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Most of the information on the photonuclear giant resonance
was obtained using the bremsstrahlung from an electron beam. The
continuous distribution of the x-rays plagued the experimentalists

in that the reaction measured was the integral of the reactions
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over a continuous range of photon energles. A very accurate knowl-

edge of the spectrum shape as well as good statistical accuracy was
necessary to get meaningful results and even then one has some reser
vations regarding their reliasbility. When finer details are sought

it becomes even more difficult to trust the data.

In some cases the methods used bypass this difficulty as
in the elastic scattering experiments and in certain (%, p) and
(¥ , n) reactions in which the levels are clearly separated in ener-
gy. In the latter case the measurément of the energy of tpe-particle
identifies the particular photon energy out of the continuous spec-

trum which was responsible for the reaction.

It is clear, however, that in most cases there are no
sharp resonances in the giant resonance region and that 1t would be
useful to have some way of studying the reactions with photons having
a well defined energy. Three methods which have been used will be
discussed briefly. The first is the use of gamma rays from nuclear
reactions which was also the first to be used by Bothe and Gentner
(1) in 1937. The second source of monoenergetic photons to be
discussed is the positron annihilation spectrometer which has fecently
become operative in Saclay. The third is the bremsstrahlung mono-
chromator which was first used by Weil and MecDaniel (2) in 1952,
We will discuss in particular the monochromator scheme which is in

operation at the University of Illinois with the 22 MeV betatron.

* ok kK Kk
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I. Monochromatic gamma rays from nuclear reactions

We will summarize briefly the cross sections or yields
from the more useful reactions as well as the spectrum, angular
distribution and the polarization where these were available. 1In
cases where a specific reference is not given the data compiled in

Agzenberg and Lauritsen (3) article was used.
4) B (p,») He? Q = 19.812 MeV

The absorption of protons by H3 leads to highly excited
states of He which decay to the ground state emitting. gamma rays
with energies given by E:Y = 19.760 + ,745 X Ep in MeV in the
center of mass system. The cross section and angular distribution
for this reaction has been measured by Perry and Bame (4). The
cross section at.90° is shown in Fig. 1. The transitions are mainly
' 1P1 - 138 (electric dipole) with an angular distribution I(e)-vsina 6
and with the radiation completely polarized at 90 degrees. There
is,y however, a small admixture of a 4 wave 1in the wave functlon of
the incident protons which modifies the angular distribution to the
form I (8)~ (sin 6 + a siﬁ & cos 6)% where a is about 0.1 at 4 MeV.

and 0.5 at 1.88 MeV.

The H> (p,n) He> reaction has a threshold of ~ 1 MeV and
the. cross section goes to a broad maximum of 500 mb at 3 MeV; It
is particularly convenient to work with the gamma rays from protons
on tritium at energies below the neutron threshold but the reaction

is a good source of 20 to 30 MeV gammas using proton energies up to
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10 MeV. One would, however, need detectors or reactions whilch are
insensitive to neutrons since these would be 1000 times as intense

as thé photons.

. The gamma ray energy varies with the angle because of the

Doppler effect according to the relationli#lab)=E:§l+
Thérusé of a limited angular range will usually not allow a very
sharp definition of eneréy since the cross section is not resonant
and it.would be difficult to get a sufficient yield with a very
ﬁhin target. Several experiments have been made using'this-sourée
of gamma rays. Woff and Stephens (5) and Carrol and Stephens (6)
measured the.absorptioﬁ coefficients £ or gamma réys in Clz, N14,
016, and A127 in the photon region of 20 to 21 MeV with a resolution
of about 50 KeV,

No fine structure was found. Cochen and Stephans (7) measured.
the excitatlon function for the ctt activity in cle (cryn) ¢l reaction
with a resolution of 70 KeV from 20.2 to 21.2 MeV but did not find

the fine structure reported in betatron experiments.
b) L1’ (p,) Beb Q = 17.253 MeV

This reaction 1s particularly well known for the strong
gamma ray resonance at 440 KeV giving a thick target yield of about
.5.10"9 gamma ray per proton. The spectrum, however, is not simple
but contains two lines. 4 sharp upper lineat 17.2 + % Ep which

decays to the ground state of Be8

and a broad line of energy rv 14.3 +
+ % Ep corresponding to transitions to the very broad (~ 1.9 MeV)

level in Be8 at 2.9 MeV. This level breaks up immediately into to
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alpha particles with energies of ~ 1.45 MeV which may be useful in
coincidence work, or in the selection of a particular gamma energy

within the wide level.,

The relative intensitles of the gamma radiation to the
ground state and to the 2.9 MeV state varles with energy. The in-

formatlon on this reaction is summarized in Table I.

In order to separate the effects of the two different
gamma energies, one may observe (8) the reactions using photons
from the rescnance and from a higher energy where the ratio of the
two Iintensities 1s considerably different. This scurce has been
used extensively for the study of induced radiocactivity (9, 10) as
well as for the elastic scattering (1l) and the observation of the
photon spectrum in the Cu(¢r,p) Ni reaction, (12). The energy of
the upper line varles with angle from 17.52 to 17.88 MeV at the
resonance due to the Doppler effect. Fine structure in the Olsﬂvyn)
reaction was looked for by Campbell (13) and by Foster (14).Similar
studleg of Cu, Zn, and Ag were carrled out by Bunbury (15). No

resonances were found In these experiments.
The angular distribution of the radlation is isotropic

within 64 and no appreciable polarization of the gamma rays is

expected.

The threshold for the Li7(p,n)Be7 reaction is 1.38 MeV.
So bellow thls energy there are no neutrons but above 1.9 MeV the

cross section for the production of neutrons is about 200 mb.

¢) B (p,)cl? . Q = 15.958 MeV
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This reaction has two resonances leading to gamma rays

proceeding to the 4,4 MeV level in carbon. The first is at 0.163
MeV (16.11 MeV) with a cross~section of 0.15 mb and a width of
about 7 KeV.

It decays primarily by a gamma transition to the 4.4 MeV
level in 012. The other 1is a wider level at 0.675 MeV which also
decays to the 4.4 MeV state and has been used as a source of 12

MeV photons (16).

At higher proton energies more of the proton capture radia
tions proceed to the ground state. Recently the reaction was studied

with protons up to 12 MeV by Gove and Litherland. (17).

A broad resonance was observed at 22.6 MeV about 3 MeV wide
which agrees well with that expected from the inverse Ci2 @?,p)Bll
reaction (17).

Although the B (p

sr) reaction has not been used as a
source of photons, the cross section for the production of 20 -

25 MeV photons is of the order of 10™28 cm® with protons of 5-10
MeV. Yields of the order of 10'8 gammas per proton could be obtalned
with targets of 1 mg/cm2 and an energy apread of 10° KeV. The
radiation at 90° should be polarized since the transitions are

expected to be electric dipole.

The threshold for the Bll(p,n)c11 reaction is at 3.01 MeV
so that there will be intense background of fast neutrons accompany-
ing the gamma rays of most interest.

p) ¢i3 (p,» N4 Q = 7.546 MeV
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Resonances for the emission of gamma rays are observed at
proton energies of 0.55, 11.16, 1,25, 1.47, 1,76, 2.10 and
3.11 MeV. The strongest of these at 0.55, 1.76, and 3.11 MeV
have ylelds above that from the lithium resonance of about 10"8
gamma rays per proton (18). Although there are states in N4 at
2,31 MeV, 3.956 MeV and at many higher energies the strong levels
decay primarily to the ground state. The 8.06 MeV gamma rays
from the 0.55 MeV resonance have an isotropic distribution while
the 9.17 MeV gamma rays at 1.76 MeV have an intensity at 90 degrees
which 1is twice that at O degrees (19). The polarization of 9.17
MeV photons emmitted (90 degrees to the incident beam) is at right

angles to the proton beam. (20).

The parameters of the 9.17 MeV resonance have been studied
by means of the resonance absorption in liguid nitrogen (21). The
maximum absorption cross section was found to be about 7.2 barns
with a width of 77 eV. By detailed balance this would lead to a
proton capture cross section of 200 mb rather than the 11 mb
observed directly. The properties of these resonances are summa-
rized in table II. The values for the 0.55 and 3.1l MeV resonances
are from Ajzenberg and Lauritsen (3) but the thick target yields
are adjusted to the value obtained by Hanna and Meyer Schutzmeister
(21) at 1.76 MeV. With higher energy protons one might expect a
yield of high energy photons corresponding to the inverse of the
photodisintegration of Nl4 but the use of them would be complicated
wlth neutron backgrounds at energies above the neutron threshold

at 3.23 MeV.
E) ¥ (p,wo)cl?
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This reaction is a strong source of 4.4% gamma rays
following alpha particle transitions to the 4.43 MeV J = 2+
state of C12. The radlation from this reaction has been used to
study resonant scattering and absorption of the 4.43 MeV resonance
in carbon by Rasmussen, Metzger and Swann. (22). Angular distri-
butions of the gamma rays for 1040 and 1640 KeV are reported by
Kraus (23) and at 1210 KeV and higher energies by Bashkin and

Carlson (24).

The data on the strong resonances are summarized in Table
IITI. The coefficients listed under "Angular Distribution™ are
those appearing in the following expression for the angular distri

bution

Y (8) = 1 + a, P2 {cos B) + (cog 8)

a, P4

In the special case where the gamma ray transition is a
pure multipole and the gamma ray is observed at 90 degrees the
ratio P of the intensities parallel and perpendicular to the plane
defined by the reaction is given by

+ +
lo a a

2 4 .
10- 23.2 - 00258.

P = for no parity change and by the re-

4

ciprocal of thils expression for a parity change. For example:

the radiation from the three MeV resonance has the electric veetor
perpendicular to the inecident proton beam twice as often as paral-
el.

F) F9 (pa9)old

This reaction has a number of well known resonances
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leading to the emlssion of 5 alpha particle groups, one to the
ground state, one to the o* palr emitting state and the three
which serve as gamma ray sources of 6.14, 6.91 and 7.14 MeV.

All groups show strong resonance effects with relative intensities

varying greatly with bombarding energy.

The total cross section and the relative intensities of
these lines are summarized in Table IV. The thick target yleld
from the 340 KeV resonance is about 1.8 lo_aquroton leading
largely to the gamma rays from the 6.14 MeV level. The angular
distribution and polarization of gamma rays have beeh measured
by Fagg and Hanna. (25). An extensive survey of the elastic
scattering of these gamma rays from a number of elements have

been made by Reibel and Mann (26).

G) Resonance Fluorescence

The cross sections for the resonant scattering of gamma
rays can be large and 1t was suggested by Schiff (27) in 1946
that resonance scattering of photons from the continuous bremsstrah
lung spectrum would be observable. The first well defined and
clearly ldentified radiation scattered from a bremsstrahlung

12 observed by Hay-

spectrum, was the 15.1 MeV gamma rays from C
ward and Fuller (28) in 1957. This radiation scattered at angles
greater than 90° 1s the only appreclable radiation above 10 MeV
and has been useful in the study of the parameters of the nuclear
regonance as well as the detalls of the shape and polarization of

the bremsstrahlung spectrum. . The parameters of this resonance as
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well as those of other resonances are given in Table V.

Although the integrated cross sections are low, good
sources of resonant radiation can be obtained from the high current
linear accelerators now avalilable. At the University of California

8 photons/sec.

at Livermore, Koch and Fultz observed a source of 10
of 15.1 MeV photons scattered from a bloch of carbon just behind

a thick tantalum target (29). The radiation at 90° to the incident
bremsstrahlung beam is totally linearly polarized which may be
useful in some applications. The background problems are conslder
able and a meter or more of special shielding may be necessary for
many applications. Even with optimum shielding the lines below

8 MeV are not clearly separated from the background.

Kok ok ok ok ok
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II. Positron annihilation monochromator

The capture of relativistic posiirons in flight produces
photons which are uniquely related to the angle of emission., The
energy of the photons emitted in the forward direction carry most

of the energy.
0y i R
Eq,(o ) = E, + 5 m,C

while the energy in the backward direction is & #% m, ca. At

small angles o 2
&ge) x 1 E+@
Bo(0%) 2m,

The angle energy correlation permits selection of the desired
energy range by restricting the solid angle in which photons are

used.

The experimental arrangement used by Tzara's group in
Saclay (30) is shown in Fig. 2. Electrons from a linear accelerator
of 30 MeV are incident upon a 2.9 mm platinum target (1). Positrons
produced Iin this target are selected and focussed by two orange
sector type magnets separated by an adjustable slit (2 and 3).
A 1 mm Lithium annihilation target is located in the field of
the second magnet and is shaped so that the tangents of the paths
of the particles in the lithium (4) converge to a point chosen as
the photon target (E) while the positrons are focussed far from

this point.

The number of usgeful 15 MeV positrons whithin an energy

range of 1.5 per cent and a éolid angle of 0.027 steradian was
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about 109/sec or 10'5 per incident electron. The performance of
the monochromator was checked by observing photons scattered by
the 15.1 MeV level in carbon. The scattering was observed at 90°
from a target 1.7 gm/cm2 over a projected area of 10 by 10 em.

The data for the scattering from carbon is shown in Fig. 3. The
background in this work was somewhat large and can be improved.
Its width at half height is 0.5 MeV and the flux of 15 MeV photons
for a 10 pa incident electrons beam 1s 2.9 X 10% seec or

10

4.6 x 10° photons per incident 30 MeV electron in rough agree-

ment with the calculated value.

Further calculations were made by S. Penner for a mono-

chromator proposed for the National Bureau of Standards (31).

These calculations for a 100 MeV linac indicate a useful
yield of photons in a 1.54 energy range which increases with
energy up to 50 MeV to 2 x 10"9 photons per incident electron.

Although thicker annihilation targets can be used for
higher energles, the annihilation cross section decreases with the

energy according to the relation
2

_ » by ¢ 2E+
q%n = 7Tr, - [bn 5 - 1
-

moe

The bremsstrahlung cross séction causling background radiation,
however increases somewhat with energy and may be troublesome at

high energies where it will limit some applications.

* k k ok k k
*« w s &
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IIT. The bremsstrahl monochromator

This monochromator scheme involves the selection of
photons of a glven energy from the continuous bremsstrahlung spectrum.
This 1s done by making a time coincidence between a post bremsstrah-
lung electron and an event caused by the associated gamma ray. This
scheme was used by Weyl and McDaniel (2) at Cornell and by Goldem-
berg and Kerst (32) at the University of Illinois. Two years ago
a group in ITllinois (33) decided to make a further development of
the scheme which le shown in figure 4. A beam of 20 MeV electrons
from the betatron is lncldent upon the thin bremsatrahlung converter.
In the event lllustrated the eleotron radiates a 16 MeV photen in the
forward direotlon while the eleatron now having & MeV ls deflected
by the megnet inte an eleetron eounter. The soatiered photon, the
photonsutron or other partlcle produced by the assoclated photon is
deteated in coineidence with the energy degraded electren. This
aoineidence ldentifles the energy of the pheton as 18 MeV.

The experimental arrangement incliuding the betatron and
the dispersion magnet 1s shown in figure &§. Electrons from the
betatron are focussed to the point Pl by & guadrupole palr and
pagsed through a 65° deuble focusaing magnet upon a thin bremsstrah
iung converter. Hleetrons of the appropriate energy are selected
by the apectrometer magnet to strike ene of the eleetron deteatora.

The first experiment wag arranged to measure the elastie

scattering of photons.

Three eleatren ehannels were used rather than Just the
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one shown. The scattered photon were detected by a 5" x 4" sodium
iodide crystal A coincidence between one of the electron signals
and the photon detector opened up a gate which passed the slower
pulse height information into a 100 channel analyzer where it is
possible to separate the desired events by use of the pulse height
distributions.

The energy resolution and the efficlency of the mono-
chromator was checked by the detection of the gamma rays in the
direct beam and by observing the 15.1 MeV resonance level in 012.
The energy resolution was about 150 KeV and it is expected that
this can be improved very much if required. The measurements in
the direct beam indicated that one photon was detected for every 4
electrons counted in an electron channel. It was possible to use
a beam of 10"9 amperes for the scattering from carbon since the
background was negliglble and one obtained counting rates up to 6

counts/minute per channel.

The principal experiment was a check on the elastie
scattering of photons from gold. (34). In this case the scattering
of low energy photons made the accidental rate high and the intensi
ty of the beam was reduced to avoid excessive backgrounds. The
data taken was obtained at a rate of 7.2 counts per hour in each
of three channels. The data on gold is shown in Fig. 6. The solid
line in the figure is that obtained from the absorption cross

section and the dispersion relations.

The counting rate could be increased by using wider
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channels or by increasing the number of the channels but the count

ing rate will remain low.

The monochromator may be more useful where a high reso-
lution is required. A special feature of this system 1s that to a
first approximation the energy of the photons selected can be indg
pendent of the energy of the incident electrons. This feature is
useful if one arranges the magnetic field in the dispersion and
analyzer magnets so that when the energy of the incident beam
increases, the energy of the secondary electron selected increases

by the same amount.

For the study of charged particle reactions the counting
rates are low because of the limited amount of material which may
be used. With cross section of one millibarn one would expect

only a few counts per hour per channel.

For the study of neutrons one can uge large amounts of
material but only a small portion of the neutrons will be emitted
in monoergetic groups suitable for fast coincidence detection.

The exploration of such groups with the bremsstrahlung monochro-
mator has some advantages over other monochromatic sources in that
it already has a time reference for the birth of the photoneutron

event.

For 5 MeV neutrons the time delays are conveniently about

30 nano-seconds per meter so that slow neutrons can be eliminated.

The low counting rates are a problem for all the experi-

ments but the knowledge of the energy of the photon is worth the
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extra effort in many cases. The immediate plan is to use the
present monochromator for other studies of gamma ray scattering
and to begin some work with photoneutrons. We believe there is

also a good oportunity for new ideas using this equipment.
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TABIE I

11’ {p,7) Be® Reaction

) 1(17)
Ep(KeV) Width (KeV) Eq o(mb) 6]
200 0.5
AN 12.2 L 0.5 17.64 6.0 1.7
600 ' _ 1
1.030 168 18.15 | £0.18 0.66
up to 3.500 no resonances £0.18 0.66
TABIE II
Yield per Angalar
proton Distr. Spectrum
E(KeV) | ofmb) | [ (kev) eI T V)
Y(90%)

550 1.44 32.5 0.7 0 8.06(89%)4.0(11%)
1,760 200 | 0.077%0.012 0,77  |= 0.4820.03 | 9.17(90%)6.5(10%)
3.110 0.7 30.0 2.5 |- 0.4 20,02 10.43(90%)6.5(10%)

PABIE TII
5 (o) G2
- A%
E (KeV) | o(ub) | Width (Kev) |—ARgular Distritubion
P - &
429 200 0.9
898 800 2.2
1040 15 140
1210 425 2205 A5 - 0L - 0305 .01
1640 340 i .18 2 .o0s 0
1979 35 23 .25 2,01 . 1052 .01
3000 750 L5 = ,007 0

hadd 2, and 34 are the coefficients in the expression:
¥(8) =1+ a,P (cos 6) + 3434(003 )




TABLE IV

™ (po o™
E_(KeV o@mb) | [kev) | B 7 E,= Ey =
P 6.14 MeV | 6.93 MeV | 7.14 MeV
p= g-/{ # 0,9 20119203 (0.420.3
340 160 3.3 0.97 0.04 0.26
484 32 0.9 0.78 ~ 0,01 ~ 0.21
597 7.1 30 0.99 <0.01 | 40,01
672 57 6 0.81 0.01 0.10
874 540 5 0.68 0.24 0.08
935 180 8.6 0.76 0.03 0.21
1283 29 18.6 ~ 0.74 ~ 0,08 ~ 0,18
1384 89 5.6 0.55 0.13 0.32
1375 30 11.0 . 0.87 0.08 0.05

# p is the ratio of the number of photons with electric vector parallel and
perpendicular to the normal to the reaction plane (P xX).

o

p -~ direction of the proton beam

X - propagation vector of the photon beam.
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TABLE V

Observed Resonance Fluoregcence

Fucleus | B (MsV) [(ev) M£V°;d§b Ref.
ot? 15.1 (216 | 109 a
't 4ol 0.079 b

5,03 0.078 b

7.3 ' ¢

8.9 ¢

1a® 3.56 | 8.2 0.73 b
N 9.7 | 77 | o.87 | 4
016 | 69 . e
s | o | | e
11.2 e

Mg 10.5 ¢

# Not observed from bremsstrehlung. Values based on date from reference 4 below

a

b

c-

[+ 7
1
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TABLE VIII
RESEARCH WITH MONOGCHROMATORS

Method Nuclear Bremsstrahlung Poaitren
Reactions | “of Monochromator Ref Anihilation Raf.

Experiment Menochromator
iggzgption yes a,b yes i yes
Photo cyd %
Activation| o0 &,f not Joe
gz:::ering Je8 € _ yes - yes e
ﬁfg:gns yes h yes k yes
§2§::ons not not #* yes

* Good for measurement of definite groups of neutrons combining time of flight

with fast electron coincidencs.

®% Bremsstrahlung background always present increasing with energy.

& Qo o
t

R & Mmoo
!

M,
E.
H.
J.
D.
L.
B.

M. Wolf and W. B. Stephens - Phys. Rev. 112, 890 (1958).
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NOTES AT THE TABLE VI:

* = This is the yield at ~15 MeV with a resolution of 1.5% according to the

caleulations of Pemner (31) for an elec*tzun current of 200 pA.
m.c '
¥% = This yield is in a solid angle of w[—%—} and in & energy bin of 0,1

MeV.

FIGURE CAPTIONS

Fig. 1 - T{psr) He* oross-section.
Fig. 2 - Layout of positron anihilation monochromator in operation at Saclay.
1. Pt target. _
2, 3. Orange-sector magnets,
4o Tdthivm anihilation target. -
5. Plexiglass collimator.
6. Xenon ionizstion chamber.
7. Alvminium absorber.

A. Target area

B. Magnet.

C. Siit.

‘D. Magnet.

E, Experimental area.

Fig; 3 - Elastic scattering of ?;rays from the 15,1 MeV 012 line as measured
' by the positron anihilation monochromator.

Fig. 4 - The Bremsstrahlung monochromator.

Fig. 5 - Ia.you‘b,'of bz‘-emsstrahlung’monochromator in operation at the University
of Illinois.

Fig. 6 - Elastic scattering of < -rays in gold as measured by the Bremsstrahlung
monochromator.
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Addendum to Section I

H. Thermal neutron capture ¢-rays.

The capture of thermal neutrbns, easily obtained in high
power reactors, may give fairly intense sources of 9 radiation.
In most cases the spectrum is very complicated and one cannot
consider them useful as monochromatic sources. In a few elements
however one or two lines are predominant. The O -spectra from
neutron capture have been summarized by Groshev et al. and Table
VI gives the properties of the most promising elements for this

purpose.
The o-spectra for Ni and Pb are shown in Fig. 7.

Typical fluxes of @ -rays that can be obtained at re-
search reactors are of the order of 106<vh/ sec although higher

fluxes are possible.

An investigation of the BeQGY, n)Be8 reaction was made
by Eriksen and Zaleski using the 9 lines from S, Ti, Fe and Cu.
The background problems in this type of experiment can be quite

gerious.

The investigation of the polarization of the emitted
& -rays from several elements when the incident neutron beam is

polarized was made by Trumpy.

L. V. Groshev, V. N, Lutsenko, A. M. Demikov and V. I. Pelikov
Atlas of ¢r~rays spectra from radiative capture of thermal neutrons
- Pergamon Press, 1959.

V. 0. Briksen and C. P. Zaleski - J. Phys. et Rad. 15, 492 (1954).
G. Trumpy - Nue. Phys. 2, 662 (1957).



TABLE VI

Thermal neutron cgpture o -rays

Elenment

Capture cross-gection

Energy of predominent

(barne) o ~roys (MeV)
H 0.332 X 0,002 2.23
A 0.215 % 0.008 7.73
s 0.9 ¥ 0.0 5444,
Ca 0.43 = 0.02 641
T4 5.6 .1 0.4 6075 5 Gud2
Fe 2.53 2 0.06 7.64
Ni 46 0.2 8.99 , 8.51
Cu 3.62 - 0.04 7.91
Pb 0.17 I 0.01 7440
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T(p,¥) He?

Q=19.802 MeV
J. E. PERRY Jr. AND S. J. BAME Jr.
PHYS. REV. 99 | 1368 (1955)
PE =%27%
o O
Qo o

LAB ANGLE © = 90°
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PROTON ENERGY, MeV
FIG. 1
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