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ABSTRACT

The purpose of this note is to point oul some simple features in the azj
muthal angular distribution in photonuclear reactions induced by a partially
plane polarigzed photon beam. The use of such a beam can be made of special in-
terest as a check to the elsctric dipole character of the photon absorption in
the giant rescnance region.

I. The angular distributions in photonuclear reactions.

The R-matrix formalism has been greatly discussed for the
general case of a nuclear reaction a + x—y + by in which particle
a collides with nucleus x lo After the collision,; particle b 1is

emitted in a direction defined by the polar angle © and the azimu-

1. See for example, J.M.Blatt and L.C.Biedenharn,Rev.Mod.Phys.24,258,(1952) where
a complete list of references can be found.
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thal angle ¢ , the direction of reference being the axis of the

. beam and all guantities measured in the center-of-mass system. The
recoll nucleus y is projected in the opposite direction. This for
malism can be extended “o include the case where a photon interacts
with a nucleus 20 Then the vector potencial & plays the rdle of
the wave function for the incident particle If the incident photon
beam travels elong the z-axig and is polarized along the x-axis,the

maltipole expansion of the vector patencialdﬁg is given by

< 2. ZF 12 1% (2L o+ 1F (4 2 frye) (1)
s ’ =1

where m is an index giving the parity of the multipole and the con-
nection between the (w,LPF> symbol and the irreducible tensor Ti,t
of rank L and parity (m)£ used by Rose E in the definition of the
multipoles is easilyhestablishedo ¢ is zero for magnetic multipoles
and one for electric multipoles. The symbol |LP> shows that the
photon may have angular momentum zomponents about its direction of
propagation egual to % 1 only, since P is a polarization index that
can assume these two values when the waves are left or right circu-
larly polarized respectively. 4 basgis of circularly polarized waves
was used and the sum over P expresses the fact that a plane polari-
zed wave can be constructed by superposing two circularly polarized
waves 2.

The multipole angular momentum I and the spin of the bombar-

ded nucleus 3; combine to give the total angular momentum of the 5ys8

2. See for example A. Agedi, [1 Nuovo Gimento; Vol.¥, 21 (1957) where a complete
1list of references car be found,

3, M.E. Rose - Multipole Fields (J. Wiley and Sons; Ine., New York, 1955).
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tem J. The spin of the emitted photoparticle is s 3 the spin of
the recoil nucleus is 5; and the orbital angular momentum in the
final state is [ . By vector coupling U with § we get :; and re=
peating the operation we combine j with 3; to get the same total
angular momentum T

From general considerations it can be easily shown that the
differential cross section de for the emission of a particle with-~
in the s0lid angle element d {l defined by the pair of angles ©€,% in
a photoreaction induced by a polarized beam on an unpolarized target

(sum over final spin performed}, is a linear combination of func-

tions

L, Ly o l=L+j? ' N ) (DeLte 1 )a(e = 0t)
Fogeen,i3,s © (-) 2(feiis st { i

[1 4 (M)L+Lvm€ ﬁ+(q-...cr'n)] (LiL, 1 - l' {"0)9?“(005 8 )+

4 4(T-Lt=t)a(o + )

_)L+L'=€ Mo 0 + €1)

[exp(Z:".’.(P) + ( exp(mai?)](L'L,lllgl‘Z) 9£‘,2,(cos 9)}

where the Py™ (cos @) are the normalized Legendre's associated fung
tion of the first kind and (4 {ompm, |8 ms) s a Clebsh-Gordan
coefficient for veclor coupling. From the definition of the Z~co=
efficient it is clear that F = 0 unless { + &1+ L" = gyen, as a
censequence of the conservation of parity.

For the analysis of the 6-distribution it is fundamental to
consider separately the case where only a multipole contributes to
the transition. In this case £'" will be even and there will be sym
metry about € = T/2. Moreover, a detailed knowledge of the mechan-

ism of the reaction is not necessary to get the shape of the angular
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distribution, since only one term of the linear combination contri-
butes. When radiation is unpolarized we must average over ¥ and
the shapes of angular distribution for electric and magnetic multi=
poles become indistinguishable since the averaging operationremoves
the second term of the function F where there is the phase factor
(i)=2T= (=)T . When more than one multipole contributes to the tran
sition then we lose the symmetry about @ = w/2 since odd powers of
¢cOs 8 can appear. Now the shape of the angular distribution de-
pends on the R_ reduced matrix eiements and it is necessary to use
some model to describe the photoreaction.

In. contrast, the @ -=distribution is always of a simple form;
proportional to 1 +1n cos 2% (or proportional to 1 + p cos® 75 B
since the ¢=independent term only vanishes when either ¢ = ¢ ¢ agnd

L+ Li=¢" is odd or o £6t and L + Lt= &" is even,; and the de

pendence in the most simple cases is in cos 29 as can be seen in

the following table:

Parity of £ + €1 | Parity of Parity of
(Parity of L") L+ Liwdt {Ls LI-In(p+c)
Only one mult] ,
pole involved o = @ Fven even aven
with transition )
E+, Ee
Two multipoles 'l By E=
involved in the | ° = | M+, M+ even even even
transaction My Mo
E+; BE-
M+: Mo odd aven even
Eey, M+ § -
. B, Mo aven odd even
o #ao
E-, M¢ .
] E ;: M cdd odd even




II) The use of a polarized photon beam.

It 1s well known that the wost striking feature of the iow

energy photonuclear reacticons is the glant resonance. Thare 1z gzood
onfidence that the reacticn in the glant resonance region nrocseds
stly through electric dinole absorpiicne The main evidencos re

the angular distribution of the fast photoparticles and the fact
that the integrated cross secticn over the giant resonance nearily
exhausts the sum rule for slectric dincle radiation.

The emitted photoparticles nay be classified in tws sreouns,
The first one includes all particles in the energy intervasl until
about 3 Mev. Particles in this grcup {in most cases neutrong), are
enitted by an evaporation process and present an cnergy distrihyim
of the Maxwell type and a generally isotropic angular distributicsi.
Most particles belong to this group. MHowever, there are nany parti
cles enitted wilth energy greater ithan 4 lev in spite of the vanishe-
ingly small probability of a coupound nucleus, in whieh the excitoe
tion energy is about 20 Mev, evaporating particles into this snevay
interval. A direct process was proposed by Courant & to explain
this second group. In a direct interaction the nucleus has no vinn
to "forget'" the way by which radiation wss absorbed and this iz rae
Flected in the angular distribution of ths fuzt photoparticinc.

wnen we observe the high energy tail of the photoenitted acue
trons (for the sake of o_.pliclty we will conzider only (o yn) iswg
tions), the €« angular distribution is generally expressed w3 . +

+ 3 gin® gy Just the angular distribution sxpected for cleetric Aj

49 zsy Do Sourant P) Ph.ySo Rav., ﬁ&g ?Ojg (1951)0
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When a polarized photon beam is ussd, the ¢ -angular distribu
tion can he studied begides thé g« distribution. If the fast neu-
trons are_selected their angular distribution must be of the form
i+ 28 sin29 cosz 4 : as expected for electric dipole transition.
The factor 2 was chosen te cancel the average value of coquD'when
the bean is unpolarizede

4 polarized photon beam can be obtained from scie nuclear re-=

actions or even {from a betatron. It is well bnown that the brems-

s

strahlung photons produced when on electron strikes a target, are

»]

rolarized. The unpoiarization of ths breasstrahlung beam from a be
tatron is a conseqguence of the thiciness of the target. Multiple
scattering of clectrons before bremsstrahlung occurs bescomes more
serious due to the fact that electrons traverse the target many
times. An especlal arrangement can be made in such way that the ag
celerated electrons are allowed to traverss the betatron target only
cnce. With this arrangewent much is iost in intensity but the depo
larization is greatly reduced. On the other hand, to observe any
effect cf poilarization it is necessary to lsave the axis of the rho
ton distributicn (where the intensity is the greatest), and to work
in sowe direction wivh B8 #2 0 { @ iz the angle between the direction
of the electron beam and the direction of the photon, i.e.s the an=
gle of observation of the photonsli. The best choice depends on how
much intensity is te e lost and hew high is the desired polariza-

tion . Miller ¥ gives curves with which it is possible to plot PO

50 Jo Miller, ﬁaop“Tﬂ GeBole nf Q3IN. Linwps d'aludse Nuclsaires de Saclay.
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larization against the photon energy with the obgervation angleﬁBand
the thickness of the target; my; as parameters, that is to say, tocon
struct the polarization function m(E o). Therefore it is possible
to decompose the energy spectrum of the betatron N(Eq,) in a polari=-
zed part P(E,) < N(E, )r{Eq) and an unpolarized part U(E.) for
some prescribed pair of parameters B and m.

When a target is opempvarded by this partially polarized bean,
each part of it acts separately and produces a number np and n, of
fast photopariticles respectively. The fraction of photoparticles
emitted by the completely polarized part of the incident beam is P =
= nh/QX{Fnu) and the angular distribution of the fast photoneutrons
becomes

(8, @)= 1+ [2A_ poos™® + (1~ p) A, ] sin® o (3)

The unpolarized beam U(E, )} produces direct photoneutrons with
an angular distribution proportional to l-+Ausin2@ o An unpolafﬁﬁd
beam with the same energy distribution as P(E. ) would produce direct
photoneutrons with an angular distribution proportional to

2

.2 2 - .
1+ ZAP sin~ 8 {cos“~¢ >Aﬁ = 1 + Ap51n e .

Since it is impossible teo obtain experimentally an unpclarized beam
with the same energy spectrum P(E 4 ) we cannot determine Ap by a di
rect measurement. Nevertheless; it is easily determined by measuring
the & « angular distribution in two different P-planes:

1(e,$=0)ec 1 + A sin® @

(4)
1(6,9 = m/2) 6 1 + Ay,

where Ay =2 A f+ (1 =p)A, and Mr/2=(1 “PIA,
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A/ A=A
then P\u = g and A, = 2.1z,

1-°P P 2f
If the degree of polarization is not too small a considerable
difference is to be expected in the parameter A of the ©=-distribu-
tion for the planes ¢ = 0 and @= v/2. Indeed, being jLQia =

2p A Ars2
=1 + o7 XB and since in most nsual sXperimental circumstances
- a A
Rp/arvlg for p as small as .20, x ? will be as large as l.5.
1

When electric dipole absorption takes place, the fast photo-
particles present a tendency to be emitted in & direction parallel
to the polarization vector. An experiment can be projected to mea-
sure the ratio between the number of particles projected in this di-
rection and the number of particles projected in a direction ortho-

gonal to it., In the plane © = 7w/2 the expected ratio is
2A_P 1 +A,

T+ (IpTR; ~ ¥R, (6)
2

—il-]—(@:-;ra}:l-a-

If we measure in the same experiment the three quantities

Lo =750, A, ane A"T.f’a
equation (6) is a good check to the electric dipole character of the
transition. When some significant deviation is observed it is an in
dication that multipolarities other than electric dipole contribute
to the transition even when this is not indicated clearly by ©=dis=-
tribution alone.

III) The calculation of f£ .

Let us now consider how to calculate p defined as the frac-
tion of photoemitted neutrons due to the completely polarized part

of the incident beam, as seen by a neutron-counter. For a crude com

putation we use:



- R 1?
(m“)max XM (“”7>max

¢ (Be ) ¢ T (g )diy [ N(B«)m(By) mﬂﬁyn(Eq)ﬁEq
f _ (Ed.)o B (Ery)o (n
Badyay - (Bod oy
~(Ey) £ T(iq) dlg | H(Bo) Viy = By 0 qp(By) dily
(Lg), (Bg)y

where we consider a Fermi distribution of neutrons inside the nucleus;
u-”n(E(7) is the cross sesction for absorption of electric dipele radil
ation by a neutron inside the nucleus; AN{Ex ) is the mean free path
for neutrons in the nuclear matter: R is the nuclear radius (themean
distance travelled by an "excited" neutron before reaching the nu=
clear surface); T(E,)is the transmission ccefficient for a step bar-
rier where there is a sudden modification in the mass value and ¢ (g7
is the curve of sensibility of the neutron counter. The 1llmits of in

tegration are shown in figure 1: (E«)

EF is the Fermi energy, equal

to 58 Mev for an effective mass (E7%mm

0.78 times the neutron mass,; S J;
is the separation energy (about T

3 Hev) and € is the energy E

R I Rt A 1
above which the neutrons are con (Eu)o Ie

sidered directly emitted {(about [ | -----—-

4 Mev). The energy of the emit S

tad neutrons is #

F“S£Ea"66 E‘ie*fo ‘l >
L.F

€=E, -E




4 crude estimation of ¢ was performed with the following da-

tas i) the Shifffs bremsgstrahlung spectrum for maximum electron

-
energy egqual to 24 Mev”; 1ii) the Miller‘'s curves ~ for B = 2,875 x
= = ,_n < ? PR o
x 3G 2 rd and m = £.50 % 16~ L t {rmg/em™) = 0.6 ; 1il) since

- 3 v
L%

the P value is very insensitive to ths form of the cross sectlon

( lw) we have used an expression of the same type as the cross~

saction given by Courant for the direct rhotoprocess 45 iv) A(Ee )

is related to the imnaginary part of che couplex potential (average

7

over distances inside the nucleus) as given by Comes ' v) the ney

tron counter is the reaction SiZb{ngza) a very commonly used method

photoneutrons &o

o

of detection cof
The result obtained was f = 0;13 oand the mean energiles of the
nettrons produced by the polarized part of the beam and by the unpo-

larized part were regpectively ED = 7.7 Mev and €u = 8.4 Mev. Zat

sepina et alcg9 have shown concliusively that the parameter A depends

on the neutron energy {(as clearly indicatead by Wilkinsonfs theorylol

nowever, the mean energies ep and ?ﬁ being not teo different and

the peaks of the neutron spectra being very broad (half width about

4 Hev) we would expecth kp Aye (3es figure 2.
11

A preliminary experiment wzs verformed by Goldemberg et al.

6o L.Sehiff, Phys.Rev. 82, 252,11951}; L.Kstz and A.G.W.Cameron, Canad. J. Phys.
22, 518, (1951)

7. L.3.Comes, Notas de Fizica,Vol Y,Ne &, (1959)

8. See for exampls, F,Ferrero L.Genella, 4.C.Hanson, R.Melvanc and G.Tribune. I
Kuove Cim. Vol ¥, 242,{1957).

9. GoN.Zatsepina, L.E.Lsmareva and l.leicipelov,Soviet Physics JEIP Vol.5,21 (1957)
10, DoHo Wiikinson = Physize, Vol MRII, 103% (1254),

11. J.Goldemberg, P.Dyal and J.C'Conncl, Tha azimuthal zngular distribution of fast
photoneutrens from bismuth oroducsd Ty plane polarized X-rays (1958). Unpub-
lished paper privabely communicghod “o uz by Dv. Goldemberg,
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in the same experimental conditiosne ag above mentioned, to measure
the ratio jj:~(e = W/Z)o For & biswmuth target with four Si-detectors
disposed in a cross in the plane & = T/ the result was 0.97 ¥ 0.06.
The € - angular distributicn was wessured In a plane containing the
photon beam and perpendicular to the direchtion of polarization at the
off=center positicn of the beam and ﬁhe result was hny ~ 1 1in accor
dance with previously published results. Therefore the sipected ra-

tio %L (8

i

W/Z) was about 1.i5 {within the approximstion A, AWVQ)Q
The low value obtained for this raitloy an evidence of a pcssible iso
tropy for the ¢ -=distribution; is not suffieilsntiy serious te be cen.
sidered as inconsistent with the thecretical estimate,; especially

when we consider that possible correcticns tend to decrease the cal-
culated valueo The chief corrections are: 1) the effect of magnetic

dipole trangitions; if the @-distributions are of the same type in

Ja

the electric and magnetic dipole transitions, viz. A+DB sin 2 8, the
M=parameter of the  -=distribution have opposite Slgno and the ani-
sotropies tend to cancel each other (elzectric guadrupole transitions
are important only for protons due to effective charge considera =
tions); d1i) a neutron can be excited to a high enerzy level by abe
sorbing a photon and then, after a collision; be emitted with an
energy still greater than EOO Writing equation (7), it was con=-
sidered that all neutrons that collide before reaching the nuclear
surface are removed from the high energy group of photoneutrons as
well as they are not able to produce recoil neutrons in this group.
A realistic appreciation of this fact becomes very important when
the photon beam is moncchromatic but It is not very important for ths

petatron spectrum 123 A very crude estimate has indlicated that fora

12. We are indebted to Dr. Gomes for pointing out this fact o ug.
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maximum photon energy of 24 Mev that collide before being emitted
is inferior to & %o
It would be interesting however, to perform a new experiment
where it would be possible to measure the €-=distribution for ¥ =0

and @ = V/ag thus aliowing the determination of A ~and A, as well

p
as to measure the raticdl . This would be a good check for the

L

electric dipocle character of the photon absorption in the resonance
region of bismuth.

1V} Conclusions

As a conclusion, it can be said that: i} the detection of a
supposed linear polarization «f the photons can be checked by the ex
amination of the azimuthal angular distribution cf the products of
the photoreactions; necessarily an anisotropy will be present; i1)
whatever may be the absorbed multipole and even when more than one
multipole contributes t¢ the transition, the tpwdistribution has the

simple form 1 +p.e©32CP with a pclarized photon beam. For electric

dipole adsorption and a partislly polarized photon beam

2 AP Ao
po= S R - with p given by (7); 4ii)
14+ {1 =FA 14 A
u Wz

nevertheless the ¢ -distribution alone will not be sufficient to de=-
termine the character of the absorbed multipole. If we obtain in
the same experiment the © and ¢ -distributions, equation (6) being
satisfied the transition is exclusiveiy through electric dipolej any
significant deviation indicating the participation of other multipo-
larities in the photoreaction for the detection of which the 8=dis-
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tribution is not suffiecient information.
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