
PHYSICAL RE VIEW D VOLUME 11, NUMBER 9 1 MAY 1975

Backward 7r d elastic scattering from 496 to 1050 MeV/c

R. Keller, t D. G. Crabb, ' J. R. O'Fallon, and T. J. Richards~
Physics Department, Saint Louis University, St. Louis, Missouri 63103

L. S. Schroeder
Institute for Atomic Research and Department of Physics, Iowa State University, Ames, Iowa 50010

R. J. Ott, J. Trischuk, and J. Va'vra**
Physics Department, McGill University, Montreal, Canada

{Received 23 December 1974)

Measurements of the differential cross sections for m d elastic scattering in the backward angular

region are presented. These measurements were made at thirteen incident-pion momenta ranging from

496 to 1050 MeV/c, over the center-of-mass angular range 148' to 177. The experiment was performed

at the LBL Bevatron. Experimental apparatus consisted of a liquid deuterium target and a double-arm

spectrometer which included scintillation-counter hodoscopes. Center-of-mass differential cross sections

were found to begenerally smooth over the angular range covered and can be fitted with low-order

polynomials. The extrapolated differential cross sections at 180' scattering angle were found to decrease

rapidly with increasing momentum, with a prominent peak near 700 MeV/c and- a shoulder near 900
MeV/c. These data are discussed in terms of existing models employing "d*" structures, and are

compared with other similar measurements.

I. INTRODUCTION

A counter experiment to measure ~ d elastic
differential cross sections near 180' has been
performed at the Bevatron of Lawrence Berkeley
Laboratory. The measurements were made at
thirteen momenta in the range of 496 to 1050
MeV/c at approximately 50-MeV/c intervals. The
c.m. angular range was from 148' to 177', with a
maximum of eight points per momentum. Pre-
liminary results have been published. '

A number of experiments using both bubble-
chamber and counter techniques have measured
n d elastic scattering cross sections. ~' These
experiments concentrated on the forward direction,
where it was possible to test theoretical predic-
tions, and thus almost no data were available in
the backward direction. The objective of this ex-
periment was to provide a systematic set of mea-
surements of m d elastic scattering near 180',
where no data previously existed, and to encourage
development of multiple-scattering models for
large angles. Also, this experiment was intended
to allow for a search of B =2 resonant states.

The motivation to perform this experiment was
provided by the status of the theoretical description
of backward hadron-deuteron scattering. Glauber
theory with the inclusion of the D-state contribu-
tion to the deuteron wave function gives a reason-
able representation of froward m d elastic scatter-
ing over a wide range of energies, ' even at energies
where wN resonances occur. However, in regions
of strong TtN resonances theoretical predictions of

total v d cross sections do not agree well with ex-
periment. ' Attempts have been made to modify this
theory for large-angle scattering by including in-
elastic contributions, "higher orders of multiple
scattering, ' more accurate descriptions of the nN

amplitudes by using phase-shift solutions, ' and

modifications of the deuteron wave functions to in-
clude some type of d* component. It has been sug-
gested by several authors' that such a component
could have an ¹Nstructure. A direct-channel
scattering process might include a resonant state
with I=1, B=2. Hence, information on backward
m d elastic scattering could provide evidence for
such states, as in the analogous case of n P elastic
scattering in the backward region, which is known

to be sensitive to N~ resonances.
The ~ d elastic scattering differential cross sec-

tions are presented numerically and graphically in
Sec. IV. The data are also discussed in view of
other existing and related experiments.

II. EXPERIMENTAL PROCEDURE

The experimental method used in this experi-
ment was basically the same as that for a v P
experiment described in a previous article. " The
same incident pion beam was used with the cryo-
genic target filled with liquid deuterium (LD,).
To reduce energy loss and multiple Coulomb scat-
tering a short target of 10.6 cm was used when

the beam momentum was less than 650 MeV/c.
A target of 21.1 cm length was used for higher
momenta. Finally, timing changes were made in
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the electronic logic for detection of the slower re-
coil deuterons.

A. Detection system

The particle detection system consisted of a
double-arm spectrometer which measured angle-
angle correlations between the scattered particles
in conjunction with appropriate time-of-flight re-
quirements for elastic scattering. The system is
shown schematically in Fig. 1. Scintillation
counters S„~„and 8, defined the incident pion
beam, which was focused on the LD, target.
Scintillation counter arrays &, B, and C detected
the scattered particles. The A. array, which con-
sisted of eight counters, detected the back-scat-
tered pions and defined their horizontal angular
acceptance. The forward-scattered deuterons
were roughly momentum-analyzed and swept
away from the forward pion beam by the dipole
magnet M, and detected in the B and C arrays.
The deuteron scattering angle was defined by the
fourteen elements of the B counter array. For
each counter in the 8 array there existed a cor-
responding C counter, which was overmatched to
allow for Coulomb scattering and a finite target
size. Each pair of BC counters formed a two-
counter telescope which defined the scattering re-
gion of the forward particles accepted by the sys-
tem. The G, P, and D counters were extra trigger
elements; G defined the vertical acceptance of the
system, and the pulse heights from P and D were
used to aid in discriminating between protons and

deuterons. Elastic events were defined by (i) a
beam particle, S,S,S„(ii)a back-scattered par-
ticle in fast coincidence (short resolving time),
GA,. (i =1 to 8), and (iii) a forward, positively
charged pa. rticle in slow coincidence (long re-
solving time), PD. The coincidence of these three
elements formed a trigger which strobed the B
and C arrays. An event was recorded if a particle

traversed a matched BC pair with the right time
of flight and was in fast coincidence (resolution
20-30 nsec) with the trigger strobe.

B. Proton-deuteron discrimination

FROM AGS FAN DEUT DEUT
COIN ~ D ISC

STROBE

DEUT BIT

The electronic logic used in the v P experi-
ment" was modified to detect the slower recoil
deuterons and to discriminate between deuterons
and protons produced in the breakup of deuterons.
This was achieved by adding an extra arm to the
logic which established conditions on time of
flight and pulse height from the I' and D counters
for detection and identification of deuterons (here
the letters P and D are to be associated only with
the counters and not with protons and deuterons}.
The logic is shown in Fig. 2. Each pulse from the
P and D counters was analyzed by differential dis-
criminators. If the pulse height was greater than
a preset discriminator level, E+4E, it was iden-
tified as a deuteron and the proton identifying
coincidence vetoed. If the pulse height fell within
the window ~, the particle was identified as a
proton. To generate a deuteron strobe the particle
had to be identified as a deuteron by both the P
and D counters. Similarly, to generate a proton
strobe the particle had to be identified as a proton
by both the P and D counters. The E and 4h
levels for each counter were set from pulse-
height discrimination calibre, tions (see Fig. 3).

Correct time of flight was a further require-
ment used to identify a particle as a proton or a
deuteron. The time delay between the B strobe
and the C strobe was set equal to the flight time
for deuterons between the B and C counter arrays.
This time delay was adjusted through proper de-
lays for each momentum. Hence, if a particle
had been identified as a deuteron from its pulse
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FIG. 1. The particle detection system (not to scale).
Sf S2 and $3 are the incident-pion beam counters. The
counter hodoscope A and the counter G define the pion
backward-scattering region. B and C are counter hodo-
scopes which detect the recoil particles after passing
through the dipole magnet AI3. P and D are additional
trigger counters.

FIG. 2. Proton-deuteron discrimination logic. The
differential discriminators analyze the pulse heights of
the P and D counters and trigger either a proton or a
deuteron strobe. Key: DISC—discriminator, COIN—
coincidence, FAN —fanout, DIFF DISC—differential
disc riminator, GEN—generator.
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height, a deuteron strobe wa, s generated which

pulsed the 8 and C arrays at the appropriate times
determined from the deuteron time of flight.

The proton rejection efficiency varied with mo-
mentum. At momenta less than 800 MeV/c the
time-of-flight requirement provided sufficient re-
jection, and hence the P counter was physically
removed from the system to reduce multiple scat-
tering of the deuterons. This rejection efficiency
was determined by filling the ta.rget with liquid
hydrogen and taking a spectrum with the logic sys-
tem set to accept protons; i.e. , both P and D dis-
criminators were adjusted such that every recoil
particle was identified as a proton. Further
spectra were then taken with the system set to
ac cept deuter ons to see how many pr otons wer e
recorded Bel.ow 800 MeV/c the percentage of
protons still recorded (hence unrejected) was less
than 0.01k, while above 800 MeV/c and with the
P counter in the system it became as high as ap-
proximately 0.3%. Since the number of protons
produced from deuteron breakup was very large
compared to the elastically scattered deuterons,
even such a small fraction was significant enough
to considerably contaminate the deuteron spectrum
at the higher momenta.

The deuteron and proton spectra were stored
separately by directly addressing the memory of
an ND-2200 pulse-height analyzer as discussed
in Ref. 10. The proton spectra were used as a
check and a monitor of the proton rejection ef-
ficiency.

III. DATA ANALYSIS

The center-of-mass differential cross sections
we re calculated from

do CE
dQ N„NAB '

where N, is the number of incident pions, N, is
the number of deuterons per crn' in the LD, target,
~O is the subtended c.rn. solid angle, F. is the
number of elastic scattering events, and C is a.

correction factor which takes into account deu-
teron and pion nuclear absorption, multiple scat-
tering, and pion decay.

calculated from the formula

P LAO

A.

where p is the density of the liquid deuterium
(g/cm'), f. is the effective flask length (cm),
is Avogadro's number (mole '), and.4 is the
atomic weight (g/mole). The liquid deuterium in
the target was filled from a large reservoir and
was in thermal equilibrium with it. The vapor
pressure was monitored before and after each
data-taking run. The density fluctuations observed
were typically+1 jp. The value of p was 0.165
+ 0.002 g/cm', giving %~= 5.24x10 ' cm ' for the
10.6-cm target, and X„=1.04x10' em ' for the
21.1-cm target, with a +1/& uncertainty.

B. Solid-angle calculation

The center-of-ma, ss solid angles were calculated
by a Monte Ca.rlo computer program which se-
lected random values within specified limits for
the beam momentum and divergence, the a.ngle
of the scattered pion, the point of interaction in-
side the target, and the multiple Coulomb scatter-
ing angle of the pion and the recoil deuteron
through the target, air, and subsequent counters.
The beam momentum and divergence were dis-
tributed according to a Gaussian distribution be-
tween upper and lower limits. The interaction
point of the pion inside the target volume was
weighted with the beam profile. The program also
included energy loss in the liquid deuterium tar-
get and counters. This computation was carried
out to +3% statistical accuracy. The solid angle
was also calculated by numerical integration (not
by the Monte Carlo method). The results of the
two calculations agreed within +5U/~. The solid
angle ranged from approximately 3.5 x10 ' to
9.5x10 ' sr.

1.2
O

0.8

A. Beam flux and target density

The number of incident pions was determined by
subtracting from the number of S,S,S, coincidences
the number of leptons contaminating the beam. The
beam contamination measurements were made with
a threshold gas Cherenkov counter. The fraction
of pions in the beam is shown and discussed in the
previous article describing the n P experiment. "

The number of deuterons X„ in the target was

(Gev/c)

FIG. 3. The curves show the discriminator level
setting for counting deuterons and protons. Pusle heights
surpassing the F. + AF level are counted as deuterons,
and pulse heights falling in the DE window but above F.
level are counted as protons.
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C. Elastic events, background, and corrections

The number of elastic events was determined
from the deuteron spectra similar to that shown
in Fig. 4. The locations and widths of the elas-
tically scattered deuteron peaks were in close
agreement with the predictions from a Monte
Carlo calculation. Each peak had a maximum
width of four to five channels because of beam
divergence, momentum spread, and multiple
scattering in the air, the liquid deuterium target,
the target walls, and the counters. The total
number of scattering events was obtained by inte-
grating under the peaks.

It was necessary to subtract background events
from the total events in order to obtain the num-
ber of elastic scattering events. Background
events were generated from two main sources:
(1) protons from deuteron breakup (called "quasi-
elastic" events) and (2) target-empty and acciden-
tal events.

In order to calculate the number of "quasi-
elastic" protons that could be identified by the
logic as elastically scattered deuterons it was
necessary to measure their spectrum and then
multiply by the measured proton rejection effi-
ciency (with appropriate normalizations) to find
the number in the elastic deuteron peak. Quasi-
elastic protons were those that arose from deu-
teron breakup and created pulse heights in the P
and D counters in the range of those caused by
deuterons and had the correct time of flight to be
accepted by the system as elastic deuterons. This
quasielastic spectrum was measured by simply
setting the P and D discriminators to identify only
protons and consequently strobing only the proton
arm of the logic. The quasielastic subtraction
accounted for approximately 25% of the total
background and was concentrated in a small peak
under the elastic deuteron peak. The two peaks
were only one to two channels apart.

The remaining '151 of the background was large-
ly beam-rate-associated accidentals. Events ob-
tained from an empty target were less than 1/g

and hence were neglected. Accidentals were a
problem with those A counters which were close
to the pion beam and experienced a very high
singles counting rate. In turn a number of acci-
dental AGS strobes were generated producing a
large broad background in the BC spectra associ-
ated with these A counters. The total background
was seen to be more or less evenly distributed
throughout the deuteron spectrum and could be
estimated by fitting a smooth curve through it.
The uncertainty of these fits was incorporated in
the error bar of each data point. Background
events for all data points ranged from approxi-

mately 10%%uo at low momentum to 50% of the total
events at high momentum.

The possibility of inelastic events being detected
as elastic events was also investigated. Inelastic
events that consisted of production of more than
one charged particle were easily rejected by our
logic. Reactions w'ith neutral particles in the
final state were a more likely source of contami-
nation. The reaction most likely to occur was
n d-dm n'. A computer program, FOWL, "was
used to calculate the final-state phase-space den-
sity of this reaction and showed that the number
of such events in the region of phase space
covered by our experiment was negligible. In-
elastic events also tend to produce a broad back-
ground rather than the sharp peak expected from
elastic scattering.

Corrections were made to the number of events
to compensate for pions which decayed between the
target and the A. array and for nuclear absorption
of the pion or the deuteron in the target, the air,
and the counters. Pion decay corrections were
calculated with a Monte Carlo computer program.
Muons from pion decay randomly hit adjoining A
counters, which caused the deuteron detected by
the BC counters to be associated with the wrong
A counter. Hence each A counter would both lose
some counts due to pion decay and gain back some
counts from pion decay in the angular region of
the adjoining A counters. A correction factor I
was calculated using

1 =N,„,/(N;„, —N„;„—. N, ,„(+N,„),
where N;„, is the number of pions incident on the
A counter and N;„ is the number of muons that
completely missed the A array. For the A count-
ers on the edges of the array, more muons were

I
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FIG. 4. The deuteron spectrum at 739 MeV/c. A 14-
channel BC spectrum is displayed for each of the eight

A counters. The elastic peaks can clearly be seen over
the broad background. The center of each elastic scatter-
ing distribution from Monte Carlo predictions is shown

by the arrow.
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lost (N,„,) than were gained (Ã,„)and hence the
correction factor F was typically larger (about
1.03) than for A counters near the center of the
array (about 1.01). This number was still slightly
larger than 1.00 because N, was never zero
even when N„& was equal to N;„. Equal numbers
of muons lost could be compensated by equal num-
bers of muons gained since the associated shifts
in the deuteron spectra were never outside the
elastic events peak, which was normally four to
five BC channels wide.

The nuclear absorption correction was larger
a,nd varied between (24 + 5)/p and (32+ 5)%%up, hence
presenting the major correction to be made to
the data. Pions and deuterons could be absorbed
in the deuterium target, the target vessel and in-
sulation, the vacuum cha, mber window, the air,
a.nd the plastic scintillation counters. The correc-
tion factors were calculated by using the total
cross section minus the forward elastic scatter-
ing cross sections for pion and deuteron scatter-
ing on these materia, ls. In this momentum range
the only deuteron total cross section data available
were for the dd reaction. " The correction for
deuteron absorption in other materials was esti-
mated by calculating an equivalent amount of deu-
terium and using the dd total cross sections.

menta near 700 MeV/c. At the higher momenta,
the errors become so large that it becomes dif-
ficult to make any conclusions about the general
trend.

Figure 6 shows the values of the differential
cross sections obtained by extrapolating to 180'
scattering angle using these polynomial fits and
shows significant structure as a function of the
laboratory momentum of the incident pion. The
plot shows a general exponential decrease with a
peak near 700 MeV/c and a shoulder near 900
MeV/c. To ascertain the significance of this
structure, a superimposed line is also shown.
This line, which was fitted to represent the gen-
eral slope of the data, ha~ the form
exp(-0. 0066P„,). There is a probability of &10 '
that such a function mill fit the data, and the peak
near 700 MeV/c deviates by about 10 standard
devia, tions from it.

The fits to the differential cross sections as a
function of scattering angle and momentum are
displayed in the three-dimensional plot shown in
Fig. 7, and give an over-all view of the data.
Some evidence of the structures seen in the 180'
cross section at 700 MeV/c and 900 MeV/c per-
sist over the entire angular range covered by this
experiment.

IV. RESULTS

The results of this experiment are displayed
graphica. lly in Fig. 5 and are tabulated in Table I.
The errors shomn are a combination of a statisti-
cal error and a point-to-point error due to back-
ground subtraction. In addition there were sys-
tematic errors, which included (1) +3% for the
solid-angle uncertainty, (2) +2%%up uncertainty in
beam contamination, (3) el%% uncertainty in target
volume and density determination, (4) +5%%up Un-

certainty in the absorption correction factors,
(5) x0. 5%%up for the pion-decay correction factors,
and (6) +3%%up for counter inefficiencies. These un-
certainties were added in quadrature to give an
over-all systematic error of +7/0 to be associated
with each data point. The fits shown mith the data
are functions

3

g a, P, (cos&),
L =0

which gave a lower reduced y' than a first- or
second-order fit. For some momenta a, poly-
nomial with l,„=2, however, gave an equally
good fit. These fits serve mainly for extrapola. -
tion purposes and have no physical significance.
For all momenta, presented, the data are generally
smooth and flat throughout the angular range. At
the lower momenta some peaking can be seen in
the near backward region, a.s well for a few mo-

U. INTERPRETATIONS AND CONCLUSIONS

Only a qualitative discussion of the data can be
given since no adequate theory yet exists which
can be directly applied to our data. There are
several models in existence that deal with hadron-
deuteron elastic scattering, but they have only
been able to describe the elastic differential
cross section near the forward direction with any
degree of success. Pion-deuteron elastic scatter-
ing for larger angles must include higher-order
multiple-scattering terms, relativistically in-
variant deuteron for m fac tor s, and possibly in-
elastic intermediate states such as nucleon reso-
nances. These problems have been carefully in-
vestigated recently by several authors. " How-
ever, in spite of an inadequate theory, the data
presented here should give some additional in-
sights into the matter, which will be presented in
the following discussion.

An application of the multiple-scattering model
as was done by Wallace' has given a good de-
scription to the forward-scattering data. of
Bradamente et al." (seen in Fig. 6), and might be
expanded to include our contribution at 901 MeV/c.
If higher-order multiple scattering dominates
near the backward region, individual mN reso-
nances also become important. Our data near
cos8 = -0.88 extrapolate nicely with the forward
scattering data, possibly suggesting a dominant
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TABLE I. ~ d elastic differential cross sections in the center-of-mass system.

a b
&iamb E rn

(Me V/c) (Me V) -cos 0,, „,
da/dQ u da/du Error P~b E, „, "
{pb/sr) [(GeV/c) ] [mb/(GeV/c) ] Pc) (MeV/c) (MeV)

da/dO u da/du Error
-cosa,„(pb/sr) [(GeV/c) ] [mb/(GeV/c) ] Pc)

496 2339

534 2368

593 2413

656 2460

709 2500

739 2522

792 2560

0.9975
0.9914
0.9811
0.9658
0.9453
0.9196
0.8889

0.9976
0.9917
0.9815
p.9666
0.9467
0.9215
0.8915

0.9977
0.9920
0.9821
0.9678
0.9486
0.9243
0.8952

0.9978
0.9923
0.9828
0.9690
0.9505
0.9271
0.8990
0.8669

0.9978
0.9925
0.9834
0.9700
0.9520
0.9293
0.9020
0.8708

0.9979
0.9926
0.9S36
0.9704
0.9528
0.9305
0.9037
0.8729

0.9979
0.9929
0.9841
0.9713
0.9542
0.9325
0.9064
0.8795

64.3
51.1
35.3
46.7
39.7
39.3
39.2

55.6
35.4
31.2
33.9
23.6
23.4
18.1

19.6
14.0
12.0
14.6
11.0
11.7
13.2

7.5
10.8
8.3

10.9
10.2
11.9
9.7
9.3

11.0
13.0
12.5
10.8
10.3
9.S

11.6
9.5

11.1
9.9
7.8
7.4
6.3
9.3
8.9
8.0

6.28
7.05
6.40
6.55
5.35
6.33
6.50
7.62

2.236
2.234
2.231
2.226
2.220
2.212
2.201

2.181
2.179
2.176
2.170
2.163
2.154
2.143

2.101
2.098
2.094
2.088
2.080
2.070
2.057

2.020
2.018
2.013
2.006
1.S97
1.985
1.971
1.955

1.957
1.954
1,949
1.942
1.931
1.919
1.903
1.885

1.923
1.920
1.915
1.907
1.896
1.883
1.866
1.848

1.866
1.862
1.856
1.848
1.836
1.822
1.804
1.784

1276,8
1014,7

701.0
927.3
788.3
780.4
778.4

969.5
621.7
548.0
595.4
414.5
411.0
317.9

289.8
207.0
177.4
215.9
162.7
173.0
195.2

94 2

135.7
104.3
136.9
128.1
149.5
121.9
116.8

122.1
144.3
138.8
119.9
114.3
108.8
128.8
105.5

115.4
102.9
81.1
76.9
65.5
96.7
92.5
83.2

58.6
65.8
59.7
61.1
49.9
59.1
60.7
71.1

18
14
14
11
10
11
10

23
25
28
20
21
19
22

14
15
14
12
13
12
11

19
18
15
12
12
10
11
21

10
10
10
9
8
8
7

10

14
12
12
12
13
13
12
13

13
10
10

9
10
9
9

10

S45 2598

901 2638

925 2654

956 2676

1050 2740

1.000 2706

0.9980
0.9931
0.9846
0.9721
0.9555
0.9344
0.9090
0.8798

0.9981
0.9933
0.985P
0.9730
0.9568
0.9368
0.9116
0.8832

0.9981
0.9934
0.9852
0.9733
0.9573
0.9371
0.9126
O.S846

0.9981
0.9935
0.9855
0.9737
0.9580
0.9380
0.9140
0.8864

0.9982
0.9936
0.9S58
0.9743
0.9589
0.9394
p.9158
0 ~ 8887

0.9982
0.9938
0.9861
0.9749
0.9599
0.9408
0.8914

4.00
3.29
3.48
3.89
3.11
3.75
3.64
3.59

1.97
1.21
1.49
1.02
1.06
0.80
1.85
2.35

l.29
1.97
1.34
1.02
1.17
1.14
1.75
1.60

2.26
1.57
0.98
1.12
1.23
0.64
1.06
1.51

1.55
1.07
0.96
0.84
1.32
1.23
1.21
1.24

1.06
1.41
1.19
1.58
1.43
1.81
1.27

1.811
1.808
1.801
1.792
1.780
1.764
l.745
l.723

1.757
l.753
1 .747
1.737
1.723
l.707
1.686
1.663

1.735
1.731
1.724
1.714
1.700
1.683
1.662
1.638

1.707
1.703
1.696
1.685
1.671
1.653
1.631
1.607

1.669
1.664
1.657
1.646
1.631
1.612
1.590
1.564

1.627
1.623
1.615
1.603
1.588
l.568
1.517

33.8
27.8
29.4
32.8
26.3
31.7
30.7
30.3

15.1
9.3

11.4
7.8
8.1
6.1

14.2
18.0

9.5
14.5
9.8
7.5
8.6
8.4

12.9
11.8

15.8
11.0
6.9
7.8
8.6
4 5
7.4

10.6

10.1
7.P
6.3
5.5
8.7
8.0
7.9
8.1

6.5
8.6
7.2
9.6
8.7

11.0
7.7

16
18
14
14
16
11

9
10

23
24
2p
24
24
27
12
ll

36
22
30
30
28
29
16
19

25
24
30
26
22
38
22
20

23
29
31
31
27
29
21
2P

38
29
31
26
27
21
27

Laboratory momentum of the incident beam.
Total energy in the c.m. system.

c The errors quoted are a combination of statistical error and point-to-point error due to background subtraction
corresponding to one standard deviation.
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FIG. 6. Differential cross sections for 7t d elastic
scattering at 180' c.m. scattering angle as a function of
laboratory momentum of the incident pion. These are
extrapolated values using the polynomial fits seen in
Fig. 5. The dashed curve is an arbitrary line with a
slope obtained from a fit of the data.

FIG. 7. Three-dimensional plot of the elastic ~ d
scattering data, showing only the polynomial fits of
Fig. 5.

double-scattering term. At larger angles up to
cos6I = -1.0, our data show a significant dip and a
steep rise near cos6I = -1.0, which may show some
dominant higher-order multiple-scattering or nN-

resonance contribution.
Kerman and Kisslinger' suggested that an N*N

component with proper quantum numbers should
be included in the deuteron wave function. Such
a contribution is expected to be about 1 jp or more

10 I I I I I I I I I I I I I I I

100 4
0

t
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0.5
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FIG. 8. Forward ~ d elastic scattering data of ]3radamente et a/. , Ref. 15 (+) at 895 MeV/c with our data at
9Q1 MeV/c (0).
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of the wave function, and could dominate the back-
ward scattering region, as Kerman and Kisslinger
have shown for the Pd elastic scattering process.
The rise in the backward w d elastic differential
cross section seen in our data could be the result
of such N*N contribution. The structures near
700 and 900 MeV/c seen in our data are best ex-
plained by the D,', and F,', mcleon resonances as
shown in Table II.

Experiments by Carter et aL" (measurements
of w d total cross sections) and Armstrong etal. "
(measurements of yd total cross sections) also
show results that support the notions of an N~N

model. Their experiments show enhancements in
the deuteron total cross section at the same c.m.
energies as in our experiment. Further, these
authors also established from their respective
I P and yP total scattering cross-section data N'
resonances that had masses equal to the N*N-N
mass. Among these were the well-known D,', and

E,', resonances. They also observed the width of
the N*N configuration to be generally broader
than the corresponding ¹ resonance, which they
interpreted as being a possible result of internal
motion of the nucleons in their bound state. Thus,
the observed enhancement in the total deuteron
cross sections, as measured by these authors,
may be the result of nucleon resonance in the
bound state with another nucleon.

TABLE II ~ Resonance parameter s.

Mass N~N mass
(Me V) PrIe V)

Observed structure
n' d c.m. energy (MeV)

F)5

1520

1688

2458

2627

2520

2670
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In conclusion, the structures in our m d elastic-
scattering data could be explained in terms of a
multiple-scattering model as well as a result of
a contribution of a ¹Ncomponent in the deuteron
wave function. It is hoped that these data will en-
courage further developments of this model. Al-
ternate interpretations might include a direct-
channel model that requires I= 1, B=2 resonances
near 2520 and 25'l0 MeV having low spin so that
the angular distributions would remain smooth.
However, a theoretical investigation of this model
is still nonexistent.
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