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INTRODUCTION

If we consider an ensemble of radioactive nuclei of which the spin
directions have not a random distribution in space, we may expect
that the emitted radiations will show angular effects. First of all,
the angular distribution of the emitted radiation will deviate from
spherical symmetry. Besides this effect, (partial) polarization of the
radiation will occur. If we have two radiations emitted in cascade,
the directional correlation will be different from the correlation in
the case of randomly oriented nuclei.

In this thesis a theoretical treatment is given of the above men-
tioned geometrical properties of the radiations (especially v-ra-
diation) from oriented nuclei. The theoretical aspects of the methods
by which the nuclei are oriented will not be considered here.

In chapter I we shall calculate the angular distribution and pola-
rization of the emitted radiations. In this chapter we shall assume
that the nuclear orientation has rotational symmetry. To obtain
formulae which demonstrate the relevant physical features in a
simple way, it is of great importance to choose suitable parameters
for the description of the nuclear orientation and the polarization
of the radiation. Two separate sections are dedicated to this subject.
For y-dipole and quadrupole radiation, formulae will be given which
can be evaluated by simple substitutions.

In chapter 11 we shall study the influence of a #-transition, pre-
ceding the emission of the observed y-radiation, on the angular
distribution and polarization of the y-radiation. This effect is of
importance as it often occurs in practice .As an example, the calcu-
lation of the angular distribution of the vy-radiation from oriented
%9Co nuclei will be outlined, taking into account the effect of the
preceding B-transition. In this chapter we shall also summarize
which quantities of physical interest can in principle be found by
measuring the radiation from oriented nuclei.

In chapter I1I we shall drop the assumption of rotational symme-




XTI INTRODUCTION

try made in chapter I. Then the angular distribution will be calcu-
lated for the radiation emitted by an arbitrary ensemble of radio-
active nuclei.

Using the, results of chapter IIT we shall give in chapter IV the
directional correlation of successive radiations emitted by an ensem-
ble of oriented nuclei assuming again an axis of rotational symmetry

for the initial ensemble of nuclei. For y-dipole and quadrupole ra-

diation explicit formulae will be given suitable for numerical evalua-
tion.




CHAPTER 1

ANGULAR DISTRIBUTION AND POLARIZATION
OF GAMMA RADIATION EMITTED BY
ORIENTED NUCLEI

Synopsis

The angular distribution and polarization of p-radiation emitted by
oriented nuclei is calculated assuming pure multipole transitions, For the
description of the orientation of the nuclei 2j independent parameters f,
are used; these are essentially the statistical tensors introduced by Fano
(7 is the spin quantum number of the nuclei). The state of polarization of

the y-radiation is characterized by the degree of polarization P and a real

three-dimensional polarizationvector E;. If these quantities f,, P and g,
are used, the formulae take a relatively simple form. For the cases of dipole
and quadrupole radiation expressions are given which are suitable for
numerical calculation by easy substitutions.

§ 1. Introduction. 1f we have an ensemble of oriented nuclei, the
angular distribution of y-radiation emitted by these nuclei no
longer has spherical symmetry. Spiers!) discussed this effect
and Steenberg? extended his considerations, both giving
formulae which are practical only, in the case of small nuclear
orientation. In the following sections we shall derive explicit formu-
lae for the angular distribution of y-radiation from oriented nuclei,
valid for any degree of orientation of the nuclei. Furthermore we
shall calculate the polarization of the emitted y-radiation.

The theory of y-radiation from oriented nuclei is closely related to
the theory of angular correlation of pairs of successive y-quanta
from nuclei oriented at random. In the latter case the angular correla-
tion function can be considered to be the angular distribution
function for the second radiation emitted by nuclei which have been
oriented by the emission of the first radiation in a fixed direction. A
short review of the relation between these problems will be given in




this section. The theory of angular correlation of successive y-quanta
emitted by nuclei oriented at random was given by Hamilton3,
Recent contributions have been made by Falkoff, Ling,
Uhlenbeck43, Racah®, Lloyd?) and Alder®).
We shall begin with some general formulae concerning the angular
distribution of radiation from oriented nuclei. We assume the nuclei to
be oriented in such a way that an axis y of rotational symmetry exists.

The nuclear angular momentum quantum number and magnetic
quantum number are j and m respectively (m determines the compo-
nent of the nuclear angular momentum in the direction n, which we
call the axis of quantization). The orientation of the nuclei is then
characterized by the numbers a,, these being the probabilities of
the states specified by , m (Za,, 1).

],’:"'(:'ll is the angular distribution of the radiation from a nucleus
in the state j;, m,.

W (d) is the angular distribution of the observed radiation.

# is the angle between the direction of emission of the observed
radiation and ».

Now W(#) is given by

W) =%, a,, I74(9). (1)

If the angular distribution of radiation with angular momentum
quantum number L and magnetic quantum number M is denoted by
F7'(9), we can express I7%(#) in terms of F¥(9) by

17(9) w F(9). (2) |

The Gir _,, are the squared transformation coefficients for the addi-
tion of angular momenta (see formula 60).

In general there will be a § or y-transition (j,, my) — (j,, m,),
which precedes the radiation under consideration, In this case the
By give the initial orientation of the nuclei and we have to calculate
the relative populations a,, of the levels m, in order to compute
W () for the radiation emitted by the nuclei with spin j,. If P(my, m,)
gives the relative transition probability for the transition (j,, 72,) —
(7:» m), the expression for a, becomes

b )
Ay = iy Ay Py, m;), (3)

"

X Plmg, m)) = 1. (4)




We add some formulae on the angular correlation of successive
radiations emitted by nuclei which are oriented at random.
P(my, m,, ¥) is the angular distribution of the radiation emitted in
the transition (j,, m,) —= (j,, m,). 9 is the angle between the direction
of the radiation and the axis of quantization. This quantity
P(m,, m,, 9) is related to P(m,, n), lf'l"l:’l) and FY(9) by

P(m, my) = [ P(m,, m,, 9) d2Q, ()
I7(9) .‘_Im: P(my, m,, 9), (6)
P(m,, m,, 9) (";,'.-:','.}f_.["'/‘,l\""". (my = m, + M). (7)

The angular correlation function W(#), giving the relative proba-

bility for the angle # between the successive radiations, is given by
(cf. 9))
W) €2, my (Mg, My, & = 0). P(m,, my, 9). (8)

Here the successive states of the nucleus are (7o, M), (7;, m;) and
(7, m;). With (6) we can rewrite (8) as

W () 2 A, l:’:'(l’/), (2)

”y

Ay, = CZ, P(mg, m;, 9 = 0). (10)

m;

These formulae allow the following interpretation. The direction
i) = 0 of the first radiation is an axis y of rotational symmetry in the
problem of the angular distribution of the second radiation. The
first radiation causes an orientation of the nuclei (7:» m;) given by
(10). From this point of view the angular correlation is a special case
of the angular distribution of radiation from oriented nuclei. For a
derivation of these formulae we refer to 3) and 9). It is essential in our
interpretation of the formulae that (8) allows a “splitting of the
process into two parts”. Cf. 9) for a discussion of this point.

In § 2 is discussed how the orientation of atomic nuclei can be
characterized. In § 3 the use of different parameters to characterize
the polarization of y-radiation is treated. With §§ 1, 2 and 3 as a
basis the calculation of the angular distribution and polarization of
y-radiation of oriented nuclei is rather straightforward, This is
discussed in § 4. With the aid of more advanced mathematics,
namely, a method developed by R a ca h19, we can derive formu-
lae for arbitrary multipole order in § 5. Though the results of § 5
include the results of § 4, we have thought it worth while to discuss
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this first method, asit gives a clearer understanding of some features
and relations in this field. Explicit formulae for the angular distribu-
tion are given in § 6, for the polarization in § 7 (in these expressions
the general expressions have been evaluated as far as possible). A
short note containing some of the results has appeared earlier 11).
Later we shall discuss the ways in which these formulae can be used
for the treatment of experiments with oriented nuclei #).

§ 2. The description of the orientation of atomic nuclei by the para-
meters f,. Generally the state of orientation of an ensemble of nuclei,
all with angular momentum j (or of one nucleus of which our knowl-
edge is incomplete), cannot be described by means of a single wave
function. We therefore use a density matrix (or statistical operator)
o with (27 + 1)? matrix elements (compare e.g. 13), part IT and IV).
o 15 hermitian and normalized to

‘\':m Omm ) 1 > ( ] ] )
With each state P =2 C (12)
we associate a matrix (0p) mm = CoEh: (13)

The probability of finding a system described by the density matrix
o in the state y is then given by

W 116+ (l_u_;,',). (Tr: Trace) (14)

If an axis y of rotational symmetry exists, and n has been chosen
as axis of quantization, then p is a diagonal matrix (compare ?)).
Now the probability of finding a state y,, is given by

a TT(QQ,’,"‘) 0 (15)

m Smm*

In this case p is determined by 2j + 1 numbers a,. As X 4, = 1
on account of (11), there are only 2j independent numbers a,, which
characterize the orientation. As in the results of the calculations in
the following sections a,, will appear always in combinations of the
form ¥, m"a,, (often called moments), we therefore define 2j indepen-
dent combinations of this form, which are equivalent to the set of

2j numbers a,,.

/’!: ‘\':1; 0 'lﬁ;,v \"“m ”I"' ”’m' (16“]
=101 a, =2 A, (16b)
ayy =% (16¢)




By taking a,, = m’ (p = 0.... k—1) in (16b) we get k linearly
independent relations for the & + 1 coefficients a,q .... o, Itis
easily seen that these coefficients become entirely determined by the
additional condition (16¢). This condition has been chosen in such
a way that the f, for totally oriented nuclei remain finite if we let
j — oo (cf. (19a).... (19d). Hence the f, are uniquely defined by
(16). If an arbitrary orientation is given by «,, the dependence of
a, on m can always be expressed by a polynomial of degree 2;:

a Solad y . (17)

Hence we obtain the following interesting property of the /, directly
from the definition (16): all f, with k > 2j + | vanish identically.
Since f,=1 cannot vary there are 2j parameters f, left which are
independent and suffice for a complete description of the orientation.
These f, will be used as they give simple forms to our formulae.
Explicit expressions for /,, f,, f; and f, are:
=172, ma,, (18a)
/2 Y + 1)1, (18b)
=i, ma,—} 3%+ 3 —1) 3, ma,l, (18¢)
fo=1"Y%, m'a,—3(6)°+6j-5) X, m?a,+&i1(-1) (G+1) (1+2)]. (184)

d ), we calculate from (18)

m mjl

f, =123, ma

”m

If the nuclei are totally oriented (@

fo=11 (19a)
fa= (21— 1)/3) (19b)
= (G—1) (2j — 1)/5{ (19¢)
fo= 21 —1) (21 —1) (2§ — 3)/355°. (194)

For numerical calculations it can be useful to approximate a distri-
bution by a polynomial in order to calculate the f,. If we have for
example a Boltzmann distribution

a, = C'exp (fm) (with g = uB/RT)), (20a)

we can write approximately

a C (1 + pm + 1°m® + 1°m® + Lp'm?) if gj<1.  (200)

m
Now if we have in general a distribution

@ =C (1 + Am 4 .~12m2 F Am® 4+ Amb), (21)

m
it is readily shown that

Lh=0RG+ DA, +&G+1)@2+3—1)4;]n,  (22a)

L



D41 (2] +3) A, + 58 (21 —1) (F +1) (27+3)
(6‘;'2 - 6] S) A ln, (22b)

f4 & N (] 1) (27 DG+ 10)(2+3) G+ 2) Ay, (22¢)
/4 el S (2 —3) G—10)&Z—1) G-+ 1) 2+ 3.

A7+ 2) (2 + 5) 4, n. (22d)
{(27-+1) C} '=1/n=1431(+1) A,+&i(G+1) (37°+3] —1)4, (22¢)

We can derive an explicit expression for the f, by comparing them
with the statistical tensors introduced by Fan o) according to
the definition

(17)kq >

mm’

miplm’ > (— 1) ~" gm’, 1 — m|(7) kg, (23)

where <mlplm’> are the matrix elements of the density matrix p,
and ¢gm', | — m/|(j7)kg> are the transformation coefficients for the
addition of angular momenta. In the case in which the ensemble of
nuclei has an axis of rotational symmetry n we write

i (77) kO X, Cmlolm > (—1)Y " gm, 1 — m|(j7) RO . (24)

The density matrix p is then entirely determined by the probabili-
ties a,, mlolmy and we can write

fo =3 (— 1Y"™¢im, 1 — m|(j7) RO > a (25)

m.\ m

We now show that the [
constant factor from the f, defined by (16), i.e.

introduced in this way differ only by a

3

1 w7 ‘f—, - (26)

To prove (26), we observe the f, to be of the form

1 X R,(m) a,, (27a)

m

”

R, (m) (— 1) ="<m, g m\(77) RO>. (27h)
R,(m) is a polynomial in m of degree k, as may be seen from the
explicit formula for {jmy m|(77) RO > (Cf. 19) formula (16)),
e e 2+ 1) @—R' T, . - :
19 ml(17) RO : - (R (3+m)! (j—m)! >
g (27 R+ 1)

X, (—1)* [2! (2j—k—2) H{(j—m—z) P {(k—j+m+2) P17, (27¢)

by rewriting with this expression formula (275) as

2k 4+ 1) (2 — k)17 (2K .
R, (m) |:‘ 4 ] < ) m: - wmt " - ool (28)
' 2/ + &+ 1)! k




From the orthogonality relations for ¢jmj—m|(jj) £O> it follows that
2, Ri(m) R (m) = 0, p <k 3 (29)

From (28) and (29) it is easily deduced that

Y. Rym)m” = 0, p <k 1! (30)
If a,, is given by a,, 54 Agm? it follows from (30) that
1 Y. R.m)a, 0. (31)

So the / are of the form (16a) and satisfv the condition (165). Hence
the f, and f, can only differ by a constant factor, which may be
obtained from (28) and (16¢)

-1

e _ <2/;> : /vl: (21 + k4 1)! J ,
[/l we(1) ) Tl . S (S
; R (28 + 1) (27— R)!

From (26), (27a), (27b) and (27¢) an explicit expression for f;
I &

N

follows

2k 1 ; \1 (9 < \

f ( /\> 1t E T o(— 1) Y dad.igh. i

Lk A ! gty =) . Y| 4 y
‘ (j—m—) ! (j-+m—~k+

For totally oriented nuclei (@,, = 8,,;) f, has the value (a generali-

zation of (19a) .... (19d))

i (2/«) S (27)! (34
20 - 34)
‘ k T2 —R)!

§ 3. Characterization of the polarization of electro-magnelic radia-
tion. For a plane electro-magnetic wave which is propagated in the
direction k(/k 27/4) we can write for the complex vector poten-
tial A and electric field strength E

A= (cie; +ce) A4, A A exp. i (k.r — o), (35)

B.-= (cie; + c.e5) E; E (éA [at)[c = 1|k|A. (36)
Here k/|k|, e, and e, are mutually perpendicular unit vectors. We
assume ¢; and ¢, to be normalized to

(_! 2 l"::: 2 1 (37)
The state of polarization is characterized by the complex vector
C (€, €5). (38)

Essentially two (real) parameters (e.g. the ratio |¢|a/|c,] and the

~




phase difference of ¢; and ¢,) are needed for the description of a

totally polarized wave (or photon). The state of polarization being

described by ¢, we define a density matrix o(c) (*3) 1I formula 4):
ST
PR

o(c) |- (39)

(‘T(Z (.2
This special form of the density matrix occurs only in the case of
total polarization. The states of polarization of a partially polarized
beam of photons is described by a hermitian density matrix o:

Oy 0O
0 1114 (40a)
) 021 02
o1 + 0 = 1. (400)

In this case essentially three parameters are needed. Now the
probability W of finding a photon in the state of polarization descri-
bed by ¢ is given by
W c*p€ Tr [oo(c)]. (41)
If o = o(c’) (totally polarized beam), (41) becomes
W Tr [o(c’) o(c)] L [L?‘ | l';;(T:;_,k 2L (42)
Another description of the state of total polarization, discussed
by F an o), makes use of parameters a and . These are related
to ¢ by
€y/¢y = (sin a cos B + 7 cos a sin f)/(cos a cos f — 1 sin « sin B)
= (sin 2a cos 2f + 7 sin 28)/(1 -+ cos 2a cos 28). (43)

a and f are the angles which determine the setting of an ideal
analyzer (consisting of a 4/4 plate and a Nicol prism) with respect
to e, for the case of maximum transmission. A real three dimen-
sional vector , the polarization vector, can be defined as follows with
the aid of a and f:

&, = cos 2f cos 2a,
&, = cos 2f sin 2a, (44)
&; = sin 28.

We can describe a state of total polarization by this vector €. The
relation between § and ¢, following from (43) and (44), is




In the case of a partially polarized beam, which is described by the

density matrix o (40), we can always write p in the form
10 L A s :
0 31 P) + P ) =B (46a)
3 01
0O< P< I

eres e
- 1 (46b)
This means a decomposition of p into two parts, corresponding to
a totally polarized and an unpolarized part. P is called the degree
of polarization of the beam. g, is the polarization vector of the beam
and is determined by ¢ of formula (46a). To describe the polarization
of an arbitrary beam we shall use P and &,, containing again three
real parameters. With (41) and (46) it follows that the probability W
of finding a photon with polarization vector § in a beam described
by P and &; is given by

W =141 4+ PE.&). (47)

For the special case of a totally polarized beam, with P = 1, we find
a formula corresponding to (42):

W =1(1 + E.E,). (48)

The formalism which has been described, for the polarization of
electromagnetic radiation, is to a high degree analogous to the
formalism for the polarization of electrons, developed in 1) part 11
and IV. Compare e.g., formula (47) with formula (70) of 13) part IV.

§ 4. A calculation method of the angular distribution and polariza-
tion of 2"~pole y-radiation (especially for L | and L = 2). The
angular distribution of y-radiation of a certain (L, M) pole character
results from the spherical eigenwave solution of Maxwell’s equa-
tion 16) 17) 4), 'We have used the solutions for the vector potential
(in the gauge of zero scalar potential) of the electric and magnetic
(L, M) pole radiation in the form in which they are listed in 4),
table I (For the physical quantity A the real part of the complex
quantity must be taken). The electric and magnetic field strengths
are obtained from the vector potential A according to

E - (8Aél)/c, (49)
B = rot A. (50)

The angular distribution of the radiation of a given (L, M) pole
character is given by the magnitude of the Poynting vector S}’.

9



If n is a unit vector in the direction of 8} then the magnitude is
given by

n- Sy (ck?/8z) A+ A*. (S1)
We define
FY(#) 324%% ' n - S,I (52)

Then F)(9) is normalized to
[FEY (9) dQ = 8. (53)

From (49), (51) and (52) it follows that

Fi(0) = 42%r*R* A - A¥*, (54)
F(® 47%° E - E*. (55)

From the general expression for A one obtains an expression for
M« - '~ i\ M ~ g -
71(#) according to (54) (Y} are the spherical harmonics):

F(8)=(4r/L(L4-1)) [2M?| ¥ 2 4 (L—M) (L+M+-1)|Y¥

(L 4+ M) (L M+ 1) 1YY, (56)
This expression becomes, for L 1 and L 2,
I'?:H 3 (1 cos? ). (57a)
/"! 0] : (1 4 cos® ), (57b)
/'gi i) 3 (6 cos” 1 6 cost ), (58a)
Fs5 1) 8 (1 3cos? P + 4cost ), (585)
l« ";(l" ) _' { ] C( s U ). I_SBL':

These formulae apply for electric as well as magnetic multipole
radiation. With these results we have calculated the angular distri-
bution of 2"-pole y-radiation emitted by oriented nuclei according
to the formula (compare (1) and (2)).

W(#) Em,,w a,, G w F7 (D), (59)

Gl g, LM 7, Lj;m > (60)

In 18), pages 76 and 77, one finds tables of transformation coeffi-
cients <Jmyj,msl),1,7m>. Results obtained from (59), (60), and (57),

and (58) for dipole and quadrupole radiation respectively, are given
in § 6. Since

2s [0 My, 4o | 95 0m00% = 1, (61)

Mo

1, that W(#) is normalized to

8.

it follows from (83) and X, a

"

[ W () d@2 (62)




In order to calculate the ]l(l];ll'i/;llitﬂll of the emitted rachiation we
determine first the polarization vector E}F of the radiation in direc-
tion (¥) in the case of (L, M)-pole radiation. Now we need the field
strengths E and B, which follow with (49) and (50) from the expres
sions for A given in %) table I, for both electric and magnetic (L, M)-
pole radiation. We give the components E,, E,, E_and B,, B, B,
in our table I for large distance from the origin (k» 1) (Fig. 1

1

4
™Y

X

Fig. 1. The coordinates», #, ¢ and the axis of quantization 7. e, ey €, are

unit vectors




FABLE 11
Dipole radiation
. I 1
electric magnetic
M =0 \ 1
. 1 V3
I., By Ly /g =1 (
Vin =«

1 ] 3

Eg B, £, By V3 sin B, ( L — €08 0 =17 (
v L \ 17 - \ 1_' L

illustrates the coordinate system chosen). The tables 11 and I1I give
these results in a more explicit form for the dipole and quadrupole
case (L bis i 2).

For the calculation of g} (for radiation in a direction given by
(4, @)) we take the two unit vectors e,, e, defined by

8, =056, = &, (63)
Now E can be written as
E=E,e +E,e, (64)
and (compare (36))

EtE, = ¢ e (63)

g L

¢,/c, can be calculated with the aid of Table IT and III (for L = 1
and L = 2). According to (43) and (44) we then determine a, tg f
and EJ}. The results are listed in the tables IV and V.
We write E]} as
o =& % +&xX + &% (66)
The unit vectors x;,, x . and yx, correspond to the following values
of @ and
X = O ,")' 0
X - /4, p 0 (67)

X. —> « arbitrary, g = «/4.

In connection with the choice of the vectors e, and e, this allows
the following interpretation:
% determines the state of linear polarization when the electric
vector lies in the plane of k (direction of propagation) and n (axis of
rotational symmetry).
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FABLE Il

Quadrupole radiation

I
electric magnetic

G cos # e~ ( \7 sin # =<' (
Vdn \V 4 4
15 ! ¢ NET N : [ i ’ Vo s ¢ 24
Ly B E, By \ cos 9 sin 9.( l 2 Cc0os% ) e =M _( sin ¥ cos ) ¢ =<' (
Vidn 2 Vg - Vidg <

FABLE V

State of polarization of quadrupole radiation
M ) 7 I W
L - a tg f “; I tg B E‘; « tg f g‘;
s y . 3 cos | 5 cos? ) »Qnu\‘l')x | | |H~'flx
1 cos? 1 cos? §) i cost ¥ cos 1 + cos* i)
cos B 4 cos® {) cos
1 cos*® + 4 conh | + o B
i 1 cos? P | s @)+ 4 cost P I — cos? @
% s O | O ot O e R
os cos? §) cos
e S lu-'HX 1 co ilx
%




FABLE IV
State of polarization of dipole radiation
M 0 W 1
“=U e [wp|Ek| o | wp EM
electric 0 0 | x ) ! . X i X
cos 1+ cos? @ 1 4 cost B
magnetic 0 x 0 cos {} I o X i Xe
: [ 1+ cos? @ I 4 cos* §

%, gives the state of linear polarization rotated through z/2
compared with the former.
- % give the states of linear polarization rotated through z/4
compared with y, .
Xer X give left and right circular polarized radiation re-
h])l‘(‘ti\‘l‘])'.
The probability F}'(#, §) of finding a photon with polarization
vector € in a direction 9 follows from (55) and (48)
FY(, &) = FY () - 3(1 4+ E-EX) = 42%°E - E* }(1 + £ - EY). (68)
If we now consider the ensemble of oriented radioactive nuclei, and an
axis n of rotational symmetry exists, we can calculate in a way
similar to (59) the probability W(#, E) of finding a y-quantum in the
direction ¥ with polarization vector g

”'(”" g) “\-"n;‘ M ‘!n:, ("/‘[ﬂ;' M 1:-1‘41(/" gJ [69)

my, My

We can compute W (#, §) as F}'(d) for (L l and L = 2)is given by
(57) and (58), and EJ} is listed in the tables IV and V.

As is clear from the formula (68) for F}(#, §) the radiation of a
pure (L, M)-pole is totally polarized. The radiation from an ensemble
of oriented nuclei, however, is in general partially polarized. W (9, )
can also be written as (47)

W(d, ) W) - (1 + PE - §&,). (70)

As W(#9) is known from (589), and W (¥, ) from (69), we can obtain
P and &, from (70). For the calculation of the degree of polarization
P and the polarization vector g, it is sufficient to know W(#) PE,.
Therefore we give the results for W(#) PE,, instead of for W (9, E)
in§ 7.

From (59), (68), (69) and (70) it follows that

W (9) PEy = =,y G, Git-ir_,, F¥(9) EX. (71)




§ 5. Another method of calewlation of the angular distribution and
polarization of 2"-pole y-radiation. In this section we shall derive
formulae for W(#) and W(#) P§, for arbitrary 2"-pole y-radiation,
making use of the algebra of tensor operators developed by R a-
cah % ¢, During the derivation we shall drop constant factors
without further comment since these factors only affect the norma-
lization which is not essential in the problem. If y is the axis of
rotational symmetry and of quantization, then the probability of
emission of a y-quantum in the direction k with polarization described
by ¢ (§ 3) is given by

Wik,c,n) =2, 4, |<:m) Hljm, > 2 (72)

mgmy “Cmy

In the case of a pure 2"-pole radiation we can write for the inter-
action Hamiltonian H, in a coordinate system with k as quantization
axis,

H =2 ey TT (73)

T}; are the components of an irreducible tensor operator of degree
L, which operate on the nucleus. a, ,,(c) are functions of ¢, and are
thus connected with the polarization of the emitted y-quantum,
Only a,,, and a, _, are different from zero and are expressed by ¢ as
follows 8), 9).

apy=~(6;~165) [V 2, a; 1 =(c, +1c5) [ 2(«-]"(‘11'i<'2"»lmlvr;u]i;xtium(74¢{)
apy=—(ea+1¢,)[v/2, a;_=(c;~ic,)/y/2 (magnetic 2"-pole radiation) (745)
With n as quantization axis the Hamiltonian (73) takes the form
(with (k - n) = cos ¥; cf. 8 formula (2))

H = %, a;,(c) TDE,, (0; 8, 0). (75)
(0,4, 0) are the three Euler angles associated with the rotation which

transforms the coordinate system with k as z-axis into that whose
z-axis is . Making use of (72) and (75) we find for W(k, c. n)

W(#, ¢) Wik, ¢, n)
2 M B, A 3 S g < | TE Tom ¥ om | TS §om, DEXDE . (76)
With the relation 19) page 203, (16a))
DLt DE gy = (1) ~# (L-pLy' |LLko > DEALL ko| L-MLM"y (77)

and the formulae, (16’) and (29) resp., from 19




jom; | TE jm, (— DI GNTE iy« VgL —mmp), (78)
L — uLu' |LL ko (—1)¥te 2k + 1) V(LLE; — up’ — 0), (79)

formula (76) becomes (with summation over m,, m;, M, M', u, p',
k, o and o)
W(®, c) = S a,, afy ap (— 1)*57" (2% 4 1) D, >
LLke | L—MLM’y V(j,j, Ls —mmp) V(i L;—m;mu’) >
V(LLE; o). (80)
With formula (41) from 19) the summation over g, s’ and m, can be
carried out and W (¥, ¢) becomes :
W, c) =X a,, o 4r O e | o I),i':; LLko | L MLM'
< WLk Ly (— 1) 2k + DY (D)2 V(5 k; — mm;0). (81)
Now we observe that (cf. formula (17) from %)) that V(ja:k;
m0) V(jigk; — mmQ) dq,, which makes possible summation
over o. From this we obtain with the aid of (79), (25), (26) and (32)

W(#, ¢) = B, (—1)* Co(LL) Wi Lk; Lj;) [y 'DE,(0,9,0), (82)
where C,,(LL) is the abbreviation

CiLL) = Zyar (— 1) afyy appp <LL ko | L MLM'y. (83)

We shall now consider electric 25-pole radiation by substituting

(74a) in (83). Then only C,,(LL) and C,, ,(LL) turn out to be differ-
ent from zero. Making use of (45) we find

CrolLL) = (— )27 <LLKO | LIL—15if kis even, (84a)
GiotELE) (— 1)E-'¢LLkO| L1L — 15 &, if kis odd, (84b)
Coo(LL)+Cy_p(LL)=(—1)*""<LLE2IL1LY).— &, if kiseven, (84c)
CilLL) 4+ Cy_5(LL) = 0if & is odd. (844)

With (84) and Df, = Y3(9, 0) (2k + 1)7%, (82) becomes
W (9, E) = W(d, c)
Wi Lk; Lj) fo ey '(2k + 1) {YR<KLLAO | L1L —
Y2 (LLE2ILILY - £}
b2 WiigLk; L) fawr ' (2R + 1) } YOCLLEO|LIL—1) « &. (89)
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If the polarization is not observed, we can sum over the polariza-
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tion directions and obtain W(#) = W(d, §) + W(#, — E). From (85)
W) =
= B soen 2W (i3 LR L) fiwy * (2k4-1)~ YU, 0) CLLEO|L1L —15. (86)

Making use of (86) and of the representation

E=&x + &%, + S X (87)
it follows that (85) can be written
W(d, ) = W) (1 + PE,-§), (88)

with

W(#9) PE,
= 3, o 2W (i 4. Lk; L7,) fyez ' (2 +1)"1 Y (8,0) <LLEO/L1L-1>%,—
~ Bk en 2W (G4 LE; Lj,) frwi ' (2k+1) 7Y (0, 0) <LLR2|L1L1> . (89)

k

For magnetic 2"-pole radiation we must replace x, by —y, in (89),
as is easily derived from (74b) in the same way as in the electric case.
Formula (86) remains unchanged.

W () in formula (86) is not normalized according to (62), but this
normalization can be obtained by calculating / W (#) d£2.

§ 6. Explicit formulae for the angular distribution of y-radiation
emitted by oriented nuclei. We have calculated explicit formulae for
the angular distribution function W(#) (59) and the polarization
W(¥9) Pg, (71) for the following cases:

dipole radiation j, = §; + 1, 7, = 1;,
quadrupole radiation j, = j; + 2.

7; and j, are the angular momentum quantum numbers of the
initial and final nuclei. We have assumed that there are no inter-
ference effects among radiations of different multipole character.
The formulae are then valid for pure dipole or quadrupole radiation.
We have made the calculations by methods both of § 4 and of § 5.
The method of § 4 does not give rise to long calculations in the
dipole case, but for the next order, quadrupole radiation, the amount
of labour required already begins to mount. For higher multipole
orders the method of § 5is certainly to be preferred. The computing
work to get explicit formulae with the aid of the latter method is
now shifted to the evaluation of the general expressions in terms
of simple products, etc. Especially, the work to compute the
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W (jj;Lk, Lj,) is considerable. However, once they have been calcul-
ated for a number of cases they can be tabulated and can be used for
many purposes (tables have been given by K. Alder?®)).

The results for W (9) are the same for electric and magnetic 2"-pole
radiation. The polarization, however, is different for the electric and
magnetic radiations (§ 7). We give here explicit formulae for W(#)
(normalized according to (62)).

Dipoleradiation (L 1).

1 1 1, W) 2 (1 + IN,f,P, (cos 7)) (90)
T , W) = 2 (1 —3K,f,P, (cos (9)) (91)
=1+ 1, W@®) = 2(1 + §M,/,P, (cos 9)) (92)

Quadrupoleradiation (L =2
i, =175:—2 W@ = 2(1 W IN,f, P, (cos ) — SN f, P, (cos d)) (93)
% T4 2, W) 2(1 ‘ M,f,P, (cos ) SM f, P, (cos 9)) (94)
with

f, the degree of orientation of order & ((16), (18)),

P, (cos 9) 3 (cos® ¥ 3) (95a)

P, (cos ) 2 (cos* ¢ —¢ cos? 9 + &) (95b)

N, = b " (21 —k)Y/(2))!, M,=1b, 2+ D2+ R+ (96a)
b, — 2% if k is even, b, = 2V if & is odd, (96b)

K, 1/(G:+ 1), Ks=7/(;+ 1) (97)

§ 7. Explicit formulae for the polarization of y-radiation emitted by
oriented nuclei. We now give explicit formulae for W(#) Pg, The
formulae given below are valid for electric dipole and quadrupole
radiation. For the magnetic radiation, the sign of x, is changed in the
corresponding formulae for the electric case, while the sign of .
remains unaltered.

Electricdipoleradiation (L =1)
1 7. —1, W(9) PE,=3N,f, cos 9y, N, (1 cos® 1) X (98)
1= 1 ., W(9) PE,=3K,f, cos ¥y, + 3K,f, (1 cos” 9) x (929)

. W(9) Pg, 3M ,f, cos Iy, SMf, (1 cos? ) X, (100)




Electric quadrupole radiation (L = 2)
Jr=1i—2
W () PEy={2N,}, (cos® 9-1)+N,f, (-7 cos* #+8 cos? 9-1)} x
{2N,}, cos § + 5N,f; (— 5 cos® ¥ + 3 cos )} %
I =i+ 2
W (9) Pg, :'7".\12/'2 ((‘<)>2 1) ";',U‘;,I'_.' (=7 cos* 9 + 8 cos? 9-1)) X
{2M,f, cos & + 5 Mf; (— 5 cos® # + 3 cos 9)} x,. (102)

(101)

The angular dependent functions which occur in (98).... (102)
are proportional to Y3(#, 0) as also follows from (89). Here f,, N, M,,
K, and K, have the same meaning as in § 6.
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CHAPTER 1l

GAMMA RADIATION EMITTED BY ORIENTED
NUCLEI

THE INFLUENCE OF PRECEDING RADIATIONS; THE
EVALUATION OF EXPERIMENTAL DATA

Synopsis

The angular distribution and polarization of y-radiation emitted by
oriented nuclei was expressed earlier !) with the aid of parameters f,. These
parameters characterize the state of orientation of the nuclei from which
the radiation is emitted. Here explicit formulae are derived for the change
of the parameters f, if the y-radiation under consideration is preceded by a
p or a y-transition.

A discussion is given of the data of physical interest, which may be
obtained by the analysis of experimental data on y-radiation from oriented
nuclei: multipole character of yp-transitions, nuclear spins’ and parities,
nuclear magnetic moments, data on the Hamiltonian for the f-interaction
and nuclear matrix-elements for f-decay.

§ 1. Introduction. For experiments in which radioactive nuclei are
oriented the life time of the nuclei must be rather large. Most half
lifes for y-transitions are very short, except for the isomeric transi-
tions. However, there are no, or very few, isomeric nuclei which have
a suitable half life, a suitable energy (in addition the y-radiation
must not be entirely converted) and which can be oriented by the
present experimental methods. Hence, the situation for observation
of the angular distribution and polarization of the y-radiation emit-
ted by oriented nuclei will generally be the following:

a) the nuclei which are oriented will be p-radioactive with a suffi-
ciently large life-time.

b) the B-transition is followed by a y-transition (fig. 1) or possibly
by two or more y-transitions in cascade (fig. 2).

For the calculation of the angular distribution and polarization of
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the y-radiation, the formulae of I, §§ 6-7 1) apply. We must only
keep in mind that in a f-transition j, —» j, according to fig. 1 the
initial orientation of the nuclei with angular momentum j, is dis-
turbed. If we consider the distribution of the second y-radiation
according to fig. 2 we must also account for the change of orienta-
tion caused by the emission of the first y-radiation.

la
i i
; i
i | v
—_—
| Q
Y |
—lt_ j R
f e
Iy
Fig. 1. Decay scheme. Fig. 2. Decay scheme.

In: the next section we shall derive formulae connecting the initial
orientation with the orientation after the for y-transitions, which pre-
cede the observed y-radiation. These results together with the for-
mulae of I provide the theoretical formulae, necessary for the dis-
cussion of experimental data in this field. Which data of physical
interest can be obtained will be discussed in §§ 3 and 4.

§ 2. Calculation of the change of the orientation parameters f, by p or
y-transitions. We assume that there is an axis » of rotational symme-
try. Then (cf. I, § 2) the orientation of the nuclei with spin §, is com-
pletely characterized by the relative populations a,, of the sublevels
mg (Z0 __;.a,,=1). After a p-transition (or a y-transition) j,— j; the

probabilities ,, are connected with a,, by (cf. I, § I formulae 3, 4)

@y, = Zp, Oy, P, (1)

"y my mom; *

z, P =1, (2)

mgm g

where P, . is the partial transition probability for the transition
(1omo) — (7m,). For special cases P are given by the following
expressions.

A. PO =3 (3)

Mot ¢ momy

"mom

This formula is valid for
a) allowed p-transitions with matrix elements

|J1PRor |fys?
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b) a forbidden f-transition with a scalar matrix element.
In these two cases there will often be other matrix elements which
play a role in P

Mo ¢

B. P Cfomg 1M 4; Vjgmig > (4)

momy
Here <jm,; 1 M| j, 1jymy> are the transformation coefficients for the
addition of angular momenta. Formula (4) applies for

a) allowed p-transitions with matrix element

s
2

/|
b) first forbidden f-transitions with matrix elements

fontl |fap |fr|2or |[fyst

¢) electric or magnetic y-dipole transitions.

G P@ = |{jim; 2 M| j;| 2fome > | (5)

might ¢
This formula applies for
a) first forbidden p-transitions with matrix element
B,
b) second forbidden B-transitions with matrix elements

R, Ay T, ot R

¢) electric or magnetic y-quadrupole transitions.
We shall consider a transition for which the formula

PB = | {g,m; LM | §; Ljgmg > [? (6)

Mg
is valid, of which the above mentioned cases are examples. Since
from I, §§ 6-7 it is clear that for the description of the orientation
only the parameters f, are needed, we derive a relation between
1,(jo) giving the orientation before the transition and f.(7,) giving the
orientation after the transition. We start with the formula (cf. I,
§ 2 formulae 25 and 26)

,f\(’x) . I".-‘-(}‘l) :': ( l)u TS _7.1”11,]'; i "I: )x, /(O / ”n:" (7}

"y

According to (1) and (6)
a = 2 B | < Gim; LM | jilio Mo |2 (8) |

My me

With Racah’s definition of the functions V (cf. ?) formula (16))

<Gymy LM fiLjgmg > = (— 1ot (2jo4-1)" V(5 Ljo; m; M — o), (9)
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it follows from (7) and (8) that
[:(7:) =4(1:) Ziom, Bmg (— 1) k2k4+1)E (21,4+1) V(jg:k; m—m0)

“momi “my

V(1:Ljy; mM — my) V(j;Ljo: m;M — my). (10)

Summation in (10) over m; and M with formula (41) of Racah’s
paper 2) gives the result

() = wal3) Sy @y (28 + D (2 + 1) (— 1) X

d e
\J mg

W(7:700i00s LE) V(jodo k5 — mgm,0), (11)

where the functions IV are the Racah coefficients. With the applica-
tion of (7) for §, instead of 7, and with the relation (9), formula (11)
becomes

fG) = wuldy) wilio) ™" (200 + 1) W(5:LRjg; Toi) falio)- (12)

From the explicit expressions for @, (I, § 2 formula 32) the product

: A ) [ (27; + & +1)! (24, ~f“)f:l'5

1 k ’ 10
wWil):) Wi\l ) A . (13
x(7:) @i(70) (70/7:) [(2]' B (20 + k+ 1) )

is obtained.
Tables for the Racah coefficient W(j;,Lkj,; 70j;) are given in several
papers 3) 4) ). With (12) we can directly calculate f,(j;) from (7o)
when 7, 7; and L are known.
In some cases the relation (12) becomes very simple. For the tran-
sition 7, — o, — L,
jo (2lo—HR)!  (2)!

fx(7:) = e
hi (2f)! 72—k

: fxl7o) (14)
or
N(7:) /‘/.-(_f.:) N (7o) (o), (1)

where the functions N,(j) are the same as defined by I, § 6 formula
(96a). Forj,— 7, + L,

.’l«ﬁ(z,’.o ! (24 k4 1)!

f(7, : e [{fo) 16)
i) (2j0+ B41)! 7725 + 1) ) (

or

M, (7)) 1) = Mi(30) fx(o). (17)

with M ,(j) again defined by I, § 6 formula (96a).
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For j, - §, with total ‘mguldr momentum quantum number of
the emitted radiation L = 1 we find

s . - I_ ‘ ‘
1x(25) [ 2]0 s ]/ (75)- (18)

§ 3. Example of the application of the formulae to the angular distri-
bution of y-radiation from oriented *°Co nuclei. The formulae (I, §6-7,
formulae 90-102) for the angular distribution and poldnmtum nf
y-radiation can be applied to actual cases using the results of §

We shall illustrate this by dealing with oriented *°Co nuclei of \\ln(‘h
the radiation has been investigated experime ntally by Daniels
tal.®), Gorter etal.?), Grace® and Pop pema etal. ?).

60 s.2Y
27°° o
A 0.32MeV
li=4
: Vi LI7MeV
= : Y2 1.33MeV
N o— lg=0
28

Fig. 3. Decay scheme of ®Co,

We assume the decay scheme to be as is shown in fig. 3 (cf.
Deutsch?') where the transitions are electric quadrupole transi-
tions. Then I, § 6, formula 93 for the angular distribution applies i.e.
W(9) = 2(1 — 15 N,(5)) f,(7;) Py(cos #) —5N,(7) 1.0 )Py (cosd)). (19)
The formula (19) is written down for the angular distribution of the
first y-radiation. Initially, the orientation parameters f(70) are given
and the f,(7,) are calculated for the evaluation of (19). However, for
®Co the formula (15) may be applied and we need to compute only
N (jo) fx(jo) for & = 2 and 4. We have evaluated fx(70) for j, = Sas a
function of # with the assumption

a,, = C exp. (fmy) (20)

which is valid if we have a Boltzmann distribution over equidistant
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energy levels (with § = uB/kTj,, u nuclear magnetic moment, B
magnetic field at the place of the nucleus). The results for f,, f,, f,
and f, are given in fig. 4 to give an idea of the magnitude of these
parameters and their functional dependence on f.

L.O— U
08—
06— 12
O.4}-

3
0.2H-

s
6 = [ T T e
o] I 2 3 4 5 ]

Fig. 4. Diagram of the orientation parameters fy, f,, fyand f,asa function of 8.

For orientations of the nuclei, which differ not too much from
spherical symmetry, the parameters f, may be evaluated with the
aid of approximate formulae for (20). If e.g. the probabilities a,,, can
be approximated by a polynomial of the fourth degree we use the
formulae 20, 21 and 22 of. I, § 2.

Using the obtained values for f, in (19) we obtain numerical results
for W(#). Poppema et al. %) compared the results with experi-
mental data and found a rather good agreement. Experimentally,
the angular distribution of the first and second y-radiation (fig. 3) is
measured together since the energy difference of the y quanta cannot
be separated easily with scintillation counters. Nevertheless the
results obtained from (19) can directly be applied for the following
reason. The angular distribution of the second radiation emitted by
the nuclei with spin j, is determined by (19) if 7; is replaced by 1,.
But again (15) holds and

N1 1) = Nat) h(Ge) (21)
which gives the result that the first and second y-radiation have
identical distributions. This will not always be the case for two succes-
sive y-radiations as follows from the formulae (12) and e.g. (18).

§ 4. Data of physical interest, which may be obtained from measure-
ments on the y-radiation emitted by oriented nuclei. Depending on the
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nucleus which is oriented, information about the orientation mechan-
ism or the nuclear process (especially the values of the nuclear
spins involved) may be known or still lacking. Generally speaking,
knowledge about the unknowns may be obtained if some informa-
tion is already available, so that the situation is not too complex.

1. Information of macrophysical or atomic nature may be obtained
if the nuclear physical part is known, especially the nuclear spins
involved and the nature of the # and y transitions which occur. The
measurements of the angular distribution of a 2"-pole y-radiation
provides, in principle, the f, with £ = 2, 4,".... up to the smallest
of the numbers 2L or 2j,. Measurement of linear polarization does not
give anything new here, but measurement of the circular polariza-
tion would give f,'s with odd k. For determination of the /,’s with
high &, a considerable orientation is required, otherwise they cannot
be obtained with any precision. Knowledge of the f,'s obtained
from such experiments can be used

a) in order to obtain knowledge about the mechanism of orientation
if this is not known, or

b) if this mechanism is known, to obtain the temperature from the
parameters f;, so that the angular distribution of the y-radiation can
be used as a thermometer.

2. Information concerning nuclear physical data can be acquired
if the mechanism of orientation is sufficiently known. Data of the
following nature may be obtained:

a) The multipole order of the y-radiation may be determined from
the angular distribution since W(#) strongly depends on L (see e.g.
I § 6). For the decision as to whether we have magnetic or electric 2--
pole radiation the linear polarization of the y-radiation must be
measured.

b) The values of the nuclear spins and parities may follow from the
multipole order and the electric or magnetic character of the y-tran-
sitions. The temperature dependence of the angular distribution will
also depend on j,. If §; and 7, are known, j; may be determined in
this way.

¢) The magnetic moment of the initial nucleus may be obtained if
the mechanism of orientation as well as the character of the nuclear
process 1) 2) is known. If the population of the different m-levels is
characterized by a Boltzmann factor
Ay = €XPp. [(uB[kT]y) my exp. (fmy), (22)
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we can determine from the measured f, the value of f and from g the
value of u if B/kTj, is known. One obtains only the absolute magni-
tude of the magnetic moment by measuring the angular distribution
(or linear polarization) of the p-radiation. The sign could only be
obtained by measuring the circular polarization.

This way of measuring magnetic moments of radioactive nuclei is
of interest because most radioactive nuclei are not available in suffi-
cient quantities for the application of the usual methods. The
magnetic moments of odd-odd nuclei have a special interest because
they are mostly radioactive, so that very few data on magnetic
moments of odd-odd nuclei exist.

d) If the spins and parities involved in the y-radiation are known,
information may be obtained about the preceding p-transition. This
will be particularly true if we have an allowed f transition for which
1o = 7;» The function P, (occurring in (1)) giving the partial tran-

Mohity
sition probability is
) a0 arpll) . 2 | a7
Poni = APpim,t+ APy, (With 4 4 4 1) (23)

for an allowed f§-transition, where P = and P\ are given by (3)

Mg mont 4

and (5). Aand 2’ are determined by
X[A= (& + ) + A [/ el /1] (24)

We refer for these notions on f-decay to1®). |/ o|? and |/ 1}* are
nuclear matrix elements for g-decay. If 2 could be measured and if
the ratio of the matrix elements were known one could determine
the quantity (¢ + ¢2)/(c? + ¢3), which gives the relative magnitude
of Gamow-Teller and Fermi terms in the Hamiltonian for the f-in-
teraction. If on the other hand, the value of (2 + ¢2)/(c? + ¢3) were
known, one could calculate the ratio of the matrix elements |/ a|?
and | [ 1%

We may indicate in somewhat more detail how 2 could be deter-
mined if we measure f,(j;) and £,(j,) in case of a quadrupole y-transi-
tion preceded by a p-tramsition with j; = j. The connection of
f2(7) and f,(7) with f,(j,) and f,(j,) is given according to (3), (18)
and (23) by

f2G:) =Malio) + (1 — A [(73 + 4o — 3)/1olio + 1)] folo). (25)
o) =Malo) + (1 — 2) [(73 + 7o — 10)/is(jo + D] fulie)-  (26)
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We now suppose that the mechanism of orientation is known, then
we may assume that /,(j,) is a known function of f,(j,) :
14(jo) = Fifo(7o)}- (27)
If /5(j;) and f,(j,) are measured, the 3 unknowns fa(70), f1(7) and 2
may be solved from the 3 equations (25), (26), (27). By making the
measurements for a number of temperatures, one could reach a
higher precision for A.
A situation like this is realized for **Co for which j, = j, = 2:
Jy = 0. Probably this is an allowed unfavoured transition with
Is Py, orbitals for the odd nucleons in **Co. (25) and (26) reduce to

f2(7:) = 3(1 + ) /'2(.].0)- (28)
f4(G:) = ¥(— 2 + 57) /,(jo)- (29)
This means that
1G)[1) = — (§) £.Go)/f2(,) for 2 = 0, (30)
LU)IRG) = L) /fa(,) for 2 = 1. (31)

The strong dependence of /,(,)//,(7;) on 2 means that A can probably
be determined with reasonable accuracy from such measurements.

A determination of | fo|?/| /1|? for *Co would be of interest to test
theories of the nuclear matrix elements for odd-odd nuclei such as
proposed by Br y sk 14).

We may add the remark that in all these considerations we assume
the nuclei to have no appreciable spin precession after the § transi-
tion and before the y-transition. In the case of ®Co we have a dis-
integration by #* transition or by K capture. Since the larger part
of the disintegration occurs by K capture it is possible that our
assumption does not hold. The disappearance of the K electron may
produce a magnetic field strong enough to cause an appreciable spin
precession.

In addition to their use for the study of the y-radiation itself,
sources with oriented nuclei might eventually be suitable sources of
linearly or circularly polarized y-radiation, which could be used in
other experiments.
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CaartER 11

ANGULAR DISTRIBUTION OF RADIATION
EMITTED BY ARBITRARY ENSEMBLES OF
NUCLEI

Synopsis

An arbitrary ensemble is described by a density matrix p with arbitrary
values of its matrix elements. An equivalent description is given by
Fano’s statistical tensors, which are used in this chapter. A simple closed
formula for the angular distribution of nuclear radiation from an arbitrary
ensemble is derived.

§ 1. Introduction. An arbitrary ensemble of nuclei must be
described by a density matrix,

Omm* = m' “m (I)

)

where the double bar indicates an ensemble average. The numbers
¢,, are the coefficients of an expansion of a pure state |4> into basic
vectors |m)

Ayi== 2 . 1. (2)

Here s is the magnetic quantum number; the angular momentum of
all nuclei is supposed to be 7. In this chapter we shall investigate the
angular distribution of nuclear radiation emitted by an arbitrary
ensemble of nuclei. This problem presents itself in the theoretical
treatment of many phenomena as will be illustrated by the following
considerations.

First of all, if the quantization axis has rotational symmetry a
simplification is obtained since in this case the density matrix is on
diagonal form. A first example of this situation is found in the
problem of the angular distribution of radiation in a nuclear reaction
caused by unidirectional irradiation (which direction is taken as
quantization axis). A second example is the directional correlation
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of successive radiations, when the direction of the first radiation is
taken as quantization axis?). A third example is the angular distrib-
ution of radiation from an ensemble of nuclei oriented in such a way
that an axis of rotational symmetry exists. The angular effects of
y-radiation in the latter case have been treated in previous

chapters?) ?). In all these examples one studies the angular distribu-

tion of nuclear radiation emitted by an ensemble with cylindrical
symmetry, which is prepared by preceding effects.

However, the general case with non-vanishing off-diagonal densi-
ty matrix elements has also physical importance for a number of
phenomena. This can easily be seen in the nuclear reaction of the
type (a, b, ¢), i.e., one incident particle ain a fixed direction, followed
by two successive radiations b and c. After the absorption of particles
athe nuclei form an ensemble which has no longer spherical symmetry
but symmetry around the direction of a. After emission of bin a fixed
direction this symmetry has also disappeared and the ensemble is
described by a density matrix with non-vanishing off-diagonal
elements. If one wishes to calculate the angular correlation between
b and ¢ we have the problem of finding the angular distribution of
radiation c. A second example is an ensemble of nuclei which has
arisen from orientation with cylindrical symmetry, and subsequent
emission of a first radiation in a fixed direction. With the density
matrix of this ensemble the distribution of a second radiation can be
calculated (in other words the correlation of successive radiations
from oriented nuclei). Finally a third example is an ensemble of
nuclei which has been oriented by means of such methods, that the
system has no axis of rotational symmetry 4) %) ). The calculation of
the angular distribution of radiation from such an ensemble presents
again the full problem of this chapter.

For the calculation of the angular distribution of the radiation
we shall use an alternative description of the ensemble from that
given by the density matrix g,,.. This description is provided by

Fano's statistical tensors 7). They are defined by
}]/"‘] v ‘\':mm' ’Jmm' ( A 1), i "']."I,]' —m ”k(] (3)

Here {ym'f — m| jjkg> are the transformation coefficients for the
addition of angular momenta. The set of statistical tensors ¢|jjkg>
(with £ =0....2j and ¢ = —k .... + k) is equivalent to the
density matrix g,,,.. They are, however, more appropriate in consid-
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erations on effects of geometrical nature. In fact with the use of the
statistical tensors we derive in section 2 a simple closed expression
for the angular distribution of radiation from an arbitrary ensemble.

In section 3 we give formulae for a few special cases. In section 4
we indicate in more detail some possibilities for the application of
the formulae obtained.

§ 2. Derivation of the angular distribution function. If an initial
state of a nucleus is denoted by |4 and a final state by |, the rela-
tive probability of a nuclear radiation to be emitted in the direction
k by the ensemble is given by

W(k) = Z, K4| H(k)| H] (4)

The double bar indicates an average over the ensemble of nuclei. The
operator H(k) is the interaction Hamiltonian for the radiation and
the nucleus. Introducing in (4) the density matrix defined by (1) and
(2) we obtain

W(K) = Zwmm; 0 <G| H(K)| jmp* Gm'| H(K)| jm,). (5)

-

We shall use the algebra of tensor operators, developed by R a-
cah$®), for the evaluation of (5). The Hamiltonian is expanded in
irreducible tensor operators. In a coordinate system with k as z-axis,
relative to which the emitted radiation is described, this expansion
reads

H =X, a5 T (6)

In (6) the a; ,, are parameters which characterize the emitted radia-
tion. The components 7% of the irreducible tensor operators of
degree L operate on the nucleus. Relative to the coordinate system
with the quantization axis as z axis (6) becomes

H(k) = Z;y, 15 T,’} D,II.\I(S)- (7)

where S is the rotation in space which transforms the coordinate
system used in (6) into the coordinate system used in (7). D" is the

(2L + 1) dimensional irreducible representation of the rotation
group. With (7) we obtain for the distribution function (5)
(k) =

= Z 0y Ot ar Gy G | T | fmpy *<gm’ | T | jmy> D53, (S) DE i (S).  (8)

Smm I p
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With the definition of R acah’s V-function
CaabB| abeyy = (— 1) (2¢ 4 1)} V(abe; afp — ) (9)
and the relations
DE(S) D) -
=%, (—1)M*¢L —ul'u'| LL ko> Dt (S)<LL'ka| L—ML'M"5, (10)

“~ koo g

gm |TE| fmpy = (— D)™ G [ THip ViL; —mmu), (1)

we derive from (8)

W(k) = Z. G T i* 4 T 3 %

L B0ty pg (—1)m MR QR VL L ko |[L—ML'M'y X
x DE(S)V(LL k;— pp’ —o0) V(jj L :—mmp) V(jj L' ;—m'my’). (12)

eo \/

The second summation has to be extended over m,, m, m', M, M’,
i, 1, k, o and ¢. Summation over u, 1’ and m; with the aid of formula
(41) from Racah’s paper®) gives

W(k) 04 i 1p*< ¢ S 1 2 ";ku”/, a (— [)=aEEs

(LL'ka | L — ML'M"> x DE(S) W(L'jR; L) Zpw O (— 1)1~"

“mm' Tmm'

Gm'] —m| jiko. (13)

The second summation is over &, o, ¢, M and M'. We have omitted
unessential factors which only affect the normalization. The func-
tions W(j,L'ik; jL) are the Racah coefficients ) ?). With the
statistical tensors <|jjko> defined by (3) and the abbreviation

Ciol LLY) = Zypre (— 1) ¥ yitponee <LL'Ro| L — ML'M'5, (14)

the formula for the angular distribution (13) reads

WK) = 2,0 GITH i G ITE 1 Znee (—1)* Cral LLY) WG, L'5k; L) X
j1key D},(S). (15)

As is seen this formula contains a sum of terms of which the factors
describe the relevant physical features of the problem, viz. two
physical factors ¢j | 7| j» and ¢ || T* | j,> pertaining to the nuclear
transition, a factor C,,(LL’) which characterizes the radiation,
the Racah coefficient containing the total angular momenta, the
statistical tensors which describe the initial orientation, and finally a
function D},(S) which depends only on the Euler angles of the
rotation S.
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§ 3. Special cases. For a radiation with a single value of the total
angular momentum L formula (15) reads

W(k) = Xy, (— 1)* Cop (LL)W (,Ljk; jL) <|jjke> D},(S), (16)

where factors now irrelevant have been omitted. For the case of
cylindrical symmetry of the ensemble, the density matrix has di-
agonal form which means that only the statistical tensors<|jjk0)

= f,(f) subsist (cf.?) section 2). Thus a specialization of (16) is
obtained:

W(k) = Z,, (— 1) Cro(LL) ”'(]./HJ\‘I Lj) .lk(].) Dgn(-\.). (17)

which has been derived before 2).
For pure 2“-pole y-rays, of which no polarization is observed (16)
gives
&

Wik,) = X, <L1L—I1| LLEOy W(jjLk; Lj) <|jjko> D}y(S) (18)

with only even values of 2. The value of C, (LL) for y-rays has been
used in (16) (cf. ?) formula 84). Specialization to the case of cylindrical
symmetry gives

W(k) = X, <L1L — 1| LLKO> W(jjLk; Lj) (i) D&(S)  (19)

with even values for k. D,(S) is proportional to the Legendre poly-
nomial P, (cos #). The result (19) has also been derived before 2).

§ 4. Remarks on some possible applications. As has been indicated
in section 1, the calculation of the angular correlation of two succes-
sive radiations from oriented nuclei presents a possibility for the
application of formula (15). If the ensemble of nuclei has an axis y of
rotational symmetry the density matrix is on diagonal form which
corresponds to the vanishing of all quantities ¢|jjko> withp 0. After
the emission of the first radiation in the direction k, the ensemble is
described by a full set of statistical tensors <[jjke> which can be
calculated and depends on k,. This ensemble emits the second radia-
tion in the direction k,. For the calculation of the angular distribu-
tion of this radiation we can make use of formula (15) by substituting
the calculated values of ¢|jjko). The angular dependent factor refer-
ring to the direction k, is D} (7') where T is the rotation which trans-
forms the coordinate system with k, as z axis into that whose z axis
is 1. A different procedure is obtained if we calculate the statistical
tensors (|jjkoyy, describing the ensemble in a coordinate system
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whose z axis is k;. The relation between <|jjko x, and <|jjko, is
given by

171ko>, = Z, {|jjkod, D(S)- (20)

e e

With the use of (|jjke k, 1 (15) we obtain again the angular distrib-
ution for the second radiation if we take for the angle dependent
factor D} (S™'T). The rotation S is defined for Kk, in the same way
as T fnr‘kz. The formula obtained will be a natural extension of the
formula for the correlation function in the case of nuclei with random
orientation. In the latter case the direction y becomes irrelevant and
only the rotation S™'T which transforms k, in k, will have physical
significance.

In the field of nuclear reactions we find a possibility for applica-
tion of (15) in the angular correlation between the directions of a
neutron and a y quantum emitted in the reaction “Li(d, n)® Be*(y)
®Be 19). The fixed direction  of the incident deuterons will prepare
an ensemble of (compound) nuclei with cylindrical symmetry. The
angular correlation function can then be obtained along the same
lines as indicated above.
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CHAPTER IV

DIRECTIONAL CORRELATION OF TWO
SUCCESSIVE RADIATIONS EMITTED BY
ORIENTED NUCLEI

Synopsis

The correlation probability W(k,, k,, n) for the directions k; and k; of
two radiations emitted in cascade by an ensemble of oriented nuclei is
calculated. The unit vector n is an axis of rotational symmetry along which
the nuclei are oriented. The result is specialized to the case of y-y correla-
tions. For two dipole transitions j —» j—1 - j 2 and for two quadrupole
transitions j — 2> j—4 explicit formulae are given, which are
suitable for direct evaluation.

§ 1. Introduction. 1f two radiations are emitted in cascade by an
ensemble of nuclei we may ask for the probability W(k,, k;) of
finding the two radiations in the directions specified by the unit
vectors Kk, and k,. For an ensemble which has spherical symmetry it
is clear that this probability can depend only on the angle # de-
termined by k, and k, (cos # = Kk, .k;,). If the ensemble has only
symmetry around an axis ) the correlation function will depend on
three angles determined by k,, k, and y. This will be the case for
nuclei oriented in a certain direction. In section 2 a formula for the
directional correlation W(k,, k,, ) is derived. In the calculations
we assume that there is no appreciable spin precession or reorienta-
tion after the emission of the first radiation and before the emission
of the second radiation. The latter effects have been studied by
Goertzell) and Alder?).

The application of the formula obtained is limited as in general
it contains unknown nuclear matrix elements. Only in pure multi-
pole transitions the nuclear matrix elements become irrelevant.
We have therefore given a specialization of our formula for the case
of pure multipole p-transitions (section 3). For dipole y-transitions




j —j— 1 - j — 2 and quadrupole y-transitionsj —j —2 -] —4
formulae are given suitable for direct evaluation (section 4). In
section 5 a numerical result is given for a temperature effect in the
y — y correlation of an ensemble of %Co nuclei contained in a
tutton salt where two directions of orientation exist 2).

§ 2. The directional correlation function. We consider an ensemble
of oriented nuclei with an axis n of rotational symmetry. Then the
orientation is described either by the relative populations a,, of the

magnetic sublevels m(m, = —j; ... +j;) or by the statistical
tensors (7)) = (|40 > %) ®). This ensemble emits two radiations

in succession in the directions k, and k,. For the characterization of
these directions we use the rotations in space S and 7" which trans-
form the coordinate systems with k, and k, respectively as z-axis
into that whose z-axis is . These rotations are determined by their
Euler angles. The nuclear spins of the initial, intermediate and final
state are indicated as j,, 7, and j, respectively. The angular momen-
tum carried off by-the emitted radiation is denoted by L (in the two
transitions, L, and L, respectively).

After the emission of the first radiation in a fixed direction k,
there is no longer cylindrical symmetry and the ensemble is de-
scribed by a density matrix g, ,, . or by the set of statistical tensors
(i, kg >4 9. Using a coordinate system with k; as z-axis the
statistical tensors for the description of the ensemble are {| 7,7,k )y,
which are related to the former ones by

Ve BG ey = B < |1de Rg D} (S). (1)

Here D" is the 2k + 1 dimensional representation of the rotation
group. The directional correlation function for k; and k, is now
equivalent to the directional distribution function of the second
radiation (k,) emitted by the ensemble characterized by {|f.j, k§ )y,
(cf. 8)). Once we have calculated these statistical tensors we find the
correlation function by substitution of these tensors in formula (15)
of the previous chapter. In this way we obtain for W(k,, k;, )

W =8, Brp Chll T2 1, 5 <1 T N 4>

Je

X Lipgy (—1 ) Coo (L LYW G Lo k5 G Lo Re 2k, ]):;u(s -'T). (2)

The index 2 pertains to the second radiation. S, indicates summation
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over all parameters which are not observed (e.g. polarization direc-
tions). Since k; is the z-axis of the reference system, S~'7 which
transforms Kk, into k, occurs in the formula (cf. 5) section 4).

[f we begin with the general expression for the directional correla-
tion function 7)

W=5,5; Zp m, O, | Zp, Gitns | Hy | jm > m, |Hy | 1m0 2 (3)

=mm, { m, i 4

weare led to the same result as can be seen by the following transcrip-
tion of (3). With

Omemy =51 o, @ i | Hy | joom, 5% Gomy | Hy | §,m. >, (4)
the formula (3) reads
W = 8, 2, m, Oy <Tee | Hy| fympd¥ g,m) |H, m,>.  (5)

This expression reduces to formula (2) since it is the starting point
for its derivation (cf. ¢) formula (5)).

The problem is thus restricted to the calculation of ¢ |j,j, ke e
The statistical tensors { |jj, ko ) referring to the system with
as z-axis are defined by

A el - S A e =
,\ ,)r_}z' /‘"" = \"'u:.n: ! (’m,m,' ‘ b ll' 24 ‘/\ ./:'”1",}:' )’I: }('.’r' /"U (6)

Here {jm.j,—m,|jj, ko) are the transformation coefficients for

the addition of angular momenta. The density matrix Coraiiss 15

given by the expression (4). From (6) and (1) we obtain

{N1eTe Rodny = Zop o 5 0mmy (— 1) ™ G, . —m,| ] 5. koY D (S). (7)

We follow in principle the same procedure as was used previously ).
With the development of the Hamiltonian in irreducible tensor
operators (cf. %) formulae 6—7)

; S Ly L :
H, 2t Oty Lot Dy, (S), (8)

Racah’s definition8) of the functions V
Caabp | abey > ( 1)¢7 (2¢ + 1)} V(abe; af v), (9)

and the relation

7

(o, '[I,‘ Jem >=(—1)" "G NTY > Vg Ly;—mm,u), (10)




we derive from (7) and (4)

X5 1 TE || 23T *
7ill 2 Je? = @Qup Qp 3p, Apary

¢

o (S) (— 1)femetrda (o 4 1)

ve

oy G e AT T
Ideko 2k =91 Spe <l I
Ly (3 Ly’ 3
/),,1_\/, () ]')/‘1""1' (S) D
V(jgeLy;—mmp) V(gL i—mmu) V(ig, k; m,—m,—op). (11)
The second summation in (11) must be extended over m,, m,, m,,
wy, pty, M,, M and p. Combination of the angle dependent factors
in (11) according to (Wigner?)

D% (S) DY (S)

My (]
- Y (1Ml L —p, kg | Ly klAY DL, (S)CLy— M, koL klxy, (12)
DYy (S)DL(S) =Z gl Lyl LIk 0" > DY (S) C LiM lx| Llk o'y, (13)

makes the summation possible over m,, u, and 6. This gives expres-
sions containing Racah coefficients W (cf. 8) formula 41). Applying
again Racah’s formula for the summation of m., /:; and 2, the result is

[ ¢

Cldede ko 2ny = Sy B < i T ) 2. 5% 4 W T (14,
Saratconis (—V2Yal o ap g K Li—M, ko| L, kix

(K LIM x| LiIke > x (14)
(21-+1) Rk+1)E W (g, 1k'; Lij) W(ij, kl; Ly, > <jg; R0y DE. (S).

The formulae (2) and (14) provide the directional correlation function
for two arbitrary radiations emitted in succession by an ensemble
of oriented nuclei. The resulting correlation function is not normal-
ized since normalisation factors have not been taken into account
in (4).

Remark. From (2) aud (14) a more symmetrical form can be
obtained for the correlation function W(k,, k,,n) which reads

Wik, k;, m) =S,S, Ly <1 THY 1% 1 17N 1o > <ge T

GoITH 16> Zepnal—1) ¥ Crgs (L L)Ciol Lo L) @R 4-1)2{2R 4 1) 2

jiik'od L+ 1) W(ij kt; Lyj) WG LIk ; 1)) WAL, kk™; R'L,) .
WG, Ly, k; j.Ly) B, < k' — oko| k'kR'0y DX, (S) DX, (T).

(]

§ 3. Specialization to gamma radiation. In the case of pure multi-
pole y-transitions we can use the explicit expressions for a,,; (%)
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section 5) and omit the nuclear matrix elements, which are now
irrelevant. In this way we obtain from (14)

ClTde koo, =Zpt, = w1 pte (—1) ™YKL, —M ko| Ly klx)L, M, Ix|L IR 0>
(2741) k1) W (k' ; Lij,) Wi, kl; L)< 1:1: 0> Dg, (S). (15)
To obtain the correlation function we must substitute (15) in the

formula (2) specialized to the case under consideration (cf. ¢ formula

(18)) i.e.
W=2,KL,1L,-1| L,L, ROy W (j,j, Lok; Ly7.) <7, j,,/\'gykll)ifo(.\' 'T).(16)
If we use the notation (ref. 5) formulae 23, 25 and 26)

he(i) = wp () < |7:7: K70 (17)

in (15) and insert it in (16) we obtain the correlation function in the
following form 19)

Wk, k;, n) = Zp fe (2) -wiH (/](’ L\L,) I)Co (S) ])Ao(\ 'T). (18)
In (18) we have combined a number of factors to one function
CY* (1d.dy Ly Ly):

Remark. A specialization to randomly oriented nuclei must give
the ordinary correlation function. In fact one obtains in this case
from (15) for % is even

Clide RO Jx, =< L; 1L, 1| L\L,kO> W(jj.kL,;Lyj,) (19)

which has been indicated before (1) formula 30).

§ 4. Explicit expressions for the correlation function for gamma
radiation in two special cases. For the use of numerical evaluation we
have applied formula (15) and (16) for y radiation to the case of two
successive dipole transitions j, —j;,— 1 —j,—2. The angle de-
pendent functions are expressed in the scalar products of the three
characteristic unit vectors v, k;, k,. The result is 12)

W(k,, ko, m) = 9 [No(f) fo(7) Folkk,) L0160 Falkkm) +
4(1.) 14(7:) ] 4(1‘:]‘27” - (20)

The following abbreviations are used :

Fo(kik,) = 3 [13 + o?), (21a)
]'.2(1(!1(27]) . 1, 4 641% - 611% — 3aa,a, + :127. (210)




F (kkn) =1} [I — 5a2 — 5a5 + 35a% o3 - 20aa,a, -+ 24%], (21¢c)
a= (k,.k), aq (ki.m), a, = (k,.7), (22)

N,(5) =221 — &)Y (2))! (k is even). (23)

Explicit expressions for the orientation parameters f,(j) for A = 0

1, 2, 3, 4 have been given before (ref. %) section 2). The function
W(k,, k;, n) given by (20) is normalized to

[ W(k,, k,, q) dQ, df (87)>. (24)
We have also applied formulae (15) and (16) to the case of two
rllm(lrupo]( transitions j; —j,— 2 —»j,— 4. The result is 12
W(k,, k,, n) = 25 [Ny()) fo(7;) Go(k,K,) + N,(7)) F-(7)) Go(k; k,m)
L \4(/ ) / ( (’ (‘\ k ”l’ % ¥ ‘\o() ) / ) (’e;(k 1\27])

t= Ng(7;) fa(7:) Ga(kikom)]. (25)
The functions G, are defined by
Go(kiK,) = ;15 [48 + 6a® + 24%], (26a)

G,k kn) 2;1 96 — 144!1? - 144112 + 3baa,a, + 18c? ll -
+ 18¢? uz — 24a? -+ 2411“(1[(12 - 8a*], (26b)

Gy(kikym) = 35 [— 201 + 100502 + 100502 — 1225a% — 1225a% +

286 i
315112% — 540aa,a, + 420(1(1";412 - 420:111141; 4
-+ 108(12**27()([2([? -270a? 112 + 630a%a® 112 360¢’u 1ap + 36a*], (26¢)
Gk km) 6]0 — 6 + 63a? + 63aZ — 756aias — 63a} — 63ai +
69311,:1—, -+ 69311?(13 + S504aa,a, — 1008:1/1';(12 —
- 1008:1111113 b 1848(1(1?:15‘ — 48¢° + 2524 uf R
+ 252a2 117 1512:1211%1% - 336413111412 - 16a*], (26d)
Ga(k,kon) = 3’2_3 — 54:1? — 5441%«7 1 188:1?{15—1—9941? <3 99(13 2574a? 112 —
-257411%1:3 -4 643541?4:3 — 432aa,a, + 1584:11[}(17 -
+ 1584aa,a; — 6864adial + 24a® — 21644’
— 216a%a} + 2376a%d%a - 288u’a,a, + 8a*]. (26e)

The a, a, and «, are again defined by (22). The explicit expressions

4]




for the orientation parameters f,(j) for # = 6,8 are
fo= (1[1°) E m°a, — (5111) (3% 4 3] —7) S .m'a,, 4
(1/11) (57* + 1072 — 205> — 25§ + 14) X, m%a,—

(5/230) 16+ DG —D G +2)G—2) G+ 3] (27a)
fa=(1/7%) [Z,mPa,—(14/15) (2] 4-2]—9) £, m®a,,+(7/39) (65" + 12/
5072—56j+-81) X, m*a,—(7/2145) (éCj" I 1807°—690;*—1680;

1958;% 4 2828; — 9132/7) X, m’a,

(7/1287) 1(f 4 1) G —1) (7+2) (7=—2) (7-+3) (j 3) (1-+4)]. (27b)

The correlation function (25) is normalized in the same way (24) as
in the dipole case.

For l‘;lllll“llll\' m‘ivnlm] nuclei (f, = 0 for & 1,2, ...) we obtain
from (20) and (25) the usual correlation functions.
For total nm~11t;1tmn both (20) and (25) can be written as
Wk, k;, n) Wk, n). W(k,, n). (28)

Here W(k,, n) and W(k,, n) are the angular distributions of the
radiations separately. Hence for total orientation there is no direc-
tional correlation in these cases. From the general formula it follows
that no correlation will be left for total orientation if we have a
24-pole and 2™-pole radiation in succession and if

RGN (R R N N

§ 5. A temperature effect in the y—y correlation for °Co. Oriented

/

®Co nuclei present a possibility for the application of formula (25)

since they emit after a f-transition (j, = 5§ — J; = 4) two successive
y quanta of quadrupole character in the transitions j; —j,—2 —
-7 4. As was indicated before (cf. 13) formula 15 and section 3)

'

the quantities N,(j,) f.(f;), occurring in (25) are related to the corre-
sponding ones before the f-transition by the relation.

N7 1) = Ny (7o) 1:0)- (29)

For the initial population of the sublevels (j,, 7,) we assume to have

a,,, = A cosh ff my, (30)

where A is determined by




and the parameter § by = uB/kTj, (cf. ®) formula 20). The cobalt
is contained in a tutton salt and due to the crystalline field the
orientation is such that the levels — m, and m, are equally favoured
(this is also expressed by formula (30)). As a consequence only
f:(jo) with %k even subsist (alignment ')). The values of f,(j,) have
been calculated as a function of f. With (29) the N,{);) f.(j;) are
derived from the f,(j,). For any direction of k, and k; the correlation
function (25) can now be evaluated as a function of . However a
complication arises from the existence of two directions of orientation
in the crystal. We specify them by 0, and 0, with (n, - 9,) = cos 6873).
Along each axis half of the nuclei are oriented and we have added
the corresponding correlation functions of the two ensembles of
nuclei in order to obtain the observed correlation. The direction k;

Ws(4)
43—
4.2+
4b = Ws(3=0)=3 8l
4.0
3.9 A
3.81 1 1 1 | 1 | 1 l
o | 2 3 4 5

Fig. 1. The correlation function W(f) plotted as a function of f

is chosen perpendicular to the plane of n, and n, and k, in the
plane of n; and n, with (k,-%,) = cos 20° and (k,*%,) = cos 88°. The
correlation function W, (B) for this choice of angles is only a function
of . The result is shown in fig. 1. Due to the particular choice of

k, one has W (B = 0) = W (p o) ; this means that the correla-
tion probabilities for randomly oriented nuclei (# =0) and for
totally oriented nuclei (f = o) are equal. As can be seen from the

figure, W,(B) has a maximum of about 12 9, for § = 0.8. Thus, if a
sufficiently high degree of orientation could be obtained, the correla-
tion probability would first increase and then decrease as the appa-
ratus warmed up during an experiment.
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SOMMAIRE

Lorsqu’on considére un ensemble de noyaux radioactifs dont la
distribution dans l'espace des directions du spin n’est pas 4 symétrie
sphérique (orientation nucléaire), on peut s'attendre a des effets
angulaires quant au rayonnement émis par les noyaux. En premier
lieu la distribution angulaire de la radiation émise ne sera pas iso-
trope; ensuite la radiation elle-méme sera (partiellement) polarisée.
Dans le cas de deux radiations en cascade la corrélation direction-
nelle sera différente de celle du cas ou 'orientation du spin nucléaire
est arbitraire. Une discussion théorique des susdites propriétés
géométriques des radiations émises par des noyaux orientés a été
présentée dans cette thése. Dans toutes nos considérations nous
avons renoncé a étudier les aspects théoriques des methodes par
lesquelles les noyaux sont actuellement orientés.

Dans le chapitre I nous calculons la distribution angulaire et la
polarisation de la radiation émise. Pour traiter ce probleme nous
avons supposé que l'orientation nucléaire a un axe de symétrie ro-
tationnelle. Il s’est avéré que le choix des paramétres pour la descrip-
tion de orientation nucléaire et pour la polarisation du rayonne-
ment a une grande importance si 'on veut aboutir a des formules
qui mettent en évidence les différents aspects physiques du probleme.
Pour le cas d’une radiation y dipolaire ou quadrupolaire des formu-
les sont présentées qui permettent un calcul numérique par des
substitutions simples.

Dans le chapitre II nous avons étudié le cas ol la radiation v
observée est précédée d'une transition § ou y. L'influence d'une
pareille transition sur la distribution angulaire et la polarisation de la
radiation v est indiquée. Comme cette situation se présente fréquem-
ment dans la pratique, les effets calculés auront une certaine impor-
tance. A titre d’exemple le procédé du calcul de la distribution
angulaire du rayonnement v, tout en tenant compte de la transition
6 précédante, est indiqué pour des noyaux “Co orientés. Dans le
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méme chapitre nous avons indiqué quelles grandeurs physiques
peuvent étre obtenues (au moins en principe) par la mesure du
rayonnement émis par des noyaux orientés,

Dans le chapitre ITI nous nous sommes libérés de la supposition
que I'ensemble des noyaux est a symétrie rotationelle (chapitre 1).
La distribution angulaire est calculée pour le cas général d’un
rayonnement émis par un ensemble arbitraire.

Utilisant les résultats obtenus du chapitre I11 nous étudions dans
le chapitre 1V la corrélation directionnelle de deux radiations suc-
cessives émises par un ensemble de noyaux orientés en supposant
de nouveau l'existence d'un axe de symétrie rotationnelle. Dans un
cas particulier de la radiation v dipolaire ou quadrupolaire nous
avons donné des formules explicites qui se prétent a des calculs
numériques.




SAMENVATTING

Indien men een verzameling van radioactieve kernen beschouwt,
waarbij de verdeling der spinrichtingen in de ruimte niet isotroop is
(gerichte kernen), kan men hoekeffecten verwachten wat betreft de
uitgezonden straling. In de eerste plaats zal de intensiteit van de
kernstraling niet in alle richtingen dezelfde zijn. In de tweede plaats
zal de straling zelf (gedeeltelijk) gepolariseerd zijn. Voor het geval er
twee stralingen in cascade worden uitgezonden zal bovendien de
richtingscorrelatie tussen deze twee afwijken van de correlatie die
geldt voor niet gerichte kernen.

In dit proefschrift wordt een theoretische behandeling gegeven
van bovengenoemde geometrische eigenschappen van de straling
(speciaal y-straling) van gerichte kernen. De theoretische aspecten
van de experimentele methoden om kernen te richten worden buiten
beschouwing gelaten.

In hoofdstuk I wordt de hoekverdeling en polarisatie berekend van
de uitgezonden kernstraling. In dit hoofdstuk wordt verondersteld,
dat de kernen zodanig zijn georienteerd, dat er een as van rotatie-
symmetrie bestaat. Het blijkt, dat de keuze der parameters voor de
beschrijving van de orientatie der kernen en de polarisatie der stra-
ling van groot belang is voor het verkrijgen van formules, die over-
zichtelijk de verschillende physische kanten van het probleem weer-
geven. Hieraan zijn twee afzonderlijke paragraphen gewijd. Voor
y-dipool- en quadrupoolstraling worden formules gegeven, die ge-
schikt zijn voor numerieke berekeningen.

In hoofdstuk II wordt het geval bestudeerd waarbij een 8- of
v-overgang voorafgaat aan de waargenomen v-straling, hetgeen
practisch altijd de werkelijke situatie zal zijn. Als voorbeeld wordt
voor gerichte *®Co kernen (B-overgang gevolgd door twee v-over-
gangen) aangegeven hoe de berekening van de hoekverdeling der
v-straling kan geschieden. Aan het einde van dit hoofdstuk worden
een aantal belangrijke physische grootheden genoemd, die in prin-
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cipe uit de meting van de straling van gerichte kernen te verkrijgen
zijn.

In hoofdstuk III wordt de veronderstelling, dat er een as van
rotatiesymmetrie bestaat (hoofdstuk I) opgegeven en voor een wille-
keurige verzameling kernen de hoekverdeling van de uitgezonden
straling berekend.

Met behulp van de resultaten van hoofdstuk IIT wordt in hoofd-
stuk IV de richtingscorrelatie berekend van twee successieve stra-
lingen, uitgezonden door gedrienteerde kernen, waarbij weer cylin-

dersymmetrie verondersteld wordt. Voor het geval van y-dipool- en

quadrupoolstraling worden formules gegeven, die geschikt zijn voor
numerieke berekeningen.




STELLINGEN

1

De numerieke berekening van de hoekverdeling van de y -straling,
nitgezonden door gerichte 5Co-kernen, laat zien dat het ook experi-
menteel tot de mogelijkheden moet worden gerekend om hieruit
inlichtingen te verkrijgen omtrent het karakter van de $ -overgang.

J. A. M. Cox, S. R. de Groot and Chr. D. Hartogh,
Physica 19 (1953) 1119

11

De door Thirion gevolgde methode van berekening van de (n, y) of
(p, v) hoekcorrelatie bij (d, n y) respectievelijk (d, p y) kernreacties
bevat een principiéle fout. Hierdoor is de door Thirion gegeven in-
terpretatie van zijn experimenten alleen juist als de deutonen zonder
baanimpulsmoment worden ingevangen.

J. Thirion, These, Strasbourg, 1951, Ann. Phys. 8
(1953) 489.

IT1

Bij de interpretatie van de hoekverdeling van neutronen of pro-
tonen in (d, p) respectievelijk (4, ) kernreacties, waarbij zowel een
strippingproces mogelijk is‘als de vorming van een tussenkern, is er
geen reden om interferentie tussen dez¢ twee processen uit te sluiten.

C. D. Swartz and J. S. Pruitt, rep. Johns Hopkins
University AEC Contract No. AT (30-1) 825,
1953.

Y

De door Van der Merwe berekende kernstralen zijn ongeveer
tweemaal zo groot als de waarden, die uit andere beschouwingen
worden gevonden. De experimentele gegevens zijn dientengevolge
aangepast met waarden van de parameters, die physisch weinig
bevredigend zijn.

J. H. van der Merwe, Thesis, Leiden, 1952.
v
De beschouwingen van Poppema geven de situatie, wat betreft de
circulaire polarisatie van de v -straling, uitgezonden door gerichte

kernen en het meten hiervan, niet geheel juist weer.

0. J. Poppema, Thesis, Groningen, 1953.







VI
De door Van Dranen geponeerde hypothese over het kritisch punt
is formeel en physisch bezien niet ondubbelzinnig.

J. van Dranen, J. Chem. Phys. 20 (1952) 1175; 21
(1953) 567.

VII
De methode van Beattie en medewerkers om de Lennard Jones-
parameters van het intermoleculaire potentiaalveld te berekenen uit
de tweede viriaalcoéfficiént is omslachtiger en geeft minder nauw-
keurige resultaten dan de graphische methode.

James A. Beattie, Roland J. Barriault and James
S. Brierley, J. Chem. Phys. 19 (1951) 1222; 20
(1952) 1615,

VIII

De redenering van Enskog, waaruit volgt dat de formules voor de
warmtegeleiding en viscositeit van verdichte gassen ook nog gelden
indien de moleculen harde bollen met een attractieveld zijn, is on-
juist. Of een vergelijking van zijn theorie met de experimenten zin-
vol is, zal dan ook niet alleen van het meetgebied van de dichtheid,
maar ook sterk van het meetgebied van de temperatuur afhangen.

D. Enskog, Kungl. Svensk. Vetensk. Akad.
Handl. 63 (1912) no. 4.

IX

De door Gibert gegeven ,zuiver thermodynamische” afleiding
van de Onsager-relaties voor irreversibele processen is onjuist.

R. Gibert, Comptes Rendus, Paris, 256 (1953)
2145.

X

Whalley en medewerkers bepalen uit hun eigen meetresultaten en
die van andere auteurs de gemiddelde waarden van de viriaalcoéf-
ficiénten voor argon. De wijze waarop zij de gemiddelde waarden
berekenen berust ten dele op onjuiste gronden.

E. Whalley, Y. Lupien and W. G. Schneider,
Can. J. Chem. 31 (1953) 722.













