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THE ANALYSIS OF HYPERFRAGMENTS
FROM STRANGE-PARTICLE INTERACTIONS

Fred W. Inman

Radiation Laboratory'
University of California
Berkeley, California

June 21, 1957

ABSTRACT

Hyperfragments containing bound /\o hyperons are produced in
strange-particle interactions. We have studied hyperfragments that
were produced by K -meson and Z_—hypéron interactions, Approxi-
mately 3.2% of the K_—meson interactions led to hypérfragment produc-
tion. Of 14 hyperfragments that decay mesonically, we have been able
to analyze eight COmpletely and determine binding ernergies, Of 64
hyperfragments that decay nonmesonically, we have been able to
analyze one ‘event, The binding energies of the /\'0 hyperons in/t.he :

hyperfragments are as follows: /\H3’ -1.08 £ 0.72 Mev; /\H4',

1.56 + 0.65 Mev (2 events); AHe4, 2.43 + 0.64 Mev; AHeS, 2.66 £ 0.39

Mev (2 events); ALis, 5.56 £ 0.28 Mev (2 events); ABeg,v 8.9 £ 2.3 Mev

‘{(nonmesonic). .
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INTRO DUC TION

/\ °. Hyperon Hypothesis

In 1952 Danysz and Pniewski found an event in emulsion in which
a nuclear fragment from a high—ehergy star goes about 90 microns,
apparently stops, and produces a 4-prong star with a visible energy
release‘of about 90 Mev. 1 A number of hypothesis were proposed to
acc Qunﬁ for this event. This could have been just a coinqidenée between
a track ending and a star origin; the small probability for such a coin-
cidence and the subsequent finding of similar events by other experi-
menters. excludes this possibility. Perhaps the fragment from-the high-
energy star interacted wivvth an emulsion nucleus; this must be ruled out
because the fragment did not have enough kinetic energy to make a star
consistent with the visible energy release. A third suggestion is that
the fragment exists for a time in an excited nuclear state; the energy
release and lifetime are inconsistent with this hypothesis. Another idea
was that a m meson or K- meson remained in a Bohr orbit for the
necessary time and was subsequently captured by the nucleus and pro-
duced the star; the visible energy release is somewhat high for the
bound ©n~ -meson hypothesis, but the bound K -meson hypothes1s could not
be ruled out. Another interesting suggestion was that the fragment
contains a bound hyperon; according to the strangeness scheme, however,
the /\ © is the only hyperon that may be bound in a nucleus for the
length of time necessary for observation in emulsion, siﬁée the Z
hyperons would have charge-exchange in a fast reaction to /\ hyperons
and the =° hyperons would have decayed by y emission to - /\ hyperons.
There-are two exceptions to this, namely the fragments consisting of a-
bound =* hyperon and proton, and a bound =~ hyperon and neutron. Under
this hypothesis of bound- /\ hyperon, the fragment decay proceeds
because of the unstable /\ hyperon in the fragment. ' This hypothes1s
has proved most satisfactory in the majority of cases reported in the
literature. However, Fry has reported four cases. that were definitely

inconsistent with the bound- /\O—hyperon hypothesis. 2 Two of these



cases were interpreted as examples of the hypothesis of a K meson
in a Bohr orbit.

Negative K-Meson Interactions

The development of an enriched K -meson beam at the Bevatron
has led quite naturally to a study of unstable nuclear fragments, i.e.,
' ‘hyperfragments. 3 Almost every K-—meson.interactiron can lead to -

’ /\o-hyperon production. For example:

.,K,—+p' - /\O+1'ro'
- g =% + «°
Loz Aoy
- Z:t"i',ﬂ': |

L. =E4 (D) - 5‘/\°_+(P)

n

vK_V+Vn - N +x
- »Zo'f'ﬂ'_

. o Lozo o Ay
e | z7 +a°

L =" +p > A° +n.

Interactions of three or more bodies may also contribute to /\’0-
hyperon production. Some of these /\O hyperons are then found to be
bound in nuclear fragménts; these ar.e the events we observe. Because
of the mode of production, we do not expect any hyperfragments of the
type discussed pfeviously in which a K™ meson remains in a Bohr orbit
for a sufficiently long time.

As we saw:above, _.Z_-hyperon interactions also can lead to./\o—
hyperon production, therefore we look for hyperfragments from Z -

hyperon stars as well as from K -meson stars.

™
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General Characteristics of Events

The range distribution of hyperfragments is strongly peaked -
toward short ranges. Fry, Schneps, and Swami find that more than
half of the hyperfragments from high-energy T -meson and proton stars
have ranges of les s than 10 microns. 4 This suggests that, in ggneral,
it is impossible ‘to‘make any charge or mass determinations on the
hyperfragmedt track itself,  For such cases the analysis must be
carried out on the decay-product tracks. For those few hyperfragments
with sufficiently long range, a §-ray count can be used to measure the
charge of the hyperfragnﬁent, Still fewer hyperfragments have ranges
that are great enough to allow a mass determination by the usual methods
employing measurements of range, ionization, and multiple scattering.
These charge and mass detérmiﬂations‘can then be compared with those
obtained from the analysis of the d’ecay products.

" A natural classification of hyperfragments into two grbups has
become common practice--namely, those which decay by m -meson
emission, and those which decay without charged m-meson emission.
Although these hyperfragment decay modes are usually referred to as
"mesonic' and ''nonmesonic', respectively, we should remember that
the second gfoup includes the decays from which neutral m mesons ‘are
emitted.

The decay modes of the free /\0 hyperoh_ are

o} |

A~ =7 +H +37.14 Mev

and A% = n+1° +40.43 Mev.

One expects some of the hyperfragments.-—particularly the lighter hyper-
fragments-—toﬁ appear as if the /\O hyperon decays essentially free of
the residual fragment. In‘practice,‘ this group of events is most amena-
ble to analysis if the 'free' decay of the /\O hyperon-'is by the charged
mode. Such hyperfragments usually have three prongs from their
decay: amw meson, a proton, and the recoil fragment. This farhily of

hyperfragment decays can be written as

/\ZA—>TT_ + H1 + ZA'l +, Q.-



Measuring ranges and balancing momentum is sufficient in many of
‘these events to allow unambiguous identification of the hyperfragment.
The Q of thé’ decay reaction is determined from the kinematics. Sub-
traction of Q from 37.14 Mev gives the binding energy of the /\0

" hyperon in the hyperfragment. - -

The group of events in which the /\O hyperon decays essentially
free and by the neutral mode is probably missed in most cases, because.
these decays usually lead to only one short prong and are easily con-
fused with scatters. This type of decay 'reactibn can be written in

general form as

AZA—>Tr0+n+ ZA-1.+Q.

For the above two cases, we have assumed not only that the
A o‘h}.rperon decays essentially 'free'' of the residual fragment, but

-also that the pion and nucleon are not captured by the residual frag-
E rﬁent, A differ.ént classification of events is thus suggested in which
- the pion and {(or) the nucleon from the “free" /\:O—hyperon decay may
be captured by the residual nucleus.- This class of events may or may
not be characterized by pion emission, depending on whether or not
the pion is absorbed by the residual fragment. The visible energy
release in this type of decay can be high if the pion is absorbed.

The hyperfragment can decay without the creation of a real
pion. The /\O hyperon can interact with a nucleon in the fragment

through a virtual pion state according to the slow reactions

/\.O +«,< g Y—>n + ( g Y + 17‘5.347 Mev,

This virtual-pion process becomes increasingly important for heavier
hyperfragments. Excluding neutral pion emission, nonmesonic hyper-
fragment décays can result in two ways; by the above virtual-pion
process, and by absorption of the pion from the 'free' decay of the @
/\0 hyperon. The latter process alone is unsatisfactory to account for

5,

the experimental ratio of mesonic to-nonmesonic decays. One can

at least qualitatively see why the virtual-pion process becomes more



import.an.t for heavier hyperfragments by considering the Pauli exclusion
principle. For a heavy hyperfragment, the proton from the /\O—
hyperon decay generally does not have enough kinetic energy to reach
the higher, unfilled energy levels of the nucleus. This has the effect

of decreasing the transition probability for this 'free" /\P-hy_peron-

decay process. The virtual-pion process then predominates.

A O—Hyperon Spin ,
Information concerning the spin of the /\O hyperon should be

available from hyperfragment studies. For the class of hyperfrag'rnents

characterized by the decay reaction

A-1

A 1 n Q"

z% > T+ H +Z

A

one can study the angular distribution of the

1+Q1

A° > n + H
decay. 7.8 If one assumes that the pion and proton are little affected
by the nucleus, then the veetor sum of the momenta of the pion andthe
proton gives the momentum of the /\O hyperon. Therefore one can
plot the number of events vs intervals of cos §, where 6 is the angle
between /\O-hyper()n momentum and pion momentum in fhe inertial

frame of the /'\O hyperon. This distribution is to be compared with

C . . o . .
expected distributions for various - /\ -hyperon spin assignments.

" These studies have led to a spin assignment of 3/2 or greater. Figure

1 shows such an angular distribution. ? This distribution includes our

events. As we will see, this spin assignment is in disagreement with

other considerations.,
We previously discussed the virtual-pion decay mode. This mode

has been studied in analogy with the familiar internal-conversion

- process. 10 A study of the angular-momentum dependence of this

process permits a calculation of the ratio of mesonic to nonmesonic
decays.  This ratio can then be compared to the experimental ratio.
Such a cqfnparison suggests a /\O—hyp'efon spin of 1/2. A revised

calculation by Ruderman and Karplus suggests even more strongly a
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Fig. 1. Angular distribution of nm~ mesons from ,:‘ hyperon

decays in hygerfragments as compiled by Sett1, Slater,

and Telegdi;’ 0 is the angle between the pion momentum

and the /\ -hyperon momentum in the inertial frame of
~the \ hyperon
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spin of. 1/2 for the -/\o hyperon. 1} The évide;nce from the Ruderman -

and Karplus considerations seems the stronger, so that one looks for

zdifficulty in the angular-distribution studies. It is now felt that one is -

not justified in assuming that the pion and pr'oton,fr\om the /\o-hyperon
decay are little affected by the nucleus . Indeed, if one examines the
apparent Q values of the /\o—hyperon decays, as calcuiated from the
pion and proton energies and momenta, it becomes clear that a rather
strong interaction éxiSts between the p'r.oto_ri and pi‘on and the residual

nucleus.

Bihding Energy of /\0 I-'Iype'ron'in Hyperfragment

For those cases in which a complete analysis is possible, one

can determine the décay modes of the hyperfragments and the binding

' energies of the /\O hyperons in the hyperfragments. The experimental

~ data to Sevpter'ribef 1956 have been syurvey‘red and summarized by

FilideWski, Gierula, and Zielinski. 12 This survey répr'es‘ehts the

experimental findings at the time our study was begun. - The reader

is referred to this paper for a comprehensive bibliography of experi-

"mental work. According to their selection criteria they report the

following decay; schemes:

)\H3 (10 cases) 1. vAH3 - He3 + ' 4 cases.
. 2. I\H3 ~H+H + 0 3 cases

3. /\H3—>ZH1+n+ﬁ_ ' 3 cases

/\H4' (9 cases) 1. /\H4 - H_e4 + 7 . 6 cases
2. /\H4 — He3 +n+m 3 cases

/\He4 (3 cases) 1. /\He4 ~ He> + p+m 2 cases

) 2. A He? - H2 +. ZHl #+ 1 case
’AHeS (4 cases) 1. /\Hes - He‘,1 + HZ + 4 cases -

/\Li7' (1 case) 1. /.\Li7 > Be  +u 1 case



: The binding energies of the _/\O hyperons are also given:

Hyperfragments - B ' : Number

(Mé\v) : T -of cases
AH? - 0.5 £ 0.3 . | - 10
AP |  1.6.£0.4 8
\He* 1.6 £ 0.4 4
\He | 2.5+ 0.3 4
AL 44107 1
,\c11 14.6 + 6 1

Another survey is beiné carried out by Levi Setti, Slater, and
Telegdi 9 (Approx1mate1y 10% of the hyperfragments hsted below
were contributed by us. ) Prehmlnary results have been presented by
these workers at the Seventh annual Rochester Conference on High-
Energy Phys1cs They report the following hyperfragments and -

respective binding energies:

H&perfragment ' B/\b o ., Error Number 7
e . (Mev_ . - : » of events
2,3 ’ : :
H> - -0.31 0.36 5
/\ .
AH | 0.25 0.31 9
-/\H4 S . 1.44 . 0.20 21
AHe? - 1.70 | 0.24 9
/\He5 ' 2.56 0.17 15
/\Li7 4.17 - 0.62 2
.8
Li 5.2 1.0 1
A - ,
/'\Be8 o 5.9 E 0.5 1
/\B69 | ~6a3 | 0.33 3

The errors listed do not include systematic errors, i. é. , the error in
the Q value of the free /\ -hyperon decay and any error in the range-
energy relation. The bmdmg energies of the above two surveys are
calculated on the basis of 36. 9 Mev for the Q value of the free /\02
hyperon decay. ' '
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In this ,survey'work the authors present additional interesting
data. They have presented the angular distribution of the pions with

respect to the /\O—hyperon direction at the rnorneriti of decay. This is

- shown in Fig. 1. As mentioned earlier, this angular distribution sug-

gests a spin of 3/2 or higher for the /\O hypveron° The forward-back-

ward asymmetry in the distribution is quite interesting. This asymmetry

seems to depend on the type of hyperfragment one is considering. There
is a small asymmetry for the hydrogen hyperfragments and a large
asymmetry for the helium hyperfragmentvs. '

An assumption is involved iﬁ cqmpilingrbinding'—energy'f B

information. If hyperfragments can exist in an excited nuclear state for

a time on the order of the hyperfragment decay time, then the hyper-

fragmedts will decay in a fraction of the cases from the excited state,
and in the rest of the cases from the ground state. Two binding energies
will result, and if the energy separation between the nuclear states is
smaller than .thevtypical binding-energy eri‘or_s,' the existence of the

excited nuclear state may be masked.
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~ EXPERIMENTAL ARRANGEMENT

: Prehmlnary Beam Stud1es K
Part1c1es of momentum 435 Mev/c from the 73° , 0.5-by-1-by-

3.5- inch copper target are magnetlcally deflected by the Be\)atron field
'and pass through a slot in the magnet yoke, as indicated in F1g 2.
’We took advantage of this "beam” of particles of 435 Mev/c and attempt-
ed a separatlon of the K" -meson component of this beam As a pre-
11m1nary study, we exposed two stacks in order to determ1ne the nature
of the beam as it came from the magnet slot of the Bevatron. The 2Q
stack which cons1sted of 85 G 5 emulsion pelhcles 3 by 6 inches by
600 B, was exposed at the focal po1nt of the quadrupoles. The target
was bombarded with 6.2-Bev protons. Negative p1ons formed the
ma_]or component of the beam " The = /K~ ratio was 3000/1

"The S stack which consisted of 162 4-by-6- inche's- by-600p
G.5 emulsion pelhcles was exposed at the energy degrader pos1t1on,'
which roughly corresponded to the focal point of the quadrupoles The
total flux was 6 x 103 m- partlcles per 10 10- protons on the copper
target. Figure 3 indicates the beam contour at the energy-degrader
position,
 Both the 2Q and the S stacks were area-svcanned in the region of
expected K -meson stoppings. The pions passed through the stack at
essentially minimum ionization and--along with their interaction
products--constituted the only background problem. The length of
exposure was determined by the pion flux. Negative K mesons were
found, and from their range it was possible to determine the momentum
spread and distribution of the beam from the beam port. The mean
momentum of K~ mesons thus determined was 427 Mev/c. The K~
mesons lose some energy coming through the Bevatron structure. This
accounts for the decrease in momentum in passing from the vacuum

tank of the Bevatron to the region outside the Bevatron.

»
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Fig. 2. Plan drawing of the exper1menta1 arrangeme nt at the
Bevatron. .
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F1g 3. Beam flux at the degrader posgition. The flux is given
in units of 104 particles per cm per 1011 protons on the
Bevatron target. :
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Final Geometry

The preliminary beam studies descrioed above allowed us to
design a system which effects the separafion of the K~ roesons from the
m mesons,  Referring again to Fig. 2, we see a CH energy degrader,
which was used to introduce a momentum difference between the K -
meson and T -me son components of the 427- Mev/c beam. Upon tra-
versing the degrader the pions and K~ ‘mesons were reduced to momen-
ta 394 Mev/c and 300 Mev/c, respectlvely The analyzmg magnet
deflected 300-Mev/c particles through approx1mate1y 180° and into the
emulsion stack. The separation between the peaks of the separated
pion and K__ -meson beams was 19 inches at the stack position. The
momentum gradient at the stack position was 1.6.Mev/c per cm, with
a + 2% dispersion in momentum.

The background at the stack position was composed of muons
(80%), electrons‘ (10%), and pioos (lb%), The ratio of minimum tracks

to K~ mesons entering the stack was 800:1. The muons are minimum-

‘ionizing and weakly interacting, and do not appreciably hinder scanning.

More than 95% of the particles that are twice minimum ionizing and
enter within 10° to the expected beam directioo are K mesons.

The 1U stack, which consisted of 120 3-by-6-inch-by-600-p G.5
emulsion pellicles, was exposed in the stack position and was used to
carry out a preliminary evaluation of tﬂe experimentai arrangement,
the re sults of which are quoted above. For this run the degrader was
18.4 crn thlck ‘ '

The 2B stack con51sted of 240 9- by 12- inch-by- 600-p G.5
emulsion pellicles and was used in the f1na1 exposure The degrade’r
for this run was 19.4 cm~ th1ck _The hyperfragments for this study
came from the 1U and 2B stacks. A few hyperfragments were found in
the 2QQ and S stacks also, but we lacked accurate shrinkage-factor

information, and did not attempt analysis of these few.
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SCANNING PROCEDURE
Method of Finding Events

The scanning program de\gised for the final exposures at the
stack p081t1on (Fig. 1) was designed to accommodate a number of
studies. Scanners were instructed to scan along a line parallel to the
plate edge into wh1ch ‘the beam enters This hne was located a few
mllhmeters in from the beam edge. A11 tracks of about twice minimum
1on1zat1on and hav1ng a direction within 10 of the average’direction of
mlnlmum -ionizing tracks in that reg1on were followed until they inter-

cted or decayed

“Certification of Events

All K -meson interactions (in flight or at rest) and dec.ays were
looked at by a physicist while the event was still in the microscope of
- the scanner who fQund the event. F or interactions in flight, the
scanners were instructed to make an opacity measurement at the pick-
up point and at the interaction point. This helped the physicist in his
- certification of the event. The presence of hyperfragments and hyperons
from interactions (and plons from interactions at rest) guarantees that
the event is a K -meson 1nteract_1_on., Stars at rest that have six or

more prongs are most certainly due to K -meson interactions.

Follow-out of Interaction Prongs

’ The scanners were instructed to follow all prongs from K -
meson intéractions until they stopped or left the pellicle, with the ex-
ception that prongs from one- or two-prong stars that ionized more
than four times minimum were followed out even though they passed into
other pellicles. This method of following out prongs introduces a bias
against long-range hyperfragments. This. does not seem to be serious,
however. All the prongs from a group of 100 K -meson stars were
followed out until they stopped, decayed, or interacted. This search
did not reveal any additional hyperfragments. From this fact and from
the range distribution of the hyperfragments we conclude that we miss
less than 10% of the hyperfragments because of this bias. The time
spent on following out all prongs from K -meson interactions does not

seemn justified,
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MEASUREMENTS. .

Emulsion Density

The usefulness of range measurements in emulsion depends

critically upon the emulsion density at the time of exposure, and this

density should be carefully determined. At the time_of. the disassembly

of the 2B stack, small pieces of emulsion were cut from-every
twentieth pellicle. The density of each of these twelve pieces of un-
proce ss>ed emulsion was determined by displacément in carbon tetra-
chloride. These twelve density values are listed in Table I. There

appears to be a small variation in density among the different emul-

" sion batches. These variations are negligible forthe purpose of this

work. The mean value of the twelve densities in Table Iis 3.815 cm

~ Shrinkage Factor

Precise range measurements for steep tracks are dependent
upon precise knoWledge of the shrinkage factor. ' Thé'thickness of
each of the 240 processed pellicles of the 2B stack was measured
twice at each of three places. This gave six thickness measurements
for each pellicle, and a total of 1, 440 thickness measurements for
the complete stack. This infdrmation, ‘alo_ng with the mean thickness
of the unprocessed'emulsions, permitted accurate \détermination‘ of
the shrinkage factor. Two methods a're available for determining
the unprocessed thickness of the emulsion. The thicknesé of the
assembled stack was measured with calipers. This measured the
pellicle thickness plus éhe air space between pellicles. The value
obtained from this measurement was 651.6 microns for the mean
thickness of pellicle plus air space. Another method, which meas-
ures the mean pellicle thickness only, is the one that was used in
determiniﬁg the shrinkage factor. The area of each of the processed
emulsions was measured carefully. The unprocessed‘emulsions
were weighed immediately after disassembiy of the stack. . The areas
of the pellicles, the weight of the stack, and the density of the

emulsion allowed the calculation of the original mean pellicle thickness,
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TABLE I

Emulsion Density of Stack 2B

Manufacturer's: o Denisty - : - Mean Slgnsity
emulsion batch (g cm™~) (g ecm 7)
~ number ’ :
29804 o 3.8202 - 3.8212
‘ . 3.8222 '
Z9806 - - 3.8110 ' ~ 3.81415
| o 3.8173 '
29808 | 3.8182 - 3.8155
| - 3.8128 |
29809 - : ~~ 3.8288 o 3.8303
| 3.8318
'z9810 - o 3.8002
3.8066 .- -~ .. 3.80307
3.8024
©z9811 o . 3.8065 | - 3.8065
Mean Dénsity' .3.81483 ¢ c1,'n—~3
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where t is ther mean. pellicle thickness, W iArs_.the mean pellicle weight,
A is the mean pellicle are‘é, and d is the emulsion dens"ity_,:‘ This method .
gave 634.61 microns for the mean pellicle thickness. This indicated a _
mean air space.of 17.0 microné. .

| The emulsion for the 2B stack was manufactured in six batches
(see Table I). In addition, ourvdarkrdbirribfa_cilities necessitated dividing
the stack into four batches for processing. One expects different
shrinkage factors for different processings and for different emulsion
batches. The fnean processed thicknesses are catalogued'according to

the emulsion batch and process batch in Table II. It appears difficult
to separaf'e' the shrinkage-factor dependence ﬁpon emulsion batch. This
- dependence is certainly smaller than the deperidence upon’,process batch.
For this reason we consider the shrinkagé factor a function of.éroce_ss
batch only. In Table III we express the shrihkage factors relative to
process batch. A weighted rhean is taken among the emulsion batches.
Then we obtain four relative 'shrinkage factors corresponding to the

four process batches. If n is the number of pellicles, S is the shrinkagev '
factor, and t is the mean processed—pellic-le thickness, then the total

stack thickness, T is given by

T = nasata + anbtb + ncsctc + ndetd. ‘
Using the stack thickness previously determined, along with the mea-
sured mean thicknesses and the relative shrinkage factors, we deter-

mine S, to be 2.111. The other shrinkage factors follow immediately:

d

' S_=2.374,
a :
Sb = 2.230,
S = 2.305,
C
Sd = 2.,‘1110

The 1, 440 thickness measurements of the processed pellicles are uSéd

to adjust the above shrinkage factors as the pellicles swell or shrink
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The figures in parenthesis

indicate how many

TABLE II
Processed emulsic_n thicknesses.
Emulsion P"rof:esé batch B _
- batch a b - c ‘ - d
79804 ‘2781(23) 12940 (17)
29806 271.4 (30) 300.0 (12)
79808 271.6° (30) 310.5 (12)
79809 ' 275.9 (24) 294.3 (16)
Z9810 286.9 (12) | 279.3 (13) 303.3 (13)
29811 288.9 (13) 275.0 (11)- | 301.9 (14)

pellicles in that

- category.
. TABLE III
Relative Shrinkage Factors
Sa/8q Sp/Sq S./Sq S4/Sq
729804 1.057 ] 1.000
79806 1.105 1.000
79808 1.144 | 1.000
29809 1.067 B 1.000
29810 1.057 1.086 1.000
29811 1.045 1.098 | 1.000
Weighted 1.125 1.056 1.0928 | 1.000
mean p 5
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‘owing to humidity changes. By measuring the pellicle thickness at a
given time and comparing the results of the measurement with the
measurement made at the time the shrinkage factors wére.determined,
we can adjust the shrinkage factors to correspond to the pellicle thick-
ness at that given time. The errors in the shrinkage factors are

estimated to be less than 1%.

Range Measurements

For this hyperfragment study we have used the range-energy
relation of Barkas, which ié believed to be accurate to better thaq 1%
in rangé (except perhaps at very short ranges). 13 The precision of
energy determinations from range measurements depends not only upbnb
the accuracy of the range-energy relation, but also upon range straggl-
ing in emulsion. The following four effects are important in range
straggling: (a) Bohr .stragglingv, which is given by theory, (b) end _.
straggling, which is important only for short tracks, (c) proportional"
straggling, which includes effects due to microscopic distortion, observer
error, and hetérogeneity of the emulsion, and (d)follow-through straggl-
ing, which arises when tracks are followed from one pellicle to another.
For evaluation of straggling errors, we re_fér to the quantitative study

-that was done by Barkas, Smith, and Birnbau.rn,.l

Angle Measurements

It is necessary to know as precisely as possible the direction
angles of the .tr_acks from hyperfragment decays, because--as we have
suggested--the analysisv of the decays depends crucially upon the kine-
matics. There are two sources of error in angle measurements.
Multiple Coulomb scattering introduces a stat1st1ca1 uncertalnty in the
direction of the track. The rms error due to this effect is 17/4 { >

The quantity <a> ‘is given by the usual scattering formula';16

: 1/2 :
_ K t
(& = (1“00)' S

“where < > is the mean angle in degrees between successive chords, t

is the chord length in microns, p is the momentum in Mev/c and
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"B is the velocity parameter, v/c.. Kis a*slowly varying function of
velocity which, in the region of interest, is equal to 25 in the units
above. The factor m is derived in Appendix I.

The other kind of error to be considered in angle measurements
is the observer error. For projected angles, this error depends upon
" how accurately a reticule can be placed along a track of finite width.

This error, which we call 0 is inverisely proportional to the length
of reticule used in the measurement with proportionality constant
.estimated to be 17, i.e.,

o, = 17/t,

Wh‘ere:ao is in degrees and t is the length in microns of reticule used
~ for the angle measurement. If we call the multiple-scattering error

o and assume that ¢ and ¢ are independent, then |
ms _ o) i ms

.0=‘{0 2+02
) _ms O'

' répresents the total error on the angle determination. There is a
‘reticule length tfﬁ that minimizes the above error. This has been

calculated in Appendix I and can be expressed as
- 2/3
th = 4.52 (pB)

where tn is in microns and pp is in Mev/c. In addition, the error

corresponding to this minimal condition is
' C 2/3
0 = 6.51/8)°,

where ¢ is. in degrees and pp is in Mev/(:‘= _
For dip angles, the observer error depends upon the magnitude

of the dip angle. It is determined in each case.

Charge Measurements

A 6-ray count along a nuclear track allows an es'timat_e of the
charge of the particle producing the track. 15 Howéver, for short
‘tracks there may be too few delta rays to give statistical certainty to

the charge estimate obtained from the count. A nuclear-track
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photometer has been built and has been used to aid in the charge mea-
surements. This devicAe.essentiaHy i‘n.easﬁres the .width of the track.
Measurements of track width have been utilized to i:'na‘ke charge esti-
mates for slow, multiply charged particles. 16, 17_’ This photometer is

described in detail in Appendix II:

Kinematics of Decay

In the majority of cases it is 1mposs1b1e to rnake certain identi-
fication of all the prongs from hyperfragment decays by perform1ng
measurements on the tra_cks themselves. Pions are identified unambi-
-guously, but other tracks can be identified only if they have a sufficiently
‘ long range. It becomes necessary‘tol study the kinematics of the decays
in order to determine the identity of some of the prongs from these
hyperfragment decays. In applying the methods of kinematics analysis,
one assumes various identities for the prongs from a decay. Then the
binding energy of the /\0 hyperon is calculated, and if the event is co-
linear or coplanar the momentum unbalance is calculated. The require—
ments that the binding energy of the /\o’ hypéron be positive and that the
momentum be balanced in colinear and coplanar decays, are sufficiently
rigid in mauny cases to determlne the 1dent1ty of the prongs and consé-

" quently of the hyperfragment.

A program for the IBM 650 data-processing machine has been
Written to facilitate the kinematic analysis of hyperfragment decays All
permutatmns of the assumed 1dent1t1es for each of the decay prongs are
taken into account by the IBM 650, and the relevant kinematic quant1t1es :
are calculated for each set of assumptions. A more detailed discussion

of the program is contained in Appendix 111,
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RESULTS AND DISCUSSION . -

Absolute Yield of Hyperfragments

"From 2469 K -meson interactions we find 64 nonmesonic hyper-
fragment decays and 14 mesonic deeays, The absolute yield is there-
fore 78 hSrperfragments from 2469 K™ -rheson interactions. This
corresponds to about 3.2% of the K -meson inter,altctiﬂo_ns“ y_igel'dving

hyperfragments.

HYperfragme nt Decay-Prong Distribution

The decay-prong distribution of the hyperfra.gments is given in |
Fig. 4. We have separated those hyperfragments which decay by emis-
sion of a negative pion, and represented them on the histogram as the
dark region. Itis seen that the largest number of prongs observed by
E ue is six. This means that hyperfragments at least as large as carbon

were found.

' Hyperfragrnent Range Distribution

, We have separated our hyperfragments 1nto two groups in order
N \t:o etﬁdy the range distribution. A quest1on has arisen, which has been

' _A “of concern te us, regarding the identification of hyperfragments Be-

" cause many’ of the hyperfragments have very short ranges we m1ght be
confusing hyperfragments with short-range < hyperons, which produce
" stars when they stop and are captured. The energy spectrum of =z
lhyperon stars has been stud1ed and it is found that the v151b1e energy '
release is rarely above 50 Mev. 18 We cons1der 1dent1f1ed hyperfrag-
ments and hyperfragments with visible energy greater than 50 Mev as
‘one group, and plot their range d1str1but10n in Flg 5. There are 35
events in this group. As the second group we consider those events
‘with visible energy release less than 50 Mev, and plot their range dis-
tribution in Fig. 6. There are 29 events in this .group. The‘similarity
in range distribution of the two groups leads us to believe that there is |

little © -hyperon contamination in our group of events.
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/\O-Hyperon Spin

As was mentioned earlier, the ratio of mesonic to nonmesonic
 helium-hyperfragment decays gives information concerning the spin of

the /\0 hyperoﬁ, 10,11

We find three mesonic helium hyperfragments
and eight nonmesonic helium hyperfragments. The number of non-
mesonic helium hyperfragments was estimated by examining visually
the one- .and two-prong nonmesonic hyperfragmeht decays. The identi-
fication érror is estimated to be less than 50%. This Hratio éertainly
suggests a spin assignment of 1/2 if we consider the latest calculatlons
by Karplus.and Ruderman, in which they give revised values of Q( ),
where Q(- Vs is the ratio of nonmesonic decays to mesomc d_ecays, and _
B/\ is thé binding energy of the /\o hyperon in Mev. The angular-

momentum state of the pion is indicated by £. The ratio corresponding

to £=0 fits the data best, suggesting spin 1/2 for the /\O hyperon.

Expression \{ }ue of
- for (-) . QYT for
£ ’ : Q By = 2.0.Mev
0 0.8 B,\l/‘2 o 1.1
1 14 Bl/2 20
2 240 1/2 3.40
3 4000 1/2 5600

We have-also considered those hyperfragment decays which are

characterized by .
AZA O N Ak

"~ We have six events of this type; three helium events and three lithium
events. We form the vector sum of the pion and proton momenta and
associate this sum with a /\O hyperon. This /\o—hyperOn momentum
. is used to calculate the kinetic energy of the /\0 hyperon in the nucleus.
These kinetic energies are listed in Table IV. A transformation to the
inertial frame of the /\O hyperon allows the calculation of the angle be-

o) : : . - ,
- tween the A“-hyperon momentum and the pion momentum. These trans-

formations are described in Appendix IV. In addition, we calculate the
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TABLE IV

Apparent Q values of /\O—hyperon decays |

" and kinetic energies of /\0 hyperons in hyperfr'agmenté

Hyperfragment , ' - - Kinetic

Identity Apparent Q energy
: : (Mev)
/\He4 25.9 Mev 6.0
AHe® 22.8 . 9.4
pHe® 23.6 | 7.2
ALiS 30.2 1.7
ALiS 11.4 , 16.3
' .7, 8 : ‘
ALi 27.4 3.4

momentum of the pion in the inertial frame ‘of the /\O hyperon. This
allows the calculation of an apparent Q value in the center-of-mass
system of the ./\O-hyperon decay. The angulaf distribution of the pions
is giiren in Fig. 7, and the apparent Q values are listed in Table IV.
Upon comparing our angular distribution with the angular distribution of
Fig. 1 we find good agreement with the results of the world survey.

The asymmétr‘y and anisotfopy of the angular distribution are not well
under stovodc The anisot'ro.py, suggests that the interaction of the nucleon
and pion with the residual nucleus is important, if the spin of the »/\o :
hyperon is 1/2, és we suspect from other considerations. In summary
it is geherally felt that the fatio'of mesonic to nonmesonic decays is the
most significant measure of the /\O‘-hype.ron'épin. Effects other than.
the /\Q-BYperOn spin seem to be responsible for the anisotropy ob-

served in the angular. distribution of the pion momenta.

Fast Protons from Hyperfragment Decays

As was mentioned in an earlier section of this paper, the
virtual-pion process is important for a large fraction of the hyperfrag-
ments. Considerable energy is available in this pfocess, and we would
expect fast protons to arise frequehtly from such hyperfragment decays.*

1
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The energy spectrum of protons with energy greater than 50 Mev is
given in Fig. 8. This can be compared to the energy spectrum of fast

19

protons from T -meson stars. In the 7~ -meson stars there is about

140 Mev available, while in the hyperfragment decays the available energy.
is about 175 Me'v minus the binding energy of the /\O hyperon. The two
spectra are similar within the accuracy of the data. The protons from
hyperfragment decay show a sharp decrease at about 85 Mev, while the
protons from ™ -meson stars show‘a similar decrease at about 70 Mev.

This difference in cutoff energy is accounted for by the difference in '

available energy in the respective processes.

Identified Hyperfragments

In the analysis of hyperfragments we have adopted the value

37.14 £ 0.16 Mev as the Q of the free /\O—hyperon decay. 20

AH3 hyperfragment, We have an event which has been interpreted as

an example of the decay :
/'\H3—»' w7+ He> + Q.

The range of the ~pion was measured; and a He3 range was calculated by

momentum balance. This calculated ratige was compared to the mea-

sured rangé_and good agreement was obtdined. While this is a two-

body decay, it is somewhat difficult to ascertain its colinearity because

the He® has a short range (about 9 microns). It is colinear within the

errors in direction of the He3g The energy release Q was determined

to be 43.71 £.0.70 Mev from fhe pion range and the momentum balance.

This gives a binding energy of -1.08 + 0.72 Mev. Although this mea-

‘sured binding energy is negative, it is believed that the event is correct-

ly identified. The measured binding energy >deviates from 0 by about

1-1/2 standard deviations. The error on the Q value is due to the

range straggling of the pion.

J_H4 hyperfragments. We have two events which are identified as

Ve’xajrnples of /\H4 hyperfragments decaying by the mode
/\H4 - + He4 + Q.

These events are recognized by the colinearity of the decay prongs and
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the unique pion and He4 ranges. Again, we have the same difficulty

in ascerteining the colinearity of the event because of the short range

of the He4. However, all the other factors are strong evidence for the
identification's being correct. The analysis consists of measuring the
pion- range and calculati‘ng a He% range by mbmentu’rn balance. The
calculated rabnge is compared with the measured range, and good agree-
ment is obtained in both cases. The calculated ranges differ from the
measured ran.:gesb by less than 0.6 micron. The mean grain diamefer

of 0.6 micron sets an uf)per limit on the precision of range measure-
ments in emulsion. The energy of tvhe_He4 is'calculated from momentum
balance instead of from the measured rénge of the He4, because there
is a smaller energy error assoc1ated with this calculation than is found
by determining the energy from the range of the He4. The energy re-
leases Q for the two cases are 56.44 :i: 0.92 Mev and 54.32 £ 0.89 Mev.
The binding energles calculated from these Q's are 0.50 = 0. 94 Mev

and 2.62 £ 0.91 Mev respectively. A mean of the two values is

1.56 + 0.65 Mev.

‘ /\He4 hyperfragment. This event has the decay mode

/\He4 -1  +H 4+ He + Q.
Many times it is- difficult to distinguish between . /\He4 and AHe5 hyper-
fragments. If one takes the vector sum of the pion and proton momenta
' and associates it with .either a He3 or a He4, then it is poss1b1e to
calculate an expected range for each of the helium isotopes. In this
case, the expected ranges were 6.1 and 8.,6 microns for: He* and He>"
respectively. The measu-red.range was 7.8 microns. Primarily on -
the basis of this com>paris-on,' we have said fhat this hyperfragment
was a AHe4a For this assignment»the Q value is 34.71 + 0.54 Mev,
which gives a blndlng energy for the /\ hyperon of 2.43 + 0.56 Mev.
The alternate mode ,

AHeS»n’ +u + e 4 0
cannot be entirely excluded, but-‘is con31derab1y less probable The
Q value and b1nd1ng_energy for it are 34.2 1 + 0.54 Mev and 2.93 + 0.56

Mev respectively.
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AHeS hyperfragments. These hyperfragments are p_articﬁlarly inter-

esting because they are bound mass-five nuclei. The /\o hyperon is

not restricted by the exclusion principle, and can occupy a lower energy
level than a corre sponding nucleon could. The two cases we have decay
By the mode - - :
' 1

5 +He4+ Q.

He” -7 + H
A

The same technique is used in analyiing theée events as was used in
ana}y_zing the gbbve /\He4 case. Thi; vector :um' of the pion and
proton momenta is associated with He” and He " nuclei. The ranges
ére _éalculated from this and compared with the measured range. The
calculated ranges for one of the events were 7.2 and 11.0 microns for
A He4'ar'1c.1. He3 respectively. This is to be compared with the measured
‘ra'.nge of 7.6 microns. There is little doubt in this case. In the other
e{/ent the calculated rangeé were 15.6 and 9.8 microns for He3 and He4
’rée'splecti{/e'ly. "The measured’raﬁg’e'was’ 11.1 microns, and agrees best
 with the:vHel4 range. For the first case the Q was 33.44 + 0.54 Mev and
the binding energy of the ’AO hyperon was 3.70 = 0.57 Mev. For the
second case the Q was 35.64 + 0.56 Mev, and the binding energy of the
/\0 hyperon was 1.50 + 0.58 Mev. A weighted mean of the two binding-

. energies is 2.66 £ 0.39 Mev.

-’ALiS-hyperfragments. 1. Event 2B91-12. This hyperfragment has a

range of 781 microns and ends in a decay into a negative pion, a proton

‘and a recoil of a few microns range. The range of the recoil is hard
to determine precisely because the recoil overlaps the pion track. A
,'.-S—ray-c,ount of the hyperfragment track gives a charge of 3, indicating
-2 lithium hyperfragment. With this particular decay mode, the only
possible identities of the hyperfragment are /\Li7' or Li8° The Q
value and binding-energy are 31.53 £.0.37 Mev and 5.61 + 0.39 Mev
respectivefy, if one assumes that the hyperfragment is a Ii'. On
the other hand, if one assumes that it is a /\Li hyperfragment, then
the Q value and binding-energy are 31.48 + 0.37 Mev and 5.66 + 0.39
Mev respectively., Comparing these binding energies with the binding-
energies determined by the Chicago group in their world survey, leads

us to consider this hyperfragment as a /\Li8.
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| 2. Event 2B170-65. This hyperfragment has
the same decay' mode as the preceding lithium evént, - In this case the
~ energy was apportioned among the three decay products in such a way
- that the recoil fragment had a range of 5.2 microns. We calculated
the expected ranges for various light nuclei, assuming the recoil
balances the pion and proton momenta. For L.16 and Li7 we calculated
ranges of 6.3 and 5.6 microns respectively. Li7 fits the measured
range best, fchevrefore we concluded that the hyperfragmerit is /\Lis
and decays by ‘the mode, '

/\LiS i +H Y LT+ Q.
The Q valueis 31.68 + 0.37 Mev and the /\o-hyperon binding energy is
_ 5.46 * 0.40 Mev. The mean value of ‘fhe binding energiesv of this event

and the preceding event is 5.56 + 0.28 Mev.

"Event L.95-19. This hyperfragment has a range of 5.6 microns and

decays into three prongs: a singly charged prong of 283 microns range,
a doubly charged prong of 230 microns, and a proton of range 29.34 mm.
The event appears to be almost coplanar, therefore W,e‘ tried all
possible mass assignments for -the prongs, .Webwere unable to balance
-rﬁomentum for any of the assumptions. We next assumed that one
neutron was emitted in the decAay process. Under such an assumption,
we obtained results that are fairly unambiguous. For the Q value of
the reaction we get 14809 :l:'2.3 MeQ, and for the binding energy of

the /\0 hyperon we obtain 8.9 + 2.3 Mev. It should be pointed out that
there is no guarantee that only one neutron was emitted in the decay,
and if two were emitted, i't‘is impo§sib1e to determine a unique binding

energy. The hyperffagment identit'y and its decay mode are

-/\Be9 - H3 sHe v fav
The IBM 650 data-processing machine proved invaluable in making
these calculations. We have attempted the analysis of selected non-
mesonic hyperfragment decays using this IBM 650 machine, but in

general the results of such an ana].yéis are too ambiguous.
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Binding Energies of /\O Hyperons in Hyperfragments

In summary we list in Table .V the binding energies that we have
observed. These can be compared to the list of binding energies in the
world survey--which includes. our events--provided one adds 0.24 Mev
to all their binding energies. For fhe Q of the free /\o-hyperon decay _
Levi Setti, Slater, and Telegdi use 36.9 Mev, whereas we use the value
37.14 Mev. - | |

For these mesonic-hyperfragment decays, the errors in the
binding energies are due almost entirely to the range straggling of the
pions. More events are needed to reduce the errors. If there are
excited states of hyperfragme‘n’ts, many fnore events will be needed to
seépatate these excited states from their ground states. More inform-
ation 'conce'fning the angular distribution of the piohs from the mesonic-
hyperfragment decayé would be most helpful in understanding the /\o_
nucleon interaction in these hyperfragments. The analysis of the non-
mesonic hyperfragment decays would be desirable also, but in generai,
this would contribute little to the accuracy of the binding energies of the
- /\ ° hyperons in the hyperfragments,‘ A neutral particle is almost
‘alwvays associated with the nonmesonic decay modes, and the errors in
direction measurements contribute strongly to the binding-energy

errors (note our nonmesonic ,Be’ event).
/\ :

Binding energies observed for /\\O hyp;;;)ns in hyperfragments.
Hyperfragment Binding Energy No. of Events
o (Mev) -
AHD -1.08 £ 0.72 1
AH? 1.56 4 0.65 2
AHe* » 2.43 £ 0.56 1
/\He5 _ _ 2.66"+ 0.41 2
AL 5.56 £ 0.28 2
9 1
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APPENDICES

I. . Angle Error, Evalua,ti.onA

The factof W which appeared in the secti'oﬁ dealing with anéle
‘measurements is derived as follows. Consider a particle initially
- moving along the x akis. After traversing a distance % it is found at
point A (see Fig. 9). In measuring its direction we place the line of a
reticulé along the track in such a way that it passes through 'O and A,
Then W

where § is the angle'bé'tween the line' OA and the x axis.

is the error in the measurement of the direction angle,

In Fig. 10 we show ait‘rack with tangents (dashed lines) at C and
D and with equal chords BC and CD. The angle 0 in this figure has the
same significance as .0 in Fig. 9.  Here ais the absolute value of the .
angle between successive chords. From Fig. 10 we see. that we have

. 0. = 9 + ¢')
therefore - - 92, +¢2 + 204.

There'is a symmetry in Fig. 10 that allows the ‘elimination of
¢ from the above expression. It makes no difference whether the track
passes through C from the right or left, i.e., there is a right-left

symmetry at.point C with respect to the labeled quantities. If we form

>o,2 , then we have
< > vt : : <o.2> =/\92> +<¢2> ’

because <6¢ = 0 from the symmetry. In addition, the symmetry

requires ’ <92>:<_¢2>’

so that we have v / '
VAN z> :
\a> 2\9 . (2)

Since a is distributed according to a gaussian, we. also have

@G i e

'E11m1nat1ng < > between Eqs. (2) and (3) gives
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vFig. 9. Measurement of the direction of a track that multiply
. scatters in emulsion.
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AR A
o V4% = {3 <0

which is the desired expression. |

The observer error, o, = 17/t, contains a faétor 17, which we
have estimated as follows: a retlcule of Iength t is placed along a
track of f1n1te width. The accuracy with which the reticule can bé
aligned along the center of the track of finite width is limited by the
angle whose tangent we estimate to be 0.3/t, where t is in microns.
The number 0.3 represents the half width of the track in microns. We
make a small angle. approximation and multiply 0.3 by _180/1r to obtain

the angle error in degrees, i.e.,

o = tano = O.3/t,
o o

or o = 17/t, where o5 is in degrees. The observer error 7, and

the multiple-scattering error O ms, can be contained:

e

0=W}0' 2'+0'2,
ms o)

where ' . 2 K2

- t
ms = Tpp)% 100 °

o % = (17)%/t?
o N
To find that length of reticule to be used in the angle measurement

which gives the least error, we take

| K* 201
do _ 1 1‘7—0 2 )2 P,
dt 2 j/ : Z ' ’
+ (o)
ms ‘O
, .3 2 - |
e, t = =2(17)7(100)(pp) /K .

For K = 25 we have

3 2
t,~ = 92.48 (pB)",

: _ ’ 2/3
tm = 4,52 (Pﬁ) -
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Substituting. this value of t in'the expression for o gives us the
error corresponding to this minimal condition in terms of the pf§ of

the particle:
_6.51

p

I Nuclear-Track Photometef _

It is desirable to ha\‘/e some measure of ionization for slow
particles in emulsion. Because of saturation effepts in G.5 emulsion,
it is impossible to make grain C'eunts or gap.ceunts that are ve‘ry
meamngful Several workers in the field of nuclear track emu1s1on
have shown that the width of the track is a measure of ionization. 16, 17
Some make these measurements with an eyepiece micrometer, while
others make photomici‘ographs of the track and measure the width on
the photomicrographs. Others project the- ‘indage of - the track and
rheasure it with a scale. All these visual fne'as'urements involve a
subjective factor, which is somewhat undesirable. The need for an
objective measurement of track Wldth led a number of workers to build
photometers that measured the w1dth of a track. 2i-27 |
o We approached the problem in a way that was similar in principle
to the a[ppro'ach by Professor Sten von Friesen and his co—workers.
F1gure 11 shows the apparatus A synchronous motor is geared to
drive the x-screw of the mlscroscope stage. A gear arrangement
" allows select1on of three speeds: 5 microns sec—l,. 2.5 microns sec_l,
and 1 micron sec 1'. The optical system of a binocular microscope
has been altered in the Ifollewing waYS' (a) one of the eyepiece tubes
has the 1P28 photomu1t1p11er mounted on it, and (b) in this same eye-
piéce tube is mounted a plane-parallel piece of glass which can be’
rocked back and forth about an axis perpendicular to the eyepiece tube.
This is shown in greater detail in Fig. 12. As this plane-parallel
glass rocks back and forfh it causes theimage to be displaced because
of the refraction of the light passing through the glass. This glass

piece is rocked through a cam arrangement by a synchronous motor at
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ZN-1734

Fig. 11. Nuclear-track photometer.
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Fig. 12. Details of the optical system of the nucléar-track
photometer.
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a rate of 1 cycle per 8 seconds. The other eyepiece tube has a mirror
arréngen&entinlorderfthatthe eyepiece tube can be bent to a more-
comfortable scanning position. Referring again to Fig. 13, we see.
that the photomultiplier views the image of the microscope through a
slit, which is placed in the ret'iculeb position of the ocular. The
emulsion is placed on the stage in such a way that the track to be
measﬁred is parallel to the x axis. The motor on the x axis moves the
track along its length and the rocking plane-parallel glass in the eye-
piece tube causes the image of the track to be swept back and forth in
the y direction across the slit through which the photomultiplier looks.
This action is represented in F1g 13.  The signal from the photo-
multiplier passes to a dc amplifier and from there to a Leeds and
Iqofthrup Speedomax chart recorder. The chart is moved by a
synchronous motor. Because of the use ofsynchronousxnotérsthrough-
out, the displacementr of the chart paper bears a direct relation to the
range of the track-_being sc:a.nne‘d°

There are several features of the photometer that are worth
mentioning. We have devised a hydraulic z-axis motion. The control
under the left side of the stage is the Z.- screw, which moves a piston
in a cylinder. The fluid pressure is transmitted thi’ough the copper.
tubing to a cylinder-and-piston arrangement on the .head of the micro-
scope. One of the reasons for using this type of z drive was the need
for a vernier control of the z motion. One turn of the z control re"-“"‘
presents a z motion of about 30 microns. Mounted on top of the z
control is a variable resistor which is geared .to the z control.. A
battery supplies a voltage to the resistor and the position of the z—
coordinate corresponds to a fraction of the battery vdltage, " This volt-
age is recorded periodically on the chart recorder and provides a »
record of the z-coordinate. Another feature incorporated on this
microscope is a piate rotator. While following tracks, we find it
hecessary to reorient the emulsion in order that the track remain
parallél to the x axis. A rotation about the optic axis is called for,
and is done on this microscope in the samé way as on the Koristka

microscope. A sleeve, which is mounted on the condenser-lens support,
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F1g 13. Motion of the slit relative to the track in the nuclear-
track photometer. The slit is 20 microns long and 2.5
_microns wide.
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can be raised until it touches the bottom side of the plate. A vacuum
~line to the sleev‘e provides a means for clamping the plate. The sleeve,
with plate clamped on by vacuum, is raised further until the plate
clears the stage, ,and then is rotated the necessary amount. We use
electromagnets t:y hold the plate to the steel stage of the microscope,

in order that the rotations may be made rapidly.

Measuring technique.

The operator aligns the plate in such a way that the track to be _
measured is parallel to the x axis. The motors are started and the
operator controls two movements, The tracks must be kept in focus
with the z control, -and the tréck must be kept within certain limits in
the y direction as the trackis measu‘red, Limits are scribed on the |

reticule of the observer's eyepiece, and with the y-screw he keeps

' “the track within those limits.

Data reduction.

A typical chart record is shown in Fig. 14. The points C and
D repreéent-the 1ightvreaching the photomultiplier when the track is
not in the image contained within the slit. Point B represents the
light reaching the photomultiplier when the track is in the image con-
tained by the slit. The quantity that is taken as significant is the
‘ratio '

1 . C+D-2B

S TFD

This ratio must be corrected by a factor that depends upon the depth -
in the emulsion. The contrast of a microscope image depends upon
depth in the emulsion and upon the general background in the emulsion.
The periodic recording of the z coordinate éllows"such a cbrrection to
be made. Points Z in Fig. 14 are the z coordinates at those times.
Figure 15 shows such a correction curve for a selected emulsion, in
which protons and K mesons were studied. We have normalized the "
z correction to 1 at the surface of the emulsion; '_I‘h'e ratio S' is to be
divided by the correction factor. The correction curve is determined

by measuring a number of proton endings at various depths in the
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Fig. 14. Typical chart record of the nuclear-track photometer. 1
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15. Depth calibration curve for correcting photometric
.measurements according. to depth in emulsion. This
particular.-curve is for the emulsion used in the measure-

" ments indicated in Fig. 16. ’



e;_mulsion.' This z-correction.curve must be establi‘s_hed'f_or each
ernu_lsion. As a means of evaluation of the method, We meésured .
three proton tracks and four K-meson tracks. For this study we
chose slit dimensions (in the image of the microsco‘pve)”of 2.5 by 20
microns. We have integrated the track width graphically in Fig. 16.
It is seen that the two groups begin to diverge at about 700 microns.

A completé separation is obtained at about 900 microns:

Charge measurements. v

| We have changed the dimensions of the slit to 1.2 by 5 microns
(in the.'image of the microscope), and used the photofnet_er for com- -
parative me'a_-_sureménts on short fnultiply charged prongs from an
interesting hyperfragment decay. The photorhéter was not used on

any of the identified events.

Discussion of the photometer.

Certain features of the photometer make it a >1ess. precise in-
strument than. one might first expect. The -quanvtitvaF". is quite d_epénd-
ent upon the general background of the emulsion in the »reg_ion where
it 1s measured. We have grids printed on the underside of our emul-
sions in order that tracks can be followed from one pellicle to énothér.
- The values of S' are different when the image is above a grid riumbef
than when the image is not above a grid number. This suggests that
it is impossible to make a reliable measurement of ionization for a
long track, because of the crossing of grid numbers and lines. This
| limits our use of the instrument to short tracks. It seems that the
ihstrument should be quite usefui in determining the charge of short
tracks. In additiod, the determination of the =z cbrrection becomes
troublesome because it must be done for each emulsion. Various
methods of mékingrionization measufem.ents, -including the photometric
method, have been studied by S. Nilsson: 28 The reader is referred
to his paper for a quantitative comparison of these methods. From
our studies, and from the paper by S. Nilsson, we believe the photo-

metric method is most useful for saturated or nearly saturated tracks.
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Fig. 16, “Int"egrated‘track'widt‘h vs residual range for three
- proton and four K-meson tracks in emulsion.
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III. The IBM 650 Program for Hyperfragment Analysis

The program described in the following paragraphs has been
used in the detailed analysis of selected hyperfragment decays. The
idea of using the IBM 650 for hyperfragment analysis was first develop-
ed by Dr. Violet at Livermore. We have used a copy of His program,
‘which he was kind enough to provide, and also written another program’
whlch represents considerable 1mprovement 1n machlne time and ease
of use. This second program is discussed in the f0110w1ng paragraphs
| In general, one canunot ascertain the identity of all the prongs
from a hyperfragment decay Wlthout making a kinematic analysis of
the decay. In practlce, one assumes identities for each of the prongs
and proceeds to calculate momentum balance, or unbalance,v. and -
visible energy.release. Then one calculates from the energy release
and the assumed identities a binding energy for the /\ hyperon
This binding energy must be positive. If in add1t10n there is reason
to believe that the decay does not involve a neutral part1c1e (colmear
or coplanar decays), momentum must balance. These two require-
merits are sufficient in many cases to allo\;v identification of the
hyperfragment | | |

The data for each hyperfragment decay are fed into the IBM 650
on punched cards. The first card contains two words of information.
The first word tells the number of prongs from the decay. The second
- word contains information on whether or not a neutral particle is’
iﬂvelved in the decay. If a neutral particle is involved, this word also
tells what the p_artiele is; e.g., one neutroﬁ; two nel.ltron.s, or a
neutral pion. For example, suppose we have. a hyperfragment that
: deéays into two prongs which are obviously not colinear. Then we
punch a number 2 in the first word of the prong-eontrol card; and in
the second word we punch a code number that might, for example, tell
_the machine to assume that the neutrali partic_le was a pion.

A second card transfers controlyto the program. The reading of
“‘the first card is .not a part of the program but just a'rnemory-storage

process.
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Following these first two cards, the prong- control card and the
transfer card, are the prong- -data cards. Each prong of a hyperfrag—
ment decay has one ‘card which contains the raw data applymg to that
prongg For a hyperfragment decaymg into three’ prongs there are
three prong—data cards. Each of the prong data cards contains the
follow1ng information: R AR, 6, AG 6, AS, T, AT, and Z; where R
is the range of the prong in m1111meters, 6 is the prOJected angle in
degrees, & is the dip angle in degrees, T is the energy in Mev, and
Z is the charge. The A's refer to the errors aséociated with the
various quantities. (We will refef later to the T and AT entries on the
prong-data cards, since it appears redundant to list R and AR, as
well as T and A-Tv., ) For each of the prongs we calculate the quantities

N, = __(.—_;P?'I\stﬁfjf - 2> (12 x ‘10'4), 
where the subscript on the M permutes among the isotopes correspond-"
ing to the Z that Was"_punched on the prong-data card for thét prong.
For example, if the machivn'e finds a 1 punched for Z on the prong-data’
card, then the machine calculates 3 \'s, using the masses of the three
hydrogen 1sotopes After the machine obtalns the \'s , it makes a
linear 1nterp01at10n between entrles ina N vs7T table- wh1ch is stored
in the memory-and determines a 7 for each of the A\'s. These T's
are used to calculate T's cor}re5pond1ng to the 7's, as follo{;vs:

S

i 938.232

From the T's we obtain momenta corresponding to each of the ener-

gies, T: . .

—— 2

P£ = \[T, + ZMET
The errors in the T's and p's are calculated by forming R + AR and
redoing the calculai_ti,on‘ to this point to obtain a set of energies T + AT,
and the corresponding momenta, p + Ap. Subt_ractioﬁ of T from its
corresponding T + AT and p from its éorrespo'nding p + Ap gives the

" desired errors. Unfortunately this method of obtaining the energy of
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a prong in terms of its range by mak1ng use'of the table of Avs T
breaks down for slow multiply charged partlcles For th1s reason
we reserved space on the prong data cards for entermg T and AT,
For such cases, zeros are punched for R and AR, ThlS 1nstructs the
machme to 1ook at T and AT and bypass the calculatmns 1nvolved in
using the )\— ve-T table When the range entry on the prong-data card
~is nonzero, then the T and AT spaces are 1gnored by the machine.

" Now the machine has determined the energy and. momentum of
each prong for all its poss1b1e identities. The machlne next beglns to
combine. the above energies and momenta in all the1r p0531b1e
j(,permutatlons? For example suppose we have a hyperfragment decay
with.a pion, a proton, and a He4.. On the pion prong—data card a -1
is punc_hed, and there is only one mass value corresponding to this
charge, namely,the pion: mass. On the second prong-data card a 1 ‘1s
"punched for Z, and there will be three energles and momenta for this
prong correspondmg to the three 1sotopes of hydrogen. For the third
v'prong data card a 2is punched for Z, and there are three energles g
' and momenta correspondlng to the three 1sotopes of helium. The
' mach1ne then makes all poss1b1e permutatlons of three prongs. In this
“case there are nine permutatlons, A shorthand notation will be useful
in v‘describing the remainder of the program " The .subs'cript i refers
to the prong and the subscr1pt j reférs to the permutatmn In the
: example above, i runs from one to three; there are three prongs in-
volyed in the decay. The-”s"ubscript J runs from one to nine; ther.e are
nine possible permutati‘ons-of t:he" prong identities. With this notation,.
it is possible to. express the re solution of the momentum of each of the
" prongs into three o‘rthogon-al components using the angle information
supplied: ’ |

P.. = P..cosbé cosb. ,
Sij. AR § Eue U i

1
0

.. P.. cos é, sin 6. ,
1_] 1J 1 ) ) 1.
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-P.. = P.. sin 8.
A, i) i

The errors"ip'thé trigonometric functions are calculated as follows

A (sin d) sin (a + Ao,) - sin aq,
A (cos a) = cos (a + Aa) - cos a.

If we assume that for a given prong the errors in projected and dip
- angle are independent, then we have .

sp;  [fap,|® (A(cos )| 2 (b (cos AN
e [ SIS — + —_—
P.. P.. : 1 cos 0, f cos 6., |
i, TG . i i
APij C Pij 2 A (cos Si) !Z N (sin 6.) 2
Y= P A AU PO (S
P.. P.. | cos &. P sin . [ °
T 1 VA i |
A L J ]
AP, [aP,. | % (A (sing) |2
ij, i ij | i’
P ”’J P,/  {shms
ij, ij- i
o L N o
"The momentum unbalance, or n:eiJ.tralb—particle momentum, is obtained
from the : S »
P. = XP., P =ZP. , P = IP.
iy R g T THy i, 1,
The errors are
| I
AP, = |z @P. )"
Ty s N
—
R . 2
AP, =JZ‘AP1-) :
Yy oo Yy
R
i 2
AP, = |2 (AP,. )
i, 4T

zZ

Therefore the momentum unbalance is
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P —A/‘ij) + (_Pjy) R )T

2 +'('Af>£i )

and - AP, = | (aP, )® + (aP.)
j j "7 .

X y
The vectbr sum of the momeht_a bf all the prongs is dis?layed as a
mome‘ntum'unbalance, if the machiné has B'een'instructed_that there are -
‘no neutral particles’ pa‘rti‘cipavting iri‘ the décay.” If the machine haé been
told that a :neutral particie is to be involif_ed, then i-t‘calcul_éte-s a kinetic
~energy c_orresponding to this vector sum of the mdmenta,

2

T. ;JP.;_+M’ -M,
3 J :

- ‘'where M is the neutral-particle mass in Mev. The ‘machine has been
instructed on the prong-c.oznj;rol card as to 'which of the neutral particles

'is to be used 'in this energy calculation. For the two néutrons, this

| e'nergf represents a loWef; Hmit to the kinetic energy carried away by

the neutrons. The error in this kinetic energy of neutral particles is

~ given by

AT, = \}(P. + AP + M2 - JP..Z + M2,
J oo SV o
The total kinetic energy released in the decay is
== T..+ T, ,
QJ T J

‘with

| 2 2
CAQ. = |2 T.. + (AT. s
Q, 4 (AT ) + (AT,

‘where. we assur’ne.A.Tj”is indepeqdent of the energieé of thé prongs. .
This is valid in ge'neral because the error in T-j comes primarily from
the errors in the angle measurements. The binding energy of the

/\0 hyperon in the'hyperfragmen't is '

B,, = M.{(ZZ., T A..-1)+1115-Q. - = M.., o
A®5 Jv(i R S 97 ij .

with . : .
. AB = Q. + (.02 :
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“where M, (Z Z.,' = Aij—l) is the mass of the nucleus with atomic number
1 .
Z Z. and mass number 12 Aij_-l' In order to obtain a complete picture
i : :
of each analysis we have instructed the machine to punch out the follow-

ing quantities on answer cards: Z., A.., T.., &T.., p.., & R , Lp.
ing q s: 2y Ay Ty ATyp Py OPy Py o LRy

Py A'Pj » Py oy Apj ' Py APJ" Ty 215 Qj’ 205 Bpo s v/‘\B/\O.. These
y y Z z : J )

quantities are compared for all the j .permutations. The requirements

for identification of an event. have been outlined earlier in this appe‘ndix.

" The .abo.ve quantitiee provide the necessary information to make such

- an identification. o » ‘ | |

One difficulty in the use of the program is,assoei'ated with the

range-straggling verror. ,The range straggling depends upon the mass

of the particle, and since the permutations of a given preng identity in-

volve a number of masses, the straggling error is correct for only one

of the masses. HeWever, the proper straggling is taken into account | R

when the correct decay reaction is found from the set of permuv.tati»ons. e

IV. Transformation to the /\9—Hyperon Inertial Frame

We have used a geometrical method. for performing the trans-
formations to the /\O—hyperon inertial frame. The iargest B for the
examples we used was 0. 169. This correeponds to a yof 1. 0146 We
treated all these transformatlons nonrelativistically (the pion energy
and momentum enter relat1v1st1ca11y, however).

Consider the vector diagram of the pion, proton, and /\O-—hyPeron
momenta (Fig. 17) In the inertial frame of the /\o hyperon, the pion
has a momentum OC where.the point O is as yet unspecified. The
point O is determined by calculatlng how the energy is d1v1dedv between
the pion and proton in the inertial frame of the A° hyperon. In the
inertial frame of the A° hyperon, the proton energy is 943.50 Mev and
the pion energy is 171.50 Mev, where we take the /\O—hyperoh rest
mass to be 1115 Mev. The /\o-hyperon momentum is divided between
the two particles in proportion to their energ1es, i. e, ' S .
-943 50/171.50 = OB/AO. The angles are then read off with a protractor. '
We have plotted in Fig. 18 the point C with respect to O for the six
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MU-13564

“Fig, 17. -Geometrical representabtmn of the transformation to
the inertial frame of.the /\_ hyperon in terms of the pion

and proton momenta, p and pp
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MU-13565

Fig. 18. Geometrical representation of the pion momenta for
various hyperfragments. For a given hyperfragment,
the pion vector momentum in the inertial frame of the
/. hyperon is obtained by drawing a line from 0 to the
point corresponding to the given hyperfragment.



cases we have a,nalyzed. ‘ The semicircle repfesents the expected locus
of poi‘nts C for the deéay of free /\0 h}fperons.» " The fact that our points
all lie -inside -this :semicircl'evis .eVidence for the binding of the /\0'
hyperons in fhe hyperfragmenfc.s;- An apparént Q value for the /\0--
hYpefbn decay is calculafed{by attributing _morhéhtum O_C to the pion

- and proton and calcuiatihg their energies. This was done, and the )

- values are shown in Table IV.
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