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Lol abstract Y

.» ¢ The: spectrum of fast protons from: 1631y~ -meson absorptions in
- I1ford G-5. and C-2 emulsions has been sﬁudied.wvlt-has been found that
(16.1 #+.1.8) percent-of all n~-meson absorptions are accompanied by
. protons- of energy:greater, than: 20 Mev,‘and-that (9.5 1.1;3) ﬁercent'gf
all absorptions. are accompanied by protons of energy greater than 30
o Mev. The: proton eﬁetgies'were-éstimatgd‘by grain-éouﬁting»in‘comparison
-.~with-n’;mesons of;known,residualvrange.‘ Allowance was made for the
‘variatidh'of grain’density with position and‘depthvin\the‘emulsion.
_The .énergy spectrum is fairly flat from 30-70 Mév, but- only three
events were found above 70 Mev.;'Examination.of‘staré from which the
. fagt protons were emitted shows more prongs ejected opposite to the
direction of ‘the fast proton than are accounted for by evaporatibn
from a recoiling nucleus.  Comparison of the energy:spectrum with the
;theoretibalergdictions permits the.eliminationyof,the various models
in which' the meson is .captured by a proton of the nucleus and the  _.
,recdilgmoméhtum is taken up by a single neighboring nucléon:or by a
triton.. The spectrum favors the capture -of the,meson by.a proton,
' ,wiﬁh the recoil momentum taken by a small, variable number.of nucleops;
Furthermore, the evidence suggests that. the low energy star prongs
resultrfrom~knock—on col1isions-of the primary nuclgons with other:

- nuclecns inside the nucleus.
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JII. Introduction

" There have been several attempts recently to discover the mechan- -
-ism by which a n~-meson is captured by a complex nucleus. ' In’ the

earliest models, the whole nﬁcleus-participéted in the capture, énd

the entire rest mass of the m--meson (about 140 Mev) was available for .

- excitation of the nucleus. The evaporation models with an excitation

3,4

)2 fail to prediet the observed energy spectrum

" energy of 140 Mev
of the emitted charged particles. Furthermore, the observed average

excitation energy of the meson stars was gbout 100 Mevf’4’5

_considér:v_ 
ably . less than the tbﬁal'available enérgy;glln 1949 Mai'shak6 prqposéd_‘
a model in which'thefn’-meéon'interacts with a siﬁgie'profon 6f the
nucleus, and the recoil momentum is teken up by a néighboring.nucleon; “'
.Theipreliminary calculations indicated thgt'mOrebihan 10Vpef¢ent of
the n” ‘absorpticns ‘should be accompanied by the emissién of'afprotpn ;
- of energy greater than 30 Mev. More detailed caldulations by Fujimotb
et a1.7 and by Ta_mor8 supported this prediction. 1In order to check
thisﬁprediction,.the»author,9 Cheston and Goldfarb,lo and Menon.et ai.
examined n”-meson endings in photograrhic emulsions capable of record-
ing treacks of charged particles even at minimum ionization. They
"observed that fast protons* were indeed emitted from meson-induced
staers, a result irnconsistent with an éVaporatiOn prbceé$, but the déta
‘were too inconclusive to confirm or reject any of -the specific hypoth-

eses. The asuthor's first study was essentially exploratory, with very

* In the rest of this paper, the term "fast proton" will refer to a
proton of energy greater than 30 Mev.
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few statistics and a crude method_of'energy;estimation. Menon et al.
.. and -Cheston and Goldfarb had better statistlcs{end,morerprecise methods
of energy determination. However, in each case thelcriterlon of energy,
the grain density,,varied.relatively.slowly with proton energy in the
. neighborhood of 30 Mev. - Furthermore, since the Varlation of observed
grain.density with position in the:plate11 and with depth in the emul-
‘.sion~was not_taken into account, the_number'of protons of energy
greater than 30 Mev could not be reliably determined.

It was felt, therefore’.that a study of faet protons from n”-mesgon-
induced,disintegrationé ought to be made, using large numbers of mesons

‘and .attempting to determine the energy spectrum more accurately.

III. Theory

The evaporaflonlmodel for nuclear reactlons is a statlstlcal
uodel in Wthh & compound nucleus is ralsed to a nuclear temperature
by 1ts energy of ex01tatlon and proceeds to "evaporate" partlcles,
both charged and uncherged, until its temperature is reduced to a
value too low to'oonﬁiuue the emlssion process: Ih.order to calculate
the relatlon between temperature and exc1tatlon energy, a- more spec1flc
| nuclear mooel is requlred The models uhlch have ‘been used most fre-
quently are

(a)‘ The Perml gas model 12,13 in Whioh‘the lnreractioh energy of the :

nucleone is small compared to their kinetio'euergy}

(b) HThe Ferui.éas model with eorrelatiohs14 Between the positions

of £he.nuoleons, as for electrons in‘metelsj o

15 . . B I .
~(c) The liquid drop model, - in which the interaction energy of



the nucleons is large compared to their kinetic energy.

Since this treatment is'statistical, the conclusions are expected to
be more valid for mOderately.heavy'nuclei, such as Ag and Br, than for
the lighter nuclei, such as C, N,'and 0. Therefore, somelcare must be
- used ln applying'these»models to.the'stars'found,in‘photoéraphic emul-
4 sions;v HoWeuer,‘as'mentioned in'section'll,itvis‘difficult to recon—
cile'these’models With the.observed meanﬂexcitationfenergy of w”-meson
stars and with the observed eneréy Spectrum of the sﬁar'prongS- |

The propertles of . Marshak's6 model of n”-meson capture were first -
calculated in detall by Fuglmoto et al 7 The capture of the meson by a
nuclear proton glves rlse to a neutron of 70 Mev plus 1ts Ferml energy,
measured 1ns1de‘the nucleus, and a rec01l'proton or neutron of the
same energ& inside the nucleus If either nucleon should collide with
another nucleon before leav1ng the nucleus, 1ts excess klnetlc energy
is con31dered to be glven to the nucleus for the evaporation of partl—
cles. Therefore, the nucleus may have 0, 70, or 140 Nev ex01tatlon
energy This. model predlcts that a s1gn1flcant number of n” -meson
absorptions should be . accompanled by protons of 70 Mev,*v 1n order to
calculate the numerlcal percentage from the data ‘given by the authors,
.assumptlons must be made concerning the probablllty of charge - exchange
: and the relatlve numbers of protons ‘and neutrons avallable as the
recoil particle. The results are glven.ln Table I, where P(exch) is
vthe orobability that a neutronv(proton) which escapes,from,the:nucleus

escapes as a proton (neutron)'and n/p is the ratio of neutrons to

If thé collisions with smaller energy loss are taken into account,
these protons should have a distribution of energles, almost all of
them above 30 Mev.
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- protons :available as the recoil particle.

Table I
' Percentage‘of ﬁ;—Meson Absofptions‘Accompenled by.abFestbProﬁop.
P(exch) 4o n/p=1 n/p =
0 | 174 - 116
1/4 | 247 22.1
1/3 1 ma 5.4
/2 | 32,0 32,0
1 465 | 50.5

- Meanwhile, Tam—or8 msde.similar calculations using~two &ifferent
. models. ‘I. The recoil momentum-is taken.up by a;single nucleon, as
sbove, which has twice lhe prooability of being auneutron as a proton,
on the basis of the a—particle model of nuclei.. II1. ,The.recoil momen-
tum is teken up by the residual triton which.remains-after-a proton of
an a-pafticle captures the meson. This.giueS‘a 31 Mev tritonm, whose
‘energy goes into nuclear excitation;energy,,and one 95'Mevineutfon, lf o
the w -meson has 8 mass of 286 times fhe electron.mass;= The calcula-
tions wefe,made for nitrogen and silver nuclei under thevfollowing
assumptions: |
(1) a11 nucleons in the nucleus are 1n1t1a11y at rest;
: (é) They colllde 1n51de the nucleus as free nucleons,
V(B)“lIn each colllslon 25 Mevlls glven to the nucleus for ex01ta—'
tlon, but the nucleon is unoev1ated
(4) A nucleon of energy less than 30 Mev is 1ndlst1ngulshable

from an evaporated nucleon,
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(5) 1In each neutron-proton collision the probability of exchange
is 1/2.

The number of fast protons predicted by these models is given in Table II.

f -
Il

Table II.
Percentage of n”-Meson Absorptions Accompénied.by”a Fest'Protoﬁ-
Model Ag | N
T | 24 | 48
i |13 |1

Model II alse predicts thet 52 perCent* of the 1~ abserptiohs should
show no charged particles,except:fossiﬁly reCOil nuclei, while Model I
“predicts 38 percent, more nearly in agreement with the work of Adelman
and Joneslé:'ana of Menon et al.

More recently Fujimoto, Takeyasnagi, and Yamaguchi17 proposed to
account‘for‘the fast protons without the assumption cf a recoil triton.
By allewing for the momentum distributioﬁ of the nucleons-inside the
‘ nucleﬁs in the calculaticns of Fujimoto etﬁal.,7 they concluded that
"abeut 19 percent»of‘the n”-meson absorptions in heavy nuciei.should'be

" accompanied by fast protons up to 136 Mev, with a peak -around 65 Mev.

Iv. Experlmental Arrangement

The photographlc plates were exposed in the 184 inch Berkeley
cyclotron as shown in Flgure 1. They'were put a re]atlvely large

dlstance from the target in order to reduce the background due to

;

{

* On the basis that 54 percent of the n~-mesons are zaptured in heavy
elements of the emulsion, as shown in Menon et al.
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neutral particles from the target. 4t this distance mdst of the meséns
~“which dould reach the'plates'had‘enoﬁgh‘énergy (~ 30 Mev or more) to
" pass completely through the pack of plates. - Therefore a.3/8—inch alum-
inum absorber was placed in ‘front of ‘the plates-to slow down :the mesbhs.
With this arrangément5 about 2500.me§ons5Were foundttp end 'in.a 1l-inth
. x'3%inch x 2004 emulsion with an exposure of 10 seconds to.a 345 Mev
- proton- beam current -of about 1/2 x lO'éaampere. ‘The 200p-thickness #was
’vchoseﬁﬂin order to record. a sufficiently long segment of:-a fast proton
- and still to retain ease of scanniﬁg andfdevelopmént.' |
- J1ford G-5 emulsions were chosen for this éxperiment so that thé
most energetic protons might be observed. Sincé these plétes&had
‘acguired a heavy background of low energy electrons by the time they -
‘had reached Berkeley, it was. desirable to. eradicate the latent images$
by accelerated fading.18 By storing the plates in an oven at.about 33%C
over a-pan of water for about 50 hours and then drying, it 'has been
found possible to eliminate 90fpercent'of-the“1atent image eléctrons
without any noticeablefloss*of'sensitivity; The plates Wéré'exposed
énd developed as soon as possible after the background eradication,
Shortly after work was begun on this project, however, it was
“found from the variation of-the grain density with‘meéon'residual rahge
that the grain density in G-5 emulsions was a slowly varying function
“of proton energy below 40 Mev. Therefore, the proton spectrum below
60 Mev wasvexamined in the-less¢senSitivegllford'G—Z‘emulsiéns, which,
‘ incidentally5‘reqpire no eradication. | o

I T
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V. Procedure 

..The plates were scanned with’anLS—mm apochromatic objective and 5x
.compensated eyepieces, giving a total magnification of 100x.. Afterwards
each meson ending was e;amined'withua 1,8-mm apochrdmatig 0il immersion
.objective and the same eyepieces, a_magnification of 475x. The number
v.ofaproﬁgé,of each star-was ascertained; and the presence §f lightly _
ibnizing‘tracks.emanating'from the meson terminus was ﬁoted.' Eéch of
the lightly ionizing heavy particle tracks was.graiﬁ—counted with the
0il immersion cbjécﬁiVe'and-25k-c0mﬁensgted eyepiecés. In 6rder ﬁovget
maximum'reéolution, oil was,used between the condenser lens and the
ﬁhotographic'plates, -

Grain counts,wefelmade over 439 éegments, To establish the varia-
tion of . grain densitj with energy, mesons.were grain-counted in the
following manner. Using the range-energy.relation for_protons in
Ilford emulsidnl9.and.the’rétio of masses of w~-meson and proton,20 a

-table_ﬁas made of mesonjresidual:fange and the energy of a -~ proton of
-the samé velocity. Since a meson of 3.7 mm residual rgnge has the

. same velocity_és,a 90 Mev proton, mesons which rémained in the emulsion
for:A,mm from their termini were quite satisfactory.

-+ .81ix favoreble star-forming mesons. in G-5 plate No. 22212 were
chosen, and grain counts were taken at meson velocities corresponding
to proton,energieé from 45 Mev to 90 Mev at approximately 5 Mev inter-
vals. For each velocity, tﬁrée-éonsecutive 4311 segments of each meson
were counted. The depth in. the emulsion of' the center of the middle
segment of eéach group of‘three segments was taken as the mean depth of

each group. This procedure does not introduce appreciable error, as

il
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'?the‘meSOns ¢hosen were -almost parallel to the emulsién surface. Since
" each segment corresponded to a different protﬁﬁ'edergy;Vthe’residual
ranges of the mesons were used to find the\energyrcorresponding to each
‘segment .
The date were divided into six groups (A, B,..;F) according to
" ‘depth in the emulsion. At each 5 Mev point the average differential'
. grain count:forveech group was plbtted'againét 7ﬁ%==, where Eﬁ is the
* énergy of a~proton‘of the‘same velocity as~theemes§nfat-ﬂhe central
*.point of the three eorrespon&ing-segments; The plot is shown in Figgre;
" "2, Since it is reasonable to consider the six sets of points as streighf
~ lines with Toughly the same slope, it follows that, to’'a good approx?ma-.
“tiong ﬁhe'differential grain count may be treated ‘as the’product of 2
" © factors; one dependingvoniy'upon energy eﬁd the dther,“dnlylupoﬁ derth.
Therefore the grain density for group C-(20-42u in depth), the
most numerous group, was plotted against‘—véfi, using the prbpe; ?ne?gy .

for each segmentj the best straight line, in ‘the sense of least squares,

‘was'determined assuming that the error in -J%;;ﬂis small ‘compared. to

that in the differential grdin count. This plot, shown in Figure 3,

"'~ détérmined the grain density as & function of energy., The scatter of

“‘the points in this figure is not & valid measure of the error in the
‘straight line, as each-point ‘corresponds to a single 43u segment, while

‘there were two to four segments counted at each energy used for con-

' -structing the line. TIn order to find the dependence upon depth, the

»graln den31ty for all the other segments was d1v1ded by the correspond-
'1ng ‘grain den51ty as read from the*llne, and the arlthmetlc mean of the

ratios was plotted for each group agalnst the central depth of that
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group (Figure 4). A straight line fit for the four intermediate points
‘was assumed for simplicity;  the two extreme ﬁointsIWere-considered
uﬁréliable,}due'to'insufficient data and large fluctuations in the
ratios in these tﬁo groups. All segments within 10y after development
" of ‘either-emulsion surface were discarded.
A eimilar prOcedufe was used for C-2 plate No. 22886. However,_

the meson ve1001ties used corresponded to proton energles from 20 Mev

Tup. The least squares stralght line for these grain counts is shown 1n

"Figure 5, and the variation’ with depth is glven'in Figure_6. It should
: be'noticed that,the'depth=Varietieh is'eonSiderably'smaller forbthe-C-2
* plate than'fortthe»G-S and is in the opposite direbtieni This is due
 to-the use of a temperaturé developmeént technique* simi1ar'to one
‘ Suggésted by:Winand;21 "Tﬁe warm~stage:of the develepment tbek place in
7water, and diffuéibnTof‘developer outwerd probably’eccounts for.the
‘observed varlatlon It should also be mentloned that the data and
*'observed fluctuatlons of meson graln counts inh the C-2 plates gustlfied‘
' retaining partlcles within 10 (developed) of the‘glass, but not of
partlcles near "the emulslon-alr surface."v -

In the two ' G-5 plates used the varlatlon of grain density with
depth in ‘the  emulsion wes assumed to be the same, since they were
‘developed simultaneously. However, in order to ellow for variation of
ISenSitivity'EetWeen the two plates, one meson on plate No. 22009 was

counted as'above,}and'found to have an average grain density, after

* One hour soak in Hy0 at 5%; two hour immersion at 5°C in one part
‘of D-19 diluted by six parts of Hp0; " immersion in. Ho0 at 5°C, rais-
1ng temperature to 20°C in twenty mlnutes, flxing
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correbtion for depth in the emulsion, of about: one grain less: per 43u
- than the-average for the: other G-5"pléte.t Since this is considerably
less than the standard deviation :of the grain couﬁts,,itfwas.felt»thatv
further grain. counting on mesons in_this‘élate»was_not wofth while.
Instead, a correction of + 1 grain per 43y was applied to. the grain
‘counts of the protons in that plate. | |

Another factor which affects'the-apparent.grainscount is the angle
between the track‘and its projection upon the plane of the.emulsion.
- Obviously, a steep track will have more grains per:Unit projected length
than a:gently slbping track of the same velocity.v In.order to correct
for this, the ratio of the undeveloped’to’the developed-thickneés df
- the plates must be estimated. - This Tatio,&which”i5rcalled fhe shrihkage
.. factor, is a functién'of-the emulsion type, the processing,,and the |
relative humidities at the time of'exposufe and after_deVelopment,
Therefore the ratio should be determined at each laboratéry,'rather
than by taking a figure from the literature.: The relative humidity-at '
‘the time of observation. is unimportant, as-theyplateé.are*prptected bj.
a mixture of Duco cement and lacquer thinner™ iri order .to keép the
‘emulsion from peeling.-.With this'coaﬁiné the developed thickness was
‘observed to vary by only + 1-1/2 percent;overga,period,éf»sevpfal
-~ months. The shrinkage-factor'forjthis experimenﬁ.has.been taken as
2.4 * O.l.22 -The undeveloped emulsion thickness has been found to vary '
»as:much as + 20 percent;from that given by the manufacturer, and there-

fore cannot be used to computé this ratio.. .Using this-factpr; the

* Developed by D. J. O'Connell.
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grain counts must be multiplied by the cosine of the:-angle between the
original direction of the track and its projection. This angle is
measured under:thé‘aSSﬁmptioﬁ that the track dqes‘not scatter appreci-
:jébly before leaving théiemulsion,'an assumption which is most valid for
the shorter and, therefore, steeper tracks.

At large angles, the apparent overlapping of the grains of the
.‘tfack, the short track length available for counting, and the large
uncertainty in the cosine of the angle all combine to inéreaseif
" the uncertainty in the grain count. Therefore a minimum pfojeéted
track length of 86n (= 2 reticule lengths) was arbitrarily chosen as
'the‘éhortest track which was to be counted. ~Fur£hermore;ldnly tracks
which ffaveled‘at ahgles less than 45° from the flane'of the:émulsion
- ‘were used. Naturally,.corrections must be made for these omissions.

“Theseé corrections, which are calculated in Section X, arefof:the order -
“of 40 percent. -

Other data were excluded also.. Those meson stars ﬁhich lay wiihin

- 5u after development (= 12 before development) of either emulsion
surface Wefe'diédérded;”Sin;e otherwise one or more prongs of a star
mightibe‘missed. 'Iniaddition, all stars within 3 mm of an edge of the
" plate were discarded, ds the grain density in this region is higher

‘than normal and varies fapidly with position.ll- Furthermore, since

: grain counts within 10p after development of either emulsion surface
" in G-5 plates (or within 10p of the emulsion-air surface in the C-2 -
plate) were not felt to be reliable, as mentioned above, all segments
of track which lay cléser than this distance were not included. A

correction factor of the order of 1-1/2 percent is calculated in
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Section X in order to account for those protons, which lie completely
_within 10u of an emulsion surfaee‘and are not -otherwise excluded.

'No correction was; made,: however, for random grain~backgreﬁnd in
the plates. Such a correction is unnecessary,. as particles ef £he séﬁe
-velocitj.are‘beingacbmpared in the. same -plates with the seme-baekgroﬁnd..
On the other hand, at low grainjdensifies,;statisticel;flﬁétﬁations in
- the- number of background greins that are(confﬁsable With_greins,bf a -t
track become impbrtant;’ furthermore, the numbergof“eonquable greine,
increases as the distance between the grains increases. Therefore,'in
the C-2 plates. observatlons were restrlcted to pretons of grdln den51ty
- . higher than 24.6 grains per 43u (equivalent to protons-of-energy 1ees

- than 60. Mev) .

uVi.‘ Errors
The errorsin the determlnatlon of the energy of ‘the protons are
statlstlcal in nature The standard dev1atlon of the greln count of a

CL 2
51ngle 43u segment of meson or proton track was taken as

= In(1 -
o = NQ— [ 129>

”ee shown in Sectlon X, where N es the number of gralns in the segment.
Since 36 < N - 78 in the G 5 plates, 5 l - c 5 7 whlle ‘the root mean
.square dev1atlon of the p01nts 1n Flgure 3 from tbe least squares line
is about 5. Slmllarly,nn‘&m(LQplate, 5 < N 54 and 3 8 € o <56
ﬁhile the r.m.s. dev1atlon in Flgure 5 is about 4, These flgures imply
that variations in sensitivity over the plates have a negligible effect

- ‘upon the grain counts, and that the errors in the grain counts are
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essentially random.

'The“Standard deviation,-dj; due tohuncertainty in the least squares
fit is of- the order of 1/2 grain to 1l grain per 43p (see Figures 7 and
é).-'In the computation.of the‘standard deviation of the grain counts,
0} was téken as'j'llgrain’per 43, <The.oalculations.which.led'to these;
figures are given in Section‘X. | |

" The.largést error in the enevrgyfestimat;ion. 1s thef standard dev.ia—

- tion of the proton grain counts. This is given by (see Section X):

where n is the number of 43u segments counted N is the mean number of

gralns per segment and g is the angle between the track and its progec—e

tion upon the plane of the emulsion. In general, 6r is of the order of °

+2 gra'ins per 43u.

Other errors, both of the order of + 1 graln per 43p., are due to
the uncertalnty of the varlatlon of graln den31ty with depth in the
emulsion (o}), and, for protons in plate No. 22009, to the uncertainty
in the relative sensitivities”of plates No..22009 ana No. 22215 (oZ).

Slnce all these errors are 1ndependent the standard deviation at
| 30 Mev is of the order of + 2 1/2 gralns per 43u or * 4 Mev At hlgher
.energles, the error is somewhat hlgher. Therefore, the prec1sion in
the number of fast protons above 30 Mev is relatlvely hlgh and is

limited malnly by the small number of events.

.V1I. Results .

A total of 1631 meson absorptions were examined, 992 in G-5 emul-



-17-
sion and 639 in C-2 emulsion. .The observed protons* of energy greaterv
than éO Mer areslistéd inlrgble;III.o.?ypioe; exempies ard, grain densi-
ties are given'innFigures é endbld.' The:eneréyiépeotrum of these
protons, before and after the application of the- geometrlcal correc-
tions, is shown in Flgurel;l, the, number of Jprongs - per star is given -
in Figure 12.(no'geometrieal correction has been applied to these data)r
After the corrections.are applied, (16,1;1{1r8) percent of all meson
absorptions are accompanied b§ protons of energy greater than 2O Mev,
and (9 5 * l 3) percent of all gnsorptionskare accompanied-by-protons .
of energy greater than 30, Mev. In.terms of ejected particles, (lO 3+
1.2) percent of all star prongs are protons of energy greater than 20
Mev, and (6.0 + 0.8) percent are -protons of energy greater“then 30 liev.
These numbers are in egreement:with those of,other;workers,4,10

A precise prong speorrun*i.forjmeson induced etare may_also be
given by use of the data of this study. Since Adelman.and Jones16 and
Menon et ai 4 .used the eane oonventions fbr suu'prongs as. the suthor,

their data may be comblned with that found here to glve the prong

spectrum of Table IV, based upon3§3§6 meson stars. .

¥ The grain density of a 20 Mev'proton is equal to that of a 40 lMev
deuteron or of a 60 Mev triton.. Therefore the term "proton" includes’
deuterons of twice the energy and ‘tritons of three times the energy
in question. The few cases where positive identification .can be made
from the range of the- partlcles ere mentloned in Table III

** ie. .5 the frequency dlstrlbutlon of stars of a given number of

prongs. : , 3

*xx Any group .of grains (except an electron. track) - leaving the terminus
of a meson with a well deflned direction is a star prong.
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- Table III

|{Event | "Grain Count to Proton Total Remarks
Nearest 1/2 Energy Number of
Grain ‘per 43u | (Mev) - izgggiazgd
| Star -
1| 42 s g5 .18 2
2 | -46 +2-1/2 | 76.1* 2:% ' 2
3 2;6, +3-1/2 | 76,1t E.0 3
4 L 49 +2 69.6 j é’% 1
5 | 49 x3 69.6 * g:g | 2 _.
-6 | 50-1/2 % 4 66.8 7 8.2 1
7  51 %3 6518'j.'g:g 2
e | sz 1412 | 6387 9-9 3
9 | 3. +3 61.9* 2-& 2
10 |53 %3 619t 7.8 1
f11 53-1/2 + 3 61.1 * 2:§‘ 1
7127 550 +3 587t 2 2
13 25 o+ 2 58.5 1 83 3.
A 25  +2 58.5 + &9 2
15 | 55-1/2 % 3vv 58.0 + 48 4
% 5_5-1/2 + 3 58.0 * i:g | 3
17 ,5541/2‘; 2 56.5 % 8.8 3
16 25-1/2 g§1/2 56.5 * 1.7 1
»19‘ 56-1/2 _+_ 3 56.3 v g8 4
20 -} 57-1/243 55.0 1 4-4 1
21 58 '+ 3 54.3 7 4-4 4
22 58 + 4 54.3 123 2
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xEveﬁtv : dfain.coﬁnt;to' ' Jf.Préton - .ﬂ m§tél;~:Vﬂ “ ’;§§marks
Nearest. 1/2 .. Energy" . Number. of
Grain per .43 (Mev) | . Prongs: of
P e : Associated =
Stars
24 6-1/2 + 2-1/2 ;1*52,91j;,2:g - 2
25 60 2-@/2_; $51.5:% gfg"4 -2
26 | 60 13 51,5+ 4.9 1
27 60 | + 4-1/2 f-f51;5¢1 _2:2 - 2
8 | 27 +2-1/2 {512t 23 2
29 27(' +2-1/2 :51,21t;f$:% .3
30 28 +2 | 4snr 83 !
»»A31»- 28 o 2-i/2'g=;48.1 NS AT 1
| 32 28 .+ 2-1/2 481 % ,g:év~ 3
33 28-1/2 + 2-1/2 " | 46.6 LB |1
34 28-1/2 + 2-1/2 | 46,6 % B9l 3
35 29 x2-1/2 | 45.4% T3 2
36 |30 . t2-1/2 | 42.6F -9 lo2
|37 | 30  +21/2 {426 79 |1
38 30-1/2 + 2-1/2 | 4155 &6 3
39 31 x21/2 | 4031 63 2
w0 31-1/2 + 2-1/2 | 39.2.1 . &2 2
A | 32 L x2a/2if38ar 500 2.
420 | 32 x21/2 | 38.1¢ 2.3 2
3 32 x3 1381t T30l o3
VA 32-1/2 * 2-1/2 { 37.1 % 232“” 1 |
s 13 ez 36.0 7 53 2 E
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"Event Grain Count to | .. - Proton - | .Total" " Remarks
Nearest 1/2 . Energy | Number of ,
. Grain per 43p Co | Prongs.of
S Associated
N L Star
46 | 33-1/2:2-1/2 |351% 53 | 5
o1 | 34 r21/2 |32 79 3
48. | 34 x21/2 | 342t 3291 3
39 | 34 x31/2 |32t 72 1
50 | 35-1/2x21/2 | 317t 43 4
51| 35-1/2x3 |37t pd | 2
52 36-1/2+5 | 301t 2.3 2
- N . :' ; °1
55| 37 x2 | 294 1'.3.6 ‘ 4
5, | 37-1/2 + 2-1/2 | 28.7 % %:f 3. From same star
. ; . _ as No. 64
55| 37-1/2 x3-1/2 | 287 7°3 1 o
56 .| 38 * 2-1/2 | 28.0 v %I%. 3.
57 38 +2-1/2. | 28.0 % 30 2
"58 38 + 2-1/2 | 28.0 t %;E'* 1
59 | 38 x21/2 | 28.0% 3] 2
60 | 38  x2:/2 | 28.0% 3] 2 54 Hev deuteron
. Co . 3'3, by range
61 39 x2-1/2 | 26,87 7y 2
62 39 x2-1/2 | 26.8% 33 5
63 39-1/2+2 | 26.27% §~§' 3
- 64 39-1/2 +.2-1/2 | 26.2 T g»g 3 ~26 Mev proton
: R by range
» From same star
] ' : as No. 54
65 & x2-1/2 | 244t 39 2 ‘ |
66 4 x21/2- | 24.4% 30 1.
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Event

Grain Count to:

Neerest 1/2

-Grain per 43p. .|

..Proton - .
Energy

'Number of

Associated

Prongs:of;

|..-Remarks

o
] 68 -
69,
“70.
71
| 72
73 .
T
75
76
- 77,
78

9

4L % 2-1/2

A 41-1/2 4 20

4141/2 :-3?1/2
42
42

t+

1+

4R
43
4l
44
Ay

S 44

45

1+ I+

i+

.

I+

. 2-1/2
3

I+

3.

1+

r+

- +2:1/2.
3-1/2 .-
3-1/2

L 2=1/2

2-1/2

2-1/2 .

+

Rl

v+

14€23;9,

¢ o
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2344
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.
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1 22.4.

- 21.5
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21.5
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- {~23" Mev proton

by range

Table IV

l

Numbérmof
© o {-prongs:

LR T 3

S T R -

Percent

stars

of I A
32.4+1.0

32.7+1.0

22;310:8'

10.5:0.6/ 2,0+0.,2

0.1+0.1

. An

©* dn this

explain

VIII. .:Discussion '

analysis of the results and figures of Section .VII will be made'

‘section in order. to show: that -the: evaporation model .fails to

.the results of:thessecondary'proqess“in;mesonfabsorption,' An
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‘alternative model ﬁi¥1 be proposed ét thé?eﬁdféflthié éectioﬁ.

:'First’,” howéjér, the modéiét of the primary interaction will be
eliminatéd:as fér'as-possible on the basis of the data of this study.
*":jThé'ﬁwo-nuéleon model'of h“—meson'captufe’calculated;by Fujimoto et al.
préd;cts at léést twice ;é many fast protons as are observed (cf. Table
I), ﬁnless it is assumed{that the probability. of charge exchange is
less than 1/4 and that the>neutron4protdn ratio for the recoil farticle.
is ét least.2; Evgn ﬁhéh; the éredictéd number is higher than.that__
observed. The next Caldulhtions:of Fujimotofand his co—wofkers,17 in
which the moméntum‘distribhtion-of the nucleons is taken into account, -
ﬁredict égtirely too manY’fasf protons (19 percent), a peak invthe‘
energy spectrum at 65 Méﬁi(which is not obServed),fana a spectrum
extending up to 136 Mev.%_Siﬁce-the two calculations.wére méde'only for
heavy nuclei, the coﬁclusiéns as to the validity of the proﬁosed modeis
must be somewhat conservative. Stil.i, the-prgdicticns' of the latter
célculations ére in definiie'contrédiction with the obsefvéd‘énergy
Specﬁrum, and the former modei'bf Fujimoto et al.7 st;ﬁdé on a rather
fehuous basis.

Tamor's8 model I predicﬁs many - too maﬁy,fast :protons; as pointed
-out by Menon et ali4 and by ChestOn.and Goldfarb,lo éﬁa his'a;particle
:model (Ii) is glso;géneroué.in'its predictéd numbef_of fast:protons
'(;eé faﬁie II).> Fﬁrthérﬁoﬁe,.ﬁodel iI pfedicté foo loﬁ>én excitation
eneréy (55-70 Mev) and too many starleés meson absorpﬂions. ‘However,
‘this 'calculation assumed that the-scattering cross sections for like
" particles were 1/4 those for ﬁnlike‘particleé.ffThe'caléulétibn for

equal ‘créss sections, which is more nearly ‘in accord with the high
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energy p-p and nrp;scattening~data,24 leads to results .which are méfe
-nearly inlaéfeement withfexperimentai;déta,.as mentioned :in a footndte
in reférence 8. But this 'model assumes thaﬁ,there-is»a¢95,Mev neﬁtfon
- traveling'insidejthe nucleus and,escéping as a-proton about 12 percént
. of the time. .In this case, one.expects a larger'pumber'of‘protons
" between.70-and 95 Mev-than is dctuslly observed. Thus Tamor's two-
~.nucleon model may be eliminsted, and his q-particle model-may probaﬁly
: be'rejected;: Incidentally, . the: ratio of fast protons from heavy eiéments
to those from light elements as observed- in the;paper;ongenoh et al.
is not a completely valid objection-to the q-particle model -of Tamor.
. Their results using the potential barrier method to separate the stéfs

-vére'not consistent with theiruobsérvatiops with sandwich plates'(cfs
‘Menon's Table IV with his discussion on page 591 and with-his Tab133V).
Since the stars with energetic protons:may have,different~pfong chatrac-
- teristics than the otherwstars;fthe.method is felt_tb.bg uﬁreliabléa
Therefore; no attempt was madé'to @istinguish the absorptions in heavy
elements from those in light elements... |

Aﬁother.proposal wag made. by -Menon eﬂvgl,é They assumed that the
primery interaction takes place among.3 or 4 nucleons, and_that the -
"energyAof:those,nucleons which do: not escape is-used‘in;hegt;ng the
-nucleus. For their preliminary calculatidns, they assﬁmed:an a-particle

25

. model, for which calculations had been made by Ruddlesden and Clark.

~+ The* predictions of this rreliminary computation are an excitation_.

‘energy of.lZO:MeV,vwhibh*is‘somewhat'high, and a peak; in.the number of
protons between 30 and 40 Mev, for which: there is no -evidence in Figure

“ll.nzHowever,'when:therinteractions_of,the.smaller numbers. of nucleons .
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“arezfékenfinto account, thé meen ‘excitation energy should decrease and
" the ‘peak shouldibe;smoothed out. Thus their proposed model-is not
“inconsistent with the spectrum of Figure 11. |
. ~.Proceeding now to.the discussion of the general features of the
data of ‘this study, we shall -look more closely at Figure 11.* As may be
- ~seen from this.figure, the number of protons in the range 20-30 Mev is
twice the number in thé range 30-40 Mev. Since a 20 Mev proton could
reasonably have come from a»nucieargevapofation with,excitation'enérgy
of 100“Mev, while a proton-of 30 Mev is much less likely to have come
‘from such a~procesé,‘the‘energy.spectra of the protons‘from the primary
‘and secbndary processes'overlap,éonsiderably, This implies'either_ihaf
rélatiﬁgly‘low energyuprimary nucleons occur often or that some of the
lower energy protons are knock-on particles from collisionsvwith high
energy>primary nucleons. |
Another characterisﬂic of thé enefgy spectrum is that the numbef
of protons decreases slowly with énergy in the rangé 30-70 Mev, and
drops off above 70 Mev;:'ﬁhere arejfeWer protons of energy greaﬁer fhan
70 Mev than there.are in»anij Mev interval below 70 Mev. Thus rela-
" tively few of the n~ absorptions take place with the creation of a
: priméry nucleon of energy greater than 70vMev,fwhile~nucleons oceur
often with enérgies\lowef'than this figure. Therefore the primasry act
must také place often émong twé or more. nucleons, withia deuﬁeron or
-triton seldom acting alcne as. the fecoil particle. On. the other hand,
three' of the events listed in Table III ended in‘ the emulsion. Two of
these were actually prptons by range and grain density, and the third

" was''a 54 Mev deuteron., ! In addition, one particle was found which was
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‘probably a triton of 30 Mev, and another was either a 23 lMev proton
With abnormally high. grain .density or a 31 Mev deuteron with'abnormglly
: lowfgrain,density. rNeitherwof:these,particles-isfincluded in Table‘III.
: Thug it appears.that deﬁterons-and tri#ons actually take part in thg
- primary process; - if they were -knock-on particles, tﬁe energetic pf%e.
maries required would -lead tofa<larger;number{of'protons'of energy |
. greater -than 50 Mev than in Qhewrange‘BO-SO"Mev,Zé,in;éontfadiction to
 Figure 11. -This‘copclusionwdoes,nht'contradictithe earlier conclusion
of this paragrarph, since there.is not enough_data.to‘observe the re%a—
.. tive numbers of protons, deuterons, énd-tritonSa.
From Figure 12, it may bé:seenwthat the prong spectrum of the
. stars in Figure 12 (after applyihg geometrical corrections) is'conséé-
tent with that_ofgthe whole . group of stars examined and with Table IV.
This implies that most of the mﬁ,absorptions ﬁhich.are nof'QCCOQpanjed'
by proetons of energy. greater than ZO'Mev,are.accompanied_by_neutroné_of
similar energies. This would seem to indicate that tﬁé ﬁum5er‘of
- neutrons available as the recoil .particle is twice the;number of avgil-:
.able prétons (since one neutron is always involved), :as in the q-pé;ti-
cle model of nuclei. There are,.however,,a number. of qénsiéerationé
. which weaken this conClusion:;;~ Sl
.(a) The statistics for the comparison of'préng spectra are poor;
-....:(b) .The prong distribution- for stars with‘energeticwpfotons |
cannot étrictly-be-comparedﬁwithvthat~for_other stars, for
the former stars include“an, extra prong per star (the ene%-
e getic,protdn).v On the?other;hana,pthe residual nucleus f@r

the latter stars has.an extra proton and one neutron too-few,
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favoring the emission of a proton over the emission of a
) neutron.‘“TheSé two effects tend to cancel;

(c) :Charge exchange'teﬁds to equalize the numbers of'ehefgetic
protohs'and-neutrons emitted. Thus more proténS'are observed
than are ‘involved in thé-primary»intefaction. However, this
effecf should beipartly or wholly compensated for by

‘ (d) .Tﬁe:potential bArrier,‘which has an appreciable effect upon
'ﬁhe emission frdm.heavy nuclei éf 20’Mevbprotoné reiatiﬁe to
neutrons involvédiin fhe primary process. |

It still appears“ré&éonable;:however, to state tha£ the evidence favors
the ratio of 2:1 fof,heutr§ns to profoﬁs,available as the recqil particle.

: Thé most interesting'féaﬁure éfithe data‘appeafed upon>an»examina-

‘tion of the stars associated with the'energeiic protons. A very pro-
nounced asymmetry was Obsérvediin the-angular'distributioﬁ of the star
prongs emitted in addition'fO'a proton of energy greater than 20 Mev.
"As-may.bé Seén'frbmeable'V:below; the observed aéymmetry between the
'baCRwﬁrd and forward hemispheres (with respect to the energetic.proton)
o iS’significantly higher than that calculated with véry generous assump-
.tions,355éribing the asymmetry to the motion of ‘the recoiling nucléus°
The,asymmetry'is calculated assuming that the‘residual nucleus has a |
‘“'mass twelve times that of a protén; and the‘outgoiné particles are
“.-agsumed to have the lowest'veIOCity which is used in measuring the
asymmetry. - A1l particles are‘assumed to bé either protons or aq-par-
ticles. In Table V,’the'folibwing symbols are used:
Bos "The energy of the slowest secondary proton considéfed in

P

' measuring the asymmetry.
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“'dﬁ(Eb):'*“The'veiOCitj;of a protdn of{energy'Ep'or=pf'dn a-par=
?iéle“bf‘thé'sémé rénge”(ile,; offeﬁergy 4Eﬁ)¥
" 'Ef " Thé mean énergy of the observed protons whose associated
star prongs are used in méasufing'the”asymmétfy;
o "bﬁ(i%i): The veloclty of the nucleus mentloned above rec0111ng
“from the emlssion of a proton of energy E.

The ratio of the number of secondary star prongs ex-

calc
" pected with a component of velocity in the direction
opposite to that of 'the energetic proton to'the number
expected with a componént in 'the direction of the proton,
Ry,e!  The observed ratio.

'The derivation of Regle is given in Section X.

o o . TableV. o
Bplitev) | p(E) | Elllev) @(TET) | feale | Robs
4 | T0.0924 56.8 |- 0.0290 | 1.92:1 ‘|- 6:0
43.8 | 0.0253 | 1.75:1 9:2
©23.2 0.0185 " 1.50:1" 5:1
2 0.0654 | 56.3 | 0.0288 | 2.58:1-|%-8:0
41.6 0.0248 2.22:1 | 12:5
24.1- | 0,0187 | 1.81:1 -4 10:2
1 0.0462 | 56.3 | 0.0288 | 4.57:1 1 <9:0
2.6 0.0251 | 3.38:1 | 14:5
2,.5 | o0.0188 | 2.37:1 | 16:3

"' The disagreement between Rbbéuahd Reale is striking, and leads
‘iimﬁédiately to ah alternative model: The secondary star ‘prongs are
assumed to be due mainly to impacts with primary nucleons traveling

‘through the nucleus. Seldom would a ‘particle be expected to be emitted



-28-

s in the'direction of an emitted fast proton. However, one can no longer
assume that there .are two 70 Mev nucleons traveling in opposite direc-
tions, for then the observed energy spectrum would have more high

" energy protons.

-Therefore it is'propose& that the-primery interaction take place:
among a small, but variable; number of nucleons (most often 2, 3, or14),
as in Menon et al. ~ This permitsvtne'emission of protons up to 701Mev
with re&eonable probability, and protons up to 95‘Mev occasionally.
These nncleons have a spread of energies which favors tne emisSion of
low energy knook—on'partiCIes. Since_the mean free path of such a
nucleon is of tne order of the nuclear radius for an element like Ag,
each nucleon wiil collide, on the everage, one,time inside the nucleus.
But most of the knock-on perticles will not be able to escape from the
nucleus. Qualltatlvely, therefore, about one extra prong is expected,
on the average, to accompany an energetlc prong. Thls flgure is con-
sistent with the obseryed number of star prongs.

f A‘test of thie'hypothesis would be to calculate the.energy and
~angular distribution of the knock-on particles. Tne Monte;Carlo method
of calculationeappears'to be most suitable, but it will not be attempted

* in this paper.-
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X. Mathematical Appendix =~ - -

A. Least Squsres

‘We wish to minimize the function

=

[}
M=
'_l

(o - mxp - B)2

in order to determine the best straight line to fit the points in
questioﬁ,.aSSuming that the error in xp is smallwcoﬁpared to that iﬁ,yn.

By‘solving simultaneously the linear eQuations

(

ﬂ =0 l
onm (1)
aL
—_— =0 ( ”
ab (2)
The well-known equatiohs: for m and b follow:
%%’XnYn - Xy
" D 3)
. 1 2 . 1 . |
J N%Xn -X .I\Tzn'xnyn
o | (4)
where
Xo= T oo T == )
R (5)
‘énd'
Dedwmi@oge 0 @
N n - FL T | | /

To estimate the error in x due to an uncertalnty Syn 1n y, we

. assume that all Jyh are. equal to a constant Jy' Then
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(Sx)2

mll'l X=X

”f} B Geometry
It is assumed that the proton is emitted with spherical symmetry.

' The emu151on has a thickness t before development,land a star is formed
'at a d;stance X fromvthe top of the emulsion. A fast proton leaves at
an angle ﬂ with the plane of ‘thie emu131on and must have a progectlon
upon the plane of the emulsion of not less than 1 in order to be counted.
No partlcle within 12p (bBefore development) of either emulsion surface
is included, and.hevﬁfeton all of whose length is within 2412 (before

'Ndevelepment)voﬁ;eitherfsgrface is counted.

©
=t
i

| - tap-l (t-x) - tan-1 X
x 5 tan 2 Q2 tan £
vt 2 t
Ny p— o tex
=L (t-x)th AR
v - rron{ g 24, <o) - L oos e ,
P, = Prob{ 6, € f@} = = cos af = = =X +
277 { 1EA T g Y ’” 2 | T VT |
o1 g 5'92 for t-12 . ‘ iF”tslg
P3 = Prob , = 5 ax 1 __de_§_
12 fFx ft - 12 12 t-24 - t-24 Jyp x<+

o+
Y

}—4 [\/(t~12)2+12 - V(12)2+42 ]

Py

)

+d

H

o)

o
—

o

i

=

i
TN

o
N
~—

)
2 [
é?“‘s

cos ¢d¢ VFTZ__?



: 0g <
P = Prob ang
> ‘{o%;é%elfoz;t
| Pg =vPr‘ob{% <f < 92}
. n .<¢ 5"92 for 4
P.7 = Prob 4 and
8, 8 < -v_}r: for

8y for 12 £x <24

}*'
24 - 12)
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24 <x
E A
t-24

) 202 - Y
""_Z [ \/(24) 2 - V)22 ]

1 Al x /2

J{/Acos gag [QGZZQ;? 2 ].

<x %t - 12

12 ﬁ'xw< L }

C pelz

o] [Hms, . f’“‘“dx]
1 0 /2 | |

In Table VI below, the significant probabilities are listed for

each of the plates used.
multiplied by the shrinkage

ness t.

number of events actually observed.

't' is the measured emulsion thickness;

22
factor of 2.4 .

Obviously,

it is

to get the original thick-

N is the number of events which occur, while Nopg is the

Nobs = P3N = Psll = PoN.

* For the C- -2plate only the case 0 = g €06, for 12 = <x < 24 is relevant,
and Pg for that plate is 1/2 the value calculated from the expression

given.
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Table VI

PlatevNo.“ft'(u):-ﬁfu)v Q8w | Py | Ps | By

22212 | 85 | 204 | 86 |0.686| 0.014| 0.077| - 3;95 . 1.68 |
22009 | 75 - | 180 -|. 86 |0.654| 0.016| 0.060] L1 1,73
- | 1 0.578

" 1.61

20886 - | 99 | 238 | 86 |0.724| 0.006| 0.098

. .. €. Standard Deviafioﬁs

. Assume that the grains.of a track are uﬁifbrﬁ iﬁ:size, spacing,
... and sensitivity. vFgrnthe plates.used-in‘ﬁﬂis,stud};_about-} graips per
--mieron is a,reasonable_valuefy_For a,43@A$§gment, ﬁhen,aﬁhefe'is a
- maximum hymber'of;129 g%ains which. may be,made_deyelopaﬁle with equal
probability.' If K is»fhe-mean number of developed grains per segmenﬁ,‘
" the ﬁ£obability that K grains are developed in.a segment is given by

t

the (K +:1)st . term.of -~ .- . - -+ . -
,£+(1-L)129
1129 129

The standard deviation of this distribution is

&o=1 [129 o R S
- \/ ? 19 ( 12-9)

For a single measurement N, this.becomes o= ’N(l - 3§%§ , as given in .
Section VI. =~ e |

:If.n'segmentsvnfza'£ra¢k‘inqlined“at“ap;angle @ have been measured

and a mean grain density ﬁ has been found, the standard deviation of the

total number of grains is \/hﬁ(l - ig%;)f.;The corrected number of
graing per segment is then-%ﬁ-cos @, and the standard deviation per
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segment

D. Asymmetry

Assume that particles of velocity'ﬂz are
being emltted with spherlcal-symmetry.from a

nucleus of velocity'51 (A <:ﬁ2) moving in the

cos™1 B i o a ;
R positive x direction. The x component of the
1 _ lparticlefveldcity-in:thellaboratory gystem is
' glven by px = —El—féit, ‘where W'= cosine of the angle between the
LreBon
“vectors ﬁl and ﬁz,’and fy and By are the magnitudes of the vectors ﬁl
‘ . | . b3 "
and ﬂQ. ‘ﬂx will be zero when u = -%;l4. If <S—E;L, the particle will
2 : 2
be emitted in the negative x direction, while if u> -:Ib—l , the particle
I 2 :

will travel in the positive x direction. As a consequence of sphericgl
symmetry, all intervals (u, u + du) are equally probable. Therefore
the ratio Regle of'pafticles emitted in the direction of the recoiling
nucleus to those emltted in the opp051te dlrectlon is glven by
» Jf ﬂ1+p2H
R ﬂl/ﬁg l+ﬁlﬁ29

. eale /"1/ﬁ291._f5.2“_dll
) 1+ Bop

R o 1
{ﬂl—log(l+ﬂ1ﬁ2x)+p2# [1+ﬁ1/52x-10g(1+131f52}< ]} -8/,
{ﬂzlog(h/ﬁlﬁgx ﬂ%ﬁ [1+(51(32x log(l'*ﬁlﬁ X) } P1/b2

’1f51 | -ﬁl
ﬁ2+ﬁ1 gl+pl&2
R, =
*calc | - - 2 , 2
cale = - ,1&1_-1(51..

ﬂQ'ﬂl+ 61 l°gl-ﬁlﬁ2
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- Botf1
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Figure Captions

" Schematic diagram of_apperatue-for.exposing_plates

.i'Grain density vs.‘:7%=.forvvariousndepths-in emﬁlsion (G-5 plate No.

22212)v Ep is the energy of a proton with the grain density given.

"Graln den51ty vs. eJ%— for G- 5 plate Noo 22212

b
Correctlon for depth in emu131on for G 5 plate No. 22212

Graln denslty vs. V%_ for C- 2 plate No. 22886

Correctlon for depth in emu151on for C-2 plate No. 22886.

Standard deviation of'least squares stralght line for'C-5 plate No.

22212. | R |

Standard dev1at10n of leastlsquares eiralght line for c-2 plate No.

22886. | o \ |

A, ‘Phofomierograpﬁ of meson track'taken at various velocities‘in
G-5 plate No.v2200§,1 A:proton at the same velocities woﬁld have
the grain denéities'end_eoefgies shown. |

B. 4-prong meson star, one of whose proogs is a 58 Mev proton.

C. Meson star with-single proﬁg, a 55 MNev proton. An electron is

) alSo'associhted‘With ‘this evenf |
A. Photomlcrograph of meson track taken et verlous velocities in

c-2 plate'No. 22886. A proton at the same velocltles would have

the graln dens1t1es and energles shown.

B. 2—prong meson star, one of whose prongs is a 20-1/2 Mev proton.

C. 3-prong meson star, one of whose prongs is a 56-1/2 Mev proton.
Ehergy'spectrum of emitted protons of energy greater then 20 Mev.

Pfong,spectrum of emitted protons of energy greater than 20 Mev.
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