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Production and knockout of nucleon isobars from helium by 5 GeV pions
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Using both recoil and fast-particle spectrometers, the reaction 7~ + *He— 7~ + *H + x has been measured
for triton momenta in the region 0.24-0.60 GeV/c. The experimental spectra are presented as functions of
triton momentum and angle and of mass of the unmeasured object. In the theoretical analysis it is assumed
that the final state can be reached via quasielastic scattering from N*°H states and via N* productions
from the p *H state of helium. The most credible of three investigated p *H wave functions requires one
percent of N**H states in the mass range 1.08-1.80 GeV/c 2.

CLEAR REACTIONS ‘He(r",7x)t, E=5 GeV, E, >10 MeV measured
(64,m,), olm,E}), olm,,0,); deduced p-t wave-f, x-t prob. 1.1 <m, <1.8 GeV.
pr,m)x, E=5 GeV, measured o(m,).

I. INTRODUCTION

During recent years efforts have been made try-
ing to establish the existence of non-nucleonic con-
stituents of nuclei. Kerman and Kisslinger® in-
troduced 1% of the NN* (1688) configuration in the
deuteron ground state to explain the anomalous back-
ward peak seenin 1 GeV proton-deuteron scatter-
ing.?’* Subsequent work has shown that the result can
also be explained with conventional nucleon wave func-
tions. Later, Goldhaber®interpretedthe slow back-
ward A (1232) isobars seen in pion-deuteron interac-
tions at 15 GeV as spectator particles from a pre-ex-
isting AA pair in the deuteron. The final analysis®
gave an upper limit of 0.7%for such a pair in the deu-
teron. Neither in this nor in the following spec-
tator experiments could it be ruled out that the
backward A was produced on a nucleon or was
formed by a produced pion and a spectator nucle-
on.® The most recent A spectator experiment in-
vestigated proton-deuteron interactions at 19 GeV.”
The analysis accounted for some of the final state
interactions between the spectator nucleon and the
produced particles. An upper limit of 0.1 +0.2%
for the AA admixture was obtained.

Lately searches for A isobars in other reactions
have been reported. The conclusions were nega-
tive for the *Mg(p,7)?'Si reaction,® uncertain for
the 2H(n", 7 )pn reaction® and quite promising for
the preliminary interpretation of the He(p,t)a™
reaction.!” Reviews on the subject isobars in nu-
clei can be found in Refs. 11 and 12,

In the present experiment we look for N**H com-
ponents of helium. Only /=13 isobars are allowed
in this configuration. The experiment was designed
as a search for quasielastic pion-isobar scattering
with a spectator triton.!* As in (p,2p) reactions
the momentum distribution of the residual triton
nucleus contains information on the momentum
density of the initial particle before its knockout.

In order to distinguish knockout isobars from
produced isobars a comparison with the elemen-
tary mp - 7x reaction is of interest. Gerasimov'!
proposed that a comparison between the elemen-
tary reaction and the inclusive reaction 74 - 7x,
where A is a nucleus, might give information about
pre-existing isobars from an excess of cross sec-
tion in the inelastic part of the mass spectrum.

The most probable isobar configuration of the
helium nucleus has been found by Horlacher and
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Arenhovel!® to be the ANNN state occurring with
a probability of 2%. At 5 GeV the cross section
for producing isobars on a free nucleon is a few
percent of the elastic mp cross section. Hence,
in an inclusive reaction on helium, pion scatter-
ing from the A, assumed to occur with the same
strength as elastic mp scattering, is expected to
give the same contribution to the mass spectrum
as A production from the bound nucleons.

In the exclusive *He(r,nN*)*H reaction investi-
gated here the background production of N*’s can
be reduced considerably taking advantage of the
fact that the p®H and N*®H wave functions are
different. Weber!® recently calculated the momen-
tum distribution and the probability for the occur-
rence of N*3H configurations in the ground state
of helium. He found that only the N* (1535) and
N* (1700) are present with sizable probabilities,
together of the order of 0.4%. These resonances
are isospin one-half, spin one-half negative parity
states. The momentum density distributions peak
at 0.3 GeV/c to be compared with 0.1 GeV/c for
the p3H configuration. Hence, restricting the
triton recoil momenta to be above 0.3 GeV/c
severely reduces the background from produced
N¥s,

The first results of our experiment were ana-
lyzed using the impulse approximation. Neglecting
the background and upper limit of 0.24% of the
N*°H state was found for N*’s in the mass range
1.30-1.85 GeV/c? and for tritons in the momen-
tum range 0.32-0.70 GeV /c.!"

There are several background processes pro-
ducing high-momentum tritons. Thus, for ex-
ample a slow pion can be produced in a pion-triton
interaction leaving the triton with a large recoil
momentum and the slow pion and the spectator pro-
ton forming an isobarlike system. Another possi-
bility is that the isobar is produced on a bound
proton and the triton is given an additional mo-
mentum through subsequent interactions with ei-
ther the pion or the produced isobar. Our theo-
retical formulas, developed in detail elsewhere, !
take these background processes into account. In
this paper the full experimental results are pre-
sented and compared with the calculations using
different p °H wave functions with and without the
N*3H states.

II. EXPERIMENTAL ARRANGEMENT
A. Design philosophy

The experiment was designed to measure and
identify triton recoils of momenta between 0.24
and 0.60 GeV/c in a polar-angular range from 45°
to 135°. Only pions scattered leftwards with angles
less than 5° and momentum losses below 2 GeV/c

were accepted by the fast-particle spectrometer.
The following reactions are studied:

T +p-7 +x, (1)
T +'He-71"+%H+x. (2)

The unmeasured object x can be a proton, an iso-
bar, or a system consisting of a nucleon and one
or more mesons. Figures 1(a) and 1(b) depict the
collision process in which the pion collides either
with x, assumed to exist in helium, or with the
triton. The hit particle receives momentum from
the incident pion, while the spectator particle
moves with its initial momentum isotropically dis-
tributed in space. When tritons and pions scattered
to the same side are selected, the importance of
the pion-triton interaction [Fig. 1(b)] is reduced
and the interactions between the pion and x are en-
hanced.

Background produced on the proton [Fig. 1(c)]
is reduced strongly by the selection of high-mo-
mentum tritons, Background arising from the
pion-triton interaction [Fig. 1(d)] is not reduced
in the same way by this selection; the triton re-
ceives momentum transfer from the fast pion and
recoil momentum when the slow pion is emitted.
When the triton and the pion both scatter left-
wards, larger initial triton momenta are required
minimizing this background. A priori tritons
scattered to the left thus offer the most favorable
conditions for detecting pre-existing isobars.

B. General layout of the experiment

The layout of the experiment (Fig. 2) shows the
basic ingredients which are the four planes of

FIG. 1. Different cc'lision processes. (a) The inci-
dent pion interacts wit a pre-existing object x. The
spectator triton will recoil to either side of the beam
with equal probability. (b) The pion interacts with the
triton. In this case the triton scatters preferentially
to the opposite side of the pion. (c) The object x is pro-
duced from a proton. (d) A slow pion is produced in the
pion-triton interaction simulating an object x.
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FIG. 2. Layout. The B’s and S’s are scintillation counters for the incident and scattered particles. V1 and V2 are
veto counters against beam-halo particles and V3 is a veto. counter against unscattered beam particles. The H’s are
scintillator hodoscope planes and the PC’s are MWPC planes for the tracks of the fast particles.

scintillator hodoscopes for measurement of the
incident particle, the recoil spectrometer for
measurement and identification of the nuclear
fragment and the fast-particle spectrometer for
momentum measurement of the scattered pion.
A detailed description of the spectrometers and
their performance has been given elsewhere.!’
Below we shall only recall the most significant
features.

C. Beam

A 5 GeV/c secondary negative pion beam from
the CERN PS was used. The beam contained on
the average 10° pions per 400 ms burst every 2.4
s. The momentum bite Ap/p was 2% and the as-
sociated momentum resolution was improved a
factor of three by means of the information from
two partly overlapping scintillators placed in a
momentum dispersed waist of the beam. The con-
tamination of kaons at the target position was
about 1%. The 15 scintillators in each plane of the
hodoscopes were 3 mm wide, determining the pre-
cision in the measurement of the direction of the
beam particle. The useful part of the beam was
defined by the four hodoscope planes and three
scintillation counters in front of the target; thus
a beam size at the target of 12 mm diameter was
defined. To reduce the flux of halo particles, a
2 m long iron collimator with a 5 cm horizontal
slit was placed between the two hodoscope blocks.

D. Targets

The target was gaseous and two types of contain-
ers were used. One was thin-walled with 25 pm
kapton (tradename) walls supported by a helical
wire cage with 0.4 mm thick stainless steel wires
and with a wire spacing of 2 mm. The diameter
of the target cylinder was 2 cm and the length 50
cm. This target was normally operated at 15 atm
of helium and it was used in order to obtain low-

momentum tritons. The other target container
was made of titanium; it had a diameter of 2 ¢m,
a length of 58 cm, and its walls were 0.25 mm
thick. It was operated at 150 atm of helium or
hydrogen.

E. Recoil spectrometer

The recoil spectrometer had two identical arms
enclosed in a steel vessel and located on either
side of the gas target (Fig. 3). Each arm covered
an azimuthal angle of 22°. The particles emitted
from the target traversed four planes of multiwire
proportional chambers (MWPC’s). Three of the
planes, W, W,, and W,, were used for the mea-
surement of the polar angle. One plane, Wj, to-
gether with the vertex point, gave the azimuthal
angle. The recoil particles might stop in either
of the two planes SC1 and SC2, each containing
eight silicon semiconductor detectors about 0.25
and 0.60 mm thick respectively or it might stop
in one of the scintillators S1 or S2. The kinetic
energy and the nature of the particle was deter-
mined from the measured energy losses in the
detectors SC1, SC2, and S1.

F. Fast particle spectrometer

The magnet used for momentum determination
of the scattered pion was a CERN standard bend-
ing magnet with an active volume 2.0%0.5x0.2
m?® and with a bending power of 3.0 Tm giving a
10° deflection angle for 5 GeV/c pions. The mag-
net was placed unsymmetrically in such a way that
only particles scattered into the left hemisphere
were accepted. Thus a larger range in four-mo-
mentum transfer and in missing mass was ob-
tained. The track in front of the magnet was de-
termined in ten planes of MWPC’s. Downstream
of the magnet the pion track was measured in seven
planes of MWPC’s arranged in three blocks at dif-
ferent distances behind the magnet.
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FIG. 3. Views of the recoil spectrometer cut by a horizontal plane and by a plane perpendicular to the beam. W1,
w2, (W3), and W4 are MWPC’s with vertical (horizontal) wires. SC1 and SC2 are the semiconductor planes with 8 detec-

tors in each. S1 and S2 are scintillators.

G. Trigger

The signature for an interaction by the fast par-
ticle was coincidence between the signals from the
scintillation counters before and after the target
(H\H,H4H B3V V,S;V;). With the high-pressure
target the rate of this coincidence was typically
500 per burst. The summed signal from the 16
semiconductor detectors SC1 turned out to be very
efficient in reducing the trigger rate. When this
signal was included in the trigger, the rate was
reduced from 500 to about 2 per burst.

III. EVALUATION

A. Identification and energy of the recoil particle

The identification was made with two different
methods depending on whether the particle stopped
in a semiconductor SC2 or in the scintillator S1.
In the first case the relation between the energies
lost in the first and second semiconductors gave
a clear identification.?’ In the second case the
identification was more difficult because of the
less accurate energy determination and the par-
ticle-dependent light-energy relation. Singly and
doubly charged particles could be clearly separ-
ated but there was some ambiguity in the separa-
tion of tritons from deuterons. This ambiguity
was resolved by calculating for each particle hy-
pothesis the differences in measured energy losses
in the semiconductors SC1 and SC2 and the losses
calculated from the measured scintillator light.
The identity corresponding to the lower x* was
chosen. The method was checked with Monte Car-
lo simulated events having their energy losses

smeared out by the observed resolutions in the
three detectors. For generated events 2.5% of

the deuterons were identified as tritons and 7.5%
of the tritons were identified as deuterons. For
measured events there were about three times

as many deuterons as tritons, so the total amount
of events of a given identity in the momentum range
of interest is thus fairly unaffected by this am-
biguity.

Particles which left the semiconductor SC2 and
did not produce signals above the scintillator
threshold were not identified. The associated loss
of events in this region of triton momenta was
compensated by increasing the weight (defined be-
low) by a factor determined from the assumption
of a smooth energy-loss distribution in the semi-
conductors of the first plane. The mean value of
the correction factor was 1.5 and the maximum
value was 3. This correction was applied to
about 10% of the events.

The energy at the vertex was obtained by adding
to the measured energy, the energies lost in the
media between the points of emission and detec-
tion. The obtained energy was found to be in
agreement with the energy derived from the pion
scattering angle in the elastic 7 *He — 7 ‘He reac-
tion which was also recorded in the experiment
and identified by kinematical constraints. The
standard error in recoil energy varies and is
typically 10%.

B. Weighting

The detection probability for each measured
event was determined by generating events with
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the same kinematical variables but with varying
beam direction, vertex point, and azimuthal
angle. Each generated event was traced through
the apparatus to determine if it would have been
detected or not. Owing to the limited azimuthal-
angle range covered by the semiconductors, events
were generated only inside +11°around the center
of each recoil spectrometer arm. Up to 20 ac-
cepted events were required in a maximum of

400 generations. Thus a weight equal to the in-
verse of the detection probability was assigned to
each event. The mean of these weights was 9, and
5% of the events had weights above 40. In the
kinematical region studied, practically no events
with weights higher than 25 remained.

C. Efficiencies and cross section

The efficiency of each of the recoil chambers
w1, W2, and W4 was determined from the frequen-
cy of tracks with two coordinates as compared to
the number of tracks with three coordinates. It
was a function of the ionization power and angle
of the recoil particle, and varied from 0.99 to
0.90. At least two hits were required to define
a track, giving an efficiency always above 0.97.

The efficiencies of the wire planes in front of
the magnet were typically 0.99. There were four
planes with horizontal wires, four with vertical
wires, and two planes had their wires inclined
45°. Since in each projection a minimum of 3
hits were required, the space-track reconstruc-
tion efficiency was 0.98, The efficiencies of the
wire planes behind the magnet were typically
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0.95. There were three planes with vertical
wires and two planes with inclined wires. Tracks
were reconstructed only in the horizontal projec-
tion and two hits were necessary to define a track
yielding an efficiency of 0,99, Thus the overall
detection efficiency for finding a track in the for-
ward spectrometer was 0.97.

Table I gives the amount of events registered
for the measured reactions and for the experimen-
tal background with “empty” target. For the high-
pressure target events were analyzed if the recoil
stopped in a semiconductor SC2 or in the scintil-
lator S1. For the low-pressure target only events
with recoils stopping in SC2 were used. The ex-
perimental background for the 7 *He - 7 3Hx reac-
tion measured with 1 atm target pressure is no
larger than expected from the interactions with
the residual gas and the distributions of identity,
mass, and angle are similar to those obtained with
150 atm helium in the target. Therefore no back-
ground subtraction was made. After correction
for the inefficiencies the error in absolute nor-
malization of the cross section scale is estimated
to be +15%.

The performance of the two spectrometers was
tested independently in measurements of elastic
scattering. The recoil spectrometer was checked
from the measurement of 7 *He elastic scattering.?
The obtained differential cross section agreed
reasonably well in magnitude and shape with cal-
culations based on multiple scattering theory.

The fast-particle spectrometer was checked
from 7p elastic scattering and the cross section
found at zero momentum transfer was 10% below

1

TABLE I. Number of events registered with recoils reaching the different detectors and remaining after the analysis

subdivided according to the identity.

Target and Incident Registered events Remaining after analysis
container material beam sC1 sc2 S2 P d t 3He 4He
15 atm He L7xqott 206000 .
0.025 mm kapton : 54000 4435 3050 2604 694 154
41000 e e as e e e ce e cen
18 000 see cee
150 atm He 291 000 o “ee e .o e
1.0 x 10t 126000 20234 13459 7763 1418 108
0.25 mm titanium 216000 49360 31380 8998 908 71
16000 o e ese e e oo
1 atm He 7000 . . . . .
. 9.9 x10° 1000 6 4 2 0 0
0.25 mm titanium 1000 7 3 9 1 0
150 atm H, 9
0.25 mm titanium oL <10 830000 120 000
1 atm H, 2.7 x 10° 750 000 51000

0.25 mm titanium
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the optical point. The hydrogen data have there-
fore been normalized to the optical point, and after
this correction the systematic error of the cross
section is estimated to be +10%. The reason for
the discrepancy is probably that the empty-target
background (Table I) has been subtracted with some
excess. As only the pions were measured, the
vertex coordinates, especially the coordinate z
along the beam direction, were not so well deter-
mined. The distribution of the coordinate z has
two broad peaks corresponding to the end windows
of the target container. The 120000 events were
selected from the central 34 cm between these
peaks and the 51 000 background events were ap-
propriately subtracted.

D. Acceptance

The variables of interest related to Egs. (1) and
(2) are ¥ =momentum of the incident pion, &’
=momentum of the scattered pion, {,,=squared
four-momentum transfer, ¢,,=relative azimuthal
angle between the recoil triton and the scattered
pion, ©,=polar angle of the triton with respect to
the incident pion direction, p, = momentum of the
triton, m,=missing mass.

The experimentally available range of ¢,, varies
with ¢,, as shown in Fig. 4. The two regions de-
noted left and right correspond to events where the
tritons scattered to the left and the right sides of
the beam respectively.

In Fig. 5 the events from the right arm are dis-
played in the P,cos©, plane together with the lim-
its used in the analysis. Owing to the different
semiconductor thicknesses in the two arms, the
lowest detectable triton momentum was 0.24 GeV/c
in the left and 0.26 GeV/c in the right arm. The
events to be analyzed were selected using the lim-

e
o
T

e
=]
T

005+

Squared four momentum transfer (GeV/c )2

o o

-90° 0 90° 180° 270
Relative azimuthal angle between triton and
scattered pion

FIG. 4. Scatter plot in the ¢, plane. Only events
with weight below 10 are plotted. The limits used in the
analysis are superimposed.

its in Table II, The limits were adjusted to avoid
high-weight events which normally occur close to
the boundaries of the measured ranges.

The mass of the unmeasured object x can be cal-
culated from the formula

mi=Umy —E)NE ~E') +ttta+ 2D (R -F),
(3)
where
bor =My +m,2 -2myE,.

The maximum energy loss E —E’, limited by the
magnet, varies from 2 to 0.7 GeV depending on
t.r (Table II). The last term depends on the rela-
tive angle between the triton momentum vector
and the pion momentum-loss vector. Therefore
the accessible missing-mass range for tritons
scattered in the backward direction becomes smal-
ler than for tritons scattered in the forward di-
rection. In Fig. 6 the acceptance limits in the
p:cosO, plane are shown for different values of
my and £,

IV. EXPERIMENTAL RESULTS

A missing-mass spectrum for the mp - mx reac-
tion is shown in Fig. 7. The level of the inelastic
region lies about a factor of 25 below the elastic
peak, the width of which is 53 MeV full width at
half maximum (FWHM). Four isobars and a back-
ground function were used to fit the spectrum.
Only the intensities and the constants in the back-

Triton momentum (GeV/c)

1 1 1 1 1
-06-04-02 0 02 04 06
Cosine polar angle of triton

0.3
-06-04-02 0 02 04 06
Cosine polar angle of triton

FIG. 5. Scatter plot in the p,cosf, plane. Only events
with weight below 10 are plotted. (a) Data obtained with
the low-pressure target. The recoil stopped in one of
the semiconductors SC2 in the right arm of the spectro-
meter. The limits applied in the analysis for tritons to
the right are shown with full lines and the extended range
for tritons to the left with dashed lines. (b) Data ob-
tained with the high-pressure target. The recoils stop-
ped in SC2 or S1 in the right arm of the spectrometer.
The curved line indicates the upper limit for particles
stopping in the semiconductors.
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TABLE II. Selected ranges of variables.
Cut
Variable Left Right Condition
¢4 (degrees) | dpr <45 | ¢¢p —180| < 45 0.005< ¢, < 0,031
| dpe | < 93.6 —15804,, | ¢4r —180] < 93.6 —1580t,, 0.031< £, < 0.040
| el < 32.0 = 77.3t,, | $pr —180| < 32.0 = 77.3t,, 0.040< ¢, < 0,150
Low-pressure target
P, (GeV/c) 0.24< P,<0.32 0.26< P, <0.32 | cost,|<0.4
0.17< P, —| cosf, | x0.167< 0.25 0.19< P, —| cosb, | X 0.167< 0.25 0.4<|cosf,|<0.6
High-pressure target
0.32< P, < 0.60 | cosb, | <0.4
0.25< P, —| cosé, | 0,167 0.4<| cost, | < 0.6
P,;<0.60 0.4<| cosb; | < 0.6
cosb; | cosb,|<0.6
te (GeVE/c?) 0.005< £,,< 0.15
B (GeV/c) k'>2.80+10.3t,, k' >3

ground function were varied. The isobars account
for about half of the cross section. Table III shows
the measured cross sections and the fitted slopes
in four selected mass intervals. The interval
0.86-1.02 defines protons, 1.08-1.32 includes the
A isobar, and the two regions 1.32-1.56 and 1.56~
1.80 include the N* isobars. The fitted slopes are
about 9 GeV ?/c? except for the slope in the upper-
most mass interval, which is a factor of 2 smaller.
The results are in qualitative agreement with
earlier measurements at 8 GeV and in a ¢,, region
similar to ours.?

The experimental cross sections for the 7*He
- 7%Hx reaction are presented as functions of triton
polar angle and momentum for different missing-
mass intervals and as functions of missing mass.

LEFT

They are given in Table IV and in Figs. 8-14.
Figure 8 shows the cos©, distributions for the data
obtained with the high-pressure target. The limits
of integration are given in Table II. The cross
section for quasielastic scattering defined by the
mass range 0.86-1.02 is between one and two or-
ders of magnitude larger for tritons to the right
than for tritons to the left. This fact reflects, as
will be seen below, the importance of the pion-
triton interaction expected to be largest when the
pion and the triton scatter to opposite sides of

the beam. The cross sections for inelastic scat-
tering defined by the three other mass ranges are
larger and more forward peaked for tritons to the
right than for tritons to the left. Figure 10 shows
the p, distributions for the data obtained from both

RIGHT

Triton momentum (GeV/c)

1 1 1 Il 1 { 1 1

a7/

1

Ly .

1 1 1 . 1 1 1 1

-08 -06 -04 -02 O
Cosine polar angle of triton

02 04 06 08

-08 -06 -04 -02 0 02 04 06 08
Cosine polar angle of triton

FIG. 6. Acceptance in the p,cos@, plane as a function of {,, and m,. The curves show the acceptance limits for differ-

ent values of m, /t,,:

(1) 1.80/0.05, (2) 1.80/0.01, (3) 1.56/0.10, and (4) 1.32/0.10.
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d%
dtgy dmy
&

T

08 10 12 14 16 18
m, (GeV/c?)

FIG. 7. Data from the mp— mx reaction with ¢,,=0.005
-0.1 GeV%/c?. The elastic peak is fitted with a Gaussian
distribution of a width 53 MeV/c? (FWHM). The inelas-
tic region is fitted by four isobars (dashed line) and a
background part. The isobars are of Breit-Wigner
shape, I[on,—m)?+T 2/4)]. The masses m, are 1.23,
1.41, 1.52, 1.69 GeV/c? and the widths T, after en-
largement by the experimental resolution are 0.150,
0.206, 0.116, 0.129 GeV/c%. The background is taken as
a/y +by+ cy? where y=m, —1.035 GeV/c?. The fitted
values are I(1.23)=0.019 + 0.002, 1 (1.41) =0.079 = 0.013,
I(1.52)=0.011 +0.003, 1(1.69)=0.020 + 0,005, a=8.8 +2.4
b=17.4 +8.4, ¢c=-13.7 +8.7. The ¥’ for the fit is 1.16
per degree of freedom.

3

the low- and high-pressure targets. The cross
sections are falling with increasing momentum and
no pronounced structure is seen. The missing-
mass spectra in Fig. 12 are subdivided according
to the four directions into which the triton may be
scattered. No pronounced structure except the
proton peak is seen in these spectra. The level of
the inelastic cross section for tritons to the left
is about three times lower than the proton peak.
The corresponding ratio for the mp - 7x reaction
was 25.

The impulse approximation is obviously not valid
and in the following section formulas for inelastic
scattering will be developed, which take into ac-
count also the multiple scattering and the final-
state interactions between the participating parti-
cles.
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V. THEORETICAL MODEL

The basic assumption in the theoretical analysis
is that the initial helium nucleus can be described
as a proton-triton system with a relative wave
function ¥(p) and in addition a small fraction de-
scribed as an isobar-triton system with a relative
wave function 3 ,(p). In this picture the final state
of reaction (2) can be reached through three sep-
arate mechanisms,

(i) production of the system x by the proton (am-
plitude F,),

(ii) coherent production of slow pions by the tri-
ton which together with the spectator proton forms
the system x (amplitude F,),

(iii) knockout of a pre-existing N* (amplitude
F,).

The three amplitudes do not add incoherently.
However, a determination of the correct relative
phases would require a complete angular momen-
tum decomposition of the final state. In reality
this is an impossible task and, furthermore, the
underlying nucleonic amplitudes are not sufficient-
ly well known. We therefore add the three proces-
ses incoherently and get the approximate formula

dGU _k, 2 2 2
W—k(lel + |Fl“+ |Fyl®), (4)

where @ is the scattering angle of the pion and %
and k' are the momenta of the incident and
scattered pion. This procedure can in part be
justified a posteriori since it turns out that the
main contribution comes from the proton ampli-
tude F,. The triton amplitude F, is important only
for small missing masses. Similarly, pre-exist-
ing N¥’s are restricted to S11 pion-nucleon states!®
and consequently the F . amplitude adds coherently
only to a small part of the F,amplitude. From the
obtained results it follows that we do not expect
any serious errors by adding F x and F, incoherent -
ly. The kinematical factor k’/k is approximate and
valid in our triton recoil momentum range. The
full details are given elsewhere.!®

TABLE III. Measured cross sections (microbarn) and fitted slopes (GeV=2/c?) in four se-

lected mass intervals for the mp —mx reaction.

by
(Gevz/CZ)\m, (GeV/®)  0.86-1.02

1.08-1.32 1.32-1.56 1.56-~1.80

0.005-0.040 1240 =7 116 =5 191 5 164 +5

0.04 -0.10 1420 +8 131 +4 216 =6 223 +6
Slope

0.005-0.100 8.5+0.2 9.7+03 8.5+0.,2 3.8+0.4
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TABLE IV. Measured cross sections (microbarn). Only the outer limits of integration are indicated. For details see
Table II.

m,=0.86-1.02  m,=1.08-1.32  m,=1.32-1.56  m,=1.56-1.80

bix P, (GeV/c) cosb, (GeV/c?) (GeV/c?) (GeV/c?) (GeV/c?)
Fg;‘(’)":”d 0.70 +0.18 0.76 + 0.20 0.73+0.18 0.92 +0.19
Left 0.24/0.35
—45/45 Bgcé‘;:)”d 0.52 +0.15 0.34+0.13 0.36£0.12 0.31+0.12
Fgl/”:)"a:d 0.57 + 0.06 0.32+0.04 0.41 £ 0.05 0.60 + 0.06
0.32/0.60 :
Backward 0.43 £ 0.05 0.28 +0.04 0.28 +0.04 0.25+ 0.04
—-0.6/0
Fg%""zrd 23.31 + 0.88 2.73 +0.32 1.16 £ 0.21 0.90 + 0.19
Right 0.26/0.35 :
135/225 Backward 9.05 £ 0.5 0.45 +0.12 0.54+0.15 0.34+0.12
-0.6/0
Fg%";rd 34.87 £ 0.44 3.05+0.14 2.3740.13 1.21 +0.09
0.32/0.60 :
Backward 6.50 = 0.20 0.82 + 0.07 0.63 +0.06 0.45+ 0.05
—-0.6/0
LEFT
LEFT
Me=086-102 | my=108-132 | m,=132-156 | m,=156-180
3 4 my=0.86-102 | m,=108-132 | m,=132-156 | m,=-156-180
3~ ] 3 104 B
5|2 3 g i
§ $
» S ost
8 ; 8 t
5 g i , !
L S oif s i :
| Il 1 L 1 1 1;1 1 1 { 1
RIGHT L 1 1 1 1 | 1 1 - I L
me-108-132 | my=132-156 | m,=156 —180 RIGHT j
| [ m,=108 - 132 m,=132-156 | m,=156 - 180
3 | K ] I _
olf 3 i
T EH 1
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° Q5+ é 1
Q
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FIG. 8. cosf, distributions with data obtained from the Gosine. palar angle of triton
high-pressure target. The limits of integration are FIG. 9. cosf, distributions with N**H wave functions
given in Table II. The curves are calculated from the added into the theory. The contributions are 0.4% each
theory using Lesniak —, Hulthén---, and modified of the N*(1535) °H and N*(1700) °H states. The other

Hulthén* - - proton-triton wave functions. parameters are as for Fig. 8.
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FIG. 12. Missing-mass spectra obtained with data
from the high-pressure target. The calculated distribu-
tions shown with solid lines are obtained with the Les-
niak wave function. The dashed lines show the distribu-
tions with the N*(1535) *H and the N*(1700) °H states
added.

A. Production by the proton

The most obvious contribution is the impulse
approximation term described in Fig. 15(a). The
corresponding amplitude is given by

Fﬁ“=¢(i5¢)f,>r(mn ZJ.) ’ (5)

where A=k -k’ and where the orthogonal compo-
nent 4, is the component of A orthogonal to E, i.e.,
E-A,=0. The elementary 7N - 7x production am-
plitude is normalized according to

d’c

dQudm (6)

E’ —
=? prr(mx, a)) 2

and obtained from our measurement of the mp - mx
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FIG. 13. Same as Fig. 12 but with the Hulthén wave
function.
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FIG. 14. The experimental data are as in Fig. 12 and
13. The p°H wave function is of the modified Hulthén
type. The dashed line shows the addition of 1% of pre-
existing N* °H states uniformly distributed in the range
1.1-1.8 GeV/c.

reaction. The impulse diagram alone yields an
isotropic distribution for the recoiling triton in
disagreement with the experiment,

To Fig. 15(a) should be added the double-scatter-
ing diagrams where the pion scatters elastically
on the triton before or after the production by the

FIG. 15. Diagrams for the processes calculated in the
theoretical analysis. The symbols are explained in the
text.

proton [Figs. 15(b) and 15(c)]. They are calcu-
lated as in Glauber theory by retaining those parts
where the intermediate fast pion and in addition
either the proton or the triton are on their mass
shells. Energy conservation then allows us to
solve one component of the intermediate momentum
transfer A’.

The mathematical expressions for the two double-
scattering amplitudes [Figs. 15(b) and 15(c)] are
formally the same and are added to give

1 AN~ N A N
F;”:"' 4mk fd2Aﬁl)(Pg-A )fpr(mx)AL _AL)

Xfr(BD), (7

where /=2 or 3 and the orthogonal components of
A’ and A are defined by k- A/ =F- A, =0. The paral-
lel 4, is determined by external kinematics and

is discussed below. The elastic pion-triton scatter-
ing amplitude f,,(4,) is calculated in Glauber theo-
ry using the experimentally determined 7p ampli-
tudes and a Gaussian triton wave function.

When ! =2 the pion and the triton are on their
mass shells. Then energy conservation at the
pion-triton vertex gives A;~0, to be inserted in
the argument of the wave function in Eq. (7).

When I =3 the pion and the proton are on their
mass shells. Energy conservation at the produc-
tion vertex then gives

A z%[ﬁtz'f'zmp(Ba +Tg)]
" (m,—Ba—T,+p,,,) ’

(8)

where B,=19.8 MeV is the energy for separating
one nucleon from *He and T, the kinetic energy of
the final triton.

The impulse diagram together with the double-
scattering diagrams are unable to explain the data.
The omitted crucial contribution is the final state
interaction described by Fig. 15(d). When the sys-
tem x is produced by a free nucleon we have a
longitudinal momentum transfer approximately
given by

A~ (mE=mt)/2m,. (9)

This momentum is quite large implying a large
momentum of the intermediate system. The dia-
gram can thus be treated in the high energy ap-
proximation. As previously, we have two possi-
bilities, leaving the intermediate system x and in
addition the proton or the triton on their mass
shells. The situation is slightly more complicated
than before since the preferred intermediate axis
is not determined by the incident pion. The math-
ematical expressions for the two final state in-
teraction amplitudes, obtained using the Glauber
method, are formally the same:
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1 —
F;”:'_Wf"(m"’ a,)

x [ a1, - Kl BD; (10)

I=4 or 5 and pt is the relative x*H momentum.
Only small Kl contribute to the integral because
of the f,, amplitude. The amplitude of Eq. (7) is
formally twice as large as that of Eq. (10), since
we have twice as many diagrams in the double
scattering as in the final state interaction.

The definition of the axis defining the longitudinal
component of N depends on which particles are put
on their mass shells. The I'=4 amplitude is the
one where the intermediate triton and x are on
their mass shells. In the energy conservation law
at the x®H vertex, i.e., in the equation E ,(,)
+E (p,)=E,p,-A")+E_(p,+4’), we make a linear
approximation in the intermediate A’. This equa-
tion then defines the longitudinal axis

Zj{(ax_at)=07 (11)

where v, and v, are respectively the velocities of
the final system x and the triton. We also get
Aj~0. As |4’| thus is small, it follows that the
argument in the wave function in Eq. (10) is close
top,.

For I =5, the proton and x are on their mass
shells. From the energy conservation law at the
production vertex we get (making again a linear
approximation in A')

Allv,+7,(,)]=0, (12)

where v,(p,) is the velocity of a proton of momen-
tum p,. The longitudinal transfer is

A ~Tib)+ B, +Typ,)
A AT

where T, and T, are the triton and proton kinetic
energies at the indicated momenta. Since 4, is
quite large it follows that the effective momentum
in the wave function can be substantially smaller
than |p,| implying a large wave function probabili-
ty. Hence, we expect the I =5 part of the final
state interaction to be particularly important.

(13)

B. Production by the triton

This background arises from pion production at
the triton vertex [Fig. 15(e)]. Together with the
spectator nucleon the pion forms a system of
mass m,. For the moment we assume that a single
slow pion is produced in a collision with a single
nucleon in the triton. Furthermore, the N7 sys-
tem is treated as an independent two-particle
system, the nucleon being trapped by the triton
and the pion emerging from it. This picture is

different from that for the production on the pro-
ton, where we assume that the produced N7 sys-
tem is a single entity as long as it is within the
nucleus. Before emerging from the triton the
slow pion can rescatter but we have found this
effect to be negligible. On the other hand, the
rescattering of the fast pion, within the triton, is
important and is taken into account. Rescattering
of either the slow pion, the fast pion, or the triton
on the spectator proton has been calculated and
found to be small. Therefore we neglect these
processes.

The momentum transfer to the triton is given by
E-Ek' -p,=p,+P, where p, is the momentum of the
slow pion. When the production takes place with-
out rescattering [Fig. 15(e)] this is also the mo-
mentum transfer to the nucleon inside the triton.
When rescattering is included the orthogonal com-
ponent of this transfer can change in the multiple
scattering process, but the longitudinal component
is always fixed and determined by energy conser-
vation. Let us consider the single step process
above. We then get the overall production ampli-
tude

Fy=Nfpy (g, 8,)5 (B +B,)0(B,) » (14)

where S, is the triton form factor. The factor N
is an isospin factor which depends on the isospin
structure of the nucleonic production amplitude.
It will be discussed below. The mass m, is the
mass of the N7 system produced in the triton. It
is not a well defined quantity. For simplicity we
set 7, equal to the invariant mass m, of the pion
spectator-proton system. We have also investi-
gated more sophisticated definitions of m, assum-
ing e.g. that the hit nucleon has an initial momen-
tum -p,/3 and a final momentum p, +2/3p,. How-
ever, these more refined definitions produced
changes which are too small to be of interest for
the present experiment. In the impulse approxi-
mation the production cross section is therefore

d%o k' -
W%Nng'f"(mx,Al)lz, (15)

where the function F describes the triton dynamics
and the kinematic restriction on the slow pion
spectator-proton system

_ms (4D, dy sy
F_ﬂpcszp 2E, 6 (px"pp-pr)

XIY(B,)S (B, +5,) 12 (16)

with E = (m,2 +5,*)"/? and p, being the proton mo-
mentum in the proton-pion c.m. system. The in-

tegration is relativistically invariant and is evalu-
ated by going over to the pion-proton c.m. system



318 S. JONSSON et al. 21

1 - -
Feo [ dR0G)85,+ 5,17, ()

where p,=p, (2,P,). Therefore, in the approxi-
mations made to this point the cross section for
production by the triton is obtained from that of
the proton through multiplication by a function
F(Q,p;,m,) and an isospin factor.

The rescattering of the fast pion inside the triton
is easily taken into account by standard Glauber
methods. The expression f,,(m,, A,)S,(p, +p,) in
Eq. (14) is the single-scattering term. We do not
give the explicit expression for the remaining
terms in the Glauber series. They were calculated
assuming a Gaussian triton wave function and taking
the c.m. correlation into account exactly.

When several slow pions are produced the pion
mass in F is replaced by the relevant invariant
mass of the many-pion system. It is impossible to
make a satisfactory treatment of this contribution
since the corresponding mass distributions for
production on a free nucleon are not known. We
have therefore considered this effect in a simpli-
fied manner taking an effective mass of 400 MeV
for the continuum and varying the relative weight
of one- and two-pion contributions. These simpli-
fications do not affect our final conclusions since
the triton contribution is most important for small
masses where we know that single pion production
is the dominant channel.

Finally we discuss the isospin factor N%in Eq.
(15). Its value depends on the isospin structure
of the elementary nucleonic amplitude, which we
use as input. For production on a free nucleon
the produced N7 system has isospin T,;=3 or 3.
For diffractive production the exchanged isospin
(in the ¢ channel) is T'=0 and the isospin of the
slow N7 system is therefore T;=3. The diffrac-
tive production amplitude is for a free nucleon
proportional to T,T, where T, and T are the iso-
spin operators for the slow pion and the nucleon,
respectively. Let us then consider a nuclear (tri-
ton or helion) target. In the impulse approximation
the nuclear amplitude becomes proportional to
T (T(1)+T(2) +T(3))=T,T , where T, is the nu-
clear isospin operator. But the triton and the
helion form an isospin doublet with 7=} just as
the proton-neutron doublet. Consequently for
pure T =0 exchange we get N?=1 and no enhance-
ment factor even though we have three possible
nucleons to interact with. Unfortunately this
simple result is not directly applicable. At 5
GeV we have a substantial nondiffractive compo-
nent in the A mass range, which proceeds via T
=1 exchange. Assume for simplicity a pure T'=1
exchange leading to a pure T;= 3 final state in
the nucleonic case. After some calculations we

then find for the nuclear amplitudes
IM[7 3H-7"CH) 12 =61M[r D -7 (N7)"]I2,
IM[7 3He -7 CHr )] 12 =L IM[np - 7" (N7)']12,

(18)

i.e., for T =1 exchange the ’H nucleus acts co-
herently yielding a strongly enhanced nuclear pro-
duction. Fortunately the production amplitude is
completely known for a free nucleon. The relevant
reduced matrix elements as well as their relative
phases have been determined experimentally.23
This information allows us to determine the pro-
duction amplitude for a free triton including T =0
and T =1 exchanges. A detailed calculation shows
that N®~ 3 in the A mass region defined by the
range 1.08-1.32 GeV/c?, whereas for higher mass-
es N'~1,

C. Pre-existing isobars

The calculation of the contribution from the pre-
existing isobars is easy since we expect the rela-
tive isobar-triton wave function to have its main
strength in the region of measured triton momen-
ta. This is quite different from production by the
proton where only a small part of the proton-triton
wave function remains (cf. Sec. VA). It was thus
mandatory to include successive interactions ori-
ginating in the momentum region where the proton-
triton wave function has its main strength. For
the case of pre-existing isobars on the other hand
final state interactions and multiple-scattering
contributions are less important. The main con-
tributions come from the two single-scattering
diagrams. F$ in Fig. 15(f) is the amplitude for
quasielastic knockout of N* and F$¥ in Fig. 15(g)
is the amplitude for quasielastic knockout of the
triton. The cross section is

d% k'

Fdm iy, F T (19)
t

and the amplitudes are
F’("l)zw*(mx:.ﬁt)frx(zl) )
F:(E):zp*(mnﬁx)frt(zl) .

Both pion scatterings are off-shell. We have fol-
lowed general practice approximating these ampli-
tudes by the on-shell elastic amplitudes evaluated
at the actual orthogonal momentum transfer a,.
We thus ignore the large longitudinal momentum
loss of the pion. This assumption could of course
be questioned and is bothersome especially for the
pion-triton scattering. The correct procedure is,
however, unknown. A discussion of these ambigui-
ties can be found in Ref. 24. Furthermore, we
assume the pion-isobar elastic amplitude to be
equal to the pion-nucleon elastic amplitude and

(20)
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TABLE V. The strengths of the different processes expressed in nanobarn for the ranges p,=0.32—0.60 GeV/c and
m,=1.,32-1.56 GeV/c?. The subscripts a—k define the type of diagram (Fig. 15). The subscript p gives the summed
background from production by the proton. The subscript asterisk gives the summed interaction with the isobar-triton
state. The superscript denotes which internal particle is off the mass shell, 1 for the proton and 2 for the triton. The
proton-triton wave function is of the modified Hulthén type. The isobar-triton wave functions are as calculated by
Weber (Ref. 16), 0.4% each of the N*(1535)3H and N*(1700)3H states.

Triton direction a, o}, ok o} o} of A Oy o, O=0) o, Oy
Left Forward 520 48 87 20 90 286 34 18 5 80 80 243
Backward 510 48 10 10 3 270 2 1 4 3 85 156
Right Forward 420 147 280 32 420 275 210 114 5 180 1170 444
Backward 400 137 20 12 30 260 7 4 5 20 90 176

calculate the pion-triton amplitude using the
Glauber theory.

We have also included double scattering and final
state interactions in a way similar to that given
in Sec. VA, The contributions of the individual
terms as well as their coherent sum are given in
Table V and their definitions are shown in Fig. 15.
(For more details see Fildt and Chevallier, Ref.
18.) We conclude that direct knockout of the isobar
is by far the most important process. Taking into
account the higher-order terms gives an overall
reduction of the cross section. In the backward
hemisphere the reduction is roughly a factor of 2,
but smaller in the forward hemisphere.

The initial wave function ¢«(m,,p) depends on a
continuous mass variable m,. In the present day
N* industry one usually considers the resonant
part of the mass spectrum and approximates the
resonance by a particle of definite mass. In a cal-
culation along these lines Weber!® finds that the
main contribution comes from the N* (1535) and
N* (1700) isobars with probabilities of 0.4% each.
His result is 0.2% of the single nucleon probabili-
ty. In the theory presented here the probability is
normalized with respect to the p *H cluster wave
function. Since these resonances have unnatural
parity, the relative isobar-triton wave function
has angular momentum one, suppressing the poor-
ly known short-range part of the wave function.
The widths of each of the resonances are taken to
be 100 MeV /c? represented by Breit-Wigner dis-
tributions, and the radial shapes of the wave func-
tions as calculated by Weber.

VI. DISCUSSION AND CONCLUSION

A. The proton-triton wave function

In the present experiment we study certain as-
pects of the internal nucleonic structure of the
helium nucleus, which have not previously been
investigated. In the direct-interaction picture,
knowledge of this structure is needed for relative
proton-triton momenta between 0.24 and 0.60

GeV/c. This region has not been directly studied
before. The (p,2p) experiments give information
on momentum components below 0.2 GeV/c where
the impulse approximation can be applied. At
higher momenta final state interactions are expec-
ted to be important as shown by Alberi et al.?
for the Xd -~ YNN reaction. The only information
on the wave function is indirect and comes from
an analysis by Lesniak et al.2® of backward proton-
helium scattering. In the exchange picture this
reaction is dominated by triton exchange. They
assume the helium nucleus to be a bound proton-
triton system with a relative wave function ¥(p).
The wave function is determined in an ad hoc way
by fitting the electromagnetic form factor of heli-
um inserting the known form factors of the proton
and the triton. The resulting wave function is
R n 4) 1
llJL(P)—A;(-l) (m T (armp)? (21)
with @ =0.846 fm™ and 8=1.42 fm™. It changes
sign at p~0.41 GeV/c. This model gives a rea-
sonable description of backward proton-helium
scattering, and the investigated momentum region
of the proton-triton wave function is similar to the
one investigated in our experiment.

Our experiment, particularly the quasielastic
scattering, is expected to be more sensitive to the
details of the proton-triton function than elastic
proton-helium scattering. Quasielastic scattering
defined by the mass range 0.86-1.02 GeV/c? is
analyzed in detail elsewhere?’ where the impor-
tance of the final-state interaction is shown. The
p. distributions calculated using the formulas in
Ref. 27 and the Lesniak function lie above the
experimental distributions both for left and right
scattered tritons (Fig. 10). From the result for
left tritons we conclude that a wave function which
changes sign in the measured p, region seems
unlikely.

The sign question is connected with the short-
range behavior of the coordinate space wave func-
tion. If ¥(» =0)=0 then ¥(p) must change sign.
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This is the case for a two-body wave function

and reflects the presence of a hard core. The pro-
ton-triton wave function, however, is a cluster
wave function obtained by averaging over the posi-
tions of the three nucleons in the triton. This
procedure gives a soft short-range behavior of the
force in coordinate space and no compelling rea-
son to require ¥(» =0)=0. Thus, in addition to
the Lesniak wave function we use two phenomeno-
logical wave functions which are everywhere posi-
tive, the Hulthén wave function

_ A
ll)y(i)):mrrﬁzj (22)

with & =0.846 fm™, 8 =0.940 fm™ and a modified
Hulthén wave function

_ A

un®) = GEr G+ e+ (23)
with @ =0.846 fm™, =1.16 fm™ and y =1.66 fm™,
For all three wave functions « is determined from
the binding energy. In (22) and (23) the remaining
parameters are such that the maximum of
pHp(P) 1% is at 15| ~ 100 MeV /c as for the Lesniak
function. Another important quantity is the proba-
bility P for the relative momentum p to be in the
region 0.3<!p|<0.6 GeV/c. We have

P, =1.9%, (24a)
P,=5.8%, (24b)
Py=2.4%. (24c)

The Hulthén function gives in our opinion too large
a probability in the momentum region of interest.
The additional constant y in the modified Hulthén
function makes it possible to attenuate the high-
momentum components to a more likely value.
The result for quasielastic scattering in Figs.
8-14 shows that the three wave functions predict
larger cross sections than measured. For tritons
to the left the modified Hulthén function gives cross
sections which are in closer agreement with the
experimental result than any of the two other func-
tions. Also the shapes of the p, distributions are
fairly well reproduced with this function. The
shape of the cos©, distribution for tritons to the
left can, however, not be well predicted. Part of
the found discrepancy might be due to the final-
state interaction which is more difficult to handle
for quasielastic scattering than for production.
On the basis of these results we think that the
modified Hulthén function is the most credible of
the investigated functions.

B. Isobar production

To demonstrate the relative importance of back-
ground from production on the proton and on the

triton these separate contributions have been cal-
culated in the cos©, representation of the cross
section (Fig. 16). Contrary to quasielastic scatter-
ing these distributions are strongly forward peaked
much more so than the contribution from the knock-
out of isobars also shown for comparison. Meson
production by the triton is particularly pronounced
for tritons to the right and for missing masses in
the A range due to the enhancement coming from the
isospin factor N%, In the left backward hemisphere
production by the triton is less important than
production by the proton. Numerical values of

the different background processes contributing to
the reaction cross section (Fig. 15) as well as

their coherent sums are given in Table V. As can
be seen the cross section due to interactions with
the isobar-triton states (0«) is larger than the one
from the background processes (0,+0;) except in

T T T I T T
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my=132-1.56

101 m,1.08-132 m,-156-180

0.5]
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0.05

m,=132-1.56

Cross section

-04 0 04 -04 0O 04 -04 O Q4
Cosine polar angle of triton

FIG. 16. Partial cross sections versus cosé, calcu-
lated from the theory. The limits of integration are
for the high-pressure target given in Table II. The
pion-triton interaction is shown with full lines, the pion-
proton interaction with dashed lines, and the interaction
with the pre-existing isobar-triton state is dotted. The
p°H wave function is of the modified Hulthén type and
the N*3H wave functions as calculated by Weber, Ref.
16.
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the right forward direction. The dependence of
the background on the proton-triton wave function
is given in Table VI.

Figure 8 shows the summed background in the
cosO, representation calculated for each of the
three wave functions. None of them give good
agreement with the experiment. The most signifi-
cant conclusion drawn from the p, distributions in
Fig. 10 is that the calculated results based on the
Lesniak function is out of phase with the measured
distributions particularly in the right geometry.
This conclusion is not altered by including contri-
butions from knockout of pre-existing isobars
(Fig. 11). None of the three wave functions repro-
duce the inelastic parts of the mass spectra (Figs.
12-14). The calculation based on the Lesniak
function agrees with the measured mass spectrum

only in the left forward quadrant. The Hulthén
function is adequate in the right forward and left
backward quadrants, whereas the modified Hul-
thén function is good only for the right forward
quadrant. The experimental result is thus not
fitted by using only conventional nucleonic wave
functions.

C. Pre-existing isobars

The magnitudes and shapes of the experimental
and theoretical cos©; and p, distributions in the
two upper mass bins agree better when the
N* (1535)%H and the N* (1700) °H states are added
with 0.4% probability each (Figs. 9 and 11). This
improvement is particularly pronounced in the
cos©O, distribution for tritons to the left.

TABLE VI. Calculated cross sections (microbarn). The limits of integration are as for Table IV. The used p3H wave
function is Lesniak (first line), Hulthén (second line), and modified Hulthén (third line). In the fourth line the contribu-
tion to the cross section from 0.4% each of N*(1535)3H and N*(1700)3H configurations is given.

m,=0.86~1.02 m,=1.08-1.32 m,=1.32-1.56 m,=1.56-1.80
®, P, (GeV/c) cosb, (GeV/c?) GeV/c?) (GeV/c?) (GeV/c?)
Forward 2.6 0.47 0.23 0.17
0/0.6 1.75 0.48 0.22 0.16
1.4 0.35 0.17 0.15
0.01 0.09 0.12
0.24/0.35 Backward 5.2 0.55 0.61 0.34
-0.6/0 3.6 0.54 0.61 0.35
3.0 0.36 0.40 0.22
: 0.01 0.07 0.10
Left
_45/45 Forward 1.1 0.25 0.47 0.57
0/0.6 0.85 0.21 0.14 0.14
0.13 0.16 0.22
0.44 0.02 0.25 0.31
0.32/0.60 Backward 1.2 0.08 0.11 0.07
-0.6/0 2.1 0.21 0.28 0.13
0.86 0.07 0.09 0.04
0.02 0.16 0.19
Forward 30.1 1.90 0.50 0.33
0/0.6 49.0 1.71 0.35 0.21
57.0 1.95 0.50 0.35
: 0.02 0.12 0.14
0.26/0.35 Backward 15.3 0.32 0.19 0.16
-0.6/0 915 0.26 0.16 0.10
21'5 0.23 0.10 0.08
: 0.01 0.08 0.11
Right
1;§ - Forward 55.6 4.00 2.37 1.85
0/0.6 67.0 2.78 1.05 0.71
34'0 3.06 1.35 0.97
: 0.10 0.45 0.40
0.32/0.60 Backward 14.0 0.36 0.30 0.26
-0.6/0 18.0 0.23 0.12 0.09
: 0.19 0.11 0.09
16.0 0.02 0.18 0.22
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The calculated missing-mass spectra (Figs. 12—
14) in the region above 1.4 GeV/c? are closer to
the measured ones when the contributions from
the two N **H states are added. In the backward
direction the agreement between theory and experi-
ment is substantially improved independent of the
nucleonic wave function used for the background
estimate. The excess of the experimental cross
section in the mass region below 1.4 GeV/c2 re-
mains to be explained.

The conclusion from the analysis of the mass
spectra is that our experiment gives evidence for
pre-existing isobars also below 1.4 GeV/c?, al-
though it is known that the A(1232)3H configuration
is not allowed. One way to understand the result
is to assume that the nonresonant part of the pion-
nucleon S11 wave can also exist and be knocked
out. An alternative explanation might be that the
interaction between the pion and a virtual isobar
results in a final isobar mass which is spread all
over the mass spectrum.?* The notation N* will
in the following define any object with isospin half
in the range 1.08-1.80 GeV/c?.

The fraction of pre-existing N*°H objects is
estimated using the cross sections in Table IV for
left backward tritons in the range p,=0.32-0.60
GeV/c and m,=1.08-1.80 GeV/c?. After subtrac-
tion of the background obtained with the modified
Hulthén function (Table VI) the cross section due
to knockout N¥'s remain. The probability as a
function of mass is then extracted by using the
formulas in Sec. VC. Integration over the range
m,=1.08-1.80 GeV/c? results in a probability of
1% of N*®H states with respect to the p °H state.

Calculations have been made in order to see how
the mass distributions in the other three quadrants
are influenced by 1% of N **H states uniformly
distributed from 1.08-1.80 GeV/c?. The result
added to the background obtained with the modified
Hulthén function shows improved agreement in
three of the four quadrants as compared to the
case when N*°H states are absent (Fig. 14).

The theory does not work so well for tritons
scattered into the right forward direction. This

discrepancy can probably be attributed to the un-
certainty connected with the pion-triton interac-
tion, which accounts for most of the cross section
in this region of the phase space, particularly for
masses below 1.3 GeV/c?.

D. Conclusion

The most likely proton-triton momentum wave
function is one which does not change sign in the
momentum region considered. The modified
Hulthén function used is found to give the most
reasonable agreement with quasielastic scattering.

Using this wave function, isobar production is
calculated and found to be smaller than what is
measured in the mass region 1.08—1.80 GeV/c?.
By adding the contribution from interactions with
the pre-existing N*(1535) °H and N*(1700)°H states
the theory is brought into better agreement with
the experiment in the mass region where these
isobars are present. This mechanism cannot ex-
plain the experimental result in the mass region
below 1.4 GeV/c?. Owing to the absence of struc-
ture in the experimental mass spectra, a common
explanation of the low and high mass regions
seems likely. Two possible interpretations are
that either nonresonant components x are present
in the wave function or that pre-existing isobars
due to large off-shell effects are knocked out
with a mass different from that of the resonance.
The experimental result is then explained by about
1% of such x°H components with respect to the
p *H wave functions (Fig. 14).
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FIG. 4. Scatter plot in the ¢,.Z,  plane, Only events
with weight below 10 are plotted. The limits used in the
analysis are superimposed.
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FIG. 5. Scatter plot in the p,cosf, plane. Only events
with weight below 10 are plotted. (a) Data obtained with
the low-pressure target. The recoil stopped in one of
the semiconductors SC2 in the right arm of the spectro-
meter. The limits applied in the analysis for tritons to
the right are shown with full lines and the extended range
for tritons to the left with dashed lines. (b) Data ob-
tained with the high-pressure target. The recoils stop-
ped in SC2 or S1 in the right arm of the spectrometer.
The curved line indicates the upper limit for particles
stopping in the semiconductors.



