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PREFACE, -

Presenting the proceedings of the Frascati working group on the
study of photonuclear reactions with monochromatic and polarized gam.
ma rays 1 wish to thank the Laboratori Nazionali di Frascati and in par
ticular their director Prof. I,F. Quercia whose hospitality and collabo-
ration made this venture possible,

The working group was organized by the Laboratori Nazionali di
Frascati to study the most immediate applications to the investigation of
photonuclear reactions of monochromatic and polarized gamma ray be-
ams, It was originated by a proposal to produce a medium energy
(€150 MeV) photon beam by the Compton scattering of laser light a-
gainst the high energy (E =1500 MeV) electrons circulating in the sto-
rage ring Adone, At this very high laboratory energy the backward
scattered photons retain the original polarization, and the final energy
is defined by the angle of scattering, There is no intrinsic competing
process which produces photons of different energy,

The working group has met in Frascati only for one week, This
very limited time deeply influenced the number of all the interesting
possibilities. which could be examined. The working group had to con-
fine itself only to the problems already known to its members and avai
lable in the published literature, Moreover the attention devoted to the
different topics does not reflect their relative importance butthe amount
of information at hand. The working week was followed by a short sym
posium in which the results of the working group were presented and
exposed to the criticism of a large group of physicists interested in
these problems., A consensus emerged that the proposed facility will
open new interesting possibilities to the experimental investigation of
photonuclear reactions and will permit the extension of fundamental
measurements to energy regions now unexplorable, For its characteri
stics the proposed beam is an ideal match to the monochromatic photon
beam obtainable by positron annihilation in flight,

As it is evident from the final remarks, a beam with an intensi
ty around 107 photons per second will produce in a reasonable time da
ta with good statistical accuracy for all the experiments here considered,

Carlo Schaerf



I, - EXPERIMENTAL: CONSIDERATIONS . =.

In:thistechapteriwerwill-discuss theé: possibility -to‘obtain-a beam:of -thenochromatic:and:i
polarized:gammasrays by:the Compton-scattering of laser:light -on:the high:-energy:ele¢trons. »
circulating-in‘a storagesring;...

The-high:power- now -availabléei frém-continuous«=ion:=lasers: and:the:large:znumber:of
electrons- circulating in:a storage.;ring:make:fedsiblé:a photon-beam: of sufficient:intensity
to perform: most advanced experiments: in the field of photonuclear reactions;=,

1, - Compton-seattering on-high-wenergy electrons,-

Kinematies;~ - -

In‘the-Cdmpton-scattering: on:moving:ele¢tirons:thes-energy: of thexscattered:photon:
is given( 1) ‘by:th e following: formulas:: -

1 - BcosB i
(1) k= @ :

[ e
- D e Qii~—(1 ¢ 0! S
1-:fcose= B (1 cost).,:,.'

Our notation:is-the-following::

w:  energy-oftheincident: photon;. .

k energy:of the:scatteired:-photon;:-

E,p energyand:momentum: of the incident eleétron,-

B velocity: ef the:incidént eleciron inunits of.c,-

m:- electronmass;

8y angle: betweenthedirections:of therincideént electron.and:theé:incident: photon,: .

89 - angle-between-the:directions..of the.in¢idént . and-scattered photon;. ..

6 angle between-the:direction:of-the incidént -electron:and:.thé:scattered-photon; -
Y 4E/m"

z =4 (Ew/n12)

The:maximum-energy: kysay. Of the:scatteredphoton:is ‘obtained: for the following:va- -
lues of the: parameters::

In our:cases+E £1500:N eV, 0-=2, 5456V, 2 0.0 584and ik oo =88 MeViT
For::
1= 5 . Pk . v

the energy»-.;o:fr:th‘é?'f:-scattered',:photo:n;. ] ver:yz-‘sensitive»-f:to‘the:,;\;al’ue’;of::‘g andvinsens«i»t-i:fv'eutof:91»
and 9
2||

e =1
(3) Ko4 oy 2'[1}&:2-4:3:(«%"9)% ] s

This: formula gives:the-energy:dispersion:of.the: scattered:photon ) beam-as-a function:-of:the:-
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scattering kinematics, The angle 0, between the direction of the incident eléctron and the
-scattered photon, can be defined not better .than the -angular .dispersion of the primary elec-
tron beam. This dispersion is of the order.of 104 rad, (2), Since AE/E is usually less than
10-3 and4® /@ completely negligible, 40 is the only relevant contribution to 4 k..

Therefore we can use the following expressions:
p

k
i : Ak 2 2 " max
(4) kA -E (1 40)°= (40)° %
max
which in our case:
-4 : :
40 =10 7; ? =,2950;
give:
EA—k*— =0,081, and 4 k=67 MeV
‘max

Cross section,
The total cross section in our energy region is given with a good approximation by
the classical Thompson formula:

3] 2
(] = =
T 3“351‘ 0.665 barn

ro=2.81777 fermi, is the classical electron radius,

Thedifferential cross section in the laboratory system is:

—Tj rO :

m X

de 2 2 11 2 1 1 *1 ¥y 2
ag" r B ) A e
: 1 % 1 % 2 %1 ,

where for ;=7 x; and xy are given by:
-+
X][=2€0(E+p)/m2r=z —(*l—zﬁ—) ; x,=2 k(B-pcos 9)/m2

The differential photon spectrum and the differential photon energy spectirum are
given in Fig, 1 for our values of the parameters (E=1500 MeV, @ =2, 54 eV), In the abscissa
of the same figure are indicated also the angles at which photons of a given energy are scat
tered. Therefore, from this figure we can visualize the energy spectrum of the secondary
photon beam as a function of its angular acceptance, In our case the resulting photon spec-
trum is indicated by the solid line of Fig. 2 where the angular resolution of the primary
electron beam is of the order of 10-4 radiants and therefore a similar collimation of the fi-
nal photons can be assumed., This suggests an energy resolution of 6 MeV, a result in good
agreement with the approximate expression 4,

Photon Polarization, -

For very relativistic electrons their elicity is a good quantum number, Therefore,
the electron spin-flip amplitude is negligible and the backward scattered photons retain their
original polarization., If we use a laser with Brewster windows which produce plane polarized
light, the high energy photons produced by Compton scattering will have similar polarization,
This polarization has been calculated (3) as a function of the scattering angle and the corre-
sponding final photon ener gy. The numerical results, for our values of the kinematical varia
laies, are ‘indicated in Fig.'3, For' a scattering angle of 10~4 rad this polarization is larger
an 0,98,
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2.- Laser beam interaction region,-

In order to obtain a beam of high energy
and high intensity photons we must start with
an incident beam of high frequency and high
o8 intensity, A good compromise is a Ion Argon
laser which produces a beam of blue-green
06 light of 2. 54 eV (488 .nm) and a power of some
watts, The internal beam of a laser resonator
04 modified as to superimpose itself to a straight
section of the storage ring has been used in
order to-increase the photon density in the in
teraction region.

P10

0.2

A commercial Argon laser with an out-
0 02 04 08 08 10 put ipower of 4 W normally uses an output
k mirror with a transmission of 5%, This im-
VETT plies that the internal power of the laser is
FIG. 3 80 W, By using an output window totally re-
— flecting, (i,e. with a reflectivity larger than
99.7%) the cavity loss is decreased by an
order” of magnitude and a similar factor in
the internal power should be gained, However, to superimpose the cavity to the straight
section of the storage ring, the cavity length must be increased almost by an order of
magnitude (more than 12 meters). This will obviously produce a decrease in the internal
power, Taking into account all the losses introduced by the other components of the full ca
vity, we can reasonably assume to have a useful power of 300 W. ‘

An other parameter is the cross section of the beam represented by the distance, @,
from the beam axis where its intensity is reduced by a factor of e, We are interested in
having the smallest possible value of @ inthe interaction region, To obtain this, we are
now in the preliminary stage of realizing a cavity as the one indicated in Fig. 4. In this fi-
gure Mj is a flat surface totally reflecting mirror, M, a similar one with a radius of cur-
vature of 10 m: and L is a lens with a focal length of 2,65 m. The calculated values of the
radius are represented at some points of particular interest. The mean radius in the inte-
raction region is 1 mm,

« Total cavity lenght 15:1 m —
<« Interaction region ._»
Mirror Lens 6m Mirror
=—1> |
| vem—— \'4 &
My Laser tube L M,
2 p
mm
1
p,=0.6 l p,=1:0 pg=0: T pg=1.5 p,=2.15
} M >
! 6 9 12 15 meters
FIG. 4

3.- Photon yield.-

The yield of high energy photons is determined by the number of high energy elec-
trons, the number of incident photons and the geometry -ofthe interaction region, It is gi-
ven by: ) ) :

dn _do .
L m e C 1 “
dk dk [nen?’ av



where:
g%— indicates the photon yield per MeV and per second;
c velocity ‘of light
ne ‘electron density per unit volume
ny photon-density per unit volume,

The integral is extended over the entire volume:of the interaction region,

To first approximation we will assume-that the electron and. ‘photon densities remain con
stant in the length of the interaction region and are rapidly varying functions of the transversal

variables x and y, These latter variations are assumed tohave two dimensional gaussian di-
stributions of the form:

2
x2 y

n,=n,, exp(-s T ﬂz),

2,2
= - L‘L&.
e n,, n‘oy exp { P )
s and ¢ are‘the values of x, yand r -sz*-y where the densities are'reduced by a factor of

e wrth respect to.the maximum,(at x=y=0), If the densities are not constant in the length of the
interaction region some mean values must be assumed, From this we obtain:

: NP -1/2 ) -1/2
do : - 2
(4) ——gﬁ ~=—jk,— ————; ——-1;‘ (t2re?)  (n2+e?
" 2@ we

‘where:

is the number of electrons circulating in the storage ring;

is the power of the laser beam in watt;

is the length of-the interaction region in meters;

is the mean geometrical radius of the electron's orbit measured in meters;
is the electron charge: 1.6x10-19 Coutomb,

o2

Formula 4 must be corrected for the effect of beam instability inthe storage ring,
This can be accounted introducing -a new parameter ¥ which represents the short term root
mean square displacementi of the beam from the equilibrium orbit, With this correction
our final formula is:
- o =172 . w o =1f2
(5) G NP —— (et afh By (ePrzPind)
T 2@ we

where 6T=0,665 barn is the Thompson total cross section, For the storage ring Adone we
can. assume; .

N.=2 x10'!, R=16.7m, 1=6.0m, ¢=1.5mm, %=0.5mm, %=0.5mm

And for our calculated laser cavity:

P=300W, ®=2,64eV, @=1mm,
Which gives:

df
dk

1
)
T

=7.8x% 107(‘”r

The number of photons per unit time in a giiren»fenergg-y interval Ak is.given by:

: 1 Ak
a=(3% 5L

7
yY)aTk 7.8x10
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From Fig, 1 and for an energy interval of 8%:

dg

dy =0, 84 barn, —%;15 =0, 08, h=8x106 fotoni sef:_1

4,- Background photons,-

The bremsstrahlung of the circulating electrons against the nuclei of the residual gas
in the storage ring vacuum chamber is the only appreciable source of background photons,
The total power radiated in this way is given by:

N ¢

e
Vet owR

E a

where many symbols have been previously defined and:

a is the fraction of gamma rays. accepted by our solid angle, In our case we can as-
sume: 4 QR & Qz_z 3x10°8 ster and from Fig. 4 of ref, (4) we obtain:

. _8.6
" T0s.6 " 0-08
t is the thickness of gas traversed by the electrons in a straight section measured in
units of its radiation length:
e -
X 165
o
1=6 m, is the length of the straight section,

p=10-9 torr is the pressure in the vacuum chamber,
X0=3029 m -is the radiation length of the residual gas assumed to be air,

t=2,6x10 1%

The final result is:

Wy=1.8x 106 MeV /sec

at an electron energy of 1500 MeV,

. This number must be compared with the total power in the beam of Compton scatte
red photons:

W ~hk=8x10%83=6.6x10° Mev/sec

Therefore the ratio of the background power to the power of the signal is given by:

W,
r == =0,27x10"

v Ve

2

We can also calculate the number of background photons present in an energy inter
val equal.to that of the signal, This is given by:

=

-4k B
B k E
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for an energy interval of 8% the result is:

h_B =96 sec L

The ratio of the background photons to the us*e‘fui ones inthe same energy interval is givenby:

B
C

5

r =
n

=1.2x10

=

5, - Experimental apparatus, -

The experimental apparatus which we consider now is indicated in Fig., 5. The resona
ting laser cavity (15.1 m long) containsione of the straight section of the storage ring Adone,
The high energy photons produced by Compton scattering pass through one mirror of the la
ser resonator-andtravel in.a vacuum pipe to the collimator. The angle of collimation being
of the order of 10”4 rad, and the source size of the order of 1 mm, the hole of the collima
tor must be several millimeters in-diameter and therefore the collimator must be at least
30 meters from the interaction region, We are considering placing the collimator at a di-
stance between 30.and 60 meters from the interaction region, A longer distance would increa
se too much the size of the gamma ray beam in the experimental area. This experimental
area is situated after the collimator at a distance of a few meters to allow for appropriate
shielding (not a serious problem in our case) and for comfortable. set up of the experi-
ments,

More than one experiment can be installed on the same beam line, Provided that
the preceeding ones domot alter appreciably the photon spectrum. .they can operate simul
taneously, A total absorption counter which counts individual photons with high efficiency
can provide an accurate monitor for all the experiments,

Some of the main featuresofthe proposed photon beam are summarized in Tablel
‘where they are compared with other photon facilities. The distinctive characteristics of
our beam are the absence 6f any appreciable background and the total polarization,

II, - PHOTON SCATTERING. -
Introduction, -

There are four coherent scattering amplitudesfor the scattering of photons by nuclei(
that can produce interference in such a way that they are difficult to determine separately 5)

They are:

1) the energy independent Thomson scattering amplitude D= -z2e2 /AMcz,

2) Rayleigh scattering from bound -electrons which is peaked strongly forward and is only
important at low energies,

3) nuclear scattering from bound levels and the continuum, in particular the Giant Dipole Re-
sonance and the E2 Giant Resonance (this latter scattering has not yet been observed),

4) Delbruck scattering which is associate with pair production and is therefore very large
though concentrated in the forward direction,

A pgeneral discussion of these processes may be found in reff, (6) and (7): here we
will consider the aspects more relevant at intermediate energies and the possibilities given
by polarized monochromatic gamma rays sources,

l.-Delbrlick scattering.-

Delbruck scattering is the scattering of light by the vacuum polarization cloud crea-
ted in the vicinity of a charged particle by its Coulomb field, The basic process is the vir-
tual creation and subsequent annihilation of an electron-positron pair (see Fig. 6). It is a
genuine quantum electrodynamic process and is, therefore, of considerable interest,
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FIG. 6

Its absorbtive part describes the pair production in a Coulomb field. The knowledge of the
Delbriick scattering amplitude is furthermore very important for the determination of the
nuclear photon scattering amplitude in the forward direction (8<90°), At high energies the
Delbruck scattering cross section is the dominant one at forward angles,

In recent years two unambiguous measurernen.ts(g’g)'»of this phenomenon have been

made at low energy, by making use of neutron capture y-rays and very high resolution
Ge(Li) detectors. Their results compare favourably with the calculations of Ehlotzky and
Sheppey(lo), who give the only Delbriick amplitudes at low energy at other than very small
angles. However, uncertainties in the knowledge of the Rayleigh amplitudes hamper this com
parison. At high energies the comparison with QED predictions is easier since Rayleigh
scattering can be neglected. A recent experiment(11l), carried out at very high energies
(between 1 and 7.3 GeV) using a well collimated bremsstrahlung beam from the DESY elec-
tron_synchrotron, gives results in good agreement with the calculations of Cheng and Wu(12),
valid for high energies and not too small momentum transfers, if Coulomb correctiong.are
included, Figg. 7a and b.give the differential cross sections calculated by Cheng e Wu, and
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FIG. Tb- Differential cross sections
at high energies (continued).

04 .06 08 10
MOMENTUM TRANSFER IN MeV
FIG, 7a - Differential cross sections at high
energies, (To get d¢/dQ in ub/sr for a nu-
cleus of charge Ze, multiply, by Z 2, where
® is the energy of the photon in BeV),
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Fig. 8 their results - for polarized photons: these calculations are valid for energies . of about
80'MeV, where-only-an old -exp‘eriimenf(*w:)‘%?}ha's ‘yet been done, with a poor -energy resolution,

o ) ' ' ) ]

5.5

8

PERCENTACE POLAIZAVION
ERY s

‘FIG, 8 - ‘Polarization of ‘the scattered
photon :at -high -energies when the inci
dent photon is-unpolarized,

- A

) { 1 L
% i ¥ ) :
- MOMENTUM “TRANSFER'IN MoV

An. experiment using monochromatic polarized photons in this energyrange would be very
interesting, At angles ofsay 107 the cross-section should be very large compared to-any
nuclear scattering.cross:section-and the more intense “Compton scattered photons are redu-
ced in energy sufficiently to:be separated from the elastic ally scattered photons by Nal(Tl)
speciroscopy, The:.cross-section varies as Z4 so it is a.good idea.to begin considering U
as atarget. Using Cheng and Wu calculations, at 90 MéV we can estimate the Delbrick scat
tering cross sections parallel -and :perpendicular to the ‘polarization vector at 10°:

(d0:/d Q)" (U, :100) = 4,54 .mb/ster, (do /d Q) (U, 10°) = 0,96 mb /ster,

These cross sections are larger at higher energies and.a steep function of angle,

Finally ‘we would like to reniark that -at-a particular venergy below the GDR the nu-
clear scattering -amplitude vanishes ‘because of -destructive interference between nuclear
Thomson and nuclear ‘resonance "scattering. For that energy the scattering amplitude would
be pure Delbriick plus Rayleigh.

2.- The nuclear scattering of plane polarized photons by the E1
Giant Resonance, -

The combination -of-nuclear -electric dipole “scattering and-nuclear Thomson sc attering
has been 'gtudi“e'd at large angles for ‘many years'%), 1t-has an-angular -distribution varying
as 1+'¢os™9 for unpolarized incident photons and I =0 nuclei, Incoherent nuclear scattering
can also take:place-if the -nucleus has some ~intrinsic .;a'S'ym»metry(1°~5) such as a-spin different
from zero -or.a-deformation .beit permanent “or transitory, This scattering has an almost
isotropic angular distribution, 13 +ac-os'2!9.

The motivation -of doing photon: scattering -in:the E1 giant. resonance is to investigate
the structure of the - GDR, in-particular, tosstudy -the question whether -this structure can:be
understood as a coupling of the ‘tow lying collective states. tothe GDR-as is “described; e, g, ,
in the Dynamic Collective Model{18),

This model: is-an-extension ofthe -hydrodynamic -medel-which takes -into -account the
~coupling between:the :GDR -anmd ‘the:guadrupole -oscillations -of the quclear surface, As-aresult
of this ‘coupling ‘the  GDR-can deexcite by -populating “the -low-lying vibrational states that can
be reached in electric dipole transitions. "This inelastic scattering is in addition to the cohe-
rent elastic scattering, that'is rélated to-the -absorption-cross section by the optical theorem
and dispersion relations, -as well .as -the -scattering which populates the ground-state rotation
bands of ellipsoidal ‘nuclei, The inelastic :Scattering that results from-the nuclear surface
oscillations ‘has ‘the ‘same ~angular “momentum rproperties ias that which populates the rotational
band sinceit, stoo, results from. ‘the ‘transfer of two -units «of :-angular mementum to the nucleus
in the two-«gt scattering :process, "The:Dynamic - Collective ‘Model predicts the relative inten
sities: of all-of these -different ‘components inthe scattering cross section; it is, therefore,
important tomake measurements in order to check the calculations and help to improve the
model,
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For the deformed nuclei much better measurements are reqguired to determine whe-
‘ther there are indeed transitions to the y-vibrational band and thus whether .there is even
a need for the dynamic collective model, Because the inelastic scattering populating the 2t
Y -vibrational state vanishes in the simple rotator model, while the Dinamic Collective Mo-
del predicts considerable strengths in that case,

For the spherical nuclei we need good measurements to ascertain the influence of
anharmoniciiies in the surface vibrations. For transition nuclei these measurements can
help in understanding their collective character,

In spite of the fact that the hydrodynamic model is not applicable to light nuclei, we
know that the GDR is coupled to the low-lying states, The photon scattering experiments
using plane polarized photons can certainly throw some light on the magnitude and energy
-dependence of this interaction,

(17)

In electric dipole approximation the photon scattering cross section is

1A% /@v+1) gy (0)
0

n

1) dg/d@ =
»

where v is the angular momentum transferred to the nucleus and can be 0,1, or 2. We ne-
glect v =1 because its amplitude is very small, The A, are the scattering amplitudes and
the g, (8) contain the angular distributions and polarizations., For plane polarized incident
radiation with the polarization vector perpendicular to the plane of scattering and parallel,
respectively, explicit expressions and values of functions g,,(@)=g,,,(11 0) are given in Ta-
bella Ila, With these expressions we have

det/d =1/3|A,|2+7]4,]% /30,
(2)
do'"/dQ= 1/3|A0!200s29+ 1/5[A2l2 (1+1/6c:os2 )y

and for 9= /2
de"/dQ =1/5]A2I2.

This says, of course, that the nucleus has no coherent {v =0) scattering along the polariza-
tion vector, so that a measurement of photon scattering in this direction is a measure of-the

‘incoherent (¥ =2) scattering, that in a spherical nucleus populates the low-lying vibrational
levels,

In heavy nuclei these vibrational levels are so close to the ground state that it is not
practical to separate the coherent and the incoherent components in the scattering by 9 -ray
spectroscopy. The trick is to use a poor resolution Nal(T1) spectrometer which automatically
sums both contributions. A measurement of d ¢ /dQ and do" /dQ then allows the determina
tion of two scattering amplitudes, It is straightforward to make the two measurements simul
taneously using two spectrometers, ' - -

The above discussions refer only to electric dipole transitions, Were there, for exam
ple, M1 strength buried inthe giant resonance, it would also show up as scattering along B
the polarization vector. For energies above the giant resonance there surely is E2 strength
and at some energy it will mask the incoherent E1 scattering, '

(18)

A recent experiment has demonstrated the possibility of studying the E1 -giant re
sonance using plane polarized incident photons, In this experiment plane polarized photons
produced in the resonance. fluorescence of the 15.1 MeV, 1+ state 'in 12¢ were used to excite
the GDR of heavy nuclei, The results of this experiment are very crude indeed because of
large statistical errors, and, since only this 15,1 MeV excitation energy ‘was. available, it
is limited to nuclei at most as heavy as Cadmium. The availability of an intense beam of
plane polarized, monochromatic photons having energies variable throughout the GDR would
allow this important experiment to be performed with much greater accuracy and permit its
extension to a wide range of energies and nuclei,
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gfo}(lu 0)=1/3
g:)'(ll‘()«) = 1/3 cos’ 8;
g‘l-(;n 0)="1/2

g'l' (119)= 1/2(2-cos
g‘z’ (118)=7/6

g, (110)=1+1/6 cos®g

g-cl;’(22'9)'= cos? 0/5

g)1(220)= 1/5(1-4cos?g sinZe)
g+(220) = 4/9(2-cos2e)

g7 (220) = 4/9 (1+16 cos20 sin’e)
g5(220)= 1/14(6+cos?e)

85 (220)=11/14(7-16cos?0 sin0)

gs (22 0) = 1/5 (3-cos*0+sine)

g (220) = 1/5(3-cos*0 - sinte)

g} (220) =2 /35 (10+4cos?e)

gy (220)=2/35 (14-cos20 +costg)

gg (129)= Ec:osg(siunge-coszg)],/ﬁ-s_-
- g, (120)= -cos0/ V15

gh(120)= -cos@Q(i+4sin®0) /2. VG

g7 (120)= —cos0/2 V5

g3 (12 0) = -cos0 (1+4cos28)/2 V21

gy (126)=-5c0s0/2 V21

29)

2 (1
gg (11
g‘i‘ (11
g'l' (11
g5 (11
gy (11
gé (22
gy (22
gj (22
g.'l*‘(‘22
'gjz‘ (22
gg (22
g5 (22
gy (22
g5 (22.
gz (22
ch; (12
g'(; (12
gh (12
gy (12
g5 (12

] :
g, (12

wf2)=1/3
w/2)=0
w/2)=1/2
w[2) =1
w/2)=17]/6
w/2)=1
w/2) =0
w/2)= 1]/5
wj2) =8/9
w/2) = 4/9
w/2)=3/7
gtf2y=1/2
mwf2) =4[5
m/2) =2/5
w[2) = 4/7
w/2) = 4/5
w/2) =0
w/2) =0
wi2) =0
w[2)=0
w/2)=0
wf2) =0

TABLE.IIb

Some Special Functions and Coefficients
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Pylcose) =1

v Pg(crosg.) =.3 _gin

P;(cos6) = cose

P,(c0s0) = 1/2(3cos?q-1)

P3lcos@)= 1/2(5cos%6-3cos0)
P4(cos0) = 1/8 (35cos?0-30cos20+3)

2

0

P%(cos0) = 15:5in20 coso
PZ(cos(—)) =.15/2 (sin20) (7 co0s20-1)

£o(11) = - 1/2
£5(12) = - 1/6
£,(22) = 1/2
£4(12) = - 1/6
£4(22) = 0

£4(22) = - 1/12
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3.~ The nuclear scattering of plane polarized photons including Elec-
tric Dipole and Quadrupole Transitions, -

Now we ask whether there is any way we can learn anything about the E2 giant re-
sonance by simply extending the above-mentioned scattering experiment into that energy re
region, Arenhdvel and Greiner(7) have given the angular distribution formulae for electric
dipole and quadrupole radiations including polarization in the incoming and outgoing channels,
Here we specialize to the case of 100% plane polarized incident radiation and no polarization
analysis for the outgoing radiation: generalizing the notation of (5) and (8), we have:

(3) de"/d@= 2 A, (EL)" A, (EL) gt (LL')/(2v +1)
», LL!

the angular distributions for incident radiation polarized perpendicular and parallel to the
scattering plané being given, with their value for 6= s/2 in Table IIb. The interference
terms, of course, have no contributions at & /2, The E1 scattering along the polarization
vector and the E2 scattering perpendicular to it are also zero for coherent scattering (v =0),
For values of » #0, the g',',"' (LL' @ /2) are almost of the same magnitude and produce an
almost isotropic azimuthal angular distribution, For this reason it would not be instructive
to measure the scattering cross section parallel and perpendicular to the polarization vector
in an experiment where the detector integrates over the final states at an excitation energy
where there are contributions from both El and E2 absorption.

On the other hand, if it is possible to separate only the coherent (v =0) scattering
from the other components in the scattering cross section, then one can make a definitive
identification of the E1 and E2 amplitudes, since at @ =@ /2 :

(4) de"/dQ@=1/5]A_ (E2)|2, det/d@ = 1/3]Ay(E1)} 2

Experimentally this separation can be made by using a target having a spin-zero
ground-state and analyzing the energy of the scattered photons to make sure that they popu
late only the ground-state, The requirement is that the spectrometer had a resolution good
enough to separate the ground-state radiation from that populating the first excited state.
Oxigen would not only make the most interesting target, but it is also the easiest to study
since its first excited state is at 6 MeV, Other self-conjugate nuclei would also make ap-
propriate targets. Since Bismuth apparently produces no inelastic El scattering(lg), it
might present an opportunity to look for the E2 giant resonance in a heavy nucleus. The
experiment would then consist in advancing the incident photon 'energy through the E1 and
E2 giant resonances and measuring d ¢"/dQ and d ¢1/dQ simultaneously using a pair of
Nal(T1) detectors, This is a very important experiment since we don't know where or if
the E2 strength is in these nuclei,

4.-Compton scattering off nucleons in nuclei (7, y'N).-

Above. the giant resonance the coherent scattering cross section decreases with in-
creasing energy, while the incoherent Compton scattering ( vy, y'N) by the individuals -nu-
cleons becomes important when the incident photon wavelength is comparable to the internu
cleon distances, In this process momentum is transferred to the individual nucleons instead
of to the whole nucleus and the struck nucleons is emitted, The scattering amplitude ‘is given
in the impulse approximation by the product of the Compton scattering amplitude (y +N—»7?'+N')
for a nucleon of a particular momentum p and the probability amplitude of finding in the nu-
cleus a nucleon with such momentum p.

This momentum may be determined from momentum conservation if the momenta of
the scattered photon and the emitted nucleon are measured, By this method one could mea
sure the momentum distribution of nucleons inside nuclei, as in an {e, e'p)-experiment, To
achieve this one has to use a monochromatic ? -source and to measure the scattered photon
and emitted nucleon in coincidence,
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Compared to an (e, e'p)-experiment one would have no problems of radiative tail and
radiative corrections, Furthermore, in view of the necessary coincidence experiment the
proposed monochromatic. photon source would have a much better duty cicle than the availa
ble electron sources for (e, e'p),

final state
[F> II.- PHOTONUCLEON EMISSION PROCESSES. -

Introduction. -

This Chapter will be concerned with the absor
J—/J \ ption of monoenergetic, real photons of momentum k
, and energy. @ =lk| by a.complex nucleus, as shown in
photon ‘nucleus Fig. 9 leading to a definite final state |£> of the nu-
(ground state (0>) clear system, containing one or more nucleons in the
continuum, A brief survey and outlook will be given,
FIG. 9. - Photo-induced nuclear reac covering both the major experimental work and the
tion, possible theoretical interpretations in this field,

The giant resonance region (@ 4 30 MeV) will
be treated very briefly, since a large part of past and present photonuclear activities has
beenconcentrating.onsuchrange of-energies, and the situation is pretty clear. However, at
point 4,, there will be a discussion of some sort of additional information which . one might
obtain by using polarized photons at these energies,

We shall focus mainly on the intermediate energy region (60 MeV4 ® 4140 MeV),
which has always been subject to considerable experimental difficulties, a.major part of
which. being related to problems of unfélding the bremsstrahlung yield curves, However, it
is expected that the advent of monochromatic (and even polarized) gamma ray sources will
stimulate increasing interest in the transition region between the giant resonance and the me
son production threshold,

I.- The Giant Resonance Region.-

‘ The understanding of the gross and intermediate structure experimentally observed

in the G.R. region has been a major objective of the theoretical efforts in recent years, The
fine structure of the dipole states which has been found in several'nuclei, for instance via
capture reactions, seems however to be at present.beyond the possibilities of a complete theo
retical description, '

‘The absorption mechanism has been-in general described in the. framework of the hy
drodinamic and of the single particle (plus residual interaction) models. These models may
be extended, for example by letting the main dipole excitation to be coupled with other de
grees of freedom, such as quadrupole surface oscillations (Dinamic Collective Model).

These approaches ‘have been- recently fully discussed in several review articles(a’zo”z”;

here we only recall that these calculations, by taking some parameters (such as the energy
of the transition or the width of the absorption lines) from the experimental observations,
have been rather successful to.account for most of the intermediate structure in the experi
mental cross sections. They may be therefore taken as a first basis towards a deeper under
standing of the photonuclear processes.

The decay -of the G,R, states has been analyzed theoretically by means of several sim
plifying approaches(6,20,21); for instance, using the coupled-channel method a reasonable
agreement has been obtained for particle widths, but experimental angular distributions and
polarization of the photonucleons were not reproduced by the calculations. Actually, angular
distributions and polarization are among the measurements which are needed in order to
obtain from the reactions iuformation on the nuclear structure aspects of the states involved,
Additional information is gained by measuring the azimuthal distributions of photonucleons
?ri-sin‘:g from the absorption of polarized photons., This point will be subsequently discussed
8 4).
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On the experimental side, one can observe .that the harvest of such more sophistica
ted data is unfortunately rather poor. The measurements of differential cross sections are
obviously more affected by the quality of the photon beam so that, except for a few cases
where, for instance, it is possible to isolate ground state transitions, most of the available
data are essentially of qualitative importance,

The experiments exploiting the ‘best existing photon beams have been so far essen-
tially devoted to measure total neutron reaction cross sections, The extensive series of
measurements carried out at Livermore and Saclay(zz) on ( y, yn) reactions with annihilation
photons are in fact the only systematic and self-consistent sets of data with good accuracy
available to date,

It can therefore be concluded that accurate experiments are needed both to complete
the systematics of reliable total photoreaction cross sections and to put on a quantitative
ground the knowledge of differential cross sections, '

3.- Photonuclear reactions at intermediate energies, -

At intermediate energies a large variety of fragmentation processes can occur; it'is
convenient to classify the final states [f> of the nuclear system according to the number of
emitted nucleons:

a) one-particle continuum states ((y ,p) and (7 ,n) reactions)
b) two-particle continuum states ((y,pn), (7 ,2p) and ( 7, 2n) reactions)
c) composite particle continuum states ((7,d), (7, a), etc, reactions).

In this section we shall exclusively concentrate on points a) and b), with special

reference to the (y, pn) process: these are in-fact the most important reactions at interme
diate energies, i

Brief survey of existing experimental data, -

The experimental material pertaining to the photonuclear processes in the intermedia
te energy region is very scarce. Some effort has been early devoted to estimate the total
neutron cross section inareasonably: wide range of target nuclei, but even in this experimen
tally simpler case the resolution and.the accuracy of the results are rather poor.

Some work has also been done with the aim of testing the validity of the "quasi-deu-
teron" mechanism(23), often in an indirect way(24), :

The availability of only Bremsstrahlung beams has, so to say, favoured the use of
integral detectors, and the measurements performed at the Lebedeev Institute by Gorbunov
and coworkers(23) are particularly important and reliable, Their data give information on
some (y,N) and (7,2N) cross sections in light nuclei, such as 4He, 12C and 160, and on
nucleon angular distributions, The low statistical accuracy due to the use of a cloud cham-
ber technique is their major drawback,

Only recently some counter experiments on high energy photonucleon emission from
light nuclei have been performed, following more or less the lines of the Whitehead's(26)
and Penner-Leiss'(27) pioneer works. In particular, a Glasgow group(28), using an ingenious
simple photon difference method, has measured angular distributions of p-shell protons from
Lithium isotopes and carbon at some y-ray energies, and put in evidence the direct emis-
sion of fast protons from the s- and p-shells, The direct p-shell photoproton cross section
vs, photon energy has been measured for 'Li,. °Be, 12C and 160 in a limited energy range
and at a fixed angle by a Genova-Torino group(29),, Similar measurements have been car-
ried out at Saskatoon for neutron emission from 12¢(39),

These experiments have evidenced .extremely interesting points, and stimulated a lot
of fine theoretical work, which will be discussed below,

It will be then clear why it is highly desirable that measurements of this kind be

continued and extended possibly using new photon beam facilities allowing the best ‘definition
of the initial state,



21,

Kinematical considerations. -

For the pliotoreactions shown in Fig..9 , the: momentum and energy conservation
reads (for a nucleus: initially at rest):

(Lp,,?[; /2Ny +By )+ Eg

n

n
®) k= 3 potap,  oelkl- 3
p-=1 »

where- the sums extend over: a total of n. emitted particles, py denoctes the (asymptotic) mo-
mentum, By the separation: energy of the particle » , gr and Ep the momentum: and energy
of the residual: nucleus,.

(7, N) reactions (n=1) lead to quite pronouncedkinematical situations: for @=100MeV,
for example, the recoil momentum of the residual nucleus has to be| 9Rr}2.300 MeV /c (depen:
ding on the angle of emission). This is large compared to average momenta of bound nu-
cleons (< p2 > 1"/2",\,,1“00; MeV/ec).

For (y,pn) reactions (n=2), momentum and energy are shared by the emitted nu-
cleon pair, At @=100'MeV, the strong angular correlations involve pn-relative momenta
Prel=1/2}py-py} of the order of 300 MeV/e, which is again large compared to conventional
low energy standards,

Photonuelear cross sections.. -

If the basic photonuclear interaction is considered the coupling of the photon to poin-
tlike nucleons with currents ep/M and magnetic moments e @ o /2M, the cress section for
the photon induced transition to a definite final  state > can be written (in units of h=c=1,

221 /7 .
e2=1/137) as:

262 oliesin [ J)+iM (k)] o> 12 e L),

‘ o (@)=4 n
(6) ol @) =4 @
where J and M are the nuclear current and magnetic. moment. contributions:

A Tl P

(7) Jky= 22— o explik- ry)
izl
A g,

8) | M (k) = jEI- S (x g explik- ry),

% denotes the: photon: polarization: vector, and @ ¢ is the:density of final states, Modifica-
tions to the simple picture represented by egs. (7) and (8), which only takes into account
the basic one-body N-vertex shown in Fig, 10, will be discussed later.

Nuclear models, -

Model: caleulations of the photonuclear cross sections
of eq. (B) require the specification of the nuclear states {0>
and [f» , Aceording to the kinematical considerations mentio-
, ded above; it is expected that conventional nuclear models de
nucleon veloped to explain low energy nuclear data will hardly be able
FIG. 10- The basic one- to dESC~r‘ibe' thg ;nter"mediate energy phenomena within the gi-
S I —— ven frame of eqs, (6)+(8).

photon’

-body N-vertex,

A, -The Independent Particle Model (IPM), -

Within the IPM, the wave functions of the nuclear initial and final states, (L,... s A)
and @(1,,..,A) are Slater determinants of single particle wave functions, obtained as solu-
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tions of a one-body Schrodinger equation, with, for example, a Woods-Saxon optical potential,
Since J and M of egs. (7) and.(8) are one-body operators, only single nucleon emission pro

cesses can be described on the basis of the IPM 30), Realistic calculations in the IPM show

that ( y,p) cross sections systematically come out too small, indicating that the conventio-

nal shell model does not provide considerably large single particle momenta with sufficient

probability, Furthermore, ( y,n) reactions only emerge via the magnetic coupling of eq. (8),
which is relatively small; consequently, in the IPM picture, { y,n) cross sections are gene-
rally underestimated by orders of magnitude,

1t should be noted, however, that these considerations have disregarded the fact that
the IPM wave function is not translationally invariant, For instance, this is important”for
®1 transitions, where the Gartenhaus-Schwartz transformation yields an effective electric
charge -Z/A for the neutrons, thus making El transitions in ( y,n) processes possible.

B. -Correlations in Nuclei and the Jastrow Model, -

Both the dominance of the ( 7, pn) reaction, and the observed probability of finding
rather high Fourier components in the nuclear wave functions for {7,N) processes indica-
te the relevance of two-nucleon mechanism in intermediate energy photoabsorption, Levin-
ger was the first to point out that the absorption process might involve deuteron-like sub-
structures (quasi-deuteron model(31), developed further by several authors(32)), In this pic-
ture the ( 7, pn) cross section is related to:the cross section for deuteron photodisintegration
by

» NZ
{9) 4 =T, g

o {7,pn) A (yd-»pn)

where the factor L is theoreticdlly estimated to be 6.4: experimentally, L turns outto be ener
gy dependent and its value ranges between about 4 and 10,

The effects of relatively short range correlations in nuclei can be treated, among o-
ther methods, within the frame of the Jastrow model: the IPM. wave function ¢(1,...,4) is
modified by nucleon pair correlation factors f(ij) to obtain the correlated A-body wave func-
tion ¥ :

(10) Y(1,....,A)=F&(1,...,A), F=1 flij)
igj

The matrix elements of the one-body operators J and M of eq. (6) are now given by

(11) SRS FRL GRS V) RN (B | BT gt IM NP >

(12) Togg =F IF M FME

where Jopp and Megr are many-body operators acting on IPM wave functions.

In the phenomenological approach towards Jastrow correlations, the two nucleon cor-
relation factors f(ij) are conveniently parameétrized ‘in terms of the relative momentum qg
exchanged between pairs of independently moving nucleons, The Jastrow model has been ap
plied to both (7y,pn) and (7,N) reactions(33) and seems ‘to account quite well for some gene-
ral features (orders of magnitude of cross sections, shapes of angular distributions) of these
processes, However, the correlation factors used so far do not seem to be related.to any so
called realistic 'nucleon—nucleon-potentia1(34). ) o

As an example, Figs. 11+ 13 show a repent Jastrow model analysis of { y,p) differen
tial cross sections{35), v V



23,

&

L& tusrsr)

b

'v <
“Cty.p) By s

50 - Ey = 60 Mev

e I Owens. ¢t-al,

FIG. 11 - Jastrow model analy
sis of 12C(y, p) differential

e 2300 MeVre crogs section for emission of

' p-shell protons. at photon ener
gy By =60 MeV, qp is the re-
coil momentum -of the residual
nicleus, Both curves (with and
without correlations) inelude
realistic distorsions of the
ocutgoing proton (complex opti-
cal potential), 4, is the corre-
lation parameter, i, e, the rela
tive momentum to be exchanged
between otherwise independently
moving nucleons,

L
e,
-

2

no“(:ortetaticaﬂs
\
\,
\
\
\

40 60 80 100 130 10 eldeg)

0.8

270 60 29 300 310 qp (Mevic)

Genérally, the Jastrow approach seems to be rather successful in correlating a large
variety of intermediate energy data, althouph - atits present stage = it
ther microseopic insight into the basie absorption mechanism, In this contex
sion experimernts with monochr photor 1 g 1 stimule
ments of the moedel, as well as examination of its poss

the. S50} /ays been moving withia the conventional fiame of
Wwith currents ¢ d exclusively by pointlike nueleons, This has led

action operators -of egs, (6) ai ich correspond 1o the basie N=vep
‘ ver, itis in fact well known that there exists quite different inter o]
;. related to-6 ntg. of &l d mesons in the nl 8, The basie eoupling of the
photon to these mésornle d es of freedom 18 a very familiar phenomenon beyond the meson
production-threshold, where the photoproduction of @=mesons becomes the dominant reaction
channel (see Fig, 14). In nuclei, the same .sort. of mechanism can of course take place vir-
tually below threshold, ihe photo-prodiced virtual plon being sbsorbed by a second nearby
nucleon, as ghown in Fig, 15,

ifig

B To the lowest order in.the coupling constants, the exchange current contribution of
Fig. 15 is represented by the diagrams of Fig. 16, Their non-relativistic reduction yields
two-body “operators for the current terms, corresponding to the diagrams a) and b) of Fig. 16
respectively:
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Here m is the pion mass, G is the pion-nucleon coupling constant, and ry -Ir -rj. Clearly,
these operators introduce a sori of two-nucleon interaction mechamsm whlch seems to be
a basic feature of intermediate energy photoabsorption, These effects cannot be given by
the Jastrow model, they are a specific property of the electromagnetic interaction with
pionic degrees of freedom in nuclei. The total current operator J in eq. (6) now consists of
a one-body and a two-body part:

(14) 300) = 3 ey 5 ()

(1)

where J'" (k) is the conventional term of eq, (7), and
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(15) 32

0 =300+ 1

Calculations of photonuclear cross sections along these lines have not yet been carried out.
Estimates of exchange current contributions to the dipole sum rule(36) seem to indicate that
these effects are by no means small, Furthermore eq. (13) shows that the two-body terms
are highly symmetric with respect to the two. participating nucleons, which might help to un
derstand the observed similarity between ( y,p) and ( 7,n) differential cross sections, In‘fact
if the two-particle absorption mechanism would exclusively be due fo the current.of eq. (15),
then the ( y,p) and ( ¥,n) cross sections would be completely equal,

4.- Reactions with polarized photons.

Plane polarized photons beams may give additional information over that obtainable
with unpolarized beams of the same characteristics, The formalism to use in considering
experiments with polarized photons, and a general discussion on such experiments are presen

ted in a paper by Satchler(37) and in the monograph by Hayward<6), some applications can be
found in ref, (18),

Consider the angular distribution of single nucleons emitted after the absorption.of
photons of a given energy ®=k, For unpolarized photons the angular distribution may be re-
presented by the familiar Legendre expansion

(16) I(e;k) = 3 Ay (LL';k) Py (cos@)
vLL!

where 0 is the nucleon emission angle and L, L' explicitely refer to the photon multipolarities
involved in the transition, For plane polarized photons, eq. (18) is to be replaced by

1
(17) o, k)= 3 A, (LL'K) Fo'(e,9)
» LL'
where
LL! _ , 2
(18) F,  (8,¢)= P, (cos6)+p xL, f,(LL')cos29 P (cos8)

Here %y 1=+1 or -1 depending on whether the multipole L' is electric or magnetlc, respec-
tively. The degree of polarization of the photon beam is denoted by p; the P2(cos8) are as-
sociate Legendre polinomials, -and ¢ is the azimuthal angle between the photon polarization
vector and the reaction plane. The geometrical coefficients fy (LL') are given by

. (T2
19 e
'(1 -1 o)

A-few specific values of these functions and coefficients are listed in Table Ib,

Quantities of special interest are thecounting rates parallel and perpendicular to the
plane of photon polarization, I'" and I*, given by

(20) 1" (0:k) = 1(0,9=0:k), *(8:k) = 1(0, 9= k)

The asymmetry A(6;k) is defined by
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1 (0;k) -1"(8;k)
1-(0;k) +1"(0:k)

(21) Al0:k)=

If only electric dipole transition occur, as it does in the Giant Resonance, then the angular
distributions of nucleons are symmetric about 90° and the use of polarized .photons does not
add new information, but it allows a much more sensitive determination of the angular. di-
stribution parameters, But if, on-the other hand, the angular -distributions are asymmetric,
indicating a E1-M1 or a E1-E2 interference, then a measurement using polarized photons
allows the distinction to:be made,

Appendices A, B and:C present some examples of additional sensitivity gained in po-
larization experiment atlower energies:

a) Determination -of angular coefficients (Appendix.A)
b) Parity assignments in.dipcle transitions (Appendix B)
¢) Angular distribution in E1-E2 interference (Appendix C).

In addition, the E2-photodisintegration of 4He into a pair of deuterons is discussed in
Appendix D,

At intermediate energies, the measurement of asymmetries A{Q)for processes like
(7,N) is expected to yield an.additional sort of information beyond that obtained from the
unpolarized differential cross sections. The comparison.of A{8) for (¥,p) and (7,n) reac-
tions, for example, could provide a sensitive tool to-study how far ‘the similarities between
such reactions really go: as stated previously at point 3, this might be of considerable in-
terest for detailed discussions of-the two-body absorption mechanism at photon energies
around 100 MeV,

In that context, it would also be interesting to compare the asymmetries of (y, pn)
differential cross sections to those observed in the photodisintegration of'the deuteron, If,
for example, the original . quasideuteron model is assumed to hold, these asymmetries
should be equal.

Furthermore, it should be remarked:that . polarized photions experiments may con
tribute to the question about possible contributions of long range .correlations (collective
excitations) to the direct two-body absorptien process discussed at point 3,

IV, - THE PHOTODISINTEGRATION OF THE DEUTERON USING LINEARLY POLARIZED
PHOTONS. -

(41)

Some time ago De Swart and Marshak proposed that the photodisintegration of the
deuteron be studied using linearly polarized photons to determine the contribution of the M1
spin-flip amplitudes to the total cross section. They suggested that this be done at 80 MeV,
Since that time a much more exhausting study of the deuteron photodisintegration has been
made by Partovi 42), in-which ‘he includes multipoles up to L=3 and treats the problem in
a series of Approximations A through I, each more sophisticated than the one before,

For linearly polarized photons Partovi writes the angular distribution

(22) do/dQ=1,(0)[1+p X (9) cos29)

where p isthe degree of linear polarization and ¢ is the angle between the plane of linear
polarization and the azimuthal angle of observation; the function I,(8) and 3(0) are given
in Partovi's paper. ‘

In an experiment one measures the asymmetry given by (21) that may be written also

hA 7
22) Ak =2Cd9  . _o 5
de*+dg"
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If the polarization is complete then

(22) gives

(23) A(9:k) = - 3 (8)

08

Z(e)

Fig, 17 shows a plotof 3(8) as a function ot 9 for different
energies in Approximations I, Fig, 18 shows 3 (% /2) as
a function of energy in Approximations E andI.

In the photon energy range 75 to 230 MeV the deu
teron photodisintegration has been studied(43) using
polarized bremsstrahlung, Up to 140 MeV his resulis
agree much better with Approximation E than with Ap-
proximation I, If we can believe both the experiment
and the Partovi calculation, the eéffects of meson cur-
rents and nucleon polarization(44) need to be ‘included for
photon energies as low as 100 MeV, This experiment is
of sufficient importance that it should be repeated,
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V.- ACTIVATION METHODS FOR PARTIAL CROSS SECTION MEASUREMENTS, -

When one starts to do a new

kind of physics, it is always a good idea to make a sur-

vey, i,e., to measure the same quantities for a range of nuclides, For instance, ifit is
known that the photon beam is monochromatic, then it is an excellent idea to measure (¥,n),
(7,p), and (v, pn) cross section magnitudes as a function of energy using activation techni-
ques, Select targets in which the radioactivities generated have reasonable half-lives and
where the reactions studied can be easily separated from other mechanisms by y -ray spec-
troscopy. In this way one avoids all the problems connected with the dependence of detector
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efficiency on nucleon energy or molteplicity, A specific cross section can be measured,
These experiments also have the advantage that a high photon flux is not required sgince the
detector-target is placed in the photon beams. To have such cross sections measured over
a wide range of A values may show some very interesting trends;

For example, the quasi deuteron absorption mechanism is.thought .to be the.dominant
one on the energy range 50-100 MeV. It is therefore very important to measure the {.y. pn)
cross sections because of their relationship to this mechanism. The ( y.,pn).process results
in many measurable radioactivities with convenient half-lives and.producing X-rays that can
be counted using high resolution Ge(Li) detectors. As the nuclear volume increases, the
chance that one of the nucleons will interact beforé emerging becomes greater, These in-
teractions result in the emission of two, three;, four, or eéven more nucleons., Again, in
many cases these reactions produce measurable radioactivities so that one could determine
with monochromatic photons the cross section for the emission of, say, three neutrons,
For example, the relative integrated cross sections have been measured(45) for the produc
tion of twelve different radioactivities when 209Bi was exposed to 137 MeV Bremsstrahlung,
These were produced in exotic reactions such as 209Bi( ¥, 9n), 209Bi(}',6np), ete, It would
be very interesting to have these cross sections measured absolutely and as a function of
energy.

VI. - FINAL REMARKS. -

Table I clearly indicates the distinct features of our proposed photon -facility; com-
plete absence of low energy photons in the beam and linear polarization close to 100%.
These features will allow some series of experiments which have not been possible up to
now or have yielded inconclusive results. We would like to discuss here a few categories:

1) Inclusive reactions induced by high energy photons in which low energy particles are
detected,

2) photoreactions with polarized photons, :

3) coherent and incoherent scattering of polarized photons on nuclei,

.- Inclusiwve. reactions. -

The most common inclusive reactions in nuclear physics are the ( y,n) and (7, 2n)
reactions, Extensive measurements of these cross sections have been made with Bremsstrah
lung beams and more recently with monoenergetic photons obtained from positron annihila-
tion in flight, However, most of the existing measurements are limited to.gamma ray ener
gies. lower than 30 or 40 MeV. At higher energies the neutrons produced by the lower ener-
gy photons present in the beams constitute a very large background making the experiment
more difficult and the statistical error much larger. A monochromatic photon beam without
low energy tail could easily extend the existing measurements to its highest energy with
traditional detectors. Let us assume that we use a 4 thermalized neutron detector with
an efficiency of 20%, a target thickness of approximately 0.01 radiation lengths and. a beam
intensity of 107 photons per second. In this condition the counting rate ¢ is given in the last
column of Table III. The nucleus under consideration is indicated in the first column, the
assumed total photoneutron cross section in the second column and the target thickness (nu-
clei/em?) in the third column,

TABLE III

Nucl
Nucleus GTOT N | v
em?2 Nuclei/cm?2 ~ Counts /Hour
4
He 5x10°29 1,3 x1023 47.000
83cy 5x10728 1.13x 1021 4.000
20954 2x10727 1,9 x 1020 3,000
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2.- Photoreactions, -

_ High energy photoreactions with the emission of a single nucleon were shown to be a
sensitive test of nuclear models, Polarized photons, with an extra degree of freedom, increa
se the sensitivity to nuclear models and can reveal contributions from higher multipoles, The
study of the cross section for the direct reactions (7,p) and (y,n) is made difficnlt by the
small size of the cross section, In the ( ¥, p) measurements, moreover, the target thickness
is limited by the requirement to keep the energy loss in the target of the outgoing proton
small and compatible with the required energy resolution,

In Table IV we have collected some tentative numbers for the study of the reaction
olé {(7,p) NI5%_ 1p the first two columns are indicated the gamma ray energy and the cor
responding proton resonance energy; the maximum energy loss allowed inthe target is in
column 3, incolumn 5 the corresponding target thickness expressed in nuclei/cm?, and
in column B the assumed value of the cross section. The estimated counting rates, for a
"solid angle 48 =0.1 sr, are inthe last column,

TABLE IV
K E AE 4X N do /dQ v
MeV | MeV | MeV | gr/em2 | Nucleifem?| cm2/sr | Counts/Hour
50 35 1 | 0,067 2.5x1021 | 4x10-29 360
60 | 45 13 0. 104 3.9x1021 | 2x10-29 280
80 65 2 0.218 8.2x1021 | 5x10-28 150

To discuss the feasibility of the study of the reactions (y,n) at high.energy we will
consider the specific process Clz( Y, n)C for which some measurements already exist
at gamma ray energies between 64 and 123 MeV(47) At a gamma ray energy of 83 MeV we
have a resonance neutron energy of 58 MeV and a differential cross section, integrated over
the neutron resonance, of approximately 10 pb/sr at 40° in the Laboratory System, Let us
assume that we use a large neutron detector of 30x30x20 cm3 located at 3m from the tar-
‘get- with an overall neutron detection efficiency (&) of 10% and covering a solid angle (4.Q)
of 10-2sr, Inthese conditions with a target thickness of 4 gr-/cm2 (approximately 0,1 radia-
‘tion length) and our beam intensity of 10 photons /sec we obtain a counting rate of 72 counts/
/hour, The energy of the outgoing neutron must be measured. by time of flight technique,
Its ‘resolution is determined by the length of the flight path and the time resolution of the
‘apparatus, In the storage ring Adone electrons travel in bunches not longer than 40 cm. The
monochromatic photons have the same time structure due to the production mechanism,
Therefore, the eledtron bunches can be used as a start signal for the time of flight circuitry,
The -stop signal is provided by the neutron counter itself. With our parameters .the time .re
solution of the neutron detector should be smaller than that of the electron bunches, With
all this 'in mind we can now calculate:

4av
v

- 109 8
=2_t_t_=2mclﬂ . 2x1.5%x10 3x3x10 x0.32 _ | 006

AE _
B =2

or:
AEX 4,6 MeV

‘ The width of the neutron resonance being approximately 10 MeV, a neutron energy re-
solution better than 5 MeV is perfectly acceptable.

3.- Photon scattering.-

Ptixoton scattering by the giant resonance of nuclei and Delbriick scattering will be di-
scussed in this paragraph. These processes contribute to the same cross section. Therefore
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the different angular distributions must be used to separate the two contributions, Delbriick
scattering is strongly peaked forward while the angular dependence of nuclear scattering is
characterized by a second degree polinomial in cos@, :

a) - Delbriick Scattering. -

At an-energy of 80 MeV the most interesting region for Delbruck scattering is at
small angles, where the momentum transfer is comparable or-larger than the electron mass,
and most approximations are not valid, In Table V we have indicated, for some typical va-
lues of the momentum transfer, the theoretical values of the differential cross section calcu
lated for Pb at a gamma ray energy of 80 MeV(l2), the solid angle which can reasonably be
used at each angle (4 £4:02) and the expected counting rate in the last column,

TABLE V

Y. mw do/dt do /dQ e 40 (do /dR)4AQ v
MeV | ub/GeV2 | mb/sr | rad, sr mb counts /hour
0.4 80 24,000 | 0.005 | 2.10° 0,48 3300

1 12 3. 600 0.0125 | 2,104 0,72 4900

2 1.5 4,50 0. 025 6,10-4 0.27 1850

5 0.1 29 0.0625 | 4. 10 -3 0.12 820

10 0.01 2.9 0,125 0-2 | 0,03 205

These values have been obtained for a target thickness of 0,0652 ,«gr‘/c:rrl2 equivalent

to 1% of a radiation length,

b) - Nuclear scattering, -

Only one experiment of nuclear scattering of plane polarized photons has been pu-
blished up to now(18), This was done at a gamma ray energy of 15,1 MeV, We have assu-
med to work at the same energy and have used some approximate values of the cross sec
tions reported in Table III of that paper. We have also assumed to measure the scatterlng
at 90° in the Laboratory System and to use a target thickness of one tenth of a radiation
length, With this hypothesis, for three different elements the counting rate is given in the
last column of Table VI,

TABLE VI
Nucleus | | Aol2 do{90°)/dQ N v
mb mb/sr nuclei/cm? | counts/hour
Sn 0, 82 0.14 4.5 x1021 2400
W 2,05 0.34 2.25x 1021 2750
Bi 3,43 0.57 1.90x 1021 3800
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SUMMARY, -

There - exists at present the concrete possibility of realizing a facility which gives
almost completely polarized (p »98%) and even quasi-monochromatic photons up to about
100 MeV,

The importance of the proposed beam for future photonuclear work is underlined,
for instance, by the following arguments:

i) Delbrick scattering can be favourably studied by taking into account the ‘dependence
of the scattering amplitude on photon polarization;

ii) nuclear coherent and incoherent scattering can be easily separated in El approxima
tion, or, conversely, the multipolarities E1 or E2 can be unambiguously assigned to cohe-
rent scaftering of polarized photons;

iii) monochromatic photons, without lower energy background, are the best tool for
studying incoherent Compton scattering on bound protons;

iv) in photonucleons emission processes, a polarized photon beam is extremely help-
ful in obtaining an increment of sensitivity in the extraction of angular distribution coeffi-
cients andinthe quantitative analysis of interfering multipoles, In particular, wvery clarifying
is the study of the deuteron photodisintegration with polarized photons;

v) in the intermediate energy region (above the GDR) where experimental material is
very scarce, monochromatic and polarized photons are an extremely useful and sensitive
tool for precise and detailed measurements of (7 ,n) and (y,p) reactions, which are of cru
cial importance.for the theory;

vi) multinucleon final states can be studied in detail for the first time .exploiting the
high duty factor of the proposed facility, thus checking, by the polarization effect, nuclear
models to a greater precision,

The physics involved in such experiments was subjected to a detailed discussion,
implemented in some cases by a first evaluation of the counting rate which can be expected
by using the proposed beam. I all the cases studied, data with good statistical accuracy
can be obtained in reasonable.times,
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APPENDIX A - Determination of Angular Distribution {Coefficients in El-Transitions, -
Inthe giant resonance -region, El-transitions are by far dominating. In this case, we
have =0 and 2 only, L=L"'"=1 and m.L..:éi-.l_., which leads to

(A1) e, )= A Py+Ay ,,_{'Pz.(co,sigf) - %—p fsi«riZO:'c'O‘szy)}

For 100% polarization (p=1), one :obtains, for-example:

MW=L e, y PP S
(A2) THe=5 )= A -2:4A,, IT(9=5 @ )=A +A,
The 90°-asymmetry is given by
(a3) Afo=—o-aw)=3A, [(2A - Ay)

The guantity of interest, namely the ratio Ao /AO, can of course be obiained by directly
analyzing the angular distribution {without polarization), However, a considerable increase
in sensitivity is gained with polarized .photons. This is shown in¥Fig. 19. In addition, Figu
re 20 gives the sensitivity as a function -of the degree .of polarization for ‘a given ratio.Ag /A,
showing that itis essential to'work -with.as large a walwe of p .as possible.
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FiG. 19 - Sensitivity for determination FIG. 20~ Value of I,/ly as a function of
of Ag /A, with polarized and unpolarized the .degree .of polarization -of the photon
photons, The ratios I''/I~ refer to the pola beam for A,[A,= -0.5.

rized measurement, p denotes the degree
of polarization, I(80°)/1(30°) is theresult -
for atypical unpolarized measurement.

APPENDIX B - Parity Assignements: E1-M1 - Mixture, -

If'there is a mixture of E1 and M1 radiation encountered, one has {(for p=1):
{B1) I‘(«G,Q)'~=:a0’Pou+‘.ai’zPlfl(c,osG‘) +»a2.Pzi(c~osQi) ~3/2 ibz'-sinzie ¢os2¢P-

The ap and b, are sums of A, (.LL')" of eq. (16) over different combinations of electric and
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magnetic dipoles. The important point is that:

(B2) 2, aAz +A2 . bz —Az- --A2
where:
E M_,
A, =A,(EL,E1), A, =Aj 1, M1)

So that there is a chance to separate the El- and M1l- components AE and Ag/[, or, equiva-
lently, to assign parities to the dipole radiation involved, For example:

T - 1 E M, E_ M

I''(e= 5 W) =ag- 5 (AzfAz?--B/z(Az Az)
(B3) ,

Lig.my_. 1, E M E M

I"(g= 2) 35~ (A,2 +A2.v?+3/2(A2 —Az)

The 90° asymmetry is.given by
. 3(A]2£_Al;[‘)
(B4) A8 =’§“)= B
E M
2a,-Ag - Ag

APPENDIX C - E1 - E2- Mixtures, -

At energies beyond the giant resonance, higher multipoles start to become important,
The angular distribution of emitted photonucleons ‘tends to forward directions, indicating
the interference of E1 transitions with higher multipoles,

In the case of E1-E2-mixing, the angular distribution, including total polarization
(p=1), becomes:

4
1(0,9)= 3. a. P (c-ose)-~3—b cosZ?’sinZQ-H— a,_cos2@Pcosd sinze -
: i%iti 2 2 6 3
(C1) o

15 . 2 2
\* o4 a4cos2¢ sin“"0(7cos"0-1)

where the coefficients a; and by are expressed in terms of the A, (LL') of eq. (16) by

ao=A0‘(,11)+A0(22); a1=A1(i'2)+A1-(21’);; ‘ _8.2=A2(11)+A2(22), bzéAz(lil)-Az(ZZ);

{C2)

ag=AL(12)+A5(21); 8y 4,(22)

Thus measurements of I+ (0) and I'(8) at, for example, 6=45° and 0=135° lead to
an increase of sensitivity in determing the angular distribution coefficients.

APPENDIX D- The E2-photodisintegration of 4He into a pair of deuterons, -

The photodisintegration of 4He into two deuterons at low energy, *He(y,d)d, isthe
only known pure E2 cross section(46) in photonuclear reactions. The angular distribution is

well-known to vary as sin2@ cos2g, Expressed interms ofthe Legendre funciions this be-
comes: ' ‘ B T '
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5 . N 12 -\

fa)= 12 o —— P 050} - — P (cosB)

{D1) Ie)= P + ﬁr‘ le(casé)) . P4i(cos9)
-If plane polarized: photons are used, then this becomes

169, ) = 5+—- I‘: '—(Scwos G- 1)+ —— smzecosz ¢]

(D2)
12 7 4 2
—-—7— [-——(35003 0-30cos 9+3)——~sm . (7cos 9 l)cos2¢]
which simplifies to
(b 3) Ife,¢) = ~§—§ sinzg e‘o:sz&(“lw%-co‘s;Z‘{;T),, F'(0) ~ 25 sin®0 cos?0), it ()=

and the asymmetry is A=-1,

Given sufficient plane polarized beam intensity to study this reaction, it ean be used
to determine the degree 6f polarization of the beam. In fact, any intensity in the direction
perpendicular to the polarization vector, I}, measures the effects of finite solid angle
and the incomplete polarization in the incident beam.

At higher energies, the same reaction can be used to investigate the contributions
of multipoles different from EZ2, which should show up in It ey #0.
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