Lawrence Berkeley National Laboratory
Recent Work

Title
DEUTERON PHOTODISINTEGRATION AT HIGH ENERGIES

Permalink
https://escholarship.org/uc/item/6r23r0td

Authors

Gilbert, W.S.
Rosengren, J.W.

Publication Date
1952-05-09

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6r23r0td
https://escholarship.org
http://www.cdlib.org/

UCRL-1792

’ URCLASSIFIED
A
L

X
14
[

1 g

Z

[
O
[
.
5
L
0 : w
> TWO-WEEK LOAN COPY
t. This is a Library Circulating Copy
(&) which may be borrowed for two weeks.
Ll For a personal retention copy, call
S Tech. Info. Division, Ext. 5545
Z

RADIATION LABORATORY




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any -
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRL~1792
Unclassified-Physics Distribution

UNIVERSITI OF CALIFCRNIA
Radiation Laboratory =~

Contract No. W-7405-eng-48

- DEUTERON PHOTODiSINTEGRATION AT HIGH ENERGIES
Wo S. Gilbert and J. W. Rosengren

May 9, 1952

Berkeley, California



-2 UCRL~1792
Unclassified-FPhysics Distribution

Radiation Laboratory, Department of Physics
University of California, Berkeley, California
DEUTERON PHOTODISINTEGRATiON AT HIGH ENERGIES
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- ABSTRACT

The reaction y+ D—p+ n was investigated using the photon brems-
jstrahlung'spectrum from the'Befkeley 322 Mev electron synchrotron. Pro-
tons were detected by a scintillation counter telescope system consisting
of threevliquid‘SCintillators, each viewed by two or three photomultiplier
tubes, Two types of'target syStem were used: high pressure, low temper-
atu:e-deuterium gas, and heaﬁy.ﬁeterewith;watef subtraction, Values for
.(%fi)' were determlned at laboratory angles 30° 900 for E.rcenter of
.mess.= 140 b 15 Mev and 200+ 15 Mev, and at laboratory angles of 30°
115°‘for ET.center of mass 250 15 Mevo_-The follow1ng}total cross

sectlons were determlneda .:
%otal (140)

o;otalz‘(zoo-)%loo.do, - ,_>

“hotal (250) 5 15:9 % 6.4

11, 8+L1x10=29 em?

“'

These uncé?tainties arevstapddrd deviations based on counting statistics
only; there is an additibnai 40 percent‘ébsolute uncertaintyo
These cross sectlons are far greater than the values predicted by

theorles whlch exclude the effects of meson 1nteraction° However, a
theoretlcal treatment which does take the speciflcally mesonlc interaction

into account does yleld cross. sections of a magnltude comparable with those

observedo_
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iﬂffoducfion.

K The deuteroh, by.virtﬁe of being a two bedy systeﬁ, is of primary
interest in nuclear theory sincevone.mighﬁ hope to determine its waveb
functions exeCtly. Ever since the theoretical papers of Bethe and Peieriel
and Fermiz; relating to the photodisintegration of the deuteron and its
invefse reactioh, the n-p capture process, numerous experimental studies
haﬁe been eafried out to test the theory and to determihe'specifie para-
'vﬁeters releting to the deuteron's binding energy, the shape, width and
depth of the nuclear potentlal well° The majority of these 1nvest1gatlons
have been carried out at energles of a few Mev using naturally radioactive
T-emitters. Recently, work has been carried to approx1mately 20 M,ev3 4°
The infofmation:obtained frem photodisintegration of the deuteron is sima
ilar to that obtaihed from neutron-proton scattering data eﬁ corresponding
energies.' At low energles the photodlslntegratlon data ﬂlve 1nlormat10n
about the effective ranges of the neutron—proton 1nteract10n but do not
yield any infermation on the shape of the potential, Theoretical calcu-
lations ha&e beeh'carried out for'r-enefgies up to 150 Mev59657vusing
the best values fef the parametérs determined from ether experiments sech

as n-p scattering, These high energy calculetions depend on the shape
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of the potential and the percentage of charge exchange and are affected
by the use of tensor forces, They'éhould give a reasonable picture of
the cross sectionSvdue'to the photoelectric’dipole“andvquadrupole moments
of the nucleons; however, no calculatlon was made of the contribution

of meson effects due to 1nterdct10ns with the virtual meson field,

The Berkeley synchrotron yields photons of energles (relative to
the center of mass of the deuteron—photon system) up to about 280 Mev,
and it appeared d681r;ble to investigate the photoeffect at these high
energies, By comparison with the theoretical treatments described above,
one could expect to discover>the‘magnitude of the contributions‘mede to :

the cross section by meson interactions.

ginematic Considerations

The reactlon v+ D———+p-+ n represents a two body problem both ben
fore the photon 1nteract10n and afterwards. This belng the case, 1t is
possible to determlne uniquely the energy of the 1n1t1ating~r-ray by meas-
uring the energy of the emergent proton and the angle of emisslon of thls
proton w1th reSpect to the 1n01dentq~—ray dlrectlonc ‘

At hlgh-f-energles it is p0551ble for mesons to be prodnced along |
with two resultant nucleons and the flnal products then forn a three body
system. If one were to measure the energy and angle of only one of these
emergent partlcles, he would not be able to determine unlquely the energy
of the inltlatlng'r-ray° However, because approx1mately 140 Mev of en—-
ergy are requlred to create the meson and because of the klnematlcs of )

the conservation of momentum between ‘the meson and any re001l nucleonss

the energy of any such recoil nucleons would be_relatively low.
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In the case of our.determinations‘of gi% for Ey= 200 Mev and E7.=
250 Mev, our counters defined.various proton energy intervals depending
upon the angle. In all cases any recoil protons associated'with,meson
production by even the 322 Mev quenta would be of lower energy than the
interval defined by our counters. .Therefore for theée two energies it
is energetically impossible for there to have been contribution from any
'mesén producing reaction. In the case of Ey= 140 Mev, at a few of the
larger angles the maximum energy protonsvrecoiling from produced mesons.
could erter the deiection_systema. Since these prétons are of a fhree
body system, one cannot determine how many of the recoil protons lie in
the range of acceptance even though the meson production rate is known.
However, since the knoﬁn meson production rate is smaller than the observed
‘protcn rate and since presumably only a small fraction of the meson events
would lead to maximum enérgy recoil protons,. the contribution from this

process .is considered negligible. .

. Description of the Experiment

The x-rays wereé produced in the Berkeley electrén synchroton by let-~
ting fhe internal electron beam strike a 0,020 inch platinum target placed
on the inner side of the accelerating donut. The beam was spread out in
’time by modulating the rf accelerating voltage such that electrons spilled
into the target over a period of some 3000 wsec., - In the:“spread oiztﬁ
beam, the'electrons are Qf various energies corresponding to theé magﬁéti¢
nfield at the time tﬁey strike the internal synchrotron target. The_rela-

* tive beam inténsity_over the 3000 .usec. period could be determined and
the net bremsstrahlung distribution:wangound by combining the bremsstrahlung
spectra corresponding to the various quantum limits (electron energieé)

weighted by the relative beam intensities at these electron energies.,
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~In Fig. 1 is shown the deﬁterium.gas-target'ar‘rangement° At 55 inches
from the platinum target the beam was éollimated by a tapered hole in a
1eadfbiéck;9'ihéhésvthiCké‘fThe%collimating holé"wés«a half-inch in di-
améter at the entrance end and-was part.of a cone whose apex lay at the
platinum target. - Directly behind the primary collimator was the 6 inch
thick ‘lead secondary collimator which had a 1 inch-hole. Behind this
aﬁd7directlyvin front of the experimental target was a tertiary collimator
of 'lead, 6 inches thick and with a 2 inch-hole, The target and collimators
were aligned by means of a transit, - Photographs of the. beam were then
taken with a 1/8 inch primary collimator and a final alignment of the.tarw
get was made with respect to this small, well. defined beam, Then the larger
‘primary collimator was replaced.- At the end of a run the 1/8 inch col-
limator was again inserted and photogrgphs takens The target proved to
be still aligned at the end of each run. . ‘

The target (seé Fig. 1) employed at Ey= 200 Mev and 250 Mev was
deuterium gas at a pressure of 2000 PoSbio and at ligquid nitrogen temper-
ature (77° K) used in a line target assembly designed by Ro So Whited,

The wallstbf’the gas targetvcombined~withithe_thickness”of the first counter,
- however, represented so much abso?ber-that,protons initiated by 140 Mev .
Y-rays would not reach the second ébﬁﬁtef of -the detection system., There-
ivfore in ofder'to investigate the cross section at 140 ﬁev, it was neces-
sary to use a target whose self absorption was small. Heavy and ordinary
‘water targets, 0.20 inch thick, were used for this purpose. Enefgetically,
Compton protons from hydrogen are of too. low.an. energy to give a count

in our detection system. Therefore it was concluded that the entire count-
ing raté:frOm regﬁlar water could be considered as being due to the oxygen

present, Subtractingiihis number. from. the counting rate due to heavy water
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yields the deuterium contribution alone, The regular and heavy waters
were interchanged betﬁeenwthe'twb containeré several .times to eliminate
the effect of any diffefenCe in thickness of the two tafget-holderso
The crésé sectién for photoprotons from oxygen is-several times larger
than that from deuterium and the statistics of the subtraction are extremely
unfavorable, Thus at higher energies where it was energetically possible
40 use the high pressufé deuterium gas target, it was statistically ad-
visable to do S0,

The coupter telescope was placed in a lead house with 4 inch thick
walls in order to be shieided from the general beckground of electrons
and x—rays whlch pervade the magnet room of the synchrotron, A hole in
the front wall of the lead house served as one defining aperture in the
proton‘colli_mator° In the case of the deuterium gas system, the source
of protons was a line target and it was necessary to define the target vol-
ume by a .collimator system precedlnc the ‘counter: telescope, The wvalue
of effective target volume comblned w1th the effective counter solid angle was
obtained by a graphical.integration for each proton angle., The angular:
resolution of the collimation system was such that the bulk of the pro-
tons aceepted from the gas target were in the angular range 6 £ AQ How--
ever, a few protons were accepted from between 4° - 6° from 8. Therefore
the overall angular resolutloggwas t ¢° from the.gas targeto From the
water targets the overall angéiafﬁresolutioﬁ was % 409 At each proton
““angle at which the counter telescope was placed a copper- absorber was
inserted beforé.the countér #ith thickness appropriaﬁe to ﬁhé proton angle
and the desirsd photon energy.

To monitor the beam, three 1onlzatlon chambers,.two in front and

one in back of the target, were used 31mu1taneouslyo ‘Their ratios were
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observed to remain constant throughout. the experiment, The absolute cali-
brapionlof the beam was due to;Blocker,and'Kenneyg’loo The. uncertainty in
the absoiuteféalibratipﬁ ax:theutimewoﬁ4£his’eiperimept'waswestimated to he
30 percénte

Proton Detection and Ideﬁtification.

- The protons were identified essentially by their range and dE/dx.

A counter telescope consisting of three counters injline-was employed.

A particle's range was specified by demanding that it pass through the
first'countef and stop in the second. All three counters were connected
in a coincidence-circuit'gnd-the.first two counters were connected in

a separate double coincidence circuit. A subtraction of the two coinci---
dence rates gave -the rate of particles stopping in the second counter,
The protons Qere then distinguished from.other particles by the pulse
height in the first counter,

.The counters were liquid scinfillators.of tefphenyl dissolved in
tglueneb'7The first countef; in‘ﬁhichvthe particle's dE/dx was determined
wés*three-inChes in diameter, 1.6 gm per‘cm2 of toluene. in thickness,
and was viewed from the side by three 1P2l photomultiplier tubes with
outputs connected in parallel. Counter 2, which ¢onsisted»cf 0.86 gm
per em? of liquid, and counter 3, which was 1.1 gm:per~cm2 thick, were
bo%h fqur inches in diameter and were each viewed by two 1P2l photomul-
tiélier tubéso 2.6 gm per cmzvof copper absorber were perﬁanently placed
between counters 1 and 2 to impréverthe discrimination of the telescope.
The pulses from the phototubes,wepe‘fed to a pulse height discriminaﬁor
and gate former;;%The gafe length, the fecovery“time, and the resolution
time were all about,00444secp‘

For particles of different masses and identical residual ranges,

it can be shown that the ratio of the (dE/dx)'s in traversing matter is
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approximately‘(mﬂ_/inz)(,?"'z*° In the case ofvprotons and mésons, this ratio
equals 2,30, This means that a proton would‘give up 2,30 times as much
| energy in Counter No. 1 as would a meson, and if the scintillators were
perfectly proportional, the proton pulée would be 2.30 times as large as
the meson pulse. This ratio, call it the merit ratio, is a limiting max-
imum since it holds only for identical residual ranges or, to put it an-
other way, for a second counter of Zero thq’.ckness° In.practice, Counte%&
No. 2 was of finite thickness and the ratio of the smallest proton pulse
- to the largest meson pulse was calculated to be 1.83, For protons the
band of energies acceptedIWas 62.5 - 71.0 Mev, with the corresponding
energies given up in”thé first counter being 20,5 - 17,0 Mev, respectivelyo
For mesons the band wasv2800 - 32,0 Mev, and the energy lost in the first
counter was 903 - 8,0 Mev, réspectively° To examine higher energy par—
ticles, a.copper absérbervwas insefted between thé.target and the counter
telescope,

To aécertaih'the cénditiéns under which one would be coﬁnting pro- ..
tons with full efficieﬁcy,fa'rﬁn was madé using the 90 Mev néeutron beam - .
of the Berkelé&'184-inch synchro—cyclétfono' This neutron beam is obtained
by deuteron stripping and hésva wide spread in enérgy (é total width at
half meximum of gbéuf»BQ Mev), This beam was used to bombard a paraffin
target, and sincé,the energy is below the threshold for meson production,
the particles obSérved will be almost entirely protons with & small frac-
tion of heévier particleso The curve-giving counting rate per unit beam
VSo photomultipliér high Voltége‘is shown in Fig, 23 The arrow ihdicates
a standafd poiﬁt.bn the curvé; The bperatiné Qonditions of the first
counier>at this.point were made réproducible by detefmining the singles

counting rate of this counter Wifh a béta source in a standard geometry.



To be able to count the betas a standard 20 db atiénuator,tpfesentvin
the output of the first counter auring.protoh detection, was removed,
nvtithiéi(éaﬁé%snbwhfthévintééfél?biés%cﬁrvé bf&ééiﬁcidénceﬂéounting .y

rate vs, diseriminator bias of the first.counter obtained at 60° from
a carfon target in the: 322 Mev x-ray beam of the synchrotron. ‘The arrow
indicates the calibration point obtained using. the 90 Mev neutron beam,
The dotted curve indicates an ideal integral bias curve when there: are
only protons and oy mesons. The maximum proton pulse is arbitrarily taken
as shown and the other points are calculated from range. energy relations.
The absolute values taken for the proton and meson-production are based
on the experimeﬁtal data of Keckll and of Petefson, Gilbert and Hhite;z,
respectively, |

The. observed curve from carbon is affected by ‘electrons at the low
bias end and perhaps-by deuterons at the large biaS‘pﬁintsa

vAn operating point was selected at a bias five vélts lower than the -
éalibratiqn point from the cyelotroniruﬁ0 From comparison -of ‘the ideal
curve and the observed curve, we believe that only protons were counted
~at the operating ?oint’andfthat theﬁprotonwaere'coﬁnted with full ef-
ficiency. A more detailed investigation. in the low bias region (consid-
erablyfbeyond“yhe operating point for proton counting) indicated a meson
plateau, It was possible to measure a meson yield as a function meson

energy which was-in fair agreement.with previous experimental datalgo

Results

The eﬁpérimen£al valuesjféf the:différential.éfésé section are plotted
in Figﬁres by 5, énd é as ;_fdﬁcgio# of proton angle.iﬁ‘the center of mass
~ system, ?hesenﬁalues havé beénngbffééféd for.a££enuationbbf the protons

by nuclear interaction in the copper absorbers used to fix the protbn
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energyo The‘cross'section¥for¢this:was taken to be equal to the geometrical
nuclear area taking the nuclear radius to be l.4 x 10-13 Al/Bvcm? These
data'have also been correctedtfor loss to the detection.SYStemjof protons
due to small angle multiple coulomb‘scatteringgin the absorbers. fhe ef-
fect of penetration of the protons throngh the edges'of the collimator system
was calculated to be negligible, |
It is to be noted that the‘uncertainty in the photon energy due to
the angular and energy intervals presented by the counter telescope is dif-
ferent for each angle; however, an average overall uncertainty of 15 Mev
has been assigned. | |
' The uncertainties_shown are standardjdeviations besed_on counting sta-
tistics only, including tnefSubtraction ofdbackground_taken_nitn_the’empty ‘
target‘assembly, and should be_tne total uncertainties in all the relative
values;L'There is, however, anaadditionai standard deviation of about 40
percent (assuming the nuclear absorptlon correction to be exactly correct)
to be a351gned to the absolute cross sections because of uncertainties in
beam”callbration, effective‘thickneSS“of the second counter,'scatterlng
corrections etc. In additlon it should be noted that ‘the 140 Mev data were
taken at a con31derably later date w1th a different ‘geométry, and so the
accuracy~of this point relative to the 200 and 250 Mev points is suspect.
The total cross sections were'obtained By integrating under the arbi=
trarily assumed curves shown drawn through the dlfferentlal cross section
data in Figures 4y 5 and 6° _The results are glven in Table I, The uncer-
;telntres are-standerd"dev1ations'besed on counting statistics onlyovat
should be_recalled thet all tnese'cfoss:sections are for photoddiss°ciation,

of the deuteron where a meson is not produced,
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- ‘There is an uncertainty dueﬂidiiheﬂextrapclatibﬁ76ver ahgles for
which the differentiaiscross.sectithAHere uét-Obtainedol Since the solid,
anglevanﬂﬂépﬁareh%iynaiso#£KE%differéhﬁ&aihereSQHeeéfiohéﬁareASmallrat-
most of the.angles.not:investigated thie error due.to this extrapolation

should be small.: -

J“TABLE I -
Photon Energy - - ~Total Cross Section
(Center of Mass) 1 :
140 Mey 118 41 x 10727 ?
. 200 Mey 1 10.0% 3.0

250 Mev . | 15.9% 6o

These values of the total cross sectlon are plotted in Flgo 7. along with
the theoretical curves of Marshall and Guth7,’calculated for an exponenub
tlal shape potentlal and for a Hulthen potentlal, their resilts belng
essentlally the same as those of Schiff’6 | Thelr calculatlons take only
the nucleon electrlc dlpole and quadrupole tran31tlons 1nto account and
1gnore “the tran51t10ns whlch 1nvolve meson effects° It 1s seen that
the experlmental cross sectlons are much hlgher than such theoretlcal
predictions 1nd1cat1ng a 51zeable contribution from mesonic processes.
These high experlmental values are in falr agreement with the results
obtalned by KlkuchilB, who 1nvest1gated the photc—dlssoc1at10n of the
deuteron at high energles u51n0 nuclear emu151onso The data obtained
at 140 Mev do not agree too well w1th that obtalned by Benedlct and Wood-
ward ¥ who measured dcr/ﬂJLfor deuteroh‘dlssoc1at10n at 600, 90°, and

120° in the laboratory frame up to about 160- Mevo Our values at 60°

and 90° are about a factor of three higher at 140 Mev,
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Preliminary calculations by- Huddlestone and Leporel5 using a pseu~
doscalar theory show that the meson exchange contributions to the dis-
1ntegrat10n process can be large enough to explain these experimental
dat,a° Recently Auster W16 has made some preliminary calculations of deu~
teron pho&»dissociation'uSing a nucleon isoba¥ model which are in rough
agreemen£ with our values for total orose section.

One.oaﬁ conolude‘theplthe cross eecfion for deuteron photodisinte-
gration at high energies (iAO‘Mev‘eﬁd'above) is much larger than predicted
by theofies—ignoring mesonic interactions, These data combined with those.
of KikuchilB strongly in&icate that above the threshold for meson pro-

duction the cross section actually increases with energy.
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- FIGURE CAPTIONS

Dlagram of experimental arrangement us1ng deuterium gas target .

, r;>,4 Ly “\‘-"‘,’r(' il 1."','3,.‘: - fe T Jué.

v(actually only one counter telescope was used)

C01n01dence plateau for detectlon of protons produced by bombardm

ment of paraffln w1th the cyclotron 90 Mev neutron beam°

. Integral blas curve for detectlon at 60° of protons produced by

bombardment of carbon‘with 322 Mev bremsstrahlung,

Differential cross sectlons 1n the center of mass frame for photo=

dissociation of the deuteron, Ey= 140 Mev (center of mass)
Differential cross sect;ons in the center of mass frame for photo;
dissociation of the deuteron, Ey = 200 Mev (center of mass)o.»E
Differential cross sections in the center of mass frame for photom

dissociation of the deuteron, Ey= 250 Mev (center of mass)

- Total cross sections for photodissociation of the deutercno
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