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Total cross section of the reaction K p ~.K n from 515 to 1065 MeU/c
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We report the results of a precise measurement of the K p~K n cross section between 515 and 106S
MeV/c in steps of 10 MeV/c. The statistical errors are less than 1%, a major improvement in accuracy
over previous work. We discuss in detail the experimental apparatus and the corrections made to the data.
No evidence is found for the new I = 1 KN resonances at 546 and 602 Me&/c K momenta reported
recently by Carroll et al,

I. INTRODUCTION

In this paper we describe a counter experiment,
performed at the Brookhaven National Laboratory
Alternating Gradient Synchrotron (AGS), in which
we measured with high precision the total cross
section (o «„) for the charge-exchange (CEX) re-
action ff' P-K n between 515 and 1065 MeV/c.
Here we elaborate on some of the experimental
aspects, describe in detail the corrections to the
data, and present the final results. Preliminary
values of the cross sections reported previously'
differ by less than 1'%%uo from results reported here.
The primary motivation for the experiment was
the fact that the low-energy Y~ spectrum is still
not as well understood as the corresponding spec-
trum of N~ resonances, and cr «„ is a valuable
indicator of T*. resonance structure because it is
sensitive to the difference between the KN I=0
and I= 1 amplitudes. A new partial-wave analysis
reported recently' has shown that the data we pre-
sent here are an important new constraint.

The previous measurements of o«x in the mo-
mentum range between 500 and 1200 MeV/c, ' '
are shown in Fig. 1 accompanied by three partial-
wave predictions. ' ' Most of these data derive
from bubble-chamber experiments of low statisti-
cal precision. The first charge-exchange data
came fromthe systematic survey of all K p re-
actions covering the momentum range 435 to 1220
MeV/c performed by the CERN-Heidelberg-Saclay
collaboration (CHS).' In two bubble-chamber ex-
periments they measured both the differential and
the total cross sections for K p- K'n every 20
MeV/c with statistical accuracy of 30-40% for the
differential and 10%%u~ for the total cross section.
A significant dip appeared at about 740 MeV/c
where Berley et al. ' had previously found a nar-
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FIG. 1. Measurements of the total cross section for
E p-K n (Refs. 3-6). The curves are the predictions
of three partial-wave analyses (Refs. 7—9).

row resonance in the K p- Aq channel just above
threshold. Between 900 and 1200 MeV/c a major
peak was observed. A subsequent partial-wave
analysis' identified it as being due primarily to
two overlapping resonances: a large one in the

E0, partial wave and a broad one in D». Other
.bubble-chamber experiments followed, ' "'"
improving the level of precision of the 0«x data
above 850 MeV/c. Prior to our experiment the
only counter measurements of o'«„extended from
1 GeV/c upward. '

Counter experiments in our momentum range
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TABLE I. K p final states tother than K p Klg). .

Final states with
charged particles

Final states without
charged particles

K p

. Z'7 '~'

W-&-p

Z AP, A 7r P

Kss p Ks 7l

Aq, A- ~-p

ol Q chal geQ

Ksg ~ Ks 0 0

Z'7r', Z"—Ay, A-- 7r'~

Ksn~', Ks=~'~'

K~n~'

A~ 'rr 5, 'g neutl als

measuring cross sections other than 0«„have
been carried out and bear indirectly upon our ex-
perimental results through their contributions to
partial-wave analyses used in the identification of
resonances in the KN system. The most recent of
these efforts is a BNL measurement" made in the
new high-intensity K beam. Total cross sections
for the K p and K d interactions were reported at
closely spaced momentum intervals from 410 to
1075 MeV/c with 1% statistical accuracy. With the
use of a Qlauber correction to extract the K n
total cross section from the K d' cross section,
the total cross sections for I=1 and I=O states
were separately derived. A number of narrow
structures in the I=-0 and I= 1 total cross sections
emerged from this analysis.

The experiment that we report here yielded a
precise measurement of the K p- K'n total cross
section (oc„„)every 10 MeV/c from 515 to 1065
MeV/c with a statistical accuracy of better than
1%. The method used to measure ocEx was based
upon the electronic suppression of all final states,
charged and neutral, other than K p-K~n, whose
cross section is exactly one-half that of the re-
action of interest, K P- K "n. Final states with
charged particles (Table I) were vetoed with 100%
efficiency by a boxlike array of scintillation
counters surrounding the target. Final states,
other than K~n, having only neutral particles
(Table I) all have at least two and usually four y
rays and were vetoed with high efficiency by a
y-ray detector. The complete veto system thus
allows the separation of a nearly pure sample of

the. reaction of experimental interest, K p-K~n.
In Sec. II we describe the experimental appara-

tus in more detail; in Secs. III and IV we discuss
the data acquisition, analysis. , and corrections; in
Sec. V we present the final results. A more de-
tailed discussion of the experiment can be found
in Ref. 14.

II. EXPERIMENTAL APPARATUS

The experimental arrangement is shown in Fig.
2, %e used the momentum-dispersed branch of
the I,ow-Energy Separated Beam (Q2) (Refs. 15-17)
at the BNL Alternating Gradient Synchrotron.
After the single stage of separation, the w/K ratio
at the target was about 1O over most of the mo-
mentum region. The momentum of the beam was
established by the first two dipoles, while the mo-
mentum spread was adjustable between +0.5% and
+2.5%. The envelope of the accepted beam was
defined by three counters, S„M, and 5, . CounterIwas the zero-time reference counter for the
electronic logic, and counter 8„ located inside a.
re-entrant hole in the target vacuum system, de-
fined the acceptable beam immediately upstream of
the liquid-hydrogen cell.

A Cerenkov counter, located between counters
8, and I, identified both pions and kaons separate-
ly. It was designed and built by T. Kycia and co-
workers at BNL and was essential in obtaining a
pure kaon beam. Its optics (Fig. 3) included a
flat cylindrical radiator that was either Plexiglas
or some liquid coptained in a glass cell. This
geometry selectively captured light of emission
angle greater than the critical angle 0, and re-
flected it out the periphery into a set of photo-
multipliers, whose signals provided our "pion
signal" C„. Light having emission angle less
than the critical angle 8, was refracted out of the
cell's face and focused onto an adjustable slit. A
second set of photomultipliers viewed this slit and
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FIG. 2. The counter array surrounding the liquid-
hydrogen target.
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provided our "kaon signal" t"~. The performance
of this instrument for various radiators and the
resulting purity of our K beam are given in Table
ii.

The beam momentum was established at typical
settings by proton, antiproton, and deuteron
times of flight over a 6.25-m path beyond the
apparatus, and by proton range curves in copper.
Both sets of meaSurements .agree to within +0.5%,
which is regarded as the absolute momentum un-
certainty. The momentum resolution of the ex-
periment, coming about equally from the momen-
turn spread of the beam and the ionization loss in
the target, is nea, rly constant and averages
+7 MeV/c rms. The lowest beam momentum was
determined by our minimum useful K flux (Fig.
4) and the upper momentum limit was imposed by

the maximum allowable magnet currents.
The liquid-hydrogen target cell 'was a horizontal

cylinder constructed of Mylar and provided with
superinsulation. It wa, s 40.8 cm in length and
8.2 cm ig. diameter, with Mylar end windows
0.006 cm thick. The cylindrical Mylar wall was
0.013 cm thick and the entire cryogenic system
was superinsulated by 20 layers of 0.0006-cm
aluminized Mylar. The surrounding aluminum
vacuum jacket was 0.09 cm thick and was pro-
vided with Mylar beam windows at either end that
were 0.014 cm thick. The liquid hydrogen was
pressurized to 1.12 atm. The hydrogen density
was therefore somewhat lower tha. n at 1 atm and
was calculated to be 0.0703 gi'cm'.

In order to isolate the reaction K P- K n, 8,

neutral final state was first defined by an array of

TABLE II. Cerenkov-counter performance. (The kaon detection efficiency was I=+~.)

Momentum
region
greV/~)

.Approximate
charged-particle/kaon Cerenkov Radiator index Average Average

ratio in the beam radiator of refraction rejection contamination

515-608
598-789
779-1065

60 to 35
25 to 12
15to 8

Styrene
Plexiglas
Glycerol

and 820

1.547
1.491
1.436

6 x105
2.5 x10 4

3.0 x10 4

0.3%
0.3%
0.4%
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FIG. 5. Schematic end view of the veto counter array. '

charged-particle veto counters surrounding the
hydrogen target (see Fig. 2). Four counters (A,
through A, ) formed the lateral portion of an
elongated box. The downstream end of the box
was closed by another counter (A, ). Counter A„
just d'ownstream of the target, reduced the back-
ground from beamline kaondecaysand provided a
redundant veto for noninteracting beam particles.
Veto inefficiency due to loss of charged second-
-aries through the open upstream end of the veto
box was calculated to be less than 0.3/o.

y-ray detection counters were placed immedi-
ately outside of the charged-particle veto counters.
Each counter consisted of alternate layers of
0.635-cm-thick lead and scintillator. A front
view of this arrangement is shown in Pig. 5. Only
two layers each of lead and scintillator were used
in order to make the apparatus as transparent as
possible to K~'s and neutrons while retaining
adequate y-veto efficiency. A hole in both the
lead and scintillator of the counter covering the
downstream end of the box allowed passage of
the beam and also minimized interactions in the

counter due to forward-going neutrons. This hole
had only a smal1. effect on the overall veto ef-
ficiency for final states having y rays.

Figure 6 shows the chain of electronic logic
used to define the beam flux and charge-exchange
candidates. A three-counter coincidence 8=

=S~ M- S, defined the beam geometry. Beam-
associated rate dependence was eliminated by a
set of veto gates which allowed only those par-
ticles that wel e Separated ln time from their
neighbors by more than 30 nsec to satisfy coin-
cidence BD. An "all quiet" function, AQ, dis-
abled the entire system at Q whenever one or
more counters in the veto system was producing
a. signal level greater than 5 mV, thus ensuring
that the veto system was always ready when
needed. Kaons were identified by the signal from
the Cerenkov counter which consisted of a kaon
signal with a pion veto. This Cerenkov signal, C,
was combined with the 'rate-independent beam
signal, P, to produce the kaon flux signal, CP.

The anticounters were introduced into the logic
in three separate stages. First, A„ the counter
directly after the target, was placed in anticoin-
cidence with the kaon beam signal, (CP), to pro-
vide a measure of the beam-target interactions in
the coincidence "interact, " (I). Next, the signals
from the charged-particle Bnticounters
(A„A„A„A4,A, ) were combined and used to veto
I at the coincidence "neutral final state, " (ÃES)
Last, the signals from all the y-ray anticounters
were added together and the resultant signal used
to veto RES at the final coincidence, Z, the full
signature of charge-exchange candidates.

The number of coincidences at B, BD, Q, CP,
I, NI S, and Z were counted by scalers, and-
these numbers formed the data base for the
results discussed below.

III. DATA ACQUISITION

At each momentum, the data were accumulated
in a seiies of runs, each consisting of 106 kaons

G ~G5

'
Z Event

FIG. 6. System electronics.
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TABLE III. Corrections to the experiment.

A. K path length corrections

C& Beam contamination (~, p, , e)
V'

C& K decays between C and S&

C3 Loss through sides and ends of target

C, 4 E decays inside the target

C& K interactions in the target

C, a rays

1.001-1.009

1.012-1.014

1.007-1.020

1.026-1.054

1.031-1.045

1.000

6C;

0.005

0.002

0.005

0.001

0.004

0.001

B. Corrections proportional to the Ron cross section C;

C~ K~ and neutron interactions in the target
and veto system

C& KI decays inside and outside the veto
system

C& Undetected E& decays

C. Corrections independent of the A. n cross section

D& Unrejected K&2 decays

D& Unrejected A7( and E nor final states

1.242-1.265

1.029-1.044

1.000

D,. (mb)

0.031-0.146

0.004-0.039

0.025

0.005

0.002

DDT (mb)

0.00$

0.005

target walls. The observed momentum dependence
of the empty-target rates is consistent with this
interpretation.

The calculated corrections are listed in Table
III along with their range of magnitudes and esti-

O. I5

O. IO

0.05

0.00 I I I

600 700 800 900 l000
P (MeV/c)

FIG. 9. Subtractive correction factors discussed in

Sec. IVC.

mated uncertainties, while Figs. 8 Bnd 9 exhibit
their momentum dependenees. These corrections
were calculated by a Monte Carlo program and in-
dividually verified by detailed hand- calculations.
The statistical uncertainties on the corrections
coming from the statistics of the Monte Carlo gen-
eration were always small compared to those of
the experiment itself.

A. K path length corrections

1. Beam contamination (C&)

The contaminants of the beam, presumed to be
pions, muons, and possibly some electrons, were
computed at each momentum. This computation
required a knowledge of (i) the rejection (f,) of
non-kaons by the Cerenkov counter, which was
measured in a beam free of kaons, (ii) the effici-
ency (fz) of the Cerenkov counter for kaon detec-
tion, which was measured using a separate time-
of-flight particle identification system, and (iii)
the ratio (Q/C&f&) of charged particles to identified
kaons in the beam. 'These quantities were mea-
sured and are listed in Table II for the various
Cerenkov radiators used as is the correction for
the non-kaon contamination evaluated by the approx-
imate formula, '4

~~ = ~+f.(4&ck —&If~).

The momentum dependence of this correction is
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shown in Fig. 8. Discontinuities occur at momen-
ta where the Cerenkov cell was changed. The
corrections are seen to be always less than 1%.

,
V'

2. E decays beaten the Cerenkov counter and counter 82 (C2)

After identification of the beam particle as a,

kaon by the Cerenkov counter, it is possible for
it to decay and project one of its charged decay
products into the defining counter 8, . This prob-
ability was evaluated by Monte Carlo methods for
various kaon decay modes. 'The correction factor
C, is seen in Fig; 8 to be about 1.3% and virtually
independent; of momentum.

3. Loss ofpath length through sides and curved ends

of the target (C3)

Since the defining counter S„had a diameter only
2.5 cm smaller than the target, the beam covered
a substantial portion of the curved endcaps of the
target. Particles displaced from the central axis
thus had a, slightly reduced path length in hydro-
gen, especially at low momentum where multiple
scattering also contributed to the beam size. In
addition, some kaons were multiply scattered out
through the sides of the target, further diminish-
ing the path length. Both effects decreased rapidly
as the momentum increased, with the combined
correction never exceeding 2/o.

4. E decays within the target (C4)

The path length available for interactions is re-
duced. due to K decays within the target by 2.6'/o

at the highest momentum and 5.4/o at the lowest
momentum.

5. E interactionsin the targethydrogen(C5)

The full-target path length is further diminished
by removal of K from the beam due to nuclear
interactions. Using the total E p cross section, "
this correction was calculated to be about 4/0.

6. 5 rays. (C6)

A ~ ray that penetrates to the veto counters and
deposits sufficient energy (400 keV) to produce a
signal would veto an otherwise good charge-ex-
change event. This full-target correction was cal-
culated to be always less than 0.1 %%d even at the
highest momentum and was therefore neglected.

B. Corrections proportional to the Eon cross section

1. EL and neutron interactions in the target and veto system (C7)

This is by fax' the largest correction in the ex-
periment and, because it is so large, dominates

the systematic uncertainty in our quoted cross sec-
tions. The corx ection factor is calculated to be
about 1.25 and is virtually independent of momen-
tuIQ.

Both particles in a K~~ final state first had to
pass through the hydrogen target. Either the E~
or the neutron could interact and produce charged
particles, some of which were capable of reaching
the veto counters. Using the known Kp and nj
cross sections, ' the correction arising from this
effect was found to be about 1%, independent of in-
cident kaon momentum.

Next the K~ or the neutron could interact in the
lead or the scintillator of the charged-particle or
y veto counters. These interactions-are more dif-
ficult to analyze because of .the lack of information
about the detg, ils of the interactions of neutrons
and A~'s with nuclei. The method used here was
a variation of a model developed by Hricman et al.'
for a similar experiment at CERN. For each K~
or neutron, a detection probability is calculated
based on the probability of interaction in that
material and the probability that an interaction
will actually be detected. Finding the interaction
probability requires a knowledge of the absorption
cross section in carbon and in lead. For neutrons
these have been measured and are in good agree-
ment with optical-model. calculations. " For A~
interactions w'e used the semiempirical absorp-
tion cross section

o'=10z[A+ (gr ~/10')'~']' mb, (2)

where 8 = 6.41 fm for lead and 8 = 1.688 fm for
carbon. The A'~-nucleon cross sections, or~& (mb),
were obtained from the measured K'd and K'p
cross sections" above 450 MeV/c and from analy-
sis of bubble-chamber experiments below that
momentum. " A visibility factor, f„,a,s introduced

by Bricman et q/. ,
' was used to represent the frac-

tion of interactions producing a detectable signal
in a counter. For K~ interactions in lead and in
scintillator and for n interactions in scintillaior,
we used f„=1; for n interactions in lead we adopted
the parametrization of Bricman et al. , f„=T„
+1.11T„' for T„(0.6 GeV; f, =l for T„&0.6 GeV,
where T„ is the kinetic energy of the neutron.

In order to obtain a correction factor with smooth
energy dependence, the angular distributions for
charge exchallge, x'equix'ed in ihe Monte Carlo cal-
culation„were obtained from a preliminary ver-
sion of our partial-wave analysis. ' This smoothed
out the point-to-poini fluctuations in the bubble-.
chamber data. The result was a correction factor
neaxly independent of momentum varying from
1.24 to 1.26, two-thirds of which came from the
interactions of K~'s. The systematic uncertainty
in this correction factor was estimated, by vax"ying
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visibility factors and interaction cross sections
over reasonable ranges, to be +2.5%.

2. K& decays inside and outside the veto, system (C8)

About 2/oaf the K~is decay inside the veto sys-
tem with the decay products detected by the veto
counters. A comparable number of K~'s decay
outside of the veto box and project a decay product
back to a veto counter. Monte Carlo studies of the
latter were done for all four major K~ decay mode
modes.

2. Unrejected Amo and K nm final states (D2)

The satisfactory elimination of background re-
actions having "all-neutral" final states required
high efficiency in the y veto system. The domin-
ant backgrounds came from K p -Z'nv' (v'-yy)
above 800 MeV/c and the four-y final state of K p-Ag' below 800 MeV/c, The final correction for
inefficient photon detection was less than 29&'& at
all momenta. The y detection efficiency, P(E),
of the veto array was estimated using a parametri-
zation developed for this experiment:

3. Undetected K& decays (C9)

This can occur if the K~ decays outside the
veto system or if in the decay K~ -z'z' none of
the resulting four y's is detected by a veto counter.
The probability for such occurrences is calculated
to be less than 0.2% and has been neglected.

C. Corrections independent of the K n cross section

There are several reactions that mere not fully
rejected by the veto system. These corrections
were independent of the K'n cross section, but
were proportional to the incident K flux so that
these coritributions were subtracted after the flux-
corrected cross secti.ons were evaluated, but
before corrections related to the K'n reaction
were applied. These veto- system failures were
due either to charged particles not. reaching the
inner layer of counters or to y rays not being de-
tected in the shower counters.

Unrejected K 2 decays (D&)

The only charged-particle veto failure of im-
portance arose when a K beam particle decayed
between counters 8, and A., through the K - p.v

mode and produced a muon of insufficient energy
to penetrate to the veto system. This effect was
not- entirely removed by an empty-target subtrac-
tion because of the added stopping power of a full
target.

For example, a decay muon originating on the
target axis and traveling normal to that axis must
have a momentum of 49 MeV/c in order to reach
a veto counter under full-target conditions and only
34 MeV/c with an empty target. In our momentum
region K„, decay kinematics is such that a substan-
tial number of muons emitted near 180' in the cen-
ter of mass are affected by such considerations.
As can be seen in Fig. 9, the correction for this
effect has considerable momentum dependence and
becomes as large as 15/0 of the measured K~n
cross section at 750 MeV/c. However, the cal-
culation of this correction is subject to little un-
certainty so the result is known quite precisely.

where

I, = radiation length of lead (5.6 mm},
n =number of layers of shower counter inter-

sected,
I = thickness of each layer (mm),
D(E) = radiation length/conversion length; D(E)

=0.77 exp(-4. 9E ""),from Ref. 21,
8 = energy of photon in MeV,
8=angle of photon path with respect to normal

to plane of the shower counter.

The first factor represents the exponential at-
tenuation of the photons as they produce electron-
positron pairs in the lead converter. The second
factor is the probability that at least one particle
of the pair will emerge from the converter and be
detected in the scintillator. 22 The complete ex-
pression agrees to within a few percent with ef-
ficiencies reported by Darriulat et al."for inter-
actions of 30 to 200 MeV photons in up to 10 mm
of lead. Nearly all of the photons of interest in
this experiment lie in the energy range from 25
to 1600 MeV where the expression is expected to
be quite reliable. The average single-y detection
efficiency was found to be approximately 70%, in-
dependent of incoming beam momentum.

V. RESULTS AND CONCLUSIONS

The final results for the charge-exchange cross
section are listed in Table IV and shown in Fig. 10
as a function of mean laboratory interaction mo-
mentum. The errors shown are statistical only
and are smaller than 1% over most of the energy
region. The systematic uncertainty in overall
normalization, coming primarily from the correc-
tion for K~ and n interactions in the apparatus,
is estimated to be A%.

A comparison between the new cross sections
and those previously available' ' is displayed in
Fig. 10, showing the dramatic improvement in
accuracy (almost a factor of,10) made by this ex-
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TABLE IV. Total cross sections for the reaction K p
-Ron as a function of incident X beam momentum (CPE).
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1800

515
536
547
557

-567
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659
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699
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728
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4.349 +0.076
4.246 + 0.059
4.188+0.055
4.117+ 0.055
4.060+0.048
4.012 + 0.057
3.858 + 0.049
3.850 +0.054
3.711+0.046
3.693 +.0.044
3.559 + 0.057
3.438 + 0.030
3.157+0.039
3.026 + 0.031
2.590 + 0.037
2.239+0.022
2.285 ~ 0.026
2.300 + 0.029
2.759 + 0.034
3.051 —0.028
3.315+ 0.026
3.658 ~ 0.029
3.929 +0.046
4.189+ 0.049
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1000
1011
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1065

4.363 + 0 „050
4.480 ~ 0.026
4.441 ~ 0.028
4.532 + 0.026
4.639 + 0.015
4.708+ 0.025
4.643+ 0.028
4.697+0.026,
4.717+0.027
4.957+0.025
5.028 + 0.036
5.203 + 0.033
5.302+0.036
5.625 + 0.038
5.828 + 0.038
6.177+ 0.039
6.257+ 0.039
.6.481 + 0.041
6.913+ 0.037
7.255 + 0.043
7.632 + 0.048
7.730 ~ 0.045
7.837+0.037
7.563 + 0.043
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FIG. 10. Comparison between the results of this
experiment and previous data (Refs. 3-6).

periment. The agreement between our experi-
ment and bubble-chamber data, is exceedingly
good below i GeV/c. Above that we fall slightly
below most of the bubble-chamber data, but are
significantly higher than the counter results of
CERN Caen. '

FIG. 11. Comparison between the results of this
experiment and two previous phase-shift analyses
(Refs. 7 and 8),

The deep U-shaped valley appa, rent in the cross
section in the vicinity of Aq threshold (725 MeV/c)
is now delineated. The cross section falls rapidly
as the threshold is approached from below and ap-
pears to be nea, rly constant immediately above.
Beyond that region there is a shoulder more evi-
dent than in the 'bubble-chamber data with a sug-
gestion of a slight dip at Z'q threshold (888 MeV/
c). We (ind no evidence for structure in our
charge-exchange cross section between 500 and
600 MeV/c where the results of Carroll ef al." in-
dicate that the I= 1 part of.the total cross section
shows a significant narrow enhancement. A reso-
nance here would be consistent with our lack of
structure if it were in a higher partial wave (for
example, f)» as suggested by Z,itchfie]d2').

The predictions for the charge-exchange cross
section by the two, most recent partial-wave anal-
yses appear in Fig. 11. The LMMO solution' is
incompatible with our data, while the RL-IC sol-
ution, ' although generally in better agreement,
fails to reproduce the shoulder between 800 and
900 MeV/c.

W'e have included these precise ocEX measure-
ments in a new energy-dependent partial-wave
analysis' and found that the effects at the Ag

. and Z'g thresholds are well described by clasps.
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Also, new' values for, the masses and widths are
found for the. P„and P„resonances. Future
papers will present our preci. sion measurements
of the K p-Z'n differential cross section and a.

second partial-wave analysis including both the
total and differential charge-exchange cross sec-
tions.
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