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The interaction lengths of pions and protons in iron have been measured using an ionization
spectrometer composed of alternating layers of iron and plastic scintillator. These measure-
ments cover an energy range from 9.3 to 18 GeV. The interaction lengths were determined
by accurate statistical analyses of the experimental data using the maximum-likelihood meth-
od. The dependence of the interaction length on the parameters used to define an inter-
action was studied, and the results reported employ parameters chosen to minimize the
percentage uncertainty in the interaction length. The mean interaction length of pions was
found to be approximately 20/& greater than that of protons. No significant dependence on the
energy of the incident primary was found in the range measured. Consistency was found with
the great variety of accelerator measurements made to date, all of which report greater in-
teraction lengths than those reported by the cosmic-ray measurements.

INTRODUCTION

As energetic charged particles traverse matter
they lose energy in small amounts via an almost
continuous process of excitation and ionization of
the atoms and molecules of the absorber material.
However, strongly interacting particles (hadrons)
also have a probability of interacting with in situ
nuclei. The strong interaction is characterized by
the production of one or more additional strongly
interacting particles (usually m or K mesons) and
hence constitutes a much larger and discrete ener-
gy loss by the incident hadron than is typical of the
more frequent atomic collisions.

The interaction probability of hadrons in hydro-
gen has been studied extensively, both as a func-
tion of the incident energy and the type of incident
hadron. The probability for interactions in mate-
rials other than hydrogen has been less extensively
studied. In this paper we report the results of
measurements on the probability for strong inter-
actions of incident pions and protons in iron. Sim-
ilar measurements have been reported previous-
ly, ' ' but these earlier works suffered from large
uncertainties in the incident energy or from less
accurate methods of identifying the strong inter-
action. In this experiment, momentum-analyzed
beams of pions and protons produced by the Alter-
nating Gradient Synchrotron were employed. The

detector was composed of modules consisting of
alternating layers of iron and plastic scintillator.
The output signal from each module was digitized
and recorded on magnetic tape, so that each event
could be reconstructed and analyzed in terms of a
variety of parameters.

In the present experiment, as well as in most of
the previous work, the parameter that is measured
is the module number of the detector in which the
interaction took place. If the probability of an in-
teraction is independent of the particle energy,
then the probability of an interaction per unit thick-
ness of absorber is independent of the depth in the
material. Hence the probability of a particle tra-
versing a depth l without interacting is given by

P(l)=e "".
The constant X is the mean interaction length, and
is related to the total interaction cross section, o,
by

A

oA„p '

where A. and p are respectively the average atomic
mass and the density of the target material, and
A„ is Avogadro's number. The parameter X is de-
termined from the distribution of interactions in
the detector.
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Details of our experimental technique, proce-
dures for data reduction and analysis, and com-
parisons with previously reported results are de-
scribed in the following sections.

APPARATUS

The cosmic-ray detector used in this experiment
is designed to measure the energy spectra, charge
composition, and arrival directions of cosmic rays
in the energy range from 10' to 10' eV. The data
for this experiment were accumulated during a cal-
ibration run performed in the G10, +4.7' test beam
at the Alternating Gradient Synchrotron at Brook-
haven National Laboratory. The instrument,
shown schematical1y in Fig. 1, contains a particle
identification section which serves to define the
charge and trajectory of the incident particle and
an ionization spectrometer to determine the energy
of the incident particle.

The spectrometer consists of twelve tungsten
modules and seven iron modules. For a portion of
the present measurements, four additional iron
modules were incorporated in the spectrometer,
using electronics from four tungsten modules. The
spectrometer is designed to permit unambiguous
identification of incident electrons through the rap-
id development of electromagnetic cascades in the
tungsten portion of the detector. Each tungsten

module consists of a tungsten plate 6.3 g/cm' thick
(0.32 cm or approximately one radiation length) and
a scintillating plastic sheet 0.65 g/cm' thick (0.64
cm). Each of these modules is viewed separately
by a pair of photomultiplier tubes.

The spectrometer is also designed to measure
the energy of primary cosmic-ray protons, princi-
pally through the response of the iron modules to
energy deposited by nuclear-electromagnetic cas-
cades. In the detector used i.. the present experi-
ment, the arrangement of absorber material (iron)
and active elements (plastic scintillator) is such as
to optimize the energy resolution of the spectrom-
eter by minimizing fluctuations in its energy re-
sponse. Conventional ionization spectrometers
used in cosmic-ray experiments exhibit an energy
resolution which is dominated by two major
sources of fluctuations. One is caused by uncer-
tainty in the location of the first hadronic interac-
tion, which leads directly to an uncertainty in what
fraction of the primary energy escapes out the bot-
tom of a finite-depth detector. The other fluctua-
tion results from infrequent sampling of the energy
deposited in electromagnetic cascades which are
initiated by the neutral pions produced in high-en-
ergy hadronic interactions. In the present experi-
ment, each iron module consists of 66.4~0.7
g/cm' (approximately one half of a nuclear inter-
action length) of iron, and is viewed by a pair of
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FIG. 1. A schematic view of the high-energy cosmic-ray ionization spectrometer used in this experiment.
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photomultiplier tubes. This enables location of
hadronic interactions to within one half of a nucle-
ar interaction length. The iron in each module is
arranged in layers interspersed with three 0.64-
cm-thick plastic scintillator sheets. The active
elements are thus located approximately every
1.5 radiation lengths of absorber material so as to
thoroughly sample electromagnetic cascades. This
spectrometer design has greatly improved the en-
ergy resolution over previously reported results. "

The output signal of each of the tungsten and iron
modules was calibrated using cosmic-ray muons,
and noninteracting protons produced by the accel-
erator. Calibration runs were taken both before
and after the proton and pion data were accumu-
lated. The response of each of the modules to
equivalent single relativistic muons was deter-
mined by a pulse-height analysis of events in which
energetic cosmic -ray muons were incident on the
detector. Such events were selected by demanding
that alternate modules situated before and after
each of the modules being analyzed have pulses cor-
responding to the passage of a single relativistic
particle.

ANALYSIS OF DATA

In the approximately four nuclear interaction
lengths contained in the ionization spectrometer
(six interaction lengths after the additional modules
were added) almost all incident hadrons partici-
pated in a nuclear interaction. The problem was to
determine reliably in which module the interaction
occurred. It was assumed that at least one addi-
tional high-energy particle (usually a pion) is cre-
ated in any nuclear interaction. Thus the modules

located at greater depth than the interaction show
an increase in signal associated with the passage
of more than one relativistic particle. When a neu-
tral pion is created in the nuclear interaction, the
resulting decay to two y rays and the subsequent
electromagnetic cascade produce many ionizing
particles in the following modules.

In order to determine the module in which the
nuclear interaction took place, the pulse height
from each module is divided by the average equiv-
alent muon pulse height. The numbers thus ob-
tained, which are assumed to represent the number
of ionizing particles in each module, are used to
determine the interaction location.

To illustrate the nature of the problems encoun-
tered, plots of the number of ionizing particles as
a function of module number are shown in Figs.
2(a) and 2(b). Figure 2(a) illustrates a case which
is easy to analyze. A single incident particle
passed through all 12 tungsten modules and two
iron modules. The outputs of these modules show
only the usual statistical variations associated
with the passage of one relativistic particle. In
Iron Module 3 (Fe3) an interaction occurred which
produced one additional particle. The subsequent
nuclear and electromagnetic cascade is seen to
build up in the deeper modules. Figure 2(b) shows
a more typical case and is clearly more difficult
to analyze unambiguously. In this case two iso-
lated modules, Tungsten 1 and 11 (Tl, T11) re-
cord pulse heights consistent with the passage of
several relativistic ionizing particles but are fol-
lowed by modules with outputs corresponding to
one relativistic particle. It is assumed that these
isolated high-output signals are due to stochastic
variations in the number of scintillation photons

l2

RESPONSE OF IONIZATION SPECTROMETER FOR AN

EASILY INTERPRETABLE EVENT
I I I I I I I I I I I I I I I I I I I

(a)
12

RESPONSE OF IONIZATION SPECTROMETER FOR A

MOR E DIFF ICULT EV E NT

I I I I I I I I I I I I I I I I I I I

(b)

tO

~ IO

K
I 8

CO

~~ IO

I-
K

8

O
6

X
z

O
6

Lil
tO

z

~ ~ ~ ~ ~ ~

I I I I I I I I I I I

T I T3 T5 T7 T9 Tl I Fe I

DETECTORS

I I I I I I

Fe3 Fe5 Fe7

~ ~ ~

I I I I I I I I I I I I I I I I I I I

Tl T3 T5 T7 T9 Tll Fel Fe3 Fe5 Fe7
DETECTORS

FIG. 2. (a) Plot of pulse height as a function of module number. In this case the module in which the interaction
occurred is clearly Fe3. (b) Plot of pulse height as a function of module number. This plot shows the difficulty of
making a unique selection of the interaction module.
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detected, photomultiplier tube noise, or the pro-
duction of 5 rays that stop in the detector. This
conclusion is supported by the observation that
these "spuriously" high outputs appear with the
same frequency even when the incident particles
are muons. In the Fe modules the effect of Landau
fluctuations is greatly reduced by the averaging of
the pulse height from the three scintillators. In
all of the analyses reported here, at least two con-
secutive modules indicating more than one relativ-
istic ionizing particle were required to define an
interaction. This effectively requires that charged
pions be produced with a range of more than 66
gjcm' in iron or that a w' be produced with enough
energy (-600 MeV) so that the associated electro-
magnetic cascade penetrates more than 9 radiation
lengths of iron.

In order to analyze the 5x104 events recorded
during the course of this experiment, a computer
program was written to process the data. The data
recorded from each incident particle were
searched for two or more consecutive modules
with outputs above a threshold level. The interac-
tion was defined to have started in the first of the
~odules in which the threshold was exceeded.
Both the value of the threshold and the number of
consecutive modules required to exceed this value
were adjustable parameters. After reduction of
the data for a particular run, a summary of the
information for each module was printed. This
summary included the total number of events ana-
lyzed, the number of times a single particle
passed through each module, the number of times
the signal was spurious (i.e., the signal exceeded
the threshold value but the signal in the next mod-
ule did not), and the number of times a particle
interacted in each module.

In some instances spurious effects generate a
high signal in the module just before the one in
which an interaction occurred. This spurious sig-
nal causes the wrong interaction module to be se-
lected. If all modules were spuriously high the
same percentage cf the time, the slope of the in-
teraction curve would not be affected. However,
this was not the case; the spurious rate varied
from much less than 1% to slightly more than 5%.
The number of interactions found in each plate was
therefore corrected, as follows, to account for the
effects of spuriously high events.

If module i produced a spuriously high signal a
fraction of the time S;, then the observed number
of events in module i, N&, should be reduced by
S; N; because of the spurious signals. However,
the number of events in module i should be in-
creased by the number of events falsely assigned
to the i —1 module. Thus the correct number of
events n,. in module i is given by

STATISTICAL ANALYSIS OF THE
EXPERIMENTAL DATA

The processes by which energetic hadrons inter-
act in an ionization spectrometer are stochastic,
and the relationships describing the expected re-
sponse of the detectors are statistical. In the
present work, the method of maximum likelihood
was used to determine interaction lengths from
distributions of interactions in an ionization spec-
trometer. This method is readily applicable be-
cause each particle has a well-defined a priori
probability of interacting as a function of detector
module number, independent of the interaction
probabilities of each of the other particles.

Another approach, sometimes used to determine
the interaction length, employs a less cumbersome
technique. The logarithm of the observed interac-
tion distribution is fitted by a weighted least-
squares method to a straight line. The applicabil-
ity of the least-squares method relies on the inde-
pendence of the numbers of particles observed to
interact in each detector module and the appropri-
ate choice of the weighting function. In any attenu-
ation experiment such as reported here, the num-
bers of particles interacting in the different detec-
tor modules are not independent, and are in fact
related by the expression

N= Qn;, (4)

n, =N, (1-S,)+S, , N, ,
The mean interaction length was found by deter-

mining the slope of the exponential decay of the
number of interactions in each of the iron modules.
In all of these determinations the interactions in
both the first and last iron modules were ignored.
The first iron module was ignored because of pre-
dicted backscattering effects, "and more impor-
tantly because this module is not symmetrically
embedded in iron. The showers created by inter-
actions in the deeper portions of this module are
detected by only one or two scintillator sections,
and are hence seen less efficiently than interac-
tions occurring in the front of the module. Such
low-efficiency events will often be registered as
having started in the subsequent iron module, but
there is no corresponding module in front of the
first one to add to events detected as starting in
the first module. Thus the efficiency of the first
module is predictably too low. The interactions
detected in the last module were also ignored be-
cause of a lack of symmetry in the backscattering
and because there was no effective way to deter-
mine the number of times the last detector was
spuriously high.
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where N is the total number of interacting parti-
cles, k is the number of detector modules, and
the n& are the numbers of particles observed to in-
teract in each of the modules. That is, the proba-
bi]ity of interacting in module i is coupled with the
probability of not interacting in the i —i preceding
modules. In the present experiment, the total de-
tector thickness is large, approximately 4 interac-
tion lengths of absorbing material. Therefore, the
total number of interacting particles is a large
fraction of the total flux through the detector.
Fluctuations in the number of particles interacting
in any module propagate as fluctuations in the flux
through succeeding detector modules. Thus, the
approximation that the n& are independent cannot
be justified. Its use would lead to results which
are influenced by coupled statistical fluctuations
in the numbers of interacting particles in succes-
sive detector modules.

For each data set in the present experiment, an
interaction length A. was determined by maximizing
the likelihood, as a function of ~, given by the
product of all the a priori probabilities for each
event in the data set.

The probability that a particle, present at l = 0,
will arrive at l is e "", where X is the nuclear in-
teraction length. The probability that a particle at
I will interact between l and l+dl is dl/A. . Since
these probabilities are independent, the probability
that a particle present at l = 0 will arrive at l and
will interact between l and l+4l is given by

(5)

or

P(l, b, l, A.) =e " (1 —e ~' ), (6)

(8)

An analogous expression is commonly used in bub-
ble-chamber experiments to determine particle
lifetimes. "

where b l is a module thickness, and l is the total
thickness of modules up to the one in which the
particle interacts. However, in this experiment,
the only particles selected are those which inter-
act between l =0 and l = L, where L is the total
thickness of all the modules. Thus, the probability
of interacting in the whole detector, treating it as
one module, is (from Eq. 6)

P(0, L, A.) = 1 —e ~~

So the probability of interacting between l and l+4l
for all particles which arrive at l = 0 and which do
interact between l=0 and l=L is given by

For large L/X and small b. l/X, Eq. (8) reduces to
the well-known limiting expression

However, since the limit criteria are not satisfied
in the present work, Eq. (8) is the appropriate ex-
pression for the a priori probability, and is used
to calculate the likelihood function.

The likelihood function is given by

P((l, Al, L, A). (10)

Using P; from Eq. (8) gives

where i indexes each of the N independent events
in the data set. The interaction length, to be de-
termined from the data set, is that value of the
quantity A. for which the likelihood Z is a maxi-
mum. Since Z is a positive definite quantity, it is
a maximum when

In(l')=g '+ln(1 —e "~)-In(1—e ~~)-l;
A.

(12)

is a maximum. Analytically, In(Z) can be maxi-
mized by setting its first derivative with respect
to A. equal to zero. The resulting transcendental
expression for A. must be solved by numerical
techniques. In the present work values of In(Z)
were computed for each data set for a range of
values of A.. In(Z) was found to be nearly normally
distributed in reciprocal A., I/A. , for all data sets,
independent of size. For data sets containing more
than 2500 events, In(Z) was found to be normally
distributed in ~ as well. The observed behavior of
the likelihood function in X and reciprocal ~ has
been predicted for this type of data in the review
of particle properties by the Particle Data Group, "
and can be derived from the analytical behavior of
Eq. (12).

The measured uncertainties were determined
from the numerical calculations from that change
in X, 5X, for which In(Z) decreases by the amount
0.5 from its maximum value. This corresponds to
the one-standard-deviation points of a normal dis-
tribution. '4 A limit on the best accuracy obtainable
in A. for a total number of events, N, for a small
Al/A. and for a finite L/chas been presented . in
Ref. 13. In the present work, in which both Al/A
and L/X are finite, the minimum uncertainty in X

can be shown to be
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All standard deviations determined in the present
work slightly exceed 6X . The values of A. and 5A.

determined from the analyses just described are
presented in the next section.

RESULTS

Because the analysis program was written in a
general manner, it was relatively easy to deter-
mine both the slope of the interaction curve and
the quality of the fit as a function of numerous pa-
rameters. The data were analyzed as a function
of the number of consecutive "high" modules re-
quired to define an interaction, as a function of the
number of equivalent muons needed to define an in-
teraction, and as a function of different numbers
of muon equivalent particles in the first and second
inter action modules.

The slope of the interaction curve was calculated
for several different runs using the requirement of
outputs exceeding a threshold from two or three
consecutive modules to define an interaction. For
each run the slopes determined using the require-
ment of two consecutive modules agreed well, with-
in the experimental uncertainties, with the slopes
determined using the requirement of three consec-
utive modules. However, the statistical accuracy
associated with the three-module measurements
was somewhat less. The data from one less mod-

ule could be used, since the number of interactions
occurring in the next-to-last Inodule obviously
could not be determined with the same require-
ments placed on the other modules. The loss of
information which might have been provided by
this one additional module increases the statistical
uncertainty. Since the determination of the slope
was independent of whether the two- or the three-
consecutive-module requirement was used, and
because greater accuracy was achieved with the
two-module requirement, all succeeding determi-
nations were made with the requirement that two
consecutive modules had outputs which exceeded
the selected thresholds.

The threshold chosen to define an interaction se-
lects the physical processes to be observed. As
the threshold for determining an interaction is
raised, interactions which have low multiplicity
and also fail to develop a significant shower are
not detected. However, interactions with high
multiplicity will continue to be detected. Most in-
teractions in which one or more w "s are produced
will also be detected due to the rapid buildup of the
electromagnetic shower following the decay of the
~' into two y rays. At the energies investigated in
this work, higher-multiplicity events have lower
probabilities. Since increasing the threshold re-
quirement will create a bias against some low-
multiplieity, higher-probability events while con-
tinuing to select the high-multiplicity, lower-prob-
ability events, the interaction length is expected to
rise as a function of increasing threshold require-
ment. Figure 3 shows a plot of the measured in-
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teraction length for both 9.3-GeV protons and pos-
itive pions as a function of the threshold. The in-
teraction length is seen to increase by about 20%
as the threshold requirement is raised from 2 to
7 single-particle equivalents. The measured inter-
action length seems to remain roughly constant or
decrease slightly for still higher thresholds. How-

ever, the statistical accuracy for the higher
threshold requirements rapidly becomes worse be-
cause not many events satisfy the rather unusual
threshold requirements. For very low threshold
requirements the statistical uncertainty in the de-
termination of the slope increases for similar rea-
sons. For example, as the threshold is lowered
to one ionizing particle, the interaction will almost
always be detected in the first few tungsten mod-
ules, and no useful data for the determination of
the slope in the iron modules will be available.

Not many data are. available for the particle mul-
tiplicities to be expected from nuclear interactions
in iron at the energies investigated in the present
work. Thus the interaction mean free path was de-
termined for a range of values of the thresholds.
Figure 4 shows a plot of the statistical uncertainty
in the mean free path as a function of threshold.
For these data there is a very clear minimum in
the percentage uncertainty for a threshold require-
ment of 3.0 muon equivalent particles. The other
data (13.8- and 17.8-GeV protons and 9.3-GeV pi-
ons) also show a minimum in the uncertainty at a
threshold value of 3.0 muon equivalent particles,
although in these latter cases the minimum is not
so pronounced. This minimum in the uncertainty

occurs even though the total number of interactions
found in the iron modules is a monotonically in-
creasing function of the threshold value until the
threshold is approximately 8 muon equivalent par-
ticles. The uncertainty in the determination of the
slope depends both upon the statistical accuracy of
the data and upon how well the data fit the assumed
exponential decay function. The fact that for values
of the threshold greater than 3 the quality of the fit
becomes worse while the total number of interac-
tions detected increases indicates that data for
these higher thresholds do not fit the hypothesis of
a simple exponential decay so well. The threshold
which resulted in the minimum statistical uncer-
tainty in X was chosen.

Once criteria for the number of modules (2) and
the threshold value (3 muon equivalent particles)
had been determined, the effect of adjusting the
threshold of the second module while holding the
threshold in the first at 3 was investigated. For
some cases, particularly for interactions which
initiate electromagnetic cascades, the signal level
in the second module is higher than in the first. It
was thought that a higher threshold for detection in
the second module would more nearly represent
true events and be a better criterion for event se-
lection. The data for 9.3-6eV protons were ana-
lyzed by varying the threshold for the second mod-
ule from I to 5 muon equivalent particles while the
threshold for the first module was held constant at
3 muon equivalent particles. As can be seen in
Fig. 5, the minimum uncertainty in the determina-
tion of the slope occurs with the same threshold

4.6 DATA FOR 9.5-GeV
INCIDENT PROTON

DATA FOR 9.3-GeV

4.5 — INCIDENT PROTONS

4.5 - ~ ~ 44—

44

4.2—

4.3

I I I l

NO. OF PARTICLES IN SECOND

INTERACTION MODULE

2.0 2.5 3.0 5.5 4.0 4.5 5.0
NO. OF PARTICLES TO DEFINE AN INTERACTION

FIG. 4. Plot of statistical uncertainty in the determi-
nation of the mean interaction length as a function of
threshold requirement.

FIG. 5. Plot of statistical uncertainty in the deter-
mination of the mean interaction length as a function of
threshold requirement in the second interaction module
with the first held fixed at three equivalent particles.
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TABLE I. Mean interaction length of protons in iron.

Incident
energy
(GeV)

Number of
ll on

modules

Total number
of detected

interactions (g/cm2) Measured

m/z
(%)

Minimum

9.3
13.8

17.8

17.8

2942

2804

3187

2683

150.8 44. 87

151.4 45'~7

139.0 +4.1

140.2+3'2p

+3e2

+3.2

+2,9

+2.3

+3.0

+3.0

+2.8

k2.2

for both the first and second modules. While ad-
justing the threshold value in the second module
changed the accuracy of the slope determination,
no appreciable change in the value of the interac-
tion length was detected. Thus all final results on
the determination of interaction lengths presented
here are based on the requirement of two succes-
sive modules with a signal output above 3 times the
single-particle level to define an interaction.

The results of the determination of mean inter-
action lengths for protons and pions are presented
in Tables I and II. The number of modules em-
ployed, the total number of interactions analyzed,
and the measured mean nuclear interaction length
are given for each incident energy. The uncertain-
ty in the interaction length determined by the max-
imum-likelihood method is also given, along with
the theoretical minimum statistical uncertainty
based on the total number of interactions detected.
Each of the experimentally determined interaction
lengths contains an additional uncertainty of +1%%uo

due to the uncertainty in the mean density of the
detector material.

It needs to be strongly stressed that in Tables I
and II the values of the interaction lengths and the
associated uncertainties are given for our best-fit
definition of an interaction (3 muon equivalent par-
ticles in each of two consecutive modules). As has
been discussed previously, the value of the inter-
action length can be changed considerably outside
the stated errors by appropriate changes in the
definition of an interaction.

The mean interaction lengths are observed to be
independent of the number of iron modules em-

ployed to within the statistical uncertainties in the
measurement. No significant dependence of the in-
teraction length on energy is detected On. the hy-
pothesis that the interaction length is independent
of energy, P =0.09 for protons and P =0.95 for pi-
ons. The mean interaction length for pions is ap-
proximately 20%%uo greater than that for protons.

Some measure of the over-all accuracy of the
determination of the mean interaction length can
be obtained from a comparison of the experimen-
tally determined uncertainties with the theoretical
minimum uncertainties predicted from Eq. (13).
The fact that the experimental uncertainties are
only slightly larger than the theoretical minimum
indicates that the assumption of a single exponen-
tial decay function is reasonable. Departures of
the data from the assumed exponential decay could
be caused by variation of the interaction length
with energy, unequal efficiencies of the detector
modules, and contamination in the beam.

The effect of energy dependence on the determi-
nation of the mean interaction length is expected
to be very small. The incident particles lose less
than 10%%uo of their energy in traversing the entire
detector, even for the lowest-energy (9.3-GeV)
protons. Since the interaction probability is at
worst a very slowly varying function of the energy,
the small change in incident energy should not ap-
preciably affect the determination of the mean in-
teraction length.

Contamination of the proton beam by other had-
rons was small. Efficiency for rejection of ~ and
K mesons by the gas Cerenkov detector was mea-
sured to be better than 98%. Since the flux of pro-

TABLE II. Mean interaction lengths of pions in iron.

Incident Number of Total number
energy iron of detected
(GeV) modules interactions

A, in (g/cm2)
Uncorrected Corrected

for E+ contamination

m/z
(Vo)

Measured Minimum

9.3
17.8

1291

550

166.8 + 8.5
167.4 + 9.1

164.5 + 8.5
163.8 + 9.0

+5.1

k5.3

+4 4

+4.9
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tons always represented more than half of the total
flux, the contamination in the proton beam was al-
ways less than 2%%up.

There was, however, some K-meson contamina-
tion in the ~-meson beam. At both 9.3 and 17.8
GeV the ratio of K' to ~' at the. production target
was 12/o. Because of the long flight path (57.35 m)
and the lower energy of the K', about half of the K'
mesons decayed before reaching the detector. The
ratio of K' to ~' incident upon the detector was
5. 1'%%uo and 7.8/o at 9.3 and 17.8 GeV, respectively.
The correction for the K' contamination in the
beam has been made assuming the ratio of the
cross sections o(K', Fe) to o(w', Fe) will be the
same as the ratio of the cross sections o(K', D}
to o(m', D) of approximately 0.71 given by Denisov
et al." The correction for the K-meson contami-
nation has been included in the results presented
in Table II. The corrected value for the r' inter-
action length in iron at 17.8 GeV of 164 + 9 g/cm'
is in excellent agreement with the value of the r in-
teraction length measured at 20 GeV of 162+2
g/cm', obtained by interpolating between the val-
ues given for Al and Cu by Allaby et al." Harris
et al. "have reported a mean interaction length of
130 g/cm' for 2.9-GeV w' in iron. This deter-
mination is based on the interaction criterion of
scattering of the incident pion, so that the much
higher interaction cross section may be due to an
effectively lower-threshold criterion.

The effect of detector efficiencies upon the de-
termination of the mean interaction length has been
investigated. First, as a check for variations in
the efficiencies for detection of an interaction, the
total number of interactions detected in each mod-
ule for all proton runs was plotted as a function of
module number. For each module included in the
data analysis the sum of the interactions differed
by no more than 2'%%uo from the expected fit to the
data. We thus conclude that all detectors have the
same efficiency for the detection of an interaction,
to within a few percent. Secondly, the muon equiv-
alent particle calibration for the first useful iron
module was arbitrarily changed by 10%%uz, a number
several times the assigned uncertainty. The value
of the mean interaction length changed by less than
1%, but the quality of the fit became worse.

CONCLUSIONS

The mean interaction lengths for 9.3-, 13.8-,
and 17.8-6eV protons and 9.3- and 17.8-GeV posi-
tive pions in iron have been determined. The value
obtained depends somewhat upon the signature re-
quired to define an interaction. Exact comparison

with the other determinations of the mean interac-
tion length is not possible because other experi-
ments have slightly different criteria to define an
interaction. The results of this experiment and
those of previous workers are shown in Table III.
Because of the aecur3tely determined incident en-
ergy and the large number of events, the precision
of the present results is generally greater.

No statistically significant variation of the mean
interaction length for protons or pions as a func-
tion of energy was observed in this work. How-
ever, with only two exceptions, the data presented
in Table ill show a systematic 5% difference be-
tween measurements of the mean-interaction length
made with cosmic rays and those made with accel-
erator-produced protons. A correction for pion
contamination in the cosmic-ray Qux would lower
the value obtained in uncorrected cosmic-ray ex-
periments by about 5'%%uo, thereby increasing the dis-
crepancy.

All of the recent accelerator experiments have
employed both a similar detector, constructed of
alternating layers of iron and scintillator, and
similar criteria for defining an interaction. Thus
the agreement among these experiments is not un-
expected. The analysis of the data in the present
work has shown that the value of the mean interac-
tion length is dependent upon the criteria used to
define an interaction. However, most of the
changes in criteria from the ones finally selected
for our analysis tend to raise the value of the mean
interaction length. None of the various interaction
criteria that were tried gave a value as small as
with those reported by the cosmic-ray experi-
ments. The difference may be due to the effec-
tively higher-threshold criteria in the cosmic-
ray experiments resulting from less frequent
sampling and greater module thickness in their
detectors.

The determinations of the interaction length us-
ing cosmic rays included only particles with ener-
gies above 50 GeV. The observed differences in
the mean interaction length could be explained by
an energy dependence of the interaction cross sec-
tion. Such an energy dependence has been sought
by Jones et al. ' over the energy range 70-800 GeV,
but no statistically significant effect was observed.
The accuracy of the investigations was, how-
ever, not sufficient to rule out an energy depen-
dence as the cause of the observed discrepancy.

It is always difficult to make comparisons be-
tween experimental measurements in which differ-
ent techniques, that may affect the results, have
been employed. It will be interesting to repeat the
mean-interaction-length measurements using an
iron-scintillator spectrometer with cosmic rays
as a source of protons.



INTERAC TION LENGTHS OF ENERGE TIC PIONS. . .

TABLE III. Comparison of experimental determinations of mean interaction lengths of protons in iron.

Experimenters

Incident
energy
(GeV)

Ashmore et al. (1960) 24.2

Brenner and Williams (1957) 50

Source of
protons (g/cm2)

Cosmic rays 152 + 7

Accelerator 143 + 8

Comments

Integrated all hadrons in cosmic-ray flux.

Value interpolated from measurements on
Al and Cu.

Dobrotin et al. (1965)

BeHettini et al. ' (1966)

20-600 Cosmic rays

Accelerator 119 + 3 Value interpolated from measurements on
C, Al, Cu, and Pb.

125 + 16 Integrated all hadrons in cosmic-ray flux.

Andronikashvili et al .~ (1968)

Schmidt& (1968)

W. V. Jones et al." (1970)

Bashindjhagyan et al. ' (1971)

Kurz et al.'

50-1000 Cosmic rays 130 + 6

Accelerator28

20.5-28 Accelerator

143 +3

139",

Cosmic rays 132 + 5

Integrated all hadrons in cosmic-ray flux.

Minimum statistical error +3.3 g/cm2.

Combined 20.5- and 28-GeV data.

Corrected for pions in cosmic-ray flux.

18 Accelerator 135.3+ 3.4 Experimental equipment and data analysis
similar to present experiment.

L. W. Jones et al." (1972)

Present experiment

70-800

17.8

Cosmic rays 132.4+ 2 Corrected for pions in cosmic-ray flux.

Accelerator 139.9+2.5 Demands 3 particles in 2 successive modules.

'Ref. 1
Correcting for pion contamination in the cosmic-ray flux would lower the value of the mean interaction length by

about 5%.
'Ref. 2.
Ref. 3.
Ref. 4.
Ref. 5.

gRef. 6.
"Ref. 7.
'Ref. 8.

Private communication. We are indebted to Dr. Kurz for permission to use these data prior to publication.
"Ref. 9.
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