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ABSTRACT

ThéphétOproduCtion of neutral m mesons from hydrogen
has been studied at the California Institute of Technology Synch-
rotron Laboratory by detecting recoil protons from a liquid hy-
drbgen target irradiated by the synchrotron bremsstrahlung beam,
The recoil protons weré detected by a five counter telescope
which comprised a standard three scintillation counter range
telescope plus an a’dditional dE/dx counter for more positive
identification of the proton and a Cerenkov counter in anti-
coincidence to eliminate events due to multiple electrons, Thé
effect of recoil protons from pion pair production was reduced
by lowering the bremsstrahlung endpoint energy to about 100
mev above that of the photons producing the desired events,
Even so, contamination was significant at forward proton angles
' and correction for this effect was necessary, Data were taken

©, 40°, 50°%, and 60° at

‘at proton laboratory angles of 19°, 30
proton energies corresponding to photon energies of 600, 700,
and 800 mev, Angular distribution data are produced at these
three energies and fitted with functions of the form:

A + B cos 0:‘_ + C coszg; o These functions are qualitatively
like those at lower energies; B is small and -A/C is roughly

1,25, The total cross-section is found to have a minimum at

about 600 mev, being slightly larger at 700 and 800 mev,
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.I. INTRODUCTION
The photoproduction of “_q mesons from hyd;ogen has been

- the subject of extensive étudy at this laboratory and elsewhere,
Pioneeéring work was done by Panofsky, . Stéinber»ger, and Steller
(1), who counted coincidences between the two photons produced

in the 7° décay and firmly established the existence of the 7° me-
son and its photoproduction, Silverman and Stearns (2) counted
coincidences between one decay photon and the recoil proton to
obtain an excitation function in the 200-300 mev range, Goldschmidt-
Clermont, Osborne, and Scott (3) counted recoil protons in nuclear
emulsions to obtain angular distributions in the same energy range,
At this laboratory, angular distributions have been measured in
the -300~450 mev range by Walker, Oal:ley, and Tollestrup (4)

who counted recoil proton--decay photon coincidences, and in the

260-450 mev range by Oakley and Walker (5) and McDonald, Peter-
| son, and Corson (6) who counted recoil protons, The predairninance
of a single state of total angular momentum = 3/2 and isotopic
spin = 3/2 in the pion-nucleon interaction and use of the scattering
phase shifts from pion=nucleon scattering data in a phenomeno-
logical model have made possible a satisfactory understanding of
photomeson production in the range studied (7)s A meson theory
calculation by Chew and Low (8) has also been successful in ex~
plaining the general features of the process in this energy region,

| When a high energy photon beam became available for

experimental use at the Cal Tech Synchrotron Laboratory early
in 1957, it was felt that one of the first projects should be to ex~

tend our knowledge of pion photoproduction reactions into the
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newly available energy range, Little theory currently exists which
attempts to explain pion phenomena above about 400 mev, Com-~
parison of photoPrcducfion and pion-nucleon scattering which proved
so re\xiarding at lower energies is not possible since insufficient
data ére presently available, It was hoped, however; that some
effect in photoproduction might be found which corresponds to the
peak in pion-nucleon total scattering cross-section at about 800
mev (9)e In addition, high energy data should be of use in formu-
lating pion theories in the future, |

This thesis, then, describes an experiment carried out
to obtain angular distributions for the photoproduction of 7° mesons
from hydrogen at photon energies between 600 and 800 mev. To
do this, the cross-section was measured at proton laboratory

angles of 19°, 30°, 40°, 50°

, and 60° for photon energies of 600,
' 700 and 800 mev, To detect the desired event, a counter telescope
was employed to count the recoil protons produced by the phbtc-
production process., At about the same time, a complementary
exﬁeriment was carried on by J, I. Vette (10), using a magnetic
spectrometer to detect the recoil protons, Experience at this
laboratory in measuring photoproduction of a' mesons (11, 12)
has shown that magnetic spectrometer and counter telescope ex~
periments do not always agree as well as might be expected; so
it seemed worthwhile to make overlapping measurements,

Section II begins by discussing in general terms the method

used for this experiment, then proceeds to a description of the

experimental equipme'nt involved, and concludes by describing
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the é.ctual uée of thé equipment, Section III concerns itself with
the problem of producing cross-‘sections from the d(ata.' obtained
‘from the experimental operation, Various corrections to the data
are considered here, Section IV presents the results with their
associated errors, In Section V the results of this experiment
and other available data are collected together and examined for
behavior of theoretical interest. Finally, in Section VI, some

suggestions for more refined measurements in the future are

mentioned,
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II. EXPERIMENTAL TECHNIQUE

l. General Considerations

Since the #° meson decays with a mean life of about 10~ 1>
seconds into two gamina rays whose directions are not uniquely
relatéd to the «° diréctiOn, the most c-om)enient method for mea-~
suring the cross-section for the process | + P—P+ 7 in the
energy and angular regions under consideration is to count the
recoil protohs rather than the mesons themselves, This method
has the advantages of counting rate, simplicity, and relative ease
of data reduction, but has the disadvantage that the protons

counted may come from reactions other than the desired one,

From hydrogen the offending reactions are:

y+P — P+’

— P+TT T

— P+ ‘”‘° +Tr°

— P * 3 or more mesons
The Coxhpton(process is improbable enough to be essentially an
insignificant source of error; the multiple pion processes are
much more probable, but by taking suitable precautions and mak=-
ing corrections based on available data, the error introduced is
not excessive, These reactions will be considered more quanti-
tatively' later,

Since the gamma-ray beam produced by a synchrotron

accelerating electrons to energy ]?.‘.‘J has a continuous energy spec=-
trum extending from zero to Eo’ some method must be found for

‘determining the energy of the photon producing a given event,
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Fortunately, in reactions of the two-body type, such as the one of
interest, kndwledge of the energy and polar angle of the recoil pro~-
- ton allows one to calculate all other kinematic quantities ‘includ- -
ing the pion energy and angle and the photon energy.

. For counting érotons, counter telescopes of the type to be
described are useful in the proton energy range between about 50
and 500 mev, At the l'ow‘ end they are limited by the fact that the
particle to be cOunted must enter at least two counters, At the
high end they are limited by nuclear absorption, which leads to
two important effects: 1) loss of counting rate and 2) error due
to the uncertainty in making absorption corrections, At a range
of 17 cm. of copper, corresponding to a proton energy of 460 mev,
only a third of the protons incident survive to be counted, and a
1% uncertainty in the absorption cross~section produces a 1%
ﬁncertainty in the final result,

The necessity for stopping the counted proton with its as-
sociated absorption probability is probably the principal disadvan~
tage of the telescope method in the energy range encountered in
this experiment, Some other disadvantages, relative to the mag-
netic spectrometer method are: 1) high counting rates in the
individual counters at forward angles, necessitating complicated
eiectronics'; 2) production of secondary protons in absorbers;
aﬁd 3) difficulty in separating mesons from protons, Some ad~
vantages relative to magnetic spectrometers are: 1) small size
and ease of handling, 2) ease of changing angular and energy reso-
lution, andv 3) absence of large scattering surfaces such as pole

fac_es.
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Thus, neither magnetic spectrometer nor telescope is defi-
nitely superior to the other for counting protons; rather, they
provide a way of making independent measurements of f:he same
thing, .

Figure 1 shows a portion of the kinematics of the reaction
¥+ P—P+° Recoil proton energy is plotted against proton
angle with photon energy as the parameter, Since a counter tele-
scope counts protons in specified angular and energy ranges, a
given telescope setting defines a rectangle on this diagram, The
probability of being counted is not necessarily the same for pro-
tons from all points inside the rectangle if the rectangle size
includes the effects of a target of finite size, The solid lines
represent the single production process, ¥ + P— P + 1, The
dotted lines represent pair production, ¥ + P— P + (2«) where
- the parenthesis mean tﬁat the two pions go off together, This
case is drawn since it is the most unfavorable; that is, for a given
proton energy, it is the case requiring the minimum gamma-ray
energy. Thué, for synchrotron energy Eo, protons from the
single process are energetically possible at all points below the
k= E, line for single production and protons from the pair pro-
cess are energetically possible at all points below the k = Eo
line for pair production, To operate without contamination by
the pair process, then, the rectangle defined by the telescope
must fit between the single production curve and the pair produc-
tio.n curve for the particular machine energy chosen, It must lie

above the paﬁir curve 80 that no protons from the pair process
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Figure 1
Proton kinematics for single and double pion photoproduc-
tion, The pair production curve is calculated for the case where
the two pions go off together, The rectangle represents a typical
telescope '"window,'" The outer rectangle indicates the full width
of the angular resolution, while the inner rectangle indicates the
angular resolution width at half~height. 85%0 of the counting

rate comes from the inner rectangle,
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can be présent, and below the single production curve so that the
desired protons will be present,

As can be seen from the figure, it would be very difficult
to 6pei'ate in this manbner. Decreasing the angular and energy
resolution sufficiently would make the counting rate prohibitively
low, For this reason, it was decided to operate in a more con-
ventional manner using angular resolutions of 8 to 14 degrees
(full width) and proton energy resolutions of 10 to 30 mev, The
machine energy or endpoint energy of the gamma-ray spectrum
was determined by compromise among the various people running
experiments simultaneously, It turned out to be about 120 mev
above the energy being measured, which was usually enough to
cover the resolution of the telescope while keeping the pair con-
tamination down to a reasonable value, The magnitude of this
~ contamination and correction for it will be discussed in more de-

tail later,

24 Equipment
The telescope consisted of five counters and associated
absorbers as shown in Figure 2, Counter sizes, materials, and

RCA photomultiplier types are given in Table 1 below,

Table 1
Counter Height Width Thickness Material Tube
3 15/64" 3 . 500" scint, plastic 6810
2 31/4 2 15/64" .490  scint, plastic 6810
3 31/4 21/2 1,002  lucite 6810
4 231/32 147/64 .235  scint, plastic 6810
4a 3 1 .250  scint, plastic 6810

.- 4 3 « 250 scint, plastic 6655
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Figure 2
. Plan view of counter telescope (schematic). Scale is
0,7 of full size, A, B, C, and D are absorbers, 1, 2, 3, 4,

and 5 are counters. Protons travel in the direction of the arrow,
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All counters were polished and wrapped in 6,5 mils of shiny alumi-
num foils The scintillation plastic is a polystyrene base scintillator
‘obtained from the University of California Radiation Laboratory at
Livernﬁore. Its density is I, 05 and its composition is assumed to
be CH. The lucite for the Cerenkov counter is UVT type (ultra-
violet transmitting), obtainable from Rohm and Haas. Its density
is l. 18 and its composition is assumed to be C5H802' It was
chosen after some experimentation for its property of scintillating
only very slightly, Standard lucite (UVA) scintillates so strongly
that even when used as wall material for water filled counters,
the scintillation light from slow protons is comparable to the Cer-
enkov light from electrons,

The dynode voltage distribution networks for counters 1
and 2, which were used for pulse height analysis, were adjusted
- 80 that the photomultipliers worked quite linearly up to 10 volt
signals into 185 ohm cable, |

Counters 2, 4, and 5 make up a standard three scintillation
counter range‘telescope which operates as follows:* the range of
a counted particle is determined within a certain AR by placing
counters 2 and 4 in coincidence and counter 5 in anti-coincidence,
Protons producing the proper coincidence event are identified by
their specific ionization in counter 2, Counter 3, the Cerenkov
counter, is sensitive to electrons and is placed in anti~coincidence

to discriminate against multiple electron events which are capable

*For a more complete discussion of telescope operation, see
‘PheD, thesis by W, R, Smythe (Cal Tech, 1957),
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of producing proton-like pulses in a counter telescopev. Counter 1
is placed in coincidence with a minimum of absorber in front of it,
By demanding a proton-likerpulse it serves two purposés: 1) 1t
d'isérirhinates against mesons making the proper coincidence event,
which, due to statistical fluctuations in energy loss in counter 2,
appear to be protons, and 2} It discriminates against secondary
protons made in absorber B by uncharged or lightly ionizing par-
ticles, Calculation shows that the pion and recoil neutron flux
produces enough stars in absorber B with proton prongs to cause
appreciable error if no precautions are taken,

Figure 3 shows a block diagram of the electronic system,
Signals from counters 1; 2, 4, and 5 are fed into the Discriminator-
Coincidence box, which has three coincidence and one veto channel,
to form a 124(-5) coincidence output, The discrimination is done
. with 6BN6's and the coincidence circuit is a conventional diode
type. The bias works over a 2 to 10 volt range of pulse heights
and was usually used around 6 to 8. The resolving time is ap~
proximately 50 mpus and the coincidence output is a 50 mpus wide
signal which opens the two-channel fast diode gate which gates the
20 mps pulses from counters 'l and 2, The gated 1 and 2 signals
are stretched in the gating circuit, amplified and sent to a slower
(0.2 us resolving time) discriminator and coincidence circuit
along with the 124(-5) outéut signal,

Counters 2 and 3 (the Cerenkov counter) are placed in
coin_cidence in a Garwin circuit and the output of the Garwin cir-

cuit placed in a veto channel of the slow coincidence system,
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Figure 3

Simplified electronic block diagram, Amplifiers and power
sﬁppliés ha.vé been left out for the sake of élarity. Synchrotron
Modei 522 amplifiers were used for all signals going into the slower
Discriminator-Coincidence circuit, Two Hewlett«-Packard Type
460B amplifiers were used after counter 5, one Type 460A was
ﬁsed after counter 3, and one Type 460B was used as an inverter
to provide a negative signal from counter 2 to the two channel Gar-
win coincidence. The counter signal cables were terminated at
the receiving end; no clipping was used,

Below are the Synchrotron Laboratory drawing numbers
for the various circuits,

le Two channel coincidence, Model 210: 10-T-222,

2, 50 mus Disc, -Coinc,: 10-T-321.

3+ Double Gate, Médel 10: 10-T-326,

4, 0,2 ps Disc, -Coinc, (two units): 10-T-164, 165,

5. Scalers on counters 2, 4: Model 11 Scaler, 10-T-74,

followed by Model 2 Scaler, 10-T-101,
6. Scalers on 124-5 and 23: Model 2 Scaler, 10-T-101,

7. Amplifier, Model 522: 10-T-163,
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The 23 coincidence is used rather than running counter 3 directly
into a veto channel to avoid dead time losses due to 1) noise pulses
- from counter 3‘ and 2) stray counts in counter 3 due to events which
didn’t need to be vetoed,

The 124(~5)~(23) event as produced by the combination of
the two fast coincidences and one slow coincidence circuit gates
the twenty channel pulse height analyzer which then displays the
pulse height from eithér counter ‘1 or 2,

Scalers monitor counters 2 and 4, 124(~5) coincidences and
23 coincidences,

The liquid hydrogen target is shown in part in Figure 4,
The liquid hydrogen is contained in a mylar cup, 3" in diameter
and 4" high with 3 mil walls, Provision is made to pump the
hydrogen out of the cup for background runs, Surrounding the
~cup are thin copper and aluminum radiation shields, A 3" hole
has been cut in all but one of the shields for the gamma.-rafbeam
to pass through, Surrounding the shields is a 24 mil mylar vacu-
urﬁ window. A particle leaving the center of the hydrogen cup
passes through 0,276 g/cm2 of hydrogen and 0, 199 g/crn2 of radi-
ation shields and mylar walls, The latter number is divided as
follows: 0,007 g/cm2 aluminum, 0,068 g/cm2 copper, 0,043 g/cm2
oxygen, 0,081 g/cm2 carbon,

The Cal Tech syﬂchrotron is a pulsed electron accelerator
with a one per second repetition rate, Peak field corresponds to
15'00 mev, When the electrons have reached the desired energy,
the radio frequency aécelerating voltage is decreased and the

electrons gradually fall out of synchronous orbits and spiral in
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Figure 4

Partial view of liquid hydrogen target,



D

NN

i - !
I - w wr
;‘ ~ Iﬁ:w\q T | I
i g o . o] &E._NM|
/wn_uw__mw 2¢ ne
T | sgmams |
_IVER000 6 vigwy \
MOGNIM 098 | A g S 1399vl _
®  HYIAW 520 ] \..-\.gm,_m%. ‘ N Th dnd ¥V UNW 200
: L
[ 7] ‘ —d H_m, ._Ilﬂ I;le
<] i1 - | MW mn NN 1\ N
S dea N AN N e O
Y | e 27
W\\ N k. N
iy
192 ” mRel
s34 N onf | N k , 538 2H 0N |



-]19-
until they strike a 31 mil tantalum radiator to produce by the
bremsstrahlung process a gamma-~ray beam, By properly ad-

justing the rate of decrease of accelerating voltage the elec-

. trons can be made to hit the radiator at a more or less uniform

rate for about 20 ms, During this beam time it is desirable to
maintain a constant electron energy so instead of rising, the
magnetic fields remain constant for the appropriate time,
The electron final energy Eo is measured by integrating the
signal from a pickup coil inside the machine from the begin-
ning of the acceleration period to some time during the uniform
field period covering beam dump, The value of Eo given by
this coil and associated electronics agrees within 1%o with
that obtained from pair spectrometer measurements,

Figure 5 shows a plan view of the experimental area,
- The photon beam first passes through the primary collimator
which is mounted in the synchrotron magnet iron, This is the
only true collimation of the beam which takes place, Next in
line is scrape'r wall No, 1, which has an aperture slightly larger
than the collimated beam, Its purpose is to shield the target
and nearby counters from radiation from the machine.and from
electrons and photons scattered off the walls of the primary
collimator, It is followed by the high pressure hydrogen gas
target, Here the beam passes through 60 mils of steel, 17
inches of cold, high pressure hydrogen, and a few inches of
styrofoam, ‘Next in line is scraper No, 2 which further cleans

up the beazﬁ. It is followed by a series of magnetron magnets
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Figure 5

Plan view of experimental area,
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which ‘serve to sweep out of the beam electron pairs which are
formed in the gas target and air path as well as any other charged
particles which may be in the beam, Finally, in frc‘)nt of the hy-
drogen target is scraper No, 3 which once again-scrapes off any |
stray radiation travelling along with the beam, and further
shields the target and counters,

The collimator 'ahd scraper walls are carefully lined up
and checked by taking x-ray photographs to be sure that 1) the
beam passes through the center of the target, 2) the primary
collimator is centered on the beam, and 3) each of the scraper
walls is centered on the beam and scrapes but does not collimate,

Early in the experiment the beam size at the target was
approximately 6,6 cm high and 5,5 cm wide, Later the collima-~
tion and scraping system was revised slightly to produce a beam
6. 0 cm high and 4.2 cm wide,

After passing through the target the beam continues about
30 feet where it strikes the beam monitor ion chamber which is
set in a cavity in a large lead beam catcher block, Any beam
which passes through the ion chamber is absorbed in the lead
blocks The lead is surrounded by paraffin blocks to reduce the
neutron background in the laboratory,

The synchrotron photon beam is monitored by a Cornell-
type air-filled thick-walled ion chamber, the charge from which
is integrated by a Model 3 ion current integrator (Dwg. No,
10-T-217, Serial No, 0196), The unit of charge is referred to
as the BIP ‘(Beain Integrator Pulse) and the calibration of the

integrator used is 2,22 x 10"7 coulomb/BIP., This calibration
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was obtained using the Model 10 Integrator Calibrator (Dwg. No.
| 10-T-353) -whic_h discharges a precision capacitor into the integrator,
~ The ion chamber has been calibrated by Gomez (13) by comparing
it with a multiple ~p1até jonization chamber designed by Wilson (14),
the oﬁtput of which is assumed to depend only on total beam energy.
Usiﬁg Wilson's calculated response of 4,88 x ,1018 mev/coulomb,
the results of Table 2 were obtained with the ion chamber in its

standard position in the beam catcher,

Table 2
E, (mev) ion chamber
: mev/coulomb
497 4,45 x 1018
789 5.05
1080 5,41

Defining U = mev/BIP and E_ = bremsstrahlung upper limit,
the number of photons/BIP at energy k in an interval dk is N(k) =
u/ E B(k, E_) dk/k, B(k, E ) contains the deviations inEEhe spec-
trum from a 1/k dependence and is normalized so that JB(k, Eo)dks 1,
On the basis of pair spectrometer measurements by Dom:ho, Emery,
and Walker (15), B(k, Eo) is assumed constant with a value 0,90
for values of k/]i‘.0 between 0,6 and 1,0, This is a simple approxi-
mation to the theoretical thin target spectrum and gives results
indistinguis:hable from the latter for an experiment with an energy
- resolution as poor as the present one, The pair spectrometer mea-
surements were of limited accuracy because of a troublesome back-
groﬁnd, but showed that the spectrum was much closer to that

expected for a thin target than to that expected from a target of the

' nominal thickness (0,2 radiation lengths) of the one in the
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s;rnch:otrbn. - Presumably the electrons spiral in so slowly that
they bafely graze the edge of the target,

‘ The beam int'ensity distribution over the target was mea-
sured by J. I, Vette (10) by exposing in the beam electron sensitive
nuciear emulsion plates whose positions relative to the target cyl~
‘inder were known, After development, measurements were made
with a deﬁsitometer and a beam intensity distribution function de«
termined using the following coordinates: origin at center of
target, z along beam direction, x vertical, and y chosen to form
a right handed orthogonal system, The function, called n(¥), is
assumed to be symmetrical about some line parallel to the z axis
and independent of z, It is normalized so that IJ‘n(i‘) dx dy = 1,
The role of this function in the calculation of cross-sections is

discussed in Section III and Appendix A,

3. Operation

The first step in putting the counter telescope into opera-
tion was timing the gates and coincidence circuits, This was first
done roughly using an oscilloscope, The scope was triggered
from some convenient counter and the various cable lengths ad-
justed until the inputs to ‘any given circuit arrived at suitable times,
To check this setting, delay curves were run on the coincidence
circuits and final adjustments made.

Having determined that the 'electronic equipment was work-
ing, the next step was to use the telescope as a unit to count pro-
tons, Having chosen a proton angle and energy there remains a

number of choices and adjustments to be made, The proton energy
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déferr;ines the range (16) Absorbers A, B, C, and D were then
chosen é.s follows: Absorber D was arrived at by a compromise
bétwheen high counting rate (counting rate varies linearly with D)
and good energy resolution, Absorber ‘C was chosen to give close
to oi)timum separation of meson and proton peaks as seen in counter
2, Absorber A was a low-z material such as CH2 or aluminum to
minimize bscattering and secondary proton production; only enough
was used to keep the counting rate in counter 1 down to a reason-
able figure, Last of all, absorber B was chosen to bring the total
mean range up to the desired value, Copper blocks, 4' square,
were used for absorbers B, Q, and D, \

For a given set of abvsorbers, the photomultiplier and ampli-
fier gains next had to be set, Counters 4 and 5 were permanently
set to give about 6 volt pulses at the Discriminator-Coincidence
input from Co6o. The bias was then set to count everything over
3 volts, It is desirable to have high gain and low bias (consistent
with keeping counting rates reasonable) on these two counters so
that particles do not have to penetrate the counters very far in order
to Be counted, Under these circumstances, AR, which is involved
directly in the cou.nﬁng rate, can be calculated quite accurately
from knowledge of the material in the telescope and is insensitive
to small drifts in counter gains, Assuming that counters 4 and
5 are made of the same material, gains and biasses should be set
80 that the same Co()o signal just triggers both counters, Then
the distance that a stopping proton must penetrate to be counted
cancels out of the expression for AR. This is advantageous since

plastic scintillators exhibit strong saturation effects and this
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distance is not eé,sily calculable,

The photomultiplier gains on counters 1 and 2 were set so
that proton pulses were 6 to 8 volts, a region where the bias cir-
cuit worked well, The photomultiplier gain on counter 3 was set
on a plateau for counting electrkcans° This was done by putting
counter 3 in coincidence (requiring 124(-5)23) and counting elec-
tron‘ pulses in counter 2,

It was noticed that the UVT lucite scintillates slightly, al-
though much less than the ordinary UVA lucite, By operating at
a large angle where electron contamination was unimportant and '
observing the proton peak in counter 2, comparison of 124(-5)-
runs with 124(-5)23 runs yielded the fraction of protons counted
by counter 3 as a function of counter 3 gain and proton energy loss
in counter 3, The results of this and the electron counting experi-
ments are shown in Figure 6, For the proton energies encountered
in the experiment, the error due to vetoing protons was less than
1%o.

Having chosen absorbers and photomultiplier gains, only
the biasses on counters 1, 2, 4, and 5 remained, As explained
previously, the biasses on 4 and 5 were permanently set to count
af about 0,5 mev loss in the scintillator as determined by Co6o.
To set biasses 1 and 2 the procedure was as follows: Set both
biasses low and display counter 1 6n the pulse height analyzer,
Set bias 1 slightly below the bottom of the proton peak, Then
display counter 2 on the pulse height analyzer and set bias 2 simi-

larly, Counter 2 was displayed during actual data taking since the
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Figure 6
Efficiency of Cerenkov counter for counting electrons
and protons as a function of photomultiplier voltage, Different
proton curves are for different amounts of energy lost by pro-

~—

tons in 1‘”>of lucite,
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peaks thgre were easier to separate than in counter 1, The bias
settings had to be checked at frequent intervals since they and
thé photomultiplier gains drifted slightly from time to time,

As a check on the apparatus and calculation of AR, a "AR
curve' was run¥*, Assuming a uniform or linear proton energy
spectrum, counting rate is proportional to AR, which consists
' apprbximately of the material between the front of counter 4 and
the front of counter 5. A AR curve is run by counting protons for
a given number of BIPs as a function of absorber D, adjusting
absorber B éo that the mean range is kept constant, These data
are fitted with ;, straight line and the intercept at zero counting
rate identified as the contribution of the counters to AR in terms
of the absorber material used, A couple of determinations of
this type were made and gave satisfactory agreement with calcu-
lations,

A typical pulse height spectrum from counter 2 as recorded
by the pulse height analyzer is shown in Figure 7, It was obtained
at a proton angle of 30° and proton energy of 332 mev, The ab-
sence of the meson peak is due to the high bias settings on counters
1 and 2, About a third of the width can be ascribed to the proton
énergy range acceptable by the telescope; the rest is due to the
resolution of the counter.‘ At larger proton angles, the peak to
va.liey ratio was slightly better and at smaller angles it was some-
what worse,

Data were taken with and without hydrogen in the target at

proton energies corresponding to photon energies of 600, 700, and

*See Ph, D, thesis by W, R, Smythe (Cal Tech, 1957),
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Figure 7
Proton pulse height spectrum, Proton energy is 332

mev, proton laboratory angle is 30°,
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80"0 m;v and proton lab angles of 19°, 30°, 40°, 50°, and 60°, Run
lengths ;vere divided between full target and empty target to give
minimum statistical errors for a given total number of BIPs, At
1 90, 300, and 400, enough data were taken to give approximately
5°/o.statistics; at 50° and 60°, 7%o statistics were obtained, The
machine energy Eo and the ion chamber pressure and temperature
werée monitored so that all runs could be corrected to STP and
corrected for variations in E0 from run to run,

The ratio of empty target counting rate to full target count-
ing rate varied between 15%0 and 50°%0, with the higher values
occurring at the forward proton angles, At proton angles of 50°
and 600, it was possible to erect lead walls which prevented pro-
tons produced in the mylar vacuum window from being counted,

To ma.intain the contributing photon energy interval at a
reasonable value, the energy and angular resolution of the tele-
scope had to be changed as a function of angle and energy. The
angular resolution, produced both by the width of the defining
counter in the telescope and by the finite size of the target was
changed by varying the distance from the target to the defining
counter and by using different defining counters, one 1 3/4" wide
and one 1" ﬁde. The proton energjr resolution was changed by
varying AR as described earlier,

Tables 3 and 4 indicate for each point the following quan-
tities: distance from target center to defining counter, width of
defining counter, full target and empty target counting rates,
nominal machine energy, range, AR, absorbers A, B, C, and

D.
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Table 3

Célu"mn l: Point nurhber.

Column 2: Proton laboratory angle, degrees,

Colﬁmn 3: Mean photon energy, mev,

Column 4: Range, cm. of copper,

Columns 5 - 8: Absorbers A, B, C, and D in cm, of copper
unless otherwise specified, Density of Al is 2, 70,
density of CH, is 0. 915, density of copper is 8,95,

Column 9: AR, cm. of copper,



No.

SO S SN

11
12
13
14
15
16
17

18-20

21-23

19
21
19
19
30
30
30
30
40
40
40
50
50
50
60
60
60

19
30

599
613
702
804
600
709
765
793
601
699
795
600
693
800
600
700

803

402

425
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* Counters 1 and 3 removed

*% Counter 3 removed

Table 3
R A
7,624 1,563
7.624 1,563
11,15 5,00 Al
15,00 5,00 Al
5,429 2,50Al é;:
8.097 5,00 Al
9. 640 5,00 Al
10, 38 5,00 Al
3,318 1.29 CH,
4,782 1,19 Al
6,394 2,50 Al
1,627 1,29 CH,
2,337 1,29 CH,
3,206 1.29 CH,
o 562 %k 0
. 846% 0
1.183* 1,29 CH,
2,637 1,19 Al
2,182 1,19 Al

B
1,820
1,820
5,156
8. 996
1, 641
2,096
3. 629
4,378

« 565

o 327

1,474

o ©

C
2,460
2,460
2,460
2,460
1,198
2,460
2,460
2,460
1,198
2,460
2,460

o116

182

1,198

116
« 160

« 276

- 182

0327

D
1,198
1,198
1,198
1,198
0622
1,198

1,198

1,198

« 327
. 7182
782
« 238
« 327
« 327
.038
.038

078

« 487

. 487

AR

1, 317
1. 317
1. 317
1. 317
o 143
1, 317
1. 317
1, 317
0 449
« 903
« 903
. 361
» 449
. 449
. 168
. 168

. 209

. 609
» 609



Column 1:
Coll_lmn 2:
Column 3:

Column . 4;
Column 5:
Column 6;

Column 7:

Column 8:
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Table 4
Point number,
Proton laboratory angle, degrees,
Mean photon energy, mev,
Distance from target center to defining counter
(#4), cm.
Width of defining counter, cm,
Nominal machine energy, mev,
Full target counting rate; counts per BIP corrected
to STP and for variations in E,.
Empty target counting rate; counts per BIP cor-

rected to STP and for variations in Eo‘



No.

10
11
12
13
14
15
16

17

18
19
20
21
22

23

op
19
21
19
19
30
30
30
30
40
40
40

50

50
50
60
60

60

19
19
19
30

30

30

599
613
702
804
600
709

765

© 793

601
699
795
600
693

800

600

700

803

402
402

402

425
425

425

“36a

Table 4
L w
50, 4 2,20
50, 4 2,20
50,4 / 2,20
50, 4 2,20
50, 4 2,20
50, 4 2,20
50, 4 2,20
50, 4 2,20
50, 4 2,20
66,6 2,20
66,6 2,20
68,0 1,27
68,0 1,27
68,0 1,27
68,0 1,27
68,0 1,27
68,0 1,27
50, 4 2,20
50, 4 2,20
50, 4 2,20
50, 4 2,20
50, 4 2,20
50, 4 2,20

712
730
830
938
720
826
820
904
714
830
942
728
828
905
718
826

905

710
904
1098
820
957

1085

5,00

4,47

2,64

3,92
3,71
1,74
0.60
2,84
1,73
1,07
0.90
2,17
1.85
1,12
0.25
0.21
0,11
0,37
0,195

0,177
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' Ill. DATA REDUCTION

1, Corrections

| The result of the telescope operation is a set of proton
counting rates: counts/BIP as a function of proton energy and
angle, The first step in the data reduction is to apply to these
raw data corrections for various effects which cause differences
from the '"true" counting rate. These corfections, which will be
discussed below, are: 1) Absorption, 2) Pion pair process
contamination, 3) Compton process, 4) Scattering, and 5)
Electronic,

The correction for absorption of protons in the absorbers
and counters was calculated (assuming the entire proton path to
be in copper) from the results of Fernbach, Serber and Taylor
(17), who considered the problem of scattering of a neutron wave
by a sphere of material characterized by an absorption coefficient
and an index of refraction. Since absorption is due to nuclear
rather than electromagnetic interactions, charge independence
may be invoked and their results applied to protons,

The absorption coefficient for a particle in nuclear matter

is ‘/\ — A a-
. T Ags

: 5 TR
where A is the number of nucleons per nucleus, o is the scatter-

ing cross-section per nucleon for the proton, and R is the nuclear

radius, The absorption cross-section for the sphere is then:

-2KR
- = .I.I—Rz{l_[]_— (1 +2KR)E ]ZK:L’,‘R‘}
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o; must be the appropriately weighted average of Opp and Jwp
and is given by

o = %[ZO—PP + (A—Z)mp]

The correction to the free nucleon np and pp cross-sections due to
the presence of the target nucleon in a nucleus has been calculated
by Goldberger (18) using the statistical gas model of the nucleus,
The‘corrected cross-sections are smaller since the exclusion prin-
ciple demands that, in the final state, both the incident and target
nucleon be outside the occupied sphere in momentum space, The

_ _ L4 E;]
g = —t | O
}:1 E+V free

result is:

where Ef = Fermi energy, E = kinetic energy of the incident par-

ticle, and V = nuclear well depth, Combining results,

o = [1 - _g\%]i—[zo‘” + (A"Z)O—"P]

where Opp and Cnp are now the free nucleon cross-sections,
The absorption cross-section for copper was calculated as a func-

-13A1/3

tion 6f energy using E. = 25 mev, V= 30 mev, R=1,37x10 :

and the np and pp cross-sections quoted by Rossi (19), These cross-
sections are. consistent with the measured values quoted by Mill-
bﬁrn, et al (20), The calculated cross-section was integrated to
obtain the function F(r), the fraction of protons of range r that

come to rest in copper without being absorbed.

_ N _[  d
F(r) N exp[ fcz(x)F—E- X}
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Since the absorption of a proton after being counted in counter 4
causes no error, the correction factor applied to the measured

. F(%}‘-)/F(R)

céuﬁting rate is:

Our knowledge of the pion pair process at the present is
rather fragmentary, due both to lack of any high energy pion theory
and the difficulty of obtaining experimental data on three-body
reactions, However, the results of M, Bloch (21) for the process
J+P—>P+ 1r+ + 7 provide a basis for calculating a correction to
the data of this experiment, Bloch obtained w~ energy spectra at
two angles for four values of E» the bremsstrahlung upper limit,
By subtraction, these data yield the cross~section dZO‘/dTﬂ- ao
at three energies for each of the two angles: Integrating over the
n~ energy gives do/df)’ which, within the statistics, is isotropic
in the cm system and is a constant function of k between 660 and
1000 mev, Multiplying by 4w gives a total cross-section of
5 x 10'"29 cmz with about 25%0 statistical error,

The desired information, for purposes of making the cor-
rection, is the proton energy spectrum as a function of angle and
machine energy, Since so little is known about the interaction one
must ﬁegin by making assumptions and determine later the reason-
ableness of the assumptions, The assumptions in this calculation
are: 1)} The proton angular distribﬁtion is isotropic in the cm
system, and 2) The matrix element for the photoproduction process

is independent of proton energy so that the proton energy spectrum

is proportional to g(k, E'), the phase-space factor, where



-40-
E! = protoh cm energy.
Using the total cross-section O_TP' of Bloch, the total number

of péirs formed per BIP by photons of energy k in Ak is:

;d!_y. Ak = o3, _L_é_ BU;;EJ Ak fg’of . ("—#J;‘l‘arqcf Pm+om/cm‘)

Then, using the above assumptions, the proton spectrum, integrated

over angles, formed by the same k in Ak is:

K 2‘\] | ~ e I}
Ak = oo, U B(kE) Ak oNod gk
g_E'T:Tk , TRk ¥ 9'(G('E))

wheve  G(k) =/9(kJE')dE'
The total proton spectrum for a machine energy of Eo is then:

Eo
dN = AU oNod [k BEo) g(kE)
dEI 0_1'?' Eo F A od k G(k)

If a telescope accepts protons of energy Emin to Emax emitted into
A(L, the counting rate per BIPdueto ¥ + P—>P + w1 + 7~ accord-
ing to this model ié then, assuming O‘TP constant and neglecting

the variation of the integrand over A{) :

Ne = U pN-Z Aﬂ dQ' BlkE) g(kE') dE’
BIP O—T" e, fdk/E Tk G JE

Sam Berman has obtained an expression for g(k, E*!} by integrat-
ing out all the meson variables in the density of states for a three
particle final state, Using this ex,pfession, Je I. Vette and R, L.
Walker have developed a code to enable the Datatron digital com-

puter to evaluate the following integral:



dn B(kE.) g(kE) dE’
v fdk/ - k Gk dE

—

The process ¥+ P> P+ 27° also produces recoil protons
and must be taken into account, No experimental data exist for
this process, so the same assumptions are made as for the (1r+, T )
process, Thus, to take the (Tro, -rro) process into account, O—TP
above is replaced by TTP(I + a) where a is a constant which must
be determined experimentally,

To check the model described above and determine a value
for a, a series of measurements was made to determine the effect
of pair production on proton counting rates, This was done by set~
ting the telescope for a given energy and angle and making runs with
different values of Eo’ the machine energy, By making these runs
consecutively, any drifts in apparatus were eliminated as much as
possible, The same procedure was followed somewhat later for
the empty target runs, Experimental data for these measurements
are listed under Nos, 18 to 23 in Tables 3 and 4, Figures 8 and 9
show the results converted into cross~sections with and without
the pair correction as calculated above, The cross-sections at
Eo = 500 mev. are due to Oakley and Walker (5). An approximate
energy dependence of O_TP was included in the correction; O_TP

was assumed to rise linearly from zero at k = 500 mev to

5x 10727 cm? at k = 600 mev, at which point it levelled off and
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Figures 8 and 9
Résﬂts of measurerﬁents made to determine the effect of pion
pair production on proton counting rates., Different sets of points
corfespond to different values of the parameter a, Since the cor-

rection is proportional to (1 + a), a = -1 is used to label the uncor-

rected data,
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’ 2
remained constant,

On the basis of these measurements, it was decided that
a = 1 should be used in making corrections to the data, This is
in disagreement with Vette (10), who concluded that a = 0 should
be ﬁsed.

Figure 10 shows the similarity between the kinematics of
Compton écattering and single pion photoproduction, Measure=
ments of the Compton scattering cross-section made up to photon
energies of 270 mev indicate that it is about 1% of the =° photo~
production cross-section at the same energy (22)s A calculation
of the Compton cross-section by Mathews (23) in the same region
based on dispersion theory indicates a relationship between Comp-
ton scattering and 7 photoproduction, For this reason it is con-
sidered unlikely that the Compton cross-section exceeds a few
per cent of the w0 cross-section in the region under consideration
in this experiment and no correction has been made,

Scattering corrections in this experiment are just small
enough to be disregarded, The following effects have been con-
sidered and found to produce errors somewhat less than a per
cent in the most unfavorable case: 1) Lateral '""wander' of par-
ticles in com}er absorber stack, and 2) Scattering in absorbers
A and B, These effects produce error due mainly to the finite
size of the absorber blocks and are therefore more important in
the vertical direction, where the size of the defining counter
is nearly that of the absorber blocks,

At the lowest proton energy, the rms scattering angle of

a particle leaving the target is about 1°, This must be included
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Figure 10
Recoil proton kinematics for the reactions ¥ +P— P + w° and

y+ P— P+ X! for photon energies of 600 to 800 mev,
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in” the %angula.r‘ resolution of the telescope, which at large proton
angl‘es'r;nainly determines the photon energy resolution., Since
the felescope photon énergy resolution function extends to ener-
gies above Eyp 2 further spreading due to scattering could be a
soufce of error, However, calculation shows this effect to be
small,

: Tv?o sources of error ascribable to electronic equipment
have been examined, The first is dead time loss and the second
is accidental coincidences,

Dead time losses consist of losses due to accidental veto-
ing of true events and can be caused by either the fast veto oper-
ated by counter 5 or the slow veto operated by the 23 coincidence,
Using a dead time of 5 x 10™° seconds for the fast and 3x 10™
seconds for the slow veto, the dead time loss in the most unfavor-
able case is found to be less than a per cent and is ignored, The
counting rates are estimated on the basis of a uniform beam of
20 milliseconds duration, Since the #5 counting rate was not moni-
tored, it was estimated from the #4 rate, since gains and biasses
were approximately the same,

Accidental coincidences were monitored by counting 24(<5)
c‘oinc‘idences'in delayed coincidence‘With #1, This arrangement
does not give an accidental correction directly, but does monitor
about half the events which contribute to the measured proton
counting rate, The 1*24(-5) rate was, in the worst cases, only

about a per cent of the 124(~5) rate and this correction has also

been ignored,
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2. Cross-=Section Calculation
When a "true' counting rate has been obtained from the
data, it must then be converted into a cross-section to be of any
real interest, The following is an expression for the differential

counting rate in terms of the desired cross~section and other

measurable and calculable quantities:

/
d - do dQ n el g3z
n de~ .. : L
where aa’ - differential cross-section in cm system
d' | ok —
iTe) = solid angle transformation from cm to lab-

oratory system at constant k
dQ = differential laboratory solid angle
y g
fo——AN" = target nuclei per cm®

N (k)dk = number of photons/BIP at k in dk passing
through a’s multiplied by target nuclei per cm®

AR N
in dr. n(Y) is the beam intensity distribution
function discussed in Section II,
dN is the number of protons emitted into d{2 by photons of energy
k in dk which strike target nucleons at T in d3'i". To obtain the
total counting rate a multiple integral over all variables must be
computed, The quantity measured by the experiment is an average
of the cross-section over the angulavr and energy ranges defined
by the target-telescope system, If by -dg:— we now mean this

dQ)’

average value, we may write



-h0-

"N _ o de [ dQ U BED nem oM
B1P dn’f"' r/‘m I E o "Per

or N/BIP = K gf{—,- where K represents the multiple integral, This
integral may often be simplified, When the finite size of the target
is unimportant the integral over the target volume may be carried

out separately:

5~ -
ﬁ rnr) = L = effective target length

1
If dQ and B(k, Eo) don't vary appreciably over the region of in-

d€)

tegration, the rest of the integral may be evaluated approximately,

giving

PN
I
o
R
-

B(kE) pN. 7
a0k ﬁ‘l AQ Nk

where Ak is given by Ak = % o %A—_ AR

This approximation is quite satisfactory at forward proton angles
(200 to 400). At angles greater than 400, however, these conditions
are not satisfied and the multiple integral must be done more care-
fully, At lafge angles the principal contributor to the broad photon
resolution is the angular resolution of the system, Since the target
is longer (3'") than the width of the defining counter in the telescope,
position of the target nucleon in the target becomes an important
factor in determining photon energy resolution, and the integration
over the target is no longer trivial. In addition, for low energy

protons, the energy loss in travelling through the liquid hydrogen
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varie; apﬁreciab‘ly over the target and should be taken into account,
As‘this is a rather complicated integral,; a code has been

déve;loped by M. Erﬂstene and the author to enable the CIT Datatron

digital computer to evaluate it, A brief description of the method

may be found in Appendix A,
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IV. RESULTS AND ERRORS

Soﬁrces of error have been classified into three groups ac-
cording to the way in which they affect the results of the experiment,
Below are listed the groups, the members of each group, and the
estimated standard deviation due to each member,

I. Errors which vary randomly from point to point,

1. Counting statistics: 5% to 7°/o.

2, Uncertainty in separating proton peak from
meson peak: 2%o.

3. Variations in Eo’ P, T, not taken into account
by the periodic monitoring: 1%,

II, Errors which vary smoothly from point to point,

1. .Nuclear absorption: 0% to 5%, (5% of the correc-

tion),

2, Pion pairs: 0%o to 14°%0 (25%o0 of the correction),

3, Uncertainty in AR: 1.5%,

4. Uncertainty in range: 1, 5%.

5. Uncertainty in AQL : 1,5%0,

6. Neglect of Compton scattering: < ~3%o (not included
~in calculating errors),

I, Errors which are constant for all points,

1, Beam calibration: < 3%o.

Table 5 presents the cross-section values obtained in the
experiment with their Type I and Type II errors and éair and ab-
sorption corrections, Figures 11 to 15 plot this data as excitation
functions for fixed proton laboratory angle, Also shown are the

photon energy resolution functions for k = 700 mev, Table 6



Cdlu"mn 1:
Column 2:
Column 3;

Column 4:

. Column 5:

Column b6:
Column 7:

" Column 8:

‘Column 9:
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Table 5
Point nuniber.
Proton laboratory angle, degrees,
Mean photon energy, mev,

30 cmz/ ster,

Differential cross-section, units of 10~
Type 1 error, per cent,
Type I error, per cent,

Combined Type I and Type II errors, per cent,

Pair correction factor, Multiplying the cross-section

of Column 4 by this quantity gives the cross-section

which would be obtained if no pair correction were
made,

Absorption correction factor, The measured counting
rate is multiplied by this factor to give the counting

rate corrected for nuclear absorption,



Nb.\

11

12
13

14

15
16

17

19
21

19
19

30
30
30

30

40
40

40

50
50

50

60
60
60

599
613
702

804

600
709
765

793

601
699
795

600
695
795

600
700

800
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Table 5

do/a)t
2,35 9.4
2,28 10,6
2.37 8.5
3,07 7.9
3,52 7.3
4,19 5.8
3.96 5.6
3,72 5,5
3,50 5.6
4,50 5,6
3,90 5.7
2.91 5.8
3.92 549
3,66 7.0
2,16 7.2
2,30 7.0
2,11 7.2

Typel Typell

10,2
10,8
14,2
11,6

4.9
4¢ 2
4,1

4,6

2,8
3.0

3.6

2,6
2.6

2,6

I+1I

13.9
15,1
16.5

14,0

8.8
(N
6.9

7.2

6,3
6. 4

608

6.4
65

7e 5

7o 7

7e 5

Pair
1,38
1,41
1.54

1,41

1,00
1,01

1,07

1,00
1,00

1,00

1,00
1.00

1.00

1,81

1.24
1. 35

1.49

1,12
1,16

1.23

1.05
1,07

1,09
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Figures 11 to 15
Excitation functions, Differential cross~section is plotted
against photon energy for proton laboratory angles of 190, 300,

40°, 50°

, and 60°, Also indicated in each figure is an estimated
photon energy resolution function for the k = 700 mev point, For

a gi{ren proton angle, the resolution function will be slightly nar-

rower at k = 600 and slightly broader at k = 800 mev,
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Table 6

Cross~sections for angular distributions.

Column 1:
Column 2:
Column 3:
Coh}mn 4:

Column '5:

Mean photon energy, mev,

Pion angle in center-of-momentum system, degrees,

0

Differential cross~-section, 1073 cmZ/ster.

30

Type I error, 10~ cmzlster.

30

Combined Type I and Type II error, 10~ cmz/ster.
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Table 6
k OW, ' do/al® Type I I+1
600 138 2,24 +.16 +.29
115 3,52 .26 .31
93 3,50 .20 .22
72 2.91 .17 .19
52 2,16 .16 17
700 138 2,37 .20 .39
114 4,16 .24 .30
92 4,50 .25 .28
72 3,91 .23 .25
52 2,30 .16 W17
800 137 3,02 .24 .42
13 3,67 .20 .26
92 3,86 .22 .26
2 3,65 .26 .27

52 2,11 ) o 15 .16
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prv‘es’erits the cross-sections used in generating angular distributions,
Small inferpolatiOns were necessary to obtain cross-sections at the
de’s:‘uh'ed energies, The measurements at 19° and 21° near k = 600
mev have been combined, Figures 16 to 18 exhibit the desired
angﬁlar distributions, Through a least squares analysis, coded
fpr the Datatron by J, I, Vette and W, Wales, the data of Table
6 have beén used to determine angularvdistribution functions of the
form: A+ Bcos 0+ C cosZO. At k = 700 and 800 mev, a constraint
had to be added to force the angular distribution function to be non-
negative at all angles, This was done by introducing a very small
cross-section at zero degrees, In the pion momentum range in-
volved it would be reasonable to expect angular momenta of § > 1
to be present, but the form assuming only £ = 0,1 was used since
1} it gives a satisfactory fit to the data, and 2) the data are not suf-
ficiently detailed to provide a good determination of higher order
terms,

Table 7 exhibits the A, B, and C coefficient.s (in units of

=30

10 cmz/ster) as well as the total cross section 07 = 411(A+§)

(units of 10'"30 cmz).

Table 7
k VA B C G
600 3,47+ 416 ~=o55+ ,21 -2,70 + .53 32,2 + 1.4
700 4.31 + .14 —.60i.24 ' -3,70 + .29 38.7 + 1.5
800 3.88+ .14 -,87+4 .25 -3,00 + .29 36,2 + 1.5

Figures 19 to 21 present both the angular distributions of

this experiment and those of Vette (10) at nearby energies, In
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Figures 16 to 18
Angular distributions at k = 600, 700 and 800 mev, Errors on
points are combined Type I and Type II, Curves are least squares

fits of the form A + B cos 8 + C cosZO.
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Figures 19 to 21
Angular distribution data of this experiment plotted with that

of Vette (10) at nearby energies,
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ge;leraé.l, the agreement is fairly satisfactory; no serious discrep-
ancies a;t'e found in the 600 mev and 800 mev angular distributions
alfho"ugh the results of this experiment tend to be somewhat higher,
The worst disagreement seems to be between pion angles of 60°
and 120° at k = 700 mev, where the results of this experiment are
considerably larger. Unfortunately, the points of this experiment
have-not béen re-run as much as would be desirable; the point at
92° was determined from one set of full target runs and one set
of empty target runs, The 72° and 114° points are slightly better;
the 72° point is based on two sets of runs and the 114° point is re-
inforced somewhat by the measurement at the same angle but with
k = 765 (see Figure 12},

In four cases, cross~sections were measured at widely
separated times, between which the telescope was dis-assembled
and the electronics used in another experiment, These points
were: 0 = 19°, k = 600; o, = 40°, k = 600; o, = 40°, k = 800;

OP = 300, k o 800. In the first three cases, the two measurements
gave results which agreed well within statistics, The 30°, 800
mev point was suspiciously large originally and was repeated for
this reason, TwoO new measurements gave consistently lower re-
sults and wefe accepted; the old daté, were discarded, This suc-
cess in reproducing cross-sections provides a certain amount of
confidence in the rest of the measurements, In addition to these

3 points, 7 others are based on two sets of runs taken several days
apart, all of which agree within statistics,

It is difficult to account for the discrepancy in the 700 mev

angular distributions, It occurs in the region where it is easiest
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s
to count protons: estimated pair contamination is small, absorp-
tion corrections are moderate, proton energies are high enough
so scattering isn't important, and counting rates are goods Two
possible sources of error are: 1) failure of beam monitoring
equipment, and 2) changes in characteristics of target (icing),

Little is known about these-«they have never been shown to cause

trouble,
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. Vo INTERPRETATION
As mentiéned in the introduction, a theoretical interpreta-
tion of the data is not possible at this time, Methods which were
successful at lower energies are not applicable here, partly for
lack of a suitable theory or model and partly for lack of data such
as pion-nﬁcleon scattering phase shifts and charged pion photo~
7 production data with which the data presented here might be corre~
lated,

A few remarks might be made on the general behavior of
the angular distributions in the 600 to 800 mev range, As can be
seen from Figures 16 to 18, they are qualitatively like the angular
distributions at lower energies, where the data can be fit quité
well with (5 ~ 3 cos0), the angular distribution given by magnetic
dipole absorption and j = 3/2 final state (24), They differ in that
the quantity ~A/C, which is 1,6 at low energies, is roughly 1,25
from 600 to 800 mev, In both regions, the coefficient B is small,
crossing over from positive to negative somewhere around 500
mev, |

Lacking the means of making a more detailed analysis, it
was felt that it might be interesting to examine the energy dependence
of the total cross-section for an indication of interference between
states of isotopic spin 3/2 and 1/2, The resonance at k = 330 mev
is due almost entirely to a T = 3/2 state, Since this corresponds
to a T = 3/2 resonance in pion-nucleon scattering, perhaps the
T = 1/2 peak in scattering at a pion energy of 800 mev (9) has a

counterpart in photoproduction which leads to an interference term,
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The photoproduction amplitude can be written as the sum

of two pure isotopic spin states; ¥ = \, (- %) + Y (T=Y).

To make a simple mbdel, represent each state with a resonant

_a
E-Ej+L7

non-relativistic expression and not entirely applicable here; it

term of the form \Pj = It is realized that this is a

is used because of its simplicity, Then

= A3 a,
kV E"E3+i‘x3 + E’Eg"'i'xl

and

-— |a3l2 IQ.IZ Q*Q.
o = E-EV+3F T FEEr-97 *ARe [(E~Es+é>é)ze—a.+i>(.)]

From the (3, 3) resonance we determine E

3
2
mev, and (—%’3—-) = 270 4b (24)e From the T = 1/2 scattering data

= 330 mev, X3 a 71
we decide upon a resonance at TTr = 800 mev with a width of 300
mev (9)e Using the easily derivable relation that for equal cen-
ter of momentum energy of the pion-nucleon system, k = T1r +

150 mev, we choose E. = 950 mev and Xl = 300 mev, This

1

leaves two parameters free: a, and the relative phase of a, and

1 1

aze Using these, an attempt was made to fit the experimental
dafa, As can be éeen in Figure 22, which shows an attempt using
no interference term, the agreement is ﬁot striking, Just as good
a fit can be ébtained without an-inteiference term as with one,

The minimum at 600 mev is much too sharp to be produced by
suc‘h"alx _broad résonance. Of course, if E, and Xl are also con-
sidered to be variaﬁle parameters, a better fit can be made,

Thus, without further information, this two resonance

idea seems not to be very instructive., It is possible that the



«-76-

Figure 22
Total cross~section results of this experiment plotted with those
of Vette (10), Curve is attempt to fit data using two resonant

terms, but with no interference between the resonances,
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behavior of the total cross-section in this energy region is related
to competition with other processes such as multiple pion produc-

tic‘m,A and for this reason is not explained by such a simple model,
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VI SUGGESTIONS

There is clearly a need for a good deal more work in deter~
m’ining accurately thé w° photoproduction cross=-section above 500
mev, The first task should be to clear up the discrepancy in the
700 mev angular distribution which exists between magnetic spec-
trometer »and counter telescope measurements of the cross«section,
When this has been done, more precise experiments can be planned,
Four main points come to mind when one considers how the present
experiment could be improved,

The first concerns reduction of pair contamination, This
is important since the correction for the contamination is a major
source of error, According to the model used here, pair contami=-
n/ation is important only at the forward proton angles, At these
angles the photon energy resolution is fairly narrow,; so Eo could
be reduced substantially without cutting into the resolution, thus
reducing the pair contamination to a few per cent, In addition,
further checks on the adequacy of the model used should be made
and the problem of the value of the parameter ''a' cleared up.

The second concerns photon energy resolution, As has been
shown, the photon energy resolution function at the larger proton
angles is quite broad; at 60° and k = 800 mev, it is 200 mev wide
at half height and would be wider if the bremsstrahlung limit
dicin't cut it off, For a reasonably precise experiment this width
should be kept under 100 mev, Since the majority of the width
at large proton angles is contributed by the angular resolution, a

narrower angular resolution is called for; at 60° and k = 800 mev



- =80-
»
a width at half height of 3° would be about right, In addition, some=
what‘ better angular resolution for its own sake would be worthwhile
at the forward proton angles; the resolution used in this experiment
for the 9“, = 920, k = 700 mev point should suffice for all but the
most precise experiments,

The third point concerns the absorption correction, It
would be highly advantageous to have direct measurements of the
absbrption of protons in copper, rather than having to rely on a
calculated value, Such measurements could be made in a reason-
able length of time using existing magnetic spectrometers,

The fourth concerns extension of the angular region covered,
This would be a very desirable improvement since all the data of
this experiment were taken between 52° and 138° in the pion cm
system, For a given photon energy, the problem at forward proton
angles is mainly an electronic one, caused by greatly increased
individual counting rates, due in large part to electrons, This can
be alleviated by any combination of three things: 1) better elec-
tronic equipment, 2) reduced beam intensity, and 3) a cleaner
target, It shouldn't be too difficult to operate as far forward as
14° or 15°, A measurement at 0° will have to be left to a mag-
netic Sp‘ectrOmeter experiment, At larger proton angles, the prob-
lem is one of proton range and photon energy resolution produced
by angular resolution, Here again, nothing basic need be done to
work as far back as 70°--counters must be somewhat thinner and
angular resolution narrowed, The main difficulty then would be

the low counting rate,
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APPENDIX A
In Section III it was seen that to convert-counting rates to

crbss-sections, it is necessary to evaluate the following integral:

_ [ 40" U BGE) ey ohe
K fdr/dn[dk A0 U Bl n(r)

This has been done as follows:

Define PF) = /dﬂfdk 40 BlE)

Except for multiplicative constants this is the integral over the
photon energy of the resolution function for the telescope with a
target nucleon at ¥, P(Y}is written as a power series in the target

coordinates:

~ 2
PF) = Q. + QY + Q2 + QYT+ - - -
The coordinate system used is: origin at center of target, z point-
ing downstream along the beam, x pointing up, and y chosen to
make a right-handed system, The dependence of P on x is very
small and is neglecteds The coefficients in the expansion are de~

termined by calculating P(¥) at a number of points in the target,

R ’ = Ao + aly°' + AZ, + ° * ’

Pn = Ao + a'Yn + QuZn ° ° g
This can be expressed in matrix form as P = Ra where, if n is

the number of target points used, P is an n x 1 column matrix, R
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is an n x n matrix, and a is an n x 1 column matrix, Thenas R P,

Now

K = Ll [dFPenE

-]

I

K \I:)'_ ﬁ%[ai/h(\’)daf + a,/yn(F)&?F o . . ]

The integrals may be identified as the various moments of the beam

distribution over the target and are grouped together to form a

1 x n row matrix: ,M = (No M- - Mn>

-1

Then K - K' = Ma = MR'P =CP

U ofe
s

where C = MR":l is a 1 x n row matrix, Thus the integration over
the target is accomplished by taking a linear combination of the
Pi's calculated at different points in the target,
The beam moments Mi are calculated numerically in a

straightforward manner on the CIT Datatron., The target volume
is divided into cells, a value of n(¥) calculated and assigned to each
cell and the appropriate quantities (n, nz, nyz, etc, ) summed over
all the cells,  When M has been calculated, C = MR"1 can be found,

. Next let us discuss the calculation of the P.. Once the
target point and the telescope parameters (range, AR, geometry)

are determined, the corresponding rectangle in T, @ space may be

)

determined, Thenk = k(T yandk . =2k(T_. © .
max min min, min

s ©
max’ max

are calculated and the region between divided into k-intervals,
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A

For each k-int'erx}al, the following quantity is calculated:

I(k) - Bk, Eo)fo)ﬂ CLQI
T
A
\
AN
\\
\
\
LAG —>\
\\k
kmin

> O

The first step is calculation of 8 _and G+, the values of @ where
the appropriate k line enters and leaves the T, 0 rectangle, The
range AB=6_ -@9_ i‘s then divided into intervals, For each in-
terval, j_‘%_ (k G)SLH 0. is calculated and multiplied by (A_cb)i which
is found by calculating the values of ¢ where a line of constant

0= Gi drawn from the target point in »question intersects the bound-
aries of the déﬁning counfer. A SimpSOn‘s Rule Integration is then
performed over AQ to give f/ SU\S do C’¢ o The result is
mu1t1p11ed by 2« Q&‘EE—) to give I(k) which is printed out for each
k.to give the counter photon energy resolution function for that
target point, I(k) is also multiplied by the appropriate Cj and stored,

This process is repeated for each target point and at the end, the

CjIj(k) are added and a Simpson's Rule Integration over k. performed
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. R ,
to give fdk ijIj(k) which is the definition of K! except for
an inferchange in order of integration and summation,

o To produce a .total photon energy resolution function the al-
ready obtain\ed result chlj (k) is not very satisfactory since only
enough target points are used to give a satisfactory expansion
of P(T). This does not give a satsifactory expansion of I(k), which
varies much more rapidly over the target, Instead, to produce
an approximate resolution function, another linear combination
of the Ij’ chosen to give a better indication of the variation of I(k}
over the target, is used,

In this experiment 11 target points were used, although at
most of the telescope settings, fewer would have sufficeds This
number was required to give an accurate expansion of P(%) at the

most difficult point: 0 = 60°, k = 800 mev,



«85-
REFERENCES
1. l?anofsky, Steinberger, and Steller, Phys, Rev. 86, 180 (1952)
2, Silverman and Stearns, Phys, Rev., 88, 1225 (1952}
3. Goldschmidt-Clermont, Osborne, and Scott, Phys, Rev,, 89,
329L (1953), Phys. Revs, 97, 188 (1955)
4. Walker, Oakley, and Tollestrup, Phys. Revs, 97, 1279 (1955)
5. Oakley and Walker, Phys. Rev., 97, 1283 (1955)
6, McDonald, Peterson, and Corson, Phys. Rev., 107, 577 (1957)
7., Watson, Keck, Tollestrup, and Walker, Phys, Rev,, lg}_,
1159 (1956)
8, Chew and Low, Phys, Rev,, 101, 1579 (1956)
9. Cool, Piccioni, and Clark, Phys, Rev,, 103, 1082 (1956)
10, J. I. Vette, Ph,D, Thesis, Cal Tech (1958)
11, Tollestrup, Keck, and Worlock, Phys, Rev,, 99, 220 (1955)
12, Walker, Teasdale, Peterson, and Vette, Phys, Rev,, 99
210 (1955)
13, Ro Gomez, "Preliminary Calibration of the Beam Monitor of
the Cal Tech Synchrotron, " (1957), Unpublished
14, R. R. Wilson, Nuclear Instruments, 1, 101 (1957)
15, Donoho, Emery, and Walker, Private Communication
16, Rich and Madey, UCRL<2301 (1954)
17, Fernbach, Serber, and Taylor, Phys, Rev., 75, 1352 (1949)
18, M. L. Goldberger, Phys, Rev., 74, 1269 (1948)

19. B, Rossi, High Energy Particles, 347 (1952)

20, Millburn, Birnbaum, Crandall, and Schecter, Phys, Rev,, 95,
1268 (1954)

21, M. Bloch, Ph.D, Thesis, Cal Tech (1958)



-86-
REFERENCES (Cont'd)
22, Auerbach, Bernardini, Filosofo, Hanson, Odian, and Yamagata,

CERN Symposium Vol. II, 291 (1956)

23, J, Mathews, Ph,D, Thesis, Cal Tech (1957)

24, W, McDonald, Ph,D, Thesis, Cal Tech (1957)



