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Below the threshold for m-meson production the Table I. The total K++d charge-exchange (CE) cross
&+ meson interacts strongly with nucleons by the sections at various energies and the number of charge-

exchange events with subsequent charged K& decay atfollowing three processes:
each energy.
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These processes can be described by the Cou-
lomb scattering amplitude fz and the two charge-
independent scattering amplitudes fo and f„corres-
ponding to the total isotopic spin 0 and 1, respec-
tively. '

Elastic K +p scattering experiments give infor-
mation on the f, amplitude. Information on the f,
amplitude has in the past been obtained from the
charge-exchange (CE) scattering of K mesons in
complex nuclei. '~3 These measurements led to
determination of total charge-exchange cross sec-
tions per neutron, to evidence for p-wave scat-
tering in the T=O state, and to crude angular dis-
tributions of the K' mesons. 4 In this work we
study the charge-exchange scattering of K mesons
on deuterons, in the Lawrence Radiation Labora-
tory 15-inch bubble chamber filled with deuterium.
The chamber was exposed to a highly separated
K+-meson beam, ' at six different energies: 52,
100, 127, 230, 315, and 456 Mev. For the deter-
mination of the charge-exchange cross section we
have selected those events giving a subsequent
charged decay mode for the K,' meson. This sam-
ple corresponds to -, of all K, decays and thus to
—', of all charge-exchange events (both K,' and K,'
production). '

The K -meson path length was obtained by two
+

independent methods'. (a) by direct measurements
of the K tracks in every tenth picture; and (b) by
inferring the total path length from the number of
"~-like" decays. '

In Table I we list the charge-exchange cross
section on deuterium at the six different energies
along with the number of events we observed at
each energy. In Fig. 1 we show the same cross
sections as a function of K kinetic energy in the
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laboratory system. The scattering angle in the
+K n c.m. system was calculated by assuming (a)

an initially stationary neutron, and (b) a neutron
initially moving with a momentum equal and op-
posite to that of the observed or inferred spec-
tator proton. The momentum of the spectator
proton was obtained for each event either by
direct observation or by kinematical fitting~ to
the reaction

K +d K'+p+p (2)spect
These two different methods gave essentially
identical angular distributions. In Figs. 2(a), (b),
(c), and (d) we show the observed differential CE
cross sections in the laboratory system. In Figs.
2(a'), (b'), (c'), and (d') we show the same data
transformed to the K n c.m. system. The curves
shown are calculated fits from a phase-shift anal-
ysis discussed below in detail.

In order to extract the information on the K +n
charge-exchange reaction (1c) from the K +d+

charge-exchange reaction (2), we use the impulse
and closure approximations. The validity of the
impulse approximation in this work is examined
in two ways'0: (a) We compare the momentum dis-
tribution of the spectator protons with the nucleon
momentum distribution in the deuterons as given
by the Hulthdn wave function. The two are in ex-
cellent agreement with each other. (b) We com-
pare the K angle and momentum for each individ-
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FIG. 1. The K +d charge-
exchange cross section as a
function of the E energy.
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ual event with the two-body kinematics corresponding to Reaction (1c). With few exceptions, the in-
dividual points form a band a 50 Mev/c around the curve given by the two-body kinematics.

For Reactions (2), the impulse and closure approximations give"

do/dQ= (1/4k ){[[a~-ao)3+s [ b bo[ ]-[1-H~(e)]+~ [b~- bo]2[1+Hm(8)]].

Here all quantities are computed in the c.m. system of a K meson and a stationary neutron,

FIG. 2. The differential K
+ d charge-exchange cross sec-

+
tions at a series of K energies.
Figures 2(a), (b), (c), and (d)
show the differential cross sec-
tions in the laboratory system.
Figures 2(a'), (b'), (c'), and (d')
show the same cross sections in
the c.m. system of X and an
initially moving neutron with
momentum equal and opposite to
the spectator proton. The
solid curves were computed from
the phase-shift solutions with
T=1 s wave and T=O s andP
waves (Solution A, Table D).
The dashed curves come from
the same solutions, setting H2(0)
= 0, and thus correspond to the
scattering from free neutrons.
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where in (4) we approximate K, the momentum
transfer in the lab system, by the nonrelativistic
value K = 2k sin(6/2). This approximation is very
good for small values of 0. For large values of 0
the function B,(0) is small and insensitive to K.
The quantities o = 45.5 Mev and P = "tn come from
use of the Hulthdn wave function for the deuteron.

For each isotopic spin we have

l
max

a (8)= Q Of+1)ti ++fry -)P '(e),
l=0

Here qTl refers to j= l + 2, and Sk is the mo-
mentum in the K n c.m. system.

In the derivation of Eq. (3) the Pauli principle
for the two outgoing protons is taken into account.
Correction terms due to the final proton-proton
interactions, multiple scattering, and the K -K'
mass difference have not been included. These
correction terms are likely to contribute most to
small scattering angles. In order to test the im-
portance of these neglected terms we have carried
out the phase-shift analysis once for the entire
angular interval and once for the angular interval
cos6 &0.6. Within the errors, the solutions

~ I

common to the two cases were the same.
%e have carried out a phase-shift analysis" for

Table II. Phase-shift solutions with errors. Sets A and & are the small and large s-wave solutions in the sp
fit. These phase shifts were computed on the assumptions that (a) the 7.'=1 state can be expressed as a pure re-
pulsive s wave, and (b) 7 = 0 d- and higher angular-momentum waves can be neglected.
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Tk Ss,2(6&) S&2(60)

(Mev) Solutions (deg) (deg)
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Experimental
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Set A
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15 +10 — 9+ 7

23 +12
24+4 -8+ 3
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10 +2
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2+2

15 +7
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21 +3
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4.0+0.7 7.9 +3.1

8.1 +0. 7 3.8 +1.0
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7.5 ~0.4 5.3 ~0. 5

21
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113
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456

-41

-50

-33+ 6
13+ 3

-68 +12

-54 +20

-76 +12

-18+ 6
-10+ 4
-26 +13
29 +11

-57 +15
48 +15

-75+30
59 +30

Set B

15 +10
-12 +9
10 ~8

-19 +8
2 +10

-20 +10

20

50

20

70

3:.4 +2.0 24 +5

7.8 ~3.9 29+3

7.3 ~2. 7 26 ~5

6.9 +1.9 23 +2

40

20+2

gHd, NCE, the K+d non-charge-exchange cross section, is calculated with a cutoff angle of cos61ab=0. 94. Er-
rors in the calculated |Ygd, NCE reflected from errors in phase shifts are -3 mb and are not quoted.

The value at TH =456 Mev comes from reference 16. The value quoted at 113 Mev was obtained from our own
data at 100 Mev.

An additional large positive T = 0 s-wave solution exists for this energy with ag„, elastic = 12 mb, namely:
150' =55', and (60i', 6()3 ) =(-9', +20') or (+25', -3.5'). Here 60i' and 603' have the same values (within the errors) as
in solutions A& and Ap for 466 Mev above, while 6p' is related to 6p throug'h i6t 6p i ~ i6t 6pi. The ambiguity
observed here always occurs for i6& —Dpi = 7tj2.
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the differential cross sections at kinetic energies
113, 230, 315, and 456 Mev. Each energy was
treated independently. In our analysis the T = 1
phase shifts were assumed to be pure s-wave phase
shifts" and were taken from the K +p data. "~"
We solved for the T = 0 phase shifts assuming the
scattering process in the T = 0 state to be (a) s-
and p-wave, and (b) s-, p-, and d-wave.

(a) Permitting the scattering to occur in the
T= 0 s and p states leads to two sets of solutions,
A and B, each with its Fermi-Yang ambiguity (see
Table II). The two solutions A and B differ prin-
cipally in the sign and magnitude of the T= 0 s
wave. Solutions A and B lead to K +n cross
sections which differ from each other by a factor
of about four, and K +d non-charge-exchange
(ICE) cross sections which differ by a factor of
about two. Experimentally we know the total
E +d cross sections at. two of the energies, "+

+
and from these obtain values for the K + d ICE
cross sections. The values obtained from solution
A are in good agreement with those obtained from
experiment. Solution B, which gives a better X'

fit to the differential CE cross section, can be
definitely ruled out because it leads to too large
aÃ +d NCE cross section. We are thus left ai+

each energy with the two Fermi-Yang solution
sets A, and A2. The solid curves in Fig. 2 present
the differential CE cross section computed from
solutions A both in the laboratory and in the center-
of-mass systems. The dashed curves were com-
puted from the same phase shifts by setting
H, (8) =0 in Eq. (3). The diiference between the
dashed and solid curves thus illustrates the sup-
pression of the forward scattering due to the Pauli
exclusion principle. In Fig. 3 we show the energy
dependence of the phase shifts obtained in solutions

Ay and A.2 It is inter esting to note that in contrast
to the T = 1 s-wave phase shifts, which are negative
(repulsive potential), the T = 0 s-wave phase shifts
are positive (attractive) over the energy interval
from about 150 to 456 Mev. From the present data
we cannot conclude, however, whether at lower
energies 50 would remain attractive or turn weakly
repulsive.

(b) In an attempt to improve the goodness of fit
to our data, we have introduced two more param-
eters in our phase-shift analysis corresponding to
ds g2 and d,z wave s.' The introduction of these
two additional parameters improves the fit some-
what but, as expected from our limited statistics,
increases the uncertainty on all values of the phase
shifts. The solutions obtained can be divided into
three sets, of which two are similar to sets A and
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FIG. 3. The phase-shift solution sets A~ and A~ (see
Table II) as a function of k, the momentum in the K+n
c.m. system, expressed in inverse fermis (10 3 cm ).
Not shown in the figure is one further ambiguity in ~p

at 456 Mev, giving &p
——55 deg. (See Table II, footnote

c.)

B with small d-wave phase shifts added. Here
again we can rule out the solution similar to B on
comparison with the experimental NCE a&d. The
third set of solutions tries to fit the data with
small negative 5, phases, from -5deg to -15deg,
small p-wave phases, and d-wave phase shifts of
which one ranges from -15deg to -30deg and the
other is small and positive. We must stress, how-
ever, that the statistics of our data permit us only
to make a first exploration into the domain of high-
er partial waves which may contribute to the scat-
tering process.
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