
PH YSI CAL' REVI EW VOLUM E 88, NUM BER 3 NOVEM B ER 1, 1952

Energy Loss of Cosmic-Ray Mu-Mesons in Sodium Iodide Crystals*

ALvIN HUDsoN AND RQBERT HoFsTADTER
Department of Physics and 3A'cromave Laboratory, Stanford University, Stanford, California

(Received June 20, 1952)

A scintillation counter telescope, employing three NaI(Tl) crystals in coiricidence, has been used to study
the energy losses experienced by mu-mesons in traversing one of the crystals. The magnitude of the light
Gash in NaI(Tl) has been assumed to be proportional to the energy lost in the crystal by the meson. The
observed pulse distribution is compared with one calculated on the basis of the Bethe-Bloch theory without
the density correction and also with the Halpern-Hall theory which includes the effect of the dielectric
shielding. Each calculated curve employs a fold of the Landau straggling theory with the cosmic-ray mu-
meson spectrum. Comparison of the data with the two theories definitely favors the Halpern-Hall 'theory
both in respect to absolute value of the most probable energy loss as well as the shape of the distribution.

INTRODUCTION

HE energy loss suffered by charged particles in
passing through absorbing layers has been the

subject of many calculations since the original classical
treatment of Bohr. ' Quantum-mechanical calculations
were first made by Bethe' for hydrogen, and by ex-
tension, to other materials. Bloch' has also calculated
the mean energy loss using the methods of quantum
mechanics and showed how Bohr's classical result
could be reconciled with Bethe's formula. Bloch also
extended the energy loss formulas to materials of any
atomic number by employing the Thomas-Fermi
atomic model in a particularly successful and practically
useful way. Further significant ideas and calculations
were contributed by Williams4 who showed, as Bohr
previously had done for the classical case, how modi-
fications of the energy loss formula had to be made in
order to include the effects of relativity.

The particular expression for the mean energy loss
now commonly employed is taken from the work of
Bethe and Bloch and is termed the Bethe-Bloch for-
mula. The practical way of using the formula is de-
scribed in the well-known paper of Rossi and Greisen. '
The validity of the formula has been established for
gases in and near the minimum of the energy loss curve
although the accuracy with which the formula has been
checked in the region above the minimum is not high.
Further, there is some disagreement as to whether the
Bethe-Bloch result applies to p-meson losses. '

Additional contributions to the theory of energy
loss have been made in connection with the passage of
charged particles through dense media, i.e., liquid or

solids. In such cases the dielectric behavior of the
material introduces a shielding eGect in the region of
relativistic energies of the primary particle, and pro-
duces a reduction of energy loss. The original suggestion
of a die&ectric shielding effect is due to Swann. ' The
problem was first treated by Fermi' who proposed a
simple theory embodying a dispersion model of the
atom based on a single resonant frequency.

The Fermi model is perhaps a bit too simple since,
in actuality, electrons in all shells corresponding to
many "frequencies" are involved in the shielding. The
calculation has been improved by Halpern and Hall'
who take the multifrequency model as a basis of the
theory. The Fermi model and the Halpern-Hall theory
give identical results in the region of very high particle
energies. The two theories give similar results in all
regions provided a suitable "effective" dielectric con-
stant can be used in the Fermi formulation. The weak-
ness of the Fermi theory is that one must essentially
guess a value of the dielectric constant. The Halpern-
Hall theory, in effect, calculates this value for a reason-
able model of the atom. The calculated values diGer in
most cases only a little from the value unity.

Further calculations on the dielectric effects have
been made by Wick' and by A. Bohr" and by Schoen-
berg. " A. Bohr discusses the connection between
Cerenkov radiation, energy loss, and the dielectric
shielding effects. Recently, the experimental reality of
the ideas and calculations on dielectric shielding have
been demonstrated through the work of Bowen and
Roser" on a light material, anthracene. Earlier experi-
ments on AgCl indicated similar results. "

The theoretical treatments discussed above are con-
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FIG. 1. Schematic drawing of counter telescope and
shielding arrangement.
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cerned with mean energy losses. As Bohr' early pointed
out in his second paper, we usually measure the most
probable energy loss rather than the mean; the two
values are significantly different. If, for example, the
energy loss of individual particles can be studied, one
may expect to find a most probable energy loss and a
straggling of the individual losses around this value.
The most probable energy loss will be the same as the
mean only in those cases of a symmetrical straggling
curve, e.g. , for low energy alpha-particles. On the other
hand, for large energy transfers, when the straggling
curve is unsymmetrical, the most probable value will
differ from the mean value. The Rutherford-Bohr
relation giving the energy transfer in collision of a
heavy particle with an atomic electron implies that the
straggling curve will not be symmetrical. This relation
states that the probability for a given energy to be
transferred to an electron depends inversely on the
square of the energy imparted to the electron. This
type of probability function produces a long and un-
symmetrical tail on the high energy side of the straggling
curve and is due to projected electrons of high energy
which are conventionally called 5-rays.

This situation was known to Bohr and Williams and
calculations were made by the latter on the form of the
straggling curve. ' A discussion of straggling including
the work of Williams is given by N. Bohr" in his com-
prehensive treatment of atomic energy loss problems.

It remained for Landau" to calculate the straggling
function in closed form and to bring to it the renewed
attention it has recently received. Landau has given
both an expression for the most probable energy loss
and the shape of a universal straggling curve when the
energy loss is small compared with the particle's energy.
The universal Landau curve may be applied to par-
ticular materials, thicknesses of sample, particular
energy, etc. Symon" has extended the theory to inter-
mediate cases where the energy loss may be a large
fraction of the total energy.

Recently, Jauch" has calculated the effect of a
radiative correction to the energy loss formula. The
experimental information now available is unable to
distinguish small virtual or real radiative effects.

It is generally appreciated that cosmic-ray p-mesons
at sea level offer an attractive source of particles for
testing the various proposed energy loss theories. The
facts that p-mesons are poor radiators and that their
nuclear interactions are small are important points in
their favor in such applications. In present day high
energy physics many situations are encountered in
which energetic charged particles are not stopped by
conventional thicknesses of absorbers. We are forced,
at best, to sample a particle's behavior as it passes
through an absorbing slab of matter. Hence, we feel
that it is of some importance to study the exact laws
of interaction, energy loss, and straggling. Bowen and
Roser have made a beginning in this direction by in-
vestigating anthracene absorbers (carbon) at specific
meson energies. We have chosen to study NaI(Tl) be-
cause of its availability, high Z, high density and good
proportionality between energy loss and light pulse
output. "This publication presents a summary of our
work to date.
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Fzo. 2. The linearity curve used in this experiment.
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APPARATUS

A sketch of the experimental layout is shown in
Fig. 1. A, 8, and C represent three NaI(Tl) crystals
arranged in the form of a p-meson telescope. Each of
the three crystals is viewed by an appropriate photo-
multiplier. A C7157 photomultiplier is used with
crystal B;5819 photomultipliers are used with the other
crystals. The photosurface of the C7157 is large enough
so that the whole area of contact of the crystal B is
viewed directly through a close-fitting light pipe.
Crystals A and B are approximately two-inch cubes.
The length of crystal B along the telescope axis is 2.17
inches. Crystal C is 2 in. &2 in. )(4 in. Above and on

the sides of the three-crystal-telescope are layers of
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lead six inches thick. The lead is used to separate, in a
conventional way, the hard from the soft component.
Between crystals B and C a three-inch layer of lead
prevents mesons with energy less than 120 Mev from
tripping the counter telescope. Connections are in-
dicated schematically on the side of the figure and
show that the pulses in the middle crystal become
visible on the oscilloscope tube face when and only
when a triple scintillation coincidence of all crystals
occurs; the oscilloscope face is used as a coincidence
device. A triple coincidence implies that each of the
three crystals has been traversed, presumably by a
p-meson (see below). Biases are applied to the dis-
criminator circuits of crystals A and C. Experiments
with different biases above a minimum showed no
changes in the pattern of pulses in crystal B.

The energy loss of the p-meson in crystal B can be
measured by the height of the light pulse. "Calibration
of crystal B was achieved with the well-resolved pair
and photolines of ThC" (2.62 Mev) and C"* (4.45
Mev) gamma-ray lines. The latter was obtained from a
weak Po-Be source.

It will be assumed that the process of energy loss of
mesons in NaI(T1) is similar to that of electrons and
therefore results in a linear relationship between energy
loss and pulse height of the scintillation. Evidence ob-
tained with electrons up to energies of 9mc' (m =electron
mass) completely supports such a linear relationship. "
By using the stated pair and photolines a linearity
curve could be constructed. Figure 2 shows such a
linearity curve. For actual calibration, the sharp peak
due to the ThC" photoline was used.

The ordinate of Fig. 2, namely, the vertical deflec-
tion of the oscilloscope, was carefully examined for
linearity with respect to magnitude of the input voltage
pulse by using two independently calibrated artificial
pulse sources. Up to deflections of 70 mm the deviation
from linearity was less than 1 percent, which was about
the experimental error in making measurements. To
obtain 70 mm deflections on the Tektronix 511 AD
oscilloscope, a single stage, push-pull supplementary
amplifier was employed in addition to a Model 501
amplifier. The attenuator of the 501 amplifier was
calibrated both with artificial pulses and with the
photolines of known gamma-rays. Since the largest
gamma-ray energy obtainable conveniently is 4.45
Mev, (the corresponding pair lines are at 3.43 and 3.94
Mev) and the range of cosmic-ray pulses centers about
27 Mev, an extrapolation of the photoline calibration
had to be made. The actual factor used was 8.07.
While we have made a careful attempt to avoid error
in making this extrapolation to higher energies, the
largest source of possible error in the experiment rests
here. We believe that energies in the range 27 Mev can
be measured to within 1.0 Mev or perhaps a bit less.
The relative values of energy loss are not aGected by
an error in absolute calibration.

FIG. 3. A sample of exposed film showing representative traces.
The tail of a very large pulse may be seen at the right. The irregu-
lar bright pattern in the center and the surrounding bright patch
are due to glow from the filament of the oscilloscope tube.

In order to test whether different parts of the crystal
cube B produced pulses of varying sizes, we have taken
pictures of the pulse distribution produced by a col-
limated Co" gamma-ray source. The gamma-beam was
directed at different areas of the crystal, but in all cases
the pulse distributions were found to be very similar.
The sharp lines of the calibration photographs provide
further confirmation of the uniformity of different parts
of the crystal.

Single traces of oscilloscope pulses in the middle
crystal were photographed by an f2.5 10-in. focal length
lens on 3 in. &4 in. sheets of cut film. Each exposure
lasted fifteen minutes and on the average eight traces
appeared. The traces were measured directly against
ruled millimeter paper and the pulse heights so obtained
were grouped into seventy channels each one milli-
meter wide. Figure 3 shows a sample of an exposed film
with several traces visible. Occasionally, more than one
pulse of the same height was recorded during a fifteen-
minute exposure. A little practice in observation soon
showed that the greater opacity of a double trace
could easily be distinguished from that of a single trace.
Very rarely, a triple trace was observed. In addition to
these types of multiple traces, two examples in about
3000 traces were observed in which a time coincidence
occurred within the sweep duration of 100microseconds.

In order to detect possible changes of pulse heights
due to drift of photomultiplier voltage supply, amplifier
gain, etc. , approximately once every four hours a cali-
bration point was taken with a ThC" source. Over the
eighty hours of running time (actual operating time
~200 hours) a gradual drift towards smaller pulses
occurred. At the end of operating time the accumulated
drift amounted to 3 percent. The data were corrected
according to the two calibrations between which the
data were sandwiched. Therefore, it is felt that no
systematic error has occurred due to drift.
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FIG. 8. The cosmic-ray spectrum when altered by six inches
of lead. The dashed line on the left cuts o6 all those mesons with
momenta insufhcient to pass through the three inch lead absorber
and still give a pulse larger than the bias of crystal C (12 Mev).

which is generally small. Thus the exact Landau result
may be made more readily understandable. In the case
of crystal B, /=1.35 Mev and falls within a range
easily absorbed by the crystal.

Now the Landau theory may be used with and with-
out a density correction. Without a density correction
we shall refer to 60 and resulting curves as the Bethe-
Bloch values. With the density correction we shall
refer to these as the Halpern-Hall values. The Halpern-
Hall (and also Fermi) density correction essentially
removes the factor 1/(1 —P') from the logarithm of
Eq. (1). The exact correction factor which we have
used has been taken, however, from the published
curves of Halpern-HalP (their Fig. 1), and is applied
to the most probable value 60 directly as we would
have applied it to the mean energy loss. After 60 is
calculated, the straggling curve is taken directly from
Landau's universal curve. Individual straggling curves
for selected momentum intervals are folded together

TABLE I. The momentum intervals of the modified mu-meson
spectrum and the corresponding values of bp.

Momentum
interval
(Mev/c)

225- 250
250- 500
500- 1000

1000- 1500
1500- 2000
2000- 3000
3000- 4000
4000- 5000
5000- 6000
6000- 7000
7000- 8000
8000—10,000

10,000—12,500
12,500—16,000
16,000—20,000
20,000—30,000
30,000—40,000
40,000—60,000
60,000—80,000

Mean
momentum

(Mev/c)

240
375
750

1250
1750
2500
3500
3400
5500
6500
7500
9000

11,250
14,000
18,000
25,000
35,000
50,000
70,000

Bethe-
Bloch
(Mev)

28.2
26.1
26.5
27.8
28.4
29.3
30.2
30.8
31.4
31.9
32.3
32.7
33.3
34.0
34.2
35.9
36.4
37.3
38.2

Percentage of
Halpern- modified mu-

Hall meson spec-
(Mev) trum

28.2
26.05
26.05
26.9
27.3
27.6
28.15
28.35
28.58
28.7
28.8
28.8
28.9
28.9
28.9
28.9
28.9
28.9
28.9

0.9
9.5

16.3
12.2
9.2

13.0
8.5
5.6
4.0
2.8
2.1.
3.1
2.8
2.5
1.8
2.5
1.3
1.3
0.6

according to the weight of the corresponding momentum
interval in the cosmic-ray spectrum. Nineteen momen-
tum intervals were used.

In calculating the final theoretical curves, it is neces-
sary to consider three further points: (A) the cosmic-
ray spectrum is modified by the 6 in. of Pb above the
counter telescope. The modified distribution is shown
in Fig. 8. The final eRect of the filtered distribution is
not noticeably diRerent from that of the original spec-
trum. (B) Some of the 8-rays may have high enough
energies, and may be formed near the crystal surfaces
so that they may emerge from the crystal before giving
up all their energy. The experimental straggling curve
may be distorted for this reason on the high energy
side and may appear to be narrower than it really is.
However, it may be seen from Figs. 5 and 6 that all the
significant observations (those with better statistics)
and comparisons with theory are made in the neigh-

032—
(MEV)

30—

28—

26—
I

0.1

I I

I

(109 EV
)

10
C

l

100

FIG. 9. A plot of the most probable energy loss bo
against momentum for.crystal B.

borhood of the most probable energy loss and just a
few Mev larger. A rough evaluation of the solid anglq
available to those mesons traveling near the faces of
the crystal which might produce 6-tracks of 5 Mev or
larger in the proper directions to escape the crystal
shows that this eRect is of the order of about 5 percent
at 5 Mev from the peak. This eRect is therefore rather
small in making the comparisons of theory with our
present experiments. Further, the choice of $ in the
theory of Landau is consistent with these considerations.

(C) Since NaI(Tl) has the two components Na and

I,'4 the separate eRects of each must be evaluated and
combined. The combination has been eRected by using
a common" value of $ for the compound material,
NaI, in front of the logarithm of Eq. (1) and by adding

'4 The percentage of thallium (&0.5 percent) is considered
negligible."We wish to thank Mr. T. Sowen for suggesting this procedure.
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the two separate contributions for each material with
the appropriate values of I in each case. The latter
differ according to the values of the mean ionization
potentials of sodium and iodine. The values of the mean
ionization potentials were taken as 11.8Z=130 ev for
sodium and 9.7Z=514 ev for iodine according to the
recent work of Bakker and Segre and Mather and
Segre."When the combination is made in this way, the
mean ionization potential for NaI is obtained as:

(I)2—I 2(0.172)1 2(0.828)

where 0.172 and 0.828 are the respective electronic
compositions of Na and I, respectively. The calculation
of Halpern-Hall, of course, has not been made speci6-
cally for NaI and a similar combination of effects has
been made for the density correction. In the case of
this correction, the difference between assuming pure

I.O-
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Fzo. 11. The dashed curve gives the result of the calculated
distribution based on the Bethe-Bloch theory without inclusion
of a density correction. The solid line gives the same curve shifted
by two Mev to permit better comparison with experiment.
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Fn. 10. The solid line gives the result of the calculated dis-
tribution based on the Halpern-Hall theory. The black. circles
are the experimental points. The theoretical curve actually shows
a peak 0.4 Mev to the right (arrow position) but has been shifted
to permit better comparison with experiment.

iodine and the actual compound is barely worth
considering.

When the effects of (A), (B), and (C) above are
taken into account, two theoretical curves are obtained
according as one uses the Bethe-Bloch formula (un-
corrected for the density effect) or that of Halpern-
Hall. For further reference the experimental curves
may also be compared with the Landau relation for a
single energy in the neighborhood of the mean energy
of the cosmic-ray spectrum. Table I and Fig. 9 show
the various values of 60 which have been calculated in
the appropriate cases. The effect of making the various
choices for comparison is shown in Figs. 10, 11, and 12.
The energy loss is observed to show a saturation in
Fig. 9 because of the density effect and because of the
cut-off 8-ray energy in the neighborhood of $. When
the contributions of all energy intervals in the cosmic-

"C. J. Bakker and E. Segrl, Phys. Rev. 81, 489 (1951);
R. Mather and K. Segre (to be published).

ray spectrum are added together, the Halpern-Hall
theory gives the solid curve of Fig. . 10 and the Bethe-
Bloch theory gives the dashed curve of Fig. 11. A
single Landau curve for the meson energy 2.0 Bev
(Halpern-Hall curve) is given by the solid line in Fig. 12.

Because of the small experimental uncertainty in the
peak values (originating in the uncertainty of the
extrapolation of the calibration data), the Bethe-Bloch
and Halpern-Hall theoretical curves have been shifted
to fit the experimental curve more closely. The shift
required is 2 Mev for the Bethe-Bloch curve and 0.4
Mev for the Halpern-Hall theory. It is believed that a
2.0-Mev shift is outside our experimental error but a
0.4-Mev shift would be well inside our limits of pre-
cision. It is therefore observed that the fit with the
Halpern-Hall theory is much better than with Bethe-
Bloch both as regards the absolute value of the most
probable energy loss as well as the shape of the strag-
gling curve. In the latter case the Bethe-Bloch theory
without the density effect shows a wide divergence

I.O—

0.5—

~y
~%o

l5 20 25 30 35 40 45 50
ENERGY LOSS ( MEV)

FrG. 12. The solid line gives the distribution calculated for a single
meson energy of 2.0 Bev, using the Halpern-Hall theory.
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from the experimental shape. The single Landau curve,
Fig. 12, also Gts less well than the Halpern-Hall theory
although the difference here is not so striking. It seems
quite interesting that, to a good approximation for
these experiments, the entire cosmic-ray spectrum may
be replaced by a single energy.

The fact that the peak of the Halpern-Hall curve
agrees so well with the experimental curve may be
taken as an indication that a small relativistic rise is
present (see Table I). Thus our results are in agreement
with those of Bowen and Roser who find evidence of
saturation in the Halpern-Hall model of anthracene.
Our experimental curve does, however, show a small
divergence from the theoretical Halpern-Hall curve.
The reason for this is not known at present.

CONCLUSION

It appears that the density or polarization effect is
observed in NaI(T1) as well as in anthracene (Bowen-

Roser) and that a small relativistic rise probably exists
in NaI(Tl). It would be desirable to improve the meas-
urements of absolute energy-loss, the statistical ac-
curacy of the data, and to use monoenergetic mesons,
so that folding-in of the cosmic-ray spectrum will be-
come unnecessary. We hope to do further work along
all these directions. It is interesting that NaI(T1)
appears to be linear in the range of high meson energies
in the cosmic rays, a result that might have been an-
ticipated from previous experiments with other charged
particles.
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Small crystals of silver and silver bromide were studied by electron diffraction. Small crystals of these
materials are of interest because published experimental and theoretical considerations indicate changes in
their structure which may occur. Since the diffraction theory which is applicable to large crystals cannot
always be used in interpreting the photographs from materials of small size, computations were made for
crystal structures and shapes which might be expected for silver and silver bromide. As a result of the
computations, it was found that positions of diffraction peaks of substances having the sodium chloride
structure depend on the crystal shape. It was also shown that the determination of particle size by the
usual method of the Scherrer equation may give values which are much too small. Comparison of experi-
mental and theoretical diffraction effects indicates that small silver particles have the same structure as
the large particles, but that there is a real contraction of the lattice in the smaller particles which amounts
to 2.7 percent for particles with a diameter of about 31A. The small silver bromide particles have the same
structure as the large particles, and an apparent expansion of the silver bromide lattice of about 1,0 percent
appears to be best explained not as an expansion but as a particle-shape effect which changes the position
of the diffraction peak. The crystals appear to be plates bounded by (111)faces, just as in many photographic
emulsions, although this is not the usual form of crystals having this structure.

INTRODUCTION

ECAUSE there are differences between the surface
and the internal properties of crystals, it is of

interest to compare the characteristics of large crystals
with those of very small crystals in which the surface
to volume ratio is relatively high. Scattering of electrons
from small crystals is sufficiently strong to permit an
electron-diffraction study to be made. Boswell' has
recently published some results obtained by electron
diffraction from, small crystals of alkali halides, gold,
and bismuth. He reports a decrease in lattice constant

* Communication No. 1488 from the Kodak Research Labora-
tories.

' F. W. C. Boswell, Proc. Phys. Soc. (London) A64, 465 (1951).

with decrease in particle size in the diameter range
below iOOA. The decrease is attributed to a surface-
tension effect predicted by Lennard-Jones and Dent. '

The substances studied here are silver and silver
bromide. Silver is of particular interest in view of
Quarrell's' observation of many cubic close-packed
metals which appeared to begin their growth with the
hexagonal close-packed structure. A theoretical study
of the lattice energies of the silver halides by Huggins4
indicates a small difference in the energies of silver

' J.E.Lennard-Jones and B.M. Dent, Proc. Roy. Soc. (London)
A121, 247 (1928).

' A. G. Quarrell, Proc. Phys. Soc. (London) 49, 279 (1937).
4 M. L. Huggins, J, Chem. Phys. 11, 412 (1943).




