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ABSTR.ACT '

. The eugular distribution and excitation fuaction for neutral mesons
prodnced by proton-proton collisions near threshold have been measured '

" It is found that P.state production of the mesons dominates at all energies

except théae quite close to threshold, where some S-state production can be

I 'detected

The tétai croae section, at an energy where the maximum attainable

e.m, meson momentum is 'qOM 7C, can be stated as

8

2 40.57 Ny -

o{mb) = 0.02 Mo

{8 state) (P state)
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CHARACTERISTICS OF 0 PRODUCTXGN
- FROM PROTON-PROTON COLLISIONS NEAR THRESHOLD

Burton J. Moyer and Robert K. Squire

Radiation Laboratory
University of California
Berkeley, California

February 1957

1. INTRODUCTION

N itihab been found possiblé to greatly simplify the analysis of the
- ;’Srodﬁction of pions at low energies by applying various levels of phenom-
' enologica.l theories to the reactions in which they occur, In many cases
' this has amounted to no more than the application of some general quantum
i ~,-rr-uacl:\iﬂmical priaciples. In fact, by assuming that pions are produced chiefly
in P states, and by treating the nucleon-nucleon interaction phenbmenologi- . E
c:ally, it has been possxbie to explam the energy spectra and angular dj.stribu- ‘
'tion of pions and in some cases to predict the excitation functions for t.he
; praducing reactions. 1 2
_ Oune can make three major assumptions in the general analysis of pion-
- uucieon interactions. ‘
. 1. Charge independence is valid.
- -, 2. The plon-nucleon interaction range is finite and is of the order
of A/ pC. / |
' 3. A pion-nucleon system in the state I = .3/2, J = 3/2 has an
- esgpecially strong (attractive) interaction.

g"'i‘ﬁi_s work was done under the auSpices of the U.8. Atomic Energy Commission.
A H. Rosenfeld, Phys. Rev. 96, 139 (1954).
®Gell-Mann and Watson, Annual Rev. Nucl. Sci. (Asn. Rev. Inc.) 4, 219 (1954).
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In me son production by two collidlng nucleons, at energies near
"thre shold (‘I‘ < 60 Mev), only the states of angular momentum equal to 0

’ or 1 will be imparte.nt. We therefore have to consider that the meson may

" be ‘i_,n.a_n S state or a P state with respect to the c.m. of the two-nucleon
| system, and the se micleéns may be in an S or P state with respect to each
'f’,_oeher For the nucleons, there is a strong tendeuncy for the S state to pre-
| dominate, with low nucleon energies in the final system.
R If we list the reactions according to their (experimental) order of
| importam:e. we have:
... - Sp (nucleons in S final state, meson ia P state),
‘ 3:‘3.
Pp,
" Pe.
' Brﬁeckner and others have applied the above prmciples to the
i} '-'production of mesons from nucleon-nucleon collisions and have found it
possxble to express in terms of only three fundamental cross sections, the
'7'-seven reactions that ogcur, 343 The excitation functions and anguler
| distributions for the se crogs sections can be derived. If one adopts the nota-

| vtion of Rosenfeld, lia which ¢ a,b is the cross section for a reaction, then

) . ais. the faitial isatopic spin and b the final isotopic spin of the twe-nucleon

’ 'system. iu these terms, the three cross sections are 6"10. 0‘01. and 0'“
' v‘I‘he reaction p + p - wo + p + p involves the term 711 only, and a study of
At therefore ahould yield an unequivocal measure of this term.

. -.1 ) :V . Q\,‘ .

K. A. Brueckner, Phys. Rev. 82, 598 (1951).
\ _ V{’Ch.ew, Goidberger, Stzéinberger, and Yahg. Phys. Rev. 84, 58 {1951).
koM Watsan“atid K.A. Brueckner, Phys. Rev. 83, 1 (1951).
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The following reactions occur.

110 Production by p-p collisionsl

Ciaes | Reactions | angatar | Excitation |
b , o distribu;iou ’L fuéctiqn , §
s‘ﬁ 3p0 ~. (1809)-0 f isotropic ~9.01 "?102 %

| 390’ 1 207 *F, = P o)y, l,zé $ + cos®o ~0.2 %8' | 3

3. 3. _ 3
’ Py yor "F, 3= ("Pyp)y , 4

A e W Y S e ArTmf

S . Y

o .. . o
T e W SR P

- ( ‘ v .3 6
TR : : t isotropic =4 "o
1 3
i D, - {"P.s :
k 2 = UF,e),
. ‘: . o S JE— - o o i . o o e PR VAT R 2gpa Y, P B -wm-m-rnﬂ'u-emﬁn“'i.
. . . i .
i B meme - , )
: A — - e mi s et s s

One can derive the excitation functions as follows:
1. Classg Ss
o /2

al dT, T+ B
® 0 )

; [“1135 0(_,,03,

. 2. Class Pp
do ' .
'ET%} < 713(To - T)?/z g [an]Pp e .,.108‘
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3, Class Ps

- de '
11 - , 3/2
“""T"‘_d . . “(To - T) ’ [GII]PS :;& Tlo ’

where 7 = meson momentum, units pc
“ﬁf’é = maximum meson momeatum
T = nucleon energy
'I‘O = total (c.m. ) energy available
B = binding energy of the two nucleouns in a (virtual) 1S0 state,
assumed to be small.

6,7, 8

Prgv.ious ex-pe_rimentalb work thus far '~ has detected only the term

[0,11] P. _ ' 'qos. By carrying the measurements down to energies close to
’p ' :
the threshold, one may hope to detect the other classes of production, and to

_ther’eforé get a measure of the relative importance of the various production

modes.

" 83, Marshall and L. Marshall, Phys. Rev.
-7.1'. W. Mather and E. A. Martinelli, Phys. Rev., 92, 780 (1953).

8. a. Stallwood, "The Reactionp + p - a0+ p + p in the Energy Region
" 346 Mev to 437 Mev, " Report No. NYO-7108, March 1956, Carnegie Institute
of Techunology. ' '
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II. APPARATUS

A, Arrangement

The experiment was performeci by allowing protons to pass through a
‘Hquxd hydrogen target. The photons from the decay of the neutral mesons
formed in the proton-proton collisions were detected by a gamma telescope.
| The source of the protons was the 340-Mev Berkeley synchrocyclotron.
The external beam from this machine was deflected by a steering magnet into
the expenmental area, where it was analyzed by a 12, 000-gauss magnet, was
deﬂected here by about 20°, passed through the target, and finally passed
: through an ionization chamber which served to measure the proton flux.

_ A count&smarray referred to below as a 'telescope'" was located to one
side of the target at a desired angle, and collimated so that it viewed only

j the reglon of intersection of the beam with the liquid hydrogen in the target,
o Th_e geaeral layout is illustrated in Fig. 1, which also indicates the

lpoaition of the pair of ion chambers used to measure the beam energy.

1
i

B, Beam

The proton beam emerging from the collimator is contaminated with

neutrons, Deflecting the protons with a magnet made it possible to offset
" the target- s0 that the neutrons were prevented from striking the target. The

"proton beam travérsed the magnet without striking the pole tips or any other
. material, so aé to avoid any further? neutron production.
- For maximum—energy protons, i.e., 340 Mev, it sufficies to use the
- beam as descrxbed above, To meaéure the excitation function, however, sev- '
,eral energies are needed.* These are achieved by introducing carbon absorbers
-~ in the path of the beam while it is snll in the fringing field of the cyclotron.

o ‘In this experlment a rapid decrease in cross section with decreasing energy,

coupled with a decrease in the beam intensity, made it impractical to work
beiow 320 Mev. '
The beam croes section was about 2 by 3 inches at the entrance to the

target, and the target container was so constructed that at no point did th

.
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p’i‘pt_ofnst-come closer than 2 in. from the side walls or internal structures.
This was done to insure that events really occurred in the liquid hydrogen only.

i C. Target

S The target was a volume of liquid hydrogen 6 by 22 by 14 in. Very
litﬂe material could be tolerated in the beam path -- material on which protons
N ¢:ou1d prcduce seutrons by charge-exchange scattering, or ¥ mesons that
~, : equld be captured in the liquid hydrogen. For these reasons we chose a
B &ouble-wallad Styrofoam target, as indicated in Fig. 2. The total amount of

materiai traversed by the bearn before entering liquid hydrosen was 0.175 g/cma"

L " The l:quxd depth was monitored by means of a float driving a light _
reed inside a graduated glass tube. After a few hours of oPeratmn, the rate -
v.f ef éonsumpﬁon of ligquid hydrogen was found to'be quite steady at about 4 '

!iters per hour.

s D. Mouitor

S The ﬂux of protons was measured by allowing the beam to pass through
8. cahbrated ionization chamber filled with helium gas. T he beam size and
shape were such that the entire beam passed through the sensitive region of the

e i;aq chamber,

E. Telescope

| L The detector was required to be an instrument with a high efficiency
for detecting gamma rays in the presence of the very large background of

b radiation that one finds typical of the experimental '"cave' area of the

cyclotron.
“ In Fig. 3, the first uait is a plastic scintillator, somewhat larger in

- f'ér;ass 'aection théa the followiag units, and designed to be 100% efficient for

the detection of minimum-jonizing charged particles. This is called the '"anti- .
scintiliawr, " and is electronically placed in anticoincidence with the rest of

" the telescope. It réjects charged particles incident upon the array. This is

- followed by a lead sheet 2 by 2 by 0.206 in., which converts the gammas into -
ﬁlgctron-paéitron pairs. These emerge from the lead and pass successively
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k]

- thtbugh a l-in. -thick plastic scintillator, a 4-in. Cerenkov counter of lucite,
. vam& anether 1-in. plastic scintillator. The two scintillators are placed in
E »electrouic coincidence and serve to state that a charged particle passed through
"'them, and hence had an energy equal to or greater than that necesgsary to
- penetrate the intervening 4 in. of lucite. The Cerenkov counter served to
._..'_ide‘d\tify the couating event as due to a charged particle having § approximately
equal to'l. It was this counter which allowed discrimination between electrons
' Zand the very much more intense 'background" of neutrons and stray radiation

: of _o“ahqr, formse in the experimental area. The identification of a gamma

C‘c'nélétcid'ef simultaneous pulses in the two photomultipliers viewing scintillator

.....

Na l (Sc 1) and scintillator No. 2 (Sc 2) and ia the two tubes viewing the
g Cerenkov radiation block, unaccompanied by a pulse from the "antiscintillator, "
. ‘The ‘manifold-coincidence reqmrement was satisfactory in eliminating
o _ﬁ'-aceidental counts,

A

¥, Collimaiior‘x

A ¢ollimator was constructed of lead bricks, which were machined for

clese .fit'i‘;iug.’ it was 16 in, deep towards the target and contained a 2-by-2 in.
’ 'f.‘g'.';'hal‘e_aiigned with the telescope. Enclosed by the lead was a block of beryllium, _
Zbyzby 8 in., which atteauated the flux of low-energy charged particles.

~

G. Electr'oni-ce

, The circuitry assaciated with the gamma telescope was composed of
severai fast-coincidence circuits, (5% 10~ -9 sec) followed by slower ampli-

- 'iwrs and mixing circuits (Fig. 4). Comprehensive deacriptions of the fast
- elegz&;ronics have been presented by Madeyg and by Squire. 10 A gamma event
| was, identified by a coincidence between Scl and Sc2, and Cerenkov tubes

1 and 2 .not associated with a pulse in the "anti' counter.

o~

10

9Richarcl Madey, A Fast Counting System for High-Energy Particle Measure-
menta UGRL-IS&O, October 1954,.
.R,obevrthquire, Characteristics of the Production of Neutral Mesons Near
Threshold in p-p collisions, UCRL-3137, September 1955.
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1Il. PROCEDURE AND EXPERIMENTAL CONSIDERATIONS

A. Monitor Calibration

. The proton flux was measured with an ion chamber, whicl'i wae cali-
. brated with a Faraday cup. This calibration was repeated for the various
} :gt;_é:_gie.e and at the various beam levels used in the experiment.

K : .. B, Bea'm Energy Measurements ' T
L The energy of the cyclotron beam is net a constant, but varies for o

different operating conditions by as much as § Mev. Because the cross aection;"::v K
that wa s to be measured was a sensitive functmn of the energy, an exact valuef
cf the energy was needed. To determine thxs. two ion chambers were used,"
betwcen which copper absorbers were placed to trace out the Bragg curve,

Fﬁr our standard of range ¢nergy relations we took the tables of Rich and S
Madey, 1 UCRL-2301. In addition to the carbon abeorbers {ntroduced to degra.de
¥ € 'beam energy to desired values, the protons traversed 1.95 g/cm of

1i§md hydtogen on the average in reaching the sensitive region of the target _
Thﬁ& additionally degraded their energy by a few Mev, The resulting energies' o

were*
Vo Lab | X
Run _ Angle . T {cyeclotron) B § (bombarding)
SRR o (degrees) (Mev) = : L (Mev) g
SRR T S 67 . 342,5 . 329.0
St 67 327.3 - 314.5
0 M & 342.5 3290

C. Gamma Telescope Efficiency

3 Thé determination of the efficienéy of the telescope for the detection ,
' of gamma raye of dxfferent energiea was accomplished in the following manner.}‘
Fn-at. aan experimental test was made of the abili.ty of electrons of various
e_nergwa to penetrate various thicknesses of lead from 0 to 0.25 in., and

%ty Rich and R. Madey, Range-Energy Tables, UCRL-2301, March 1954.
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regieter in atillator No. 1, scintillater No. 2, and the Cerenkov counter.

\These electrons were obtained by allowing the bremsstrahlung beam of the

.Berkeley synchrotron to create a spectrum of electrons in a thin converter,
‘analyzing these electrons in a magnet, and selecting the desired energy. Upon

- emerging from the magnet, the electrons are caused to pass through an auxi-

 laty electron monitor consisting of two plastic scintillators, each 3/8 in.

: >vthi'ck (Fig. 5); In area, these ecintillators are 1/9 the area of the 2-by-2-in.
| tead plate in the main telescope converter position, so as to allow for

| exploration of various regions of this plate. The number of electrons through
the monitor gave the number of electrons incident on the telescope "converter® )
~ plate in the area covered by the monitor, and the number of eveats in which
the tele scopé and the monitor pulses occurred in coincidence was the number
of ''successful’” traversals of the telescope by the monitored electrons The

' efficiency for countmg electrons is then

| Eff. - No. of coincid]eqt:efn(:gg%zg: + telescope) x 100%.
Tﬁevarrangement of this method; and the electronics employed, are shown in
Fig. 5. | :

Finally. for deriving the efficiency for gamma rays, a numemcal
integration was performed in which the production of electron- positrou pairs
by photons was calculated for different depths of the 0.206-in. converter.
Then the probability that an electron be produced with an ene!rgy E at the
. depth x in the converter was multiplied by the experimentally derived
' efiic‘iency for the recording of a count from an electron of energy E that
'has to penetrate (0.206-x) in. of Pb before entering the telescope.

The results of this determination ;s indicated in Fig. 6. From the
accumulated errors introduced iato the problem it is felt that about % 10%

accuracy is a realistic expectation.

D, Background and Subtractions .

1. Backgrouad
) ‘Since the cross mection for the reaction studied was quite low, part-
zcularly careful attention had to be given to. pos:sible sources of background
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There are two essentially different causes of spurious counts in the
' gamma telescope multiple acc;dental coincidences of the kind to cause the .
B electro:ﬁcs to rgspond as to a gamma ray, and gamma rays having their origin
in other than proton-proton collisions. , '
To eliminate the first kind of background a mamfolﬁ coincidence
"re*quirement wasg used parts of which had resolving umes of the order of
_a few miﬂimicro-econds. Experimental checks were made for these accidentals.
Blocklng the channel in the colhmatmn with lead reduced the counting rate
-.‘to zZero, : ' i
e " The second kind of background might arise from a number of different .

L%

R kinds of events. Admitting the possibility of a "spray' of neutrons from the

. brass collimation, and of some protons being outside the beam pattern at

o : -the telescope entrance window, we consider the following possibilities:

Y a, 1:0 production by neutrons on the air behind the target, in the target -
‘ VWaIIB, the collxmatxon. etc.; ;
b. v production by stray protons on the target walls, collimatxon, etc. U

i e W production by protons in the beam on the deuterium "contamination”

,‘.-“?-,'imthe -liquid hydrogen;
: ’ d.’ “0 production by protons multiply scattered from the beam into the
"-f'_."’ target walls, ; : :
«ﬁ; 7 capture in the liquid hydrogen, the 7 mesdns coming from

:'v.protons striking the carbon auclei in the target entrance windows {the c:a.ptw.n:'e:12

'*'It’-‘;leadsto'tr +p-~ n+\(+orn +p-n+w)

A number of other possible sources of background were ehmmated by
'fa-"',the design of the telescope. Electrons, charged mesons, or protons incident

; ‘on ‘the. afray were. rejected by the antacounter Neutrons, by making charge-

exchauge or ordinary scatterings, comld eject protons that could cause coul&‘ts

[i_za.Sc_l_and 8¢ 2, but not in the Cerenikov counter., By capture in lead, neutrons
~,,‘ij’-c:'mz;lfl.g'.i\ne' 8-Mev gamma rays which could be detected in the Cerenkov counﬁ\ef;-

but by virture of the approximately 4{5-Mev threshold of the telescope, these!
cuuld not cause a count in the Sc 1 - Cer - Sc 2 cdmbination-. \k ‘
B The possible sources were dealt with as follows: ' T ’\ .

All neutron-induced events were subtracted by a process outlined \

H

‘ b.e_lnw. , o ' A

i

-
PR

* 1Zpanofaky, Aamodt, and Hadley, Phys. Rev. 81, 565 (1951).
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b Stray proton production i:a similarly subtracted.

. i - The norrmal deuterium conteat of hydrogen is 1 part in 7000.
' The contributxon from this source was about 0.3%. '
) o d". @ for the sca.ttermg of protens by liquid hydrogen in the path
length of 50 cm is about 5 x 10~ (radian) The probability of a proton's
scattering into the sensitive regiou ef the target walls is eutire!y neghg1ble
: - The surface density of the entrance window of the target is 0.175

g/cm . and its composition isesssem&auycsﬁ., The carbon cross section for
o u* prcduction by protons at this energy, at 0%, and within the euergy range
‘ whxch wculd stop within the sensttive hydrogen volume (1.33 g/cm ), gives
L a calculated ratio:

Lo w0 events from ©~ capture ~ 0.2%

' eveats from p-p productidn .
n : Z Subtractions
';;' " The anbtractian procedure used was as follows:
.. . ]
Run Contents of Target Beam
) *
A Liquid hydrogen deflected
B Gaseous hydrogen (STP) deflected
G Liquid hydrogen undeflected”
D Gaseous hydrogen undeflected

If oune takes the net counting rate as (Run A - Run B) - (Run C - Run D),
,_.}it can be shown that all the sources of background cancel and the resultant is
E - simply the dxfference between the yields from protons traversing liquid and
gaseous hydrogen, respectxvely

Sk .
. The magnet in the cave could be alternately turned on and off; it was thus
’ -'possible to steer the proton beam into the target or to allow it to pass, unde-
_ ﬂected beside the target.
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IV, EXPERIMENTAL RESULTS

The data, reduced to counts per proton incident on the active target

volume and corrected by the subtraction procedure of Section IV-D, are the

: followiﬁg:
' ‘Lab. _ Proton ‘
Run - Angle - Energy Counts per 10
; ’ (desrees) {(Mev) proton x 107
1 a7 329 2.33 £ .10
2 67 | 319.5 C1.36 £.11
3 67 314.5 1.03 % .11
4

135 329 , 0.57 = .03
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V. ANALYSIS OF EXPERIMENT AND INTERPRETATION OF DATA

L _
: A, - Meson Decay Spectra

{ The heutral meson lives about lf()""15
‘du'ercted photons in its own rest frarhe each of which has an energy equal to
ha.!f %he meson rest mass. When viawed from a frame other than the meson rest

‘framez, these photons may appear thh Doppler-shifted energies and with the

L Y

gecond and decays intg two oppomtely

180 angle of emission altered by aberration. In this experiment, where the

= -mesoﬂs are created near threshold, 'the meson generauy has some velocity

_ with re spect to the center- of-momentum frame of the colliding protons. In
'Ii.vva.dchtion, this c.m. frame is movmg in the laboratory system with a velocxty‘

- dependent upon the initial kinetic energy of the incident proton,
- For an isotropxc c.m. dxstrzbution of neutral mesons, the photon emismon

(in the c.m. frame) is isotropic, although there is an energy spread whose

breadth depends upon meson velodtbes in the c.m.
. If, however, the mesouns are enutted in the I state W'ith a cosZG contribu-
- tion, there tends to be another kind of photon distribution. Where the meson -
. has zero velocity, the photon distribution must be isotropic, but as the meson
velocity increases, the distribution tends to take on some of the cosz 6 shape.
'T“hiis_ can be seen in the limiting case of very high velocities, with § approximately
i_, where the aberration of the photons is so great that they appear to go in almost
. the same direction as the originating meson. '
. The meeon velocities dealt with in this experiment are low, and only a
mild mpdification of the spherical dizstribution is achieved; nevértheless, it
is sufficient to be detectable. _

If mesbns are created with veloéity BOC in the c.m. system, and with
angular distribution Zn- a. Pn {cos 8') in this system (8' being the polar angle
mth respect to the proton beam direption in the c.m. system), then the
photon: spectrum and angular distribifttion in the laboratory will ‘ne:u3 |

ernt N 1 p cosf - ) 1 , kg , :
YI(B' k’BO)_dﬁdk - BoYoXo o %n ?n( I -P cos 6) Pa (B—O[ 1 - yoyk(l-oﬁ‘ctm @)])

i
i

. dfidk »
Y (i}--Bcos )

where:
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66(3 = vel, of megan in ¢.m. frame, and g = (1 - ‘302.)-1/2.
ﬁ = /2 M 0 C%, ’ A

' - BC = vel. of ¢.m. motion in laboratory, andy = (1 - 8 ) 1/2

"“8 = a,ngle af _photon emission in laboratory with respect to proten beam

_ . direction,
” dSl = observer‘s sohd angle in laboratory,
K= plwton energy in laboratory
. -.It.Ais of cmzrse further necessary to know the dlstnbutions in the velocity ﬁg

with which mespne are created in thp c.m. frame to obtain the actual photon

spectra. : - ’ ‘

.\.».

e .
.

B. Solid Angles an& Transmission Factor

o , | Tbe BVerage solid angle subtended by the telescope from the target region
“was computed as the average of fhe solid angles subtended from various parts
*of the iarget. _ \ ,
‘Inserted iato the collimation chanuel was an 8-in. -long block of Be. This
served to attenuate by dE/dx any charged particles incident upon it. A certain

v emau fractzcn of the incident gammas was also converted by it and subsequently
. rejeated by the “anticounter." We define a "transmission factor" as the ‘

‘ fractien of gammas that get through the Be as well as through one-half the
' anti;:ounter without conversion., This factor is Tr = 0.85, and is assumed to

. be independent of the photon energy.

e . &, Folding Operations and Calculation of Cross Sections

.For a giveri proton bombarding energy, mesons may be created that have
energies ranging all the way from zero to some kinematically determined max-
irhum. For the apparatus described here, high-velocity mescns are detected
more effeéiively than low-velocity oues by virtue of the Doppler shifting of the
gamma.s into higher-energy regions where the telescope is a more efficient
detector. For this reason, an analysis of the data requires knowledge of the

: r,elatzve_numbers of mesons created with different velocities.
The theoretical treatment of meson production as done by Gell-Mann and
- Wats_onz and by others gives specific predictions for meson energy spectra for
the S and P states. '
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As an example, consider the case where the maximum meson energy is
. 24 Mev. There are 3 "classes' of meson production contributing to the cross
. section, each with a different energy spectrum. If we normalize to 1 meson .

we ha'velfbr the spectra of kinetic energies in the c.m. system:

L -, dn(Ss) 2 T
a' - Class SS (qq;‘r‘o ): "HT‘—"‘—"-’ = fw,}? _\g T T J‘ TO = 24 Mev;
. n 0V "0 Tw ‘
e da(Pp) 3/2 3/2, o .

6 dn(Ps)
Claas Ps (aoCﬁ‘aG ): —ET"_"'

These three populations are plotted in Fig. 7.
<. »1f we write the total meson-production cross section as a function of a.vadable

""’pion momentum, in terms of the three contributions, for a particular bnmbardmg

enefgy giving o maximum momentum, we have '

VAT

L .0(“*10)=-' Ssﬂo toap, q06+ap (C,‘+1)»n08,

E where G is the variabteantréduced in the Pp angular distribution. The number o :
of counts registered by the telescope per incident proton, then becomes ‘

h (assummg the pion energy spectra to be independent of angle)

G (ﬂo) = - ‘,. s .
' ¢ T \ . . niog ;
N AQ Tr [nSs 110 T j P' 17' 6, k)¢ (k) T dkd;{"ﬂ ;'

/ - dn(Ps , S

s X - 9 k) ¢ (k) v dk dT_ +
0 JT ,/ . P T | " w )

' 8 dn(P -
uPp 110 {C,,,/Tn/'{ﬂ( I:E(Tp' T, 6 k) e (k) . dk dT_ +

i ! IP('I!P' T.gn 9» k)

Jr k-
LI A

¢ (k) dn(i,) dk dT . }]
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' where 'I‘ is integrated from T =0 to'T = maximum meson energy (c.m. ),
| B | k xs integrated from mxmmum to maximum y-ray energy (1ab).
‘ and N = number of pnrotous/c:m2 for the run in question,
| a {2 = average solid angle for the run in question,
Tr = transmission factor, :
IS(TP, T“, 4, k) = spectral mtensity of gamma rays in the laboratory
sy*stem, for the 'lab viewing angle 6 and incident proton energy Tp, resulting
from E}ie ‘decay of neutral megons created with isotropic symmetry and energy
Tﬁnn the ¢.m., normalized to emlsmon of one meson,

IE(T ﬁ. 8, k) = same for t:os # angular d;stnbutxon of the neutral

© oo -'

masons in the c.m.,

Y efk) = efixca.ency for the detection of gammas of energy k by the
telescape '
‘Since. there are four experimental points, there are four equations such as
a*,hia'~ one for the angiﬁ k35 , and ene for each of the three different bombarding
eue;gxes at 67°. It we deszgnate the! integrals by ¥, through F,, we catitwrite

N R 2 6 L B 8
le-? NIA 521- Tr {o, qu F tag, nm F,+ ,Gap Mgy Fat 5571 F4] ,
LGy N (A @) Tr [ag 1 ‘6 8 8

: _( o % 02 FS +aP n02 F + Cap Moy Fq*t ap, 2 FS],
LR dges T 4 - , '

T By aNAR) Trlag, Ngy Fg t “Ps“o3 °F 1 +€ap Moy Fyp 4 8poTgs Fopl,
s } ‘ .
‘ 6 8 &l

:'(-j{& .’ NzA 2, Tr [ag, "01 Fistap gy FygtCop gy Frgtap ngy ¥l

The valuES Nl' A 91, and N AQZ refer respectively to conditions for
| telescope angles of 67° and 135 : fe
e , Because the only unknowns are the G5y Opg QPP, and ¢“ppr this is a
_ set of four linear equations in four unknowns. We have solved these by

o .-standa.rd methods to arrive at the values given below. The errors that have
beeh attached are from the statistical indeterminancy of the data.

‘The values are
=0.020 ¢ 010 mb,
= 0,084 .11 mb:,

%sg
_“Ps
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,’”}
KLa

a

Pp = 0.081 # .21 mb;

Pp'g, 0.57 % .11 mb.

.He'r‘gs dPg*ﬁ“Pp are consistent with zero within the statistical spread shown.
Furthermore, the contributions from these terms are small for small values
of 'Y and amall in comparison with app when 1, is large. They are included

in the statistical spread of the final cross section,



-20- UCRL-3137 (Rev.)

VI RESULTS

A, Cross Section versus Energy

The total éroa“s section for “0 production, near threshold, expressed
as a function of the kinematic maximum possible meson momentum divided

by pc, is a sum of two terms:

| f/ + (01ng 2% + (L11n,8)% + (.315,8)2
2 8,

| »'a"u(mb) = 0.02 o + 0.57_%

2,2 8,2

. -A.Olno ) +(.1lng )

o v L

This function is plotted in Fig. 8. The terms Apgs ;,C’Japp, are possibly not
zero, and serve in this figure to make the two statistical limits unequal,

_ B. Angular Distribution
The terms with coefficients g Spo .,CZ:E:.’PAI') contribute mesons having
an isotropic distribution, while the term in a;  contributes mesons having
a coaz gt distribution., Including the possibility that Gpg ;éuPp are not zero,
‘within the statistical errors attached, we have, for the angular distribution,

' y N
_ ( +/( .017}02)2 + ( ._117106)2 + ( .21::108)
do ., {mb) , :
11 : 1 2 / ,
= o [-02’10 {: V _ } E +
' ' - ,.Olnoz
e
2 [.572.01] B cos?or

If we express this as

gg = "A+B cos “g,

we can plot the ratio A/B versus no,' This is done in Fig. 9.
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At very low energies, -iéoiroPic proddction dominates. At a value of
no'djf about 0.5 the spherically 'symmetéic and c:-cns2 6* production are equal, '
and for higher energies the cos.z_ 6 production rapidly becomes the dominant -

term.
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VI, CONCLUSION |

'Z‘he data presented in this paper indicate that some meson production

o does 0ccur in the S state, ? although with a much smaller probability than

- for praduction in the P state ai all energies except those quite close to

vthreshold -~ At htgher energie s, the production is nearly pure P state, and
thxs conclusmn is in substantxal agreement with other experimental workb‘ 8
and cur.rent theoretical ideas on meson production.
: ':I‘.hg extreme energy dependence of the cross section at these energies

' 'x’iiust:"fbe mgdi?ied at much higher energies, and this appears to be the case
, 'frbml the work by Tyapkin et al. 13 Experiments are planned to be done here,
- ‘when the convér sion of the Berkeley cyclotron is completed, that will meas-

- ure this cross section to a bombarding energy of 730 Mev.

;.‘ " . Q’.
' 13‘Il."vjrapkiu, Kosodaev, and Prokoshkin, Doklady Akedemii Nauk USSR 100, No. 4,
- 689 (1955). |
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FIGURE CAPTIONS

Fig. 1 Experimental arrangement in the cave area of the cyclotron, with the
. o ., ~telescope at the 67° position.
' Fig. ‘2. . Liquid hydrogen target.
. Fig. 3. Gamma telescc\pe less all shxeldmg
Fig. 4. Electronics block diagram.
Fig. 5. Experirnental arrangement for the determmationa of the penetration of
electroaa through various thicknesses of lead and the counter telescope.
| Fig.. 6. Effxciency of the telescope for the detection of gamma rays of various
o energies. '
Fig. 7. Probability for a meson to be produced with energy T_ - 'I’ +dT ,
" ‘. where T is the maxlmum attainable energy, for the three classes of
o ‘production. Pp, Ps, Ss.
| _Fig."B.' Cross section for 1:0- production infproton-protoa collisions as a
. function of maximum meson momentum in units of pC. 4
Fig. 9. Ratio of the sphencal to cos 6 contributions to the cross section as

a function of ne.
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