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ABSTRACT

Tals thesis 1s the first to result from operation of
the 48" magnet cloud chambers at the California Institute
of Technology. The apparatus is not described here in any
detail, The techniques used to measure track curvatures
and the positlons of points inside the chambers are discussed
in detail as 1is the analysis of the possible errors in these
quantities. A formula is derived for computing the momentum
of a particle from its measured curvature on the film. It
includes corrections for the ncnaxial components of the
magnetic field and the effect of the conical projection
involved in the photography. A method for correcting ap-
proximately for the variation of the magnetic field alon
the track is also presented.

A summary of the dynamics of the two-body decay of a
neutral V-particle is presented. A discussion of the uses
of plots of a and Fp for & two-body decay is included.
The dynamics of some simple three-body decays are discussed.
The distribution of the momenta of one of the decay pro-
ducts is derived, Iincluding only the effects of the den-
sity of states in phase space. 4an attempt is made to analyze
the observable properties of a three-body decay wnen the two
‘charged products are treated as producis of a two-body
decay.

The results from the analysis of the best cases of A°
and ° decays observed in the 48" magnet cloud chambers
are Summarlzed They include a value for the enerzy re-
lease in the A° decay of (34%.5%1) Mev, and a preliminary
discussion of the coplanarity and transverse momentum
balance for those cases in which an origin for the V°-
particle can be located. In addition, an excellent case
of the decay of a neutral V-particle into two light secon-
daries with an energy release much lower than that for
the usual © decay scheme forms the basis for the discus-
sion of all such "anomalous 8°" decays observed in the
three Caltech magnet cloud chambers.
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I. EXPERIMENTAL TECHNIQUE

A. Apparatus

The 48" magnet has an air gap which measures 46"
high,A24“ wide, and 12" deep. The magnetic field in the
air gap averages about 8000 gauss and is produced bﬁ a
direct current of 800 amperes at 110 volts., The magnet
is water cooled and is provided with safety circuits
which de-energlze it in case of a failure in the coolling
system. Fig. 1 1s a photograph looking down oun the magnet,
also showing the rack of electronic chamber control circuits.

The cloud chambers are similar in design, but larger
in scale, to the 18" magnet cloud chambers which were de-
signed and operated by Dr. R. B. Lelghton. They are rigid-
piston, rectangular body, expansion-type chambers with an
illuminated volume measuring 22" wide, 8" high, and 8" deep.
The tracks are photographed through a plate glass front
window against a background of black velvet fastened to the
piston. The other inner surfaces are polished and chromium
‘plated except for an illumination window in one side. The
geometry of the chambers, geiger counters, abéorbers, and
cameras 1s shown in Fig. 2. Four chambers, each above
an other, were used until July 1953, at which time the
upper two chambers were replaced by one double-height
chamber.

The cloud chambers, as well as the air and metal
surfaces touching them, are held at an accurately con-

trolled temperature by passing water through copper tubes



Flg. 1. Cosmic Ray Laboratory

This photograph of the cosmic ray laboratory shows
the 48" magnet from above., The iron flux return path can
be seen in the bottom foreground. The rear current coils
and cooling Jjackets are barely visible at the right edge
of the photograph. The lead blocks above the chambers
can Jjust be seen in the open thermostat box at the right.
The magnet cooling water exhaust manifolds are in the
foreground. The electronic control circuits are shown
at the left edge. The cameras are in the box which pro-
trudes from the side of the magnet facing the electronics

rack.
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In July 1953 the top two cloud chambers were re- '

placed by a single double~height chamber,



b
soldered in convenient locations. The temperature of the
- water 1is then held constant by an electrically regulated
control system.

The cloud chambers are filled with Argon gas at an
absolute pressure of 105 em., Hg., and the vapor from a
60% éthyl alcohol, 40% water mixture. The resultant ex-
pansion ratio was usually near 1.075.

The entire operation is automatic. Geiger counters
function as detectors of penetrating showers, and elec-
tronic control systems initiate the various cycling
operations.

The stereoscopic photographs are taken on two étrips
of YOmm.‘Kudak Linagraph Pan film., They can be reprojected
| onto a plane at full size through an optical system similar
to that used in the photography. The graphical constructions
described in Section I-D are then performed on a skeﬁch

made of the projected views. '

B. Magnetic Field Measurement

The large holes required in the front poie piece of
the magnet for observation of the cloud chambers introduce
appreciable nonuniformities in the magnetic‘field in the
air gap. In addition, the depth of the air gap is compara-
ble to its width so that there is appreciable bulging of '
the lines of magnetic flux. 1In order to make accurate

measurements of the momentum of a cosmic ray track it is
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necessary to know the value, as well as the direction, of
the magnetic induction along the track. HMeasurements were

carried out to determine B, (the component of B normal to
Bx 4_ By
B’ 7By

(The X direction is horizontal, the Y direction vertical,

the pole faces) and the component ratlos, p=

so as to form a rignt handed co-ordinate system with the
7 co-ordinate increasing toward the camera).

The normal component, B,, was measured using a flip
coil and a G. E. Model 248 Fluxmeter. The flip coil was
constructed of one turn of Formvar coated copper wire
wound around a 3/4" diameter bakelite disk, which was con-
nected to a bakelite handle by means of a nollow cyiindri-
cal bearing. The leads from the coll were twisted and led
through the bearing and along the handle. The coil was
.flipped by a coil spring around the bearing upon the re-
lease of a trigger. This design was adopted to avoid
errors caused by the flux that is cut by the leads when
a rigid coil assembly is flipped as a unit. The absolute
value of the magnetic field was determined at a standard
(%X,Y) location for various Z co-ordinates in the £ap by
comparing the fluxmeter deflection with that when the
coil was flipped in a standard permanent magnet, This
magnet was in turn checked against a proton resonance fre-
gquency controlled magnet using the same f{luxmeter and the
same £1ip colil. The probable error in the determination

x]

of the absolute value of the magnetic field is less than
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50 gauss. Furthermore, the difference between By at
various (X,Y) co-ordinates and that at the standard (X,Y)
location for the same Z depth was measured using a coil

of mahy turns and correspondingly higher accuracy. There-
fore, accurate, repeated fluxmeter readings needed to be
taken for only the few absolute measurements.

The component ratios, p and g, were measured using a
brass holder which supported a steel needle freely at its
center., A small plece of graph paper was mounted parallel
to the bottom surface of the holder so that the deflection
of the needle from a perpendicular position can be deter-
mined by reading the X and Y co-ordinates subtended\by the
end of the needle on the graph paper.

The values of By, p, and q were then plotted in the
form of contour maps for the planes Z=1, 11, 16, and 21
cm. (The Z=0 plane is the plane of the frontvsurfaoe of the
chamber piston in the compressed position). The extra plane
between the center and the front was measured because the
‘nole in the front pole plece causes the field to change
rapidly in this reglon. The contour interval and the dis-
tances between planes were chosen so that linear interpol-
ations would not make errors of greater then 3%. Since
the uncertainty in the momentum of a single track due to
multiple scattering in the Argon gas used in the chambers
is never less than about 2%, the error in determination of

the magnetic fleld is usually negligible. However, it was
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found that it is necessary to keep the temperature of the
- magnet colls reasonably constant since an increase in the
average cooling water temperature from 35°C to 60°c produced

magnetic field changes due to redistribution of current in

the coils of the order of 3%.

C. Curvature Measurement

In using the momentum calculation formula derived in
Section II, the quantity which characterizes the apparent
curvature of the track is the sagitta at the center of the
conically projected track., Therefore, it is necéssary"tc
measure the location of the track at three points only.
EoweVer, in order to check on convection distortions or
. tq detect a possible single scattering along the track, it
is convenient to check that the track is circular within
the perturbations introduced due to a changlng magne%ic
field and the 6z correction (see Section II).' The follow-
ing techni@ues have been used for measuring the curvature
‘'of tracks,

| The most accurate technique 1s to determine co~-ordinates
of points on the track using a precision comparator and
to plot thesé co-ordinates on graph paper, magnifying trans-
verse dimensions by a factor of 10 or 20 times more than
the longitudinal dimensions. The resulting elliptical track
can be approximated closely by standard parabolas. The

saglitta of the track can also be measured,
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This procedure is time consuming and is difficult
to apply when faint tracks are involved, since Some con-
trast is lost in the optical system of the comparator
microécope. Extreme caution must also be taken not to
emphasize large clusters of droplets which appear aiong
the track, since these are often due to low energy delta
rays which might have been ejected over to one side of
the main track,., In order to avoid these difficulties,
Dr. Leighton designed and constructed an instrument which
mechanically magnifies the lateral dimension by about 10
times. It consists of two round aluminum rails on which
a carpriage rides. On this carriage a fine pointer énd a
pencil, provided with ways for lateral motion, are driven
by wires. Each wire passes over one of two pulleys which
are coupled together and whose diameters differ by a factor
of about 10. In this manner the pencil is constrained to
move at a rate about 10 times that of the pointer., By fol-
lowing a track accurately with the pointer, the pencil
traces the corresponding laterally magnified image. By
géing over the track a number of times in both directions,
small random errors in setting the pointer on the track
are cancelled out. It is also possible to sight carefully
along the track to enable one to see a faint image. The
resulting plot is then used similarly to a comparator plot:
namely, the consistency of the plot with a parabola is

checked and the sagitta measured. Possible sources of error
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in this method lie in the subjective nature of the track
following procedure and the reliance upon the linearity
of the reprojection system.
Another still faster technique is to compare the
track directly with circles scribed on lucite sheets.
Since a solid line on the sheet obscures the track be-
neath it, it is convenient to have two comparison circles
of the same radius separated by a distance slightly greater
than a track width. This method 1s not as accurate nor
as objective as the previously described methods but
does take much less time. It can therefore be profitably
used on noncritical curvature measurements. |
When the track is extremely curved and has a large

sagitta, it may be sufficient to make a direct measurement
of the sagitta, without any artificial magnification, using
a straight-edge and an accurate scale. This method 1s
perhaps less subjective than a comparison with circles

and the result may correspond more closely to the desired
sagitta measurement, but it overemphasizes very short

séctions of the track.,

D. Co~ordinate Measurement

The positions of pertinent points in the cloud chani-
ber are determined from a full-size reprojection of the
stereoscopic photographs. The two conically projected

views, hereafter called apparent vilews, are projected
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onto a horizontal plate glass on which a sheet of vellum
is placed. The two apparent views of fiducial marks on
the front surface of the chamber piston are accurately
superimposed and the separation between marks normalized
to full size by adjusting the projector magnification.
Many adjustments are needed on the projector to make the
superposition very accurate over the whcle extent of the
piston.

Once the images of the piston are in colncidence,
the Z co-ordinate of any point in space (corrected for
the expansion of the chamber) can be calculated from the
horizontal separation between the two apparent viewé of
the point. Thus Z==i%%‘§%§" , Where D 1is the distance

from the front surface of the pisfton to the front prin-
cipal plane of the lens (D =125 cm. for the 48" magnet
cloud chambers); S is the separation between the camera
lenses (S=17.5 cm.); 1+ € is the expansion ratio
(e~.075); and 6X is the measured horizontal separation.

In order to measure the other co-ordinates, X and Y,
of a poilnt, it is convenient to construct the orthogonal
projection of the point on the piston surface. This is
done from the sketched apparent views as shown in Fig. 3.
The apparent views of a point (AL, AH) and the correspond-
ing lens axes (L, Lp) are Joined by straight lines. Each

of these lines 1s the orthogonal projection of a line
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\‘er coracsrones 1o Ly + Z. (Freny SXC)

Fig. 3. (@raphical Constructions
This figure demonstrates the graphical constructions
applied to the analysis of a V° decay event, The construc-
tion of the orthogonal view is desecribed in Section I-D;
the construction of the tangent to the track in Section II-G,
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passing through the lens center and the corresponding
conical projection of the point. Thus each line must
contain the orthogonal projection of the point, whiéh
must fherefore lie at their intersection (4).

It should be noted that the above construc’cianL
iﬁtrbduces a large possible construction uncertainty in
the X co-ordinate if the point has a Y co-ordinate near
zero; e. g. point O of Fig. 3. However, since the X
co-ordinate is related to a given pair of apparent co-
ordinates, X1, and Zyp, lndependently of Y, a correct
procedure is to reproduce the interval 6X at somé distance
directly below or above 0Op-0Oz. Then the X co~ordinéte
can be réprojected back to the original Y distance after it
_ has been determined by the prescribed graphical procedure,

When locating a possible origin for a V-particle it
is necessary to extrapolate tracks into the regions beyond
the chambers. In order to do this most accurately, it is
desirable to continue the curvature measured:in the cham-
‘ber along the extrapolation, provided the distancé is not
sé great that the magnetic field has decreased appreciably.
To do this gquickly a rough measurement of the radius of
curvature is made using standard circular arcs scribed
on sheets of lucite. The circular arc is then allowed to
extend slightly beyond the track and a mark is made at
the end of the arc. This procedure is continued, locating

a number of points on the extrapolation, thus extending it
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as Tar as is needed. The exitrapolated curve is then approx-
imated by stralzht line segments drawn between the construc-
ted points, and the curve in the chamber is sketched. Often,
when the tracks are almost straight, only one point‘near

the location of the origin has o be constructed. Aafter
having extrapolated many tracks one should weight the
straightest ones most heavily in declding the exact loca-
tion of the origin because errors due to multiple scatter-
ing of the particles in the solid material have less effect
on particles of large PBf. Using the above constructions,
and the method for constructing tangents to tracks derived
in Section II-G and illustrated in Fig. 3, 1t is possible

to measure AX, AY, and AZ for all pertinent lines. We thus
have available all the data needed to compute the momenta

of the tracks as well as the angles between them.

The angles can be computed using the scalar product

AX7 Ao + AY1AYo+ AZJAZD
LyjLo

ever, when &, is small, the cosine 1s a very slowly

How~

of the vectors: cos 612=

varying function., Since it 18 desirable to use a slide
rule for these computatlons, the following formula Iis

more satisfactory for small angles:

2 2
, 2 L - (Ly-Lo) . .
25in 0,5/2 = 1-c0o80» = =12 1742 where La» 18
the distance between the end points of Li and Lp. It is
often convenlent to renormalize co-ordinates so that
L1=L2.

An important quantity to calculate for many_vo decay
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events 18 the coplanarity angle, "8". This 1s the angle
between the line of Llight of the neutral primary and the
plane defined by the tangents to the lines of flignt of
the sécondaries at the apex. It can be computed from the
vectors by using the formula

Sind =
+no LoL_'_I.:-»Sine -+ -

However, the evaluation of the determinant which is

involved in calculating the numerator 1s a tedious pro-
cedure. If the angles 0,5, 6o-, and 0~ have beén calcu-
lated accurately, the following formula, which can be derived
from the corresponding spherical triangle relations, can be

used:

sin26*4sinA/Esin(ekdﬂ/2)sin(9+O~A/2)§in(eo- -A/2)
- sinzé+~

where A =05+ 0gu ~ 64

Only when there is a long primary path and an accurately
located origin for the Vo-particle is the above formula,
together with slide rule accuracy, not surficient. Then
‘the determinant form should be calculated using great

care to avoid subtracting large, but almost equal, numbers,

E., Estimation of Errors

The important errors in the calculated results on
V-particle decays can come from the following sources:
1. convection current distortions in curvatures

2, measurenent errors in curvatures
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3. lens and film distortion in curvatures
4, magnetic field calibration errors

5. errors in the measurement of the positions of
- points in the chamber

0. errors in extrapolatlion of tracks to an inter-
action

. errors in estimating specific ionizations
C. Yossible errors in other parameters
The effects of each of these errors will now be estimated.
1. The most lmportant error in the measurements per-
formed to date has been due to the convection currents in
the cloud chamber gas prior to the expansion., Unfortun-
ately, 1t has not been possible to make a system&tié quane-
titative analysis of the distortions by taking pictures
‘with no magnetic field, for two reasons, FPFirstly, there
are some leaks in the magnet cooling Jjackets which are
aggravated by repeatedly turning the magnet on and off.
The cause lies in the slight motions of the conductors
and cooling Jjackets due to the changing magnetic forces.
Secondly, the thermostat system has undergone numerous
changes during the first year of operation and the temp-
erature conditions have varied greatly. Thus any quanti-
tative analysis would have to have been done many times
with different results each time,
For these reasons, the estimated errors have been
assigned more or less subjectively. This procedure is
not unreasonable since there are certain clear evidences of’

the presence of convection distortions, Experience with
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similar geometry in the 18" magnet cloud chambers, as well
as the 48" chambers, has indicated that slight kinks near
the chamber walls invariably precede any large scale
distortions. Furthermore, primaries of very energe?ic
interactions can be checked for straightness, and the
curvatures of a‘single track above and below an absorber
plate can be measured and compared. During most of thé
time the data described in this thesis were taken, the
maximunm detectable momentum for a 20 cm. long track was
estimated to be about 3 Bev/c. When in doubt, conserva-
tiveness prevalled and larger errors were assigned.

2. Errors in measurement of curvatures played no
essentiai part in the data presented in this thesis. The
, cqnvection currentkdistortions were always appreciably
larger whenever the curvatures were measured by the
comparator method,

3. Lens and film distortion played no iﬁportanﬁ
part in these measurements. They have not appeared on
‘the film to any recognlzable degree. The only indications
rsf photographic distortions have appeared Wheé reprojecting
with the lenses opened up to £/4. Then the curvatures
measured with Dr. Leighton's plotter are sometimes mis-
leading due to either a lens distortion or a misjudgement
in the location of the image caused by the excess light.
For the first ten months of operation there‘was also a .

slight effect due to buckling of the film. Flat pressure
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plates were installed in the cameras to eliminate such
difficulties. A slight suction applied to holes in the
pressure plate forces the film to lie against the flat
surfaée.

4, The main error in calibralting the magnetic field
is dﬁe to the fact that the standard permanent magnet has
a magnetic induction of only 2300 gauss or about 2/7 that
of the large magnet. Thus the reading of the fluxmeter
when the coll is {lipped in the standard field has to be
taken repeatedly and very carefully to avoid & large per-
centage error. It is estimated that due to this cause,
the absolute value of the magnetic induction is unéérﬁain
by a probable error of *50 gauss. On an individual meas-

urement of a momentum this corresponds to an error of about
*.7%, and is therefore negligible compared to multiple
scattering errors, However, this magnetic field error

is systematic and can contribute a slight additional

error to a statistically averaged number: e. g. the aver-
age @Q-value from a number of similar V{particle @écay
events. |

Errors in the component ratiocs, p and g, are negli-

1

gible in all cases. The uncertainty is about #.01, but
the errors are statistical and the component ratiocs enter
into the momentum only when multiplied by Zg', which is
usually less than .5.

5. The main error in location of points in the cham-
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ber arises from the Z depth measurement. Using The best
technigques available with the existing projectors, the
estimated error in measurement of the horizontal separa-
tion between %the two apparent views of a point is %.016 cm,
This corresponds to an uncertainty in Z depth of *,1 cm.
For tracks which lie near the XY plane the measurements
of angles depend mostly on errors in AX and AY,'which can
be measured %o .03 am, In the cases of the Vo—particle
decays that have been analyzed, the errors in angle measure-
ments contributed negliglibly to the Q-value, but were some-
times important for transverse momentum balance and co-
planarity calculations, |

6, Usually the most uncertain point used in a trans-
verse momentum balance or coplanarity calculation is the
origin of the vO-particle. The accuracy of location of
the origin must be Jjudged independently for each case from
the following factors:

a) the number of particles extrapolated

o) the length of the extrapolatioﬁ

¢) the curvatures of the tracks involved

d) possible multiple scattering errors

e) the average value of Zg' for the extrapolated

tracks (X and Y co-ordinates can be measured

about six times more accurately than Z co-
ordinates on extrapolated tracks).

7. Since the technique of operation of the 48"
magnet cloud chambers has not yet been developed to the

stage where the individual droplets can be resolved on
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the photographs, the speciflic lonizations have to be
estimated visually. Naturally large errors are assigned
to these estimates, usually corresponding to a factor of
two between the extreme values allowed. However, in the
data analysis that has been done to date, the ionization
esti&ates have only been used to distinguish between
protons and m-~mesons; namely, to decide whether a partic-
ular V° decay was a A° decay or a 8° decay. Having made
such a declsion, or having decided such a decision was
uncertain, the Q-value was calculated assuming the secon-
daries to be Pt+ @™ or wh+ o™,

8. A few of the other geometrical parameterslﬁhich
enter in€o~ﬁhe measurement of positions and calculation of
, mqmenﬁa are: D, the distance from the front surface of the
chamber piston to the front principal plane of the camera
lens; 3, the separation between the camera lenses; and
also the distance between the fiducial marks on the piston
which are used to normalize the magnificati@n of the re-
projection, These guantities have beeﬁ carefully‘checked,
either directly or by indirect experiments (e; 2. the
calculation of the Z co-ordinate of the back surface of
the front glass from a measurement of the horizontal sep-
aration between the two apparent views of a dust speck).
Thus these parameters are known accurately enough that they

do not contribute any significant errors,
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1I. HOMENTUM CALCULATION

L. Tormulation of the Problem

In the calculation of the momentwsn of an ionizing
particle traversing a c¢loud chamber in a wagnetic field,
& number of corrections need to be made., Firstly, the
magnetic rield is In general neither uniform nor directed
parallel to the camera axis. Secondly, in order Lo measure
the curvature of the track it 1s not convenient to make
an orthogonal projection of the track on any plane. The
photograph, or a reprojection thereof, represents a con-
ical projection of the track through the center of the
camera lens onto a convenient plane. The purpose of the
following calculation ls to make an analysis of the
_ resulting track,

Wie set up the following co-ordinate system in space:
the Z axis is perpendicular to the rear cloud chamber
wall and coincides with the lens axis. The XY plane coin-
cides with the rear chamber wall; the Y axis 1s vertical
‘and the X axils horizontal so as to form a right-handed
co-ordinate system with the Z co-ordinate incfeasing to-
ward the camera.

The position of the track in the chamber will be
specified by the co-ordinates of a reference point on the
track near its center, (Ko, Y5 ZO), and the direction
cosines of the track at this point, (X ', Yo', Zo'). The

magnetic fleld will be specified by its Z component, By,
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and the component ratios, p::%ﬁ and q::%g . The momentum,
z

P, of the particle which produced the track will enter

into the calculation only through the quantity'axfgﬁ . We
shall solve the equations of the path parametrically using
as the independent parameter, s, the distance along the

track from the reference point.

B. Exaect Equation of the Track in Space in A Uniform
Magnetic Fleld

Let us first assume the magnetic field to be uniform
in magnitude and direction along the track. The differen-
tial equatlions of the track are then |

X"=a(¥'- q2t)
Y"= ~a(X'- pzt)
2"= a(gX'- pY!)
where the prime denotes differentiation with respect to
s. These can be integrated once immediatelyvto givé
X'~ Xo' = a [(Y- Yo)= q(3~ 25)]
Y'- Yo'= -~ o[(X- Xo)- p(2Z~ Zo)]
Zt- Zo' = ala(X- Xg)- p(¥- ¥,)]
In order to solve these easily let us make the substitu-
tion g = (X= Xo)- p(2Z- Zg)
n= (Y- Yo)- a(Z~ Zo)
&= Z=Zg
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The equations then become

' +pg! = an+dy!

N 4+ qZ' =-ag+Y,"’

&' =a(q&~ pM) + %" |
from which &' can be eliminated. The resulting equations
in E; n, &', 1! can be solved by assuming & solution of
the form &= Aexp(iaBs) , 0 =Bexp(ieps) as a homogeneous
solution and adding constants as particular solutions.
The secular determinant of the equations determines the
two possible values of B to be % 1+ p2 2 The equa-
tions and the initial conditions determine all the con-
stants, and the equation for ¢ can be integrated difectly.
The solution is
g = ——-z-[ PAXo' = (1+p® )Y '+aZs " 1 {cos (aBs)~1] +
+ g5 (o' -PZo " )sin(aps)

'-g—~[(1+q2)xo ~pqY¥qo'-pZot 1l cos (aBs )~ 1] +

3
]

+-—B(YO -QZyt )sin(afs )

Y = Zo's+ —=n(-qloM+pY¥o! )[cos(aBs)-1]1 +

1
ﬁ
aBa[pAoMqu ~(p*+q )ao'][sin(aﬁs) (aBs)
Changing back to the original cc-ordinates this becomes
X =Xo +C-L-1—2-(Yo*-qzo' J{1-cos (afs)] + —gﬁ-(PXo‘+qu'+Zo' )s +

+ c~r§~s—[(1+q2 )X, ' =pa¥, ' -pZ, '] sin(aps)
gz
+ %gt-pqxo +(1+17° )¥o'-qZo"] sxn(aﬁS)

Y=Y,- (Xo'=pZyt)[1- cos(aﬁs)]+ (DX, 1 +QY 42,1 )s +

2_70"*"“‘“’2‘((2!&0 ”DYO')[l“COo(aﬁu)] ‘f‘éro'S -+

4—Eég{pxo +q¥ '~ (p®+q® )Z '] [(aps)-sin{aps)]
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AT this point the only approximation that has been

made is that the magnetic field is uniform. This is the

exact parametric equation of the helical track in space

referred to convenient co-ordinate axes.

C. Projection of the Track on the Rear Chamber Wall

In order to reduce to a useful form the equation we
have derived we now perform two operations. Firstly, we
must make a conical projection of this curve through the
center of the lens (0,0,D) onto the plane Z=0., This
projection is the curve that is usually observed in an
actual cloud chamber photograph. Secondly, since the
parameter s has no direct significance on the projection,
we shall transform to the parameter 8,5, which is the arc
length measured on the projection.

In general we can consider a track segment whose
length is shorter than its radius. Thus, in order to make
our formulas manageable, we shall expand them in powers
of a8 or as,. The convergence is verylrapid, as will be
seen by noting the magnitude of the correction terms which
we shall derive,

Thus the parametric equations of the track in space

become the following:
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X=X o+ X8 +3 5a(Y,'-qZy" )s® -

== é;‘;aasz(yo"qZO' )S* + e

20 [{1+q #)X 1 =paY¥ ' ~pZ, '] 8%

Y=Y, +¥5'5- Fa{Xy'-pZyt )R - g-azf-quO’+(1+p2)YO'-qZO'Js"‘
+ Z50%BR(X ' -pZot )5t + ...

. 2 1
Z=Z,+Z,'8 +5a(qX,t-pY' )s% + 5

é‘-aa"’ﬁz(qxo’-pyo' Js* + ..,

a®[pX, '+aYo "' - (P +a® )2, 18®

Performing the indicated conical projection and defining

co-ordinates on that projection as (X5,Y,) we get,

D . = v.D . : __D
Then Xy =Xgo+Xao'S+4%Xao"s 248K, 0™ %+ daXao ™ s%+...
Vo= Yoot¥no s45Y,  "sP45Y, " L+, s %+ ..
XsZat YnZ
Xao! =7 (Xo "+ —25>) Yoot =p (Yo —2e0)
2¥Xo 124" 2Y% X% " mo
XaO W= ay {YO:‘P e -qZ L Q.Dz (q.n.o' "pYQ' )
oYY, 17" 2Y3Y 7o' YY,,
3rY, ZQt er? Xo0'Zp 12 37(320‘27
L5 I -
Xao' = =9 (Xo'- —p = Lo+ g5
X! 6Y2v z 12
P
4
o 3‘Yxo 120" 6¥°Y,'%"" 3YpZo'®
Yoo = =Y Yo'+ —— 55— - —@pr—— ~o'~ ~gp—
3Y [ o 7y ‘E
- *Q—};D (a%o" p¥o" ) ——-3-‘°Y2§g‘°
-
v) _ a IYXO Z YzYO “O
Xap = -0 Y[Yo"i- f 5] TR
o _ - nY¥'Z Y2X 'z
Yao - QBY[A.O' -l ‘gD O QgD‘dO
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The terus X, and ¥4 are evaluated including only

. X X
terms of first order in p 0,%0 %0 The terms Xad”

.’q,"’ﬁ—ﬁ"“.’ﬁ‘
) .
and Yaom are evaluated including only zZero order terms,

The parameter s, 1s now defined by the following
relation: (dsa)z - (di, ) 2 + (dYa> 2
S

ds
) 1
= K% (1+g s+hags+@azs®+...)

S

where K®=Xg,'2+Y,0'?

& = %(Xao"'{ao +¥50"Ta0")

o
|

"2 12 L} "t
Erl(Xg0"® Hao™+Xa0™ Xao'+¥ao™ Yao')
. Hpy W) v 1 - n " 1
as= 7{%50 Xao'*+Yao Yao')+ g{Xao *ao *+Yao Yao )

Extracting the square root and integrating:
8g

Q

K[1++a1s +F(az~2a1®)s®*+#(Bas -2a1a2 )s%+...
We must solve this equation for s In terms of 843
Sa LY I
s = 2[1+bysg +3besa® +Fbssa® +... ]

We shall see that it is only necessary to solve for b,
ad b . _'

and by __a b—l(aa-;‘a)

b = ‘Zf%{ 2T 3R 1 2%2

The substitution for s in the equations we have derived
enables us to express them in terms of the parameter sg:

= 3 mn ’ (M 4

= 1 1 e % " Wy 4
Yo = YpoHpo Sa"’éybo Sy + BV g +26Yb Sa

wWhere Xbo = Xao A g\r.bo 1= %%iao !

Xpo" = e (Xao "+2K02Xa0" ) |
w{b " - Rlz__(xaolll+6z;\"‘blxao "+ 3bi2 Xao' )
X ¥ = el %, #12Kb1 X, M +12K7 (0% + be ),{ao"ﬂr“"ba Xao']

There are similar expressions for Y ).
bo
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D, Calculation of the Sagitta of the Projected Track

At this point we wish to calculate a gquantity which
characterizes the curvature. The quantity we shall use
is the sagitta of the projected track at its center point.
Let us measure s, from the center point of the projected
track. Then the perpendicular distance from a point on
the track to the line tangent at s,=0 is given by
8 =08, + 06z + 83

where 01 = 285 *(Xpo Yo' -¥Ybo"Xpo!)

o
u
o

Sas(xbgnybo'”yb5nxbo')

8 = 7252 *(Xp0’ Ybo'-¥bo Xbo')
It 1s convenient-to define quantities which represeht the
values that the 6's would have 1f the relation between 8

and s, were linear:

Saz

810 = pre{Xa0"Ya0 ' ~Yao Xao')
i Saz’ " -
Sz0 = zzz(Xa0 Yao'-Yao Xa0')
Os0 = ?g"?{'é(xag)w Yao'-Ya0 Xao')
In termgs of these quantitles,
. 8 =00
8g = Ozq +2by saé 10
Sz = Oaq +3b155 Oaa H by P+Dbe )8,%020 |
HWe notice that bas does not enter into these equations,
Also by and by enter only into the 8 and 8z correction

terms, thus we only need to evaluate them approximately.
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We can see from the figure that -

where ¢ =

In actual measurements p,g<<l and also %’B’D<<l'
Thus we shall neglect high powers of these guantities in
the 6z and 6z correctlion terms.

In order to organlze our computations, we shall

define the following gquantities:

= YZo! Xo }
4= Iy (5o 50!

]3='Cg£%h§j(PXo'+qu')

C= Y2 Zot% Xo
(l'zo'z)
X - Y Y ~r :K
D:_Y(%lgzﬁdg ) DOAOt_, EQYOl}

Z
-70
In terms of these quantities,

K® = ¥3(1-20'2) (1+244C)

eB785% (1+A~B=D'=E
~Zo'2 ) L+2A+C )3

81 = O10=
This latter>equation can now be solved for tne cone unknown
quantity P.

The correction terms, 8z and 83, depend on higher
powers of a= E%&. However, we can substitute into them

an approximate value of a given by neglecting all correc-
- [ O <2
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slon terms and approximating the track by a circle of radius
2
Pa =»ng— *
a a
The next step will be to evaluate these correction

terms., AS we have seen 08z 1is added to 8 in the measured
sagitta whereas 0z only serves to rotate the chord by an
angle ¢. The correction factor cos¢ is negligible and
will be ignored. However, 8z will serve to distort the
projection from a symmetrical form, and thus a direct

omparison of the photograph of the track with a circular
arc is likely to give a misleading result. It should be
emphasized that the pertinent quantity for the present
calculation is the apparent sagitta.

‘We shall now evaluate the a's and b's, in the process

negTe ting high powers of p’q’D’B’%"

-)TID— -2aZo' (F+G)

2r7 1R
fg = 20Y2%Z0

D=
' T o 3 oy £ ) F) qlio' “"DYO'
where vie have defined =328 o>
1-Zp12

= Y Yo X0
o= oy {5950 %o}

Considering s, to be measured to the ends of the track

from the apparent center we get,
N A7 AZ )® ab?
AZ)R  Lay(az)® . . .
be 85°%= ‘Yzlgg ) Q%'I() ) (F+G)+ 502 (AZ )R (F+G)?

The approximate values for the sagittas which nezglect
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-

-

variations in magnification along the track become:

-5 B~

: A7 )R
Ozq =’51a'{73 e T f%Q?L%}

where I, i8 the true length of the chord of the track in

r7 Lrd ~r
520-= 61° YA“"(l-—’& YAK:)_ QAL’(F_’.G)}

space and AZ is the change in 7 co-ordinate between its

ends, Using the previously expressed relations we find,

S = - 5,_0{ A"’(l-&-%- YA‘J)-- EaAZ F+C)}

A7 )R 7 - 13 o

We notice thalt the contrivution to 8z and & (from the

Oz

variation in the magnification is of the same order as
that.from the nonlinearity of the conical projection.
In other words, 8zq and 8z are of the same order of
maznitude, but the coefficients have been chdnged appre
clably.

In making measuremnents on th projection.it ig con-
venient to nmeasure L,, the length of the chord, rather
than Sqs the half length of the arc, Iﬁ applying a
cdrrection factor 1t is sufficiently accurate to assume
the curve to be a circular arc of radius pg. In this case

La® Lg®
55° »~g—(1+ —-———-—-12paz)

Tt is also convenient to factor out some of the terss
into one experimentally measured factor IL/L,, where L 1s

the true chord length in space. For the case of a straizht
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line (a=0)

8. 1+Dy Sat+5bass®
2 YYQ-7oR)(1+2A+C)

where, when a=0, bysa=-

basaz=———(-——“ Az )"

2D=

[2]

YAZ
2D

Remembering that sz is measured from the center of the

projected track,

(aZ)®
L 1*%3)—

La ~ /(-2 B)(1+24+C)

In many cloud chambers used for accurate momentum
neasurements the rear wall serves as the movable chamber
piston. Thus the photograph, as well as its reprojection,
is actually the projection of the track on the piston in
its expanded position, whereas we should insert into our
formula guantities measured when the chamber is cbmpréssed.
The correction is very small so that the only appreciable
effect is to divide all quantities measured directly on
the conical projection by (1+%§9), where (1 +¢€&) lis the

L0 )
expansion ratio. However, since our formula will have an
equal aumber of directly measured quantities in numerator
and denominator this correction cancels out.

The final result of these calculations.is the fol-
lowing forzula:

P= eBzPa%—{(Z) (147)
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2
where: pp =08

&
7

~va

_ 1+A-B=D'-E _. ,_
3= grenic @i-A-B

La®  2377o'AZL 1325 La®
f= _3 2z - 24%% L(F+G)+ —%ﬁ-«-(%(})ﬁ

This latter ters incorporates tue correction due to s,
the correction terwm in L/La, and the conversion ITow sy
to L. The A teru is tne Tirst order correctlon for the
ef'fect of the conlcal pro ection, The B tera is the first
order correction for the X and Y couwponents of the MAL -
netic induction.

For Zg'< 0.4 we make an error of less than 1% by
neglecting C and E., D! is appreciable only in extreume
cases of a track near the front edge of the chaunber
where %,Y and also p,q become large.

D

E. HMeasurement of the Direction of thne Track

Since it 18 gifficult to construct accurately a tan-
‘gent at the center of the projected track, it is convenlent
to assume that the direction cosines of the chord are a
zood approxication to the values of X,',Ys',Z0'. To
check trat tnis procedure introduces only negligible errors
we evaluate approximately tne AX,AY,AZ of the chord.
If 87 and sg are the values of 8 corresponding to tre two
ends of the track, tien

AX =o' (8 =81 ) + 0¥ " (552 -5, 7)

AY =Yo' (82-82 )~ ZaXo' (82®-81%)
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AZ=20"(Sg=81 ) + Fa(qXo'~pYo' ) (5,2 -8, 2 )
But sg-8; =L "

a 2 . 2~l{'b 2 YAZ 2
and sg 8y '*EE% Sa ——2-511

. AX _ La, | YAZ
Thus, -—'i: "‘}LO f~ 1*PaYO ! 5
& _ 1la., , YAz
T=Yo'+ ‘t,paAO"rjj_
& L Z
L=40'- ipg(qu'-pYo'F@%-

Remembering that Xo' and Yo' enter into the correction
terns only when multiplied by first order terms like 7
p, ete., the error made by replacing thewm by ax and-é%
is always negligible. The correction to é%.is alveédy

of the second order and thus has even smaller effect.

’I_j

. Effect of an Inhomogeneous Magnetic Field

In order to analyze the effect of a magnetic field
that varles over thne length of the track, it is not con-
venient to use tThe rigorous solution to the equatlons of
motion, However, since we are interesﬁed only in a
cbrrection term, the following less exact proéedure is
Justified.

Consider that for the purpose of valvat¢”w the mag-~

netic force, the velocity vector is fixed, having direction

cosines (Xg',Y0',%0'). Ve can then determine the deflec~

tlon of the track from the tangent line by evaluating the



integral: % 7 Ly
2 ? Faear 0. /=
6=%/ (-{;XB)dsaﬁ M%X//Dde«B

To be more exact, the above integral should be carried
out from the center to each end of the track, and the re-
sults averaged, to give a value for the true sagitta in
space, wnlch car then be projected ontc The rear wall of
the chamber., Thus we should insert into our previously

derived equations an average value of B obtained from:

L 7
B= 4 //Bdsae»ffé_//}sasde

If we assume B.,p, and g to vary linearly over the half

t“

lengths of_the track, the values of E,at points one-ﬁhird
of the distance from the center to the ends should be
determined and then averaged. The result will be a good
approximation totgi It should be noted that in a cloud

chamber magnet the nole through the front pole piece for

o
viewling the chamber decreases the ield at its center.
Thus, if a single track ftraverses a chamber from a high
magnetic fleld at the top edge to a minimum at the center
and back to a high value at the bottom, the above two
linear approximations will be quite satisfactory; whereas,

the magnetic fleld at the center of the track will be

quite inappropriate as an gverage value,
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G. Construction of the Tangent At One End of the Track

Consider a tracl whose conical projection is des-
cribed by the eguations

- _-\7-1 = P J__'V' . l"n
Ka - .";.OO+.1\.~.'bO = + ﬁA. +%ADO a c s

7 l!!

= 1 3
if s, is measured from the center of the apparent view,
the ends will be represented by sg=%s85,. We define the

i )L
-xbé‘) Xbo(” ng “'b “). Then Lthe le T“".; of

notation [i,J]=
the chord will be given by
Lp=2851{1+3[1,3]185,% + o*(g’.gé_)}
We construet a point on the line tangent at sg=-s5,,, at
a distance Ly from this end.
Xap = Xpo~Xpd (Sa1 ~La )+5Xp0 (Sa1-2La )Say - 3506 (583 ~3La )82 1% +. - -
Yo = Yoo~ Tpd (8a1 ~Lg J+3¥po (80217215 )8, - 3006 (822 =350 )84 1%+ . .«
The distance from this point to the end of the chord is
piven vy
8 g = Xpyo ' (Lg~25ay )=Xpo "SayLa+2p0"88,° (La-§5ay M- -«

7. .]:. Ay
AYaT=‘&bo'(La‘gsal)'ybo"SalLa+2Ybom° # (Ly 38a1)+"'

Ay = \/(AXaT )2+ (87, )2

et 2,21 - prias(ele, 401,200,310 (2]

Using tne expressions derived in the momentum calculation

]

it 1s possible to derive

zo'x)
D

o® (1-2B)

¥R (1-Zo'2) (1424 F

Yoty
5 2 ):(Zo'p): or (ZO'Q):

to first order in %

[2,2]=
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- 12
to zero order: [2,3]= 38720

DYe(1-Zo'® %

exactly: [1,2]1=0
(This equation re-empnasizes the fact that the acceleration
is perpendicular to the velocity).

o

Compining these results we find

&
a]

Lin® A7

Aa =f):'p"3§‘(l+%§)
The wmethod used in applying this quantity to the construc-
tion of the tangents is demonstrated in Fig. 3 (page 11).

Another correction that rwst be applied in some ex-
treme cases 1is due to the fact that nonaxial components
of the magnetic fleld induce changes in Z' along the
track., Thus the Z co-ordinate of the end of the tangent
is slightly different frowm that of the end of the chord.
The cnange can be seen directly {rom the expansién,

Z=Zo+ Zo'S+ sa(ado ' -pYo ! )85 ...
If we nake the approximation that s is measuréd from the
center of the track we find that

L [ L AT
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III. DECAY DYNAMICS

A. Introduction

The purpose of this section is to analyze various

modes of decay which mizht be applicable to neutral V-
particles. The dynamnlics of two-body decays are Ghe
gimpleat, and most of the results listed herein have been
ugsed by investigators in analyzing thelr data.<1'u) The
reasons for including the two-body decay dynaunlcs here
are two-fold: firstly, it is convenlent to have the re-
sults in a single unified presentation; secondly, the two-
vody decay considerations form a useful iIntroduction to
the analysis of the wore complicated three-body dynamics
wnich follows,

It is important to analyze closely the dynamics of
a two-bedy decay for two reasons. Firstly, many'of the
cloud chamber observations are far from ideal and the
information gathered from such data iray only be statisti-
cal in nature. It may be possible to set limits on the
N-value and other calculated quantities from limited
iﬁformation on a particular case. It is necessary ©o
maxinize information from even the poorest cases, because
they have to be included in any statistical.analysis,
e. . & calculaticn of the nean lifetize, Secondly, it
is iumportant to check on any blas which might be inbroduced
by the chasber geoumetry and the selectlion of cases., A

convenient technique to werfory suclh checks 1s to repre-
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sent the data on one of the plots described in the analy-
sis of the two-body decay dynamics,

“ne decay of charged particles will not be discussed,
However, a similar analysis c¢an be carried out for charred
V-particles and the results are analogous to those derived
here. | |

The emphasis in the analysis of threenbody'decay
dynamlics will be on the properties of the charged decay
products. For the purpose of comparison with experimental
results it is important to consider the manifestations

of & three-body decay when the charged products are analyzed

Lte

as if they originated in a two-body decay. For ex amgle, the
measured energy release, Q, for a single two-body decay

- should be unique within experimental errors. Therefore,

1t is useful to analyze the significance of the GiSbPlOﬁ-
tion of calculated Q'-values if the observed products

actually originate in a three-~body decay.

B. DNotation
In an ideal cloud chamber observatlon of the decay
of a neutral V-particle the following guantities are

measured:

P P- : the magnitude of the momenta of the charged

+ 3 &
producis

0 : the angle between the momenbtum vectors of the

charged products
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Los I-: the specific ionization of the charged pro-
duets. (Due to the difficulty of estimation
off the ionizations they are in general known

only roughly).
If an interaction in the solid material near the cloud
chamber projects charged particles into the chamber, and
if the V-particle is assumed to originate in that inter-
action, the following additional quantities can be measured:
8,, 8~ : the angles between the momentun vectors of the
charged products and the line of flight of the

VO

From the above data the following guantities can be cal-
culated directly:

My, M- : the rest masses of the charged products. - (Due
' to the large errors in most estimates of ioniza-
tions, the calculated masses have large errors.
The usual procedure 1s to identifly the masses
with those of known particles for the remain-
ing calculations).

ISR :+  the energy release calculated, assuming no neu-
tral secondaries were emitted,from P,, P_ and 8,

e} : the angle between the plane of the charged decay
products and the line of flight of the v©

Pp,=P,8in8y : the transverse momentum of the positive

secondary
PTQ==P_8111&. : the transverse momentum of the negative
secondary
-sin® , :
Pp= = L P-sin : the transverse momentum 1f a
VB + P-2+ 2P, P~c0sS6 two-body decay is assumed.
AP, : the total unbalanced momentuwa of the charged
productsoperpendioular to the line of flight
of the V

APT==PT.f- Ppo: this quantity is approximately the cou-
ponent of the unbalanced transverse
momentum in the plane of the secondaries
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_Picosby - P-cogf- the distribution of this gquan-
u"'lf’+cose.,_ + P-c0os86~ tity gives an indication of the
: relative masses of the charged
decay products

Y

_ Py ? - P2 for a two-body decay this quan=-

T PyR+P-R+ 2B P~cos@ tity is equal to a, but it can
be calculated independently of
the location of a possible ori-
zin for the V-particle

.

at

a"= sin{ 6~ - 6.} for a two-body decay this is
5ino also equal to a, but it can be
calculated independently of the
momenta of the secondaries

.n

In the following analysis quantities referred to the
co-ordinate system in which the VP-particle is at rest snall
be denoted by primes. The directlion of flignt of the e
snall be the ¥ direction. All momenta, masses, and
energies shall be given in energy units, so that the
velocity of light is consldered as unity. Homenta shall
be designated by P, total energies by W, and kinetic

energzies by T.

C. Two-Body Decay Dynamics

Laboratory System Center of Mass Systen
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Let us consider the two-body decay: Ho—>M, Mo+ @,
he pertinent quantities are delined in the [igure above.
Conservation of energy and wmomentum imply the followling
relaﬁions:
Wo=tp + W
PE= P2+ P2+ 2P, P_cos®

P, sinb,=P_sinb_

pra yor (1 o) a1 - )Pt

L

4
.l
T

[ Q
vlo )

Wy t=li, + (1~ i 21"10) 5 Wl=Mo +Q(1- Mo = oS

In a cloud champer observation of a neutral V-particle
decay, the most accurately measurable guantities are usu-
ally R+,kP;, and 8, If we assume The masses of The secon-

dary particles, the Q-value can be calculated,

N £ 29
Qo= (I\'1+ + M..{ 1+ m "1]

where Q= 4 [W,W_ = ¥ M_ ~ PyLP_cose]

ot
=5
D
]
Q
-
bt
Q
=5
LJ
'-3

o expansion can bhe used con-

0 Qq 2 G122
Q= -3 M+i.) T 2 ‘(z‘i'ﬁm BT ot
It is convenient to calculate approximately the effect
of errors in the momenta, angles and masses on the Q-value

by using the relatlionships:

Qg _1 - . 9da _1 ,u 3
B-E—)-=-:'}'-O"('§T~P+ - P-COSQ} H ﬁ:"m(ﬁpn - P+C0.0 9)
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Many photographs of V-particle disintegrations can-
not yield accurate values for all the quantities we have
assumed. Furthermore, it is inconvenient to carry out
a complete computation of all these quantities for the
relatively poor cases. In partlcular, it 1s more con-
venient to represent the data in a fashion which demon-
strates their compatibillity or incompatibility with certain
assumed decay Schemes and which checks the effects of ob-
servational bias on the isotropy of emission in the‘center
of mass system. For this purpose it 1s convenient to make

use of the following quantities:

o= P,cos6, -P.cos6. .= MaR~ M_B

Ppcos6y+ P.cose- 7’ Mp=
al= P2 - p_*% . o'z Bin(e_-64)
T P.=+P.%+2P P.cose '’ - sin @

Prp=Eeslnly 5 Lo =P_sin®_

Pr = PyP.sinb
VP2+P.24+2P,P_cos6

For an ideal two-body decay observation a =a! =a" and

PT+=PT _=PT. The values may differ due to errors in
measurement or due to a wrong identification of the origin
of the V-particle., It should be noted that a' and gr can
be determined by measurements on the secondaries only.

In terms of the parameters which specify the decay
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in the center of mass systemn,

P, = P'sin@!

2P'cos &!
e=a' =a' = qy+ —m
© MoBo
where B,c¢ is the velOcity of the J If the secondaries

are emitted isotropically in the center of mass system,

these quantities should have the following distributions:

Prob (P, )Py = ——,f%,-?ﬁg-ﬁ%
T 2p!

T for la-apls€ s
ngg:agr'ﬁ————fcr Ia-ao!;‘%gl
Prob(a)da—M B,Prob (B, )dp
o 0/%Bo

The distribution of Pp is sharply peaked at Pt, Its

average 1is %?' and its standard deviation is .22P'. The
peaked nature is due to the large solid angle per unit

- angle near 90 . Experimental errcors will make the peak
smoother but should not affect the average value appre-
ciably.

The distribution of a is symmetric about a This

OO
value gives us an estimate of the relative magnitude of
the secondary masses by using the inequality:

Myo l4ao(1+45)  1+a

Rt 2 2, ________Q_ L i)

M- ®T-ao(1+2%) ~ I-ao (M1y> 1)

The central region of the distribution (Ja-a,]l< 2EL) is

Mo

Oav *

flat and has a height 7 For a distribution of B,
which 1s peaked near B, =1, the standard deviation of the
distribution of a is of the order of the width of this flat

region, For example, 1f we assume Prob(B,)dB,= 38,°4Bs »
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then 0(a)=n%gi . In actual cloud chamber observations
such a distribution would not be surprising since the very
slow VO's decay before reaching the illuminated volume,
and ﬁany fast cases are observed. It is important that
no bias toward certain angles in the center of mass system
be introduced by the selection of cases. For example,
the requirement that both momenta\be well measurable
tends to favor cases in which the heavier secondary 1s
emitted backwards because it receives a larger fraction
of the primary momentum than the lighter secondary.

A number of plots have been found useful for repre-
senting V-particle data and checking thelr consisténcy
with various decay modes. One of the most important has

)il
been the "Q-plot":(B’ )

a plot of B, vs. a (Fig. 4y, In
terms of the constants of the decay the theoretical rela-
tion between PT and a for a given primary momentum 18
represented by

(aao)® + (7307 = (552
oo oPo
Thus the curves of PT vs, a for constant P, are ellipses,
centered about a=aq, PT = 0, which approach a limiting
gllipse as Bd~91. This representation 1s very useful for
cases in which the primary is of high momentum so that
Bo~1. 1In this case the secondarles are usually also

very fast so that their ionization is almost minimum and

they cannot be identified. However, by observing the
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Fig, 4, 4-Plot

The dashed lines are curves of Pp vs. @ as P, 1s
allowed to vary, 1f P_ and @ are fixed, The three curves
a1l correspond to P_sing =100 Mev/c, The curve for & = 30°
is almost a stralght line, as are the curves for smaller
angles. In general, the intercept on the Py axls (&=0)

is P_sing/2,
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distribution of points on the Q-plot, the nature of the
decay modes present can be guessed,

Another useful application of the Q-plot 1s for cases
in which the negative momentum and the total angle, 6,
are accurately known, but only rough limits can be set
on the positive momentum, If we calculate the behavior
of PT vS. a a8 Py varies we find that the curve passes
through (1,P.sin@) with slope +P.sin® when Py, through
(0,P_sin®/2) with slope P.sin€/2 when P,=P., and through
(-1,0) with slope #P_tané when P,.= 0. Thus for small 8,
the curve of E& vs, a as P, varies is approximately a

stralzht line passing throuzh (1,P.sine) and (-1,0). This

- - . 2. . *
fact can be seen from the exact relation

2Pp _ b sinp / P.5106 2
1+a Pasindfl +(B+ + P_cos® )

This relation ig also useful in assigning error vectors on
the avs. PT plot, If © is siall, or P_<<P4, Tne eriror vec-
tor due to an error in P, must point to (-1,0). If @ is
small a siwilar argunent predicts that the error vector

due to an error in P_ nmust point to ( 1,0). Since a is
dimensionless in fthe momenta it can be seen that an error
in calibration of the magnetic field would produce an error
vector parallel to the PT axls because it would multiply

all monenta by a constant factor,

Fem . . - ‘ 1
This relation was pointed out to the author by Dr., R. V.
Adams.
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As a check on the igotropy of emission in the center
of mass systewm, one can use the relation F =P'sin®', to
draw lines at equal intervals of cos®! on the Q-plot. I
the emission 1s indeed isotroplic, there should ve equal
numbers of points in each of the intervals on each branch
of the ellipse., This procedure 1is equivalent to checking
the distribution of PT.

It should be noted, in applying the @Q-plot to cases
for which Py is uncertain, that each part of the P, error
vector may correspond to a slightly different value of ﬁo.
Thus in checking the consistency of a case with a partic-
ular decay scheme, the variation of BO along the error
vector must be included. However, for those cases in
which P, is uncertain, Bo is usually very nearly unity so
that the variation of B, is small. This convenience does
not apply to the other plots to be discussed here.

When dealing with data taken from a cloud chatiber
with no magnetic field, the momenta cannot be found
‘directly. However, in a multiplate chamber the origin
can often be located accurately. Thus the angles 64
and ¢_ can be measured and q can be calculated. another
guantity which can be calculated from the angles is

2Pp _28in@ysind_
Py sind

Therefore, 1t is convenient to plot multiplate chamber

data on a %EL.VS. a plot. On such a plot the lines of
o)
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constant © are universal circles, independent of the

decay mode, given by the equation

& + (%—ET--x-cote)a: cscRe

o]
Thus & calculation of a or %EL, together with the krowledge
o

of the total angle, 1s sufficient to locate a point on the
plot.

To check the consistency of events with a particular
mode of decay, further information 1is needed. If one of
the secondaries is stopped in one of the absorbiﬁg plates
in the chamber by Coulomb interactions only, its residual
range at the point of emission can be measured. In addi-
tion, "if its mass can be inferred by combining its residual
range with lonization estimates or scattering measurements,
“its initial momentum can be calculated, and therefore its
momentum transverse to the line of flight of the v° is
known. The transverse momentum can then be compared with
the value predicted by a particular decay scheme using

the hyperbolas for constant FT

(a—ao)z-(gzp)z(Pti;imz)= 4(P2 —Pq? )

Fo2
or the ellipses for constant P,

2P P+ M2 P_2+M
(0-00)% + (53)° (Ffe) = (52 )? Choste)

Isotropy of emission in the center of mass can be checked

using the hyperbolas of constant coso!:

(aao)® - (%—Pl)gcmg‘@‘ = (%?-i)zcosze'
o Mo
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It is also useful to study the behavior of the total

n

(=3

angle between the secondaries. It can be expressed
terms of the primary momentum and the constants of the
decay:

Mo®PoPisin@!

tand = - y o ] : -
(P W T+W PTeos 8T J(P W_T-W PTcos®T |-l P = sin=g’

The behavior of this angle can be visualized best by
considering the following diagram representing the rela-

o]

tivistic vector addition of momenta: (M.> M.)

p %&V\L' > — . A ¢———-r<—-—-",~¥:"f"—-=»
£) —

A study of the Lorentz transformation of momenta will

convince one that the vectors §;, and P_ are indeed the
laboratory momenta of the secondaries. At very low momen=
ta (Pos fgg_) the point O lies within both ellipses and

low angles are excluded. The minimum value of © decreases
with lncreasing Po until just below the transition Pozzmo€:3
the minimum value of 8 is%90°, At a value of the momentum
larger than mo%:-but smaller than Moﬁl all auwles, 8, are
allowed. But at Py just larger than MOEL angles above 290¢
are forvidden. This upper limit on 6 then decreases for

increasing momenta.

For many high energy V-particle decays, the total
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angle can give a rough estimate of the primary momentun
if the nature of the decay is assumed. For high energy
V-particles the distrivution of the angle, 6, is highly

. ‘ , NS
peaked near fthe value corresponding to 6'=907, Also

neglecting MozP'z compared to P RW  'W.' we get the
estimate:

P MEP!
OTWLTH_Te

This value will in general be close to a lower limit, but
will still be a good estimate of P,.

D. Relation Between Two-Body and Three-Body Decays

If all or part of the observed Vo-particle decays
have three secondaries, one of which is neutral, calcula-
tiong based on the assumptlion of a two-bodyidecay will
give inconsistent results. However, 1t will still be
to calculate the Q'-value, based on the assumption
of two=-body decay, and correlate the observed statistical
distribution of @' with that expected from a three-body
decay. Likewise, 1t should be the aim of an analysis of
a three-body decay scheme to predict the distribution
of quantities which can be weasured by makling obseprvations
on the charged secondaries and the origin of the VO~
particle: e. 5. Q',a,A% ,AR ,0,F.

Firstly we wlill derive the significance of the
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distribution of Q'.  If M,' is the "primary mass" calcu-
lated assuming a two-body decay, we see that the following
equations serve to define the procedures for calculating
Mo and Mo': (M, is the mass of the neutral particle in
this writing).

Mo® = (W + Wy + W_)® = (Py+ Do+ D.)2
Mo'® = (Wy+W_)? - (Po+ P.)?
Thus it follows:
— >
My'® = (My=M,)® = 2(MTy + MTo )~ 2T,Ty, + 2P Py,
Since we have made no assumptilons concerning the Lorentz
sysfem in which the above equation has been derived; or,
alternatively, since the basic equations are in a relativ-
isticélly invariant form, we can evaluate the expressions
in the center of mass system, (Ty'= 5;*::0).
Thus My'* = (My-M,)® - 2MT,!

or, in terms of the Q-value,
Q+2(My+ M) Tt
Olz Q + q,wnn_
“ O+ 2(Me+ Wﬁj(l n max)

My
W’he re T mc}."' = Q'( LLTIO 2&"10)

Ir T

n' nax< Mo=t1h
T 1 N T. t=
Tl‘le}:l ' - ———ﬁ—l’l -5 L) = e s
Q Q 1- n e HO(l‘- ”n iB
A /e

or, in a different form, if Q<<M .+ M_

. ' T Ota 1
Then Qf= Q(1- ﬁr—£L~J(14-2 i j?% G taue)

n max (M4+ M_)T) max

* 3 i 3 3 . <3 *
The fellowing derivation and result was first pointed out
by Dr., R. P. Feynman,
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the value of Ty,' corresponding to My and M_
being emitted in the center of mass system with the
same velocity., In any case it is clear that the gquan-

[ FN

tity which determines the "two-body energy release, Qtf,

is the energy of the neutral particle in the ceqter of

2

mass system, and its distribution between 0 and Q is
determined‘by the distridbution of T,'.

The total unbalanced momentum perpendicular to the
line of flight of the VP-particle is equal in magnitude
to the component of P,' perpendilcular to the inéident
direction., If there is no coupling between the di @CﬁLOﬂ
of motion of the VP-particle and the decay in the center
of mass system we can see that the distribution of AP,
should be: Pn'max

Prob (AP, )d (AP, )= ap, / Erob(Pn')dPn' q(ap, )

PutyPn'® - AP, 2

AP,
The distributions of a and other guantities are much more
difficult to evaluate. Only with specific assumptions
‘regarding the decay scheme and the energies invol?ed can
we get an ildea of thelr behavior. Therefore we will dis-

cuss them together with the specific assumed schemes.

E. General Three-bBody Decay

We shall consider the general three-~body decay in

the center of mass system. Thus the constraints on the
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systew are that Py' +Pe!' +Pa'=0;Ua '+ W'+ Wa'=1H,. In
meneral we shall be Interested in the distribution in
energy or momentum of the neutral secondary, which will
be chosen as My. AS we have seen, the distribution of
Ty ' determines the distribution of "two-body" Q'-values.
Jince we shall assune a0 correlation between the direction
of motlor of the primary particle and the decay in the
center of mass system, the distribution of P! will also
determine the distribution of unbalanced monentum, In
general,
Prob(Py ' )dPy tdRyt = / £(Pyt,Pe!,8,1 )0
e \
[}
S% 6,,'
P (A

vhere the density of states 18 given by

ag = dr,

where X is a normalizatlon constant and £(P,',Pa',8') is
deterained from the matrix element involved in the transl-
‘tion frow the inltial to the final state. An alternative

form of this formula is sometimes useful for computaticnal

purposes: I%’(Px‘,az’,ﬂg,ﬁi)
Prob(Py ' )dPy ! = KPy B P ! di‘j (Pt ,IT, 0, JITRAI'AR,'
O
S =0

This expression is particularly useful 1f we are zoing
to perlforn the integration over R2', since the integrations

are usually nuch easler %o perforn before the differentia-
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When the nass of one of the secondaries (for example

Mg ) is very large, so that its kinetic enerzy is negligible

compared to T,' and Tg', we can see, by analogy with beta

decay theory, that £{P,',Pg',0,') should include a factor
(Py 124+ EPl'Pz'cosez'-pPz'g)g, where the product particles
are to caryy away an orbital angular nomentum of M, In
this case the cxpression for Pp'(Pa',02',Mg,I1;) is indepen-
dent of 6g'. Thus, if there are no further factors depend-
ing on ! in £, the integration over Rp!' can be performed

first. PFurthermore, if there are no other factors in [ we

can get an expression lor the distribution of Pyt
Prob(Py ' )dP, ' = 2KV 'i (2¢+1)1 py 15572 p_ 1242501
FEEEA 1 = ee L T5F-2s%1) 1 (2s+1)T 2

i, TUncoupled Three-30dy Decay

P

If there is no coupling betuween the emitted particles
T(Pat,Pa', 82') =1, we can proceed to evaluate the proba-

o¢1M N r*gorou ly. We notice that the Integral
l

I H"’dﬂd&z

ig Just the volume of the figure in a three-dimensional
momentwn space (E,M,%) whose bounding surface 18 the locus

of possgible values of the momentun vector

Pa!. The constraint 1ls iuposed by _ =
N/’B:
conservation of energy, : / z)

!
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namely:
Wyl + (B2 4%% 1 ® + J(E4P1 1) B4R + 2+ Mg® = M
This becomes the formula for a prolate spheroid:

(g-n)®
a2

2 2
+n;§——=l

1257 2 i} 3 ' X
where a% = (wv:z ..11;11 - E (Wlm' ~Uy ! ) (wl p.' S )
2 Ho* W Uil 8 (.t Tt
b= (W= -P1 % ) (Wy it =Wy )(sz ~fy *)

; - v i T A -

where W!= My=-la! =Wz '+lis!

Wap,'= E%E[MO"H@;L‘*‘ ~ (Mz+ls ?] =My + 2;1:}{5(@4-21'&2 +2ma)

. 1 r2. 21 _ W 1 a0 Y
Way!'= TP M B4 MR = (Mg =Mg)?] = M, +§ﬁg(Q+2ﬂz)(Q+2ﬂs)

Wy ! is the maximum total energy particle M, can have.
- Both a and b vanilsh, namely, the spheroid shrinks to a
point, when W,' attains this maximum value. The root
w1'=v5¢g is unattainable and corresponds to one energy
having a negative value; it is always larger than W ,'.

Now we can evaluate I as the volume of this spheroid,

namely U4/3mab®.

The only remaining step is the differentiation, which is

cumbersome but straight-Torward:

2 (1 ) % o %
Prob(Pyt )dPy ! = dp, 128EPa 7 (Mag Uty ?)
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?,Iherne’ U(Tg‘]l' ) = 3(1-— Pl; 1= };1-0——14-—-}. 5 ;' ) (‘;Jlnl"'kx’\}l B -2‘ )
T 2 . %2
- %—-(W:L mt =Wt ) (Wa pt-Wat)(3- CWat  MWalZ iy

To e TR Ve

It can be noted that it would be a2 very tedious task to

St

(o]

arrive at such an expression from an integration over

dn
CH“"IO

Some approximate expresslions are especially useful.

angles of

Firstly, if Mz is very large so tinat Tal<<i, we get the
formula, (5)

Prob(Py ! )dPy ! = KD, '2P "We 'dPy !
Secondly, if Wip'<<Mg,

Prob(Py!)dPat= 2RKPa ! ®(Wam'-Wat) (Wi, '-Wa') x
(M]_m""hlp "'25,33, )

We note that the expression for the probapllity
distribution of Py, ', when ls is very large, can be gotten
easily by integrating the expression for dﬁ in this
approximation, since the latlter is then independent of 6!,
Furthermore, in this particular case we can insert any
‘f(ez') without affecting the distribution of Py!

"\

G. Cascade Three-Body Decay

Anothner type of decay scheme that should be considered
is one in winich tThe primary undergoes a two-body decay,
but one of the secondaries undergoes another two-pody
decay so rapidly that only the two charged end products

can be observed in the cloud chamber. Consider the decay
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scheme: IM,—My+ My+ Q2
l~—9 g+ Ma+0Qg
Quantities in the system in which'Mo is at rest (center
of mass system) will be denoted by primes, quantities 1n
the system in which My, is at rest by double primes.

Two types of decays should be considered: lthose in
which M, aﬁd M, are neutral particles (type 1) and those
in which M, and M, are charged particles and Mz 18 a
neutral particle (type II). Decays of type I are simpler
and will be considered first.

In the center of mass asystem of cascade decays ol
type I, the neutral product, My, has a unique energy V!
and a unigque momentum P' determined by the conservation of
_energy and momentum in the two-body decay My—M; + Mg+ Q.
Calculations from the measurements on the charged products
Mg and Ms will yield a unique value of QY, namely Qa, and
the two-body distribution of PT and a'. The only evidence
for such a decay scheme would come from the location of
fhe origin of the primary particle. The cascade decay
gcheme would manifest itself by yielding a distribution
of AP, determined by the momentum of the neqtral secondary,
My

Prob (AP, )& (AP, )= AP (AP, )
p1/pP12 ~(4P, )2

If 51 were small compared to Q=z, such a decay scheme

would be very difficult to distinguish from a sinple two-
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body decay in which errors of measurement produced the
observed distribution of AP,.
Cascade decay II has more interesting manifcstations.
The distribution of the energy of the neutral gecondary,
M3, in the center of mass system determines the distri-
bution of the "two-body energy release", Q'. In terms of

the parameters of the decay
Wy 'Ws "+ P1P"cos 8"
M%

s T=

where w%' and P' are the total energy and momentum of
M, in the center of mass system, and Ws", P", and 6"
are the energy, momentum and polar angle of emiasion of
Ma in the system in which M* is at rest. If the second
decay is isotropic in 1ts center of mass systen, cos o
is distributed uniformly between -1 and 1. Thus, the
distribution of Wa'! is uniform bebtween the limits

(m*'w “tPIP"), If Qi + Qe<<iy - Ik this distribution

m'w

1mp1ies an almost uniform distribution of Q' centered
1 X Mo
about Q1+ Qe - =(W '"Ws' - M I
\ ) M%( * )(pr‘q@;)
. . PRy

with a half width L F Mo _

M, (Mo~11a)
This distribution does not necessarily reach O or g, as
distinet from the general three-body decay. The reason
. . P g 4 1 .o PY_PY
ies in the fact that Tas! can be zero only if

and that the condition when M3 and Mg are emitted with

|

equal velocities also cannot be realized in general for
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cascade decays.

The expression for the transverse component of ﬁ;
can be worked out by a succession of Lorentz transforma-
tioné and rotations, However, the expression is cumber-
some and a rigorous derivation of the distribution of AP,
would be very difficult. We can get an estimate of the
magnitudes of AP, to be expected by taking the average
values of the angles encountered: namely cos@'a.5, etc.
Then the magnitudes of AP, to be expeéted will be of the

order of

' Since the observed products come from two different
decays, the distribution of a' will be very complicated

and of 1ittle value.

H. Three-Body Decay With One Heavy Secondary

If one of the charged products of a decay scheme 1is
very heavy, 8o that it takes a negligibly small fraction
of the Q-value as kinetic energy in the center of mass
system, the dynémics of various three-body decay schemes
are particularly simple. This case 1is a usable approxi-
mation if one of the products is a proton and the others
have masses no heavler than W-mesons. Of course, tne
results will then be inexact, but the statistical data

from a limited number of observations is also very rough
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and only general indications can be inferred frou them.

As pointed out in section III-F, The probapbility
dgistribution for B1 ! for an uncocupled three-body decay
becomes _

Prob (Pt )dPy ' = UMKP, 2 Py "W APy ! (Ms large)
If we investizate what this means 1n terms of the vector
triangle in three-dimensional momentum space we find
that the locus of (&,,%) reduces to a sphere. This
fact follows from the conservation of energy, which requires
the magnitude of Pa! to be fixed, when Pi! is fixed, at
a value corresponding to Te't= Q-T,'. Furthermore, intro-
ducing a weighting factor dependent only on angles has
no effect on the distribution of P;' since the integra-
tion over angles is independent of the magnitude of
Po', and thus independent of tThe magnitude of Py'. In
this case it might be possible to get correlations be-
tween the direction of emission of the secondaries, but
the distribution of Q' and P, ' are unaffected.

If in addition to assuming that My and Mz are small
cémpared to Mg we also assume @ to be small we can calcu-

late an approximate value for a:

a~2Ms=lo | 2 Bty 1-(Me-Ms )Py tcos8y =lgPalcos 85" ]

whnere cos 68;' and cos 83! are independently distributed

uniformly between -1 and +1. 7Thus we get a distribution

2Ma (Mo+da! )~lg®
f-”io 2

However, we have assumed § to be small compared to Ms

of a, for each value of W,'!, centered about
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and therelfore small compared to IM,. Therefore the central

value of a will be near EMG(M%;?I)‘MOa . Tor Bgy near 1

the width of the distribution will be smaller than this
central value and the distribution will resenble qulte close-
ly the two-body decay a aistribution when one secondary is

heavy compared to the other.



IV. PRELIMINARY RESULTS ON NEUTRAL V-PARTICLE DECAYS

A. Introduction

During the year 1953 the 43" magnet cloud chamber
equipment has produced approximately 10,400 photoy rapas.
The geometry of absorbers and cloud chambers has been
changed from time to time and many different minimum
coincidence requirements have been tried. No Systematic
enuneration has been made of the number of penetrating
showers detected, nor of the average number of shouwer
particles present. Fig. 5 is a tabulation of the number
of’ V-particles detected by various colincidence require-
ments used with two different chamber geometries and
lead or copper absorbers. The data include only the runs
in which all three geiger counter ftrays had lead or
copper shlelding completely around each counter to absord
most knock-on electrons., Thne results suggest that the
extre density in lead makes 1t more ef cieut for the Dro-
duction of V-particles. There is also an ¢adlcatu on tha
‘a larger fraction of the V-particles produced in lead
héve measurable secondaries, 1. e, have low mbmenta, but
the number of events involved is too small to make such
a conclusion definite.

2 L]

During this year of operation a total of 360 neutral
V-particle decay events and 57 charged V-particle decay
events were observed in the 48" magnet cloud chambers.

Due to the limitation of esvailable time, not all of these
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Pig. 5. V° Decay Yields

Counters  Running Pictures yor¥ v°1 /nr. v© Vo/hr.
vime per nour
Lead absorbers With Four Chamber Geometry
2-2-0+0-2-2 775 b4 21 027 Gk 082
2-2-1+0-2-2 533 3.3 16 025 57 .090
Lead Absorbers With Three Chamber Geometry
2-2~1+0-2-2 572 2.6 21 037 40 .080

Copper Absorbers With Four Chamber Geometry
}

2"’2"1"’0—2—2 1?09 Ll ""7 6 .015 32

Copper Absorbers With Three Chamber Geometry

2-2-1+0=3=-2 749 3.1 19 025 53

2-2-1+0-2-2 542 3.9 16 .030 30

This table summarizes the rate of detection of v°

events with various counter reguirements. The numbers

2.2~0 refer fo the minimum number of counters in each

tray which are required to fire simultaneously.

The

numbering sequence 1s from top to bottom, The three

chamber geometry consists of the double-~helight chamber

on top with two regular size chambers below,

*.,.O’
H

vV refers to those decays in wgich the momenta of both
secondaries can be measured, V-~ includes all ldenti-

fied V° decays.
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cases have been analyzed and only a Traction of the in=-
herent infornation has heen extracted. The emphasis 1as
been placed on malking accurate measurements on the best

Ral

finition of the best cases 1s not precisely

formulated, but it involves reasonable measurability on
the cuprvatures of both secondary tracks. The VO decays
included in this sumary were required to have an estimated

error of the Q-value less than one-third the calculated

w=value. Such an a postericri criterlon introduces some

bilas into the selection of cases, but it will not be slg-

nificant since no important conclusicns will be drawn

from statistical data which are sensitive to this éhoice.
The problem of distinguishing A° decays from 6° decays

is an important one. The criterion adopted has led to

three classiflications:

1. The positive procduct is clearly heavily lonizing
and consistent with a proton.

2. The positive secondary is clearly 1ighter than a
proton and i1ts momentum and jonization are consis-
tent with 1t being an L-meson,

3. The lonization of the positive secondary is indis-
tinguishable from minimum but its momentum is so
large that 1t could be a proton.

In considering A® decays only cases in class 1 were

used., This criterion is likely to introduce some bias

favoring The proton being emitted backwards in the center



-6l
of mass system, and caution must be taken in interpreting
the data on the isotropy of emission of the secondaries.
In considering e° decays, a number of class 3 parti-
cles-were included in addition to the class 2 particles,
because the ¢-value calculated assuming the decay to ve
a A° decay was anomalously high. It is true that these
cases could be the high-q A° decays which have been reported
previously, but considering them as 6°-particles does not
alter any of the conclusions drawn from the data. 4Again
a bias is introduced favoring backward angles of emission
in the center of mass system for the positive sSecondary,
because slow positive secondaries are favored. It>can
also be seen by examining a PT vs., a diagram that for
30...9, the curve corresponding to a proton being emitted
forward in the center of mass system of a A° decay over-
laps part of the corresponding curve for a 69. Thus
in this region a number of cases will coccur in which the
selection cannot be made on the basis of Q-value. Further-
‘more, when By~ .9, the lonization of a'proton emitted for-
ward in the center of mass system is indistinguishable

from minimum when visual ionization estimates are made.

B. AO Decays

The question of the uniqueness of the Q-value for

o)
the A~ decay mode has long been a subJject of contro-

o 0
3,4,6-8

versy.( Therefore, one of the first tasks to be
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attacked with the new data was to calculate the Q-values
for the best A° decays. Naturally, the criterlon of good
measurability will tend to eliminate high-Q cases, on

the average. Nevertheless, such a selection of cases
should serve to distinguish between one or more unigue
Q-values and a distribution of calculated Q-values due to
the presence of a three-body decay. The obserﬁed distri-
bution would have no gquantitative meaning until the bias
were removed. Likewise the absence of cases with very
nigh Q-values in the sample would not necessarily imply
their nonexistence.

The Q-values of the A° decays (class 1 only) ﬁere
calculated from the measured values of P_, P_ and 9,
assuming the products to be a proton and a mw-meson. The
errors in the momenta were estimated and the corresponding
error in the Q-value calculated. The cases for which
AQ < Q/3 were included in the histogram of Fig. 6, wherein
the cases for which AQ €5 Mev contributed the shaded area.
" Rach case was assigned a block of width 5 Mev, centered
ébout the calculated Q-value, and height 165%2675 . The
weighted mean and the weighted standard deviation of the
best A° decays (AQ<€ 5) was computed analytically. The
Gaussian curve drawn on Fig. 6 has the same area, mean,
and standard deviation as this distribution. The weighting
factor was TK%TE as prescribed by a least squares adjust-

ment of the data.



-66-

16F
l.'r'r-
r4f
/3F
/_F
nt

/OF

o T T v g " ey y T T
o 10 20 30 40 50

- Q(Hev)
Fig. 6. Q-Values of A° Decays
Only cases with AQ < Q/3 have teen included in this
hlstogram, Each case was assigned a tlock of width
5 Mev and height "“‘Q:‘“r' centered about the calculated
100(4Q)
Q-value, The shaded portion is the contritution of 20

cases which have 4Q€5 Mev,



-67 -

The probable error of the distribution of tThe best
Q-values is *2.5 Mev. The individual cases which contri-
buted to this distribution had estimated errors ranging
from ¥2.5 Mev to *5 Mev, with a weighted average of *3.3
Mev. The fact that the distribution of Q-values has a
widih less than the estimated errors implies firstly that
the errors were slightly overestimated, and seéondly that
the distribution is indistinguishable from that due to a
single two-~body decay.

The presence of possible systematic errors in this
g-value determination has been discussed in section I-E.
The only appreciable systematic error, which is duevto
the magﬁetic Tield calibration, has a magnitude of about
*+.7%. The effect of this error on the Q-value through
the proton momentum is negligible because %%: is.always
small. However, g% is usually about .5, and the average
value of P_ for these cases 1is about 150 Mev/e. Thus the

estimated effect of such an error on the Q-value is to

" introduce a systematic error of about *.5 Mev. ‘Cémbining

ﬁhis with the statistical error of .5 Mev wé conclude:
AC—PF4+m + (34.8% 1)Mev

An examination of the histogram in Fig. © reveals that

inclusion of all cases for which AQ< Q/3 does not change

the conclusion that the data are consistent with a single

two-body decay.

The existence of a two~body decay with a g-value,
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calculated assuming (AQ~+P+-+n~), near 35 Mev seems well
established by these data. Other Q-values, particularly
very high ones, cannot be excluded due to the small
sample and selection bilas. However, 1t can be stated
that such cases probably do not occur at low ene?gy more
frequently than once for every ten of the 35 Mev cases.

Photograpns of AC decays in a regular size chamber
and the double-~helght chamber are reproduced in Figs., 7
and 8, respectively. These demonstrate the fact that the
cloud chambers are designed so that the camera can
photograph tracks within .5 cm. of the top and bottom
walls. Thus a V-particle can be produced in the walls,
or in the absorber lying on the walls, and have its
decay observed in the chamber gas after a flight of onliy
a few centimeters. Thus the decay of very slow cases can
8till be observed in the chamber. Furthermore, the illumi-
nated region of the chambers is quite deep 0;20 cinl. ) 80
that particles enitted at large angles with the vertical
‘direction can also be observed frequenély. These facts
aécount for the large number of low energzgy AO;particles
observed and the accuracy of the resultant data.

A Search has been made in all of these'photographs
for possible origins for the A®'s. When suech an origin
is located accurately, the coplanarity angle § and the
transverse momentun unbalance A%3 can be computed. In

most of tThese cases the limiting factor in the deternmin-
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The A~ decay occurred a

c

the left in the bottom

cloud chamber, The momentum of the positive secondary

is unusually low (110*20 Mev/c). Th
gin in the copper plate between

is evidence of nuclear interactions. The

the chambers, but there
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ig. 8. Photograph 23023 (A° Decay)

The narrow angle A° decay occurred at the left of

the main shower traversing the double-height cloud cham-
ber. The long tracks available make this a well measur-
able case despite the high primary momentum (763 + 35 Mev/c).
The plane of decay of the AO includes the excellent

origin and transverse momentum balances within the experi-

mental uncertainties. The Q-value is calculated to be
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ation of' these quantities was the accuracy of location
of the origin., However, an upper 1limit on the magnitude

L3

of the momentum of a possible neutral third secondary can
be estimated by observing the prevalling magnitudes of APT

and P,8. For a unique value of P,', the distributiocn orf

\/(APT)?-l-(POS)2 should be peaked near P,'. Thus, the
radius of a cirecle which encloses most of the A° points on
the APT vs. P56 plot of Fig. 9 should be an estimate of the
maximum value of P,,' which could be present. The maximum
value of 70 Mev/c estimated from Fig. 9 is probably high
since most of the values of Aﬁr and P06 plotted in Fig. 9
can be explained by the experimental inaccuracy in‘locat-
ing the origin. The only origins that were discarded as
being obviously inappropriate were ones for which the

unbalanced momentum would have been many tTimes this value.

c. @° Decays

Two photographs of 0° decays are reproduced in Figs.
10 and 11, The @-values, calculated aSsuming two w-meson
secondaries, for all cases in class 2 (light positive
secondary ), as well as for those in class 3 which cannot
be ordinary A° decays, have been plotted in Fig. 12.
Again, the momenta of the secondaries and the angle be-
tween them were used to calculate the G-value. The data
represent a large range of g-values and therefore it is

desirable to indicate the significance of the percentage
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Fig. 9. 4P, vs. Pyd for A%'s and 6°'s,

Host of the A° values of AP, and Pyb are consistent
with the estimated.experimental uncértainties. A circle
of radius 7O Nev/c encloses most of the A points indi
catiﬁg that these data cannot rule out a possible neutral
third produst whose momentum 1s usually less than this
number, Many 6° points lle well outside this cirele,

but there are not enough cases of 6° decays to draw any
~ conclusions,
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Fig. 12, Q-Values of 8° Decays
Only cases with A3 < Q/3 have been included in this
histogram, Each case was assigned a block of width Q/5
and height IUG%;QT' centered about the calculated Q-value,
The statistic¢s are very poor since most of the peak is
contributed by one case (Bee Fig. 11). The two cases
near %0 Mev are “anomalous 6°" decays described in

Section IV-D.
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error rather than the absolute error in each case. There-
fore the cases were assigned a block of width=6/5 and a
2
helght EBE%EQSE .

At onee it is clear from Fig. 12 that the quality of
these data is not comparable to the A° data. The explana-
tioﬁ for this fact lies in the observed phenomenOn that
the sloweat eg-particles are observed at much higher
momentum than the slow A®-particles, |

The distribution of §Q-values near 200 Mev is consis-
tent with a unidue two-~body decay, although these data
alone are not good enough to establish such a conclu=-
sion.(3’4) However, there exists an excellent caSé, no.,
191438, whose calculated Q-value is 41#5 Mev. This case
forms the basis of the discussion of "anomalous 8°" decays
in section IV-D.

The possible orilgins have been located,and Fig.‘9
presents the resulting values of M% and Poﬁ; The number
of cases 1s too small to draw any conclusions from these
‘data. The only indications observed subjectively'are
that the origins for the e -particles are not as clearly
located, nor do the values of APT and Po,0 fall within
the estimated errors as often as for the A°'s, The
explanation for these observations, if true, may be con-
nected wlth the hlgh average primary momentum: namely,
the particles travel farther before decaying and thus

ry

are not clearly asscciated with a single origin.
1> = .
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D. ‘'anomalous 6°" Decays

1. Introduction

It has been recognized for some time by many labor-
atories that decay events exist which cannot be explained
by the A°(P,x,35 Mev) or eo[u,L,2l4(ﬁ;n)] decay modes.
(1,3,4,8-12) One of these anomalous modes is the so-
called high-Q A°-particle. Another is the s (LY,x )
mode sSuggested by one photograpn from the 18" magnet cloud

8
chambers,(ﬁ)

which could also be a charged V decay with
an anomalously large energy release. The 48" magnet cloud
chambers have to date furnished no evidence for either of
these decay modes. Hpwever, a case of a decay intb two
light secondaries with a very small energy release has
been observed. Similar cases have been observed in other
laboratories, but many of these could have been explained
by the Vao decay scheme. The following discussion will
present in detall the data from the three best cases
observed in the three Caltech magnet cloud chambers,

" Four more cases will be added to the tabulated data, and

an attempt will be made to enumerate some of the possible

interpretations,

2. Photograph 8796 (18" Magnet)

Fig. 13 is a reproduction of the Lfirst of these

*The following discusslon is essentially that published
in reference number 14,
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Fig. 13. Photograph 8796 ("aAnomalous °" Decay)

(18" magnet)
The V° decay 1is observed Jjust below the lead plate.
The Vo-particle probably originated at the interaction in
the lead plate. A positive particle corresponds to a

clockwise curvature.
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wnusual VO decays observed in this 1aboratory.(11) The
Vo—particle decayed in the lower chamber and was undoubted-
1y produced in the interactlon in the lead plate between
the two chambers. The energy release calculated assuming
the products to be two m-mesons is 116+ 30 Hev. The momen-
tum of the positive particle (curved clockwise) would have
to be doubled in order to make the calculated Q-value of
this event 214 Mev, or to make it consistent with the
decay of & 1P-particle with a @=value of 35 Mev. The
plane of the decay procducts contains the interaction in
" the lead plate wilthin the large errors of measurement
introduced by the shortness of the line of flight of the
unstable particle. Also the components of the momenta
perpendicular to the assumed line of flight of the vO-
particle balance witnin experimental accuracy. This
statement would not be true if the positive momentum

were doubled.,

© 3. Photogréph 12590 (21" Magnet)

Fig. 14 shows the decay of a Vo-particle into two
light secondaries., On the original film the individual
droplets are clearly resolved along all tracks in the

(13)

chamber. Therefore the relative ionization of the V-
particle secondaries and comparison tracks can be deter-
mined. If the identity and momenta of the particles

producing the comparison tracks are known, then through



The V° decay is in the upper left corner and the

secondaries both leave the chamber through the rear wall.

A s Adiial T4 4 o av 1 211Nt ed -1 2 4N nhnt+
IL.‘(J‘._L vidua.l (,-.:Opl(_} CS c¢can be counvea Il J‘\,-'.Lf:\‘ Or_z.;,.l.i;al Pio cO-
rraph permitting a comparison of the ionizations of the

secondaries and the two curved electron tracks. A nega-

tive particle corresponds to a clockwise curvature.
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the application of a theoretical expression for the depen-
dence of ionization on velocity, the specifilc ionization
of the V-particle secondaries can be determined. In the
pfesént case the two highly curved comparison tracks are
identified as electrons, and the resulting values for the
ionizations of the positive and negative secondaries of
the V-particle are 1.4+ 0.2 and 1.3+ 0.2, respectively.
These values are probably too high, since a preliminary
study of the ilonization of electrons in the veloclty range
/of the comparison tracks has indicated the actual ioniza~
tion to be somewhat less than that given by the theoretl-
cal formula. \

The measured momentum of the negative secondary is
249+ 12 Mev/c and if it is assumed to be am or p~meson,
its specific ionization is 1.1. Using this track as a
comparison track the specific lonization of the positive
secondary is 1.2 *0.2. The momentum of the positive track
is 493 +33 Mev/c. If it is assumed to be a x-meson its
' specific ionization is 1.6. Therefore, the present
measurements make unlikely the possiblility tﬁat the secon~
daries are a m or p-meson and a x-meson, although the:
possibility that either or both might be electrons cannot
be excluded from lonization measurements.

The energy release calculated assuming the secondaries
to be two m-mesons is T9x 10 Mgv. The short straight

track and the longer electron track appear to intersect
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in the lead above the chamber, although tine exact inter-
sectlon is uncertain due to the large possible multiple
scattering of the electron. This possible origin lies
in the plane of decay of the V°~particle and the compor -
ents of momentum transverse to the assumed line of flight
of the Vo—particle balance within experimental error,.
%, Photograph 19143 (48" Magnet)
Fig. 15 shows two decay events which occurred at

points 4 and B in the large upper cloud chamber of the
48" magnet. The decay at point A is consistent with the
usual 6° decay scheme. Its energy release, assuning Che
products to be two m-mesons, is 2385+ 30 Mev.

The decay which appears at point B in this photograph
has a Q-value of 41+ 5 Mev, calculated assuming two m-
mesons as the only decay products. If this event actually
represents a two-body decay, momentumn balancé requires
that the point of production of the parent particle lie
on the extension of the line BP which lies within the
illuminated region of the chamber. Extensions of ©the
lines of flight of all charged particles in the chamber
other than electrons znd heavlly lonizing tracks locate
two intersections in the lead plate above the chambers at
0y and Oz, In addition there are two more nuclear inter-
actions at Oz and O4 in the upper chamber wall Irom which

only heavily ionizing tracks emanate. Whereas event A
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shows good coplanarity and transverse momentum balance 1f
Oz is assumed to be its origin, it is clear for event B
that there is no evideunce for any interaction along the
extension BP., PFurthermore, the locations of the inter-
actions above the chamber indicate that the penetrating
shower was probably initiated by a single primary inter-
acting at 0,, with secondaries producing further inter-
actions at O, Oz, and 0,. It seems quite improbable that
a secondary from one of these events was emitted at near-
ly 900 to the primary direction, interacted at the right
of the lead plate and emitted an energetic unstable par-
ticle in a backward direction along the line PB, and fur-
thermore produced no charged secondaries which entered the
chambers.

We thus conclude that this event is probably not a
two-body decay. The possibility that it i1s a three-body
decay will now be discussed. |

I one assumes the origin of production of the par-
"ent particle to be any of the four obsérved interactions,
the component of momentum of the neutral secondary perpen-
dicular to the primary line of flight lies in the range
170 £ 20 Mev/c to 210% 25 Mev/c. This information, to-
gether with the assumption of the mass of the neutral
secondary, determines a lower limit to the g-value of the
three~body decay.

1T one assumes the neutral secondary to be a no-
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meson, by analogy with the charged € decay schene, the
lower limit on the Q-value is 165+ 20 Mev. The ¢~value

of the charged c-mneson is known to be 75+ 1 Mev, and

thus the interpretation of this event as a To(ng,nf;ﬂ',~80)
decay is inconsistent with the assumption that the particle

originated in one of the four observed interactions,

5. oSummary of Cases

Fig. 16 tabulates the important data from the events
described and a few others. The ionization of all tracks
except those of 12590 were estimated visually.

Three of the four cases that have been added to this
tabulation have no clear origin for the parent particle.
Nevertheless, the estimated ionizations and the orienta-
tions make such possible alternatives as the decay of a
K-meson unlikely. Some of these events could also be
interpreted as the decay of a neutral particie into a
® or prmeSOﬁ and a x-meson, However, no simplification
" would result from such an assumption since the best cases

cannot be so interpreted.
©. Discussion

It is tempting to interpret the cases which have a
very low d-value as representing the decay of a neutral
g-neson into three mn-mesons. However, if has been shown

that such an interpretation is very unlikely for at least
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one such case (19143B). In addition there are a number
of cases whose two-body @=-values are already too high
to be interpreted as such a T° decay.

If one wishes to retain the simplifying assumption
that most of these cases are decays of the same parﬁicle,
a scheme with a much hlgher energy release 1s reguired.
One possible decay scheme which satisfies this fequirement
is an alternate mode of decay of the e°-particle into
n+p+v. The computed energy release for this decay is
about 244 Mev.

Calculation of the minimum Q-value assuming
0%t +p"+v for case 19143B yields 245+ 30 Mev. Thus
such an hypothesis would explain all of these unusual
cases, It should be polnted out, however, that this
decay scheme is certainly not a unigue one. For éxample,
another decay scheme which can explain all of these cases
15 8° or o>+ pF+pT + (~148 Mev). Both of these
hypotheses are so broad that they can explain almost any
individual event of the type considered.here. To éonfirm
or’to disprove either of them would require a large amount
of accurate data on these rare events.

It is possible that the & (®,%) decays having Q-
values near 214 Mev represent a part of the same three-
body decay distribution. However, if this were the case
it is unlikely that the observed Q(m,m)~value distribution
should be as sharply peaked as present experimental measure-

ments appear to indicate.



Summary

—~1
»

There 18 evidence for the existence of a neutral
particle which decays into two charged L-mesons which
cannot be explained by the scheme 6°—x¥ 4+ ™ +(21% Mev).
IT only two-body decays are considered, at least two dif -
ferent new particles have to be postulated with Q{(m,n)
near 41 HMev and 90 Mev respectively, and under fhis assump -
tion a question as Lo the point of production in at least
one case still remains. Not all of these cases can be
explained by the decay of a neutral g-meson into three
n-mesons, Hence a decay scheme with a higher energy re-
lease is indicated. One scheme which might explain these
cases in terms of an alternate mode of decay of a known
‘particle is 8 — T +p +vH~244 Mev). OF course, many
other decay schemes might be postulated, but theré is no
direct experimental evidence for any particular one of

1

tnese,
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