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AB0THAGT

‘Tha theory of angular distributions and ocorrelations is
desoribed. Some new tables of Clebsch-Gordan coefficients have
been caloulated. In addition, particle and y-ray radiaticn
funotions are tabulated. Sistribution and correlation fuactions
for two particles of spin 1/2 coming together to form a compound
anclons which successively omite an Ge.particle and then a y-ray
are tabulated for & large number of spins of the exocited states
involved.

Savaral angulsr distributions from the reaction §15(p,ﬁy3312
were measured using scintillation counters as detsectors. The
analysis of the data snows that the 12.51-iev level of 030 is
2" or greatey than five, that the 12.98-lav lavel of 016 15 2=
or greater than five, that the 13.24-iev level of 016 15 a* op

groater than five, and that the 4.43~iev level of ol 15 2+ or

greater than four.
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1- .
- 1 ISTRODUCLION

At the present time one of the inportant tasks of the nuclear
physicist is to obtain information about the states of the nucleus.
In gaﬁeral the informatiah he ocan obtain is whether or not a state
oxists, its energy, its width, its total angular momentum or spin,
its parity, and if possible, any other informatien that would help
him geot a more detalled desoription of the state.

Angular distribution and correlatlon informetion is a very
usaeful tool in alding the nuclear physicist to determine some of
these propertias.

1. Ceordinate System

Angular distridutions of nuclear reaotions are measured in a
gimple menner. let the beam of incoming particles come in aleng
the 2z axis of the polar coordinate system from the direction ¢ =
™, 88 sanown in Fig. la. let an incoming particle strike a target
nuclens at 2 * O. The combination subsequently emits the outgoing
particle. Vhen many partiocles are involved, we oan define a prob-
ability funotion W(e) that desoribes the relative probability of a
partiole being emitted into a wnit solid angle located at (e. ).
Clearly this funotion will depend only on the angle ¢ since tha
 asystem has symmetry with respect to the szimuthal angle ¢. 7o
express this relation algebraically,

ali(e) = W(e) an,
xﬁhara di{e) is the relative number of particles entaring tha solid
angle dN. W(e) is called the angular distribution function.‘ 1t

Wle) is §~aonatant. the distribution is said to be isotropie.



Juppose that the compound nucleus™ emits not ome, but two
sucgessive radistions. Then one oun onlomlate distribution func-
tions for the two radiations. Theso in general are not agual a%
& partioular angle, but thelr integrals are equal if the enission
of one particls is always followsd by the emission of the sasond;

tnat 1s,

%1{61 iq = igle) a0,

sphere gphare
whare ﬁlia) is the distribution function of the first particle,
and W {e) for the second. However for the purposes of this thesis,
we &re interested ln only the relative probabilitles. Thereiore
the distribution functicns are more conveniently written disre-
garding constant factors. @hu$ tﬁe above integral relation may
0ot in genaral ve satisiled, and %this freedom will not affect the
resulis.

When tha aﬁmyound nuclaus emits two successive radiations,
apnother type of & stribution fusnction can be dafined and measured.
experimentally. Suppose that the bean of incoming particles
approaches from @ = ™ along the 4 axis, as shown in Fig. 1lb. For
the purposes of a goneralization %o be made later, the axils of
the incoming particles 1¢ changed from 2 to 4. let particle one

be emitted ia the direction @, § = 0. The direction of emission

* The term "compound nuoleus” will be used to desoribe the combine
ation of the target nucleus and the iuncident particle, although
the resulis are isdependent of the formation of a compound ancleus,
in the strict semsa of the torm.



of psriicle two can be described in terms af‘ébana Q wita respect
t0 the 4 axlse. It can also be desgribed in terms of another
coordinate system that taxes the direction of particle ona a@s the
%Z 8xls and the plans defined by the < axis aad the z axis as the
¢’#~u plene. The segond coordinate system will Do used since it
poraits e=loulations to be periormed with more faulliar mathe-
matical functions.

The distrivution function now in question is mors complicated.
Lat particle ome be euitted in a direction @ with respsct to the 4
axis. Then given that particle ons 1is emitted in this dirsction,
what is the distribution funotion of particle two? Arperimentally
one counts particle two at a position (e, #)s But in order to im~
gure that particle %wo corresponds to particle one, a time coiuoci-
denoce device 1s used to count only pairs of particles that are
detected s0 olose in time 1o each other that the probability of
counting two particles that are not a corresponding psir is either
very small or at lsast kaown. oSuch a distribution function is
commonly called a "eorrslation funotion,” and the exzperiment is
kngwn as an "sngular correlation experiment.”

dotice tha% ¢ measures the angle voetween the particlse that
defines the 2z direction and tie other particle detected. The
rosson the tiwe golncidence device 18 not used in the dlstribution
function measurement is that the incoming particles come from only
ona direction, and therefore all particles aemitted are due to

rarticies ovuming in slong the % axis. On the other hand, in the



gorrelation experimant there are many directions of smission of
tne particle that derfinss the 2 axis. If one were 10 generallze,
a distrivution function could s thought 0f as a correlation
function between the incouming particles and tne cutgoing onaes.

As an example, suppose sn experiment is belag performed by
bombarding target nuclel by protons to Tovm a acompound nualeus
which then emits an w-particle to leave the residual nucleus in
an excited state which decays by the emlssion of 8 y-ray. OUne
could asxk for tne distrivution of Gparticles, the distribution
0f y=rays, or the w-y-correlation. One can thing or the c.particle
distribution as veing & proton-u-gorralation or & proton-u-distrib-
utions The latter teraminology is used hy seed and franah.(l}

<« Gonoral sestriotions o the Topic

for the purposes or this thesis, 3 few restriotions are put on the
type of distributions 1o be studiea in graer that the aasount of
material will not be t00 grest to desoribe convenisntly. The flrst
restriotion is that the outgoing particles are different From the

(2]

incoming particles. Gohen nas treated tha cass of slastio
scattering iun which the Inconing and outgoing particles are iden-
tioal. Hext we assume that only one level 1s sxcited at a time,

or that the respnangces are narrower tnan tasir sasparations. +inally
wa restrict the formstion and Jdecsy of the states to ths lowest
posslole value of the relative oroital anguler moamentum on the
grouads that higher values ars disaouraged by oarrier {actors. Tha

lattor two restrictions will be dropred 1un %tas desoription ol ths



theory, but nearly all of the caleculated distributions are
limited by them.

One of the results of this work is that one oan find not
only an agreement between a set of assignments and an experiment,
but also disagreoment between a falrly large olass of other assign-
manﬁs and the experiment, Yhis feature enables one 10 put certaln

wsafal limits on the result.

11 DESCRIPDION OF THE THROKY

The theory of angular distributions and correlations is well
sreated 1n the literature. Here only a very brief survey of the
references and a desoription of the results of the theory will be
given for the oase of different incoming and outgoing particles.

1. Belarenges

Hamilton(a) has written one of the more familiar papers on
y=y correlations for a radio-aotive nucleus decaying by the emission
of the two y-rays. Falkoff aud;ahlanbaak@§3 have extended the
theory to include correlations between any two nuclear radiations.
Biedenharn, Arfxen, and Rose'48!) nave nade a further generalization
by assuming that the initial states are not randomly oriented as
in the oase of simple radio-active decay. This complication enables
them to caloulste triple cascade corrslation funections and corre-
lations in nuolear veactions in which the compound nuslel are formed
in such & way that they do not behave as if they were & randomly
oriented group of nuclei. &Seed and 3renab{13 have desaribed the

latter case using a differant coordinate system. Thelr results



use readily avallable functlions and are straightforward to
caloulste. Their formulae and notation will be used in this
thesis.

Z. General Development

In order to describe the tmory, the formulas will be pre-
sented, and then they will be interpreted physiocally. At first
two simple cases will be discussed, i.e., proton capture followed
by w-particle amisslon and then proton capturs followed by y-ray
emigssion. The angular distribution functions will be discussed
for these oases. MNaxt the more complicated oase of proton capture
followed by c-particle emission leaving the residual nucleus in
an excited state whioh in turn decays by the emission of a y-ray
will be precented. Hers again the distribution funotions will be
discussed. DBefore the material about e~y correlations is given,
a desoription of the correlation osloulations for radip-active
decay will be presanted. Thls topic will lay a foundation for a
glearer understanding of the more complicated correlation fumotions
involving an inoident particle as well as the two products of the
reaction.

3. {p,a) Reaotions

According to Seed and Frsnoh the distribution funation for
ths proton~G reaction is
Wlag) -Zl}:(un LG e kol T T )

SR PRICICHRL NI SEEY )Yy (6x,0 )\-

The various quantities will be definad in the next few pages.

First this expression will be simplifled according to the



restrictions mentioned above. The factor £.({) indicates the
relative importance of the various possible values of the angue
lar momentwm § {in units of A). If only the lowast value is
“involved in the formation of the compound nucleus, the summation
over [ drops out. Then the (2(f *1}1/2 2.(f) is a constant and
ocan be ignored since we are dealing only with the relative
probabllity of a particle being emitted in a certain direction.
The same nholds true for the relative angular momentum of the
outgoing particle,g'. if only dna resonance 1s involved, one
value of J describves the total angular momentum of the compound
nuoleus. This value is Jj. #inally let us assume that the res-
idual nucleus has total angular momentum zerc. Then Jg = 0. It
turns out that

(3 3y |00 03 framt) = Byg by -
With these simplifications ona obtains

3 o et s ) e o

‘))‘Z

The first braces describe the formation of the compound nucleus,
and the second describe the way it emits the Geparticles. The
factor g j) has been inserted because more than one value of J
oan in general contribute to the formation of the compound
nucleus. The fsctor g{j) desoribes the relative importance of
the J's.
4, (hannel Bpin in ths Formation of the Compound Huolasus
Suppose the farget nucleus has a spin j's Since the proton

bhas & spin 1/2, these two particles can form a system of spin



i'-1/2 or §'+1/2, These quantities are called the "channel spins”
of the reaction. ¥#or example, suppose the spim Jj' of the target
nucleus is 1/2; the channel spins are then 0 and 1. If both are
effective in producing the compound nucleuns, we must add the
rosults of each. o write this statement algebraically, we sum
over the J's. However it is not obvious how the channel spins
competa. This point i1s discussed in a paper by Professor Qhristy(ﬁj
The result is that one cannot specify the relative weights with-
out a more detailed knowledge of the compound nucleus. If a
sufficiently detailed model of the nucleus is chosen, then the
channel spin ratio is determined. This topic will be treated in
more detall after the treatment of angular distributions has been
completed. For simplicity, glj) 1s chosen t0 be unity for the
highest value of Jj, & for the mext lower, B for the second lowast,
atc.

5. Clebscb-Gordan Gpefficients

The facters(Js Jgi Ls 0| J, Jp) desoride the combining of
the channel spin with the relative angular mcmentwm/Eto form
the compound mucleus of total angular momentun J. The factors
are known as Clebsch-Gordan coefficients. Tables of these ars
given in Appendix I. They are presented in tables entitled
B 3 % D, . Van der i@aor&enwx develops the thaory of those coaffi-
oclents, and Condon and Shﬁrtley(73 apply them %o atomic spectra.
Their squares represent the probability of a certain state break-
ing up into two other given states or, on the other hand, the

probablility of two certain states forming a third given state.



Gonsider for example the part of the D; x D, table (Appendix 1)

shown below.

g
¥V i Bl (% 2 L 0|2 2)
1 vi /8 -6

If one has a state of spin J = 2 and projection along the z axis
ﬁ=2.‘ and if 1% should break up into two states, one of spln one
and the other of spim two, the probability is 2/3 that it will

40 into the spin one state with projection 2ero &nd spin two state
with projection two, while the probability is only 1/3 that it
will go into spin one state with projection one and spin two

state with projection one. This part of the breaking up procass
is purely geometriocal and contalins no information about the way

the nucleus holds together. Therefore the terms

Z_‘g(vﬂ <j' Jz‘ f, ¢ ‘J Jz)‘a
iy
simply are proportional to the prodability of finding the compound

nucleus (of total angular momentuw J) with a projection Jge This

probability is very often called "the population of the substates'.
Hote that in the formation of the compound nucleus the sub-

states of a partioular channsl spin are eyunally waighted; no one

of them is any more significant than the other. This is a genersl

* In quantwn mecheniocs a state of spin J has 2J + 1 possible
projections along a given axis. These projections are J, J-1,
JuByoevay =4 ¢ 1y =do
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proparty of quanfum mechanical systems, namely, if a state has
aqual population of its substates, 1t is spherically symmetrical
and has no praferrsd dirsetion. In tha case of the incoming par-
ticle and the target nucleus, both are randomly oriented,and thus
the final combination of the two, the cbannel spin, has equally
populated substates.

How consider the relative angular momentum L. Does it have
a preforred direction? Obviously, since the incoming partiocles
coma from only one diraction. If we choose the z axis to be the
direction of the beam, the population of substates of { 1s zero
except for f; = 0. In other words, all the particles of the beam
have Qz = 0. This result is easy to understand in celassiocal

terms. Uonsider the beam hitting off the target nucleus by a

target nucleus —
R

Vv, beam >
direotion and
z axis
distance R as shown in the figure. The angular momentum, T=n 'ﬁx;,
is a veotor pointing out of the paper toward the reader. Thenm it
is easy to see that its 2z component is zero. In general, the
populations of the substates of L are not equal. This means that
£ is not randomly oriented in space. This non-symmetry in L is

the means of introducing an ssymmetry into the compound nucleus

which in twn gives rise to sn anisotropic angular distridution.
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There is a spacial case of much interest, namsly, when
{= 0. Ia thiccase { has only one substate, iz = s All beam
particles are in this substate. &ut since there is only one,
all substates are eyqually populated, and thera i& no asymmetry
in the compound nucleus. In genmeral, if the substates of =
compound auclews are equally populated, there is no preferred
direction and the resultant distributions are isotropioc.
Therefore s-wave ( = 0) reactions have isgtropic distribu-
tions.

suppose the compound nucleus has spin zero. It has one
substate, { = O« This state again must be one that has equal
population of all of its substates. Therefore the distribu-
tione will be isotropic even though some asymoetry may have
been introduced by [L# 0.

ince ,(’3 s 0 is the only substate of A not empty, the popu-
lation of the substates of { and then also of J, tha spin of the
compound nuclaus, is symmetrieal about ite center. ¥For example,
the relative populations of the substates 4 of & nuoleus of spin

two may be as followst

i=+2 0

M= +1 1/2

M= 0 2/8
=-1 1/2
=-2 0

The population of +d and ~id are equal for sny 4. Suppose J= 1/2.

Then the substates are =4 1/2 and 4 s -1/2. Since the population



is symmetrical, these substates are eyually populsted; the dis-
trivutions will be symmetrical,

6. Zartiols Yistrioution functions

dow let us conslder in more detail the breax-up of the
compound nucleus. If the compound nuclous emits an a~particle
{spin zero)l leaving the residual aucleus with spin zero, it must
€ive up all of its angular momentum as the relative angular
momentun of the dagay. wWhen the particles separate wiih a
cartain relative angular momentum, their distribution is des-
crived by spherigcal harmenics Yf& Thet these are the proper
fuvnotions is determined by the interasction Bamilton:lan(“. it
8 nucleus of spin J and projection 4 decays in this manner, the
distribution is I?(a. #) . Thus the last factor of the formuls
represents the way each substate of the compound nucleus emits
its particles. Tablas of the ?? are given in Appendix Il.

7. ZParity

In addition to these ocomsidsrations, the concept of parity
is involved in unierstanding these nuclesr resctions. Formally
parity refers to the reflection properties of the wave function.
1f the wave funotion is invarisnt under a reflection of coordi-
nates thwough the origin, the function has even parity {desig-
nated by +); 1f it ohanges sigR, it has odd parity {(designated
by =)o 2he nucleons all have even parity. 7The spherical
harmonics Y? that describe thse ralative angulsr momentum have

the parity(a) of (~1Yg. The parity of aay particular nucleus
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in 1te ground state is deteramined by experiment if possible.
Parity is conserved throughout a reaction. &or example, suppose
a proton (evan parity) and & ptd nucleus {0dd parity) come

together with their relative angular momentum {=1 {odd parity).
%ho resultant state must have even parity. ZThe same conditlons
hold in the decay of the nucleus. The product of the parities

of the parts must equal the parity of the whola. Of particular

importance is the parity change for y-ray emission. Pable 1
glves the ohange of parity for certain transitions. Suppose
Table 1
Type of Radiation Angular
Multipolarity dlectric | iagnetia dlomentum
n ?frried ot
Dipole Change No Change i
wuadrupole No change | Change 2
Octupole Change Ho Change 3
16 Pole Ho Change | Change 4
32 Pole Change Ho Change 5
64 Pole Ho Change | Change 6

there is & y-ray emitted from a 2% state 1§av1ng the nucleus in
ancther 2% state. What kinds of y-ray emission can cacur? Since
there is no change of parity, magnetic dipole, electric quadrupole,
eta. are allowad. Actually the higher orders are not very prob-
able {ses Blatt and %hisskoyf‘gxi. Only the magnetic dipole and
alactric éﬂaéra;ola are detectable with present techniques. 1In

theory, howaver, one can get ¥ radiations that carry away from
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’J;J'l up to {Jed') units of angular momentum, whera J is the
spin of the initial state and J' is the spin of the finsl stata.

8. ixample of (p,a) LDistribution

Let us consider a simple axample. OSuppose p-wave (1=1)
protons are used to bombard a>0 (spin 1/2, odd; denoted by 1/2~)
to form a state of total angular momentum two. uhat is the
angular distribution of Uwparticles of the reaction le(p.u)clz?
The channel spins sre O ;nd l. 7The relative orbital angulasr
momentum is 1. In the vector addition of these angular momenta,
the 0 and 1 cannot give a total spin of two, but the 1 and 1 can.
Thus only channel spin 1 enters into the reaotion.

e first oaloulate the population of the substates of the
compound nucleus with spin two. In order to deo this, we refer
to the U3 x Dy table in Appendix i sinoe it describes the come
bination of two angular moments ¢f oue unit each. #rom the come
bination of the +1 substate of the channel spin 1 {say Ulli and
the 0 substate of f-=1 (say vlc) wa find the population of the
+1 substate of the spin Iwo state (Wéll to ba 1/2. The popula-~
tion of the O substate is 2/3; of tha -1 substata, 1/2. The
populationsof the 42 and -2 substates are zero. Therefore the
whole population distribution is just that on page 1l. Note
that the sum is not wnity. This results from the particular
type of nomalization used in the tables, and does not change
the physioal rasults.

dow let the oampound nucleus breasx up. JSince Geparticles

(epin zero) are emitted to leava the residusl nucleus in a spin
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zoro state, the distribution of G-particles is proportional to
M2

(¥,)°. Therefore the +l1 substate emits a-particles in the

distridution (Y;‘)a. This muet be multiplied by the population

of the substate. Adding the results for sll the substatasz we

hava

#(e)

M

1/2 (12 » 2/3 (x0)% 172 (35103

5/3&1{1/3 (12 cos®e - 12 cos*e) + 2/ (2 - 12 cos®e
+ 18 cos%e) + 1/2 {12 oosle - 12 cos“‘a)}

= 5/24n (1 4 3 cos®e),

The oonstant factor is not very useful becsuse we have already
noglected saveral such faators in the _initial formula of Seed
and French. Thus the result is usually written just as 143 cos®e.

8. Uomplexity Hules

Note that the oos*e terms drop oute This result is due to
the faot that p-wave (f=1] protons fora the compound nusleus. The
general rule is that if one considers the three numbers f. Jd, £
{the relative angular momentum of the break-up process, 2 in the
aexsmple), twice the amallest of these is the highest power of
00s @ that appears in the result. 1In the exsmple {= 1 was the
smallest. Tharaefore the highest power of 003 ¢ 1s two, 85 the
axampls illustrates.

10 y-ray Distribution Functions

Suppose y-rays are emitted, rather than e~-partiales, leaving
the compound nualeus in a spin zero ground state. The distribu.

tion functions are not the sama as ror particles, the i}“, but
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rather thay are the xf,m tabulated in Appendix Ill. 1In the
example wa have Just oonsidered, let the compound nucleus emit
y-rays instead of G-particleas. Then
- ' 2 2 2
o) = 1/2 (X5 1)% + 2/8 (X3 ol + 1/2 (X5 )

= oonstant x (1 4+ cosZa).

Notice again that the highest power of 0os ¢ is two.

11, {p,ay) Eeactions

We are now in a position to consider a more complicated
break-up 0f the compound nuclsus. SWppose 1t emits an G-particla
and then a y-ray. +#hat are the distributions of these partiocles?
The spin of the excited state of the residual nuoleus (after the
compound nucleus has emitted the G.particla) is designated by J'
and its substate by ', The coxnpbund nucleus J, i breaks wp into
a residual nucleus J', ' and the relative angular momentum, say
R' with substate {;'. To desoribe the geometrical probabilities
in the bresx-up, we choose the appropriste set of (lebsch-Gordan
aoefsicients {J, & |J', W'y ', ;') of the table Dje x Dyr.
Then to get the u-particle distridution we multiply these by the
1’% and square at;d sum over the a's When we sum over the i' we
are saying in effect that the detector ocounts all G-particles in
a certain direction regardless of which substate i' the residusl
nucleus is left in. If, perchance, more than one value of f’is
important in the Dreax-up process, we willl have to welght these
according to their importance. This weighting factor is £(f'),
All of this together 1is
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2
9

, VAL )
W(O)=3 | T 510 Jz: 9,00 F MYE (KT, MIT M5 £,m)Y ) (0,6
WL
which is the formula of Seed and Frenche I1f the y-ray distribu-
tion is desired, we ask for the population of the substates of
the excited state, J', and multiply them by the y~ray distribu~
tion funotions. Thus
WO~ | 50K, 015 MY K T, ML M5 L)X (o)
¥

3!‘\'"‘ '

also as in Seed and Frenah.

X
?

12. Radio-active Decay Correlations

Before the angular correlation formulae for this double
decay reaction are discussed, radio-active decay correlations
will be described. This case will be simpler because the
initial states are randomly orieanted,and therefore one can
choose any direction for the z axis. The problem ia not so
simple when the compound nucleus is formad with a non-unifomm
population of substates.

in a radio-active decay, the initial states are randomly
oriented, that is, the subststes are equslly populated. How
lat the state decay by the emission of a radiation leaving the
nuoleuns in an excitad state which decsys again by the emlssion
of a second radiation. The plan of attack is to choose certain
of the first radiations that leave the exclted state with a
certain population distribution. From this population distridu-

tion, one can determine the angular distribution of the second
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radiation. Iwo types of decay are important from the point of
view of our considerations, particle emission and y-ray emission.
i1f a randomly oriented group of nuclel emit particles, their
distribution will be isotropic. If the position of the partiole
deteotor detormines the z axis, the pravious arguments about the
incoming beams show that those particles which are emitted along
the 2z axis have Rz = 0 only. One can see this result from
another point of view, UNote the following properties of the
Y? 's, the distribution funotions, evaluated for particles amitted
alopg the z axis, ¢ = 0, or co8 @ = 1. The Yg 's are proportional

t0 the ?1 ‘s which are always unity &t 008 ¢ = 1(13).

for g?
with m# 0, one can ses from the definition of the Py that thay
are always zero when co0s ¢ = 1 (see Appendix II for definition).
Hore agaln we see that the partioles esitted along the z axis
have fz S 0s If y-rays are emitted along the 2 axis, they have
fz = 2 1 only. Knowing these properties, one can calaulate the
populatione of the substates of the excited state by use of the
Glevach-Gordan ccefficients. &rom this information the distribue

tion of the second radistion can be oaloulated. Tuis result is

the correlation funotion. Algedraioally it is

WED=Z [ M1 T X ol s T 5 R

4
whare ﬂl,, are the values for emission along ¢ = 0, and the Bgz 's
are the radiation funotions for the second radistion.
At this point an example would be useful. Let us calaulata

the correlation funation for the two y-rays of 0060. The deoay
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scheme 1s as follows‘ll):

60
60
i
-]

4+

14!
— 2+

72
— o"'

The y-rays are alectric quadrupole. Suppose the a* states are
randomly oriented. Its substates will be aqually populated.
Let each of these bresk up into a 2% state by emitting a
quadrupole y-raye OUne asks for the population of substates duwe
to the emission of a y-ray with projeotion +1 or -1 along the

% axis (corresponding to y-rays emitted in this dirveotion). To
find this information, one refers to the D2 x Dz table in
Appendix I. The 4, functions represent the initial exoited
state. Wae can let the Ué 's represent the excited state of

2*, and the V;"s represent the emission of the y-rays. The
Wﬁ state cannot emit a y~ray slong the z axis sinee it esnnot
give rise to a V1*1 term. The ﬁi can give a Vi and lesve tha
excited state in a 42 substate with a probability ot 1/2. The
Wi substate gives U% with a probability of 4/7. The WZ can emit
y-rays along the z axis with either 41 or ~1 projection. <+or
these cases, the emission leaves Uz with a probability of 1/14
and UJ with a probability of 3/7. Likewise the W leaves botn

U; and Uz.l with a probability of 8/35. Continuing oz, ¥4°1
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goes to US with a probabdility of 3/? and Up,~2 with a probability

of 1/143 W,~2

goes to Uz'l with a probability of 4/7; and %"5
goes to Uz"z with a probability of 1/2. Adding these, one obtains
the populations of the substates of the sxcited state shown in

Table 11. XHach of these states emits y-rays with a distribution

2able 11

Populations Due to the Smission of a Vg* or a V=) yuray
A AR R A AL A AR |

U? | 12 1/14 4f1
Ut afr 8/35 4/5
g, ° a7 3 6/
up"d 8/35 af? /5
U, "2 1/14 12 | ap

(Xa’m)z. Phus

Wlo) = 4/t (X, 1% 4 4f5 (X, )® 4 6/1 (X VF 4 afs (X, )P
+4f1 (% 503

{oonstant) x (1 + 1/8 cos®e + 1/24 cos%s),

a well known raault(u).

Consider ancther exampla more alosely related to the general
correlation functions of nuslear reaations. Suppose F¥¥ (1/2%)
1s bombarded with s~wave {({=0) protons to form a 1* state. Only
chaunel spin one will be important in the formation of the compound
nuclens. oSince s-wave protons form the state, the population of sub-
states will be maiform. let the state decay by emitting f-wave ({=3)

a-partlcoles to leave 016 in s 3~ state. let this in turn emit
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eleatric-octupole y-rays to leave 038 15 its O* ground atate.
Tne angular distrivutions of the «“=particles and y-rays will
be isotropic, but the angular correlation between the Ge-par-
tiocles and the y-rays will act De.

To atart the ocaloulation, assune a state of apin one that
breaks up into two states of total angular momentum three.
Therefore the relevant numbers sre obtained from the Dy x Dg
table of Clabsoh-Gordan coeffioients. Hext the direotion of
emission of the u~particles is chosen to be the 2 axis. Thus
only states VzY (if V represente the relstive angular momentum
states) are datected. looking at the table we see that the Wll
{W represents the states of the oompound nucleus in this example)
state decaya to a Ual (036 atate) with a probability of 3/14.

The Wlo astate does not give off G.particleas in the 3z direction
since tha (1, 0|3, 0; 3, 0) coefficient is sero. The Wy~d
state deoays to Ua"1 state with a probability of 3/14. There-
fora the population of 016 substates due to G-partioles emitted

along the z axis 1s as follows:

Substate +3 +& +1 0 -1 -3 -3

Population 0 0 3/14 0 3/14 4] 0.

Thus the correlation fwnction is simply proportionsl to (xa,*l)z'

or 2 4 6
We) = 1 + 111 co8®s - 306 cos*0 + 225 cose.
) .
Tnis distribution was measured by Arnuld{ls and Barnes, ¥ranch,

and Davons{14). $ince @ is the angle batween the 2 axls and the
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direotion of y~-ray emission, it is 8l1s0 the angle between the $two
detectors. &Experimentally one puts the pulses from sach detector
into a time-coincidencs oireuit that gives an output pulse only
when a corrasponding pair is detected. In other words, the y-ray
detector counts meny y-rays. The coinoldence deviae allows only
those oounts to be reglsterad that ocour in a small time interval
near the instant an d-particle is deteoted at ¢ = 0.

The simplificatlion of the last example waa the fact that
s-wave protons formed the compound nucleus. This gave a uniform
population (no prefered direction) to the compound nucleus. Then

rtiole can e ouosen as the

¥

Lo dirsstion of omission of the v-pa
%z direction. One could alsc have chosen the diraaction of emission
0f the y-ray as the % axis. Then the only y-rays detected ara
thoase from the U*l states of the 015‘. Under these conditions the
population of the relstive angular momentum substates (given the

subsequent emission of a y-ray along the z axis) 1s as follows:

Ne®C state Wyt Wla Wl’l Total
Substatos -3 0
of the
Helativa -2 5/28 5/28
Angular
Momentum -1 1/28 1/28
0 3/14 3/14 | 12/28
-1 1/28 1/28
-2 5/a8 5/28
-3 0 .
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The distribution « a-partioles is then

W) = 5/28 (%)% & 1/28 (1,102 4 22/28 (1,012 4 1/28 (75712
+ 8/28 (Y52)2

= (constant) x (1 + 111 cos®e - 305 aos¥e + 225 cosbe).
Since the population of substates of the compound nuclaus is
uniform., we have complete freedom of aholce of the 2 axis,.

13. Reaction Correlations

The more complioated oase arises if the compound nucleus 1a
not formed by s-wave partiacles. The problem can ba solved in tweo
ways. One ocan oslouwlate the substate population with the beanm
direction a8 the % axis and then transform this information %o
the new 2z axis, say the direction of one of the detectors. 4
simpler procedure is to ochoose the a axis initially in the direo-
tion of one of the detactors and transform the information about
the incoming beam of particles to this axis. Iet the baam direo-
tion be the Z axig and the direction of emission of particle one
be the z axis. With respact to the 4 axis, the beam is in sub~
state fz= 0. With respeat to the 2z axis, the population of sub-
states is different unless the two axes coincide. The Xz‘ 0
substste 1s described by the Y{ sphericsl harmomic. The follow-
ing expression found in Smythe‘15) is used t¢o transform to the

z axls:

£
0 - 1/2 m m
[ry@, °’]e,¢ s (an/2041)1/ ngy’ @ o)¥gle, #),
where @ is the angle between the axes. Thase waves will inter-
fore coherently with one another. Therefore the correlation

funotion 1s the same as the distribution funotion of particle
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two with two ochanges. Tha Rz 2 0 wave i1s replaced by the shove
Goherent summation, and the particle one is emitted along the
% axis (substate 0 for nucleons, #l1 for y~rays)s Then the Gey-

correlation takes the followiang form:

Wou 91 =3 |5 (s 217, MDY, (0,0KT ML TIM) X i (0.8
Wi g '
This equation assumes that the d~particle is emitted with rela-

2

tive angular momentum {' and that the ground state of tim resi-
dual nucleus bas spin zero. In genaral, this expression is a
tunction of @, e, and ¢. In some omses it is a funotion of e
only.

In Appendix 1V there are tabulated G-particle and y-ray
distributions for a target nucleus of spin 1/2 bombarded with
protona of relative angular momentum § to form a compound nucleus
with spin Je. If this state emits a~particles, the funotions ‘ﬁiao
give the angular distribution of a-particles that leave the reéi—
dual nucleus in a spin zero ground state. The funotions Wy give
the distribution of G-particles that leave the compound nucleus
with relative angular momentum {' end that leave the rasidual
nuclsus in an excited state of spinm J' which in tura decays by
the emission of za-polo y-rayss The funotionms ily give the
angular distribution of these y-rays. 4 particular set of funo-
tions is designated by the four number code {f, J, {', J'}.

The functions Way ars the d-y-correlation funotions. Unless
otherwise noted, they are funotions of &, ¢, sud ¢, but ocoasion~

ally they are avaluated for ® = m/2.
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14, lnformation from Channal Spia Data

Experimentally one measures an angular distribution, corre-
lation, or a set of them. ZFrom these data he may be able to
| determine the spins and paritias of the states involved and the
relative angular momenta. In addition, he may £ind the propor-
tions of the various channel spias competing to form the compound
nucleus. 2Zhe paper by frofessor ﬂhriat3‘53 treats this subjeot
in detail. However, since the information described thare is
important in interpreting the exparimental data to be discussed
later, a brief recownt will be given here for the sake of complete-
ness.

A8 we have already seen, the mixing ratio of channel spins
is signiflioant whemaver two or more channel spins are effective
in forming the compound nucleus. The guestion arisas about what
detarmines the ratio of the channal spins. Wa hava found that
the ratio determinss the population of substates in the compound
nucleus. These in turn are proportional to the square of the
magnituie of the wave fumctions, ¥*¥, of the states. Therefore
if wo hava a sufficiently detailed kaowledge 0f the wave functions,
the channel spin ratio is determined. If we specify some means
9f the nucleons iateracting with each other, we cam specify enough
information to determine the populations. For example, suppose we
specify 15 (Russell-Saunders) ocupling. Then we can write the
angular part of the wave functions in general, These will have
agqual populations of the substates. However whan we stipulate

that ounly tha zero substate of the relative angular momentum
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enters lnto the reactlon, spme of the terms drop out, and the
substates are not equally populated. ~#or each description of the
state there may be different populations and, consequantly, diffar-
ent values of the ohaunnal spin ratio. The same holds true of jj
coupling.

in Pable 111 we have tabulated the values of the ohanunel spin
ratio for a spin 1/3 particle bombarding a P1/z nucleus with rela-
tive angular momenta ¢f one, two and three units.

15 <Jhannel Spin in Particle Emission

Note that up to this point the only psrticles emitted have
pesn wwparticles. oince they are spin serp particles, thelr use
is a simplification. The more general case arises if thse emittad
particla doss not have spin zero. Howaver, this more ganeral
pase is well treated in the framework alreasdy developed. The
procedure is simply to go tarough the inverse of the formation
weing channel epin combinations, if necessary. One lats the
compound nucleus braaik up into the relative orbital angular
momentum and the  channel spins. Ona pesloulates the distribue
tion for each such ¢hsaunel spip end adds the results with arbi-
trary weight for each channel spin. 4 stuwwy of such reactions
can lead to assignments of ratios of them and, conseqguently, can

ba of use in determining more about the wave functions.
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Table 111
Halative 18 35 Value Value
=gggnnxum Dascription Deseription of A of x*
3 2, 0 0400
551 p1/2 1/2 0.33
2 o, 0 0. 00
%, d5/2 2/8 | 0,40
33‘2 6 U 86
3 Le, 0 0 00
B, £5/2 3/4 | 0.43
3, 21 /2 4/3 | o0.57
¥, 12 0.92
! )y 0 0
-1y, Wy | M| dzin
3(1+1), Mygaje | W34 | Se1/280
B1), L0e1)| $1/02n

* The quantity x is defined on page 35.
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111 HAPERLIENTAL APPLICATIVUN

1. Jesoription of Apparatus for y-ray 2istribution Experiments

One of the easlest types of distributions to measure is the
y-ray distribution. Therefore some equipment was constructed to
measwre them. ZHoughly thers were iwo large ivems, the target
chsmbar and the y-ray detector.

A full-sized drawing of the target chamber is shown in
Fig. 2. Zssentially 1t consists of a thin-walled brass oylinderx
fitted with an entramce tube for the inooming pasrticles, a guartz
plate for viewing the beam, a cold trap and place for msxing tar-
gets, and a set of bearings on which 10 rotate the y-ray detector.
The top of the oylinder was fitted with a lucite plate which
held the target and angular soale and which permitted viewing
of the inside of the oylinder. It was connected to a conven-
tional diffusion pump vaguum system through the entrance tube.
The whole assembly was mounted on & small metal table and insu-
lated from it with lucite. The imsulation permitted the whole
chanber to ba connected t0 tha ourrent integrator while bombard-
ing very thin foils. When using tnicker targets or baoking, the
chambar could bs grounded,and tha target was then insulated from
the chamber by the top plate.

The y-ray detector was & liguid phosphor scintillation
counter. Thne scintillator was a glass cylinder (4.5 om diameter x
9 om long) filled with a solution of about 1% terphenyl in xylenme.
One end of the cylinder was a quartz disk cemented to it to allow

passage of ultra-violet as well as viaibla light out of the



29

scintillator. The disk end of the cylinder was cemented with
Canada Balsam to a short piece of lucite. It was flat os one
end to sccommodate the guartz disk, and the other end was
maohined to fit the end of s BB1Y photemultiplier tube. This
side was cemented to the tube again with Canada Balsam. +ig. 3
Shows the assambly of the y-ray detector. #ige. 4 shows the
piece that holds the y-ray defector up to the target chamber.

The type of photomultiplier tube used is very sensitive to
magnetioc flelds. Therefore, to avoid the affect of stray fields,
the phototube was shielded first with a cylinder of "y metal,”
an iron designed especially for magnetic shielding purposes. Then
a 1/16" wall iron tube was placed over the tube and scintillator.
This second magnetlc shield was also used as the light shield for
the tube. Finally, a 3/16" wall iron tube was placed over the
second shield. Tests were made to insure that the counter was
insensitive to magnetic fields. <The results showed that as the
counter was moved to various angles np effect could be detected,
with an upper limit of error of about 0.1%.

The output of the photomultiplier tube was fed into a pre-
amplifier and then to & regular pulse amplifier having a rise
time of about 0.2 mioroseconds. The output of tha amplifier was
in turn fed into a discriminator that allowad only pulses over a
certain amplitude to pass through to the deocade scalers.

When the system was la operation, a certaln amount of
charge dus t0 the protons froam the 2-Mv eleotrostatic accelarator

were allowed to hit the target. The current integrator
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turnad off the scalers whsn & predetermined amount of charge had
bombarded tha target. Ancther scintillation counter was used as
a monitor. It was similar in construction to the first, except
that the sointillator was a 1/2" thick by 2" diameter terphenyl
orystale It had its separate power supply, amplifier and scalers.
It was kept at a fixed aungle. The pracedure was t0 maxe a group
of several runs, eaoch of the same amount of charge. The variable
angle counter was set at one of the particular angles Ifor each
run. <Then when the group was completed, the monitor counts were
cheoked to make sure they ware constant within statistlical error
befora 8 group of runs wuas deemed signifiocant.

2. 4Uorrections to the Data of y-ray Jistribution Experiments

If the monitor acounts were aonsistent, one was left with a
nunber of y-rays detected at the various angles. Jeveral correc-
tions had to be oconsidered before the data ocould be mmde to corres-
pond to what is ocaloulated in & theoretical distribution.

A. Background snd Absorption

First of all, there is a constant backgrowd of y-rays from
the X-rays produced in the generator. In addition, there are
sosmic rays that give spurious counts. That the nmmber of background
counts is proportional to ths time 1s & good approximation.
Therafore the tine of each yun is messured, and then the appro-
priate background error ls subtracted from the gross number of
count s.

As y-rays pass through material there is a certain prob-

ability that they will interact with ite It may be that as the
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y-rays pass from the target material to the y-ray detactor they
will traverse different amounts of material at the varioms angles.
In our experiments this 1s the case, and correction must be made
for this effect. In order to estimate the correction, onme puts
an isotropio source of y-rays at the target position and meas-
ures their angular distridution. Hatural sources of 0060 and
Th O" and the 935-kev resonance in F3¥(p,ay)0*® were used as the
isotropic sources. The measured angular distribution was nearly
isotropic, but at each angle a correction factor was caloulated.
When the datum of a particular angle was multiplied by the corrsc-
tion factor for that angle, the group of data gave an isotropic
distribution. In no ocase was the oorrection factor more than
four per ceat from wnity, and the varlations in the vorrection
factor oorresponded very well to the variations in the amount of
material the y-rays traversed. Whenaver an angular distribution
is measurad, the data are oorrected for background and then mul-
tiplied by the absorption correotion. The result is the angular
distribution yet uncorrected for the fact that the zolid angle
of the y-ray detector is finite.

B. S0lid Angle

in order to determine the effeot of the finite solid angle,
8 2 direotion is gpecified and a distribution with respect to
this direction, y{e] = 1 + a cos®e + b cos%e. This funotion
de8orives the way the rays are aotually distributed, and not

what the dateotor counts. This latter function will be W(§) =
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1+ a' oos® @+ v oasq' @ Tne problem is to find the
relationship batwean a', b', a, a0d b.

Next some aasumptions have to be mde about the y-ray
detector. It will be convenient to desoribe its responsa to
y-rays in terms of a sensitivity at a position {x, ¢) with re-
speat to its center which, according to the previous definition,
is located at an angle @ with respect to the z axis. Assume that
the counter is uniformly sensitive out to a radius d, and beyond
this 1t 1s insensitive. 4An experiment was performed tc chaock
the validity of this assumption by allowing y-rays collimated
into a slit Dy lead bricks to strike various parts of the detector.

The results were in good agreement.

gounter

g

If the center of the y-ray detector is B units away from
the target, the yield is

@)= j—L——z———MBf“d

sounter area

whare R' 1s the distance batween the target and the point

{ry § | on the counter. First note that
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2% 5 (R 00s @+ r 81n ® cos #)% & (B sin ®@ - r cos @ cos )2
+ % sin?f
= B® + *,
Furthermore,

cosfe = _\B cos @+ r 8in® cos ¢)?

B 4 12 .

It x = r/g,
j/“"mg,u f 2n( ® 1n @ cos ¢)%x d¢ d4x
‘ﬁ@):f + 8 J 0s @ + x 8in @ cos x
( g 0 1+ o 4 (1 + x%)2

g e ® ® oos ¢4
D {cos @ + % 510 @ o0s
' 0[]; (14 x°)% x dg dx.

1t & = (a/R)%,

W @) =nsf (1 bz 4 #/8) 4 a8 - #/5) 4 v
+ 0082 @ &l -~ 53/4 + 45%/3) + b(35/3 - 13 5/a)
+ 00s*® bl1- 35+ 41 58/8) .
R= 9 om for the equipment previously described, and d=2 1/4 cm.

Thua &= 1/16. Putting in these values,

e )= n/za{(o.s'io + 0.0158 + 0.008D) 4 {Q.9288 & 0.081b] x
cos® @ 4 0,881 cos? @},
or

a! = 0.9283 p 0.081b
0.970 % 0.0158 + 0.008D

ot = 0. 831b
0e970 & 040108 ¢+ 0.008D o



At this point one has to make an arbitrary decision about the
ares 0f comparison betwaen experiment and theory. Ons can
correct the data t0 fit the theory or one oan correat the theoxry
for the solid angle to f£it the data. In this thesis the latter
is done. The resson 1s that the experimental points can be
gompared with the theoretical curve more easily in this manner,
The procedure is to meke a least square error analysis of the
data at the various angles to obtain tho cooffiocients a' and b'e
Now these are compared with a and b in one manner or the other.
Howaver the deciding factor is that in presenting the data, one
frequently plots the experimental points with the theoretical
curve. This automatically implies that the a and b must be used
to evaluate &' and b’ in order to plot the theoretical curve.
Theref e the area of comparison is usually that with the data
not ocorreated for the solld angle.

#lge O shows an exauple of s0lld angle ocurrection. If one
calounlates the angular distribution of y-rays for the set of
assignments (2 2~ 1 2*)* one obtains

W(e) = (3 + 15 cos®e - 16 cose) + 6A(1 - 3 cosde + 4 aoste),

where A is defined on page 8. If this ls put into the form

* This notation is used to desoribe the units of angular momentum
involved in a reaction in which a proton (spin 1/2) bombards a
nucleus of spin 1/2 with relstive angular momentum { to form a
state of spin and parity J*. Thenf'is the relative angular momen-
tun of the U-particls the compound nucleus emits, leaving the
residual nualeus in an excited state J'* whioh decays by y-ray
emission to 8 0% ground state. This set of numbers is designated
by (£ 9*¢J'*)s It is Tt same a& the set On page 24 excapt that
the parities of the excited states are indicated.
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We) = 1+ a cos® & + b cosde,
and using as a parameter x = A/1+4 instead of A, the distribution

goefficlents a and b are

ax —2=llx . Dz ——i8440x
l+x 3(1 4 x)

These are plotted in Fig. 5§ as the dashed ourves. For esch value
0f x there 1s a pair of coefficients a' and b' that are correocted
for the solld angle of the detactor. 1The curves for a' and b' are
the solld ourves of Fig. 5.

3. Bxparimental Results from ths le(p.ﬂy)clz y-ray Distributions

The reaction N 3(p,ay)02 nas been studied by Scharat, Fowler,
and Iauritaen‘ 16). The 1;115 and proton come together to form a state
in 06 which emits an a-particle leaving the residual nucleus, 012,
in an axocited state which decays hy the amission of a 4.43-Mev
y~ray. They find that the reaction exhidbits strong resonances at
429, 898, and 1210-kev proton energy. Figs. 6 and 7 show the
angular distribution of y~-rsys from this reaotion at the 429 and
§98-kev resonances, reapectively. 4 titanimm disk 3/8" in diame
eter and 0.040" thick had one surface treated with nitrogen (31%
315) to make TiN, a very stable nitride. This target was bombarded
with protons from the 2-ilv electrostatic accelerator of the Kellogg
Radiation Laboratory. The points plottad are the measurad y-ray
yields correqted for baockground and absorption. The solid curve
in #ig. 6 (429-kev resonance) is tha theoratical ourve for the
assigament {2 2~ 1 2*) corrected for solid angle. The value of x

(see Pig. B) for this ocurve 1s x = 0.82 * 0.04. This value was
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obtained by caloulating the squares of the errors and choosing
the value of x that gives a minimume. The solid curve of fig. 7
is the same except that x = 0.58 * 0.03. The parity assignments
are based on uid having odd parity.

¥ig., 6 shows the angular distridbution of y-raye from the
1210-kev rasonance. The solid curve is for the assigmment
(2 3= 1 2*) and the dashed cwrve for (3 4% 2 2¥), 4s one can
sea, the theoretical ourves (corrected for solid angle) are
gquita close to0 esach pther, and one osnnot determine the spin and
parity of tha state in 016 involveds A caloulation of the least
square errors betweon the measured points and the theoretiosal
ourves daces not give significant results. .In order to resolve
the question, other techaiyues have t0 be brought into play.

4, JDescription of the Apparatus for u-particle Distributions

The next attempt to determine the proper assignment made use
of the 0 - 160° proton spectrometer of the Lellogg Radlation labora-
tory t0 measure the angular distribution of G-particles. 4 draw-
ing of the apparatus is saown in #ig 9. The target is phoed at
the center of the cirsle marked with an arrow. It was prepared by
evaporating £i0g {enriched to 61% 315) onto a plece of copper bagckw
ing materisle Then the amitted G-particles traveled around the
spectrometer and into & scintillation counter. Only particles of
a certain energy determined by the magnetic fleld ocurrent could
enter the counter. In this way the U-particles were sepasrated
from t‘ha protons for a large range of angles. The spectrometer

could be sat at varioms anglas with raspaot to the proton beam.
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At a particular angle both the protons and the G-particles can
be detected, depending upon the magnet current. 4 plot of the
nunver of particles the saintillation counter detects as a
funotion of the field currsent is Xnown as & profile.

A typloal protile is showm in Fig. 10. Thisz partioular one
ia that measured at a0° in the laboratory coordinate system at a
bombarding enargy of 900-kev. Tne rise at the left is due to the
alastiocally sosttered protons. The dotted curve A is an estimate
of the continuation of this curve and represents approximstely
the contribution of protons to the whole curve. Jurve B repre-
sents the contribution due to saveral other sources. Jrerhsps one
of the contributions is the reooil al® nuclei. JSome of tlese
counts may also be due to protons that are scattered inside the
speotrometer and find their way into the detector. Jurve B is an
ostimate of what the shape of this contridbution might be. Jurves
A and B show gualitatively what may ocour. vurve ¢ is astimsted
by extrapolating the left-hand rise to fit the part of the cwrve
marked . Thls curve 1s assumed to be guantitatively correct.
The pesk is due to the w-particles. Jwrve U represents the assumad
total background.

Wa can also understand the shape of the Geparticle part of
the profile. Che incident protons have an energy very olose to the
respnant energy. A4s they penetrate into the target material they
lcse energy, or they have an energy farther sway from the resonant
gnergy as they move deeper into the target. JThersfore they produce

{owar weparticles as they move despar into the target. OSince these
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deepar reactions have less proton energy and their d.particles
heve to traverse more material to get out of the target material,
they entor the spectrometer with less energy. 4Yherefore ons ex-
pacts the number of counts to deorease as the energy of the
spectrometer is deoreased. The front edge of the curve is not
exactly verticsl becausa tha spectrometer does not have infinite
resolution.

5. <Corrections for d.particle Listributions

There sre a few corrections that must be applied to the data
one obtains from the profiles. ~First, one must subtract the assum-
8d background. In Xig, 5 one can see that the number of counts
at the peak is 3.4 after the background has been subtracted. The
next oorrection arises from the fact that not all of the Gepar-
ticlea that leave the tsrget are doubly charged. Jome are singly
charged and very fow {at the energies we are concerned with) un~
charged. The ratio of singly to douwbly charged G-particles is
a function of energy. Therefore at esch angle one must oanloulate
the energy of the G-particles produced and multiply the number of
count s by the appropriate factor to astimate the total number of
G-particles produced. The curve used to determine the ratio was
prapared by Thomas(17)-

The Gwparticles are emitted from the compound nucleus with
velocities only an order of magnitude larger thsn the centar-of-
mass velooity. This fact means that the solid sngle of the spsc-

trometer appesrs in the center-of-mass coordinste system to vary
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with the angle of observation. 4lso the angle at whioh the spec-
trometer is set in the laboratory is not the same s&s it 1s in
the penter-of-mass system. The means of correcting for these
affects are standard‘ls).

The final correction involves the fact that the surface of
the target may not be perfeotly smoothe In order to see the
nature of the effect, simply consider a particle leaving the
target surfaca. Duppose now thay the particle 1s emitted at
nesarly a grazing angla. If the target surface ls lrregular,
that particle may hit some projection of material from the
surface and lose sufficient energy in traversing it that it is
nov detecieds From this quall tnse San 836
that such a gorrection will be important only for small angles.

We desire to astimate tnls effeot numerically.

In order to study the surface interference in more detail,
we introduce the concept of a "random surface." Suppose the aotuasl
surface were divided up into a very large number of small sur-
faaas of such a amall area that the average slope that ocan be
assigned to each one 1s not very much different from the actual
slope at any point of the small area. Uonsider the group of
these aversage slopes. It will have s sertain distribution of
glopes, 1.9., the numbar of small areas (if all of ayual area of
projection on the zero-aslope plane) with slops betwaen m and
m 4 om is proporsional to

g(m) om,
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where g{m) is the distridbution function. For a random surface,

gln) = (1/zn @2 oxp (- m2/a®),
where T° 15 the mean Bquare slope 0f the SuUrtace.

The next point to consider is the definition of scme angles
involved in the bombardment of the surface with protons. Suppose the
target is sot at an anglo ¢ with respeot to the proton beam as shown
in Fige 11. Then let the spactrometer be set at an angle ¢ as shown.

Thus 7 - 24 = e, the angle between incident and exit particles. In

target
normal
incident oxit
particles d—— 4 particles
target
1 surface
\\
N
N\
N\
N\
AY
Fige 11

all the sxperimental work to be reported. later this condition of the
target normal bisecting the angle betwaen inaident and axit particles
is always fulfillad, If the exit particles are produced on a part of
the surface that hss a slope grester than oot ¢, we assume they will
not be oounted since thay will have to pase through much target
material. The fraotion of the surface that has a slope greater than
oot ¢ is ©

::jg(m)dm.

oot ¢
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Noxt we note that not all of the surfaca producas particles
bacause the incldent particles do not bombard that part of the
surface that has a slope algebraically less than -cot ¢. The

fraction of tha surface that does not get bombardaed is

-00t o
/ g(m) dme

This quantity is equal to £ if g(m) is an even funotion. Thus only
4 = % of the surface gets bombarded, and then only 1 - 2% of the
surface emits particles that enter the spectrometer at full energy
since an additional £ of the surface does not permit the exit
particles to esoape at full enargy. IThus only

1=-2
of the particles produced get ocut. The correction factor is the
reaiprocal of this guantity. '

The only quantity to be determined is m. It can be determined
sither by axperiment or perhaps by some estimates. In the present
Work soma reasonable estimate was made on the basis of the faot that
the targets ware evaporated. This estimate was very rough, but a
result of m = tan™! 10° was obtained. That this estimate 1is sate
isfactory was determined experimentally and will be disoussed later.

For the actual corrections used, g(m) was the "random surface”
gaussian distribution of width 2m as in the formmla on the top of
page 40. Jome work was done using other distridutions. There was
not much difference (less than 0.1 in f) from the gaussian and a

uniform distribution of f£ull width 3@/2 or an isosceles triangle

distribution with a bass of width 4m.



42

In table IV values of the correction factor are givenm for

various values of m and ¢ assuming g{m) 1s the gaussian.

Zable IV

clab d tan”™ 1 m

2.59| 5.0°9 7.59010.09|12.5915.09]17.5° |20.0°

59 | 87.5° || 1.233|1.762|2.438|3.025(3.665 |4¢.406[4.964 |5.708
10° |85.0° || 1.025(1.238/1.520|1.830|2,145 |2.484|2.773 |3. 132
150 | 82.50 (| 1,001[1.073/1.283|1.416|1.606 |1.830(2.034 |2.275
209 | 80.0° || 1000/2.023/1.113(1.283|1.377 [1.520]1.679 |1.859
250 77,50 1«0001 10 0058210512613 (10233 [10342(1.456 |1.582
300 [ 75.0° || 1.000[2.001]14022|14078|1.146 [1.233(1.328 |1.423
359 | 72,6° || 1.000{1.000]|1.009[1.040]|14 092 |1.166]1.233 |1.812
409 70,060 100014000 | 1008102110056 |14205]1¢167 |1.233

4t this point the information praesented thus far about surface
corrections should be integrated into the general problem. This
larger problem has roughly three phases, depending upon the ratic
of particle panatration into the surfaoe to what might ba called &
oharaoteristic length of the surface. %The latter quantity is on
the order of magnitude of the length batween paaks or valleys of
the surface. If the peneiration is muoh greater than the oharacter-
istic length, no correction is needed. If thay are of the same
order of magnitude, the present corrections suffice. 1f the gharao-
taristic length of the surface is large compared to the penetration,
a quite different type of corraction must be used. It is based on
the variation of 01 and &, in the formulae of Brown, Snyder, Fowler,
and Lauritaen‘la).

in order to test the acouracy of these tachniques, the angular
disiribution of short-range w-particles was measursd at the 8986-kev

resonance. The assigoments of spins and parities are at least



tentatively known from the y~ray distribut ion at this resonsnoe.

The measured points corracted for the various effects just mentioned
are plotted in fig. 12. The solld curve 1s the theoretical curve
for x = 0.60. 1% is proportional to 7 -~ 6 cosza. The points shown
are oorrectad for surface roughness by using & value for m of

tan=! 10° in accordance with our previous estimate. Singe the
points are in good agreement with the theoretical ourve, this evi-
dence 1s taken as coufirming the value of T as & Teasonavle one.

The whole procedure indicates that measurements of this sort are

reliable and that the assiguszents for the 898.kev resonance are

6. Results at the 1210-kev Resonance of Hls(p,aylclz

Next measurements were made at the 1210-kev resonance to try
to datermine the spin and parity of the state in 016. The possible
assignments are 3~ or 4t as previously considered in the y-ray
experiment. It turns out that 5 is also a possible candidate,
although tha corresponding y-ray curve does not fit the data quite
as woll as the other two. The theoretiocal ourves for the various
assignments are shown in fig. 13. The s0lid curve is for (2 3~ 1 2+);
the long dashed osurve for (3 4% 2 2%); and the short dashed curve for
{4 5™ & 2*). The measured points are correoted as before and plottad
in Fig. 18. The only aonclusion that can be drawn is that the state
is net 3.

In order to resolve the question, another y-ray distribution
was messured. 7Zhis time the distribution was messured only over a

snall renge of angles near ¢ = 90° The target was set at 30° with
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respact $0 the proton beam ae shown below 80 that the y-rays measured
40 not pass through any of the target material. In this way absorp-

tion scorrection is a minimum. At each point a large number of aounts

range of
angles
y
incoming
particles 90°
> A
~>_target

wag taken in order to minimize statistical errors. The magnitude of
thasa arrors 1s desoribed by the size of the ciroles in Fige. 14. The
actual readings correocted for background are the cantars of the
oircles. The theoretical curves corrected for solid sngle are plotted
using the same designations as in #ige. 13. From these data we con-

alude that the state is 4™,

IV AMBIGUITY IN SPIN AND PARITY ASOIGHAENTS

1. Two Types of Hesonances

It would be of interest to investigate the limits one can put on
the assignments that have bean mads on the basis of the massured dlse
tributions. In other words, up to this point agreemsnt has been
found with a ocartain sat of sssiguments. The gquestion under oonsider-
ation 1s whathar disagreement can be found with a large class of othex
assignments s0 some statements oan be made about the ambiguity of an

assignment.
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it is convenlent to divide all tha possible assigaments into
two groups, depending on whather or not the 0168 state can emit long-
range G-particles leaving the 012 in ita ground state. Aotually two
reactions oan occur, depending on the bombarding proton emargy. In

ona, ths process can be ths Hl5(p,ay)6‘13 reaction,

»
§id , p—-v—(()ls) > a4 012
g2 4 4,

In some osses tha U-particle pan lasve tha 012 in its ground statae,

N5 , P —»‘015) - G % 312-

™his is tha letp,alcm reaction. Unly ocartain excited states of
016 can exhibit this type of deoay. The products of the decay are
an a-partiols (0°), the o2 in its ground state (C%), and the rels-
tive angular momentume Therefore the excited state must have s

spin and parity that corresponds to the relative angular momentum.
Since the parity of the Y? 's that describe the relative angular
momentun have parity (-J.)2 + the excited states that givwe off long-
ranges G-particles must have parity (nl)J where J ig 1te spin. If
the parity is (=1)Y+1, the state osnnot give off long-range G-
partiolas. This type of division is very useful, for if a cartain
level is Xnown to give off loang-range “-particles, half of the
possibilities for the excited state are excluded. On the other hand,
if no long-range G-particles are observed, nothing ocan be said unless
more is known aboﬁt the assignments. However the cases in which long-
range Y-particles can be emitted, and are not, are rare because the

enargles of the dacays favor long-range G-particle emissiom. Zhus
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it will be convenient to assume that ¥ none are observed the level
involved is one that does not permit them. However the validity‘of
this asaumption must be checxed in the light of the additional infor-
mation obtained from the measurements of the angular distributions.

In the work of Bohardt, fowler and Lauritsan(le) no long-range
G~particles were observed at the 429 and the 8§98-kev resonancas.
Therefore the assumption is that thesa are of the type with parity
(-I)J*l; The 1210-kev resonance, however, dces give long~range
Geparticles. Thus 1t is of the type with parity (-1)Y,

A further distination results from the formation of the compound
nuclaus, I1f the state has parity (-1}J, only channel spin one enters
into the formation and there is no arbitrary constant in the dis-
tributions. The distributions are complaetely determined by the spins
and relative angulsr momenta. Lo see that this ls the case, consider
formation of a compound nucleus with chennel spin zero. In this case
{=J (using tha notation of the footnote on page 34). The parity of
the le and proton combination is odde <he parity of the relative
angular momentum is (-1)% . Thus the state formed has parity (-2)943,
or it is a state that does not give long-range G~particles. If only
ohennel spin one eunters, and If only the lowest posaible value of {
is important in the formation of the compound nucleus, J =f +l. The
parity is (=1+2 or {-1)Y, a state that dces give 0ff lODg-TAngs e
particles. |

2. 1210-kev Rasonance

How let ue consider tho possible ambiguity of the (3 4+ 2 2%)

assigazent of the 1210-kev resonanca. In order to do this, one must
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£now the angular distributions of the y-rays for other possible
agslgnments. <irst of all, half of the assignments sre eliminated
because the state is xnown to give 0ff long-range u~particles. 4&or
the saze reason thera will be no arbitrary coefficiaents in the
distributions. Hext one assumes that only the lowast value of R

is important in the reactlion. Flnally assume that Fflg. 8 repre-
sents a "quadrupole” distribution, that is, it contains terms
including cosga but no higher power terms. I1f one considers cases

in whioch the spin of the 016 state ls up to but not always include
ing six and in which the spin of the Clz exclted state is up to

and including four, wa can caloulate & table of angular distridu-
tions of tha y-rays. Then one could plot =ach of these and compare
it with the measured points and perhspe draw some conclusions about
the smoiguity. There is a simpler way to accoamplish the same resulte.
Kemember that the data can be anslysed to give the two coafficiants,
a' and b', of the distribution #W(e) = 1 + a* aoszo + b! 0084Oc Thase
numbers a' and b' can be compared with the corresponding a' and b’

of the theoretical distributions. A convenient way to do this is

on a graph., #£ig. 15 shows the coefficients & and b of the distribu-
tions mentioned earlier in this paragraph. The abscissa of a point
i1s the coaefficient a; the ordinate, b. The results of this experi-
ment show that the measured distribution is mear (3 4% z 2%j. look-
ing in this reglon of the graph one osn sas that the state in Glz

i1s definitely 2*, The previous work indioates which is the correct

]
assigament for the 01 state, namely, 4*. Yhis graph then shows
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that, provided the assumptions are correct, the state in 015 {13e 24~
Mev) is 4% or greater than 5 and thet the state in 0% (4.42-iev) 1s
2% or greater than 4.

3¢ 429 and 698«ikev Resonances

Fige 16 shows a similar plot for the sngular distributions of
y-rays for the states that do not give off long-range G-particles.

Thase ststes have both ohannel spins zaro snd one forming the
compound nucleus. Therefore they have an arbitrary coafficient in
the distribution funotion. As a result any partioular assignment
appesrs as a line. 7Tha choice of the arbitrary scafficiant dater
mines a peint on the line. The heavy line running diagonally along
the lowar left region of tha graph represents a boundary line far
distributions that have portions with W(e) less than zerc. If &
Point were below this line, the distribution funation would predict
a negative number of y-rays being emitted st some range of angles.
Singe this doas not correspond to reality, distributions bvelow this
line are excluded. The line has tha equatien

a+b+1=0
up to the point (-2, +l1). Beyond thie point it has the form
4b - &% = 0.
A similar line 8150 appears in Fige. 12.

Tha lines on tha graph represent quadrupole patterans. some of
the airocles indicate the imterseotion of two lines. For exsmpls, the
{3 8% 2 &%) line ends at about (-0s4y 0.6); the (8 %~ 2 &™) llme con-
tinues on from this point. The oirole marks the point of change.

Another type of distribution is also plotted on the graph. Thaese are
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oatupole distridbutions (containing cosbe terms) thst have the value
0f X 80 chosen that it reduces to a guadrupole distribution. An
example is the (4 4™ 2 3) oircle near (1, 0).

The point {~3, 4} 1s the intersection of the (2 2~ 0 27) and
the (2 2~ 1 23*) distributions. Along the (2 2~ 1 2*) line there
are small oross lines that indicate various values of x. At (-3, 4)
tha value 0of x is l.0¢ The first oross line is x 5 0.9; the second,
0e8; atc. The valuas measured were 0.82 * 0.04 at 428~kev and 0.58
% 0.03 at 898~kav. The next consideration is the region of uncertainty.
i1t 18 not a cirale, but ratner an 9llipsae wWith 1ts major axis having a
slopa of -1 and a ratio of major axis to minor axis of between five and
ten, depending upon the data, Note that the points were takem every
ten degrees in the angle e. This fact means that with respect to
oosao. more points were taken at the emis of the range than at the
middls. Therefore the region of ungertainty is not a gircle, but =
flat ellipse. It lies nearly along the line for the (2 2~ 1 2%)
assignment. At the point x = 0.58 the region is such that the mess-
ured distribution cannot be any other than the (2 27 1 2%). This
result shows that the 898-kev resonance excites a lavel in 016
(12.95-Mev) that 1s 2™ or greater than five. Here again the G1%
level is 2% or greater than four, indepandent of the result at the
1210-kav resonance.

The case for the 429-kev resonance is not gquite so clear. KNear
X = 0,82 it 1is slightly probsble that the measured value may overlap
into the region of the {2 2~ 0 2=) line. In any case tha spin of

the 016 1avel {12.61-ilev) is 2= or greater than five.
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4. Channel Spin ieasurements

In Table 111 on page 27 thers are the rasults of some ocaloula-
tions of the channel spin ratio based upon some definite nuclear
models assumiug the §¥*% 4z in a Pi/2 atate. The 429 and the 896~
kav resonances have two wnits of relatlve angular momentum for the
inooming protons. The measured values of the coefficient x are
Q.82 and 0.58, respectively. These corraespond best to the theoret-
ical values of 0.86 and 0.60, respectively. The 896-xev distribu-
tion can be fit bast by a value of x that agrees with either of the
models; however the 429-kKev distribution seems to agree only with
tha 18 model. The reader is referred to the paper by Professor

Ghristyw) for more data on this polnt.
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Spherical Harmonics and their Squares

APPENDIX II
Part I Definition

Spherical harmonics, Y, are defined in Schiz2'18) as go110ms:

F2f+1 (£ |mps) /2
Y (a.;ﬂ = 4:; (1 ,EH Ijmko) olng,

{19}

Piz) & (-1)® (1 - za)”‘/?‘ um P, (x]

where

and( 20)

Part 11 Table of Spherical Harmonics and their Sguares

= (am)~3/2 (7912 = (4n)~2
!g = (3/813)1/2 (2)1/2 oos @ lYgla = (3/6m) 2 cos®e
Yzla (3/%)1/2 sin @ oﬂ# _ lqllzg {3/en) (1 - qoszo)

10 = (5/32m) 22 (2)*/2 (3 cose - 1)
Y$1= (5/52“)1/2 (12)1/2 sin ¢ cos @ o> 1f

12 (5/52m) 2 (3)3/2 s1ne 214
IYQP = (B5/32r) 2(1-6 cosPe +9 0054_01
1.2
(41" =

[ 1522 = (5/32m) 3(1-2 cos®e + coss)

(5/32nl 12( ocos?e -~ cosde)



o7

1/2 2(5¢08% ~ 3) cos @

0 = (7/64m)
Ygl = (7/%4n)1/2 (3)3/2 (5 cosRe -1) sin o g‘i#
Y2 = (7 oam) 2 (30)3/2 sin% cos o a*21F

T30 = (7/64m) 2 (5)1/2 s1nPs o¥31¢

l a

Yglz = (7/64r) 4 9 0os% - 30 cos¥s + 25 cos®e)

25 c0s%e)

!§‘|2= (7/64m) 3(1 - 11 sos®e + 35 cose

Y;3|3; (7/64r) 30( cos®e - 2 coste +  cose)

Ygzlaz (7/6am) 5(1 - 3 cos2e + 3 oosle - c0s%e)
10 = (9/522m)2/2 (2)2/2 (35 cos?e - 30 cos?e + 3)

Tl= (9/612m)1/2 (40)1/2 (7 cosBe - 3) sin e cos o otid
22 3 (9/512m)1/2 (20112 (7 qodPe - 1) sine o 21

123 = {‘5!/51:%):"/2 (280)1/2 8in%s cos @ e‘ai# |

it - (9/612m1 12 (35)1/2 aigte o¥41F

2 _ (9/s12m) 2(8 - 180 cos®e +1110 cos*e -2100 cosbe
+1225 cosSe)

2 2 (9/512m) 40l9 cos®e - Bl cos%e + 91 cosbe -49 soete)

SO

£

2 . (9/512m) 20(1' - 16 cos®o + 78 cose - 112 eosfe

+ 49 cosBe)

Iy
N
i

2 6

&

9 - cossei

(9/512m) 280(cosR9 ~ 3 coste + 3 cos

B &

»

4I2 = (9/612m) 35(1 - 4 cos%e + 6 coste - 4 cos%e + coste)
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1/2 2

Y0 = (11/1024n)*/% 2(63 coss - 70 cos® + 15) cos e

b

Ygl = (11/1024n)1/2 (50,1/2 (21 cos®e - 14 cos®e+l)sin e o*if
e o (11/1024m)3/2 (840)1/2 (3008%6 ~1)c0s o sine o 21F

Y:5 = (11/doa4n)1/2 (35)1/2 (9c0s%e = 1) sine 9#31¢

Yg4 = (11/1024n)1/% (630)2/2 cos o sinte o¥41¥

Yo = (12/2024m) 12 (63)1/2 5100 o514

]Yg |3 = (11/1024r)  4(226 cos%e -2100 cos%e 46790 cosbe
-8620 cosBe + 3969 cos10s)

fgl 2 =z (11/1024m) 30(1 -29 cos®e +226 coste -826 sosbe
410292 c0s% -441 00810s)

Yga 2w {11/1024m) 840{cos%e -8 cos®s +22 00sbe -24 c0s% +900810)

Yga 2 & (11/1024m) 35(1 -21 cos®e + 138 cose - 295 cosbe

+261 cos®e - 81 coslls)

!§4 2 2 (11/1024n1) 630(c0s%e -4 cos¥e 46 cosbe -4 cos8e + cosle)

¥s2|% = (11/1024n) 63(1 -5 cos%e 410 cos®s ~10 cosbo +5 cos®e

- cos3%)
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APPENDIX 111
y-Ray Radiation Functiona and their Squares
The vector desaribing the electric and msgnatic fields are

given‘zz) in terms of veoctor spherioa) harmonios,

- _-1T xv™e, )
x,?,m(o' # = Rlg-113/2 -

Yectors are designated by the bar. #For elactric multipola tranw

sitions tho magnetic vootor of tha radliatiom is aqual to this
vector times a function of the radius. For magnetic multipole
transitions the electric vector of the radiation is equal to
this vactor times a funation of the radins. Tha veators are
calounlated assuming ;. ;, and7 are unit veotors in their
respactive di_reot;ona. The square of the magnitude of ix.m

is zx'mo

X =0
0,0 =
Zo’o-. o

(3/167!)1/2 (2)1/2 1d sin ¢ Z1 0% (3/16m)2(1-c0s%6)

H

Xl’o

3{'1.¢1 :(3/16ﬂ)1/2 (¢ & i¢ aos qle*i’{ 4Lons (8/16m} (lecos®s)

(5/16")1/2 (6)3/2 1d cos e sin e

Xs,0

X

2,41 7 ;(5/16?!)1/2 (¢ cos e + 17 Eoosze -1] ) etw

x21¢

zg,gg = =l=(5/16ﬂ)]'/2 (e sin o 4 i sin @ oos o) o

Zy o = (5/16mig6l cos®e - coss)

Zy a1 = (5/36m) (1 -3 cos®e +4 coste)

Zy .z = (5/167) (1 - cos%e)
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b
H

- 3(7 /256m) 12 (100272 (3 2s1a

of

™

"

v
4

o

-

*

w
n

2

N
L1

{(7/256m) 12(1 ~ 11 ces

25 _p = (7/256m) 10(1 - 3 oos®

(7/286m) 15(1 - cosle -

(7/286m) (1 +111 cos”e ~305 cos

(7/z56m) /2 (12122 1§ (5 cos®e -1) sin e

= =F(7/256n)1/2 (:fp cos?e -1] ti?[ls cos%e -11] cos o)aﬂ’{

® 008 & % i?@ cos%e -1 sin o}
- g¥21

#(7/256“)1/2 (15}1/2 (o sine & 17 sin%e cos o) ot31¢

% + 35 cos?e - 25 cosbe)

40 +225 cosse)

e + 11 cos?e - 9 cosb)

coste + 00869}

= (9/256!1}1/2 (20)1/2 1¢ (7 gos®e - 3) cos e sin @

§4’t1 = ;(9/25617)1/2 (:['? cosce -&’3 cos @ 2 17 [28 coste -27 cos?e
+ 8])e*1¢ |

SE4?;::?. = *(9/25&!)1/2 (2)1/2’(;{7,00520 -1 sin o & 1?[14 00s%e -§

%(9/266m) 1% (7)3/2(55 [ose

£

-
W
(4]
1]

Xy, %4 = (9/256m) 1/ (14)1/2(3\'3an4
h

cos o) ox21¢

-'-1] 608 @ % 17&3 coste -5 cose
+1])e*51¢

-1 sin ¢ & 1f feos®e -1} cos o
sin ole
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e
1]

4.0 (9/256m) 20(9 a0s%e -51 cos?e 491 cosbe - 49 00s%)
.

6

(9/256m) (9 - 153 cos®e +885 cos%e -1463 cosbe 4764 c0s%)

44,21

24 3o = (9/256m) 2(1 449 00829 ~-225 cos%e +371 cosbe -196 00sSs)

’

Z = (9/256r) 7 (1 - cos®e +15 coste -31 c0s% + 16 cos8e)
4,43

124,¢4 = (9/256n).14(1 -2 00826 +2 cos® - cos%)

5,0 = (11/2048m) /2 (60172 1¢[21 cose -14 c0s?e 1]

g,41 = Fl11/2008m)3/2 (2)2/3(3 121 coso - 1400s®e 41| £19 [L05 aose
~126 cose + 29]003 c) etid

Xg,az = 7(11/2008m) 12 (56)1/2(25[3 cosPe -1)eos o * 1715 coate
-12 cose +1])sin o o¥2lf

X5, 15 = # 11/2046m) 1/2 (21)3/2(5[9 cos?e -1)% 1g[15 cos®e ~7] cos o)
sin®e e=31¢

25',4 = =\=(11,/'23()‘&8!'7)1/2 (42)1/2(4; cos @ % f;{5 coaze -l}) 8in®e 9*41¢

Es,:s = 7(11/2086m) /2 (105)1/2 (3 £ 14 cos o) sinte o*5F

8

(11/2048m) 60 (1 -29 cos’e 4226 coste -826 cosbe 41029 cos®e

Z -
5,07
10 o

~441 008

Zg 4 = (11/2046m) 2 (1 4 813 cos2e ~7070 cos*e 421378 cos’e
]

26019 cos®e 411025 cos'C)

' 8
s ® (11/2046n) 56(1 - 21 cos2e +170 cos?e -474 cosbe 4549 cos'e

A}

25'

-225 c0s1%)
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Zg .5 = (11/2048m) 21(1 429 cosPe -190 cos?s +514 cosbe -579 cose
]

+225 00830%)
Zg 44 = (11/2048m) 42(1 43 cos@e +10 cose -58 cosbe +69 cos®e

-25 cos2%)

6

Zg,x5 = (11/2046m) 105(1 -3 cos®e +2 60s%e 42 008°s -3 cosfe + c0s0s)
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APPENDIL IV
Tables of Angular bistributions and Correlations

An assignment 1s'designated by four numbers acéording to the
definition of page 34. The distribution of long-range G-partiocles
is degsignated by G50 of the short-range G-particles by d, of the
y-rays by y, and of-the gorrelation of the short-range “-particles
and the y-rays by ¢y, The coordinates are the same as those de-

fined in the introdustion (pp. 1 - 3).

oc1l y 1
ey 1
o 1

Gy 1= sos?e
o022 ¥y 1
G 1
« 1

ay oo0s - coste

0033 vy 1
% 1
o 1

2 4 6

9 +35 cos”e ~ 25 cos” e

oy 1~ 11 cos

o 1

8

69 ~ 49 cos-e

ay 9 cosze -~ 51 aoa4b + 91 cos



0055

0101

0111

0112

0122

0123

114

1 -29 cos@e +226 ooste -826 cosbe +1029 cosPe -441 cos

+ G088

+ 0087@

4

1 -3 coszo +4 c0579

1
1

B +6 008 +5 60 ste

lQ°



0133

0134

0144

01456

0155

1011

115

+111 cosze ~305 coste +225 cosﬁa

et

=

2 4

® +39 coave =7 ooase

@0

=3 008

2

9 =153 cos"o 4655 cose -1463 coseo +784 cosao

1
1

13 444 cos2e -710 cos e +364 cosbe -147 cosSe

1
1
1

1 +813 co8% ~7070 ocos’e +21378 cosbe -26019 cosbe 411025
. 005109



022

1033

1044

1055

1101

1111

116

1
1
1

co 820 - GO 549

1
1
1

1-11 eoszo +35 cos4o -28 cosso

9 ooszo ~51 cos"‘o +91 coséo -49 eosaa

1
1
1
1 -29 gos®e 4226 co fte -826 coebe +1029 cosbe -441 c0s 10

2

(1+ 008%%) + 2A(1 - cos®e)

(1 - cos%ae) + 2A cos%e
1

(1424 + (1-28){ein® sin o cos ¢ + cos Deos )2

{3 - cos%e) + 24(2 A cos“e)
(1 -~ cos®e) + 24 cos®s
(1 + cos®e) + 24(1 -~ coa®e)

0052 ® (1 + cos®) + sin? @{(ccs‘?'o cos?d + sin®)
+ 2A(cos®e sind 4 ooszd)}
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1112 y (3 - cos®) + 24 (1 4 cos®e)

(1 - cos®e) + 24 (cose)

¢ (7 - cose) + 24 (3 + cosZa)

ay e0s® @ (1 -3 cos®e +4 coste) + sin? @{(coszd +24 sin®y)

x{1 -4 oos?e 44 cos%s) &+ cos@elsin®g (2 coszﬂ}

1122 v (7 + 3 cos®) 4 24 (5 -3 cos®e)

a (1 - cos®) + 24 cos®e

& (14 cos®e) + 24 (1 ~ cos®e)

ay (1 -3 cos® +4 cos%e) + (24 - 1) sinf @ {(l -4 cos®e +4 cose)

xsin®y 4+ cos2e coszﬁ}

1123 y (23~ 9 cos®) + 24 {7 + 9 0c0s%8)

b

a {1 « cosRe) + 24 cos®e

a (5 - cos®e) + 24 (2 + cos®e)

1133y (13 + 9 cos®) + 24 (11 ~ 2 cos?s)
o (1 - cos®e) + 24 cosle

G (1 + cos®) + 24 (1 - cos®e)

1202 'y 14+ cos%s
.“o 14+ 3 cose
@ l

1211 y 47 - 21 cos®e
| 143 a0 5%

a 13 ¢+ 21 cos%e



1221

2202

2218

2213

223

®=

n/2

118

7 + 3 ooszo
1+ 3 oos%e

7 - 5 cos™e

9 + 5 cos®e ay (cos®¢ + cos®e ~cosiyg sos%)
1 4 3 cos®e 10082 @ (1 -a0s®¢ 4008°¢ oose)

2

1+ 8058”6

2

{1 -3 cos®o +4 ocoste) +6A (1 - cosza) cos e

6(1 - cos®e) cos®e +A {1 -6 cosze +9 coss)

(& 415 cose -16 coa4o) +64 {1 =3 cosRe +4 30540)

2o +A (1 -6 005 49 00549}

6(1 - cos®e) cos

{5 ~ 3 cos®e) +64 (1 - 008%)

4{-4 00s?d +3)cos?d aoste 4132 cos?d ~27)008%¢ cos?e
+{~16 cos4¢ +15 cos®g +1) +6A{4(0052¢ -1)oos®¢ cose

+(~8 costy 18 cos®y ~1)cos®e +(4 cos?g -4 cos®d +1)}

2(9 412 cos®e -5 cos%e) 4+34(5 46 cos®e 45 cosie)
6{1 - 008%0) cos®e +A (1 -6 cos®e +9 coste)

(34 + 16 cos®e} +94(1 - c08%0)

2

2(8 ~3 cos?e 45 cos¥o) +4 (13 418 cos®e -15 co ste)

8(1 - c0s%6) 00526 A (1 -6 aose +9 oos%o)

2 2

8{2 -3 cos“e +3 cos%o) +34 (5 -2 cos®e +3 cosle)



2224

2234

2303

2312

2313

2314

23223

s 8

119

2(8 +15 c0s%e =9 00349) +3A(6 +2 cose +9 cos?e)

2

6{1 = coszo)cos e-+A(1 -6 o089 +9 coste)

2{15 +6 cos®e -cos?e) +34(9 +6008%0 + cos%e)

{125 ~-147 208%0 +180 cos%e) +6A(14 +41 co0s%e -45 cos*e)
6(1 - 00s2e)c0a%s yA(1 -6 cos®e 49 coste)

{3 -3 008%e 42 00540) +34(1 ~ aoaa)
5 ~6 coazo +b oos‘o

4 4

1 -2 cos™s 45 cos”e

1

27 478 cos®e -55 cos%e
1 -2 cos%e +5 coste

23 436 cosze

33 442 cos?e +5 sos%e

2

1 -2 cos™e 458 coste

10 -9 cos®e

5 42 008%6 49 cos%e

2 4

1l -2 00”0 45 cos"e

2 % cosze

2

31 -42 cos%e +56 cosde

>

]l =2 cos™e 45 cos%e

35 +162 coazc «1656 00846



23R4

3202

3212

3213

3303

3312

3313

120

X = cose
79 4+126x -45x°
1 -2% +5x°

21 -6x% -11x®

1 +6x% -5x~

1 -2x 4bx°
1

3 -3% 4+5x°
1 -2x 45%°

7 -6x

81 +102x +25x°

1 «2% +5x3
31 +12x

(1 4111z -305x~ 4225x5) 4124(1 -1lx 43563% -26x°)
21{1 ~11x 43522 -252°) 414A(13x -60x° 450x%)

1

(9 4+12x -5x2) +6A(1 46x ~5x7)
21(1 -11x +35x2 -25x%) 4$14A(13x -60x° +50x3)

(7 +9x) +64(1 +2x)

(123 -831x +2765x2 -2025z°) +12A(1 +11lx ~305x2 4+225x°)
21(1 -11x +35%° -25x3) 4+14A{13x -60x° $50x°)

(13 ~9x) +aA(1 -x)



3314

3322

3422

3432

4422

4432

4532

4542

5422

Y

Y

-]

~

121

x = 00829

3(11 417x ~3x2 4+7x3) $44(9 ~9x 439x° ~7x%)
(8 ~3x 45%%) 424(5 ~12x +15x%)
21(1 -11x +35x% ~25x%) +144({18x -60x° +50x°)
(13 +18x -15x%) +64(1 +14x +16x%)
(96 {x -l}z{oosq’d - cos2¢l+ f-x2 -24x +28)
-»124( {1 —cosad} {21 -1}2 +x coseg) @ =mn/2

112 4285x -195x°
9 445x ~165xF 4175x°
229 -30x +585xF

79 -129x +156x>
9 445x ~165x% +175x°

29 -69x 4367%% ~315x°

5(8 +15x -9x%) +24(17 +60x ~45x%)

2(9x -51x® 481x% -49x%) 4A(9 -18x +1110x® —2100x® +1225x%)

{9-82x +45%°) +4A(25 -82x +153x%)

{125 -147x +180x2) 4204(7 -15x +16x%)

2(9x ~51x2 4+81x% -49x%}) +4(9 -18x +1110x2 -2100x° 4+1226x%)
3(91 4301x -315x° 4147x%) +840A(5 -35x 4277x% ~105x%)

1327 +2868x -1947x%

741 4573x -1929x° 43751x°

129 ~-210x +245x2

11 +30x -21x°



5532

5542

5642

y

122

2(30 +57x -35%%) $54(11 +50x ~-21x~) x = cos®
B(3 ~29x +266x% -826x° +1029x% -441x5)
+7A(65% -600x° +1940x® -2520x* +1134x5)

(147 -9x +57x° +317x%) +24A(5 +18x -45x° 4+55x°)

2(21 -30x +35x°) +1BA(3 -6x 47x%)

5(3 -29x 426632 -826x° 41029x% ~441xP)
+7A(65x -600x2 +1940x°® -2520x% +1134x)

{225 -972x -2330x° -8316x° +3969x%)

~154{9 +180x ~1634x% +2268x% -1323x%)

723 +1491x ~952x7

10756 4756x +53296x° -144366x° +138915x*



