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THE ANTIPROTON NUCLEON ANNIHILATION PROCESS
o (ANTIPROTON COLLABORATION EXPERIMENT)

- W. H.. Barkas, R W Blrge, W W Chupp, A. G Ekspong, G Goldhaber

F. M. Sm1th D. H Stork, and L. Van:Rossum
_ Radiation Laboratory and Department of Physics
..o _ University of California, Berkeley, Cahforma

and

E. Amaldi, G. Baroni, C.. Castagnoli,. C. Franz1nett1 and A. Manfredini

Istituto di Fisica della Un1ver s1ta, Roma
Istituto Nazionale di Fisica Nucleare, '
. Sezione di Roma, Italy

“September 10, 1956 .

ABSTRACT

In the exposure to a 700-Mev/c negative particle beam, 35 antiproton
stars have been found. Of these 'antipvro"cons, 21 annihilate in flight and three
.give'large-angle scatters (8 > 1-50,, Tp_ >50 Mev), "\‘;vh'il_e 14,anhihilaté at rest.
From the interactions in flight we obtain the total cross section for antiproton

interaction
0‘va_/(r_0 =2.9+£0.7,

where 0g =™ RO and. R0 =1.2x 10.13 1/3.cr_n. vThis Cross sec.:t_ion.was'meas-—

ured at an average antiproton energy of Tp_ = 140 Mev.

We also find that the antiproton-nucleon ann1h11at10n proceeds pr1ma—

rily through pion production with occasional emission of K particles. On the

average 5.3 £.0.4 pions are produced in the primary process; of these 1 pion

is absorbed and 0. 3 inelastically scattered. From the small fraction of pions

(.;_f‘ absorbed we conclude that the annihilation occurs at the surface of the nucleus

at a distance larger than the conventional radius. ;

- A total energy balance of particles em1tted in the ann1h11at1on gives a .

ratio of charged to neutral pions consistent with charge independence. Con--
versely, assuming charge independence, we conclude that the energy going

into electromagnetic radiation or neutrinos is small.

-

S. Goldhaber, H. H. Heckman, D. H. Perkins,. J. Sandweéiss, E. Segre,' o
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_Compari's‘or'”rs -’\'yith’t’hé*-Fe’rlfr_hih s"_!ta;_‘t.i'ﬁs.ft'iéé‘ti‘fﬁ‘ode_l andthe Lep-‘ér‘e -Neuman

+  statistical model have been made. Good agreement with the experimental re-
sults on the annihil‘a_tidn p'r_dcess' éan_be :obtiair_iédr%,through appropriate choice of

the interaction volume parameters.
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THE ANTIPROTON-NUCLEON ANNIHILATION PROCESS’=<
(ANTIPROTON COLLABORATION EXPERIMENT)

W. H. Barkas, R. W. Birge, W. W. Chupp, A. G. Ekspong,T G Goldhaber,
S. Goldhaber H. H. Heckman, D H. Perk1ns§ J. Sandweiss,. E Segre,
o F. M. Smith, D. H. Stork, and L. Van Rossum*¥ -

‘Radiation Laboratory and Department of Physms E
University of California, Berkeley, California.

andr

E.. Amaldl G Baronl, C.. Castagnoli, C. Franzmett1, and A Manfrechm

Ist1tuto d1 Fisica della Un1ver51ta Roma
Istituto Nazionale di Fisica Nucleare,
Sezione di Roma, Italy

September. 10, 19 56

I. INTRODUCTION

A program for the search for and study of antiprotons in emulsions
was initiatedl’ 2 c0ncurrent1y with the counter experiment at the Berkeley Bev-
atron that demonstrated the existence of antiprotons. 3 The first aim of the
emulsion program was to _pr‘Oylde,_ the proof for the annihilation process.. This
was recently accornpli,shed4 when the first star observed in the exposure dis-

cussed here gave a visible energy release greater than Mpcz-. Once the proof

>=<"I_‘his lwork was done under. the auspices of the U. S. Atomic Energy Commission.
TNow at the University of Uppsala, Uppsala, Sweden. | |
E’Now at the University of Bristol, Bristol, Englend
Supported in part by a grant from the National Academy of Sciences..
Chamberlam, Chupp, Goldhaber, Segre, Wiegand, Amaldi, Baroni; Castagnoli,
. Franzinetti, and Manfredlnl, Phys. Rev..‘l_(_)_l, 909 (1956), and Nuovo .
Cimento, 3, 447 (1956). , , ‘
ZStork Birge, ‘Haddock, Kerth, .Peterson, Sa.ndwe1ss, and. Whltehead unpub
11sl_r1ed.- This exposure ernployed a separated beam using a beryllium

absorber.. Star 4-8.in our compilation came from this exposure.

3Chamberlain, Segré, Wiegand, and Ypsilantis, Phys. Rev. 100, 947 (1955).

4Chambe.r1a_in,, Chupp, Ekspong, Goldhaber, Goldhaber, Lofgren, Segré€,
. Wiegand, Amaldi, Baroni,. Castagnoli, Franzinetti, and Manfredini,
Phys. Rev. 102, 921 (1956).
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was provided, the empha51s in th1s work was shlfted to a study of the annihilation
> process and the antlproton interactions in nuclear emulsmn '

"In the exposure to the 700 Mev/c negatwe partlcle bearn that 1s now
being stud1ed, 35 -antiproton strars. have been fo}und.v The stat1s_t1ca1 analysrs of
these stars is di»scus,se.d in this paper.

We will show that the antiproton-nucleon annihilation proceeds pri-

‘ /\marily through pion production, with occasional emission of K particles; on

| the average, 5.3+ 0.4 pions are produced Energy is then transferred to the

| nucleus as a secondary react1dn mvolvmg the absorpt1on of one pion and the
inelastic scattering of 0. 3 p1on on the average. “The small fraction of absorbed
plons leads us to believe that the ann1h11at10n is predommantly a surface phe-
nomenon. Indeed, annihilation frequently occurs at a distance from the center
of the nucleus that is greater than the \conventro_n;a,l nuclear radius. This an-
/hihilation, occurring in the region of reduced nuclear density, > is undoubtedly

directly related to the large annihilation cross section observed for antiprotons.

i

. This large cross section is confirmed by the results of our experiment.

'

Wé have alsq evaluated the fraction of energy going into nucleons,

| charged pions, 'and K mesons. When the remaining energy is assumed to go
'into neutral pions, the ratio of e :"‘n'o 'is"c'onsistent with charge independence."

Conversely, if charge 1ndependence holds in the ant1proton -nucleon annihilation,

we can conclude that the energy going into electromagnetm radiation or neutrinos
must be .small. '

A careful examinat’i‘o__n-o__f'the‘ elastic ‘scattering of the antiprotons sug-
gests'a possible— destructive inte‘;rferien'c_e between nuclear and Coulomb: -'éC'atter—
ing. | : o :

Finally, ‘theorétical ,_'calculations_ based on the ‘Febmi S.tatis‘tica'l' Model
have'been made. For the Fermi theory we have computéd the energy spectrum
and, more "s'ignifi-cant,; the expected miultiplicities of-pions and K mesons for
different choices of the only dvailable parameter; the interattion volume .

We find that the experimiental data fit the calculation for Q = 12 I:-g-'rr (i'nh c 3]
corresponding to an interactibn radius of about 2. 3?1’12? " Calculations have

. . . PR - . -‘Tr . . . y
also been performed using the Lepore-Neuman ‘model with similar results.

.

1

S«Hahn, Ravenhall; and Hofstadter, Phys: Rev. 101, 1131 (1956). M. A.

Melkanoff S A Moszkowsk1, J Nodv1k andD S Saxon, Phys.
Rev. 101, 507 (1956). S

6Gharnberi_ain,‘Keller, Segré, Steiner, Wiegand, and Ypsilantis, Phys. Rev.
102, 1637 (1956). ' -
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1. - EXPEtRIMEN{I‘AL PROCzEDURE e e

A The Exposure at the Bevatron

Three stacks of nuclear emulsions were exposed in.the 700 Mev/c
negatlve particle beam at the Bevatron (Stacks 67, 68, and B). This momen-”
tum was chosen in order to obtain good visual d1scr1m1nat1on between ant1pro-
tons and pions at the’ leadmg edge of our stacks At this momentum protons

are at twice minimum 1omzat10n, wh1le p1ons are essent1ally at mlnlmum ion-
ization. The stack size (7 in. in beam d1rect1on by 4 by 3 in.) was chosen to
stop the ant1protons well inside the stack. Further detalls of the exper1menta1
setup are contained in a previous communication. 4 .The exposure was remarkably
successful in eliminating confusing background particles (p+). This was .
achieved by use of a clearing magnet and by both good collimation and momentum
definition. Under these conditions we were able to find 35 antiprotons in these

stacks despite a background of negative pions in the ratio of m /p~ = 5 x 7105.

B. Scanning Procedure

The good collimation and momentum definition permitted us to select
antiproton tracks on the basis of grain density and angles of entrance relative
to pions, at the leading edge of the stack. In addition to the above criteria;.::i-
~ the iidentificdtion. of antiprotons was based on the terminal behavior and the
range of the particle (the latter applies only to antiprotons coming to rest).

. The emulsions were scanned under 22x to 53x objectives with 10x
eyep"ieces. The method of scanning was to traverse each sheet of emulsion
perpendicular to the beam direction at about 4mm from the leading edge. When
a track at about twice minimum’ ionization and satisfying the angular entrance
criteria was detected, it was followed until it either 'interacted in flight or
came to the end of the range. | _ _‘ - o |

The dlrectron of the antlprotons was well colhmated about 0 W1th a
standard dev1at10n of 0. 9 =0, 2 The entrance d1rect1ons are defmed as the
pro_]ected and dip angles measured relatwe to the mean pion d1rect10n a.t the
point of entrance. The small cone of angular acceptance enhanced the speed
of scanning, as very few background tracks satisfied the selection criteria

(see Table IV, Section III-B-1).
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The plates?were scantied in Beérkeley and in Rome. :Thirty-two stars

were found in Berkeley, and three stars in Rome. 7 - The first number of the
code 1dent1fy1ng each star refers to the workers by whom the star was found

~and analyzed. The work_ers are designated thus.

. At Berkele‘y,v

1. W. W, Chupp and S. Goldhaber

2. W. H. Barkas, H. H Heckman, a.ndF M Sm1th

3. A.G. Ekspong and G. Goldhaber -

4 ,R. W Birge, D. H Perkms, J. Sandwelss, D H. Stork and

L Van Rossum

5.- E. Amaldi, G. Barom, C Castanoh, C. Franzinetti, and A7

Manfr ed1n1

Three add1t10na1 stars were found in other exposures Two of these stars

‘were found at Berkeley (Event 4 8--see Ref 2; and event 4- lO--see

Table VIII a). One of these,stars was found at Rome (event BR 1--

 see Ref. 1).

'
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III:. MEASUREMENTS ON THE PRIMARY ANTIPROTON TRACKS

A. Antiproton Mass-Estimates

The procedure we have used for ﬁn?ding,antiproton tracks in.the emul-
sion stacks constitutes a mass measurement. Because all the particles enter-
ing the emulsion stack at the same pOint have substantially the same momentum,
the rate of energy loss—~as determined from gram den51ty of track—is a measure
of the particle veloc1ty and hence of 1ts mass Unfortunately, the measurement
of grain density is rather subJect1ve, and for a good mass determination it -
would have been necessary to normalize and stabilize the grain counting by
each observer. Since this was not dovne, the initial grain counts did not provide
the best estimates of the antiproton mass. v 7

The metlods that were used are s'urnmari'z‘ed in this section, and—
as will be seen—the results indicate that the partlcles bemg studies form a
group whose mass is that of the proton _ Some of the methods are apphcable
only to the part1cles that come to rest in the emulsion; these are the most re-
liable. . | | |

1. Range vs Momentum

The range of a particle for a given momentum is determmed by the
particle mass. In this experiment, the antiproton momenta are'd1rectly re-
lated to the points of entry of the particle’s into the emulsion_stack,_ and can:
be determined‘ from the geometry and the strength of the analyzing fields as -
obtained from wire orblt measurements.  Figure ! shows the observed ranges
plotted_against the points of entry. The calculated ranges for particles of
mass 0.95, 1. OO, and 1. 05 proton masses are shown as curves on the same
plot. . . . o L,

| . The exper1mental range stragglmg of + 4% is too high to arise from
Bohr straggling alone. However, the geometry of the exposure is such that
a momentum spread of approximately + 1. 3% is reasonable. The latter causes
most of the observed range straggling. The apparent mass of each antiproton
for which the range has been determined is listed in Table I, giving a mean
of 1.010 + 0. 006 proton masses; the error quoted is the statistical standard
error. A conservative.upperlimit to the possible systematic error in the
momentumi determination is 2% resulting in a.3% uncertainty in the mass.

\

Other possible sources of systematic error come from uncertainties in the

PP

ta
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emulsion density‘and in t_h.e range-momentum relationship employed. 8 This

. type of measurement is the best of those performed up to now to show the

uniqueness of the mass of the antiproton.

‘Table I. . Antiproton mass'measuremé_nts by residual range and momentum.

i'-’article number ' _ .- Mass

{(proton masses)

1-2 | ) f 0.995.
1-3 S . ) L 0.998
1.5 _ ' . 1.025 -
2-1 - | ~ 1.003
2.2 | | L0117
2.5 . 0.965
3.1 - - "\Evf R 1..012
3-6 oo noes
3-9 s © 0 1.006
313,00 7 0.994
4=3 | S 123
5.3 T hess

. 2. Track Opacity vs Res1dua1 Range

The massrof a’particle can be determmed also from its rate of energy

. loss and residual range.. _ One of the objective measures of the rate ofrenergy
loss is the track opac1ty, or ave‘rage:fra.'ction of the length of a traék element
occupied by silver grains. Calibration was achieved by making measurements

- of opacities of proton and deuteron»tracks as a function of residual range in

.the same émulsion as the antiprotons. Because the rate of energy loss is a-
function of the range divided by the mass, the deuteron ranges have been divided
by two and p_l‘otted with the protons and antiprotons in Fig. 2.  The antiproton
masses measured in this way are listed in Table II. Their average is

1.009 + 0.027 proton masses.

'SBarkas Heckfnan, and Smith, Bull. ' Amer. Phys. Soc. No. 4, Series I 1
(1956); also Walter H. Barkas, Prehmmary Calculations: Range-
Energy Curve for Protons in G. 5 Emulsion of Density 3 815 g/cm
(High-Velocity Portion), UCRL-3384, April 1956,
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Table iI. Antiproton masses -

i measu'red by tr‘ack opacity and residual range '

Particle L : : . s
- 2-1 2-4  2-5 3-1 4.3

number | : R S ; ‘ » e I

Mass ~ 0.93740.055 1.07740.048 1.02140.048 0.97+0.10 0.93£0. 11

sroton - > e |

masses)

3. Grain Density vs Multiple Scattering

‘For antii)rotons that do not corme to rest in the gmulsion, the best
mass estimate that we could make without invoking the. mbmentum measure-
ments is one derived from the observed gram densnty and rhult1p1e scattering.
" This method has been applied to a number of antlprotonsg most of wh1ch an-
nihilate in flight., The results are shown in Table IIl. The average mass ob-
tained is 0.999 # 0.043. | ’

e

Table III. Masses of antiprotons in units of ‘the p"r‘oto-n
determined by grain density and multiple scattering

Particle number ~ 2-3 4-2 4-3 44 4
‘Mass 104201 1.10%0.14 1. 00£0.08 0.950.08 0. 9840, 11

‘(proton mas ses)

By combining the results frem Sections 2 and 3 above, whi‘cﬁ do not
~ depend on the particle momentum measurements, we obtam 1. 004 + 0 025
for the antiproton mass in units of the proton. - Although we know of no large
Systematm errors in these measurements, past experlence mdlcates that

systematic errors of as rnuch as 3% may be present.

" B. The Antlproton ﬂnteractlon Cross Sectlon

. The: Cross Sectlon Determmatnon

The method of scanning along the track of antip‘retons permitted us to

observe antiprotons from the point where they were selected (’Tp_ = 230 ,Mev)
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up to the point where they interacted. In Stacks: 67, 68, and B we have followed
35 p~ tracks. Of these antiprotons, 21 annihilated in flight and three gave
large-angle scatters (6 > 150, Tp_ >50 Mev, see Table IV for details), while
14 survived to the ends of their ranges, annihilating at rest. The path length
of p~ track followed was 300 + 30 cm.  The uncertainty arises from those

tracks that left the stack, some of which might have been positive protons.

In addition to the 35 identified antiprotons, two particles satisfying the selec~-
tion criteria came to rest with no visible stars and were assumed to be pos1t1ve'
protons We have assumed that the same fraction of those particles leaving

the stack were also positive protons (see Table V for details). The correspond-
ponip = 14-3% 3.4 cm and

DN =12.5+2.8 cm, where the errors are the stat15t1cal standard errors

tot
combmed with the 10% uncertalnty in the path length followed. These values

ing mean free paths in emuisions are A

of the mean free path are ‘for the average kinetic energy

240 T4y 240
Tp_ :J T‘p‘ G;{\! _1 dT j (%) 1'_dT )
20 20
This integration was carried out numerically over the observed path-length
distribﬁtion as shan in Fig. 3A, and gives Tp‘ = 140 Mev. Figure 3B gives-
the distribution of annihilation and scattering events over the same energy
interval. ' | | _ |
It is interesting- to compare the 'resulting nﬁ_clear radius and nuclear
cross section.for antipraton interactionslwith the corresponding values obfained
in this laboratory for Cu and Be:with a counter technique at’ Tp_r’z‘ 500 Mev.
Our present value for the total cross section is cr /0 =2.9% 0 7 where
C“O = 'rr;RO and RO =~.l' 2 x 10 13 1/3 crh while at the h1gher energy we. have
Op_/oo =~ 2 (see Table VI for details) » |
All the interactions observed were either annihilation or scattering
- events iexcept for one which was an interaction in flight, with an energy release -

v1is

E . < Tp_t {Event 5_"-1, given in detail in Appendix I). This event can be in-
terpreted as one of the following: '

(a) a charge-exchange scattering, p~ + ''p!' —» n +'"'n"
(b) an annihilation in fhght with no charged pion emission ([compare
with Event 4-3, Appendix I); '

(c) the interaction of a background positive proton.



"
]

ANTIPROTON .
. PATH LENGTH, cm

'NO. OF ANTIPROTON

INTERACTIONS

100

®
O

8

-16-

[:'I |0 CM PATH LENGTH
IN EMULSION

80 160 240 T, Mev B

D ANNIHILATION STAR

. SCATTER >|5°

%W

160 240 ° T,- Mev

pu-12117

Fig. 3

UCRL-3520



Lo 17- . UCRL-3520

Only one event of thls type has been observed out of a total of 24 inter-

actions in fl1ght hence we conclude that charge exchange scattermg of anti-

protons occurs in only a small fraction _ofthe interactions in nuclear emulsion.

. Table IV. Observed nuclear scatters of antiprotons

Event . ' - Tp - - Sc:atter'in.g_y‘angle‘ C _ ATé_
No. - = (Mev) - (degrees) = - (Mev)
1-3 82 sz ~ 0 (Elastic)
322 » o163 . T 47 o BT ~31 {Inelastic)
-4 22e 16 | ~14 (Inelastic)
_ . |

Event 3-2 is gwen m detall in Append1x I

bln Event 1-4 the track leaves the stack before commg to rest; its identity as

a p scatter is thus not def1n1tely estabhshed

Table V Deta1ls for tracks followed and ant1proton 1nteract1ons in

Stacks 67 68 and B

No followed Path length No ann1h1lated No_scatte'red

_ (cm) . inflight, in fhght ’

Identified p~ = 35 260 T 2
tracks followed R ' ' o o l
Possible p~

tracks followed

" (tracks leaving S : » .
stack) : 7 ' 47 : ‘ - ' 1
Possible p~ ’ ' '

tracks followed

(ending as .pp _ o

particles) - 2 23 . S -
Total'ate - 44 '_ 330 - 21 . 3
Estimatedp- 300430

‘path.length - PR L . A .

0]
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‘Table VI. Comparison of antiproton interaction cross sections and

ef fective radii for T = 500 Meva and Tp- = 140 Mev (our data)

~Tp' 'Elements Cutoff angle r ot Cor op_/oob

{Mev) (degrees) (10'13 cm) (10'AIp3 cm)

5002 Be 18 1.14+0.04  1.63+0.14 1.85+0. 30

500° Cu 12.7 1.2420.06°  1.77«0.12  2.1820.30

140 - ' Emulsion 15 " - 2.05+0.23  2.91x0.7

140 . Emulsion  amnihilation . - - , 1.9240.23 2.56%0. 6
' ~only A '

qReference 6.

b00=1r(r Al/32 and g = 1.2 x10° 13, R :=rx a3

2.  Elastic Scattering

" In previous sections we have considered only strong interactions.

- We have also followed a total path length of 158. 3 cm of antiproton track in

the energy interval 50 to 200 Mev, paying special attention to small"_-,a.n'g'lAe
scattering in order to 'se'e 'if we could detect a.ny depar,turé ffom Ruthe_rfbrd’
scatterving. For comparison, a similar 'pro,_cedure. wé.s applv{éd to positive

proton tracks. v . ‘ - | |

This section deals therefore W1th elastic and (or) nearly elastic scatters

(i.e., no v151b1e change in grain dens1ty and-no v1s1b1e excitation of the struck
nucleus). We observed scatters with essent1a11y 100% eff1c1ency for antipro-
tons of energy 50 Mev or greater, when the hor1zontally projected angle of

s'catterin‘g was 2° or 'greatér, In the. followi‘ng, we consider only scatters

that satisfy the above criteria.  The space angle of scattermg, 0, has been

measured for all such scatters and is shown in Fig. 4A, along with the dis-

tribution expected for pure Rutherford scatterlng, The ‘scanning eii1c1ency

and correction factors have been checked by measurements on tracks of 50

positive protons in.the energy interval 50 to 100 Mev (Figé 4B), where it is
o

known that Rutherford scattering p‘redom'iriates below 6.

?

'9K. Strauch, Sixth Annual Rochester Conference, 1956; to be,_published. -
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, ‘The expected number of Coulomb scatters was calculated by (a) assum-
ing the Rutherford (point 'nuc‘leus')- cross. section, (b) averaging over- the emul-
~ sion contents, and (c) multiplying by:the efficiency for observing the given
interval of space angle. This effieiency is the probability that a given space
angle will be associated with a horizontally projected angle of 2° or greater.
For negative protons the grouping of scattermgs below 15° indicates
diffraction scattering. The expected rise in the 2°-ta-6° interval due to
.Rutherford scattering appears to be mlssmg, whlch suggests a poss1ble de-
structive interference between nuclear and Coulomb scattering. The prob-
ability of obtaining three or fewer events when 10.7 are. expected is 0. 006
howe\}er the possibility of a vatat;stlcal fluctuation is npt excluded,._,_ s,
A destructive interference bet{aveenv Coulomb and nuclear scattering does not
' necessarily imply that the real part of the ant-iproton-nucleﬁs potential is re-
pulsive. Preliminary calculations indicate tﬁat such a destructive interference

could be a consequence of the strong absorption of antiprotons by nuclei.

3. . The Antiproton Cross Section at Low Velocities

In considering the annihilation of antiprotonsv with nuele'ovns,v it is of
interest to khow how the cross section for such interactions v_ar.ies.with._energy.
If the annihilation cross section should increase rapidly'with.'de'creasi_ng'anti'-
proton velocity, 10 then it would be possible for the antiproton to undergo an- °
nihilation, rather than being brought to rest by ionization loss. It is impor-

- tant therefore to establish upper limits to the residual range of antiprotons
that are believed to undergo annihilation "at rest''. . Within the limits of sen-
sitivity of our met'hod.(T‘p«_ ..... . 0.8 Mev) we found. that all ‘antiprotons were ef-
fectively brought to rest. '

a. . Determination of residual range

In our expe,rifn‘ent, 14 examples’ have been observed in,which--judging
from the gap density of the track close 'to the star--the antiproton had-a re- |
sidual range of less than 500 microns. / L _

Scattermg measurements were made on these tracks by the constant
sagltta method (Gottstem s scheme1 ) over a d1stance of '150. microns from_

the star. The mean sagitta or second difference, d, was calculated fqr each

Hans Peter Duerrand E. Teller, Phys. Rev. 101, 494 (L) ((1956.).? ‘Hans-
- Peter: Duerr Phys. Rev. 103 469 (1956). '
Fay,7 Gottstem and Hain, Supplemento Il Nuovo Clmento 11, 234 (1954).
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event, and the distribution in d for all events isshown in'Fig. "5 (A). Figure
5 (B) shows'a similar distribution obtained from 20 positive protons coming
-~ to rest Fig. 5(C) that for 20 protons with a residual range of 100 microns
(scattermg measurements made from 100 to 250 microns residual range).

. The scattering scheme used was such as- ‘to-give an expected

wi

V.J =.0.51£0.17 micron for protons over thé range 0 to 150 microns, and .

d = 0.25 + 0.08 micron over the range interval 100 to 250 microns. - The errors
refef to standard deviations arising from the finite nu;ﬁber of cells (ten) on
each track. The mean value of 3-f0’f all antipfotons is'0.50 +0.04 micron,
whereas that for positive protons is 0. 52 & 'Ov 03 micrbn - For pos’itive pro-
tons with a residual range of 100 microns, =0.23+0.02 m1cron From
these figures, and the expected variation of d- 'w1th residual range, we can
calculate that the average res1dua1 range of the slow antlprotons at ann1h1la.t1on

'is léss than 10 'microns (Tp_ = 0.8 Mev).:

b.. Variation of cross section with velocity - -

o Of the. 35 antiprotons obs.erved, 14 sur_vived"‘t-o._the ends of their ranges.
iAt present the statistics are too poor to determine the ._variation- of the anni- v
hilation.cross section_ with veloc‘ity_ even over the last centimeter of range,
whe’re thevvariation, of yel_ocify with range is most rapi_dv.v The very sketchy
information aivaila'ble can be considered ,as'follows. , ) A '

- We represent the cross section for annihilation by a power law _

o =c B-m. .Assumirig for simplicity that all -é.ntiprotdns have the same -initial
range of 12 cm, we can then calculate by integration the expected number of
antiprotons wh1ch having survived 11 cm (or 10 cm), should interact in the
last centimeter (or last 2 c¢m) for any value of ' m. The results are shown
in Table. VII. , , ' _ _

. The results 1nd1cate that m is unhkely to exceed umty  These

figures do not depend at all cr1t1cally on the assumed initial range.

-m

Table VII. Number of antiproton interactions for ¢ = c f~
- Expected number of ’ ' ' Number of f)‘
interactions in m.= 0 1/2 1 2 interactions
residual range - ' . observed
0to-lem 1.2 . 1.7 - 2.5 3.3 0

0 to 2 cm 2.4 3.2 4.2 7.7
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IV. . THE ANTIPROTON ANNIHILAATION PROCESS

A. The Visible Energy Release in the Annihilation Stars

In this section . we discuss the m.anner in which the.energy released
in the annihilation process is dlstr1buted Exper1menta11y we observe pion,
‘nucleon, and occasionally K- m_eson_em1551-on. The observed number of charged
pions emitted varies from a rnaximurh of five down to zero; In addition to
pions, heavy particles are emitted, i, e., protons, alpha particles, and deu-
terons, whose number (NH) and energy (EH) vary over a wide range. The
. number of charged pmns em1tted is correlated with the energy in heavy prongs.
On the average a star with ma.ny pions shows less energy in heavy prongs
-{Section IV C), and vice versa. It appears that the primary process of the
annihilation proceeds predommantly through pion emission while nuclear ex-
citation arises from pmn‘reabsorptmn and inelastic scattering. ‘Table VII-a
lists the visible energy relea‘se,"‘Evi's," in alb thezobserved 'au-tip'ro»ton- stars.

Evm/w is shown in Fig. 6 for the 36 individual annihilation stars.

It is 'inte_restmgv-to note that 21 out of 36 stars 'haye a value. Of"Evis/w >0.5.
"Table VIII-b lists the total visible energy for stars with evidence for K-meson
emission, Each of these stars is described in detail below (Appendices II and

"III). A few detailed examples of annihilation.stars are given'in‘Appendi'x I.

.‘-i.B..: The Pion Spectrum

An attempt was made to obtain the energy of all the observed '"shower
partlcles, i e. partlcles with less than. 1.4 times minimum ionization. . In 36
antlproton stars under discussion. here, 93 such tracks were observed and
their energy measured. Whenever a definite mass 1dent1f1cat1on was possible
these particles were found to be pions. We have therefore treated all shower
particles as pions in this paper: Table VIII A, columns 8 to 12, lists the pion
energies. The energy values were obtained from multiple-scattering measlf
urements. The accuracy to which these energies are known varies cons1derab1y
depending on dip angle and on the presence of local distortions such as occur
at the edge of pellicles. .The statistical error of the energy measurements is
given. Some pions come to rest. For these the energy is accurately known |
:from the range, and the pion charge is'then indicated as nt or m . For tracks
for which conclusive measurements were not poss1b1e, only energy es_timates.
‘(~) or lower limits (> are given. To obtain a reliable and unbias,ed pion spec-

trum we have first used only piori tracks with dip angle < 20° (shaded region
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~ Table VIII -
A. Data on antiproton annihilation stars

B. Data on antiproton annihilation stars Wiith-observ'ed K particles

Column 1 gives the star reference_ number. . The 'ﬁrst numbe.r'refe’rs
to the workers by whom the star was found and'snalyzed see Section II B.

Column 2 lists the number of c.harge‘d-pions Nﬂ:t- The stars are
grouped in decreasing order of charged plons

Column 3 lists the number of heavy prongs N In each grOup the

H’
stars are listed in the order of increasing number of heavy prongs

' Columns 4, 5, and 6, respectlvely, llst ‘the total energy per ‘star
emitted in. charged pions T E ot = z (T i+ M G ) and in heavy prongs
ZE,=Z (TI__I B), and .the total visible. energy, vais'_ = E.,.r':i:+ ZEH.+ = EK:,:.
- Column 7 gives the kinetic energy of the antiproton T'p‘ at the inter-

H

action. We observed antiproton annihilations in an 'en»evr"gy""interval from 200
-Mev down to 0 Mev (stars at rest). ‘_The kinetic energy of the an‘t_'i_pro'ton",is '
small compared with the Q of the annihilation process - B

Q= Z.Mpu: “Eg = 1’8’7’6-8 = 1868 Mev ,

12 .
B .

where EB is: the b1nd1ng energy of the nucleon that is be1ng ann1h11ated
Columns 8 -to 12 list the observed p1on k1net1c energy T_x.
Columns 13 to 15 give the quant1t1es ‘ total energy in charged pions,

‘ total energy 1n heavy prongs and the total visible energy expressed as a frac-

- tion of W, the total available energy Here W.= Q + T _. . Such a normahzatmn

'permlts us to con51der stars at rest and in fhght on'an equal footmg

For ann1h11at1ons at rest when the P~ must be annihilated from a bound

atomic orbit, Q is further reduced by this binding energy.
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" Table VIII A E
(1) (2) (3} (4 (5) (6) (7) (8) (9) (10) (11) (12) {13) (14) (15)
Star No, NTr NH ) E“_ = EH ) Evis Tp' T meson kinetic energies (Mev) Z) E"/W ] z EH/W vis/w
1 I m IV v
3-13 5 -0 >1415 0 >1415 0 9840 >100 >100 117£35 | >300 1 0.757 0 0.757
3-8 5 , 1555 14 1569£175 202 _7_5(1r+) 11565 14018 22580 |’ 300:&1303 0.751 0.007 0,758
3.12 5 3 1106 | 194 1300£50 0 3046(x") 34(n7) 43(n7) | 125%25 174240 | 0.592 0.104 0.696
. i .
: . . | -
4-9 4 1 1270 13 1283 140 80+20 13030 | 180%40 320£30 ' 0.633 0.006 0.639
3-9 4 1+ lrecl 1390 48 1438+190 0 9540 170£45 | 205£85 | 360£160 0.744 0.026 0.770
3-6 4 2 ~1023 25 ~1048 o} 78+12 115£15 | 12025 | ~150 0.549 0.013 0.562
4-8° 4 2 1400 19 1419 -0 " 60x5 14030 220£30 420%70 | 0.750 0.010 | 0.760
3-14 4 4 >1428 | 146 >1574 187 78+15 190£85 | >260 ~340 0.695 0.071 0.766
1-3 4 5 >1183 | 102 > 1285 0 20(w") | >118 208425 | 280£30 0.633 0.055 0.688
4:-11 4 8 >1215° | 478 >1693 125 60£15 95+20 | >100 ~400 0.610 0.240 - 0. 850
2-2 3 [0+ 1rec|'>792 0 | > 792 0 {2120 125425 | 127427 0.424 0 0.424
1-5 . 3 1 ~1420 26 ~1446 0 176+30 30460 |~520 0.760 0.014 0.774
4-5 3 2 1040 36 1076 183 50(m7) 17030 | -400£40 0.507 0.018 0.525
5-2 3 4 679 | 100 779 131 59x7 98£25 10230 0. 340 0.050 0.390
1-2 3 4 1135. 148 1283 0 125430 190+45 | 400£180 0.608 W 0.079 0.687
3-5 3 5 >1605 99 >1704 132 225%25 >420 1~540 0.803 0.050 “0.853
4-2 3 5 > 980 134 ‘>1114 130 ~100 >160 ~300: 0.491 Q.06‘7 0.558
3-12 3 5 885 | 103 988£50 | 205 72£15 93215 [ 300240 0.427 0.050 0.477
3-11°¢ 2 0 17520 0 > 620 80 140£60 | >200 0.318 0 0.31r
3-2 ‘2 {0+ 2rec]| 1050 0 1050 0 | 300£190 470£150 0.562 0 0.562
4.1 2 4 515 | 165 680 58 60£15 17570 0.267 .0.086 0.353
3-10 2 4 466 131 597+80 77 31x6 155475 0.240 0.067 0.307
5-3 2 6 {> 880 223 >1103 0 >300 >300 0.471 0.119 .0.590
2-1 2 7 ~ 552" 1328 ~ 880 0 122420 ~150 0.296 0.176 0.472
Br 19 2. 7 670.5{ 101 771.5 0 57, 548 332460 0.360 0.054 0.414
4-4 2 11 445 | 358 803 90 35(m") 130£30 0.227 0.183 0.410
1-1 2 13 462 | 418 - 880 .- 182 75(7") 107£30 0.225 0.204° 0. 429
2-4 1 ~290 11 ~ 301 o [~150 0.155 0.006 0.161
2-5 1 315|279 594 0 175240 0.169 '0.149 0.318
4-10€ 1 16 380 [840 1220 200 24050 0.184 0.406 0.590
0 5 0 91 v91 150 o} 0.045 0.045
4-3 0 5 0 90 90 0 0 0.048 0.048
3-4 0 b+ 1rec 0 372 372 84 0 0.191 0.191
Table VIII B .
(1} (2)y  (3). (4) (5) (6) (7) (8) 9) (10) (11) (12) (13) . (14) (15) (18) (17)
’ ' ) i K meson T meson :
Star No. | Ny | N Ny, b2 EK“ TE_ |3z EH E g Tp‘ vk1n(.Nf::)rgies kln(.hf::)rgles = EK/W = E"/w = EH/w : pa) Ev‘is/w .
) 1. 11 1 11
- 2‘ 2 7+ lrec 1260 470 127 1857 183 8043 195460 90£50 100450 0.614 0.229 0,062 0.905
- 1 2 [ 680, 467 147 1298 1| 152 187+40 . 52+13 135%22 0.337 0.231 0.073 0.641
2-3 1 1 3 678 639 300 | 1617 90 146437 534+200 0. 346 0.327 0.153 0.826
2From Ref, 4.
bSee Ref. 2. B
®Consistent with P~ - H annihilation.

dFrom Ref. ].
From 900 Mev/c exposure,Stack 69,
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in Fig. 7). ‘These pion energies are given in bold face letters in Table VIII A.
~ The average pion kinetic energy obtained from the sample of tracks with dip
angles < 20° is 170 Mev. We also evaluated the average kinetic energy for
all pions irrespective of the dip angle These mclude '

(a) tracks measured by the surface angle or gr1d coordmate methods
(see Appendix Iv), ‘

(b) tracks for which the energy. was only estimated,

(c) tracks for which the 1ower 11m1t of the energy was taken as the
true energy. " '
The average energy of all tracks is 182 Mev

The agreement between the two’ energy values is good and gives us
" confidence that eéven the measurements of tracks under:less favorable-cgn-
_ditions are- satisfac'tory.' In this paper .we use the value Tﬂi = 182 % 15 Mev
and E += 322 % 15 Mev as the average kinetic energy and the average total
.energy, respectively, for charged pions from antiproton annihilation stars.
We have evaluated the.width_ef. the distribution by cornputing the rc_)ot—rnean--~ :
square deviation of“ the distributicn, ‘and the error ovn the mean was obtained
from this. It must be noted that the observed pidn spectrum contains_ some
pion'_s which scattered inelastically in traversing the nucleus. Thus the average
observed pion energ’y“(-E- +) must be lower than the average primary pion. en-
ergy. (ET :t) from the antiproton-nucleon anmhﬂatmn - We have evaluated the
average primary pion energy and have o.btamed«E ﬂ_=--34‘6 * 2‘0 Mev. (See
‘Section IV C-3, below). ’

C. The Nuclear Excitation

-1 _.The energy g1ven to ‘mucleons:

' The energy transfer to the nucleus can be understood as a secondary
phenomenon_due to pion absorptmn and inelastic scattering. Experimentally
we observe the energy'.of charged partic’:lee (mainly protons and alpha particles),
and must infer from this the total energy transfer, including the energy given
to neutrons 'The total energy transferred to nucleons is needed for the en-
ergy balance in the. annihilation process and also for the determination of the
number of pions absorbed and 1ne1ast1cally scattered |

- To obtain the total energy transfer to nucleons we analyzed the ob-

served proton spectrum (Fig. 8) in terms of a "knock -on" process that g1ves
rise to fast nucleons (Tp > 35 Mev), and an evaporation process (for Tp < 35 Mev)

due to the nucl-ear excitation of the residual nucleus.
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- We have. estlmated the energy transfer to nucleons correspondmg to
the knock-on spectrum UKO by measuring the energy of protons greater than
35 Mev, and assuming that the knock-on neutrons have the same energy spec-
trum as the protons. The ratio of neutrons to protons for the knock-on process
has been taken to'be n/p = <(A - Z)/A>emu1sion = 1.2,

The part.of the excitation U"EV corresponding to the evaporation spec-

trum has been estimated as follows. 13 The average evaporation energy in

protons per. star was obtained from the measured ranges for TH < 35 Mev.

To obtain.thev average evaporation energy in neutrons, a ratio of neutrons to
protons n/p = 4 was assumed and an average neutron energy equal to 3-Mev
was used. ) ‘ )

Teble IX iists the average energy per star in "knock-on' particles
UKd’ in evaporatibn particles UEV’ and the average totai energy per star
given to nucleons U, where U = UKO + UEV = 400 = 30 Mev. The error has

been estimated from extreme variations on the above assumptions.

~Table IX. The average energy given to nucleons in antiproton annihilation
stars. - The nuclear excitation U is composed of the energy in evaporation

particles U'EV and the energy in "knock-on' particles ‘U-KO'

14

Annihilation‘- o | 'UkO | o , ’UEV o U

(Mev) . T (Mev)  (Mev)
at rest | ~ | | 150 115 . 265%20
in flight . 1290 | S 215 . - 50540
combined 23 . . 170 200430
13

Menon, Muirhead, and Rochat, Phil. Mag. 41, 583 (1950», K. J. Le Couteur,
: Pro¢. Phys. Soc. (London) 634,259 (1950). It must be noted that
‘ the incomplete identification of the heavy prongs leads to an over-
estimate of UEV by about 15%. This correction was obtained by com-
parmg the proton. and alpha spectra from sigma stars 'The values
quoted in the text were corrected for thxs effect.
‘E. E. Gross, The Absolute Yield of Low- Energy Neutrons from 190-Mev
: Proton:Bombardment of Gold, S}lver, ,_Nl_‘ckel,_ Aluminum, and Carbon
(thesis), UCRL+-3330, Feb. 1956.
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2. ‘Correlation of charged pion multiplicity and ehergy transfer to nucleons

In Table X we have grouped the annihilation stars according to'the-
number of charged'pions obseryed, N“_i. There is a correlation between the
number of pions observed and the corresponding average energy in heavy prongs
= EH listed for each group (Col. 2 and Col.- 5). A similar correlation can be
observed between.Nn:h' and the average number of heavy prongs emitted, NH'
On the average a high pion multiplicity is associated with little energy release
in héavyprongsand a small NH In Fig. 9 we have plotted a histogram of the
observed energy release in heavy prongs, and have indicated the energy cor- -
responding to absorption of one pion, two pions, and three pions. These data
indicate that the mechanism of nuclear excitation goes principally through pion
absorption and is thus not a primary phenomenon of the annihilation process;
This mechanism is further considered in Section IV G in relation to the con-

sequences of I-spin conservation.

. 3. Pion interactions

‘ We have: shown above that the nuclear excitation can be explained on’
the basis of nonelastic pion interactions with the nucleus (prin‘cip‘ally"biori ab-
sorption). In this section we estimate the average number v of nonelastic pion
interactions per star. To do this, the average energy transfer to the nucleus,
U, is e_q’uate_d to the sum of the energy.' released by pion absorption, av 'E_jn_,
and inelastic scattering, bv"(_T_'Tr - TO). nge v is the number of pions interact-
ing with the nucleus, a and b are the fractions-of these pions absorbed and .
scatte’lv'.e.d.lfespectively;‘hevn_ce a+b=1. Further, iT'“_ is the average init'}al
kinetic energy of the pion and TO is the average final kinetic energy of the in-

elastically scattered .pions. . We thus have
= 3y T 3 T - .
U=avE + bv (T‘IT_-,- To) .

E Values for b and T0 are very insensitive to the initial pion energy and can be
estimated.from other experimental studies of pion interactions in nuclear emul-

sions. ;5 We used the values b = 0.25, T0 = 40 Mev, and solved by successive

15Bernardini, Booth, and Lederman, Phys. Rev. 83, 1277 (1951); G. Goldhaber
~ and S. Goldhaber, Phys. Rev. 91, 467 (1953); S. Goldhaber, Sixth
Annual Rochester Conference, 1956 (to be published); Ferretti, Ges-
 saroli, and Stantic, vProgre’ss Report No. 1, 'Phyéics‘-Dept.' University
of Bologna, 1956; private commﬁﬁicatibn'of G. Puppi; A. H. Morri.sh,.
Phys.. Rev. 90, 674 (1953); Frank, Gamel; and Watson, Phys. Rev.
101, 892 (1956). '
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Table X. Average values of characte:‘isti'cs of antiproton annihilat'_ion,star_s

(2)

. Combined®

i

4.4

© 18215

(1) (3) (4) (5) (6) A7) (8)
N_x NH = Eni = —E—H —'I‘-ﬁgt "I—[‘_p_ No. st;rs
At rest 5 1.5 = 1261 97 o112 0 2
In flight 5 1 1555 14 171 202 1
Combined 5 1.3 1358 38 131 67 3
At rest 4 2.5 1243 49 176 0

In flight 4 1302 212 187 151 3
Combined = 4 3.3 1275 - 119 - 179 65 7
At rest 3 1/7 -~ 1118 " 58 233 0 3
In flight 3 1067 .. 94 216 156 5
Combined 3 3.3 1084 81 222 98 - 8

At rest 2 788 163 254 0 vy
In flight 2 6.4 493 192 106 .118 7
Combined? 2 5.9 600 181 16077 g2 11

At rest | 1 3037 ¢ 14577 163 . 0

In flight 1 “510. - 570 370 144 2
Combined® 1 6.5 452 357 266 72 4
At rest 90 - 0 1
In flight 5.5 233 - 117 2

Combined 0 5.3 0 184 - 78 3 -
At rest© 2.8+0.4 " 3.1 9132150 106 1186 0 16
In flight®  2.420.4 5.5 763140 204 178 149 20
2.620.3 830110 160 80 36

2Includes 2 stars with K mesons.

Includes 1 star with K meson.
COver-all averages.
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approximation forE! and v. - We obtained, for the average primary pion energy,
‘—E_frr = 346 + 20 Mev, and for the average number of nonelastic pion interactions

per star, v = 1.3, giving av = 1.0 pion absorbed.  (See Table XI for details.)

Table XI. The average number of pidns per star, absorbed and

. inelastically scattered.

At rest In flight | ~ Combined
Number absorbed, 0.7 1.3 o 1.0
av |
" Number inelastically 0.2 _ 0.4 0.3
scattered, bv
Number of nonelastic 0.9 ' - 1.7 1.3

interactions, v’

‘D. K-Meson Production in Annihilation Stars

In all high-energy inteéractions in which the energy is above the

‘"K + Hyperon' production threshold, K mesons have been observed. It was
therefore e:xpe'cted t_hat K mesons should be produced in nucleon-antinucleon
annihilations.’ Assumingithat the conservation of "str'a.ngeness"1.6 holds. fo‘r-

~ the antiproton_annihilati;on process, one would expect either K-K production

. or- K-hyperon production. Only the former is possible for annihilation with'_a
single nucleon, since K-hyperon production requires the presence of an ad-
ditional nucleon. o ' ‘

' 'In order to find and identify K mesons, all black and grey tracks were
carefully examined The ends of stopping tracks were scrutinized to detect '
' decay products (for K ) or interactions (for K'). For tracks not arrested in
.the stack, mass measurements were carried out whenever p0551b1e

In.three of the antiproton stars we have found evidence for charged

- K-meson emissmn. In event 3-3 we found evidence for a K-K meson pair,

16M Gell - Mann Proceedings of the 1955 Pisa. Conference, Nuovo Cimento

(to be pubhshed) o : R
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while in events 3-7 and 2-3 there is evidence.for a single charged K meson. in
each. The detailed measurements on these particles .are presented in Appen-
dices II and HI. o . , .
None of the K partlcles observed ended within the stack For the
1dent1f1cat1on we had to rely on 1on1zat10n and mult1p1e scattermg measuire-
ments.  Because of possible undetected systematic errors,’ espec1ally in tracks
with_ l’large dip angles, the re“sults must be taken w1th caution. However, in
one case (star 3-3, Iprong 8) thedmeasurements. co:uld be pertormed under
favorable conditions.. We thus believe that'the evidence for a K meson here

is conclusive.

E. Angular Distributions of Pions

The angular correlation between charged p1ons has been measured
~to obtain further information on the ann1h1lat1on process.. , _
First, for stars in flight, the- forward backward ratio of pions (in
- the laboratory system) has been measured, and y1eld‘s F/B=1.4%0.4. This
is to be compared with a value of F/B = 1.8, which has been computed on the A
assumption that all the pions are created in the primary annihilation process’
with an_isot.opic di:stribution' in. the-'center—of—mass system, negletting pion
‘absorption. .The exper1mental distribution of pion emission as a function of
space angle 6 (lab), is shownv in Fig. 10, together with the theoretical curve
for isotropic center-of-mass system. distribution averaged over antlpro}ton.
energy, Fermi momentum of target nucleon, and energy'of, 'created pions.
Small errors in these.parameters hav‘e.,l,_ittle effect on the expected 6 distribu-
tion. _ S , _

Secondly, the angular correlation;_between_pairs_ of pions has been
~measured. The experimental histogram is plotted in Fig. 11. Also shown
is the curve expected if the pions are uncorrelated (direction at random). The
good agreement between the two makes it unhkely that there is a strong pion-

pion 1nteract1on that might result in close pairs.

F. Properties of Annihilation Stars

_We,have“summ‘arized‘ the:pr_operties of the annihilation stars in Table
“X.. The stars have been grouped according to the number of charged pions
‘observed. In columns 3 to 7 we have listed: L

ﬁg , the average number of heavy prongs per star

T E_. t the average total energy in charged p1ons per star;

*a

-
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By
+ , the average k1net1c ‘energy per p1on

) vthe _ave.rage total energy in heavy prongs per star; . . .

SR

-, the average ant1proton kinetic energy at the 1nteract10n

All the above quantities have been averaged over groups of stars with
constant N_ e At the bottom of the table we have listed the averages over all
stars. In the following sectlons we use the information in Table X to carry

‘ out an energy balance and to\ calculate the average p1on multiplicity.

1. The energy Balance

We have observed the energy in charged particles emitted from an-
nihilation 'stars and we want now to infer from the measured quantities the |
‘energy given to neutral particles. The energy in neutrons has been included
in U, the total energy transferred.to nucleons (U = 400 + 30 Mev, see.Section‘

IV C).  The energy of K mesons per star has been estimated to be = Ex g7

50 £ 120 Mev) In this estimate we considered the conservation of Strangeness, .

~the productlon of neutral K°K® pairs, and the detectlon eff1c1ency for K me sons.
We can thus evaluate the average total energy in neutral particles,

other than in- neutrons;and neutral K's We have

—(e ZEi+U+ZE KR

.'Eneutrl'al
where W (— 1948 Mev) is the average total available energy, ¢ (— 1 1+0. 07)
is the est1mated correction for pion detection eff1C1ency, and T E ot (= 830 + 110
Mev) is the average pion energy per star as given in Table X. Substituting the
numerical values in the equation above, ,yve obtain fcy\r the average ‘energy. in
neutral particles E = 485 + 170 Mev.

neutral : -
If we assume that all this energy goes into neutral pions we. obtam for

neutfal _ 9 13/485':-

v---Z/l, a value consistent with charge independence. . Conversely, . if we assume

the ratio of the _energy in charged to neutral pions e E-E.n.:l:/

that charge independence must hold for the annihilation process, all the avail-
able » energy is accounted for and.\there is very little energy available for any
other type of neutral radiation (within our present limit of errors).

The resultssof this section are summarized in Table XII. We alsop list
in the table the corresponding values for interactions in 'lflight and at rest sep-

arately.

*
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Table XII. Energy balance in average antiproton annihilation star

At rest _ . In flight : - Combined

(Mev) ‘ . (Mev) o (_Mev)
«=E. 1005170 840150 © 913x120
U 26520 | 505240 400430
T Egg 150120 . 150120 . 1204120
E .. 4481200 : 522+200 . 485%170
neu1_:ra1, . :
W

1868 2017 1948

2. " The Average Pion Multiplicity

In this section we estimate the average pion multiplicity ﬁﬂ.in‘ the an-

- nihilation process:. This estimate can be carried out by two independent meth-

ods. Method (a) employs the average number of charged pions emitted, and
assumes that the number of neutral pions is equal to one-half the number of
charged pions produced. Method (b) uses the average diargedpion energy and

assumes that the average neutral pion energy is the same as thi'e' average

" charged pion éri‘ergy. The assumptions mentioned are consequences of charge

i_nd'\ependence, - The results of these two methods agree very closely, and
when combined give _N_w =5.3+0.4.

Method (a). The distribution of the observed charged-pion multiplicity N _+

- is plotted in Fig. 12, The average value of the observed pion multiplicity for

all stars is ﬁ_n_’j:_ = 2.6 %0.3. . This value, when corrected by the efficiency
factor-e = 1.1 £ 0.07, can be used to obtain an estimate of the lower limit to

the average pion multiplicity 1_\I_Tr. " Assuming charge independencé, we get

?unN&=3/%eP%i=4TSiO.é.

To get the value oLﬁ“ from this lower limit we mu'st add the average number .
of pions absorbed. This number was shown to be. 1.0 in Section IV C-3, giving
a value for the average pion multiplicity of ﬁn =5,3x0.6. Another estimate
of N1T can be obtained from the group of 12 stars (Fig. 9) with very low visible
energy in heavy prongs (Z EH < 50 Mev). . If we assume that these stars cor-

respond to no pion absorption, the average multiplicity of charged pions,
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which is 3.3 £ 0.5 for these stars, can be used directly to obtain N—“, viz,

= (3/2)(1.1%0.07)(3.3 £0.5) = 5.4:£ 0.8 .

. Method (b).. An upper limit for the charged-pion multiplicity is obtained by

use.of the observed average pion energy E at = =322 %15 Mev. If we assume
that the neutral pions have the same energy spectrum as the charged pions,

then from energy cons1derat10ns we get

'limN —-W/—¢= 1948/(322:!: 15) 6.1+£0.3.

- To get the value of the pion multiplicity from thi'svupp.er limit we must use the

~ primary average pion energy E' E 346 + 20 Mev (Sec. IV B) instead of the

observed one. In addition we must take 1nto account the energy gomg into KK

pair produetion, = EKR—__— 150 £:120 Mev, and subtract this amount from the

total avallable energy - We thus obtam

=(W-3E K)/ZE'i—SZ:!:O 5 .

G. Compar1son w1th Statistical .Theories -

In this section we compare the observed pion multiplicity with that
pr'edicted by two ‘s'tatistical models, the Fermi 'rnodell'? and the Lepdre-Neu_

man model. 18 For the Fermi statiéfic;-al model we also compnte the probability

- for K-médsm prodnction, .In addition We compare the observed pion energy

spectrum with thét{ derived from phase-space considerations. . Finally, we

~ examine the consequences of I-spin con-serva'tibn as it applies to the charged-

- pion multiplicity distribution and to the _cor_r‘elation'between ‘nuclear eg'citation

and charged-pion multip‘licity .

'"E. Fermi, Progr. Theoret. Phys. (Japan) 5, 570 (1950). . Application to the

annihilation process. .R. Gatto, Nuovo Cimento 3, 468 (1956). G.
Sudarshan, Phys. Rev. 103, 777 (1956). We found that in this paper

the factor (. 945&)1\] 1 occurring in formula (4) is in error and should

‘read (5. 2——)N 1 and consequently the calculatmns presented were
oy B3 -
c) . S. Belenky,

V. Maximenko, A. N1k1shov, and I. Rosental, Paperwpresented at

actually made for an interaction volume of (. 19)3- (

Moscow Conference on ngh Energy Physics, May 1956.

8.] V. Lepore and M Neuman, Phys. Rev. 98, 1484 (1955).

I
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1. The Fermi Statlstmal Model

Disregarding conservation of angular momentum and K meson pro- . #

duction, one can write the probability of annihilation into N pions as

2)N-1 Tpo 5 (W - ze)a(zp),

Py = const. S TN(Q/6
i=1 ‘ . i

N~
where ; is the momenfum of the ith"particle in units of mT'r'c; W and €, are the
total energy and energy of the ith part1cle in units of m cz; and'jQ_irs the inter-
action volume in units of (4/3)w (i/m c) S‘N‘1s a factor taking the indistin-
guishability of pions into account, and TN is an I-spin weight factor. ’

Lepore and Stu.art19 have developed a ge‘neral method for the evalu-

: étion' of. ‘the integral occurring in PN. However, for the relat1v1st210c case of
high multiplicity, the computation is excessively tedious. .. Fialho has eval-
uated the Lepore-Stuart method in the ré-_lativistic case by means of a saddle-.
point.approximatiomn. Although thé-saddie point apprbximation is strictly valid
only for high multiplicities,. F1a1ho has studied and determmed the corrections
necessary for small mu1t1p11c1t1es We have applied the saddle-point approx-
imation to annihilation of antiprotons into pions, and the results are shown in
Table XIII. o | o |

Thus we find that for 'an.i’ntera;ctio_n‘vblume of abo}lt 10 to 15 Qo, which

.corresponds to an interaction radius of about 2: 3'!'r_/m‘nc, the Fermi statistical
theory agrees with the observed pion multiplicities, if K-meson production is
neglected. | ’ | _ '

We havve also evaluated the ‘relative-pr'o‘babilities .accox.-ding to the :

-~ Fermi model including K-meson production. For this we have assume‘d.con-’
servation of strangeness i.e. KK meson pair prbduction, isotopic spin'l = 1/2
and spin S = 0. The resulfs are shown in Table XIV. Here again we find

reasonable agreement with experiment for interaction volumes of about 15 Qo.

2. The Pion Energy Distribution

 The pure phase-space energy distribution has been'computed by

means of the expression

J V. Lepore and R. Stuart, Phys Rev. 94, 1724 (1954).
Gabr1e1 E. A, Fialho, Thesis, Columbia University, Nevis Report 22, Fe_b.
1956, | | |
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Table XIII. . Distribution of pion multiplicities', according to Fermi model,

for different interaction volumes (production of K mesons 'neglec_t;_ed); .

K meson pa1r

N_ | o ~ Probability for annihilation into N_ pions {
, 0= =10 | £z 15

2 6.4 . 0.1 0.0

3 63.7 . 5.6 2.3

4 24.6 217 13.4

5 .0 . 44.0 40.6

6 .3 23.7 33.1

7 .0 5.1 110. 6

Average No. _ ,

of pions ﬁﬂ 3.3 50 5.4

vf:'I_‘a'b'le' XIV. . D1str1but1on of p1on and K-meson mult1p11c1t1es accordmg to
-+ Fermi model “for different interaction volumes '
Probability fo'r annihilativdn into
v-'N-rr .pions and NK K:mesons
L (%)

Ny N_ Q=1 @=10 - @=ls

0 2 3.8 0.0 0.0

3 37.2 4.6 2.0
4 14.4 17.9 11.8

5. 3.3 36.1 35.7

6 0.2 19.5 28.9

7 0.0 4.2 9.2

0 5.9 0.0 0.0

1 26.6 3.3 1.4

2 8.3 10.2. 6.8

3 -3 4.1 4.1

4 .0 "0.0 0.0

Average Jo. - 2.4 4.5 5.0
of pions N, B
VProbablhty of produc1ng a '.41. 1% o 17.6% ' 12. 3%
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Nl' N-1 Nl

| WN-1 [Z22.7, >
1 P(e) = const. T A€ -mTT d P; 6(WN 1 -z e )6(2 Ji) ,
N 1— i=1 i=1
where WN is the total annihilation energy shared by N pions and WN—I is the

total energy shared by N-1 pions in their rest-mass system. The integral has
been evaluated by the Saddle-point épproximation method mentioned above.
The above formula would give the exact phase-space distribution if the annihi-
lation proceeded only into'pions. Because K mesons are produced in only a
smill fraction of the stars-this is a good approxifnation to the actu;albphase—
space distributions. . o

The normalized pion energy spectrum for multiplicities 4, 5, 6, and
' 7 is plotted in Fig. 13. It has been pointed out that approximately 5% of the
eiperirhentally observed pioﬁs are':e_xpect'ed to have lost energy by ineiastic
scattering. Therefore, 'the plotted curves should be slightly depressed at
high energies and raised‘at low energies to make a direct comparison with
‘the exper1menta1 spectrum. It is cle‘ar however, that a_ good fit may be ob—
tained with contributions from a small region of mult1p11c1t1es near five and |

six pions.

3. The Lepore-Neuman Statistical Model

This model replaces the fixed- volume cutoff of the Ferm1 model by a
gaussian spat1al term tha‘g is onergy dependent: -exp (- 12 €T, /h ), where
the T, are scaling factors characterizing each type of particle in the final
state. In addition _the Lepore-Neuman modol provides for the conservation
of the céenter of energy by means of a te'rm S(Ei Xi. ?i). It is shown in Appendix
V that the probability 6f annihilation into N pi'onjs'may be represented by

Py = const sNTN(zwAI’ﬁ:)"m\I-"1.)N3_N‘_3__/‘2 gld CS(W - Z¢ )6(? AR
The integral may be eﬁ_&raloated as mentioned above. Here again K-meson pro-
duction was neglected. The results are shoWn in Table XV for several values
of the effective volume parameter, '7'“_-3/2. Thus we find that for an effective
volume parameter .TW-B/Z z\lO the Lepore—Neuman.statistical model agrees
with the observed pion multiplicities if K-meson production is neglected. It
has been shown by Holland21 that effective volume parameters of this order

of magnitude can be used to fit pion production in nucleon-nucleon collisions.

ZlD. Holland (Radiation’ Laboratory, Univer sity of California), private com-

munication. .
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‘Table XV. Dlstr1but1on -of pion multiplicities, according to Lepore -Neuman

model, for various ch01ces of the effective volume parameter 'i' -3/2

(K-meson production neglected)

.Probability for annihilation into N" pions

_ (%) _ |

| | - _3/2 I - .3/2
Nw , . To =1 : | | T ~ = 10
2 49.4 1.9
3 44. 6 17.1
4 5.2 20.0
5 0.8 28.8
6 0.0 - 21.4
7 0.0 10.8
~Average No. of | .~ : 2.6 - SR g ’_ S 4.8
pions-~N‘;ﬁ_‘ |

Consequences of I- Spm Conservation.

‘The probablhty of a given proportlon of o , 170, and 7 in an ann_ihila-
tion giving. N pions is determined, through I-spin conservation, by the initial-

state total I spin and pro_]ectmn (I, M;). The annihilation of'an antipr_otonvand'

).
" proton may occur in either the state (IO 0) or the state (1 0). The annihilation -
of an antiproton and neutron occurs only ih the state ,(1, -1). Since we are con-
cerned here with annihilations that occur in emulsvion (n/p = 1. 2)',. we have
weighted the initial states according to S _ _
{1.0/2.2)[(0, 0)/2.+ (&, 0)/2] + (L. 2/2.2)(1, -1) The results given in Table
. XVI are the probabilities of creation of a .gw,en number of charged pion_s in an
annihilation of given multiplicity. . We have neglected K-meson production in
these considerations. ‘ | :

- We have shown in. Sectlon IV C- 3 that about 20% of all pions created

in the ann1h1lat1on process are. subsequently absorbed by the nucleus. Using
this value for the probability of absorption, we have calculated the probability
that if a given number of charged pions, N_ ke are created in the annihilation,

a number (0, 1 °-- ) ‘emerge. This result has been combined with Table
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Table XVI.. Probability that a given'n-urnb,er- of charged pions N“ﬂ: are created-

in an annihilation of given multiplicity, N .

.
- Np

N 2 3 4 5 6 7

0 0.076 ©0.045 0.015 -  0.006 0.002 0.001

1 0.379 0.218 0.109 0,047 0.020 0.008

2. . 0.545 0.419 0.258 0.154 . 0.080 0.039 .

3 0.327 0.436 0.342 0.234 1 0.138

4 0.182 .0.295 0.289 0.228

5 0.156 0.292° 0.330

6 | 0.084 0.186

7. 0.070

Nﬂ/ﬁ,ﬁ 1,53 .49 1.50 | .'l,a 50 1.50 | | 1.50

XVI to determine the probability that N.,r:l: charged pions emerge after an an-

nihilation of multiplicity N . We have tabulated in Table XV‘II'the number of -
cases in a total of 33 ann1h11at1ons (the number we have observed, excludmg
those with probable K mesons) in which N ot charged p1ons emerge for a, g1ven
mu1t1p11c1ty N e ' o

It'is seen that good agreement may be found by combmmg a narrow-

'—group of- mu1t1pl1c1t1es near N = 5.

/

A correlatmn is expected between the number of charged p1ons emerg-

ing and-‘the nuclear excitation. Although there is a broad distribution ‘in num-

"ber of charged pions at annihilation, the probability that charged pion_abso“rpti-on.'

has occured is 'greater for stars with a small number of emer‘ging-chargedf
pions-than for those with a large number. . We have u'se’d'.'f.thecvforegoi'ng‘ results
and the probability of absorption andiineiasltic pion scattering determined in
Section IV C to compute the average visible excitation energy as-a function of
the»number of charged pions emerging, ‘N'ﬂ:t: for given multiplicities Nﬂ. The
results are shown in Table XVIII. The ‘exp'e‘r’irnental'v‘alues‘ have large uncer-
tainties because of the small number of cases and because of the broad spread‘
of excitation energies for each N“_:t “However, “the’ pred1cted increase in ex-

citation for sta®s with small numbets of charged pions .emerging is evident.
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. Table XVII. Numbers of cases in a total 6f»33,- in Whi;h .

-Nﬂ:l: charged pions emerge fo'vr a given multiplicityg,N‘;"-

‘Number ' Number of " Calculated number of ca.s‘e_':s'vf.o‘r mu1t1p11c1ty Nw
of charged - .cases found ' ‘
pions, e‘xPei'ir.nen'- 2 3 4 > 6 o 7
0 3 5.9 3.7 L7 0.9 0.4  0u2.
1 3 16.0  11.3 7.3 4.3 2.5 . 1.4
2 9 C11L,5 12,9 12.7 9.5 . 6.8 4.5
3 8 5.5 9.8  10.9  10.2 8.2
4 7 . 2.4 6.7 8.5 9.4
5 3 11 42 6.5
6 0 - 0.7 4 2.4
7 0 0.5

_a.'It must be noted that because of tﬁ_e 90% efficiency for finding minimum

secondaries, ‘the experifnental‘distributidn is'mo-dified from the true .

distribution.
Table XVIII. Average nﬁcl,ea'r excitation, = EH’ in éharged prongs
Experimﬂ.entally | ,v Calculated values for multi_pli;:ity N'rr -
found values o ‘ » - ‘
Ns ZEy;  Number 2 3 - 4 s 6 7

" {Mev) of stars ' ' '

0 184 3. 129 168 - 224 - 282 <330 370

1 357 4 70 121~ 150 244 . 289 343

-2 181 . 11 7 - - 68 129 180 - 238 294

3 81 8 10 S 64 127 - 209 242

4 119 7 | 14 - 61 - 134 - 194

5 38 3 17 13 132
6 0 20. 85

7 0 24

i)
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H. .. Discussion_on“:the_Annihilati.on,;Radiu;s- S

A comparison between the~averag‘e::pi‘on’-‘ multiplicity (N“_ = 5, 3) and
the number of pions absorbed and 1nelast1cally scattered (v = 1.3) p’ermits us
to est1mate the. solid angle subtended by the nucleus at the reg1on of ann1h1la- .
tion. Although such an argument is quahtatrve in nature, . 1t g1ves a measure. A
of the average distance from the center of the nucleus at wh1ch the ann1h1lat1on
occurs.. Furthermore we note, by a separate analysis of stars at rest and in
flight, a difference in the ratio: of v/— indicating a difference in the average .

_radius (from the cent&er of the nucleus) at which the respectwe ann1h11at10ns

take place »
. Qualitatively, we mav discuss these""ph:enomena as follows. In the
stars at rest we find a ratio of (v/_ ) est - 0 17, while for stars in flight this

ratio is (v/— fllght 2 0.33; - -This d1fference can be understood by the followmg |
argument. “For stars at rest the antlproton is captured into Bohr orbits around
the nucleus: and cascades down'until it finds itself in an orb1t from which 1t can
annihilate with a nucleon. These orbits are expected to have rather h1gh angular

(»momentum at first, and thus for a large ant1proton nucleon ann1h1lat1on cross

, section the overlap between the ant1proton wave funct1on and the nucleus causes
| the ann1h1lat10n to take place at the surface of the nucleus in the reg1on of re-
{\ duced nuclear dens1ty > These considerations.can explain. the ‘small p1on ab- .
R sorpt1on ment1oned above On. the other hand, for mteractmns in fl1ght, the
| ant1proton can occas1onally penetrate to smaller radn in. traver sing a mean

free path in nuclear matter. The exper1ment 1nd1cates that for ann1h11at10ns
-~ in. flight about two p1ons interact w1th the nucleus, on the average as compared
| with one. p1on for ant1protons "at rest.'" This result perm1ts us to est1mate a
i mean penetration. depth of antlprotons at high ve10c1ty into nuclear matter of

the order of 3 x 10 24 nucleons/cmz, which corresponds to a mean life of.
| 2 x l0_24 sec forvantiprotons_in nuclear matter. This picture is supported by
i the fact that the.six stars with the hi_g.hest enérgy in heavy prongs (Z)EH >350 Mev)
| all occur in flight. These.stars can:be considered as examples of head-on
! collisions in which the antipr_oton penetrated far enough into the nucleus so that
|

several of the pions produced in the -annihilation process were absorbed by the

\, nucleus.



-50- - UCRL-3520.

V. ACKNOWLEDGMENTS

The successful e>\<posu're of the emulsions used in this 'e'xpefimer# wa s
due in part to the help and éncou'rag'eme'nt of Drs. Owen Chamberlain,, Edward
J.. Lofgren, and Clycie Wiegand, We wish to take this opportunity of expressing -
our appreciation for their contributions to this work. ' o '

We wish to thank the Bevatron crew for their assistance in carrying
out this exposureb. We also wish to thank Dr. Tom Ypsilantis and Dr. Herbert
‘M. Steiner for their help with the eXperimenfcal setup and Drs. Dan H Holland,
_Robert Karplus, and .Toseph V. Lepore for many 'hélp'ful discussions on this
paper. Thirty scanners, some 1n Berkeley and some in Rome, spent loﬁg '
tedious hours locating the negative protons discussed in this paper. . Without

~their conscientious and tireless efforts this work would not have been possible. -



-51- - ~ UCRL-3520

APPENDIX B

I. Examples of Antlproton Ann1h11at10n Stars S

: Here we present elght pro_]ectmn drawmgs of. ann1h11at1on stars (Figs. -

A.1 - A.8).. These include one. example for each value of the charged pion::
- multiplicity, one example of the 1ne1ast1c scattermg of an ant1proton, and one

-of\a possible charge eXchange scatter . For.each case a table descr1b1ng the

results of the measurements on the 1nd1v1dua1 prongs is gwen (Tables A.1

through A.VIII). For each prong the 1dent1ty, the prOJected angle, the dip

angle,_ and the energy E are listed.’ For p1ons the energy is. g1ven by

'n' H
"Egi is the bmdmg energy (8 Mev for protons and 4 Mev for a part1c1es)

E =T, + M cz, while for proton\s and: apartu:les itis E TH + EB, ‘where
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Table A. I

Characterlstms of the tracks m Event 3- 13

ann1h11a.t1on At rest g1v1ng f1ve charged p1ons

VTrack;_;:-

_Type: :

) P.rpje.cted-‘v
oangle st Lot g

{degrees) . :-

- angle . o

.(degrees) ... - . Ms_ev._.)

(¢ E O S

ERCEE

3

_260 -
D260
| _,..;“..134._ ;o

67

R TR a0’
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Table A.II. . Characteristics of the tracks in Event 4-8:
annihilation at rest, givingbfou‘r charged pions
Track R Type o Projected Dip E
angle angle ~ v

(degrees) " (degrees) . {Mev)
o 257 +4.8° 56070
w 308 - 0.7 280%30

T 242 - 6.1 .200+£5
om 214 +18 360+30

p 134 0 9

P 70 456 10
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‘Table A.IIl. Characteristics of tracks from Event 1-2:

annihilation at rest, giving three charged pions

‘Track . Type = Projected - Dip E

B ' angle ' ~angle _
(degrees) (degrees). ~(Mev)

1 b 194 60 41.8

2 m 244 450 5402180

3 K 27 J42. 263£30

4 p a7 C 443 55. 5

5 n A 330

6 p © 119 21 38

7 P S 164 0T v A 11.9
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‘Table A.IV. -Characteristics of tracks from Event 3-2:

Star A, inelastic _sca»tt"é'f:i', no ¢harged pions;

' Star B, annihilation at rest; -'giving-two_ bcharged pions

Tr ack

Type .Proje_cted"': . | Dip E
-angle .. “angle.

(deg_ree_s) ("degreeis‘)‘ :- 'bv‘_'(’Mev) v

Star A

P59 . =0 8.6
p- 42 o 25 ' '
a o -104 0 4T3

-~ Recoil 76 RN ST
w o 3ar g 61050
Recoil 3(51_-.; . o ‘+1;'3 _ o o . A




~ UCRL-3520

- MU-12131

%
B



¥

-

&

.73760' :,

~ UCRL-3520

' Table A.V. Characteristics of the-tracks in Event 1-1:

annihilation in flig‘_ht‘ (Tp_= 185 Mév),- giving" two charged pions

Track

~ Projected

an gle

" (degrees)

Dip

angle -

E

E (Mev)

O 0 O N W N

BNodh W N~ O

IR R R R T R I I R R

PR

73
89
96
135
137
150

o205
SRR 7E S
262
to234
S o297
- 2 18 »‘ h

- 49
Co%26
Loty
,m:g ‘fi37“"
33
v + 39
W

%25
R

17.

215

10.
67.

22.

Ses.
104,
247
C11.
16.

12,

15,
13,

3

MmO ;! o

woow»oo‘\loo'
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o _: Table A. VI. Characteristics of tracks in Event 4-710:-'

-~

annihilation in flight (Tp_ = 1200 Mew) = “.° . Lie.}, giving one charged pion -

- Track : - Type T Projec_:'ted' o Dip | E
| | - angle P - __a.ngld
(degrees) . . (degrees) (Mev)

s 16
10 . 28
39 51
13.5
12.5
100
55
45
17

83
49
39
3
338
3224
o211
SR 13.5
206 28330
202 R s
179 SR +26° c 39
15 .86 52
N 141._.. SR  '1+ 8 ;jzﬁg' : 16

O 0N W Y
LA T a4 4+ +

L
N e

0—-0—-0—-»—-0—-»-.0—-
o~ WV~ O
A D" W TV A TT T T WO T T T T
+ T
on
E o

e
F g
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Table A. VII. Characteristics of tracks from Event 4-3:

annihilation at rest, giving no charged pions

‘Track Type | Projected = _Dip . E
' ' angle S angle
" (degrees) - . ‘ (degrees) - | ~ (Mev)
1 a S 215 + 38 16
2 p : 353 - 1.5 10
3 p o 6 . - 58 . 10.5
4 p. 135 -6 11
5 p 164" %38 25
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~Table A. VIII. Characteristics of tracks from Event 5-1:
annihilation in flight (Tp_- = 150 Mev), giving no charged pions;

possible charge exchange

‘Track Type - Projected , Dip E
o - angle. ~ angle :
-(degree's) o . ','_(degrées) '(Mev)

1 p 65 - . -22 35. 3
2 p 143 . 485 12.2
3 p 156 65 18.6
4 p 209 - 81 5. 1
5 p 269 L - 40 10
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Appendix II. ‘Evidence for K-Meson Production
 A. GYsta Ekspong and Gerson Goldhaber

1. Evernt 3-3: Evidence for the Production of a KK Meson Pair in the Annihi-

" latiomr. Process =

- Event 3-3 was caused by an antiproton in flight, Tp_ = 183 Mev. The
star consxsts of 7 black tracks probably due to protons; one recoil track; two
tracks- of minimum ionization, probably due to m mesons; and two grey tracks;

one of w_h1ch is deﬁmtely due to a K meson and the other probably also due to

. a Kmeson. This star is the only one in. Wthh we have evidence for a charged

KK meson pair. The first K meson, track No. 8, dlsappears in ﬂ1ght in the

middle of one emulsion after a traversed path of 24. 7 mm. We have not been
able to find any connecting track, as v'we .‘should had the K meson decayed in
flight. It is m'ost prebable that the K meson underwent a charge—excha.nge.
scattering or an absorption w1thout leaving any visible prongs. 'I“he'other :

track, tentatively ass1gned to a K meson, track No. 11, left the stack after a

: traversed path of 40 mm.

The most serlous systemat1c error in mass measurements by the
mu1t1ple scattermg—mmzatlon method is caused by emulsmn dlStOl‘th‘n Such
distortion lowers the apparent mass of partlcles For track No. 8 in star 3-3

rather favorable conditions pre’va11ed. The dip angle was between 11° and.17°

in.the various plates in which measurements were performed. . The kinetic en-

ergy of the particle was rather low, so that small cells (25p to 150|J.) could be
used for the scattering. meas'uremen‘ts\: Under these two favorable circumstances
distortion does not seriously affect the measurements of the multiple scatter-
ing. The final results of g/go and pP determinations are shown in F1g. A_.9.v

The following corrections have .been made: dip corrections, noise elimination

‘between cell t and cells 2t and 3t, variation of sensitivity between plates and
- with depth below the surface in each plate. The appr‘opriate scattering constant
K was taken from Pickup anf Voyvodic. 22 The gap coefficient g* = g/g has

" been normahzed to minimum ionization by use of the 700- Mev/c ™ mesons

readily available in ‘the stack. The linés marked K and P in F1g A. 9 were
determined by accurate calibrations on K mesons (from a K meson stack) and
protons (from both the K-meson and the antiproton stacks). Multiple-scattering

measurements were performed over the entire length of the track. The mass

22y, Voyvodic and E. Pickup, Phys. Rev. 85, 91 (1952).

“w
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-of the partlcle, according to these measurements, is M = 1016 + 120 m_,
where an 8% uncertainty in the scattermg constant has been 1nc1uded in the
standard errors. A mass determination 1ndependent of the multiple- scatter-
ing measurements can be obtained in this case by studying ‘the variation of
g/go with range (Fig A. 10). It is ev1dent from Fig. A. 10 that the measure-
ments are consistent w1th the K mass and not the proton or m mass. Using
the first and 1ast pomts, we obtain a mass of 800 +§88 n, Our conclusion'
.from the ev1dence presented here is that we have observed the emission. of a
_K meson. from an antiproton annihilation reaction. . ' ,

' The other grey track in the same star, track No. 11, for which the
identification is less certain, was emitted with a large dip angle (740) The
surface- angle method (see Appendix IV) was applied to determine pf, and the -
gap- coeff1c1ent method was used for g/go The results are shown:-in Fig. A. 10
.and also'in. Fig. A.1ll where g/go has been converted into B/Bo (blob den51ty)
. The curves in Fig. A1l marked P and 7 have been obtained by cahbration
measurements on flat tracks of protons-and ™ mesons in the same stack. If
we assume that no appreciabl'e'undetected systematic errors enter these
measurements, we see that the results 1nd1cate a K-particle mass.

- Table A. ][X gives the results of the measurements on star 3 3 ‘and
- Fig. A.12 gives a projection drawing of it.

 If the recoil track (4) is excluded, the momentum unbalance in this

star is 920 Mev/c, which is d1rected ;approximately opp051te to track No. 4.
g Assummg the momentum of the recoil particle (track No. 4) to be about ’
1200 Mev/c, we find that the mlSSlng momentum is about 700 Mev/c and the .
missmg energy. about 220 Mev. These quantities can be balanced by the
emission of one or more neutrons Thus momentum and energy can be con-

served. in this analysis, which. takes track No. 11 to be due to a K meson.

.. Event 3-7: ~Evidence for the Emission of One Charged_‘_K'Meson_from -anv_

Annihilation Star

In this event track No. 3 is probably a K meson that left the stack
after traversmg 17 plates. Accurate blob counts on track No. 3 were made in
seven plates, giving the initial B/Bo = 1.51 + 0. 04, and before leaving the
stack the final B/Bo = 1.59 + 0.04. As an average over the whole track we
take B/Bo = 1.55+ 0.03. The average 'dip angle was 18°, Measurement of
the multiple scattering'was made over the entire track with cells of 100, 200,

' and . 300p. Unfortunately, distortion entered into the measurements, so that ‘
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the second differences yielded too low apB value (pp = 160 + 18 Mev/c) as '
compared with that from third differencee"(pp = 238 + 30 Mev/c). As a check,

a pp value from fourt'h_dif_fer-ences was also co’inpufed, viz. , PP = 196 £ 35 Mev/c.
- Utilizing the surface angle method (Appendix IV), we obtained a value of

PP = 350 + 130 Mev/c. The .re'sults are disp’layed in Fig. A.1l. The mass .
from the third difference measurements is M = 720 £+ 135 m , and from. surface
»angles M = 1060 +540 . N

-440
stated is the standard error.. A full descr1pt1on of Event 3-7 is given in’ Table

rn and is thus consistent with the K mass. The error

A. X, ,and,a pro_]ectlon drawmg in, F1g A 13
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Table A.IX. Characteristics of tracks from Event 3-3;
- annihilation in flight (va_ = 183 Mev), giving two charged K mesons and
two charged’pions Tp =1183 Mev

Track - : Type : Projected - Dip | B
' angle “angle '

v>(degrees)'._"_ _ .- (degrees) - (Mev)

" 238 .58 230450
w295 65 240s50
p 306 58" o
recoil | 345 L ~ 0 o ' --

' o387 . os2 26
53 39 13

81 -3 . . 23
93 . S-15 . 570
n9 0 w4s s
120 . +18 12

144 +14 690
65 -4 21

+ +

O 0 ~ O TR W N
o]

T
o

._.
[
o R o ow RO oT T

T
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_‘Table. A. X. -'Chaf'a.cteristics-of the tracks from Event 3-7:
annihilation. in flight (T . = 152 Mev), giving one charged K meson

"and 2 charged pions -

_Track-' . Type Pfojected - . Dip . E
' - ' a_.ngle' o - - angle

(degrees) - (degrees) - - (Mev)

172 -3 o 17.5
168 3% . . 16.5
76 19 680
346 0o . 9
346 I 45
247 .0 1
232 467 .. . . 192%13
194 o w200 . 48
as7 11 275s22

+ o+

O O NN AW N
a9 4 U oY TR e T
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"~ Appendix III. Annihilation Accompanied by K-Particle Production

.

and with Accountable Energy and Momentum

Harry H. Heckman

Event 2-3
In this nuclear interaction of a 90 + 10  Mev antiproton, one of the
five charged prongs‘ emitted . from the annlhrlatlon is probably a K meson.
"The event is of further interest in that it is the only»annihilation,star observed
in this study to contain an ener‘getic highly charged fragment. . The conserva-
‘tion of energy and momentum can be satisfied with the emission of a single
‘neutral particle of near nucleonic mass if’one assumes that the annihilation
takes place in one of the light nuclei in the emulsion and that the. total energy
release in the annihilation process is 2Mpc2= ‘ |
‘The event is reproduced in Fig. A.14. Of the three prmgs requiring -
mass determination by ionization and multlple scattering, only track No. 1
,had a dip angle small enough (6.2 ) to: allow a measure of pB by conventlonal
m'ethods  Tracks 2 and 3 were nearly colmear and had dip angles’of 45.8°
and - 41. 3 respectively. . For these partlcles, the method of surface angles
was employed to measure the multlple scattermg (see Appendix IV). The.
ionizations of prongs Nos 5 1to 3. relatwe to minimum was obtained by com-
parlng them ‘with the 700- Mev/c 1nc1dent beam pions. As a.check on the gram
counts of the steeply d1v1ng tracks,- the 1on1zat1on plateau was measured (by
. use of "background" et decays) as a function of dip angle Prong 4 is a
" singly charged particle (p or d), and prong. No 5 1is a nuclear fragm‘ent with
an estimated Z of about 5. Smce no particle was observed to be emitted at _
the end of its range, we concluded that the fragment was a nucleus stable against
ﬁ decay Table A.XI gives the results of the analysis of the event.  Columns
" (b) and (c) are the projected and dip angles measured relatlve to the d1rect1on
- of the incident antiproton, and Column (d)-gwes the total path leng_th observed
for each particle. Only Prongs 4 and 5 come to rest in the emulsion stack.
- The identifications of'particles Nos. 1 and 3 'we're deduced from Fig. A.15.
‘The expected loci of pions,. K mesons, protons, and charged hyperons were
calculated by use of the tables of Barkas and. Young 23 Included in the f1gure

are several nonrelated partlcles used for cahbratmn purposes . The mass of

23W°', H. Barkas and.D. M. Young, Emulsion Tables. I. Heavy-Particle

_Functions, UCRL-2579 {(Rev), Sept. 1954.
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Table .A. XI.

422424

T:abulation of data from the analysis of Event 2-3
(a)  (Db) (c) (d) (e) (fy - (g) (h) . (i) )
Prong a B . - Range L/L_m.ina | PB ' Kinetic PC Mass Type
' (de- (de- {ob- ' _ ‘ .. energy
_grees) grees’) served) (Mev/c) (Mev) - {Mev) {Mev)
| em) |
| i el o 245224(%) 804+43(3) ‘
1 22 6.2 4.2 2.3320.07 448240 o000 ] 129441(p) 1172%104  Z(p)
2 255.5  44.3  1.89 1.88£0.06 25944 = 14637 407453 49083 K
3 80.5 -41.3  2.39 1.00£0.02 - 6504200 ~ 650%192  ~ 664x197 140%43 =
4 65.5 - 0.3 19.5%0.5 - L 7ixl2 163. 5+14.0 - a
5 275.5 0.4 - 26.00.5 : - 23.6%0.5 69518 _ 3511'
- S - b
'y 0.0 0.0 1902107

The restricted grain den51ty rela.tlve to m1n1mum, l./n.

defmed m Reference 1

The p had #2.5+0.5cm res1dua1 range at the point of mteractmn, correspond1ng to a k1net1c energy of

90 + 10 Mev.

-18-

0%&ec-TdON
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prong No. 1 appears to be slightly larger than a proton and it may be tentau

tively 1dent1f1ed as a ) partlcle _The fact thdt no- decay was observed in a

A proper time of 3 x 10 -10 second (TZ' = 1. 4+é g 410 10 sec) 24 slightly weakens
this argument. The error ‘of the measurement however does not allow the. C o

particle to be stat1st1ca11y resolved from the: proton locus. ' Track 2 gives
strong ev1dence of a K particle and Track 3 is 1dent1f1ed a’s that of a p1on o o
| - The features of this event are those characterlstlc of an interaction
.with a light nucleus (C N, or O). . The evi‘dences for this are the low kinetic
energies of the stoppmg partlcles Nos. 4 and 5. | In‘each case, the‘ energies

are considerably lower than the Coulomb barrler helghts for the heavier - ‘
.elements conta1ned in emulslon On the. ba51s of these arguments, the an-
nihilation can be 1nte11'1éreted equally well by .11 _ zo '

(A)p+O —>p+K +1r+d+B
where prong: ‘No. 1 185 assumed to be a protonsand thé\l(:)mobserved neutral
particle a hyperon or by 2 ' o
| (B) '+016 T+ K +1r++d+B51+(vn),
‘where prong No. 1 is assumed to be ax”, 'and the neutron is. added to conserve
nucleons, energy, ~and momentum.
In Reaction (A), the total energy unbalance AE, of the v1s1ble charged

particles 151265 * 197 Mev. " The unbalance in momentum is 388 = 76 Mev/c
. The rest mass of a neutral particle that satisfies these values of energy and.
momentum is M = 1024 + 182 Mev. This evaluation of the mass from the
measured quant1t1es is in close agreement w1th the assumed neutral hyperon
EO or /\ “ emltted in the reaction (the masses of the Zo and /\ are 1196 £ 3

and. 1116 + l Mev, respectwely) The Z mass is taken to be the same as

the mass of the =" R o ‘
| ' If one takes the mass’ measurement of partlcle No. 1 at face value ‘(‘so

that we interpret it as a = part1cle) React1on (B) can describe the annihilation. .Y
The total energy and momentum requ1red to conserve these quantities are
1009 +.197 M_ev and 458 _:!::_57 Mev/c.  The mass of the neutral part1cle is cal- A
-culated to beé 899 =+ 192 ‘Mev, and, within the error, is the mass.of the assumed

neutron (939. 5 Mey)f A reaction of the type

p-f’;l 08'1'6 ~p +K;+ 1r‘l+t'+ B511.+('K°) o 3

J.. Steinberger Proceedmgs of Sixth Annual Rochester Conference 1956,
(to be publlshed)

A
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does not lead to a satisfactory infefprefation ‘Tﬁe total e‘ne’.i‘.éy. unbalance.is.
329 £+ 200 Mev (mass of K ~ 493 Mev), and Ap = 399 # 7 Mev/c, from which
the mass of the neutral particle is deduced to be = zero. .

The analysis: of thé event does not enable one to distinguish between

‘the modes through which the annihilation could have _taken place, n,zimely.,-_ the

creation of amw- Tr\p_airvor a:K -\T{_pair. In either _caée, however, one member
of the pair necessarily interacts with the_,:remainiﬂg nuéleué to produce the
obsverv'_ed ipro’.ducts.f For in'st'a.n"c,e?‘t'js.ithc_fzipdsiti‘ve pion could inte_facf to produce
the K particle and neutral hypéi‘oh in Revaé-tivom (A-),. or alternati'{rely,- the inter-
action of the K w1th a proton could glve rise to the =~ and nin Reaction (’B)
The mechamsm through which the recoiling lel fragment attamed 1ts excep -
tionally high m_omentum of 695 + 8 Mev/c‘ might be explained by such a sec-

ondary interaction of a"p_*rirnary annihilation produc‘t_,
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Appéndix IV. Measurements of Multiple Scattering on Steep Tracks.

" Much information would be lost in the analysis of antiproton stars if"
no measurements were made.on _the~frequeh,t1-y_,_occur'ring'»steep tracks: Asis
* well ‘known, fhe usual methods:of evaluating the multiple scattering become .
quite unreliable for steep tracks because of the.influence of the emulsmn :
: distortion and also because of the 11m1ted track length in each plate. | - i
We have tried two mod1f1cat1ons of current techniques, i.e., the .
sag1tta and tangent methods. We will call these modifications the grid-co-.

ordinate and the surface-angle methods, respectively.  Both methods are.

applicable to steep,tracks_ in-well-alignedgemdlsion stacks.

A . The Grid-Coordinate Method

Before mountmg, a millimeter gr1d 1s contact- -printed on the glass-»

‘to-emulsion interface of each emulsion ‘sheet in such a way that correspond-
.ing grid coordinates on all the plates are accurately positioned atop one an-
othe.r. 25 The x and y coordinates of the giass exit or entrance point of the

track are measured with respect to those grids. | .

The second differences of the x readings and y readmgs give two
independent measures of the scattering. The reproducibility of the setting
on a grid line is about 2 i_'nicronfs_. | The intrinsic 'erl;ors in the technique -
arise from fnisalignrhent errors in the stack and from the variation of the
original thickness of the pellicles. The total error due to these sources.is
about 9 microns in'y and 6 microns in x. - The basic cell t is the track,length.
in each plate. By computing the scattering result in cell lengths of nt .
(n=1, 2, 3, ...), one gets estimates of both the noise.level and the true |
scattering. The formu_las ubsed to evaluate the mean scattering angle per -

100 -micron cell, 0.10_0,‘ a'r‘e:

= _180 1 <a’yp sing ’
100 T (t/lOO)l/Z' t ’\(1 - co_sde coslﬁ B
’ e
and o ‘
= _ 180 1 xla’d>  sinp L
100 ™ 1/100)1/2 F - N1 - sin%6 cos’p |

Goldhaber Goldsack, and Lannutti, ‘Method for Alignment of Stripped
Nuclear Emulsions, UCRL-‘29'28, Mar. 1955,
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where t 1s the cell. 1ength in rrncrons, ﬁ is-the ‘true .dip. angle, and .6 the azi-.

muthal angle with respect to the grid lines.

B _ The Surfade- -Angle Method
The pract1cab111ty of this technique, depends upon the assumptlon that

the direction of a track at the surface is retained in the processed emulsion.

_The projected entrance angles are measured with respect to well-aligned

grid lines, tabs, 26 or some other reference lines. As the track scatters,
the variation of the projected surface angles is a measure of the multiple -
scattering. " If <AQ> is the mean deflection in the projected angle per pellicle,

then the mean scattering ang'le per 100-micron cell, ElOO is given by

_ eo'sﬁ sin1/2[3
- <A9 1/2 ’
(T/100)
where B is the dip angle and T is the original emulsion thickness in microns.
The evaluation of the ''noise level" was performed by studying the depéndence

of <A9> on cell lengths (track length in each pelhcle) in mu1t1ples of 1,

3, ... . The estimates of the noise varxed between 0. 25 and 0. 5° in various

stacks for individual A measurements.

- -Although the measurements are rather difficult and limited in sta-

tistics, we feel that the methods do give satisfactory results. The reliability.
“of the new techniques has yet to be fully explored, but as a check, we have

- measured the pP of the secondaries from K mesons and. slow pions having dip

angles from 8° te 53°, The pP of the secondames from K and K are 165
and 214 Mev/c, respectively, and the pB of the slow p1ons are known from
their ranges. The results are g1ven in Table A. XII.

A further check is obtained by ’cofnparing» the Tr-meeon energy dis-
tribution in the antiproton stars (Section IV B) for steep tracks with that for

flat tracks. The. two spectra show a rather good over-all agreement.

Z()Birge, Kerth, Richman, Stork, and Whetstone, Techniques for Handling
rand Processing Emulsion Stacks, UCRL-2690, Sept. 1954,
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‘Table A.XII. pp of dipping tracks, ‘me’as,u;_‘éd by the surface-angle method

T

Particle' _ ' Dip angle | PB, P o :'Pﬁ,'
' o v (deg-reés) a : lfneﬁasur'e"d'" _ - known
B C(Mev/e) T (Mev/e)

.K'~LZ secbndéry SR S g8 o 0 198 % 35 o214
K,_, secondary ¢ B33 .. 1e6x22 - . - 165
K, secondary S 33 27455 . T 214

pion . . o 457 . e8x10 . T6.2

o

-~y
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Appendix,,,V. The Lepore-Neuman Statistical Model .

-

We start w1th the followmg expression for the’ probab111ty of ann1h11a-“ ‘

: 18 .
. tion into N pions accordmg to the Lepore-Neuman model.

| - | L L3(N-1)
y o PN = const. SN TN (2wh)~ j 1—l d P; d X, 6(W 2136 )5(?p ) X

Z-Xiei (T x.ze.z)
S\ exp _rrr 1':].
W | 7’

After the spatial integration is carried out, we obtain .

o | | [N o
-3(N-1)1/2, .3 ,..3/2 3 -3 , -
PN' = const. SN TN(4'n"rTT) ‘( )1/ (W /N/ J]:Id P;€; S(W—;"e'."i)a('z.ipi); ;

We define and energy « by means of the' expression

d’p, 6<(W & )6(Zp )
——3N jﬂ
ﬁ—Id P, 5(w Ze )6(2p D

(€)

For l‘arge multiplicities ¢ appro_aches the pion rest mass.energy, We wish to
compare ¢ with the average pion energy, W/Nn_, at low multiplicities. ’Holl_and’21
has evaluated the integral in the numerator of the above expression for multi-
plicities N“. =2, 3, 4. Thevevalu.ation of the denominator has been described
in Section IV G.1. The results are shown‘ inv Table A. XIII, where € and W/N'rr
- are given in pion rest energy units.
|  The near equallty of € and the average pion energy, W/N , may at
~ ' first seem surprising since the term (ei) favors tow energ1es However,
because of the term that provides for the conservation of energy, high energies
must be equally favored. . Thus the above equality is reasonable although per-
haps accidental. It should be noted that the procedure described above is ap-
plicable only in cases where all particles in the final state have the same mass,
‘as in the annihilation process invol_virig pions only.
The expression for P

of the substitution ¢ = W/N_rr

N in Section IV G. 3 has been obtained by means
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Table A. XIII.. Comparison between _'e__as defined above and calculated frém ‘

the results of Holland® and the average pion:energy'Nw—., _All energies are

expressed in units of chz.

N_ o . : € S - W /N
6.8 o 6.8

4. | - 3.5 o _

13.4 S 10 o . 1.0

a'See»Re'f'.‘ 21,

“

L
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« _ FIGURE CAPTIONS

“Fig. l.. Antiproton ranges (experimental points) as a function of the point of

» entry in the stack. . Calculated range-momentum curves (solid lines) for

particles of 0.95 Mp’ 1 M , and 1.05 M , ‘respectwely v 4 |

5 . Fig. 2. Percent opacity versus residual range for protons, deuterons, and
antiprotons. Deuteron ranges have been divided by 2.

Fig. 3. A. Observed antiproton path length versus kinetic energy. B. The
number of observed annihilations in flight; number of scatters in each en-
ergy interval. ‘ _

- Fig. 4. Elastic Scattering. ) Distributibn' of space angles of scattering observed
in (A) 158.3 cm of antiproton track in.energy interval 50 to 200 Mev, (B) 97 cm
of positive proton track in'energy interval 50 to 100 Mev. |

F1g 5. Distribution in d from constant—sagxtta multiple-scattering measure--
ments. (A) antiprotons from 0 to 150u, (B) po.sitive protons from 0 to '
150, (C) positive protons from 100 to 250p.

Fig. 6. Visible energy release in antiproton annihilation stars, expressed
as a fraction of the available energy. ‘The star referenee number is given
for each entry. ' v

. Fig. 7. Charged-pion energy 'spectru_m from annihilatiohv. stars. (Tracks
with dip angle léss than 20° are represented in:shaded portion.)

" Fig. 8. A. Energy sp,e’ctrum of heavy particles from annihilation stars. All
unidentified tracks were considere.d to be protons. _(Specfra from‘ sters at |
rest are represented in shaded portion.) B. Proton energy specfrum below
35 Mev empirically corrected by eliminating contribution of a particles.
Dotted curve has been calculated from evaporation theory for UEV: 170
Mev.

P

P . Fig. 9. The distribution of the visible energy in heavy prongs per star. The
... arrows indicate the expected visible energy release in heavy prongs due to

J e the absorption of 1, 2, or 3 pions. (Fo’r average pion total energy of 322
Mev.) The upper scale includes the energy given .to neutrons. .

: Fig. 10. Experimental distribution of pions from stars in flight vs space
angle 0 (lab). Theoretical curve computed for isotropic distribution in the.
c.m. systetn, averaged over antiproton energy, Fermi momentum of tar-
get nucleon, and energy of created pions. |

. Fig. Il. Number of pion pairs as a function of the angle between pairs.

Theoretical curve shows distribution expected if the pions are emitted

independently.
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~ ) I

L‘\ .

Fig. 12. Distribution of the observed \cAha.r-_‘ged—'-»pion-multiplicity (from annihi-

" lation stars). Stars at rest are represented by shaded portion-.

Fig. 13. Pion energy spectrum. Histogram shows experimentally fOund '
charged-pion spectrum. .'Solid curves.are computed from the Ferm1 sta- .
tistical model for pion mult1phc1t1es of 4, 5, 6, and 7.

. Fig. A.l. Projection drawing of annihilation star for Event 3- 13, giving : v <

five charged pions. V

. Fig. A.2. Projection drawing of ann»ih-ilatio-n'é;car for. Event 4-8, gi{ring four:
| charged pions. ‘ |

~Fig. A.3. Projection drawing of annihiiation _ster for Event 1-2, giving three

charged pions. ' \

Fig. A.4. Projection drawing of annihilation star for Event 3-2, giving two
charged oions', inelastic scattering of p~. - 4 ' '

- Fig. A.5. Projection drawing of annihilation star for  Event 1-1, giving two

charged pions. | | v |

 Fig. A.6. Projection drawing of annihilation star for: Event 4-10, giving one
charged pion. ' _, | v : _ :

Fig.  A.7. Projection drawing of annihilation star for Event 4-3; givi.n'g' no
charged pions. ' ' _

Fig. A.8. Projection drawing of annihilation. vster for Event 5-1, giving no
.charged pions, poss1b1e charge exchange

Flg. _A.9. Ionlzatlon vs multlple scattering measurements on Tracks 8 and

;.-Star '3-3. g* is th\e gap coeff1c1ent as normalized to minimum ioniza-
tion (700 Mev/c m mesons). , ' » o

: Flg A. 10 Ionization vs variation in range for Track 8, Star 3 3. The .
curves are those expected for protons, K mesons, and T mesons normahzed
to the value of g* at the point of d1sappearance in flight of track 8.

“(g* = 4. 37) The mass determination was carr1edfout for the first and . 7
last po1nts The width of the rectangle at R' = 18 mm indicates -the un- -
certainty in range due to the'error in g* for the point at R' = 0. | :

. Fig. ‘A.11. Blob density vs pp measurements on. Track 3 in.Star 3-7 and

Track 11 in Star 3-3. I ’

- Fig.. A.12.- Proje_ction drawing of. annihila.tion' star"fo.r.'_Event 3-3, giving two
K mesons, two pions. . _ |

Fig. A._13. Projection drawing of annihilation star for Event 3-7, giving one

K meson, one pion. -
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Fig; A, 14. Projection drawing of annihilation star for E‘vent_2-3', s:howin-g 1

K meson, 1 pion.
0

" Fig. A.15. TIonization versus multiple scattering measurements on calibration
pions and protons and Tracks 1, 2, and 3 in Event 2-3.





