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A partially separated 0.9-1.8 GeV/c E' beam at the Bevatron was utilized as a spectrom-
eter (0.9% full width at half maximum) to study the E' and ~+ momentum spectra at 0' from
carbon and other target elements bombarded by 2.5-3.1 GeV/e protons. Searches were
made for possible spectral peaks resulting from two-body final state reactions such as
~2C(p, E+) 3CA and 2C(p, ~ )' C. Spectral peaks observed from p@, & )d assisted in calibrating
the apparatus, and a spectral structure attributed to P[P,E ]{PA)*was observed, where
(pA)~ represents p and A with low relative momentum. No other E+ or &+ spectral peaks
appeared above background; upper limits are given which this experiment places on
{dq'dQ), m at 0 . The E+ and r+ momentum spectra at 0' from carbon bombarded by 2.50,
2.70, 2.89, and 3.10 GeV/c protons are also given.

NUCLEAR BKACTIONS Hypernuclei p(p, E+)(pA), E =1.9-2.3 GeV; measured
c{E;8 = 0) near maximum E+ momentum; results poorly fitted by Goldberger-
Watson type calculation ofP -A final state interaction. ' C {p,E+), '~C {p,~+), E
=1.7-2.3 GeV; measured 0{E;8=0,P}. 2C(p 7)+}~3C 2C(p E+}3C, Be+,X+)-
~OBeA, 56Fe(P, E+)~~FeA, E=1.7 GeV; d{P,E )3HA, E=1.9 GeV; 2C(P, E+) 3C, E
=1.9, 2.1 GeV; searched and set upper limits on a(E 8=0); deduced qualitative

upper limit to high momentum components of A in '3C&.

The attention of one of the authors was first
drawn to "Z(P,K')""ZA reactions by the possibility
that an accelerator such as LAMPF, which has
insufficient proton energy to produce kaons in P -P

collisions, could produce them via reactions such
as the above. ' However, the authors became ac-
tively interested in studying these reactions in

connection with feasibility studies of employing
Bevatron heavy ion beams to make relativistically
moving hypernuclei. Since hypernuclei moving
with relativistic velocities could travel many
centimeters before decaying, it might then be
possible to study them with a wider variety of
techniques than in the past. The simplest way
(and the most ideal for experimenters because of
the tight kinematic constraints) of producing
hypernuclei with a beam of relativistically moving
"g ions might be:

"Z(projectile) +P(target)

-""ZA(relativistic)+K'(slow). (1)

In order to more precisely assess the feasibility
of producing and selecting hypernuclei by means
of Eq. (1), information was needed on (der/dQ),
at 0, where the three-momentum transfer from
nucleus "Z to hypernucleus ""ZA is a minimum.
These data were more readily obtainable by re-
versing the roles of projectile and target and
studying with a counter experiment the reaction:

P(projectile) +"Z(target)

-K'(relativistic) + "+'ZA(slow). (2)

For bombarding momenta available in Bevatron
heavy ion acceleration (up to -2.8 GeV/nucleon), '
the K' in Eq. (2) would have momenta in the range
1.0-1.8 GeV/c, well suited for detection in an
"lready existing partially separated E' beam line.
The EC' mesons from Eq. (2) at 0' in the laboratory
would have a unique momentum depending upon
the incident proton momentum and the masses of
the particles, so they would be observed as a
spectral peak or enhancement in the broad mo-
mentum spectrum of kaons produced in many-
body final states.

If a spectral peak were observed, the momen-
tum at which it occurred would provide a deter-
mination of the binding energy of the hypernucleus
which was produced in association with the kaon.
The spectral peak from the well studied P(P, v')d
reaction was ideally suited to calibrate the appa-
ratus in two respects: (1) The position and width
of the m' peak for several incident proton momenta
would accurately calibrate the absolute momentum
settings and resolution of the apparatus. (2) The
flux of n'"s observed in the peaks could serve to
calibrate the solid angle acceptance of the beam.
It is an unusual coincidence in nature that for the
proton momentum region of interest in this work
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the m' momentum from P(P, v+)d almost exactly
equals the K' momentum expected from "C(P,K')-

The x+ line is produced with (do/dQ), =10
pb/erin the regionof interest, and it�appearedfea-
sible�to�detec

the K'downto (do/dQ), =10 '
p, b/sr.

A theoretical estimate of (d&r/dQ),
„

in a process
such as "C(P,K')'~C~ is extremely sensitive to
the amplitude of high momentum components of
the A wave function in "C~. Unfortunately, the
kinematics of the reaction constrain the three-
momentum transfer between "C and '~C~, as
viewed in the "C~ center-of-mass system, to be
«0.965 GeV/c, which is large compared to char-
acteristic momentum components =0.14 GeV/c,
in nuclei. Using harmonic oscillator wave func-
tions, Fetisov et al. ' estimate (do/dQ),

„

=10 ' pb/sr at 0' for incident proton momenta
of 3-20 GeV/c. However, they point out that this
is probably an underestimate of the cross section,
since the form factors of nuclei at large momen-
tum transfers may be much larger than those
predicted by the oscillator shell model. For ex-
ample, Domingo et pl. 4 reported observing at 1.22
GeV/c incident proton momentum the m' spectral
peak from "C(P,x')"C with (da/dQ), o = 0.5 pb/sr.
According to their analysis, this exceeds by a
factor of 100 estimates made using harmonic os-
cillator wave functions.

The only relaxation of the large momentum
transfer imposed by the kinematics of two-body
final states occurs when the target mass becomes
the same order of magnitude as the proton pro-
jectile mass. For example, in P[P,K'](PA), where
it is assumed for the moment that (PA) is a bound

state, the momentum transfer between P and (PA),
as viewed in the (PA) center-of-mass system, is
«0.737 GeV/c. Indeed, aK' spectral peak corre-
sponding to this reaction was observed by
Melissinos et al. ' at incident proton momenta of
3.20 and 3.67 GeV/c with (do/dQ), =0.25 gb/sr
at 0' for both incident momenta. Since nuclear
emulsion studies of hyperfragments have never
identified a (PA) hypernucleus, it is likely that
the spectral enhancement for almost bound PA
states is due to the attractive P-A final state in-
teraction. These low relative momentum states
are hereafter denoted (PA)*.

The following sections give details of the exper-
imental arrangement, n' and K+ spectra observed
at 0' from carbon, observation of the K+ spectral
peak from P[P,K+](PA)*, and upper limits on

(do/dQ)o for w+ and K' spectral peaks from carbon
and other elements.

Protons having momenta of 1.8, 2.0, 2.5, 2.7,
2.69, and 3.1 GeV/c were provided by a resonantly

extracted external proton beam of the Lawrence
Berkeley Laboratory Bevatron with intensities up
to 5~ 10"protons in a 1 sec spill. The proton
momentum was calculated from the magnetic field
and orbit radius during the flat-top portion of the
magnet cycle with an estimated uncertainty of
+2.0 MeV/c in the absolute momentum. At the
third focus of the septum external proton beam
the protons impinged upon a target with typical
dimensions 0.32 cm high~0. 635 cm widex12. 7 cm
long.

The target assembly contained three targets
which could be moved into the same position in the
proton beam. Typically, one target was poly-
styrene (chemically, CH) 12.7 cm long, a second
target was carbon V.B'7 cm long, the length being
chosen for the same ionization energy loss as in
the polystyrene, and a third c3rbon target 12.7
cm long was for use when K' counting rates were
low. Polystyrene was used rather than polyethyl-
ene, which has twice as many hydrogen atoms, be-
cause of its better resistance to radiation-damage-
induced changes of chemical composition.

The partially separated K' beam line for analysis
and detection of secondaries emitted near 0' from
the target is shown in Figs. 1 and 2. It had a ver-
tical acceptance of +3 mrad and a horizontal ac-
ceptance of +150 mrad. At the intermediate focus
were placed vertical mass slits and horizontal
slits defining a +2.5% momentum acceptance. At
approximately the center of the beam path from
the inter mediate to the final focus the beam was
deflected vertically downward by 11.5' by magnet
M3. This downward deflection vertically sepa-
rated particles of differing momenta at the final
focus to permit more precise momentum analysis
by means of a 30 channel scintillation counter
hodoscope. In order to minimize multiple scat-
tering the beam was in vacuum up to the mass and
momentum slits, in helium through magnet M2,
and again in vacuum from the entrance of Q6 to
the 30 channel hodoscope.

Utilizing a standard K' beam as a spectrometer
required the experimenter to properly set, con-
trol, Bnd monitor the currents in 10 magnets and
in an electrostatic mass separator. The setting
and monitoring of the regulated current supplies
was manual derring the major part of the running
time when spectral line peaks were being exam-
ined or searched for. Toward the end of the ex-
periment the setting and monitoring of the magnets
and separator were brought under the control of a
PDP-8 computer. Most of the data on K' and m+

spectra were obtained with the beam under com-
puter control.

Acceptable beam particles were defined by the
coincidence B =(S, S,)f„& (S, S4)„„G,where the
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fast coincidences (S, S,}„„,and (S, S,)„„hadre-
solutions =2 ns full width at half maximum (FWHM}
and mere set for the appropriate/' or m+ time of
flight over the 12.8 m path. Scintillators 8, and

8, neax' the mass and momentum slits mere 1.91
cm wide~1. 27 cm highx0. 32 em thick. Seintilla-
tors 8, and S~ mere 15.2 cm ~ 15.2 cm ~0.635 em thick.
Guard counter C, with a hole 5.1 cm high x10.2 cm
wide, mas mounted within the beam vacuum near
M3. For some runs one or both of the counters
8, and 86, each 20.3 cm in diameter, mere also in
the beam coincidence.

It mas found that the separation provided by the
eleetx ostatic separator and the time-of-flight eo-
incidenees gave a clean E' signal when the target
mas bombarded with the full Bevatron energy,
corresponding to an incident proton momentum of
5.74 GeV/c. However, for proton beams in the
2.5 to 3.1 GeV/e range, additional discrimina-
tion against pions and protons mas needed. Dis-
crimination against pions (and muons and elec-

trons) was provided by gas Cerenkov counters C,
and C, in anticoincidence with the beam coinci-
dence B. Cerenkov counter C, mas 12.7 cm diam
x 61 cm long containing Freon 13 gas at 24 atm
pressure, and mas viemed by tmo RCA 8575 PM
tubes, each independently viewing the Cerenkov
radiation from 30 em of the particle path. 6 Coun-
ter C, mas 20 cm diam&1. 83 m long filled with

CO, at 22 atm, and mas viewed by tmo RCA 4522
PM tubes. Counter C, rejected pions with an in-
efficiency less than 4.4x10 4; counter C„less
than 1.1@10 '. Counter C, mas found to be suffi-
ciently efficient in rejecting pions so that C, mas
not really needed; therefoxe, in order to increase
counting rates, counters S~ and 8, mere not in-
cluded in the beam coincidence after C, mas in-
stalled.

Discrimination against protons was provided by
demanding a coincidence with Cerenkov counters
Co and C2 which contained 2.54 cm thickx56 cm
long bars of UVA Plexiglas. v The end of the bar
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FJG. 2. Beam spectrometer —side elevation.
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was viewed by a PM tube (RCA 8575 for C„RCA
4522 for C, ), and the particles passed through the
2.54 cm thickness near the opposite end. If the
Plexiglas bar was set at a suitable angle to the
beam (90' for most runs), part of the Cerenkov
light from kaons was emitted at sufficiently large
angles to reach the PM tube via repeated total in-
ternal reflections, whereas the Cerenkov light
from protons did not have the benefit of total in-
ternal reflection in attempting to reach the PM
tube. These counters were each found to provide
approximately a factor of 10 rejection of protons
relative to kaons at 1.4 QeV, /c beam momentum
when the pulse height discriminator was set for
60%%up kaon detection efficiency.

Each channel of the 30 channel hodoscope con-
sisted of a 10.2 cm wide&&0. 3175 cm high@1. 27 cm
thick (as viewed in the beam direction) plastic
scintillator. Light pipes suitably bent and twisted
conducted the light to individual RCA 6199 PM
tubes.

To assist in normalizing beam counts to the
number of protons interacting in the target, a
three counter monitor telescope MyM2M3 was set
up in the target area which viewed particles emit-
ted at approximately 45 from the target. Each
scintillator was 1.27 cm diamx0. 95 cm thick, and
they were evenly spaced 10 cm apart. The
M =M, M, M, coincidence rate was found by com-
parison with a secondary emission monitor in the
external proton beam to be independent of incident
proton energy in the 2.5-3.1 GeV/c range. Com-
parison of the monitor counting rates with C and
CH targets indicated that the monitor counts could
be attributed, within -5% uncertainties, to proton
interactions with the carbon nuclei. Hence, in
taking data where CH-C differences were required
in order to extract information on P-P collisions,
runs with CH and C targets were taken for equal
numbers of monitor counts.

CALIBRATION

After the K' beam was tuned for maximum flux
and best K'/v' separation at momentum settings
of approximately 1.0, 1.2, l.4, 1.6, and 1.8
GeV/c, absolute momentum settings were deter-
mined by observing the m' spectral peak from
P(P, n')d at incident proton momenta of 2.00, 2.50,
2.70, and 2.89 GeV/c with corresponding v' pro-
duction momenta of 1.02, 1.45, 1.63, and l.80
GeV/c. (Actual calculations of proton and pion
momenta and of ionization energy losses in the
targets and counters were carried out to tenths of
MeV/c or better). A typical v' peak derived from
the 30 channel hodoscope data for a pair of runs
on CH and C targets at 2.50 GeV/c proton momen-

u3—

E
V)

2

VJ

z'

I I I I

(b) h'

Pc Nil
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FIG. 3. (a) Typical p(p, d) 7I' peak. (b) Peaks from
1.800 GeV/c beam protons. Protons passing through
the target form the left peak; protons missing the target
form the central peak.

turn is shown in Fig. 3(a).
Since the acceptance of the beam falls off on

either side of the central momentum, the counting
rates of the 30 channel hodoscope are maximum
in the central channels, and decrease to small
values in the outer channels when observing a
flat momentum spectrum. In order to correct the
data for this response, it was found convenient
to plot

N, (cH) -N, (c)
N, (c)

where N;(CH) and N, (C) are the numbers of counts
in channel i from CH and C targets for the same
number of monitor counts. The d'o/dQ dP corre-
sponding to f, is then the cross section correspon-
ding to f,[N;(C)],„counts, where [N;(C)]„,„

is the
number of counts per channel at the peak of the
hodoscope distribution observed from carbon.
Since the CH-C differences are only used to ob-
serve spectral peaks from P-P collisions on top
of a smooth background from P-C collisions, the
results from this method of analyzing the data are
insensitive to small mismatches in the number of
P-C collisions in the CH and C runs. The distri-
bution in Fig. 3(a) was calculated in this manner.

As a further check of the momentum calibration
of the system, the Bevatron was adjusted to ac-
celerate a very low intensity 1.80 GeV/c proton
beam which came directly through the beam spec-
trometer also set at 1.8 GeV/c. The 30 channel
hodoscope distribution is shown in Fig. 3(b). The
main peak is due to protons which missed the tar-
get and entered the beam spectrometer without
loss of energy. The smaller peak is attributable
to protons which passed through the carbon target.
The width of the distribution corresponds to a
spectrometer resolution of 0.9% FWHM. The mo-
mentum calibration directly with 1.80 GeV/c pro-
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tons and with 1.80 GeV/c pions produced by 2.89
GeV/c protons differed by only 2.6 MeV/c, pro-
viding confirmation that proton momenta can be
accurately calculated from the Bevatron param-
eters measured by the operating staff and that the
system is stable and reproducible.

The potential utility of the P(P, w')d line to re-
late beam counting rates to differential cross sec-
tions was diminished considerably by the fact that
(da/dQ)0. is poorly known for incident proton mo-
menta in the 2.4-2.89 GeV/c range. ' " Although
the total cross section is smoothly decreasing
through this region, the forward differential cross
section in passing through an interference mini-
mum. Also, the results of Overseth et al. ' and
Dekkers et al." show that the shape of the angular
distribution near 0' is rapidly changing in the
2.5 —3.1 GeV/c incident proton momentum region,
there being a sharp dip as 0' is approached for the
lower end of this momentum range. This sharp
dip makes the (do/dQ); results of the previous
experimenters, as well as the P(P, w')d yields in
this work, susceptible to large errors if the ob-
served pions are not centered very close to 0'.
Since da/dQ is observed to be almost flat near 0'
for a proton incident momentum of 2.824 GeV/c, "
the P(P, w')d run at 2.89 GeV/c, with an average
2.872 GeV/c at the center of the target, has been
used to calibrate the cross sections of this exper-
iment, taking (da/dQ), =8.7 pb/sr. We were
also guided in this choice by comparisons of m'

rates in our data from CH and C targets, and also
the results of Melissinos et al."on 7t' spectra at
32' produced by 3.67 GeV/c protons on hydrogen
and carbon targets, which indicate that the m'

production cross sections from P -C collisions are
5 to 7 times the corresponding ones for P-P colli-
sions. Our m' spectra from P -C collisions would
be expected to bear a similar relation to the m'

spectra measured from 2.78 and 3.20 GeV/c P-P
collisions by Reay et al. ,

"which they do with the
above choice of cross section. A different choice
of cross section normalization would affect all
cross sections reported in this work by the same
factor; the estimated uncertainty in the cross
section normalization is +30%%u~.

K' AND K' PRODUCTION SPECTRA AT O' FROM CARBON

Since further theoretical work may provide more
quantitative predictions relating cross sections
for possible m' and K' spectral peaks to inclusive
pion and kaon cross sections governed by the same
matrix elements or intermediate states, m' and
K' momentum spectra from proton-carbon colli-
sions were explored for incident proton momenta
of 2.50 and 2.70 GeV/c, and a few data points

I I I I I~a—278 GeV/c on Hydrogen(x5. 1) from Reay et al.
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FIG. 4. &+ laboratory spectra from carbon at 0' pro-
duction angle.
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FIG. 5. Upper end of 7I+ spectrum from 2.5 GeV/c
protons on carbon. The dashed curves show the magni-
tudes of the spectral peaks expected for C(P, &+) C
having (do/dQ)0. =0.02, 0.05 pb/sr.

acquired during the course of the line studies at
2.89 and 3.10 GeV/c are also reported. The w+

spectra are shown in Figs. 4 and 5 and the K'
spectra in Fig. 6.

The n' momentum spectra at 0' from carbon are
almost the same in shape as the spectra from P-P
collisions at similar incident momenta, as indi-
cated by the curve in Fig. 4 from the results of
Reay et al."at 2.78 GeV/c. A more detailed pre-
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sentation of the data at the upper end point of the
)I' spectrum from 2.50 QSV/c protons on carbon
is shown in Fig. 5. There is no indication at this
momentum of the spectral structure from
"C(P, v')"C reactions observed by Domingo et al. '
at 1.22 GeV/c incident proton momentum; the
dashed curves show the expected shapes if
(do/dQ)oo were as large as 0.02 and 0.05 4)b/sr,
whereas they observed 0.5 )Ib/sr.

The E' momentum spectra at 0' fxom carbon
are shown in Fig, 6 along with the spectrum fxom
p-p coll1sions measured by Heed et gl. ' at 3.20
QeV/c incident proton momentum. The P-C and
P-P spectra are probably similar in shape except
that no strong enhancement is observed near the
upper end of the X' spectrum from carbon.

OBSERVATION OF p fp,E') {'pA)~

The E speetx'al peak fix'st seen by Mellsslnos
st aE.' from P[P,K'](PA)" was reexamined both to
confirm that our apparatus could detect such peaks
and to see how the cross section varies for this
reaction as the incident px'oton momentum becomes
less. The data on the upper end of the E' spectrum
at 0' from P-p collisions is shown in Figs. 7(a),
Rnd 7(b) for 2.89 and 2.10 GeV/c incident protons,
respectively. Data was also taken at 2.70 GeV/c,
where no significant diffex ence between CH and C
runs was observed. Since the plots involve a sub-
traction of C target data fxom CH target data,
statistical fluctuations result in some bins with
negative cross sections. At 2.89 GeV/c, some
E' production above the background was observed;

)

Hydragen(x6. 5)
m Reed cia|.

whex'e Q 18 the relative P -A k1net1e energyy T
= (6.54)(10 ')r,'Q with r, in fm and Q in MeV, A,
= -r, /2a, and 8 =«[I +(I+%A)'~']'. Although Eq.
(1) hRs R colllpllcRted fol'Ill, fol' R wide I'Rllge of
PA effective range parameters Eq. (1) gives
do/d))) = constant, rapidly falling to zero for Q & 1
MeV.

The K' spectra observed by Melissinos et aE.' "
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at 8.10 GeV/c a clear peak was observed. The
expected shift in position on the 30 channel hodo-
scope was observed when the beam momentum
was raised 1.5%. In Fig. 7(b) the dashed curve
shows the spectral shape to be expected near the
maximum E+ momentum if one multiplies phase
spRce by R Goldbel'gel' -Watson (GW) flllRl stRte
enhancement factor" for PA effective range pa-
rameters g = -1.9 fm and y, =3.0 fm for both sin-
glet and triplet states, "and then folds in the spec-
trometer resolution. The 6%' formula has the
fox'm

d*o do (T +a)'T'~'
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FIG. 6. E'+ laboratoxy spectra from carbon at 0' pro-
duction angle.

FIG. 7. (a) Upper end of E spectrum from 2.89 GeV/c
P-P collisions. Q) Upper end of E+ spectrum from 3.10
GeV/e p-p collisions. The dashed curve shows the shape
expected if ef'fective range parameters a =-1.9 fm, r,
=3.0 fm for both singlet and tripletP-A interactions are
inserted in the Goldberger-Watson expressions for the
spectral shape in the presence of a final state interac-
tion.
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TABLE I. Cross sections for E' momentum spectrum peaks from pfp, X'1 (pA)*.

Incident proton
momentum

{0eV/~)

r
d2o

dgdp + o

sr GeV/c

c.m.

(
d 0'

d~*&@~/ ac+ 0

sr MeV/c

c.m. Reference

2.70
2.89
3 10
3.26
3.67

&20
29+15
86 +25

103+21
92+18

g3
6+3

20 +6
25+5
22 +4

22~6
26+5
21 +4

This work
This work
This work
Ref. 14
Bef. 14

at 3.20 and 3.67 GeV/c incident proton momenta
and in this work at 3.10 GeV/c all show a definite
peak near the upper end of the K+ spectrum which
cannot be reproduced by the GW formula using
effective range parameters which fit AP elastic
scattering and other hypernuclear data. Aaron
and Amado" have suggested that the GW assump-
tion of slowly varying production amplitudes in
the region of phase space near Q = 0 may not be
justified, and that one must improve upon the GW
formula. Unfortunately, accelerator scheduling
limitations prevented further experimental study
of the spectrum shown in Fig. 7(b).

The magnitudes of the K' yields in the peak or
shoulder at the upper end of the K' momentum
spectrum at 0' from P-P collisions are listed in
Table I. The cross sections are given both with

respect to laboratory and center -of -mass system
variables. Although the yield cross section rises
appreciably when changing from 2.89 to 3.10
GeV/c incident proton momentum, there is no
further significant change in yield up to 3.67
GeV/c. (The threshold for P[P,K']PA is 2.34
GeV/c incident proton momentum. )

AZ(p, K'}"+'Z AND AZ{p n'')A'Z CROSS SECTION UPPER

LIMITS

Table ff lists upper limits on (do/dQ)„~ at 0'
which result from the unsuccessful search for
various hypothetical spectral peaks from reac-
tions such as "C(p,K')' C~, "C(p, m+)' C, and sim-
ilar reactions from Be and Fe at various incident
proton momenta. The limit on observing a m+ line
from "C(P, m'}"C is set by estimating the mini-
mum amount of spectral structure one would con-
sider as an acceptable effect in the plot shown in
Fig. 5.

The limits on the K' lines were set by the level
below which no clear K' signal was discernible in
the beam count. This limit also corresponded, in
the best runs, to low counting rates (-10 counts/h).
A K' signal was cheeked by inserting either addi-
tional or less delay in the 8, and S, counter signals
to see if there was a peak or plateau in the region
of delays appropriate for aK' signal. Also, it
was usually possible to arrange a brief Bevatron
run with the full 5.74 GeV/c proton momentum
either shortly before or after a series of K' line

TABLE II. Cross section upper limits for x and E momentum spectrum peaks (1 nb
=10 ~ b).

Reaction

Incident
proton momentum

(Gev/c)

Laboratory
meson momentum

(GeV/c)

90g confidence upper

limit to—
(nb/sr)

$2C (P ~+) j.3(

d(p, E ) H/i,

'Be(P,E')"Be
"C(p,&')"CA

C{p,E+) 3CA

"C(P,Z+)"C,
56Ze(p, X')»pe,

2.50
2.70
2.50
2.50
2.70
2.89
2.50

1.704
1.056
1.418
1.438
1.635
1.818
1.488

20
170
11
2.8

600
84
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searches mith identical beam and electronics set-
tings to confirm that any K"s would have been
detected.

Immediately before and after each'' line
search, the m' line from p(p, m')d was examined
to be sure all the beam magnets mere properly
set. Since these m' calibration lines had widths
of 4-6 hodoscope channels (FWHM), the K' cross
section limits mere calculated from the numbex
of counts in the appropriate 6 hodoseope channels
centered on the expected K+ line position. The
uncertainty in K' line position is estimated to be
+0.5 channels (+2 MeV/c).

Most of the K' line searches were conducted
with 2.50 GeV/c protons, looking for approxi-
mately 1.45 GeV/c K"s, because the over-all
performance of the K' beam was optimum at this
momentum. At lower momenta, rate loss due to
K' decays in flight became serious. At higher
momenta, the K'/v' and K'/P discrimination of
the electrostatic separator, time-of -flight coin-
cidences, and internal-reflection Cerenkov count-
ers rapidly deteriorated.

None of the cross section limits in Table II is in
conflict with the predictions of Fetisov et gl. ,s

even if the K' cross section were j000 times high-
er than their estimate based upon harmonic oscil-
lator wave functions.

CONCLUSIONS

The n' spectra from proton-carbon collisions
at 0' are very similar in shape to spectra fx'om

p-p collisions at the same incident proton momen-
tum. The yields rise rapidly with increasing inci-
dent proton momentum in the 2.5-3.1 GeV/c re-
gion, roughly doubling for each 0.2 GeV/c increase
of incident proton momentum. The K+ yields from
proton-carbon collisions at 0' rise even more
rapidly in the 2.5-3.1 GeV/c range; roughly a fac-
tor of 5 for each 0.2 GeV/c increase of incident
proton momentum.

The upper end of the K' momentum spectrum
from P-P collisions at 3.10 GeV/c shows a peak
clearly separated from the main, broad K+ spec-
trum. An enhancement of the K' yield would be
expected in the region of the observed peak due
to the attractive p -A final state interaction. How-
ever, if the choice of effective range parameters
favored by A -p elastic scattering and other hyper-
nuclear data is employed in the Qoldberger-
%atson formula, only a shoulder would be ex-
pected at the upper end of the K' spectrum. An
nA enhancement at Q = 33 MeV was observed by

Cohn, Bhatt, and Bugg"; in our arrangement
this would have been hidden in the K' background
from many-body final states. The cross section
for K' production near the upper end of the spec-
trum is roughly the same at 3.67, 3.20, and 3.&0

GeV/c, but significantly less at 2.89 GeV/c and
2.70 GeV/c incident proton momentum. This K'
peak or spectral enhancement appeaxs to merit
further study at a number of closely spaced in-
tervals of incident proton momentum.

The cross section of C(P, v') 'C falls at least
a factor of 25 from 1.22 GeV/c, where it has been
measured, ' to 2.50 GeV/c, where it was lost in
background. Upper cross section limits have been
placed on ' C(P, K')"C„and similar reactions in

Be and Fe which are 1000 times, or more, higher
then presumably pessimistic theoretical estimates.
Further improvement of the "C(P, v') "C limit
would require improved spectrometer resolution.
Additional sensitivity to find the K' lines also
would require some combination of more proton
beam intensity, larger K' beam aperture, and
shorter K' beam transport system to increase
counting rates.

Concerning the possible use of P("Z, ""Z„)K'
reactions in heavy ion beams to produce relativ-
istic hypernuelei, these results indicate the pro-
duction cross sections would be too lom. Other
reactions with three or more body final states are
expected to have cross sections many orders of
magnitude higher, mainly because the less con-
strained kinematics permit smaller momentum
transfers. '
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