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ABSTRACT

An investigation has been made of the reaction pt+tp-— p + p+n’at an incident
proton energy of 735 iieV. The external proton beatn of the 184-inch synchrocyclotron
bémbarded a liquid-bydrogen target. Gamma-ray energy spectra were measured at
latoratory angles of 6, 32, and 60 deg with respect to the proton-beam, Two high-
1'esol\;t10tx pair spectrometers were used to make theae meagurements, Compﬁter
codes were used to make all necossary corrections to the data and determine fbe final
spectra,

No evidence is found for high-energy gamima rays produced from any soufce
other than neutral-pion decay, The cross scction for v’ production was ‘measurtﬁrd to
be 3.4640,25 mb, Py use of the method of least saquares, angular and momentum
distributions of the neutral pion in the two-proton barycentric systemn were determined

from the photon apectra. The pion angular distribution is given by

dog  Op 2 4

I = %- {0.834« + 0.099(3 cOo8 0) + 0,067 (5 cos8 ()].
where 0 is the barycentric angle of emission, Ton momentum distributions are
given for three angles, The resnlts are shown to give reasonable agreement with

the isobar model,
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Robert J.‘ Cence, DDon .. Lind, Gilbert D, Maad, and Bu_r-tonl.)'. Moyer

Lawrence Radiation Labor ato ry
University of California

April 15, 1963

I. INTRODUCTION

The reaction

P’+P"’p+p+ﬂ° - : (1)

_possesses certain uniq\ie characteristics, Near threshold the cross section for

1, 2

this reaction is severely suppressed,’ At a labo'ratory energy of 340 MeV the

total cross section for (1) is about one-thirtieth of the total c¢ross section for .
pitn—=pt+n+w’, @)

This experimental fact is now well understood as being due to the FPauli exclusion

principle combined with the fact that the =" has odd parity. 13,4

The total cross
gsection for reacti{'on (1) is plotted in Fig. 1, |
The inforrnation on angular distributions is much more liﬁiit(ed, primarily

because the gamma-ray angular distributions only weakly reflect the neutral-pion
angular distributions. One must measure gamma-ray fluxes very accurately to
obtain even limited accﬁracy for =’ distributions, unleés 6ne can measuré the
energy spectra of the gamma rays as well, A‘

| The angular distribution for reaction (1) can be expressed by.expanding in

even powers of cos®; i.e., ¢o/dQ « (1+3b c'os?‘O' + be cos49 ++++), where 0 s the

angle of emission in the barycentric system., Odd powers of cos® cannot appear

because of the symmetry between the two I)rotons. In the experiments that have
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been done so far, terms higher than canO have not been needed to fit the data,
Unfortunately, experiments below 440 MeV were bnot precisé enough to make a con-
_clusive determination of even the coszo_term. 6,10 »
Prokoshkin and Tiapkin find that at 445 MeV.- b 1 i.e., approxifnately
- equal numbers of pions are distributed isotropically and with a coszf) distribution, 1
At 660 MeV they find that_ the distribution has become i'sotropic. In contrast to this,
Dunaitsev and Prokoshkin find that the pioﬁs are produced isotropically over the

5

entire region from 400 to 660 MeV.,~ The results of York ei_: al. at 397 to 445 MeV

are also consistent with isotropié production, 12 The only experiment on hydrogen
done with a pair spectrometer finds b = 0,120,03 at 6,6.0 MeV, 13

Information on the n? energy distribution in reaction (1) is almost nbnexiétent.
One must have accurate gamma-ray spectra at several angles of view to obtain this
lnforlmat'ion, and this has not been available, Baiul<o_§ and Tiapkin find t};at at 660
MeV the most probable w’ energy is about 0,45 times the maximum available, 13
The purpose of our experiment was to obtain more detailed information on
~ the n” angular and energy distribution in reaction (1) than has been available heretofore.;
From the Russian work at slightly lower energies it vis ekpected that the angular

.distribution will be nearly isotropic at 735 MeV incident-proton energy. Furthermore,

the isobar model Imay be expected to play an important role,

I. EXPERIMENTAL METHOD!4

In this experiment the external proton beam traversed a liquid-hydrogen
target in the proton cave of the 184-inch cyclotron, The physical layout used for
the 6-deg setup is shown in Fig, 2. The arrangement of the magnets differed only
slightly for the other two énglles. |

" The mean energy of tﬁe _ﬁrdton beam at the center oflthe target was 735 MeV,
The avefage iritenéity was 2% lOll protona/sec, Throixgh use 6f an auxiliary dee,

this beam was spilled out evenly over a period of 8 msec, giving a duty cycle of
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approximately 50% It was monitored by means of a secondary-emission chamber
similar to that uaed by Larsen, 15 \

Thee flask of the liquid hydrogen target was 6 -in. thick. The externa.l con-
struction was such that a thin window permitted us to view the gamma rays at any
angle between 0 and 90 deg in the laboratory.

Gamma-ray energy spectra were measured by éither éf two pair spectrometers,
sot}i of which us ed plastic scintillators to count the electrons ax;xd positrons, For the
eneréy region 20 to. 100 MeV we used a conventional 180-deg spectrometer with six
poéitron and six electron counters. For the energy region 100 to 650 MeV wevusedb
a spectrometer which had the unusual geonietry shown in Fig,3, In endeavoring to
minimize multiple counts due to electron scattering, this arrangement was found to
bé distlnctly superior to the conventional design in which the counters are arrayed iﬁ
two s;traight lines diverging from the converter cventer.

In both of our spectrometers the light pulses from thé scintillators were piped
to 6810A photomultipliers via lucite light pipes oriented vertically in long holes drilled
through the poles and yoke of the ""ORION" H magnet, Details concerning the design
and operatioﬁ of these spectrometers will be published elsewhere. 16 |

Betwe‘en the last sweeping maghét (M4 in Fig. 2) and the pair spectro}nefter we
placed a counter using a 0.020-in, -thick plastic scintillator. It functioned in
.anticoincidence with the spectrometer counters in order to elimiﬁate events due to
charged particles that had escaped‘ sweeping magnets M3 and M4. Using this clountef
we were able to increase the converter in-out ratio by about a factor of two.

The electronic system used to determine electron-pos'itroﬁ coincidences isr
‘shown in a simplified block diagram in Fig.4. The eight signals from each side

(six-in the case of the 180-deg spectrometer) were first added together, The summed
| 17

signals were put into a Venzel-type coincidence circuit’’ to determine two-fold

coincidences along with the signal from the anticoincidence counter mentioned above.
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The resolving tirne of this circuit was approximately 10 nsec (full width at half
maximum), The fast output triggered a gate, which in turn informed the binary
coder that an event had taken place. The binary coder then fcscbrded the signals
frorva%rticular counters which had produced a signal over the past 20 nsec, Pulses
in binary code were then transmitted t§ a core storage matrix. On command, the
core storage unit read out the number of counts vin each channel by punching a series
of eight IBM cards, each of which was prefaced by a code indicating the run number
é.nd running conditions. These cards were later analyzed by an IBM 709 computer,

by using a programn described in Sec, IV,

III. EXPERIMENTAL PROCEDURE

We took data at the three laboratory angles of 6.2, 32,0, and 60.5 deg. At
each angle data were taken with hydrogen in the target, with deuterium, and with
the target empty, ‘I‘argef in-out ratios of approximately 5:] were obtained with
hydrogen, and 12:] with deuterium, The deuterium daté will be analyzed separately
and are not reported here.

Both the 180-deg and the circular spectrometer were used at all angles.
V/ith each spectrometer we took data at each of 16 magnetic field settings,‘ ranging
from 1,92 to 19.7 kG, each field setting differing from the previous one by a factor
of 1,168, The pdrpoae of running at so many different fields was to average out the
effect of possible small variatioﬁs in efficienciela of individual counters or counter
combination, | Discontinuities in the observed spectrum due to systcmatic va‘riati_ons
in counter efficiencies are essentially eliminated if the value at each experimental |
point is determined by contributions from almost every possible combination of
counters, |

A run under é,‘given set of conditions typically lasted about 15 minutes, after
‘which we turned off' the counters in order to‘read out the data, Time was allocated

to converter-in and converter-out operations approximately in proportion to the
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square roots of the counting rates, in order to minimize the statistical error for a
fixed amount of rutming time. The observed converter in-out ratio varied between

1.5:1 and '15:1, depending on the expeximentel condxtxons.

v, DATA ANALYSIS AND CORR ECTIQNS_ -
As .previously 'mentioued our e:‘cl)eritn.e"rxtal method ’differed.from ’t'h-.?tt of
other workersa in the field of pair spectrometry in one 1mportant respect: 1ather than
take data at only one, or at most a few magnetic f1e1d settinga we varied our magnetic
field in small increments over a very wide range, T}ns posed a rather unusual
problem in the data analysis, At each field setting, as many as 36 diffe‘rent energy
channels (with the circular spectrometer) are defined, depending upon thepartimdar
combination of countervs producing the cotncidence. Since we collected data at 16
different magnetic fields, this meant that there were 576 different enefgy channels
between minimum and maximum energy.
Conventional pair spectrozi‘xeters have certain symmetry properties which
greatly reduce this number, However, with the circuiar geometry shown in Fig, 3
all these symmetry properties were destroyed, Coneeptqally the de.ta_.;analysia was
no tnore difficult but the amount 0f.iabor in\;olved was now enormously greater, For
this reason it was imperative to use a high speed computer te analyze the data, A
program was written for the IBM 709 which: (a) di.vided the gamma-ray spectruminto
energy increments, (b) placed the events from eac‘h_ energy channel of the pair spec.-
‘trometer into its approp_riate enetgy increment, (d)applied the corrections that had
been previously calculated by ether computer programs (dv) performed the target in-
out and converter in- out subtractions, aed (e) calculated the errors,
The data were corrected for the following effects:
a, Variation of spectrometer geometric efficiency with magnetic field
b, Variation of pair-prodectionrcross section v8 energy
c. Loss.ef events due to vet-tical scattering by the converter offele.ctrox-m
and positrons out of the pla_rte of the acintillators . ‘. A

d. Radiation straggling of electrons and positrons in the converter,
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Regarding the first effect, it is easy to show that the geometric efficiency of
a pair spectrometer is proportional to the magnetic field, For the pair-production
cross section we used the theory given by Bethe and Heitler, 18 as summarized by

19 and modified by Davies et al. .ZO to account for deviations from the

Bethe and Askin
Born approximation, "I'o calculate the vertical scattering, we used the plural
scattering'theory of Moliére.u For the radiation-strag-gling correction we again

made use 61 the calculations of Rethe and Heitler, 18 These correct_ions were all
calcﬁlated. by means of IBM 709 ' computer programs,

A thorough discuasion of these corrections will be given in the article describing
the pair spectrometers, to which previous refe.rence has been made, 16 Figure 5 |
shows the spectra obtained at 650 deg-after all corrections have been made ~with the
circular spectrometer and the 180-deg spectrometer, plotted separately. A few
percent adjustment of the normalization of o/ne spectrometer to the other has been
made, The close similarity in the spectral shapes obtained with two spectrometers

of such widely differing geometries gave us considerable confidence in the analysis

described above,

V. RESULTS

The gamma-ray spectra oba‘erved at the three lab angles of 6, 32, and 60 deg
are shown in Fig. 6. The high-energy cutoffs prédicted by n’ decay kinematics are
at 540, 464, and 346 MeV, respectively, In each case the experimental cut‘off:s are
almost exactly where predicted. Kinematics predict a low-energy cutoff as we}‘H. at
energies of 27, 23, and 17 MeV, respectively. Although the spectra did drop (%;ff
sharply at the low-energy end, they never actually reached zero, This was p;'obably
- due to multiple radiation processes in the collimators by which a high-energy éamma
ray can produce one or more 1ow.-energy gamrma rays,

The errors shown are statistical errors only. The errors on most points

are less than 2% except at the lowest energies. In addition, there are systematic
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erfors of as much as 5%, which would afféct the totai norfnaﬁzat._ion of the spectra..
These errors come primarily from uncertaintica in the measurement of the proton :
cufrent, due to problems encountered with the secondary-emission monitor chamber,

In Fig.7 we show the Baxhe gamma-ray .spec'tr.a‘a'ftet” théy ha‘.ve'been '
transformed into the two~pr0tcn barjcentric syatem. In t'his. system the predicted.
v}ngh -energy cutoffs are now all at the same energy’ 301 MeV ‘The predioted low-energy
cutoff is 15 I\feV | |

The efr'ors shown in Fig. 7 él'e iargei‘ than th‘osé shown in Fig, 6. | This {s
becausé a repr'dc_’mcibility error, estirﬁated to be equal to 2% of tixe valﬁe of each
point has beén added to the statistical error, This was dor'xel in 6rder tom'a.ke the‘
goodness-of fit parameter Y / d = 1 in the least-squares analysis to be described ”
below, The \{2 is the total squared deviation and d is the number of: degrees of

freedom,

VI. ANALYSIS
Because there is no analﬂic way to deduce neutral-pion spectra from gamma-ray
_apectra, a pion spectrum was f{it to the déta by trial and error by using the method
of least squa.res..‘ A computer prograrn was written‘w_hich computed the gdm’ma-ray |
spectrum due to an assumed pion spectrum. This spectxum céntained three angular
terms ~isotropic, cos 26, and coa49-and rmomentum terﬁxs“tilat were given by the
three-body final -state p‘ilas-e sbace'mtﬂtipligad by a power series in the baryc:exrltr.ic |
pion momentum, This power series contained t;ernﬁs up to and 1nc1uding the eighth

power, Thatis, the pion spectrum was assumed to be of the form

'da".», 2 8 "n“ 4. ' ' ' .
e o ag ($o) ot (o) |0

MO

where f(p) is equal to three-body final-state phase space.
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The parameters a_, bn. ¢, were all varied until \(2 betwaeﬁ the garama-ray
spectrum predicted by (3) and the data were minimized.

The curves in Fig, 7 show tiue gamma-ray spectra resulting from (3) with the
best val_u.es of the parameters determined by the least-squares analysis, The
excellent fit obtained is the basis for our statement that there is no evidence for
high-energy gamma rays produced by any source other than neutral-pion decay.

Because of the unreliability of the data at the low-energy end of the spectrum,
és discussed in Sec, V, they were not included in the least-squares analysis. They
comprise the points below 55 MeV in Iig. 7, as indiéateci by the dashed line. The
results of the léaat-squares analysis were inaenaitive to the exact value of thia
cutoff energy, |

The corresponding pion momentum spectra at 0, 45, and 90 deg in the bary-
centric system are shown in Fig. 8. | The dotted curve represents thé pion spectrum
given by phése space, assuming an isotropic angular distribution. The curves in

Fig. 8 are normalized to our observed total cross section

or = 3,46x0.25 mb, o . (4)
which is included in the plot of Fig. 1. e oltained (4) by intégrating (3)_ over angle
and energy, using the best values for the parameters. The error is due primarily
to the uncertainty in the measurement of the absolute .proton flux striking the hydrogen
target,

The angular distribution of piona for the spectra plotted in Fig, 8 is fepreaented
by

do 4

” I 2 4
- ° Iw [0.834 + 0.099(3 cos“9) + 0.067 (5 cos 0)]. (5)

. A fit that was almost as good was obtained by using only the isotropic and coszo

‘terms in (3). For this fit the angular distributionis given by

- do_y g

= g [0.79 +0.21(3 cos’)]. (6)
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The momentum spectra, however, were virtually the same as those plotted in
. Fig.8. Note that the fraction of n'a emitted isotropically in solution (6) is about

the same as that in solution (5'). namely about 80%.

VI, CONCLUSIONS
We now may compé.re our pion angular distributions with those of Dunaitsev

and _P_rokoehldn. > They assumed that the pion angular distribution was given by‘

de Q0

o~ %  +bcos’s, o o
and‘us'ed their measurements to determihe the value of the parameter b frbfxi |
500 to 665 MeV, Théy find b to be statistically zero except at 665 MeV wheig
b = 0,10+0,03, Thetr results are shown in Fig. 9, In order to make a direct _c_dm-
parison with our results, we used the solution given by Eq. (6), in which the cos46 |
term was omitted. From Egq. (6), b= 0.27+0.04. The error was estimated by noting |
the approximate sensitivity of xz to b, Our value for b at 735 MeV is also plétted
in Fig.9. It appears from this figure that b, though still small, is rising rapifdly
above 600 MeV, | | i

It is perhaps somewhat surprising that the pion angular distribution is- p,o
nearly isotropic, Most nuclear processes become quite aniaotropic as energy
increases, At the energy at which this experiment was performed, partial waves
through [ = Z -should be important However, if the production proceeds primarily
through the 1ntermedia.te creation of a nuclear isobar, which subsequently det%ays :
into a proton é.nd an’ meson, one expects the reaction to be _néérly isottbpi’c.f After |
creation of the isobar, very little kinetic'.energy remains, In our case, appi-:bximatelf
40 MeV is available to the proton and an i’vsob‘ar;ofA mass ‘lZ30>MeV. The ls'oB'a*r w:.vo{tldi
therefore be produc;ed prim_arilyi in an s state. The angular distribution of ‘tim pions
would then be nearly isotropic if we assume that the isobars are not polari:&e.&i.
The presence of small cosze and coséolterms indiqatea that either there is aémev

p- and perhaps d-wave production of the isobar, or that not all production proceeds .
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through creation of an isobar, - |
In Fig, 10 we compare our results to the isobar~-model calculation of

23

Lindenbaum and Starnheimer, The solid curve represents the pion momentum |
spectrum deduced from our experiment and integrated over solid angle, That ia

A

dO’"‘rn o d 0'_"0 ‘ ‘ |
L = [ T ¢ T (8)

where m = p/pe,
The curve labeled ‘;i'aobar snodel"! repreaehtm thé pién moméntum spectrum

calé\ilated by Lindenbaum and Sterﬁheimer at 800-M lab proton Aene‘rgy. " In this
- calculation they assumed isotropic isobar production and de‘cay.b - All momenta on
the absc’:isea. for this curve have been adjusted in order to. r;xake the maximum
,_ 'a;llpwa:l:'ile momentu.m‘the' same as that at our energy of 735 MeV._

| Ve feel that the corhpz{riaon is stil)l valid even though the enérgy at which |
: Linde‘nba_@m‘ and Steirﬂxeimer made their calculation was 800 MeV, and that at whxch
our data was taken was >735 MeVl. This is beéause the difference in avaiiable ene.rgyv
in the barycentric system is only 27 MeV at the above two lab energies whereas the
_width of thevisoba.r resonance ig about 140 MeV.

The éurve labeled ""phase space' represents the'three-body final-stéte ph‘asé
space, 'a‘squniAng isotropic pion production, All three curves in Fig. 10 have been
normalized tc; the total cross section given by Eq. (4). |

There is some diségreemént between the detalled shapes of the pion spectra |
given by experiment aﬁd the isobar model. (The discrepancy for n <1 could be

. due to multifsle n’ production which we have ignored, 9) Nevert_:h.eless, it is clear =
that the isobar modei gives much better agreement than does a phase space distribu-
tiox;x. In partiéula.r, there is a.gtiOng enhancement of pion production in the region

. n=15¢t 1,7, shown by bothﬂexperiment and the isobar-model calculation, wh‘ich‘ is

not as proﬁbunted “in - the i;ahaae space distribution,
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On the basis of this comparison in Fig. 10 we conclude that at 735-MeV

lab proton energy the isobar model mechanism is prominent in reaction (1).
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FIGURE CAPTIONS
Total cross section for the reactionp + p—=p + p + n°, "ma':ﬁ is the maximum
pion momentum in the b‘arycentric system, in units of m“., c.

Experimental layout at‘olabz 6 deg. Ml and M2 guide the’proton beam,

act as sweeping magnets, and M_ is the Speétrometer magnet.

3 4

The circular spectrometer.

5

Block diagram of the electroﬁics.

Spectra obtained with the circular speétrometer and the 180-deg séectrometer, ‘
pl_otted separately. |

G.a?nma-ray energy spectra as meaauréd in the laboratory.

The gamma-ray spectra after transfo‘rmaﬁioﬁ into the barycentric system.

All qﬁanfitiea in th}ie;‘ figure have been transformed into the barycentric aystem.
The curves represent the gamma-ray spectra resulting from the neutral-pion
spectr-a'giving the best fit to the data as determined by thé least-squares ahalyéis.
Data to the left of the vertical daéhed line were not included in this analysis,

'fhe ueutral-pion ‘spectra in the ba_rycentric system which give the gamma-ray
spectra plotted in Fig. 6. The dotted curve represents the pion spectrum given |
by the three-body ﬁnal-sfate phase space, It iz normalized to give the same .

total cross section as the solid curves, dssuming: an isotropic angular distribution.

Values of the coefficient b in the expansion

dO’f;
‘a}rr oc —;- + bcosze,

10, Pion momentum spectra in the barycentric system.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representatlion, expressed or
imp]ied, with respect to the accuracy, completeness,
or:usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








