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how E„andE& approach the scaling limit, it is almost
impossible to make any meaningful comparsions be-
tween these functions with data presently available.

~~L. S. Rochester, private communication.
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R. Kobayashi, Prog. Theor, Phys. 36, 846 (1966), and

by D. B. Lichtenberg, Phys. Rev. 178, 2197 (1969).
H. J, Melosh, Phys. Rev. D 9, 1095 (1974).
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We report new measurements of neutron-nuclear total cross sections obtained at Fer-
milab. The data are for neutron momenta between 80 and 300 Gev/ cand for nuclear tar-
gets of carbon, aluminum, copper, and lead.
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FIG. 1. Schematic illustration of transmission meth-
od for measuring total cross section.

Precision determinations of neutron total cross
sections on nuclear targets in the 30- to 300-
GeV/c range have recently been reported. " We
have performed a similar set of measurements
in the M-3 neutral beam at Fermilab using the
standard good-geometry transmission technique.
A novel feature of the experiment was the method
employed for neutron detection. A 0.25-in. -thick
Pb neutron "converter" was placed in front of a
high- resolution forward-V spectrometer. The
spectrometer was triggered on the coherent dis-
sociation of the neutron into a pm system (V),
produced in the reaction n+Pb (Pit' )+Pb, and
provided us with excellent positional and energy-
measuring capability for transmitted neutrons. '
Figure 1 illustrates schematically the basic prin-
ciple of our good-geometry transmission mea-
surement. W'e measure the rate of V production
with (I&) and without (I,) a nuclear transmission
target located -200 m upstream of the spectrom-
eter; the ratio of these yields, normalized by an
independent beam monitor, is used to determine
total cross section for neutrons on specific tar-
gets. '

The reason for normalizing by an independent
monitor is to correct for time variations in the
intensity of the incident neutron beam. For this

purpose we employed a Fermilab-designed count-
er telescope which directly monitored the prima-
ry Meson Lab target from which the neutrons
originated. To minimize the dependence of our
measurements on time variations in the efficien-
cy of this monitor, we continuously alternated,
under computer control, the target-in and target-
out conditions. We have examined the ratio Io/Iz
as a function of time for each transmission tar-
get, and have detected no statistically significant
temporal variations in this quantity.

For the sake of brevity, we will comment here
on only three major points in the analysis':

(1) Correction for small-angle scattering.—The primary advantage of employing a detec-
tor with excellent spatial resolution is that it
provides a means for making this important cor-
rection with justifiable confidence. The need for
such a correction arises because neutrons which
scatter in the transmission target through a
small angle can still strike the Pb converter and
yield detectable V's. Because for large nuclei
the elastic differential cross section peaks sharp-
ly at very small scattering angles, the magnitude
of the required correction is not in general neg-
ligible. Figure 2 presents data which we use to
correct our measured total cross sections for
such small-angle scattering. The figure displays
distributions in the square of the radial position
(R) of the reconstructed vertexes of V's for each
transmission element employed. For compari-
son purposes, the data for each target have been
normalized to the distribution for the target-out
situation (dashed histograms). The amount by
which the solid histograms exceed the dashed his-
tograms as this transverse coordinate increases
is a direct measure of the fractional importance
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of the small-angle-scattering correction for each
element. As expected, the effect is more signif-
icant for the heavier elements (Cu and Pb).

The differential cross section for the scatter-
ing of neutrons at small four-momentum trans-
fers (i = Itl ~pr') is well represented by the func-
tion Ae ", with A and b being constants; and be-
cause t can be approximated by the expression
(pA/I )', where p is the incident neutron momen-
tum and I is the distance between the transmis-
sion target and the Pb converter, a quantitative
estimate of the number of detected V's, which
are in reality small-. angle scatters, may be made
for each element and for each momentum band
through the use of the data in Fig. 2.' By re-
stricting the sample of V's to those with radial
coordinate less than 4 mm, the absolute magni-
tude of the small-angle-scattering correction
was kept less than ~ of the statistical error in
even the worst case (the highest-momentum Pb
point), and the absolute uncertainty in the magni-
tude of the correction applied was in all cases
truly negligible.

(2) Determination of momentum dependence.—Because our spectrometer enables us to pre-
cisely measure the momentum of each detected

SQUARED RADIAL COORDINATE OF
RECONSTRUCTED VERTEX

FIG. 2. Distributions in the square of the radial co-
ordinate of the reconstructed V vertexes relative to the
beam axis. The data for each element have been nor-
malized to the target-out distribution |',dashed histo-
grams) .

V, we obtain directly the momentum dependence
of the total cross section for each element. The
only significant limitation on the accuracy of
this determination arises if there is significant
contamination in the final sample of V's from the
competing three-body dissociation reactions n
+Pb-(pm m')+Pb and n+Pb-(nw+m )+Pb.
Equating the neutron momentum with the momen-
tum of the charged V would in these reactions
yield a systematic underestimation of the momen-
tum value for the event in question. (This effect
would be most significant in the case of dissocia-
tion into nm+m, where the outgoing neutron tends
to carry off most of the incident momentum. ) We
have examined the dependence of our measure-
ments on the dynamic properties of the detected
V's (e.g. , the mass of the pm system, the mo-
mentum transfer to the V, etc. ) and found no sig-
nificant effect. The insensitivity of the measured
total cross sections to the presence of the resid-
ual three-body dissociation events may be attrib-
uted to the near energy independence of the neu-
tron-nuclear total cross sections.

(3) Effect of target thickness. —To ascertain
that our measurements of total cross sections do
not depend on geometric dimensions of the trans-
mission targets or on interaction rates in these
targets, we compared data for two different
thicknesses of carbon material. Using 15-cm
and 50-cm graphite targets we detected no statis-
tically significant difference in the extracted to-
tal cross sections for the full range of incident
neutron momenta. (The typical transmission tar-
get we employed in our experiment was equiva-
lent in thickness to approximately one interaction
mean free path of material along the beam direc-
tion. )

To summarize, our spectrometer enabled us
to measure the momentum of each detected V to
+ 1'%%uo accuracy; we therefore obtained directly the
momentum dependence of the total cross section
for each target element. Furthermore, the ex-
cellent spatial resolution (-+ 0.03 cm) of our neu-
tron detector was a valuable asset in making cor-
rections for those neutrons which undergo small-
angle scattering in the transmission target but
still strike the Pb converter and yield detectable
V's. We found that corrections for such small-
angle scatters even for a Pb transmission target
never exceeded 1% of the measured cross sec-
tions. We have investigated other possible sourc-
es of systematic error and believe that our total
cross section determinations constitute measure-
ments which are effectively model independent,
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TABLE I. Neutron-nuclear cross section.

Momentum range
(Gev/c) Carbon

Cross section
Aluminum Copper

80-80
80-180

180-170
170-200
200-220
220-240
240-260
260-800

886 +9
819 +6
828+ 5
809 +5
828 +6
812 +6
826+7
820 +7

645+ 28
608+14
628 +12
588 +12
607 +14
611+15
620 +16
681 +17

1268 +86
1167+22
1206+19
1181+19
1204 +28
1288 +28
1272+25
1200+27

8087 + 88
2880 +58
8087+47
2968 +48
2958 + 56
2944+57
8068 +62
2982+67

and limited only by statistical uncertainty.
The results of our measurements are present-

ed in Fig. 3 and tabulated in Table I. The data
points on the figure are our measured values;
the cross-hatched region represents previously
published results in this energy regime. ' (The
limits of the cross-hatched region correspond to
+ 1 standard deviation variations from the mea-
sured values. ) The solid curve summarizes re-
sults at lower energies. The two high-energy
measurements appear to be in good agreement
for Pb, but display systematic disagreement as
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FIG. 8. Neutron. -nuclear total cross sections meas-
ured in this experiment. The cross-hatched region rep-
resents the previously available data in this energy
regime (Bef. 1); the curves summarize lower energy
results.

the atomic number decreases (W. e can provide
no obvious explanation for this small but signifi-
cant discrepancy; if the method of correcting for
small-angle scattering were at fault, the dis-
agreement would be expected to be most pro-
nounced for large A. ) One effect of the disagree-
ment between the two experiments is that if one
chooses to parametrize the A. dependence of the
neutron-nuclear total cross section oz.(A) in the
form ooA. ', then our t/ values are systematically
larger than those reported in Ref. 1. Another,
perhaps more interesting, consequence is that
while the qualitative agreement between the data
and Glauber theory (including inelastic screen-
ing) remains, ' the quantitative level of this agree-
ment is worsened.
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L. W. Jones et al. , Phys. Bev. Lett. 88, 1440 (1974);
P. V. B. Murthy et a/. , Nuc]. . Phys. B92, 269 (1975).
These papers also provide an excellent summary of
work performed at lower energies.

2Detailed descriptions of our spectrometer, and of
the explicit triggering scheme employed, have been
presented elsewhere. See, for example, J. Biel et al. ,
Phys. Bev. Lett. 86, 504 (1976); T. Ferbel, in Pro-
ceedings of the International School of Subnuclear Phys-
ics, "Ettore Majorana, "Erice, 1975, edited by A. Zi-
chichi (Academic, New York, to be published).

The neutral beam contained minor components of y,
Ez, and n. The y's were effectively removed using a
2-in. -thick Pb filter. Corrections due to &z and n
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contaminants were negligible because of the nature of
the detection scheme. This point will be discussed
more fully in a forthcoming publication.

4A more complete discussion of the experimental de-
tails is being prepared for publication. For a prelimi-
nary presentation of these measuremnts, see P. Slat-
tery, in Particles and Fields, 1975, edited by H. Lu-
batti and P. M. Mockett (Univ. of Washington, Seattle,
Wash. , 1975) .

5This correction requires a knowledge of the mo-

mentum spectrum of the incident neutrons. This mo-
mentum spectrum has been independently determined
in our experiment (see Ferbel, Ref. 2), and by M. Lon-
go et al. , University of Michigan Report No. UM-HK-
74-18 (unpublished), and the two measurements are in
very close agreement.

6The average value of v is 0.78 near 80 GeV/c; in
excess of 80 GeV/c, v falls below 0.77 for the data of
Bef. 1, and rises to 0.79 for our data. Although small,
these differences are statistically significant.
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A comparison of measurements of prompt single muons, produced in the forward di-
rection by 400-GeV proton interactions, with the results of measurements of muon pairs
produced under the same conditions shows that the pair intensity accounts for the inclu-
sive single-muon flux in a manner which is insensitive to the details of the production
and decay of the muon pairs. The mean invariant mass of the pairs is about 900 MeV/c .

It has been known for some time that the inclu-
sive production of single leptons in high-energy
interactions is anomalously large' inasmuch as
elementary estimates of the production of leptons
from conventional sources, such as the electro-
magnetic decays of the known short-lived vector
mesons, fail to account for the observed intensity
by about one order of magnitude. Most conjec-
tures concerning the origins of these leptons con-
sider that the leptons are produced either elec-
tromagnetically or through the weak decays' of
heretofore unknown particles produced in the
strong interactions„ If the leptons are produced
electromagnetically, they will always be pro-
duced in pairs; if they are produced through the
weak-interaction decay of an intermediate parti-
cle, the proportion produced in pairs will be
equal to or smaller than the branching ratio for
the particle's decay to the lepton and that branch-
ing ratio will probably be smaller than one-fourth.
In view of the importance of the question of pair
production, we have conducted measurements de-

signed to determine the proportion of prompt mu-
ons produced in pairs by the nuclear interactions
of 400-GeV protons.

Since we had not invented an ideal 4p detector
able to identify muons of all energies, we pro-
ceeded to design a measurement such that the ra-
tio of measured dimuon intensities to single-mu-
on inclusive intensities in a more limited kine-
matic region would depend on the proportion of
dimuon parentage of the prompt muons in a man-
ner which was insensitive to the largely unknown
production and decay characteristics of the dimu-
ons. In general, the production of dimuons will
depend upon I, the invariant mass of the pair,
and p r and p~, the transverse and longitudinal
momenta of the center-of-mass of the pair. The
decay of the pair will depend upon M and o. and p,
where n is the angle of decay with respect to the
direction of production of the pair and y is the
azimuthal decay angle. Our experimental design
is such that the ratio is nearly independent of the
distribution in I and pr, quite insensitive to the
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