chromium powder. The spectra of figure 24 clearly show the coincidences between
the two Y¥-rays, and the value of )‘tlg 1 given in table 6 indicates that all the 8.88 MeV
X—rays take part in the cascade.

De .
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resonance levels of Cr23 quoted in the nuclear level compilation by Way et al, (1955) are,
indicated in figure 31, but nothing is known about their widths, and the value J¢ = 1 cannot be
assigned to a definite resonance. The value J = 2 for the 0.83 MeV level confirms the rule
mentioned in section 3 of chapter II, assigning spin 2 to the lowest excited states of even-even
nuclei. As also 'ln = 0 and even parity is the rule, this is indicated in the figure.

6. Fe57.
By neutron capture in iron, a very intense q-ray of energy 7.64 MeV is emitted. It was detected

by Kinsey and Bartholomew (1953 a, 1954) who state that it is most probably the ground state
transition from the capturing level.

N;i®

F657

900 MeV — —W

AR
784 &Y — — - —— 012+

Figure 32. Decay scheme for FedT. Figure 33. Decay‘r scheme for Ni39.

Fe30,-powder in a standard target container of aluminium was used for the polarization measure-
ments. As mentioned earlier these observations had to be corrected for depolarization of the
neutrons passing through the target material.

Fe50 is an even-even nucleus, having spin 0, and the ground state of Fe57 has ,8,, =1, as found
by measurements of angular distribution in the (d,p)-reaction, performed by Black (1953) and

by Mc.Farland etal. (1955). Thus the ground state y-ray E is of the El type. The polarization
experiment clearly gives the result Rp = + 1, corresponding to Jg = 1. This value is in disagree-
ment with the single particle shell model, which predicts that the extra neutron is in a pl»state.

If the level scheme of figure 2 is correct for the neutrons in the iron atom, the spin of the ground
state must be a result of interactions between several nucleons.

Of the high energy captur¢ ¥-rays from nickel, measured by Kinsey and Bartholomew (1953 a),
only the 9.00 MeV ground state transition A in Ni®9 could with certainty be assigned to this
nucleus. The second highest %¥-ray B, of energy 8.53 MeV, can either be the ground state
transition in Niél, or a transition to the level at about 0.45 MeV in Ni59, found by studies of the
(d,p)-reaction by McFarland, Bretscher and Shull (1953) and by Pratt (1954).

Polarization measurements were only performed for the highest energy ¥-ray. The target
consisted of pure NiSO, filled into an aluminium box of standard type. The use of a non-ferro-
magnetic target material results ina small capture -to-scattering cross section ratio. At

9.00 MeV the background is very low, but also the Yy-ray intensity was small. It was found

that Rp is negative. As Ni58 is an even-even nucleus, giving Jc = 1, and the very intense ground

state y-ray is clearly a dipole transition, only the possibilities J; = Land Jg = % exist. The
2

latter case agrees with the measurement. It also agrees with the nuclear shell model which
predicts a pé-state for Ni3?, The odd parity corresponds to the ground state transition being

of electric dipole type.

Coincidence measurements on the y-ray Bat first sight only revealed the expected annihilation
peak, However, as this peak is higher than what corresponds to the observed counting rate Ny
in the high energy y-ray detector,a contribution from the 0.45 MeV {-ray U, which has been
detected by Braid (1956), is suggested. A coincidence spectrum was taken with the correction
shield in front of detector No. 2. This spectrum contains ail the false coincidences. When it

is subtracted from the original curve, only true coincidences, illustrated by the lowest curve

in figure 25, are left. From the intensity of the cascade (B,U), the value Y= 0.45 is obtained.
This can be explained in various ways. The decay of the 0.45 MeV level may be so slow that
only part of the cascade is recorded by the coincidence circuit, or this state may, in part, decay
to a lower lying excited level. It is also possible that 55 % of the y-ray peak B obtained by
Kinsey and Bartholomew (1953 a) corresponds to the ground state decay in Nibl, and the rest is
emitted from Ni59. The measured intensity of the (B,U)-cascade contradicts the result of Pratt
(1954) who found the spin J = % for the 0.45 MeV level. In that case the transition B would be of

octupole type, which could not cause an intensity comparable to the electric dipole transition A
to the ground state.

The angular correlation measurements on the cascade (B,U) yielded the anisotropy A=0.46%0.12.

All pure cascades with spin T = %, 3or % for the 0.45 MeV level have zero or negative aniso=

tropy. If this level is supposed to have the same parity as the ground state, as is generally the
rule for low excited states, the only possible cascade giving the correct anisotropy is

%(1)%(35 % M1; 65% EZ)%. The proposed decay scheme is shown in figure 33.

8. Cub4,

Kinsey and Bartholomew (1953 b) studied the radiation following capture of neutrons in copper.
The three highest energy 4-rays A, B and C have energies of 7.91, 7.63 and 7.30 MeV
respectively. Of these, A and C were assigned to the nucleus GCub4, where A is the ground state
transition, and C is the transition to the 0.51 MeV level found by Hoesterey (1952) in the study
of (d,p)-reactions. If the y-ray V of 0.28 MeV, observed by Reier and Shamos (1955), is
assumed to form a cascade together with B, the level scheme of figure 34 is obtained.

This scheme has been confirmed by coincidence measurements, using a copper target of 9 mm
length. The obtained coincidence spectra are shown in figure 26. By use of the correction
shield some details of the pure coincidence spectra were resolved. The y-ray at

0.60 £ 0,05 MeV has not earlier been observed. We may safely conclude that it is the ¥-ray U,
corresponding to the decay of the 0.51 MeV level studied by Hoesterey (1952). The part of the
coincidences being due to annihilation and scattering was calculated from measurements with

the correction shield applied. The calculated values of Mjare approximately equal to one,
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theoretical anisotropies 0 and -0.242 respectively. In none of these cases is mixing of
multipole orders probable, Angular correlation measurements were carried out for both the
cascades (B,U) and (C,V). The method of the correction shield was applied. According to the
63 1 experimental results for copper in table 6, the cascades are obviously (B,U) = 1(E1)0(M1)1 and
. C,V) = 2(E1)3(E2)l. These results are indicated i f figure 34, The
u +n ( ’ s are indicated in the decay schemes of fig
anisotropy -0.242 would also be obtained for the cascade 2(1)2(1)1. However, if ¢ were the spin
: value of the 0.60 MeV level, also the cascade 1(1)2(1)1 having A = +0.288 would contribute
210 keV — 341 appreciably. The resulting anisotropy in that case would be about +0.06.
59 272 - |- Two neutron resonances, obtained from Hughes and Harvey (1955), are indicated in figure 34.
8 791 MeV — — - — —| As very little is known about their widths and about other positive or negative resonances
1 contributing to the thermal neutron capture, the spins 1 and 2 cannot be assigned to definite
resonances.

€ El 9. 22

o

(w7%) |(11%) (17%) The radiation emitted by neutron capture in zinc has been studied by Kinsey and Bartholomew
(1953a), who found an intense #-ray of energy 7.88 MeV. This is very near the binding energy
of a neutron in Zn 5, so it may be interpreted as the ground state transition in that nucleus.
The intensity of the transition indicates that it is of dipole type. Following the p"’-decay of
6365, Crasemann (1954) found a y-ray of 0,052 MeV. If this is a ground state transition in
Zn65, it is also possible that the y-ray E of 7.88 MeV isa transition to the 0,052 MeV level.

Polarization measurements were carried out with a standard size target of metallic zinc, The
observations were hampered by considerable neutron scattering in the target, and relatively
high background.

7 155
7w

Figure 34. Tentative decay scheme for cub?. e \N 183
| -—— 0 12+

indicating that B and C in whole take part in the cascades. For the yf-ray pair (C,U), the high Zn T
value of X 1 may be due to the influence of a y-ray with energy lower than C, also coincident :

with U. 6.1BMeV —— - —— 0 v2+

Polarization measurements were performed with a target of metallic copper, which because of
its high density was only 10 mm long in the direction of the neutron beam, and 20 mm broad. E1
The 4-ray intensity was quite high, but separation of the different high energy ¥-rays was a 3‘/)
difficult to perform. From the experimental results quoted in table 5 are found the most o,
probable values Ry = + 0.45 and Rp = 1 0.50. The influence of R is smaller than the statisti-
cal errors, but the agreement with the two experimental values is best if Rg = - 0.5.

The ground state of Cub3 has spin % according to Walchli (1953), and a p%—stzte is predicted by

the nuclear shell model. Then the capturing state'has spin 1 or 2 with odd parity. For the
ground state spin of Cub4, Lemonick and Pipkin (1954) found the value J = 1 by means of the

atomic beam resonance method. The lowest s};ell model configuration of 29 protons and 35
. 3 5 . . .
neutrons is given by (proton 2p3) (neutron 1f2)” having even parity. Thus the y-ray A is an _
¥ 0 0r 0.065—— 13/2

electric dipole transition. From table 2 is seen that the possible values for Rp are .% and + l_

E

corresponding to o = 1 and 2 respectively. If x is the part of the %-ray A which is emitted
from the compound state with spin J¢ = 2, the experimental results yield x = 0.70 +0.15.
Because of their high intensities, both the y-rays B and C can be assumed to be El-transitions.
The value Rp = - % is in agreement with both the transitions 1(E1)0 and 2(E1)3.

Figure 35. Decay scheme for Znb5. It is not Figure 36. Decay scheme for w183,

known whether the y-ray E leads
to the ground state or not.

Corresponding to these transistions, the cascade (B,U) can be 1(E1)0(M1)1 or 2(E1)3(E2)1, with
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_ 1 AsE isa dipole transition,
2
the final spin must be %or 3, corresponding to Rg = *1 or -% respectivel

2
of Rexp agrees with the latter case, and it can be concluded that the y-ray E prod\zcses a state
5 for the ground state of Zn°”. However,

with spin 3. The nuclear shell model predicts the spin 3
ree neutrons in the (1

Zn64, being an even-even nucleus, has zero spin, yielding J¢
y. The negative value

53 )
the Spin% may be obtained by coupling between the th 2)”-configuration, or

» (1f%)4 has the lowest energy. It is therefore not
4 state or to the 0.052 MeV

it is possible that the configuration (Zp%

possible to tell whether the y-ray E is a transition to the groun!
level.

An investigation with the coincidence apparatus gave the result Y £ 0.002 for the two y-rays
£ and U, being the 0:052 MeV transition. This means that either the cascade (E,U) does not
exist, or the emission of U takes place with such a long lifetime that most coincidences are not
counted with the present experimental set-up.

10, w!83,
The polarization measurement on this nucleus was discussed in Chapter 111, section 7. As the
angular momentum properties were known in advance, this observation was used to check the

experimental method.

11. Conclusion.

arly polarized #-radiation is emitted as a result

It has been experimentally verified that circul
Within experimental errors, the observations

of the capture of polarized thermal neutrons.
were in accordance with theory. For a number of cases it has been shown that the measurement
of circularly polarized ¥-rays can successfully be used as a means for obtaining nuclear spin
properties. Theoretical values of the degree of circular polarization have also been evaluated
for the case of mixed multipole orders. Mixing was, however, not experimentally observed,
since only the simplest cases could be studied with the apparatus employed. Actually, all the
Y-rays studied were of electric dipole type. Other multipole orders should not then influence

the measurements.

The possible methods for the measurement of circular polarization have been briefly discussed.
For the present experiment, the method of measuring the transmission through magnetized iron
was chosen. The experimental efficiency was very small, mainly due to the fact that only about 2
of the 26 electrons in the iron atom can be polarized. Very small changes in counting rates had
to be measured, and long counting periods were required. The energy discrimination of the
y-rays was not very good, since care must be taken to get high intensity.

The angular correlation method was applied, with some success, to the study of y-ray cascades
following the capture of slow neutrons. The techniques were mainly conventinal ones, but some
special experimental difficulties occurred. When the source is a target which captures neutrons,
its specific activity is quite low. A compromise must then be found between the distortion of the
correlation function due to the scattering in a big target, and low intensity due to a small target.
Very high background counting rates Gccurred in the detector measuring low energy Y-rays.
When radiation of energy 0.5 MeV or less was measured in one of the detectors, false coinciden-
ces were obtained as a result of annihilation quanta produced by high energy y.;-ays in the
other detector. Energy discrimination was difficult for the complicated %-ray spectra resulting
from neutron capture. A few cases of mixed multipole radiation were observed in the angular
correlation measurements.

The excited nuclear energy levels that are most easily studied by the techniques mentioned, are
the lowest lying ones, being obtained by single transitions from the capturing state. The y-rays
corresponding to these transitions have comparatively high energy, and they are fairly easy to
isolate from the other y-energies by discrimination.

2013/10/24 : CIA-RDP8
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The results obtained were quite rough. In some cases only the sign of the circular polarization
or of the angular correlation anisotropy could be determined with certainty. Still, it was
possible to draw conclusions about angular momentum properties from such results. Especially
us%{:l was the combination of the two methods, as illustrated by the cases of Cr53, Ni59 and
Cub2.
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ibsolute Noutron and Gamne-ray Spectra of JEIP

measured by means of Nuclear Emulsions,

by

. .+
8. Selim- Younis.

Sunmarys
Nuclear emulsions have been irradiated at the opening of the central
channel (5/11) of JEEP, Calculations from 2000 recoil- and 100 deuteron

photoproton~ measured tracke gave the following results:

1) The tcbal fast neutron flux et the opening is (2.2 1 0.4) neutrons per
cm2. sec, watt.
The energy distribution of the emitted neutrons shows a degradation from

the thermal fission neutrons. The spectrum fits better with the formula:

n(E) = (2.9 £ 0.5). B+ exp(-1,035 B + 0,038 E°)
noutrons/ cmz. sec, watt. Mev interval,

where E ig the neutron ensrgy in Mev,

The total flux <f gamma rays, with energies greater than 2.5 Mev is

(40 Z 30) photens per e sec, watt,

The absolute spectrum, neglecting the line structure, decreases ex-

g Mev than the expected fission gamma rays. The approximated fit to the
spectrom ie:
n{k) = (290 = 210). exp(-0.8 k)
photons/ en®. sec. watt. Mev interval,

where k is the photon encrgy in Mev,

The determination of the neutron and gamma-ray spectra of a nuclear

reactor is of interest in scveral respects. The energy spectrum of the

b 2 L3 q
prompt neutrons from the slow neutrons fission of U2’5 has been well

+
On leave from the Egyptian Atomic Energy Commission, Cairo.
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A
determined before 1~”4}. The best fit for the number of neutrons emitted :

with an energy of E Mev per unit energy interval is given by the empirical
formulas é

n(E) = A, exp{-1.035 E), sinh {2,298
where A is a constant, The spectrum has a maximum around 0,7 Mev and
an average neutron energy of 2.0 Mevs). The gamma ray spectrum accom-
panying thermal U2359fiss§on has not been determined with the same accuracy.
-2

Recent measurements suggest that the total gamma energy release is

between 7 and 12 Mev per fission. The spectrum is continuous, approximately
exponential, with 4 sharp cut- off at about 8 Mev,

Measurements have been performed on the fast neutron spectra of different
39 69 |5; 16). For hard gaima rays, less has been pUbliShed%’w), As
regards JEZP, Grimeland1a) i9)

reactors
and Pelser '’/ have determined the thermal neutron
spectrum from = fast neutron channel, Bogaardt et 8120) have measured the

neutron density distribution along the irradiation channels; Klepp and Popovi621)
determined the gamma flux digtribution,

The aim of the present work is a preliminary determination of the absolute
energy distridutions of fast neutrons and of hard gammas (which give rise to
photo- neutrons in the heavy water). The beam under investigation was that
coming out from the central chamnnel no. 5, south,

In experiments with reactors, the hish background of secondary effects
makes electronic devices too less suiteble for such a study. For this reason

we have used the nuclear photogrgphic plates, a technique in which one can avoid
troubles arising from the background.

Two main reactions were taken ‘nto consideration; namely: f

a) the deuterun pheto disintegration for the determination of the gamma rays

spectrum. The reaction is as follows:

\
i
|

D + hy —> n+p+¢ (1)

where & = 2,2 Mev is the deuteron binding energy. The cross section of l

the reaction is of the order of 10'27cm2. Such a method has been used and !

described in details beforezz). In short, a nuclear photographic plate is g

soaked in heavy water till saturation; thus getting sbout 1023 D- nuclei
per cm3 in the emulsion. The wet plate is then exposed to the collimated |
beem. Reaction {1), along with others involving the nuclei in the emulsion

(&g, Br, .. etc), will take place. The emitted photo protons will have an

i
1
3
i
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angular distribution of the form: 'a + b. sin2 6 .

To eliminate the less frequent disturbing photo protons, another
similer plate is soaked in ordinary water till saturation, irradisted
and treated exactly under the same conditions as the heavy water plate.
The difference of events between the two plates (D2O - HZO)’ liniting
the measurements to backward tracks in order to avoid the recoils, gives
the photo protons from the deuteron disintegration. Since the emitted
particles in reaction (1) are nearly of the same mass and the gamma momentum
can be neglected in this energy range (hv< 10 Mev), the photon energy is

given by;
b + % E + ( )

where Ep = E = the kinetic energy of the emitted nucleon, Thus, knowing .
the energy of the proton, one can deduce the photon energy, and, knowing

the cross section as a function of hY 23), one cen calculate the inten-

sity of the reacting gamma rays.

b)  The recoil protons, or deuterons, in the forward direction, which are

=24

scattered elastically by the neutrons (i7=:10 cmz) are ugsed to deter-

mine the neutron spectrum, This method has been used by different
25)

investlgators24’“5’. Knowing the number of reactions in a certain neutron

energy range, and the n-p {or n-d) scattering cross section as a function

of that energy one could calculate the neutron spectrum,

Fxperimental Part:

1) Prepsration of the plates:

Kodak NTA miclear plates (200 /u thickness) were used, For every set of

exposures three plates from the same batch were cut to a size of about

2.5 % 2.6 cmz. One plate was then soaked in HZO another in D 0 for several

hours to ensure saturation, and the third one kept in dry COndlthﬂ. The

smount of the water teken up was carefully determined for each plate 22).

For these particular emulsions, the mean quentity of water was (82 - 5) mg/cm

of emulsion; from this one could find the excess D- (or H-) nuclei in the !

emulsion, |

Tn the case of the neutron spectrum measurements, in order to reduce

the excess proton tracks of energy 0.6 Mev arising from the interaction of
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thermal neutrons with the N14 present in the emulsion according to the
reaction N14(n, p)014, the plates were enclosed in oaduium cassettes of
thickness 1 mm, By teking the differencc vetween the forward tracks in the

H20 snd dry pletes, these spurious tracks are further 2liminated.

On the other hand, for measurements of the gemma ray spectrum, aluminium
cassettes were used during the irrediation so as to minimize the gammas

arising from capture in the cassette material.

In each cassette a few drops of (light or heavy) water were placed so 3
as to ensure saturation, The cassettes were then exposed to the beam, for

equal periods of time, under the same geometrical configuration., ‘

1I) .Experimental arrangerent:

Figure (1) shows the irradiation arrangement, The beam passes through a ]
graphite- iron coliimator, about 200 cm long, with an opening of 2 x L cmz.
The uncersainity in the incidence angle of the direct beem is, therefore,
less than 2%, The exposure time was either 1 minute at 350 kw, giving a
track population of about 3000 tracks/mm2 of the emulsion surface, or
20 minutes at 24 watis (after 5 hours of reactor’s shut-down), giving ‘
about 10 tracks/mmz.

II1) Trestment of plates:

The irradiated plates were treated in the following ways

1. Washed in running water for a short time.
2. Sosked in Ilford ID-19 (1 : 3 by volume) at 410G for 30 minutes.

3, Transfered to ID=19 (1 : 3 by volume) at 18°0 for 25 minutes with slight
rocking.

L. Washed in running water for & minute.

5, Soaked in cool acid hardener during 15 minutes.

6., Waghed in water for a minute.

7. TFixed, for 7 hours, in a 30% hypo- neutral solution at 20°C,

8, Washed in cool running water for 2 hours.

9, Left to dry at room temperature.

IV Measurement Technigue:

§
B After the plate had been dried, the direction of the bean was marked
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on the surface and this was taken as the Y—iaxis throughout subsequent
measurements, A Watson binocular” microscope with a mechanical stage was
used, The microscope was fitted with a 50x fluorite, oil- immersion

objective (N.A, = 0.95), compensated with a pair of €x eye- pieces., The
meagurenents of projected lengths of the tracks were made using a calibrated
6x scale eye- piece, and those the depths of the tracks by the micrometer drum.
The projected emission angies between the tracks and the Y- axis were measured

by a pointer- goniometer device,

Certain areas on the plates, confined to a region 4 mm from the edge
nearest to the neutron source were examined. Thig was done to avoid excessive
selective attenuation25>. Tracks whose beginnings and ends lay in the emulsion,
and whose lengths were greater than the minimum detectable value, (6 /u), were

all recorded for the calculations.

Treatment of the datas ‘

For calculating the true lengths and emission angles of the tracks it is '
recessary to detcrmine the shrinkage S, of the emulsion due to processing.
For dry plates, this has.been determined by direct measurements of the emulsion

before and after processing., For wet plates, both this method and the alpha-
track methodzz) P33

using a U solution, have been used, The results of these
measurenents were:

t+

0.2
+
Swet = 9!7 - 006

Thus, for each track, one can calculate the true length f7and the true angle
¢ using the relations:

PR
1 =\JZ 24 B (3)
cos ) = cosV. cos¥, (4)

/
4 o
where ‘/ ig the projected length, h the depth of the track, Y the projected
angle of emission, and < is dip angle.

To transform the true lengths of the tracks into energy, the range- energy

relation of the emulsion must be known, For the dry plates, we have used the

’«@f data given by Kodak., For the wet emulsioms, however, the range- energy curve

I wish to thank Forsvarets Forskningsinstitutt, Kjeller for lending me the
mieroscope,
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is shifted from the values for dry emulsions by a constant lengthenning factor -

f which depends upon the water content in the emulsion and which is nearly
constant allover the proton energy domain up to 12 Mev22>. It might be mentioned
here that f is nearly the same for alpha tracks as for protons in this energy
range,

In order to determine f, we sosked some plates in a diluted solution

233 (

containing U Ea(: 4.82 Mev, Range = 19,5 /u in dry emulsions) ** for several
hours, to allow saturation of the emulsion with water. The plates were then
processed and treated in the way described. Figure 2 gives the range distribution ]
of 170 alpha- tracks in the wet emulsion. The calculated mean range is 29/u,
corresponding to a lengthenning factor f = 1,5, This value has been used for

all wet plates,

Besults: 1
1) Neutrons:

Only forward tracks emitted in a circular cone of an opening angle &= 20°
have been considered, The tracks in the corresponding backward cone were sub-
tracted so as to eliminate - within statistical inaccuracy - the effect of the
{n,p) and ({;p) reactions. This procedure assumes that the ejected protons from
the last two reactions are symmetric in those two laboratory cones. In any case,
this effect contributes fewer than 3% of the forward tracks. The track- diffe~
renoe results in recoil energy- intervals, Then we calculate the escape
probability factor k which corrects for those tracks leaving the emulsionzz).

|
For an isotropic distribution of the recoil protons in the centre of mass system, i
and a constant scattering cross section in an energy interval around E, the total ;

1

2
number of neutrons falling per em”™ per second per energy interval is given by:

W(E) = Nk /T

'nvi

(5)

where N is the total number of recoils,
k is the escape correction,

F is a factor which depends on the angular distribution, It is given by

Oun measurements (unpublished).

A wigh to thank the Chemistry Department for providing me with the solution,

I TR
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(L - 0032200) in the case of recoil protons and, in the case of recoil deuterons,
it is obtained by interpolating data deduced from the curves given in reference
(26).

0~ is the scattering cross section at energy E26),

n is the number of H- (or D-) nuclei/cmB,

v ig the volume of the emulsion,

and t is the exposure time,

Table 1 gives the calculations for 1100 recoil protons meagured in:
(1) & plate sosked in ordinary water, and (2) a dry plate. Both plates were

exposed for one minute at a power level of 250 kw,

Figure 3 shows the absolute neutron spectrum plotted as log (n(E)/ E)

against E. The experimental points fit better with a curve of the form:
£(E) = 4B + bE + ¢

which is valid only for energies less than 12 Mev. To determine the constants
a and b, the slope of the given curve: A £(E) = 28E + b at the points E = 1.0

and E = 6.5 Mev were measurad., These gg%g the values:
a = 0.0165 and b = -0.45.
The spectrun will thus have the distribution:
5(E) = & VB .exp(-1.035 E + 0,038 E°) (6)
For comparison, the fission curve:
n(E) = A, sinhV2.29 E'.exp(-1.035 E) (7)

is also plotted in figures 4 and 5. The constants A’ and A were so chosen
that the two curves coincide with the experimental results at E = 0.6 Mev,
The deviation of the thermal fission neutrons in relation (7), from the
experimental points is very clear, There is a general displacement of the
distribution towerds the lower energy side. The experimental point at the
lowest erergy (E = 0.32 Mev) is abnormally low, Thie is because the recoil
tracks in this energy have a length of about 6 /u, and may therefore éscape
detection. The maximum estimated correction for the number of these tracks

will not wvxceed a factor of 1.5.

The numerical value for A’ making the area under the curve given by
relation (6) equal to the area under the experimental histogram, was also

calculated, Relation (6) then becomes:

¥ (5) = (2.9 0.5), {Feexp(=1.035E + 0,038 E2) I

neutrcns/cmz. sec, watt., Mev.
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Neutron Energy Distribution (1100 recoil proton- tracks),

. : . .
|Recoil energy z ‘net no, | correction n’ (E)
interval of events | ¢~ | escape fac- | o4
tor, k

(2) (1) @ ) (@R

0,20 = 0.39 10,3 0. 2T 100 1,00 | 6.8 0.55 0472
0,40 - 0.79 | 0.6 |0.64 | 73 15,79 11,00 1,00 | 11,12 14,00 1 1.49
0.80 - 1,19 | 1.0 | 1. 53 | 4.31 11,00 1.01 | 7.31 13.15{1.16
1,20 = 1,59 | 1.4 | 1. 30 13,57 [1.00 1.01 | 6,13 8,98} 0.91
1.60 - 1,99 | 1.8 3,10 11,00 1.02 | 3.87 4.2 0.53
2,00 - 2,39 | 2.2 2,80 |1.01 1,02 | 3.50 5.21;0.52
Ro40 = 2,79 | 2.6 2,55 11,01 1,03 | 3.14 24601 0441
2,80 - 3,19 | 3.0 12,32 11,01 1,03 | 1.39  2.440.22
3020 ~ 3.59 | 3.4 12,12 11.01  1.04 | 1.21  3.1700.22
3.60 - 3,99 | 2.8 1,96 |1.02 1.04 | 0.82 0.5610.10
4a00 = 4439 | 4.2 1,83 11.02 1.05 | 0.63 1,22!0.10
beoliO = LaT9 | b 11,72 11.02 1.06 | 0,94 0.,00|0.10 -~ 0.03
4e80 = 5,19 | 5.0 1.62 1,03 1.07 | 0.4 1.46 0,09 = 0.04,
5.20 = 5.59 | 5.4 1,53 11.03 1.09 | 0.62 0.00]0.06 Z0.025]
5,60 - 5,99 | 5.8 1.6 |1.04 1.10 | ©,00 1.66]0.05 2 0.025
6,00 ~ 6,39 | 6.2 11,38 [1.04 1.1 | 0.3, 0,000,031 0.02]
6,40 ~ 6,79 | 6.6 | 132 1,05 113 | 0,19 0u91 0.05 %0025
6.80 - 7.19 | 7.0 | 7,46 | 1 1.26 11,05 1.14 | 0.18 0.9 0.05 E 0.025 |
7.20 - 8,19 | 7.7 18.20 | 11,18 |1.06 1.15 | 0,20 0,00]0.02 = 0.01)

s
—
=

| Mev

i

0,07 |
0.08'!
iy
0.08
0.07
0.07
0.06
0.05 |
0.03
0.03

_
W N

P4 14 14 T4 b+ 1+ T+ 6+ 14+ 1+ 1+ 1+ 1

b S S e . I e B s S S e
O s, s, O OO Y 0 G

ﬁ: mean proton energy in the interval considered, _ %
E : corrected mean neutron energy 1/4 = B / cos® 6 = B _,___3_%95

| cos p
where dp is the angular distribution of the recoils in the laboratory system
@ 2 T sin 8, d8, The limits of the integral are taken from 0° to 20°.
Therefore, B, = = 1.065 E,

n’(E): number of neutrons falllng/cm . sec., at 350 kw, per one neutron energy
interval (i.e. 0,213 Mev).

calculated number of neutrons/cm . sec, per watt per one Mev interval,
The given values are obtained from the results of the two plates 1 and 2
taking the statistical weight into consideration. The errors in n{E) are
merely the statistical fluctuations.

n’

scattering cross section in barns,
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where E is the neutron energy measured in Mev, Here the error in the constant A’

contains all sources of uncertainities (e.g. statistical, uncertainities in

water contents, in cross section, . . . ete.).

From the distribution it is clear that the maximm neutron energy is:

)
E = 2B, n(E) = 1.9 = 0.4 Mev.
70(E)
Extending the calculations to the other plates, one can determine the total
fast neutron flux with energies more than 0.2 Mev. Table 2 gives the results
of these calculations for four plates, the first two of which were mentioned

before. The mean neutron flux is:

6= (2.2 % 0.4) I

2
neutrons/cn”, sec., watt,

Fast neutron flux at the channel opening.

. | : ' : !
. No. | Description of plate meqsureg mumber fl;x §, neutrons/ i
{ aree mm of recoils em”, sec. watt.
1 1 | HO plate at 350 kv, . - oot oot ;\
g irradiation of 27/4-56 5 +60 = 0.5 ﬂ
{ 2 | dry plate at 350 kv, . | ia
| irradiation of 27/4-56 0.9 250 3.85 - 1.36 N
' '3 1D plate at 350 kv, i
{ irradiation of 27/4-56 0.9 825 1,50 = 0.35 ;
| 4 |H0 plate at 24 v, ‘
i ~
| | irradiation of 9/5-56 65 50 2.73 L 0.82
. + !
mean: 2,20 = 0.40

2) Gamma_Rays:

To avoid any recoil tracks interfering with the deuteron photoprotons, only )
backward tracks ( Q};;QOO) were considered. Similar areas in D20- and HZO- plates

of the same exposure series were measured. The difference between the two measure-

ey s rserTE R

nents is - within statistical fluctuations- due to the deuteron photo protons.

!
'i
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Arranging the tracks into energy intervals, one can calculate the energy of

the interacting photon by using equation (2)., Again, taking into consideration
the escape correction factor for different angular zones, one obtains the real
number of interactions in the backward hemisphere, This number is clearly

half the total number in the 4 Tispace, since the distribution is symmetric
around the 90O -axis. The total number of photons n(k), with an energy k and

corresponding to an energy group of photo protons, is given by:

.6 \
a(k) = 2.2(E 8).k(8)!
(k) .noviet (8)

where N(E,8) is the net number of tracks at certain intervals of energy and angle,
k(8) is the escape correction factor,

k is the photon energy = 2 E + 2,2 Mev,

¢ (k) is the deutersn photo cross section at an energy k,

n is the number of D- nuclei/cmB,

v is the examined volume of the emulsion,

and t is the exposure time.

Calculations were applied te 100 measured tracks, the results of which
are shown in table III,

TABLE III

Energv distribution of gamma rays (109 tracks)

Photon energy n(k)
k Mev photons/cmz. sec.watt,Mev
2.8 197 T 45
3.6 B E 6.5
4«08 10.6 I 5-9
600 1;0 ; 0055
7.2 1.3 1 0.5
804 0043 : 0016
9.6 0,12 -~ 0,075

(errors given are only statistical)

Figures 6 and 7 show the distritution, Owing to the very poor statistics,
no definite conclusions could be drawn but, one might observe an excess of photons

around 8 Mev, which is higher than the expected distribution of gamma rays from
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thermal fission of U, If this is so, the explanation is probebly the
presence of capture- gamma rays in the beam, A very approximated empirical

distribution of the gamma rays at the channel opening is given by the formula:

nfk) = (280 % 210), exp(-0,8k) 111
photons/cmz.sec.watt.Mev

The calculated total gamma flux, with energies greater than 2.5 Mev, in 3
this case is:

I = (40 % 30) photons/cn®.see.watt IV

Discussion:

Although the statistics, especially for gamma rays, is still poor, an
idea about the spectra as well as the fluxes could be given, The technique _
is so simple that a one day work spent on exposures will be enough for measure-
nents leading to a high statistical accuracy. The only difficulty arises from
microscopy which is tedious, Since we considered at first tracks in all
directions (total~8000), a relatively long time was spent to obtain the

' above results, The effort (about 3.5 month x man) could be reduced to about
the half if one would limit himself to only the forwerd cone for neutrons,

and only to the backward tracks for gamma rays.
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Separation of U and Pu from Zr, Nb, Ru and Cs on a

Column of IManganege Dioxide

by

D, Cvjeticanin and N. Cvjeticanin

Abstract

The adsorption of U, Pu, Zr, Nb, Iu, Sr-Y and Cs vas examined to provide

a pood separation of uranium and plutonium from the fission products mentioned.

It was established that it is quantitatively possible to wash UO;+ and

from a column of mangancse dloxide with 0.1 N HNOB. nder the same cofn-

% %, rui% ana cst?’

o
Pu0,

ditions, 99.2% of Zr vag adsorbed,

Introduction

In the agueous process for the separation of urcnium and slutonium from

{ission proouct g, the most daifficult proolem is the separation of Zr, tib, and
( ¢ ). Because of these difficulties, it is very often necessary to add

special stepe to a process in order to get a good decontamination from these
three elements, Final decontamination of U(B) and Pu(z) from Zr and Wb is ob-
tained by passing the acid solutlon over a column of silica gel.

Culler(k) used co-precipitation of fission procucts with menganese dioxide
as a preliminary decontamination prior to solvent e: traction in reprocessing
hichly active fuels, Potus sium permengenate is added to the feed solution,

which is heated, ond permanganate 1s reduced o ! ngng&nese dioxide. Permanganate

and manganese Cloxide both oxidize plutonium to PuO2 Pu02+ does not edsorb

on mengenese Gioxides Harmon( ) deseribed a preliminary separation of Ru, Zr

e e e e s

and Iib prior to solvent extraction by using potassium perman;snate for the oxi-
dation of ruthenium to the voletile tetroxide, viich is distilled off from the
foed solution. On the other hend, the use of pernangonate results in formation

of manganese dioxide, vhich can be used Tor the removel of Zr and Nb.

It is probable that this process is not the most convenient because of the
necessity of separating the precipitate by centrifuging, which is very incon-
venient in larme-scale experiments and in continuous processing.

The purpose of this work was the excmination of the adsorption of U, Pu,
Zr, Wb, Ru and some other figssion products of interest to the reprocessing and
to provide an adecuate separation of plutonium and uranium from fission products

on a colwmn of manganese dloxide.
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Experimental procedure

1. Preparstion of manganese dioxide

One of the methods for the preparation of manganese dioxide is to treat
(6,7) 4

potassium permanganate solution with a solution of a manganous salt

the reaction:

ot . - +
3in +2 mnoA + 2 H20 -3 5 Hn02 + JH

G, Torschhammer (6) used a mixture of 2 moles of potassium permanganate
and 3 moles of the manganous salt in a dilute solution. A.P. Lunt 7 used
a wixture of 400 ml of a saturated solution of potassium permenganate and

400 ml of a saturated solution of manganese sulphate.

In this work, manganese dloxide was prepared by the gradusl addition of
the solution of menzenous sulphate {101.4 gr of I-lnSOA . HZO inll HZO) to a
colution of the permanganate (63,2 g KHnOA in51H O). After filtration the

BRI

precipitate vas washed with hot water till free from acid, then with 11 of

3N H@Oq end azaln vith water till free from acid. The prccipitate vas dried

R DO BTSSR D

for about 20 hours at 110°C. The prepared mangenese dioxide was boiled for 5
minutes in 3 N HIO3 and boiling stopped by the addition of cold distilled
water. The precipitate was washed with distilled water until the filtrate was
free from acid and then dried for about 80 hours at 110°C. The prepared man-
ganegse dioxide was first sieved, and the fraction from 100-140 mesh was used.
This frection contains small amounts of a very fine powder of manganese dioxide

easily removable by decantation in vater.

2. X-Ray Analysis of ianganese Dioxide

X-rey diagroms were teken with Cu and Mo-irradiation. Only 3-4 faint and
diffuse lines were found, indicating that the substonce consisted of rather
snall erystollites (nearly X-ray smorphous), By comparison with the ASTM card

index (no. 4~0779), the latiice was identified as }—Mnoz.

Preparation of the Column of Mangenese Dioxide

Manganese dioxide (100-140 nesh) was made into a slurry with water and the
fine powder rcmoved by decantation. Then it was poured into a 2 mls column.

The column was then vashed with 50 mls of 1 N HI\TO3 and aftervards with dis-

tilled water.

Procedure

On the column of manganese dioxide, prepared as described above, solutions
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sorbed superately, ¢nd the colunn wochew with HLIO3 in different councentrotions.

+ ¢ 10
o2 W03t Pu0y’, Pu (IV), 22 -, g%, 5:09%0, ot 8t were -

After vashing the column, the quantity of the element in the effluent as
well as the quantity adsorbed on the manganese dioxide was determined. In the

R33 239

case of U and Pu™’’, only the effluent was analyszed. To determine the
quantity of adsorbed element on the column, manganese dioxide was dissolved in
dilute HN03 containing sodium nitrite, hydroxylamine or hydrogen peroxide, and
the solution diluted to a desired volume. Bete and gamme nctivity were re-
corded from an aliquot of 0.5~2 mls and alpha activity from an aliquot of
50~100.~. Alpha activity wes measured with a scintillation counter of conven-
tioned type (ZnS screen on the photocathode of an E.L.J. photomultiplier tube)
and Bete activity was measured with an ordinary type Philips Geiger-ifiiller

counter.

U233 is prepared in the Isotope Department at tois Institute.

Pu239 was purified by the extractlon with 0,2 I TTA {Thenoyltrifluoro—~
(8) ,

Lot i

The solution of Pu (VI) was prepared using freshly precinitated gilver

9,

peroxide &5 oxidizing agent.

|
1
i
1

acetone) in CCl

Pu (IV) was prepared by evaporating the solution of Pu with nitric acid
in the presence of hydrogen peroxide or perchloric acid. This opcration was ]
repeated and the residne was dissolved in nitric acid (in this case sodium
nitrite could not be used because of the dissolution of Mn02 in the presence of

o] , . .
Z Nb95 in 0,5% Oxflic ecid (Received from Radio-

pitrite). The solution of Zr
chemical Center, Amersham, England) was treatcd with conc. nitric acid in the
presence of some drops of perchloric seid. The solution was eveporated to dry-
ness to destroy oxalic acid. The operation was repeated several time, at the
end the eveporation was carried out with conc, nitric acid. The residue was
disolved in 5 N nitric acid. Trom this solution, the solutions in 0,1 and 1 N
nitric acid were prepared by dilution with water.

Ru106 was in 8 U nitric acid (Received from Radiochemical Center, Amersham,
Tngland)., The solutions of Ru.lo6 in 0,1, 0,5 and 1 N nitric acid were prepared

by dilution the original solution with water.

B T o AL s 2 o e AT

Srgo and 65137 are scparated from a mixture of fission products (lO’ll). f

5. Results

Tue solution of UZB(TT), US2(V1) end Pu™?(VI) from 0,001 N IO, (100-

200 * aliquot) was adsorbed on the column of manganese dioxide. The column was

J
3
|
; '
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(VI) are given in figures 1 and 2. 0233 (VI) and Pu239 (VI) both are qu entita-
tively eluted.
The experinentel data for U (VI), Pu (VI), Zr -1, %, 507047 ang

051}7-Ba137 are given in Table I.

After these experiments, 25 mls of a solution of uranium containing 12.9 g
U/ul in 0.1 N N0,
10 uls of 1 1 HNOB. No Bete or GCamma activity could be detected in the effluent,
which means that UX was adsorbed on the column under the conditions mentioned.

6

was passed through a column, and the column washed with

At least 25 mls of a solution of UO£+, ngS—Nb95, Rulo and 05137 in
0.1 N HNO3 vas pasced through a column. After that, the column was wached first
with 0.1 N HNO3 and then with 50 mis 1 N HNOB. The experimental date are given
in Table II.

6., Capacity Determination of Manganese Dioxide for Zr

7irconium nitrate was dissolved in 4 N HNO3 and diluted to 1 N HNOa.

hapacity determinaztions were carried out by passing about thirty times the
amount of Zr necessary to saturate manganese dioxide through a column, washing |
!

the column with 50 mls of 1 N HNO3 and dissolving manganese dioxide in dilute 3
1

pitric acid plus hydrogen peroxide. 7irconium was determined gravimetrically

- (12)
as arP207 .

The obtained value for the capacity was 24 * 1 mg/g MnOz, dried at 110°C.

Discussion
From the results given in Tables I and II, it is seen that Zr95-Nb95, Ru106

and 08137 are wdsorbed on the column of mangenese dioxide and that by using such

e O o

& column of manganese dioxide, it is pousible to separate then from U (VI) and
Pu (VI) in a solution of 0.1 N HNOB' i

Separation of uranium from these elements is simple to carry out. Vhen Pu %
is also present in solution, it is necessary to have an oxidizing agent present
to provide Pu02+; but under these conditions it is probable that some Ru is
oxidized to the volatile RuOA. Perhaps it would be convenient to carry out the 1f

oxidation of Pu under conditions similar to the Redox process (4), using KMnO4

or MnO2 as o.idising agent, or to oxidise Pu st room tempcrature with silver

peroxide or with Szog_Ag+.

oot

!
:
‘,
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L =
Amount of Element
Element Present Amount of Eluate Present in Effluent, in %

B () 2,5.8 0w 0.1 N0, 99.5 *

3 (). 2,5.6 10wl 1N HD0, 98.4 % '
n?? (D). 0,608  20ml 0.1 N ENO, 98.8 % B
pu (VI) - Ob.g  10ml 1N HWO, 100.5 "
Pu (I) . 0,5.g  Rml 1 HD, 43 x § “
pu (IV) - O6.g  10ml 5 N HD, 42.8 x i
2P 6.33410° con 0wl 1NN, ~  0.02 " |

$10ml 1 HWO, - ‘5 0 ! |
+2501 5 N0, 006 | 1
30 ml conc,  HNOg 69.6 : 1 .
2P 6.3010° con 10ml LN HiO, 0.07 x |
Rl%  5.50020° cpn 10wl 0.1 N HNO, 0,26
£10mL 0.5 1 HNO, ~ 0,05 *
+10m 10 HO, 0.5 (
+10ml 5N ENO, 17 !
ri%  5.41020° cpn 10wl 0.5 N HNO, 3.5 \
£10ml 0.5 I HNO, <008 | 0
+10m 11 HW0, e 0,09 (
+l0m 5NN, 6.9
50y 5207 cpn 10ml 0.1 N HNO 45,4 mostly Sr70 \i .
£ 100l 0.1 N HNO, 0.6 {
Flom 1N, 56 mostly Y.
e 8e2%7 4.12-10%cpn 10wl 0.1 N ENO, - ) §
#20m 10 HNO, ( .
+10 ml 5 N HNO, - J |
R0 5.420° cpn  10ml 1N ENO 2.7 >

(treated with i
(NH4)2, 8,04 and Ag NO3 |

at room temperature)
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TABLE I continued

|
The column volume of mangenese dioxide was 2 mls and the flow rate was !f
3 mls/min/cmzb ‘
(%) The column of manganese dioxide was prepared &s previously described, :
weshed with 50 mls of 1 N HNO3 and then w;th woker until the effluent
was free from acid.
(x) The column of méngenese dioxide was pre-treated with 1 N HNOB. :
b)TMcﬂmnWSM&wwmdmmO&NHmy

TABLE LT
Beta Activity ig
Element Present in 25 mls Amount Eluate the Effluent in %
U 0.3237 gr
72007 841,700 cpm 25 nl 0.1 N KO, 0.8
pl%® 2,164,800 cpm
cs™ 130,560 cpm +50ml 1A, 3.7
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