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Study of the a-N System in Low-Energy x-p Elastic Scattering
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The present paper is based on 378 A-p elastic scattering events in the incident-momentum region 120—320
MeV/c. Differential and total cross sections have been measured in several momentum intervals and found
to be consistent with predominantly S-wave scattering. No significant indication for the existence of a
low-energy A-p resonance has been found. Using the effective-range approximation, the four scattering
parameters a„a~, r., and rt were evaluated with and without further assumptions on the A-p interaction
properties. Best values obtained from the four-parameter fit were a, = —1.8, a~ = —1.6, r, =2.8, and r& ——3.3 F.
A likelihood-function mapping procedure is used to describe the large and strongly correlated errors of
these values.

I. INTRODUCTION

(NTIL recently most of the information on the
hyperon-nucleon (I'-1V) interaction has been. de-

rived from the analysis of hypernuclei. The main
conclusions of this analysis were that the A.-E potential
is spin-dependent, with the singlet interaction stronger
than the triplet one, and both interactions being at-
tractive. ' It is of considerable interest to test these
conclusions and to try to obtain additional information
on the V-E system through free V-E scattering experi-
ments. 2 In particular, from a low-energy A.-proton
interaction experiment, the scattering parameters of the
effective-range theory may be directly evaluated and
then compared to the values obtained from hypernuclei
data through complicated calculations under various
assumptions. This paper describes a comprehensive
A-p elastic scattering experiment in the incident mo-
mentum region 120—320 MeV/c. Partial results based
on a fraction of the number of events presented here
were reported elsewhere. ~~

In Sec. II a description of the general experimental
procedure is presented and the differential and total
A-p cross sections are evaluated at different incident-

'R. H. Dalitz, Nuclear Interactions of the FIyperons (Oxford
University Press, New York, 1965); in the Proceedings of the
Conference on the Use of Elementary Particles in Nuclear Struc-
ture Research, Brussels, 1965 (unpublished); and references
therein.' For a recent summary on hyperon-nucleon scattering experi-
ments and anal-state interactions of the F-N system, see G. Alex-
ander and U. Karshon, in Proceedings of the Second International
Conference on Hi gls-Energy Physics and Nuclear Structure, Rehovoth,
February, 1967, edited by G. Alexander (North-Holland Pub-
lishing Co., Amsterdam, 1967), p. 36.' B. Sechi-Zorn, R. A. Burnstein, T. B. Day, B.Kehoe, G. A.
Snow, G. Alexander, U. Karshon, A. Shapira, G. Yekutieli, R.
Engelmann, H. Filthuth, A. Fridman, and A. Minguzzi-Ranzi, in
Proceedings of the Twelfth International Conference on High-Energy
Physics, Dubna, 1964 (Atomizdat, Moscow, 1965), p. 675.

~ G. Alexander, U. Karshon, A. Shapira, G. Yekutieli, R.
Engelmann, H. Filthuth, A. Fridman, and A. Minguzzi-Ranzi,
Phys. Rev. Letters 13, 484 (1964).

~ G. Alexander, O. Benary, U. Karshon, A. Shapira, G. Yeku-
tieli, R. Engelmann, H. Filthuth, A. Fridman, and B. Schiby,
Phys. Letters 19, 715 (1966).

momentum intervals. The S-wave characteristics of the
elastic scattering are then used in Sec. III for the evalua-
tion of the scattering parameters using the effective-
range formalism with and without further assumptions
on the nature of the interaction. In Sec. IV the experi-
mental results are compared with other existing in-
formation on A-E interactions. Finally, the discrepancy
which seems to exist between our best scattering pa-
rameters and those obtained from hypernuclei is dis-
cussed and arguments in favor of the existence of a
hard core in the A-A" potential are given.

TAmz I.Momentum spectrum of ah beam produced in E p
interactions at rest.

Branch-
E p reaction ing Secondary

at rest ratio reaction

Hyperon
momentum

range
(MeV/c)

Useful
hyperon

momentum
range

(Mev/c)

E-p ~ X~o
E-p ~ AH
E-p ~ Z-~+
E-p ~Z-~+

0.06
0.28
0.45

~ ~ ~

Zo ~ h.y
Z p~hn
Z-p ~ ron

z,o ~a~

254.4 254.4
95.5—244.7 120—244.7

289.4 289.4'
25.4—130.9' 120—130.9a

& For Z interaction at rest.

& B.Aubert, H. Courant, H. Filthuth, A. Segar, and W. Willis,
in Proceedings of the International Conference on Instrumentation
for High-Energy Physics at CERN (North-Holland Publishing
Co., Amsterdam, 1963).
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IL EXPERIMENTAL PROCEDURE AND
RESULTS

The experiment was carried out on 200000 pic-
tures taken at the 81-cm hydrogen bubble chamber
exposed to a secondary stopping E beam at CERN. '
The A. beam was subsequently generated via the I p-
interactions listed in Table I. The search for A-p ~
A-p events has been performed by a careful scan for V'
events associated with a recoil proton. Since the relia-
bility of this experiment lies primarily in the detection
eKciency of the often short recoil proton and of V'
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decay events occurring near the production point,
special precautions have been taken in order to assure
the maximum scanning efFiciency. To this end the whole
film was scanned twice on three views, and for addi-
tional checks part of the Qm has been scanned a third
time. During the scan every suspected V' event found
within a predetermined fiducial volume was recorded
and its neighborhood carefully searched for a possible
recoil proton. Following this scanning procedure and
after introduction of acceptance criteria which will be
described later, an over-all efIiciency of 98 and 97%
was found for the nonscattered and scattered A.-decay
events.
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A. Monitor Events

For the study of the h.-beam characteristics and for
the calculation of the total h. pathlength examined in
this experiment, a random sample of 3129 nonscattered
V' events lying in the given Gducial volume was mea-
sured and identified via the CERN programs THREsH

and GRrND. A complete separation between E' and A

decay events was readily obtained by the 6tting pro-
cedure and by ionization estimation of the tracks on the
61m.

For the purpose of collecting A. monitor events of high
detection eKciency, we have imposed on the final
accepted sample of events four cutoff criteria:

(a) Incoming A momentum in the region 120—320
MeV/c (see Fig. 1).

(b) A lower cutoff Iq= 1.5 mm in space on the length
of the h. decay proton. This cutoff value was chosen by
comparing the experimental proton momentum dis-
tribution with the expected one calculated from the
experimental A-momentum distribution and from the
isotropic decay of the proton in the h. c.m. system
(»g 2)

(c) A lower cutoff La=1.0 mm in space on the h.
neutral pathlength between the production and the
decay points. This cutoff value was derived from the
study of the A time-of-Qight distribution compared with

the expected one from a A lifetime value of 2.45)(10-M
sec (Fig. 3).

(d) An upper cutoff sink=0. 98 was imposed on all
dip angles X of the charged and neutral tracks, since it

200

I ~ I

100
80

40+
4P

tLJ
I

204
o

t
E io-
z 8-

6-

t
I I I I

40 80 l20 l60 200 240 280 520 360 400

Pl (LAB) MeV/C

FIG. 2. Momentum distribution of the decaying proton of the
monitor events before imposing cutoGs (dashed line) compared to
the expected distribution normalized to the same number of events.
The solid-line histogram is the weighted momentum distribution
of the A-decay protons after imposing the cutoG criteria. The
arrow represents the lower-momentum cutoG in the decaying
proton corresponding to the length cutoG Iq= 1.5 mm.
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FIG. 1. Momentum distribution of the h. monitor events before
imposing cutoG criteria (dashed line) compared to the expected
distribution calculated from K p reactions at rest. The solid
histogram is the weighted momentum distribution of the A moni-
tor events after imposing the cutoG criteria.
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FIG. 3.Time-of-flight distribution of the A. monitor events com-
pared to the e ected distribution from the A, lifetime of 2.45
)&10 "sec. The dashed histogram represents the time distribution
of uncorrected events decaying near the production point. The
solid histogram is the weighted time-of-flight distribution of the
events after imposing the cutoG criteria measured from the cutoG
point. The arrow represents the lower time-of-fight cutoG which
corresponds for a A momentum of 300 MeV/c to a lower length
cutoff of 'I o~ 1 mm.

'R. Engelmann, H. Filthuth, G. Alexander, U. Karshon, A.
Shapira, and G. Yekutieli, Nuovo Cimento 45A, 1038 (1960}.
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expected distribution of a A beam generated in K=p
interactions at rest (Table I). The number of E-p'
events in Qight is very small in this experiment. The
half-width of the peak at 254 MeV/c in this distribution
which arises from the reaction K p-+A~' is 5
MeV/c; the same width is also observed for the peak at
290 MeV/c which arises from the reaction Z p —+ Ae at
rest. From the positions and widths of these peaks, the
precision of the h.-momentum measurement in this
experiment is estimated to be ~2%. This sample of A.

decay events was also used to measure the h. lifetime,
with the result rq= (2.45&0.06)X10 "sec.r The total
A pathlength as function of the A momentum was then
calculated by scaling up the pathlength observed for
the monitor events to the total V' events found in the
scan and properly taking into account the cutoff
criteria.

Frc. 4. Average weight of A-monitor events (Wq) and of A.

scattering events (W', W,) as function of the h. incoming mo-
mentum. W, and W' are average weights for a scattering event
with and without correction for the loss of small recoil protons.

was difficult to measure and fit events having tracks
with a larger dip angle.

The alternative method of applying cutoffs (b) and

(c) on the projected film plane was found to yield ap-
proximately the same experimental results. This fact is
not surprising since the scan has been carried out
simultaneously on all three projected views. Taking
into account these cutoff criteria and the fiducial volume
restriction, a weight 8'q was assigned to each decay
event:

W~= W(1)XW(2)XW(3) = [8(1)XE(2)XE(3)P',
where P(1), E(2), and P(3) are the probabilities for the
event to satisfy the cutoff criteria (b), (c), and (d),
respectively. Weighted distributions of the A momen-

tum, the decaying protons momentum, and the A.

time of flight after imposing the cutoff criteria (a)-(d)
are shown in the solid histograms of Figs. 1—3, re-
spectively. The depletion of weighted events in the
lower-momentum region in Fig. 2 relative to the un-
corrected sample is mainly due to the lower cutoff in
the A momentum (120 MeV/c). The average weight
per event as a function of the A momentum calculated
from 2213 finally accepted A monitor events is shown
in Fig. 4. The A momentum distribution of the monitor
events shown in Fig. 1 is in good agreement with the

' The weight W (1)was calculated using the fact that the angular
distribution of the decay proton in the A c.m. system is isotropic.
W(2), which is the weight corresponding to loss of events outside
the fiducial volume and within 1 mm from the production point,
was calculated using the h. lifetime value of 2.45&(10 ' sec. The
weight W(3) was calculated by assuming an isotropic distribution
in space angles for all particles, namely, equal populations in each
sin~ interval. In forming W (3) we have also assumed that the dip
angles of all tracks of each event are uncorrelated. This assump-
tion has been tested on a sample of events and was found to be
approximately correct. In those events where the total weight W
(=Wq or W,) was larger than two times the average weight
W, (P) in the momentum region I' (Fig. 4), we set W=S', (P).

B. Scattering Events

The candidates for A-p scattering events found in the
scan were measured and tried to be fitted by the
THREsH and cRxwz) programs to the following reactions:

(1) A+p —+ A+p,

(2) Eo+p ~A+~+,

(3) &'(&')+p ~&'(&')+p

(4) A~ p+vr

A —+ p+m

A —+ p+w, '

K'(E') ~ ir++~-.

(without interaction).

The fitting procedure for (1), (2), and (3) included also
the V'production point in the E -p and 2 -p reactions.
No ambiguity was found among reactions (1), (2), and

(3). However, there were some events where the mo-
menturn transfer to the suspected recoil proton was so
small that the events yielded good fits to both hy-
potheses (1) and (4). A rough calculation to estimate
the number of scattering events due to background
protons yielded an upper limit of 0.2% contamination
in this experiment. Consequently, we have taken all the
events which were ambiguous between hypotheses (1)
and (4) as genuine A-p elastic scattering events.

On the fitted A-p elastic scattering events we have
imposed cutoff values similar to those on the monitor
events (a)-(d), namely, incoming momentum between
120 and 320 MeV/c; 1.0-mm space-length cutoff on the
neutral-A pathlength before and after the scattering;
1.5-mm space-length cutoff on both recoil proton and
A.-decay proton; and dip cutoff at sink =0.98 on all
charged and neutral tracks. Following this cutoff pro-
cedure, a total of 378 events out of 603 fitted events
remained for final analysis. The lower space-length
cutoff 1.„=1.5 mm for the recoil proton was derived
from the study of the angular distribution of the scat-
tered events shown in Fig. 5 as a function of the in-
cident A. momentum. The solid lines in this figure
describe the lower limits of the h. scattering angle corre-
sponding to a cutoff on the recoil proton length of 1.0,
$.5, and 2.0 mm in space. As can be seen from Fig. 5,
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0.8

0.6

justified, and its main contribution is in the low-
momentum region. The. average weights per event W'
and 8', as function of the A incident momentum are
shown in Fig. 4.

0.4 C. Differential and Total Cross Sections
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the density of events is decreasing appreciably above
the j..5-mm line which for this reason was chosen as the
cutoff value.

Following these cutoff criteria, a weight 8" was
assigned to every scattered event:

W'= W(1)XW(2) XW(2')X W(3)
= [&(1)X&(2)XE(2')X&(3)]',

where P(1) and E(3) have the same meaning as in the
case of the monitor events'; P(2) and E(2') are the
probabilities for an event to satisfy the cutoff criterion
on the neutral A track before and after the scattering.
In forming the weight 8" the weak correlations be-
tween W(2), W(2'), and W(3) were neglected. ' In
those cases where the number of events integrated over
all scattering angles were of interest, such as in the total
cross-section calculation, it was necessary to correct
for the loss of small-angle scattering events correspond-
ing to the recoil-proton cutoff. To this end an additional
weight W(4) was calculated, assuming an isotropic
angular distribution of the scattered particles in the
c.m. system of the A-p, which in turn yielded a total
weight W, = W'X W(4). Fortunately, the value of W(4)
is smaller in the higher-momentum regions where the
isotropy assumption (5-wave scattering) might be less

9 In fact an evaluation of the cross section with a sample of
about 23 of the present statistics, taking into account all correla-
tions, yielded essentially the same values as in this paper, which
means that the correlations average out. PG. Zech, thesis for
troisi6me cycle, Faculty des Science, Vniversitb de Strasbourg,
1966 (unpublished). g

P~ (LAB) MeV/ c

Fxo. 5. Angular distribution of the scattering events in the
c.m. system after imposing cutoffs (a)—(d) (see text) as a function
of the h. incoming momentum. The solid lines a, b, and c represent
lower limits to the A. scattering angle corresponding to space-
length cutoffs on recoil proton of I.„=1.0, 1.5, and 2.0 mm. Events
above line b, which have been rejected in the Anal analysis, are
represented by triangles.

The A-p elastic scattering cross section as a function
of the incident h. momentum has been calculated for six
intervals in the region 120-320 MeV/c. Two different
momentum divisions have been considered: The first
divided the region into equal momentum intervals and
the second into intervals with approximately the same
number of events. Cross-section values for both divi-
sions are given in Table II. The behavior of the total
cross section as a function of momentum appears to
be smoother in the second division method, while in the
first there seems to be some shoulder in the region
180-210 MeV/c which, however, most probably is just
statistical fluctuation. The dependence of the cross sec-
tion on the cutoff values adopted has been examined.
As can be seen from Table III, the cross-section values
are almost independent of the cutoff values and their
small variations are well within the experimental sta-
tistical errors. The results also turned out to be in-
sensitive to variation in the fiducial volume.

The A-p differential elastic scattering cross section is
represented in Fig. 6 for six momentum intervals, where
each event is represented by its weight 5"' defined
earlier. As can be seen in this 6gure, the angular dis-
tribution of the scattering events is essentially iso-
tropic in the whole momentum region 120—320 MeV/c,
which in turn means that the elastic scattering cross
section is consistent with a predominantly 5-wave
scattering. The angular distribution cannot be analyzed
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FIG. 6. Angular distribution of the scattering events after im-
posing the cutoff criteria in various momentum intervals, where
each event is weighted by W' (see text). The solid line represents
the lower limit of the A.-scattering angle corresponding to a space-
length cutoff of 1.5 mm on the recoil proton.
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TABLE II.A-p total and differential elastic cross sections in two different momentum divisions (see text). F/8 stands for the forward-

to-backward ratio and P/E for the polar-to-equatorial ratio. The polarizationeP(t3q ) of the outgoing A averaged over two regions of
production angles is also presented, where a is the h.-decay asymmetry parameter.

Momentum
interval
(MeV/. )

120-150
150-180
180-210
210—240
240-270
270-320

No. of
events

34
48
80
88
92
36

Cross
section

(mb)

212+36
141~20
141+16
95+10
81~ 8
56& 9

~ ~ ~

1.01~0.24
1.27+0.28
1.29+0.27
1.55+0.53

~ ~ ~

0.87~0.22
0.79&0.19
1.12'0.24
0.99&0.34

Angular distribution
F/8 P/Z

~ 0 ~

—0.16~0.28—0.10~0,31
0.42+0.30
0.29&0.53

~ ~ ~

—0.40~0.36
—0.17~0.29—0.45+0.28

0.0 ~0,43

Polarization nP (Oq*)
—1(cos8q*(0 0&cos8q*&1

120—170
170-200
200-220
220—240
240-260
260-320

65
62
58
65
85
43

180~22
130&17
118*16
101~12
83& 9
57+ 9

~ ~ ~

0.55+0.16
1.76+0.45
1.16&0.25
1.92+0.62

~ ~ ~

1.00&0.29
0.74&0.20
1.14+0.25
2.01+0.32

~ ~ ~

0.0 ~0.31—0.37&0.38
0.48&0.30
0.13~0.52

~ ~ ~

—0.50+0.48—0.11&0.32—0.51~0.29
0.0 &0.38

in detail in the present experiment, because the number
of events per momentum interval per scattering angle
is quite small. The two ratios of the angular distribution,
forward to backward (P/8) and polar to equatorial
(P/E), are given in Table II for the higher incident-A
momentum intervals where the corrections due to the
various cutoffs are small. In calculating the quantities
P/8 and P/P. , we have corrected for events lost due to
the short recoil-proton cutoff by assuming that the
differential cross section is isotropic in F and in P,
respectively. The behavior of the quantity P/8 is more
regular and centered around unity in the first mo-
mentum-division method. However, in both division
methods there is a small tendency towards P/8) 1 for
the higher-momentum intervals.

Finally, we have searched for possible polarization
effect in the A-p low-energy elastic scattering. Figure 7

presents the distribution of the quantity cosg„= n n,/
~
n ~~n,

~

as function of the scattering angle eq*, where
n„ is a vector in the direction of the decaying w in the
A. c.m. system and n, is the normal to the scattering
plane. Figure 7 illustrates the fact that the polarization
is consistent with zero for all scattering 8~ angles. This
fact is also shown in Table II, where the average
polarization nP(0& ) is given, n being the asymmetry
parameter of the A decay.

scots„,= 1/u„,+0.5r, , ,k', — (3.1)

where a is the scattering length, r is the effective range,
and s, t stand for singlet and triplet states. From this
expression the total elastic scattering cross section is

III. LOW-ENERGY A.-p SCATTERING
PARAMETERS

As shown previously, both the angular distribution
and the polarization indicate that the A-p elastic scat-
tering in the momentum region 120—320 MeV/c is
consistent with S-wave scattering dominance. This fact
may be further substantiated through the semiclassical
argument that the highest partial wave /, participating
in the interaction is given by the expression l,„&kR,
where k is the wave number and E. is the interaction
radius. Assuming the two-pion-exchange (TPE) mecha-
nisrn to be responsible for the longest interaction range
of the A.-p system, one obtains the value of R 1.5 F.
Thus at the upper end of the A-momentum range of this
experiment (320 MeV/c), l,„&1.1, which means that
the scattering takes place predominantly in S-wave
through the whole momentum region.

The energy dependence of the singlet and triplet
S-wave phase shifts is given in the effective-range
formalism, neglecting the shape-dependent term, as

TABLE DI. Total h.-p cross section obtained with various cutoff values, changing one cutoff at a time and leaving the other values
as used in this paper. Lp, Lz, and L„are lower cutoffs on the length of the neutral A., the decay. proton, and the recoil proton, respectively.
X is the upper cutoff on the dip angle.

Varied cutoff
(lengths in mm)

No. of
events 120—170

Cross section (mb) for various momentum intervals (MeV/c)
170-200 200-220 220-240 240-260 260-320

Ordinary cutoffs
Lp= 1.5
Lp=2.0
Lg =1.0
Ld, =2.0
L„=1.0
L„=2.0

sink =0.96
sin~ =0.94
sink =0.92

378
348
324
391
368
391
355
347
328
294

180+22
184+24
173+25
175~21
185~23
172~20
163~23
187~24
201&26
201~27

130+17
128~17
135~18
136&17
132~17
124+16
131~17
134~18
136~19
134~19

118~16
122~17
121~17
119&15
121~16
114&15
121+16
122&16
124&17
132&19

101+12
100+13
97+13
99+12

100+13
99+12

102+13
95&)3

101&14
93&14

83~ 9
85+10
92+10
81+ 9
82~ 9
82+ 9
82+ 9
83~ 9
85+10
85+11

57+ 9
60& 9
61+10
57& 9
56~ 9
57+ 9
56+ 9
55~ 9
58+10
51+ 9
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FIG. 8. h.-proton elastic scattering cross sections. The solid line
represents the best fit to the experimental data obtained from a
four-parameter 6t in the effective-range formalism.

FIG. 7. Angular distribution of the decaying m meson with
respect to the normal to the scattering plane as a function of the
A.-scattering angle.

given by

1 l 3
0 = g&a+4&f, =

k'+ (—1/a, +0.5r,k')'

(3.2)
k'+ (—1/a, +0.5r,k')'

TABLE IV. Four-parameter its of the A.-P scattering data for
various momentum intervals.

Momentum
range I'q
(MeV/'c)

120-320
140-320
160-320
120-300
120-280
120—260
220=240

—1,8—1.6
1%7

2.3—3.6
1.3—1.4

—1.6—1.4—1.6—1.4
1 a 1—1.6—1.6

" (F)

2.8
2.7
2.8
3.0
3.7
3.3
3.1

3.3
2.4
3.1
29
1.6
2.6
2.6

The experimental A-p ~ A-p cross sections have been
fitted by using the maximum-likelihood method with
Eq. (3.2), taking a„a„r„and r, as free parameters, and
also in the zero-range approximation (r,=r&=0). The
best fits have been obtained by maximizing the likeli-
hood functions L(a„a&,r„r,) and L(a„a,,0,0), respec-
tively. In order to obtain fits sensitive to the detailed
variation of the cross section with momentum, the ex-
perimental values have been taken in 10-MeV/c in-
tervals in the momentum range 120—320 MeU/c. The
best values for the four-parameter 6t are shown in
Table IV for several momentum regions (see also Fig.
8).The zero-range approximation (r, =r&=0) yielded for
the likelihood function L (a„a„0,0) a value consider-
ably lower than the function L,„(a„a,,r„r,).No errors
are quoted for the best-fitted values in Table IV since
there is a strong correlation between the scattering

parameters indicated by the large off-diagonal elements
in the error matrix. Instead, the significance of the best
scattering-length parameters is illustrated through a
mapping of the likelihood function I. in an a,-u~ plane
(Fig. 9).For each point in the plane, the maximal value
of I- was calculated varying r, and r, independently in a
reasonable range of 1—5 F. Note that this mapping
procedure yields upper limits to the error domain of
the best a, and c& values. In Fig. 9 are also shown early
calculations of scattering lengths derived from hyper-
nuclei data. '~" Most of the hypernuclei points lie in
the region of more than one standard deviation from
the best values obtained in this experiment. From
general spin considerations of light hypernuclei it was

I I I I I

2.5-

1.5-

I.O-I
0

0.5-

-0,5-
I I I I I I I I I

0 2 4 6 8 IO l2 l4 I6 I8

-os (fermi)

Fxc. 9. Mapping of the likelihood function 1.in the u, -u~ plane
for the four-parameter Qt. The shaded area includes all points
with likelihood values above L, /exp0. 5, where I, is the value
of the best 6t (point f). The external smooth curve encloses
likelihood values lying above I /exp2. 0. Points 1-5 represent
scattering lengths derived from early hypernuclei calculations.
(See Refs. 10—12.)

'0 3. W. Downs and R. H. Dalitz, Phys. Rev. 114, 593 (1959)."K.Dietrich, H. J. Mang, and R. Folk, , Nucl. Phys. SO, 177
(1964).

'~ R. C. Herndon, Y. C. Tang, and E. W. Schmid, Phys. Rev.
137, 3294 (1965). Recent calculations, partially based on our
earlier results, yielded better agreement between hypernuclei
predictions and scattering results; see R. C. Herndon and Y. C.
Tang, Phys. Rev. 153, 1091 (1967); 159, 853 (1967); 165, 1093
(1968).
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I I I

l6&

l4)

l2'

~~+lil/iPZ~YEZ

I

8 IO l2 l4 l6

(fermi )

I I

2 4 6

Fro. 10.Mapping of the likelihood function L in the r;rg plane
for the four-parameter 6t. The shaded area, the external smooth
curve, and the point f have the same meaning as in Fig. 9.

deduced that (a, (
& ~a& ~,

' which reduces the domain

lying inside one standard deviation (Fig. 9).
A similar likelihood mapping is presented for the

r;r& plane (Fig. 10), where I. is maximized by varying
independently a, between —6 and +1 F and a, be-
tween —2.25 and —0.5 F. These variation limits were
chosen as roughly representing the one-standard-
deviation domain in the a,-a& plane.

The relatively large region of u„a& values, which are
still consistent with the experimental data within one
standard deviation, may be reduced by the introduction
of further assumptions on the nature of the scattering.
The effective range r can be expressed in terms of the
intrinsic range b and the scattering length a through the
relation 3

I.O'

0.5-

0—

-0.5-

2.0—

l.5-

I I I I I

I I

b~l.9iF -3,0

-2.5

—2.0

—l,5

—LO

and a& are similar to the ones obtained in the four-
parameter fits.

Two-parameter fits have also been performed with u,
and a& as free parameters. Characteristic values of Q
(0.5, 0.65, 0.9) have been used with an average value
of b=1.8 F. Another set of fits have been carried out
for an average value of Q=0.7 and several values of
the intrinsic range b: 0.84 F, corresponding to one-kaon
exchange (OKE); 1.5 F, corresponding to TPE; 1.7 F,
1.9F, and 2.1 F. The results of these fits which are
presented in Table V, do not depend critically on the
potential shape Q; on the other hand, they are rela-

tively strongly dependent on the intrinsic range b. The
best values of r, for b=1.5 and 2.1 F with Q=0.7 are
unphysical; however, the domain of one standard devia-
tion encloses also reasonable r, values.

The likelihood function mappings in the a, -a& plane for
the two-parameter fits with Q=0.7 and various values
of b are presented in Fig. 11. As expected, these map-
pings show that the one-standard-deviation domain
has been considerably shrunk in comparison to the
four-parameter fit. Also seen from Table V and Fig. 11
is the tendency of

~
a,

~

to decrease and of
~
a,

~

to in-

crease with larger values of b.

A relation between the effective range, the scattering

r=b(1 —Q(s)b/a), (3.3) l.O-
-05

where Q is a function of the well-depth parameter s.
For negative values of a, and a&, Q is essentially inde-

pendent of s in the allowed region of 0(s(1, but
changes with the potential shape. For simple central
potentials, Q has the following values":

0.5-

~ Q-
E
Cl

V

-0.5-
D

I I I I

=2.I &

—0

- -0$

-2.5

-2.0
Q~0.5, Gaussian potential;

Q~0.65, exponential potential;

Q 0.9, Yukawa potential.

(3.4)

2.0-

l.5-

I.Q-

- l.5

—l.o

—0.5
Under the assumption that the singlet and triplet in-
trinsic ranges are equal (b.= 9& b) and usin——g relation
(3.3), a three-parameter fit to the experimental data
has been carried out by taking a„a&, and b as free vari-
ables. The results are presented in Table V for the three
values of Q given in (3.4). The fitted values obtained
for a„a&, and b are rather insensitive to the potential
shape Q, yielding a relatively high value for the in-
trinsic range b of 1.8 F. The values obtained for a,
"J.J. de Swart and C. Dullemond, Ann. Phys. (N.Y.) 19, 458

(&962)."R.D. Levee end R. L. Pexton, Nncl. Phys. 55, 34 (1964).

0.5-

0-

-0.5-

0 2 4 6
-ae (fermi)

—0

--0.5

—.o
I I I

0 2 4 6 8

FIG. 11.Mapping of the likelihood function L in the u, -a& plane
for the two-parameter its with a„a~ as free parameters and r„r~
given by (3.3) for various b values and for an average value of
Q=0.7. The shaded areas and the external smooth curves have
the same meaning as in Fig. 9, Points {a)-{e)represent the best-
&t values,
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TABLE V. Three- and two-parameter fits of the A.-p scattering data. The eGective range r is expressed in terms of the intrinsic range b
and the scattering length u via the relation (3.3).For each Gt the logarithm of the likelihood function L corresponding to the best values
of the scattering parameters is also given.

Free
parameters

0.5
0.65
0.9
0.5
0.65
0.9
0.7
0.7
0.7
0.7
0.7

Intrinsic
range b

(F)

2.0
1.8
1.6
1.8
1.8
1.8
0.84
1.5
1.7
1.9
2.1

a, (P)
—1.5

1%3

1i2—0.5—1.8—1.7—4.3
0.0—0.8
147

+1.0

e, (F)
—1.7—1.8—1.8—1.9—1.6—1.8—0.5—1.9—1.9—1.8—2.0

r (F)

3.3
3.5
3.7
5.4
3.0
3.6
1.0

4.2
3.4—1.0

r, (F)

3;1
3.0
3.0
2.6
3.1
3.4
1.9
2,3
2,8
3.4
3;7

50.57
50.57
50.58
50.59
50.58
50.69
50.86
50.65
50.59
50.63
50.65

a, (A.—p) = a, (A —p) . (3 7)

It is well known that symmetry-derived relations
between reactions are expected to hold mainly at high
energies where the symmetry-breaking terms should be
small. However, if there is any meaning at all to sym-
metry-reaction relations at low energy, they should be
tested for the Y-E system where, contrary to the 3l-E
interaction, '7 no bound state is so far known that could

"H. G. Bosch and V. F. Muller, Nuovo Cimento 39, 886
(1965);Phys. Letters 19,320 (1965);and (private communication).' D. A. Akyeampong and R. Delbourgo, Phys. Rev. 140,
B1013 (1965); V. Barger and M. H. Rubin, ibid. 140, B1366
(1965);Y. Frishman (private communication).

'r The SU(6) prediction for the )V lV sCattering lengths, a, (I—p)

length, and the shape-dependent parameter I' in the
expression

kcoth= 1/a+0.5r—k' Pr'k4 — (3.5)

has been derived by Dosch and Muller. "Their relation
is based on a dynamical model using a subtracted
partial-wave dispersion relation where the left-hand cut
is determined by a one-boson-exchange mechanism.
The essential contribution to this process is given by an
exchange of an effective scalar meson (I=O; J~=O+)
which appears to be of importance also in E-E scatter-
ing. Using the Dosch-Muller relation in the form

r,= 2.0—3.1(1/a.)+1.4 (1/a, )'
+0.08 (1/a.)'—0.03 (1/a, )',

(—0.03(P,(—0.01) (3.6)

r& 2.0—3.0(1/a&)+1.1(1/a——)'
+0.09(1/a() 4 —0.03 (1/ag)4,

(—0.03&8,& —0.015)

and setting I',= I'&———0.02, we have performed a two-
parameter fit to the experimental data with the results
a,= —2.16 F, a,= —2.10 F, r, =3.72 F, and r&=3.67 F.
Although our data are not sensitive to the parameter I',
we have used in this last fit the expression (3.5) to be
able to use the Dosch-Muller relation in full.

The last interesting relation considered in this work
was the one derived from SU(6) symmetry, "namely,

break the symmetry. The best values of a, and a& ob-
tained in this experiment are not in disagreement with
relation (3.7).

IV. DISCUSSION AND CONCLUSIONS

Preliminary results of a similar experiment on low-
energy A-p elastic scattering between 120 and 330
MeV/c have been reported by the Maryland group, "s
using somewhat different cutoff criteria and weighting
procedures. The total elastic scattering cross sections
of the Maryland group are essentially identical with the
ones reported here. ' The cross-section behavior as a
function of the incident momentum of both experiments
does not seem to support the possible existence of a
low-energy A-p excited state such as the one at the
mass 2058&8 Mev discussed by Melissinos et al.' The
small enhancement observed in our total A-p cross
section (Table II) is with the present statistics de-
pendent on the momentum division and might well be
due to statistical Quctuation.

The differential elastic scattering cross section of the
Maryland group is also in good agreement with the one
reported here. The F/8 ratio is essentially equal to 1 in
the momentum region under investigation, with a small
tendency to increase at the upper end of the momentum.
However, the deviation from an isotropic angular dis-
tribution is small and still consistent with a predomi-
nantly 5-wave scattering. The possible existence of a
I'-wave contribution to the elastic scattering at the
upper end of the momentum region does not change by
more than one standard deviation the scattering pa-
rameters calculated in this experiment (Table IV and
Fig. 9). At the same time, the insensitivity of the best
= a&(n —p), is strongly violated, probably due to the existence of
bound states."B.Sechi-Zorn, R. A. Burnstein, T. B. Day, B. Kehoe, and
G. Snow, Phys. Rev. Letters 13, 282 (1964); R. A. Burnstein,
University of Maryland, Technical Report No. 469, 1965 (un-
published); B. Sechi-Zorn, B. Kehoe, J. Twitty, and R. A.
Burnstein, University of Maryland, Technical Report No. 846,
1968 (unpublished).

"A. C. Melissinos, N. W. Reay, J. T. Reed, T. Yamanouchi,
E. Sacharidis, S. J. Lindenbaum, S. Ozaki, and L. C. L. Yuan,
Phys. Rev. Letters 14, 604 (1965).
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values to the low-momentum cutoff has been verified
(Table IV).

The spin dependence of the A-p interaction as derived
from the elastic scattering experiment (u, /ui& 1) seems
to be weaker than what was indicated from early hyper-
nuclei calculations (a,/a&&4). '"The singlet scattering
length which is mainly derived from the simple hyper-
nucleus qH' is in good agreement with the one obtained
in this experiment. On the other hand, the triplet
scattering length derived in hypernuclei calculations
mainly from &He5 seems to be underestimated. Re-
cently several explanations for this discrepancy have
been suggested: (1) A strong tensor force in the A-Ã
system will influence less 'i'he A-n system and will cause
a reduction in the over-all qHe' interaction potential. '
(2) A repulsive three-body force will affect the qHe'
hypernucleus more than the &H' hypernucleus and will
consequently reduce the over-all attraction in the
&He'. ' "(3) The TPE diagram which mainly contributes
to the triplet A-E force through the intermediate Z-E
state is suppressed in the A-o, system, since the lowest
allowed intermediate state involves the excited state of
He4. This will reduce the contribution to the triplet
potential in qHe'. 2i (4) The possible existence of a
spin-flip transition in the qH' will reduce the spin de-
pendence of the A.-E interaction and shift the scattering
parameters values nearer to the ones obtained in this
experiment. " (5) The possible existence of a symmetry-
breaking. part in the A-.V potentiap' may explain the
difference between the scattering-length values derived
from h.-p elastic scattering and those from hypernuclei
data where charge symmetry was assumed. This
symmetry-breaking assumption may be tested through
a comparison between the A-p and A nsystem-s in 6nal-
state interactions or in low-energy A-d scattering.

~A. R. Bodmer and S. Sampanthar, Nucl. Phys. 31, 251
(1962); A. R. Bodmer and J. W. Murphy, ibid. 64, 593 (1965);
A. Gal, Phys. Rev. 152, 975 (1966).

2'A. R. II'odmer, Phys. Rev. 141, 1387 (1966).
'2 B. W. Downs and R. J. N. Phillips, Nuovo Cimento 41, 374

(1966).

Since the low-energy scattering parameters are in-
sensitive to the A-S potential shape, no information
can be derived from this scattering experiment on the
details of the potential (Table V). On the other hand,
the scattering parameters are dependent on the range
of the potential. From the hypernuclei data no conclu-
sion could be derived on the range of the A.-X forces and
it has been fixed arbitrarily to that of a TPE (b= 1.5 F)
or OKE (b=0 84.F). The best b value of the present
experiment is consistent with a somewhat larger in-
trinsic range (b 1.8 F). If indeed the intrinsic range is
higher than the TPK value, it may be explained by a
dominant contribution to the potential from boson ex-
change with a mass lower than the mass of two pions,
namely, around 230 MeV. So far such a boson has not
been found experimentally although the exchange of
low-mass scalar bosons have been considered in various
A-E potential calculations. ""A more reasonable ex-
planation is the existence of a repulsive hard core in the
A.-E potential. The inclusion of a hard core has also
been considered in various hypernuclei calculations, in
analogy to the E-E system, where its existence is well
established. The over-all intrinsic range b is related to
the intrinsic range of the attractive part bo by' bo
= b —2d, where d is the hard-core radius. Consequently,
nonzero d values would increase the apparent values of
b. In this connection it is worth while to note that an
upper limit of d—0.6 F is deduced from the absence of
a bound hyperdeuteron. '
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