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solid angle subtended by E (4.8% of the sphere) was
not small, events in which more than one secondary
would intercept Ã were tabulated separately in the
Monte-Carlo calculation. The detection probability for
these events was obtained from the appropriate com-
bination of detection probabilities for the single events.

The 6nal results for the calculation of 8 are given in
Table V, where the contributions from each type of
secondary are listed separately. The amount of un-

certainty listed with each secondary includes the statis-
tical uncertainty of the Monte-Carlo calculation, the
effect of the uncertainty in the shape of the initial
spectra used in the calculation, and an estimate of the
systematic errors from the energy threshold determina-
tion and the calculated energy loss. In addition to these,
two other effects are likely to have an important in-

Quence on the result: the effect of hnite edges of the XaI
crystals, and the scattering of particles from the walls

of the lead shielding surrounding the crystals. The edge
effect was estimated by comparing the solid angle
subtended by the edges with that subtended by the
entire crystal. This gave an estimated uncertainty of
+11%.An upper limit to the scattering from the walls

Type of
secondary

7
-(&49 MeV)
()49 MeV)

7r+

p

multiple

Total

Number detected
per stopped E
0.0105~0.0005
0,0104+0.0016
0.0225~0.0016
0.0047a0.0004
0.0060+0.0003
0.0012~0.0001
0.0077~0.0004

0.0630~0.0076

of the lead shielding was estimated assuming isotropic
scattering of all charged particles intercepting the
walls. This gave a 4% increase to the total solid angle,
so we have taken (2+2)% as an estimate of the in-

crease in the efficiency from this effect. The fraction of
gammas forming showers in the walls which give addi-
sional counts in the crystals is expected to be negligible,
tince the widths of the showers~ are small.

TABLE V. A summary of the calculated eKciency for detecting
stopping E by counting secondaries with the NaI detectors. The
estimated uncertainty in the total value includes the uncertainty
listed for each secondary plus estimates of edge eRects in the
detectors and scattering from the surrounding shielding (see
text). The uncertainties have been combined in quadrature.
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A total of 702 events with two charged particles and a E~' meson in the final state have been measured.
Three hundred and eighty-five of these events represented the E d ~E m pn reaction and they have been
divided, using the spectator model, into 247 E p ~E'pm events and 138 IC n —+ E'm n events. Both re-
actions show resonance production. The E p ~E'm p reaction has (56&5) /o X* p final state; the X n —+

K'~ n reactionhas equal%~ and X* production, (26&8)%E* n in the final state and (25+8)%g'1V*, .
Angular distributions and information on other final states are also given.

INTRODUCTIOH

HK work presented in this paper is part of a
bubble-chamber study of E mesons interacting

in deuterium at 2.24 BeV/c. The data include all events

with two charged particles and a EI meson in the final

state. ThisfinalstateisdominatedbytheE d ~E'vr pcs

reaction and its experimental features are consistent
with an impulse approximation model in which the
incident beam interacts with only one of the nucleons
in the deuteron. Results on the E p ~ E'7r p and the

f Supported in part by the National Science I"oundation.
*Current address: Physics Department, San Bernadino State

College, San Bernadino, California.
t Current address: Department of Physics, Washington Uni-

versity, St. Louis, Missouri.

E e —+ E'm e reactions have been extracted from the
data and a comparison of these reactions is given.

Experimental studies of the E p-+Z'vr p reaction
at several beam energies show that the final state is
dominated by the E*(891MeV) resonance and that the
production and decay characteristics of this resonance
are consistent with a production model involving one-
meson exchange. Isospin considerations within the
framework of this exchange model indicate that E*
production in the E tr, and E p reactions should be
similar. There are, of course, differences between the
two reactions and variations from the isospin predic-
tions are expected. The results that will be presented
here, although limited by statistics, indicate differences



GAL LORNA Y et ul.

between the two reactions and a possible sensitivity of
the one-meson-exchange model corrections to diferent
lsosplD states.

E-d —+ PrsEIss. ,

K—d ~d&l'~,
d ~ pE Os. +n.eii'tl"RlS

E-d ~ s.+x-Ere+neutrals,

385 events;

8 events~

185 events;

108 events.

I J.Leitner, G. Moneti, and N. P. Samios, Nuel. Instr. Methods

20, 42 (j,963).
~ The reconstruction programs werc modi6ed versions of

DATPRo plograIns kindly supplied to us by Dr. R. K, Adair,
Dr. L. Leipuner, and Dr. B. Musgrave. The kinematic 6tting
program was the I0%A sTATE zoRTRAN GUT8 program kindly sgp-
plied by Dr. %.J. Kernan.

The experiment was conducted at the Alternating
Gradient Synchrotron (AGS) at Brookhaven National
Laboratory. The BNL 20-in. bubble chamber (611ed
with deuterium) was exposed to a separated E beam
with momentum 2.24&0.02 BeV/c. ' Approximately
100 000 pictures were taken with six to seven E tracks

( 9-beam tracks) per picture. The photographs were

scanned twice fol' (R11101ig 0'tlicl' thlIlgs) Rll two-pl'011g-

plus-vee events. These events mere then measured on
either an Itek Film Reader or a digitizer of the Adair-
I cipuncr dcslgQ. StRndRrd programs werc used fol thc
geometrical reconstruction and kinematic 6tting. '

The vees were examined to separate the A' and El'
production events. Selection was made on the basis of
the kinematic fit to the vee and estimates of the track
bubble densities. Association of the vees with the pro-
duction vertex was also required. A total of 702 two-

prong plus E Is events satisfied these criteria. About 10%
of these events had. overlapping A' and El vee 6ts and
were selected as El' production events after examining
the missing masses, track-bubble densities and y'
pl obabllltlcs.

A prIE'rr final state-was hypothesized and tested.

for all events. To be classified as a pnEs7r event, the
track ionizations at the production vertex had to be con-

sistent with this choice; the neutral missing mass had to
bc within three standard deviations of the neutron
IQRss Rnd thc 6t %'Rs rcqulI'cd to have R conddencc
level greater than 1% (xs&6.6). Examination of track-
bubble densities for the remaining events led to samples

containing s+Ir Etc+neutrals and pEIss. +neutrals.
For the sample, PEIss +neutrals, the neutral missing

mass plus three standard deviations had to be greater
than 1080MCV. A similar lower bound at 1878 McV was

used for the sample s.+s Ere+ neutrals. A small number

of events ht the hypothesis X d —& E'A- and a sample

of this 6nal state was selected. LSCC Sec. II F.j As a
result of the above procedure, the two-prong plus Elo
events wire divided as follows:

With the above criteria, 16 events ( 2%) failed to fit
Rny catcgoI'y.

The categories are rdatively pure. The background
from pion contan1ination in the incident beam is less
than 3%. No effort has been made to separate out
events with multiple strange particles; for example,
E 8 ~Esrr p ' and E d-+E'E pAseve. nts. Back-
ground from these and similar reactions is less than 3%.

II. EXPERIMENTAL RESULTS

A. The Spectator Model

A spectator Inodcl has bccn assumed fo1 thc
E d-+E's. pl events. The validity of such a model
has bccn cstRbllshcd ln R number of cxpcllIQents.
The basic assumption is that the incident E interacts
with only one of the two nucleons in the deuteron, and
that the momentum distribution of the other (specta-
tor) nucleon is given by the square of the Fourier trans-
form of the Hulthen wave function' for the deuteron.

In this experiment, the lower momentum nucleon in
each event is assumed to be the spectator particle in
order to separate the E p and E I interactions. The
spectator-nucleon momentum distribution for both re-
actions is shown in Fig. 1. The detection cS.ciency for
observing protons in the bubble chamber decreases
rapidly at lower momenta and accounts for the loss of
protons below 75 MCV/c indicated in Fig. 1(b). A total
of 71 spectator nucleons have momenta greater than
300 MCV/c. They are not predicted by the Hulthen
distribution. Thclc RI'c Rlso 33 cvcQts lD which both
nucleons have momenta less than 300 MCV/c. The
events in these two categories do not bias the distribu-
tions presented in this paper and are included in the
6nal samples. Under the assumption of a spectator
model the sample of 385 E d ~Esrr PN events divides
into 247 E—p~ E's p events and 138 E n-+Esrr I—
events.

Production of thc E* (891) resonance completely
d0111111R'tcs tllis 1'cactioI1. Tllc (E s ) cffect1ve mRSS plot
is shown in Fig. 2(a). There is no enhancement in the
(E'p) state LFig. 2 (b)) and very little isobar production

8 R. Kraemer, L. Madansky, M. Meer, M. Nussbaum, A. Pevs-
ner, C. Richardson, R. Strand, R. Zdanis, T. Fields, S. Orenstein,
and T. Toohig, Phys. Rev. 136, 3496 (1964).

4 W. Chinowsky, G. Goldhaber, . S. Goldhaber, %. Lee,
T. O'Halloran, T. Stubbs, VV. K. Slater, D. H. Stork, and H. K.
Ticho, ln I foM8lkmgs of ~h8 Tt'Ã/k ANN@9/ Ewk8$IN' Cosfgfgnc@ og
Hsgh Egsrgy Physscs, NW (Int-erscience Publishers, Inc. , ¹w
York, 1960), p. 451.'I. Butterworth, J. Brown, G. Goldhaber, S. Goldhaber,
P. Hirata, J.Kadyk, B.Schwarzschild, and G. Trilling, Phys. Rev.
Letters 15, 734 (1965);
,

:- 6 L. Hulthen and M. Sugawara, IIeldblch der I'hysfk, edited hy
S. Fluigge (Springer-Verlag, Berlin, j.95'E), Vol. 89, p. i.
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K CI K P rl

247 EVENTS

60— K d ~ K ~ n Pspect.

I38 EVENTS

FIG. 1. (a) The momentum distri-
bution for the neutrons in the reaction
E d ~E 7r pn p t, The Hulthen dis-
tribution is normalized to the number
of events between 0 and 300 MeV/c.
(b) The momentum distribution for
the protons in the reaction E d —+

E m np, ~,t,. The Hulthbn distribution
is normalized to the number of events
between 100 and 300 MeV/c.
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in the (s- p) state [Fig. 2(c)].These three observations
agree with E P experiments at nearby energies. r '

In order to estimate relative cross sections for K*
and Ã*' production, we have made a maximum-likeli-
hood calculation using the Dalitz plot population and
assuming that the resonant and background contribu-.
tions to the pE'7r final state do not interfere. The
masses and widths of the two resonances were 6xed at
their accepted values for the calculation. The resonant
terms in the likelihood function had the form, ' "
Dg = [F~/(I'~'Mg'+ (M~' —3IIrs')')] (3lisqs/pr), where

3f~ and I'g are the mass and width of the resonance;
M» is the effective mass of particles 1 and 2, the decay
particles of the resonance; pi is the momentum of par-
ticle 1 in the M» rest frame; and q3 is the momentum of

M» in the overall c.m. system. The width I'& is energy
dependent and is given by Jackson" for the E*and lV*.

The likelihood function

&(fx,fx*)= (& —fx —f~")
+ (fx Drr*/&rr )+ (fsr*Drr /~N"),

with fir the fraction of events in which R is produced
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FIG. 2. The two-body effective mass combinations for the re-
action E p —+E'x p. The solid curves in (a) and (c) represent
the likelihood calculation and are discussed in the text. The solid
curve in (b) is the phase-space curve.
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DgdMg2'dM23' d~1 2dM232

was maximized with the aid of sTEPIT, a subroutine for
finding local minima. The results of the calculation gave
(5&2)%N* and (56&5)%K* in the Z'm p final
state. Due to the assumptions involved in this model,
small amounts of resonance production cannot be accu-
rately calculated. The Ã*' production given by the like-
lihood fit should be regarded as a possible upper limit.
The curves in Fig. 2 show the fit to the data.

The most striking feature of the production of the K*
is its peripherality. The momentum-transfer distribution
is shown in Fig. 3(a).

Some understanding of the production mechanism
can be derived from a study of the resonance decay dis-
tributions. The distributions for the K' from the decay
of the E* are"
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1
Wrr*((p)dy= —L1—2pi, i+4pi, i sin'q]dy,

2'

FxG. 4. The two-body effective mass combinations for the re-
action E n~E'm. n. The solid curves in (a) and (c) represent
the likelihood calculation and are discussed in the text. The solid
curve in (b) is the phase-space curve.
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where 0 and q are the polar and azimuthal angles in the
rest frame of the K* as defined in Fig. 3(b) and pp, p,

pi, ~ are elements of the spin-space density matrix of
the E*. These distributions assume that the K* is a
freely decaying particle with spin 1. The experimental
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FIG. 3. Momentum transfer and decay correlations for the E*-
produced in the reaction E P ~ E'm p. The events are chosen
such that 0.84 BeV &Mzw-&0. 94 BeV. The coordinate system
defining the decay correlations is given in (b).
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FIG. 5. Momentum transfer and decay correlations for the IC*
produced in the reaction E n ~E ~ n. The events are chosen
such that 0.84 BeV&Mgett--&0. 94 BeV. Events that also lie in
the E* band have been removed (1116 MeV&3f ~-&1356
MeV).
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distributions are shown in Figs. 3 (c) and 3 (d) for events
with (E'~ ) effective masses between 0.84 and 0.94
BCV. The parameter po, o can be interpreted as the
fraction of the events that are produced by pion ex-

change. A maximum-likehhood 6t to the data gives

po, p= 0.43&0,05.
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PROTON MOMENTUM & 300MOV/c PROTON MOMENTUM&300MIV/c
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About one-half of the time, this reaction proceeds
through one of the two body final states, S*E or
E* e. Production of these resonances can be seen in the
effective-mass plots shown in Fig. 4. A maximum-likeli-
hood fit to these data gives (26+8)%E* n production
and (25+8)%Z'X* production. The curves in Fig. 4
compare this 6t with the data.

The momentum-transfer distribution for K* pro-
duction is shown in Fig. 5(a). The events are chosen
such that the (X'~ ) effective masses lie between 0.84
and 0.94 BCV. Events that also lie in the g* band
(1116 MeV&M, -&1356 MeV) have been removed
from the distributions in Fig. 5. Once again, the periph-
eral nature of the E~ production is apparent. The dis-

tributions in 0 and q for the X* decay are shown in
Figs. 5 (b) and 5 (c). A fit to these data gives

po, o= 0.21~0.08.
Similar curves for the S* production are shown in

Fig. 6, with the E* events removed. The mass cuts
used here are the same as in the preceding paragraph.
One unexpected feature is that the E~ momentum-
transfer distribution appears to be somewhat narrower
than the E* distribution. The one-meson-exchange
model requires vector-Ineson exchange in the g* pro-
duction and the narrow width is not expected.

s l
80Q iQQQ

M(K, ~) iN MeV

iooo
M(K)~") tN MeV

D. X d —+PEP' +Neutrals

The positive track in these events was classified as a
proton using bubble-density estimates. The neutral
missing mass plus three standard deviations was also
required to be greater than 4080 MeV. The data can be
divided, in keeping with the spectator model, by sepa-
I'ately grouping cvcnts with ploton momentum gI'catcl
than 300 MeV/c and events with proton momentum
less than 300 MeV/c. The (Eg ~ ) effective mass plots
for both groups are shown in Fig. 7, Production of the
E* is evident in both plots.

20—
K d-K', ~ p+neutrols
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FIo. 7. The eRective mass distribution for (E1 m ) produced in
the reaction E d —+E1x p+neutrals. The events have been
divided into two groups on the basis of proton momentum: one
with the proton momentum less than 300 MeV/c and the other
with the proton momentum greater than 300 MeV jc.
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FIG. 8. The eRective mass distribution for the neutrals in the
reaction E d —+E1'x p+neutrals. The shaded area represents
events with the (E1'm. ) mass outside the E* region, which is de-
Gned to lie between the limits 0.84 BeV&3E~ &0.94 BeV. The
events have been divided into two groups on the basis of proton
momentum: one with the proton momentum less than 300 MeV jc
and the other with the proton momentum greater than 300 MeV/c.
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Fzo. 9. The effec-
tive mass distribu-
tions for (E17r } in
the reaction E d
~E107r m++neutralS.

TABLE I. Cross sections for 6nal states identified.

Reaction

E p~E10~ pE n —+E107r n
E d ~ PE10~ +neutrals
E' d —+ ~ ~+E10+neutrals
E d —+E10~ d

Events

247
138
185
108

8

Cross section (pb}

1435+277
1869&388
995+198
58i+125.
43+17b

a Cross sections have not been corrected for undetected spectators.
b No correction has been made for undetected deuterons.

600
l I I

800 1000 I200 I400

M(K, v ) lN MeV

The neutral missing-mass spectra for both groups are
shown in Fig. 8. The shaded histograms contain events
in which the (Ei~ ) effective mass lies outside the
E*-mass region.

While the cut on proton momentum shows no effect
in the (Zion. ) mass plots, this cut with the requirement
that the (Ei'vr ) mass lie outside the E* region, which

is defined by the limits 0.84 BeV&M& &0.94 BeV,
shows some evidence for the E d~ p....Aio~ ' re-
action [see Fig. 8(a)j.

G. Cross Sections

A total kaon path length of 17&(10' cm. was examined
for two-prong plus Ej' events. The total yield was 0.66
events per microbarn. Several corrections had to be
made. The charged-decay mode of the E&' meson occurs
one-third of the time when a E' or E' is produced. A
correction must also be made for the experimental de-

E. X d~ m+m Xio+Neutrals
'P

The (Ei'~ ) effective mass distribution for these
events is shown in Fig. 9. There is evidence for E*-
production.

F. Ed~Porn d

A total of 41 events had kinematic fits to this re-
action. All of these events also fit the E d —+Zion. pe
reaction and the following criteria were imposed to
select deuteron events: (1) the missing mass recoiling
against the (Eiovr ) system in the final state had to be
within three standard deviations of the deuteron mass;
(2) the neutral missing mass, assuming a Z'w d final

state, had to be within three standard deviations of
zero; and (3) the z' probability for the Z'vr d final state
had to be greater than the z' probability for the Z'm. pm

final state. Eight acceptable events were found. Seven
of these eight events have (Zo~ ) effective masses near
the mass of the E* resonance. The mass plots are not
presented because of the limited statistics.

tection eKciency of the charged E&' decay. The average
value of the detection eKciency is 0.85. Two other cor-
rections arise when the incident kaon is assumed to
interact with a single nucleon. A Glauber correction of
7% allows for the screening of one nucleon by the other.
The 6nal correction uses the Hulthen momentum dis-
tribution for the proton in the deuteron and gives an
estimated efFiciency of 0.43 for detecting spectator
protons. The cross sections are given in Table I.

III. DISCUSSION'

Our data on the E p —&Z'n p reaction are in good
agreement with the results of a E p experiment at 2.24
Bev/c reported by London, et al. ' They find peripheral
production of the E* resonance and very little evidence
for the N* resonance in the final state. Similar results
are reported in this paper. The cross section reported
here for the E p ~ Z'm p reaction is also in agreement
with the value reported by London.

If the E* production is described by a one-meson-
exchange model, then its production cross section and
other production characteristics should be the same in
the E p and E e reactions. Interference eRects in the
two reactions may differ if both isoscalar and isovector
meson exchange occurs. Absorption corrections to the
model may also be different for the two reactions.

Experimentally, E* production appears to be in-
hibited in the E e reaction. We find a(E I~E* ~)/
0.(E p ~E* p) =0.6&0.1. The other difference
between the two reactions is the strong production of
the E* resonance in the E m reaction. Interference
e6ects between E* and S* resonances have been ob-
served in the E+p~Eon+p reaction. " Similar effects
in: this experiment might preclude comparison of the
E'

p and E e reactions.
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