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THE CERTIFICATION OF THREE OLD COSMIC RAY 
EMULSION EVENTS AS rf DECAYS AND INTERACTIONS 

Luis W. Alvarez 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94 720 

ABSTRACT 

In the "pre-accelerator years," when large stacks of emulsion 

were exposed to cosmic rays at high altitude, three events were found 

in which K mesons were emitted from slowly moving particles. The 

rf is the only presently known particle that can give rise to a K- when 

moving at non-relativistic speed, but none of the three events has 

until now been clearly identified as ann-. One of the cosmic ray 

events (Eisenberg, 1954) has been incorrectly interpreted as an n-

decaying in flight; it is now shown to be an interaction in flight of an 

n- with a silver nucleus. The second event is a clear-cut example 

of ann- decaying in orbit, bound to an emulsion nucleus. The third 

event is quite complicated, but can be unambiguously attributed to 

h d - 14 t e ecay of ann atomically bound to anN nucleus, followed by a 

collision of the daughter A with the N
14

, in which the latter fragments 

. c13 1nto + P• The mass of the n-as determined by each of the last 

two events (Fry, et al, 1955) agrees with the mean of all bubble 

chamber events. 
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I. Introduction 

1 
In 1962, when Gell-Mann predicted the properties of then-, 

including its unique decay mode into a K- meson, three cosmic ray 

t k 2 • 3 • 4 h ld "1 even s were nown t at cou most eas1 y be explained by the 

decay of a heavy hyperon into a K meson. The hyperon masses 

calculated from the two cleanest events (Eisenberg, and Fry No. 2) 

differed by about 50 MeV, when the errors could scarcely have been 

more than 2 MeV in either case. The third event (Fry No. 1) ~as 

complicated by a pair of related "evaporated prongs" that made the 

interpretation unclear, and the mass apparently uncertain by about 

20 MeV. 

Many high energy physicists believed that the Eisenberg particle 

was ann- decaying in flight into K- + A; it is still so listed in the 

latest Particle Data Group's tabulation. 
5 

The two Fry events have 

been largely forgotten or ignored; at least the present author is unaware 

of any critical analyses of these events as possible n- events. 

This study was undertaken to ascertain if all three events could 

be explained in terms of known particles, or if some new particle or 

process was required. It will be shown that: 

1. The Eisenberg particle is definitely not an n- that decays in 

flight; it is ann- that interacts in flight with a silver nucleus, giving 

the reaction 

n- + Ag -+ K + 2: 0 + Ag (1) 

2. Fry's second event is a very clean example of the decay of 

ann- at, or nearly at rest. Fry concluded that the hyperon had come 

to rest, in which case its mass would be 1670.6 ± 1 MeV. If we allow 

the n- to have the momentum characteristic of a circular orbit with 

n = Z = 6, 7, or 8, its mass, as determined by the energy of the K-, 
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is consistent with that of Fry No. 1 and the mean of all Bubble Chamber 

rf• s. (1672.5 :£: 0.5 MeV). 

3. Fry's first event is the decay of an rf that is atomically 

. 14 
bound to aN nucleus. The A from the decaying rf then splits the 

14 . 13 
N mto C + p and one can account in detail for the energy and 

momentum balances in this complicated event. This event gives a 

value for then mass that is more accurate than most single bubble 

chamber events: Mn-- = 1672.1 MeV. With the aid of hindsight, it 

seems probable that had the Eisenberg event not been observed, the 

two Fry events would have been correctly used as a confirmation of 

the SU(3) prediction. The true n- mass would then have been known 

two years before then- was unambiguously discovered in both produc

tion and decay modes, by the Brookhaven Bubble Chamber. group
6 

in 

1964. But the apparent simplicity of the Eisenberg event, when 

incorrectly interpreted as a decaying n-, led to the confusing situation 

that is resolved by the following analyses. 

II. The Eisenberg Event 

In 1954, Eisenberg 
2 

found an unusual event in nuclear emulsion 

exposed to cosmic rays at 100,000 feet. He interpreted it as the decay 

in flight of a heavy negatively charged hyperon into a K meson plus 

an unobserved neutral particle, most probably a A. He estimated the 

kinetic energy liberated in the decay to be very nearly 5 MeV, which 

yielded a mass of 1625 for the heavy hyperon. 

In 1962, when Gell-Mann 
1 

predicted the properties of then-

from the measured properties of the .C:..(1238), I;(1385) and E(1530); 

his estimate of then- mass was 1685 MeV. In view of the uncertainty 

in the mass of the newly discovered E (1530) and in the validity of the 

untested rule of "constant mass difference" between members of an 
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SU(3) decuplet, the predicted mass of then- could easily have been 

as high as 1691. Eisenberg' s particle would have a mass of 1691 and 

the required strangeness of -3 had it decayed through the reaction: 

· n-- !:0 + K- .5 MeV (2) 

In view of the remarkable agreement between the predicted •· 
properties of the n- and the observed properties of Eisenberg's 

particle, the latter was widely believed to be a ready-made confirmation 

of the SU(3) predictions. In announcing his prediction, Gell-Mann 

said, "Perhaps it would explain the old Eisenberg event." 

When the n- was discovered at Brookhaven, 
6 

the Eisenberg 

particle was mentioned in a footnote as follows: "A possible example 

of the decay of this particle was observed by Y. Eisenberg. " 

The most recent compilation of the Particle Data Group
5 

lists 

the Eisenberg particle as the first observed n-. However, in order to 

make the assignment credible, the mass error was arbitrarily in-

creased several fold to 25 MeV, and even so, the Eisenberg particle's 

(decay) mass was 2 standard deviations from the measured n- mass. 

(The relatively close fit between the predicted n- properties and those 

of the Eisenberg particle, mentioned earlier, is no longer relevant 

since the tf is· known to be not massive enough to decay via the 

I:: 0 + K- channel.) 

Since the mass of then- is now known from about 30 bubble 

chamber events to be 1672.5 :£: 0.5 MeV, we can look at the Eisenberg 

particle in a new light, and ask the question, "Can this particle be 

explained as ann- decaying in flight?" As will now be shown, the 

answer to this question is an unequivocal, "No." That conclusion then 

leaves one in the interesting position of having an apparently clear-cut 

example of the decay of a heavy hyperon never seen at an accelerator 
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laboratory. Eisenberg estimated the energy of the primary particle 

responsible for the "star" in which his particle was produced to be 

about 30 GeV so we can't ascribe its non-appearance in the laboratory 

to "insufficient beam energy." The non-appearance of the Eisenberg 

particle in the laboratory has therefore been a largely un.recognized 

paradox, which is now resolved below. 

III. Proof that the Eisenberg Particle is not an rf Decaying in Flight 

Figure 1a is a schematic drawing of the Eisenberg event. The 

track from A toG is an unambiguous K- meson which comes to rest at c 

and makes alar ge "star. " The 1 0'" bend in the track from B to C appear

ed at first to indicate the scatter of a K- emitted from the primary star at B; 

there was no apparent change in grain density, although a measurement 

later showed that the grain density might have decreased by 10% 

(velocity increased by 5%) at the point A. The bend at A was given 

significance when Eisenberg showed that while the mean scattering 

from A to C was consistent with that of a K meson, the mean scattering 

from B to A was less than that of a K meson, by 11 standard deviations, 

and consistent with that of a hyperon. Since the velocity change at A 

was so small, the Q of the decay was evaluated directly from the 

transverse energy of the K in the center of mass system, that gave 

rise to the 10° bend. On the assumption that only one neutral particle 

was emitted in the decay, the Q was found to be about 5 MeV, regardless 

of the mass of the neutral, which had to be baryonic to explain the 

scattering measurements. 

We now attempt to fit this event to the decay of an rf at A. The 

measured range from A to C is 2.19 em, so the K- had a laboratory 

energy of 62.5 MeV and a laboratory 13 of 0.461 when emitted at A. In 

the C. M. of a decaying ~r, the 13 of the K- is 0.393. The 13 of an 
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rf that would decay into a K of the observed range is then nearly the 

difference between 0.461 and 0.393, or actually 0.0824. Such a particle 

would appear as a "black track" in nuclear emulsion and quite obviously 

different from the "3 times minimum" grain density of the K track. 

This qualitative discrepancy constitutes the proof that the Eisenberg 

particle is not an rf decaying in flight with the ejection of a K- in the 

forward direction, as Eisenberg believed it to be. 

There is still the possibility that the hyperon could have been 

going fast enough to eject the kaon almost backward. The required 

13 of the rf is then, ignoring the 10° deflection: 13~-f = 0. 723. To show 

that such a high value of 13 is not compatible with the measurements 

made by Eisenberg, we can examine his second figure, reproduced 

here as Figure 1b. Rather than calculate the expected grain density 

for a track made in Eisenberg' s emulsion by a particle with a 13 = 0. 723, 

we will simply note that Eisenberg also plotted grain density vs. resi-

dual range for pions; this is the diagonal line at the bottom left hand 

corner of Figure 1b. Since grain density is a function only of 13, and 

not of the mass of the particle making the track, we can note the values 

of 13 corresponding to 4 marked points on Figure 1b. The following 

numbers have been added to Eisenberg's figure: A kaon with a 1 em 

residual range has 13 = 0.379, a kaon above the arrow at A has 13 = 0.461, 

a pion with 1 em range has 13 = 0. 517, and a pion with 1 .5 em range has 

13 = 0.564. All points inside the graph then refer to particles with 

values of 13 from about 0.35 (at the top edge) to about 0.58 (at the bottom 

edge). Therefore, if track BA were made by a particle with 13 = 0. 723, 

the three points identified by the bracket near the right center of the 

diagram as K 1 would have been moved downward and off the bottom 

edge of the diagram. This second qualitative discrepancy completes 
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the proof that track BA is not an n decaying in flignt. 

IV. Identification of the Eisenberg Particle as ann- Interacting in Flight 

The "fast reaction" 

n- + nucleus -+ ::; 
0 + K- + nucleus (3) 

has an energetic threshold, ignoring momentum conservation, when 

ET(n-) = Mzo + MK-. Such a"threshold-rf"has a kinetic energy of 

136.0 MeV. Since an additional 62.5 MeV is visible in the K- at point 

A, the threshold kinetic energy for reaction (3) in the Eisenberg emulsion, 

again ignoring momentum conservation, is 198.5 MeV. The energy of 

ann- at A, as_:uming its velocity to be that of the K- at A, is 211.7 

MeV, which is 13.2 MeV above the threshold for reaction (2). If one 

takes then- velocity to be Eisenberg's favored value of 95 o/o of the K

velocity, its corresponding kinetic energy is 187.4 MeV, which is 

11.1 MeV below threshold. But since Eisenberg said explicitly that 

there was no significant velocity change at A, we can assume f3n- to 

be 0.4605, the known value for a K- with its measured range. Reaction 

(2) can then proceed, if we can find a way to absorb the excess 

momentum of the incident n-, without requiring the expenditure of 

much kinetic energy Fortunately, we can solve the energy and 

momentum mismatch by invoking the aid of a heavy nucleus such as 

one of silver or bromine. Such invocation also solves the final 

problem, which can be expressed as, "How does one hide the dead 

body ? " This latter reference is to the track of a charged particle 

that took up the missing momentum, or to the track of a residual 

nucleus from which a neutron had been knocked to balance the momen

tum vectors. Perhaps the main reason that Eisenberg assumed his 

heavy hyperon was decaying rather than interacting was that no "blob" 

or "stub" appeared at point A. For the heavy recoiling nucleus to be 
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invisible in the emulsion, it must make a "track" with a range less 

than 0.5 f1, the diameter of a single grain; this condition is met in the 

analysis below. 

In Figure 2, we see the visible momentum vectors, p0- and 

pK-' with values of 867.7 and 256.2 MeV/c, respectively. The 

magnitude of the momentum vector required to close the triangle is 

617.0 MeV /c. Table I lists 5 ways in which the available 13.2 MeV 

can be split between the K. E. of a Z 0 and of a silver nucleus. In 

each case, the momenta of the two particles are tabulated, as well 

as the sum of their absolute values. The overall reaction can satisfy, 

both the momentum and energy conservation laws for any entry in 

which the sum of the absolute values of the Z0 and nuclear momenta 

is greater than the missing 617.0 MeV /c. Table I shows that the 

conservation laws can be satisfied if the kinetic energy given to a 

heavy nucleus is greater than 1.0 MeV. (A similar table was 

constructed for a "shared kinetic energy" of 7.5 MeV, rather than the 

13.2 MeV of Table I. The minimum kinetic energy given to the Ag 

nucleus to satisfy momentum conservation was thereby raised only 

to 1.185 MeV. This calculation shows that one can allow the f3 of the 

n- to be less than that of the K-, and still account for the event via 

equation 3.) The range of a 1.25 MeV Ag ion in nuclear emulsion is 

less than 0.5 micron, so such an ion should make at most one develop

able grain. 7 (Although a Br nucleus could take up the required momen

tum, it would probably have shown up as a "blob"); any emulsion 

nucleus lighter than Br is ruled out on two counts: 1) if it had the 

required momentum it would surely have made a track -- 2) not 

enough energy is available to give the required momentum to such a 

light nucleus. ) 

.· 

• 
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One can therefore conclude that the Eisenberg particle was an rf 

interacting in flight according to equation 3. The interaction could 

involve either a single neutron or proton on the surface of the silver 

nucleus, or it could involve the nucleus as a whole. Although one can 

say with certainty that the mass of the Eisenberg particle is now 

consistent with that of the rf , it does not seem useful at this late date 

to try to assess the mass error that might have been assigned to it had 

it been originally correctly identified as an rf interaction. 

V. General Discussion of the Two Fry Events 

Figure 3 shows the rather complex "First Fry" event, 
3 

and 

4 
Figure 4 shows the exceedingly simple "Second Fry" event. In each 

>·~ of these events, a "stopped heavy particle" emits a negative K meson 

"'-· 

.. 
• 

with very nearly the energy we would now expect to see from an rf 

decaying at rest. Fry, Schneps and Swami 
4 

conclude their second 

article with these remarks: "It is interesting to note that the kinetic 

energy of the K-meson in this event (42 MeV) is nearly the same as in 

the previously reported event (43 MeV). It is possible that these two 

events are due to the same unstable particle." Again, with the aid of 

hindsight, we can conjecture that if the first Fry event had not been 

complicated by the improbable secondary interaction of the A, the 

two events would have been recognized as the decay at rest of the 

same negatively charged hyperon with a mass of 1672 MeV. Had 

that been the case, the famous Brookhaven rf of 1964 would merely 

have confirmed for the third time the existence of Gell-Mann' s pre-

dieted particle. 

We may now ask, "Is there any significance to the fact that the 

K mesons in the two Fry events have energies slightly different from 

the expected 43.26 MeV?" For Fry' s 42 and 43 MeV Kaons, the 
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.6.j3' s relative to the canonical 43.26 MeV Kaon from an rf at rest are 

.0051 and .0011 respectively. The characteristic j3 for an rf in the 

nth circular orbit about a nucleus with atomic number Z is 

j3 = aZ = 0.0073 ~ 
n n 

Since Wiegand 8 observes L- X-rays from atomic orbits with n ~Z 

the .6. j3 1 s observed in the two Fry events are interpretatble as 

"Doppler shifts" in the decay of n-, sin atomic orbits about carbon, 

nitrogen or oxygen nuclei. 

(4) 

We will return later to discuss Fry's practice of rounding all 

measured energies and momenta to the nearest unit; this practice will 

loosen the constraints on the energy and momentum balances, to 

permit a perfect fit to both Fry events. 

A second important question concerns the probability of decay 

of ann- in atomic orbit about a C, N or 0 nucleus. Particle physicists 

have an intuitive feeling that with the exception of the muon, negative 

particles have a negligible probability of decaying at rest, or when 

atomically bound to a nucleus. Since the two Fry events are being 

interpreted as decays of rf hyperons under such circumstances, it is 

appropriate to counter such intuitive notions at this time. No one has 

measured the cascade time of hyperons in any material, but there are 

two independent experimental measurements of the "cascade time" for 

9 a K meson in the field of a helium nucleus. Block, et al. found 

-10 10 . 
Tc = (2.4 ± 0.4) X 10 , after Day had pred1cted a very much 

shorter cascade time, invoking some of the "Stark mixing" that had 

played such an important role in the analysis of K + p and p + p 

t Bunnell et al. 
11 

d h f f K even s. repeate t e measurement o Tc or in 

helium, using only the easily identifiable 31T decays of the K-, and 
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found Tc = (3.2 ± 0.5) X10- 10 sec. Alth h h oug t ere is no simple 

formula to co t nver measured cascade times of K- in helium to 

predicted cascade times for rf in nitrogen, it should be apparent that 

the latter is not exceeding short compared to the lifetime of the n-; 

T
0

= 1.3 X1o- 10 sec. 

Day gave arguments to show that the cascade time of K- mesons 

in helium should be appreciably shorter than one would expect from 

extrapolation of the cascade times in atoms with higher z, but not 

nearly so short as the cascade time in hydrogen. Since hydrogen and 

helium are therefore "special cases," one should use a longer time 

than the measured cascade time of K- in helium (T "" 3 7 -) as the 
c [2 

"corrected cascade time of kaons in helium," from which to extrapolate 

to the cascade times of [2- hyperons in c, N or 0. If we are conserva-

tive and.assume the "Day factor" for helium to be only 3 (Day thought 

it was much greater), we start from the assumption that kaons in 

helium should have a cascade time of about 10 n- lifetimes. As will be 

seen later • no problems arise in explaining the observation of two [}.

decays in atomic orbit, unless the cascade times of n- hyperons in 

light nuclei are considerably shorter than 1 o/o of the [}.-·lifetime. This 

allows us a safety factor of more than 1000 (10/0.01) in extrapolating 

from "corrected cascade time of K- in helium" to "allowable cascade 

time of 0- inN·" We will then simply assume from now on that 

an increase of 3.5 in Z (from He to N), and an increase of 3.4 in 

mass (from K- to 0-), will not give rise to a decrease in cascade time 

of more than a factor of 3000. 

A third important question concerns the lack of emulsion evidence 

for 1) an 0- decaying in flight, or 2) an rf interacting at rest. In all 
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of the cosmic ray-exposed emulsion scanned to date, no examples 

of an 0- decaying in flight, or interacting at rest have been seen. How 

could emulsion scanners have missed these two more probable fates 

of 0- hyperons, and nonetheless found the much less probable events 

discussed in this analysis -- an interaction in flight, and two decays 

at rest? The answers to these questions are to be found in the 

"scanners' instructions" formulated by Eisenberg and by Fry et al. 

E' b 12. . 1sen erg Instructed his scanners to look for stopped K-·mesons, 

which were then traced back to their places of origin. The scanners 

recognized a stopped K- meson either from the energetic star it made 

(as in the "Eisenberg event"), or from the characteristic scattering 

and grain density variation near the end of the range, if it made no 

star. According to Eisenberg, an experienced scanner could tell by 

looking at the end of a K- track that it was obviously not a 1T- track, 

and probably not a proton track. To be sure that it was not a proton 

track, the scanner would then look one field of view away from the 

track end. If the track were due to a K- meson, it would then obviously 

have a lower grain density than a proton with the same residual range. 

Eisenberg's scanners would then have missed all [2- interactions 

at rest, since none of these give K- mesons. An [2- interacting at 

rest with a nucleon makes one of the following reactions 

;:::o + A (Sa) 

;:::- + A (5b) 

No other scanners saw examples of these reactions in the many years 

during which cosmic ray-exposed emulsion was being carefully scanned. 

Reaction 5a would be interpreted as a deuteron coming to rest, since 

Md = 1876, ~- = 1672 MeV, and "nothing happens" at the end of the 

• 
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rf range. If reaction Sa occurred on a proton in a nucleus, evapora-

tion prongs might emerge, but they would probably not have excited the 

interest of either the scanner or the physicist supervising the scanner. 

Reaction Sb would most probably be interpreted as the uninteresting 

decay at rest of a~+ into p + n°. Again, the appearance of evapora-

tion fragments would not make the event look interesting enough for 

further study. One might suppose that the interaction of the ;!:C at 

rest (from reaction Sb) would alert a scanner to a "chain of events." 

But the Q value of the interaction: 

;:::- + p -- A + A ( 6) 

is only 27.86 MeV. (No fast reaction is energetically possible for a 

:=:- at rest and a neutron.) If reaction 6 occurred on a free proton, the 

:=:- would look to a scanner like a stopping proton -- no reaction 

products would be visible at the end of the stopped :=:-. If the :=:-
interacted with a proton in a light nucleus such as C, N, or 0, the 

low Q value coupled with the energy required to liberate the proton 

from the nucleus would leave little energy, if any, to form evaporation 

fragments. In fact, if each A were given 5 MeV in reaction 6, 

12 16 
C and 0 could not show any evaporation prongs after reaction 6 

had taken place on one of their constitutent protons. Under these 

conditions, the scanner would certainly dismiss the stopped, inter-

acting ::: as an uninteresting stopped proton. 

If one goes through a list of all possible decay modes of an n-

in flight, there is always an "uninteresting decay process" that mocks 

up fairly well the behavior of the n- decaying in flight. For example, 

n- --::; 0 + n- gives a pion with a C. M. j3 of 0.902, to be compared with 

the C. M. j3 of the pion from ~ +-+ n + n-, which is 0 798. 

-14-

n---::: + n° gives a baryon with C.M. j3 of 0.213, to be compared with 

+ • 0.198 for~ -+ p + ;r
0

• To measure the actual C. M. j3 in a decay in 

flight, one must make careful measurements on two tracks, perform 

the proper relativistic transformations, and often end up with two 

different allowable answers. For these reasons, it is reasonable to 

believe that a scanner would simply make the observation, "This is 

probably a------ decaying in flight," and move to the next field 

of view. This would explain why connected decays s_uch as n---:::---n-

would not have been seen. It is a time-consuming task to trace a track 

through several pellicles, so whenever one can make himself believe 

that a track is "not interesting,,; he will continue to -scan, rather than 

follow the track through several pellicles to its source. 

Fry's first paper starts with a sentence that implies the instruc-

tions to his scanners, "In the course of a systematic search in cosmic 

ray plates for excited nuclear fragments, an event was found·--." So 

Fry's scanners traced from the beginning to the end of K tracks, 

· or just oppositely to Eisenberg' s scanners. For this reason, they 

would have missed the events discussed in the preceding paragraphs. 

A final question concerns the number of n~ particles one might expect 

expect to have been produced in the "emulsion years," before the 

large accelerators took over from the cosmic rays, and the bubble 

chambers later displaced the emulsion stacks as hunting grounds for 

new particles. Non- hyperons have yet been brought to rest in liquid 

hydrogen bubble chambers, but two such occurrences are discussed 

in this paper. This disparity is explained in terms of three differences 

between the two media. Bubble chamber n- productions have all been 

initiated by high energy negative kaons. The high energy is needed 

because two kaons of positive strangeness must be produced along 
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with then-, and the interaction takes place on a free proton. The 

C. M. velocity is therefore high, so the produced n- has a range in 

liquid hydrogen long compared to its "decay length." In emulsion, the 

two stopped n- particles of Fry were produced on heavy nucl.ei'(many 

"' 
heavy prongs from the primary stars), and by neutral primaries. 

Each of these departures from bubble chamber practice can contribute 

to the production of an rr with an energy low enough to permit stopping 

in the rriuch denser emulsion, before decay can take place. 

The two Fry events were most probably produced in heavy nuclei 

via the reaction 

(7) 

Since we start with -2 units of strangeness rather than the -1 of the 

bubble chamber negative kaons, we need less CM energy to produce 

a single, rather than 2 K+ or K 0 mesons. In the second place, the 

heavy nucleus is available to absorb the momentum of the incoming 

particle, so the outgoing rf can have any laboratory energy greater than 

zero. In fact, in Fry 1, the rf has a range of only 9 microns, so its 

laboratory energy was only 1 MeV. In Fry 2, the rf had a range of 

44 microns, or an energy of 2.8 MeV. 

To return to an estimation of the probable number of fJ- particles 

produced in the emulsion years, we make use of some "educated 

guesses." The cosmic ray exposure of emulsion probably amounted 

to several thousand liter -days. To estimate the number of events of 

a particular kind, we must know the energetic threshold, since the 

b f . b . f 11 E-1. 6 W 1 num er o cosm1c rays a ove a g1ven energy a s as e a so 

need the effective cross section, including the contributions from all 

secondary interactions -- the two Fry events were produced by neutral 

secondaries. 
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If we can use effective cross section of 1 microbarn, and a 

threshold of 10 BeV, we expect 25 events per liter day. So, with an 

exposure of 4000 liter days, (Eisenberg
12 

estimated 5-10, 000) we 
. 5 
would predict that 10 Qparticles were produced. It is therefore not 

surprising that 2 n- decays at rest were observed, given the earlier 

evidence for the cascade time of ht:avy particles in atomic orbits. 

V. The Second Fry Event 

In view of what has been said so far, the interpretation of this 

event is simply that ann- made in a heavy nucleus by a ::; 0
, slowed 

down and then cascaded into an atomic orbit of relatively low Z and n, 

and decayed. The velocity of then- in its atomic orbit is reflected in a 

slight departure of the observed negative kaon' s kinetic energy (42 MeV) 

from the canonical 43.3 MeV. Fry suggested as one possibility that 

his particle was a hyperon with mass greater than 1475 MeV, its mass 

if the neutral decay fragment were a neutron. If we assume the neutral 

to be a A and assume that the fJ- is decaying at rest, we obtain ann-

mass equal to 1670.6. 

VI. The First Fry Event 

Figure 3 is a schematic drawing of "Fry No. 1." A neutral 

primary (probably a ::: 0
) produces a multipronged star, from which a 

short black track emerges. This track 1 "exhibits all the character-

is tics of the last few microns of a stopped nuclear particle. We 

conclude that the particle stopped or was of very low velocity." 
3 

From the end of track 1, three tracks emerge. Track 2 is a 

proton, deuteron or triton, with a range of 583 microns. We shall 

assume that the track was made by a proton with an energy of 10 MeV; 

the event cannot be explained in terms of ann- if track 2 was made 

by a deutron or triton. Track 1 is too short to be identified by any 

.-
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measurement confined to that track itself. We shall identify it as 

a recoiling C 
13

, from the reaction: 

. f4 I f3 
A+N -+A +C +p (8) 

and show that only this particular assignment is consistent with track 

1' s observed behavior. Finally, we will show that when Fry drew 

Figure 3' he gave track f its proper range but showed it being emitted 

in a direction different from its actual direction as observed in the 

original emulsion. Since Fry identified track 1 as a 11 short recoil, " 

he would not have deemed it important to specify its exact direction. 

But since in the analysis to follow, this track is identified as a recoil 

c13 
h ' w ich carries off a crucial momentum component, its direction 

is unambiguously predicted, but that direction conflicts with Fry' s 

drawing. One of the most convincing aspects of the analysis is that 

since the present writer was so sure that the analysis given below was 

correct, he felt certain that Fry had (in making the drawing) performed 

what would have seemed to him an unimportant "editing" of the event. 

This was confirmed when closer attention·was paid to a sentence in 

Fry' s report that did not at first appear to be important. This 

remarkable confirmation of the analysis will be explored later in this 

section, and is illustrated in Figures 5, 6, 7, and 8. 

To return to Figure 3, track 3 is identified by four criteria as a 

K meson, and since no decay particle is visible at its end, it is 

assumed to be negatively charged. Its measured kinetic energy (from 

its range) is 43 MeV; the C. M. kinetic energy of a K f d · rom a ecaymg 

is 43.26 MeV. The coincidence of these two energy values strongly 

suggests that Fry No. 1 is an rf decaying at rest. 
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The probability that the A from the decaying rf in Fry No. 1 

should strike the nitrogen nucleus, giving tracks 1 and 2 in Figure 3 

is small, as we shall now see. Single rare events are not a cause of 

real concern to an experimentalist, but a single event whose explana-

tion requires two rare processes must be viewed with great suspicion. 

For example, no one suggested that anything was wrong with the first 

Brookhaven n-, even though both y rays from the 1r
0 

converted in the 

6 hydrogen. Each y ray converted after traversing about 1 foot of 

liquid hydrogen, which has a radiation length of about 30 feet. So the 

probability of this signature showing in the first n- decay observed is 

-3 only about 10 It will be shown later that the probability of the A 

striking the N 14 nucleus in Fry No. 1 is about 0.4"/o. Now that the 

discussion in Section IV has eliminated the decay at rest from the 

"very rare" category, we can proceed with the analysis of Fry No. 1 

without apology; its n- now exhibits only one 11 rare feature" -- the 

subsequent interaction of its A decay product. 

In order to explain tracks 1 and 2, we must introduce a nucleus 

into the event. If this nucleus were involved in the actual decay, one 

would not expect the K- to have its canonical decay energy of almost 

43.3 MeV; a calculation of this energy value involves the recoil of the 

K against a free A. However, then- must have been very close to 

the nucleus at the time of decay, so it was no doubt bound in a "Bohr 

orbit" about the nucleus. The argument here is that the energy needed 

to break up the nucleus must have come from the recoiling A; the K-

retains all its canonical ene~gy. As an illustrative example, the chance 

. that a A. would strike a nitrogen nucleus that was one Angstrom away is of 

the order of 10-9 . But ifthe n- were bound in a circular orbit about a nitrogen 

' nucleus, the probability tlG.t the A would collide with the nucleus is greatly 



-19-

increased. For an rf in the nth circular orbit about a nucleus, the 

probability of collision is proportional ton - 4 . Wiegand, who has 

seen ~- X-rays from light atoms, estimates that rf hyperons "should 

survive down to n = 4 or 5 in nitrogen, assuming that the rf and ~

interact equally strongly with nuclei." 8 The probability that an n-, 

decaying in the n = 4 circular orbit around a nitrogen nucleus will 

yield a A that subsequently strikes the nucleus is about 0.4o/o. 

We will now calculate the energy and momentum balances in such 

a collision, and show that there is only one possible solution that fits 

the measured properties of the secondary star at the end of the n

track. The A (from ann- at rest) has a kinetic energy of 19.8 MeV, 

so we must use no more than this amount of energy in 1) breaking up 

the nucleus, 2) giving the observed 10 MeV of kinetic energy to the 

proton, (track 3), 3) giving kinetic energy to whatever it is that makes 

the short stub (track 2), 4) giving some finite kinetic energy to the 

recoiling A, and 5) conserving overall momentum and energy. It is 

not difficult to show, after adding and subtracting an appropriate 

sample of masses of the isotopes, 13 that no solution of the form: 

(9) 

is energetically possible, for any constituent of nuclear emulsion, if 

we add the required kinetic energies (from the measured ranges of 

tracks 1 and 2) to the right hand side of equation 9. (The 2 silver 

isotopes come close, but still do not satisfy equation 9, with the 

emission of an a particle. All other possibilities are excluded by large 

energy imbalances.) This statement takes no account of any extra 

energy that might have to be given to some nucleus, in order to balance 
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momentum; such additional energies make it "more impossible" to 

satisfy equation (9). 

We can reduce the energy that is expended in .breaking up a 

nucleus by having it come apart into two pieces, rather than into the 

three shown in equation (9). The reaction would then be 

(Q ~ 19.8 MeV)+ ZA ..... p +(Z-1 )(A-1) (10) 

Of all the constituents of nuclear emulsion, only N
14 

..... p + c13 
permits 

energy to be conserved; The following atomic masses 
13 

are needed: 

N 14 =14M. U. + 2.864 MeV 

Initial energy 

p 

T 
p 

Final energy 

19.814 MeV 

14M. U. + 22.678 MeV - E. 
1 

13 M. U. + 3.125 MeV 

1 II + 7.289 MeV 

10.000 MeV 

14M. U. + 20.414 MeV= Ef 

K.E. available to share between c13 
+ A• = 2.264 MeV-= Ei- Ef 

If we give all this kinetic energy to the c 13
, it will have p = 234.1 

MeV /c. (Since we are pressed to develop the greatest momentum from 

the available kinetic energy, we start out by giving essentially all the 

available kinetic energ·; to the c13
.) 

We were encouraged to find that a c 13 
recoil with an energy of 

2.26 MeV has a range of 3.3 fl. in emulsion, corresponding to the 

(poorly defined) range of track 1 in the emulsion, estimated to be 3 fl.. 

But an examination of the momentum diagram (Figure 5) showed two 

discrepancies: The momentum that must be added to the proton 

momentum to make the sum equal to the original A momentum cannot 

quite be supplied by the c 13 recoil. From a measurement of Fry's 



·. 

• 

-21-

drawing (Figure 3), we find the proton-K- angle to be 65°; this makes 

the missing momentum equal 296 MeV jc, whereas the calculated 

value of the c13 
momentum is only 234 MeV /c. This is close enough 

to encourage one to look for possible energy or angle errors that 

could bridge the gap between 234 and 296 MeV /c. But one feature of 

Fry's drawing seemed to rule out the 

A+ N14_ A• + C13 + p 

explanation with absolute finality. Even a cursory examination of 

(11) 

Figure 3 shows that track 1 has a momentumcomponent opposite to that 

of the K-, plus one perpendicular to the direction of the K-; this 

transverse component is parallel (rather than anti-parallel) to the 

direction of the proton tra/k 2. Figure 5 shows. that the c13 
recoil 

must have its transverse momentum component anti-parallel to that 

of the proton. 

For some time, this qualitative disagreement seemd to "shoot-

down" the explanation that otherwise agreed so well with the physical 

evidence. The writer was about to call Professor Fry to see if by 

c'hance, he had redrawn the direction of track 1, to make the picture 

a bit cleaner. But then, a closer reading of Fry' s paper gave the 

clue that showed that the drawing had indeed been "edited for clarity." 

The following sentences, 
3 

which until the moment being discussed had 

never seemed to be relevant, how assumed great importance: "The 

residual momentum of the three charged particles" (tracks 1, 2, and 

3) "is about 200 MeV /c if one assumes that the recoil particle is an 

alpha particle and track 2 is a proton track. -- A single neutron of 

this momentum will have an energy of approximately 20 MeV." These 

sentences indicated that Fry was treating the "excited fragment" as 

an exotic hyperfragment such as 
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6 * 4 -(He ) -+ He + p + n + K 

Figure 6 shows the momentum diagram referred to by Fry, in the 

two sentences quoted above. Fry assumed that the 3 J.L-long track 1 

was an a-particle with an energy of 0.8 MeV, which has a momentum 

of 77.2 MeV jc. The three measured momenta and their approximate 

directions relative to that of the K- are shown in Figure 6. A dotted 

circle with a radius of 200 MeV /c (Fry's resultant) is also shown. 

Fry reports that the vector sum of pK-, pp' and Pais 200 MeV /c. 

The gap between point A' and the nearest point on the circle shows 

how far the resultant vector disagrees with the quoted value of 200 

MeV jc, if one assumes that the "a particle" momentum vector ends 

at A or A', as Fry shows in Figure 3. It is clear that we can make 

figure 6 conform to Fry' s description if we change the a-particle 

direction to end at B or B' , and increase the angle between K and 

proton from 65° to 76.3°. The redrawn momentum diagram is shown 

in Figure 7. This figure must approximate rather closely the one 

drawn by Fry, and used as the basis for his statement that the 

resultant momentum of the K-, panda was 200 MeV /c. One can see 

that this diagram fixes the direction of track 1 (the a ) rather closely; 

for the a particle to depart appreciably from the indicated direction 

(anti-parallel to the sum of the K- and p momenta), the angle between 

K- and proton would have to be increased still further from the 

measured "projected angle" of 65 o. 

We can now convert Figure· 7 to a properly labeled momentum 

diagram, Figure 8. We note with satisfaction that the required 

momentum of the c 13 recoil has been reduced from the 296 MeV /c 

required by Figure 5 to 277 MeV /c. (We are for the moment neglect-

ing the energy and momentum of the recoil A in Figure 7.) 
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The reader is probably confused at this point by the several 

momentum diagrams, and the energy balance calculations, so it is 

worthwhile to recapitulate the points made above: 

1) The energy balance calculations show that the initial reaction 

is: (12) 

with this reaction taking place in a circular orbit about a nitrogen 

nucleus, with principal quantum number close to 4. (We chose 

n = 4 to maximize the probability that the A strike the N
14

; for larger 

values of n, the probability decreases with the subtended solid angle of 

14 - -the N at the n . For smaller values of n, the n quickly interacts 

with the N 
14

. ) The binding energy ofthe n = 4 state is 13 5 Ke V. The 

effect of such a binding energy on the energy balance calculations has 

been ignored as being within the errors of the quoted energies of the 

K and proton; tracks 3 and-2 respectively. 

2) The A from reaction 12 then strikes the N
14 

nucleus, according 

to the following reaction: 

A+ N
14 

- A+ p + c 13 (13) 

3) Two independent estimates of the momentum of the c 13 
recoil 

particle can be made: 

A) From the known decay energy of the A (influenced slightly 

by uncertainties in the binding energy of then- to the N
14

), and the 

measured proton energy, one can calculate the maximum kinetic 

energy of the c 13 to be 2.264 MeV, so the maximum "available c 13 

momentum" (from energy considerations) is 234.1 MeV /c. 

B) To close the momentum triangle (Figure 8) with known sides 

pA = -pK- = 210.5 MeV /c, andpp = 137.4 MeV /c, and a known angle, 

76.3", we find the "required c 13 
momentum" to be 277 MeV /c. 

4) To show that reaction 13 is consistent with Fry's observations, 
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we must reduce the gap between the "required c 13 
momentum" and the 

"available c13 momentum" to zero from Ap ~ (277 - 234) MeV /c. 

Section VII will show how, by varying some of the measured energies 

within their uncertainty ranges -- the well known "fitting procedure" 

of high energy physics -- we can bring p-available into agreement with 

p-required. 

14 13 
VII. Fitting the First Fry Event to the Reaction A+ N - A + P + C · 

Fitting procedures have been used in liquid hydrogen bubble 

chamber analyses from the earliest days in which magnetic fields 

were coupled with stereophotography. It was recognized that by using 

the constraints of the energy and momenturn conservation laws, one 

could correct angular errors attributable to imperfect stero reconstruc-

tion, and momentum errors due to multiple scattering, uncertainties 

in magnetic field, etc., to yield a sample of "fitted events" with 

smaller errors than one would have predicted fron1 the original 

measurements. The fit was at first done "by hand, " using Wolff plots, 

in the way the following fit is accomplished. Modern bubble chamber 

fits are of course now done automatically on computers. 

One of the most important questions a fitter must ask is "How 

large are the errors on the various measured quantities?" Years of 

bubble chamber experience give us confidence that we know the answers 

to such questions. But how can we know, 16 years later, what 

reasonable errors to assign to Fry's quoted measurements? Perhaps 

the following observations are relevant: 

1) All of Fry' s energy and momentum values are quoted to the 

nearest integral unit (MeV or MeV /c). For example, he lists 

.... 
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TK- = 42 MeV (second event) 

TK- = 43 MeV (first event) 

T 10 MeV (first event)· 
p 

Tn = 20 MeV (first event) 

p = 200 MeV /c (first event) 
n 

The only occasion on which Fry tabulates an energy to a smaller 

degree of absolute uncertainty is when he quotes (to only one significant 

figure) his estimate of the energy of the "a-particle" making track 1; 

he gives Ta = 0.8 MeV, but then gives tre sum: 

TK- + T + T = 43.8 + 10 = 54 MeV, to show again that energies are 
a p 

not to be considered significant to better than the closest unit. 

2) A second indication that energies are not given to better than 

the closest unit comes from the following comparison: Fry says that 

"the residual momentum of the three charged particles (K-, p and a) 

is about 200 MeV /c. -- A single neutron of this momentum will have 

an energy of approximately 20 MeV." The magnitude of allowable un-

certainty in measurements of this kind can be appreciated by the 

following two correspondences: 

1) A 20 MeV neutron has a momentum of 194.9 MeV /c. 

2) A 21.05 MeV neutron has a momentum of 200 MeV /c. 

If the momentum had really been 200 MeV /c, it would have been more 

in keeping with Fry's practice to say "A neutron of this momentum 

would have an energy of 21 MeV." It seems more probable that Fry 

found the missing momentum to be about 195 MeV /c, which he then 

rounded off to "about 200 MeV /c"; in this case the energy would indeed 

be 20 MeV. We shall use 195 MeV /c as the "fitted momentum" in the 

following analysis. (In this instance, the change of p from 200 to 19 5 

MeV /c does not represent a "pulling" of an observed quantity to 
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accomplish a fit; the l:.. p of 5 MeV /c is what one would have deemed 

appropriate simply from a study of the discrepancy between the two 

corresponding energy and momentum values for a neutron: "approxi-

mately 20 MeV and "about 200 MeV /c.") 

We now "pull" two measured energies by 0.3 MeV; we are entitled 

by the "rules of the game" to "pull" both energies by almost 0.5 MeV, 

but such large l:..E' s are not required to obtain a perfect fit. We will 

assume that T 9.7 MeV, rather than the tabulated 10 MeV, and that 
p 

TK- = 42.7 MeV, rather than 43 MeV. (No importance can be attached 

to these particular l:.. E 1 s. They are simply the first ones tried, and 

they led to a perfect fit.) 

The energy available to the c 13 recoil is then raised by 0.3 + 0.3 

MeV to 2.864 MeV. The corresponding momentum available to the 

c
13 

recoil is then 263.3 MeV /c. 

Figure 7 can now be redrawn with pK- lowered to 209 .8, pp 

lowered to 134.9, pK- + pp lowered to 272.2. This changes the angle 

from 763 to 77.9°. 

Figure 8 can be similarly be redrawn with p lowered to 134.9, 
p 

pA raised to 212.1, the angle changed from 76.r to 77.9°, and the 

required Pc13 lowered to 274.2 MeV /c. The inequality of the absolute 

values of pK- and p A is attributable to the fact that the rf decayed 

"in flight"-- bound to the ~14 
nucleus. 

We have now reduced the gap between "Pc13 ·required," and 

"Pc13 available" to 274.2 - 263.3 = 10.9 MeV /c. We have one as yet 

unused parameter that can complete the fit -- reduce l:.. p to 0. From 

the beginning of the analysis, we have allocated all the available kinetic 

energy to the c
13

, rather than sharing it between c 13 and recoil A. 

This was done because the original momentum imbalance was too 
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large to be bridged by sharing kinetic energy between the C 
13 

and the 

recoil A. But now that the fitted momenta (required and available) are 

within 10.9 MeV /c, we can make up more than this difference by 

"energy sharing." Figure 9 shows how the total momentum available 

to the C 13 and recoil A varies as more of the available kinetic energy 

is given to the recoiling A (T A'). The total momentum available is 

larger than the required momentum ifthe recoil A has kinetic energy in 

the range 0.125- 0.390 MeV. This means that in this range, the C 
13 

and A' 

momentum vectors can depart from colinearity. It is obvious that 

the value of the momentum corresponding to the horizontal line in 

Figure 9 has no deep significance; its position merely reflects the 

fact that we used two energy adjustments in the fit, of only 0.3 MeV 

each. Had these adjustments been different, the horizontal line would 

have been at some other height. 

Figure 10 shows the completely fitted event, with two cones that 

contain all allowed c13 
and A• momenta. 

The first attempt at a fit to Fry number 1 predicted a c13 
recoil 

with an energy of 2.264 MeV, and a range of 3.3f!., to be compared 

with the measured range of track 1 = 3f!.. (This range is not mentioned 

in Fry's paper, but he refers to track 1 as a possible a-particle with 

an energy of 0.8 MeV; such a particle has a tabulated range of 3 fl..) 

As the fit progressed, the energy of the c 13 
recoil increased to 2.864, 

corresponding to a range_ of 3 .9fl.. But in the final stage of the fit, 

some of the c 13 
energy was given to the recoil A; this could r.educe 

the c13 
energy to 2.47 MeV, which has a range of 3.5fl.. No single 

range measurement in nuclear emulsion can have significance within 

0.5 fl.• because the average diameter of a developed grain is 0.5f!.. For 

this reason, we can consider all aspects of the fitted event to be 

essentially perfect. 
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Table I 

Kinetic energy of :=: 0 + Ag = 13.2 MeV 

0.9 12.3 425 180.3 606 

1.0 12.2 448 179.6 627 

1.1 12.1 470 178.4 648 

1.2 12.0 491 177.6 669 

1.3 11.9 511 176.9 688 
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FIGURE LEGENDS 

Fig. 1a. The Eisenberg event. 

Fig. 1b. Grain density measurements on the Eisenberg tracks. 

Fig. 2. Momentum conservation in the Eisenberg event. 

Fig. 3. The first Fry event. 

Fig. 4. The second Fry event. 

Fig. 5. Momentum conservation in the first Fry event. 

Fig. 6. Fry's momentum diagram-- first attempt. 

Fig. 7. Fry' s momentum diagram -- most probable configuration. 

Fig. 8. Figure 7 redrawn to conform to postulated reaction. 

Fig. 9. Available momentum as a function of kinetic energy to the 

recoil A. 

Fig. 10. Fitted momentum diagram of complete first Fry event. 
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