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ABSTRACT

A proporiional eounter has been installed in 8 six-inch
cloud chamber with a magnetic field of 6400 gauss, By use of the
proportional counter as & selection device, pictures of mors than
200 low energy protons have been obtained in a time of somevhat
over a year's duration, From these the absolute intensity of the
low~energy proton component of cosmic rays has been determined at
sea level, A gpectrum of fifty electrons te-aultingv from mu-meson
decays has been obtained as well as other data on mmﬁneécns’
Photographs of typical loweenergy protons, mu-meson decays, and
other interesting events are presented, In addition several

interesting pictures ere discussed in detail,
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After a successful sumser at high altitude in 1947, it
wes decided to reinstall the six-inch cloud chamber in the aft
pressurized cebin of & B=29 for the siumer of 1%8; It was hapad
that by use of e more refined selection device sufficlent meson
&eea#s could be secured to be abls to obtain & ‘spect‘r\m. In
addition, it was folt that enough other significant pictures would
be obtained to make the reiastallation vortheuhile,

4 The work of the summer of 1948 resulted in no meson
deceys. The mmber of flights in 1947 had been scmeutiat in excess
of two per week, while in 1948 there wes léss then one flight per
week‘ ami sa#@al of izheaé were of short duration, Pe&haps; it
would be of value to point out that in the sumer of 1948 vhile
the chanber vas installed in the plane the chember vas reset and
waiting to teke a picture less than 0,5 % of the time, while in
the operation on the ground it has been found that the figure is
botween 65 and 70 %. In addition to this, one must also remember
t;iae_.vt; even though the counting rate goes up by a large factor ab
altitude, percentegewise the number of pictures teken at altitude
of the type which one is attempting to select is normally much
smeller, This is because the accidental coinecidence rate rises



gharply in gpite of all wrecautionary weasures, Of course this must
be qnélified somevhat because the eounting raﬁes for some rare
events go up from an almost negligible number at sea level to a
more gpprecisble number at altitude, Penetrating showers afferd a
very good example of this, since they i!m‘aaaé by a factor of aboub
500 between sea level and 35,000 £%, |

| After the return of the cheamber to Pasadena it was decided
to install a proportional counter in the chamber for exploratory
purposes because as far s was known this had not been previously
ﬂm. Tha reaulta of this installation form the subject of two
theses, 0ne by M, L. Merrdtt®) uhich deals with the behavior of the
prepm*ﬁlmal counter itaalf, mﬂ this work whieh deals with tha
rosulis abtaﬁma by ite use in the course of sume fif.“teen nonths
of as continuous operation as could be maintained,



Sines the six=inch cloud chamber in its present form has
been anply described by B, V. Adems'® and R, B, Reul?) in tnetr
theses, 1t ie felt that a brief mention of significant chenges is
all that is nesded, The major change fyom the standpoint of
operation has been the use of a proportionsl counter as a selection
device for expansion; however, the details of this form the subject
of the thesis of M, L, Merritt(l) and ouwr interest in it will be
limited %o the use of his resulte from time to time,

In order to obtain a greater useful volume in the chamber
it has been deepened somewhat, This was done by cutting some of the
iron off the back pole face as well as by allowing the chamber to
extend a 1little further into the cemers slot. The total depth is
now 6 cm end the usable (illuminated) depth is 4.5 cm of which 2,5
cm are occupied by the counter, The removal of some of the pole
fece hag reduced the field to a figure of 6400 gauss at the normal
operating current of 200 amps, The field decreases by about 10 ¢ as
one goes to the edge of the chamber, In order to take account of
this & map has been nmede of the field strength iun the chamber, By
use of this map the average values of the field slong various paths
can be obtained, These can be used for computation of the true



momentum of a particle traversing the chamber., For any tracks
which pass through the center of the counter an average {ield value
of 6230 gauss is accurate to better than 2 ¥ provided thet a
correction is made for the front to back position of the track in
the chember, A correction for the front to back position of the
track is necessary becsuse there is a difference in magnification
of 7 % from front to back of the counter as well as a difference of
field of about the same amount,

The light system hae been modified from that deseribed
meviously. A General Electric FT-127 flash tube iz still used, bub
it is now mounted on the outside of the coils; and two spherdcal
lenses with a eylindrical reflector behind the light are used %o get
a parallel bean in the chamber, Recently & eylindical lense has
been tried with a pair of reflectors &t top and bottom as well as a
right angle reflector behind the light, This tends to raise the
light intensity about & stop with a slight decrease in uniformity
of lighting, The film used is limagraph panchromatic which from
observation has & speed about 8 stop faster than linagraph ortho=
chromatic for the light from the flash tube. The faster speed of
the penchromatic far more than offsets the poorer contrast which it
possesses, It has been found that one of the most imporitaent
considerations is the film age. In some cases film has so
deteriorated that by the time of its expiration date its speed is



doun & sgtop,

The chamber uses the same coppsr tubing as & conductor of
the current and of the cooling water, This fact causes some
embaryrassing problems because the high mineral content of the water
allows a quite vigorous electrolytic action to teke place at the
tube ends due to vollsge differences which are 120 volts at some
points. To countersct this, short sections of copper tubing which
are in front of the main tubes and electrically cennected with them
have been installed, In this way the auxiliasry tubes which are
expendable are eaten away and can be replaced without damage to the
original coils, The deposits formed by the electrolysis rapidly
elog the pipes, and experience has shown that the most offective way
of cleaning the pipes is to ciroulate water with & hydrochloric seid
concentration of about 2 ¥ through the pipes at & temperature of
60 = 70° G, The tubes &re then flushed out and & 2 % amuonia selu~
tion used as wash, Going through this procedure once every 4 to 6
weeks has proved successful in keeping the pipes clean,

It was originally hoped that meson mass measurenments could
be made by use of the counter as an ebsorber; hence it was desirable
to reduce errors introduced by multiple seattering in the gas to a
minimm, Since the seattering radius of cwrvature varies inversely
as the Z of the gas used, an attempt was made to use helium rather



then ergon, A compronise had to be effected because tracks in
helium become quite diffuse before the drops have grown enough to be
photographed, while at the same time the ratio of track intensity
to background is much poorer because of the decidedly smaller
number of ions produced along the track, A mixture of 1/4 argon
and 3/1; helium at 2 atmospheres pressure was found to be usable,
although not as satisfactory as helium from the scatlering stand-
point, For a 50 Mev/c meson with a track length of half the
chamber the probability of a 500 Mev/ec multiple scattering is
0,006 % in the mixture as compered with 5 £ in argon.(‘!*) Another
way of viewing this ie to say that there is a 5 % probability of a
1000 Mev/ec multiple scattering in the mixture,

The mixture has the disadventage 'tha'b the photographs do
not have as much contrast as those with pure argon and the track
width is half again as wide and hence nolt as easy to measure with
the comparator, The mixture has the advantage that it seems to
give much better results with the stationary atmosphere technique
than argons but mo‘st important is the fact that in the mixture
tracks do not become continuous until they ionize in excess of ten
times minimumg thus allowing good estimates of ionization up to
this point, In argon tracks of three to four times minimum
ionization are continuous, and from there on up estimates of

ionization are quite difficult,



The choice of an absorber for the chember was dictated by
the fact that, if possible, it wes desired to observe meson decay
electrong, To roduce radiation to & minimum an absorber of low
avomic nusber was needed; hence aluminum wes used, Since it was
originally alsoe hoped that meson mess measurements could be made
from the change in momentum of the mesons upon passage bhrough the
counter, there was & limit to the mmber of gn/en® which could be
used, It would be nice to get as large a change in curveture as
possible as well as the maximm nuwsber of observeble mesons, but
this cen make the radiue of curveture in the upper half of the
chamber so high that the accuracy geined from & lerge change of
curvature can be lost in the inaccuracy arising from the inability
to accurately measure the curvature., It was decided that in view
of all considerations & dengity of sbout 1 ’gm/zmg would be best.
Aetually the sisze aluminum available resulted in an sbsorber thicke
ness of 0,89 gm/emg.

& cloud chamber which one wishes to use for high gcowracy
momentum deterninations must be free of distortion. It had been
found in the past that the six~inch chember was indeed good in this
respect; however, installation of & counter in the chamber,
the problem became somewhat worse for two reagons, Firgt, the
track length available for mespurement was about 40 % of thet in the
whole chamber and second, the counter caused a larger distortion



due both to the setting up of additional convection currents before
the expansion and the new geometry which is afforded to the
expansion by the coumter., It has been foumd that by use of a
heater of sbout one tenth of & watt on top of the chamber a stable
atmosphore with & temperature differential of 0,6° ¢ from botton %o
top can be get up in the chamber, In this way one emn eliminate
distortions due to convection currents which are in the chamber
before expension and at the seme time maintain a tewperature
difference which is not of & large enough magnitude to adversely
affect the supsrsaturation nesr the top of the chamber, In order
to overcome the difficulties due to the poor geometry, one must try
to take the pieture as soon after the expansion as possible, For
this reason the chamber uses asbsolute ethyl alechol whoss drops
grov much faster from ouwr own observations (1.3 times as fast
aceording to ﬂamnm ) than those of the 35 % water, 65 % ethyl
aleéhal mixture which is preferred by many because of its lower
oxpansion ratio, Our experience has been that there is much more
to galn in getting rid of distortion by taking the pictures faster
than is lost by the greater turbulence of an expansion which is
larger by some 30 - 40 %,



II1: RESULTS
The sea level flux of protons with raenges between

2,5 and 15,0 gn/en® of ajr,.

Ever sinee the first Wilson cloud chembers were built for
the purpose of studying cosmic rays, one {inds mention of occasional
particles which were identified as protons, Few indeed were seen
by early observers, but Anderson(é) and Brode(v) in 1936 were cach
able to report an appreciasble number, The most that early observers
woere able to say was that they were very sparse and constituted a
ninute fraction of the total cosmic ray intensity., In 1940
Rochester and Baundcg) reported experiments at sea level which
gave a rough indication of the intensity of the proton flux, At
the same time by placing 20 em of lead avar(the chamber they were
able to reach the conclusion that because of the large reduction in
proton flux (actuslly because they observed only eight protons with
out lead and one with lead their statistics were rather poor) the
lead either strongly absorbed the proton producing component, or
lead was nolt a good medium for production of protons; and in any
event they concluded that these protons vhich they observed could
not be primary protons since there is no reason why their numbers
should be radically different at depths of 90 and 110 cm of lead

equivalent, Leprineeqainguet(g) and cowworkers in 1945 measured
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the intensity at 1000 meters and with a somewhat larger number of
protong arrived at a figure of proton flux which was comparable to
Rochester and Bound's, Adams(le) in measurements at 30,000 feet
obtained figures from which one can estimate the flux at sea level
by extrapolation on the assumption that the absorpiion eaefficient
is 125 gn/an® and thet the shape of the spectrum does not change at
lower altitudes. Since the absorption coefficientts velue ig only
tentatively ostimated, and the extrapolation is over several
absorption lengths, the value so obtained for the flux at zes level
must be regarded ag a first approximétian. Howsver, according

%o Rossi(ll) the thres experiments above form the best present-day

(1948) determinations of the proton flux of cosmic rays at sea level,

During the operation of the six-inch chamber with a
proportional counter in it somewhaet over 35,000 pietures have been
taken in a sensitive time of approximately 5,000 hours, For a
variety of reasons, such as insufficient light, spurious flashing
of the flashtube, faulty operation of the proportional counter, ete.;
all periods of operation which for any reason could be suspected as
not being indicative of normel operstion have been eliminated to

leave some 30,000 pictures in about 4,000 hours for selection,

The chamber wag fired upon the passage of a particle

through tuo coincidence counters above the chamber and then its
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subsequent pagsage through the proportional counter in the chamber
with an ionization in excess of a minimum amount determined by the
glectronie eircults, 4t all times during which this dats was
ecollected the electroniec clrcuits were set so that the cuteoir
point corresponded to an ionization of 2 times minimum, A proton
of 500 Mev/c has an ionizabtion of 3 times minimumy thus it is
assuned that the probability of not counting a proton of 500 Mev/e
is negligible, It is possible to do this, because in contrast to
the slow tall=off of ionization on the high ionization gide of most

probeble ionization the tail~off on the low side is very ahrupt(l).

The lower limit of 185 Mev/e below which no protens should
be seen 1s set by the thickness of the upper wall of the counter,
Pictures should be teken with a very high degree of certainty of
81l protons of momente between 185 and 500 Mev/c which pass through
the coincidence counters sgbove the chamber and then go through the
proportional counter in the chamber., Protons of this range of
nomenta are easily identifisble because of the fact that their
ionigation is significantly different from that of sny other known

particles,

For the caleulation of the proton flux only those protons
were used which vhen viewed in stereo went through the coineidence

counters as well ag the proportionsl eounter, This criterion



removed seventeen protons which were associated vith showers but
could not have gone through the top counters, five random rrotonsy
and eight protons which were associated with stars occurring in the
material (2,1 gn/em?) between the top coincidence counter end the
chamber, In all the pictures only one partiele was scen which was
identified as a proton going up, and among the more than 200 tracks
identified as protons there were no other cases that were even
doubtful, It should be borne in mind that the counter arrangement
would cut off at 285 Mev/e for protons going up, For protons going
down it is found that half the protons have momenta in excess of 285
Mev/e; so one is probably justified in saying that for the momentum
range 185 - 500 Mev/c the flux of protons going up is certainly not
much greater than 2 % of those going down,

In 3207 hours of operation with no lead above the chember
118 protons were obgerved ﬁhich satisfied the sbove requirements,
This is to be compered with 26 protons obtained in 847 hours under
the same conditione with 10 cm of lead sbove the chamber, It is
found that there are 0,036 * 0,003 protons per hour without the lead
and 0,031 % 0,006 per hour with the lead, Without the lead 68 % of
the protons have momenta less than 350 Mev/e compared with 65 % with
lead, The results give a raw date figure of 2,96 x 100 protons
em~R gee~l sterad=l with lead and 2,47 x 10~0 protons em™? sec~l
sterad=l with 10 cm of lead above the chamber, It is to be noted



that the counting rates are not significently different statistically
and certeinly give no hint of the radical transition effect observed
under 20 em of lead by Rochesteor and Bound at sea level and apparente
1y confirmed by Povall(lz) in experiments at 14,120 £t, with the use
of lead plates in a cloud chamber,

No large fraction of the observed protons can be atlribe
ubted to the slowing down of high energy protons (greater than 150
Mev); for, if this were the case, in view of the spectrum (Fig. 3)
which is sharply pesked et the cutwoff point at the low end s one
would expect a diminution by a factor of greater than ten in the
mmxbm' of protons observed under the lead, The isolropic anguler
distribution (Fig, 5) also supports the above conclusion, sinee high
‘energy protons are observed in emulsion work to have a distribution
which is pesked in the vertical dﬁrec‘bion(u') "

Since the primery purpose of the present experiment was to
obtain the absolute value of the proton flux at sea level, the data
obtained without lead must be corrected for the average value of 320
gn/emz of cement in the building above the apparatus, Cement prew

dominantly consists of elements of low Z; in fact the everage Z for

The maseﬁssapeétrm is in substantial agreement with that obtained
by Widhalm in 1940 by use of photographie plates, His spectrum
of 372 probons obtained at 3,465 meters showed a decided peak ab
1.5 Mev,



cement iz less than twice that for air; hence it is assumed that in
abaence of evidence to the contrary there is no large transition
effect in going from air to cemsnt, (By exposing plates st varying -
atmospherie depths Lattimore(lg) obtained an absorption coefficient
of 190 gm/émz for air and by burying the plates in a glacier at 3600
meters he obtained an absorpition coefficient of 196 gm/bmg for ice,)
Thus the data ig corrected by use of an absorption coefficient of
190 gm/bmz for the cement above the chamber and the fact that
Pasadena is not at sea level, When this is done and without cone
sidering the 2,1 gn/em® betwoen the counters and the chamber, one
ot

obtains & value of 1,3 x 1072 protons en™ sect sterad™r at sea

level in the momentum range from 185 Mev/c to 500 Mev/e,

From the uncorrected (Fig. 4)* range curve it is found that
the integral range spectrum hes the form N=N, e‘e% (R in gn/en®),
From this the conclusion can be drawn that 28 ¢ of the protons which
gre found below a 2,1 gm/ém? absorber at sea level are produced in
it, To correct the data for the particles which are actually incident
on the counters, sn estimate must be made of what fraction of the
protons which sre observed in the chamber were produced in the 2,1
on/em® between the counters and the chamber; and indeed produced

such that the counters are set off, If plectures were obtained of

™% turns out that the uncorrocbod and the correctod range curves
are the sane,
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all of these protons, the figure would be 28 %; however, observetions
show that approximately half the sters (sinee the mean range for the
protons is so short we assume they are predominantly produced in
stars) are produced by neutral partieles(14), If one alse notes

that the radiation which produces stars ig thought to be isotropical-
1y distributed st least within fifteen degrees of the verticalll4),
then it can be concluded thet only & relatively small fraction of the
ionizing rays which produce sters would cross through the counters,
Then too, one must remember that 8 protons from obvious stars in

the 2,1 gm/bmz have been discarded, If all the facts above are
congidored, one can conclude that the number of false counts certainly
must be less than 5 %, As additional proof of this fact it was found
thet in the course of operation there were ohssrved only thres
protons which were formed in the top of the .counter (ﬁ,AS'gm/me),
and one of these was in a star which, if occurring in the glass above
the chamber, would have not been counted, If one sgain assumes that
helf of the protons are produced by neutrals and considers the solid
angleg involved, one can set a value of 3 to 5 as the maximum number
of protons which are observed which were formed in the 2,1 gm/cm,
Since other considerations introduce much larger errors, the error

introduced by the 2,1 gm/hmz has been neglected,

Thus it is assumed that owr distribution must merely be

shifted 2.1 gm/en® to get the corvect ome, The effect of this shift
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is to quite radically alter the shape of the momentum spectrum (Pig,
1 and 2) as well as to shift the pointe strongly towards the higher
end especially in the lower range, The energy spectrum (Fig, 3) is
less severely affected and the points merely shift slightly towards
the high end, The renge spectrum is linearly shifted by 2.1 ga/em®,
Because of thig, it is felt that giving the flux in terms of the
rangs interval ig probably the most satisfactory. When this is done,

ot

& value of 1,3 x 107 protons en™? goc™t gterad™ in the range

interval of 2,5 to 15,0 gm/bmg of alr is the result, This gives

‘a value of 1.0 x 10*6 nrotons gmfl sec”l 1

sterad™" as the average

differential value of the proton flux in the range interval between
2.5 and 15,0 gm/bm?,. This value is somewhat higher then the values
siven by Rossi (Page 18); but it must be remembered thet bis values

are for protons of pgreater ranges than those of the present experiment.

The conclusion is that at least 95 % of the protons which
are observed sre produced with renges less than 25 sm/em®, Since
there 1s no large trangition effect, one must also conclude that
either the production of protons per gm/émz in leed is not very
different from thalt in air and at the same time the proton producing
radiation exhibite no tendency towsrds preferential absorption by
other mesng in lead, or that these two effects have a characteristic
behavior in lead such that the combination of the two tends to give

no large tronsition effect,
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From emulsion work Lattimare(ls) comes to the conclusion
that the great majority of the low energy protons do not come from
the cheracteristic protons of energies of less than 15 MEv‘ebserVGd
in stars. He concludes that the average production energy of the
protons is about 32 Mev (his plates are not sensitive sbove about
90 Mev), and that what 1s observed is these protons after they have
been slowed down. Because of the fact that the cut-off due to the
top wall thickness of the counter is at 18 Mev, one can only say

that the present resulis are congistent with this,
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TENTATIVE ESTIMATES OF THE NUMBER OF PROTONS

IN VARIOUS ENERGY RANGES#®

Range Interval Unit Experinental Adopted Sea
in gn/em? Information Level Value
No, of Particles cm™2 sec™t gterad=l 102 at 3 x 105
6 <R < 100 9000 m

{Adams)
No, of Particles ocm™? sec™t sterad=l 7x10% at 2 x 105
100 < R < 1000 9000 n

{ Adams)
Differentisl gn“‘l sec~l sterad~t 5 x 1077 at 5 x 10~7
Range Spectrum ‘gea level
at R « 20 (Rat;hestar)
Differential gn~l gec~l gterad~t 4 x 1077 at 1,7 x 1077
Range Spectrum 1000 m
at R = 100 (Leprince«Ringuet)
No, of Particles em™2 gec™) sterad=l 3,0 x 1070 1,3 x 1072
2,5< R< 15,0 at Pasadena

{(Present Data)

#The four first estimates were taken from Rossi(ll). He

used an absorption coefficient of 125 gm/om?® to obtain the sea level

values, In the present work an sbsorption coefficient of 190 gn/em?

hag beon used,
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Mu-Meson Decay Spectrum

Due to the extremely small size of the chamber and the
small amount of material in it one needs a very selective device in
order to obtain any quentity of decays. Upon ingtallation of the
proportional counter verification was obbtained that this mode of
operation would be favorable to the selection of mu-neson decays,

A year's operation has resulted in seventy mu-meson decay photographs

of which fifty are usable,

In obtaining the decay spectrum the requirements have been
set such that en electron track of one inch lemgth is required,
This is to rule oult the possibility of not'using high energy tracks
because their energy is nol messurable, whiie at the same time using
a low energy track of the same length, No tracks have been used when
the correction to the electron emergy was greater than 4 Mev for the
naterial which it traversed before appearing in the chamber, The
correction for the energy lost before appearance in the chamber was
in addition to the corrsctions previously applied for position in
the chamber, By use of the stereoc views the tracks were corrected

where necessary for motion perpendicular to the plane of the chamber,

4 decay spectrum obtained by use of a proportional counter

has the desirable feature of not having a cut-off at either end of
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the spectrun, The only expscted sources of error in a spectrum
obtained in this way will come from chember peometry, Since the
mesons decay in an absorber, there is a possibility of not record-
ing very low energy decays; however, the fact that no decays are
congidered which require a correction of greater than 4 Mev reduces
this significantly, The effect of chamber geometry has been
eliminsted through the requirement of a track length in exmcess of
an inch, The ebove considerations would seem to make it reasonable
to asgume thet systematic errors have been eliminsted, The error
in all decay energy messurements is taken to be 1% Mev or 5 % of
the energy whichever is the larger.

The spectrum cbtained (Pig, 6) shous a lack of decays in
the range 21 to 30 Mevy however, dus %o the rather small - of
cases cbserved in eny inbterval, one has difficulty saying that this
gap is statistically significent, Other decay spectrums, such as
those of Letghton' ) gt a1 end Devies'?™) g a1, would leed ene to
believe in a more uniform distribution of the energies of the decay
elsctrons, Possibly it is noteworthy that when Leighton gi al
obbained their decay spectrum they observed much the same phenomenon
in their first forty-odd cases, The present spectrum has en average
decay energy of 32 lMev as compared with the value of 34 Mev in the
provious work, It is %o be noted that there is one decay at 62 Mev,
This would seem %o show that decay electrons must be emitted with
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enargies very nesy to the maximum possible, Since this is a positive
meson, it could pick up some energy in leaving the nucleusg in whose
vieinity it may have decayed, This and the inherent error in
neasurement could reduce the value to 56 Mev which is not in bad
egreoment with the maximum value of 54.5 Mev obtained by use of 212

m, as the mass of the mu-megon,

There is no good g priori reason for not accepiting this
spectrun since it has almost the same weight statistically as the
previous spécfrum; and, if it had been observed prior to the other,
1% would have certainly been given & certain credence; however, it
is presented only because it is felt that soﬁs note shéuld be made
of its existence, It is not offered im the attempt to prove any-
thing about the true shape of the spectrum other than that it is
probebly highly desirable to obtain a decay spectrum of some one
thousand cases hefore saying that one theory or another is proved

or disproved,

From the photogrephs one is able to obtain some other data
on mesons, which while not of primary importance, should possibly be

noted in pasgsing,

In a period of 3207 hours, 46 cases were observed of mesons

which stopped in the botiom of the counter, Since the lonization of



these would be expected to be 3 to 4 times minimum on passing through
the counter gasy; the counting efficiency should te very high for them
(the same argunments as were previously used for the 3 times minimum
protons can be used); hence an estimate of the absolute intansity

of mesons in the mementum renge 37 to L5 Mev/c can be made by use of

this data, A4 figure of 2.5 x 10%6 gm”l sec™t

starad‘l is obtained
for the differential range intensity abt sea level with 320 gm/em2 of
abgorber (cement) over the apparatus, This is smeller by a factor

of two than the value given by Rossi(ll)i

For the total operating time 57 mesons stop in the bottom
wall of the counter, 34 of these are positive and 23 negative. Of
the positives 21 are obgerved to decasy and of the negatives 6; The
proportion of positive decays observed is what would be expected
from geometrical considerstions. If one takes the positive decays
as a measure of the number of decays which one fails to observe due
to geomeotry, then the fraction of negative mesons vhich decay is
0.42, This is in agresment with the value of 0,40 which is given

by Ticho(1E)

as the fraction of the negative mesons vhich decay in
aluninum,  This would seem to show the invalidity of Chang'sclg) 2
peiori hypothesis that those mesons which show a decay in very thin
foils in a chember are positive and thoge which do not are negative,

This assumpbtion was given some plausibility at the time because he

observed about egual numbers of mesons which did and did not show



decays upon coming to rest in an sluminum foil, The point is brought
up because Bradner(zo) in his recent monogreph on artificially pro-
duced mesons says: "However, it has been ghown by Chang that charged
particles are rarely il ever omitted when negative mu-mesons are
stopped in nuclei from 41 to Pb", and at the seme time gives reference

4o Ticho's work,

Since mesons of 70 Mev/ec are ionizing in excess of twice
ninimum, it was felt that they could be distinguished from electrons
at momenta less than this, By this mesns one can separate out mesons
between 37 Mev/c and 70 Mev/e (37 Mev/c being the lower cutwoff of
the counter)}, When this is done, it is found that there are 147
positive mesons and 128 negetive mesons,; which confirms previous
remlts ) unich indicate & slight positive excess for low energy
megons, In the above, due to the setting of the firing point of the
counters, & certain number of the mesone in this momentum interval
have been misged, especially near the upper limit, Nevertheless it
will give a lower limit to the absolute flux. This lower 1limit is

1.8 x 107° gmfl soc™t gtered™t which is consistent with the sbsolute

value of 2,5 x 19'6 gm'l sec™t gtopad™t

obtained above, However,
this is bult e third of the value which Rossi*s(ll) curve gives, and
it is hard to believe that the counter has been so biased as to count
only one third of the mesons in this range., The data is more in
agreement with thet of‘wilaon(zl) vhose values are considerably

lower at the low end than thoge of Rossils curve,
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Interesting Pictures

* Nlustrations 5, 6, 7, 9, 11, and 12 wore obtained with
the chamber filled with argon abt two atmospheres, All the other
illustrationsg were obtained with a mixture of 1// argon and 3/4
helium at a total pressure of two atmogpheres, In order to aid the
reedor in following the discussion of the pictures, several uni-
versal curves relating momentum, onergy, range, and ionization have
heen added at the end, Since tho rest mass in Mev of o mu-meson is
guite close to 100, and that of ithe proton is reasonably close to
2600; one can use these graphs directly for reasonably cloge approxe

imations by merely getting the decimal point in the corrsct place,

I1lust, 1 shows a typlcal proton of 225 Mev/e pagsing
through the counter,

Illust, 2 is a proton of 215 Mev/e which stops in the
eeunter,
| Tllust, 3 is the only roton found in thls set of
pictures which was going up, Uote the small electron shower which
is present and also seens to be going up,

Tllust, 4 depicts the one ster vhich occurred in the gas.
Pour heavily ionizing and two minimum ionigzing perticles appesr,

Illust, 5 presents a positive mu-meson which goes through

the counter and then decays in the bottom of the chamber, The
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olectron, which ig faintly visible, poes aﬁmost straight back,

Illust, 6, 7, 8, 9, and 10 show typical mu-meson decays
in an absorber,

Illust, 11 depicte the production of tw pairs in the
counter with no other tracks visible, The energies from left to
right are 75, 150, 60, and 200 Mev,

I1lust, 12, This negative track shows a momentum of
39F 5 Mev/c and an ionization of less than two times minimm above
the counter, below the counter it has & momentum of 40 * 5 Mev/e
‘and an jonization of three times minimum, It shows an apparent
seattering tbmmgh an angle of 37°, 8ince the track length 1s so
short after scattering, all that can be said is that its momentum
is in excess of 30 Mev/e, The track seems to show sbout the same
ionization before and after the bend, although the iemization may
decrease somewhat after the bend,

If one considers ionization and momentum as well as range,
this cannot be & pi-meson above the counter, If it is & mu-mesons
ienization, momentum, and range are not consistent by a considerable
factor above the counter, Below the counter and before the
gcatbering it ls perfectly consistent with a mu-mesgon, By
stretching things considerably one could say that this is & mu-meson
which comes in, goes through the counter, and then suffers a large
angle scatiering in the bottom of the chamber,
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A preferable explanation is to say that the particle is
going up, Then one can say that the particle in the top is the
decay electron of the mu~meson in the chamber bottom (if going up
the mummegon should have decayed in the upper counter wall), Then
the only question remeining is whal causes the change in direction
of the particle in the lower helf of the chamber, There are two
possibilities, a scattering of a mu-meson or the decay of a pi-meson,
Since s pi-meson of some 65 to 70 Mev/c and ionization of about
three times minimum could decay into a mu-meson at this angle, the
interpretation of the plcture as a pi-meson, mu~meson, electron
dacey is probably preferable,

Illust, 13, A& positive particle of about two times
minimum ionization enters the chamber, and then passes through the
counter, Below the counter it is ionizing about three times minimum
and has a mementum of 53t 3 Mev/e, Just above the bottom wall of
the chamber a particle of minimum lonization is seen to go off at
a8 slight angle with the original track,

This picturs can be interpreted as the decay in flight of
a 53 Mev/c mu~meson, The ionization both above and below the
counter is consistent with a nu-meson of this moﬁantum. The
chenge of momentum upon passage through the counter is consistent
with a mu-meson, When viewed in stereo, the angle at which the
tracks diverge is in excess of 60°, It can be shoun by a straight

forvard relativistic calculation that the maximum angle at which



a pi-musnmegon decay can take place in the laboratory system is
given by © =sin” ?'—?P"G , where [ is the momentum
of the pi-meson in the laberatory system. This leads to a value
of 48° as the meximum angle possible if this is a pi-mu-mesen decay,
With this poessibility ruled out a mu~decay in flight seems to be
the most reasoneble explanation,

Illust, 14, Track 4 {upper left) shows & momentum of
95 1 20 Mev/c, an ionization of about minimum, and a positive
charge if going down. Track B (upper right) has a momembtum of
115 * 10 Mev/e, an ionization of 3 to 4 times nminimum, and is
negative if going dowvn, Treck C {(lower left) is essentially
straight, but of such lonization as to leave no doubt thet it is a
rroton if it is a known particle, B is the only particle which
could have tripped the coincidence counters since A is inclined at
a considerable angle to the plane of the chamber.

If one takes the momentum and ionization of B at face
value, there results & mass of about 450 m_,. A is probably an
aléctron, although there is some small posgibility that it is a
mu-meson, Sinece B cennot be 2 mu~meson or & proton, it must, (if
a kmown particle) be a pi-meson; however, since its range would be
far greater than the top wall thickness of the counter, one would
have to say that it was scattered along the wall if one wishes to
call this the star at the end of a negative pi-meson, HNone of the
protons observed in the chamber at greater than minimum jonization



gshowed any nuclear intersction; so it is probably reasonable to
rule out a proton coming up and esusing the event, The conclusion
that is probably most reasonable is that an unseen particle ceuses
a nuclear disintegration in the top well of the counter,

Illust, 15, This positive track has a momentum of
100 * 20 Mov/e and an ionization of 2 to 3 bimes minimum ebove bhe
counter, Its momentum is 85 % 10 Mev/c and its ionization 4 to 5
times minimum below the counter, The perticle shows what appéara
to be a seattering about 1 om sbove the counter, If a seattering,
1t would not seriously affect the momentum because it is of such a
amail éngl&; however it could be interpreted as a decay, The'changa
of momentum and iénization of this particle during passége through
the eonhter are bath.cansisteat with a mass of 450 m,. The momentum
and ionization in both the top and bottom are also anﬁsistent with
this mass, It is very hard to call this & mu~meson; thus one is
forced te'eoncluﬁe that it is 2 pi-meson even though it would seem
to be necessary to stretch the observed facts to the limit, Perhaps
it is significant that on the surfece this appesrs to be g particle
of about the same mass as track B in Illust, 4.

Illust, 16, Three tracks appear in this picture, Track
A which is in the upper left has a momentum of 360 X 80 Mev/e, shows
an ionization of between 5 and 10 times minimum for a singly charged
particle, and is negatively charged if going down, Track B, which

is in the lower left has a momentum of 50 * 4 Mev/e, an ionization



of ebout one~third that of A4 (or from 1} to 3 times minimum), and
is positively charged if going down, There is also a third very
faint track in the right side of the chamber, This third track is
negative if going down and seems to paps through the coincidence
counter sbove the chamber; thus it could be the partiecle which
cauged the picture to be taken,

On an ionization--momentum basis A is almogt certainly a
proton (if only known particles are considered), B seems to be very
congistent in ionization and momentum with a muspesgon, although therse
is a possibility that it is & pi-meson, This seems unlikely because
a pi-megon of this pomentum is lonizing in excess of 5§ times minimum,
If B is going up, then this could be taken %o represent the capture
of & negative nu~meson by an aluminmum nuclsus, There would geenm
to be very strong experimental evidence against this, and theoretical
objections as well, If one wishes to disregard the spparent lack
of consistency of ionization and momentum for a pi-meson; then this
can be readily interpreted as the capture of a negative pi-meson
with the subseguent release of a proton upwerds,

Another possibility is that an unseen particle produces a
nuclear disintegration with the ejection of a proton upwards and &
pi-megon downwards, The ejection of g mu-nmeson ag a primary particle
in a ster is not in accord with experimental evidence; thus the
pi-mu-neson decay takes place in the counter before B appears in the

chamber, This would require that the pi-meson decay in less than
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0,004 of a 1ifetime, This seems improbable, but vhat does probebility
mean for a single event? If one wishes to comsider the possibility
of negative protons, then one has to postulate some mechanism in
which their amnihilation cen result in the production of a low energy
mu-meson ,

The hypothesis that this is a star produced by an unseen
particle would seem to be the most reasonable, |

Illust, 17, In this photograph a positive particle, if
going down, of 50 Mev/e and three times minimum ionization, which is
very céﬁéiétent with 2 mu-meson, comes in and apperently stops in the
counter as uoﬁld be expected from its momentum, A negative electron,
if going up, of 12 Mev/c comes from a point which when viewed in
gtereo is within 2 mm of the point where the positive meson would have
been expected to decay, This negative eleétran is time coincident,
Another short stub is present (it can be seen where the moson enters
the counter), In stereo it appears to be of greater than minimum
ionigation, but it is so foreshoritened that this cennot be certain,
Due to its shortness and the fact that it is distorted at the point
of entry into the front glase, nothing can be sald about its
direction,

It should be pointed out that the mu-meson does not have
suflicient range, if going up, to trip the coincidence counter so
as to teke the picture, Thig picture can be best inbterpreted as a

mu=meson which goes into the counter and decays, The decay electron
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produces a knock~on at & point very close to the decay in the bottom
wall of the counter, The knock-on is the observed negative electron,

while the positive electron from the decay is seen as the stub,
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APPENDIX

LEAST SQUARE FIT OF COMPARATOR MEASUREMENTS OF
COSMIC RAY TRACKS TO PARABOLAS

SECTION 1

Derivation

In the use of a cloud chamber with a magnetie £ield one
is always faced with the necessity of devising a method of
méasuring the curvature af the tracks due to the field, This has
been done with varying degrees of subtleby by the people who have
been concerned with it, Previously for the six-inch chamber the
coordinates of points along the track have been measured with a
cnmpm-ator(a) + Thege were plotted on graph paper with one seale
exaggerated and then compsred with a series of standard pesrabolas,
This method is somewhat objectionable because in the last enalysis
i‘& ies found that the curvatures and limits of error which ere
determined are quite dependent on the judgment of the person

performing the operabion,

The use of a least square it has the decided advantage
that it eliminates all human judgment except that of the original

comparator measurements, By using the comparator with an eyeplece



which hag a double cross hair spaced slightly in excess of the
normal track width this human judgment has essentlally been
reduced to a point vhere it introduces errors of a much smaller
sige than other inherent errors in the cloud chamber determination

of magnetic rigidity.

& circle which passes through the origin and has its
center on the X e~axis is described by the equation
X" =2 Rx+4* =0
If the radius of curvature R is large, so that for all poimts
measured the velues of X are small compared with K , this

eircle will be closely approximeted by the persbols
(3

X =R

The original ecircle must now be fitted with that parabola
of the above form which gives the smallest least square error when
compared with the eirele, It will be convenient for the purpose of
caleulation to take the points ﬁ,‘ at even intervals when making
the comparator measurements, This distance will be designated

by A

Since it is convenient to have the center of curvature
of the track being measured as neer ag possible to the X -axis,

an attempt should be made to line the track up along the % ~axis
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when meking the comparator messurements, (4 correction wili 
subseguently be derived for the case vhere the center of curvature

of the track ig off the X =axis).

An attempt is made to £it a parabola of the form
Xn = A tbn+en™+&,
to the track in such & manner that the quantity

E=3& % (Xn—athn-cn?)

is 2 mindmum,

This requires that
~dE 20 = 25 (Xn-a—bn—cn)

- %—g: =C = ih(xh—a’b“'—,ch%)

9%—-0’ = Zn‘Of;ra-én ~en*}

Upon rewriting the eguations become
2%, = (Sno)a +(5n)b +(En*c
Znkn = (Zn)a +(5nv)) +(Zn?)c
21 Kn = (En)a +(EZn3)b +(Zn¥c

Introduction of the abbreviated forms

Nr:Z”A SA:ZNAXK



leads to /\Qq+/\/,6f/1/;c:50
Mya tMh +Myc =5,

/V)\q -f/Vj/) "l'/{/y( :51

Taking an odd number of points of measurement end
allowing the values of n assigned to these to range over a
symetric interval (all this can be readily done end at no loss of

generality), and remembering that

N =N, =0
one obtains
5 Ss M? = 5'2_[\41
S
b=
C = /\40 Sl - /\1150

vhare the nolation

MT':'—N'C—-___T
R

has been adopted, (Values of M » are tabulated in Teble II),

The value of (¢  so obtained permits the caleulation of
R ; where R is the redius of cwvature of the track on the

emulsion, from the relationsghip
P

-

PN



where it is assumed that effects due to b eave negligible, This
R  will have to be multiplied by the appropriate factor te.‘

convert it to curvature in the chamber,

~ In general the shove caleulation of R is of more than
encugh precision., However; for tracks of small radii of curvature
{15 em or less) and for tracks which cannot be successfully

-contered, it is useful to evaluate a correction term,

A circle can be described by

(x-h)* + Gy -H)"

x=h-VR*-({-4k)
. W’*’P\IT{?

Since 9 ang A are 44 R, this can be expanded ag

X = k'\lﬁ['— = ) J’(M) ]

:L(R‘r

(- PT) - ot [ zf(’j?’ilﬁ

vhen this is compared with
Xp= @ # bn +cn®

_ €
’“*f"dfb’fl



it is seen by equating coefficients that  1

_ b p;
5wl - 75 =
Setdmlrke]  A--bppef]

R*= R+ 2]
= b [ ]
e

S
2. . 1 =

L
Py

\l

This gives a correction to the first calculation, In
ractice 4 is always taken equal to 0,05 em, and b's in the
range of 0,0001 to 0.001 are obtained for tracks of moderate
curvature, In rare cases the correction amounis to 1 %3 so in

general it is not made.

For smsll circless
X= h- m‘l

where the origin is taken to be on the X- axis




The quentities 2

_ A N
So—zx’h";R/Vz +W/V‘/
9 =22X%. =0
A A
50 = 2WK= S Mot g e
sre now formed
o WS- MS, | AT ¢
. 09y ~/Va Jdo 2 + A N
T Tu4m T xR TR yer
where

Jou= Sl

is tabulated in Table III,

in appreciation of the accuracy of this method is gained
if one caleulates the coordinates of a perféht eirele of 5 om radius
and then uses the stendard conditions encountered in practice where
A= 0,05emand M= 17, Upon fitting a perabola to the
circle by this method the value of the curvature obtained is
R = 5,000 . This corresponds to a track in the chamber with a

momentum of 65 Mev/e,

SECTION 2
Errors in Least Square Fits

To assign a probable error use is made of

E=256"=ZCh-a—bn-cn)



which cen be developed in the form

E=3x>-(a%+4S5 +S)
If £E=0, it would be possible to make a perfect f£it of a perabola
to the track, In general this will not be true, but for the moment
let it be supposed that < , b ,¢C can be determined so thet
this is true, One now wishes to find the effect if these are

changed by o , &b 54 Bc .

E'= 5Cxn~[(a +5a) +Che§b)n+(etbc)n)
E'= Ny (Sa) + Mo 8b) Ny (§<) + 245 Sa ke

4
It is required, for a given Sc s that £ be a minimum Lor gq
and Sh, Therefore

é«ﬁ—fl = 248a +24, 8 =0
d d=

()""", oo
”.,l/tagl; o

Henece

Sc(f—%fc
$h=0

Taking the second derivative shows these to be a minimum,

As a result ///1_ S ),_
Fle M b )= Bel

gC: '/VOE' = U/VO/V,/' E’“"S



vhere the quantity E;,,;, vhich represents the root mean square
deviation of the fit, has been introduced., This is independent of
Mo s the mumber of points used in obtaining the fit,

Setting =% = 2R
and since L=(M-1)A = track length,
One obtains 28 x ),_
So—= 22 _ A/
NG L':. gc’

To evaluate &C it is noted thet in the derivation above
it has in offect been assumed that the total E is produced by a
direct change of curvature, Since the calculated value of curvature
hag so adjusted the parabola that the track has egual rms scatter on
each gide of the parabola, this will certainly be aen outside limit,

Hence

SC /QVMO/{/@ E)—n: /J@LI

W

then

So

1]

3-/’& &{/ ,} WBMJ

From the teble it is seen that in the range 4, - 13 - 21
in which one is interested the quentity

V/‘fo/i/o [‘WJ—//Q-



changes rather slowly; therefore a mean value of 12 can be used for

the purposes of calculation,

Upon assigning a reasonable value to /vQ the expression
will be one vhich indicatses the probable error in curvature due to
measurenent alone, To obtain a value for J% one can argue
heuristically that the value /ﬁ =1 is the outside 1limit, and since
the parabola has been adjusted to give equal rms scatiering on each
side of the track a value of 1/2 would seem to be ressonable, If
one checks the value of 1/2 with the error 1limits set by the manual
parabola fitting mwethed, it is found that it is quite reasonable,
If the somewhat more refined method of having a given track measured
more than once by several pecple is used, the value 1/2 again seems

to give & consistent result,

With the sdoption of the value ﬁ: 1/2, the final error
1limit estimate is oblained,

SO’: i-?:_ Efnvj

The limits of £j,. for which this is valid are somewhat'
ambiguous depending on the individual cases; however a lower limit
of 3 x 10™% is get by the process of the comparator measurement
i1tself, This is so because it is found to be difficult to repeat
single readings with a rms spread of less than this figure. Vhen



E}m for a cwrve is lower than this, 3 x 10“4 is used as the value

of error, Fxperience shows that tracks with F,., 71(‘);"3 can result
from distortions or scatterings of the track, Such tracks should
be projected particularly to see whether any obvious distortions or
scatterings are present, Indeed it has been & matter of policy to
carefully pi'ojaet and examine all tracks which are considered

interesting enough to measure with the comparator,

SECTION 3
Caleulating Procedure

(This can be most readily done with a ealculating machine)
(1) Calewlate 5, = 3 X, |
o =2 nXn
| S 2 = Z n ’-X n
(2) PFrom (1) and Table II caleulate
A = M'{ S‘c> i M>§1

b=5/Ns
C:/MOS,_’M,,SO
Caleulat
(3) Caleculate qua\

{4) From (3) and (1 and 2) calculate
EMM = thx'- % So -LS' B Cgl
(5) From (4) obtain

E?ws = @:‘-

o



aé&lu

(6) From (2) obtain

e, . L~
T AR
(7) From (5) obtain
E—,.'MJ

12
ST = L
(8) Calculate
o =TS0 T =T 80

(9) Frem (8) obtain |
R': 6{"—’ Rf = 6;7?: ,?" - U;L—

where R is the radius of curvature of the traek in the emulsion,
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