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Range Distribution of Sea-Level Mesons at Low Geomagnetic Latitudes*

L. rsn Rosario awe J. DAviLa-Aronte
Physics Deparimen:, iniversity of Puerto Rico, Rio Piedras, Puerto Rico
(Received July 31, 1952)

Seven points of the meson differential spectrum at sca level have been obtained at a geomagnetic lat,ltude
of 29°N. The method used was that of delayed coincidences and anticoincidences, and the range interval
covered has been from about 10 to 320 g/cm? of air equivalent. In this interval our spectru:n curve is found
to be nearly flat; that is, it. does not show a clear maximum around 200 g/cm? air equivalent, as indicated

by several authors working at geomagactic latitudes around 45°N.

L INTRODUCTION

- HE range . and the momentum distribution of sea-
A7 Jevel ordinary mesons (y-mesons) have been in-
vestlgated in the past years by several authors' working
at geomagnetic latitudes around 45°N. Various tech-
niques have been employed for this purpose: coinci-

* This investigation was sponsored jointly hy the ONR and
by a grant-in-aid from the Research Corporation,
‘M.H Shamos and M. G. Levy, Phys. Pev. 73, 1396 (1948);
i and M. Lesage, Compt. rend. 227, 1027 (1948);
G. en and J. G. Wilson, Proc. Phys. Soc. (London) 62, 600
(1949 E. W. Kellerman and K. Westerman, Proc. Phys. 'Soc.
(London) A62 356 (1949); W. L. Kraushaar, Phys Rev. 76,
1045 (1949 M. sands, Phgs Rev. 77, 180 (1950) Convers:,
Phys. Rev. 19, 749 (1950); L. Germain, Phys. Rev. 80, 616 (1950) ;
Glaser, Hamermesh and Safonov, Phys. Rev. 80, 625 (1950);
Care, Parry, and Rathgeber Nature 165, 688 ( 1950), M. G.
g'lrox and J G. Wiluon, Proc. Phy:.. Soc. {London) A64, {04
1951); B. G. Owen andj G. Wilson, Proc. Phys. Soc. (Londnn)
64, 417 (195 3 J. L. Zar, Phys. Rev. 83 761 (1951); C. M. York,
Phys. Rev. 998 (1952). For work previous to 1948, sce
B. Rossx Revs. Modem Phys. 20, 537 (1948) articles by G, I’uppn
and N. Dallaporta and hy George in Progress in Cosmic Rov
Physics (North-Holland Publishing Company, Amsterdam, 1952).
An investigation on the spectrum of high range mesons has been
recently publisked Ly Brini, Rimondi, and Filosofo, Nuovo ci-
mento 9, 505 (1952).

netic deflection: methods. - .
Although' it 'is" quite well know :
small percentage of the charged partlcla;at seam;,»
are protons, as yet little information is available o
energy distribution of these protons. For.this’ :reaso

and also in order to get rid of the electronic compo ent;
without uncertainly, even at very low energies: the

method of delayed coincidences (which yields the’ com-
plete scparation of the mesons at rest taking advantage
of their instability) appears to be the most suitable to

investigate the low energy end of the meson spectrum. .

This technique has also the advantage of being much
simpler and less expensive than the one based on the
use of a Wilson chamber in a magnuetic field. It cannot
be profitably used, however, for an accurate deter-
mination of the absolute number of the observed me-
suns, since it is in general difficult to evaluate the efli-
ciency of the apparatus for the detection of the elec-
trons resufting from the decay of the stopped mesons.

To overcome this point, delayed coincidences and -

anticoincidences have been recorded simultaneously in
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recent experiments.! In this way the eficlency of t.he
apparatus for the detection of the cay electrons can
be directly derived from measurements taken under
suitable conditigns,

In the present experiment we have employed this
methad, though not much attention has been devoted
to obtain a fully efficient anticoincidence system, since
we were interested more in the spectrum shape than
in the absolute numbers of mesons, Besides, apart from
minor changes (see next section) we have employed

* the same apparatus designed and used by Conversi?!

for which an accurate detsrmination of the efficiency
for the detection of the decay electrons was made in
Chicago. - -

Actually the method used in the experiment reported
in this paper ylelds the number of u-mesons stopped in
a given *hickness of material (graphite) after crossing
a certain variable amount of dense material, under the
assumption that local production of »-mesons can be
neglected. At the present stage of our knuwledge, this
assumption is certainly very reasonable at low alti-
tudes, and, in particular, in the case of our experiment,

We thought that it might be of some interest to
measure accurately & few points of the low range end
of the meson spectrum at Rfo Piedras, Puerts Rico,

in view of (a) the fact that the agreement among the

results so far obtained by the various workers is not
always very satisfactory, and (b) the possibility of
comparing the shape of the meson spectrum at the
relatively low geomagnetic latitude of our statiun

¥ M, Conversl, Phys. Rev. 79, 749 (1950).
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(29°N) with that obtained in Chicago using essentially .

the same apparatus.

The range Interval covered in our measurements was
from about 10 to 320 g/cm® of air equivalent. The corre-
sponding intarvals in energy and momentum, as de-
duced from the cunventional relationships’ presumably
valid for u-mesons (rest energy= 110 Mev), are from 45
to 620 Mev and from 110 to 720 Mev/c, respectively.

1. EXPERIMERTAL PROCEDURE

As stated above, the apparatus used in the present
experiment was essentially the same one employed in
the experiments reported in reference 2. There is only
a slight difference in the geometry, because we have
preferred to use mostly l-inch-diameter counters, as
shown in the cross-sectional views of the disposition
of the counters and absorbers reported to scale in
Fig. 1.

All counters were of the all-metal type, had a 0.08-
cm thick wall, and were filled with the usual argon-
alcoho!l mixture. Counters with the same symbol and
subscript were connected directly in parallel, The
counters of group C were connected to a mixer circuit
in order to mix their pulses and have each of them
uncoupled with respect to all the others.

The following double coincidences were formed and
then mixed together: (A4, Bi+Bi), (4, Bs), and
(44, Bi+ By). Thus, apart from random events, each

‘G C. Wick, Nuovo cimento 1, 302 (1943); D. J. X. Mont-
ﬂa Cosmic Ray Phystes (Prmceton Umvemty Preas, Prince-
ton, {
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of thess double colncidences was caused by a particle
whose direction crossed in general counters C- (ses
Fig, 1). This was done, as it will be seen later, in order
to reduce to a small fraction the number of random de-
layed. colncidences. In what follows, all of the above
_.double coincidences will be indicated as (A4 B). The
. ~ colncidence circuit employed to obtain any of the co-
incidences (4B) bad a resolving time of approxi-

mately Jusec, 1 |
Counters L' were at the same time in delayed coin-
cidence and in anticoiritidence with respect to any of
the coincidences (AB), An event was actually recorded
as an anticoincidence (AB—C) if no counter C fired
within about 1 usec before, to 8 usec after, the time of
occurrence of a double coincidence (4B). If, instead,
one of the counters C fired within about 1.2 to 7 usec
after the time of occurrence of a double coincidence

. (AB), the event was recorded as a ‘‘dalayed coin-

cidence” in one of the four channels of the electronic
equlpment. o

Mo precisely, each of these chanzels had a "time

. width” 8 of ahout 2.8 usec, whils the “time distance”

-~ _betwsen each of them and the next one was 0.96 usec.

_ ...~ In this manner, four points of the ‘decay curve, coite-

" sponding to the mesons stopped in the graphite ab-

L~ = _ . sorber after crossing the material placed above counters

~7me.- B, could be obtalned simultaneously.

’ The pulse forming circuit triggered by counters C
had & recovery time of 12 usec. Consequently, random
delayed coincidences could occur only when a single
discharge of one of the counters C followed after a
ghort time the instant of arrival of a particle producing
2 coincidence (4.B) bui failing lo discharge counters C.

.. If the counting rate of the latter events is indicated by

., naa.cy and ng 8 the counting rate of counters C, the
nuraber-of spurious delayed coincidences recorded per

-/ unit time in each channel is given by
5 Nemiai-cincd. o

This is found to be very small under the conditions
of our measurementa (see below). For further details
about the pulse recording circuits and for the final
calculation of the numbers of mesons stopped in the

" absorber the reader ahould consult Conversi’s paper.!

To obtain the vailous-points of the range distribu.
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Fia. 2, The differentlal range spectrum of sea-level mesons at
Rio Piedras, Puerto Rico—geomagnetic latitude 29°N. The abso-
lute number of mesons per sec steradj ia represented as a function
of their range exp {n g/cm? of air equivalent.
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tion of the meson component, measurements have been
taken with seven different thicknesses of material in,
or above, the apparatus, Part of the measurements have
been performed in a shelter on the roof of our building,
with only about ¢ Inch of wood and } inch of roofing
boerd over the apparatus, corresponding approxi-
mately to 3 g/cm! of air equivalent, Alternately 0-,
2-, and 4-inch thick absorbers of lead were placed be-

tween counters A and B in order to obtain three points

of the mesoh spectrum,

For the other four polnts, corresponding to the higher
energy region of the distribution curve, the apparatus
was placed on the top floor of the bullding, quite close
to the ceiling, A large box holding sand was prepared
over the roof, directly over the apparatus. The box
measured 9 feet by 9 feet and had a depth of 1 meter
of sand. The apoaratus underneath was covered with a
6-inch thickness of lead, placed between the celling and
the top of the frame. With this arrangement the total

solid angle of the counters was campletely covered by

the sand and by the lead. S L

The total amount of material (1 m of sand plus 6
inches of lead), which, during this part of the exper-
ment, was kept over the apparatus, was equivalent to
about 200 g/cm® of alr. The additional four points of
the maeson spectrum were obtained in these conditions
by putting alternately 0-, 2., 4-,and 6-inch thicknesses of
Pb absorbers between counters 4 and B,

The thicknesses of alr equivalent, corresponding to

* the seven points of the distribution curve investigated

in the present experiment, have been obtained using
Wick's calcviations.! One must also add 8 g/cm? of air
equivalent (corresponding to the half-thickness of the
graphite absorber) in order to obtain the average
amount of air equivalent crossed by an incoming verti-
cal meson before stopping and being observed. Thus,
the thicknesses for such mesons are found to be 11, 44,
110, 215, 250, 285, and 320 g/an' of air equivalent,
These figures are not glven with a greater accuracy be-
cause our results show that the intensity of the observed
mesons is nearly constant in the range interval in-
vestigated (see Fig, 2),

As stated in Sec. I above, we were more interested in
the shape of the meson distributioa curve than in the
knowledge of the absclute numbers of mesons, For this
reason the anticoincidence counters employed in the

present experiment did not include the D counters -

used in the measurements taken with the same appara-
tus in Chicago. The lack of & full efficiency of the anti-
coincidence system Joes not allow us to properly utilize
the (4 B—C) counting rates, in order to get the abso-
lute numbere of mesons through a sufficiently accurate
determination of the efficiency of the apparatus for the
recording of the decay electrons. The anticoincidence
counting rate me4z_c, has been measured during the
experiment merely to introduce the correction for the

- 4 See refernnee 2, Fig. 1.
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spurlous events, N, which becomes appreciable when
no laad, or a small amount of lead, {s placed between
countem A and B. :

I1l. RESULTS AND DISCUSSION

The seven points of the differential range spectrum
of the sea.level mesons have been obtained through
1685 hours of effective observation. Each of these points
was actually found by adding the results of a few (three
or four) serles of measurements performed in identical
conditions, each partial serles corresponding to a period
of around 70 hours. _ .

The results of the partial series were compared among
themselves and their internal consistency was always
found to be satisfactory. The recording of the delayed
coinridences in four distinct channels allowed us to
make, for each series of measurements, an evaluation
of the meson lifetime 7. The values thus obtained for
were found always to tie in agreement with the best
determination of this constant.}

It must be mentioned, however, that in part of our
experiment only the delayed coincidences recorded in
.- the last three channels have been considered, since un-

- fortunately during these measurements the first channel
of the electronic equipment did not work properly, In
some of the partial series of measurements, therefore,
not & very high accuracy was obtaired in the deter.
mination of the number of stopped mesons and of their
lifetime, §

During the entire period of the performance of the
experiment, checks were frequently made of the count.
ing rate of the various groups of counters. In particular,
the counting rate of the C group, which was n
for the determination of the number &, of random
delayed coincidences, was recorded at the end of each
individual measurement, namely, about four times per
day. Frequent checks were also made of the pulse shape
of the coincidence pulses and of other important points
of the registering set, by means of a syncroscope.

The results of our measurements are simmarized in
Table I. In the first coluran of this table is reported the
amount of material placed above the apparatus, plus
that located between counters 4 and B, plus the half-
thickness of the absorber, the total amount of ma-
terial being expressed in g/cm? of air equivalent. As
stated above, this represents the average range of the

observed mesons (see Sec. II). The second column of

the table contains the total time interval during which
the corresponding data weie obtained. The total number
of spurious delayed coincideiices occurring, within the
time width of the channels, in the time intezval specified
in the second column, is reported in the third column.
For the sake of simplicity we are not reporting the
numbers of counts recorded in each channel, but only
the numbers of “extrapolated delayed coincidencos,”
¥N. Nereson and B, Rassi, Phys. Rev. 64, 199 ¢1943), Also,
iggegre(fie;ﬁge 2.and W, E. Beil and E. P, Hincks, Phya. Rev, 84,

TasLe I. Results of measurements on the differmutisl range
distribution of sea.level mesons at a geomagnetic latitude of
3°N,

Colne./hr from .
L T BATLE R
equly tour N» il § sterud

11 12 27 8.140.16 4.070.13
4 210 9 3.2+0,16 4.1540,13
110 310 8 S.4:0.16 - 4.3140.13
213 263 11 512014 4.0840.11
250 264 8 5.6+0.14 4.48=:0.11
288 263 9 8.54+0.14 4.400.11
320 263 7 53x0.14 4.250.11

=} ]

corrected for the spurious counts N,. These numbers,"
which we have indicated as ¥, and reported in counts

per- hour, appear in the fourth column of the table.
They have been obtained by fitting through the points
corresponding to the counting rates recorded in the
channels, the {‘most probable’” decay curves of 2.2 usec
lifetime, They represent, therefore, the most probable
numbers of mesons stopped in the absorber and decay-
ing between 0 and 4 (6==2.8 usec) Into electrons which
discharge at léast one of counters C.

The statistical accuracy of the numbers ¥, indicated

in the table is based on the standard deviations of the

numbers of counts recorded in the four channels. The
errors relative to the o's do not include the error in the
determination of the minimum delay for which a delayed
coincidence can occur. This minimum delay, as stated
in Sec. II, was found to be nearly 1.2 usec and its error is
supposed to be smeiler than the atatistical errors of the
Ny's, Similarly, the statistical uncertainty of the random
delayed coincidences, N,, has not been taken into con-
sideration because it is very small and cannot appreci-
ably-affec: the precision of our resuits. In the evaluation
of the & errors, allowance has been made, of course, for
the fact that the channels are partially overlapping.

Also, in the determination of the extzpolated de-
layed coincidences and of their errors, we have cleeely
followed the method described in reference 2, where
the reader can find further information. ,

If p represents the sverage value.if the probability
that the decay electron of a mesgn stopped in the ab-
sorber discharges one of the C counters, then the total
number of mesons stopped per unit time in the graphite

.absorber is given by

M=N/pt—exp/~6/r)]. (2)

If, according to the determination of the constant
made in Chicago,® we assume p=0.28, we find that
M=5N, At 110 g/cm® of air equivalent this yields,
according to the results of Table I, about 27.5 mesons
per hour stopped in the 10-cm thick graphite absorber.
In the same conditions 37 mesons per hour had been
found in Chicags.? This corresponds to a ratio of about
1.35 between the intensities of mesons having ranges in
the neighborhood of 100 g/cm? at the latitudes of

- ——
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Fo. 3. A plot of mast of the results obtalned after 1948 on the

differential meson s;‘uectrum. The dashed line represents the apec-
trum glven by Ross! (see relerence 6). reP .

Chicago (46°N) r=A of Rio Piedras (29°N). This ratio
is smaller, but only slightly, than the ratio found for
_i4e same mesons and between the same latitudes at
30,000 feet above sea level. Nevertheless, no great
significance may be given to this comparison, on ac-
count of the relatively large statistical errors and also
because the geometry of the apparatus was not exactly
the same st the two stations where the observation
have been made. o

Again, following Conversi’s paper, the ahselute
numbers of mesons (per sec steradian g) have ! .ci ob-
tained by multiplying the resuits conteinal in the
fourth column of Table I by 5 and then Ly the factor
16.X 10~7, These absolute numbers are reported in the
fifth column of the table. They have been used in the
graphical representation of our results, which have been
plotted in Fig. 2. This figure gives, ina semilogarithmic
plot, the differential range spectrum of the mesons ob-
served at Rfo Piedras.

For the purpose of comparison we have reported in
Fig. 3 the results obtained by a number of authors in
works performed after 1948, at geomagnetic latitudes
around 45°. Where necessary, conversion has been

" made from momentum into range of air equivalent by
means of the nomograms reported in appendix E of
Montgomery's book? All the results have heen nor-
masized so as to give approximately the same number
of mesons around a range of 100 g/cm? of air. This
number has been chosen as equal tc 6X10~* meson

¢ See Fig. 2 of reference 2. Professor Conversi haa pointed out
to us that the ecrors represented in this fgure include also the
error relative to the determination of the constant p. By this
data the latitude ratio at 30,000 feet between 28.5°N and 40°N
geomagnetic latitude i3 found to be 1.45=0.1.

per sec ateraddl weum y figure which Y supnorted b

the results of v84oua experlmentn.’ The ?esuﬁf?xrevluuﬁ
to 1048 have My Yeen Included fn the figure because
they were olredyy anglysed by Rossh,' who gave the

apectrum whichyg haye als representy), by a dotted

line, in the 83M\ figure, In the plot we by

the results obyjned by Owe}a and ‘\al&:u;:?iuz;
others, because hey refer to momentun higher than
1 Bev/c and 80 oyt of the range intery] §n which we
are Interested L relation with the presmt experiment,

Figure 3 8ho\y that most of tho rects results seem
to be lq 8gT¢€Tent, within thelr statislcal errom (not
gshown in the imgre) with tho geners; shape of the
spectrum giVen yy Rossl, This Is actualy ypye with the
exception of Gemaln's work whose fina! jaea, however
were obtained sy Introducing very lﬂ:ge cénwections,
which for gréder ranges increased Cingiderably the
intensity qf tht reconded events. The wgults reported
in Fig. 3 indicye the presence of & troad maximum
around 200 g/¢x? of air equivalent, ani show that the
spectrum decreyes, but glowly, for lowy ranges,

The spectrun obtained by us, Insteat, does not show
any maximum in the range Interval explored. The
number of Me&ng seems, in fact, to be wngtant, within
the ewatistical yrors which are rather imall l,)etween
about 10 de 30 g/em® of alr (Fig. 2). ,

A possible Sife of the maximum ¢ the spectrum
towards greate! ranges may be qualitalively accounted
for in terms of 4 latitude effect. In fact] the average
energy of the meson spectrum shouli increase with

~decreasing latitides since the magnetic %ld of the earth

is more effectix for the primaries of lower energies.
However, this ‘ae¢ should also cause a Zepletion in the
!ow energy endf the spretrum at low letitudes. whereas
it seernw from tie comparison of Figs. }and 3,Lhat the
differential sPttrum obtained at 29'N geomagnetic
latitude is evet flatter than that dedu:ed by measure-
ments performy at high latitudes. ’

Further datashould be collected, nevertheless, before
drawing any difinite conclusion from fkig slight, differ-
ence. As a mater of fact, there is enoug: agreement be-
Lween our réSlis and those obtained it high latitudes
with similar t¢hniques (Kraushaar, Sinds, and Con-
v.em) to méke 28 think that the cause th’is apparent
difference lies rather in the diversity ¢f the methods
employed tha.p in an actual change of :xe¢ meson spec-
trum with latitde, .

We are indeyred to Professor M. Conversi for sug-
gesting and ditszting the research in it beginning dur-
ing his short $our in Puerto Rico. e wish aiso o
express OUr Shcere appreciation to Professor S, K.
Allison, P}r5013r of the Institute for Nuclear Studies
of the Univeri:y of Chicago, who mige possible the
loan of the Mmin apparatus previous, yeed by Dr
Convers! in Cheago, S .

* B. Rossi, refeance 1,
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