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Neutron-proton and neutron-deuteron total cross sections have been measured directly
at the Princeton-Pennsylvania Accelerator using time of flight to determine the incident
neutron momentum. The results cover the region from 700 to 2900 MeV jc with a typi-
cal accuracy of 0.8% for each of 26 momentum bins. The data are not consistent with
the most precise previous measurements in the same momentum range.

We have made direct measurements of neutron-
proton and neutron-deuteron total cross sections
for incident neutron momenta between 700 and
2900 MeV/c. The statistical accuracy is better
than 1% for most of the 26 momentum bins. The
total systematic error is believed to be less than
19o. Both the n-P and n-d cross sections are
systematically lower by 1.5-2 mb than measure-
ments of P-d and P-n cross sections reported by
the Cambridge-Rutherford (CR) group. ' The CR
P-n cross sections were obtained from o~„-0»
with a correction for the Glauber screening ef-
fect, .'

A neutral beam containing a broad spectrum
of neutron momenta was produced at 20' by the
3-GeV internal proton beam of the Princeton-
Pennsylvania Accelerator. The beam was defined

by collimators. A lead filter near the production
target attenuated gamma rays, and magnets

were used to remove charged particles.
The momentum of each detected neutron was

determined by its time of flight (TOP). The pro-
ton beam struck the internal target at 67-nsec
intervals with bunches less than 1 nsec wide. A
Cherenkov counter placed near the internal tar-
get gave a signal when each proton bunch struck
the target. The neutron detector was located 120
ft away; it provided the other signal for the TOF
measurement. The resolution of the system was
2 nsec (full width at half-maximum) correspond-
ing to a. momentum resolution of 0.7 lo at 700
MeV/c and 9.5% at 2900 MeV/c. There was an
ambiguity in the TOF since a slow neutron could
be overtaken by a fast neutron from the next
bunch. This was eliminated by a range require-
ment in the detector which provided a low-mo-
mentum cutoff.

The target system was located 104 ft from the
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production target and consisted of three identical
cylindrical flasks of 4-in. diam and 36-in. length.
One flask mas evacuated; the ones containing
hydrogen and deuterium were sealed to prevent
boiling. All three were surrounded (except at
the ends) by a jacket of liIluid hydrogen fed from
a common reservior. The targets were auto-
rnatieally cycled into the beam at frequent inter-
vals to minimize the effects of any aspect of the
experiment which changed systematically with

time. The lengths of the full flasks were mea-
sured to 0.1% during the experiment by means
of optical telescopes sighted through viewing
ports in the target walls.

The vapor pressure above each target flask
was measured every 2 h. To insure accurate
measurements of the temperature in the flask,
the liquid-vapor interface was kept mell inside
the target flask. Our concern mas prompted by
unexplained differences' of -0.5'K between the
calculated temperatures of the liquid-hydrogen
jacket and liquid-deuterium flask in two px evious
experiments. '4 Using the same tables of vapor
pressure, temperature, and molar volume' as
used previously, our calculated hydrogen and
deuterium temperatures agreed to bettex than
0.1'K.

A schematic drawing of the neutx'on detector
is shown in Fig. 1. The scale has been expanded
along the beam direction to sepax ate the com-
ponents. The detector was 24 &&24 in. transverse
to the beam and it was 13 in. thick. The neutron
eonverters in the four modules mere 5, 8, 10.3,
and 12 in. in diam but the amount of matex'ial
was kept nearly uniform over the full size of the
detector. Thus in each module, the Lucite con-
version region (a) was surrounded by a liIluid
sclll'tlllRtol' veto (5)t Rlld tile solid-Rllgle-deflI1111g
counter (c) was surrounded by a Lucite spacer.
Counter (c) wa.s placed in coincidence with the
following full-sized counter (d) which also served
as a charged-particle veto for the next module.
The counters preceding, in the rniddle of, and
following the 3-in. Fe absorber were required
for events from all modules. In order to in-
crease the range of solid angles subtended by the
modules, data were taken with the detector at
different distances from the transmission tar-
gets.

The neutron flux was monitored by scintillation
counter telescopes. Two counter telescopes
were placed upstream of the primary collimator,
R third detected particles scattered from the
collimator, Rnd R fourth counted particles emerg-
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FIG. 1. Schematic of the neutron total cross-section
detector. The labeled components are (a) cyclindrical
neutron converter, Q) veto surrounding converter,
(c) solid-angle defining counter, and g) dual coinci-
dence and veto counter.

ing at wide angles from a converter in the beam.
This redundancy allowed deletion of any monitor
mhieh temporarily manunctioned. X2 tests on
monitor comparisons between tax get-full and

target-empty data indicated that fluctuations
were purely statistical (0.3% for a typical run).

Data runs were 4-10 h long mith each eyele of
the three targets taking about 15 min. A neutron
TOF spectrum mas accumulated for each detector
module and each target in twelve 256-channel
bRQks of R pulse-height RDRlyzex', A slgnRl x'out-

ing system separated all sealer data by ta, rget.
These data included beam monitors, aecidentals
rates, counting rates of the detector modules,
and monitors of the gain stability of the detector
courlter s

Data mere taken with the detector at 10 and 15
ft from the targets. After extensive measure-
ments established that accidental counts fxom
tile IIlodules colltRnllIIRted tile data Rt tile 1%
level, several steps mere taken to reduce the
accidentals. The voltages were lowered on the
solid-angle-defining "ounters. (They had been
operating well above plateau voltage. ) The beam
size at the detector mas reduced from 3- to
2 5-1D dlRDl MRny of the slgnRls ln the eleetx'oD-
ics logic mere made narrower. These changes
reduced the aecidentals correction to the cross
sections to less than 0.2%. Following these im-
provements data mere taken at 10, 15, Rnd 20 ft
from the targets.

Cross sections were calculated for the two sets
of data separately. The two sets are consistent
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to 0.5%, with the residual discrepancy dominated

by uncertainty in the Rccidentals correction to
the earlier dRtR AddltlonRl dRtR were taken with
a reduced range requirement (1.5 in. Fe) and 134
nsec between proton bunches to extend the mo-
mentum range down to 700 MeV/c. Above 900
MeV/c, where the data with different range re-
quirements overlap, the cross sections are con-
sistent.

The results, presented in Fig. 2, are based on
a fit to all the data. Fox each momentum bin
the partial cross section measured by eRch mod-
ule at each position was plotted as a function of
the solid angle subtended. A linear extrapolation
was made to find the intercept at zero solid
angle. Momentum bins were chosen in R mannex

consistent with the TOF resolution of the appa-
ratus. The data of the CR group (renormalized
as suggested in a subsequent paper') and selected
other data' '0 are also shown in Fig. 2. Most
previous np data have large errors and have been
omitted for clarity.

Our n-d results and the CR P-d cross sections
should be equal under the assumption of charge
independence. The CRP-d cross sections are
systematically higher than our n-d results and

other p-d cross sections. '"A precise measure-
ment of the P-P and P-d total cross sections at
3 GeV/c by a Brookhaven National Laboratory
(BNL) group4 yields a, p-d cross section 1.17
+ 0.09 mb less than the CR value while the p-p
results are in agreement. The CR P-d data also
overlap another P-d measurement" between 6

R11d 8 GeV/c Rlld Rl'e 1 5 mb lllgllel' 111 tllls

range. An ax bitrary subtractive renormaliza-
tion of the CR data to agxee with the BNL value
at 3 GeV/c brings the P-d cross sections much

closer to the n-d results. There still remain
momentum-dependent systematic differences of
~0.5 mb.

We note that the n-d cross sections do not need

a corxection for Coulomb scattering and they re-
quire R smaller extrapolation to zero solid angle
than the p-d data. Also, as mentioned above,
this experiment had much better internal consis-
tency for the hydrogen and deuterium tempera-
ture measurements than either the BNL or CR
group. Assuming that charge independence holds,
we conclude from our n-d cross sections Rnd the
BNL P-d result that the CR P-d cross sections
are too high. This implies that the CR p-n cross
sections are probably also too high.

The CR p-d data and our n-d data can be com-
pared with a P-d cross section synthesized from
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our n-p data, the CR p-p data, and a Glauber
screening correction (QG). Using the Rpproxima-
tion2

5G=(1/4m)(r ')

x [c„c -(47r/u)'Ref {0)Ref „(0)],
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FIG. 2. (a) Neutron-deuteron total cross sections
from this experiment and p-d data from Ref. 1 (see a1-
ao Ref. 3). (b) Neutron-proton total cross sections
from this experiment, derived p-n cross sections from
Ref. 1 (see also Ref. 3), aud selected n-P cross sec-
tions fr om other experiments (Refs. 7-10), (c) Total
cross sections for the separate isospin components.
The 0{I =1) curve is a hand-drawn fit to the pp data
from Hefs. 1 and 15 (see also Ref. 8) which ignores
the point at 1111Mev/c from Ref. 1. The statistical
uncertainty in o (I = Q) is indicated by the two error
flags.
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we have asked what value of (r ') is needed to
synthesize a P-d cross section equal to the mea-
sured values. Since the results are not inde-
pendent of energy we have considered only the
data above 2 GeV/c. A value of (r ') =0.03 mb '
gives agreement with our nd results and is con-
sistent with previously accepted values. '" The
best value for the CR data is (r ') =0.022 mb '
which is considerably lower, but cannot be ex-
cluded. '3'4 A complete discussion of the screen-
1ng cox'x'ection 18 outside the scope of this I etter.

This experiment provides detailed data on the
n-P cross section above the threshold for inelas-
t1c px'ocesses Thel 6 18 a maxlmuIQ at an 1nc1
dent momentum near 1350 M'eV/c, just above the
threshold for 6(1236) production. The cross sec-
tions for the separate isospin components have
been calculated from c(I=1)=a'» and c(I=O)
=2m„r-o'». The results, shown in Fig. 2(c), are
based on our n-p and other p-p data. '" As
shown previously, '" o(I=1) rises very rapidly
above the inelastic threshold while o(I=O) contin-
ues to fall until above the multipion thresholds.
The bump in c'„» is due to the maximum in a(I=1)
occux'xing at a momentum just below the minimum
in c(I=O). Since the cross sections for both iso-
spin components are smooth in this region the
data do not offer evidence of a resonance.
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