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The response of a thallium-activated sodium iodide crystal to high-energy charged particles passing
through the scintillator has been investigated. Pions and muons produced by the Chicago 450-Mev cyclotron
have been used to cover energies ranging from 61 Mev (pious) to 245 Mev (muons). Sea-level cosmic-ray
muons have been used to cover energies from 200 Mev to greater than 2 Bev. At each energy, the most
probable energy loss is determined from the pulse-height distribution, making use of Po-Be 4.44-Mev p rays
for an energy calibration. The distributions from cyclotron data are found from the density variations on
photographs of the superposition of many pulses appearing on an oscilloscope. Because the cosmic-ray
counting rate is low, each pulse is individually photographed and measured. The results for energies below
the occurrence of the minimum in ionization indicate good agreement with the probable energy loss as given
by the Bethe-Bloch formula. Beyond the minimum the probable loss is in fair agreement with Sternheimer s
calculations for sodium iodide, rising slightly more rapidly than predicted to the Fermi plateau.

INTRODUCTION

A N exact understanding of energy losses by high
energy charged particles has long been the object

for much theoretical and experimental work. An
accurate knowledge of the behavior of ionization energy
loss not only helps us to select the best theoretical
model for the phenomena, but also makes it possible
to use ionization loss along the path of a particle as a
quantitative tool in the carrying out of experiments on
the properties of high-energy particles. The com-
paratively recent development of scintillation-counting
techniques provides an attractive method of measuring
the specific ionization of fast particles, and thus oGers
the possibility of making new and more accurate
comparisons with ionization loss theory.

The first theory of ionization energy loss was de-
veloped by Bohr' along essentially classical lines. The
theory was improved by the quantum mechanical
calculations of Bethe and Bloch, ' and the formula
derived by them for the specific energy loss as a func-
tion of the velocity of the charged particles has come to
be known as the Bethe-Bloch formula. By suitably
adjusting the one parameter, the average ionization
potential of the absorber, excellent agreement between
theory and experiment can be obtained for non-
relativistic particle energies. When the Bethe-Bloch
formula is extrapolated to the region of relativistic
energy losses, one is led to expect the specific energy loss
to increase logarithmically with the energy, with no
upper limit to the loss which can be reached.

8wann4 first suggested that polarization of the
medium by the fields surrounding the moving charged
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particle might reduce the energy loss to be expected at
high energies. This polarization or density eGect was
first calculated quantitatively by Fermi, ' who showed
that for extreme relativistic particles the rate of energy
loss depends only upon the electron density of the
absorber. If, as in most experimental conditions, the
occasional energy losses to single electrons larger than
some arbitrary energy, T, are ignored, then the energy
loss per unit of path length is expected to reach a
constant plateau at extreme relativistic energies.
Fermi also showed that part of the loss at relativistic
energies was in the form of Cerenkov radiation.

The theory of the density eGect was then extended
by Halpern and Hall' and Kick' by introducing
multifrequency models of a dispersive medium into
the calculations. Further studies of the energy loss of
relativistic particles have been made by A. Bohr,
Schonberg, Messel and Ritson, Huybrechts and
Schonberg, Sternheimer, Budini and Poiani, and
Fowler and Jones. ~" From the earlier work~ based
on the Lorentz dispersion model it appeared that the
relativistic rise in the energy loss escaped in the form of
Cerenkov radiation, and hence, would not be expected
to contribute to the ionization observed close to the
path of the particle. However, it has been shown' "
that when the dispersion model of the Kramers-
Kallmann-Mark theory based on x-ray work is used,
very little energy is lost in the form of Cerenkov
radiation, and the relativistic rise appears in the form
of ionization close to the path of the particle. The
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results of this work will be compared mainly with the
calculations of Sternheimer, " since he has made
explicit numerical computations for sodium iodide.

In order to make measurements of the rate of energy
loss of a fast particle, it is generally necessary to
determine the energy lost along a small, fixed length of
its path. Unfortunately, this loss is subject to large
Quctuations or straggling due to the occasional produc-
tion of high-energy 6 rays or knock-on electrons. The
energy loss straggling in thin absorbers was first
calculated by Williams" and later more accurately by
Landau. " Symon" extended the theory to the inter-
mediate case between a thin absorber which gives rise
to a Landau distribution and a thick absorber which
gives rise to a Gaussian distribution of energy losses.
Blunck and Leisegang" have computed the eGect of
resonances in the energy loss process which cause a
broadening of the Landau distribution for very thin
absorbers where the loss is of the same order of magni-
tude as the atomic ionization potential of the absorber.
Thus, in comparing energy loss theories with experi-
ment, it is not only necessary to correct the average
energy loss as computed from the Bethe-Bloch formula
for the density e6ect, but also for the eGect of straggling.

Recent measurements" of the ionization in gases
using cloud chambers, proportional counters, inefFicient
counters, and ion chambers show a definite relativistic
increase and appear to be in good agreement with the
most recent theoretical calculations. ""However, over
the range of energies and gas pressures studied in most
of this work, the energy loss is given by the Bethe-
Bloch formula, so very little information has been
gained in the region where the density eGect becomes
important.

Whittemore and Street, " by comparing the pulse
distributions from an AgCl crystal counter for two
meson-energy ranges, were among the first to find

convincing experimental evidence of the density eGect.
The energy loss of 9.6- and 15.7-Mev electrons from a
betatron in a number of solids has been measured using
a magnetic analyzer by Gold wasser, Mills, and
Hanson. ' They find good agreement with the theory
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using the density e6'ect correction, except for the
heaviest elements. More recently, Goldwasser, Mills,
and Rubillard" have directly observed the density
effect by observing the energy loss in the same chemical
compound in the gaseous and solid states and find good
agreement with the theory. While these data check
the position of the Fermi plateau, they do not yield
information about the shape of the energy loss curve
before reaching the plateau.

Measurements of grain density in photographic
emulsions show a definite relativistic increase. ' How-
ever, the various workers do not agree too well on the
exact magnitude and energy dependence of the rela-
tivistic rise. Part of the discrepancy may be due to the
inaccuracy of momentum measurements in the region
where the relativistic rise takes place. In addition, as
has been pointed out by Brown, " the observed grain
densities may not always be proportional to the total
energy loss because an energy threshold must be
exceeded in order to cause a grain to develop. There-
fore, it may be premature to draw definite conclusions
from the agreement or lack of agreement of grain
density measurements with theory.

The ionization energy loss of high-energy particles
can be studied as a function of particle energy by means
of the pulse height distributions produced in scintil-
lation counters. This has been demonstrated using
cosmic-ray muons by the work of Bowen and Roser, "
Meshkovskii and Shebanov, "and Baskin and Winckler"
on the organic scintillators anthracene, stilbene, and
terphenyl in xylene, respectively. All find good agree-
ment with the theory when the density eGect is taken
into account. Hudson and Hofstadter" find that
the pulse height distribution in sodium iodide due to
sea level cosmic-ray mesons is only consistent with the
theory when a density eGect is included. However,
since the mesons were not separated into energy groups,
they could not study the detailed behavior of the

energy loss as a function of the meson energy.
On the basis of the work cited above, energy loss as

a function of the particle energy seems well established

in gases and in condensed media of low atomic number.

However, more data on condensed media of relatively

high atomic number are needed to establish the energy

loss curve in the region of minimum ionization and
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cyclotron's magnetic Geld. A channel through the
shield wall is used which selects negative particles of
340 Mev/c momentum coming from the target. After
passing through the shield wall, the. particles are
magnetically analyzed a second time by a deflection
through 35', giving a beam. consisting of 97 percent
227-Mev negative pions and about 3 percent negative
muons. " Since the muons mainly originate from the
decay of pions close to the target and pass through
two analyzing magnetic 6elds, they also have a mo-
mentum of 340 Me v/c, which corresponds to an
energy of 250 Mev. Some data was also taken using
the 122-Mev beam, the' setup being similar except for
the use of a diferent channel through the shield and
diB'erent target and analyzing magnet sittings.

The average energy of the 227-Mev beam has been
determined by range measurements to within ~3 Mev
with a total spread in energies. of less than 4 Mev.
In the 122-Mev beam the energy is known to %2 Mev
and the total spread in energies is less than 3 Mev.
Other lower energies were obtained with each beam by
introducing copper absorbers in front of counter A
(Fig. 1). This introduces a small additional fluctuation
in energy of the order of 3 percent due to energy loss
straggling, as well as reducing the beam intensity by
nuclear absorption and by nuclear and Coulomb
scattering out of the beam.

A view of the counter arrangement is shown in Fig. 1
in an expanded scale. Scintillator A is the thallium-
activated sodium iodide crystal" in which the energy
loss was:to be .studied. It was 1.51)&3;47)&5.97 cm'
and was positioned so the 5819 photomultiplier tube
viewed one end. The crystal was wrapped with an
aluminum foil reflector and was hermetically sealed
in an aluminum can with a Lucite window. The light
collection was uniform to within &6 percent.

Counters 8 and C formed a coincidence telescope to
select the mesons for which a measurement of the
energy loss was to be made in the sodium iodide.
Counter 8 was a 1.0&(2,5X5.0-cm' plastic scintillator"
viewed at one end by a 5819 photomultiplier tube. The
large counter C consisted of two 2&6&17 cm' plastic
scintillators, each viewed by a separate photomultiplier
tube, and located side by side so that an eGective area
of 12)(17cm' was covered. The sensitive area was made
large so that losses would be reduced due to small
angle, Coulomb and diGraction scattering in counters
A and 8 and in any copper absorber which might be
between 8 and C. With this arrangement, almost all
the mesons selected by the coincidence BC have passed
through the sodium iodide crystal A.

When it was desired to measure the energy loss of
pions, no absorber was used between 8 and C. To

"Anderson, Fermi, Martin, and Nagle, Phys. Rev. 91, 155
{1953);M. Gliclcsmaii, Phys. Rev. 95, 1045 (1954)."Obtained from Harshaw Chemical Company, Cleveland,
Ohio."C. N. Chou, Phys. Rev. 87, 903 (1952).The author wishes to
thank Dr. Chou for kindly supplying the scintillating plastic.
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Pro. 2. Block diagram of the electronics for
cyclotron produced mesons.

measure the eGect of the 250-Mev muons only, 126
g/cm' of copper absorber was inserted between counters
II and C. The range of pions of 340-Mev/c momentum
is 122 g/cm' Cu, whereas muons of the same momentum
have a range of 144 g/cm' Cu. Since the total amount
of material ahead of counter C was equivalent to
134 g/cm' Cu, the pions were unable to reach C and
cause coincidences. However, the muons could still
reach C and give coincidences. In this way it was
possible to measure the energy losses due to muons.

A block diagram of the electronics for cyclotron
produced mesons is shown in Fig. 2. Counter 8 is in a
10 '-second coincidence with the combined output of
C~ and C2. This coincidence pulse, af ter passing
through a gate circuit and discriminator, is used to
trigger the sweep of a Tektronix 513D oscilloscope.
The output of the sodium iodide scintillation counter
A is shaped into a rectangular pulse 1.0 p,sec wide by
means of delay line. This pulse enters the vertical
input of the oscilloscope. Since each meson which
passes through 8 and C also has passed through A,
each oscilloscope trace presents a pulse whose height
is proportional to the energy lost by a meson in the
sodium iodide A. A scale of 2" circuit is also operated
by the coincidence pulses. This circuit closes the gate
circuit after 2'4=16 384 events, thus stopping the
recording until manually restarted. The input of the
discriminator which triggers the oscilloscope sweep
may be switched to other trigger sources for the purpose
of recording the distribution due to the calibration
p-ray source (position 1), observing artificial test
pulses from a mercury switch pulse generator (position
3), and recording a zero reference base line (position 4).

In the 227-Mev pion beam, typical counting rates
were 9600 counts per minute for 227-Mev pions, 4100
counts per minute for pions slowed down to 167 Mev,
2100 counts per minute for pions slowed down to 121
Mev, and 360 counts per minute for 250-Mev muons.
Although much higher rates were possible in the 122-
Mev pion beam, the beam intensity was adjusted for
similar rates to avoid any possibility Df pulse pileup.
When the duty cycle of the cyclotron is taken into
account, the average spacing 7 between counter pulses
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can be computed. At. the highest intensity used, 7 was
78 @sec, which was'much greater than the 1-@sec.
width of the pulses from the sodium iodide.

The pulse-height distributions were recorded by a
35-mm camera containing Linagraph Ortho film which
viewed the oscilloscope screen. The lens opening and
oscilloscope spot intensity were so adjusted that a
single trace did not produce a noticeable blackening of
the film, but an exposure to 2'4 traces resulted in a
density distribution on the film which was related to
the frequency distribution of pulse heights. It was not
necessary to know the exact relationship between
density on the film and frequency since it was only
necessary to find the most probable pulse height,
which corresponds to the location of the region of
greatest optical density on the film.

A calibration of the scale of pulse heights in Mev of
energy loss was made possible by recording the pulse
height distribution produced by a 2.5-millicurie
polonium-beryllium neutron source. The main p-ray
produced by this source is one of 4.44 Mev from the
decay of the first excited state of C"." This p-ray
produces a pair peak at 3.42 Mev which is used for
energy calibration. Comparison of the pulse height
of this pair peak with the 0.662-Mev Cs"' photopeak
showed the response to be linear.

Before and after making each exposure to a pulse-
height distribution, a zero reference line was recorded
by exposing to about 300 blank traces. This was done
at the beginning and end of each exposure to provide
a check against possible drift of the oscilloscope image,
since some of the exposures lasted longer than 30
minutes.

To eliminate the possibility of a slow drift of the
sensitivity of the equipment while the measurements
were being carried out, the distribution from pions of
the full beam energy was repeated between each
exposure to a diGerent energy and between each p-ray
calibration. As the light intensity required for optimum
expos'ure was rather critical, three exposures at each
energy were taken diGering by factors of two in light
intensity. To obtain reproducible oscilloscope beam
intensities, a second oscilloscope was used to observe
the pulse across a sma, ll cathode resistor caused by the
beam current.

In order to make more accurate estimates of the most
probable pulse height, microphotometer tracings of
the density distributions were made. The linearity
between pulse height at the output of the photo-
multiplier and the measurement on the microphotom-
eter tracing was checked by introducing artificial
pulses of known amplitude ratios and was found to be
within j. percent over the region used.

COSMIC-RAY ARRANGEMENT

An apparatus was designed which would select
cosmic-ray muons passing through a small area and

~ R. G. Thomas and T. Lauritsen, Phys. Rev. 88, 969 (1952).
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solid angle where scintillation materials could be
placed. In order to study the dependence upon meson
energy of the scintillation responses, provision was
made for classifying the selected mesons into four
range intervals. Means were also provided to eliminate
events due to electrons and showers. For each event,
the responses of up to four separate scintillators could
be simultaneously recorded. By providing an arrange-
ment where the data over all the energy ranges for
several scintillators could be collected simultaneously,
not only was a large saving in operating time made
possible, but accurate comparisons of the results from
diGerent energies and scintillators were made possible
which are not subject to the errors of calibrations and
slow drifts with time. The design follows very closely
that of Bowen and Roser."

The arrangement of counters and absorbers is shown
in Fig. 3. Charged particles are selected by the side-
by-side telescopes AB~C~D and AB2C2D. Either of
these coincidences provides a master pulse which allows
the recording of the pulse heights from the four
scintillation counters and the recording of whether or
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not GM trays K, F, 0, and H and shower counters S
are in coincidence with the master pulse. The K, F, 0,
and H trays determine to which range interval the
meson belongs. The S counters prove highly eKcient
in detecting when two or more particles are present,
as judged from the observation that almost all anomal-
ously large or small scintillation counter pulses are
accompanied by S.

A block diagram of the electronics is shown in Fig. 4.
A 10 '-sec coincidence of AB~C~D or AB2C2D triggers
the camera drive and dead-time circuit. If 12 seconds
or more have elapsed since the preceding event so that
the camera is ready, then a pulse is promptly sent on
to trigger the sweep of the Tektronix 514D oscilloscope.
The pulses from the scintillation counters are delay-
line-shaped to a width of 1.5 p,sec; they are then delayed
by 0, 3, 6, and 9 @sec and mixed together. After a
further 4-@sec delay, the group of pulses enters the
vertical amplifier of the oscilloscope. In this way, each
pulse is individually displayed. Pulses delayed 48, 42,
34, 27, and 20 @sec from counter trays S, E, F, 6, and
H, respectively, also appear on the oscilloscope sweep.
These delayed pulses are obtained from the trailing
edges of pulses from one shot multivibrators. Delayed
pulses are also used to indicate which of the two
possible master coincidences triggered the sweep.

The recording of the oscilloscope traces was made on
I,inagraph Ortho 35-mm film. Each time the oscillo-
scope sweep was triggered, the camera drive circuit
started the camera motor to move the 61m in position
for the next event. At the same time a mechanical
register was also operated whose numbers could be
correlated with the events on the 61m. Auxiliary feed-
back-type circuits had to be added to the oscilloscope
to improve the stability of the vertical positioning and
spot intensity, making the recordings of more uniformly
good quality.
' The four scintillators used were from top to bottom,

anthracene in polystyrene plastic, " an anthracene
crystal, a thallium-activated sodium iodide crystal,
and terphenyl plus diphenylhexatriene in phenyl-
cyclohexane liquid. " The 6nal results from the three
organic scintillators will be presented in a later publi-
cation. The sodium iodide crystal was the same one
used with cyclotron-produced mesons with dimensions
1.51&(3.47X5.97 cm. ' The crystal was viewed from one
end as in the cyclotron arrangement by an RCA 5819
photomultiplier tube. Since the mesons selected by
telescopes AB~CjD and AB2C2D passed through the
crystal at different average distances from the photo-
cathode, some information about the uniformity of the
light collection efliciency could be gained.

The events could be classified into four meson energy
ranges corresponding to the master coincidence being
accompanied by E, EF, EFG, or EFGH. It was also
required that there be no pulse from counters S and

~ H. Kallmann and M. Furst, Nucleonics 8, No. 3, 32 (1951).
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Pro. 4. Block diagram of the electronics for cosmic-ray mesons.

that all four scintillator pulses be present and at least
one-half the most probable height. From an analysis of
events which were otherwise acceptable, but which
had one tray missing, such as FGH, or EFH, the
eKciency of counter trays E, F, and G were found to be
greater than 99 percent. Tray H could not be checked
in the same way, but a comparison of single counting
rates shows that its eSciency should be about 99
percent.

The energy spectrum of mesons selected by a particu-
lar coincidence is determined not only by the energy
loss of the mesons in the absorbers between counter
trays, but also by the amount of scattering which the
mesons suffer. The erst absorber is 10.1 cm of lead.
Although mesons which have more than 193 Mev at the
center of the sodium iodide crystal can pass through
this lead, most electrons found at sea level will be
stopped. The remaining absorbers, however, consist of
iron, in which, for equal thicknesses, the rate of ioniza-
tion energy loss is only about 9 percent less than that
for lead, yet the rms multiple Coulomb scattering is
less by a factor of about 1.88 because of the lower atomic
number of iron. It is important in this application to
reduce the multiple Coulomb scattering to as low a
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Fn. 5. Calculated energy spectra for E, EF,
KFG, and KFGH events.
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Level as possible, since a high energy meson which is
scattered out of an absorber will be counted as belonging
to a lower energy interval.

The actual energy spectrum of mesons selected by
each range interval has been computed. This was done

by numerical computations which took account of
energy loss in the absorbers and the probability of a
muon being scattered out by multiple Coulomb
scattering. The distributions of lateral deQections due
to multiple scattering were approximated by Gaussian
curves. - The curve given by Rossi'4 was assumed for
the energy spectrum of muons entering the apparatus.
The resulting spectra for the four range intervals are
shown in I'ig. 5. By finding the area under the curves
of Fig. 5, the results of these calculations can be used
to predict the counting rates expected in each range
interval. Table I gives a comparison between computed
and actual counting rates. The agreement appears
satisfactory in view of the approximations made in the
calculations and the uncertainties in the meson
spectrum.

Since the cosmic-ray apparatus had to be operated
over a period of more than three months, it was neces-
sary to provide for a high degree of stability. It was
especially important to provide a very stable high
voltage to the photomultiplier tubes, since a change of
1 percent in the high voltage would result in a 10
percent change in photomultiplier gain. Consequently,
the electronically regulated supplies for the photo-
multipliers used batteries as voltage references. These
reference batteries were enclosed along with a standard
cell in an oven whose temperature was regulated at
(30.5&0.5)'C. The high voltage from either supply
could be checked against the standard cell by means
of a voltage divider using precision wire wound resist-
ances and a null indicating galvanometer. With the
above arrangement, the high voltage supplied to the
photomultiplier tubes was kept well within %0.1
percent.

Outputs from a mercury-smitch pulse generator went
to all scintillator and counter inputs. During normal
operation of the equipment, this generator gave one

+ B. Rossi Revs. Modern Phys. 20, 538 (1948).

pulse each hour which was recorded in the same way
as a normal event. This not only provided an hourly
time marker, but also provided a calibration for the
pulse-height scale, since the heights of the pulses from
the generator were held constant to within &0.5
percent throughout the experiment. Each calibration
pulse also provided a check of the operation of the
delay multivibrator circuits.

Approximately once a week an energy calibration
of the pulses from the sodium iodide counter was made
using the 4.44-Mev y rays from a Po-Be source. The
pulse-height distribution due to the y rays was recorded
and measured in the same way as in the cyclotron
arrangement. The results of these calibrations showed
that the gain of the photomultiplier remained constant
within %1 percent during the course of the experiment.

The recorded oscilloscope traces were projected onto
a horizontal screen on a table-top with an enlargement
such that the images were 6ve times the size of the
original trace on the face of the cathode-ray tube.
Full scale deQection corresponded to about 20 cm on
the screen, and the most probable pulse height to
about 7 cm. The height of each scintillation counter
pulse was measured with an error of &0.01 cm and
recorded„along with the information provided by the
counter tray pulses. The artificial calibration pulses
were also measured along with the genuine events.
Kach measurement of an event was converted to an
energy loss in Mev by dividing by the average size of
the calibration pulses at the time of the event and
multiplying by the Mev equivalent of a calibration
pulse as determined from the Po-Be calibrations.

The relation between the probable energy loss of a
singly charged particle, ep„b, in a thickness of t cm
of material is expected to be given by the equation

&prob =
2+Ne4t 2m''(2mee4t/nw')

— ln p2+j
1@V I2 (l P2)

FF
KFG
EFGH

0.518
0.645
0.925
2.31

0.586+0.041
0.640+0.043
1.093+0.056
2.12 +0.07'?

where e is the electron density, e is the electronic
charge, m is the mass of the electron, I is the average
ionization potential of the material, and v is the velocity
of the charged particle. The term j is a small correction
term calculated from straggling theory" which depends
upon the absorber thickness and the particle velocity
and which approaches 0.37 when

2m ne4t/mv'((2m''/(1 —P')

TABLE I. Calculated and observed counting rates.

I

Type Calculated Observed
of event rate/hour rate/hour
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6 represents the density eBect correction, which arises
because the polarization of the medium reduces the
energy loss. Numerical values of 6 have bien calculated
by Sternheimer" for sodium iodide, which is the material
used in this experiment. If x=logrsLP/(I —P')l], then
8 is given approximately by

5=0 x&0.09;
5=4.606x—5.77+0.278(3—x)s.7' 0.09&x&3 00.

5=4.606x—5.77, x)3.00.

7--

5--

7.79 Nev

Following Sternheimer, the mean ionization potential I
was taken from an interpolation of the values given by
Bakker and Segre" to be 392 ev. In the cyclotron
arrangement the correction for the lengthening of
the average path length of the mesons in the sodium
iodide due to scattering ranged from 0.66 percent at
the lowest energy to 0.07 percent at the highest energy.
In the cosmic-ray arrangement, the counter geometry
(Fig. 3) was such that the average path length was
increased by only 0.2 percent of the actual scintillator
thickness of 1.51 cm. The theoretical values to be
compared with the experimental results were all
computed from the above relations.

%bile ionization loss is the only process which
contributes significantly to energy loss by muons, this
is not true for pions. In addition to ionization energy
loss, pions may also lose energy by nuclear interaction.
On the basis of emulsion, cloud chamber, and counter
studies of pion in, teractions, "five percent of the pions
are expected to undergo nuclear interactions and
another five percent to be diGraction scattered in the
1.51 cm of sodium iodide. Less than five percent of the
nuclear interactions mill be counted, since a pion with
E)35 Mev or a proton with E)70 Mev within 30'
of the beam direction is required to actuate the coin-
cidence counters (8 and C in Fig. 1). The lengthening
of the average path length in the sodium iodide due to
the diGraction scattering of pions is less than 0.1
percent. For the one percent accuracy required in this
experiment the eQ'ects of nuclear interactions and
di6raction scattering can be neglected. Pions and
muons also differ in spin, pions having spin zero and
muons probably having spin —,'. However, the eGect
of the magnetic moment probably associated with
the muon is completely negligible over the range of
energies used in this work. "Therefore, since the energy
loss equation for singly charged particles heavier than
the electron involves only the velocity of the particle,
pions and muons are expected to give equally valid
results on the energy loss in sodium iodide.

Before stating the results, it is important to explain

'~ C. J. Bakker and E. Segre, Phys. Rev. 81, 489 (1951).
36 Bernardini, Booth, and Lederman, Phys. Rev. 83, 1075

(1951);R. L. Martin, Phys. Rev. 87, 1052 (1952); J. 0. Kessler
and L. M. Lederman, Phys. Rev. 94, 689 (1954).

'~ H. J. Bhabha, Proc. Roy. Soc. (London) A164, 257 (1938);
H. S. W. Massey and H. C. Corben, Proc. Cambridge Phil. Soc.
35) 463 (1939).
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Fn. 6. Sample microphotometer tracings of the photographic
density distributions due to (ieftl Po-Be y-rays and (rightl
122-Mev x mesons in sodium iodide.

how the most probable energy losses were estimated
from the data. In the case of cyclotron-produced
mesons, use was made of microphotometer tracings of
the density distributions. Figure 6 shows typical
density distributions for 4.44-Mev p rays and for
122-Mev pions. Even though each distribution repre-
sents about 1.6&(104 mesons, there are still small
Quctuations in the curve. The position of the highest
point of such a distribution curve clearly is not the
best estimate of the position of the distribution. One
can do better by also making use of the steeply rising
and falling regions of the distribution curve.

In the procedure adopted for the cyclotron data,
the most probable pulse height was determined with
the help of a standard curve which was an average of a
number of the observed distributions. The peak of
this curve was marked. The standard curve was then
superimposed on each pulse-height distribution to
give the best fit possible by visual observation. The
position of the peak of the standard curve was taken
as the location of the most probable pulse height. By
making use of the y-ray calibration and assuming
that the pulse height was proportional to the energy
lost in the crystal, the distance from the zero reference
line to the most probable pulse height could be used
to calculate the most probable energy loss in the scintil-
lator. The accuracy of a probable pulse-height measure-
ment made in this way of an individual distribution
was &1.3 percent as determined from the consistency
of all the results from a single energy. In using the
above method there is the possibility of introducing
a systematic error if the peak of the standard curve is
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in error, but this is less than one percent as judged from
the consistency between results- at the same meson
energies from diGerent runs.

A diGerent procedure is required for finding the most
probable energy losses from the cosmic-ray data, since
each event is measured separately and the number of
events is smaller than in the case of cyclotron-produced
mesons. Over the range of energies covered by the
cosmic-ray apparatus the energy loss distribution is
expected to approach an exact Landau distribution. "
The average pulse height is obviously an inaccurate
estimate of the position of this distribution because of
the long tail which causes the average of Ã measure-
ments to be only slightly more accurate than a single
measurement. A much more e%cient estimate can be
found by taking a modified median or quantile of
the distribution. That is, since according to theory the
most probable energy loss divides the area of a Landau
distribution such that 28 percent of the area lies below
and 72 percent above the probable loss, an estimate
can be obtained from the data by finding the loss which
divides the area under the experimental distribution
curve in the ratio of 28 to 72. For the Landau dis-

tribution, the error in the probable loss obtained from
this quantile method is about 1.5 times the error of
the best possible estimate theoretically attainable.

A further difhculty arose when it was found that
the actual energy loss distributions did not exactly
fit the expected Landau distributions. The experimental
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FIG. 7. Histograms of the cosmic-ray muon energy losses. The
distributions from top to bottom represent E, KF, EFG, and
EFGH events. The effective value of the muon kinetic energy
in units of its rest energy (E&/SIc'} is given for each distribution.
The shift of the histograms to larger losses for the higher energies
can be seen clearly.

energy loss distributions are shown in Fig. 7. Kith
increasing meson energy, more large energy losses
were found than were expected. This was attributed to
knock-on electrons produced in the scintillators and
counter walls in the path of the mesons directly above
the sodium iodide crystal. The energy distribution of
knock-ons striking the sodium iodide crystal was
calculated for several muon energies. The theoretical
cross section for the production of knock-on electrons
by muons (sPin sr) was used. "Since knock-on electrons
produced with energies less than 1 Mev have very little
chance of striking the sodium iodide crystal because of
their large angle of emission and large multiple scatter-
ing, only electrons produced with energies greater
than 1 Mev were considered, which made it possible to
assume a constant rate of ionization energy loss in the
calculation. These distributions were then folded into
the Landau distributions. The resulting distributions
had tails which agreed much better with the data, the
number of large energy losses being more frequent at
higher muon energies. The positions of the peaks of
the original Landau distributions were not shifted by
more than 0.5 percent, but quantile estimates of the
probable losses would be shifted to larger values, the
shift being dependent upon muon energy.

It was also observed that the peaks of the observed
distributions were significantly broader than for those
of pure Landau distributions. The theory of Blunck
and Leisegang" predicts some broadening due to
resonance losses in the neighborhood of the ionization
potentials which for the sodium iodide crystal means
that an additional fIuctuation obeying a Gaussian
distribution with a standard deviation of 0.10 Mev
must be combined with the Landau distribution.
Good agreement with the observed distributions
requires assuming a standard deviation of 0.4 Mev.
It is then most likely that the additional fIuctuations
arise from small nonuniformities in the light collection
efFiciency, statistical fIuctuations in the number of
photoelectrons and variations in gain of the photo-
multiplier.

Theoretical distribution curves, which included the
effects of knock-on electrons and the Gaussian (o =0.4
Mev) errors, were calculated. It appeared from these
curves that a further improvement in estimating the
probable energy loss could be obtained by cutting
oG the tail of the energy loss distribution. The cut-off
was arbitrarily taken to be the position on a pure
Landau distribution which divides the area so that
20 percent is in the cut-oG tail. This cut-oG was found
to be 2.2 Mev above the probable energy loss. 35 percent
of the remaining 80 percent of the area was found
to lie below the probable loss and 65 percent above.
The probable loss of an experimental distribution
was obtained by starting with a crude estimate of the
probable loss and placing the cut-o8 2.2 Mev higher.
An improved estimate of the probable loss was obtained
from the quantile which divided the remaining area
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TAsLE II. Summary of results for the probable energy loss in 1.51 cm NaI. EI, is the average kinetic energy of the mesons.

Group

122-Mev ~
Cyclotron
beam

227-Mev gr

Cyclotron
beam

Cosmic
rays

Eg/Mc2

0.436
0.607
0.843

0.857
1.164
1.588
2.29

3.48
7.15

13.9
49.5

Ea (Mev)

61
85

118

120
163
222
245

368
755

1470
5230

Type

Energy
spread
(Mev)

Probable
energy

loss (Mev)

10.32
8.66
7.77

7.84
7.19
6.81
6.50

6.48
6.51
6.78
7.13

Relative
error

&0.08
+0.06
+0.04

+0.05
+0.04
+0.03
+0.06

+0.06
&0.06
+0.05
+0.04

Absolute
error

%0.13
&0.11
&0.09

%0.09
&0.08
&0.08
&0.09

+0.09
&0.09
&0.08
&0.08

Sternheimer's
theory

10.28
8.76
7.83

7.82
7.23
6.85
6.59

6.53
6.55
6.72
7.02

Probability
of least

squares fit

0.19

0.55

0.064

in the ratio of 35 to 65. The cut-off was then placed 2.2
Mev above the new probable loss estimate, the process
of successive approximations going on until no further
improvement was obtained. The modi6ed quantile
estimates obtained in this manner from the theoretical
distribution curves were found to agree within 0.5
percent with the most probable losses given by the
original Landau distributions. This method of arriving
at the value of the probable loss has the distinct
advantage of being unaffected by the presence of
knock-on electrons or small Gaussian fIuctuations in
the distribution.

Table II gives the results from both the cyclotron
and cosmic-ray data for the most probable energy loss
at various energies. The cyclotron meson energies
given are the average energies at the center of the
sodium iodide (A in Fig. 1). Each cosmic-ray meson
energy is that energy which would give the same
probable loss as that expected from the actual spectrum
of energies. This energy is very closely equal to the
median of the respective energy band. The last row in
the cosmic-ray group represents all muons with an
energy greater than 2 Bev.

The relative errors of the probable energy losses are
for use in making comparisons within one of the three
groups into which the data has been divided. They
refer to the errors in estimating the peaks of the pulse-
height distributions, but do not include errors in the
absolute energy calibration. The relative errors of the
cyclotron results are estimated from the internal
consistency of the data. The relative errors of the
cosmic-ray data ape computed assuming that the
fractions of the data lying on either side of the true
probable energy loss obey a binomial probability
distribution. The error in the calibration needed to
make absolute comparisons with the theory is estimated
to be ~1.0 percent, to which %0.6 percent is con-
tributed by the uncertainty in the calibration p-ray
energy, &0.5 percent by the error in locating the
position of the distribution due to the p rays, and &0.3
percent by the uncertainty in the thickness of the
sodium iodide crystal. An error in the calibration will

affect all the losses in a group by the same factor, and
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FIG. 8. The probable energy loss of mesons in 1.51 cm of
sodium iodide is shown as a function of meson energy in units of
its rest energy. The curve is calculated from the theory of Stern-
heimer. The solid circles represent cyclotron data using pions,
except for the highest point at EI,/3Ec~=2.3, using muons. The
open circles show the cosmic-ray muon results,

is included in the estimate of absolute error, which
should be used in comparing any single point with the
theory.

The two master coincidences, AB~C~D=Mi and
AB2CgD=M2 (see Fig. 3) allowed the data to be
separated into two groups which passed through
different regions of the sodium iodide crystal. The
M~ mesons passed through a region which was one
inch closer to the photomultiplier than the M2 group.
The M~ pulse-height distributions were located at 6.7
percent higher pulse heights than those of M2. In the
pulse-height histograms shown in Fig. 7, the M~
distributions have been shifted down by this amount to
coincide with the M2 distributions. Except for this
shift, the two sets of data agreed and showed the same
relativistic rise within statistical errors. Use was made
of this difference in light collection eKciency between
the M~ and M2 groups in making comparisons with the
calibration p-ray distributions, which involve the whole
volume of the crystal.

The results are also shown plotted in Fig. 8 along
with a curve calculated from the theory of Sternheimer.
For energies below the minimum of ionization, the



'i. HEODOR E HO%EN

agreement between theory and experiment is perfectly
satisfactory. Beyond the minimum the experimental
data shows an indication of a somewhat more rapid
rise, as can be seeri in Fig. 8, where the errors indicated
are the absolute errors of Table II. It is possible to
test the agreement between theory and experiment in
another way by making use of the relative errors,
which are appreciably smaller than the absolute errors.
The results from any one of the three groups in Table
II can be normalized to the theoretical curve by a
weighted least-squares fit. The exactness of this fit
can then be tested by well known statistical methods.
In the last column of Table II the probability due to
statistical fluctuations of deviations as large or larger
than those found is given for each group. The groups
of data from the cyclotron give reasonably high proba-
bilities (0.19 and 0.55), showing that the relative losses
from theory and from experiment agree. The low
probability of 0.064 for the points from the cosmic-ray
data at energies in the region of the relativistic rise
indicates a discrepancy between theory and experiment
which may be significant.

To be more certain that the relativistic rise found in
sodium iodide was not due to any instrumental errors,
a preliminary check was made of part of the data from
the liquid scintillator (terphenyl plus diphenylhexa-
triene in phenylcyclohexane) which was taken con-
currently with the sodium iodide data. The probable
pulse heights from all four range intervals agree and
show that the relativistic increase could not exceed
2 percent, in contrast to the 10.9&1.0 percent increase
found in sodium iodide. This result for phenylcyclo-
hexane agrees with previous results on similar organic
materials" '4 and with theory, "

CONCLUSIONS

The results of this work demonstrate the possibility
of exact determinations of the ionization energy loss
of high-energy charged particles by the use of scintil-
lation counters. Excellent agreement is found between
theory and experiment for the probable energy loss
of pions and muons at energies below the minimum of
ionization where the density eGect is not important.
The experimental data for muons with energies beyond
the minimum of ionization give conclusive evidence
for the existence of the density eGect in sodium iodide.
In addition, the experimental results show a definite
relativistic increase in the probable energy loss, the
increase being 10.9&1.0 percent in going from the
minimum to an energy of 50Mc' (cV=207et,)."This
compares with the prediction of 8.2 percent rise at
503fc' from the calculations of Sternheimer. The
theory predicts a total rise in going from the minimum
to the plateau at infinite energy of 11.4 percent, which
is perfectly consistent with the results obtained here
(10.9~1.0 percent) if it is assumed that the energy
loss reaches the plateau more rapidly than expected.
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