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ABSTAACT 

The ~n.gula:r distribution and excita.tiotl function for neutral mesons· 

produced by, proton .. proton collisions near threshold have been measuted. 

It is found.tbat ~ .. state production o£ the rneson.s dominates at all ;nergies 

ex~::ept thoee q'QJ.te close to threshold, where some S-state production can be 

detected,. 

'(. 

The total c:,oss section, at an energy where the maximum attainable 

t:t. m. meson momentum is 110M ifC, can be stated as 

z a a(mb) = o.oz 11 0 + 0.57110 • 

(S state) (P state) 

. -?o. 
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1. INTR.OPUCTION 

,' t • '·' . 
It-bas been found possible to greatly simplify the analysis of the 

·· pro_duction of pions at low energie e by applying various levels of phenom

enological theories to the reactions in which they occur. ln many cases 

this baa amounted to no more than the application o! some general quantum 

·mechanical principles. In fact, by assuming that pions are produced cbiefiy 

ln P states, and by tread.ng the nucleon .. nucleon interaction phenomenologi- . 

catiy. tt has been possible to e~ptain the energy spectra and angular diatribu .. 
' '• ., . . 

don of pions and in some cases to predict the excitation functions for the 

ptodudng· reactions. 1• 2 
. ' . 

. One can rnak.e three major assumptions in the general analysis of pion-

nucl~on interactions. 

't. Charge independence is valid. 

2. The pion•nucleon interaction range is finite and is ·Gf the order 

o£ 11/JXC. 

3. A pion-nucleon system in. the state l = 3/Z. J = 3/Z has an 

e$J)ecia1ly .strong (attractive) interaction. 

. . . 
Tlis work was dQne under the auspices of the 'U.S. Atomic Energy Commi-ssion. 

1A_. H. Rosenfeld, Pby&. Rev. 96, 139 (1954). 
. -
2 . . . ' 
Gell-Mann and Watson, Annual .R.ev. Nucl. Sci. (Ann . .Rev. Inc.)~ Z19 (1954). 
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In meson production by two colliding nucleons, at energies near 

th:reshQld -(Tv< 60 Mevt, only the states of angular momentum equal to 0 

. e>_r 1 will. be important. We therefore have to c:onsider that the meson may 
' .. 

:be in a~ S state or a P state with respect to the c. m. of the two-nucleon 

system., and these nucleons m.ay be in an S or P state with respect to each 

. oth~r. _J"or the \\ucle<ms, there is a strong tendency for the S state to pre

do~inate, With tow ~ueleon energies in. the final system. 
( . 

If we list the reactions according to their (experimental) order of 

. im_por,~nce, we have: 

·. $p (nucleons in S final state, me son ia P state), 

Se, 
Pp. 
Pe. 
BrUeckner and others have applied the above principles to .the 

· production of me sons _from nucleon- nucleon collisions and have found it 
. posaible to ~xpress in terms of only three fundamental cross sections, the 
; . . . ' . . 3 4 5 . 
·seven reactions that occur. ' • The excitation functtons and angular 

~htributions for these cross sections can be derived, If one ad-opts the nota.;. 
. l 

~ion of Rosenfeld, in "Yhich a a, b is the cross section for a reaction, then 

a b .. the initial isotopic spin and b the final isotopic spin of the two- nucleon 

sys.tetn. In theae ter-tns, the three cross sections are cr 10, a 01 , and a 11 ; 

The tea.ction p + p - tt
0 + p + p involves the term a 11 only, and a atloldy o£ 

·.it therefore $hould yield an unequivocal measure of this tel'm. 

' J' ~ . . ~· 
1{. A. Brueckner, Phys. Rev. 82, 598 (1951). -4 . . . 
Chew, Goldberger, Ste.inberger, and Yang, Phys. Rev. 84, 58 (1951). -

Suo n. M. Wat$Cn and K. A. BPueekner, Phys. Rev. 83-. 1 (1951). ·-
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The following reactions occur. 

'ITO Pt-oduction by p-p collisions 1 

-~ c1~:---l---~a~~~n :--.. --------: ------· -------------- ---~--·-r -----~~~-~~~~,.--·-:··----.·-T ··-~~:~~~;~; .. ,----~ 

;_-~"'"----------L----~~~------------------------------~~~--------------J-.. -~~-~-~:~~~~~~-~--~---L--~~~~:!C?~.__J_ 
- l ·3 -, 1 I . I - 2 · t 

,~ ~~¥'- \ P 0 -- ( s0 e)0 i teotropic 1 .... 0.01 110 ·- j 
~ ______ ._ ________ , ____ -r------------------------------------ .. -----------·--·---------------- -- s_ ___________ -------· ----~------ ~-----!- ···-·-·--·-· ----- ----------~--~~~ -; - - \ 3 . 3 l .. j . 

<·'!~ _ ~P I . P 1 - ( P 0p)1 I ; J 
. . _, 1 3 3 l c 2 l -! i 3p0, I, 2 or Fz- ( Plp)O,l,Z~ 3 + cos e -o.z 'flo8 i 
. " i 

3 
_ _ I ! 

.. .! 3;p, or F (3P .,p)l 3 1 - ! 
1 

• _ ·~ 1, 2 G, 3 ... ~ t 2, 1 , , 

<.~. :---; ~---r-----.. ·-~·-·----,.. _____ .. _. ___ ...... _ ....... __ .. -........ .._ ............... ,~-...... ~·--~-............ ~----~~-· ........ _________ f------------~---;-
~ ~. j l ! . 

-.~-:-<·-_-. ·:' P•s· l l" (3P ) ! l ~ 
J o;llo - · 0 8 o l ~ l 

·~.:~·-: · • · ~ 
1 

(
3 

) ) isotropic j cJ:.... 110 
6 

--; _ 

.. i, _. l D2 - P 26 z. l i I 
'I,. t ' J ~ /'. l . :0-:--·-~-~-:--:--1~---···~---.. ----·-----~-·--·-·-k ----·-----~----·----~·-~-·---~---· .. -- .... ---- .. ~·-·----~r--· .. ····-~--------,~-----------·----b--· .. ·-·-·-·l·--·-... ·--------··----"-·~---~ ....... ----r 
r Sp' . i none -- I . l .. I 
' - ~. I ~ 1 
l_-:-' ___________ j_ _________ ,:, ··r ----- ------'·"-:· ·-·---------·~--····----·---···------ -··· ·-- ~-----------·--t---~·-"'" , __ , __________ ---.... , .. j. ····-··-···-----·""'"'· _:_ ........... + .. . 

One can derive the excitation functions as follows: 2 

1. Class Ss 

2. Claes Pp 

du 11 
CI'f'7" 

'IT 
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3. Class Ps 

du 11 o( 1l(To - T)3/2. ; [ull] dT 
Tl' Ps 

where 11 =meson momentum, units fJ.C 

~~o· = maximum ·meson momentum 

T = nucleon energy 

UCRL-3137 (Rev.) 

,-"• 6 
c( 'lo • 

T 0 =total (c.m.) energy available 

B = })lnding energy of the two nucleons in a (virtual) 1s0 state, 

assumed to be s'mall. 

Previous experimental work thus far 6• 7• 8 has detected only the term 
. 8 

[u 11 ] · 110 • By carrying the measurements down to energies close to 
Pp 

the threshold, one may hope to detect the other classes of production, ·and to 

therefore get a measure of the relative importance of the various production 

modes. 

· 6J. Marshall and L. Marshall, Phys. Rev. 

7J.W .. MatherandE.A. Martinelli, Phys. Rev. 92., 780 (1953). 

8a.. A. Stallwood, "The Reaction p + p ~ 11° + p + p in the Energy Region 

346 Mev to 437 Mev. " Report No. NYQ .. 7108, March 1956, Carnegie Institute 

of Technology. 
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II. APPARATUS 

A. Arrangement 

The e~periment was performed by allowing protons to pass through a 

:liquid 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 aynchrocyclotron. 

The external beam from this machlf!e was deflected by a steering magnet into 

the experimental area, where it was analyzed by a 12, 000-gauss magnet, was 
' ', 0 : . ' 
deflected here by about 20 , passed through the target, and finally passed 

through an ionization chamber which served to measure the proton flux. 

A countfif).J~rray referred to below as a "tete scope" was located to one 

side of the target, at a desired angle, and collimated so that it viewed only 

·. the region oi lnte~section of the beap1 with the liquid hydrogen in the target. 

·The general layout is illustrated in Fig. 1, which also indicates the 

positio.n of the pair of ion chambers used to measure the beam energy. 

B. Beam 

. The proton beam emerging frorp the collimator is contaminated with 

neutron111, . Deflecting the protons with a magnet made· it possible to offset 

the target eo that the ne11trons were prevented from striking the target. The 

·prot~~ beam trav~.rsed the magnet Vf].thout striking the pole tips or any other 
i 

material, so as to avoid any furthe~ neutron production . 

. ' For rnaximum .. energy protons, i.e., 340 Mev, it sufficies to use the 

beam as described above. To measure the excitation function, however, sev· 

_eral energies are needed.~' These are achieved by introducing carbon abs;<>rbers 

· in the path of the beam while it is still in the fringing field of the cyclotron. 
' 

-.- . ln this experimerit, a rapid decrease in cross section with decreasing energy, 
. . , . . I 

coupled \Vith a decrease in the beam\ intensity, made it impractical to work 

below 3~0 Mev. ' 

The beam cross 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¢ 

' \ 
l 
l 
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pt~tona' come closer than 2 i.n. from the side walls or internal structures. 

This, wa.e done to insure that events really occurred in the liquid hydrogen only. 
' . . 

' . 
\ .. 

C. Target 

·.The target was a volume o£ liquid hydrogen 6 by ZZ by 14 in. Very 

li~;te material could be tolerated in thfb beam path -- material on which protons 

~d~ld produce neutrons by charge-exchange scattering, or u • mesons that 
.-: ' 

.c~d be~captured in the liquid hydrogen. For these reasons we chose a 

·dJ~ble-walled Styrofoam target, as indicated in Fig. Z. The total amount of 

.. m:~terial t:raver.s~d by the beam before entering liquid hydrogen was 0.175 g/ om 2 . 
. ··' ., 

' ...... _: \'1:~·- <· ~he liquid depth was monitored by means of a float driving a light 

l'~·ct inside a graduated glass tube. After a few hours of operation, the rate 

·, (){:·~onsUmption of. liquid hydrogen was found to 'be quite steady at about 4 

, liters. per bour. 

,;_ . 
. ' . 
' . . : . . 

D. Monitor 
·., ;. ; 

, 'f .The flux of protons was measured by allowing the beam to pass through 

, . - · ., . a ~t~lil?r'ated ionization chamber filled with helium gas. tr he beam size and 
' ' ~. ~ ~· 

8tJ4~~ werEt such that the entire beam passed through the sensitive region of the 

i,on, p,ham.b~r. 

-~· r. 

'"·"'· 
E. Telescope 

· , The detector was required to be an instrument with a high efficiency 
·.: ' 

'. 

.>fo~ .detecting gamma rays in the presence of the very large background of 

.radiation that one finds typical of the expedmental ''cave" area of the 

cyclotron. 

. ..... ln Fig. 3, the first unit is a plastic scintillator, somewhat larger in 

(:~":oss at!etioa than the following units. and designed to be 100% efficient for 

·:the detection o{ minimum-ionizing charged. particles. This is called the 'ranti

- ,s:clnt~llato:r. n and is electrortica.lly placed in anticoincidence with the rest o£ 

·· t~e telescope. lt rejects charged particles incident upon the array. This is 

followed by a lead sheet 2 by 2 by 0.206 in .• which converts the gammas lnto 

electron-positron. pairs. These etn.erge from the lead and pass successively 
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through a J ... i,n.' ..;thick plastic scintillator. a 4-in. Cerenkov counter of lucite, 

arid another·l·in. plasUc scintillator. The two scintillators are placed in 

electronic coincidence and serve to state that a charged particle passed through 

:them, and hence had an energy equal to or greater than that necessary to 

· penetrate the i.ntervening 4 in. of lucite. The Cerenkov counter served to 
·, . 

. --~ · id~:Otify the <;ounting event as due to a charged particle having I} approximately 

·. · _ equal t.o' 1. It was this counter which allowed discrimination between electrons 

. ~" • .and the very much m.ore intense ''background" of neutrons and stray radiation 

· · .. o{o~her.,forms in the experimental area. The identification of a gamma 

consisted o.f simultaneous pulses in the two photomultipliers viewing scintillator 

~ Nb·. l (Sc 1) and scintillator No. Z (Sc 2) and in the two tubes vieV~-ing the 

~; c'~rEtnk~V t'adlaUOn blOCk, UnaCCOmpanied by a pulse from the "antisdntillator • II 

· · The tn~uiifold-coinddea.ce requirement was satisfactoty in .eumtnating 

·· acoiden~l counts. 

.. F. Collimation 
: ~· 

A collimator was constructed of. lead bricks, which were machined for 

~. do~e .fttiing. It was 16 in. deep towards the target and contained a l-by-2 in. 

'::: :··hol,e. al.igned with the telescope. Enclosed by the lead was a block of beryllium, 

. '.':\.-.~:i.by.'3-by 8 in., which attenuated the flux of low .. energy charged particles. 

: . :· ... ; 
G. Electronics - - . . 

f. • · The circuitry associated with the gamma telescope was composed of 

.; ,se~~:~al fast-coincidence circuits, (5 x 10- 9 sec) followed by slower ampli-. . ' . -

· · . fi-e~rs and mixing circuits (Fig. 4). Comprehensive descriptions of the fast 
..... · ,· 9 10 

ele;-=tro~ce have been presented by Madey and by Squire. A gamma event 

:wa·s identified by a coincidence between Scl and Sc2. and Cerenkov tubes 
.• ' .. 
} a\'ld. Z~ ;QOt &SSOciated With a p~lse in the '1anti 11 COUnter.· 

.. ,~ltlehard Madey; .A Fast Counting System for High-Energy Particle Measure • 
. ' -~ ~. 

mente. UCRL·l 880, October 195-4. 

10ilobe:tt Squire. Characteristics of the Production of Neutral Mesons Near 

Th_reshold in p .. p collisions. UCRL·3137, September 1955. 
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UI. PROCEDURE AND ;EXPERIMENTAL CONSlDERATlONS 

A. Monitor Calibrati.on 

Tbe proton flux was measured with an ion chamber, which was cali

, : ~r.,at~d with a Faraday cup. This calibration was repeated for the various 

. eUJ."gies .and ·at th.e various beam levels used in the experiment. 

,-·· .. ' 

'··· · ,l':l. Beam Ener&¥ Measurements .... : ' ' . ~::; ' ' .. 
··.The energy of the cyclotron beam is not a constant. but vades for 

··. 

·.· ,4il!erent operating conditions by as much as 5 Mev. Because the· cross section ... ' 

·t~at·was to be measured was a sensitive function of the energy, an exaet value : ·· 
· · . .Of.~·~e· enel'gy was needed. To determiae this. two ion chamber e were used, 

·: "·-l>.~~:Wee~cwhich copper absorber& were placed to trace out the Bragg curve. 

' · · ... ,: ;:p.~r (.)Ur standard o£ range-energy relation~ we took the tables of Rich and 

·:. .. : •. · ~adey, 11 UCRL- 2301. In addition to the carbot\ ab!!5orber s introduced to degrade · 

. '. 

. ·· t~~.b.eam energy to desired values, the protons traversed 1.95 g/cm2 of ... 

,: 'it~uid hydrogen on the average in reaching the sensitive region of the target • 

. ~ .. ;Thl& ~dditionally degraded their energy by a few Mev. The resulting energies· 
' . ~,.· . 

' ·,·. . .. were: 

•• f~ •. • .• _._., 

. ~ .. . 
•'. . ·. 

' f ~:~:~ 
,:~··· 

.. •. ~ 
~• I ',, 

Run -
.. ::~· 

z. 
.3 

; , .... ' 
.·. : ... ',; "li.ll: . 

. '·'· .r.:c I" , 

• • ~. > 

Lab 
Angle 

(defFees) 

67 
67 
67 

135 

T (cyclotron) 
(Mev) 

34Z.5 

333.3 

327.5 

342.5 

C~ .. Gamma Tele~c.ppe Effi~iency 

T (bombarding) 
(Mev) · 

329.0 

31'9.5 

314.5 

3Z9.0 

.. ~ -
Th~. determination o£ the efficiency of the telescope for the detection 

.;f gamma rays of different energies was accomplished in the folloWing manner. 

• .. . First,· aa ~xperimental test was made of the ability of electrons o£ variou.a 
• t. 

ene.rgies to penetrate various thicknesses of lead from 0 to 0.1!5 in.; and 

.;~l'Il:-JM. Rich an<l A. Madey. Range-Energy Tables. UCRL-2301, March 1954. 

·-
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r~gister i~ ~ntillator No. 1, scintillator No. a, and the Cerenkov counter. 

,T~ese 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 ~re caused to pass through an auxi

liary electron .monitGr. consisting of two plastic scintilla.tors, each 3/8 in. 

thick (Fig. 5). In area, the!Je ecintillators are 1/9 the area of the z .. by-2-in . 

. lead plate in the m~in 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 11 

plate in the area covered by tbe monitor, and the number of events in which 

~e telescope and the monitor pulses occurred in coincidence was the number 

o.f ·"successfuP' traversals of the telescope by the monitored electrons. The 

Eifficiency for counting electrons is then 

Eff. = No. of coincidences (monitor +telescope) x lOOo/o. 
No. in monitor 

The arrangement o£ this method# and the electronics employed, are shown in 

Fig. 5. 

Finally, for deriving the efficiency for gamma rays, a numerical 

integ:ration was performed in which the production of electron-positron pairs 

by photons was calculated for different depths of the 0.206-in. converter. 

Then the probability that an electron be produced with an energy E at the 

. depth x in the converter was multiplied by the experimentally derived 

efficiency for the recording of a count from an electron of energy E that 

has to P.en~trate (0 .. 206-x) in .. of Pb before entering the telescope. 
~~w • 

The results of this determination;...· indicated in Fig. 6. From the 

accumulated errors introduced into the problem it is felt that about :t. 10% 

'· accuracy h a realistic expectation. 

D. Backgrpun.d and Subtractions 

1. Baeksround 

·Since the cross :_ection for the reaction studied was quite low; part

icularly careful attention had to be given to possible sources of background. 
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There are two et;;sentially different causes of spurious counts in the 

· gainJna telescope: multiple _accidental coincidences of the kind to cause the 
···f . • . 

electronics to r,spond as to a gamma ray. and gamma rays having their origin 

ht;'~ther 'than proton.;.protoa colli$ions. 

}·. · · To eliminate the first 'kind of background a manifot}l coincidence 

!o'equirethent was used; parts of which had resolving time~; of the order of 
. • • 1 ' 

·.a few millimicroaeconds. Experim~ntal checks were made for these accidental$. 

Blocking the channel in the collimation with lead reduced the counting rate 

to'·z'e'ro. • 

·% 
The second kind ·of backgrou~d might arise from a number of different 

.. ; ;··, kl~ds of events. Ad.mltting the possibility of a ttspray" of neutrons from the 

. br.ass collimation; and of some protons being outside the beam pattern at 

· the telescope entrance Window, we consider the following possibilities: 

a. ll' 
0 production by neutrons on the air behind the target, in the target 

. walls, the collimation, etc.; 
. 0 

b. tt production by stray protons on the target walls, collimation, etc. ; · 

· .· ·:: :·. )\ · c~ 1'1'
0 production by protons tn the beam on the deuterium "contami~ation" 

. t . . . . ~·,.;-- ., ' 

·. ::,~~{ibe~Uquid hydrogen: 

.. :· · • .!". d.· n° production by protons inultiply scattered from the beam i~to the 
y •• ~ ~ 

;: . ~, ... ta~get walls; 

. . . f , ·:~~ '11'- capture in the liquid hydrogen, the lT- mes~ns coming from 

·. - 'pr~t~ns ~ttiking the carbon nuclei in 'the target entrance windows (the capture12 

t~~d.s to ~- + p - n + v + or ·n- + p ... n + ,-0 ). -. 

A number of other possible squrces of background were eliminated by 

;_ · ·. tbe design of the tele~cope. Electrons, charged mesons, or protons incident 
·. ' . ! 

·; ~n:the aftray we.-e ·rejected by the antacounter. Neutrons, by making charge-

·. e:x~~ange or ordinary scatterings, co~ld eject protons that could cause cou~ts. . 

•. in .Sc 1 and Sc 2, but not in the Ceren~ov counter. By capture in tea.d, neut,ons 

~c£~uld give 8-Mev gamma r~ys which Fould be detected in the Cerenkov counjr~ · 

but by virture of the approJO.mately 4~-Mev threshold of the telescope, these 1 . 

~ '~o.uJd not c:ause a count in the Sc 1 - Cer - Sc Z combination. \ · 
'· 

. 1 The possible sources were dealt vlfi.th as follows: 
',} 

\ 
.\ . a. All neutron-in.duced events were subtracted by a process outlined ·~ .. · 

below. \ 
~l 
'.\ . 
·l 

\ 

.·. 

12Panofsky, Aamodt, and Hadley, ~hys. R,ev. ,!!, 565 (1951 ). \ 
'\ 

\ 
I 
I 

. ' 
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· b. Stray proton production i:s similarly subtracted. 

c:. ·'The norr;nal deuterium content of hydrogen is 1 part in 7000. 

Tke contd.bution from this source w~s about 0. 3%. 

: d~. i~ for the s_cattering of protons by liquid hydrogen in the path 

·le~gth o.f SO em is about 5 x 10- 5 (rCLdian)2. The probability of a proton's 

~. ·sc~ttering into tlu~ sensitive region of the target walls is entirely negligibie . . . ,... . ' ' 

'· . e .. The surface density of the entrance window of the target is 0.175 

.g/~~2,, -~nd its composition is··t5-s1fe'tttta!tyC 8H7 . The carbon cross section for 

n': .. ·production by protons at this energy, at 0°, and within the energy range 

·which would stop within the sensitive hydrogen volume (1.33 g/cm2 ), gives 

: a talc'ulated ratio: 
'r .. ·. 0 . ~ 

w events frQm 'if capture 0 . . 
il' events fr~m p-p production 

- 0. Zo/o. 

··,'·.; 

.. ·'>; a·, .. :. Subtractions 
' . .' ,•t. 

; .: · .t'be subtraction proced~e u~ed was as follows: 
~' "' .'· \ ,, .. ,_, 

" •.",;· . 
~ i ,. 

Run· ~onten.ts of Target Beam • -- * A Liquid hydrogen deflected 

. •( ':. ~t . 

B Gaseous hydrogen (STP) deflected 

.c· Liquid hydrogen undeflected • 
. ' .... ;' .. D Gaseous hydrogen undefle cted 

.' •. ··. ·,::r. · _U one takes the net counting rate as (Run A - Run B) - o:t,un C - Run D), 
.·~··.· 

~~·¢an. be shown that all the sourc(;ls of backgrol.\nd cancel and the resultant is 

.·_ · .. : sl~ply the difference between the yields from protons traversing liquid and 
~ ' ~ . . \ 

.· .· ga$e.tius hydrogen; respectively: 
;-. 
·' •.• 1. 

~-) 

.' • .J~ •• 

,r!' if'' 

* . . 
.. T~e magnet in the cave could be alternately turned on and of£; 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 

following: 

Lab. Proton 
Run Angle Energy Counts per 10 - (deirees) (}4ev) fJ'9tOn X 10 

1 67 329 2.33±.10 

2 67 319.5 1.36 * .11 

3 67 314.5 1.03 ± .11 

4 135 329 0 .57 ± .03 
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~ 

~V. ANALYSISOF EXPERIMENT AND INTERPRETATION OF DATA 
\" 

0 A. u Meson De"Cay· Spectra 
~ ' . ' ' . . ; -·15 . 
\ Th'e neutral meson. lives about 10 · second and decays into two oppositely 

· di:rei~ted photons in its own. rest fra~e eacli of which has an energy equal to 

half ~he meson rest mass. When vi4wed from a frame other than the meson rest 
,. . .. '\ ' " : 
frame, these photons may appear wl:th Dopplet"-shifted energies and with the 

180-o ~p.gle o£ emission altered by aberration. In this experiment, where the 
I . . . 

mesons are created near threshold. :the meson generally has some velocity 
. ' . \ . . ' . 

with respect to the center-of-mome~Jtum frame of the colliding protons. In 

.. ~ddition, this c. m. frame is moving in the laboratory system with a velocity 

dependent upon the initial kinetic energy of the incident proton. 

For an isotropic c. m. distribution of neutral mesons. the photon emission 
\ . : 

· .. (in· the c. m. frame) is isotl"Opic, altpough there is a·n energy spread whose 

' breadth depends upon me son velocitiles in the c. m. · . I 

If, however 1 the mesons are e~itted in the P ,state with a cos2 0 contribu-

tio~ there tends ~o be another kind of photon distribution. Where the meson 

has .zero velocity, the photon distribution must be isotropic, bu·t as the meson 

v~locity increases, the distribution ~ends to take on some of the cos 2 e shape. 

·This can be seen in the limiting case of very high velocities. with~ approximately 

1_. where the aberration of the photo~s is so great that they appear to go in almost 

the same direction as the originating meson. 

The meaon velocities dealt with;in this experiment are low, and only a 
( . 

mild lJ'l.Odification of the spherical di'stribution is achieved: nevel"theless, it 
. I 

is sufficient to be detectable. 

If mesbns are created with veloCity j3 0C in the c. m. system, and with 

angular distribution .:;2_ a P (cos e•) in this system (6 1 being the polar angle n n n . . 
, with respect to the proton beam dire~tion in the c. m. system), then the 

phcton· spectrum and angular distribution in the laboratory will be: 
10 

La p ( co sO - p ) . p ( 1 [ 1 _ kQ ] ) 
n n n 1 -~cos 6 n '(f0 y0 yk(l .. ~ cos&') 

' ! 
dQdk ·• 

where: 
' . ' 
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- ,· 

t.JCRL-3137 (Rev.) 

"oc = vel. 'of meson. in c. m. frame, and "o = (1 - ~0 z,- l/
2

, 

"-k
0
- ·= .1/i · M .,.,a c 4, 

. ""'·"' 2 -1/l.. · ~C = vel. of c. m. motion in laboratory, and y = (l - {3 ) , 

e = angle of photon emission in laboratory with respect to proton beam 

direction, 
I •, 

, .. Q.O. = observer's solid angle in •aboratory, 
·,. ~ - ' 

_ ~ .. ::: · · k' = photon. energy in laboratory. 
-···r:-.:~--~- ·. ~ <> 'Jt._is a-f course further necessary to 1-tnow the distributions in the velocity fioC 
/; Vn.lli which m.e·sons are created in th~ c. m. frame to obtain the actual photon 

'' : •. ·. ~· . 4-· . ·. t 
. .·. I ·. _ :.~ spectra. , 

·. '· "-' 'i;''.: '. . l • 

.•• • < 13. Solid Angle~ an~ Transmission Factor 
,· . :· 

, ' : · ,The everage solid angle subtended by the telescope from the target region 

· · ·- ·_. ~a_s· comput:ed as the average ofihe bolid angles subtended from various parts 

-~ ·. 

of the .~arget. 

. . :Inserted into the collimation channel was an 8-in. -long block of Be. This 

·-- s~rved to attenuate by dE/dx any chJrged particles incide~t upon it. A certain 

. ·s.~all £ractio.n o! the incident gammas was also converted by it and subsequently 

, ·re'Jecte;d -~y the '•anticounter. " We define a ''tran.smlssion factor" as the 

lra~tion-of gammas that get through the Be as well as through one-half the 

tu'lticounter without conversion. This factor is Tr = 0.85. and is assumed to 

. be ~~ndepend-ent of the photon energy. 

~:·ff~· 
t" .... 

G. Folding Operations and Calculation ofCross Sections 

·For a given proton bombarding energy, mesons may be created that have 

en.erg~es ranging all the way from zero to some kinematically determined max· 

imupl. F.or the apparatus described here, high-velocity mesons are detected 

mor,e effectively than low.velocity ones by virtue of the Doppler shifting of the 

gammas 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_elative numbers of mesons created with different velocities. 

The theoretical treatment of metion production as done by Gelt.Mann and 

Watson2 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 

2~ Mev. There are 3 "classes" of meson production contributing to the cross 

$ection, each with a different energy spectrum. If we no.rmallze to 1 meson 

we have for the si?ectra of kinetic energies in the c. m. system: 

dn(Ss) 

at T 0 = 24 Mev; 
'IT 

(O"c{'lo a): 
dn(Pp) lZS 

Class Pp at 'IT 
:: ~ ;~-~ 

T J/Z(T - T )3/ 2 . T
0 

= 2.4 Mevi 
11 0 11 • 

;~""' 

: 0 

' 
( ·'-' 6} 

dn(Ps) .16 
Class Ps .. u c('lib : a1l = ~ 

tr ~T 0 
'. ·~ 

'l'he$e three populations are plotted in Fig. 7. 

:~If we .write the total meson-production cross section a.s a function of available 

pion momentum, in terms of the three contributions, for a particular bombarding 

ent'lrgy giving 'lo maximum momel'l;tum. we have 
.I . 

r"" / / •• 'f 
2 . 6 -~ i 8 

: :, . a (11o> = Clss flo + ClPs tlo + ClPp (C + 1) 'l'lo , 
•. ~~-;..-· -1-' I ~ ~.... . ·, .• t' I>-' 

whe:re p is the variable:~intr6duced i:n the Pp angular distribution. The number 
. . 10 

d{ cou~ts registered by the telescope;, per incident proton. then becomes 

·~ <.as$Um~n.g the pion energy ~pectra t~ be independent of angle): 

c -(,;0 ) = 
N·A 0 Tr [~8 110 

2 

8 
4 Pp 'lo 

I5 tT P' T 
lf' 

e. k) E (k) dn(Ss~ 
d'r. 

11• 

; 

t5tTP, ~"f 'II'' e, k) E (k) dn(Ps~ 
aT 'It 

is<T p• T 'II'' e. k) E (k) 11(Pp) 

1:; 

• 
i 
~ 1 ' 
\. 
!I 

' ! 

'II' 

dkd::T + ,. 'IT 

dk dT + 
1T 

dk dT + 
'IT 

dk dT . } ] 
tr 
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w~r·e ~u is,inkgr'ated from TTr = 0 to T1t =maximum meson energy (c.m. ), 

k is integrated from minimum to maximum y-ray energy (lab), 

. 13-.ll~ N = ~~m.ber of protons/ em 2 for the run in question, 

A 0. = average solid angle for the run in question, 

Tr :. transmission factor, . . 

x . l5(T ~ T:rr, (1, k.) = spectral intensity of gamma rays in the labo:t·atory 

· sy'$t,em, for the.'lab viewitlg angle 9 and incident proton energy T p• ·resulting 

. from· the . .'decay of neutral me~ons created with isotropic symmetry and energy 
' ) - . ' 

~.~i~- the c. m., normalized to emission of one meson~ 

. . .. .. ;· --·• .-_. 1.f£!:'~ T1f, 8, k) = same for cos 2 C1 angular distribution of the neutral 
''""""'~ .......... 

: ~e ~ons in the c. m. , ' 
~ ,; ; .... . ", ·. 

e (k) = efficiency for the deteCtion of gammas of energy k by the 

., . , . .. tel~.~cope~ 
Sin.ce there are four e:x;perimental po·ints, there are four equations such as 

. -. -~- . 
,-f. -

" ' - ' 0 
·, ;thia: ope for the angl~ lt;JS , and one for each of the three different bombarding 

..-'. ,. .· . 0 . ~ l 

ene,-gies_ ~t 67 . lf we. designate the) integrals by F l through F 16, we ctari·hirrite 

: ~· j. <\, ~. . . 
' /. ·.. ' . 2. 6 ·: 8 8 

, cl:~ NlA n1 Tr [a.Ss 'lot F 1 + a.Ps 1101 F Z + ,(Ca.Pp 1'101 F 3 + o.Pp tlo1 F 4]' 

:~· Oz;~ ·N:l A. ol Tr C <iss 'lozZF s + o.Ps Tlo:z 6F 6 + }:::·~Pp 11oz sF 7 + o.Pp flo 2 sF sl· 
; . ::' .• ·; '' . . d. ! 

.~· : .- , .. -C3.:=··Nr6· 01 Tr [~s Tlo1/F 9 + o.Ps 1103 
6

F 10 + c"o.Pp 1103 SF 11 + ~Pp llo3 SF 12]. 
i; 

•' . " 

•... 

~c~,:~ NiA n.z Tr 'f 4ss 'lot2.Fl3 + o.Ps"1o1
6

F14 + C4Pp"~oi 8Fl5 + 4 Pp11ot
8
Ft6]. 

. T~E?}•.alttes N
1

, A n1, and N 2, 602 refer respectively to conditione for 

telescope angles of 67,0 and 135°. .: i " 
-: . . .. . 
, ·Because the only unknowns are the 4Ss' o.Ps' ~Pp' and¢a.Pp' this is a 

set of four linear equations in four unknowns. We have solved these by 

stand~rd methods to arrive at the values given below. The errors that have 

been attac.hed are from the statistical indeterminancy of the data. 

Th~ valUe~$ are 

o.
59 

:: O.OZ.O :t: .010 rnb, . 

«ps = 0.084 :t: .11 mb; , 



-19- UCRL-3137 (Rev.) 

'· .; 

,Ca.p = 0.081 :.21mb; ". p 
a.P = 0.57 :t: .11 mb. 

·, p . 

Her~ a.p
5

,
1
Ga.Pp are consistent with zero within the statistical spread shown. 

Furthermore. the contributions from these terms are small for small values 

of 110• and amah in comparison with ·a.p when. llo is large. They are included 
. p 

in the statistical spread of the final cross section. 
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VI. RESULTS 

A. Cross Section versus Energy 

,·. 
·, 

The total cross section for n° production, near threshold, expressed 

as a £unction of th~ kinematic maximum possible meson momentum divided 

, by JI.C, is a sum of two terms: 

z z 8 2 ~-·- (.011)0) +(.llllo) 
-y 

' ·. 

This function is plotted in Fig. 8. The terms o.p , _(i;a.p , are possibly not s .. p 
zero, and serve in this figure to make the two statistical limits unequal. 

~. Angular Distribution 

The terms with coefficients a 55, ClPs' ,C:O.p~ contribute mesons having 

an isotropic distribution, while the term in Clp contributes mesons having 
i . p .• 

a cos e• distribution. Including the possibility that a.Ps' /ta.Pp are not zero, 

·within the statistical errors attached, we have, for the angular distribution, 

( ------~-.... ----·----

l I zz 6Z 8 + ( • o 11fo ) + ( .1 ht0 ) + < • 2l.ll0 ) 

do-
11 

(mb) 
1 . 2 1/ = [ .ozll0 ·. \ + db 4TI ) 

l z I 

.. o 1 rt0 
i 

/ 
/ 

3 [.57::t::.ll} s z 
6

, 
411' . 110 cos . 

If we express this as 

do- - ·.A + B 2 e• dO - cos . , 

we can plot the ratio A/B versus 110 ; This is done in !"ig. 9. 
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~t very'Iow energies, isotropic production dominate~. At a value of 

Tj0 of ab~ut o~s the spherically symmetric and cos 2 
9' production are equal, 

and for higher energies the cos2 
8 production rapidly becomes the dominant 

term. 

,· 



_, 
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VU. CONCLUSION 

·the~ data presented in this paper indicate that some meson production. 

do.;t-6~:6c:cur in the S state, 7 although with a much smaller probability than 

for production in. the P staie a~ all energies except those quite close to 
' ~·~-" : . . 

thre·ahold. '. At higher energies~ the production is nearly pure P state, and 

this conclusion is in substantial agreement vvith other experimental work6• 8 

~n.d current theoretical ideas on meson production. 

!h~ e:Xtreme energy dependence of the cross section at these_ energies 

·must.'be m.o~ed at much higher energies, and this appears to be the case 
. ' . . . . ,, 13 

from the. work by Tya.pkin et al. Experiments are planned to be done here. 

when the conversion of the Berkeley cyclotron is completed, that will me as-
• .. 

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

13 :. . \' 
Tyapkin, Kosodaev, and Prokosh.kin, Doklady Akedemii Nauk USSR 100, No. 4, 

. -
689 (1955). 
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FIGURE CAP'l'lONS 

Fig. 1. Experimental arrangement in the cave area of the cyclotron, with the 

·telescope at the 67° position. 

Fig. l. Liquid hydrogen target. 

Fig. 3. Gal'Ilma telescope less all shielding. 

Fig. 4. Electronics block diagram. 

Fig. 5. Experimental arrangement for .the determinations o£ the penetration of 

electrons through various thicknesses of lead and the counter telescope. 

Fig. 6. 

Fig. 7. 

Fig. S. 

Fig. 9. 

E{ficiency of the telescope for the detection of gamma rays of various 

energies. 

Probability for a meson to be produced with energy T - 'I' + dT , 
. 1T 'l'f 1T 

where T 0 ie the maximum attainable energy, for the three classes of 

production: Pp, Ps, Ss. 

Cross section for n° production in~proton-proton collisions as a 

function of maximum meson momentum in units of )i.e. 

Ratio of the spherical to cos 2 8 contributions to the cross s~ction as 

a function of TJ ir 
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