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ABSTRACT 

The first hypernuclei production experiment using a 

beam of heavy ions from the LBL Bevatron is described. Mass 

16 hypernuclei were produced by letting 33.6 GeV 160 ions 

fall on a polyethylene target. These hypernuclei decayed in 

a wide-gap spark chamber which was photographed. A decay 

distance distribution was obtained from these photographs. 

After appropriate cuts had been made, 22 good events re

mained. Analysis of these events gave a production cross 

section of 7.3 + ^"1*5 microbarns. The lifetime of these 
U • D 

hypernuclei was determined to be (5.0 * 3*0^ x ^O"11 seconds. 

This experiment shows that heavy ion beams can be an in

valuable tool in the further study of hypernuclei. 

viii 



CHAPTER 1 

INTRODUCTION 

A nuclear system which contains one or more strange 

baryons is known as a hypernucleus. The most commonly 

observed hypernuclei contain a single A0, but others have 

been reported with two A0,s or a 

The study of hypernuclei can be of great importance 

in nuclear theory. Because of the addition of a third type 

of particle which has different quantum numbers from the 

nucleons, the hypernuclear system will behave differently 

from the normal nucleus due to the AN forces which involve 

different meson exchange processes than the NN forces. 

Detailed knowledge of this behavior will lead to additional 

tests of the various models used to describe nuclear struc

ture. 

The lack of data about hypernuclei was pointed out 

in a review in 1970 by J. Pniewski.* Out of more than 

50,000 observed hypernuclear events, only about 3500 had 

been uniquely identified. These identified events contained 

19 different hypernuclei, all of which have an atomic number 

of six or less. Many hypernuclei of higher mass have been 

observed but have not been uniquely identified. 

1 
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The weak interactions play an important role in the 

decay of hypernuclei. In addition to its usual decay pro

cesses, the non-mesonic reaction A+N+N+Nis another 

decay channel for a lambda bound in nuclear matter. The 

strength of this interaction depends on the correlation 

2 density of the A and the nucleons in the nucleus. 

The usual decay processes of the lambda can be 

classed as mesonic and leptonic. The two most probable 

mesonic decay modes are 

A0 -*• n + ir° 

and 

A0 -*• p + TT~ . 

The interaction between the lambda particle and nucleons in 

the nucleus allows two more channels for mesonic decays. 

These are 

A ° + p - » - n  +  n  +  T r +  

and 

A0 + p -»• E+ (virtual) + n 

E+ -*• n + TT+ . 

However, the rate of these two reactions has been found to 

3 
be small compared to the other modes mentioned above. 
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The lambda may decay leptonically by the two beta-

decay channels 

A0 -+• p + e~ + \T" 

A 0  + p  +  y -  +  \ T  ,  

but the branching ratios for these decays are down by a 

factor of 10~3 and 10"1*, respectively, from the A -»• N + ir 

4 modes. 

Nearly all of the information about hypernuclei, to 

date, comes from two types of experimental techniques, both 

of which use beams of K~ mesons incident upon normal nuclei 

to produce hypernuclei. Nuclear emulsion experiments 

account for at least 95% of all experimental results, while 

helium and heavy liquid bubble chambers account for almost 

all of the rest.* Individual events are identified princi

pally through kinematic fitting of the mesonic decays of the 

hypernuclei. The non-mesonic decays are hard to fit because 

there is a large energy release in unobserved neutral parti-

5 
cles. This is unfortunate because the non-mesonic decay 

mode predominates in all but the lightest hypernuclei. 

Coremans et al.® have found that Q~, the ratio of non-

mesonic to ir*"-mesonic decays of 5He^» is already 1.31 ± 0.09. 

Dalitz^ calculated Q~ = 9.4 for I3C^, and for 20 ^ A ̂  90 

0 Bhalla et al. have found Q~ = lO* which disagrees with the 

7 Dalitz's calculated value of 150 to 200. 
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Bubble chambers have several advantages over 

emulsion techniques, although they have less spatial resolu

tion . The curvature of particle trajectories in a magnetic 

field is a great help in kinematic analysis and for helium 

bubble chambers the range energy relation is well understood. 

There appears to be some difficulty with the range-energy 

relation in emulsions. 

For lifetime measurements both of these techniques 

have a major disadvantage, especially for intermediate and 

heavy hypernuclei. The ranges of the hypernuclei and its 

decay secondaries are short. Ranges of the order of one to 

several microns are not unusual in nuclear emulsions. This 

leads to large errors in the measured length of tracks and 
O 

hence in results derived from them. Bhalla et al. have 

used the ratio of forward to backward pi minus tracks in 

nuclear emulsions to obtain the mean lifetime of a large 

group of heavy hypernuclei. By using this ratio it was 

hoped that the in-flight decays could be separated from 

hypernuclei that decay at rest and then the range-energy 

relations would give the lifetimes. The result of this 

technique for hypernuclei with a mass of between 20 and 90 

was x = (1.5 * o*4^ X 1®~12 seconds. Monte Carlo calcula

tions which were performed later and compared with addi

tional data yielded T = (2 ± 1) X 10"12 seconds for the same 
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mass range. Bubble chamber experiments give the lifetime 

of 3Ha as T = (2.62 * x 10"10 seconds.2 

It seemed that it might be possible, using the 

Bevatron heavy ion beam, to produce hypernuclei which would 

have a high velocity and thus have a relatively long decay 

distance. This would lead to accurate measurements of life

times. It was also felt that if hypernuclei could be pro

duced with this new type of beam, it would be possible, in 

future experiments, to observe many hypernuclei of different 

mass than those that had been uniquely identified previously. 

This was the motivation for this experiment. 

A beam of heavy ions was allowed to strike a 

polyethylene target to produce hypernuclei by one of the 

following reactions: 

AZ + p (A+1)Z + K*- , (1) 
A 

AZ + n -»• (A+1) (Z-1)A + K4- (2) 
A 

AZ + p AZ. + n + K1" , (3) 
A 

AZ + n -»• A(Z-1), + n + K* , (4) 
A 

AZ + p ->• A(Z-1) A + p + K* , (5) 

AZ + n -»• A(Z-2)A + p + . (6) 

Since the kinematics of reaction (1) make this an easy 
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reaction to observe experimentally, the experiment was 

designed to observe this mode. 

The momentum versus laboratory angle of the K1" for 

reaction (1) was calculated by TABLE,a kinematics program 

written by Dr. R. M. Kalbach of The University of Arizona. 

Figure 1 shows that the K1"- would be emitted at nearly a 

right angle to the incident ion momentum and with a low 

energy. The hypernucleus would therefore be produced with 

the momentum of the incident heavy ion. 

The production cross section was estimated by 

assuming that the A is produced by an interaction which 

involves only one nucleon in the incident heavy ion, as 

shown in Fig. 2. Using the experimentally known reaction 

p  +  p - * d  +  n + ,  ( 7 )  

the cross section for the reaction N + p -*• (NA) + K* is 

estimated from the relation shown in Fig. 3. Experimental 

data for reaction (7) as reported by Heinz et al.^ were 

used to calculate a production cross section for 170^ of 

about 9.1 microbarns. 

The incident momentum used in the above calculations 

was 2.78 GeV/c per nucleon. This is well above the thresh

old momentum of 2.34 GeV/c per nucleon which is calculated 

by assuming that the energy for the extra mass of the A0 and 

K*" comes from a nucleon-nucleon interaction. 



110° 100° 90° 80° 70° 

0 10 20 30 
RANGE (gm/cms of Carbon) 

Fig. 1. K*- Range Versus Laboratory Angle 
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A-p' A-p' 

P K+ 

Fig. 2. Two-Body Hypernuclei Production Model 



p ^ (pA) P / s d Q = ~ Q x M M  
p TT* \9pnir7\9pnd ' 

Pig. 3. Relation between Hypernuclei Production Reaction and pp -*• u+d 

The symbols gijk in this diagram represent the coupling constant between 
particle i and particles j and k. The symbol (pA) represents a proton bound to a 
lambda particle. 

so 
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The above considerations were used in the design of 

the experiment. However, the results of a later experi-

12 ment show that the production cross section for the 

reaction 

p + 12C + K*" + l3CA , 

is at least three orders of magnitude lower than the above 

calculated value for oxygen. Because the model (see Fig. 2) 

used in the production cross section calculation for the 

reaction 160 (pf K1") 170^ involves only one nucleon in the 160, 

the production cross section for reaction (8) should differ 

only by a small scaling factor which depends on the size of 

the carbon and oxygen nuclei. The difference between this 

theory and the experimental result means that the estimates 

used in the theory are in error. Therefore, reactions (3) 

through (6) would have to be dominant in order to produce 

enough hypernuclei to be seen experimentally. 

13 
Fetisov, Kozlov, and Lebedev have done some 

calculations on the expected cross sections for the reaction 

p + 12C -• p' + K1- + 12Ba . 

They used oscillator wave functions to calculate form fac

tors, Fj(A), for producing three different final states of 

the 12B.. The differential cross sections were found to be 
A 
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at a maximum when the three-momentum transfer, A, is at a 

minimum. Figure 4 shows the mechanism of this interaction. 

The result for producing a ground state 12B^ with an inci

dent 2.0 GeV proton is 

dE ,dS , dlV = 1-5 " 10"3 Vb/Mevsr2 . 
p p K 

For the binary reaction/ 12C(p^K*)13C^/ they estimate that 

10-6 Jik . 
dftR sr 

Even if the solid angle, were one steradian, the 
1\ 

2 
estimate of Fetisov et al., when scaled by the ratio of A3 

for 160 and l2C, gives a cross section for production of 

17Oa of 1.2 x 10"6 microbarns. This is down by a factor of 

10" from the production cross section estimate of 9.1 

microbarns used in the design of the experiment. The main 

reason for this is that Fetisov et al. take into account the 

high probability that the nucleus will break up instead of 

producing a hypernucleus. The estimates discussed above are 

summarized in Table I. 
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(A-P' )A 

F(A) 

Pig. 4. Three-Body Hypernuclei Production Model 



TABLE I. PRODUCTION CROSS SECTION ESTIMATES 

Reaction and Source Production Cross Section Estimate 

1. p+12C -»• 1 'c.+K1* 
12 

Bowen et al. 

2. p+12C 1 SC.+K1' 
13 

Fetisov et al. 

1 6/ '0+p + 1?0A+Kh 

Estimated from Reaction 2 

1 7, 4. 1 6/ 0+p 

This work 

°A+K* 

5. p+12C 1 2i ba+P' +K-
13 

Fetisov et al. 

a < 10"3 yb (experimental) 

do 
as£ 

« 10"6 yb/sr 

a « 1.2 x 10-6 yb 

a = 9.1 yb 

da 
dE .55 ,dil„ = 1-5 " 10-" Mb/Mev-sr' 

p p K 



CHAPTER 2 

EXPERIMENTAL APPARATUS AND METHOD 

The Heavy Ion Beam 

The heavy ion beam was designed by the Heckman group 

14 
of the Lawrence Berkeley Laboratory. Oxygen ions were 

accelerated by the Bevatron to an energy of 2.12 GeV per 

nucleon. These particles were spilled into the heavy ion 

channel over a one second time interval and brought to a 

focus on the target. This process was repeated every six 

seconds. At the focus, 90 percent of the beam fell within a 

1.25 cm diameter circle"^ and the intensity of the beam 

ranged from 103 to 106 heavy ions per Bevatron pulse. Since 

much of the running of this experiment was parasitic and the 

heavy ion beam, itself, was being developed, the choice of 

oxygen as the heavy ion used was determined by others. 

Because the lifetimes of hypernuclei with mass numbers near 

16 are unknown, this choice was not ideal for an initial 

search of this type. 

Experimental Layout 

The experimental arrangement used to produce and 

observe hypernuclei is shown in Figs. 5 and 6. The incoming 

heavy ions passed through scintillation counters Bi and Bi 

14 



BEVATRON HEAVY ION BEAM LAYOUT 

I I.Om 

SEE FIGURE 6—^. _ 

L _ 

CAMERA 

I i l i I .I I I I I I 
0 2 4 6 8 
SCALE IN METERS 

Fig. 5. Beam Layout 



SPARK CHAMBERS 

ABSORBER 

TARGET 

BEAM 

B, B, 

I ' ' • ' • ' ' ' ' ' ' 1 
0 5 10 15 30 

SCALE IN CENTIMETERS 

Fig. 6. Experimental Layout 

a\ 



17 

and then through a 5.7 cm diameter hole in counter A. 

Counter A consisted of four 1.25 cm thick plastic scintilla

tors. Each scintillator was coupled to the same set of four 

12.7 cm diameter photomultiplier tubes. Counter A was up

stream of the target and was used to reject any triggers 

initiated by any off-axis beam particles. A 7.6 cm thick 

iron plate with a 5.7 cm diameter hole on the beam line was 

placed behind counter A to shield it from particles produced 

in the target. 

The experiment was designed primarily to observe 

beam particles interacting with the protons in the target 

to produce a A-hypernucleus and a K*. Assuming a two-body 

interaction involving only the free protons in the target, 

Fig. 1 shows that the K*" would either stop in the target or 

would be emitted at close to 90° from the beam axis. A 25.4 

cm radial thickness of Plexiglas absorber would stop K*" 's 

out to 27 gm/cm, which corresponds to a momentum of 620 

MeV/c. 

The presence of a K1" was detected by counters Uj , 

U2, Di, and D2 which were 2.5 cm thick plastic scintillators. 

The K1" decay secondaries were detected by either Uj and U, 

in coincidence or by and D2 in coincidence. Because 

prompt particles from the target could also give this coin

cidence, no K*" decays were accepted within 11 nanoseconds 

after the target interaction. The 2.5 cm iron plates 
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between these pairs of counters absorbed low energy 

particles to reduce the number of false triggers. 

It was assumed that the hypernucleus would have a 

lifetime of the same order as that of the free A° particle. 

Therefore about 50% of the hypernuclei produced were ex

pected to decay before entering the spark chambers. Scin

tillation counters B3 and B4 were centered on the beam axis 

on each side of the spark chambers. B3 was used as part of 

the trigger logic and B4 was used to record the pulse 

heights of the particles leaving the spark chambers. 

Two more scintillation counters, L and R, were 

placed directly behind a secondary focus that was 19.5 

meters from the target. These counters overlapped each 

other by 2 cm. Ninety percent of the beam at this focus was 

15 
within an oval 1.27 cm wide and 1.9 cm high. Beam parti

cles which did not interact with the target or with any 

other material in the beam line would strike L or R or both. 

These counters were used to reject any events which were 

accompanied by non-interacting heavy ions. 

The wide-gap spark chamber consisted of two spark 

gaps, each of which was defined by two 0.0025 cm aluminum 

foil electrodes, 25.4 cm apart, mounted on 0.64 cm thick 

pieces of Plexiglas which were 61 cm square. To minimize 

the mass in the beam, 25.4 cm diameter circles were removed 

from the centers of these squares and then the inside edges 
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were beveled to reduce the non-uniformity of the inner 

surfaces of the spark gaps. Standard spark chamber grade 

neon (80% neon, 20% helium) was used in the gaps at a pres

sure of 2.5 cm of H20 above the ambient atmospheric pressure. 

A Marx generator which could produce 200 kilovolts was con

nected to the center electrodes of the spark chamber. This 

was triggered by a Scientific Accessories Corporation, Model 

002A 12 kilovolt Pulser which, in turn, was triggered by a 

logic pulse. The center electrodes of the spark chambers 

were connected to ground through a 2200 ohm resistor chain. 

The outer electrodes were maintained at ground potential. 

A 0.64 cm thick iron plate was placed between the spark gaps 

to facilitate pair production from any y's which might have 

been produced by the decay of excited hypernuclei. This 

plate had a 6.35 cm diameter hole centered on the beam axis. 

A front-surface mirror was placed at a 45° angle 

above the spark chamber to allow a shutterless Flight 

Research Model IV-E 35 mm camera to record two views of 

every event. Two light emitting diode (LED) displays, an 

electro-mechanical counter, and a thumb-wheel counter were 

positioned above the spark chambers. The images of these 

counters and displays were directed by two mirrors such that 

they would appear between the two views of the spark chamber 

on the film. 



One of the LED displays was connected to the Heckman 

group's computer and continuously read out a number that 

corresponded to the target that was currently in the beam. 

The other LED display read out two numbers in succession; 

the first being proportional to the decay time of the K*" for 

a given event and the second being proportional to the pulse 

height from counter B4. The thumb-wheel counter was used to 

indicate the number of the roll of film and the electro

mechanical counter was used to indicate the frame number. 

These last two were directly illuminated by a light bulb 

which was out of direct view of the camera. 

In order to define a coordinate system on the film, 

flat-topped white indicator lights were used. The flat part 

of the light was covered with black tape and then the tape 

was cut away to expose a white "X." Eight of these lights 

were mounted next to the grounded electrodes of the spark 

chamber in such a way that four X's were visible in each 

view. 

The sequence of taking the data on the film was 

initiated by the event trigger and was as follows: 1) the 

spark chamber would trigger and the sparks would be recorded 

on the film, 2) the LED would display the K1" decay time for 

150 ms, 3) the camera would advance one frame, 4) after 40 

ms (to give the film time to settle) the LED would read out 

the B4 pulse height for 150 ms, 5) the camera would advance 
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another frame and the frame counter would advance to the 

next frame number, and 6) after 40 ms, the illumination for 

the frame and roll counters, the fiducials, and a prefogging 

light all would be turned on for 300 ms in preparation for 

the next event. Thus the process of recording the data for 

one event required a total of 750 ms and was recorded on two 

frames of 35 mm film. 

With one exception, various targets used in this 

experiment were mounted on an aluminum disk which was driven 

by an electric motor. Which target was in the beam was 

determined by a series of four micro-switches which were 

activated by holes in the disk and which sent a binary 

number to the Heckman group's computer. This computer con

trolled the target drive. The targets used and their thick

ness in gms/cm2 are given in Table II. During part of the 

run (denoted ARIZONA) a 7.6 cm thick piece of polyethylene 

was used as both target and K*" degrader. 

Event Logic 

The designation used for all of the logic signals 

which are derived from counters are the same as the counter 

labels in what follows. Three separate logic signals were 

derived from counter Bj: Bi was a narrow signal, Bf was 

2 microseconds wide and B** was 270 microseconds wide. B* 

was used to reject events from a beam particle which 



TABLE II. TARGETS 

Target Target Target Thickness 
Number Material (gm/cm2) 

0 EMPTY 

1 Beryllium 4.435 

2 Polyethylene 3.586 

3 Carbon 4.305 

4 Aluminum 4.647 

5 Copper 5.193 

6 Silver 5.511 

7 Lead 6.651 

ARIZONA Polyethylene 7.206 
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followed another beam particle within 2 microseconds. Thus 

the beam was defined by B, iBJ »B3 *B*^ Counters A, U2 , and D2 

were used to detect off-axis beam particles. A beam parti

cle which was near the beam axis was then defined by: 

B = B, *B2 *B3 *Bj" • (A or U2 or D2 ) . 

The charged decay product of the K* was detected by 

either the upstream telescope, U = Uj*U2, or the downstream 

telescope, D = Di -D2. Since a stray fast particle could 

also give a U or D signal, it was required that U, and Dt 

were in anticoincidence, so that a particle traversing the 

whole array would not give a false trigger. Also B** was 

used to reject any beam particle closely following the 

event. The K signal was then defined by 

K • (U or D) • (U,-D,) • B*f . 

For an interaction trigger (i.e., a trigger in which 

the beam particle interacts somewhere in the system), the 

particle was required not to hit counters L or R. Therefore 

the interaction gate was 

G = (L or R) • B , 

with an output 75 nanoseconds wide. An event, E, was 

defined by 
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E ~ K Gdelayed ' 

where the G signal was delayed 11 nanoseconds relative to K 

to make Gaeiayea* This eliminated any E signal associated 

with a K*" decay which occurred within 11 nanoseconds of B 

and helped to reduce false triggers. 

Since the recording of an event on film required 750 

ms, a dead time circuit was necessary to reject any events 

which occurred during this time. A Model 157C LeCroy Con

troller supplied the dead-time signal used in the normal 

mode of operation of the experiment. This signal was fed 

through a wired-OR to an inverter. The other input to the 

wired-OR came from an EG&G gate generator which provided 

some dead time after every trigger to prevent free-running 

of the spark chamber when data were not being recorded. The 

output of the inverter was then a live-time signal which was 

combined with E to give the actual triggering signal, 

Etr^ = (E Live time) . 

A different condition was required for the event 

trigger when the empty target was in place. Since in this 

case we were looking for nuclear interactions in the spark 

chamber gas and for heavy ions which went straight through 

the apparatus without any interactions, the K requirement 



was eliminated. The nvunber of triggers per beam pulse was 

thus increased, and more background information was able to 

be collected in a given time. A schematic diagram of the 

logic electronics is shown in the Appendix. 



CHAPTER 3 

FILM SCANNING AND MEASURING 

Approximately 32,000 spark chamber photographs were 

taken on Kodak Linagraph Shellburst #2476 film. Because o£ 

difficulties with the electronics which controlled the LED 

readouts only 16,890 of these photographs contained complete 

data. 

For the analysis of these events, the photographs 

were projected on a horizontal scanning table. A photograph 

which showed the complete spark chamber was then projected 

onto a sheet of white poster board and the outlines of both 

views of the chamber and the positions of the coordinate 

indicator lights were carefully drawn on the poster board. 

Since no field lenses were used, the chamber appeared in a 

perspective view with the inside surfaces of both end plates 

and side walls in view. Scale factors were then determined 

for each view by comparing the known dimensions of the spark 

chambers with the projected views. These scale factors were 

determined along the beam line and were different for each 

view due to the fact that the optical path from the chamber 

to the camera for the mirror view was longer than for the 

direct view. The scale factors were 1.35 for the direct, 

26 
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and 1.59 for the mirror view. Checks were made during the 

scanning whenever a suitable photograph was projected. 

For measuring the events a fiducial line was drawn 

5.08 scale centimeters upstream from each chamber view. All 

decay vertices were measured from these lines. When a suit

able event was found, the fiducial images were first lined 

up with the drawn fiducial marks. Then the event was care

fully drawn on a sheet of white paper. The decay distance 

was then measured with a ruler to an accuracy of 0.1 cm. 

Particles in the spark chamber had charges up to 

eight. Because of the heavy ionization in the spark chamber 

gas along the trajectory of these highly charged particles, 

a large percentage of the energy from the Marx generator was 

released there. This caused the film to become overexposed 

and hence to record a wide track. In order to preserve 

information about charge one particles, the exposure time 

could not be reduced to overcome this problem. A line was 

drawn in the center of such a wide track to aid in the mea

surement of the event. 

Another aid to both identification of events and to 

the clearing up of ambiguities due to wide images was the 

reflection of the event off the back wall of the chamber. 

Because these reflections were not as bright as the tracks 

themselves, they often contained information which was 
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hidden by overexposure in the direct images. Two typical 

events are shown in Figs. 7 and 8. 

For many events, one or both of the views showed a 

vertex with such a small angle between the decay products 

that no accurate measurement could be made. In all cases 

where there was a measurable vertex, the "better" view was 

noted, where better refers to the view with the widest angle 

between decay tracks and therefore the most accurate mea

surement of the decay distance. Other data that were re

corded for each event included the K4" decay time, the pulse 

height from counter B4, the target number, and the number of 

tracks in both the forward and backward directions. Due to 

the presence of some very dim tracks, a number was also 

specified which reflected the scanner's uncertainty in the 

number of tracks recorded. 

All of the film was developed and prescanned in 

Berkeley by Dr. D. DeLise, a member of the Arizona group, 

within a few hours of its exposure. The rolls which con

tained complete information were then rescanned and measured 

by members of The University of Arizona High Energy Physics 

group. A total of 1295 events had vertices with no addi

tional unexplained tracks. These events were measured. The 

data from these events were punched on computer cards and 

then transferred to a magnetic tape for computer analysis. 

A comparison of 163 events which were recorded in the 



Pig. 7. A Typical Photo of a Many Prong Spark Chamber Event 

The spark shown in position A appears to be very wide due to overexposure 
of the film. This is due to the heavy ionization along the path of the charge 
eight ion. The line shown in position B is the reflection of the heavy ion track 
from the back wall of the chamber. C denotes the region between the spark gaps. 



Fig. 8. A Typical Photo of a Three Prong Spark Chamber Event 

The spark shown in position A appears to be very wide due to overexposure 
of the film. This is due to the heavy ionization along the path of the charge 
eight ion. The line shown in position B is the reflection of the heavy ion track 
from the back wall of the chamber. C denotes the region between the spark gaps. 

ijj 
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prescan with the events recorded in the rescan showed that 

two events were missed, which gives a scanning efficiency 

of 98.8%. 

One source of error in the measurement of the data 

arises from the perspective view of the upstream wall of the 

spark chambers. Tracks in the direct view of the chamber 

which were 2.5 cm from the beam line and in a direction 

along the optical path toward the camera would have a mea

sured decay distance 0.15 cm shorter than tracks on the beam 

line. If the track was on the other side of the beam line 

it would measure correspondingly longer than tracks on the 

beam line. For the mirror view the same conditions would 

give an error of 0.1 cm. Since the spread of the beam was 

less than 2.5 cm as it entered the chamber and since the, 

distribution of tracks about the beam line was symmetrical, 

the error from this source would have been small in a large 

sample of events. 

One possible source of systematic error could be 

inaccurate scaling factors in one or both views. To check 

this, the events which had a measurable vertex in both views 

were scaled and then the mirror view decay distance was 

subtracted from the corresponding direct view decay distance. 

The result, as shown in Fig. 9, for 883 events was a normal 

distribution with a mean of -0.083 cm and a standard devia

tion of 1.14 cm. This shows a small error in the scaling 
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factors and an apparently large statistical error in the 

measurements of the decay distances. It should be noted, 

however, that in these photographs, one view was generally 

much easier to measure accurately than the other. Since 

only the better views were used in the data analysis this 

large standard deviation does not reflect the true measuring 

accuracy. 

One reason for the small percentage of good events 

on the film was a factor of 10 more false triggers than 

expected. It was thought that the requirement of both the 

interaction gate and the K signal would eliminate more 

spurious triggers than it did. This increased the number of 

uninteresting photographs by an order of magnitude and re

duced the number of beam particles during the "live-time" of 

the system by a factor of 10. It also increased the number 

of background events due to nuclear interactions in the 

spark chamber gas. 



CHAPTER 4 

DATA ANALYSIS 

In order to put the measured data in the best form 

for data analysis, the program SUMX*^ was used. SUMX is a 

program for analyzing statistical data which was written at 

CERN and highly modified by the Lawrence Berkeley Laboratory. 

The raw data were first scaled and made ready for histo

gramming in a tactical subroutine CHARMl which was written 

by the author. The modified data were then processed by the 

standard SUMX routines to give various histograms of the 

data to be used in the fitting program. Another program 

which was written by the author and which used a modified 

17 version of subroutine CURFIT was used for fitting the data. 

CURFIT makes a least squares fit to a function using the 

17 algorithm of Marquardt, which combines a gradient search 

with an analytic solution developed from linearizing the 

fitting function. 

Examination of the K* decay time distribution, Fig. 

10, showed that its amplitude fell rapidly out to 1.6 K* 

mean lifetimes. This rate of fall was faster than would be 

expected for a K*" decay time distribution which indicated 

that we had to look for additional criteria to separate the 

true K** events from the background. At longer times some 

34 
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anomalous structure was seen. This is attributed to double 

pulsing of some of the logic electronics. Since only 1/5 of 

the K*" decay events would have longer lifetimes than 1.6 t^, 

a cut was made in the data to eliminate all events with a K* 

decay time larger than this value. Also because of timing 

variations between signals/ and because of the threshold 

level of the electronics which were used to convert the time 

difference between these signals to an actual number, many 

spurious events showed a zero on the LED display. For these 

reasons channel zero was also cut from the data. 

Another major cut that was made in the data was due 

to the number of prongs visible in the spark chambers from 

the hypernuclei decay. Figures 11a, lib, and 11c show the 

prong distribution for events with vertices in the spark 

chamber plates, in the gas of the upstream chamber, and in 

the gap between the target and the chamber, respectively. 

All of these distributions have had the above K* cuts 

applied. It is seen that the events which occurred in the 

spark chamber plates gave rise to more prongs than events 

in the other regions. This is believed due to the oxygen 

ion interacting with an aluminum nucleus. Similarly, larger 

numbers of prongs in the other regions were taken to indi

cate a nuclear reaction in the gas rather than a hyper-

nuclear decay. For this reason, only events with two, 

three, or four prongs were accepted as good events. 
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The histograms of the decay distance (see Fig. 12) 

showed large peaks at the position of counter B3 and the up

stream wall of the spark chcimber and at the center walls of 

the spark chambers. These peaks are due to interactions of 

the beam heavy ions with the matter in B3 and the aluminum 

foil spark chamber walls. 

To see if the data needed to be cut further, the 

pulse heights from counter B4 were examined. Since the 

pulse height is proportional to the sum of the squares of 

the charges of the particles going through a scintillation 

counter, histograms were made of the square root of the 

pulse heights in order to make a more linear comparison. 

The histograms were then scaled to show approximate charge. 

Figure 13a shows the histogram containing all of the events 

left after the above two cuts had been made and the events 

with interactions in the spark chamber walls had been elimi

nated. Figure 13b shows the histogram containing only 

events with interactions in the spark chamber walls, and 

Fig. 13c contains the approximate charge of the particle in 

200 events whose photographs showed only the heavy ion going 

straight through both spark chambers without decaying or 

interacting in any way. Comparison of Figs. 13a and 13c 

showed that all of the good events had pulse heights which 

were less than those due to the charge eight ions alone. 

According to the triangle inequality, these events were all 
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Fig. 13. Distributions of Approximate Charge Passing 
through Counter B4 

The approximate charge in these histograms was 
calculated by taking the square root of the pulse height 
from counter B4 and then using the histogram of the non-
interacting charge eight ions to define a charge scale. 
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acceptable and no additional cut was made on the basis of 

pulse heights. 

After all of the above cuts had been made and the 

peaks due to interactions in counter B3 and the spark cham

ber walls had been removed, 22 events remained. The histo

gram of the K*" decay times for these events is shown in 

Fig. 14. This is seen to be in reasonable agreement with 

the K1" decay curve which is also shown in the same figure. 

Figure 15 shows the vertex distance distribution for 

the remaining events. This vertex distribution was fitted 

to the function, 

N = A exp(-x/f*x^) + B , 

where N is the number of events in each channel, x is the 

decay distance, x^ is the distance which a free A0 would 

travel in its mean lifetime if it had the mean velocity of 

the hypernuclei from the three-body reaction, f is a frac

tion of the free A0 mean lifetime, A is the fitted amplitude 

of the exponential, and B is the fitted amplitude of the 

background. Several fits were made to the data with dif

ferent constant values of f. 

In order to get the best fit for the small number of 

events left after the cuts were made, the chi-square of the 

fit was calculated using the following chi-squared function: 
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The curve shown in the figure is a K1 decay time 
curve. The area under this curve has been normalized to 
the area of the histogram. 
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X2 • I «i - "W^ith 
where is the number of events in column i of the decay 

distance histogram and is the theoretically expected 

number of events in that column. Because depended on 

the initial values of A and B in CURFIT, and because CURFIT 

changes these values to get a better fit, the fit was re

peated using the modified values of A and B until these 

parameters did not change from one fit to the next. This 

assured that x2 had the minimum value. 

Once the parameter A was determined, the total 

number of events was calculated: 

"tot = J oo -(x/f.x ) 
A e A dx . 

The production cross-section was then: 

C.N 
tot x correction factors °prod Beam 

where C is the average area per nucleon in the target and 

Beam is the number of heavy ions which passed through the 

target during the live-time of the apparatus. 

Two correction factors were included in the 

production cross-section calculation. The first was due to 

the 11 nanosecond delay between the time that a beam 
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particle was registered and the time that a K* decay signal 

was accepted. During this time interval 59% of the K* *s 

decayed and therefore only 41% of all good events were re

corded, leading to a correction factor of 2.4. 

The other correction factor is the efficiency of the 

detector array. This factor was found by simulating the 

17 experiment with a Monte Carlo program, MCKJN, and noting 

the fraction of good events which were successfully detected 

by the counter array. MCKJN was written by the author to 

simulate both the two-body interaction, 

I60 + p ->• 170a + K* , 

and the three-body interaction, 

160 + p 160a + n + K*" . 

The two-body events were generated using a center of mass 

angle distribution which was derived from data by Heinz et 

al.,^ and from TABLE,a kinematics program. The three-

body events were generated in subroutine TRIBOD which tossed 

for the center of mass momenta of the three secondaries 

within the appropriate Dalitz contour of phase space and 

then randomly rotated the spatial orientation of the decay 

plane. Figure 16 shows this Dalitz contour. TRIBOD also 

calculated the three-momentum transfer, A, between the 

incident heavy ion and the hypernucleus and then rejected 
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Fig. 16. Dalitz Contour for l60+p -*• 160^+n+K* 
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events in such a way that the final distribution of A of all 

of the good events agreed with the assumed form factor: 

-(A2/2m2) 
F(A) = e 

where 

A2 = (51$0 - ̂ 60a)2 . 

If the event survived the test of A, its center of mass 

momenta were transformed to laboratory momenta and direction 

cosines. Subroutine RANGE calculated the range or the out

put momentum of a particle traversing a given thickness of 

matter. This was done by using straight-line approximations 

18 
of range-momentum curves for four particles (K* , tt+ , y+ , 

and e+) in each of two different mediums (Fe and hydro

carbon) . Subroutine TRACK did the geometric tracing of the 

particles through the counter array. 

Only the three-body interaction was used to get the 

final efficiency correction factor for reasons that are 

discussed in Chapter 5. Out of 5000 events generated by 

MCKJN, only 126 were detected, which gave a*correction fac

tor of 39.7. 



CHAPTER 5 

RESULTS AND CONCLUSIONS 

It was pointed out in Chapter 1 (see Table I) that 

13 
the estimate of Fetisov et al. for the binary reaction 

p(.12C,lC )1 3Ca leads to a production cross section for 170^ 

of about 1.2 x 10~6 microbarns. Using this number, the 

number of beam particles which were observed in the experi

ment, and the target parameters, we estimate that 8 x 10 

two-body interactions should have taken place during the 

12 
experiment. Bowen et al. has found experimentally that 

for the carbon reaction mentioned above 

!§- < 10-s yb/sr , 
1\ 

which, when used with the experimental data indicates that 

less than 0.8 two-body interactions should have been ex

pected. It is therefore a reasonable conclusion that none 

of the hypernuclei which were observed were produced by an 

interaction with a two-body final state. 

The experiment was designed to detect the inter

action leading to a two-body final state and was inefficient 

for three-body events. To illustrate this lack of 

48 



49 

efficiency, Figs. 17a and 17b show Monte Carlo-generated 

histograms of the laboratory angle between the K*- direction 

and the beam axis in the two-body and three-body case, 

respectively. The forward direction of the If 's in the 

three-body case causes many of these particles to escape 

through the hole in the counter array or to stop in the iron 

between counters and D2 . If the K1" stops in the iron, 

the only way in which a Di*D2 coincidence could be observed 

would be if the K* decayed into three charged particles. 

The particles from these decay modes have insufficient 

energy to penetrate the iron. In the two-body case most of 

the K*" 1 s would have stopped in either the absorber or in 

one of the counters adjacent to it and would have had an 

excellent chance of being detected. 

The Monte Carlo program showed that in the reaction, 

160 + p l60. + n + K* , 
A 

the direction of the neutron was also forward in the labora

tory system. Because the other possible three-body reac

tions (see page 5) involve masses which differ only slightly 

from those in the reaction above, the kinematics will be 

nearly the same. Most events which had a proton as an 

emitted particle would have been rejected in the scanning 

because of the presence of the proton track in the spark 
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chamber. Only about 5% of such events would have had a 

proton with a low enough momentum at a large enough angle to 

stop in the counter array. The only other reaction which 

might be responsible for the events observed is 

160 + n -»• 16Na + n + K*" . 

Since there is no way of distinguishing between the 160^ and 

the 16N^ in this experiment, the observed hypernuclei must 

be considered a mixture of the two. 

The results of the fitting program are shown in 

Figs. 18 and 19. Figure 18 is the chi-square probability 

for the fit versus the assumed mean lifetime and Fig. 19 

shows the cross section calculated from this fit versus the 

mean lifetime. The probability is seen to be greater than 

0.05 from 0.01 to 0.40 Ta. However, at very low mean 

lifetimes the fit gives an unreasonably high production 

cross section. It is expected that the production cross 

section for lambda particles which are bound in a nucleus 

would be a small fraction of the total cross section for 

19 
production of all lambda particles. Bowen et al. have 

found that this total production cross section for 2.8 GeV 

protons interacting with carbon is 440 ± 200 microbarns. 

The reason that the fitting routine gave a non-zero chi-

sguared probability at low mean lifetimes is that the 

program was able to fit all of the events as background and 
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produce a very high amplitude for the exponential part. If 

all reasonable chi-sguared probabilities are accepted, then 

the most that can be said about the production cross section 

is that a >6.7 microbarns. If these low mean lifetimes 
P 

are disregarded and the limits on the cross section are 

taken where the chi-squared probability is 0.2 or greater, 

then a value of = 7.3 + microbarns is obtained, 
p - 0.6 

where the errors are statistical only. 

The mean lifetime of these hypernuclei is obtained 

by using the same arguments as above. Reasonable values of 

the probability alone give a mean lifetime of 0.2 ± 0.2 

which corresponds to (5.0 ± 5.0) x 10"11 seconds. Excluding 

the region with unreasonably large values of cross section 

as was done above gives a lower limit of 0.08 T^. This 

corresponds to a hypernuclei mean lifetime of 

(5.0 * 3*g) x 10"11 seconds. 

Because no one has ever measured the mean lifetimes 

of any hypernuclei with a mass number near 16, this result 

cannot be directly compared with other data. Figure 20 

shows a graph of observed lifetimes of various hypernuclei 

plotted against their mass number. It can be seen from this 

graph that the lifetime found in this experiment is reason

able. Because of the dominance of the non-mesonic decay 

mode for the A0 in nuclei of this mass number, the above 

lifetime is also reasonable from a theoretical point of view. 
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13 Fetisov et al. calculated a differential cross 

section for the reaction 

p + l2C p' + K* + 12Ba 

as mentioned in Chapter 1. In order to compare the cross 

section obtained from this experiment with the results of 

Fetisov et al., the Monte Carlo program was modified to look 

at the above reaction. A scatter plot was made of the 

energy of the p' , E^/ , versus the cosine of the angle, 0^/, 

between the p' direction and the beam axis. A region, 

AE / Acos(0 /) was chosen near E / = 1.73 GeV, which is one 
P P P 

of the parameters used by Fetisov et al. A histogram of the 

cosine of the angle, 0R, between the K1" direction and the 

beam axis was produced which contained all of the events 

which fell within the region, AEp/ Acos(0p/). The spread of 

these events was taken to be Acos(0R). Then a production 

cross section was calculated by the following formula: 

= Si?——377" * liM * I4TT2AE /Acos(0 / )Acos(6 )] , 
p dEp/ dnp/ d£2R (n'J p p K 

where n is the total number of events generated and n' is 

the number of events falling within the region AEp/Acos(0p/). 

The result was then scaled by the 2/3 power of ratio of the 

mass number of oxygen to carbon to give an estimate of the 
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cross section for the production of 160^ and l6N^. The 

estimate is 

a  = 0 . 5  m i c r o b a r n s  .  
p 

The form factor, F(A), used by Fetisov et al. is 

good in the region where the three momentum transfer, A, is 

small. Because its behavior at large A is uncertain and 

because in the above calculation A was taken to be 468 MeV/c, 

the above cross section is considered to be in reasonable 

agreement with the experimental result. 

The positive results of this experiment, despite 

the inefficiency of the apparatus, indicate that high energy 

heavy ion beams can be of great value in the further study 

of hypernuclei. More refined experiments similar to the one 

described in this paper could add a great number of new 

hypernuclei, along with their lifetimes, to the small list 

of those that have been uniquely identified. 
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