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PRODUCTION OF a*-MESONS BY 340°MEV PROTONS ON PROTONS AT 0° TO: THE BEAM .

W. F. Cartwright
April 16, 1951

I. INTRODUCTION
The mésqnvppgdgggignﬁpppc§$§§s¥most‘simply analyzed theoretically are
those in photon-nucleon and nucleon-nucleon interactions. The first in?éSti-

gations, at the 18hfihch synchro-cyclotron,'of thé;cross—seétions‘for the pro-

duction-of mesons by protons on various complex nuclei;’2 indibated_that the f”

cross-section for production of mesoné»fromvthe protbh;prdton'interaction
would be sufficiently high t§ be measurable by the techniques thenvdgvélopedn

Consequently two groups pf'wo;kefs;ﬁndéfféskfthe measurement of the energy
spectrum of n+-mesoné produced by protons on protons. The group headed by
__Professoré Richman and Wiicox, uéing a magnetié field to separate mesons from
background particiés, measured the production spectrum at 0°3_and,1ater_at
60bh to the proton beam. In eéch case the hydrdgenYSpE¢trum‘Was found by a
polyethylene - Carbon:diffefence method. Peierson, Iloff?_énd Sherman meas-
' uréd the spectra_at 3005 éndil8o§ by use.of a liquid hydrogen target.

In the early WOfk;*éﬁ”ihﬁéhéé-peak'was'diSCO§ered in the spectrum at high

meson energiéso ThéT;ucééséfﬁlwattempt £§;e%plaip this theoretically léd to
tpe.devgléPﬁent of a phenomenol@gicélathéory §f ﬁésbn'préduction by Watson and

BI'ueclcl'xer"?’8

o This theoretical.study‘indiéated'thatha more:careful experi-
mental_investigatipn of the spectrum 5f mésoﬁs producéd.by protons on protons
was warranted in-ofder'tovdetermine critical wvalues in the phenomenological

' explanatioﬁ of the production procesé;

| Conséquently tﬁe meﬁhod of.thevRichman - Wiléox group was used to.measure
. more accurately the differential cross-section as a function of energy in the

forward difectiono. Presented here are the results of this detailed investi-

gation,
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In addition to the theoretical interest which attaches tozﬁﬁé cross-section
-measurements of this experiment, the high peak in the spectrum provides a means

- - + . . . . Lo ; .
of determining the n -meson mass. This determination is discussed in Section VI,

'The method used to measure ihevp + b—eﬂ+ cross-section is eésentially a
" modification of the method developed by Richman and W}léox in tﬁeirvmeaéure-
ment éf the prodﬁctién ofrmesons at_90° by protoﬁs iﬁtéracting:with carbonlo
.In'that scheme the mesons produced by protons in the external beam of the
syﬁtho—cyclotron were élowed down by ionization in some aBSOrbing medium and
the population of stopped mésons was.sambled by a nuclear emulsion inserted in
the'absorbgro The endings of the meson tracks'intthg emulsion were examined
under high.@%gnification and the mesons identified as positive if they de-
~cayed into W mesons or as negative if they initiated a nuclear stars: By re-
lating'thé nu@béi 9? stépped mesons, the emulsion’thickness; the stopping powér
of the absorber, and the distanée of the emulsion from the carbon target, |
cross~sections for théfproduCtion of pogitiﬁe and negative mesons by 340 Mev
protons on carbon wéré‘&gdgcedg »Sinée’éhé“diétance the meS§n penetrates into
the absorber is related intévknowh manner;§§?it5'energy, the cross-sections
were found as a function of energy by‘inserting emulsions at. various depthé
in the absorber, This work was all done at 900 to the brdfoﬁ bemn;

‘;Thé number of background qu@ic;és produced in the forward direCtioﬁ makes
‘cross-section measurements at férwafd aﬁéles ﬁéry difficult with'the'simplel;
scheme outlined aboveo’ At zero degreés, tﬁe background due td‘the-proton beaa
 itse1f would make the meaSurement imﬁossibleo
'The following modification has been developed iﬁ order to measure meson

production cross-sections at any angle to the beam for any given meson energy.
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(Fig. 1 shows a schematictdiegram of a typical arrahgement used in the experi-
ment.) The target and absorber;detector are placed in a magnetic field so that
~ mesons produced in the target circle away from the protons in the beam. Be-
cause of their high energy and large mass, the protons have trajectories of .
very large radius compared to those of the mesons. Protons_inelastically scat-
tered from the target will follow the same trajectories as the mesons only if
‘they possess the same momentum. It can be shown from the range-energy relationé
that a meson has a.range which is about 140 times as large as the range of a
proton of the same momentumo Thus, in the region of the absorber in which the
mesons are stopped, the background due to heavier charged partieles following
~ the same trajectories as the mesons is eliminated.

‘Backgroﬁnd from particles which might follow different paths than the
-meson$ in travelling from the target to the emulsion is reduced by means of
.brass shielding. The mesons of interest trarel down a channel cut inte this
shielding.

The experiment was done ﬁnder "poor geometry" conditions. The mesons, in
penetratlng into the absorber contalnlng the emulsiong experlence small angle
scattering. Therefore, in order to have as many mesons scatter into the emul-
,gsion as scatter out, the meson beam impinging on the absorber must be large in
trahsverse_dimensions compared to the root mean square dieplacement_that,the
.. mesons undergo in reaching the end of their range. Thus; the exit of the meson
channel has specified minimum dimensions.. In addition, the channel is con-
structed soethat mesons of'the‘energyhinterval_under'consideration»can leave
any part of the target and reach any part of the channel exit., Poor geometry
is thus obtained for this whole energy interval of mesons being detected.

The mesons sampled b& this arrangement are produced with a smalllspread

of angles and in a small_energy interval. In order to determine the entire
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meson spectrum at any.particular angle of production, several experimental runs

are made, each sampling mesons in a different momentum range.

The complete angular distribution can be obtained by merely changing the

direction with which the proton beam strikes the target. bThis paper éxplains

in detail the measurements made at 0° to the beam.

All the experiments were done in the external beam of the synchro-cyclotron.

This made it possible to determine the cross-sections on an absolute scale, since

:.the total proton charge could be accurately measured by a calibrated ion chamber.

III. DETAILS OF THE METHOD

A :Target

Pure hydrogen, liQuid or gaseous, suggests itself for the target to be

- used in a direct measurement of the cross-section. There are, however, dis-

advgntaggs in using such a target, most of them mechanical. The principal ob-
Jection isvfhe difficulty of measuring the production at 0% the heavy container
of the dense liquid or gaseous hydrogen must be placed in a magnetic field if

the mesons produced by the protons passing throughithe container walls are to

Jbe distinguished from those produced by thé protons on the hydrogen. In addi-

tion, the container walls impose the necessity of applying correctiops to the
observed energies of both mesons and protons.

In the hépevthat the hydrogen cross=section was perhaps fairly large, the
méson‘production from both polyethylené, (CHZ)n’ and carbon was measured. As
willfpe shown later, the high cross~section of hydrogen does indeed make_it
possible to obtain the proton-proton mesonvproductién spectrum wiﬁhvgood.accuracy
by subtracting the cafbon spgctrum from the CH2 spectrumo

A calculation of the meson production crqss-section requires an exact

knowledge of théipbsition'at which the mesons are produced. Such information
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is necessary in order aCcurételjtfé”déﬁerﬁiﬂé the‘sbiid angle which the detector
subtends at the point of producﬁiénfetﬁe number of mesons which decay in flight,
" and the eﬁergyleSs that the'mesons‘and'pfotons suffer by'idhizaii&n’in passing

through the target.

This reqﬁireménf«féf é.QQﬁpécf‘ﬂargét wés sétisfied'by the usé of poly-
ethyléne and'cérbon° The déhsity.of hydrogeh in polyethylene is sufficiently
high and the external proton beam of the cyclotron intense enough to permit the
use of 1/4 inch to 1/2 inch thick targets. The effective area of the target was
that of the external beam of the cyclotrén° A one inch collimator in the con-
crete shielding of the machine produced, therefore; a cjlindrical target of

1 inch diameter.

B. Magnetic Field

The magnetic field used in the original investigation'torseparate the meson -
trajectories from the proton beam was produced by a magnet.whdse maximﬁmifield
was abouﬁ 13,000 gauss. .The pole faces weré rectangular.iﬁ shapés'lé inéhes by
36 inches, and were separated by a gap of 2.74 inches.

»A'paif §pec£rometer magnet constructed for use at the synchréécyclotron,
became é&ailable soon.after the initiai measurement éf the Spectrﬁm was made.
The field of this magﬁet9 with a 3.5 inch gap, had a maximum value of about
14,300 gaussy this field was effective over an area sufficiently large to turn
a 70 Mev meson trajectory throﬁgh aboﬁt 90°," (See Figollo) Because of the
larger gap9 the numbervbf.heavj particleé scattered by the'pole faces was de-
creased by using fhis magnet. -In‘addition,'the 1argef field made it’ possible
to bénd tﬁe trajectories further away from the beam. Théée:tWO eiE”;f‘ec’c.s-pro==
duced a great improvement in the meson to backgroﬁnd:fatio;i'The detailed in-

vestigation at the peak of the'ﬁeson épectrum wis made empldying the pair

spectrometer magnet,
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- . The magnetic field was calibrated by means of a nuclear induction meas-

. .urement, accurate to at least 0.5 percent. The variation in_time_of the'field

.. during any particular run never exceeded 1 percent.

Co _ Channel

The purpdselbf the brass shielding (see Fig. 1) ‘is to discriminate against

“‘ﬁprotons_and background particles produced in the target. Without stich shielding
‘these pérticlés could, by leaving the target at angles other than 0, reach the

detector by other trajectories than those followed by the mesons of interest.

" The width of the meson channel in the brass shielding is required 6 be

\ "lafge compared to the mean lateral‘displacémenﬁ that a meson ﬁﬁdergdes by

multiple scattering in the absorber holding the nuclear emulsions. At the same

.ﬁiﬁe;”the channel must allow mesons in the desired energy range to reach'all

 “points of the detector-absorber face from each part of the target. The rms

lateral displacemeﬁt was calculated by means of the approximate rela’gion9

Yrﬁs'='0.03 VZ'R. The channel exit width was then designed to be equal to a-

"bout 2.5 Ypupge (The channel exit height was always much larger than 2.5 yrms')

It is desirable to examine as much of the spectrum as possible in each
cyclotron run. However, the acceptance of a large energy interval requirés a

wide .channel, and this decreases the efficacy of the brass shielding. Thus a

.compromise was made between the conflicting requirements of maximum information

~per run and minimum background. At the high energy regionfof the spectrum it

was found feasible to use a channel accepting a 20 Mev inperVal. Therefore,
it was possible to cover the region of the peak in one run. A total‘of three
runs were made, each with a different channel, in order to complete the in-

vestigation of the spectrum.

Ds Meson Background-

The mesons produced by those proton which were scattered from the target
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into the pole faces of the magﬁeéifdrmed the meson backgréund. An approximate
calculation of the number produced in that region of the pole faces from which
mesons could reach the channel-exit led to an extreme upper limit for the back-

ground of 7 perceht;

Only gplindiééﬁiv 3%g£ﬁe¥£éékéféﬁﬁa iEiQVailable experimentally, since a

removal of the target would eliminate the scatterer. Instead of such a rémoval,

~a run was made with the magnetic field removed; No mesons from the target could

then reach the blateso No mesons were found in the plates, and the volume of
emulsion scanned led to an upper.limit,of less than 10 percent background.
A further indication of the low background is the absence of negative mesons

in the emulsions scanned. Although the magnetic field and channel select only

‘positive mesons produced in the target in the forward directigﬁ, they also ac-

cept from a large area of the pole faces, negative mesons produced by scattered
protons. The total number of mesons counted in the experiment was 1121. The

compléte absence of any 1" -mesons indicates a hegligible meson background, and

. consequently no background correction was made.

E. Geometry

In a uniform magﬁétic fieid;-H, the motion of a mesén iﬂ a plane perpén=
dicular to the lines of force will be aloﬁg tﬁe arc of a circle whose radius of
curvature is §)=-§% N where p is the me;dn momentum. The solid angle subtended
at the target by unit area pérpendicular to aApencil of meson tfajectories,

after the tangent to the mean trajectory has turnedvthrough an angle P is

IS N
given by )
an = 1 - ster./_2 ' SR
= : *em , (1) %
dA P2¢ﬁmp _’. ‘

if the trajectories are approximately perpendicular to the lineé of force.

(See Appendix 1.)
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It 1s con51derably ea81er to calculate the solld angle subtended at the

target by unlt area at the photographlc emu151on, 1f the emu151on is placed in

_ the gap where the fleld is unlform° Out51de the gap correctlons have to be

made to Eq (l) because of the change 1n the radlus of curvature and the forces

‘_due to the frlnglng fleld. It was found however, that a small 1ncrease in the
”dlstance travelled by the mesons decreased the background tracks on‘the emu131ons

:apprec1ably. For thls reason, the emuls1ons were placed not in the gap, but

1mmed1ately out31de where the correctlons can stlll be made w1th good accuracy°

_ZThese correctlons are dlscussed 1n Appendlx lo With thls arrangement the

solid angle per unit area at the emuls1on 1s glven by

dn - ! stier.
ar g <¢>+.x>(sm@[1+}ccowlcm @

where @ is the angle through which the. tangent to. the trajectory turns up to
the pole face edge, and x is the distance from the edge to_the emulsion. It is
shown in Appendix 1 that this equation is not- subject to more than 1 percent

errors..

'F. Detector

The nuclear emu131ons used were Ilford C—2 and C-3, whlch are sen81t1ve

enough to record the p meson produced in the decay'of the n*-meson at the end

| of its range. For ease of detection the plates were oriented nearlybparallel

"-to the meson beam so that the mesons travelled approxamately in the plane of

the emu151on before stopplngo
v The absorber in which the emuls1ons were embedded was alumlnumei Faf high

energles, near the peak in the meson Spectrum, a copper slab was placed in

front of the alumlnum absorber holdlng the emu131on (see Flg° 2) Wlth this

arrangement the mesons lost most of thelr energy by travelllng a short dlSm

tance in the copper, and the energy Spectrum was Spread out along the nuclear
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plate because of the low stopplng power of the alumlnumo The range-energy

curves of Aron, Hoffman, and Wllllamslo, as corrected by the recent work of

' Mather and Segre 5 were used to convert the meson range to energy° These

latest corrected curves are accurate to about 005 percent in energy.

The abSQrber fac Jthat the mesons entered normally° With.this
arrangement the varlatlon in depth of penetratlon with angle of 1n01dence is
a minimum. With a 1 inch diameter target,_and the maximum channei.w1dth used,

‘this angle varied between m3° and.+3°, denending on the energy of the meson

and its points of origin and decay° This produced an uncertainty in depth of

penetration of less than 0.2 percent.

G. Detection Efficiency

The number of mesons impinéing on the absorber can be deduced from the
number stonping in the plate by the following argumento We assume, for the
moment, no scattering.

Mesons of energj‘E in the beam’will.stopain the absorber at alrange Ro
given by the range-energy relationo'-HoweVer, those mesons whose trajectories
lie between Ml_and M2 (see F1g°;3) w111 stop in the emu151on, while mesons whose
traJectorles lie out51de these two w1ll stop only in the alumlnum absorber. It
is easy to show that the dlstance a between these two tragectorles 1s given by

= d sec a

Ry S

where R and R b are the residual ranges of a meson of energy'Eres, the resi-

dual energy, in emu131on and abSOrblng materlal respectively. TFor the angle a
used, 15°, and the thickness d of emulsion, about 200 microns, Eres is about
7 Mev. For aluminim and emulsion the ratio Rab/Rem is 1.20. The number of

mesons of energy E‘in AE that stop in a strip of emulsion of length X (perpen-
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Yoomier L i)

‘;dlcular to. the paper in Flg° 3) is then equal to N (E)AE times the area a x /,
hiwhere N (E)AE is the number of mesons of 1n1t1a1 energy E in AE per square cm
1n the beam comlng 1nto the emuls:.on° |

~ The spread in meson energy, AE, in the“beam, corresponding tohe.distenoe
AZ'alongvthe plate is giren by. p o ’ | A -

= %E-AZ cos a - | R (4)

'i%where dEde is the rate of energy loss in-the absorber_at'the initialvenergy of
“‘the mesons in thepbeamo 'Thﬁs, the number of mesons that stop inethe area

“ 8z x £ on the plate'is given by

= NO(E)QE cos a a fAZ. S e (%)
dx ‘ |
o
So,

NJAE) - _ : =2 P/I]' | .

o()_d‘ERn' ik Ry - (6)
— Bb gy - 2
dx »Re - S dx . Rem

The nﬁmber of mesons per em? per Mev in the beam is thus given in terms of j’n,
" the number of mesons found per unitivolume of the emulSion,"The=thickness, d,
of the emulsion was measurea by a method devised by H. A Wilcoxle |

The traJectorles of the mesons are in fact not stralght as was assumed
in the above calculation, and it might be expected that the small angle scat-
" tering would change the relation given in Eq. (6) appreciably. ‘It is 'not
~ difficult to prove, however, that the detection efficiency of the emulsion is
independent of the angles thaﬁ'the ﬁeeon trajeotories make with eitﬁer the ao—
“sorber face or the plane of the emulsion. Consequently, Eq. (6) always gives
" the relapionship between the flux of mesons of ipitial.energy:E impingingron
- a cértain region of the emulsion and the density of stopped mesons .in that -
S regions i

-If a narrow beam of mesons is incident on the absorber face, however,
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the flux would be decreased by scatterlng as the mesons traverse the absorber.
It was for this reason that the meson channel was ‘made wide in order to ensure
poor geometry° For this case, the flux remalns upaffected by scatterlng as

the meson beam penetrates the absorber. Thus Eq. (6), although calculated as-—

suming’ no scatterln s

H. Calculation of Cross-Section

In order to measure the. cross-section for production.on an absolptefscale,
the number of bombarding protons, the number of target nuclei per cm2,-andtthe
number of mesons produced in the angular and energy intervals of interest must
all be measuredo By‘integrating the external proton beam during the bombardment
using a calibrated ionization chamber, the number ofvbombarding protons was
obtained to an aecnracy estimated to be better than 5 percent., The densities
of the targets were easily determined?from their weights and their simple di- |
mensions,

:To find the number of.mesons produeed per steradian per Mev, one needs the

solid angle subtended at the target by unlt area at the emulsion, and ‘the emul-

sion detection efflc;e H_,"’As has been shown, these can both be calculated in
a straightforward manner;

The number of mesons of energy E per Mev per cm2 in the beam is given. by

N(E) . g Qthy do-  dn - .
° T "5 T an | (7

where Q is the number of protons that passed through the target, q is the den-
sity of the target material, A$ is Avagadro‘s number, A is the molecular weight

“of carbon or CHy, t is the target thlckness, _do_ is the differential cross-
dEdn
- section for production of mesons by protons on a carbon nucleus (or a CHp group)

per unit solid angle per Mev, and an is the Solld angle per unit area at the
dA
emulsion.
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. Using Egs. (6) and (7)9\the‘differential_Qrpsgfsection is therefore found

b be VT ' f : «

do . Po. @
dEdN dE R,y D at A__ d_f_t M,v—steradlanA 7 (.8)
& R A -dA . : SR

%I. Corrections to Cross=Sectioh

. Three corrections have to be made to Eq. (8). ,Two,ofrthese_take into ac-
cquntuthe_décrease in the number of mesons that reach the detector because of
1) their decay in flight and 2)_their absorption and large angle scattefing by
{:nuclei in the copper énd aluminum absorbers. _The‘third correction arises from

the use of a "thick" production target.

1. Decay in Flight
The lifetime.of tﬁe n+=mééon against decay into a p-meson has been meas-
8 13 <InA£he meson's frame of reference an ihtef&al"éf
time d’?’élépéesﬂwhileithe meson‘traﬁéls grdistanée dr ‘in”the:lébofatory system,
V where -

.  m ¢ dr . S | i o A . (9)

For that part of the meson path'that is in air, the.meson energy'remains
very nearly constant, and the time taken to travel the distance r from the-

target to the absorber face is just

A 2 | | |
Fair _ 5933-——.- ) . N . (10)
b o o o R "

" Since this part of the travel is in é'uhiforﬁtmégﬁeﬁic'fiéld;”

‘and’
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. where @ is the angle thfough which the meson’ s velocity vector turns. Thus,

_ﬁ._mc ‘°:. | o (13)

- For mescns, this becomes

w»zr' a5k lO’élELseco _ . , (1h)

alI‘

An analytical expression for the time required for the meson to stop in

"the absorber can be obtained by making use of the approximate. range-energy

1

relation S
Eﬁ = K R°58 o - o ' a "'j(15)

With this relation, it can be shown that

1\355; =8,0 x lO"ll Mg C Ré 1 seCoy - - (ié)
where R is the range'in_cm.of the meson of initial energy E, in the absorber,
Since the meah life is 2.6 x'10"8 sec,‘the total correction factor due to
decay in flight is o . .
| - o 6 Cno2 .l |
Coorpe . BT [15x 1076 Zsg, o\] 5%__ RS x 107H|  (17)
.GEngfﬁgu-_5ﬁjbq%”,;«33~~a- --x.\.- R

This correction factor is listed in Column 3 in Table I (see Seétion-IV), as a

" function of the meson energy.

2. Nuclear Absorptioﬁ and Scéttefiﬁg

An experimental measurement of the nuclear absorption and large angle scat-
tering crossnsecﬁion'for mesons in aluminum and éopper has not to date been made.
Present indicationsl5, howevef, give nuclear area as the order of magnitude for
the combined cross-séction for theée twoxeffects° To deduce the decrease in'flux,

2

therefore, we have assumed an attenuation cross-section of n Ty, where

r, =1.39 Al(B x 107 em. 4 COhbinatién' of copper and aluminum absorbers was

©
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used 1n thls experlmento_ From the above, the attenuatlon cross-sectlons are

:G‘(Al) = 5 5 x 10‘=25 cm and c'(Cu) =9 6 x lO"25 cm?

w1thout the absorber, the flux per Mev is N (E) at the emu151ono In-

sertion of a thickness tal of aluminum and tcu of copper reduces this to

Ny =N e R [("—'A-Oﬁf’)cuj(%@)AJ (18)

" where q 1is the density, A  is Avagadro's number, and A is the atomic weight

The magnitude of this correction, as a function of the energy, is given in

tcolumn , in Table I (see Section IV). This correctioh; unfortunately, is not

a small one. At the maximum meson energy it is about 25 percent. Therefore,

in Table I(C), where the corrected values for-aEgh'are given, the values before

'the nuclear attenuatlon correctlon has been made are- also tabulatede

" 3. Thick Target

By means of the emulsions, the number'of mesons emerging from the target

in an energy interval AE were measured. . The mesons emerging in AE were, how-

~ever, produced in the target in an energy interval $E where, because of the

., .non-linear range-energy relation <§EJ<AE.

The relation between AE and 5§§ the average energy 1nterva1 at productlon,

is found here. It is clear’from Fig. 4, in whlch the target of thickness t

'is followed by a sea of the same-materlal,-that o

= dE
S§E =52
dx X

(x2 - l) and AE = (x2 - xl‘) _ (19)
t .

_A}eo, Xy = X % X' - Xl'o - So,

BEY RN L (20
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The average zsﬁlcorresponding to a éiven AE can be found if one assumes ﬁhat_

the production Spectrum is flat over the energy spread represented by the tar-

get. Then | t o
: j‘ (SE)ax -
" SE=%__ =M 1 dE | ,
- | t t  dF &| - (21)
t. 7o
Now, using Eq. (15), one obtains
dE .. —eh2
_—= 058K R o ' . . ; . (22)
So,
dEL;= J58K and dE| = .58K ‘ - t 5
. 052 T ‘o ° ) 23
dx Ro : Codx < (Ro + x)° o : ~
Therefore,
—_ % : :
g = OE ax = AE Eo_ 1+ t \°58 | .
T T+x k2§ .58 ( -Ro> -1 . ()
o _R0 o : — '

Thus, since dg is inverseiy proportional to the energy ihtéfvél, intorder
dEdfl | o
to find the true production cross—-section one must multiply the right-hand side

of Eg. (8) by

0,58 °/R_ S

1. E 758 5 ° ’v(25)
[ Sha
For small values of t/Ro this becomes

(o = 1 ' . : ,
cOrL: . (26)
1-.21%/R : : :

"o

Une

For the thin target used in the investigation of the peék, this correction

is of the order of a few percent: At the lower energy points it becomes more
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important. Its magnitude for each of the experimental points of the spectrum

is"giVen-in Column 5 in Table I.

IV. RESULTS

‘Thie“section‘presents the experimental results.
In Table I are listed the cross-sections for the production of n*-mesons
‘group (Table I(A)), a carbon nucleus (Table I(B)),

by 340 Mev protons on a CHé

‘and a 'fr"-ee""protdn (Tablé':t(-c)); The date in Table I(C) is obtained by sub-

tractlng I(B) from I(A).
" Column 1 glves the energy of productlon of the mesons, as deduced from thelr'
renge; For example; the mesons’ at the-peak of ‘the CH2 spectrum passed through

succe551vely, 1/4 inch of CH target 56 cm of alr, 1.36 cm of copper, and

2

finally 3.10 cm of aluminumob Mesons-with this range;'hav1ng undergone no scat-

'“teriﬁg would have started with 70.0 Mev, the’energy assigned the experimental

peak shown in Fig. 5. (Those mesons originating:in the center of the 1/ inch

thHz target did not, of course, pass through the entire thickness of the target.

However, it is shown in Appendix IV that peak energj riesons which are produced

at the front of the target emerge from it with the same energy as those pro-

" duced at the back bj the protons which have also been:degraded;)

Column 2 gives the cross-sections as calculated by Eq. (8)e Colﬁmhsz, Ls

andv5 give the correction factors due to decay in flight, nuclear absorption and

~scattering, and the thick target.

In Column 6 are given the final corrected cross—sectlons, and Column 7
glves the statlstlcal probable errorso‘ The absolute value of these cross-
sections is assigned a probable error of il5 percent because of the uncertainties

in the scanning efficiency of the observer, in the integration equipment, and

in the stopping power of the emulsion.



In Column 8 are givenvthé%éfo;g;ééétiéhs for pfodﬁ§£ioh from hydroéeh;.
uncorrectéd for nuclear absorption. | | N o

As will be séen, by consultiﬁgiféblé I, the Cszpeak was éxaﬁined in de-
tail, but only one point in this gpérgy_region_waS_measured-forncarboh; This
..seems justified since ﬁhé CHZ specﬁrum ig—éo inteﬁsely.peaked that'the exact
~details of the slowly‘chaﬁging carbon spectrum need not be known>in'0rdér‘to
ge£ a good subtraction. However, ;iéb shown in Table.I(B)‘afe'resultSfonfthe
production frqm_cafbon recently obﬁained‘by Merritt~and”Sghulzl6,,normalized
- so that their 74 Mev'point»agreés:with the 70 Mev point from this*experiment.
Since the Spectrum is appareﬁﬁlyvguite flat in the vicinity of the hydrogep
peak, the value of 12.3 x IOfBO cmszevfl ster‘; was used for the carbon: -
differentiai cross—section.in the interval from‘éo to 75 Mev.

Fig. 5 is a.graph of the differential cross-section for the production of
n' -mesons by protons on protons as a function of the meson energy. |

The integral of the hydrogen spectrum over the entire ehergy’scale_gives
4o = 2.0 £ 0.4 cm® ster~l. | |

The integral over the hydrogen peak alone, from 65.5 Mev to 76.0 Mev, -

which is shown in the next section to be a result of deuteronvformatién,'gives
do; 2 1

an 1.3 + 0,3 cm” ster .

&)
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TABLE I

leferentlal Cross—Sectlons for the Productlon of n Mesons
by 340 Mev protons on CH, (Table IA); Carbon (Table IB), - ) | PR

and Hydrogen (Table IC).

Energy . GRAE: “FLight” Absorption “Target Corrected ~ ~  Probable  dRdE
(Mev) Cem® ster—l Correction Correction Corréction Differential Error - Uncorrected
. . Mev™ Factor Factor Factor Crgss-Sectlon e for Nuclear
(Eq.8) . , , - cm® Mev ster‘fl R Absorption

Mesen | do- 39 De¢ay in ‘Nucledr Thick de Statistical do

manle T 115 30 oL Lo Ln 38100 0.6 x 10730
; + CHy»n*t 340 . 5.3 l?_bg a 1'7,0‘:6‘ .11 ., 6.8 - 0e7y
| 60.9 . 133 .. 1..08 1.18 1.01. BN 5 R 1.0
638 18 108 '_ 1.20 1,01 - 15.4 L5,
65,7'i;~_1338 - 1.08 1.21 1.01 o 18.2 : 2.0
67.2 - 22.8 1.08 1.22 1.0l 304 2
--uésyg CocbSeh o L.08 .23 L.0L 60.9 2.5 7
707 _f;50;5vv_ . L.07 . . L2h Lo 676 2070
12.3- 18.7 1.07 . B 1,25 o L.0L 253 N 2.2
BT ome e L X L

75.6 10,9 . L07 . - L28 . 1.0 150 20

=0z~



Table IB

p+Ccoan’

Table IC

p + pon’

7000 . 9-2

75.6

K>

Table I (con't.)

Meson
Energy

Nuclear
Absorption

Decay in.
Flight

d6-5'30
dRdE 0

(Eq. 8)

17.5 Mev 1.9 1.13 l.02
3.0 3.3

40,2

1.09 1.06
Sl OF
66. 5%
1.06 L2y

Th o O%

17.5

3%,.0
60.9
63.8
65.7
67.2
63.8
70.7
72.3

' #Data of Merritt and Schulz

Trick
Target

10 19 -

1.19

1.02

coreSELs
Differential
”C£053f§§ctioh_
cm® Mev™ ster
2.6 x 10730
he5
8.5
13.3
12.3.“
12.3 .
12.3
0.6
L2
2eh
1.6
2.9
9.0
2.3
27.7
645
1.5
1.4

Statistical
Probable
~ Error

+ O.Bvx 10-30
O
1.1
1.2
1oh
1.4
1.2

0.3
0.4
0.9
1.0
1.3
1.3
1.4
1.5
1.4

1.2
1.2

do
Uncorrected
for Nuclear
Absorption

0.6
1.1
2.0
1.3

2l
Tely
. 20.0
; 22.3
5.1
1.2
1.0

T e
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V. DISCUSSION

' wa ﬁossible reactions can occur in this'experiment:
prpont enep. Ty
p+p-on’ +d,   --.- o . (B)

At maximum meson energy the proton and neutron possess the same .velocity and a

- deuteron may be formed.

The maximum meson energy is determiﬁed byithe proton beam energy; the meson
mass, and the totai mass of the resulting nucieons. If a.deuteron is formed,
its binding energy is gvai}ablg tpltpe reaction and the maximum meson energy is,
in the laboratory system; 4 Mev higher thaﬁ'for no deu&eron_formatiqno‘ (The
dynamics of the "two body" problem at maximum meson energy are discussed in
Appendix 2.) - - L oiasr

Thus, if thé products-of the reaction are a meson, a proton, and a neutfon,
_then the mes§n energy spectrum will consist of a continuum from O Mev to the
maximum meson energy attainable in réactionv(A)a If a deuteron is formed, the
‘spectrum will contain, in addition, afline 4 Mev above the cut-off in the con=-
tinuum.

Initial experimental results showed a strong peak near the upper limit of -

5

theé meson energy spectrumB’ o This led to the suggestion made by Brueckner, Chew,
and,Hart7-thab bhe,wave funétion of the final nucleon system must strongly affect
the meson spectrum. This wave function, dependent as it is §h the relativé mo-
mentum of the two final nucleons, is a rapidly varying fﬁnction of the energy

of the meson near the maximum meson energy. The development of this idea by
Brueckner andeatson8 led to a phenomenological theory which predicted speétra

- in good agreementvwibh the experimental results. A complete discussion of their

treatment of the problem is given in their papers

In this treatment an expression is obtained for the production cross-section
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in terms of the final wave function of the nucleonunucleén system evaluated at
the system's center 6f mass, ?%(o), a factor proportional to the momentum space
available to the reéulting particles, dJy aﬁd, in addition, a series of terms
involving the méson momentum, p, and the angle of production, €, in the nucleon-
nucleon-meson center of mass system. (These last terms corréspond to the vafious
wave states of the meson.)

dor = dJ Y%(o)lz E% + Bp? +.Cp2 cos?e + »«——E], (27)

The contribution of the various possible final nuc¢leon-nucleon wave functions,
Y%(Q), and of each of the terms in thé/meSon momentun expansion is to be deter—
mined.by this and other meson production experiments,

The outstanding feature in the spectrum of mesons produced at zero degrees
by protons on protons which sﬁch a theory has to explain, is the intense peak

near maximum meson energy. The shape ‘'of the spectrum near the peak is primarily

determined; in the theory, by the final nucleon wave functions In order for such

a peak to result it is necessary that the final nucleons be in an S State, either — --
triplet or singlet.

If the_resulting.nucleons are produced into a 3S state, then according to
Brueckner and Watson, meson production will be'accompanied by deuteron formation
for a large percentage of the time. The line resulting from the deuteron forma-
tion will be intense comparéd to the continuum, thus explaining the peak. Fig.

- 6A shows a typical theoretical spectrum for the nucleons produced into the 33
state. |

If the nucleons are left in the 1S state, a strong peak will still arise
because of the resonance resulting from the low energy virtual state. This peak
occurring at the cut-off in the-contiﬁuum woﬁld be 4 Mev lower than the line |

which results if a deuteron is formed. Fig. 6B shows a typical spectrum for this

casee.
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produced 1nto aP state w1th a cos”

-2l

It can be concluded from the results of this experlment that the peak in.
the spectrum is due solely to deuteron formatlon. In order to arrive at this

conclu51on, it was necessary to make an estlmate of the resolutlon of the ap—

'paratuso (The resolutlon is dlscussed in Appendlx 3 ) The resolutlon was

folded lnto the theoret1031 spectra of Brueckner and'watSOn, and the resultlng
curves were compared with the experlmental points. |

Flgo 7, curve II, shows the result of folding the resolutlon 1nto that

‘vspectrum in which the nucleons are left in the lS state, and the mesons are

2 distribution in the center of mass system,

(the thlrd term in Eq. (27))« As mentioned above, the shape of the Spectrum,

“at the peak is primarily determined Just by the flnal nucleon state. This

choice for the meson wave state, however, glves the best flt of the lS nucleon

' theoretlcal-spectra, to the experimental points near the peak.

- Fig. 7, curve I, shows the result of folding the resolutionvinto that spec-
trum_in_which the nucleons are:left in the 3S_ state, and the mesons are again
produced into a P state with a cos2 distribution. Since the main feature of

this spectrum is a line displaced upward by 4 Mev from the continuum, this curve

-is{essentially a plot of the estimated resolution. (The resolving power is

sufficiently high, as is shown in Appendix 3 , that the apparatus;does}not,

appreciably mix the continuum and the:line spectrum.) The selection of the-

particular momentum and angular distribution of the meson is even less critical

"~ “here than for the lS-case, since the intense deuteron peak is the essential -

‘feature of all‘theTBS'spectrao '

JFigﬁ'?-also'shows the experimentalpointso Both'theoretical‘Curves are
normallzed so that the area from 65 5 Mev to 76 [} Mev agrees w1th the area under
the experlmental p01nts in the same energy 1nterval¢ The close fit of curve I

with the experlmental results is strong ev1dence that the peak corresponds to
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deuteron formetionc It is clear that the experimehtal points, on the other hand,
are not in agreement with either the half—width or the assymetric chafacter of
curve 1T for the.ls case, | | |
~ The experlmental results thus establish that the peak is larpely due to

:deuteron formation. There is still @he p0551b111ty to be examined that the
peak contains an appreciable contribution from lSvfinalln'ucleon stetes. How-
ever, the sing}et'S peak‘contribution will occur 4 Mev below the contribution
from the ﬁriplet S deuteron 1:_'Lneo 'Since, as mentioned aﬁove, the ;esoiﬁing power
of the apparatus is high'enough to distinguish details in the spec£rﬁﬁvtﬁé£ are
- 4 Mev apart, any appreciable 51nglet S contrlbuilon WOuld have occured in the
experimental results as a separate peak 4 Mev below that of the deuteron. There—s
fore, it can be said that the intense peak is due entirely to deuteron formationf

- Since the peak accounts for approximately 70 percent of the total cross

section at 09, it is clear that at least 70 percent of the mesons produced at

--0° are dccompanled by nucleons in the 35 state. Information from- ‘the peak alone,

however, is not suff1c1ent to determine the wave states 1nto which the mesons
are produced. It might be expected that the lower energy portion of the experi-
mental spectrum could help determine the eontributien from each of the meson
and nucleon_wave states., Final nueleon states other than 35 could contribute
to WF(O) in Eq. (27) aivenergies in the cohtinuumo (The solid curve in Fig. 5
shows the theoretical curve, with the resolving power'folded in, assuming that
all of the mesons are produced in the P state with a cos? distribution accom-
panied by nucleons in the_3S state.) There are two factors that make analysis
of the continﬁum difficult. First, since several angular momentum states of

the final nucleon system can contribute to ¥ (o), there are many possible

-

# (o) which, taken with various values for the constants in Eq. (27), re-
sult in theoretical spectra which agree with the SIOle varying continuum that

was found experimentally. Second, since a'CH2 - C subﬁraction method was used,
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the low production Cross section from hydrogen at low energies resulted in

"~poorer statlstlcs in thls reglon than at the peak. A more sensitive method of

-determlnlng the coeff1c1ents of the various terms in the phenomenologlcal theory
o hs5,6

: would be an 1nvest1gatlon of the productlon cross—sectlon at other angles

and for other proton beam energles.

(A region of the spectrum not investigated is that between O Mev and 15 Mev,
"Vuhere the high backgroundiand low cross-section for meson nroduetion made scan-
hing too difficult to be reliable. - In this region, however, a departure'from
theTfIEt‘eharacter of the low energy.speetrum is possibie; At the meximum meson
:ﬁehergy,bthe'tuo nucleons have a very small relative velocity thus_leading to the
'lerge peak. Similarly, et ahout 15 Mev, the meson and one nucleon have low rela-
;‘tiVe velocity.v If,a iarge attractire interaction'exists.between meson arnd nu-
i'cleon, the wave functiOn of the two particles will be "bunched" near their center

of mass, in a manner analagous to the proton-neutron bunching at maximum meson

- energy, and thus an increase in cross-sectlon is p0551blea

VI. MESON MASS DETERMINATION

The sharp peak in the meson energy spectrum at maximum energy prov1des a
‘method of measuring the n*-meson mass, 'since the meson energy at the peak de-
pends only on the meson mass, the proton beam energy, and the total mass of the
resulting nucleons. :(See'Appendixv2 on dynamics.)

As uas shown in the preceding section, the peak results from deuteron for-
vhfmation. Therefore, the total mass of the resulting nucleons to be'used in the
mass determlndtlon must be that of the deuteron.' One needs, then, only the
jenergy of those mesons whlch are accompanled by deuteron formatlon.and the pro-
ton beam energy 1n order to determine the-meson mass, u31ng the dynamlcs of

-Appendlx 2.

* A, Schulz and J. Merritt are at present measurlng the productlon CrosS—
section at lower proton energies:
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The energy of the mesons in the deuﬁeron peak was found by 1ocating'th§
energy at which the deuteron line spectrum must occur in order that. the experl—
mental polnts agree with the curve obtalned by foldlng the experlmental reso-

lution into the theoretical spectrum. Any of the 3s spegtra by Brueckner and
Watson (see Section V) will, after the resolution is folded in, fit the experi-
mental points gt the peak if the line*speétrum resulting from deu£eron formation
OCCufs at 70.6 Mev.*

The proton beam energy was measured from its Eerenkov radiation by Mr.

Re L. MatherlY, The_beam energy measurements, made immediately before and after
the bombardment of the target, did nét differ»perceptiblyo,'Since,the»cyc}otron
controls were no£ disturbed during the run, it was assumed that the beah\energy
was constant in time. This enefgy,vmeaSured just be#ond"the snout of-yhe”col-
limator of the éxternal proton beam, was 341.3 Mev *+ about 1 Mev., ‘During the
bombardment of the CH2 target;.an ion chamber;Auséd for the integration of the
beam, was interposed between the snout and the target. The beam of original

- energy 341.3 Mev travélled through the ion chamber,. and in addition, through
abéut‘oné~meter of.air before striking the CH target. - Tﬁe energy of the beam
;1mp1ng1ng on the target was 3&004 + 1.0 Mev,

With this proton energy and the value of 70 6 Mev for ‘the peak energy at

which the mesons are produced, the meson mass is determlned to be 275.1 + 2.5

¥ It is to be noted that the experimental peak occurs at 70.0 Mev in Figs. 5 and
7, rather than at 70,6 Mev, the energy at which the mesons are produced. This
apparent dlscrepancy arises because the energy of each of the experlmental
points plotted in Figs. 5 and 7 was determined from the range-energy curves. '
under the assumption that the mesons did not undergo small angle scattering
in reaching the end of their range. In the estimation of the resolution
(Appendix 3 ) , the scattering has been taken into account. Thus,_the solid
curve of Fig. 5, which results from folding the resolution into a -3 spectrum
with the deuteron line located at 70.6 Mev, exhibits a peak shifted down to
70.0 Mev. Since the method of determining the resolution is approximate,
this shift in the peak position is uncertain to an estimated 30 percent.
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~ electron masses.

| The estimated errors-contributing to the uncertainty in the mass measure-
‘ment are given in Table II. The source of the error is gi&en in Column I. The
eéiimated error ié given in Cbluhﬁxil; And ﬁhe resultant errorvin the meson

mass is given in Column IIT.

TABLE II. ESTIMATED FRRORS IN MESON MASS DETERMINATION

'z, Source of Error - © . Bstimated Error Resultant Error in m_

~in_Source (in electron masses)

Measurement of ' + 2%'in range or & 1.0

range in absorbers + 0.8 Méev in meson

- energy

‘Uncertainty .in - -+ 1 Mev in meson C+ 1.2

range-energy curves ~ energy

Shifﬁ of peak due | - | + 0.2 Mev in meson + 0024,v
. to. scattering .- = . energy :

Fit of theoretical : + 1 Mev in meson - + 1.2

curve to experi- energy

-~mental points-

‘Proton beam - - + 1 Mev in proton + 1.1,
energy energy or
T .+ 0.9 Mev in meson

energy
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VILI. APPENDICES
APPENDIX SOLID AN AL f
In this section those aspects of magnetic fecﬁesing are iﬁvestigeted‘wﬁich
affect the calculatlon of the solid angle subtended at the target by unit area
at the emulsion. Although the focussing propertles of magnetlc flelds are well

knOWn;ZCOhSiderable space will be taken here to derive the expressions which are

most usefﬁl in this calculation.

Ae In a Uniform Magnetic Field

The solid angle subtended 3t ‘the target by a unit area normal to the tra-
Jjectory can be. calculated ea311y for the case 1n which the traJectory lles en- -
~tirely in a uniform magnetic field. In Flc. 8 a plan view is shown of two tra-
Jectorles for two equal momentum meésons’ 1n a unlform mdgnetlc fleld which is
perpendicular to the figure. The trajectorles originate at p01nt A the'target
vand terminate at points B and C, where C 1s so chosen as to lie on the radlus
‘0B. The length Au, egual to BC- is nearly perpendlcular to both traaectorles for
small values of Au. The tangent at A to the arc AB makes an angle Ae with the
tangent at A to the arc AC. The distance Au thus. subtends an angle in the hori-
zontal plene of A8 at the point A. |

To determine Au in terms of A8, we have, .

bu = g~ '(? - v sing) cos P. - B : -(28)
Now, to first order, ’ AR | | |

v = P and cos B =1 . a . S (29)
So, : _ :

pe = —bu_ o (30)

fsin Q
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~The vertical angle, Aa, in_the_eolid engle?:Aa AQ, ishrelated_to:a_yertical
distance Af?, in the usual wéy, since the magnetic field doee_nopjoéeporp Fh?_~
trajectories in the vertical direction. Thus, (see Fig. 9)
. rAa = A”?, R | (31)
--8ince-the -distance .r equals the length of the:trajectoryjpp 5

a “Thus, the solid angle per unit area is

df _ Ac A6 ‘ 1. ster.%%

dA- A3 tu qu) sinp c@e ° (1) .

‘E;f”borrections

Corrections must be made to Eq. (l) because the nucleaf emulsions were not
located in the unlform field, but were placed Just out31de of the magnet gap 1n
the fringing fleld. Eq. (30). is now clearly incorrect, since the trajectories
are no longer circular from beginning to end. In'addition,'becanse‘of_the netnre
of a magnetic field, there are fringing field forcesvphap,fnrther:disponpcthe
traJectorles. These corrections can bevdetermined by examining the expression
for the Lorentz force on a meson in a frlnglng magnetlc fleld.

Consider a semi-infinite field such as is shown in Fig,,loq“This is a -
good approximation to the actual field at the pole’faceﬁedgea In a current free
reglon, curl B = 0. Since the fleld is seml—lnflnlte, H and H do not change
in the y dlrectlon and we have o e

aﬂx =’OH - o,' oH, ’aH g oK =‘"-’0Hy’ . 3 "("3'3’)

L ' , z

¥ In. deriving Eq. (1), it has been assumed that the traJectorles are all. very
nearly in a plane perpendlcular to the lines of force. This was implied by

¢ -setting . r- equal to PP in Eq. (32) and also in deriving £q. (30). It can
be easily shown, however, that for all possible trajectories from target to
emulsion in this:experiment, corrections because of the. vertical component
of the motion are only of the order of 0.1 percent.
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.Therefore, since Hx is zero at z =0 (the median plane), at a small dis-

tance Az above that plane,
H (AZ) 653 A7 = ’EZ"AZ H 3 Hy = H, (x)e _ (34)

So, since F = (v x H)e/c the'components of the force on a meson leaving the gap

at Az are:

Fx = (—VZHy + vsz) £=% vsz (35a)
= : L = " a H | ‘

F&. (-—vXHZ + vsz) s (-Ytz v, TXZ Aé) g (35b)
_ ' e . e oy

Fz = ('vny + VxHy) T T e Yy O, Az (359)

zx
Now g.vxﬂz éhd %-vyHé are the components of the Lorentz forée'aiready coﬁf
~ sidered implicitly in obtaining the relation (30):‘ 08 = ]?5%56 . But,-sindef
:H decreases at the gap edge, this formula no longer holds. The cortectidn to
J:Eq. (1) because of these two terms will be taken up later.

First, we consider the other two terms in the Lorentz force

. R | R
F, 2 v, ?SfL AZ o | | - (3§c)

- and, from Eq. (35b)

y

The first of these gives fise to the "thin lens" formula, as is shown héré;
Consider a‘trajectdry leaving ﬁhe magnetic field. (See Fig. 11.) It.is
assumed that the field goes from'Ho to zero in a distancé small.éompared with
the trajectory length. (See Fig, 12.) (This aésﬁmption will be discussed
later.) Itvcan'tﬁenvbe shown that-ihe region inAWhich the field drops to zero

acts, for each vertical plane, llke a lens w1th a focal “length f = "f
tanJ

F o vz~5§;.AZ° ‘ N | (36)».

L4
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momentun change is

- Now, (see Fig. 13)

=32

'for those traJectorles orlglnatlng on the median planeo/a is the radius of

‘ curvature of the tragectorles 1n the unlform magnetlc fleld and<f is the angle

the vertical plane makes with that particular vertical plane which is normal to
the gap edge. Since the target extends above and below the median plane, howi
ever; all the trajectories clearly do not’or;glnate in this plane. It becomes
necessary, therefbre, to find the quantity which correspdnds ﬁo thé focal length,
as g?own below. | o

lThe change in momentum due to'the-force F =52\5,2HZ AZ occurs, according -

to the above assumption, only in the region betWeen‘Q1, and ﬂz'(Fig.VIZ)o‘ This

bp, = o L : S (3
Since,
FZ = Vx tanfzy-— AZ,. | . ‘F38)4
then, B %
bp, = - -E-AZ tanSJ' di, . o o : (39)
. Ho

Iv’z,“="lpﬂs?§‘)"° R S (40)
And with ¢ = B2, this yields &p  atand 82 o G
- P, ~§ () :
_,_ Thus, | | ‘ | . |
Pz' *:PQ *0p, =p, _(l*(igg;'égtanéy.~*'~, : } = '(LQ)

After pa531ng through the frlnglng reglon, the partlcle whlch starts at a

p01nt that is a dlstance b -above the median plane and a dlstance a from the

“ ‘(

gap edge moves as though from a point t. (See Flg° 13.) From Flg. 13, it can



be shown that

1.1_.1 - and . } AR . S A
E-‘E"'E(lv”%r) . %" s . .o o .+3)--:~

Therefore,

122 h-oggeepd) W

The quantity g - corresponds to a "focal length! since the Mobject _dis;
“tance", a, and the "image disténce", t, are related to it by the.thin lens:
equation. g‘ becomes a true focal lengfh when the trajectory 6riginates on
the median pl.an'e ( b=20). |

This "focal lengﬁh"', g, is now used to determine the relation between'
7 the incfemerit of angle, Aa' s subtended at the target by a small vertical dls-
tance, A? s at the position of the emulsion.

From Flg. 13,

“'=b_a:f?.‘ l+x%%7’%)‘ (45)
So, ' _
»b _? =5><pc:' (1 . P% + x;andq )-.x (ta;é' )b, - (n6)

Therefore, R
’ _ b3 ‘ ' B ‘ :
= F@"‘ X(l @(F)tancp) 9 (h?)

1

Aa

‘wh'ere‘cp j.s the angle through which the tangent to the trajectory turns from the
target to the poie face edge. This reduces -to Eq. (32) when x = O. |
Next, we cons:.der the seéond of the fr:.nglng terms. (See Eq. (36). )

,Fy = vZ giz AZ produces a dlstortlon of the traJectorles in the horlzontal
plé,ne. If, as above, we calculate the change in momentum rebultlng from thls



force, we obtain

Ap

_%HoAzgs_-p._& o (48)

y 2P

The displacement of the trajectories resulting from this momentum change is = -

shown in Fig. 14+ The trajectories OA' and OB' cross the ‘gap edge at the same

distance above the median plane. Thus, the Apy of the mesons travelling’along.
OA' and OB' are the same, and the distance A'B' is equal to the distance AB.

It is also easily shown that the distances A'C' and AC, perpendicular to:the"

trajectories, are equal to wichin a‘few hundredth of a per cent. The fringing

forces, then, produce no change in %%, even though the trajectories are dis-

torteds We can therefore neglect Fy =_§.,vz .:_;%zAZ in determining corrections

to the solid angle relation.

" The correction to Eq. (30) because of the decrease in H 'in the terms
%‘Vx H, and -v H, is now calculated. These two terms, as mentioned'above, are
the components of the Lorentz force con31dered in deriving the equation for the
solid angle in a uniform field.

. The trajectories of the mesons as they left the magneﬁic:field made an
‘angle é\of about 5 degrees w1th the normal to the gap edge. Flg. 15 1llustrates
thlS.‘ It 1s assumed again that the fleld 1s unlform to the pole face edge and
13 zero beyond. Then ‘upon reachlng the pole face edge, the trajectory becomes.
the tangent to the circle. Since the trajectory OBA has more of 1ts length
in the field than OC, the non—perpendlcular exit produces a focu531ng effect.
| We now find the angle, (88)', between the trajectorles ‘as they leave the
target ‘as a functlon of the distance between them, Au, out31de the field at
a distance, x, from the pole face edge. | |

'We see from Flg. 15 that e



Now, L , | |
N =LSP1—“—$§ = singtand (80)' - (50) -
since o |
Keosd = a =f(Ae)' sin@. : | - (51)
And (see Fig. 8) | _ ] ' - . -
B = (48) cos@ . - .'(52)
Therefore o e | | |
= (86)' (sing tand - cos4>). E (53)
But, - | | |
| bu =¢) (2 - x) =d -wx = ‘(Ae)' fsintp -wx (54)
since
d=w(z+y) fwz. (55
So finally o , - o
| bu = (Ae)' (f-simp—,x sin@ tand + x cos@) - ',(56) ’
‘ or s .
_(s9)' R . ()
T hu fsin¢-— x sing tand + x cos@

W:Lth x = O i.e. no change in field along the tragectory, this reduces to (30)
The solid a.ngle per unit area, corrected for the frlnglng field and the (
non—perpendlcular exit of the meson from the field gap, is, after substltutlng'
from Eqs. (47) and (57) '
(o) (0)' . . (58
bu A? (fP+ x) |1 +(ptan 5') ) 31n<p+ X cos?
» - x sirg tan

The value of x used in the- experlmental drrangement was approxn.ma.tely

2-inches, whllef was about 1 1nches. f was about 5 degrees, and consequently
tand" had a value of about 0O.1. E)Cpandlnp the rlght-hand side of Eq. (58), and

neglectn.ng terms of the order of x2tan5 compared to terms of the order of f
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we{dbgain~a relation for the solid angle, which for the experimentel dimensions

is accurate.to better than 1 percents - -

fhis expression is identical to the formula . l__ (for small‘x%?)
where. ¢P' ”='<P'+Z X, Thus, if one assumed that the um.form field extended to ‘the
Hemulsion, the result would be accurate to flrst order in x49 s (or to w1th1n 2
. percent here) This was all derived on the bssis that the field dropped fo'zero
in a very small dlstance. However, since the fieldiactually does'not'drop to
zero in a distance short compared to x, the above expression is accurate to
better than 2 percent. | |

The reason that the effect of the drop off in magnetic field is so small .
is that although the vertlcal fleld H - whlch produces the focussing inside
the region of the uniform field decreases near the gap, “the frlnglng forces re-
sultingﬂfrom CuIl'ﬁ - O produce a focussing action which for small X49 exactly
compensaxesfor this decrease in H o |

It can also be shown that the change in the solld angle due to the loss in

nergy 1n the absorber is negllglble.

APPENDIX 2, DYNAMICS

‘At the maximum meson energy, the product nucleons, neutron and proton,
have the same'velocity, and the dynamics become simply those for the two body
, problem; The momentum and energy balance equationS’for £his problem were solved,-
g1v1ng the Y of the meson in the laboratory system in terms of the proton beam
Yp, the total mass of the resultlng nucleons, the mass of the meson, My, the
proton mass, mp, and the angle<p at'whlch the meson is produced in the labora-

tory system°

.. b-2r(y,*1)£2 cos ?f(vpz-l)(rz-l) + cos% (yp-1) -(vp-1drd + T ?Sq)

p . T2 (sintg (,p.,n + 2) , (59)
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where, if T is the kingtic engfgy in the laboratory system, Y, 5 1% Tﬂ/mnpz,
’Y# =1+ Tp/mp029 e mF is the total combined mass of the final .
Wp My : -
nucleéns, and r = mp/mna o
Using Eq. (59), the depéndéﬁce”of_the maximum meson energy on various para-

meters has been calculated under the assumption that m_, is the deuteron mass.

F
Theimaximtm meson energy is plotted as a function of angle of production in
Figo '160 . ’ . "_
For'mesons-of‘275°l'electron masses, and 340 Mev protons, the change in

maximum meson energy due to a change in proton energy is
—L= 0,91, | ' (60)

For 3,0 Mev protons the change in the maximum meson energy with meson mass

is, in the vicinity of 275.1 electron masses, given by

dE oo
dmz = OOSBITev/mee - _ (61)

These calculatiqns assumed the nuéleons to>be-in.a bound st;te, with mFT
equal to the deuteron massa. If, instead; we take mp to be thelsum of néutron
and proton masses,.the.maximum meson energy is obtained for the cége of no
' deuteron formation. ,Fér 275°l-electroh'mass mesons and 34,0 Mev protons, this
.energy is 66,12 Mev. The differenqe‘between the maximum energies with and with-

out deuteron formation is thus 70,28 = 66,12 = L.16 Mev.

APPENDIX 3, RESOLUTION
The experimental energy spectfﬁm of‘the mesons-waé determined fro@ ﬁhe
dénsity of meson endingé found at each depﬁh in the absorber. The density of
mesons as a functipn-of‘range was then Convérted td the density of mesoné as a

function of energy by means of the range~energy curves for mesons. This de-
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tection method introduces a finite reso}ving power.intoltbexapbaratus;-:Mesonst
of a'particnlarzenergy will ‘not have a unique depth“of~penetration-into»tbe ab=
_softe}*ﬁé¢5ﬁse of-range straggling'andsmultiple small-angIeVscattering;1ﬁThe
fifé%QErféét.is-due'to.thé.statistical fluctuations in the number'ofxcollisions’
the meson undergoes, and glves a gaussian distribution in range. iThe Wiiliamsh.
scatterlng givés rise to a dlstrlbutlon in-depth of -penetration for mesons. of:
‘the same range because the projected range depends on the angles through whlch
each meson has been scattered in the course of its travel. through the absorber°>
olnce the energy of a meson was deduced from the position of its: endlng in the-
absorber, the above varlatlon in depth of penetratlon for a monoenergetlc beam
of meSOns will manifest itself as an apparent spread in the energles of'the
mesons coming into the absorber. , - ' _: e
.-Further energy-smearing might arise because the detector actepts mesons

from'a-small"range of angles about zero degrees,. and the.meson'bnt-off energ&s» |
or peak energy; in which we'are interested, varies witb the angle of;prodnction;t
Theveffectvof this.angular spread . in mesons accepted byitheidetector,can~be |
calculated for maximum’energy mesons quite easily, 'since the dynamics of theif.
production process are then}straightforward.(see'Appendii72) ahd the simple of:
geometry is amenable to preclse measurement. Flgol 6 shows that the maximum
meson energy produced in the proton—proton 1nteractlon changes very slowly as
the angle of production is;varied;about509._ The geometry of the experimentfvé
alloned a'variationfinvangle; for the.maximum energy meSOns,Afrom‘—SQFto‘fﬁé,Fi

\\‘,

whlch corresponds to a spread in .energy of less than 0.2 Mev. ;Therefore,;thisim
effect can be neglected in dﬁtermining*the_TGSOlVlng powers 3
The use of a thick target would also be expected to decrease the resolvirg o

p%;e;}\ As is shown in Appendix 4, however, for this particular reaction,

p + p—n, the effect of the finite target thickness on the resolution is
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‘ negiigibiej‘féfvmaximﬁmrenerg&’meSOns.

V Thus, the main causes of the finite resolving power introduced by the de-
tectién method are the:multiple*éméll’angié Scattering and the’range»straggling
mehtibhed above, 'An additional energy spread is introduced into the experiment
by the proton beam, which is itself not mbnoenergetic. The energy distributionﬂ
of maximun energy mesons because of each pf-thése three effects hés been cal-
q@latéd below.’ Thevthree:distribgtions are then folded together, The resulting
’cﬁfve,’shown in Fig. 19C, gives the distribution in energy that maximum energy
mesons prbdqced iﬁ'proton;pfoton collisions will be observed to have when pro=
duced and detected with the experimental equipment used.

~-The resolution has been assumed to be cbnstant over the high energy part -
of the Spe@t?gm in obtaining the curves in Fig, 7.

..$hé QSpth of penetration for a monoenergetic beam of mesons entéringtan
absorber normally will have a distribution, due to scattering, which is cal- :
cqlated below approx;mately. |

The distrlbutlon in angle that a collimated monoenergetlc beam éf mesonsg{

w1ll possess after passing through an -absorber of thickness dx is gau381an

u}?h & mean ﬁquare angular spread glven by the expre53109l8

\ - 2 _ 252 [|, : ; B o L
i . erms = 8n Nz Z= e dxdfn a, /vp _ (62)

wpepg'g.;g the number qf atéms per cubic centimeter of the absorber, 2z is tpg
ghé?gg gg phe meson in eléctronic charge units;' Z id the atomlc charge of tgg
ébS;fbei material, e 1is the electronic charge, ag is the Bohr radlus, and v
and p are the veloclty and momentum of the mesons° o

If Eq. (62) is written as

2 =. _-z—- QE .x ' - . ..,6‘ .
s - A& R

Me
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Where ~mn,and5nme are the masses of the meson and electron and dE/@x_is:the rate
of -energy:loss of mesons. in the absorber, then the factor<1:(E) is a slowly .
veryiﬁg@fhnbtiqn of E, the kinetic energy. This factor is plotted,in‘Fig. 17
for aluminum. (Within a few percent, JC(E)uhas the -same veluee for copper.as;,
for aluminum.) A

Now the originallyecollimated beam,becomes:more.and,more;spread out'in;angle
ae_it,paSSee‘through the absorber. . The additional spread it receives«in-eech, dx
is\independent_pffthe seattering it received in the previous dx' s Conseqpently,
the resultant distribution in angle at any depth x will‘be a gaussian df ﬁeen

square angular displacement equal to the\sum of the mean square displacements.

of-all dx's from x =0 to x = x. This is expressed as

@ () =562 (x) =j*‘ _Z & Z(pex - -
rms : d ,
L2
where (@ (x) is the accumulated mean square angle and Eq, (63) has been used

for G%ms(x) Selectlng from the plot of the slowly varylng functlon‘i?(E) the
mean value of 1. 2 and maklng use of Eq. (15), we get for () ( ):

m( 2 - 0.8 zh(?-_—l}-c/—&—); | (65)

"/mg
It might be noted that, according to Eq..(65), "()ims(x)'depends, not on the
ehergy or total fange, but only on the fraction ofvthe range already covered.
) Kthaliy'ﬁhisis‘eotcstrietlf tfﬁe, aﬁd‘efises from taking Jf(ﬁ) equei;fe“a
| coﬁeﬁeﬁi.i In fﬁe enefé§ interval‘ih’Queseiehx(O-to ?b'Meij;éf7(E)‘doee not;very
by more than 20 percent.from the mean_valuevused;v Eq. (62), .and therefore Eq.
(65), is not applicable near x = Ro’ eince‘the scat£ering;the meson undergoes
at>very,1ow,enzngie3gis no longer small ‘angle scattering. = In-aluminum, for :

x = 0.99 Ry, however, @ _ ., as computed from Eq. (65), is about 25°. The
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assumption of,small‘anglg scéttéring is therefore valid in:the interval . x = 0 -
to x = 0.99 R . Since almost all of the variation in depth of penetration of
the:meséﬁé occurs in thi;{%nterVa%a(seé Eé.(?é) and Fig. 18), Eq. (65) should "
- be accurate, f&r our purposes, toﬂwithiﬁ about 20.per¢ept.v' i
Now, in order to obtain the disﬁribution in depth from the expréssionmfpr
C)ims(g), we intrdduce the stipulation that a meson at a depth x' whose tra-
 jectory1makes an angle O(x') with the forward direction, where ®(x') = k x.
"’Clms(x')’ will_always, at any x, mgintain:a di;ection of'travel gi?en:by o
QQ(X) =k (qnns(x) . Thus, a meson travelling at an angle equal to twice
thg rms angle, always travels at“twice therrms angle.  This assumption is .not.-.
unreasonable for detefminingia rough idea of the distribution. An exact treate
ment of the problem is very difficult. - On the other hand, the ab&ve assumptioh
léads io a distribution in depth of pen;tfétion, which seems more realistic thah
assuming, for example, a constant "average" decrease in depth of penetratian
fbf7é§éh'meSOn. o o “
Since the distribution in ® (x) is gaussian, the c_iistfib'ution in k "‘is‘_"_f_iff
"also géussian, and £he fractioh of:the total numﬁer of mesoﬁs with k in’ dk:?
is ' - {
-~ k72 §
N(K)dk =——2— e di

ke
J;;j.v i

By specifying the angle with which each'meSOhltravélsvrelative_to the orig-

(66)

'inal direction we are able to compute each path. The pafhvlength_ié‘givénvby: '
g = ds = _dx o o (67)
: cos ®(x) . ' o
o . . b . - P
since ds = dx/cos @(x). The depth of penetration, or projected path dis- -

tance, .is ,x?( So, the shortening, w(x), in projected path distance due to
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scattering is

W) ms-x = | ax (s 4) . (e8)

()
For small ()'thié becomes . . .
{ O(x) |
W) = )=k B R ()
‘ .o 2, g ' ' :

:-The meson which malntalns the rms angle thus has a shortenlng of progected_

.path distance, at the depth X, given by

e ) f gx ey B} (70)
: | o) “/me' Ro-x

Upon 1ntegrat1ng, ‘this becomes
w(x) = 03 R, 2 f( ), . (m

[
n/me
where
£(£ )= G—l 1n1}£_+Lf. , - (72)
' ( Ro R Ro) i ( RO) » RO. o v bt DL e Voonts o
£(x/R,) is plotted in Fig. 18.
The meson maintaining the direction of travel k ()fms haS5 then a decrease
" in depth of penetration w(x) = k2 w¢ (x). The distribution in w is then
found from the dlstrlbutlon 1n k.
N (w) dw =N (k) S € )

Thus

A
N(w)Adw=-;__.—e—-—-dw e (74)

- JZn

Thls dlstrlbutlon 1s a functlon of x 31nce w* is a functlon of x.
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For ,X(= RO, the meson: having travelled their whole range,
W GeRg) = glRag, L (75)
‘ e “/me TE T

The experimental-  arrangement consisted of.a copper absorber of thickness
1.36 cm placed in front of an aluminum absorber in wh;ehhthe nueleef.emﬁiSiOns
were embedded., In order to.determine the shoftehihgoih depth of penetration due
: _#o Wiliiams'.ecattering for mesons of o8.? Mev (the energy with which the mesons
entef‘thé'ebeofber);°we first determine thefw*Eﬁ the mesons acquire in passing
- through 1.36 cm ( = 0.55 Ro) of copper. Fromwﬁq;"(7l)} :

we  =_0.34 R

cu ok (68 7 Mev.) Zyy T (o 55) = 0.017 cm. (76)
mﬂ/me . ‘

The "rms meson" will therefore have an energy, when it reaches the interface,. .
which is lower by an amount AEi than the energy E; of a meson travelling at
0°, where

dE| . - |
=l . - - an

Ei’ cu

AE; =

This decrease in energy will manifest itself as a decfease'in range in the

aluminum given by

rI =4_dE W S | ,
a1 ™| U x 4p 1 =0.048 em. - (78)
cu, i dx : .
al, B

The mesons in travelllng through the copper accumulated a gaussian angular

dlstrlbutlon with a() (see Eq. (65)) of

rms

2 = 0.68 -
(Dms.

m“/me

In travelllng to the end of their range in alumlnum (3 lO cm), tbe mesons under—

- went addltlonal scatterlng, To flnd the addltlonal progected path shortenlng,
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w*al 5 we note that the same angular distribution at the.copper-aluminum inter-
fQCé would-have‘been-vauifed if the.meson had come through: a distancei‘xﬂ.of

alutiinum, a fraction.of a total range R; in aluminum, where x'/R! is determined

by o | B
Ooms (xhy) =Qims(xcu) SRR {80)
or - o |
‘ 1 - x')_ 2 : .
X’} ( ‘Rg) Loy fn 0,55, | | | (81)

Za1

From this, x‘/Ré = 0.83. R} can now be determined since

' on ' =p ' x! v S
L tay TRy - X TR (- Ro) T _.(82)

This yields R' = 18.2 cm and x' = 15.1 em. Then from Egs. (70) and (71)

RO
we B = dx [_0.68 z, In ( >
al : )"{‘ 2 m‘n/me |_4x

ﬂ/m R alll]_'_ f ( /v}:?‘ovﬂ.q o (83)

- T . ,
Substituting the values for RL and x', we have w¥_, = 0.158 cm.

The total shortening in depth of penetration is: thus
% . .; , :
| Wi otal 0,048 + 0.158 = 0,206 cm of al. (84)
- -If then the energy is inferred from the depth of penetration, a meson,

“‘travelling along the path with the. rms ® will appear'to»have,an,egqrgy-ggcpeaéed

from the true energy by

=Q-_E_ 3 L A ‘-
AE% Cdx él W'%otal’ : (85)

1
rThls yields), AR = 1,29 Mev.;,‘

where'dE/d%“wiis”the rate of energy loss of mesons of 68.7 Mev in aluminum. .

- The. distribution in = w will still be given. by Eqe (74) 5 with . = 0,206. cm,
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since it haS'been~éssumed,throughqumﬂﬁhat_any,qne meson alwaysvtravels‘at an -
angle which!is»; coﬁstantnfractiqnﬁofﬁ:%ms(x).: If the energy of the meson is,
ideterminedAfrdm”the-depth,oflpenetratign, ﬂhié distribution in w will:copré—
spond to an apparent distribution in meson energy such that the fractionrof:

mesons of energy E in dE is given by
~(E, - )

N(E)IE = o 2 (1:29) dE o (86)

vy2n (Eo-E) (1.29)

where E, is the true meson energy. This distfibution is plotted in Fig. 19A
as a function of E ; Eé: . | | - . | e

; Next, the effect on the energ& reséiution of range straggling, due to
statiétiCalwfluctuations-in the numbef of collisions thafdthe:meson undergogs,
is considered.

Bethe and Livinégtonelgigivelan egﬁéessiqn for ﬁhe meah squaré width in

the gaussian distribufion of distances:travelled by particles Qﬁich lose a given
éﬁdﬁnt of energy by ionization. For gésons of'hith§eiocity which decrease in

energy from Ey to_E?,this expréssion yields
. TTL TR B o | ‘
, . : 5 ,
ARQ TR b e N2 dE = A P . (87)

where e is the electronic charge, ‘N 1s the number of. atoms perlcubic centi-
méten of théiabSOrber,-Zt is the number of‘eleétronéfpérhaﬂoﬁ that are effec-
tive in the ionization process, and dE/dx is the rate of energy loss of the
meson at the energy E. _ _

The integration can be carried out E& means bf Eq. (22), dE/dx = ,58 k x
(Ry - x)"*42, where Rébis’the t6tal rangefand‘Ro~-~Xfis the residual range.

By integrating the above relation over the meson energy loss in fhe,copper,
the'ABrhs'incurfed by the meson beam inh the' copper slab was found to be 4.91 x

10"2 cm. This distance in copper corresponds to a distance in aluminum (see
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B ()

. d
PRI (a1) = ?%%9-

cu,B; / 4p X 491072 cm.  (88)

|

al-,Ei

The value of the root mean square width in the range distribution incurred in
the aluminum was found, similarly, to be _ _
T :
ARms (al) = 791@O=2) Chlo ) : ) K (89)

. L . N A.‘ . : I I : §
Since the process by which the Aer accumulates i randpm, Aer and AerS

S

must be added in quadrature, The total accumulated straggling in range is
therefore represented by a gauésiah with a root mean square width of

| Aers = 0,15 em (al). S (90)

- If there were no straggling, this gaussian distribution in range would
-correspond to a gaussian distribution’in the energy with which the mesons enter

the absorber. The rms spread inﬂthis energy distribution is given by

' 2 2 —2
_ d ‘ p ! = )
. AE]?*ms _(E;?:) (AR)rms " 0092, Mev . (92) '

S S ‘ al,?OMev - B -

The 340 Mev proton Beaﬁ has én enéfgy.spread:eStimated.ﬁo bé about 1.5 Mev,
Without a detailed analysis of the origin of this spread, it has 5een éséumed
that the distributién in energies_iéhgaussiano_;In the’fqllOwing,,an ™ms épread
of 1.2 Mev is used. . This value gives the best fit to the experimental points.
If, however, any Yalue iﬁ the vicinity of 1.5 Mev were_used-for the rms spread,
‘the’ conclusions reached in Section V would remain unchanged. - .

Protons with a.gauséian energy distribution will prodﬁce mésons.whose maxi-
mun energy will also have a gaussian distribution. -Sihcegawchange_in proﬁon
energy of 1 Mev produces é change of 0.9 Mev in the,maximum meson energy,(See
-qu.(éO)), the méSon‘energy gaussian willihave-an-rms_widfh of Oo9rx 102 or

a2
1.08 Mev. S
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The three distributions giving rise to the finite resolving power are,

from the above

: | ~(E4-E) /2(1.29) - |

Ny(E) dE = &—— & (92) -
\lz (E,~E) 1.29

due to Williams' scattering
2 .
-(E5-E) /2(.92) S
NZ(E) dE = & dE ' (93)

En(o92)

due to range straggling, and .
2 j

= (BemE)7/p(1.16) L

No(E) dE = & : dE (94)

{2n(1.16) ~

due to the proton beam energy,width,.uln these expressions; VEo'is the true
maximun meéon'ehergy produced by 340.4 Mev protons.
The range straggling and proton beam energy distribution, when folded to-’
‘ gethef; give a gaussian of rms width l.44 Mev. This is plotted in Fig. 19B.
The final resolving power curve is found from folding 19A into 19B, and is

plotted in Fig. 19C.

APPENDIX ). THICK TARGET CCMPENSATION

Mesons produced at the ffont of the target lose a small fraction of their;
energj in tréversing,the target because of ionization. The proton beam also
loses energy in passing through the target,‘and the'maximum.energy_of the mesons
produced at the back of the target is smaller than of those produced at.the
front. Thus, the ionization loss in the target by the mesons tends to be: com-.
péhsated for by the ionization loss of the protons. |

For 340 Mev protons on protons, the ionization loss of the beam, the maxi-

mum energy of the created mesons, their rate of energy loss by ionization, and .
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the: rate of decrease :6f max1mum meson.. energy w1th proton energy decrease, are
such that the max1mum energy mesons emerge from the back of the target with the
same energy, regardlesa of their p01nt of orlgln w1th1n the target,; Thls can

be shown as follows.

The mesons produced at the front of the target emerge with an.energy:

: _(g%?)T:Ai .  j :“'i;.,_t : ,,jn_.: ::_;:‘ e?i‘ (95
where dEn/dx is the rate of energy loss in the target of ﬁaximum eﬁeréy (¥ 70 Mev)
.mesoﬁs. Ax is the target thickness, ard E, is the maximum meson energy for
340 Mev protons. ‘

The protons lose an amount of energy AEp =zé?LAx in passing through the
target, where dEp/dx is the rate of energy loss in the target fqr 34,0 Mev protons.

The peak energy mesons produced by protons of energy 340 - AEp have'an ehergy
equal to EQ._-%ES'AEb, where dEn/dEp is determined frem the dynamics. For 340
Mev protons, dEn/dEp = 0.91. (See Appendix 2.)

Therefore, mesons of maximum energy produced at the back of the target have
an energy equal to E, - gﬁ?L S%ng*°

For BLO Mev protons, and mesens ef mass 275.1 electron masses, dEp/dx =

1.16 dE,/dx. Therefore, dEp .EEB px =L dEn  Ax .
& dE, = 0.95 a&x

The energy of the mesons produced at the front of the target is

Ey = E, - 4By bx : (96)
dx ' :

whereas the energy of the mesonsproduced at the back of the target is
dE 1 4 '
x& Ax = E - B ax. (97)
Fo 0.95 dax .

Thus, the decrease in energy from E, is, within 5 percent, the same. for all parts

of the target.



Fig.
Fig.

Fige

~ Fige.

Fig

15
16

17
18

19

~51-

Neighboring trajectories in a horlzontal plane in a. fleld that drops
rapldly from H = H, to H = O. : : :

Max1mum meson. energy.:as-a functlon of the productlon angle, in the

'laboratory systemo
EJE(E) as a functlon of the meson kinetic energy.

Sf(x/Rg)s

Distribution in apparent maximum meson energy due (A) to Willlams'
scattering, (B) to the combined effects of range straggling and

_proton energy spread, and (C) to all three effects.



1,9

For the thickness of CH, used, the maximum"éﬁé%é&fmegbﬁgdéll.émergeddfrém

the target ha#ing, within boleev, the same énergy;jiphéfggiééd"in'thé meson

energy, due to the thick target, is only 0.15 percert.
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X, FIGURE CAPTIONS

Schematic diagram of a typical experimental arféugement;

 Absorber-détector. (A) With top removed. (B) As used at ‘high =

meson energies.
Meson beam imbinging‘on an emulsion embeddéd in an absorber.
Target followed by an infinite "sea" of target material.

Plot of the differential cross-section for the process p“+°p = n*,

~at zero degrees, as a function of energy. The solid curve results

from foldlng the experimental resolution into the theoretlcal 'spéc- -
trun (see Section V) for the final nucleons in a 3s state’and the-
meson in a P state with a cos2 © angular dlstrnbutlonovJ N

(A) Theoretical spectrum for,ths final nucleons in a 33 state, and
mesons in a P state with a cos® © angular distribution.- The area
under the llne spectrum is about 4 times greater than the area under
the continuous_spectrum. (B) Theoretical spectrum for the’ flngl
nucleons in a 5 state, and the meson in a P state w1th a cos
angular distribution. | ,
Experimental points and theoretical curves for the differential cross
section for the production at 00 of n*-mesons by 3,0 Mev protons on

" protons, as a function of the meson energy. Both theoretical curves

are normalized so that the area under each from 65.5 Mev to 76.0 Mev
is equal to the. area under the experlmental polnts 1n the ‘same energy_
interval, »

Nelghborlng trajectories in a plane perpendlcular to the llnes of

i

Diagram show1ng the relation between Aa and" A?
Seml—lnflnlte magnetlc fleld. _

Trajectory leaving the field gape

Plan view of trajectory leaving the field gap.-

Thin lens effect of the magnetic field on -a meson trajectory.

Distortion in meson trajectories due to Fy =_%_v @EL‘AZ,
: ‘ 2%
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