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EXCITATION FUNCTION FOR PHOTONEUTRON PRODUCTICN
FROM 80 TO 320 MEV
Lawrence Jongs

Radiation Laborétory, Department of Physics
University of Qa;ifornia, Berkeley, California

August 13, 1952

ABSTRAGT

The excitation functions for neutron production by high energy
quanta were invéstigated for eleven elements, By varying the maximum
energy of the x-ray beam of the Berkeley synchrotron, photecneutron
yields were obtained_at eight maximum bremsstfahlung energies from
" _ 40 Mev to 320 Mev. The beam was monitored with the induced beta ac-

tivities of copper foils at the various energies. Using a photon
difference methdd, the yields were analyzed to give cross sections.

The cross sections increase with energy for all but the light-
est elements from 100 Mev to 300 Mev. Correlations are observed
between these results and results of other experiments which indi-
cate that the cross sections for photonuclear interactions are at
high enérgies about proportional to the atomic weight.,

There is evidence that a compound nucleus may be formed in
heavy elements by high energy quanta. An increase in the photon ab=
sorption cross section at energies below the meson threshold is

. evidence of a virtual meson type of interaction.
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EXCITATION FUNCTION FOR PHOTONEUTRON PRODUCTION
' FROM 80 TO 320 MEV
~ lawrence Jones - o
Radiation laboratory, Department of Physics
University of California; Berkeley, California

August 13, 1952 .

I, INTRODUCTION

Relatively little is known about the cross section f@rvphoton
ebsorption by nuclear material at emergies above 30 Mev. In general
any high energy nuclear interaction leads to the emission of neutrons,
either as primary interaction products or as particles boiled out of
a nucleus vwhich was excited by arprimary interaction. Therefore &
study of the exciﬁétion function for photoneutron production may be
interpreted in terms of photon abserptign by the nuclegso 7

Eygesl first suggested an experiment of this type‘aftér noting a
discrepancy between the neutron yields ébtained from 320 Mev bremsstrah—
lung and the knoﬁﬁ (¥ ,n) eross section below 25 Mev. 4 preliminamy
exﬁerimentz'showéd that there were slow neutrons (of enefgy_less than
20 Mev) produced by quanta of energy greater than 150 Mev., Later it
was learned that:§9rst3 had noted a similar neutron yield from high
energy photonsvbylcomparing yields from 22 and 320 Mev bremsstrahliung.

High energy photonuclear reactions may be divided into three
photon energy intervals. From the photoproten or photoneutron threshe
0ld energy to about 25 Mev 2ll nuclei so far studied except deuterium
(and hydrogen) show a resonance absorptionl94; This region has been ex-
teﬁsively studied using smaller betatrons and induced beta activities,

However, little is known regarding the reaction from about 30 Mev to
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the meson threshold at about 150 Mev. It has béem proposed that the pho==
ton absorption falls off in that region as. l/E% or scme similar function
as is predicted by.ihe theory of the photoelec£ric disintegration of the
deuteron5o Above the meson threshold photon absorption leading to meson
production appeafs to be a rising function of energy up to 320 Msvéo

The experiment discussed here, together with a similar experiment

at lower energie349 attempts to infer something about the nature of pho-

- ton absorption in the energy region from 80 Mev to 320 Mev from the cross

sections for photoneutron preoduction.
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II, EXPERIMENTAL PROCEDURE

A, Outlinevoi Procedure -

The total neutron yields from Bey, G, Al, Fe, Gu, Mo, Ag; Sn, Ta,
W, Fb, and U were obtained at eight mgximﬁm x-ray beam energies using
the Berkeley synchrotroh° Usiﬁg a bo:§ﬁ £rif1ouride proportional coun-
ter in a long counter géometry, yiélds were measured from bremsstrahlung
spectra of maximum energies of from 4O to 3QO‘M9v at 40 Mev intervals.
In sections IIB ana IIC the counter and experimental setup are described,
In order to reduce neutron yields per unit of ionization (as indicated
by the beam monitor iohization_chamber) to uﬁits more adaptable to an=
alysis, the amount of 9.9 minute half life positron activity induced in
a ébpper foil per unit of ionization was determined at each energy.
Then the néugan yiélds'Were expressed in terms of neutron yields per
unit of copper éctivityo_ The<monitoring is discussed in section IIF,

In section III, the method of anglysis of the yield date is dis-
cussed, taking ihte'account the continuous nature of the_bremsstrahlung
spectrum, 'I'hismethodconsistedofcorrecting the yield from each max-
imum energy bremsstfahlﬁng fof.thé yields at each lower energy. The
yield at the lowest energy was corrected using the cross sections ob-
tained in a simil&r:éXperimenté from the photoneutron threshold through
70 Mev, Since the neutron yﬁelds‘from_AO Mev_bremsstrahlung were ob-
tained with rather poor statistics, it was decided to omit that point
in the analysiS'and_Sﬁart_with-the 80 Mev yields, in view of the later
comprehensive stﬁdy at lower enérgieso ,The shapes of the bremsstrah-
lung specta for the energies studied aée determined as discussed in

section IIIA,



The synchrotron beam was collimated by & 1-1/2 inch dismeter
tapered lead collimator 9.5 inches long in a 905,i§gh lead ya;l 60 ipches
from the platinum x-ray target in the synchrétgqﬁé A si# ingh,léad wall
with-a larger taperedvhole 3 inches_behind the.grimary collimatqr_fgrther
reduced scattered x-rays and elthronsc vAddipional lead and paraffin

shielding around the counter was found to be necessary to reduce the tar-

get-out background to a workable level. The overall configuration of the

counter and shielding is presented in Figurg_lo,

The target materials were supported by clips on_a,brass'platformo
The targets of elements heavier than aluminum consisted of square_metal.,
slabs 2-1/2 x 2-1/2 inches to 3 x 3 inches and from one quarter inch
thick to 040 inches thick. These slabs were oriented with their“faces
at 112° to the beam direction and atv22° to, the axis qfqihe long counter
to minimize the effect of neutron scattering in the target., It was
found in én earlier experiment7 that if the face of a heavy metal plate
was parallel to the counter axis the neutron counting rapeAwas reduced
as much as 20 percent.

The aluminum, carbon, beryllium and water targets were all an inch
or more thick, and therefore the neutron path through them to the coun-
ter was not much changed by orienting them perpendicular to the beam,

The water and heavy watep target'holders.consisted_ofviaentieal
lucite cylinders 3 inches long and 2-1/2 inches inside diameter with
one-eighth inch walls., One-sixteenth inch lucite was cemented to each
end and two stainless steel filling screws were tapped,into the,yalls of
each, . _

The target specifications are listed in Tables I,A and I,B.

An earlier experiment at 320 Mev had shown that for all but the

@



lightest elements (carbon, beryllium and deuterium) the photoneutron
yield was isotropic to within statistics, therefore no attempt'was made
to examine phétonéutrons at other than 90o to the beam direction in this
experiment, For the light elements the assymmetry seems to be, within

statistics, the same at 320 Mev as at 22 Mbv7’8°

Ce Ngutroﬁ Detection

A boron triflouride proportional counter in the "long counter” ge-
ometry was used to count the photoneutrons. The reaction g0 (o, A) 147
releases_the pod pgrticle with a Q of 2.8 Mev, A gas=filled proportional.
counter filled with BlO enriched boron triflouride will give a large
pulse from a captured neutron relative to pulses caused by fast electrons.
This tyﬁe counter is therefore ideally suited for detecting neutrons in
the presence of therlarge_z,uray_and eiectron flux surrounding the syn-
chrotron. The "long counter” described by Hanson and McKibben9 consists
of a cylinder of paraffin 8 incheé ih‘diémeter with a cylindrical BF3=
filled proportional gouﬁter along ité éxiso Fast neutrons Qf energies up
to several Mev eﬁ£e¥iﬁé.£hévc&liﬁdefvpéféliei ﬁo its axis are moderated
end may diffuse inﬁo the sensitive volume of the proportionel counter at
thermal energies, where they will be counted. The counter is almost wai-
formly sensitive to neutrons of energies from one hundred Kev to several
Mev, depending on_thg length of the cylinder., According to Barschall,
et allo, the counter counts_lA Mev and 18 Mev neutrons with 67 percent
of its cne Mev ef’f’iciencjo The dimensions of the proportional counter
used and of the paraffin cylinder.surrounding it are shown in Figures 2
énd 3. The counter is filled to 20 ecm Hg with boron triflouride enriched

to 95 percent Bloo The sensitivityg'of such a counter versus neutron en-

ergy is given in Figure 4.
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In practice the neutron counter was not v.=d with a parallel f}ux ofv
neutrons (source at infinite aistﬁnce)o Vﬁhe target in the x-ray beam was
placed only 7-1/2 inches from the end of the counter, so that ths neutrons
appeared in a diverging beam &t the cgunter;_This gives the counter rela-
tively less sensitivity to high energy neutrons than that presentedvin L
'Figuré 4o As will be diseﬁssed later; however, it is believed that the
majority of the neutr@ﬁs boil off the nucleus with a Maxwellien distribu-
tion, Therefore there will be relatively little éhange in the overall
neutron detection efficiency for different Zf'excitation energies, The
long counter used has a detection efficiency of .7 percentlfor Ra--Be neu=-
trons entering the 8 inch diameter face, |

The BF3 counter is eendemsé?m@éﬁpled to a preamplifier by a simple
RC filter. . This filter prevents VOltage filuctuations or puises from the
higﬁ voltage supply from being'picked up in the signal lead. The pream-
plifier unit is a standard UCRL type 3723938 modified forvuse with an ex-
ternal 1000 ohm delay line clipper. With this the signal pulées are gl-
lowed to rise to their full height‘in about 0,2 microseéonds without ap-
preciable differentiation. Usihg about 2 feet of delay cable (equivalent
to .25 micrbseeondé) shorted aﬁ one =nd the pulses were clipped o o8
microseconds. This was desirable for two reasons. If longer pulaes
were used, individual electron pulse: in the counter would‘haQe'time to
add up to the height of z.meutron pulse, and hence be countéd as a neu-
tron. Alsc two neutrons which entered the counter within a pulse-width
time of each other would be counted as only one neutrom., Although the
electron "pile-up” and neutron “pileaupwfﬁhiradugg_§rrorsvin_t@eanhﬁber
of neutron counts of opposite signs both Are reduced by using as short
a pulse length as is comsistent with good propbrtioﬁalityo

A convenient feature of the "long counter” is the reiétively long
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~ gets, the distance from the x-ray target to the neutron terget was no
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. diffuéion/time of neutrons in the paraffin before they are counted. 4

burst of neutrons released from the target simultaneously is counted with

a distribution in time characteristic of an exponential decay, where ithe
decay constant is about 200 microseconds. For this reason the x-ray beam

pulse length may be as short as desired without increasing the probsbil-

ity of neutron "pile-=up". _
The output of the'preamplifier was fed intc a UCRL type RT4404 lin-

ear emplifier operated at a voltage gain of 2500, The amplifier was fed

ipto a UCRL type 3T8934 scaler biased to accept only pulses of 20 Volts

or higher. The scaler was gated tc accept counts only during a period

extending from a few hundred microseconds before the beam pulse to 3000

microseconds after the beam pulse. . This eliminated extraneous pulses

~ introduced by the 100 KV synchrotron injector. The neutron»background'
due to cosmic rays and sources other than the x=ray beam was completely

negligible.

D. Collection of Data
The data were collected from three separate three day runs at the

synéhrotron and pains were taken to duplicate the experimental geometry

" each time. To insure reproducibility, before and after each run a 10 Mg

- radium-beryllium neutron source was placed at the target pesition and

counted for five minutes. The neutron counts from this source waried as

much within one run as between successive runs, indicating that the

equipment was relocated as accurately as the radium=beryllium source

could be positioned. Since the beam was entirely within the neutron ftar-

[l

critical, However, this distance was reproduced on successive runs %o

t 0.5 inches, The beam at the neutron target position msasured 2-5/1¢



inches in diameter,

Before each run a plateau of neutron counts versus voltage on the
céunter was obtained using the radium-beryllium neutfén source. W'.T.'he
plateau was three hundred volté wide frbm‘the voltage vhere éll neutrons
were counted to the voltage where'eleétrons began'to be couﬁtedo The
counter was operated fifty volts above the lower voltagé 1imit of the
plateau. R

To check on the reproducibility of the data, the neutron yield
from the uranium target per Nunan (the unit of inﬁegréted beam) minus
background was obtained several times dﬁring each run at 320 Mev, Agéin;
the variation within a run was aé large As beﬁween runs, so that the datg'
from the separate runs were averaged together directly.

The neutrop targetwout background (due to neutrons prgduced in the
synchrotron itself and in the collimator) variedffrom.50 percent of the
carbon counts and 7 pércent-qf theruraniﬁm counts at 320 Mev to 120 per-
cent of the carbon §ounts and 20 percent of the uranium counts at 80 Mev.

The neutrég gouﬂtS‘wére recor&ed_on a scale of ;L2.8;sca1ero From
3000 to 109000fneﬁtrgn>¢§unts,werg obtained for each point, and a min-
imum of 1000 counts for each background point. The yield from each ele~
ment was taken three times at 320 Mev and 280 Mev, twice at 240 Mev and
once at the lower ehergieso In additions“points'which 1ay'off & smooth

yield curve, or for any other reason were in question, were repeated.

The Berkeley synchrctronvmagneb coil is comnected in an LC reso-
nant circuit with a condenser bank of about 818 microfarads capacity. The
magnet itself has a calculated inductance of 30 miilihehries, giving this

eircuit a nominal resénant'frequency of 32.1 cobos° With the flux bars
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~ removed, the resonant frequency was later determined (using an audio
oscillator, an oscilloscope to determine resonance, and a scaler to cal-
. ibrate the oscillator) to be 32.44 c.p.s. In operation, the flux bars
are saturated when the magnetic field reaches 100 gauss, and at higher
field strengths the inductance of the magnet is virtually the same as
with the flux bars removedo | |
Since the peak magnetic field is 119400 geuse and the magnet iron

saturetee at 14,000 gauss, the inductance of the magnef remains'eonstant
to within 1 percentll from the time the flux'bare saeurete £§ peek field,
’Tnerefore, the current threugn the magnet coils rises sinusoidally. By

| operating the magnee at a fixed peak current end turning eff the‘R;F°

‘ accelerating veltage at a known time before peak field, the ratio of the
| .energy of the beam to full energy may be 81mp1y determlnede |
» E, E sin (-12292-) x 90° (1)
:Awhere Eo is the energy of the beam at peak magnetlc flelds E is the
energy of the beam brought out at t microseconds before peak field, and
”7790 is the calculated rise time of the field in microseconds.
| In this experiment, the above method was used for determining the
bremsstrahlung energy for each run., The sweep of a Tektronie 512 oseil-
: loscope was triggered at the beginning of the magnet pulse. On the

sweep were displayed the signal from a photomultiplier in the x=ray beam,
a Sharp pulse indicating the time ef peak field9 and superimposed 100 and
‘1600 microsecond ﬁime markers, For a desired energy, By the value of %
was connnted.from (1), and the R.F, cﬁtoff ﬁime was then adjusted so that
the photomultiplier pip fell t microseconds (as determined ny the time
| narkers)'before'peak'fieldoﬁ The nominei‘maximum energy9 Egs of this Syn-—
!chrotron is 322 f 6 Mev 12, however, for purposes of convenience it has

been taken as 320 Mev in this experiment.
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The voltage across the condenser bank, and consequently the peak
current, was seen to vary % 1 percent; The time‘t-could'be determmed
only to i 50 microseconds. Together these errors could give rise to an
error of % 1.5 percent at high energies and i‘2°5vperbentfat low’ energies

in the beam energy determinations,

Eeﬂ_Qe;i2£2£;2£,§£Q,E2£Q&;;£2§;2g

" In order to reduce neutron yields pef Nunan et different energies
to units susceptible to analysis, the relative yields of thevGu63 (7 ,n)
Cu62 reaction were obtained at eaeh energyo | | _i -

The Gu63 (¥ 4n) reaction has been exten31ve1y studied by SaganelB,

Almy and Divenla, and Johnslss et alo The reaction cross section has
resonance shape; rising from a threshold at 10,9 Mev to a maximum at
17.5 Mev, and then falling to very low value above 24 Mievo Johns' curve
is reproduced in Figure 5. By bombardlng a standard size eopper foil
‘and then following the decay of its induced beta act1v1ty a given time
iﬁ a standard geometry, the reiative Cu63 (7/.n) Cu yield per Nunan
may be determined eﬁ'each energy. Neutron ylelds per Nunan may then be

re-expressed as neutron yields per unit of copper act1v1ty, Y, where

Cu (‘Y}n) yleld ij; odéuv (E) N (BE)-dE -
In the above, eﬁ is the cross section for neutron productlon;

O6y63 1s the Cu 63 (7 sn) cross section of Flgure 5, and N (B, E) is the
number of quanta of energy E per unit energy in a bremsstrahlung of max-
imum energy Ebo - o o ( -

The integral in the denominator was evalueﬁed.bf piotiiggvﬁﬁe prod-

uct and integrating with a planimeter. Using the bremsstrahlung spectra
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discussed in section IIIA, the ratio of these integrals for different
E, from 40 to 320 was found to be the same as the ratio of 16,5 Mev
quanta, ¥ Therefore, in subsequent calculations of cross sections,
bremsstrahlung areas are computed on the basis of normalization to 16.5
bev; such that the values of N (E°,16o5) are the same for all E,.
Experimentally, coppef foils 3 x 3 x .016 inches were bombarded

at each energy. for 10 minutes at the target position., The beam inte-
grator was. read eﬁery minute during the bombardment. The foil was then
rolled into a cylinder, taped together, and placed over a thin walled,
‘eylindrical géiger counter (Victoreen Thyrode type 1B%5) in a lead
chamber. Everj foil was rolled on the same rod so that each cylinder
was the same diametei'° Two minutes after the end of the bombardment,
the scaler connected to the geiger counter was started and run for 10
minutes. A minimum of 20,000 geiger counts were obtained for each bom-
bardment. The geiger counts were recorded every minute to imsure that
. only the 9.9 minute half life of Cu62 activity was being seen. The 12.8

64

hour Cu ~ activity was. never apparent., Corrections were applied to the
geiger data for geiger counter background, geiger counter dead time
(determined experiméntally with two radium 7 sources); and for beam in-
tensity variations during the bcmbardment°

The copper foil monitoring was done for each set of neutron data
so that the neutron yield per copper yield could be obtained for each run

independent of the others. This made walues of ¥ independent of any

changes in sensitivity of the beam monitor icnigzatiocn chamber beitween runs.

N (g 16.5) o V(Q;:E:L o{E)N(E; E)GE
N (E2’16o5) joEQ @«(E)N(EQSE)dE

* j.e,




Also, since both neutron counts per Numan and cupper foil activity per
Nunan are more rapidly varying functions of energy than the ratio Y,
calculating Y using the copper value obtained at the same time as the
"neutron counts reduces the effect of ‘errors in energy setting.

The GuéB ()/9n) reaction waé assumed to receive negligible con-
tribution from quanta above 25 Mev following Sagane's resultsA’IBJ In
view of the 1/E nature of the bremmstfahlung§ it seems doubtful that
‘any higher energy 3 (7 on) Cu62 interaction would contribute ap-
preciably to the total Cuéz yield. & possible source of error in this
method of normalization is the Gu®5 (7/,En)-cu62 reaction, since the

natural isotopic mixture of copper (30 percent Gu659'70 percent’CﬁéB)

was used. Bebslé, however; estimated the yield from this reaction to
be less than 2-péréent of the GﬁéB ()/pn).yield from a 300 Mev brems-
strahlung, and Smrauchl7 found that the yield of the Zn66(7/,3n)2n63
reaction was 3 percent of the yield of the"Zn64 (7/9n)'Zn63 redaction:
from 320 MQV'breméstrahlung.: : “
However, as a check of the validity of this normalization, the neu-
tron yield from deuterium was obtained using the long counter and identi-
cal targets-of water and heavy water. Since the neutron counter is not
 sensitive to high energy neutrons, and the Dv()’,n) cross section is
known at low energies, this reaction also would servé to normalize the
bremsstrahlung to the same number-of low energy quanta. The peak of the

D (7/,n) cross. section is at 4.4 Mev, and the normalizing energy #- for

the reaction is of that order. This energy lies below the normalizing

N(Ey Ba) jfl%(Xm)(E)N(El,E)dé .

¥ The energy E, for which = ,
N(Estn) (E)N(E, E)dE

E
Jo %9B(m)
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energy for the cu®? (7 smn) cu? resction (16.5 Mev). From Figure 6 it
~ .may be seen that N (80,5) is greater than N (120,5). Therefore, it
. would be expected that Y for deunterium would be greater for low energy
bremsstrahlung than for higho In Table IA it is seen that Y for deu~
terium is, within statistics, constant for all higher energies, and
somewhat higher for 80 Mev., This, within experimental error; confirms
the validity of thé copper normalization,

As a further check, polystyrene foils were bombarded for 20 min-
utes and then counted in the geiger counter for 20 minutes at 320, 240,
160, 120, and 80 Mﬁev,.‘T.he,Gl2 (7 4n) Gll reaction has a 20 minute half
life and exhibits‘a resonance peaked at about 22.% Msvéo Although the
statistics were poor here, again agreement with the copper normalization

was found,

Ge Errors
Errors in the values of ¥ Qere primarily due to counting statisties.
In Table IA and IB the average probable error per point is listed for
each element, This was determlned from countlng statistics at energies
where only one run was taken, and from the expression
g‘

where three runs were taken at one energy. Here & is the average of the

prcbable error = 845

differences between each run and the means and n is the number of Tuns,
Probable errors were in general about twice as great at 80 Mev as ab 320
“Mev,

Limitations on the accuracy of the cobper feil calibration were due
to variations in foil thickness (less than 1/4 percent), errors in timing

(less than .0l minute), and copper foil positioning. Siunce the feoils
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were wrapped into a cylinder of diameter about 1/8 inch larger than the
geiger tube, and were simply allowed to hang on the tube (oriented hor—
izontally), the counting volﬁme would intercept different solid angles
from different sections of the foil, Since the intensity distribution
of the beam on the foil is a function of energy (being almost uniform at
low energies; and being concentrated toward the center at high energies)
some systematic error could be introduced in this way. However, this
error is estimated to be less than a percent over the energy range stud-
ied.

As the beam monitor ionizatioﬁ chember was vented to the air, a
change of room temperature of 10 degrees would produce a 3 percent
change in the density of the air in the chamber, resultimg in a 3 per-
cent error in the number of ion pairs formed per unit of beam. -This
effect was not considered during the runs; however, a guarantee that it
did not cause serious consequences is the reproducibility of the re-
peated points. Another source of error difficult to estiﬁgfe was the
occasional jitter of the syhehrotron R.F, acéelerating system, causing
the beap to fall out as much as 2 ormﬁ thousénd microseconds early.

This could have accounted for some noticeably bad points (which Qere
corrected by later runs), but was usually watchéd for and caught vhen it
occurred.

Plateaﬁs were taken of neutron counting rate from uranium per
Nunan as a function of beam intensiuy in order to check the beam inten-
sity were neutron pile-up or electron pile=up in the proportional coun-
ter became appreciable, Eleétron pilesuﬁ wad observed on the monitoring
oscilloscope when at 280 Mev the beam pulse was less than 4 microseconds
wide and at maximum intensity, however, even at this extreme only a three

percent increase in counting rate due to electron pile-up was observed.
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Neutron pile-up (dﬁe to the scaler dead time) was observed at max-
imum beam'intensify at 240 MEQO vHo%é%eé,};;ﬁgﬁigg rates were always held
to a value sufficiently low so that a meximum of 2 percent error (and usu-
ally much less) could have been introduced from this source at this
energy.

Since both the neutron countér;ahdfgeiger,COunter were operated on
broad voltege plateaus, changes of counter voltage plateaus and chénges
of counter voltages or amplifier gains of less ‘than 2-1/2 percent would
have virtually nc effect on the results. -

Neutrons produced in the platiﬁum x=-ray target, in the synchrotron
quartz and iron, and in the lead collimators might scatter from the neu-
tron target into the counter, This effect is believed small with the
possible exception of the lowest energy points of carbon and beryllium.
The neutron yield observed’gneé as’Zz-approximately, while neutron scat-
tering is proporticnal to 212/3(the nuclear ‘ared). Also, the neutron
" background increases with decreasing beam energy (since the spread of the
beam increases and more of it is intercepted by the collimetor), and er-
rors due to neutron scatter would. also tend to increase. .HoWevér, even
the lightest elements showed décreasing neutron yield:witﬁ decreasing
energy. Agreement between the present results and those obtained with
twice the collimation angleZP indicate error from this source is within
statistics.

Another source of error in the absolute megnitude of the cross sea-
tions in beryllium and carbon is the angular assymmetry of the photoneu- |
trons. This would lead to measured values somewhat higher than reality.

It is worth noting that all major possible errors such as neutron
pile-up, scattered neutrons, and contributién:td the Cu62 acﬁivitj oy
higher energy quanta would all tend to increase the slope of the yield
curve, and conseguently give rise to even higher cross sections for neu-

tron producticn at high energies than herein reported.
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III. DETERMINATION OF CROSS SEGTIONS

. o
RS

A Bremsstrahlung

Fundamental to the interpretation of this experiment is a knowl-
edge of the bremsstrahlung spéctrumd Basically, the spectrum of x-rays
produced by a beam of monoenergetic electrons striking an infinitely
thin target integrated over all directions of the outgoing photons and
electrons is given by the Bethe-Hietler formulals° This formula con-
tains as parameters the target material and the energy of the incident
- electrons. Rossi and Griesen;9 have plotted this expression for a fam-—
ily of initial eﬁergies for targets of lead and air taking into account
the effect of screening. To~ob§ain the curves of the Beﬁhgfﬁéitlgr for-
mula for the energies used here, the Rossi éﬁd Griesen curves for lead
. were read to three significant figures and graphically interpolated for
the desired intermediate energies.

The Bethe~Heitler formula has been checked at high energies ex-
perimentally by Powell, et 3112; DeWire and Beach2o, Stokele, and
Emigh22° 'The Born approximatiog is used in the derivation of the Bethe-
Heitler formula, and for 520vM§§“eiectrons on platinum the conditions.for
its validity are not fulfilled° However, Davies and Bethe have recently
23

made an exact calculation”™ of the bremsstrahlung cross section without
the Born appfoxiﬁation. ' The result reduces to the Bethe-Heitler expres-
sion plus a constant term of magnitude of about 10 percent of the average
Bethe-Heitler value. The resulting distortion of the assﬁmed spectrum is
consequently only one or two percent except clsze to the maximum energy.

R shows that for targets of‘finite width, multiple electron

Schiff
scattering in :the target has the effect of averaging over all angles so

that the Bethe-Heitler formula may be used even when only the beam in the



forward @irectien is consideréd;

‘E"yg‘es25 shows that for a target of thickness not small relétiye to
" a radiation length, the process of cascade showering modifies the spec-
trum., From expanding the shower equations and considering only first

terms, he gives to the following expression for the correct spectrums

BRI RN e T - '

W =W |1 -5 fem)on) ] 3)
where $(V) is the Bethe-Heitler spectrum, ?I(V) is the corrected spec-
trﬁm, V= % where Ej is the energy of the incident electrons and E

e}

is the energy of the radiated guantum, T is the térget thickness express—
ed in radiation lengths, and ¢-is ioe cross section of the target material
per radiation length for absorption of quanta of energy E. In the case of
the Berkeley synchrotron, the target is 020 inches of platinum, or .20
radiation lengths, therefore the thick target corrections are not negli-
gible.,

The log term of the expression represents re-radiation by an elec-
tron which has radiated once after it has traveled to a greater depth in

the target, and the O term represents the procbability that a quantum will

| be reabsorbed before it escapes th; target, .

William526 and Moliere?! have giﬁen somevwhat different expressions
for the multiple seéttering of electrons, S.@i’;h:‘i.f.f’fzz+ and Lanzl and Hanson28
have, using Williams and Moli®re expressions respectively, obtained the
resulting engular distribution of bremsstrahlung from targets of finite

28529 seem to support Moliere's formula,

thickness, Experimental results
although the two are not greatly different.
Multiple scattering of electrons in the target may modify Eyges'

corrections., The radiation from a fast electron is predominatiy in the

forward direetion. If the x-ray beam is collimated so that the collimator
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subtends a cone of central angle § with its auis along the :anident e—
1ec‘bron d_irectlon, the radiation from anleleetron traveling at an angle
greg.ter than é will probably not pass through the collimator. Electrons
entering the target will sinniltaneously radiate and scatter. A4n effecvtive
target thickness t may be found for a'gi.ven- collimator which represents
the average depth an electron penetrz'if:,es into the target before scattering
out of the cone subtended by the collim&fdr’, Using the simplifying as-
sumption that the radiation is entirely in the direction of motion of the
electron, this effective target thickness is used to modify Eyges' ex-
pression for multiple scattering,.

The quantity t is derived from the William's scattering expressiony
used instead of Molidre's only for simplicity (the resulting t using the
latter would not be significantly dlff‘erent)o The normalized distribution

of electrons per unit solid angle at depth t cm., in the target is given by

n(6)dn = -’-—"*—-1——2’—" & 2672 (4)
2176, . e
‘where
9.2 2 e2 2
g 2= ( ) Nt = Ct (5)
° E
or
' o
(e)ae = ‘: 2o (6)
M N0Jae = F ,

The number of electrons with directions 2 5f between zero and @ at depth-
t is then

j Kol

m(8)d © = 1-e ¢ o 7)
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. The fraction of electrons scattering out I tie cone of angle EE
' T
at depth t per unit distance is then _dN and j/t a8 dt is the
dt o 4t
average distance an electron
travels before scatiering out. To this number must be added the number

‘of electrons which pass completely through the target withgut scatisring

7 s . ' P 1 e S
out of § weighted by T. Their number is simply Ii-=e 56T . The resulie

ing awverage depth an electron penetrates before scatltering oulb of the cone

of central angle (}.-3 is then

_ 37 - 872

T o -
j i,i@. 2cr 4t 4 Ud=—e 2T )T (8)

88

T

(o)
N
[

The integral was graphically evaluated for the ,020 inch target and the
eight energies studied. _

It is proper now to replace in (3) the =§= Eﬂﬁ(lcV)] by =§= o (1=V)
and to replace =%= o(E) by (I- ;E“) G (E),

This modifies (3) %to the followings
/. % 3 -
v o/ W) = V) [:Lm(sr:== I) o) s 4 onam) )

In applying this expression to ithe Berkeley synchrotron there is some
question as to what value to use for T, Although the target is made from’
a8 o020 inch strip of platinum, it is possible that the electrons might
only graze the edge of the target and hence only %raverse a few mils.
However the angﬁlar spread measurements of H@sengrenzg assuming a .02C

inch target are consistent with the angular spread measurements of Ianzl

O
Fy

o

0

ahd Hanson28 using an externally deflected electron beam. Alss the beam
appears to be symmetric about its axis. This would not be the case if
the electroﬁs oniy grazed the target, some scatﬁering‘inta it and con-
tinuing to radiate and others scattering oub of it. Therefors the

thickness T in radiation lengths corresponding to o020 inches of platinum
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was used in (9) to calculate the spectra actuslily used and plotted in

Figure 6.

The values of Y of Table IA and IB are plotted in Figures 7, 8,
and 9 with smooth curves drawn through the points. For ease of compar-—
ison, values of Y are plotted normalized to unit yield at 320 Mev. Since
the 40 Mev points are not uged in the subsequent analysis, the yield
curves are not extended ﬁo them.

In order to reducevthesefdata to .cross sections for neutron produc-
tion,O'(E), the cross section must be known for each target element for
energies below 80 Mev., These were cEtained from the work of K. M. Tefn
willigeer 80

The integrals L SE) N (E,E) dE ' (10)
were evaluated for each‘element'for vaiues of Ej of 80, 200, and 320 Mev,
using N(E E) as the bremsstrahlung normalized to the same number of 16.5
Mev quanta. The values of the integral were then obtained for intermedi-
ate energies by graphical intérpolation° Since tin was not among the e-
lements studied at lower energies, no snalysis of it was attempted in
fhis experiment., | | o

For any partiéular element, the relative average values of cross
section mey now be obtained for'each 40 Mev interval knowing the inte-
gréls(lﬁﬁg the functions N(EBE} (section IIIA), and the values of Y (from
the intercepts of the smcoth curves). The method is tc work up from the 
lowest energy interval so that crorrectioms %c each successively higher
energy increment may be made for the cross sseiion at lower energies,

let Y (EI’EZ) represent the average yield due only to quanta of en-

ergies between El and E,, and CY(El,Ez) the average relative cross section



in that energy interval., Then

/80
[ f o’(E)N (120,E)aE- [, o(E)N(80,E)dE

¥(80,120)= [Y(lzo)aY(so] )| -¥(80) =
L ) \; _ Jg o(E)N(80,E)dE 5

el N T e 120, o : .

5(80,120)= 1(80,120) / f N (120,E)dE (11)

Using this result,

/{80 N(160,E )dE~ ]8 N(120 E)dE

120
a0 N(120,E)dE

Y(120 160)" E{(léo)-Y(120)]«=Y(8O 120)

f qu(E)N(léO E)QE- j8 o(E)N(120,E)dE

-Y(80)
JZSOG’(E)N(SQ,L)dE ,
L 160 - , |
6(120,160)= ¥(120,160) / )(20 N(160,E)dE (12)
Similarly, :
: _ 160 160 7
- ' - N(zoo E)dE- N(160,E)dE
¥(160,200)= [Y(zo@m.x(léo)]:?’(1209160) ﬁ'go 120
: ! fi28 N(léOQEigi =
-120 .
- : %(200,E)dE- N(160,E)dE
-¥(80,120) Sz X 9‘) oo ]
: i " /8%2%(12091‘1)@ J
80 , .\,
_ Ja 8O¢(E)N(2009E)dEmj, o(E)N(160,E)AE
. =X(80) |7 5 o
| f o(E)N (80,E)dE ,
- = 200 |
§(160,200)=. ¥(160,200) / _f g0 N(200, E)dE B - (13)

The procedure is repeated for éach fsuc@essﬁely higher energy g
crement, with another correction term added each time. Y (280,320) has
8ix correction terms subtracied from the yield inmcrement.,

EfEi El,

The values O~ (Els,E.z) are assumed to represent

Since O is a slowly varying function of energy relative to the 40 Mev
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energy intervals in this energy range, the above aésﬁmption'is a close ap~-
proximation to reality.

The method of obtaining a cross section curve is effectively a dif-
ferentiation of the yield curve, modified due to bremsstrahlung overlap-
ping. Therefore, the slope of the yield curve determines the magnitude of
the cross section, its curvature determines éhe slope of the cross section,
while the curvature of the cross secticn curve is related to the third
derivative of the yield curve, Due to scatter of the data points a num=
ber of smooth yield curves could be equally well chosen to represent the
true yield curve, However, most of these curves lead to incongruous re-
sults for the cross sections, such as cross sections alternating high and
low for successive points. A broken line connecting the yield dgta points
often leads to negative cross sections in some energy intervals. There-
fore, in working out the curves a.tfial and error system waé used, the
smoothness of the resuliing cross section curve being the criterion for
correctness. It Qas noticéd that the smooth cross section curve seemed to
represent the average of the fluctuating cross section points resulting
from the original triéigﬁéld;{é;ufvé §

To illustrate ﬁhe'aboﬁétﬁfééedure for calculating cross sections,
the numbers for the analysis of thé silver data are presented in Table III.
To f’zicil:l't;a’t;eAama.lys:i.s‘9 the coefficients of the correction terms were pre-
viously computed and tabulatedov These were used for all elements and are
presented in Table II.. Since the targets are nct thin, the numbers of
quahta were corrected for the absorption of qaanté in the target., This

factor is closely ——x
ST =

-
= € &

where U is the absorption coefficient of the target per radiation length,

i

L

and x is the target thickness expressed in radiation lengths. Values of
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were obtained from Heitler3Y. The characteristics of the targets are
given in Table IA and IB,

The least accurate portions of the yield curves are the ends, since
one can not anticipate the slope of the yield curves through the extreme
data ﬁoints° The yield curves were adjusted at the low energy end so
that the resulting cross section curves joined smoothly to Terwilliger”34
cross sections below 70 Mev. |

From hoting how much a smooth yield curve could be éltered and stijl
be consistent with the yield data and a smooth cross section curve, an es-
timate of the error in the yield curves could be obtained. For instance,

a 2 percent change in the 320 Mev intercept of the yield curve, with the
new curve drawn smoothly to the old 200 Mev intercept, resulted in a change
in magnitude of the cross section at 320 Mev of 20 percent.

It is estimated that for yield aata accurate to + 2 percent, the
cross section values at energies below 240 Mev are accurate to § 15 per—
cent,_apd.at 300 Mev are accurate to I 30 percent. On comparing the values
of yield ét,320 Mev obtained experimentally* with the values obtained by
integrating the calculated cross sections times the bremsstrahlung from
threshold to 320 Mev, excellent agreement was observed. The above error

estimates then seem to represent conservative limits.,

In an earlier experiment7 the total neutron yields from the same
targets were obtained_per mole/cm2 per erg of 320 Mev bremsstrahlungo K
similar neutron counter was used and calibrated for absolute neutron de=
tection efficiency using a calibrated Ra=Be neutron source. The synchro-

31

tron beam energy was calibrated by W. Blocker” .

¥ Table I, also Reference 7.
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These numbers represent

¥y igi%zngns. c><LJSBZOqu)N(3200E)dE | , 143
om 2 °re - szzoﬁ N{_gzo,E)dE .

From a dimensional analysis, the relative cross sections from the present
experiment may be determined in units of cmz'per atom of target using

R . . . g 2
this data. If y is expressed in units of neutrcns / Mev per atom/cm®,

then the cross section for neutron production

= 320 - "
o(Ey ,E,Jom 2 _ ( . Y(EE) > <£EN (320,E)dE >y 15
E2
éfw_l N(E,,E)ME” ¥(320)

Y (320) is unity in the units Qf.Tg and N(EOE) is in the same units in
numerator and denominator. The integral in the numerator was evaluated
using Figure 6.and a planimétérg and units were édju&ted fo give the /
value in Mev. |

Since the values of y were not corrected feor photon absorption in
the target, the 8 in the denominator is necessary for correct final
values of o

By a similar dimensiongl.éﬁélySiéévthe low energy cross sections of

4

Terwilliger's™ were expreSsed-in units of cmz/atom9 using for the normal-
ization the 80 Mev yield point. |

On comparing the ratios of the déta from the previous7 experiment
with the yields per mole/cm2 at 32C Mev of this experiment close agreement
was observed. Since the statistics of the sresent experiment are superi-
or, the average of the above ratics times ti. »ruesz:nb yields were taken as
corrected values for y.

The ‘ratios of the 80 Mev experimentasl yields to those csliculated

from Terwilliger's experiment all varied less than 5 percent from 1,00,
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Each value of y was further corrected by half of the error of this
ratio, since Terwilliger's data is as valid as that herin presented. -

The cross section numbers are plotted as smooth curves for the

elements studies in Figures 10, 11, and 12.



IV, RESULTS AND DISCUSSIVL

The results as preqented in Flgu&es 10 119 and 12 sbow several

1nterest1ng propertiesa The oross qectien in geqeral increases w1th
energy from below the meson thresheld (abOUU 1)0 Mev) through 300 Mev,
The shapes of the curves show a general itrend with increasing atomic
weight, the ratio of the cross section at 300 Mev to the cross section
at 100 Mev increasing with A. Beryliium, carbon, sluminum, and iron
show cross sections decreasing or constant with snergy at energies be-
low 100 Mev., The absclute magnitude of the neutron production cross
sections are very large for a photonuclear interaction (eogo,10'240m2
in uranium for 300 Mev ph_ctcns)o This fact, together with the energies
of neutrons detected, immediately suggesbts that more than one neutron is
produced from each high energy event., The cross sections at 300 Mev are
proportional to A2, at 100 Mev proportional % l 6g and at 55 Mev pro-
portional to A 4

In an attempt to understénd these features, previous high energy
photonuclear investiggtions may be considered. Brueckner and watsonBZ,
presenting a theoretical analysis of the experiments of Silverman and

33

Stearns”~ and Steinberger and Bishop69 give the following values for
total photomeson production from hydrogens
Photon E (Mev) 200 250 300

205 404 L3

\J’ﬂ

28 2
Yo mPx 10 8em”) 1o

White34 finds that the cross sections ®.» T¥ ¥ meson production from deu- -
T2 ratio i
terium are 75 percent of hydrogen cross ssebis ., and the/ﬁfiratio is close
o)
to unity. Aﬁdre35 finds the TT produeiion cro:. ssction from deuterium
twice that from hydrogen.
It seems plausible that the high energy photon interaction leading

to neutron production observed in the present experiment could be
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correlated to the same mesonic_interactions responsible for stars, high
energyvprotbns, and real meson production.

In heavier'nucleig the exclusion principle lowers the average
phofcmeson interaction éross.section per nucleon. However, the closer
packing of nuclear material and‘greater density of mesonic currents
could increase the interaction, so that it is uncertain how well the
above‘nﬁmbers represént photomeson cross sections per nucleon in heavy
nuclei,

Mozley O, Littauer and Walzker37, and Panofsky, et al’, find that
photomeson production goes as A’.§ for heavier nuclei, indicating produc-
tion ffbmbthe nucléar surface, This has generally been interpreted as
due to the short mean free path of mesons within the nucleus.

38‘and Miller39 have observed stars in photographic emul-

Kikucki
sions. The magnitude of the cross section for star production qualita-
tively agrees with the concept that photomesonic reactions occur in nu-
clei fésulting in high energy protons. Undoubtedly neutrons are ejected
from these stars with the observed protons. The cross section for star
production is an increasing function of energy further suggesting a
mesonic interaction, |

Miller obtained the following cross sections for star production

on carbon and silver:

Energy Interval’ _,,oa(ﬂém»??{mz) °§g(x10°27cm2)
80~160" Mev 49 & .12 94 £ .16
160-240 Mev 1.7 & .4 3.6 T o5

| 240-320 Mev 1.4 T .6 7.0 t1.2

Kikuchi's values are larger by a factor of 2.4, partly due to use of a

rore sensitive emulsion.,

41

WilsonLO and Huddlestone  suggest that the meson need not be



created physically and reabsorbed by %he nuclets, sabther, the photon may
interact with meson exchange gurrents or the meson field arcund the nuecle-
ons, where the photon energy may be abscrbed by the nucleon diresctiys Due
to the proxlmlty of other nacleonss energy and momentum may be conserved,
and a pair of highly energetic nuclecns result from the interaction. These

3

then either escaps with high energy or make ccllisions within the nucleus,

[

thus giving rise to a staré In 2 heavy slement a true compound nucleus
may be formed or left af@er the emissicn of ome fast particle, resuliing
then in the beoiling off of a number of nuclecns of low énergy.

The resulis of the high energy proton counting expe eriments are only
expreésed_per equivalent quantum ¢f beam, except fcr deuterium. Since
most of the photoprotons are asscciated with stars, it is more convenient
to use the star produc ticn data for discussion of photon absorptlon. The
energy distribution of photop?otens from 320 Mev bremsstrahlung is pro-
portional to E L7 for energies less than half the maximum bremsstrahlung

energy., and the yields are proporticmal t¢ 4 of the bombarded nucleus.

The cross sectioms of Figures 10, 11, and 12 may be represented as
o (E) = o3 (EIJ;) (E,e) P(e) de’ o . (16

where o~(E) is the measured cross section, & (Lj the photon auborp ion
cross section, ) (E,e) the fraction of ihe times that & nucleus excited
to energy E will emit a meutron of emergy &, and Ple) the detection ef-

ficiency of the neutron counter re.. i%ve o Re-Be neutrons fcr neulrons of

energy e.

P({E) has been discussed in scobion 1.0,
pare it w1th values discussed aoovca scrething st be nown ahoulb W/(E,e}.
o= ‘“;

. amm 0

- cdedndy .
Byerly and StevensAA9 and Aloy and 207 have 1nveaﬁ1& el the g

~

nergy distribution of neutrons from copper >cmocrded by 22 Mev Yremsstrahliun
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Their results show a Maxwellian distribution peaked at about 1 Mev with

somewhat more neutrons of higher energies than predicted by the statis-
. 3 :

tical model4 . These may be explained by a direct photoelectric inter-

L,

action between the photon and a surface neutron. Kerst™' has observed
neutrons of energies greater than 50 Mev from 300 Mev bremsstrahlung,
and has found them reughly equal in nﬁmbef to the protons of Ievinﬁhal
and Silverman. These protons are less numerouS'by.a.faetof ef 10 or
more than the neutrons observed in the present experiment from‘high en-
ergy quanta. A preliminary experiment by the author using:a propor-
tional counter telescopevand a paraffin converter showed that less than
5 percent of the neutrons from 320‘Mev bregsstrahlungeon copper had en~
‘ ergies greater than 5 Mev. Sﬁgarmaﬁ_and Petere45'end be5s46 have found
induced‘activiﬁies from high energy bremsstfahlung ef 80 end‘300 Mev'
respectivel& corresponding to:photo—eﬁissioh of atvleast 8 neutrons.
These.experiments-suggest that even photenucleer events ef energy
greater than lOO‘Mev result in a highly excited.ﬁueleﬁs'which boils .off
low ehergy neutrone.aceording to the'compound nucleus model., ‘If this is
correct, most of the neutrons coming from high energy interactions may be
assumed to fall in the region of uniform sensitivity of ﬁhe BF3 lengrcoun—
ter, and P(e) may be taken as unity. The quantity 1)(E,e) may then>be in-
tegrated over all e. The resulting?)) (E) is the neutron multiplicity (the
average number of neutrons'produced for each photon of energy E absorbed. )
Assuming that the statistical model holds exactiy, 7)(E) can be cal~
culated for the heavy elements. Due to the height of the coulomb barrier,
proton emission may be‘neglected within the present limits of error. Lev-

' 6
inger and Bethe4 express

Y () Z5/8, | (17)

where Eh represents the averege energy spent in producint a neutron. The

values of E, are given for five elements as follows:



Element ¢ R | Te B T

E ) 2 1B 1w 1o 8

’For-instanéep'6né~w6uld'exPe@t'lﬁﬁfiﬂé or 15 neutrons from the:absdrptipn
of a 150 Mev photon by a bismuth nuclews. The statistical model is proﬁ@
éﬁly not completely walid f@r'enérgies'abgve 300 Mev, since higher energy
events can give rise tc nucleons which carry off a 1éfge fractioh of the
total excitation energy before a compound fmcleus is formed, However the
above numbers should represent an upper limit o the neutron mﬁltiplicity
‘and to the energyiéepemdenee‘@f the multiplici%jo

‘Recent Cornell’experimenﬁs‘é7 on ﬁhe neutrén production by meson ab-
-sorption gi%e‘an indication of the neutron muliiplicity for 150 Mev exci=
- tation, 'Negative'ﬁ’mesonsv@f 40 to 70 Mev energy were counted by a geiger
counter telescope and abscrbed in various targets. The resulting neutrons
were counted by boron triflcurids counters in paraffin,  The efficiency of
the neutron counting system was determined using a Ra-Be neutron source,
- The results are presented bel@ﬁo

 Element’ - Pb : Sm CAL S C.
(&) . 9,-,»78@"0'5 3% .5 2.1F.2 1.67T.2

This multiplicity for lead is 30 percent lower than the multiplicity
for bismuth guessed from the statistical medel for the same excitation
energy.

Taking the above fesnlts as the correct multiplicities, end assuming
the value for tin represents wbat the value for silver would be, photon

absorption cross sectioms.-at 150 Mev for four elsments may be deduced.

Elemen® G - AL Ag Po
¢(150)Present Experiment (zclo°27cm2) 1.2 5.5 82 288
P(150)Cornell data 1.6 2.1 6.3 9.8
o, = oy (xlcngcnﬁ): - s 26 13 29

28 :

c; /4 (x10 ow) ~ 62 .97 1.2 L.
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The value of c; for carbon is less than either Miller's of Kikuchi's
values from stars. Or the other hand of for silver is larger than the
values from star data, Tﬁﬁs may be due to the manner in which Miller
analyzed his stars into carbon events and silver events, A simple ex-
planation of the discrepancy in silver is that many of the star events
might involve only one or no fast protons; the rest of the energy going
into neutrons. Events of this type would not be included in the emulsion
star data, but would contribute to neutron yields,

The values of o;/A indicate that the absorption cross section per
nucleon for photons of about 150 Mev on nuclel is only a slowly varying
function of the number of nucleons in the nucleus. It is worth noting
that these values of GE/A are comparable to Brueckner and Watson's
values for total photcmeson produgtion from hydrogen by 200 Mev photons,.
It is assumed that the mesons of the Cornell experiment were captured
from atomic orbits and consequently gave ito the absorbing nucleus an en-
ergy only equal to their rest maééo l

The shapes of the cross sections curves as a function of energy
show a greater slope for heavier elements, This may be interpreted as
indicating that the heavief elements shew a statistical model behavior
at very high energies. In lighter elements the statistical model is less
. valid, although it is worth noting that even from carben and beryllium
slow neutrons are observed frdm 300 Mev quanta in numbers exceeding simply
those expected from reccil nucleons “rom real meson production., In the
extreme case of beryllium, the cross sectiocun for neutron production ap-
pears to decrease with energy above the mescu thieshold; although every
iﬁdication is that photon absorption is increasing. Probably never more
than two or three neuatrons are ejected per interaction with a beryllium

nucleus, as the probablility for an intact alpha particle escaping is high.
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With the neutron number constant, the neutron cxsrygies would be increasing
with excitation energy, and their probability of being cocunted decreases,
In fact it is possible that some of the meubrons seen from the beryllium
target at 300 Mev may come from sitars caused by absorption of negatiye
mesons (produced in the beryllium) within the neutron counter.

The beryllium neutrbn production cross section is almost twice that
of carbon below 100 Mev, The reason for this appesars to be that the en-
ergy necessary to release two neubrons from berylliuvm (22.2 Mev) is about
‘the same as that required to release one nentron from carbon (18,7 Mev).

It is of interest to speculate on the energy dependence of the pho-
ton absorption cross section in the vicinity of the meson threshold. The

theory of Huddlestone and Lepore41

for photodisintegration of deuterium
7predicts an increase in photon absorption cross section below the meson
threshold due to photon interaction with the exchange currentso By di-
viding the photoneutron production cross sectioﬁ by energy in heavy ele-
ments (assuming a neutron multiplicity propoftional to E) a lower limit
may be set on the slope of the photon absorption cross section curve. Val=-
ues of this ratio are given in Table I¥ for Ta, w% Pb,»and U. A4ll show an
increase in o/E from 100 Mev to 150 Mév; The ratio increases less rapidly
above the meson threshold than below, probably indicating a greater fail-
ure of 6/E to represent the real photon absorption which otherwise might
be expected from (16) and {17}, Even at 100 Mev the statistical model
.predicts the neutron multiplicity from uranium to be a less steep function

of energy than Ei 48

o Thus it seems fairly certain that photon absorption.
by heavy nuclei increases helow the meson threshold as predicted by
Huddlestone's theory, although a quantitative measure of this increase is

~difficult from the present date alone,
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EXPERIMENTAL DATA

Element D Be e Al Fe Gu Mo
VA 1 4 6 13 26 29 L2

Target

Thickness

(inches) 3.0 1.5 2.0 1.0 271 2270 136

Normal to

Beam

Mbles/5m2 '

b 10 - - ’7606 66 26 907 906 3071

Radiation haad | EY 08 01 o 2 o 2 o l e

Lengths 3 4 4 5 43

2(320) 30156 50037 20275 o 3:’0141 4—8875 60988 o 50779

Y Normal-

ized to

1.00 at

320 Mev

320 .970% 1.00 1.00 1,00 1.00 1.00 1.00
- 280 1.005 -968 0923 0932 2919 2915 0934,

240 1.030 2930 .880 915 .908 - 886 -898

200 1.000 934  .817  .819  .826  .831  .843

160 0995 o 885 -] 81-4 o 792 0781 o 817 0807

120 1.040  .839 731 722 J755 ST L731

80 1.072 764 637 608 704 637 689

40 ) 10193 0695 0505 0525 0626 0573 0598

Average :

Probable 298 lo 5 20 @3 1.00 108 3.09 106

Error %

# Normaelized to 200 Mev



Element

z
Target
Thickness
(inches)
Normal to
Beam

M'oles/cm2
x 10 =2

Radiation
Lengths

T (320)
Y Normal-
ized to
1.00 at
320 Mev
320

280

240

200

160

120

80

AQ B
Average
Probable
Error %

TABLE IB

EXPERIMENTAL DATA

Eg Sn Ta W Pb
L7 50 73 T, 82
.133 .131 066 .065 =055
3,24 4,08 1,56 1.72 .77
"45 633 052 061 033 .
6,009 LoT48 7,007  7.977 3.854
1,00 1,00 1,00 1.00 1,00
2931 2917 .901 .908 .904
- .899 .865 ,892 867 860
830 817 W77 .787 765
809 oL o741 768 126
760 .699 .700 703 .663
N 653 o6, 666 577
" .598 624 =548 605 528
1.7 2,3 1.0 2,1 2.1

92

- 067

1032

o7

13.05

1.00
.903
875
821
o757
708
670
.618

L.4
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TABLE 114

CORRECTION TERM COEFFICIENTS

S EfZN (B, ,E)E - [E?N (B3,E)aE

B E, 5 B,

_f EZN (E..,E)4E
Ep "0
sOlL (B, Ep, E, Ej)
80 120 280 320 .030
240 280 .032
200 240 - 048
160 200 2045
120 160 | »125
120 160: 280 300 .030
240 280 035
200 240 .035
160 200 0121
160 200 280 320 .028
240 - 280 - 005
200 240 <149
200 240 280 320 .014
240 280 .188
240 280 280 320 «193
TABLE IIB

BREMSSTRAHLUNG AREAS

E E 25, E)dE (Relative UTnits)
1 2 Ey Eas we

80 120 20.42

120 160 13.85

160 200 10.36

200 20 8,03

240 280 6,58

280 320 5.52

[y
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IABLE 111
SAMPLE CALCULATION FOR SILVER

E 5 80 120 160 200 240 280 320

4

Y(E) o 670 735 793 B8hh  .893 941  .991

I(E,)-Y (B, )= DI (E) ,E,) 0065  ,058 o051 0049 048 050
80

S PABIN (B, E)AE- [ o(EN(E) ,E)AE

, fo Soo’(E)N(SO,E)dE

= B(By,E2) .020 014, <011 .007 .006 .005

Y(80) x B(E;,E,) 013 009 007 005 -004 .003

T(E3 ’Elr) x (E39E49E19E2)

E;= 80 E,= 120 .006  ,002 ,002  ,002  ,002
E3: 120 Ez'_g 160' 0005 0002 0002' oOOl
E,= 160 = 200 | .006  ,000 ,001
E;=2 )  EZS 20 ,006  ,00L
E4= 2,0  E;= 260 ,007
Y (ElgEZ) ) 0052 0043 003'77 0034 0034 0035
Target Absorption & 859 855  ,851 JB48 845 843
Ez ] ) y
&g, ? V(g B)am 17,56 11,84  8.81 6,81  5.56 466

- (8),E;) 2,96 3.63  4.20 5,00 6,11  7.51



TABLE TV

R&tios of Neutron Production Cross Sections to Energy for Heavy Elements

Ta W Po U
morgy| (1027078 | 07 ofe | o ofe | (0 ofs
Mev ) s ey . e )

60 8 1.40 | 90 150 | 76 127|130 2.07
o 115 1.44 | 116 1.38 | 115 1.4 | 190 2.38
100 | 150 1.50| 130 1.30 | 166  1.66 | 255  2.55
120 | 187 1.56| 155 1,29 |217  1.81 | 320  2.66
40 | 223 1.59 | 190 1.36 | 264  1.89 [ 395  2.82
160 | 260 1.63 | 230 Lo4d {308 1,93 | 480 3,00
180 | 295 1.64 | 270 1.50 350 1,95 | 565 3,14
200 | 332 1.66 | 320 1.60 |395 1,99 | 560  3.25
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FIGURE CAPTIONS

Horizontal section of the experimental layout in the plane of
the synchrotron beam,

Scale drawing of the boron triflouride proportional counter
assembly.

Section and overall view of the long counter moderator and
shielding assembly,

Relative energy sensitivity of the long counter to neutrons of
various energies., The point taken with radium-beryllium neutrons
is arbitrarily put at 5 Mev. This curve is taken from Rossi and
Staub (Reference 9).

Excitation function for the reaction Cu63 (,6:n)0u§2 taken from
Reference 15.

Bremsstrahlung spectra for values of E, of 40, %0, 120, 160, 200,
240, 280, and 320 Mev. The values of BN (EgsE) are corrected as
discussed in section IIIA and normalized to be equal at 16.5 Mev,

Total neutron yields from Be, C, and Al normalized to unit yield
at 320 Mev, :

Total neutron yields from Fe, Cu, Mo, aﬁd Ag normalized to unit
yield at 320 Mev,

Total neutron yields from Ta, Wy Pb, and U normalized to unit
yield at 320 Mev.

Cross sections for total neutron production vs. photon energy for
€, Be, and Al, :

Cross sections'for total neutron production vs, photon energy for
Fe,Cug MOQ &nd A-go

Cross sections for total'neutrén-production vs. photon energy for
Ta, Wy, Pby, and U, :
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