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We report the results of an experiment which measured np elastic scattering differen-
tial cross sections over a range in —¢ from 0.15 to ~3.6 (GeV/c)2 for incident neutron
momenta from 70 to 400 GeV/c. We find the logarithmic slope parameter, evaluated at
-t =0.2 (GeV/c)z, to be consistent with existing proton-proton parametrizations. The
data exhibit a dip in the cross section near —¢ = 1.4 (GeV/c)2 for incident neutron mo-
menta above 200 GeV/c. For neutron momenta less than 280 GeV/c, the neutron-proton
cross sections are found to be higher than existing proton-proton data in the range 0.7 <
~t < 1.3 (GeV/c)? which is in contradiction to most Regge predictions.

1. Introduction

We describe here an experiment to measure neutron-proton elastic scattering
differential cross sections. A brief report has already been published {1]. A more
detailed description of the experimental techniques can be found in refs. [2,3].
Cross sections were measured in the momentum range 70 to 400 GeV/c with an
incident neutron beam at Fermi National Accelerator Laboratory. Four-momen-
tum transfers squared from 0.15 to ~3.6 (GeV/c)? were covered. Cross sections
for np charge-exchange scattering have already been measured in this momentum
range [4]. There is also considerable data on pp elastic scattering [5,6]. The pp
data at 200 GeV/c and above show an interesting dip near |¢| = 1.4 (GeV/c)? and a
second maximum at larger |¢|. One of the objectives of this experiment was to deter-
mine if the np cross sections show a similar behavior.

The organization of this paper is as follows: In sect. 2, a description of the
apparatus is presented. Sect. 3 details the event reconstruction techniques and the
calculation of the cross sections. The results are presented in sect. 4 in graphic and
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tabular form. In addition, various parameterizations are presented and the data are
compared to existing pp data. We summarize our results in sect. 5.

2. Experimental apparatus

A schematic diagram of the experiment is shown in fig. 1. The neutron beam
was incident upon a liquid hydrogen target, 30.5 cm long and 5.1 cm diameter. The
spot size of the beam varied from 5 mm wide X 5 mm high to 20 X 30 mm, depend-
ing on the desired intensity. The beam intensity ranged from ~10° neutrons per
1 sec spill at the low [¢] settings to ~2 X 107 for the large |¢| data. Charged particles
were removed from the beam by sweeping magnets. Photons were effectively
removed by two lead filters with a total thickness of approx. 11 rad. lengths. For
neutron momenta of approximately 100 GeV/c, the K{/n ratio is ~0.05; above
150 GeV/c it is $0.01. The i contamination is negligible.

The recoil proton momentum and scattering angle were measured by a spectrom-
eter consisting of four wire spark chamber modules SC1-SC4, each with X-Y-U-V

Particle
Detector

Scintillation
Counters

Wire Chambers
1.27cm Zinc Piates

Fig. 1. Schematic layout of the experimental apparatus. The inset shows the neutron detector
in more detail.
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magnetostrictive readout planes, and a 105 X 100 cm analyzing magnet with a 15.1
cm gap. The strength of the magnetic field was 7.6 kG for the low |¢] data (0.1 £

7] £ 1.0 (GeV/e)?) and 12.5 kG for the high i#| data (0.8 < [¢] S 3.6 (GeV/c)?.
Part of the trigger requirement was a fast coincidence between scintillation counters
P,, P, and P3 which indicated that a charged particle had traversed the spectrom-
eter. The scattered neutron was required to interact in a neutral-particle detector
and produce a charged-particle shower. The detector contained 30 wire spark cham-
bers, 28 zinc plates and six scintillation counters (see inset of fig. 1) and was placed
71 m downstream of the hydrogen target. We determined the interaction point to
an accuracy ~2 mm FWHM by locating the vertex of the charged-particle shower in
the chambers. The neutron scattering angle was then defined by the interaction
point in the neutral-particle detector and a point on the proton trajectory within
the illuminated part of the liquid hydrogen target. The second part of the trigger-
ing requirement was a fast coincidence between any two of the six scintillation
counters indicating that at least one charged particle had passed through the neutron
detector. Veto counters A|, ..., Ag, not all of which are shown in fig. 1, were used
to reduce the trigger rate from inelastic events. These almost completely surrounded
the target except on the recoil proton side. All except Ag consisted of lead-scintilla-
tor sandwiches with approximately 3 radiation lengths of lead, so that they were
sensitive to photons from #° decays. The veto counters typically reduced the trigger
rate a factor of 50. A counter telescope M and a total absorption calorimeter were
used to monitor the beam flux.

3. Data analysis

The differential cross sections were computed by reconstructing the event from
the raw data which had been written on magnetic tape by the on-line computer.
This was accomplished by first computing the recoil-proton momentum and scatter-
ing angle from the charged-particle spectrometer data. The neutron scattering angle
was then determined by extracting the shower vertex from the neutral-particle
detector data. This point and a point in the LH, target on the proton trajectory
defined the scattering angle. Thus, all kinematic variables were measured except for
the momenta of the incident and scattered neutrons. Momentum and energy con-
servation allowed a two-constraint fit to the hypothesis of np elastic scattering. The
fitting program calculated the unmeasured momenta and a x? for the fit. Events
with x? < 10 were considered to be elastic and were binned according to the inci-
dent neutron momentum and the four-momentum transfer squared, ¢. In fig. 2, x>
distributions are shown for a low |#| range where the background is expected to be
small and for the region 1.8 < —f < 3.0 (GeV/c)? where the background is expected
to be more significant. The smooth curves show the expected distributions for a
two-constraint fit to a sample of elastic events. The distributions are dominated by
inelastic events for x* > 8.
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Fig. 2. x2 distributions for the fitted events with (a) 0.4 < —¢ < 0.8 (GeV/c)2 and (b) 1.8 < —¢ <
3.0'(GeV/c)2. The solid curve represents the expected distribution for a two-constraint fit.

Various corrections have been applied to the data. We have calculated the geom-
etric acceptance by a Monte Carlo technique which was checked using an approxi-
mate analytic method. Two positions of the detectors were used to cover the
desired |¢| range. Fig. 3 shows the variation of the geometric acceptance with ¢ for
incident momenta of 100 and 200 GeV/c for the two positions.

Inelastic background corrections, as estimated from the x? distributions,
amounted to less than 3% at small |#| and less than 35% at large |#|. Corrections for
nuclear absorption of the recoil proton ranged from 2 to 4%. Target-empty correc-
tions were negligible. It is important to note that the neutron detection efficiency,
which was about 65%, does not significantly affect the z-dependence of the mea-
sured cross sections because the energy of the scattered neutron differs from that
of the incident neutron by at most 2%.

We have estimated the uncertainties in the calculated incident momentum P and
the measured value of the four-momentum transfer squared ¢. This was accomplished
by examining the fitted errors in the neutron and proton scattering angles and the
proton momentum as determined by the kinematic reconstruction program.
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In fig. 4a, the uncertainty in ¢, At, is plotted against z. Because the value of ¢ is
measured directly, the uncertainty in ¢ is not dependent on the incident neutron
momentum. Since multiple Coulomb scattering is responsible for a large fraction
of the uncertainty in ¢, the error increases nearly linearly with increasing |¢]. The
fractional uncertainty is approximately constant at 1% which implies that at |#{ = 1.0
(GeV/e)?, the error in ¢ is 0.01 (GeV/c)?. Since the bins are 0.1 (GeV/c)? wide in
this region, the error is only 10% of the bin width and hence does not appreciably
affect the cross-section measurement.

The uncertainty in the incident neutron momentum, AP, was dependent on both
P and ¢. This dependence is shown in fig. 4b. In the case of small |¢] and large P, the
error in P was nearly 40% of the bin width in P. The uncertainty in incident momen-
tum is dependent on the horizontal width of the beam. For the small |¢#] setting, a
smaller beam spot was used. The dashed line in fig. 4b shows the typical behavior of
AP/P for the small |¢| setting. The solid lines in fig. 4b show the errors for the large
[#| setting.

The uncertainty in the incident neutron momentum smears out the neutron spec-
trum, Since the resolution varies with 7, this effect is ¢ dependent. Corrections for
this were only significant for the highest momentum bin where they were <4%.

Both low |¢] and high |¢| data were collected in each of two running periods
which were spaced six months apart. In principle, it is possible to use either the
telescope “M” or the total absorption calorimeter to provide relative normalization
between data sets. However, because of possible shifts in the energy spectrum due
to different production angles of the neutral beam for the two running periods, the
data sets were normalized relative to each other by tying the data together in various
overlap regions. This typically involved five data points per data set and we estimate
the uncertainty in this procedure to be approximately 4%. After the data were com-
bined, the overall normalization was calculated by fitting the data to the form
do/d|¢| = AeBr+Ct2 in the range 0.17 < {¢| < 0.7 and extrapolating to ¢ = 0. The
intercept was then adjusted to the optical theorem point as given by

do(t=0 1

D et M
The values of o1 used were calculated from a fit of np total cross-section data given
by Murthy et al. [7]. If we assume that the ratio of the real to imaginary parts of the
forward scattering amplitude, p, for np elastic scattering is approximately the same
as that for pp scattering (8), the contribution of the p? term in eq. (1) is negligible.
The uncertainty in the overall normalization is estimated to be ¥ 2%, mainly due to
the uncertainty in the extrapolation to ¢ = 0.

4. Results

The differential cross sections for np elastic scattering as measured by this experi-
ment are presented in fig. 5. The continuous neutron spectrum has been divided into
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Fig. 5. Neutron-proton elastic differential cross sections from 70 to 400 GeV/c as measured by
this experiment.

seven momentum bins. Each data set in fig. 5 has been labeled with the nominal
momentum value of that bin. The momentum ranges were chosen to provide com-
parable statistical accuracy for each bin, while making them narrow enough to pre-
serve any energy-dependent effects that may exist. The width of the ¢ bins increases
as |t| increases in order to partially compensate for the lower data-collection rate at
higher |¢|. While bins smaller than 0.1 (GeV/c)? in the region —¢ ~ 1.4 (GeV/c)?
would have been desirable, it was not possible given the number of events in that
region.

Tabulations of the differential cross sections are presented in tables 1 —7. The
heading of each table gives the range of incident neutron momentum for that bin
(P1ap), the average c.m. energy squared (5,ve), the np total cross section (o7) and



C.E. DeHaven, Jr. et al. | Neutron-proton differential cross sections

699°¢1 $0-30T" v0-3e8T” vov-e 8121 y0o-885" YO-3v66 " £60°¢C

798" 1T S0-dL9° $0-T90T 986° 2 08L°TT pO-TH9° £0-pTT" L56°1
96601 $0-E0T" vo-asze” L9572 LST TT $0-305 " ¥0-36€8" 95L "1
LSEOT v0~a8T" $0~aT0% 8LZ"Z 018701 €0-37T" £0-309C" 6v9°1
000°0T vo-deg” €0-3T0T" AN £9b 0T pO-aTL" £0-T07T 6€5° T
605°6 vO-EEh° £0-H9¥ T 126° 1 ZeT°0T £0-T9T" £0-36€9° 6y T
$60°6 $0-39¢ £0-FL0T" 8sL" T v9L°6 £0-3GT" £0-a%S9" ove" T
£98°8 v0~30% " v0-2zS9 " 799 T L6E°6 £0-38T" Z0-4Z0T" Lvz 1
Sh5°8 $0-a89° £0-3622° 765" T 720°6 £0-38Z Z0-aTHe" 0ST"T
z92°8 $0-H08" £0-3867" Tsv T £65°8 £0-ap¥ ZO-ALYS " £%0° T
vS6° L v0-68° £0-HE0P " SPETT c67°8 £0-28L ° Z0-3.68" ZLe”
759" L £0-3Z1" €0-AZ6¢L° SpzT 180°8 Zo-atT" 10-32¥1° vz6"
vee L £0-98T" Z0-d69T" P11 598" L 20-"HT * T0-266T° L8°
9669 €0~ E " zZ0-deey” %0°1 9£9° L Z0-90Z * 10-3LCE" $Z8 "
09L°9 €0-%9 z0-389L" zL6° 96€ L z0-d8z " 10-300§" gLL”
T65°9 £0-ET8 * 10-3211" vZ6" zot1 L Zo-ag¢ * 10-260L - coL
90%°9 co-all To-a1LT g8 506°9 20-E9S " O0+ATTT” L9
Lzz*9 zo-WT*  T0-369Z° <8 . _aes . .
. . ) . 8%9°9 z0-ag8 00+30LT 529
Z€0°9 Z0-ET 10-av T bLL . el . .
o Tme- To—anog - /- 18€°9 To-3€T 00+30L2 oLs
3 co— e . 0ovoe vel! £L0°9 TO-SE"  00+EWLY 12s°
879" S Z0-mBY 10-3266° vL9 . _ase. . .
. =i . . L8L"S 10-85S 00+3228 €LY
617 S Z0-FgL 00+3€ST 5z9 . . . .
10275 TO-EET*  00+@9LZ" 95" 699" To-3zL To+dozt £ey
. . . . ZE1"S 00+ETT 10+3802° ELE
$96° ¥ 10-T0€ 00+360% ves . . . ke,
P b T0-3€£°  00+HS09° ELV" 6LL Y oo+as1 To+aeLe £ct
SSh b 10-396 * 10+300T" zey” AR 00+822 T0+35LY" 6L2"
S68°€ 00+mpT * T0+dZ0€ " gzg” L08"€ 00+aS ¥ - T0+H666 ° S0z
£29°¢€ 00+&TZ°  TO+3rSh” 6.2 L1S" ¢ 00+3E9 " ZO+ITPT- seT
Tse'e 00+EOE*  TO+ESLY" 62" 8Lz E 00+3L6 20+a161 est
860" € 00+aI% 10+3226" voz”
798" ¢ 00+896 * zo+taeet” A -Bop (5/neD) /qu
TL9Te oo+aLs ” z0+dz81° A 4 / / sae
0 x01I9 Ip/op 3
- 6op . (5/000) / Z
e ‘g = ‘ . =
0 02T 1p/0P aag, (do/n°D 78°9 = xd ‘qu B8°8¢ 0)
av'T
(o/n®D 9€°8 = xd 'qu T°6€ = o) Nﬁo\>w9mmﬁ = %% D/A®D STT-0L = g
%0 €82 = ®M®s io/pe siT-s21 = B0l
¢ SIqEL 1 9[1qeL

*[£] 721 w01y uayey are Lo suonoas sso1d [e101 2y} {(]) bo ‘waroay) feorydo oy
£Q POZI[BLLIOU aIE SUOIORS $S0I0 9y ], " AB; ‘parenbs 13JSUBT] WAIUSWOW-INO] 3FRIBAR §715.004 SIOIID PUB SUONOIS $S0I0 [ENULISJIIP U0I0Id-U0IINoN
L1 seiqRL



C.E. DeHaven, Jv. et al. | Neutron-proton differential cross sections

€8T 01

69276
L8%v°8
sv1°8
8L° L
Piv-L
LOT L
88°9
SL9°9
€vv°9
€T 9
TL67S
8€L" G
LLY* S
062" ¢
0sT s
500°§
€98 ¥
€ETL P
G6S° ¥
86E" ¥
SETT ¥
z90° ¥
848" ¢
§89°¢
98%° ¢
TLT ¢
PP0° €
6282
8T9° ¢
1ev ¢
9€2°¢
180°2Z

*bep

AR T9% =

4

S0-d9T1"
S0-d9%°
S0-dSL”
Po-deT”
v0-dZT”
vo-uee”
P0-d8T"
POo-d61°
PO0-dsC”
yo-dee”
vo-dLe”
v0-dy9-
€0-H0T"
€0-36T "
€0-d6€ "
€0-856G "
€0-34L°
¢o-diT"
20-4dLT*
z0~J9cC
Zo-d6¢€°
z0-4d19°
T0-d0T "
T0-d9¢ "
T0-38¢ *
TO0-d26°
T10-de8”
00+dCT
00+30¢ °
00+367C -
00+3TY-
00+dLs *
00+X8 *

¢ (°/499) /qu

I101ag

(5/n2D L7071
S 'D/A9D 69Z-5C7C

aane

909°¢
£€86°2
L0S° ¢
60e°2
80T° ¢
LACHRS
66L° T
6%9°1
Zss T
9v¥v 1
eve" 1
Zve 1
LyT°T
Sv0° 1
SL6°
174°N
€L8°
ves”
vLiL:
€cL”
VL9
G5¢9°
GLG"
144°N
€Ly”
€ev”
€Le”
€ce”
6L2°
6€T”
voec-
143%
181"

ane
3

L

= Dv
mmqm

LA CLA N

256701 50-322° 10%°¢
ZvT 0T S0-49%" SL6°C
6676 c0-418" 095°¢
$86°8 0-49T " 162°2
¥99°8 po-412” 12T1°C
zze's yo-g¢z” 616°T
168°L yo-g¢z” 89L°1
6092 $0-3I8E " Y991
ove“L $0-39Z° 0€S°T
980°L p0-79¢" 9Ty 1
188°9 $0-385" SPE'T
zZ19°9 $0O-3 9L " Zve 1
$5E°9 £O-HET" LYTT
L%0°9 £0-32T° 6€0°T
668" £0-3 9% 6"
669°¢ £0-3 19° €26°
EVS"S £0-426" €L8"
18€°6 Zo-H"ET” £28°
S12°S z20-36T" €LL”
¥50° S z0-3 82" gzL”
0.8 % z0-a 1y PLO”
689 % Z0-499" 6z9°
005 % T0-4TT" 9Ls"
€62 % 10-a62" ZAN
£80° % T0-3E£E° LY
LS8 € 10-3 9%° €zv”
Z29°¢ T0-a L eLe”
TLE € 00+dZT" €z¢"
€€T € 00+d8T" 6L2"
668°2 00+392" 6€C"
189°2 00+ LE" voz”
9Ly e 00+3TS" pLT"
Z1e'¢ 00+FEL" 25T
“bop NAU\>owv\ns
*0 Io0xax 0>mu
(o/899 9976 = Ip)
220 e = 7% to/pe0 szz-siT = T¥Na
€ 2Iqe]



C.E. DeHaven, Jr. et al. [ Neutron-proton differential cross sections

10

IPI°6
219°8
890°8
€8G°L
8zC L
896°9
£€69°9
(47 2]
ayT 9
866°G
SI8°S
LLS"S
(3408
y01°S
144084
918"V
£€89°%
S¥S° ¥
140284
652V
cT1°v
096°¢
66L°¢
129°¢
6¥¥ €
86Z°¢
190°¢€
L¥8°¢
9%9°¢C
(34 2K
s9Z°¢
260°C
976" 1T

‘boap
*8

[4

APD (TG

§0-3ST" S0-dLTC”

G0-39¢g" Y0-d691°
S0-309° $0~2Z6T"
yo-u21- po-agse”
Y0-H€T" yo-dzey-
y0-39T"° yo-d.2¥"
yo-dce” PO-FTTIS"
yo-2zet" PO-dETT"
$O-2LT1" yo-dgic’
y0-d€C” $0-410€"
yo-39z" Y0-366G"
y0-3€G” £0-d¢92C°
¥0-398° €0-deL9”
€0-dST" 20-dL61"
£0-u6¢" Z0~-3gse”
€0-dLY" 20-3169°
€0-489" T10-9%1T°
20-40T1" T0-HEg8BT"
¢o-3ST" T0-2¢g6C"
20-3ee-* T0-d8G¥% "
20-3ave " TO-d¢eHL”
(A0 R 00+d9TT "
20-dL8" 00+ds61"
T0-30¢C" 00+3¢28¢"
TO-HTIE" 00+d82s "
TO-HEPH” 0043518 "
T0-9G69° TO+IHET "
00+4dTT” TO+ETHT"
00+39T " TO+E09¢ "
00+3¥Z ° T0+318S”
00+3Gg¢ " T10+3128°
00+36% " TO+I9TT”
00+dTL" Z0+d9sT”
NAu\>mov\gE
I0Ia9 Ip/op

(9/88D $ 1T = »d ‘qW 6°6¢€

AL

= s ‘D/AeD 00£-692

8Ze°¢
166°¢C
165°¢C
68C°¢
080°¢
2T6°T
¥eL T
869°1
VAT
€EV'T
Lye’T
6£C°T
ovT°T
8€0°T
€L6°
144°8
¥L8°
£28°
€LL”
£€eL”
¥L9°
g29°
SLS”
zes’
17AA
gch”
€LE”
€z’
6LT”
6€C”°
yoc”
PLT
1ST°

SshL "8 G0-HgC” S0-dsv¥y - 6LV €
GgT’'8 §0-30¢6" PO-dLST" 980° ¢
ovs°L G0-30S" YO-"9PT " 88G6°C
2L0"L v¥0-30T" ¥0-36C¢" LLe ¢
£€8L°9 Y0-3217° $0-3¢0¥” S60°C
06¥°9 y0-35T° $0-HZ9%° 8T6°T
28279 $0-361° PO-3pog” 08L°1
LG0°9 yo-g1¢C" yo-81¥%C" TL9° T
9€8°¢G y0-89¢" vo-avee- 1SS°T
119°¢ $0-3ST" Y0-ap6T1" vEYTT
ogv’s y0-36¢C" ¥0-3669° £PE°T
oce s Y0-gL¢c" €0—HG9T " Iv2°1
s00°¢s Y0-He68 " €0-dgL18" TP1°1
8L ¥ €0-dsT1 " 20-3¢0C" Iv0°1
LT9 ¥ €0-HZE " ¢0-d6EY” TL6°
10679 €0-3as¥v* 20-d00L " €26°
LLE Y £€0-399 " TO-HETT" €L8"
€62 ¥ €0-326 ° T0-T€LT" j744
vZT v c0-dvT " T0-dA¥8C" SLL”
£86°¢ ¢0-gic " TO-8%SH " €eL”
9v8° ¢ ¢0-3€e " TO-ITEL" L9
00L "¢ ¢0-32s 00+a8L1T" 2o~
LSG € ¢0-3L8 " 00+dG6T " LLS”
16£°¢€ T0-98T* 00+d9LE" 1 44°N
12448 T0-39¢C * 00+dL ST LY
L0 € T0-98¢€ * Qo+aLyL” 1A
198°¢ 10-486S * T0+I€2T €Lg”
299°¢ 10-3%6 T0+3L0C" [ X4
(44 A4 00+dST T0+dGEE” 6LZ"
062°¢ 00+322Z * TO0+d.L2S° 6€£C”
8T1T°¢ 00+3ZE * TO+EEDL " yoc*
966°1 00+3SY ° ¢0+380T " L1
0Z8°1 00+4d2¢9 - CO+H9ET” 1sT1°
*bep mﬁu\%wv\a@

oAk
*0 I0114 p/op 3

(/829 2727 = xd ‘qu T'0p = 0)

24°9 209 = ®*®s 1o/nsn ope-00g = T¥a

9 91qeL

S 9[qeL



C.E. DeHaven, Jr. et al. | Neutron-proton differential cross sections 11

Table 7
P ap = 340-400 Gev/c, s = 677 Gev?
(OT = 40.3 mb, P* = 13.0 GeV/c)
tave do/dt Erxzcor g*
mb/ (GeV/c) deg.
.175 .115E4+02 .52E+00 1.847
.205 .829E+01 .36E+00 1.999
.239 .588E+01 . 25E+00 2.159
.279 .3788+01 .17E+00 2.332
.322 .234E+01 .11E+00 2.506
372 .143E+01 .68E~01 2.693
.423 .847E+00 .45E-01 2.872
.473 .512E+00 .30E-01 3.036
.524 .293E+00 .15E-01 3.196
.572 . 178E+00 .11E-0Q1 3.341
.623 . 116 E+00 .78E-02 3.485
.672 .755E-01 .59E-02 3.619
. 724 .398E-01 .19E-02 3.757
.773 .258E-01 .13E-02 3.882
.824 .150E-01 .81E-03 4,009
.873 .101E-01 .59E-03 4.126
.924 .667E-02 .42E-03 4,245
.973 .418E-02 .30E-03 4,356
1.041 .175E-02 .13E-03 4.506
1.144 .603E~-03 .72E-04 4.724
1.241 .182E-03 .40E-04 4.920
1.346 .530E-04 .24E-04 5.124
1.414 .882E-05 .99E-05 5.252
1.550 .254E-04 .18E~04 5.499
1.651 .302E-04 .16E-04 5.676
1.774 .256E-04 .12E-04 5.883
1.920 .480E-04 .15E-04 6.121
2.079 .474E-04 .12E-04 6.369
2.327 .338E-04 .11E~-04 6.739
2.549 .136E~-04 .48E-05 7.054
3.012 .936E-05 .38E-05 7.668
3.662 .604E-05 .28E~-05 8.457

the ¢.m. momentum (P*). In the tables, t,y is the average value of |¢] for all events
in the bin, and 8" is the c.m. scattering angle.

The errors plotted in fig. 5 and listed in tables 17 include statistical uncertain-
ties as well as the point-to-point systematic errors. However, the uncertainty of the
overall normalization of the data, estimated to be * ;2% for each momentum bin,
has not been included in the error assignment. The point-to-point systematics reflect
the uncertainties of various corrections such as geometric detection efficiency,
nuclear absorption of protons, and so forth. This estimate was added in quadrature
to the statistical uncertainties in the number of good events and background events
to yield the final error assignments. Uncertainties due to possible K contamina-
tion in the beam at lower energies have not been included.
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The following observations can be made. The data exhibit the usual diffraction
peak which shrinks with increasing energy. Above 200 GeV/c, the data show the
gradual evolution of a dip in the cross section near |¢| = 1.4 (GeV/c)? as the inci-
dent neutron energy increases. While the dip is similar to that previously reported
in pp elastic scattering [5,6,9], the np cross sections are generally higher in this
region and do not appear to vary as rapidly as a function of energy in the dip region.
The cross sections then rise to a second maximum and begin to fall in a much
slower fashion. As in pp data, the logarithmic slope beyond the second maximum
is ~2 (GeV/c) 2.

Traditionally, elastic scattering has been characterized in the diffraction region
by the logarithmic slope parameter b (s, £) with the interpretation that the radius
of the strong interaction is proportional to b*, where " is defined as

. 0 do
H=—{ln— .
b (s, o {ln & (s, t)}
We have fit the data to the form

do _ AeBrret?
dr

in the region 0.17 < —¢ < 0.67 (GeV/c)?. For this parametrization, b* is given by
b*(s, t)=B(s) +2C()¢t .

We have evaluated b* at £ = —0.2 (GeV/c)?. The results are shown in fig. 6, where
the data from this experiment are compared to previous np and pp data [3,9—11].
The slope parameters have been plotted as a function of s, the c.m. energy squared.

T T T 1T — T T T I Trrg T T T T

Slope Parameter
Evaluated at -t=.2 (Gev/e)? /
110F (}{’H .
2T 4
¢ n-p
1%, o This Exp.

1001 /(%1 a Stone etal. -
0 Bohmer et al.
p-p
% @& Barbiellini et al.
5 % %

LOG. SLOPE (Gevre) 2

20 ® Ayres etal. —
— Kane-Seidl Model

80 gl MR S R . PR

10 100 1000
s (Gev?)

Hg. 6. Logarithmic slope parameter evaluated at —¢ = 0.2 (GeV/c)?2 for neutron-proton and
proton-proton elastic scattering. The solid curve is the prediction of Kane and Seidl [12].
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Also shown is the prediction of the reggeized absorption model of Kane and Seidl
[12]. There seems to be very little difference between the np and pp slope param-
eters over the interval 100 <5 < 1000 GeV2,

One of the more interesting areas of comparison between np and pp data is in
the region —¢ = 1.4 (GeV/c)2. Given the dip in pp data, it is of interest to look for
similar structure in the np data and to see if it develops in the same manner. In fig.
7 we compare our data at 200 GeV/c with the pp data of Akerlof et al. [6], and to
the preliminary data of Bomberowitz et al. [13].

As discussed earlier, the development of the dip in np scattering seems to be less
dramatic than in pp scattering. Whereas only a shoulder exists in the np data at 200
GeV/c, arather pronounced dip occurs in the pp data. The np data appear to be
higher in the dip region, but given the rather large errors in both the pp and np data
it is not possible to draw strong conclusions.

While examination of the dip region does not lead to any definite conclusions,
some interesting comparisons can be made in the region 0.6 < —t < 1.2 (GeV/c)?.
In fig. 8, the np data are compared to the pp elastic scattering data of Akerlof et al.,
Bomberowitz et al., and Kwak et al. {4] in the range 0.70 < —¢ < 1.50 (GeV/c)?.
At 100 GeV/c, the np and pp cross sections are comparable up to —¢ ~ 0.8, At

100
. R = 200 Gev/e
10 o This Exp. (np)
\ ® Akerlof etal. (pp)
1 e x Bomberowitz et al.(pp)
%
— _| Q
N'G 10FH QQ
S %
O -2 %
SO s
E o
~ =3 !u
E 0or %
© Q§
-4
o !}ﬁ ﬁ?
" tf . fﬁ T
Ty }
6 11 | L | 1 %1

00 10 20 30 40
-t (Gev/e)?
Fig. 7. Comparison of neutron-proton elastic differential cross sections from this experiment
and proton-proton elastic differential cross sections from Akerlof et al. [6] and Bomberowitz
et al. [13] at 200 GeV/c.
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Al ]
o0 . k. P
S ? e
> - -
(Y a %
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Fig. 8. Neutron-proton differential cross sections for 75—-125 GeV/¢, 175-225 GeV/c and
265-300 GeV/c bins. Also shown are the 200 GeV/c proton-proton data of Akerlof et al. [6],
preliminary data from Bomberowitz et al. [12], and the 280 GeV/c pp data of Kwak et al. [14].

larger [¢], they begin to diverge with the np cross section approximately 3 times the
pp cross section near —¢ ~ 1.25 (GeV/c)?. This difference persists out to —¢ ~ 1.4
(GeV/c)?. At 200 GeV/c the cross sections remain comparable out to —¢ & 0,95
(GeV/c)?, beyond which they begin to differ. As in the 100 GeV/c data, the np data
is approximately three times the pp data at —f ~ 1.25 (GeV/e)?. (In order to see if
the np data exhibit a strong energy dependence, we have also binned the data for the
incident momentum range 200 to 240 GeV/c. The cross sections remain unchanged
outto -t~ 1.3 (GeV/c)2 )

The cross sections at 280 GeV/c agree out to —f ~ 1.2 (GeV/c)?. Thus, as the
incident momentum increases, the np and pp cross sections agree out to larger
values of ¢. In Regge theory the difference between np and pp elastic scattering is
caused by a difference in the sign of the p and A, isovector amplitudes. The mag-
nitude of these reggeon amplitudes should decrease with increasing energy. The
comparison of the np data with existing pp data indicates just such an effect. From
this comparison, the contribution of the p and A, above 280 GeV/c would seem
to be small, at least for # < 1.4 (GeV/c)?. However, in simple Regge models, the
np cross sections are expected to be less than or equal to the pp cross sections. The
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-121.25 (GeV/c)?
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10'+ \
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do/dt(np)-do /dt (pp) (b-(GeV/cID)

Fig. 9. Difference between neutron-proton and proton-proton elastic differential cross sections
plotted against s for ~¢ = 1.25 (GeV/c)2.

comparison of the np cross sections measured by this experiment with existing pp
data indicate the opposite effect. In fig. 9, the difference (do/df),p — (do/d1),p is
plotted against s at fixed . Although there are only three data points, they are
approximated by a straight line with slope ~(—2). One example of a mechanism
which could account for greater np cross sections would be the interference
between the f; and the A, net helicity-flip amplitudes [15]. If an interference
term between the fy and A, is responsible for the greater np cross sections, then it
should go like

do

do
dr

T dt
np

o« s2a(t)—2 ,

1%4%

where a(f) =~ 0.4 — 0.85 |¢|. For —t = 1.25 (GeV/c)?, this corresponds to a power
in § ~ —3.3. If, on the other hand, an interference term between the pomeron and
an isovector were responsible, the difference should go like s~ or s~1-7.
Although the data would seem to favor a pomeron-reggeon interference term, the
data are inadequate to distinguish clearly between pomeron-reggeon and reggeon-
reggeon interference terms.

5. Summary

Differential cross sections for neutron-proton elastic scattering have been mea-
sured over the incident neutron momentum range to 70 to 400 GeV/c. The results
can be summarized as follows.
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np ——=np
1of e Stone etal. (5,7,12)
x Bohmer et al (65)

aThis Exp.(100)
4 This Exp. (360)

do /dt (mb- (Gev/c)?)
o

e
|
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00 04 08 1.2 16 20
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Fig. 10. Composite of neutron-proton elastic differential cross sections for this experiment,
Stone et al. [3], and Bohmer et al. [9]. The number in parentheses gives the incident momentum,

(i) At —t = 0.2 (GeV/c)?, the np logarithmic slope parameters agree with exist-
ing pp data for s < 1000 GeV?,

(ii) In the region 0.8 < —¢ < 1.2 (GeV/c)? for incident momenta less than 280
GeV/c, np cross sections are significantly higher than the pp cross sections which
indicates that net helicity-flip amplitudes may be important in this region.

(iii) As the incident momentum increases, better agreement is reached between
the np and pp cross sections, in qualitative agreement with Regge theory.

(iv) A dip in the np cross section above 200 GeV/c has been confirmed although
the detailed behavior seems to be different from that of the pp data.

A synopsis of neutron-proton elastic scattering over a large momentum range is
presented in fig. 10 where some representative np elastic scattering data have been
plotted against [¢] over a large energy range. (The numbers after the references in
parentheses give the incident momentum.) If we fix —z = 2.0 (GeV/c)?, the scatter-
ing angles in the c.m.s. go from @ m, ~ 40° at low momenta to 6 . ~ 8° at Fermi.
lab energies. The lower momenta cross sections (3) at this |z drop like s~" where
n ~ 8—10, while between 100 and 360 GeV/c the cross sections at —¢ = 2 show
little change.
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