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LOW ENERGY NUCLEAR PHYSICS

I. INTRODUCTION

1) The Glant Resonance

It is perhaps interesting to introduce the subject of the
interaction of ¢ rays with nuclei, talking about what is called

the "giant resonance".

When the nuclei are bombarded by ¢ rays of energy from 10
to 30 Mev, the cross section for absorption of the & rays varies
with the energy like a gigantie reson&nce; of the order of &5 Mev
wide. The gilant resonance occurs whatever is the product of the
reaction; this means that the shape of the cross section is a
characteristic of the process of abgorption of the €& rays and
therefore independent of the competition of the different photo-
nuclear reaction. Some typlcal curves for (¥, n) reactions are
given here in fig. 1 from the data of Montalbetti, Katz amd Gol-
demberg (P. R. 91, 659 (1953)).

barns
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2) ZThe Interaction of ¢ Rays of Energies up to 30 Mev With Nuclei

Using the de Broglie's relation, the wave length of a ¢
ray can be written as
h 1,25 . 10" cnm

P 'E (Mev)

Az
For E o 20 Mev A will be ~ 10°2tem .". A 1s of the order of
magnitude of the nucleus (Ex. for A ~ 200, R~ 10™2%cn), there-
fore, at low energleg, the interaction should not depend on the
detailed structure of the nucleus which acts as "a small boat in

a hbig wave'. The effect of the electromagnetic wave should be to
displace the center of mass of the protons relative to the neutrons.
In the C.M. system, in a first‘approxrmatibn, the nucleus would be
have like a dipole, and, it can be shown, [Bethe, R:M.P. 9, 87

(1937)| that protons and neutrons present an effective charge

°p

e [
o

®n

@

If the nucleus was to consist of one type of particles e.g. only
P or only § or only % we are golng to show that no El radiation

could be absorbed:

The matrix element for the transition from a state a to state b,
taking the photon as a plane wave polarized in the x~direction
with a propagation vector ¥ is

A e ix.T,
- he | * L v
Dap = ‘}' 1y I ?b € dx4 wa a7



4th

where ?1 is the position of the nucleon and the integral is

extended over all space.

o
For E‘ym 10 Mev k = -5\— =

®
For ry~ lO'lZcm KT v 10'2 and we can write Dab’ in a fipst

approximation, as

e *
Dab=23'i Ei[!pb 7—’%1‘% av¥

In the C.M. systenm

Ze.
81 3 4 - & _ 1 ’) d
yi:mi Xy ¥a Eii(mi M/ 51 Ya
A —
(x,,3) where §, =x;, - X
- and X is the C.M. coordinate
- P —-
* Foex
i M
Fig. 2

From this we can see that if the specific charge

of all the particles is the same, the matrix element will vanish.
This is true if the nuclei were formed only of p or d or & etc.

and then, for these nuclei, no El absorption could take place.
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a) Ec’( 15 Mev,

This 1s not the real case, but for low & energies (up to
~ 10 Mev) the strong correlations between the nucleons reduce the
E 1 transition probability. At higher energies the correlations
are destroyed and, as experiment shows, there is a high crossg

sectlon explained ag an E 1 absorption.

Blatt-Weisskopf glves an estimate, nsing the "independent
particle model" for the absorption cross section for multipoles of

order £ and photon energles £ 15 Mev.

For electric radiation of order ¥ > 2 the cross section is

(L+1) (2t+1) 2 h
— s . =, == . k)22, g2
1L+3)2[(21+M2 " he "D

2
o'c! (Ec).) 218 7
o

where Do is the level distance between the "low=-lying" states.

This equation may not apply to electric dipole absorption

because of the strong correlation between nucleons.

The absorption cross section for M{ radiation is smaller

than the given above by the factor 10 hZ/(Mc.R)Z.

According to thisapproximation the main contribution to
the ¢r-ray absorption cross section for hw € 15 Mev probably comes
from the M 1 and E 2 absorption only. The above estimate gives
for .hco = 15 Mev.

for M 1 U'CQ(Eq)'E 4,8 x 15 (Mev) . 10~% barns

~ 7 x 1072 barns



s

R -6
) « 10 bams

6.10"L3en

for E 2 'o-c,_(E?) v 1y2 X 157 (Mev) o (

N 27 X 10> bparns ( for A = 200)

S8o M 1 and E 2 absorption are of the same order of magnitude

for hw ~ 15 Mev. and too small to explain the giant resonance.

b) E, > 15 Mev - The giant resonance.

Baldwin and Kialber [P. R. 71, 3 (1947)] measured the giant
resonance for hw > 15 Mev and found that the Integrated cross
section 1s e 1 Mev. barn concentrated in a region of ~~ 5 Mev)
so the experimental wvalue of ¢ 1s ~ 0.2 barms, off by a factor
10 from the above estimates. The cross section of the giant

eso e must be due to E 1 radiation. This can be Justified by
the simple calculation done by Levinger and Bethe [P. .R. 78, 118
(1950)] for the integrated cross section for E 1 transitions
using the Thomas - Reiche - Xuhn sum'rule '[Bethe, Handbuch der

Physik 24 434].

~ The oscilator strength for a photoelectric dipole transi
tion between state 0 and state g ls:

24 (E_-E ) S 2
= o) .
fon —Q———hz | KIPO z q’n d'r'
where z is the component of the displacement along the direction
of polarization of the photon. The photoelectric cross section

of absorption of a photon of energy En - Eo is



(E1) 2172 e2 h
on Me on
Summing over n
2
2r— h
- - 2
[adE - Zn: %n = Me zn " fon

For the éase of electrons in a atom 1t can be shown that

§ e fon = e% Z; for muclel the introduction of the effective

charge makes }r;'i' e fon = e? Ei-z- thus for the case N = 2 = -%
GdE = X @ _ = w———e——— = 0,0154 Mev. barn
n on Mo

If exchange forces are taken into account

Sch = 0,015 4 [1+0,8 x]

where x 1s the fraction of exchange forces, relative to the entire
force between proton and neutron: x v 0,55. For A~ 100 the
integrated cross section is ~ 1 Mev barn, in agreement with
experiment. This calculation explains the integrated cross gection
of the glant resonance using only E 1 transitions. However, we
still have to explaln why all this cross section is concentrated

in a narrow energy reglon ([ ~ 3 to 7 Mev) and in order to do

this we will have to use a nuclear model.

Before doing this let us become more familliar with the

experimental results on the giant resonance.

HeKeKako Kok, ¥k



IT. METHODS _OF INVaESTIGATION
The main techniques are the following:

a) Resldual actiﬁity

b) Inverse reactions (detailed balance)
¢) Electron desintegration \

d) Inelastic electron scattering

e) Absorption measurements

@) Residual activity (¢r 4x) where x is a p {neutron) or p (proton)

or § (deuteron) or ¢ org’' or © or zZn =tc,

Normally the p 1s favoured over the other emissions because
of the inexistence of the Coulomb barrier. In this method one
measures the total cross sections for a particular reaction measur
ing the activity of the residual nucleus. The rays come from a
betatron or a sinchrotron or another machine; they have therefore

a continucus spectrum. A
| ne of Y of energy B rough representation of
their energy distribution

being: '

N (E,E,) “’%

where'Eo is the max Lmum energy

o _
B of the spectrum,

1) How to calculate the absolute cross gection

The observed number of reactions (P,x) will be




Eo
o (E,) =K J' N(E,E,) O (E) d E (1)
) |

It is an integral equation; o (Ej)1s called the activation
function and it has the shape of fig. 3; points are obtained by

A varying Eo' To normalize the
incident number of photons an
ionization chamber calibrated
with a calorimeter is used. The
solution of equation (1) depends

on knowing N (E, E ). Fig. 4

Activity

represents the energy distriby

(gév) tion of photons for different
Fig. 3 values of E, normalized to 100
"roentgens" and fig. 5 gives the number of photons per indicated
energy interval per 100 "roentgens®" as a function of the maximum
photon energy of the betatron. Now looking to curves 3 and 5 and

supposing that fig. 6 represents the cross section curve we can

write

R k= 98
E' t= 018,490

‘ = & c
a. m la3+0'2b2+%1
%_ ete.
% These linear equations can be
o
“ . solved for the unknowns oy

E _
(Mev) yielding the desired cross
Fig. 4 section curves [Johns, Katz et
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al, P.R. §0, 1062 (1950)]. The method 1s complicated by experi-
mental errors in ky 2, m ... of the order of 24. Because the compu
tation involves the difference

of two nmumbers of nearly the

! same magnitude, the error in
i; a el some values of o may be 50%.
1 | . A more sophisticated method
:? a of solving the problem 1s the
= tphoton differsnce method"

(Mbv) i° [Katz, Cameron-Can. J. of.
Fig. & Physics 1951].

b) The principle of detalled balance enables us to get the cross

section of the reaction (9,x) from the inverse reaction (x,9)

[Blatt, Weisskopt].

It can be shown that

o(yx) [1_%]2 (2s+1) (2§+1)
o(x,) %o 2. (23141)
where s = spin of particle x,
J = total angular momentum of
the final statey jt = total

angular momentum of the initlal
Fig. 6 state. Since the particle energy
(rensrally p) can be defined very well, these experiments can be
done with a good resolution., Blair [P.R. 100, 21 (1955)] measured
the cross sectioﬂ for the Bl (py) ¢12 reaction and the result is
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in very good agreement with the one obtained by Cohen (P.R. 104,
108 (1956)] for the C12 (,p) B' reaction. In this reaction the

11

transitions going to the ground state of B~ were measured: Fig. 7.

Unfortunately this cannot be done for all the elements,

because most of the products of the (x,9) reactions are not stable.

|
4 a9 L
.
0 L. B
0 10 20 30 40 50 60 7.0 80 MeV
Proton Energy
Fig. 7

¢) (8.x) Reactions

(r,x) reactions cannct be measured using monochromatic ¢-ray
beams (except for a few cases) due to the continuous spectrum of the
bremsstrahlung. Besides that, the methods of monitoring x-rays are
very unprecise. This last difficulty can be avoided using a mono-

energetic electron beam to perform (e,x) reactions.

These reactions can be considered proceeding by two maln

contributions:



1l
1) 4n electron in movement has an associated electromagnetic field

which'can interact with the bombarded target nucleus producing its

disintegration.

2) The bremsstrahlung continuous spectrum which is produced by
the interaction of the electron with the first layers of the target

material is responsible for photodisintegration of target nucleus.

If a stack of thin folls is bombarded by a collimated,
monocnergetie electron bsam, (Skaggs et al: Phys. Rev. 73, 420
(1548)), it can be proved that the activity induced in the foils
by bremsstrahlung effeet is in prineciple, indepcndent of the foil
position. Assuming forward production of bremsstrahlung the
aztivity induced by this effect in foil number n is a linear function

of tie number (n-1) of foils in front of it (Fig. 8).

On the other hand, the activity due to the azsocilated
electromagnetic field of the electron beam is independent of the

£uil nunmber.
d A Measured Activity

Bremsstrehlung Contribution

Direct Interaction Contribution

¥ » Foil Number
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It 1s interesting to note also that (e,x) experiments give more
accurate results since there is no problem in monitoring an electron

beam.

Let (Ah)el be the activity in foil number n due to electro
magnetic or direct interaction effect, and (An)br the activity due
to bremsstrahlung; then we have: |

®n n
(4g)gy = D [ % (%3)ey o = D% (%61 { dx
a(n"l) a(n_l)

(Ap)y = a D %(Uj)el

8n
(hndyy = D 3 (O x
&(n-1)
where D 1s the intensity of the incident electron beam; a 1s the

r
interaction and bremsstrahlung contributions to the (e,x) process

- foll thickness (0')91, (Oh)b are cross~sections for direct

- when the target nucleus is raised to a particular excited state Je

Up to this point we already made the following main

assumptions:

12) There exists a discrete set of states {J}- for the target

nucleus once excited by the electron beam.

2%) (05)81 is independent of the foil number provided the energy
and the intensity of the incident electron beam is not appreclably

reduced. This is true for electron energies high enough.
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32) The intensity of the high energy region of the bremsstrahlung
spectrum is not appreciablj affected by atomlc interactions. The
region above the (9, x) threshold is the only one considered here;
there is little backward bremsstrahlung production.

42) (Uj)br depends on target nucleus since it involves the

properties of the foils ahead.

Now, our problem is to evaluate (o‘)el and (q)'br correspand
ing to all possible J - final states.

To do this we have to consider the prineipal ways in which
electromagnetic interaction could proceed; i.e. electric dipole,

magnetic dipole and electric gquadrupole interactions.

We proceed by two different ways to evaluate this inter-
actions, i.e. by using Mgller potentials to represent the field
of the electrons at the nucleus, and by using the Weizsacker
Williams approximate method to calculate the virtual quanta spectrmm

associated to the incident electron beam.

Let us consider first the electric ‘dipole interactions of
the Incident electron beam with nucleil in the target.

.

Evaluation of direct interaction cross sectiop by using Mdller

potentials: (Mgller: Zeit. f. Physik 70 786 (1931).

Let Z be the atomic number in the targét; N the number
‘of atoms per cubic centimeter; D, as above, the intensity of

incident electron beam on the target.

The transition rate for electromagnetic disintegration is
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glven by: 2
zr '
We1 ™ N Heg Gfy
kK, w
where Pr = 8#3 Y2 de 13 the density of excited nucleus

final states f de is the solid angle element for the outgoing
electron} G is the probablility that the excited state will decay
by nucleon emission. This probability is independent of the way
in which the exclted state 1s formed; H;o is the perturbing
Hamiltonian raising the initial (ground) state of the nuecleus to
an excited (final) state f.

The perturbing Hamiltonian for the nucleus is

' ¢ - -
H =§ {..;; A.v . P, t+e ﬂv}
vhere E, s B, are the vector and scalar potentials evaluated

over the » protons in the nucleus; M 1s a nucleon mass; p is

the momentum operator.

We can use Mgller potentials to compute this Hamiltonian.
ei‘K‘oE’ - a —

K af a
=  4me - =
- W, =ty 2
K2 - (=)
p eiKoI‘ '8-.;'3';
—r W 2
K2- (L)

—

where K ='i° -'fk is the momentum transfered to the nucleus; a
i¢ the four-component Dirac wave function for a free electron;«

represents the three 4 x 4 Dirac hermitian matrices which are
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independent of '§ﬁ t,'ﬁrand B, W,y @ are the frequencies associated
to the electron before and after the interaction. Bxperiients at
10-20 Mev indicate that the wave function.of the bombarding electron
near the targét nucleus are only moderately modified from a plene
wave.

By putting this expressions into the Hamlltonian and making
the approxzimation eiﬁ'¥\3.1 +.1Ef + 4o we cbtain the Hamlltonian

for each particie v whose vecteor position is ry, .

- e a2+ (T )
H, == & & . == + (&, & 4
bERE) — SRE) . 41 Ry (T

’r” b[c . f ﬁ. ao . br" i | .l‘v af ao

To'compute the electric dipole approximation we consider the or-

thogonality between initial and final wave functions: (u,., u,! =0,

Wo define

. " o'_--—
Rv—[ufrvuodr, 3 R=3 R,

e Jo] w> = # o (8] w0 = B [T we> -

From the relation: 45

Since - 31 >

= - . . - iM =

(50 8 =0 & Cuplgie] wod = g% {<uelFylug>)
Go = Ylr) e=ivot ug = Pe(r) o-lwgt
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are total nuclear wave [unctions before and after the interaction

. 2 . .M

. <“f|brv!uo> = =g (uplryluyd> (-
Computing the interaction energy for the electric dipole transition
uw»u, keeping only terms up to K.T.

We obtain:

!
<uf|Hy|u0) N

2 .2 :
4r e~ ¢ S ——a, = =
) czﬁz-(wo-ﬁi.)a-{_: (afd ao). Rv(.wf"&i’:')ﬂ(afao)(K"‘v)}

Sumwaing over all partlicles in the nucleus:
-4r - ¢™ 1 -

2 .2
§ 1 N — — [P Ng— g eed
<uf|H !uo> = cgﬁz-(mo-%)i {-;- (ap ao). R @.~w) + (afao)(K.R)}

From this matrix element the total cross section for electromagnciie

interaction can be computed

2 2 2 2 .2 2 :
+ - +
Ut e () (B (et oy
el 3 1735 c2 k< e p(w -w. ) Ty
o P~ "¢
where
: P =n,e/h
For extreme relatlvistic approximation this becomes:
2 4l
o mtr (Yol e u
=L 5 A o
‘ “s c"‘(wo'(‘%‘) °.

svsluation ot bremssirahlung contribution to the cross seciion

To compute this contribution to (9yx) cross section we use
the shap2 of bremsstrahlung spectrum for the extreme relativistic
case slnce W, N 50 po (H:zitler: The Quantum Theory of Radiation,
‘Pag. 168, (1935)).
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The integrated cross section becomes:

8re s 18 2 2w W
o= —{(—) Wfrfxa RZ + -3 - = Yf24n —2-E. 1
3 \137 3 pese)

Now we can make the relation 'Gbx‘/cel and define the quantity F:

_i) of +°.".9. _E 28n _(_wa 1
= (szr %:) F‘(NZZr ?1:)‘_2”'(: a ‘*’% 3)(2wpzw L ) p
el " 1+(ﬁ) in °o £ %
w w
| o pelw, -¢%) o

where r, is the classical electron radius _eZ/EOOZ; xis the tdrgat

thickness.

In the limit when w &« i.e. when

-~ 1s large we have

Iy
R

'
Let us consider now the magnetic dipole interaction in th:

same fashion as in the electric dipole interaction except that now
the perturbing Hamiltonian for the Yup particle is:

‘ eh —
H = - e Y . H
7 2Me CP"’ )
wvhere R,, is the total magnetic moment of the Yy Particle in
unite of nuclear Bohr magneton.
H 1s the magnetle field at the th pa.rticle.

Proceeding as above, u’sing'l\wller potentials the electric
and bremsstrahlung total cross sections can be evaluated:
202 (e2) B (g1, Kork il
o = G . . - . + ~ - 3
o (D) By Dt ST
M /\ny c 6 “o| = g2 (0’0 “’f) [Kz-(u)c ]
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where M =Z' < uwplf,lu D3 M is the nucleon mass
Wa Wp 2 26
o .= P ra(—g) (22 r2 5 x)(—t)(-'9'+—£-—) (2tn —2I_ -t -1)
3 3 pe(w -w)
Then for magnetic dipole interaction we obtain:
We ra), W W W
_L( %% _i -2 o f _
%y 2 = “’o(“’ ‘o 3)(”“ poley =< 1)
=2 = (Nz%r%x) F = (Nz2rix) — L
el .9 o Wy Wp
- (l in

pe (C-.J -w )

The expression for P in this interaction is similar to that for

electric dipole interaction and for We _.us is also F = %g .

The above calculations for F can be in error by 10% or more.
The errors arise from the approximatlions we made: i.e. the use
of a plane wave solution for an electron near the nucleus and the

use bf the extreme relativistic assumptions.

These errors are significant at small final electron energlss
which is the case up to 20 Mev. Better measurements could be done
at 100 Mev. |

In the above treatment no account was taken of the finite

size of the nucleus (Dalitz and Yennie Phys. Rev. 105, 1598 (1957)).

It can be seen that the difference between the theoratical
values for dipole electric and dipole magnetic trdnsitions is not
greater than 20%. The experimental errors are smaller than this
figure. However it 1s rather hard to decide which is the type of

interaction due to mixture of different interactions.

The above treatment could be greatly_sihplified by the
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use of Welzsacker - Willlams method of virtual quanta (Heltler:
The Quantum Theory of Radlation, pag. 263 (1935)).

The cross section for the direct effect 1is:

o @) do = T(w) { N (w) dw}el

where { N (w) dw} el is the number of gquanta in dw corresponding
to Incident electron beam of frequency <«w,, and o(w) 1is the

photo desintegration cross section at w.

Now 1 b
2 d
-{ N (w) du)‘} s _- — = ta {.g bmax }
el T 137 @ min |

g2 1 1is the interaction constant; b is the impact parameter

where
v

~ Yo - 1/(1 -2
Bl = 27y -2 o = 1/(1-p%)

since for b greater than bmax there is little contribution to

flux of outgoing nucleons; bmin is the de Broglie wave length of

the incoming electron beam: b, = h/moc

According to Williamg is:
1 dwe

2 ga@
{ w}el r 137 @y { pelen =wp) }

2
2 1 do gw
O .(w) dao= — L Qn‘{ 2 '}<7@”)

Now to compute the bremsstrahlung contributlion Williams

consldered the reverse system in whidh the electron is at rest and
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subjected to the virtual quanta of the moving target nucleus. Using
the Klein Nishina formula for scattering and transforming back to
the direct system in which the target nucleus is at rest, it results

16 r? z2 : qw 2

here q X1 1is the interactlion constant in the reverse system.

16 1 dw qef
Top(W) dw ; . pp (N2© rg x) Sy oo in {Pc(wo —p) } o(w)

We then have as above

2 2 - - 2 .2
(Z r,x N) F = = — (Z roxN)!n(q/‘)

8w
C.. F _ﬂ—_',’ -_
3

as the result already obtained by using Mgller potentials.

Let us compare now the calculated and experimental F~values
vhen the energy of the incident electron beam is 16 Mev on target

nucleus Cu63; Ag107; Aglog.

It can be seen that by a suitable combination of the different
Interactions the experimental results could be explained. Other
experiments have been made by Scott et al.[Phys. Rev. 100 209
(1956)] and by Barber [Phys. Rev. 111 1642 (1958)].

- d) Llet us consider now {ese') experiments. With 187 Mev electrons

on clé it has been measured the angular distributions for the



elastic and inelastic groups (Fig. 10).
R CY

F= L
10
?‘E‘.’ —» Skaggs eb al: Phys.Rev.
y 420 (1948
‘. |
|
I
A4 I
|
!
2 - I
=/ '
/ | 16 Mev incident electron beam
< . 4
v ——t ~ ¢ r > h{w -wp)
o 4 8 12 16 20 Mev
Enexgy Transfered to Target
Nucleus
Figo 9

The authors did also the same experiments at 80 and 150
Mev. By plotting the values at 6 = 90° for the relation

o Cla Mev
do/d0 LGS as s function of bombarding energy, we obtain
(Fig. 11) o/d0 (C12 Mevy
Ee ’ o/ (GS .

G. Morpurgo (Nuovo Cimento X N2 3, 430 (1956)) succeeded
in obtaining an expression of the above relation in cl?  where the

o/d0) inelastic - AZ( (1-

o, dn. elastic
coupling parameter A 1s =2 1 for jj coupling and = ‘V_qfor LS
coupling.
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¥ 1s a osclilator index wave function for the nucleus;
q =2 Po sin %‘ where q = ﬁo- b} is the momentum transfered

lo-R? [ | T
Corben 1§+ Mev

al \ comneho gianic Fig. 10 (from Fre-
10788 A BRA 443 Mev —

.- \ Ch 76D M gean and Hofstadter

24 0E 26 Mev Phys. Rev. 99, 1503
o8

g i (1955)).

%
0 ad &
(E w‘”—k \

oM |
W o N W W o N e

to the nucleus; Z 1s the atomic number of target nucleus. He
concluded that the structurs of C]'ZGS‘ and 4.43 Mev could be

10-3 —t Y v v - B

50 100 150 200
Fig. 11

described better by LS coupling wave functions. We see that this type
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of experiments could give us information on nuclear structure.

e) Absorption measurements

There is another magnitude which is important when one
considers the interaction of gamma rays with matter: the ‘attenu-

ation coeffieclent.

As we know the production of X~-rays in a betatron gives a
bremsstrahlung spectrum which makes difficult t}:e interpretation
of experiments. However there are some tricks which allow us to
simplify the pleture. Iet us consider a bremsstrahlung continuum
spectrum N (E , E) with maxiwum energy E, interacting with a nucleus
to produce a (9,x) reaqtion with threshold ET such that Eo is
slightly greater than ET° This is a way to filter out the
bremgsstrahlung spectmmallowing it to react only with the fraction

Ep& EX B (Adams et al: Phys. Rev. 74 1707 (1948))

The attenuation coefficient, as usunal, 1s defined by:

- x -
1= Io e M px = thot X
t'rtcai: = Gph et c"p,p * %uel. ¥ Ttr

where: N = number of atoms per cuble centimeter in target materialj
x 1s target thickness in cmj crph; O, 3 crpp? Ohucl.? Ty 8re
cross sections for photoelectric, Compton, pair production, nuclear

and triplet interaction effects.

As is well known:
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Nuclear cross section is in general of the order of 5% of the
total cross section, so such a measurement becomes rather hard to do.
However total absorption coefficients could be measured with the

aid of a NaI(T!) crystal spectrometer.

Wyckoff and Koch (NBS6313) reported such measurement on
different materials:

Hy C4y Al and water:

Figa 12

J} bump in the attenuation coefficient versus Eq, curve can be

observed in the giant resonance region; for high gamma energies

the crpp and %y become more and more significant with increag

ing values of 2, (Fig. 12).
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Finally we have to point out that experimental measure-

ments of this type are not always in good agreement due to the
difficulties in measuring absolute gamma interaction cross sections.
The normal instruments used in this field are: total absorption

scintillation spectrometey, Compton spectrometer and pair spectro-

meter.
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III. INFORMATION ON YTEIDS AND CROSS-SECTIONS

COMPET ITTON

Experimental regults on photonuclear crogs-sections. Properties
of the giant regonance:

For a systematic account of a) the position B, of the
maximum in the cross-sectionj b) the maximum cross-section and
¢) the width [ of the giant resonance, fig. 13, some definite
nuclear model must be constructed. Several such attempts will
be examined.
Experiments covering
oj about 40 elements were
carried out in the.years
1952-53 by Montalbettl,
Katz and Goldemberg
(Phys.Rev. 31; 669(1953))
using bremsstrahlung
with o maximum betatron

Fig. 13 enorgy of 23 Mev. In

s s — e — — —

b Oy e m——

my

the experiments photongutrons were measured, giving o(9,n) +
*9(@ng) + 20(y2n) # aabsorption‘
up to 23 Mev neglects the tail of the giant resonance, but the

The integrated cross-section

error involved 1s not expected to exceed 104. In fig. 14 a
typical plot of Eh vs. mass number A is given.

Montalbetti et al. found Em = 37 X A"0°186, while Ferguson
et al. found E = 38.5 X 4~0-19 (Phys. Rev. 95, 776).
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As will be seen, this is in good agreement with a col-
lective model of Goldhaber and Teller. Both fits were made for
~about 20 elements.

Fig. 15 gives a plot of the

100 T LA L AR | integrated cross-section vs.

: | ;) A. The upper curve takes

exchange forces intc account

using

]ch = 0,015 22(1+0.8x) ,x=0.5

L2 . | lll!l
] t!ls.l'_-ill

The lower curve is for x = O

¥
L

{no exchange forces).

-1 'n._a'“llé [ I I“ilclm U TGO S For A >100 the agreemen‘l:

Mass Number 4 with experimental results

Plg, 14 1s fairly good.

At lower mass numbers the strong competition from (9;p)
reactions must be taken into account. These reactions have been
systematically investigated by Weinstock and Halpern P.B. 94
1651 (1954). 1In fig. 16 the curve for photoproton yield as a
function of Z (atomic number) is reproduced. They found that
the trend of experimental data could be explained below Z =
using Welsskopf and Ewing's (Phys. Rev. 57, 472) statistical
theory, l.e., formation of a compound nucleus and subsequent
evaporation of particles. The c¢ross sections between Z = 50 and

= 90 are much %too high, however.

We dlsouss now some models which have been proposed
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to account for the behaviour of the glant resonance.

Photo preteons /mole

Fig. 16 Summary of published photoproton yield data.
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The solid curve

is the yield vs Z as predicted by the calculations described

in the text.
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The model of Goldhaber and Teller (GT).

Assumptions - - 1) Pfotons and neutrons inside the nucleus behave
like two incompressible, interpenetrating liquids. There are as
many protons as there are neutrons (Z = N = A/2)3 2) a ¢ -ray
incident on a nucleus displaces the protons on account of the
electric field associated with 1t; in the C.M.C.S. the protons
and the neutrons are displaced in opposite directions; 3) The
restoring force acting against this displacement ¥ 1is proportional
to it as long as & ¢ € ; where € is of the order of the range of

nuclear forces, that is, € &2 2 X 10-1303.

The vibration thus induced is called dipole vibration.
On the basis of the above assumptions a very simplified theory
can be constructed, which will not account for the resonance
width. (The latter may originate in a damping process dque to
nucleon collisions, or in a coupling of the dipole osclllation

with other modes).

Let us now call p the proton or neutron "density" (number
per unit volume) and ¢ the separation emergy of a neutron~-proton
pair. If the relative displacement of the neutron and proﬁbn
spheres is € >€ , the total separation energy is equal to ¥x

number of separated nucleons. This may be crudely approximated by

Veop = 2x (rREE) xpxY

K being the nuclear radius. The force is then
Y e '

Z - ———s2P = o 2
Fsep 3E 2T RTe ¢
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For § < € a restoring force acts:

Frest = -k% and at ¥ =€ we must have

Frest = Fsep giving

P .= . 2mB°PY g
rest €
Now
F..,= Mg withM= = £ 7 Rom, where M 1s the
rest 2° 3 P .

reduced mass and m is the nucleon mass. (Neutrons and protons
are taken with the sasme mass). We get the equation of S.H.M.:
€+l 8 =0 withxco=€%§ N
The vibration energy Em = hw = (girné A"l/6 using R = T, A1/3
and assuming the vibration energy to correspond to the
position of the cross=-section resonance. This A"VG dependence
of Em is in fairly good agreement with the experimental results,
as has already been mentionsd. r, nay be taken to be 1.5 x 10'130.111
and 9Y,€ are adjusted for a detalled fit.

GT have proposed other models. One of them has been worked
out by Steinwedel, Jensen and Jensen (SJJ). In this model protons
and neutrons are assumed to oscillate against each other as
compressible fluids, the espherical shape of the nucleus being
preserved; local density fluctuations appear. Due to nuclear
surface tension this model may be considered more realistic. The
total nucleon density is assumed constant and the retarding forces
are derived from an energy density depending on the local neutron

excess.
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This model gives E & A'1/3. The resonance width would be

independent of A. The experimental data on Em vs. A seem to

favor the GT model, but evidence is not concluslve.

We may summarize by writing E =k R™2, with

n = 1/2 for GTy n =1 for SJJ

The additional broadening of the cross-section resonance
in non-spherical nuclei may be understood qualitatively from a
simple argument related to the non-sphericity of nuclei (nuclel
having only filled shells are spherical). Let Ry, R, be the
principal radii of an ellipsoidal nucleus. It will have a quadry
pole moment Q = ‘%? (Rl2 - Baz). The nuclear radius “seen' by
the electric fileld of .the incident photon will be RZ“" Rg Rl.
The measured resonance then comes from a superposition of resonances

- ~-n - -n
spread between Em =k Rl and Emz =k R2 +« Then

1
AR R,°B - Rl'n
=" R,

If the nuclear deformation is not large, we may set ZRO = Rl + R2
-n_p-n_[4 zgm -
= (~n=1)
B g (=n-2)p2_ p2
= =2 B (Ry"~ B)7)
Jomparing with the expression for Q, it turns out that
AE .6nQ

= F
Q

E 4ZR
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For magic nuclel a narrow resonance would be expected. The trend
of the measured [ ‘s shows this qualitatively, as may be seen
from fig. 17. The trend 1s not as marked as with the Q's. It

is to be noted that experimental errors are large.

'y
~
Mev
0} |
9 AR - - |
st [/ \\ | NS \1}
/ \ \ VB
5-.! - e
ARy | -
3 -%
21/l
T nes | ¥=50 |ipee2 | |§e126
H 1 W i L
0 50 100 - 150 200 250';
Fig. 17

A sort of splitting of the giant resonance according to
the Em values associated with the prineipal radius of a non-
spherical nucleus might be expected, as has been shown by Danos
(Nucl. Phys. 5, 23). Okamoto (Phys. Rev. 110, 143) concludes
that there is a strong correlation between nuclear deformation

and the resonance width of photonuclear reactions. For spherica
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nuclel, the width seems to be roughly constant (4 to 5 Mev),

although this may be due to competing effects. Shell effects
and resonance splitting complicate the [ vs. A dependence. A
small splitting effect has actually been observed.

Wildermuth (Z.f. Naturf. 10a, 447) bhas tried to derive
the resonance width from the SJJ model introducing damping due

{0 neutron - proton collisions.

“Statigtical model fopr photonuclear reactions - The process of

particle emission following ¢ -absorption may be pictured as

due to a "heating up® of the nucleus through damping of the vibra
tions. The statistical theory of nuclear reactions 1s presented
in Blatt and Weisskopf's treatise. Reactions are assumed to

proceed through the formation of a compound nucleus:

olry X) = o

x
capt (r) =

xlixt
Here O\ .nt (¥) is the absorption cross-section for r-rays and
the r"s are proportional to branching ratios for particle emission.
The summation 1s over all channels of particle emission. The 's
verify the relation:

" n max o

(B = = [ eo ® e (ep €0 ae
0

The wts are the level densities of the compound and residual

nuclel at energles E and (€ max " €)y € 1s the energy of the

amltted particle and m the reduced mass. (Energles must be

calculated in the C.M.C.S.). For a calculation assumptions are
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needed $ a) shape and depth of nuclear potential well; b)
level densities. The latter are taken to follow w= CeZ VABL ;
here ¢ and g are empirical values and El 1s the excitation energy
"corrected" for shell and palring effects. See fig. 18.

Neutrons Fnergy Distribution Protons Energy Distribution

BB, =6 Mev BB, = 6 Mev
42120
z= 50

L2 1 2

- | 1
0 1234567 012345 67
€ - Msv Fig. 18 € = Moy

Neutron emission is the favored process. If a calcula-
tion is carried out along the lines indicatad above the following

conclusions may be drawn:

1) 904 of the neutron emission can be accounted for by

the statistical theory;

. 0@73P) Ii '
2) The ratio sTrm) - = comes out approximately
correct for the lighter elements, but is much too high for the
heavier ones (by a factor of 102); in the latter case the angular

distribution cannot be explained on the basls of evaporation.

3) The (¥, 2n) cross-sections can be derived from the
9y n).” It 1s a typical evaporation process and the cross-section
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may be higher than the (¥, p). The results and calculations for
o (q-,gn)/o(cr, n)tot are given in figure 19. The agreement is
fairly good. (Results from I.C. Rascimento, G.Moscati and J.
Goldemberg at 8. Paulo).

4 Experimental data 18
o Calculed points Ja
¥
I Y
of A, Bis
10~
10™2
Mass Number
10_3 1 1 | 1 i 1 ]
50 75 100 125 150 175 200 225
Fig. 19

Typical particle ylelds of photonuclear reactions at 22 Mev betatron

energy

n lOB/molfroentgen
2n 107w
p 10° n
d 108
L 10% «
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IV. ENERGY SPECTRUM AND ANGULAR DISTRIBUTTONS

Looking at the angular distribution of outgoing particles
from (ryx) reactions it turns out that the neuntron distribution
has a maximum around 90° with a shape a + b sin® 8; © is the
particle scattering angle. In addition there is a ffaction of
high energy'neutrons which cannot be ea: ly explained in terms of

the evaporation model.

The proton distridbutlion presents a broad maximum between
0% and 90° in the angular distribution and a long tail in the
energy distribution. This seems to be_(specially with medium
and heavy weight nuclei) an indication of direct interaction
processs the Coulomb barrier prevents the proton evaporation and
favours neutrons evaporation. If we look at the energy spectrum
of outgoing particles we observe for neutrons a maximum yield
around the 1 Mev region and a long tail going up to the 10 Mev
region. This tail includes 104 more neutrons than those predicted
by the evaporation model.

For protons there 1s a Coulomb barrier and then the
energy spectrum is bell-shaped going from ~v 6 to ~v 10 Mev.

If we assume that the photonuclear gilant resonance, as

. propesed by N. Bohr, proceeds vla compound nucleus formation and
subsequent decay via statistical model, we must expect that 1)
reaction products come out isotropically 2) the ratlio between
the proton and neutron yields should be particularly low (special
ly for heavy nuclei) 3) the neutron spectrum in the heavy ele-
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ments should have an extremely low fraction of fast neutrons.

Experimental results indicate that the proton-neutron
yield ratio 1is several orders of magnitude greater than
required by évaporation theory. Fast neutrons are produced
pre@ominantly by photons in the region of giant resonance giving
experimental evidence that the gilant resonance can be attributed
to strong individual particle transitions rather than to a
collective type of photon absorption (Ferrero et al. Nuovo Cinen
to, Serie X, vol. 5, pag. 242 (1957)).

Courant's model (P.R. 82, 703 (1951)).

We are goihg to consider now the direct photodisintegra-

tion process in detall. From experiments with 17.6 Mev monochrg
matic gamma rays on targets with A ™~ 100 it turns out that
N(oyp)/N (rsn) 22 20 to 100 times greater than the ratio predicted
by the evaporation model.

However the agreement with experiments could be achieved
if we consider the proton contribution as proceeding via direct

interaction without formation of compound nucleus state.

Direct interaction process seems to be supported by
experimental angular distribution with photoprotons emitted
preferentially at 90° (Curtiss et al. P.R. 27, 290, (1950)). On
the other hand Price P.R. 93 (1954) 1277 found an anisotropic
angular distribution for photoneutrons, Ferrero et al. (Nuovo
“imento 4, 418) found a strong anisotropy for the photoneutrons
eJected by Bi. F. Pagliabue and J. Goldemberg (to be published)
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measured the angular distribution for 1% elements and found a

definlte anisotropy only for Bi,Au,and Pb.

Let us consider the nucleus as a square well with Z pPro-
tons filling the lowest states in which each nucleon has its own
independent wave function. This 1s supported by the fact that
the mean free path of a nucleon 1n‘nuclear matter 1s larger than
nuclear dimenslions, s0 that we assume that even in an excited
state, nucleons in the nucleus behave like individual particles
with an initial wave function of thelfornz

Yo= 4y Jy(ar) Yy (0,8 r<R
Jy (ar)
¢°=A!Wk£(br)f;(9aﬂ)r>a

vhere a® = (2WhZ)(W~|E,|); b2 = 2M|E_|/N%; W 1s the nuclear
well depth, Eo is the eigenvalue of the 1nitial state, which
can be determined by the continuity condition on the nuclear

- surface with radius R
- b k!_l (bR)/k! (bR) = a ;]!_1 (aR)/J,_(aR)

Y? (8yf) are spherical harmonics normalized so as to make

n .
f lsr,e(e,ﬂ)l2 d{l = 1. Ay is determined by the normalization
condition [|y42 dV = 1 with spherical Bessel functions:

z 4]
3 (x) ﬂzx,-'l'z_&(x)

n, (x) = (-1)““1\,;- T () k@) = \fi Kpep (x)
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The final state wave function is of the form:

¥y =Cp g (er) T, (8 8) r <R
. (cR) |
Yo =Cp g o0 Z,, (ar) Y®' (6 #) r >R
z!a (dR) [ l'

where cZ = a% + 2Mmw/n®; a4 = -b° + 2Mnw/h®, hw s the

energy of the absorbed guantum and Z?,(dr) i1s the radial part
of the wave functlon which satisfies the continuity condition

on nuclear surface:
d %, 3 (dR)/Zy, (aB) = € § ,_3(cR)/§q, (cR)

The normalization constant C,, 1s chosen such that r #, 18 a
gine wave of unit amplitude at infinity where ﬂl 1s the radial
part of the wave function. Let us consider a beam of <o ray
incident in the Z-direction and circularly polarized in the x + iy
direction. The cross section for the dipole absorption of a

photon of energy ho 1s:

12 47 Mw x+1iy
o= 2 jl%u’l( ) av |2
he dh \E?
where the effective charge e' = eN/A for protons.

Carrying out the integration for the matrix elenent for
the dipole interaction of the gamma ray with one proton of angular
momentum £ and taking the asymptotic expression of the Bessel

functions we obtain:

-~ 2 2 \3/2
3 he A (hw)? {(hw+T) +(hatT-)* } | 2MR
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1

(ha)?

Roughly o~

»

where T 1s the kinetlic energy of the proton in the nucleus; W
1s the nuclear well depth. We did not consider yet the Coulomb
barrier. The actual cross section 1s reduced by this effect.

To fix ideas let us consider a Fermi distribution inside
the nucleus; taking hw = 17.6 Mev; T . = 22 Mev; W = 30 Mev;
R=1.5 X A;/B fermis; if we average over all possible phase «
we obtain far the total c¢ross-section:

z 2 (1
o=0.00¢ (%/,1/3% |7 Pax
' (¢
where P ls the penetration probabllity calculated from Wesskopf's

penetration cross section divided by = RZ; x 1s the energy of
outgolng protons measured in units of the barrief height; X is
the maximum energy of outgoing protons. The theoretical values
fall short by a factor of ~ 10 in respect to the experimental

values.

In view of the crudeness of this model the disagreement
1s not surprising; however the predicted cross sections could
be increased by a factor 4 1s we replace the potential square
well by a "wine bottle®™ potential suggested by Peenberg and
Hammack (P,R. 78 1877 (1949)).

Another lncrease of the calculated cross sections could

arise from the existence of exchange forces which tend to increase
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calculations by a factor 1.5 to 2.0. The remaining difference,
if any, may be removed by assuming a mechanism intermediate
between that of direct one-step interaction as assumed here and
evaporation from the nucleus as a whole, namely local heating of
a portion of the nucleus and evaporation from the heated region

before the excitation spreads over the whole nuclsus.

The angular distribution of the (¢ryp) process depends
only on the angular momentum of the proton before and after the
absorption. For dipole transitions R —»{ + 1 . The angular
distribution is of the form a + b sin2 @ in the range of energy
considered here; Levinger and Bethe [PR 78 115 (1950)] shown
that dipole transitions are predominant.

I(0) o f(+1)+3F(l+1)(L+2)sin®@ for Ll—sl+1

I(8) o R(2+1)+% L1(2-1) sin e for }—f-1

This theory is also applicable to photoneutron production
since the neutron effective charge is =-e Z/A; it 1s therefore
to be expected that the photoneutron spectrum will contain a low
energy part due to evaporation and a high energy fraction
containing a few percent of all the neutrons emitted with an
anisotropic angular distribution.

Wilkinson's model (Proc. of the Glaégow Conference on Nuclear and
Meson Physics (1954) p. 161)

The principal assumptions are:

1) The nucleus in the ground state is assumed to be
fairly well described by the shell model.
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2) In the excited state, we can also think in the
existence of levels with a width AE ~n 3 Mev. This estimé_.te is
done using the uncertainty principle.

AE. At~ h At"—'%-

where A 1is the mean free path of the nucleon in the nucleus and
v its velocity in the nucleus. It is well known that we can
take. |

AM3R

-12
-12 A~ 3.10 ch
R 2 10 ““cm

We can estimate

v =]}§E with B ~ 40 Nev

So
-6
~h 2B 27 80.1, 6.10
AR N — 'w - = L0 (’ ‘ j)t\’B Mev
2R m

3.10"12 1800.9.10720

3) The incoming photon interacts with only one nucleon,
as in Courant's model, and rises it to an excited state where
there is a probability # 1 (here is the difference from Courant's
model) for decaying by the direct process or interacting with the
rest of the nucleons leaving the nucleus in an excited collective
state which decays in the manner described by the statistical
theory.

4) Among all the possible E1 transitions, some are
enhanced, especially these for which we have {—>f{+ 1.
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In the most extreme Wilkinson model, (only 1—{ + 1

transitions) one expects an angular distribution of the type
A+ B sin® ® where

B 2
— = 1+ —)
A :

> 1

So for % very large

B 1
— e ——
A 2

Systematlc measurements of the angular distribution of
fast photoneutrons were made by the Betatron group of the U.S.P.
(Franca Tagliabue and J. Goldemberg) and it seems that, within
experimental errors the neutrons of most of the elements (except

Bi, Au, Pb, and D) are isotropic or show a very weak anisotropy.



V. ELAST]IC TTERING
1. Elast atteri the Giant Rego Regio
The relationship between the total photonuclear and the
photoneutron cross-sections can be seen in the following figure:

“rrot |

ﬂ'?n

pot,)

(9',11)

Fig. 20

For low energies sharp levels are known to exist in
nuclel and correspondingly sharp peaks are found in the % rot
(not shown in the figure). It is not known with certainty,
however, whether the giant resonance 1s smooth or is composed of
sharp, discrete levels. Information may be gathered from the
comparison of experimental results on ¢ scattering with theo-

retlcal predictions on cross-sectlons and angular distributions.

Although no complete measurements are available on
angular distributions for- the giant resonance an El transition

may be assumed, giving symmetry around 900:
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For elastic <y -ray scattering on a single level we may

write the resonance formula:

2
(2 3,,.+1) K

= o 42
. Z
22 I, +1) (E_EO,ZJ_::

oo = T A .

o

and for the total absorption eross-~section:
(2 3,..+1) ran

. s where [
22 T, +1) (- Eo_)zq,g_

11'12.

o .
YTot

is the total level width and rc), is the radiative width.

If we now assume J r = 0 and dipole interaction (Jexc=1),

g
these expressions reduce to the form:
3 X D
T = com— . r;z
F-d 2, 1=
(BE-E )"+ ”

where for each case the appropriate [ must be inserted.

At E = Eo we then have the ma.ximumlcross sectlion
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)

2
(s ) - (o YTot’res
R4 = -
res_ 6 12
These expressions will be valid for single-level resonance
or for non~-interfering single levels, if average values are be

taken for the [ 's.

For example for Cu, OC}Tot = 200 mb at resonance and

611'{2{\.:2313 at 17 Mev

( ) o (0.2 barn)? .
o.o 07 - = 2Z2nn
T res { 20 barn )

- o, 2 -
res = 61rx2('¥/[_) and 1f [ = T
(that 1s, at energies below particle emission thresholds and
neglecting inelastic scattering) (o‘\f")res—’ 6w ]\2 X 23 barn
at 17 Mev. This result has been derived assuming that there is

We can also write (Ccyq)

no particle emission and thus 6 7w 12 represents the maximum

possible value of the cross—section for elastic o -ray scattering.

In the case of the carbon resonance at 15.1 Mev, O ax

barns, while experimentally the ¢ will be lowered because of Doppler

o 30

broadening of resonance.

In general

3 2
(Faqlpes = 67 » ('Fq')

S0 we can calculate r,‘), : if Topey ™V 2 mb, [T & 5 Mev and 61r7LZ~20b

0.002
[5 = 5 Mev x\} = 5x106x]/10‘4=501<ev
20
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It follows that ra?rn is of order 1072.

Elastic r-ray scattering has been investigated experi-
mentally by Fuller and Hayward at N.B.S. (Phys. Rev. 101, 692).
Thelr maximum betatron energy was 40 Mev and the scattered photons
were detected at 120° with & NaI(TI) erystal. Aluminium was used
in the incldent and scattered beams to remove low-energy photons

(Fig. 24). Only the upper tip (about 1 Mev) of the bremsstrahlung

B L ]
- fr’n h -
20 [ y
15 2
i ]
| 0fF J
5 |- {~ l}.{-_}_:
0!- llanll-lll-‘
10 Mov 20 2

Fig. 22

spectrum was used for the cross section measurements and the
background was low. Maximum counting rates of 20 per hour were

achieved, limited by the duty cycle of the betatron.

Strong scattering peaks below particle emission thresholds
have been observed in Na, Al, Mn, Ni, Sn, Pby Bi and other ele~-

ments. Above the particle emission thresholds the cross-section
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goes through a maximum which for A > 50 resembles the g. r. in tne

l"-il'lll’llll’-
| n
%P

Fig. 23

(% 5 n) cross=-section. For
A <50 the cﬁrves are broader

and peak at higher energies

‘than the (¢ 4 n) curve. The

dependence on mass number of
the energy at maximum of

o (@,9) 121 the g. r. reglon
1s B = 82 A™3, which can

be explained with a hydrodynamical model (Steinwedel-Jensen).

Figures 22 and 23 reproduce the data on Pb and on Al.

The solid curve in the latter figure correponds to the prediction

of dispersion theory, as 1ls explained below while low energy

FPig. 24

scattering is due to reso-
nance fluorescence. Scattez
ing associated with electron
1c¢ processes is negiigible
in the experiment and only‘
scattering by nuclel need

be considered. There is a

discrepancy which is appreci

able on the high side of the giant resonance. In a more recent

experiment, Penfold and Garwin (P.R. 116, 120) found reasonable

agreement between experimental and calculated cross-section for

C12 and Cu63 but not for 016. (Fig. 25).
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The relationship between oq,q.and a"’Tot can be found

more preclsely by dispersion relation techniques. This has been

- R e e e BRI
4 +
d Carbon
SE 3t
5% 2 «
:gv 1 H -
0 -.ﬂuifHLL
5 &
100 .
80 v .
87 « -
% 4:0 -
Ti » i
0 .‘5

42(135%)/40 (wicrobarmes)

done by Gell=Mann, Goldbergzer and Thirring (Phys. Rev. 98, 1612)



50

2E o (EV)4E!
S or(B) = 2 (E) + —T . p [_‘EEQ.‘E_.__

PP [“ertot - 218 . g2 ] * “Thomp *

8 1 o., .(E') 4B’
Z Yto
+]chhomp'.." = = EE P { k

E'C - B
(P stands for Cauchy principal value).
The integrals are ~J 0 near the maximum. Near the peak
of the giant resonance the dispersion relatlon reduces to

o 2
dtot 67 A (Oqq-~ UThomp)

GThomp is smalle~ p barns so it can be neglected and we get

cgtot = 6w 12 Oy 88 Obtained before.

Out of resonance however, the other terms must be taken

into account.

In practice- the measured values are averages of thils
expression over bands of 1 - 2 Mev. In the region of the glant
resonance average values may be used. Fuller and Hayward compared

experimental results with this relation using g, . = (Oqn *+ % )

TP
for the case of Aluminium, fig. 23. They found values for
(T peor)”
—Ytotl g7 X2
Ocyor

at resonance, but more scattering than expected at higher energies
indicating some structure. Experiments have been carried out at

the N.B.S. on deformed nuclsi (Ta, Ho, Er) and spin effects
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discussed by Baldin have been looked for.

The classical hydrodynamical plcture seems to be adeguate
for the description of the glant resonance in the (<r , ) cross-
-gsection. There is little evidence of fine structure in heavy

nneclel.

2) Scattering of gamma rays in the energy region below the neutron
threghold.

When we consider the interactlon of ¢ -rays with matter
in the energy region below the neutron threshold, rather narrow
peaks can be observed in the total eross section exclitation

function due to sharp resonancesat individual energy levels.

We are interested in considering the <-4 cross-section
contribution to these peaks. This process consists of an excita=-
tion of the nucleus by & -absorption and re-emission, going again
to the ground state. The width depends on the multipolarity of
the radiation involved and have been expressed by the followiﬁg

relations:

for Bl [T = 12 xa¥3 x5 o~ 1000 eV (for 15 Hev)
for M. [ = 0.0033 x EJ N~ 100ev ® n
for E2 r:Y = 6 X 10'6 x B9 o 1eV " woon

There are also other contributions to the level width
by the Doppler effect, due to thermal motion and due to the

recoil of the nucleus during the emission process.
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It E is the energy of the transition, and E' is the
measured ¢ -ray energy, the Doppler shift 1s:

8§ = B - E!, where
1 + 3cos ©
yi-p2
[}
with B = -E— and vn @ (v velocity of recoiling nucleus, k
Boltzmann constant, Tt 1s the effective tempesrature which takes

Et = E

¥ B (1 + cos 8) because v is small

account of the vibratlons of the scatterer atoms due to thelr

binding in a chemical lattice, M mass of nucleus).

To see the magnitude of this effect we can calculate the
Doppler broadening § for the 15.1 Mev (ML) transition in cl2,
One finds that for carbon T' = 450°K. The Doppler broadening
due to thermal motion is 65050 eV. with a Gaussian shape.
Measurements of [ o are always modified by this effect.

There are several possible ways to study experimentally

the gamma ray scattering process.

A bremsstrahlung beam from a betatron 1s convenlently
collimated, monitored and allowed to interact with a carbon
scatterer. The radlation may the attenuated by a carbon absorber
an& the scattered o -rays are detected by a scintillation spec-
trometer (Garwin, Phys. Rev. 1l4, 143 (1959)). The experimental

arrangement is as follows.

If the angular distribution of the scattered photons is
plotted, 1t shows that the experimental points fit accurately
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S ~rays beam 012 ol2
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gbsorber monitor Seatterer

Fig. 26 NaI(TR) detector

the distribution (1 + cos2 8), corresponding to dipole transitions.

When the pulse helght distribution obtained in the elastic
scattering of 15.1 Mev <p-rays is studied one notices that after
subtracting the conventional background, there still remains the
80 called non resonant contribution to scattering. This contri-
bution is not strongly affected by the absorber in the main beaﬁ,
and grows llnearly with'the scatterer thickness.

2.0

1.6+
1.2

0.8
0.4

1°3 G 4 + & Cosd @ (Quadrupaie job)
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Fig. 27

The Seli-gbsorptiog Experiment

This consists in observing the attenuation of the scattered
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r -rays when carbon absorbers are placed in the incident bean.

The, yield of scattered photons is measured as a function
of the thickness of the absorber. Caleulations are then made
using Breif and Wigner absorption formulas for several values of
5/|-~ using a X° test to find the best fit of data to theory.

One obtains

""""6"_ = 0.59 -"': 0012
r
° +
and this implies a value of % = 29.7 = 1l.1 barn. Since

for a dipole transition

+

0 .
Er/I_ = o /6 7a° = 0.92% 0.034 then [ = 67%14 ev.

The Production Experiment

The production experiment congistsin studying the growth
in the number of 165.1 MeV cysas a function of scatterer thickness.
An yleld curve A(T) is then obtained.

Calculated curves of log A(T)/§ versus log (Tcg "7 8)

for various s/r' are available:

Assuming crg = 29.7 barns and using a xz fit one obtains
a value of 6/|—~ = 0.67 % 0.16 in agreement with the one obtained
by the first method.

- Integrated scattering cross section

The number of ¢rays scattered from a target of a given thicke~
ness T 1s closely related to the integrated cross section, the



55

solid angle and efficiency of the Nal detector. Knowing those
quantities one obtains I=[ v dE = 2,11  0.31 mb. Mev.

From the data obtained by the three methods after averaging

one gets
0% = 29.7 2 1.1 barns. [= §9.2 = 9.7 eV
5/|— = 0.62 ¥ 0.10 I =2.33 % 0,19 mb Mev
[ = 64.5 £ 10,4 ev

D. Kurath (Phys. Rev. 106, 975 (1957) has calculated for
the width of the 15.1 Mev transition the value 54.5 = 9.3 eV.,
in reasonable agreement. The wldth of the first excited level
15 found to be about 4 eV., but this value is only approximate,
because of the uncertainty of branching ratios.

Also, the radiation width to the first excited state of
cl2 has been determined by the branching ratio of this transition,
resulting 3.2 £ 2.5 eV.

A systematic investigation of the average scattering of
6~7 Mev gamma rays has been made by Reibel and Mann at the
University of Pennsylvania who find scattering cross sections
systematically increasing with atomiec number.

Other individual resonances have been studied in detail
by Cohen and Tobin with the Naval Research Laboratory betatron.
A good survey of other studies of resonance scattering has been

presented by F. Metzger in Progress of Nuclear Physics (1959).
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Recollless scattering found by Mossbauer 1s an extreme example

of resonance scattering. A report on a recent conference on

Mossbauer Scattering by Frauenfelder and Lustig is available
from the University of Illinois (June 1960).

Hgk ok kokyk
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VI - POLARIZED BREMMSTRAHLUNG

In order to investigate the polarization of bremmstrahlung
& -rays and decide on the electric or magnetic character of the
dipole 15.1 MeV level in Cla, a detailed experiment has been
recently performed (D. Jamnik and P. Axel, Unilversity of Illinois
(1960) using a 25 MeV electron beam. Bremmstrahlung was produced
on a thin internal target with the experimental set-up as the
indicated below

. Direction of electrons

|

- | .

Target .~ ’Ye Iclz
- > — = {3 ——
7 ~rays ™ Goliimators — Monitor 1Scatterer
|
|
FH
Detector

In bremmstrahlung processes, the production plane 1s
defined by the directions of the incident electron and the

emerging photon as shown.

This plane is sharply defined only when an infinitely
thin target is considered, because of the possibility of electrons
radiating after belng scattered inside the target. In this case,
the distribution of radiating electrons after multiple or simple
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i
T s

Fig. 29
scattering in the target must be taken into account.

If Ill and Il are the photon intensities with electric
vectors Ell and El paralell and normal to the production plane

the polarization is defined by

. o= 2T

I, + 14

It is more convenient to use the expression

o I: 1+7
Ill l=-7

P is a function of the incident electron energy, Ee’ the emitted
photon energy, Ecy and the angle between their directions, ©.

As a function of Eq,, P increases as Eq, decreases. As a function
of @ P =1 for 6 = 0 and has a maximum value for 8 = me”/E, (where

m 1s the electron rest mass).
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a) Properties of the 15.1 Mev in C1Z,
For 15.1 Mev photons produced by 25 Mev electrons on Al
target with negligible thickness, the theory gives P = 1.83 (for
@ =8, = 0,02 radiang). If the target has a thickness of 30 mgﬁmﬁ%

o
then P =1.35 for & =0, and grows to P = 1.47 for 6 = 1.6 6.
The predlctions of theory are shown in the next graph.
2.0 '
L] L] L) x l | L ] T I

1 _
P 1.5

1.0

£ - e/e.——-v
Fig. 30

In the detailed experience that we are considering, the
production plane was horizontal and the detector could rotate on
a plane normal to the main <r~beam. The angle © could be changed
by shifting the target on the betatron beam. P can be determined
by comparing the number of photons scattered perpendicular to
the production plane ;Nl to the number scattered in the production
plane Nll’ If the scattering were a pure electric dipole process
I, ocould contribute only to Ni; but not to N;.(This corre-
sponds to the classical fact that an oscillating charge does not
radlate in the direction of its acceleration). Similarly I,
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would contribute only to Nl. For a magnetic dipole scattering

process I, contributes only to N, while I,; contributes

The angular distribution of photons in the detector plane
(perpendicular to the propagation of the photons) when the detector
1s rotated and © kept fixed has been measured in this experimént,
the result is shown in fig. 31. |

P
g=0°

-Fig. 31

This shows that N,/N,, >1; then, the scattering level
is Ml. The ground state of C12 1s known to be ot. Then, the
15.1 Mev level is 1¥.

b) Investigation of polarization as a function of © and 2.

The polarization was investigated changing the angle ©

and measuring counts in the production plane and perpendicular
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to 1t, and calculating the polarization.

The results were compared with the theory, showing a
reasonable agreement within the experimental difficulties and
theoretical approximationsinvolved.

The comparison is shown in fig. 32.

2 4 6 B a4 16

m 1is a measure of the thickness of the target and is dgfined by
YA

-2
m= 4.5x207%x = . qft
Va

where t is measured in mg/cmz, Z and A are the atomic and mass
numbers.



Relative Yield

62

¢)  Investigation of the tip of bremmsfrahlung at the high frequmcy
limit,

The elastlc scattering of 15.1 Mev by Cl2 was used to
measure the tip of bremmstrahlung spectrum changing the maximum

energy of the electrons (isocromat) from -15.12 Mev to =~17.5 Mev.

The form of the tip of bremmstrahlung spectrum has been
checked for several targets and the results are shown in fig. 33.
As 1t can be seen the theory based on Born approximation fits the

experimental data for low Z, but does not account for the results

when Z inereases.

|
L 100
Th
- 50 Bo
rn approximation
- — [ ] . i 1 o
15.12 15.5 16,00 _16.50

E (Kin) —» Mev

Fig. 33
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A gqualitative explanation of the results has been made
by Fano et al. who relate the bremmstrahlung at the limit to the
photoeffect by detailed balance. This theory predicts a yield at

the 1limit which varies as ZZ'7 while the expérimental results
indicate a 2°°5 1 O.1 dependence.

The polarization of the radiation was investigated but
none was found with the limits of error -~ 10%.
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