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ABSTRACT
Thq first observed production 61‘ anegative cascade particleé at an
accelerator ie reported. A BO-inch prvop'ane'bu'bbl,c chamber was exposed to

a beam of negativé pions of 5.5 Bev/ c..- Two cascades were identified,
+3.1

indicating a production crose sectioa of 2.3 c1.6 pb. The Q valueg found were

49.5 + 7.9 Mev and 53.6 & 11.3 Mev. The lifetimes ware 1.9 & 0.1 10" gec

and 5.2 £ 0.4%X 1071 gec. Both e were produced backwards in the center-
of-meméntum system. The identification proéess and background is

discussed.
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L INTRODUCTION
The caaéads particle was first observed ia a cloud chamber by the

Mm‘iche@ter group. ,1 However, at that time there was considerable uncertainty
as tb: the nature of this new particle, since they were unable to identify the

vO. Anderson et al, % established that the v? was a A. Later Armenteros et al.

3
were able to definitely identify the negétive secondary as a pion. Most of the
.subeeqi_;ent dats have also come from cloud chamber obaérvations of césmieoray_
events, Therev have been some data re;icrted from emulsion otaéks expoeed to
cosmic rays, bue’ihe evidence is leas conclusive, since the A can not usually be
found. Because 56 fow gascades have been observed, very little is known about
the particle other than the existence of the one decay mods; which has been well
estébliqhed. A good summary of our knowledge of cascades is regorted'iu a
geﬁiera! strange-particle review articie by Franzinettli and Morpurgo. 4

i The production of cascade particles' by 5.5-Bev/c pions in propane is

reported here as the firet obgervation of cascade production by an accelerator.

i1, EXPERIMENTAL ARRANGEMENT
A 30-inch propane bubble chamber operated in a 13-kilogauss mé.gnetic
ﬂelds was expoged to a 5.5-Bev/c beam’ of negative pions from a beryllium

target iocaied 14° upstream from tha_égggat straight gection of the Bevatroa.

- _ 4 . .
This work was 4oune under the auspices of the U.S5. Atomic Energy Commiasion.
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Negative pions at 0° from the beam were deflected by the Bevatroa field
through a thin window in the vacuum tank. Two 8-inch quadrupole magnets
were used for focusing, adjusted to give an irmnage at the chamber of the
target 1 inch high and 2.8 in., wide. An analyzing magnet deflected the beam
7.Z°.»' #0 that 5.5-Bev/c pions arrived at the conter of the chamber., The
dispersion w&.a 80 Mev/c per inch, and the uncertainty at any poiat due to the
target asize was = 125 Mev/c. The total distance from the target to the center
of the chamber was 56 feet, Figure 1 shows the experimental arrangement.

All tégether. 31,500 stereo pairs of pictures were taken on 70-mm film.
The film was scanned for all Vo‘a with origins vigible in the chamber. The
ecan cards were examined for possible cascade decays, and these events ;vete
then examined by a physiciat. Those events in which the v0 could have
possibly come from a kink in a secondary track and Wch lay on the opposite
alde of the seéondary track from the deflected track were measured. The
possible cascade _decayé were not réstricted to negative parfic’las. Fifteen
events satisfied the vieual-appearance criterion, two of them positive,

Two methods of measuriag were used, and most events wére measured
by both. One method was to rept;oject through an optical system siinilar to
that 'usafd oa the chamber but with air replacing the propane. A correction for
tﬁe index of refraction of propane was made. The tracks in the two views weré
recombined on a ground-glass screen, and angles and curvatures were
measured. The curvatures were meaaurec: by fittiag tempiates to the tracks
in epace. The other method of measuring was by the use of & digitized micro-
scopes measuring directly on the two negatives. The locations of a series of
points aloang a track in each view were punched directly onto IBM carde. Theseo
cards were then processed by an IBM 650 calculatlor which gave an output of mo-

meata and anglos, with errora based on the internsl consistency. Allowance was made
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for the errors in curvature caused by multiple scattering in the prlopan,e.
The agreement between the two methods of measuring was compatiblé with

the errors given in each case.

I1I. IDENTIFICATION

Of the fifteen events subrmitted for measurement, only two ware found
to be consiatent with _thg known properties of 2 cascade. They are shown iﬁ
Figs. Z and 3 The other events are discus-sed in & later 'section. For an
event to be considered 8 cascade the following criteria had to be satisfled

{a) The Vb had.to be ideutiﬂed as a A. _

(b) The plane of the N had to coneain thé cés‘cadé decéy point

(c) ‘The plaue of the cascade and ite decay pion had to contain the decay
polat of the A, - '

(d) Tranavetae momentum of the A had to balance about its line of flight.

(e) Transverse momenta of, the pion 2ad the Aat t.he cascade decay point
had to balance. | |
. (f)’="fhe. relative ionizjétibn had to be consistent with thé assumption of a
caacadeAdecay. | _

{g) The kinematics ha& to be compatible with the assumption of

=~ 9% 174 ~66 Mev.

Cziteﬂon (;a) rules out the identification of poassible W -+ n 4+ 7 modes.
Criteria (c), (e), and (g) would eliminate possible leptonic decay modes of
éaséédes.

Ia general it i3 not always possible to distinguish 2 A from a 60.

No
event was rejected solely because the _‘i{10 could not be positively identified as
a A, 'Hm‘wever.‘ in both the identified cascades, the Vn_was definitely established

28 a'A. In one case (17776) the A was identified readily because the positive
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p‘rbug was a stopping proton, and the measured & value wag 35 £ 6 Mev., In
the other case (49837) the meaéuréd  on the assumption of & A was 31 £ 7 Mev
and on the &ss'umf)tioﬁ of a é-o was 180 & 21 Mev, so that the fit to a A on Q value
alone wae better than to @ 6°. Tonization estimates from gap counting were
'dcci'siw;e for the positive proug's beiag 2 proton rather than a positive plon.

Both events satisfied the two coplanarity requirements. withi_n the orrors.
Coplénari&y was checked visually on the space reprojector by actually fitting
the planes in question, and by aspatial reconstruction from the microscope
measurements. Both eveats satisfiad transver e momenturn ba.lahce to within
1.3 standar'd deviations or lesé {rom the unadjusted values. Table ! shows the
amount of unbé.lance and the errors. Later an adjustment was made to give
exact transverse momentum balance.

In both eveuts.the ioniaaaiion of the tracks was consiaien@ with the
particle idénﬁtiea of a ca.scade decay. Ionization was estimated from com-
.parison with tracke of kaown fonization in each picture. The po'ei@i@:e tracks
‘of the A's gbﬁld be identified as heavier than pions, a.nd‘_the casea&ci track {n
49837 was definitely heavier thag-.a K.

Finally, the Q vallueva cal'culated- for the two events agresd satisfactorily
with the present velue of 66 + 3 Mev. 6

The ouly reasonable possiblegiternative daterpretation of both events s

£ ¢n - 5 4+ A+4a, where the antgoiﬁé'_ neutron and carbon recoil must have

their resultant momentum in essentially the forward direction. Because of
the Fermi momentum of theb neutron before. the r'.eaction aand the two unknown
outgoing moéxenta of the neutron snd carbon recoil, the proeblem does not lend
itself readuy.ta calculation. If the assumption of an essentially free neutron
is made, thena I of 815 Mev/c would eatisfy the visible kinematics for
17776. ‘Thie inteérpretation ca‘al.not be excm’dad on the grouads of moasured
momex.xmm.v since the track in ‘lquest'ion was too short to ﬁmaeure, 6: on the

~ ¥t .J'Q"‘.“ L
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Th meaaed om nt.a and angles and the :onstrained values for the variou tracks of the two eveta are
given. The track numbers are the- same as in Fags. 2 and 3. ¢xj refers to the aagle betwean Track i and
'Ira.ck j- The ad.juatment parameter T is the adjustmeat in a varfable dwided by the meaaurement error for.
in that variable. The value listed ia brackets ander meamed momeatum for Track 5is the valne cal-
culated from the consttained a vanables._ The transverae momenmm unbalamce at the four decay pomts
is givea. The swn of the squares of the adjustment parameter, 2(71) . which imhcates the veliability of

the adjuatment is given.

Event Track Méasur'ed Constrained - " Angle Measured Constrained 7
No. momentum  momentum . * - Mo, “value - value - '
: (Bev/c) {\Bev/c) : o (degrees) ~  (degrees)

PR Da 6 . 0 ' RE_A . a «_25

"L'.."
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grouads of iounization, since saturation wae reached in this pleture at 2
relative jonisation of about two. In 49837, an incoming £ of 1180 Mev/c
could satisfy the visible kinematics. This situation 1s close enough to the
ebs'etved momentum and jonization that it may aot be excluded. However,
it i improba’blevghat two eveufs would eccur with their charged proage
aatiéfying all the identification criteria for ¢ascades. Thus it is concluded

~ that the events in question are cascads decays.

IV. RESULTS

The following constraiuts wers applied to reduce the errors due to
 the measwexﬁent u&eertﬂnﬂee in calculating the Q velues of the cascade
deca?s; Thc momenta and anglés e.f the “A-decay producia were adjusted to
‘gives Q for the A of exacily 37.4 M& aad to satisfy traansverse mémeamm
‘belance and ceplénérlty with respect to the cascade decay point. These adjust-
ments wers made with the réqu&rem’ém 'Ehat the sum of the sqﬁaree of the
_adjwtmenta ina ,variabie divided by ehé meagurement error for that variable
be a2 minimum. The A-mcméntm was calculated from the adjusted values.
At the cascade decay point the adjﬁstmene required transverse momentum
’ - balance and coplanarity for the A and w" with respect to the cascade-particle

| liane 'ofvﬁighlt. Themounta of tha@dsusements are shown in Table I. The &

" values of the cascades were then calculated from these adjv;mteﬂ values,
Detivatives of the (i value with respect to ite parameéters were taken. These
' derivativeé were ther multiplied by the uncertainties {n the variables, aand a
square root of the sum of the squares was taken to give the errer fn the Q valge.

The G values thus obtained were 49.5 & 7. 5 Mev for event 17776, and

53.6 & 11;3 Mev for 4983?. The errors are approximately one standard

deviation. The times for tach particle’s life in its own rest syotem were
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10 sec for 498317.

1.9 2 0.1x10° 1% sec for 17776 and 5.2 = 0.4x10°

A production ¢ross section for caeéadee was found in the following
fnanner. The number of beam-pion tracks eateriag the scanning region
fn every hundredth picture was recorded, as well as the aumber of usable
'pictm'es. A picture was considered unusable if there were too many tracks
in it for efficient scanning. In some pictures parts of the chamber were not
visidle, owiag either to partial failure of the lights or to a residual bubble,
In these cases a suitable correction was made. Not all the tracke eatering
the scanaing région traverse its entire length, siance parts' of some tracks
are remo;fe.d by tateractions. A 10% correction for this effect was made,
hf%sed on a mean free path 65-7205 #+ 30 cm for all beam-pion interactions in
pt:opape. A 6% correction waa made Ior the muon coataminatlon due to decays
in f;ighe of the piona. From these ngveu the path let@m traversed by the
‘piéﬁ's was determined, |

The scanning efficiency for cascades was estimated as follows. Scanners
‘were instructed to aearch for V° particlee and to indicate whether the Vo
particle appeared to be produced in the wall ot‘ the chamber or in the propane.
The combined efficiency for finding Ve particles from visible beam interactions,
as determined from two or more successive scans by differeat scannere, was
86 £ 5%. It was felt that the efficiency for asaociating a vo with a kink {n a
secondary track would be le sé than for assoctating it with a beam interaction.
A check of one-eighth of the pictures scanned revealed no cases in which a Vo
should have been associated with a kinked secondary track and wae not. This
check indicated that the scanaing efficieacy for cascades was not much lower
than fou; V@'a. A lower limit of 50% was chosesn to be conservative. Accordingly,

the efficiency for finding cascades was eatimated to be 70“0 %.
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~ Since cascades in which ihe A particles d'lecay‘ via the neutral mode would
E 'not be detected by the prac’-e&uge used, a _eorrection based on the branching
ratio for A decay was made, |

From these figures the mean frée'path for the production of a cascade

6

in propane was found to be 3.2X10° cm.

At . Azf 3 law wag aeéméd for the ohtel&ing of the nucleons in carbon,
anﬁ'a c:oad section per nucleon of 232; microbarns was 'obtginréd. Almosat
all the error is due to the poor statistics of the small number of évepts. ‘and
re'pre‘vee'ntg » confidence coefficient of §84 : | N

Since indications are ihat the lifetime of the ®" ic on the order of 1 to

10 sec, a lifetime correction to the cross section is probably not

_1ox10”
léige £_oz; a chaxﬁber of this size. A lifetime much differeant from this would
re.qniro; a considerably correction. No correction was made for possible
alternative decay modes. A decay mode with a strangeness change of two,
' nameiy B w~n -+' 7", would not have been found by the scanning method.
used. Any leptonic decay modes would have been rejected by the identification
criteria used. This last correction might be on the order of a fector of two,
since the ieptanic decay rate baae’d on a universal Fermi fateraction has been
calculated to be poesiblf of the same order as that for pio_nié decays. 7

Both production events were known to have occurred in carbon, since the
net outgoﬁg charge was differeat fx;om zero in both cases. In one event (17776),
there were six outgoing -cha‘rged proags, two positive and four negativ&'. Qunly
‘one particle was ideatifiabl'e'by ionization, and that was a aegétive pidn. There
were no visible neutral or chargéd decays associated .wlth the event. Event '
49537 had only one outgoing charged prong, that of the cascade itself. There
was a 9?' decéy associated with the production origin. Aa analysis for the

missing momentum and energy indicated that the kinematics were consistent
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with thm-e being another particle of s K mase. Thus the cbservations reported
here do not contradict the aaaignmeng of 8= .2 'i.or the cascade. Both |
particles were produced strongly backwards in the center-of-momeut&n syatem.
Cune (17’776) was at a c.m. angle of about 170 degrees, an-d the other was at an
angle of about 160 degrees. | |

In addition to the above two cveata. there was auo&her (46?09) that may
be interpremd as a cascade. although a K or =7 decay cannot be. ruled dut,
It is shown in Fig. 4. The productien event ha.d six charged prongs with z.ero.

. net charge. The decay eveat showed a heavily ionizing negative pa.rticle
emittinga W which then came to rest, allowing an accurate momeam%ﬂ“\( f
determination to be made. The momentum found was 131 + 4 Mev/¢, and tJ:"ne

decay ang’l@; 99° & 2° iui the laboratory ‘system. If it is asoumed that the

decaying particle came to rest or vearly to rest, then these £igufes are

" compatible only with a cascade decay. | The track was too ehort for measurement

of its momeantum, and was at an angle of 43° from the horizontal, eo that ioni.

zation is difficult to eé‘timat@..' If the momentum at the decay poiat ié considered

a véﬁahle. then the decay kinematics are also consistent with both a K~ g2 and

aZ . A K' y2 decay can be ruled out because the ionization of a K 2 would ot

have been éoneist’ent with that observed. The other five tracks from the

production event were 1eng anough for good momentum meaaurement. ‘g0 that a

kinematical analysis of the pro&uctian event was feasible, The kinked

positiw}e track was identified by ionization 28 a u+. ‘There were no visible

agsociated deca}s. Visi‘ble" transverse momentum was out of balam:e_ by about

?SO'Mav/ §:. implying at least one neutiai particle. Under the assumption that

the production event was in hydrogen, emergy and momentum conservation

could be sat'isfiéd ouly by atrefching the measured values somewhat beyond
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‘the e:cp@rimeatal errors, and then only fer the aesump&wu of a k{ ") decay
If the production event ig aesumed to be in carbon, then the kiuema,tics
become far less definitive because of the unknown carbon.recoi_l. and they
. are consistent with all three of‘&xe poseible identities of the decaying perticle,
i“he‘K 2 amumption is 'unlmaly on gfoanda of lifetime, since the particle would
have traveled oaly G 015 of a mean life. It im not believed &at thia event i6
definitely determined to be a cascada. but it is intemsting m Gpeculata that
with two cascades fmmd mth charged A decaye, one with 2 neutral A decay
should be presem:. The‘ayidqnce;:ngqx the interpretation of t}:is decay as a

' cascad‘e is of such a naturé that it hao oot been incl uded in any of the statlstics.

\2 BAGKQ&OUN.b
‘.Mo-s_t of the backgrouad evéﬁts could be iejecteﬂ for failure to cornpiy
with two or three of lthe requirements demanded fatl cascade identification,
Table I usté the backgrouad events and indicates which of the identification

¢

criteria were not satisfied. The identity of the V' is given whenever possible..

The proper classiﬁcaﬂpn of theasc background events is difficult. In both the
 positive cases the events are pr‘c)b#bly x* charge exchange: K'4n - p+ e,

In two of the eveats the V’elpartic‘le:s could be identified as A‘s.- and in five of

them as 910'8. In theo oiherl 8ix cases no definite identification waa possible,

In one eveant the inéo:ning track appeared to h,e_"a 7, V'by. ionimatioh._ Most of

the ei!eﬂt‘é/?é'ﬁpégéﬁt sttange-pa:ticle interactions of various sorts ("strangeness
exchenge”), although the two with identified A's might poasibly be f@s’-p@om
decaye of cascades. Some of the eventa could be interactﬁons of aecondary pions

produciag strange particles.
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‘I‘ab!e 1

' Mating of the backgrmmd events ’I‘he aign oi the suppwed ca scada and the
ideatification c¢riteria not satisfied are indicated. The identity of the V is

given in those cases in which identification could be made.

Event éifgn vo rot ‘Nat | Traneverse lonization Kinematics ve
aumber of a A coplanar momentuin not - not identity
particle ) _ unbalance  consistent satiefied
074529 + % X x 90
- x - o« 6°
28242 . | = o= | (a) A
28714 - : o x ?
| 30343 - * P o = ' {2) 90
33270 . % ‘ o x ?
39057 - = x | @ 2
39925- - ' x | _ x , $o
s20m2 . % | x C e
45502 . | % . @) ?
43781 ¥ x . ‘ x® ‘(a) 60
46155 - A x | () A
?

496 97 - ' % : X

‘a)N.o kinematical calculation was made since it was already appareunt that the

event was not a K.
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- CAPTIONS v
Fig.: 1. Expeﬂﬂaenﬁ‘al asrrangement fur directing =" beam (from Be target in
'Beva;tt‘on) into propane bubble. chambei. 4 and B are 8+lach guadrupole '
magnets; C is a 5-foet deflecting mm‘,gnet.' “The magnet surrounding the
bubble chamber is not shown. | |
Fxg 2. Eveat 17776, Track 0 is the beam _1:’". Track 1 is the 2" and 2 is
the decay w . Track 3 ia the p}oton from the A decay which stops in
the chamber, Track 4 is the 7" from the A decay and leaves the chamber
at the top glase. l’.Ane 5 ié thof‘A line of"ﬂ'ig‘ht.
Fig. 3. Event 49837. . Track 0 {6 the beam #”. Track 1is the I~ 2ad 2 is
“the decéy w . fi‘r}ack»s ig the proton {rom the A de-céy. and 4 is its
¥~ which leaves ot the bottom glass, Line 5is the A line of flight, T'.ra,el_us’
A and B are the n” and v~ from a 6? ‘decaf. | . | : |
| Fig. 4. Event 46709, a possible "3‘;." decay witﬁout a visible A decay. Track
0 is the beam %: Track 1 is the possibleE . ‘Tlrack 2is 2 stépméig:}tf; |
from Track 1. Aj’I’ra.c}: A ia ﬁrobabiy a 'w' by ionization. Tracks B zad €
A are .pafeitﬁve and could be protons J,w*'s"}or Khe, Track Disa wt which
acatters and which was i'dent!{.ied' by lonization. Track E is a »~ which
leaves the chamber. ¥ is an electron 'p_air aasoéiated with the pro&uction

origia.
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Fig. 2a.
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