
taking c=2X 104 cm/sec, we obtain

8=2.8pkg, f)f. (27A)

NO%' thc relevant wGvc-Dumbcx' scpRratlons IQ. Our ~c
are (in the subscript notation of the excited states
employed in the text}

dsas, =0.47 cm ',
(28A)

APg, gg, =0.26 em '.

The values of the 8's corresponding to (28A} and to the
two diferent values of )p( are given in Table I.

Froln these numbers and from the remarks subse-

quent to Kq. (2SA) we arrive at the conclusion stated.
in the text subsequent to Eq. (11);namely, the energy-
lcvel discrepancy is too small to cause any order-of-

magnitude diminution of the cross section from its
rcsona ncc value.
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The Response of Anthracene Scintillation Crystals to High Energy s-Mesons~ f
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The response of an anthracene scintillation counter to high energy charged particles vrbich lose only a
small fraction of their energy in traversing the crystal was determined, using p-mesons in the cosmic radia-
tion at sea level with energies from 29 Mev to greater than 4 Bev. The bght output ~s found to ~ve a
sizeaMe Quctuation for mesons of the s~e initial ener~, due to ionization loss straggling. The scintillation
egjciency of the phosphor %as found to decrease for increasing speciGc ionization, in agreement %1th the
work of others on electrons and protons. The response of the crystal showered no rise within 2 percent for
relativistic meson energies, which agrees vrith calculations of the density eGect reduction in ionuation loss
for anthracene.

'HE hght output of scintillation crystajs has been
shown to bc approxiIQRtcly plopoI'tlonal to tlm

total io~ation energy loss for lo%' energy partlclcs
which spend their cntlrc rRDgc in thc crystal. Such
propose'tlonallty bet%'ecn cncrgjj' loss and light output
vrould also be expected to be true for high energy
charged particles vrhich pass colnpletely &rough the
crystal and lose only a.small fraction of their total
cner~ by ionization in thc c~taL it was the purpose
of this vrork to 6nd the light output of RD anthracenc
crystal Rs a function of the energy of the traversing
pRrtlclc. An&racenc was used for this lnvestlgatlon
because it has &c largest light output of the known
ol'ganlc phosphors. p-mcsons froQl thc cosIDlc radlRtlon
Rt sca level provided. a good souI'cc of pRl'tlclcs for such
RD c~riment, because a %idc range Gf cncrgies ls
available am.d Rbsoiption by radiation losses and by
nuclear collisions is negligibly small. The results @which

would bc found for other charged particles should bc
the same as for P-mcsonsy exccPt fol R slIGPlc CIlangc of
scale.

I. THEORY

Fox' the ease of e, charged, particle traversing a thin
absorber, a large Quctuation ia the ionization cner~

~ Assisted by the joint program of the ONR and AKC.
)Preliminary results of this investigation were reported in

F. X. Roser snd T. Bowen, Phys. Rev. 82, 284 (1951) snd T.
Sowen snd F. X. Roser, Phys. Rev. 83, 689 (1951).

jNo%' at UnlversHjad Catohcay Rlo de Janenoy Bran.
' W. H. Jordan and P. R. Sell, Nucleonics 5, 30 (1949); R.

Hofstsdter snd J. McIntyre, Nucleonics 7, 32 (1950); R. W.
Pringle, Nature 166, 11 (1950);and S. A. E. Johansson, Ark. Fys.
2, 171 (1950).

loss is to bc expected. This "straggling" has been calcu-
lated by tIttllllams andy latcl q 91orc Rccu1ately bg
Iandau' and 8~on.' The straggling is csscntiaHy
caused by the fact that large cner~ transfers to single
electrons can occasionally occur. These electrons, vrhich
Rl'c scen Rs 8-rays ln DucleR1 cnlulsions or Rs knock-OD

clcctrons ln cosmic-ray work~ lose their energy ln the
crystal in most cases; hence, the light output is in-
creased. For Mgh energy pa, rticles, sphere

5'»p, (1)
vFlth

W—2rzcsP/(1 —i3s) (mesons and protons),
(2)

$=2wtse'x/mcsi3',

the energy low distribution approaches a fo~ mhi&
CRD bc cxprcssed lQ terms of a Qnlvcrsal function, Herc
I is the electron density, m is the election mass, e js the
electronic charge, c is the velocity of light, P is % for
the incident particle, and. x is the absorber thickness in
cm. K is the Inax~um cncr~ loss possible in a single
collision, and, ( is a parameter with the dimensions of
energy vrhich is a measure of the thickness of the
absorber. If the probabibty of an energy loss between
e and a+de is I'($, e)de in an absorber with a thickness
parameter $, then it was shown by Landaus that

1 mrs
—ee b(g))

J'(8 e)=H( [* (8)&*

s E. J. Williams„Proc. Roy. Soc. (London) 125, 420 (1929).' L. Landau, J. Phys. (U.S.S.R.) 8, 201 (1944).
' K. R. Symon, Harvard University thesis (1948).
8 See reference 3, Eq. (I8).



The shape of @ is illustrated by the smooth curve in
Fig. 4(c). This distribution function has the property
that an average of several energy loss measurements is
no morc accurate than a single measurement. For this
reason, one must not deal with average energy losses,
which are given in the usual energy loss formulas, but
with the most probable energy loss, which is that loss
for which the curve of frequency es energy loss is R

IQRXlIQUIQ.

The most probable loss is always less than the average
loss, but for low energy particles, or large thicknesses
of absorber, where

W(($,

the two bccomc practically equal. Thus Rt low cQcx'gles
OI' lalgc RbsoI'bcl thickness, the usual forIDulas give thc
most probable loss directly. For a particle with kinetic
energy, E, which is less than about 3&~, we may use
the", Bethe-Bloch formulae for the average loss

2m''S'
e=$ ln —2P',

Is(1 Ps)

f XX XXX'.4XX 'k XX XX X 3

Kl

Oi G)Oi
I it

g 4 XXX4 k X 4X X4X XXl

%'hei c I ls thc Rvcl Rgc ionization potcntlRl of thc
absorber. At high energies or small thickness, where
condtt1on (1) llolds OIlc SIIllply rcplaccs thc qualltlty
corresponding to W in the logarithm by $ exp(0.3/+ P').
Using formula (5) for the energy loss, we obtain'

Formulas (5) and (6) are not correct in the relativistic
region because of the density CGcct, which was Grst '

calculated by Fcrmia and later extended by Halpern
and Hall ' Wick" and Schonberg" Fermi calculated
the energy loss of a charged particle in a dispersive
medium vrhose electrons had a single characteristic
frequency. He showed that the loss at extreme rela-
tivistic energies was dependent only upon the electron
density of the medium. The later calculations'-" made
use of multifrequency models, which gave slightly
varying 1'csults ln the transltlon I'cgloQ from QollrclR-
tivistic to extreme-relativistic particle ve1ocities, but
Rll agreed vrith Fermi's fundamental result beyond the
transition region. If I~ is the binding energy of R

E-electron ln thc clcIDcQt with thc highest RtoIQlc
number in the absorber, and if

6 See B. Rossi and K. Greisen, Revs. Modern Phys. D, 247
(1941) Eq. (1.11) snIi for further references.

7 See reference 3, Eq, (15).
8 E Fermi Phys Rev $g 48$ (1940)
s 0. Hslpern and H. Hsii, Phys. Rev. 57& 439 (1940); H, 4'/7

(1948).
"G.C. Wick, Nuovo cimento (9), 1, 302 (1943).
u M. Schonberif, Nuovo cimento 8, No. 3 (1951).

Fxo. l. Arrangement A for nonrelativistic meson energies.

then the most probable energy loss in an absorber satis-
fying Eq. (1) is given by"

2.9mII'$
spry $ ln

(me'h'/Irm)

For anthracene, condition {7)is equivalent to requiring
that the energy of a p,-meson must be much greater than
1.7 Bcv to make Eq. (8) valid.

The experiments to 6nd the light output of the scin-
tlllRtlon crystal as R fuQctloIl of meson cnclgy Rnd to
check the validity of the theory outlined before vrere
divided into two parts: nonrclativistic and relativistic
Incson cncx'glcs.

The arrangement for the nonrclativistic energies
(arrangement A) is shown in Fig. 1. Lead absorbers
werc used to select three ranges of meson energies,
which were (a) 29 to 48 Mev, (b) 48 to 1/0 Mev, and

(c}greater than 170 Mev.
A lead absorber above the apparatus caused p-mesons

to lose about 600 Mev before entering the scintillation
crystal, which increased the number of low energy
mcsons passing thiough the crystal, since the peak in
the meson spectrum at sea level is in the neighborhood
of 600 Mev. Coincidence AS'—I de6ned a narrow

'2 Equation (8) for the most probable loss vms found by sub-
tracting from Kq. (6) a correction term which is given, e.g, , by
Eq. (39) of reference (9), or by Eti. (22) of reference 10.
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(f). The smooth curves are the theoretically expected curves due
to energy loss Ructuations.
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showers, which were eliminated from the analysis. Only
those events in which the master coincidence ABCD
was accompanied by pulses from counters (d) E (FG), —
(b) FF G, or (f) FF—G were used, as these represent
the three energy ranges for p-mesons. Single electrons
at sea level should have been stopped in the first 12.7
cm of lead, and therefore did not reach tray E.

Although energy loss Quctuations were important in
the scintillation crystal, they resulted in only a 3 percent
fluctuation in the range required to bring a meson to
rest for the energies used in these experiments. Such a
small variation could be completely neglected, since the
ionization loss in the scintillation crystal was a slowly
varying function of the energy. If high energy mesons
were multiply scattered by the lead absorbers out of the
solid angle covered by the 0-M counter trays, then
they would be counted as low energy particles and
would affect the pulse-height distributions found for the

low energy ranges. It was estimated from calculations of
the multiple scattering and from the counting rates
obtained that no range contained more than 25 percent
of extraneous high energy particles, which may be
tolerated for the purposes of these experiments.

It was assumed for the analysis of most of the data
that the heights of the pulses from the photomultiplier
tubes were proportional to the energies lost in the
crystals. This assumption was based upon the evidence
(see Table III) that the proportionality factor between
light output and energy loss was a slowly varying
function of the specific ionization, which was close to
minimum for the p,-mesons and over most of the range
of the electrons used for calibration.

The pulse-height scale with arrangement B was cali-
brated in units of energy loss (Mev) by comparison
with the peak of the Compton electron distribution
from the 2.62-Mev gamma-line of ThC". The pulse-
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TABI,E I. The most. probable pulse heights for
energy ranges (a) and (b).

(a) 38 Mev
(b) 109 Mev

Pulse
height
(Mev)

9.7&0.7
7.2~0.3

Energy loss
from theory

(Mev)
Scintillation.

efficiency

0.84+0.06
0.97m 0.03

height scale of arrangement A vras normalized to
arrangement 8 by the comparison of the distribution of
pulse heights for Z&1'IO Mev (range c) in A with the
distribution of E&190 Mev (ranges d, e, and f) in B.
This calibration made possible absolute comparisons
vrith the theory to an estimated accuracy of about &5
percent. However, relative comparisons could be made
to within about &2 percent for ranges If, e, and f.

TABLE II. The most probable pulse heights for
energy ranges (d), (e), and (f).

Average
energy

(d) 325 Mev
(e) 710
(f) 2700

Counter 1

6.07~0.15
6.19a0.12
6.15W0.07

Counter 2

6.14~0.15
6.17a0,12
6.15&0.07

Average of
1 and2

6.11a0.10
6.18+0.08
6.15+0.05

IH. RESULTS

The frequency es pulse-height histograms for energy
ranges (a), (b), and (c) are shown in Fig. 4(a), (b), (c).
Although ollly a fcw cvcllts wcl'c obtained 111 IRIlgc (a)
a peak at 9.6 Mev is distinctly visible. The pulses belovr
8 Mev and above j.2 Mev were probably due to knock-on
electrons and small air showers, vrhich might cause one
or tvro electrons at minimum ionization to traverse thc
crystaL Tile dlstl'lbutloll fol' I'allgc (b) has lts peak at
about 7 Mev, which is signihcantly higher than the peak
at 6 Mev for range (c). Range (c) corresponds to
mesons vrhich, as wB1 be shovrn below, all lose the
minimum posslblc energy. Thc pulse-height distribution
for range (b) is somewhat broader than that for range
(c) because of the fact that there was a continuous
decrease in energy loss throughout range (b). The energy
loss distribution curve calculated by Landau, vrhich has
been normalized for equal areas under the histogram
Rnd . culvc ls scen to bc 1Q good RglccIQent with tl1c
experimental distribution of losses for minimum ioniza-
tloll nlcsolls [Flg. 4(c)j.Thc posltlolls of tile peaks 111

the pulse height distributions, together with the theo-
retical values, are given in Table I.

Three of the six distributions found for ranges (d),
(e), and (f) of experiment B are shown in Fig. 4(d),
(e), (f). They are all seen to be in agreement with the
theoretically expected distribution. Corrections due to
VRrlRtlons 1D pRth length mRdc possible by thc cylln"
drical shape of the crystals have been made to the
theoretical curves. The positions of the peaks of the
distr'lbutlon curves Rr'e glvcn ln Table II. It can be scen

that the most probable pulse heights are all equal vrithin
experimental error.

The fact that in arrangement A two photomultipHcr
tubes viewed one crystal, vrhereas in 8 they vievred two
cDtlrcly scpRl'Rtc crystals RBows us to dc6IHtcly
estabHsh the source of the distribution in pulse heights
vrhich was found. It was found in experiment A that a
large pulse from one phototube was invariably accom-
panied by a large pulse of practicaBy the same height
from the other. Figure 5A shows the most probable
height of pulse j. for a given height of pulse 2. In the
case of two photomultiplier tubes viewing thc sRIQc
crystal, the two pulscs wcx'c lllghly corrclRtcd. Except
fol' a small 1"cIQMnlng Quctuatlon of thc order of 5 per-
cent, light collection and the photoelectron multiplying
process are ruled out as sources of the pulse-height dis-
tributions which were found.

In experiment 8, the height of pulse j. was found to be
abnost completely unrelated to the height of pulse 2,

SI
C

I
~W

FIG. 5. A. The dependence of the height of the pulse from
photomultiplier No. 1 upon the height from No. 2 when both are
viewing the same crystal. B. Conditions similar to A, except that
photomultipliers are viewing separate crystals.

as can be seen in Fig. 53. Since both pulses werc the
result of the same high energy meson, this indicates
that thc Auctuation vras prima, rily caused by the energy
loss mechanism, and could not be duc to a hypothetical
large variation in the probable ionization with the
meson energy. This is just what one would expect from
the theory, as the probable ionizations of all high energy
mesons shouM have been equal, and large Quctuations
should have been present in the ionization loss in
traversing thin absorbers. The slight dependence of the
height of pulse i upon pulse 2 at small pulse-heights vras
probably caused by mesons which traverse unusually
shor't pRths 1Q thc cyllndrlcRl crystals. A pRltlclc which
was close enough to the side of orle crystal so as to
appreciably shorten the path length must also have
been close to the side in the other crystal, because of
the 0-M counters being some distance avray from the
crystals; hence a short path in one crystal implied a
short one in the other, also.
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A reduction in the scintillation dBciency of anthra-
ccne with lncrcRsing spcclic loQlzRtlon ls cvldcQt froIQ
an inspection of Table I, since the ionization loss theory
IQust be regarded as well-verified for energies below the
minimum ionization region. Table III compares these
efhciencies with values found for electrons. " These
results seem to indicate that the nonlinearity of the
response of the scintillator is caused by a saturation
CRect which is a function only of the speciic ionization
and is independent of the type of particle.

The values found for the most probable energy losses
for energy ranges (0), (b), (d), (e), and (f) are compared
with the theoretically expected curve in Fig. 6. The
points at (a) 38 and (h) 109 Mev were corrected for the
loss in CS.ciency of the crystal, using the values for
electrons listed in Table III, since the CS.ciencies must
be taken from an independent source. The remaining
three points are the averages from Table II. No scin-
tillator CLFiciency correction was required for these

Ia

IOI
I
4'

4

faf reek»»

gabe 9»
I z

GOrrected fOr Oeesity Effect

points, since they were at minimum ionization. The
density cRcct colTcctlon fol RnthrRccnc wRs cstlIIlatcd
to be a function similar in shape to those for carbon
and water as found by Halpern and HR119 and Wick. '0 At
Qonrelativistic energies the correction was assumed to

'3 Data taken from graph in paper by Frey, Grim, Preston, and
Gray, Phys. Rev. 82, 372 (1951},which was based on data in
paper by J. I. Hopkins, Phys. Rev. 77, 406 (1950}.

l00 000 500 1000 1000 5000 loPOQ

Mesoa Energy tMev)

Fxo. 6. The most probable energy loss in the anthracene crystal
as a function of meson energy. Solid curve; theory with density
effect correction. Dotted curve: Theory without density effect
correction.

TAsr.E III. Scintillation dhciency of anthracene.

Specific ionization
(Min ion ~1)

Scintillation efBciency
Mesons Electrons

1.00
1.23
1.93

1.00 (de6nition)
0.97&0.03
0.84%0.06

1.00
0.98
0.89

approach zero, and at extreme relativistic energies it
was made so as to give a result in agreement with Eq.
(8). The uncertainty of the ordinates of the theoretical
curve with the density CGect correction were estimated
to be of the order of 2 or 3 percent. As a consequence of
the low effective Z of anthracenc, the calculated curve
shows practically no relativistic rise in the probable
ionization loss. Similar curves for higher Z absorbers
generally would be expected to show some rise beyond
the minimum before leveling OR. The experinmntal
points are seen to be in excellent agreement with the
theoretical curve corrected for the density eRect in
anthracene, and indicate that between 300 and 3000
Mev there is no relativistic rise within 2 percent in the
most probable ionization loss. The dashed curve cal-
culated from the Bethe-Bloch formula (6) for the most
probable loss without the density CRect. correction is
seen to lie well outside the experimental points. These
results appear to definitely establish the existence of the
reduction in ionization loss due to the density eRect.

IV. ComCLUSIOmS

The results of this work show that in dealing with
scintillations caused by particles which lose only a small
fraction of their energy in traversing the scintillator,
one must necessarily have a sizeable Quctuation in light
output because of straggling in the ionization energy
loss. A reduction in the scintillation efFiciency of an-
thracenc with increasing speciic ionization has been
found for p-mesons which is noticeable (0.84&0.06)
even when the speci6C ionization is only double mini-

mum ionization. The results for relativistic energies
show no relativistic rise in ionization loss in anthracene,
which can be regarded as a complete veri6cation of the
existence of the density eRect.
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