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.·'L >'·•·Abstract 

, ·" The; spe;etrum. of. fa·st protons. from· 1631 n;- -meson absorptions in 

Ilfbrd. G.-5. ar.1d C.-2 emulsipns_ has been .stud~ed. It ha.s been fqund th~t 

,(16 .. 1 j:. L8) percent· of all n-.,.me.son absorptions are accompan:i,.ed by 

'·.protons of energy greater, than 20 Mev,. a:nd that (9.5 .:!:,·1.3) percent ref 

all a:bsorptions. are accompanie¢i by pr_qt·on$ .of energy greater than 30 

Mev. The-~roton energies·were estimat~d by grain-counting in compar~son 

with n"'.,.mesons of;known residualra:nge. Allpwance was made for the 

.variation of grain density with position .and depth, in ,the e!Ilulsion. 

The .energy spectrum is fa:i,.rly flat from 30..-70 Mev, but-only three 

events were found above 70 ,Mev.· ·Examination of stars from which the 

fast protpns were emitted shows more prongs ejecteci opposite to the 

direction ofthe.fast proton than are accounted for br evaporation 

from a recoiling nucleus. Compariso:n of the energy spectrum with the 

, theoretical.pr~dictions permits the elimination of the various model~ 

in which the. meson is captured by a proton of the nucleus and the 

. · recoil .momentum is taken up by a single neighboring nucleon. or by a 

triton .. The spectrum favors t.he capture ·of the ._meson b~ a proton, 

w.ith the recoil momentum taken by a small, variable number of nucleol}S. 

Furthermore, the evidence·suggests that. :the low energy star prpngs 

result .. from knock-on .collisions of the prim;:xry nucleons w,ith other 

nucleons insiqe the nucleus . 

. , . .;:,: 

... ! . 
': I ' i ~' i ·_·, • , 
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II. 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 nucleus- partiCipated in the capture, and 

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

excitation of the nucleus. The evaporation models with an excitation 

energy of 140 Mev
1

'
2 

fail to predict the observed energy spectrum
3

'
4 

of the emitted charged particles. Furthermore, the observedaverage 
3 4· 5 . . 

excitation energy of the meson stars, was about 100 Mev,'·'- consider-
6 

ably less than the total·available energy. In 1949 Marshak proposed 

a model in which the· u--meson interacts with a single proton of the 

nucleus, and the recoil momentum is taken up· by a neighboring nucleon. 

The preliminary calculations indicated that more than 10 percent of 

the n'" absorptions should be accompanied by the emission of a: proton 

of energy greater than 30 Mev. More detailed calculations by Fujimoto 

et al.
7 

and by Tamor
8 

supported this prediction• In order to check 
9 10 4 

this prediction, the author, • Cheston and Goldfarb, and Menon et al. 

examined n--meson endings in photographic emulsions capable of record-

ing tracks of charged particles even at minimum ionization. They 

· observed that fast protons* were indeed emitted from meson~induced 

stars, a 'result inconsistent with an e'vaporati·on process, but the data 

were too inconclusive to confirm or reject any of-the specific hypoth-

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

* In the rest of this paper, the term 11 fast proton 11 will refer to a 
proton of energy greater than 30 Mev. 
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few statistics and a crude method of energy ~stimation. Menon et a.l. 

and Cheston a!}d Goldfarb had better statistics. and.more. precise methods 
. . ,, ' :- . 

of energy determination. However, in each case the criterion of ene~gy, 

the grain density, v:aried relatively slowly with proton energy in the 

. neighborhood of 30 Mev •. Furthermore, sin.ce the variation of observed 
11 

wain density with position in the. plate and with .depth in the emul-

sion was not. taken into account, the number. of prot.ons of energy 

greater than 30 Mev could not be reliably determined. 

It was felt, therefore, that a study of fast protons from n--me~on­

induced disintegrations ought to be made, using large numbers of mespns 

and attempting to determine the energy spectrum more accurately. 

III. Theory 

The evaporation model for nuclear reactions is a statistical 

model, in which a .compound nucleus is raised to a nuclear temperatur~ 

by its energy of excitation and proceeds to 11 evaporate 11 particles, 
. . 

both charged and uncharged, until its temperature is reduced to a 

value too low to continue the emission process. In order to calculate 

the relation between temperature and excitation energy, amore specific 

nuclear model is required. The models which have been used most fre-

quently are 

(a) 

(b) 

(c) 

·12, 13 . 
The Fermi gas model, ~n which the interaction energy of the 

nucleons is small compared to their kinetic energy; 
.. . 14 . 

The Fermi gas model with correlations between the positions 
I 

of the nucleons, as for electrons in metals; 
15 

The liquid drop model, . in which.the interaction energy of 
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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; some care must be 

used in applying these models to the stars found in photographic ernul-

sions. However, as mentioned in Section II, it is qifficult to recon­

cile these models with the observed mean excitation energy ofn--meson 

stars and with the observed energy spect~um of the star prongs. 
. 6 

The properties of Mar~hak's. model of n--meson capture were.first 

.. ·' . ; . 7 
calculated in detail by FuJ~moto et al. The capture of the meson by a 

nuclear proton gives rise to a n~utron of 79 Mev plus its Fermi energy, 

measured inside the nucleus, and a recoil proton or neutron of the 

same energy inside the nucleus. If either nucleon should collide with 

another nucleon before leaving the nucleus, its excess kinetic energy 

is considered. to be given,to the nucleus for the. evaporation of parti-

cles. Therefore, the nucleus may have 0, 70, or 140 Mev excitation 

energy. This model predicts that a significant number of rr--meson 

. . * absorptions should be acCO!Ilpanied by protons of 70 Mev; · in order to 

calculate. the numerical percentage from the data ·given by the authors, 

assumptions must be made concerning the probability of charge exchange 

and the relative numbers of protons ·and neutrons available as the 

recoil particle. The results are given in Table I, where P(exch) is 

the probability that a neutron (proton) which escapes. from the. nucleus 

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

* If the collisions with smaller energy loss are taken into account, 
these protons shop.ld have a distribution of energies, almost all of 
them above 30 Mev. 



~7-

protons •available as the rec.oil particle. 

Table I 
'. 

Percentage of u--Meson Absorptions Accompanied by a Fast Proton 

P(exch) n/p = 1 n/p = 2 

; 0 17.4. ·11.6 .... 

1/4 ,24.7 22.1 

1/3 27.1 25.4 

1/2 . 32.0 32.0 

1 46.5 50.5 

8 > 

Meanwhile, Tamor m'ade .similar calculations using two different 

models. I. The recoil momentum is taken up by a. single nucleon, as 

above, which has twice the probability of being a neutron as .a proto¥, 

on the basis of the a.-particle model of nuclei. IL .The recoil mom~n-

tum is taken up by the residual triton which :remains after a proton of 

an a.-particle captures the meson. This gives a 31 Mev triton, whose 

energy goes into nuclear excitation energy, and one 95 Mev neutron, if ,.. 

the u- -me son has a mass of 286 times the electron mass~ , The c.alcula-

tions were made for nitrogen and silver nuclei under the following 

assumptions: 

All nucleons in the nucleus are initially at rest; 

They ~ollide inside the nucleus as free nucleons; 

(1) 

(2) 

(3) In each collision 25 ~ev is given to the nucleus for excita- · 
' 

tion, but the nucleon is undeviated; 

(4) A nucleon of energy less than 30 Mev is indistinguishable 

from an evaporated nucleon; 
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(5) In each neutron-proton collision the probability of exchange 

is 1/2. 

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

Table II 

Percentage of n--Meson Absorptions Accompanied by a Fast Proton 

Model __!g_ N --

I. 24 48 

II 13 12 

Model II also predicts that 52 percent* of the n- absorptions should 

show· no charged particles except ,possibly recoil nuclei, while Model I 

· predicts 38 percent, more nearly in agreement with the work of Adelman 

16 4 
and Jones and of Menon e·t al. 

.17 
More recently Fujimoto, Takay'anagi, and Yamaguch~ . proposed to 

account for the fast ·protons without the assumption of a recoil triton. 

By allowing for the momentum distribution of the nucleons inside the 

7 
nucleus in the calculations of Fujimoto et al., they concluded that 

· about 19 percent of the n--meson absorptions in heavy nuclei should be 

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

IV. Experimental Arrangement 

The photographic plates were exposed in the 184•inch Berkeley 
, . ~ 

cyclotron as shown in Figure l. They were put a relatively large 

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

* On the basis that 54 percent of the n--mespns are Qaptured in heavy 
elements of the emulsion, as shown in Menon et al.4 
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neutral particles from the target. At this distance most of the mesons 

which could reach the 'Plates had enough energy (- 3 0 Mev or more) to 

pass completely through the pack of plates. ·Therefore a 3/8-inch alum-

inurn absorber was placed in front ·of the plates to slow down ;the mesons. 

With this arrangement; about 2500 mesons were found to end in. a l-inch 

x· ).:.inch x 200!-L emulsion with an exposure of 10 seconds to. a 345 Mev 

proton beam current·of about 1/2 X lo-6,a.m:pere. The 200!-L thickness was 

chosen· in order to recorda sufficiently long segment of,a fast proton 

· and still ·to retain ease of scanning and development. 

Ilford G-5 emulsions were chosen for tl:].is experiment .so that the 

most energetic protons might be observed. Since·these plates had 

acquired· a heavy background of·low energy electrons by the time they 

had reached Berkeley., it was' desirable to. eradicate the latent images 
18 

by accelerated fading. By storing· the plates in an oven at. about .33 't 

over a·pari of water for about 50 hours and then drying, it·has been 

found possible to eliminate 90 percent of. the' latent image electrons 

without any noticeable loss of sensitivity. The plates were exposed 

and developed as soon as possible after the background eradication. 

Shortly after work was begun on this project,· however, it was 

found from the variation ofthe graindeBsity with meson· residual range 

that the grain density in G~5 ;erimlsiorrs was a slowly varying :function 

of proton energybelow 40 Mev. Therefore, the proton spectrum below 

60 Mev was examined in the lesssensitive•Ilford G-2·emulsions; which, 

inCidentally, require 110 eradication. 

::, ., ·.,. 
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V. Procedure 

. The plates were scanned with an. 8-mm apochromatic object:i_ve and 5x 

compensated eyepieces; • giving a total magnification of lOOx .. Afterwards 

each meson ending was examined with a 1.8-mm apochromatic oil immersion 

.objective and the same eyepieces, a magnification of 475x. The number 

of. prongs .of each star was ascertained, and the presence of lightly 

· ·.. ionizing tracks emanating from the· meson terminus was noted. · Each of 

_,·,: 

the .lightly ionizing heavy particle tracks was grain-counted with the 

oil immersion objective'and 25x compensated eyepieces. In order to get 

maximum resolution, oil was.used between the condenser lens and the 

photographic plates. 

Grain counts, were· made over 43!-L segments. To establish the varia-

tion ofgrain dens-ity with energy, mesons.were grain-counted in the 

following manner. Using the.range-energy relation for protons in 
19 20 

Ilford emulsion and the ratio of masses of n--meson and proton, a 

table was made of meson residualrange an¢!. the energy of a ·proton of 

the same v:elocity. Since a meson of ;3.7 mrn residual range has the 

same velocity as a 90 Mev proton, mesons which remained ~n the emulsion 

for4.mm from their termini were.quite satisfactory. 

, . Six favorable star-forming mesons. in G.-5 plate No. 22212 were 

chosen,. and. grain counts were taken at meson velocities corresponding 

to proton energies from 45 Mev to 90 Mev at approximately 5 Mev inter-

vals. For each velocity, three consecutive 43!-L segments of each meson 

were counted. The depth in the em:ulsion of the center of the middle 

segment of each group of three segments was taken as the mean depth of 

each group. This procedure does not introduce appreciable error, as 
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'the mesons chosen were almost pS:ra:llel to th~ eniuls·h)n ·surface. Sin~~ 

each· segment corresponded to' a different proton eriergy;: -~he residu~l 

ranges.· of the mesons were used to find the ,~nergy correspondi!'lg to each 

segment .. 

The data were divided into six groups (A, B;. •';F) according to 

. ·depth in the emulsion. At each 5 Mev point the average differential 
. .. 1 

grain count· for each group was plotted against ,lE , where Ep is th€l 
p 

energy of a proton· of the same veloc·ity as the ·meson at the central 

point of the three correspond·ing segments. The plot is shown in Figure . ) 

'2. Sirlce it is reasonable to consider' the six sets of points as str~ight 

lines with roughly the same slope, -it fol'lows that, to a good approx~ma ... 

· tio:n~ the differential grain count may be treated :as the product of i2 

; , factors; one depending only upon energy and the either, only upon depth. 

Therefore the grain density for grou:p C' · (20-42!-J. iri depth), the 

most numerous group, was plotted against · J~ · , using the proper energy 
. p ' 

for each segment; the· best s'traight line, ·in the sense· of lea'st squ~res, 

was' determined assuming that the error in .---l:- · is small compared to IE . 
p 

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

determinedthe grain density as a function of energy. The scatter of 

·, ·the points in this figure' is not a v·alid measure of the error in the 
. . 

straight line, as ea·ch ·point 'corresponds to a single 43!-J. segment, wh;tle 

there were two to four segments ·coll+lted at each ·energy us'ed for con-

·structing the line. In order to find the dependence-upon depth, the 

grain density for all the other segments was divided ·by thecorrespopd­

ing 'grain density as read. from the iline ·.'and the' arithmetic mean of the 
.. ' - ' . '· I . 

ratios was plotted for each group against the central depth of that 
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group (Figri.re 4). A straight line fit for the four intermediate points 

was·assumed for simplicity; 'the two extreme points were considered 

unreliable,· due'to insufficient data and large fluctuations in the 

ratios in these two groups. All segments within 10!-L after development 

· of· either· emulsion· surface were discar\ied. 

A similar procedure was used for C-2 plate No. 22886. However, 

the meson velocit'ies used corresponded t·.o proton energies from 20 Mev 

up. Tne lea'st squares straight line for these grain counts is shown in 

Figure 5, and the vari·ation with depth is given in Figilre 6. It should 

be noticed that the depth variation is considerably smaller for the C -2 

·· plate than· fo~ the G-5 and is in the opposite dire'ction. This is due 

to,' the use of a temperature development technique* similar to one 

suggf:lsted by Winand.
21 

The warm stage· of the development took place in 

.water, and piffusion of'developer outward probably accounts for the 

·observed variation. It should also be mentioned that the data and 

observed fluctuations of meson gr~ii:l counts ihthe C-2 plates justified 

retaining particles wi·thin 10!-L (developed) of the glass, but not of 

particles nes.rthe emulsion-'air surface. 

In the two'G-5 plates usedthe variation of grain density with 

depth in'the emulsion was assumed to be the same, since they were 

developed simultaneously. However; in order to allow for variation of 

sensitivity between 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 H20 at 50C; two hour immersion at 50C in one part 
of D-19 diluted by six parts of H20 r' immersion in H20 at 50C, rais­
ing temperature to 20°C in twenty m~nutes; fixing. 
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correction .f.or depth in the emulsion, of about· :one grain less per 43!1 

than the average for the· other G-5 plate.· Since this is considerably 

less than the standard deviation of the grain counts, .it was felt that 

further grain counting on mesons in this· plate was not worth while. 

Instead, a correction -of + 1 grain pe:ri 43!! was applied to the grain 

· counts of the protons in that plate. 

Another factor which affects the apparent grain count is the angl13 

between the track and its projectiqn upon the plane of the emulsion. 

· ·Obviously, a steep track will· have more. grains per unit projected length 

than a gently sloping track of.th'e same velocity. In order to correct 

for this, the ratio of the undeveloped' t.o the developed thickness of 

the plates .must be estimated. · This ratio,· .which is. called the shrinkage 

.factor, is a function of the emulsion type~ the processing, and the 

relative humidities at the time of exposure ~nd after development. 

Therefore the ratio should be determined at each laboratory, rather 

than by taking a figure from the literature:. The. relat'ive humidity at 

·the time of observation· .is unimportant, as the .plates are protected by 

a mixture of Duco. cement and lacquer thinner* in order.to keep the 

emulsion from peeling. .With this coating the developed thickness was 

observed to vary by only .!: 1-1/2 percent ,over a. period .of several 

months. The shrinkage factor for this experiment l:las been taken as 

22 
2.4 ±. 0.1. The undeveloped emulsion.thickness has been found to vary 

as :much as .!: 20 percent from that given ·by the manufa·ctur.er, and there-

fore cannot be used to compute this ratio .... Using this factor:, the 

* Developed by D. J. 0 '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 underthe.assUillption that the track does not scatter appreci­

.ably before leaving the emulsion, ·an assumption which is most valid for 

the shorter and, therefore, steeper tracks. 

At large angles, the apparent overlapping of the grains of the 

track, the short track length available for counting, and the large 

uncertainty in the cosine ofthe angle all combine to increase 

the uncertainty in the grain count. Therefore a minimum projected 

track length of 86~-~o' (= 2 reticule lengths) wa.s arbitrarily chosen as 

the shortest track which was to be counted. ·Furthermore, only tracks 

which traveled at angles less than 45° from the plane of the emulsion 

were used. Naturally, -corrections must be made for these omissions. 

··These corrections, 'which· are calculated in Section X, are of the order 

·· of 40 percent. · 

Other data were excluded also. Those meson stars which lay within 

· 5~-~o·after development (= 121-1- before development) of either emulsion 

surface were dis~arded:;. since otherwise one or more prongs of a star 

inightbemissed. In addition, all stars within 3 mm of an edge of the 

. plate were discar.ded~ as the grain density in this region is higher 
11 

than normal' and varies rapidly with position. · Furthermore, since 

grain counts within 10~-~o after development of either emulsion surface 

in' G-5 plates (or within '10~-~o 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 closer 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 prot,onE}, whic:h lie completely 

.within lOiJ. of an emulsion surface and ar:e not otherwise excluded. 

·No correction was, made,. however:, for ran,dom grain background in 

the plates. Such a<correction is unnecessary, as particles of the same 

velocity are ·being compared in the same plates with the same background. 

On the other hand, at low grain densities, ·statistical fluctuations in 

the number of background grains that are. confusable with grains of a 

track become important; furthermore, the number of.oonfusable grains 

increases as the distance between the grains increases .. Therefore, in 

the C-2 plates observations were restricted to protons of grain density 

higher than 24.6 grains per 4)j.l. (equivalent to protons of energy less 

than 60. !Vlev) • 

VI.. Errors 

The errors in the determination of the energy of the protons are 

statistical in nature. The standard deviation of the grain count of a 
' 23 

single 431J. segment of meson or proton track was taken as 

. . . 

as shown in Section X, where N is the number of grains in the segment. 

Since 36 :: N :: 78 in the G-5 plates, 5.1 L. ~ d:- 5.7; while the root mean 

square deviation of the points in Figure 3 from the least squares lihe 

L L . 8L. L z:. is about 5. Similarly, in.the C-2plate, 15 - N - 54, and 3. - cr- 5~u.; 

while the r.m.s. deviation in Figure 5 is about 4. These figures im'ply 

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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essent-ially random. 

The standard deviation~ O'j_; due to uncertainty in the least squares 

fit is· of- the order of 1/2 grain to 1 grain per 431J. (see Figures 7 and 

8). In the computation of the standard deviation of the grain counts, 

01. was taken as !. 1 grain per 431J.. The calculations which led to these 

figures are given in Section X. 

The.largest error in the energy estimation is the'standard devia-

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

J 
N ( · ·N·-~-

o;_2 = - 1 - -. -. cos ¢, n .. 129 . . . 

where n is the number of 431J. segments .counted; .N is the mean number of 
. ' ~ . 

grains per ·segment, and ¢ :i,.s the .angle bet~een the track and its proj ec-

tion upon the plane of the emulsion. In general, 62 is of the order of 

+ 2 grains per 431J.. 

Other errors, both of the o~der of ! 1 grain per 431J., are due to 

the uncertainty of the variation of grain de!lsity with depth in the 

emulsion (63), and, for protons in plate No. 22009, to the uncertainty 

in the relative sensitivities; of plates No. 22009 and No. 22212 (<J4). 

Since all these errors are independent, the standard deviation at 

30 Mev is of the order of! 2-1/2 grains per 431J. or ! 4 Mev. At higher 

energies, the error is somewhat higher. Therefore, the precision in 

the number of fast protons above 30 Mev is relatively high and is 
. ' . 

limited mainly by the small number of events • 

. VII. Results . 

. A total of 1631 me·son absorptions were examined:, 992 in G-5 ernul-
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* sion and 639 in C-2 emulsion, .The observed protons of energy greater 

than 20 Mev ar~ list~d in T,able III.· 'rypica.l ex~m,ples and, grain densi­

ties are given in Figures 9 a~d 10. The energy sp'e:ctrum of these 

protons, befor.e :~rid after the applic,ation of the ·geometrical correc-

tions, is shown in Figure 11; the .. number of ,prongs per stt3:r is. given 

in F'igure 12 (no geometrical correction .has been applied to these data). 

After the corrections are appliedJ (16~ 1 ;:!;, , L8) percent of all meson 

• 
absorptions ar_e accompanied by protons of energy greater than 20 Mev, 

and (9. 5 + 1. 3) percent of all D:bsorptions . are accompanied by protons 

of energy greater than 30 Mev. I~ terms of ejected particles, (10.3 .:t 

1. 2) percent of all star _prongs are :protons of ener~ greater than 20 

Mev, and (6.0 .:t o . .S) percent are proto11:s .of energy greater than 30 Mev. 

1,, 10 
These. numbers are in agreement with those of. other .workers. 

-. ~d'c 

A precise prong spectrum .> for ·meson induced stars may also be 

given by use of the data .of this study. 
16 

SinGe Adelman.and Jones and 

4 ' . '*'** 
Menon et al. used the same conventions for star pr-ongs as .the author, 

their data may be combined with that found here to give the prong 

spectrum of Table IV, based upon J366 meson stars. 

* T-he grain de'usity of ~ 2o Mev proton is equal to that of ·a 40 Mev 
deuteron or.of a 60 Mev triton •. Therefore the term 11 proton 11 includes 
deuterons of twice the energy'and tritons of three times the energy 
in question. The few cases where positive identification can be Il!ade 
from the range of the·particles.are mentioned in'Table III. 

' . ': 

** i.e., the frequency distribution of -stars of a given number of 
prongs. 

***Any group.of grains (except an electron track)-leaving the terminus 
of a meson with a well-defined· 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 43!-L · (Mev) Prongs of 
Associated 

Star 

.1 42 .! 5 85 + 18 2 -'11 

2 46 :!: 2-1/2 76.1 + 6.1 . 2 - 5.5 
3 46 .:!: 3-1/2 76.1 ~ 8 0 

7:5 3 . 
4' 49 + 2 69.6 + 4.3 1 - - 3.8 
5. 49 .:!: 3 69.6 + 6.5 2 - 5.8 -
6 50-1/2 .:!:. 4 66.8 + 8.2 1 - 7.6 
7 51 ± 3 65.8 + 5.9 2 

' -. 5.6 
8 52 .:!: 4-1/2 . 63.8 ~ 1·0 • 5 3 .. 

·9 53 .:!:3 61.9 + 5.8 2 
~ .4.7 

10 . 53 .:!: 3 61.9: 5.8 
4.7 1 

'·11 53-1/2 .:!: 3 61.1 + 5.7 1 - 4.8 
. i2'. 55 . .:!:3 58~7 + 5·1 2 - 4.4 

13 25. .:!: 2 58.5 .+ $.9 3 : - 7.3 
14 25 .:!: 2 58.5 +. 8.j . 

7. 2 

15 55-1/2 .:!: 3 58.0 ~ ±·8 4 
' 

.2 
16 55-1/2 .:!: 3 58.0 + 4.8 3 4.2 
'17. 25 ... 1/2 . .:!: 2. 56.5 + 8.~. 

6 •. 3 

18 25-1/2 .:!: 2.-l/2 56.5 : 1~:2 1 

19 56-1/2 .:!: 3 56.3 + i·8 4 - .1 
20 57-1/2 i 3 55.0 + i·4 .• 1 1 

21 58 '.:!: 3 54.3 + 4.4 4 - 4.1 
22 58 .:!:4 54.3 + . ~J 2 -
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·Event Grain Count to Proton ·Total,··, .Remarks 
Nearest l/2 ,. · • Energy ' Num}Der.-of 

Grain,per 43j.L (Mev) 
' 

. Prongs. of. 
•'·.", Associated · 

.. Stars 
. .. 

23 58-1/2 .! 5-1/2 ' 53:~8 + '8.i 1 ;.. 7.2 

24 26-1/2 .! 2-1/2 52.9< 1J 2 

25 60 + 2-1/2. 51.5 .+ 3.5 2 .. - 3.0 

26 60 + 3 51'.5. + j•O 1 ; - - .7 

27 60 .! 4-1/2 . 51.5 + 6.5 2 .. - . 5.4 .. .. 

28 27 + 2-1/2 .. 51.2 + 9.3 2 - 7.2 

29 27 + 2-1/2 51 2 + '.' 9.3 3 • ;... ·. 7.2 .,. 

) 
6.5 30 28 + 2 . 48.1. + 1 .. - -· . 5.5 .... 

Jl 28 ·+ 2-1/2 '. - . 48.1 + 
•· ~:~ 1 - .. 

32 28 2-1/2 
: ' 48.1 + 8.~ 3 + - - . 6. 

33 28-1/2 .:!: 2-1/2 . 46.6 + . g:g 1 ·-·· 

34 28-1/2 .:!: 2-1/2 46.6 + 8.0 3 6.3 

35 29 + 2-1/2 45.4 + 7.5 2 . 6.2 .·. -
36 30 + 2-1/2 - 42,.6 + . 7 .o 

- .. 5. 5 ·2 ·-

' J?· 30 + 2-1/2 I 42.6 -~ ~-0 .5 1 .. 

38 30-1/2.:!: 2-1/2 41.5 +- 6.6 3 ;..· 5.5 ... 

39 31 + 2-1/2. ! 40.3 + . 6.3 
~ ... 2 

I - 5.2 ,·,.·' 

I 

40 31-1/2 .:!: 2-1/2 39.2. + 6.2 :<2 - 5.0 

41 32 + 2-1/2 '. •' 38 1 + 5.9 2· I • . ·- . 4.8 . . , . 
I 42 . 2-1/2 38.1 (.+ 5.9 ·I 32 + 2 
I - - 4.8 

43 32'' + 3 38.1 + 7.3 ... , . . .. 3 - 5.6 \' 

44 32-1/2 .:!: 2-1/2 37.1 +. 5.6 1 : 4. '··,. -
45 33 + 2 36.0 + 4.3 2 - - ).5 
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:Event Grain Count to Proton Total· Remarks 
Nearest 1/2 Energy Number of 

Grain ·per 43~J. Prongs. of 
Associated 

Star 

46 33-1/2 .:!: 2-1/2 35.1 : l·2 5 
.• .2 

47 34 .:!: 2-1/2 . 34.2 ~ 'l 0 :1 3 

48' 34 .:!: 2-1/2 34.2 ~ l:2 3 

39 34 .:!: 3-'l/2 34.2 : . 7.3 1 5.5 

50 35-1/2 .:!: 2-1/2 31.7 + 4.3 4 3.7 

51 35~1/2 .:!: 3 31.7'+, 5.4 2 4.3 

52 36-1/2 .:!: 5 30.1 ~ 6·1 .2 2 
.. 

53 .37 .:!: 2 29.4 : 3.1 
2.6 4 

54 37-1/2 .:!: 2-1/2 . . 28.7 + jJ 3 From same star - as No. 64 
55 37-1/2 .:!: 3-1/2 .· 28.7 + l:j 1 -
56 38 .:!: 2-1/2. 28.0 + 3.7 J. 3.0 

57 38 .:!: 2-1/2· 28.0 ~· 3.7 2 3.0 

58 38 .:!: 2-1/2 28.0 : 3 ·6 3. 1 

59 38 .:!: 2-1/2 28.0 ~ 3.7 2 3.0 .. 

60 38 .:!:. 2~1/2 . 28.0 : 3.7 2 ~54 Mev deuteron 3.0 by range 
61 39 .:!: 2-1/2 26.8 + . 3.3 2 - 2.9 

62 39 + 2-1/2 26.8 + 3.3 5 - . 2.9 

63 39-1/2 .:!: 2 26.2 +. 2.5 J ·- 2.3 
. 64 39-1/2 .:!:':.2-1/2 26.2 ~ 3.2 3 ""26 Mev proton 2.8 by range 

.. From same star 

3.~ 
as No. 54 

65 41 .:!: 2-1/2 24.4 .~ 2. 2 

66 41 .:!: 2-1/2. 24.4 : 3.0 
2.5 1 ' 

' . 

... 
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Event Grain Count to . Proton· : Tota~ .. Remarks 
Nearest 1/2 Energy Number of 

.. ·Grain per 43p., Prong::! of; '· ' : 

• Associated 
• ! 

·' Star : .. 

·67. .'41 + 2-1/2 24.4 + 3 .o. J .·,..,._23 Mev :proton .;.. 2. 5' ... 

·4hl/2 23·. 9 .. : 2.3 
by ran lite 

6S + 2· 2 ,, - ., 
2.0 .. ,, 

.69·· 41-:·1/2 + 3~1/2 2}.9 + 4.1. 3 : ,. 
- - 2.5 

: 70 .. 42 :.! ·2~1/2. ·23.4.~ 2.8 .2 ', ; '. 2.3 ' -

,71 42 .:!:'3:-1/2 23··4 + 4.0 J ' : 3 .2' ·_ : -
72 42 .:!: 3--1/2 . ; 23 4 + ~.0 1 • • 'l ~· .2 

73 43 j:: 2~1/2 22 .. 4 + 2.6 .4 .,\ : 2'~2 -
74. 44 .:!:2 21.5 + 1.9 ·4- ,." .. - 1.7 

.75 .44 + 2..,;1/2 .21.5 + 2.4 J··· '· 

2.1 ..... - ·' 

76 44 +: 2-1/2 2L5 + 2.4 3. .. - 2.1 

.77 .44 + 3 21.5 + 2.9. 1 2.5 1.', -
78 44 + 3 21.5 + -· 2.9. 2 - '2.5' 

..•. 79 :45 + 2-1/2 ,• 20;.6} 2.3 .. 2 ...... ; 

1.9 -
.: .l 

Table IV 
·- I . : 

Number of 
- pr.ongs· 1. .2.·. J_ 4 -5 '- 6 

Percent of .. : ,, 

stars 32.4.:!:1.0 32.7.;!:1.0 22.3_:!:0.8 10.5_:!:0.6 2!0.:!:0!2 O.lj:O.l 
''.; 

, 
VIII~ , Discussion -·· 

An analysis of the· res:ult·s and 'figures of se·ation.VII will be m~<ie 

in this s.ection .in order. :to .show that. the_ evaporation model .fails tq 

explain the .results of: the :sec.ondary proc_ess. in meson absorption. ~n 
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;· ·:. ~alternative model will be -proPosed at th9 eild ··Of th.is sectiorf. 

·First; however, the models, of the primary· interaction will be 

eliminated_ as far as possible on the basis of the· data of this study. 

The two-nucleon model of .n- -meson capture cal·culated by Fujimoto et al. 
7 

predicts at least twice as many ·fast protons as are observed ( cf. Table 

I), unless it is assumed that the probability. of charge exchange is 

less than 1/4 and that the neutron:..proton: ratio for the recoil particle 

is at least 2. Even then; the predicted number is higher than that 

observed. 
·.. 17 

The next calculations of Fujimoto ·and his c.o-workers, in 

which. the momentum distr.fbution of the nucleons is tak-en into account, 

predict entirely too many fast protons (19 pe'rcent), a peak in the 

energy spectrum at 65 Mev (which is not observed), :i:md a spectrum 

extending up to 136 Mev.'· Since the two calculations were made only for 

heavy nuclei, the conclusions as to the validity ofthe proposed models 

must be somewhat conserv-ative. Still, the predictions of the latter 

calculations are in definite contradiction with the observed energy 
7 

spectrum, and the former model of Fujimoto et al. stands on a rather 

tenuous basis. 

8 
Tamor's model I 

.. 4 
-out by Menon et al; 

predicts many too many ,fast p:rotons; as pointed 
10 

and by Cheston and Goldfarb, and his· a.-particle 

model (~I) is also generous in its predicted number of fast protons 

(see Table II). Furthermore, model II predicts too low an excitation 

energy (55-70 Mev) and ·tqo m;my st?less meson absorptions. However, 

'this calculat-ion assumed that the. sc·attering cross "sections for like 

particles were 1/4 those for unlike particles. '· The calculation for 

equal "cross sections, which is more nearly in accord with the high 



-23-
24 

energy p-p and n~p scatteri,ng data, . leads to T;esults ._which are more 
' . 

nearly in agreement with·experimental,data, as .ment~oned,in a footndte 

in reference 8. But this.·model assui!le$ that, there is .a 95- Mev neutron 

traveling inside the nucleus and escaping as a-proton about 12 percent 

of the time.. .In this case, one. expects a l~rger .number of protons 

between. 70 and 95 Mev than is .a.ctualiy observed. .Thus Tamor"s two-

nucleon model may be eliminated, and his a-particle moc1elmay probably 

be rejected.·. Incidentally, .. the. ra.tio. of fast protons 'f'r0m heavy elements 

. 4 
to those from light elements as observed· in. the ·.paper ,·of Menon et al. 

is not a completely valid objection to .the a-particle model of Tamor. 

· Their results using the potential barrier method to separate the stars 

are not consistent with their .. observ.atioi1s with sandwich plates (cf. 

·Menon 1 s Table IV with his discussion on page 591 and with .h:\.s Table ··v). 

Since the stars with energetic protons.: may have different prong charac­

teristics than the other .. stars; the method is felt to be unreliable. 

Therefore, no.attempt was made·to c?-istinguis'h the absorptions in heavy 

elements. from those in light elements .. 

4 
Another. proposal was made. by Menon et al. They assumed that the 

primary interaction takes. place amopg 3 or 4 nucleons; and that the 

energy .of those nucleons ,which do: not escape is- used in, heat~ng the 

· nucleus-.. For their preliminary calculations, they assumed a.n a-particle 

25 
model, for which calculations had been made by Ruddlesdim and Clark. 

The· predictions of this preliminary computation are an excitation . 

·energy of 120 Mev,. whi'ch is s.omewhat. high, and a peak, in the number of· 

r protons between .30 and 40 Mev; for which there is no eviden,ce in Figure 

11. However, when the interactions of the s.maller number f). of nucleons 
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· · are t8.ken into account-, the mean excitation energy should decrease and 

· the ·peak should be -smoothed out. Thus their proposed model· is not 

· inconsistent with the spe·ctrum of Figlire 11. 

· Proceeding now to. the discussion of the general features of the 

data of-this. study, we shall·look niore 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 the rang.e 30-40 Mev. ·Since a 20 Mev proton could 

reasbnably have come from a nuclear.evaporation with .excitation energy 

.C)f 100 Mev, while a proton. of 30 Mev is much less likely to have come 

from .such a. process, the energy spectra of the protons from the primary 

and secondary processes overlapconsiderably. This implies either that 

relatively·low energy.primary nucleons occur often or that some of the 

lower energy protons are knock-,on particles from collisions with high 

energy primary nucleons. 

Another characteristic of the energy spectrum is that the number 

of protons decreases slowly with energy in the range 30-70 Mev, and 

drops off ~bove 70 Mev;. there are fewer protons of energy greater than 

70 Mev than there are in any 5 Mev interv~l below 70 Mev. Thus rela-

. tively few of the n- absorptions take place with the creation of a 

primary nucleon of energy greater than 70 Mev,·while·nucleons occur 

often with energies lower than this figure. Therefore the primary act 

must take place often among two or more nucleons, with a deuteron or 

·triton seldom acting alone as. the recoil particle. On_ the other hand, 

three of the events listed in Table III ended·in the emulsion. Two of 

these were actually protons by .range and grain density, and the third 

was· a 54 Me\7 deuteron. : In addition, ·.one particle w.as found which. was 
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·probably a triton .of .30 Mev, and, another was either a 23 1\/lev proton 

with abnormally high grain density or. a Jl Mev deuteron with abnorm~lly 

low grain. density. Neither ... of these particles is included in Table III. 

, Thus it appears .that deu.terons and :tritons actually take part in th~ 

primary process; · if they were kn.cck-on. part.icles, the energetic pr~-
,,. 

maries r·equired would lead to a:· larger numl:·er of protons of energy 

t th 50 th • th 3 0 50 lVR 
26 • . . • • t . grea er · .. an Mev an ,:Ln . e ·range ·. - .. 1ev, .. :ln contrad:Lct:Lon o 

.Figure ll. This. conclusion does no,t contra~ict _the earlier conclus~on 

of this para.graph, since there is not enough data to observe the rela­
\ 

tive· numbers of protons, .deuter .. ofl:s, and tritons. 

Froi!I Figure 12, .it may be seen that the prong spectrum. of the 

star,s in Figure 12 (after applying geometrical corrections) is cons~s­

tent with that of, the whole group of staps examined and with .!fable +V. 

This implies that most. of th~ n.~. ab.sorptions which are not accompan~ed 

by proton.s .of energy .. greater th~ 20 Mev .are accompanied by neutron~ of 

similar. energies. T}lis wou,ld se,eJ!1 '\;o indicate .. that the num:ber of 

neutrons available as the recoil p~ticle is twice the. m,1,mber of av~il-

·ab:Le protons (since one neutron is, always involved,), ;as .in the ct-pa.rti-
.' ·-· 

cle model of nuclei. There are, however, a number of qo.nsi(ieration13 

which weaken this conclusi.on: · · 

:(a) The statistics for the. compari.son of prong spectra are popr; 

(b) The prong distribution for ·sta·rs with energetic protons 

cannot strictly be compared with that .for other stars, for 

the former stars include<an extra prong per star (the ener­

getic proton). On the •other hand,, .the residual nucleus fpr 

the latter stars has. an ;extr.a, proton and one neutron t·oo few, 
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favoring the emi'ssion of a proton over the emission of a 

neutron. ··These two effects tend to cancel; 

(c) Charge exchange tends to equalize the numbers of energetic 

protons andneutrons emitted. Thus more protons are observed 

than are involved in the· primary :i-nteraction. However,· this 

effect snould be partly or wholly compensated for by 

(d) The potential barrier, which has an appreciable effect upon 

the emission from heavy nuclei of 20 Mev protons relative to 

neutrons involved in the primary process. 

It still appears reasonable~· however, to state that the evidence favors 

the ratio of 2:1 for neutrons to protons.available as the recoil particle. 

The most interesting feature of.the data.appeared upon an examina-

tion of the stars associatedwith the energetic protons. A very pro-

nounced asymmetry was observed in the angular distribution of the star 

prongs emitted in addition to a proton of energy greater than 20 Mev. 

As may be seen from Table V below, the observed asymmetry between the 

backward and forward hemispheres (with respect to the· energetic proton) 

is significantly higher than that calculated with very generous assump-

tions,·ascribing the asY"mnietry to the motion of·the recoiling nucleus. 

The asymmetry is calculated assuming that the residual nucleus has a 
' I 

· ·mass twelve times that ·of a proton, and the outgoing particles are 

assumed to have the lowest velocity which is u~ed in measuring the 

asymmetry. ·All particles are assumed to be either protons or ct-par-

ticles. In Table V, the following symbols are used: 

Ep: · The energy of the slowest secondary proton considered in 

measuring the asymmetry. 
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c~-(EP): · ····The ·velocity ·of a proton of· energy Ep or of a:n a.-par­

~icle of the slime range· ( Le., of energy ·4Ep). 

'E: The mean· energy of -the observed. protons whose associated 

star prongs are used in measuring the asymmetry. 

c~Gt): The velocity of the nucleus mentioned above recoiling 

. :from the' emission· of a proton .of· energy E.· .. 

The ratio· 6::t the number of secondary 'star prongs ex­

pected with a component of velocity in· the ciirection 

opposite to that of· the energetic proton to the number 

expected with a compone'nt in 'the direction of the proton • 

. The ·observed ratio. 

·The derivation of Reale is given in Section X.'· 

Table V 

.~(~' 
• •• J 

. Ep(Mev) ~{Ep) E(Mev) R Robs , •·•· calc ., -· . 

4 0'.0924 56.8 •· 0.0290 L92:1 6:0 
43.8 0.0253 1.75:1 9:2 
2.3 .2 0.0185 

" 

L 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 ' 10:2 

1 0.0462 56.3 0.0288 4. 57:]:': 
.I 

'9:0 
42.6 0.0251 3.38:1 14:5 
24.5 0.0188 2.37:1 16:3 

,, 

'The disagreement between Robs and Rc~lc is striking, and leads 

. imm~diately to ah alternative model: The secondary star 'prongs are 

as'sumed t'o be due mainly t'o impacts 'with primary nucleons traveling 

through the nucleus. Seldom wcnild a ;particle' be; 'expectetJ.··t.o be emitted 
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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 

26 
energy protons. . . 

Ther.efore it is proposed that the primary interaction take 'Place 

among a small, but variable, number of nucleons (most often 2, 3, or 4), 
4 

as in Menon et al. This permits the emission of r:rotons up to 70 Mev 

with reasonable probability, and' protons up to 95 Mev occasionally. 

These nucleons have a spread. of energies which favors the emission of 

low energy knock-on particles. Since the mean free path of such a 
26 

nucleon is of the order of the nuclear radius for an element like Ag, 

each nucleon will collide, on the average, one .time inside the nucleus. 

But most of the knock-on particles will not be able to escape from the 

nucleus. Qualitatively, therefore, apout one extr.a prong is expected, 

on the average, toaccompany an energetic prong. This figure.is con-

sistent with the observed number of star prongs. 

A test of this hypothesis would be to calculate the energy and 

angular distribution of the knock-on particles. The Monte Carlo method 

of calculation appearsto be most suitable, but it will not be attempted 

in 'this paper. 
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X. Mathematical Appendix ··· 

A. Least Squares 

We wi:sh to' minimiz·e ·the function 

N 
L = L (yn - mx~1. -· b) 2 

n=l 

in order to determine the best straight line to fit the points in 

questiort, assuming that the error in xn is small compared to that in Yn· 

By .solving simultaneously the linear equations 

C} L = 0 
am 

81 = 0 
8b 

:The well-known equations: for :m arid b fol.low: · 
•:. 

where 

and. 

m = 
~ irXnYn - xy 

D 

1" 2 1 '. y . N t' Xn - x • N '>i XnY n 
b.= ~~~------~---------

·D 

1 
Y = -2:, Yn · 

.. : •... N, n 

To estimate the. error in x d}le-to an uncE:lrtainty Jyn, in y, we 

assume that all d.yn are .equal to a cbnstant J.y. Then 

(1) 

(2) 

(3) 

(4) 

(5) 

~6) 



(6m)2 = ~ ~;~\s;y)2 

~~+x2-2i2 
= ___ ..__ (cSy)2 

ND2 

(~y)2 
:,~~ 

ND 
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= '----'------ (~y) 2 
NI)2 

1 . 
= {cSm)2 • - 'Lx~ 

N 

(Sx)2 = ~ ~x dm + ax db )
2 

,8 .)2 . 
am ay ab ay ~ Y ' 

X = y-b OX = -{y-b) oX = 
m ' am ~' ab 

1 --m n n n 

2 (am) 2 [ 1 (I-b)2 (r-~1 
(ax) = ~ N ~ x~ + ~ - 2x \--;-)J 
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= ($m)2 (i 2-,~~~ '_ :~2·"]- .... 
--rr;2 LN .·... n ; ' . . 

E. Geometry 
.. . . 

It is assumed that the proton is emitted with spherical symmetry. 

The emulsion· has~ thickness t. before development, 'and a star is formed 
....... ··· . ' -!.' ·. '"i 

. . . ' . . 
at a distance x from the top of the emulsion. A fast proton leaves at 

an angle ¢x with the 'plane df the emulsion ari'd mu.st h_av:e a projection 

upon the plane of the emulsion of n6t le·ss than 1 in order to be cotinted. 

No particle within 121-J. (before development) of either emulsion surface 

is included, and n'ci proton all of whose length is within 24!1 (before 

·development) of; either surface is counted. 

: ;. 

1./·.·. 92 . 
:: - cos 

2 Gl .. 

•:. 

G
2 

= tan=l x 
1 

¢~¢ ~ '; 1 J(t::~2:_t2 + Jx;+J.2] 
.. . 

p = p b p dx _ 1 xdx 
{ 

G1 ~ ¢ =- G2 for} ~t-12 l'· t•l2 
J ro L. L = 12 

2 t-24 .- t-24 12 V x2+J.2 
12 - X - t - 12 
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-' {0 ~ ¢ ~ 92 for 12 ~ x <24 }*. 
P5 = Prob ~ 

. · 0 ~ ¢ ~ 91 for t - 24 < x ~ t - 12 

= .!_ 192 COS ¢d¢ :: _1, [ X - .(2] 
2 rr/4 2 -:jx2+£.2 2 

{ 
ri < ¢ ~ 92 for J.. < x .~ t - 12 } 

P = Prob 4 ~ 
7 9 L ¢ 1T f 1. L. n 

1 - <-
4 

or 2-:x<.K... 

i
t-12 

. = 2 P6 dx 
. t-24 
~-

= _1_ [lt-12 xdx • f2 Lt-12 dx J 
t-24 J x2+.Q_2 2 

'1 ~ 

= t=24 [ )(t-24)2+12 - {f (t-12+.9.) J 

In Table VI below, the significant probabilities are listed for 

each of the plates used. t' is the measured emulsion thickness; it is 
22 

multiplied by the shrinkage factor of 2.4 to get the original thick-

ness t .' N is the number of events which occur, while Nobs is the 

number of events actually observed. Obviously, Nobs = P3N - P5N - P7N. 

* · L¢L. L For the C-2plate only the case 0 - - 92 for 12 - x <24 is relevant, 
and P5 for that plate is 1/2 the value calculated from the expression 
given. 
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Table VI 
... 

Plate No.· t I(~) t(~) i(~) p p5 ~ . p7 
_N_· 

= 1 
i 

3 
Nobs P3-P5-P7 

22212 85 ·204. 86 ... 0.686 0.014 0.077 1 1.6~ . 
0.595 

. i .. 22009·. 7'5 180 .... 86 0.654 0'.016 0.060 1 1.7~ 
0.578 

22886· 99 238· .. 86 0.724 o.o'o6 0.098 1 1.6~ n?:'?n 

·c. Standard Dev'iations 

Assume that the grains·. of a track are uniform in size, spacing? 

and sensitivity. Fc>r the plates used in this- study; about 3 grains per 

·micron is a ,reasonable .. value. For a .4J~ s~g!I!ent, then,e;:there is a 

·. maximum number of 129 grains which. may be made developable with equ~l 

probability.· If K is the· mean number of developed grains per segmep.t, 

the probability that Kgrains are dev:eloped ina. segment is given by 

the (K·+ l)st term. of 

[
- ( - )]129 

. 1~9 + l ~ 1~9 . 

27 
The standard deviation of this distribution. is 

For a single measurement N, this becomes Cf = lN (1 - _!L' , as givep. in 
. \} 129} 

Section VI.· 

·If n· segments ·of. a track inclined a:t an angle ¢ have been measured 
.... 

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

total number of grains is. )nN(l -
1

t9n} . . The corrected number of 

grains per segment is then ~cos¢, 'and the standard deviation per 



·'-· 

segment 

I 
I 
I 

: cos-1 iJ. 
~ - . 
~X I ~. 
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D. Asymmetry 
~ 

Assume that particles of velocity ~2 are 

being emitted with spherical symmetry from a 

nucleus of velocity i31 (~1 < ~2 ) moving in the 

positive x direction. The x component of the 

~1 particle velocityin the.laboratory system is 

given by
28 

f.;x = ~l +~21-L , ·where iJ. = cosine of the. angle between the 
l+,bl~21J. __,._ ~ _... 

vectors /!l1 and p2, and (3 1 and ~2 are the magnitudes of the vectors ~1 

and {;2. flx will be zero ·when 1J. = -~. If 1J. -<::-- ~l , the particle will 
(32 (j2 

be emitted in the negative x direction, while if IJ.> -'h_, the particle 
I ~2 

will travel in the positive x dire'ction. As a consequence of spherical 

symmetry, all intervals (IJ., 1J. + d!J.) are equally probable. Therefore 

the ratio Reale of particles emitted in the direction ofthe recoiling 

nucleus to those emitted in the opposite direction is given by 

R calc 



-35""' 

f3;t~l- ~[-'~i ~~1~ 2] 

;: ~2-t>.t. ~1[ -~·~1~2 r 
. ~2+(31 

· •· Reale·= r;
2

-{jl 
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Figure Captions 

1. · Sclieinatic.diagram of apparatus for exposing plates 

2. 

3. 

4. 

5. 

6. 

7. 

Grain density vs •. ~ for various depths in ~mulsion (G-5 plate No. 

22212). Ep is the energy of a proton .with the grain density given. 
. .·. 1 
Grain density vs •. ·JF; for G~5 ·plate No. 22212. 

Correction for. depth in emulsion for G-5 plate No. 22212. 

Grain 
., . . . . 1 . 

c~2 plate No. 22886. dens~ty vs •.. ~for 
. p 

Correction for depth in emulsion for C-2 plate No. 22886. 

Standard deviation of least squares straight line for G-5 plate No. 

22212. 

8. Standard deviation of lea:st squares straight line for C-2 plate No. 

22886. 

9. A. Photomicrograph of meson track· taken at various velocities in 

G-5 plate No. 22009. A proton at the same velocities would have 

the grain densities and energies shown. 

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

C. Meson star with single prong, a 55 Mev proton. An electron is 

also associ'ated with this event. 

10. A. Photomicrograph of meson track taken at various velocities in 

c..,2 plate No. 22886. A proton at the same velocities would have 

the grain densities and energies 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. 

11. Energy spectrum of emitted protons of energy greater than 20 Mev. 

12. Prong spectrum of emitted protons of energy greater than 20 Mev. 
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