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PHOTODISINTEGRATION OF DEUTERONS AT HIGH ENERGIES 

Dwight R. Dixon 

Radiation Labora tory and Depar tment of Phys ics 
Universi ty of California, Berkeley, California 

March 30, 1955 

ABSTRACT 

Photodis integrat ion of deuterons has been invest igated by use of the 

photon beam from the 335-Mev synchrot ron at Berkeley. A liquid 

deuter ium ta rge t was used. Pro tons were detected with a te lescope 

consist ing of e i ther twelve or th i r teen scinti l lat ion counters . Pu l ses 

from these counters were presented on an osci l loscope and recorded 

photographically. The height of the pulse from one of the f i r s t counters 

and the number of subsequent pulses se rved to identify the protons and 

de te rmine the i r energy. 

Differential c r o s s sect ions were de termined at labora tory angles 

of 36o , 49 o , 75 o , 106o, and 141o and at energ ies ranging from 136 Mev 

to 293 Mev, and curves of the form d σ / d Ω ' = A + B cos θ' + C cos2 θ' 

were fitted to the exper imenta l points at var ious ene rg i e s . The ra t io 

B/A dec reased from 0.46 at 143 Mev to 0.16 at 293 Mev. The ra t io 

C/A was of the o rde r of -0 .4 . Total c r o s s sect ions of about 70 μb were 

obtained and there was some indication of a maximum in the total c ro s s 

section in the vicinity of 250 Mev. 

A compar ison is made with the r e su l t s of s imi la r exper iments at 

other l abo ra to r i e s . Some suggested in te rpre ta t ions of the observed 

r e su l t s a r e d i scussed briefly. 
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PHOTODISINTEGRATION OF DEUTERONS AT HIGH ENERGIES 

Dwight R. Dixon 

Radiation Laboratory and Department of Phys ics 
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March 30, 1955 

I. INTRODUCTION 

One of the most fruitful sou rces of knowledge of the nature of 

nuclear forces has been the study of p roblems in which only two 

nucleons a r e involved. Examples of two-body p rob lems a r e the ground 

state of the deuteron, nucleon-nucleon scat ter ing, and photodisintegrat ion 

of the deuteron. Because of the re la t ive s implici ty of these sys t ems 

one might hope to in te rp re t the exper imenta l r e su l t s theoret ica l ly 

and thus obtain p a r a m e t e r s relat ing to the nuclear fo rces . 

Photodis integrat ion of deuterons was f i rs t accomplished by Chadwick and Goldhaber1 in 1934, using 2.62-Mev gamma r a y s . The problem was f i rs t considered theoret ica l ly by Bethe and P e i e r l s . 2 Exper imenta l 

and theore t ica l s tudies in the low-energy region a r e descr ibed by 

Ramsey, 3 Squires , 4 and Blatt and Weisskopf.5 In the region just 

above threshold the magnet ic dipole photoeffect p redomina tes . This 

effect becomes negligible a few Mev above threshold and the e lec t r i c 

dipole interact ion becomes the predominant one. By considering these 

in te rac t ions and introducing the effective range theory of nuclear fo rces , 

one can obtain a sa t is factory fit to the exper imenta l data up to about 

10 Mev. The shape of the nuclear potential well has no apprec iable 

effect on the c r o s s sec t ions . 

In calculating the e lec t r ic dipole t rans i t ion probabi l i t ies above 10 

Mev it becomes neces sa ry to consider the detailed nature of nuclear 

fo rces . The na ture of the wave function inside the range of the nuclear 
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force becomes important . The phase shift in the final s ta te , which 
was neglected in lower -energy calculat ions , mus t be considered, and 
it depends on the exchange nature of the neutron-proton force . Also 
a t energ ies above 10 Mev it i s no longer possible to neglect quadrupole 
t r ans i t ions . Calculat ions involving these considerat ions a r e d i scussed 
br ief ly by Blat t and Weisskopf.5 Calculat ions of the deuteron photo-
effect extending into the energy region of this exper iment (136 to 293 
Mev) have been made by Marsha l l and Guth6 and Schiff,7 making 
var ious assumpt ions about the nuclear fo rces . 

When the exper iment repor ted he re in was undertaken, exper imenta l 
r e su l t s at high energ ies had been published by Benedict and Woodward,8 

Kikuchi,9 L i t tauer and Keck,10 and Gilbert and Rosengren.1 1 These 

exper iments establ ished some of the qualitative fea tures of deuteron 

photodisintegrat ion, but the re were d i sag reemen t s as to the angular 

dis t r ibut ion and magnitude of the total c r o s s sec t ions . In view of 

these inconsis tencies in the exist ing data and because of the fundamental 

nature of the reac t ion , it was thought advisable to do the exper iment 

at this labora tory using a different exper imenta l technique. 

Before this work was completed, r e su l t s of h igh-energy exper iments 

at California Inst i tute of Technology, Cornel l Univers i ty , and Univers i ty 

of Il l inois were repor ted . A compar i son of those r e s u l t s with r e s u l t s 

of this exper iment is made in Section V-B. 
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II. EXPERIMENTAL METHOD 

A. General Descr ipt ion 

A d iag ram of the exper imenta l a r r angemen t is shown in F ig . 1. 

The photon beam was produced by the high-energy electron beam 

str iking a 0.020-inch platinum ta rge t in the 335-Mev synchrotron. 

After suitable coll imation the be a m entered a liquid deu te r ium ta rge t . 

The events of in te res t a r e those in which the gamma ray d i sappears 

and a neutron and a proton emerge in roughly opposite d i rec t ions . In 

this exper iment only the proton was detected. Since this is a two-body 

react ion, measu remen t of the angle of emiss ion of the proton and i ts 

energy is sufficient to de te rmine the energy of the photon producing 

the event. The dynamics of the react ion a r e d iscussed in Section II-D 

and Appendix A. Care must be exerc i sed to d i sc r imina te against 

protons produced by other reac t ions . 

Pro tons were detected with a scinti l lat ion counter te lescope con­

sis t ing of a s e r i e s of ei ther twelve or th i r teen counters with intervening 

copper a b s o r b e r s . Coincident pulses from two of these counters 

t r iggered the sweep on an osci l loscope whenever a sufficiently heavily 

ionizing par t ic le went through the f i rs t par t of the te lescope. Pu l ses from 

all but one of the counters were delayed, combined, and presen ted on 

the osci l loscope sweep. These sweeps were photographed individually 

and the requ i red information was la te r read from the film. The height 

of the pulse from one of the counters near the beginning of the te lescope 

de te rmines the ra te of energy loss of the par t ic le , and the number of 

pulses from the subsequent counters de t e rmines , within l imi t s , the 

range of the pa r t i c l e . These two pieces of information were general ly 

sufficient to tell whether or not the par t ic le was a proton. Once the 

par t ic le is identified, the range m e a s u r e m e n t gives the energy of the 
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Fig . 1. Exper imenta l Arrangement at 75 o . 
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proton and this , together with the angle of emiss ion a s de te rmined by 

the position of the counter te lescope, gives the energy of the photon 

producing the dis integrat ion. 

It was desired to measure differential cross sections for photo-disintegration 

of deuterons by photons of var ious energ ies . These 

c ro s s sect ions, when integrated, give the total c r o s s section as a 

function of energy. Differential c r o s s sect ions were m e a s u r e d at 

labora tory angles, of 36o , 49 o , 75 o , 106o, and 141o, These cor respond 

to c e n t e r - o f - m a s s angles of approximately 45 o , 60 o , 90 o , 120o , and 

150o for a photon energy of 240 Mev. Measu remen t s were made at 

nine ene rg ies ranging from 136 Mev to 293 Mev, At 36o , however, 

no c r o s s section was m e a s u r e d at 136 Mev because of in terference 

by protons from events where mesons a r e produced. At 141o no c r o s s 

sect ions were obta ined at the two lowest energ ies because of the low-

energy cutoff of the proton counter telescope. 

Data to be repor ted here were taken during two synchrot ron runs . 

In the f i r s t run c r o s s sections were obtained at 49 o , 75 o , 106o , and 

141 o . C r o s s sect ions at 49o and 36o were m e a s u r e d in the second run. 

In the sections that follow, the exper imenta l a r r angemen t for the f i r s t 

run is descr ibed . The modifications in the equipment for the second 

run a r e descr ibed in Section II-G. 

B. Photon Source 

The maximum elect ron energy in the synchrotron at the ta rge t 

radius with a peak magnetic field of 11,400 gauss was taken to be 335 

Mev, This is based on pa i r spec t rome te r m e a s u r e m e n t s made by 

Anderson, Kenney, and McDonald.12 They repor t , however, that a 

l a te r and m o r e p rec i s e value is 342 ± 6 Mev. The difference between 

this value and 335 Mev, which was used in the calculat ions, is negligible 

compared to other uncertaint ies in the exper iment . 
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To reduce accidental counts, the machine was operated with a beam-pu lse duration of about 3500 μsec . This is accomplished by gradually reducing the rf acce le ra t ing voltage near the end of the acce lera t ing par t of the cycle so that the e lec t rons sp i ra l in and s t r ike the in ternal 0.020-inch platinum target from about 1750 μsec before the peak magnetic field is reached until about 1750 μsec after . Madey13 d i scusses this p r o c e s s and gives re fe rences relat ing to it. 

The bas ic photon energy spec t rum used was that calculated by 

R. Chr i s t ian following the Bethe-Hei t le r b remss t r ah lung theory using 

a T h o m a s - F e r m i model of the atom. This spec t rum is modified by 

the finite ta rget thickness as a r e su l t of energy loss by the e lec t rons 

in the ta rge t and absorpt ion of photons in the ta rge t . Powell et a l . 1 4 

give the spec t rum as calculated by Chr is t ian for an infinitely thin 

target , and also that for a 0.020-inch platinum ta rge t . The spec t rum 

mus t be further modified because of the spread in the energy of the 

e lec t rons as they s t r ike the ta rge t . During a beam pulse the magnet ic 

field in the synchrotron v a r i e s between about 10, 650 gauss and the 

peak value of 11,400 gauss . Since the magnet cu r ren t is a sinusoidal 

function of t ime , the energy of the e lec t rons as they s t r ike the ta rge t 

can be expressed as E = 335 sin [(7790 - t)/7790] 90 o , where t is the 

t ime in mic roseconds before peak field, 335 is the peak e lec t ron 

energy in Mev, and 7790 is the t ime in microseconds for one-quar te r 

cycle of the magnet cu r ren t . The beam intensity a s a function of t ime 

was de te rmined by photographing an osci l loscope presenta t ion of the 

output of a scint i l lat ion counter placed in the beam. A m a r k e r was 

super imposed to indicate the position of peak magnetic field, and t ime 

m a r k e r s establ ished the t ime sca le . It was a s sumed that the ra te at 

which e lec t rons s t ruck the ta rge t was proport ional to the output of the 

scinti l lat ion counter. B remss t r ah lung spec t ra corresponding to 

e lec t ron energ ies at var ious t imes before and after peak field were 
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drawn, weighted according to the output of the scinti l lat ion counter at 

the t ime and combined to give the final spec t rum. F igure 2 shows (a) 

the th in- ta rge t spec t rum computed from the Bethe-Hei t le r formula, 

(b) the spec t rum cor rec t ed for the thick ta rge t , and (c) the spec t rum 

with the additional cor rec t ion for the e lec t ron energy dis t r ibut ion. 

The angular dis t r ibut ion of photons of energy 300, 235, and 170 Mev in the b r emss t r ah lung beam has been m e a s u r e d by Anderson, Kenney, and McDonald.26 Their data a r e given in F ig . 3. The re la t ive beam intensity for an e lec t ron energy of 342 Mev and for var ious photon energies i s plotted a s a function of the angle θ, m e a s u r e d with r e spec t to the beam ax is . The curve is a function given by Lanzl and Hansen1 5 

with p a r a m e t e r bT = 244 m 2 c 4 . 

At 56 inches from the synchrot ron ta rge t the beam was col l imated 

by a tapered hole in a nine-inch lead block. The entrance end of the 

hole was 0.5 inch in d iamete r . The p r i m a r y col l imator was followed 

by a secondary lead col l imator six inches thick with a hole jus t slightly 

larger than the beam. Another lead block six inches thick with a two-inch-diameter 

hole was placed between the secondary col l imator and 

the deuterium target. 

The beam was monitored with a thin-walled ionization chamber 

preceding the co l l imators and, during pa r t of the exper iment , with a 

Cornel l - type thick-walled ionization chamber following the deuter ium 

ta rge t . The m e a s u r e m e n t of the total beam energy is d i scussed in 

Section IV-D. 

C. Ta rge t 

A liquid deu te r ium ta rge t designed by Mr . Roscoe Byrnes was used. 

F igure 4 is a drawing of the ta rge t . The sys tem cons is t s essent ia l ly 

of a heat -exchange condenser in which liquid hydrogen is allowed to 

evaporate through a coil which is in t h e r m a l contact with another coil 
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F ig . 2. Bremss t r ah lung Spectra . 
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F ig . 3. Angular Distribution of the Bremss t rah lung Spectrum. 
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F ig . 4. Liquid Deuterium Targe t . 
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containing deuter ium gas . Since the boiling point of deuter ium at 

a tmospher ic p r e s s u r e is a lmost 3.5o Kelvin higher than that of hydrogen, 

the deuter ium condenses and col lects in a liquid deuter ium r e s e r v o i r . 

A ver t i ca l cylinder, 1.5 inches in d iamete r with 2-mil b r a s s side wal ls , 

was suspended below the r e s e r v o i r and served as the actual ta rget 

container . Provis ions were made for emptying the ta rge t by closing 

one side of the deuter ium ta rge t container . Evaporat ion from the 

surface of the liquid deuter ium built up sufficient p r e s s u r e to force the 

liquid deuter ium out of the t a rge t into the r e s e r v o i r . Small capaci tors 

at the top and bottom of the ta rget container served a s sensing e lements 

to de te rmine whether the ta rge t was full or empty. 

Analysis of the deuter ium gas at the t ime of the runs indicated the 

p resence of as much as 9 percent hel ium but negligible quantit ies of 

other g a s e s . Since the helium does not condense at l iquid-hydrogen 

t empera tu re , it does not contaminate the liquid deuter ium. 

The vacuum chamber surrounding the t a rge t contained 10-mil 

aluminum windows through which passed the photon beam and the reco i l 

protons . A heat shield at liquid nitrogen t empera tu re surrounded the 

ta rge t . It contained holes for passage of the photon beam and consisted 

of 1-mil aluminum in the region where the protons emerged . 

D. Proton Detector 

The calculation of the dynamics of deuteron photodisintegration is 

outlined in Appendix A. Some of the r e su l t s of this calculation a r e 

shown in F ig . 5, which gives proton kinetic energ ies a s a function of 

labora tory angle for var ious photon ene rg ies . The upper and lower cu rves , 

labeled 306 Mev and 130 Mev, respect ively , indicate the ex t reme photon 

energies that were of in teres t in this exper iment . The ver t i ca l l ines 

indicate labora tory angles at which c r o s s sect ions were me a s u re d . 
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Fig. 5. Dynamics of Deuteron Photodisintegration. 
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It can be seen that the proton detector should be able to detect and 

m e a s u r e the energy of protons in the in terval of about 48 Mev to 

205 Mev. The sys tem must be capable of differentiating between p r o ­

tons and μ-or π -mesons . It must a lso be able to d i sc r imina te against 

e l ec t rons . The only known p roces s of appreciable c ro s s section 

whereby deuterons can be ejected from a deuter ium ta rge t bombarded 

by photons is γ + d → πo + d. Deuterons from this p rocess have a 

maximum energy of about 80 Mev for a photon energy of 335 Mev. 

The de tec tor mus t be able to d i sc r imina te against deuterons up to 

this energy. In the sys tem that was used, deuterons from the above 

p roces s were not detected because of their l imited range. 

It was des i red to select a proton detection sys tem that was able to 

simultaneously detect protpns of var ious energies , so as to reduce 

data- taking t ime. 

The proton detector selected consisted of a scinti l lation counter 

te lescope, which measu red specific ionization and range of pa r t i c l e s 

passing through it. The a r r angemen t of counters and a b s o r b e r s in 

the telescope is shown in Fig . 6. Counter C2 consis ted of a p las t ic 

sc int i l la tor 3 inches square and 0.5 inch thick. It was viewed by a 

5819 photomult ipl ier through a tapered light pipe 7 inches long. The 

photomultiplier and scint i l la tor were cemented to the light pipe with 

a commerc i a l hard-se t t ing t r anspa ren t p las t ic . The height of the 

pulse from the 5819 is a m e a s u r e of dE/dx , the energy loss of the 

par t ic le in C 2 . Counter C2 was a lso viewed from one edge by a 1P21 

photomult ipl ier . The output of this tube in coincidence with the output 

from a 1P21 viewing counter C3 se rved to t r igger the osci l loscope 

sweep upon which pulses from the counters were presen ted . C3 

consisted of a disk of plast ic scint i l la tor ma te r i a l 1.5 inches in 

d iameter and 0.2 inch thick. It served to define the ape r tu r e of the 

counter t e lescope . C3 was followed by a s e r i e s of ten range counters 
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Fig . 6. Counter Telescope. 
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C4 to C 1 3 . These counters , together with copper plates A2 to A 1 0 , 

constituted an absorber with a means of determining how far a par t ic le 

p rog re s sed through it. Counters C4 through C13 were al l c i r cu la r plast ic 

scint i l la tor d isks varying in size from 0.069 inch thick by 3 inches in 

d iameter for C4 to 0.175 inch thick by 4.5 inches in d iamete r for C 1 3 . 

The size and position of the counters were such that pa r t i c l e s passing 

through C3 would have negligible probabili ty of leaving the s ides of 

the telescope owing to smal l -angle sca t te r ing . Each of the range 

counters was viewed from the edge by a single 1P21 photomultipl ier . 

The tubes were mounted on a l te rna te s ides of the scinti l lators to reduce 

the over -a l l length of the te lescope. All photomult ipl iers were shielded 

with double i ron magnetic shie lds . The counter telescope was surrounded 

a lmost completely with a 2-inch layer of lead. In addition, lead blocks 

4 inches thick with 2 .5- inch-d iameter holes were placed immediate ly 

in front of the telescope and between counters C2 and C 3 . 

The counter was mounted on a c a r t which rota ted on a l a rge table . 

At all t imes the axis of the counter passed within a smal l fraction of 

an inch of the center of the effective ta rge t volume. 

The dE /dx counter, C 2 , had to be made thick enough to provide 

specific-ionization m e a s u r e m e n t s accura te within a few percent . 

Ross i 1 6 gives the information neces sa ry to calculate the spread in 

energy loss of pa r t i c les a s they pass through a counter. Measurements 

on the resolut ion of the 0.5-inch counter used in this exper iment gave 

a resolut ion curve width at half max imum of ± 3 percent for 55-Mev 

protons and ± 8 percent for 205-Mev pro tons . In these m e a s u r e m e n t s 

the proton energy was determined by i ts range in the counter te lescope 

and there i s , therefore , an uncertainty in proton energy of about 

± 5 percent . An e r r o r in reading pulse heights from the film is a lso 

included. It is es t imated at ± 1.5% to ± 3%, the higher value being 

for the higher ene rg ies . (A rough measu remen t of a counter only 
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0.2 inch thick in position C2 gave a resolut ion of about ± 10% for 

60-Mev protons. With this counter, the system did not give satisfactory-separation 

between protons and mesons.) 

A different set of copper a b s o r b e r s was provided for each angle at 

which data were taken. The photon spec t rum was divided into nine 

adjoining in te rva ls having the following energy l imi t s : 130, 143, 157, 

173, 190, 209, 230, 253, 278, and 306 Mev. F igu re 5 shows a curve 

of proton energy v e r s u s labora tory angle for each of these photon 

ene rg i e s . F o r a given labora tory angle one can obtain from these 

cu rves a s e r i e s of nine proton energy in terva ls corresponding to the 

above photon energy in te rva l s . These in terva ls were commonly r e f e r r e d 

to as "channe l s" and they were numbered from one to nine. A proton 

reaching the f i r s t range counter C4 but failing to r each the second 

range counter C5 was , for example , said to fall in Channel 1. Abso rbe r s 

A1 through A10 were of such th icknesses that, for a given labora tory 

angle, the range channels in the counter te lescope cor responded to the 

photon energy in tervals desc r ibed above. Thus if a suitable set of 

a b s o r b e r s i s used for each angle of observat ion, protons that fall in 

a given channel a r e those produced by photons in the corresponding 

energy in te rva l . This i s , of cour se , t rue only if we ignore finite 

ta rge t th ickness , sca t te r ing , and range s traggl ing, m a t t e r s which 

a r e considered in Section IV-D. 

At 36o no c r o s s section was m e a s u r e d for Channel 1 because 
was expected that this channel would be contaminated with pro tons from 
events in which mesons were produced. F igure 5 shows the max imum 
proton energy as a function of angle for such events , assuming the 
nucleons in the deuteron to be at r e s t . Because of the in terna l momentum 
of the deuteron, protons can appear at higher energ ies and l a r g e r angles 
than indicated in the f igure. To el iminate Channel 1 at the 36o position, 
the abso rbe r A1 was inc reased in th ickness so that protons reaching 
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counter C 4 , but failing to reach counter C 5 , correspond to Channel 2, 

e tc . At 141o no c r o s s sections were m e a s u r e d at Channels 1 and 2 

because of the low-energy cutoff of the counter te lescope. A proton 

mus t have an energy of about 52 Mev or m o r e to go from the center of 

the ta rge t to the f i r s t range counter . Channel 1 and Channel 2 protons 

at 141o have energies lower than 52 Mev. Therefore , at this angle 

Channel 3 protons were made to stop in Channel 1, e tc . The ra the r 

h igh-energy cutoff indicated above is due mainly to the thick dE/dx 

counter C2 that was requi red to get suitable resolut ion when measur ing 

high-energy protons . 

E. E lec t ron ics 

A block d iag ram of the e lect ronic sys tem is shown in F ig . 7. The 

rec tangles shown in the counter te lescope r e p r e s e n t the sc in t i l la tors 

and their a ssoc ia ted phototubes with their power supplies and divider 

chains . 

The p a r t of the sys tem that provides the osci l loscope t r igger is 
essent ia l ly as descr ibed by Madey.17 Negative signals from the anodes 
of the lP21s in counters C2 and C3 a r e clipped to a t ime length of 
5 x 10-9 seconds and l imited in amplitude to about 3 volts by the cl ipper 
and l imi te r c i rcui t whose d iagram is shown in F ig . 8. The signals 
a r e then fed into a c rys ta l diode double-coincidence c i rcui t as given 
in Fig. 9. The coincidence output i s amplified by two Hewle t t -Packard 
Model 460A dis t r ibuted ampl i f ie rs and fed into the t r igge r input of a 
Tektronix Type 517 osci l loscope. The gate formed by the osci l loscope 
whenever i ts sweep is t r iggered is fed to a sca le r , which thus counts 
the coincidence output pu lses . The osci l loscope t r igger amplif ier gain 
control s e r v e s as a d i sc r imina to r . The single pulses from counters 
C2 and C3 a r e counted by taking smal l s ignals from the coincidence 
c i rcu i t moni tor output and feeding them through Hewle t t -Packard 
Model 460B dis t r ibuted ampl i f ie rs and l inear ampl i f iers to s c a l e r s . 
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Fig . 7. E lec t ronics Block Diagram. 
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Fig. 8. Clipper and Limiter Circui t . 
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Fig. 9. Crys ta l Diode Double-Coincidence Circui t . 
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Signals from the 5819 phototube in counter C2 and from the 1P21 

phototubes in counters C4 to C10 a r e combined in an adding and delaying 

circui t and connected through a length of 93-ohm delay cable, through 

the 125-ohm cable to the counting area, through two simple impedance-matching 

networks and an at tenuator , to the signal input of the osci l loscope. 

Double-shielded 93-ohm delay cable was used in the synchrotron magnet 

room to reduce rf pickup. A few db of attenuation was used in the line 

to reduce ref lect ions. The pulses a r e amplified by the dis t r ibuted 

ampl i f iers in the oscil loscope and presen ted on a one-microsecond 

sweep. The adder and delay c i rcui t is shown in Fig. 10. It cons is t s 

of a long coaxial line with the phototube anodes connected to the center 

conductor at about 50-foot in te rva l s . Matching coils of 0.04-μh 

inductance were used for connecting the anodes into the l ine. This 

value of inductance was calculated from the phototube anode capacity 

and the line impedance. It is not cer ta in that these inductances a r e 

essen t ia l ; the i r inductance is of the o rde r of magnitude of the inductance 

of the anode lead in the tube. The line was te rmina ted in a 93-ohm 

r e s i s t o r at the end which was connected to Counter C 1 0 . The 50-foot 

lengths of 93-ohm cable were s tored on a spool mounted on the counter 

telescope chassis behind counter C10. 

A single high-voltage supply was used for range counters C4 through 

C 1 0 , but var iab le r e s i s t o r s were provided for adjusting individual photo­

tube vol tages . The voltages were adjusted to give approximately uniform 

pulse heights when 340-Mev protons t r a v e r s e d the counter te lescope. 

F . Photographic Method 

A General Radio 35-mm osci l loscope c a m e r a was used to photograph 

the osci l loscope t r a c e s . Eas tman Linagraph Pan film was moved 

continuously through the c a m e r a at r a t e s such that about 30 t r a c e s per 

foot of film were recorded . With a sweep speed of 100 mi l l imic roseconds 
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Fig . 10. Adder and Delay Circuit . 
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per cm and an ape r tu re of f/2 it is possible to turn the osci l loscope 

intensity down below its maximum setting to give a very fine l ine. After 

development the number of pulses on each sweep and the height of the 

pulse from C2 were read with the aid of a Recordak F i lm Reader and 

a suitable paper sca le . 

Examples of osci l loscope t r a c e s obtained with the above a r r angemen t 

a r e shown in Fig . 11. These examples a r e d iscussed in the section 

on the t r ea tment of data. 

G. Apparatus for Second Synchrotron Run 

After the f i rs t synchrotron run severa l changes were made in the 

appara tus to reduce background and improve par t ic le identification. 

The genera l a r r angemen t was s imi l a r to that shown in F ig . 1 with the 

following exceptions: To remove e lec t rons from the incident photon 

beam a smal l sweeping magnet was placed between the second and 

third co l l imators . The plane of the magnet gap was ver t i ca l , so that 

e lec t rons and pos i t rons were swept out of the plane of the beam and 

telescope axis . The cover surrounding the deuter ium target was p r o ­

vided with long pipes to remove the beam entrance and exit windows 

from the vicinity of the ta rget p roper . The pipe on the entrance side 

extended through the sweeping-magnet gap so that the ent rance window 

preceded the sweeping magnet . 

The deuter ium container was changed from 1.5 inches in d iamete r 

to 4 inches in d iamete r . The thickness of the b r a s s walls r emained 

at 2 m i l s . With this ta rget a r rangement , the target- ful l : t a rge t - empty 

counting ra t io was considerably inc reased . The hole in the lead block 

preceding the counter te lescope was inc reased in width to 3 inches 

because of the wider proton source . 

Exper ience gained in the f i r s t synchrotron run led to the belief that 

a t forward angles spurious counts were occasional ly obtained. It was 
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Fig. 11. Examples of Oscilloscope T r a c e s . 
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suspected that a photon might convert in the thick Absorber A1 and 

produce a group of e lec t rons that could be mistaken for a proton. This 

problem is d iscussed more fully in Section IV-B. To d i sc r imina te 

against neut ra l pa r t i c l e s , Counter C1 was placed at the front of the 

counter te lescope . It consisted of a plast ic scint i l la tor disk 3 inches 

in d iameter and 0.535 inch thick, with a single 1P21 viewing i ts edge 

through a short light pipe. A signal from the las t dynode of the photo­

tube was fed to the adder and delay c i rcui t . The pulse from this 

counter appeared at the beginning of the osci l loscope t r a c e and with 

a polar i ty opposite from that of the other pu l ses . 

In the f i rs t exper imenta l a r r angemen t the range counters had to be 

made quite thin because of the smal l proton energy in tervals at 141 o . 

When the te lescope was used at forward angles where the proton 

energies a r e r a t h e r high, the signals obtained from the range counters 

were r a the r smal l . Also, one pulse would occasional ly be miss ing 

from a s e r i e s of range pulses . This suggested the possibil i ty of 

insensi t ive spots in the thin plas t ic sc in t i l l a to rs . A new set of 

sc in t i l la tors was therefore constructed for use in the second run. The 

plast ic from which they were made was tes ted for sensi t ivi ty with an 

ul t raviolet light. The th icknesses of the counters were de termined by 

the proton energy in tervals at 49o and by the space available on the 

counter c h a s s i s . They var ied in thickness from 0.356 inch for C4 to 

1.0 inch for C 1 2 . 

A Dumont Osci l lograph Record C a m e r a Type 321 was used in the 

second run. It was equipped with a device that closed the f i lm-advancing 

solenoid for a fraction of a second each t ime a sweep was produced on 

the osci l loscope. The c a m e r a film speed was adjusted so that the 

film was advanced about 0.25 inch for each sweep. 
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III. COLLECTION OF DATA 

The deuter ium target was carefully aligned in the photon beam and 

the counter te lescope car t was placed with its pivot d i rect ly under the 

center of the ta rge t . A scale on the large car t table provided an 

accura te means of measur ing the labora tory angles . The al ignment of 

the ta rge t in the beam was checked periodical ly with photographic 

p la tes . In the f i rs t run a 0.5-inch p r i m a r y col l imator was used. The 

beam d iamete r at the ta rget was 1-3/8 inches , and the t a rge t d iamete r 

was 1.5 inches . Since the beam was a lmos t as la rge in d iamete r as 

the ta rge t , it was neces sa ry to mainta in the ta rget in accura te al ignment. 

In photographs taken at the exit window of the t a rge t cover it was 

possible to see the deuter ium container walls and thei r position re la t ive 

to the beam. 

Setting the operating level of the counting sys tem presen ted no 
grea t problem. Since a photographic method is used to identify the 
protons , the pr incipal r equ i remen t is that the counting device be at 
leas t sensi t ive enough to detect pro tons up to about 210 Mev. One does 
not want, however, to opera te with excess ively high sensi t ivi ty because 
of the high electron-count ing r a t e s encountered at forward angles . The 
osci l loscope t r igger amplif ier gain was set at such a level that 2-volt 
pulses 10 mi l l imic roseconds long fed into the c l i ppe r - l im i t e r c i r cu i t s 
would jus t t r igge r the sweep. Then the voltages on the two coincidence 
phototubes were set at 1.6 kv. The tubes were selected to give approxi ­
mate ly equal pulse heights when operated at equal vol tages . Operation 
of the counter te lescope in a low-intensi ty 340-Mev proton beam from 
the 184-inch cyclotron indicated that the lower end of the plateau for 
detecting protons of this energy occured at about 1.5 kv. During the 
f i r s t synchrot ron run the counter was placed at 49o and operated with 
coincidence tube voltages ranging from 1.45 kv to 1.7 kv. Subsequent 
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analys is of the data indicated that 1.6 kv was a sat isfactory operat ing 

point. In operat ion at 1.6 kv la rge numbers of mesons were always 

detected. Many of these pa r t i c l e s produced smal le r dE/dx pulses than 

the h ighes t -energy pro tons . This was taken as evidence that the 

counter was detecting the protons with high efficiency. 

During the run the counter was changed from angle to angle at 

frequent in te rva l s . The ta rge t was frequently emptied for blank runs . 

It was found that placing a 2-inch lead b r i ck in front of the counter 

te lescope reduced the counting ra t e to essent ia l ly ze ro . This indicates 

that p rac t ica l ly all counts were produced by pa r t i c l e s coming through 

the lead channels from the direct ion of the ta rge t . 

The total beam energy was measured using a Cornell-type thick-walled 

ionization chamber . Because of other exper iments that were 

being done concurrent ly with this one, it was not always possible to 

have the Cornel l chamber in place immediate ly behind the deuter ium 

target . The thin-walled preco l l imator ionization chamber was used 

as a secondary standard, but it was ca l ibra ted in t e r m s of the Cornel l 

chamber at l eas t twice per day. At no t ime did the ra t io of the readings 

obtained from the two chambers vary m o r e than ± 4% from the mean 

value, and general ly the var ia t ion was somewhat l e s s than th is . 

Monitoring of the beam is considered in more detail in Section IV-D. 

At tempts were made in both synchrotron runs to obtain c r o s s sections 

at a labora tory angle of 24 o . With the a r r angemen t used, however, it 

did not prove possible to make a sat isfactory separat ion of protons from 

the background. The difficulties encountered a r e d iscussed briefly in 

Section IV-B. 
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IV. TREATMENT OF DATA 

A. Reading and Plotting of Data 

The film was projected upon the sc reen of a Recordak F i lm Reader . 

The image size was approximately 4.5 t imes the size of the t r ace on 

the ca thode- ray tube face. A special paper scale was const ructed for 

use in measur ing the height of the dE /dx pulse and the number of 

range pu lses . The scale had a base line that was placed along the base 

of the image on the r e a d e r sc reen . The pulse-height scale had 2 .2-mm 

divisions corresponding to 0 .5-mm divisions on the ca thode- ray tube 

face. The proton dE/dx pulses were general ly 1 to 2 cm high on the 

ca thode- ray tube or 20 to 40 divisions high on the scale . No a t tempt 

was made to read the pulse heights to l e s s than one scale division. The 

reading e r r o r was es t imated at ± 3% or l e s s . Ver t ica l numbered l ines 

on the scale indicated the p roper position of the range pulses re la t ive 

to the dE/dx pulse. Unless a range pulse appeared within about 1/8 inch 

of i t s p rope r position along the base line it was not counted. 

As the film was read, numbers giving the dE /dx pulse height and 

number of range pulses were r eco rded on a Soundscr iber dictating 

machine . The data were l a t e r plotted from the r e c o r d s . In this 

manner something like 500 events pe r hour could be r ead and plotted. 

Not every t r a c e that appeared on the film was read . Events p r o ­

duced by e lec t rons or low-energy mesons were easi ly recognized and 

were general ly ignored. After reading a sample of a given group of 

data one could set a lower l imit on the dE/dx pulse height to be read . 

In reading the data from the second run there was the additional 

r equ i remen t that the positive pulse from counter C1 be p re sen t . (See 

T race No. 4 in Fig . 11). No pa r t i cu la r use was made of the height 

of this pulse; only i ts p resence in the p roper position was requ i red . 
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F r o m the Soundscriber r e c o r d s a point for each event was plotted 

upon coordinate paper with the dE/dx pulse height as ordinate and 

number of range pulses as absc i s sa . Plots of two smal l samples of 

data a r e shown in F ig . 12. 

B. Identification of Protons 

In the data plots , one sees the proton points in a line fairly well 

separa ted from the mesons below. There a r e always some points in 

the region between the proton line and the mesons . Many of these points 

a r e due to protons that in terac t with nuclei in the range counters or the 

a b s o r b e r s between them. A high-energy proton, for example, produces 

a re la t ively small dE/dx pulse and, if it happens to be absorbed or 

strongly deflected by a nucleus in the ear ly pa r t of the counter, it 

appears to stop in one of the ea r ly range channels . Thus a point some­

what below the proton line is produced. This effect is m o r e se r ious 

at the forward angles . This is because of the wider range of proton 

energies involved at the forward angles and the resul t ing g rea t e r slope 

of the proton l ine. 

In ins tances where the re was any question a s to where the line 

separat ing protons from mesons should be drawn, pieces of data taken 

under the same conditions were grouped together and h i s tog rams were 

drawn for the points in each range channel. Typical examples of such 

h i s tog rams a r e given in F ig . 13. In genera l , the separat ion improved 

upon going to lower energ ies and m o r e backward angles . This is as 

expected because of the higher resolut ion of the dE/dx counter for 

lower -energy pa r t i c l e s and because of the smal le r slope of the proton 

line at backward angles . 

Let us consider the sample t r a c e s in Fig . 11. Number 1 is found, 

upon being plotted with many other events from the same run, to be a 

proton. It en te red the fifth range counter but failed to r each the sixth, 
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Fig. 12. Examples of Data P lo ts . 
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Fig. 13. Differential Pulse-Height Spectra in dE/dx Counter 
for Pa r t i c l e s of Defined Residual Range. 
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it fell in Channel 5. Most events showed an inc rease in range pulse 
height as the par t ic le slowed down. This was not always t rue , however, 
because the light collection was not very uniform in the range counte rs . 
Also, no grea t effort was made to adjust trie voltage on the range 
counters to give the proper re la t ive pulse height. T race No. 2 was 
produced by a meson stopping in Channel 9. T race No. 3 was probably 
produced by an electron. The counter te lescope a s it was used in this 
exper iment did not make a clean separa t ion between mesons and 
e lec t rons . T r a c e s 4 through 6 were taken from the second synchrotron 
run with counter C1 in operat ion. T r a c e 4 r e p r e s e n t s a normal proton 
event. Since the re is no posit ive pulse on Trace 5, it was apparently 
produced by an uncharged par t ic le incident upon the counter te lescope. 
The decreas ing size of the range pulse causes one to suspect that the 
t r a c e was not produced by a proton, but because of the nature of the range 
counters one does not feel justified in reject ing the event on this bas i s 
alone. Number 6 is an example of a t roublesome type of event that 
occur red only very r a r e l y at 49o but with increas ing frequency at 
m o r e forward angles . The formal r equ i rement s for a proton a r e 
fulfilled, but because of the smal l decreas ing range pulse height one 
strongly suspects that it is not a proton. Events such as this were 

so numerous in the 24o data that a sa t is factory proton separat ion was 

imposs ib le . 

C. Correc t ion to the Proton Spectra 

There is an appreciable probabil i ty that a proton in pass ing through the counter te lescope will in te rac t with a nucleus and be absorbed or s trongly deflected. In other deuteron photodisintegration exper iments where range or energy counters have been used, the cor rec t ion for this effect has been calculated on the bas i s of assumpt ions about the c r o s s sections and angular d is t r ibut ions involved. Yamagata et al .1 8 
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found that in the energy range of this exper iment a maximum cor rec t ion 

of 17.6% was obtained if the geomet r ica l c r o s s section was taken as 

the nuclear sca t ter ing c r o s s section. On the assumption of total 

neutron c r o s s sect ions, a maximum cor rec t ion of 28.3% was calculated. 

This was taken as an upper l imit to the cor rec t ion . Gilbert and 

Rosengren calculated a maximum cor rec t ion of 40%, using geometr ic 

nuclear a r e a . Because of the magnitude of the effect and the uncer ta in t ies 

in i ts calculation, the cor rec t ion for the counter used in this exper iment 

was de te rmined exper imental ly . 

The 340-Mev proton beam from the 184-inch cyclotron was used in 

making the m e a s u r e m e n t s . Monoenerget ic proton beams of var ious 

energ ies were generated by sca t te r ing the 340-Mev proton beam with 

a CH2 t a rge t . Chamber la in et al.19 and Hadley et al.20 desc r ibe 

nucleon-nucleon sca t te r ing exper iments and give formulas for the 

dynamics . F igu re 14 gives the a r r angemen t for the cal ibrat ion 

exper iment . Counter A detected one of the protons and Counters B 

and C detected the other . Signals from the three counters went to a 

t r ip le-coincidence circui t , the output of which t r iggered the sweep of 

the Tektronix Model 517 osci l loscope. The counter te lescope was 

placed immedia te ly behind Counter A so that monoenerget ic protons 

se lec ted by the coincidence a r r a n g e m e n t would pass through the 

te lescope . Signals were fed f rom the counter te lescope to the osc i l lo­

scope just a s in the synchrot ron runs except that the posit ive signal 

was taken from Counter A instead of the te lescope Counter C 1 . 

To get proton beams with smal l energy spread it was n e c e s s a r y 

to use thin CH2 t a rge t s and good angular resolut ion. Targe t th icknesses 

of ei ther 0.59 g / c m 2 or 0.265 g / c m 2 were used. The incident proton 

beam was col l imated with a 0 .25- inch-d iameter col l imator . Counter 

A consisted of a plast ic scint i l la tor 3/8 inch wide by 1.5 inches high. 

Counters B and C were 3 inches high and had an effective width of 1 inch. 
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Fig . 14. Arrangement for Calibration Experiment . 
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With this a r r angemen t it was possible to get proton beams of var ious 

energies with energy spreads comparable to or l ess than the channel 

width in the range counter. When a carbon target was substi tuted for 

the CH2 t a rge t , the counting ra te dropped to 20% or l ess of the CH2 

counting r a t e . Examination of the t r a c e s produced by these carbon 

events showed that in most cases the height of the dE/dx pulse was not 

c o r r e c t for a proton of the energy under considerat ion. Thus the 

contribution from the carbon in the CH2 t a rge t was negligible. With 

the angle Φ set at a fixed value, the counting ra te a s a function of the 

angle θ was observed. Changing θ by ± 1.5o from its calculated value 

reduced the counting ra te by about 60%, and changing θ by ± 2.5o reduced 

the counting ra te m o r e than 95%. Thus it appeared quite cer ta in 

that only proton-proton scat ter ing events were being observed. 

To obtain information on the nuclear absorpt ion for a given channel 

in the range counter and for a given set of range a b s o r b e r s , the angle 

Φ was set to give protons of the appropr ia te energy. Then θ was set 

at the angle calculated for the companion proton. About 1, 000 counts 

were then taken and recorded photographically. Upon reading the film 

one could tell (a) how many of the protons failed to get to the range 

channel they should have reached, and (b) the apparent stopping point 

of those that fell short . The above p r o c e s s was repeated for each set 

of a b s o r b e r s . In mos t cases th ree different proton energ ies were used 

for each set of a b s o r b e r s . 

F igure 15 shows the attenuation data obtained. The percen tages of 

protons lost before reaching var ious channels a r e plotted a s functions 

of the set of a b s o r b e r s in use . F igure 16 gives the same exper imenta l 

points except that they a r e plotted v e r s u s range channel for var ious 

se ts of a b s o r b e r s . The curves drawn in the two figures a r e the resu l t 

of an at tempt to smooth the data in two d i rec t ions . Pe rcen t ages for 

use in the absorpt ion cor rec t ion were read from these cu rves . 
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Fig . 15. Nuclear Attenuation as a Function of Angle. 
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Fig . 16. Nuclear Attenuation as a Function of Range Channel. 
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When a proton in terac ted with a nucleus in such a way that it failed 

to r each the channel it should have, it was not lost completely but 

appeared to stop in some channel n e a r e r the front of the te lescope. 

Thus two cor rec t ions to the number of protbns in a given channel were 

neces sa ry . It was neces sa ry to add a number to account for the loss 

of protons that should have reached the channel, and to subt rac t a 

number to account for protons that should have reached a higher channel 

but which appeared to stop in the channel under considerat ion. With 

the detailed data giving the fate of protons that failed to r each thei r 

p roper channel, plots such as F ig . 17 were made for each set of 

a b s o r b e r s . Consider , for example, the curve labeled Channel 7. It 

is concerned with incident protons of such an energy that they should 

have reached Channel 7. Pe rcen t ages read from this curve give the 

percentage of these protons that appeared to stop in the channels 

preceding Channel 7. 

In applying the nuclear absorpt ion correc t ion , actual plots of data 

such a s those shown in Fig . 12 were used. Considerat ion was given to 

the position of the line separa t ing protons from mesons . Some protons 

that fell shor t of thei r p roper channel appeared to fall in the proton 

region, whereas o thers were below it. The maximum cor rec t ion ob­

tained was 26%. 

D. Calculation of C r o s s Sections 

The differential c ro s s section for a given labora tory angle and a 

given photon energy is 

dσ(θ, E γ) = (protons in ∆ Ep/uni t beam) 
• 

dΩ 
= 

∆Ω(photons in ∆ E γ /uni t beam)( targe t d e u t e r o n s / c m 2 ) 
• 

Here ∆Eγ is one of the photon spec t rum in terva ls descr ibed in Section II-D. Eγ is taken as the center of this in terval . ∆Ep is the proton 
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Fig . 17. Nuclear Absorption Correc t ions for 106° Absorbe r s . 
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energy in terva l corresponding to ∆Eγ. ∆Ω is the proton detector solid 

angle. 

Each of the quantit ies in the above express ion is d i scussed and some 

considerat ion is given to the possible e r r o r s involved. The e r r o r s 

quoted for the differential c r o s s sect ions a r e s tandard deviations due 

to counting s ta t i s t i c s . The cor rec t ion for absorpt ion of protons in the 

counter te lescope has been d i scussed in the previous section. A smal l 

additional cor rec t ion due to absorpt ion or sca t te r ing of protons by the 

deuter ium in the ta rge t and the t a rge t walls might be called for, but 

the effect is smal l . It was es t imated that the absorpt ion in the ta rge t 

was comparable to that in Counter A in the exper imenta l a r r angemen t 

used in measur ing the absorpt ion cor rec t ion . Therefore , no additional 

cor rec t ion was made for t a rge t absorpt ion. No cor rec t ion was made 

for loss of protons due to mult iple sca t te r ing . The counter was con­

s t ruc ted with a smal l defining counter and large range counters to 

minimize this effect. The empi r i ca l cor rec t ion obtained at the 

cyclotron should account in par t , at leas t , for any mul t ip le - sca t t e r ing 

l o s s . 

The number of protons in ∆ Ep per unit beam to be used in the 

calculation of c r o s s sections is obtained by subtract ing the number per 

unit beam with the ta rget empty from the number per unit beam with 

the ta rge t full. Typical target - ful l : t a rge t -empty ra t ios were 3.5 for 

the f i rs t synchrotron run and 7.0 for the second. 

The pr incipal sources of uncer ta in ty in proton energy m e a s u r e m e n t 

a r e width of the range channels , var iable energy loss in the ta rge t , and 

range straggling. If the width of a range channel r ep re sen t ed the only 

uncer ta in ty in determining the proton energy, we could specify the 

corresponding photon energies a s being within about 4 .8% of the energy 

at the center of the photon energy in terva l . This i s jus t the resu l t of 

taking a photon energy in te rva l width of 10% of the lower - l imi t energy. 
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The g rea te s t uncertainty introduced by the t a rge t thickness is for the 

c ro s s section measu red at 141o and Channel 3. There the proton 

energy spread of ± 3.9 Mev cor responds to an uncertainty in photon 

energy of about ± 23%. This is a r a t h e r l a rge uncertainty, but occurs 

in a region where the c r o s s section changes very slowly with energy. 

A m o r e typical value for uncer ta inty in photon energy because of ta rge t 

thickness is ± 2.3% for 75o Channel 5. In the second synchrotron run, 

with the 4 - inch-d iamete r ta rget , the above uncer ta inty ranged from 

± 1.8% to ± 8.4%. The uncertainty due to range straggling is always 

a smal l fract ion of the width of the range channels , and therefore is 

not very important . There may be a slight shift in the energy scale 

because a proton mus t penet ra te a finite dis tance into a range counter 

before it can make a d iscernible pu lse . It was found that 340-Mev 

protons expending 0.6 Mev in the thinnest range counter made a pulse 

severa l t imes the minimum discern ib le height. Therefore , even 

considering the lower l ight-producing efficiency of a proton coming 

to r e s t in a counter , it is thought that a proton of 1 Mev coming to 

r e s t in one of the range counters would produce a pulse of sufficient 

height. Thus the shift in energy scale due to the above effect is sma l l 

and has been neglected. 

The solid angle, ∆Ω, subtended by the proton counter is 3.35 x 10-3 

s teradian . Es t imated e r r o r s in counter d iamete r , t a rge t - to -coun te r 

d is tance , and poss ible edge effects suggest a possible e r r o r of not 

m o r e than 2% in the solid angle. 

In the f i rs t synchrotron run the t a rge t d iamete r was 1.56 ± . 008 

inches at room t e m p e r a t u r e . The calculated shr inkage in cooling to 

liquid hydrogen t empera tu re was 0.005 inch. The m e a s u r e d beam 

d iameter at the ta rge t was 1.42 ± .01 inches . Because the beam was 

nearly as large in diameter as the target, and because of the non-uniformity 

of the beam intensity over the beam diameter, it was 
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n e c e s s a r y to calculate an effective ta rge t th ickness . This thickness 

may be expressed by 

= 

⌠Ir ∆x dA 
= 

⌠ I r
. d A 

where Ir is the beam intensity at rad ius r from the center of the beam, 

and ∆x is the th ickness of the t a rge t at the e lement of a r e a dA. The 

integrat ion is over the beam a r e a at the ta rge t . Ir was obtained from 

the data of Anderson et al,26 a s given in Fig. 3. The above express ion 

leads to a complete elliptic integral , which may be evaluated with the 

aid of tab les . The resul t ing weighted target th ickness i s 1.348 inches . 

Woolley et a l . 2 1 give 0.17041 g / c m 3 a s the density of liquid deuter ium 

at the normal boiling t empera tu re of hydrogen. The effective number 

of ta rget deuterons obtained from the above information should be in 

e r r o r by l e s s than 1%. 

In the second synchrotron run the ta rge t d iamete r was approximately 

4 inches, while the beam d iamete r was approximately 5/8 inch. It did 

not prove n e c e s s a r y to calculate an effective t a rge t th ickness a s in the 

f i r s t exper imenta l a r r angemen t . The m e a s u r e d t a rge t th ickness , 

adjusted very slightly for the var ia t ion in thickness over the beam a r e a , 

was 3.95 ± 0.01 inch. 

The unit of beam was taken a s that requi red to produce 0.1 micro-coulomb 

of charge in the p reco l l imator ionization chamber . This 

chamber was frequently calibrated in terms of the Cornell-type thick-walled 

ionization chamber. The calibration of this latter chamber was 

taken a s 3.74 x 1018 Mev total beam energy per coulomb of charge 

collected. This value is given for a chamber filled with a i r at normal 

t empe ra tu r e and p r e s s u r e , and for an upper photon energy of 315 Mev. 

Cor rec t ion was made for the actual p r e s s u r e and t empera tu re of the 

a i r in the chamber . 

The above value for the Corne l l - chamber cal ibrat ion is subject to 
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some uncertainty. During the second synchrotron run the Cornel l 
chamber was ca l ibra ted by use of the f i r s t method of Blocker et a l . , 2 2 

with a r e su l t of 3.34 x 1018 Mev /cou lomb- -a value about 11% lower 
than the 3.74 x 1018 Mev/coulomb cal ibrat ion obtained at Cornel l 
Universi ty. 

A recen t p repr in t from the California Institute of Technology36 

synchrotron group repor ted cal ibrat ion of this type of chamber at 

500 Mev. Using a pa i r spec t romete r , they obtained a value of 

4.75 x 1018 Mev/coulomb, and with a shower method, 4.12 x 1018 

Mev/coulomb. They take the ave rage value of 4.44 x 10 1 8 , and s tate 

that it co r responds to 3.91 x 1018 a t 300 Mev. If one then in terpola tes 

to get the value at 335 Mev, one obtains 4.00 x 10 1 8 , which is 7% higher 

than the value used in th is exper iment . 

The ra t io between readings obtained in individual synchrotron runs 

with the pre col l imator chamber and with the Cornel l chamber var ied 

a s much a s ± 4% from the mean ra t io . Sixty- three percent of the 

ra t ios were within ± 2%. F o r express ing the p reco l l imator units of 

beam in t e r m s of the Cornel l units the mean ra t io was used. It was 

felt that this was justified because the angle of observat ion and ta rge t 

were changed at frequent in te rva ls during the exper iment so that 

var ia t ions in the cal ibrat ion of the p reco l l ima tor chamber would tend 

to cancel out. 

To obtain the number of photons in a given energy interval pe r 
unit of beam we consider the following express ion for the total energy 
per unit of beam: 

U = n⌠o
Eo P ( E Y , E o ) E Y d E γ .  

Here P ( E γ , E o ) is the re la t ive probabil i ty for production of a photon 

of energy Eγ when the synchrotron ta rge t i s bombarded with e lec t rons 

of energy E o . It is this quantity, co r r ec t ed for spread in e lec t ron 
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energy and multiplied by E γ , that is plotted as curve C in F ig . 2. 
Fu r the r , n is a number such that n P ( E γ , E o ) gives the number of 
photons of energy Eγ per Mev in a unit of beam. The value of n was 
obtained from the above formula, by use of a numer ica l evaluation of 
the integral and the value of U as m e a s u r e d by beam monitor . The 
number of photons in an energy in terval ∆Eγ is then 

n P ( E γ , E o ) Eγ ∆Eγ/Eγ. 
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V. RESULTS AND DISCUSSION 

A. Differential and Total C r o s s Sections 

Laboratory and c e n t e r - o f - m a s s differential c ro s s sections for 

var ious energ ies and angles a r e given in Table I. The c e n t e r - o f - m a s s 

c ro s s sections for var ious labora tory angles a r e plotted as a function 

of energy in F i g s . 18 to 22. F igu re 19 gives c r o s s sect ions obtained 

in the f i rs t and second synchrotron runs . The agreement i s seen to 

be sa t is factory. F o r obtaining angular dis t r ibut ions and total c r o s s 

sect ions, data from Channels 1 and 2, from 3 and 4, from 5 and 6, and 

from 7 and 8 were combined. The 49o data from the two runs were 

combined. F i g u r e s 23 to 27 show the angular d is t r ibut ions for labora tory 

photon energ ies of 143, 173, 209, 253, and 293 M e v . The curves shown 

in these f igures a r e the r e su l t of fitting cu rves of the form 

dσ/dΩ'= A + B cos θ' + C cos2 θ' to the exper imenta l points . Some 

notes on curve fitting a r e given in Appendix B. The r a t ios of the 

constants B and C to the constant A a r e plotted a s a function of photon 

energy in Fig . 28. Integrat ion of the angular dis t r ibut ion curves gives 

for the total c r o s s section στ = 4π(A + C ). F igu re 29 shows the for the total c r o s s section στ = 4π(A + 
3 ). F igu re 29 shows the 

total c r o s s sect ions as functions of energy. 

B. Compar ison with other Exper imen t s 

High-energy photodisintegrat ion of deuterons has been under 

investigation at most l abora to r i e s where a c c e l e r a t o r s a r e avai lable , 

and at leas t p re l imina ry r e su l t s on seve ra l of these exper iments have 

been repor ted . F o r example, Keck et a l . , 2 3 working at Cornel l , 

m e a s u r e d angular d is t r ibut ions at photon energ ies of 180 and 260 Mev. 

They employed a counter te lescope, which m e a s u r e d dE/dx and range . 

Their differential c r o s s sect ions a r e shown with r e su l t s of this 

exper iment in F i g s . 24 and 26. The total c r o s s sect ions a r e included 
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Table I 

Differential c ro s s sect ions for photodisintegration of deuterons 
at var ious energies and angles . (θ = l a b . ; θ' = c . m . ) . 

θ 
(Deg) <Eγ> 

(Mev) 

θ' 
(Deg) 

Photons in ∆Eγ 
per unit beam 

d σ / d Ω 
(μb) 

d σ / d Ω ' 
(μb) 

36 150 
165 

42.8 
43.2 

0.503 × 108 

0.490 
12.7±0.9 
8.8±0.9 

9.6±0.7 
6.6±0.7 

182 43.5 0.482 8.5±1.1 6.3±0.8 
200 43.9 0.471 6.9±1.0 5.1±0.8 
220 44.4 0.462 9.9±1.0 7.1±0.7 
242 44.8 0.454 8.6±0.9 6.1±0.6 
266 45.3 0.443 10.5±1.0 7.4±0.7 
293 45.7 0.417 8.5±0.9 5.9±0.6 

49 136 57.3 0.518 × 1 0 8 9.7±1.2 7.8±0.9 
(Run II) 150 

165 
57.7 
58.2 

0.503 
0.490 

10.1±1.4 
8.4±1.1 

8.1±1.1 
6.7±0.9 

182 
200 

58.6 
59.1 

0.482 
0.471 

7.9±1.2 
6.6±1.2 

6.2±0.9 
5.2±0.9 

220 59.7 0.462 8.3±1.0 6.4±0.8 
242 60.2 0.454 8.7±1.0 6.7±0.8 
266 60.8 0.443 8.0±1.2 6.1±0.9 
293 61.4 0.417 7.5±1.2 5.8±0.9 

49 136 57.3 2.41 × 108 10.0±1.0 8.1±0.8 
(Run I) 150 57.7 2.34 7.3±1.0 5.8±0.8 

165 58.2 2.28 8.0±0.9 6.4±0.7 
182 58.6 2.24 8.9±0.9 7.0±0.7 
200 59.1 2.19 6.5±0.8 5.1±0.6 
220 
242 

59.7 
60.2 

2.15 
2.11 

7.8±0.9 
8.1±0.8 

6.1±0.7 
6.3±0.6 

266 60.8 2.06 8.9±0.9 6.8±0.7 
293 61.4 1.94 9.2±0.9 7.0±0.7 
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T a b l e I ( con t inued) 

D i f f e r e n t i a l c r o s s s e c t i o n s for p h o t o d i s i n t e g r a t i o n of d e u t e r o n s 
a t v a r i o u s e n e r g i e s and a n g l e s . (θ = l a b . ; θ' = c . m . ) . 

θ 
(Deg) 

<Eγ> 
(Mev) 

θ' 
(Deg) 

P h o t o n s in ∆Eγ 

p e r uni t b e a m 
dσ/dΩ 

(μb) 
dσ/dΩ' 

(μb) 

75 136 85.7 2 .41 x 10 8 6.7±0.7 6 .4±0.7 
150 86 .2 2.34 8.0±0.7 7.7±0.6 
165 86.8 2.28 7.2±0.7 6 .9±0.7 
182 87 .3 2.24 6 .2±0.7 6 .0±0.7 
200 87 .9 2.19 6 .8±0.7 6.5±0.6 
220 88.6 2.15 6 .2±0.7 6 .1±0.7 
242 
266 

89 .2 
89 .9 

2.11 
2.06 

6 .9±0.7 
7.5±0.7 

6 .7±0.7 
7.3±0.7 

293 90.6 1.94 6 .2±0.7 6.0±0.6 

106 136 116.5 2 .41 x 10 8 4.2±0.6 4 .9±0 .7 
150 117.0 2.34 3 .7±0.5 4 .4±0.6 
165 117.5 2.28 3 .7±0.5 4 .4±0.6 
182 118.1 2.24 3 .3±0.5 4 .0±0.6 
200 118.7 2.19 4 .5±0 .5 5.5±0.6 
220 
242 

119.3 
120.0 

2.15 
2.11 

4 .7±0 .5 
3.5±0.6 

5.9±0.6 
4 .5±0.7 

266 120.7 2.06 4 .8±0 .5 6.1±0.6 
293 121.3 1.94 4 .8±0 .5 6 .2±0.7 

141 165 148.5 2.28 x 10 8 1.7±0.4 2.3±0.6 
182 148.8 2.24 1.8±0.5 2 .5±0.7 
200 
220 

149.2 
149.6 

2.19 
2.15 

1.8±0.4 
2.6±0.5 

2.5=0.6 
3.8±0.7 

242 150.0 2.11 2 .1±0.5 3.2±0.7 
266 150.4 2.06 3 .1±0.5 4 .8±0.7 
293 150.8 1.94 1.8±0.5 2.8±0.8 
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Fig . 18. Differential C ros s Sections Versus Photon Energy for θ=36°. 
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Fig . 19. Differential C r o s s Sections Versus Photon Energy for θ=49o . 
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Fig . 20. Differential C r o s s Sections Versus Photon Energy for θ=75o . 
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Fig. 21. Differential C r o s s Sections Versus Photon Energy for θ=106°. 
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Fig . 22. Differential C ros s Sections Versus Photon Energy for θ=141o . 
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Fig . 23. Angular Distribution for Eγ = 143 Mev. 
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Fig. 24. Angular Distr ibution for Eγ =173 Mev. 
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Fig. 25. Angular Distribution for Eγ = 209 Mev 
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Fig. 26. Angular Distribution for Eγ = 253 Mev. 
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Fig. 27. Angular Distr ibution for Eγ = 293 Mev. 
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Fig. 28. Angular Distr ibutions as Functions of Energy. 
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Fig. 29. Total Cross Sections as Functions of Energy. 
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in F i g . 29 . A s e r i e s of e x p e r i m e n t s a t I l l i no i s h a s c o v e r e d the e n e r g y 

r e g i o n f r o m 20 to 260 M e v . A l l en and H a n s o n 2 4 m e a s u r e d c r o s s 

s e c t i o n s f r o m 20 to 65 M e v us ing n u c l e a r e m u l s i o n s . An e x p e r i m e n t 

ex tend ing in to the e n e r g y r e g i o n of t h i s e x p e r i m e n t w a s done by 

Whal in , 2 5 who a l s o u s e d n u c l e a r e m u l s i o n s . Y a m a g a t a e t al .1 8 u s e d 

a p r o t o n c o u n t e r t e l e s c o p e of f ive o r g a n i c s c i n t i l l a t o r s to m e a s u r e 

c r o s s s e c t i o n s at t h r e e a n g l e s and a t e n e r g i e s f r o m 142 to 260 Mev . 

S c h r i e v e r e t a l . 2 7 u s e d n u c l e a r e m u l s i o n s in an e x p e r i m e n t ex tend ing 

f r o m 70 to 235 Mev . Some of the r e s u l t s of the above e x p e r i m e n t s 

a r e c o m p a r e d wi th r e s u l t s of t h i s e x p e r i m e n t in F i g s . 28 and 29. No 

e r r o r s a r e a v a i l a b l e for the r a t i o s B / A and C / A in the I l l i no i s 

e x p e r i m e n t s . 

At C a l i f o r n i a In s t i t u t e of T e c h n o l o g y , T o l l e s t r u p , Keck , a n d S m y t h e 2 8 

h a v e o b t a i n e d e x c e l l e n t a n g u l a r d i s t r i b u t i o n s a t e n e r g i e s f r o m 100 M e v 

to 450 Mev , u s i n g a c o u n t e r t e l e s c o p e tha t m e a s u r e d d E / d x and r a n g e . 

The coe f f i c i en t s of the a n g u l a r d i s t r i b u t i o n s and the t o t a l c r o s s s e c t i o n s 

a r e g iven in F i g s . 28 and 29. 

It i s s e e n f r o m F i g . 28 t h a t t he a n g u l a r d i s t r i b u t i o n s m e a s u r e d in 

t h i s e x p e r i m e n t a r e c o n s i s t e n t w i th t h o s e ob t a ined a t o t h e r l a b o r a t o r i e s . 

In the e n e r g y r e g i o n f r o m 143 M e v to 293 Mev the c o s θ' t e r m , 

r e p r e s e n t i n g the fo re and aft a s y m m e t r y , d e c r e a s e s f r o m a b o u t 35% 

to 15% of the i s o t r o p i c t e r m . T h e r a t i o of t h e c o s 2 θ' t e r m to the 

i s o t r o p i c t e r m d o e s not change v e r y m u c h f r o m an a v e r a g e va lue of 

abou t - 0 . 4 in t h i s e n e r g y r e g i o n . T h i s i s e q u i v a l e n t to s a y i n g tha t 

the s in 2 θ' c o m p o n e n t of the a n g u l a r d i s t r i b u t i o n i s r ough ly e q u a l to 

2 / 3 of the i s o t r o p i c c o m p o n e n t , a s can b e s e e n by w r i t i n g the e x p r e s s i o n 

for the a n g u l a r d i s t r i b u t i o n in t h e f o r m 

d σ / d Ω ' = 1 + C / A + ( B / A ) c o s θ' - (C /A) s in 2 θ'. 

The C a l T e c h d a t a i n d i c a t e a s l i gh t i n c r e a s e in the s in 2 θ' t o w a r d the 
u p p e r end of t h i s r e g i o n . 
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The total c r o s s sect ions obtained in this experiment a r e about 

15% higher than the average of c r o s s sect ions obtained e l sewhere . The 

d iscrepancy is possibly due to the uncer ta in t ies in beam cal ibrat ion, 

as d i scussed in Section IV-D. This explanation is supported by the 

fact that the 49o c r o s s sect ions obtained in the f i rs t and second 

synchrotron runs agreed quite well even though the exper imenta l 

a r r a n g e m e n t s differed somewhat. If we use the cal ibrat ion value of 

4.00 x 1018 Mev/coulomb deduced in Section IV-D from the Cal Tech 

m e a s u r e m e n t s , the d iscrepancy in total c r o s s sect ions is reduced to 

about 8%. This exper iment shows some indication of a drop in total 

c ro s s section between 253 and 293 Mev. 

C. Conclusions 

Although there is no sa t is factory explanation for the observed 

c r o s s sections at high energ ies , some insight into the possible 

mechan i sms involved may be gained by considering a few of the 

proposed theo r i e s . 

The peak in the angular distribution in the vicinity of 90o can 

beexplained as the sin2 θ' contribution produced by the e lec t r i c dipole 

t rans i t ion . The low-energy theor ies 3 , 4 , 5 predic t this shape, and a 

predominantly sin2 θ' angular distribution is obtained by Marshall and 

Guth6 and by Schiff7 in the energy region up to 150 Mev. In their 

calculations these authors used cen t ra l forces and made var ious 

assumpt ions as to the shape, range , and exchange nature of the 

in teract ion between the neutron and proton. Only e lec t r ic dipole and 

e lec t r i c and magnet ic quadrupole t e r m s were considered. No explicit 

r e fe rence was made to meson theo r i e s . The calculat ions showed a 

forward shifting of the peak of the angular dis t r ibut ion a s the energy 

is inc reased . This r e su l t s from an in ter ference between the e lec t r i c 

dipole and e l ec t r i c quadrupole in te rac t ions . The magnet ic quadrupole 
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in teract ion is the only one that gives a contribution at 0o and 180o, and 
i ts magnitude is very smal l compared to the e lec t r i c dipole contribution. 

Exper iments up to 20 Mev revea l an a lmos t pure sin2 θ' angular 

d i s t r i bu t ion , and this shape with a forward shift of the peak predominates 

up to 65 Mev in the work of Allen and Hanson2 4 at I l l inois . An 

isot ropic component not predic ted by the above theor ies is found by 

Allen and Hanson and also by Whalin in an exper iment extending 

from 60 to 165 Mev. The iso t ropic t e r m extends up through the 

energy region of this exper iment . The theor ies of Marsha l l and 

Guth and of Shiff s eem to account fair ly well for the dec reas ing 

sin2 θ' component, but not for the i so t ropic component. Austern , 2 9 

in a calculation extending up to 100 Mev, showed that an isot ropic 

component can a r i s e from a noncentra l force such as the s ingular force used by Case and Pa i s 3 0 in thei r t r ea tmen t of nucleon-nucleon 

sca t te r ing . Austern s ta tes that the force mus t be highly 

s ingular to produce the i so t ropic component. 

The fact that the i so t ropic component of the c r o s s sect ion becomes 

impor tant a s the photomeson production threshold is approached 

suggests an explanation in t e r m s of meson t h e o r i e s . The lack of a 

dis t inct change in the magnitude of the i so t ropic component in the 

vicinity of the meson threshold indicates some p r o c e s s that does not 

compete with the low-energy photomeson production. Such a p r o c e s s 

has been suggested by Wilson.31 He a s s u m e s that if a meson is p r o ­

duced by a photon when the nucleons in the deuteron a r e within a 

rad ius of h / μ c , then the meson and two nucleons in te rac t so s t rongly 

that they come into equi l ibr ium before any pa r t i c l e s a r e emit ted. 

Under such conditions the s ta t i s t i ca l weights favor the reabsorp t ion 

of the meson by one of the nucleons and the emiss ion of two nucleons. 

The probabil i ty of emiss ion of the meson is 10 percent or s m a l l e r . 

If the photon in te rac t s with one of the nucleons when the nucleon 
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separat ion is somewhat l a rge r than h / μ c , then meson emiss ion is more probable than reabsorpt ion . By use of the Hulthen wave function it is found that the nucleons a r e within a rad ius of h/μc about 20 percent of the time. The calculated ratio of photomeson cross section to photo-disintegration cross section at 250 Mev is 3.6 as compared with an observed ra t io of about 7.32 

A possible explanation of the isotropic angular distr ibution of the 
meson contribution to the c r o s s section may be found in an a t tempt to 
analyze the e lec t r i c dipole t rans i t ions a s those from the 3S s tate to 
separa te 3P s t a t e s . The 3Po s tate is isotropic whereas the 3 p 1 and 
3p2 a r e not.34 Thus an isotropic component near the π -meson 
threshold might a r i s e from a p r o c e s s that favors t rans i t ions to the 
3po s t a te . The work of Chew33 suggests a meson reabsorpt ion model 
leading to th is final s ta te . It is a s sumed that the photon in te rac t s with 
one of the nucleons in the deuteron, flipping i ts spin and producing a 
meson in an S s tate . The subsequent reabsorp t ion of the meson 
accor ing to the Wilson31 model would then lead to an odd-par i ty state 
with J = o, or to a 3po s ta te . 

At energies corresponding to the I = 3/2, J = 3/2 resonance in the 
pion-nucleon system one expects an increase in the deuteron photo-disintegration 
cross section because of the increase in photon 

absorpt ion. Using this i sobar model , Aus te rn 3 5 has calculated an 
angular d is t r ibut ion of the form 1 + 3/2 sin2 θ' and a c r o s s section 
having a magnitude in rough ag reemen t with the e a r l i e r data. He used 
a s input data the π+ + D capture c r o s s section, the π + P sca t te r ing 

c r o s s sec t ions , and the γ + P → πo + P c r o s s section. Hanson3 4 has 

repor ted a d iscuss ion by Feld in which the magnitude of the c r o s s 

section was given as 
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This is considerably less than the total c ro s s section of about 65μb 

that is observed in the vicinity of 250 Mev, and it is stated that the 

calculated c r o s s section would st i l l be too low even if one included 

the total photon absorption c r o s s section of about 400 μb instead of the 

πo c ro s s section as that leading to the resonant s ta te . The data show 

a suggestion of the resonance with an angular dis t r ibut ion something 

like that indicated above. 

Although the above considera t ions a r e helpful in understanding 

some of the features of deuteron photodisintegrat ion in the h igh-energy 

region, no definite conclusions can be drawn concerning the exact 

nature of the in terac t ions involved. 

D. Extensions of the Exper iment 

Several poss ibi l i t ies have been suggested for improving the accuracy 

and completeness of the data. P e r h a p s the m o s t obvious extension of 

the exper iment is to continue operat ing with the existing appara tus to 

r educe the s ta t i s t i ca l e r r o r s . With reasonable effort, e r r o r s on the 

differential c r o s s sections could probably be reduced to ± 5%. C r o s s 

sect ions at an additional angle in the vicinity of 160o could be obtained 

without modification of the exist ing equipment. If a thinner dE /dx 

counter were used here and at 141 o , c r o s s sect ions down to a photon 

energy of 136 Mev could be obtained. To obtain re l iable r e su l t s in 

the lower -ene rgy channels at 36o , it would be n e c e s s a r y to opera te 

at a reduced beam energy. If counting errors in the deuteron photo-disintegration 

c r o s s sect ions were reduced to something like ± 5%, it 

would probably be des i rab le to make m o r e accu ra t e m e a s u r e m e n t s on 

the nuclear attenuation in the counter telescope. 

Exper ience with the p resen t counter has suggested the des i rab i l i ty 

of improving the uniformity of light collection from the range counters . 

This would allow one to make be t te r use of the pulse heights from these 
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counters in identifying pa r t i c l e s . This would presumably make 

appreciable improvement in the separa t ion of protons from background 

at the forward angles . If a new counter were constructed, its solid 

angle could be inc reased to severa l t imes i ts present value by using 

a rec tangular a p e r t u r e with i t s long dimension ver t i ca l r a the r than 

the present c i r cu la r ape r tu r e . 

No results have yet been published on high-energy deuteron photo-disintegration 

for labora tory angles of l e s s than about 30 o . If a 

magnet were used, it should be possible to deflect the protons away 

from the beam and reduce the e lec t ron background so that r e su l t s 

could be obtained at smal l a n g l e s , including 0 o . One could a lso 

m e a s u r e c r o s s sections at 180o if des i red . Although c r o s s sect ions 

at these angles do not contribute appreciably to the total c r o s s 

sect ions, they a r e des i rab le for a m o r e p rec i s e knowledge of the 

angular d is t r ibut ion for the p r o c e s s . 

In future work a pair counter will probably be used in addition to 

the other moni to r s to t ry to es tabl i sh m o r e prec i se ly the absolute 

value of the c r o s s sect ions. 
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APPENDIX 

A. Dynamics of Deuteron Photodisintegrat ion 

The proton kinetic energy as a function of photon energy and 

labora tory angle can be obtained by use of the express ions for the 

re la t iv is t ic t ransformat ion of energy and momentum: 

c p x = γcpx
' + β γ E ' , (1) 

cP y = cp y
' , (2) 

CPZ
 = CPZ

', (3) 

E = βγcpx' + γ E ' . (4) 

Here p x , p y , and pz a r e components of momentum in the labora tory sys tem, and E is the total energy in the labora tory . The p r imed quantit ies a r e the corresponding ones for the cen t e r -o f -mass sys tem; cβ is the velocity of the c e n t e r - o f - m a s s sys tem with r e spec t to the labora tory sys tem; also γ = (1 - β2)-1/2. (5) 

We can obtain the β of the c e n t e r - o f - m a s s sys tem by applying 

Eq. (1) and (4) to the -γ + d sys t em before the coll ision. 

Eγ = 0 + βγ(Eγ' + E o ) , (6) 

Eγ + Mdc2 = 0 + γ(Eγ
' + E o ) . (7) 

F r o m Eqs . (5), (6), and (7), 

β = ( E γ / ( E γ M d c 2 ) 

and γ = (Eγ + M d c 2 ) / (2E γ Mdc2 + M d
2 c 4 ) 1 / 2 . (8) 

The total labora tory energy of a proton leaving the t a rge t at a 
labora tory angle θ can be obtained by applying Eq. (4) to the proton 
and using the express ions cpx

' = cp 'cosθ and Ep
2 = c2p'2 + Mp

2c4. 

Here p ' is the c e n t e r - o f - m a s s momentum of the proton. The resu l t is 
Ep = β γ c o s θ ' ( E p ' 2 - Mp

2c4)1/2 + γ E p ' . (9) 

We need to expres s Ep'2 in t e r m s of known quanti t ies . Equation 

(4) applied to the γ + d sys tem gives 
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E ' = E/γ = (Eγ + Md c 2 ) / γ . (10) 

The total c en t e r -o f -mass energy after the collision is the same a s 

that before, so 

E ' = E'p + En' 2Ep
' (11) 

where En' is the total neutron energy. F r o m Eqs . (8), (10), and (11), 

Ep' = (Eγ + M d c 2 ) / 2 γ = 1 / 2 ( 2 E γ Mdc2 + M d
2c 4) 1 / 2 . (12) 

To simplify m a t t e r s we can exp re s s the deuteron r e s t energy in t e r m s 

of the proton r e s t energy by considering the neutron-proton m a s s 

difference and deuteron binding energy. 

MdC2 = Mpc2 + Mnc2 - B.E. 

= 2Mpc2 + (Mnc2 - M p c 2 ) - B . E . 

= 2Mpc2 - b 2Mpc2 - 1 Mev. (13) 

The proton kinetic energy is Tp = Ep - M p c 2 , so by using Eqs . (9), 

(12), and (13) and neglecting some smal l t e r m s involving b we get the 

approximate express ion 

C r o s s sect ions a r e m e a s u r e d in the labora tory sys tem, and we 

des i r e to t r ans fo rm them to c e n t e r - o f - m a s s c r o s s sec t ions . We t h e r e ­

fore need express ions to t r ans fo rm angles and solid angles . Consider 

a proton leaving the target at a l abora tory angle θ. Using Eqs . (1) and 

(2) we can obtain 

which gives the des i red re la t ion between labora tory and c e n t e r - o f - m a s s 

angles . The above equation may be differentiated to give 
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Then the r a t i o b e t w e e n l a b o r a t o r y so l id a n g l e and c e n t e r - o f - m a s s so l id 

ang le i s 

B . C u r v e F i t t i n g 

F o r a g iven e n e r g y , d i f f e r e n t i a l c r o s s s e c t i o n s , σm (θ i
'), w e r e 

m e a s u r e d a t v a r i o u s a n g l e s . The s u b s c r i p t m i n d i c a t e s m e a s u r e d 
c r o s s s e c t i o n . It w a s d e s i r e d to fit a c u r v e of the f o r m 

σ(θ ') = A + B cos θ' + C c o s 2 θ'. 

The c r i t e r i o n for a b e s t fit i s tha t 

f = Wi Vi
2 = m i n i m u m . 

Here Vi = A + B cos θi
' + C cos2 θi

' - σm (θi
'), and Wi = 1/(standard deviation of σm (θi

'))2  

We m i n i m i z e f by s e t t i ng 

A = 0, B = 0, C = 0. 

T h i s l e a d s to the fol lowing s e t of e q u a t i o n s : 

AΣ Wi + BΣ Wi c o s θi
' + CΣ Wi c o s 2 θi

' = Σi Wi σm (θ i
'), 

AΣ Wi c o s θi
' + BΣ Wi co s 2 θi

' + CΣ Wi co s 3 θi
' = Σ Wi. c o s θi

' σm (θi
'), 

A Σ Wi co s 2 θi' + BΣ Wi c o s 3 θi
' + CΣ Wi co s 4 θi

' = Σ Wi co s 2 θi
' σm (θi

') 

T h e s e a r e so lved for A, B , and C by u s e of d e t e r m i n a n t s . 

To ob ta in e r r o r s on A, B, and C we def ine the " s t a n d a r d d e v i a t i o n 

for an o b s e r v a t i o n of uni t we igh t , " 

w h e r e q is the n u m b e r of unknown independen t p a r a m e t e r s ( t he re a r e 

t h r e e ) and n i s t he n u m b e r of o b s e r v a t i o n s . T h e n the s t a n d a r d 

d e v i a t i o n s in A, B, and C a r e 
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∆A = ∆σ(θi') √ 
A11 ∆A = ∆σ(θi') √ D 

∆B = ∆σ(θi') √ A 2 2 ∆B = ∆σ(θi') √ 

D 

/ 
∆C = ∆σ(θi') √ 

A 3 3 / 
∆C = ∆σ(θi') √ D 

Here D is the de terminant formed from the coefficients of A, B, 

and C in the above set of equations. A11 is the determinant formed by 

el iminating the f i rs t row and f i rs t column from D and s imi la r ly for 

A 2 2 and A 3 3 . 
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