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B . AesTRaCT ..
v Ilford type C-2 Nuclear Research Emulsions were exposed in the

X=1ay begm:from.the Berkeley‘ayhchrotron at four synchrotron energies.

' The relative yields of the photoproduced nuclear stars were determined

as a function of synchrotron energy and prong numbers A éeparation of
the three and more prong stars into those produced from the light ele-
ments and those from the heavy elements in the emulsion was made. The

resultant yields are expressed in tefms of the cross sections of carbon

band of‘silver, intégrated over the bremsstrahlung spectrum, and also as

cross sectioné averaged over the 80 Mev energy intervals between the
synchrotr;n energies. These results are compared with the predictions
of two different mechanisms for the photodiaintegration process at
high energy, and it ié concluded that the present data favors the pro-
Cess'of meson productionlénd reabsorption as the primary process at
high energies, but does not exclude appreciable yields from other

processes.
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I  INTRODUCTION

'v‘_Thgvexperimental study of the interaction of radiation with  ”‘ o
nuclei may be divided roughly into three energy reéions according to
thé type'of.reégtions whiéh oceur.

The lowest energy region qonsists of the energy range below that
necessary for particle emission; with the exception of the (Y,n)
reactions on H® and Be? this région extends to about 8 or 9 Mev. In
this region the feduced wavelength of radiation is large compared to
nuclear dimensions and dhe term of the multipole expansion gives_an
accurate description of the fadiation field. Most of the experimental
work has been concerned with the emission Qf gamma rays from excited
states of nuclei, with the principal objective of giving spin and
parity assignments to the excited states.

The studies of photodisintegration reactions fall in the second

energy region. A great number of such reactions have been identified

and studied by detecting the characteristic radioactivity of the pro-
duct nucleus. The first series of such éxperiments were performed by

Bothe and Gentner using the 17 and 14 Mev gamma rays from the bombard-
L

menf of 1lithium and boron by protons~. A more complete series of

reactions was studied, using the lithium gamma, by w&ffler and Hirzelz.

The measurement of the excitation functions of these reactions, how-

- ever, was only'possible with the availability of the high energy

bremsstrahlung from recently constructed betatrons and synchrotrons.
4 great deal of data has been obtained in the last three years using
these machines by a number of experimenters with various techniquesB'é.

The most important general conclusion of this‘wofk_is that all of the

reactions studied have a‘resonance—like excitation-fUnction;vthat is, .
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only é fairly narrow band of gnefgiés is effective in producing any
given reaction. The energy at which the maximum cross section 6ccurs
depénds on the particular reaction, but is geﬁerallyfin the region of
15 to 35 Mev. The reactions studied by this method are all of low
multiplicity; the majofity are (Y,n) reactions, but multiplicities up
to (Y,;p4n) have been obéervedéo Levinger and Bethe hgve given argu-
ments that these reactions ére probébly'electric dipole transitions7.

Since none of these reactions has been found to give measurable

yields from gamma energies much above the energy at which the maximum

_eross section occurs, the question arises as to what reactions do occur

at mugh higher energies, and in particular whether the total photo-

disintegration cross sections are actually small, or whether the parti-

cular reaction cross sections are very small only because of the compe-

titi&n wifh a grgat many other possible reactions. A partial answer to
these questions already exists in the experiments concerning the photo-
production of charged and neutral mesonsS’9o The preéent experiment
was undertaken to provide a more complete survey of possible photo-
nuclear reactions at enérgies above thogg at which the lqw multiplicity
reactions have beén studied, bj using photographic emulsions as both
target and detector, thus making possiﬁle the observation of all
reactions giving rise to charged particles, within the limitations of
gmﬁlsion sensitivity. -

In Section II the details of the experimental'proceduré‘are
described, and in'Section ITI the results are given. These include

the prong spectrum and relative yields of all stars from bremsstrahlung

spectra at four energies. An attempt was also made to separate by

»coulomb barrier considerations those events which were made on the

light elements in the emulsion from those which were due to the silver
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only a fairly narrow band of energiés_is effective in producing any
given reaction. The energy at which the maximum cross section occurs
depends on the particular reaction, but is generally in the region of
15 to 35 Meve. The reactions studied by this method are all of low
multiplicity; the majority are (Y,n) reactions, but multiplicities up
to (Y,pin) have been observed6. Lgvinger and Bethe have given argu-
ments that these reactions ére probably electric dipole transitions7.

Since none of these reactions has been found to give measurable
yields from gamma energies much gbove the energy at which the maximum
ceross section occurs, the question arisés as to what reactions do occur
at mugh higher energies, and in particular whether the total photo-
disintegration cross sections are actually small, or ﬁhether the parti-
" cular reaction cross”sections are very small only because of the compe-
tition with a great many other possible reactions. A partial answer to
these questions already exists in the experiments concerning the photo=-
production of charged and neutral meson38’9o The present experiment
was undertaken to provide a more complete survey of possible photo-
nuclear reactions at energies above those at which the low multiplicity
reactions have been studied, by using photographic emulsions as both
target and detector, thus making possible the observation of all
reactions giving rise to charged particles, within the limitations of
emulsion sensitivity. .

In Section II the details of the experimental procedure are
described, and in Section III the results are given. These include
the prong spectrum and relétive yields of all stars from bremsstrahlung
spectra at four energies. An attempt was also made to separate by
coulomb barrier considerations those events which were made on the

light elements in the emulsion from those which were due to the gilver
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ana bromine. In Section IV these results are compared with predictions
oﬁ tWo types of-interactioh an& the conclusion is drawn that the princi-
pal mechgnism of the intefaction between nuclei and radiation at ener-
gies above- about 200 Mév is probably the intéraction with the meson
fields‘associated‘with the nucleons, but that appreciable contributions

from other mechanisms cannot be. excluded.
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IT EXPERIMENTAL PROCEDURES
i Eggqgure I1ford Type C=2 Nuclear Research Emulsions, 200 microns
tﬁiqk, were used in this experiment. This choice of emulsion sensitivity
was a compromise between the conflicting advantages of low sensitivity
for the reduction of background from the large numbef of electrons pro-
duced in the x-ray béam, and of high sensitivity in order to see high

energy protons and mesons. With the exposure and processing procedure

used, the sensitivity of the. (-2 emulsions was such that about 65 Mev

proton or 10 Mev meson tracks were barely discernable in the single

" grain background.

A schematic diagram of the exposure arrangement is shown in

Fig. 1. The x-ray beam from the 0.020 inch thick platinum target in

vthe 322 Mev Berkeley synchrotron, after passing through the wall of

the quartz vacuum chamber and a thin wall ionization chamber, was col-
limated by a 9 inch thick lead wall with an aperture 1/4 inch in
diameter about five feet from the target. A small Alnico magnet was.

piacedldirectly after this collimator to deflect the electrons pro-

duced at the edgeé of the collimator. A second lead collimator six

inches thick with an aperture 1/2 inch was placed about 2 feet behind
the firsﬁ to shield the plate from the deflected electrons and any
scattered x;-rays° The emulsion itself was mounted about 6 inches
behind the second collimatéro The cross section of the collimated
x-ray beam was 3/8 inch in diameter at the emulsion.

Exposures were made at synchrotron energies of 322, 242, 161,
and 80 Mev. The energies were determined by adjusting the time at which
the accelerating r.f. voltage was turnéd off, such that the signal
pulsé from a.photomultiplier.placed in the x-ray beam appeafed at the

same time that the magnet current was the.given fraction of its maximum
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value, as observed on an oscilloscope. The pgak»energy of 322'M9v‘was
determined by Powell, Hartsough, and Hill as part of an experiment to
10

measure the bremsstrahlung spectrum— .

The exposures were monitored by the ionization chamber and its

" associated integrating electrometer circuit, and the exposures at

different energies were chosen such that the gingle grain background
from electrons would be approximately the same on all plates.

Calibration of Monitor In order to compare the yields of stars

at different synchrotron energies and also to estimate absolute cross
sections, an absolute calibration of the monitor ionization chamber

was made at each energy by the method of Blocker, Kenney and Panofskyll.

The calibration data were taken on the same day that the exposures

were made, and the only change in the arrangement was the substitution

of the calibrating ionization chamber for the photographic plate.

The calibration procedure consists in measuring the charge
collected in an ionization chamber, per monitor uhit of integraﬁed
bean. intensity, as a function of the thickness of cqnvérter placed
immediately in front of the chambers This data is taken for a geries
of thin converters of both lead and coppers, and is plotted using an
abscissa thickness scale propertional to fhe number of electrons per

unit area of converter. On this scale the contributions to the ioniza-

“tion from Compton electrons and from background electrons present in

the beam is the same for both lead and.copper converters; thus the
differeﬂce between the lead and copper transition cﬁrvéS'is due only
to the diffefence in the contributions of electron pairs from the two
converters. The initial slope of the differepée curve is then propor-
tional to the difference in the pair prqduction Qrosé sections of lead

and copper integrated over the bremsstrahlﬁng spectrﬁm. The pair pro-



gugtion”cross sections and‘bremsstrahiung spectrum are known, and the
proponﬁionality constant can be calculated ffom.the thickness of the
chamber and the number of ion pairs produced per c¢m. of air by a mini-

mum ionization electron.

Microscope Obgervation Procedure The main observation procedure

‘was divided into two parts, an initial scan'with a magnifying power of

250 to locate all possible stars with two or more prongs, and a second
observation of each eﬁent with a magnifying.power of 1300,
The boundary of the emulsion area which was covered'by-the bean

was observable in the microscope by the change in the density of single

" grains. The area scanned on each plate included the complete area

covered by the beam and extended at least 2 mm beyond the beam bouhdary
in all directions. No eventsvwere found outside tﬁe beam boundary which’
could not be attrlbuted to alpha particle tracks from naturally occur-
ring radloactlve contaminants in the emulsion.

In the second‘observatlon, the depths of all events near either
surface of the emulsion were measured, and all events within 5 microns
(after processing) of either surface were discarded. The purpose of
not using’these surface layers is to avoid missing low grain density
tracks leaving the emulsion nearly normal to its surface. The minimum |
range of track which was counted as a star prong was 3 microns.

It was foﬁnd impossible in'ﬁény cases to distinguish between a
two prong star and a scatter in the track of a 51ngle particle. As a
result, two prong stars were class1f1ed as either poss1ble or probable.
Two prong events in which an increése in grain density was_qualitatively

observable in both tracks lea,ing the vertex, or in which there was an

obvious difference in the grain density of the two tracks at the vertex,

were classified as probable two prong stars. All other such events
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"uﬁich'coﬁld not be definitely established as scatters, either by a
~ decrease in grain density of one track leaving the vertex or because
',oné track could be traced'to the origin of another star, were classi-

fied as possible two prong stars.

A11 three and more ﬁféng stafs wereiobserved & third time, and
the ﬁanges of all proan,léSsvthan 50 microns rangé were measured in
order to separate those ‘stars préducéd;from a‘light emuilsion element

from those produced from'the silver and.bromine-by'coulomb barrier

' considerations.

. The data shown in Section III are the results from two plates at

.each of the twc'higher energiess and one plate at each of the two

. lower energies. The exposures at the three higher energies were all

made on the same days and'the platés wére»all frgm the same ehipment

and emulsion batch§;but the 80 Mev-ekpqsure vas made at a later date

‘and with plates from a different emulsion batch.

In order to subtréct any background of events which were not due
to the x-ray exposure; an unexposed piate from the same shipment and

emulsion batch was develppéd»along'withfthe exposed plates. An area

. equal to that scanned on an exposed plate wés also séanned on a ‘back-

~ ground plate for each of the two runs. The only/events found,on the

background plates were "radioactive stars" from successive alpha

~decays of a naturally occurring radioactive contaminant. Since these
.radioactive stars are fairly distinctive, those‘events which_wefe
" thought to be fadioéctive stars were n§£ed and subtracted on each
4exposed plate; rather thah subtracting the number found on the unex?

'posed plate. In all’cases,'the ﬁqmber of. such events was consistent

with thavnumber found on the unexposed blate.
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A sample area on one plate of each energy was scanned for single
prong stars, that is, single tracks beginning in the emulsion. The
thickness of the surface layers in which events were not counted was
increased to 15 microns (after processing) in this scan to eliminate
- the clogged tracks geay the surface whose direction could not be
determined.

In-order to make an estimate of the validity of the two pfong
star data, tracks which passed completely through th§ ermlsion were
also noted in this scan. These results were inconclusive, since no :
attempt was made to find the energy distribution of these tracks,'but
reasonable assumptions indicate that the contamination of scatters in |
the two prong stars is probably small. |

inally, the three and four prong stars in the 80,M9v‘p1ate were
-examined for.possible identification as C2(v,3a) or 016(Y,Aa) events.

- These results are given in Appendix A.



ITI RESULTS

The yieids>of‘stars are shown as a function of_prong'numberianq

o p?emsstrahlung enérgy in Table Ii ‘The full energy yields‘are normalized
“to an émulsion thickness (befofe prbceésing) of 200 microns, and to én

eprsure of 10° "eqﬁivalent qﬁanta", or 322 x 108 Mev tgtaliénergy in

the“bremsstrahlung spectruﬁ. The yields at the other enefgies are -

normalized to the same thickness énd to exposures that contain the ~ -

same number of.quanta ﬁer Mev interval at 27 Mev. This rather arbitrary

choice of eﬁergy at which to normalize the exposures was_made”bécause

it is in the general region in which the principal yields from low’

multiplicity.reactions aré expected, and in particular it is the Yglus

| Strauch obtained for the mean ehergy at which the Clth;n)Cll reaction

12

occurs. Kikuchi™, in an experiment very similar to the present one,

11 beta activity in a carbon

normalized his exposures to thg yield of C
target irradiated along with the emulsion, so the choice of 27 Mév'
. allows a direct comparison of data from the two experiments. Unless
otherwise statéd,_all uncertainties indicated are the standard érrors
lfrom counting statistics only. In addition ﬁo this there is_an
éstimated 10 percent staﬁdard error in the 80 Mev data relative to the
rest, and an additional 30.peréent error in the absolute vaiues.

The fact that the stars are due to a mixture.of target elements
makes it impossiblé to reduce the yield data in Table I to cross section
values unless some assumpﬁion is made'concerning the relative cfoss

sections of the various emulsion constituents. If we define an inte-

grated cross section

_ E
s(x) = J ()N (K)aK
o 0 .



vhere O (K) is the usual cross section as a function of energy and
NE(K) is the number of quanta per unit energy interval in the bremé—
gtrahlung spectrum of energy; Ep normalized such that

- Kliga(K)dK = 322 Mev
0 |

~then the yields in Table I can be éxpressed as
IE) = £H,t Z --l- )

where f is the number 6f-nequivalent quanta', t is the emulsion thick~
ness, and d; and A5 are the partial dehsity and atomic weight of the
1% element in the emulsion. Under the assumption .that .07 is pro-

portional to Ay at all energies,

. . A.
1) - Hosem

and‘the yields can be expressed in terms of the integrated cross
sections of silver;
S1o(E) = =198 _ Y(E) = 0.233 x 10728 Y(T) a® .
g (E) ot d (z) 33 (€)
i .
The integrated crbsgvsections of silver for the production of
three or more prong stars, calculated in thié manner, are'plofted'as_

“a function of energy in Figey 2. Included in this figure are the data

v-of KlkUChlg which have been normallzed in absolute value for the best.
qualltatlve,'overall fit with the present data. The absolute values of

this cross section would be decreased by 18 percent if the cross section

were assumed proportional to A2/3 instead of Ae These cross section

values of silver are only rough estimates, dependlng as they do on such

-
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a drastic agsupption of dependence of cross sections on nuélegr species.
In principle, O (E) can be calculated from S(E); a first approxi-

mation to O7(E) is given by

d
O(g) == § & .
. O (E) E i S(E)

1However, the present data are not sufficient to define a derived éu?ve
with any accuracyo One can use the differehces in the yields at two
energiles, though, to calculate a cfoss section averaged over the energy
interval° The spectrum ?f quanta which is responsible for the dif-
ference in yields at two energies is conéentrated mainly in the region
between those two energies, but it also has s lqw énergy tail. An
example ‘of such a spectrum is shown in Fig; 3, which shows the dif-
ference in the nuﬁber of quanta per unit energy interval between the
242 Mev bremsstrahlung spectrum and the 161 lYev bremsstfahlung spectrum
when théy are normalized at 27 Mev. One can estimate what part of the
difference yield is due to tﬁis'low energy tail from the yields at
lover energies; and from tﬁis calculate a cross section averaged over

a given energy interval,

\ o (K)Hg, (K)aK
Ey

= .

E, .
NEZ(K)dK ,

Values of the average.crOSs secfion of silvefvfor the productioh of
‘three or more prongs are shown iﬁ Tablé IT,

As mentioned in Section II, an attempt was made to separate the
light element stars from the heavy‘élement stars by coulomb barrier
considerations. The bagis of the“separatiOn is that the probability

of the emission of a charged particle of energy sufficiently below the
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barrier energy from a silver or bromine nucleus is extremely unlikely,
and, thus, that any star which has one or more prongs with ranges less
than some critical value musf have-beep produggd'from one of the light
elements in the emulsion. .Thé application~df§%his argument gives only
a lower limit on the number of stars produced from the light eleménts.
This procedure has been applied to only three and more prong stars,
aﬁd the emission df a minimum of three charges from carbon, nitrogen
or oxygen corresponds to a nearly complete disintegration of such a
light nucieuso It seems reasonable to hope that at least one of the -
prongs will have less than the critical energy in the great majoripy
of such disintegrations. This method of distinction has been applied
to the stars produced by #~ meson capture, and giﬁes reasonabie agree-
ment with other mefhodsl3. |

The assumed value of the critical range was 50 microns, corres-
ponding to an alpha particle energy of 8.9 Mev. The critical range
for a proton under the same aséumptions is greater; but proton and
alpha particle trgcks of only abbut 50 microns residual range were not
qualitatively distinguisha%le in the present plates. The considerations
leading to this choice are given in Appendix B. |

Tables III, iV, V, and VI give the range spectrum of the shortesﬁ
prong of the stars in one plate at each synchrotron energy. It is seen
that the fraction of events attributable tobthellight\elements is no# a
very s£rong function of the critical range. |

The results of this separation of lighﬁignd heavy element stars
disagrees greafly with the previous'assumption'of cross section depend-
ence. Tﬁe stars in the 80 lMev plate are almqst completeiy due- to the
light elements, and even in the 322 Mev plate the fraction attributed

to the light elements is 35 percent whereas this proportion would be _



~16= ‘

15 percent if thé'gross‘section were’proportiggal to A; or 25 percent
f 1t vere proportional to A%/3. -

One can make use of this separation’tO'recgiculate #alges of
S(E) fof silvér, and also for carbon, again assuming that the cross
séction is proportional:to Ay, but in each group of elements'separately. _
These results are plotted in Tig. 4 and are used to calculate the
values of the'croés sections averaged over 80 Mev‘enefgy intervals

which are given in Table VIII.
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IV  DISCUSSION OF RESULTS

~ The primary interest in the present data is in whether any con=-
clusions can be drawn con¢erning the mechaniéms of photonuclear intgr-
actions at high energies. 'In the energy range of the present éxperiment,'
the nucleus is large compared to the'radiatioanaveleggth; for silver ”'
'_7V/R = EQEEQI « Thus any mechanism which depends on the eoupling of the
radiatiop field with nucleérscharge as a whole, such as‘the model_of
Goldhaber and TelleflA, would give very small cross sections due to
‘interference effects.

The two coupling mechanisms which seem moét reasonable are the
coupling to individual protons by their charge, and the coupling with
the meson fields of nucleons. The first mechanism can be regarded as
the nuclear analogue of the photoelectric effect, with the modificaﬁion
~that the proton being ejected is 1ikeiy to lose part of its energy in
collisions with its neighbors before escaping the nucléus. The secohd
mechanism for photonuclear disintegration is a two steﬁ process involv-
ing the production of a meson and its consequent inelastic interaction .
with the nucleus in which it was ﬁroduced. »This process is suggested
by Mozeley's measurementsl? of the relative photoproduction of wt
mesons from a series of'eléﬁents. These measurements showed a
decrease in the yield per proton with mass number, consistent with the
hypothesis that only the surface protons were effective in,méson pro—
duction. If this is so, it must be attributed to absorption of the
mesons produced in the iﬁfeﬁior of nuclei, since nuclear matter is
essentlally transparent to high energy radiation_és shown by the small-
ness of photonuclear cross sections cdmpared.té.nuclear}area. In addi-

tion, relatively low energy stars could result from the ehergy of the
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recoil nucleon associated with meson production, even if the meson

escaped”withogt loss of energy.

The features of the present data whicﬁwﬁight indicate which of

‘these two mechanisms is predominant are the absolute cross section for

star production and its variation with energv. The meson process would

predict a rapid increase in cross section above meson production

. threshold. It is not clear, however, how the cross section would vary

with energy near and below thfeshold since £here may be some yield from
the second order process which need not conserve energy in the inter-
mediate state. The magnitude of the cross section for the meson
process can be roughly estimated from measured meson production cross
sections. The sum of the meson production cross sections of ﬁhe
appropriate number of free mucleons is a strict upper limit on the
cross section for this process. Tor a better estimate one should make
allowance for the reduction of meson production by binding and exclusion
principle effects, and also subtract some paft of the.measuféd meson
preduction cross section'of»tﬁe element to allow for those production
events which do not leavevenough nuclear excitation to produce a star.
Interpolating from M0ze1§y's data, the yieid of w+ mesons per proton
from silver is about 20 percent of the free'proton yield. Perhaps a
reasonable estimate of the contribution per:proton of m+ mesons to

this process is about one third of the m+ pr§duction cross section of

'the free proton. Allowing an equal contribution of #~ mesons from

neutrons and of n° mesons from both neutrons and protons, the cross
section per nucleon for star production by this process is about L/3

the n+ production cross section of hydrogen. This is about 2 x 10'26

cn® for silver for enefgies above 250 Mev.
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The corresponding estimates for the nuclear photoeffect are not
nearly so easy to arrive at because they depend more on the detailsH

of the nuclear model assumed, Levinger has;made some calculationslé_

in which he relates the nuclcar photoeffectrtc.thc photodisintegration
of the deuteron. He giﬁes the total cross sectionvas 1.6 A;E ,»yhere
CE is the deuteron photodlsintegratlon cross sectlon. Schiff has
calculated this cross section up to 140 Mev; accordlng to his curveé18
the cross section is roughly proportional %o tpe inverse square of“the
gamma energy and is about 1.6 k 10729 cm? at lLO Mev, depending some-
what on the type of n-p interaction potential assuned . Thisrgives a
cross section of 2.8 X 10“27 on? fof silver, or 0.3l x 1027 cp? for»
carbon.
The comparison of the present data with thé predictions above

is rather indirect, because the present data does not measure the total
photonuclear cross section. The cross section for photodiéintegratlon
intc’three or more charged particles is reasonably well defined, but
the'disintegrations into only one or two charged particles ate likely
to be an important fraction of the total number of disintegrations,
especially for the heavy elements. The twobccmplicating features
inherent in this experiment, the mixture of target elements and the
continuous x-ray spectrum, have effectively prohibited the measure-
ment of the cross sections for‘produetioh;oﬁ one and two prong stafs.
Fortunately, the cross section for_producthglcf higher multiplicity '
stars increases with energy so that differécccs in the yields at two
synchrotron energies are duelprimarily to the quanta with energies
' between the two synchrotron energies. For single prong stars, how-
eﬁer, the yield from low energy quanta is so large that the relatively

small chaﬁge in the number of low energy quanta with the change of




| -20-
synchrotron energy is sufficiqni to mask a high energy cross section
"cahparable to the crogs section for production of three and more prong'.
l'stars. In addition, the method used for separating light and heavy
element stars is not satisfactory fbr one and two prong stars, because
of the incfeased probability that a light element star would have no
shori prongs. , _

According to Table VII, the yield of heavy element stars falls
off much faster ﬁith increasing prong number than does the light ele~
ment yiéld, even in the 322 Mev piate. Also the ratio of the inte- '
- grated cfoss secﬁion of carbon to that of silver is much greﬁter than
the ratio of mass numbers or two thirds power of méss.numbérs. These -
two faots indicate that the fraction of the’totél absorption croas
section which is due to production of three and more prong stars is
gmaller for the héavy elements than it is for the light eleménts;
 furthermore, this inequality is pfogressively greater at lower energies.
Thus the total heavy element integrated cross section probably does ﬁot
rise negrly as rapidly as that of the three énd more prong stars. The
’rapid increase of the slope of the yield curve of all three and more
prong stars (Figs 2) in the neighborhood of 200 Mev may>be attributed
to the inérodée in ﬁrong number of heavy element stars with energy,fand
does not necessarilj indicate a rapid increase in total cross section
above meson production threshdld. OA the other hand, however, it does
not seem possible to make the totalvcross sectionvdecrease with the
squars of the energy, oven under rather extreﬁe assumptions about the
‘behavior of the single prong créss seétion.
. The comparison of absolute values of the cross section with the
pre@ictions above is a little more significant. The silver cross
sectiqn for production of three and more prong stars, averaged over

the 242 to 322 Mev interval is 7 x 10~27 em?, a factor of three less
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than the total cross section estimated for the meson process. Con-.
sidering the contribution.from lower multiplicity events and the crudity
qf the theoretical estimate, this is good agreement. The values frog_
the calculations of Leyinger and of Schiff for the photqeffect process,
2.8 x 1027 cnf for silver and'O.Bllx 10“27‘forvcarbon at 1,0 Mev, are
-definitely lowe;'v than would be exi)ected from the present dé.‘ba. (Tablg VIII),
and the'disagreement would become much worse at higher energies if the -
deuteron photodisintegration Cross‘section continues to decrease with
increasing énefgy. .This isknot conclusive evidence agaihst an appreci—
.able contribution from a photoeffect process, since these calculations
were based on a fairly specific model, and the experimentally derived -
vpafémeters u‘sed.were'quite_remote°

BothAfhe shape of the excitation function and the magnitude of
the cross éection for production of three and more prong stars tend to
favor the meson process as the predominant mechanism of photonuclear -
interaction at energies abové 200 Mev, but neither can exclude an

appreciable yield from other processes.
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APPENDIX A

Identification of 012(Y53a) and 016(Y94a) reactlons

Reactions 4in nuclear emulsions in which all of the final particles
are charged and relatively light can be iﬁentified, and fhe energy of
the gamma ray which produced them can be determined. The method con-
sists in testing the momentum balance of an event under the assumption
that it iS-a'given‘reaction. The ranges end directions of all the
.prongs are measnred, and the energies of the particles are found from
the assumed identities of the particles and the range energy relaﬁions.-
The energy of the gamma ray producing the star is then-calculated from
" the particle energies and the known Q value of the reaction. The |
vecior sum of the momenta of all the prongs less the momentum of the
1ncldent gamma ray is then computed, and if the resultant momentum
unbalance is small enough to be attrlbutable to measurement errors,
there is no doubt that the event is attributable to the assumed reaction.
All three and four prong stars in the 80 Mev plate were tested
for momentum balance as Clz(Y93a) and 016(Y,4a) reactions. Table IX
lists the events which were identified in this way, the computed energy
of the gamma ray which produced -the reection, and the.computed momentum
unbalance. Thepmomentum units are such that an alpha particle of
1 Mev has 1 unit of momentum. The momentum measurements were not as
good as those of Goward and Wilkins 17 Two reasons for this are that
the processing procedure used is known to introduce more emulsion dis¥
tortion ﬁhan.other.methodSQ and the other is that the shrinkage facter
wes not known very accurately. However, there is little doubt that the

events listed.were properly identified.
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- .The exgitation function for £he Clz(Y,Ba).reactign rgported by
Goward and Wilkins shows a peak at about 17 lMev and a minimum at ab9u£
21 Mev fblloﬁed by a second rise17. The yield of this reaction from
gquanta with energies in the region of the peak that shquld_be expected
in the present plate; according to the cross section values of CGoward

and Wilkins, was calculated to be 2.9, in surprising agreement with

the three events‘found in this region.
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» APPENDIX B

Calculation of critical range for, separation of light and heavy
element stars

B According to the WerB, approximation, tpe,trangmission coef-
ficient, Ty of a particle with energy, E, for escape through a potential
| barrier of height, V, is given by

fn Ll - 2J [Q(V-E)]l/zdr ,

where ry and ry are the turning points of the integrand. Substituting

V='&Z.Q_ r >

and integrating,

where

G(f)5991;%—1E~1/1-f .

We wish to choose a critical ranges R, such that a charged
particle with the corresponding energy has a negligible chance of
escaping frém a nucleus of any of the heavy elements in the emulsion.
The lightest of the heavy emulsion elements is bromine. (T@e very
small amount of sulfur in the emulsion has been ignored in these
arguments.) The choice of a value for T which makes the emission pro-
bability of the charged farticlé negligible cqmpared'to other modes of
decay and of the values of the parameters in V which could be expected
to occur from the previous particle emissions from a bromine nucleus

is somewhat dii‘ficuit°

Se T
r
&
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- If two protons and three neutrons have alfeady been emitted from
'Brsl nucleus, the range of an alpha partlcle whlch has a transmlssion
coefficient of T = O. 0l is 57 microns. (z =2, 2 = 31, rQ = 1.5 x 10713
.(72)1/3 cm. ) The. range of a proton under the same conditions is
82 microns. (z = 1, Z = 32, 15 & 1.5 x 20713 (75)1/3 en.) If, instead,
two alpha particles had been emitted prev1ously, the critical ranges
for an alpha particle and a proton would be A7 and 67 microns
respectlvely. For the latter case and T = 0,001 the alpha particle
rangs is reduced to 36 microns.
The.éffectvof the choice of Z and 4 on the critical rangé can be
estimaté@_by examining the derivatives of E with respect to Z and rge

Taking R proportional to EL1<C,

3R _ -_13._51'*3:... -
az - 106 Z . l f ~1°9_Z__ ‘
14— ,
291 - ¢
_and
BR - -1 1 ~ -13%
8% rQ 1+_—.—G———— rO
24/1 - ¢
8o that

SR __ 87 _ 0“ SA
.,% 19 22 - 0.4

“The donfigurations assumed ;bove are quite extreme and it was
decided that a eritical rénge of 50 microns.sets a good 1ower(iimit on
the number of stars from the light elements. As is poinﬁed out in
Section III, the experimental results would not be chénged mach if the

eritical range were reduced to as low as 35 microns.
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B . TABELE I |
Yields of stars as a function of fsynchi'o;tron energy and prong number.

- Yields are normalized to emulsion thickness of 200 microns, and to ex--
posures such that the number of quanta pver unit energy interval at 27
Mev is equal to that of 108 equivalent quante of 322 Mev bremsstrahlung,

Synchrotron Energy

Nof”of‘Prongs 322 Moy _242 Mev . _161 Vev 80 Mev_
1 70 * 160 1130 * 210 1050 * 190 Vs7d i
2 possible - 60 %4 50 % 5 3%, n2
2 possible 85¢5 s 35%s 1622
3 13%6 10526  40%5 203
4 3¢5 S0ty 28ty 0 11
5 36 % 3 15 % 2.3 g2
6. 13%2 3¥1° 06206
7 " 331 0.4%0.
8 1205
23 259 29

17, % 8 T 3123
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TABLE II

Cross sections of silver for production of 3 or more prong stars,
averaged over 80 Mev energy intervals, 1.049

(E2
o av(K) (K)dK

F =
' ‘Eé
.g NEz(K)dK
By
Energy Interval .‘ ' » : F
80-161 Mev (1.7 ¥ 0.3) x 10727 cn?
161-242 Mev (6.5 £ 0.7) x 10727 cm?

1.2) b's 10'27 cm2

i+

242-322 Mev (17
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TABLES III, IV, V, AND VI
Spectrum of ranges of the shortest prong of stars as a function of

prong number and synchrotron energy. These yields are not normalized.

_Prong Number

Shortest Prong Rangg_ : 3 L5 6. _ 7 8 23
| | 322 Mev
< 250 65 53 2 6 145
25-304 Lo 41 9
30-35p 1 4 5
35-40u 3 3 6
40=45u 4, 2 6
45-50p 21 | 1 4
> 504 w570 , 1 216
Left emulsion inside v
50u 9 L 1 1
‘ 242 Vev
<25 2 34 10 3 99
25-30u4 7 3 1 1
30-35u A 2 6
35-40u 3 3
40=45p. 2 2 -1 5
45=50u 2 3 1 6
> 50p 7 33 7 118

Left emulsion inside : .
- 50p 4 2 1l 7



Shortest Prong Range

< 25
25-30p.
30-35u
35-40p
40-45p
45-50p
R 7 50u

Left emulsion
50u

< 25p

25-30p
30-35p

inside

35=40u

LO0~-45u
45-50p
>50u

Left emulsion inside

50u

2

Shortest Prong Range Spectra (cont)

Prong Number —
3 4 5 6 7 8 =3
161 Mev

23 27 9 1 1 61
13 4 2 18
1 1
1 1 2
1 1
2. 6 1 31
2 1 3
80 Mev '
53 31 84
2 2 4
1 1
2 2



| TABLE VIT

Relative ylelds of stars; normalized as in Table I. The light and heavy element yields were

separated by the coulomb barrier argument as described in Section IIT and Appendix B.'

Prong No.

0N 2 O wm W

_ - _Syn‘chrétron Energy “\”\‘ e
322 Mev _ _ 242 Vev 161 Mev .. 80 Mev_

I Ty Y Iy L, Yy T Yy
50457 9B.ATS ATV 55.9%.2 22738 164332 19.1425  0.7H0.5
JLS4501  A4oTES.3 30,0845 23.9%40 215337 4ELT 112420
~'.15.9i3_.2 2,6-f1.3 7“.5*2_.3" 5045149 6.912.1 0.6%0.6

3,846 0.620.6 . 3.31.5 0.6%0.6

| o | 0.60.6 .

0.620.6
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TABLE VIII

Cross sections of carbon and silver fo‘r production of 3 or more prong
stars, averaged over 80 Mev energy intervals. o :

E,
| J. 7 (K)Ng, (K)dK
B

: Ez . .
El '

These values were-derived using the coulomb barrier argument to

- geparate light element stars from heavy element stars, and assuming
that the cross section is proportional to mass number in each group
of elements separately.

Energy interval —_— a"'G_ | R o-'A_g ' ‘
80-161 Mev (0449 % 0.12) x 10727 cm? (o 94 2 0.16) x 10%7 ¢ 2
161-2/2 Mev (17 £ 0.4) x 20727 cn? (346 % 0.5) x 10727 cn®

 242-322 Mev (1.4 %0.6) x 1027 e (7.0 % 1.2) x 10727 cn?




Summary of momentuin balance measurexﬁents’

- 62(v,30) | - 0(v40)

,f . | ' Momentum unbalance .+ _Y Energy _Momentum unbalan‘cé ’ T E’ner&_
| oar 2544 0.17 . 26.8
0:24 171 017 32.5
10.30 24,49 | - 0.22 23.8
- 0.31 . 246 | 023 31.5
1 0.36 o 19.8 0.26 2.2
0.58 25.9 | 0.29 2.8
0.63 w1 0.35 33.0
o 0.37 27.3
0.74 (doubtful) - 39.7
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INTEGRATED CROSS SEGTION, S(E) IN UNITS OF 1027 em?

© PRESENT DATA _
- G DATA FROM KIKUGHI (PHYS REV. 81, 1060)
P 7 7 NORMALIZED IN ABSOLUTE VALUE TO
FIT PRESENT DATA
s

"o

BREMSSTRAHLUNG ENERGY IN MEV

FIG. 2

3——
2|~ .8
ﬁi
I-—
=
100 i 200 300

lNTbEGRATED CROSS SECTION OF SILVER FOR PRODUGTION OF 3

- - 'AND MORE PRONG STARS.

MU 1962
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