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ABSTRAGT, Application is made of the results of the analysis of the K meson-
-deuteron scattering in terms of elementary two-particle processes. It is as-

- gumed that only S-waves contribute to the K’ -neutron interaction. The data
recently obtained with a deuterimm bubble chamber on the charge exchange process
K'qa —> Kopp are used and seem to confirm this assumptiom. Using these data
two kinds of solutions are obtained for the 'scatterin_g parameters in the iso-
topié spin zero state of the K-nucleon system. Measurements of the cross section
for the inelastic (non-exchange) process Kd —» K+np will decide for one of the

two groups of solutions.

* This work corresponds to part of a PhD Thesis presented to the University of
London. It was supported by CAPES of Rio de Janeiro, Brazil.
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I -~ INTRODUCTION.

Bubble chamber experiments of Kf-meson collision on protons and
deuterons have besn performed by the group of the University of
Californial. It was observed that the K+p cross~-section remains
isotrople up to K" momenta of 812 MsV/c (kinetic energy in lab 456
MeV), thus indicating that with only S-waves one can describe  the
K-proton interaction at these rather high energiles. The angular
distributions of the K° mesons coming out from the charge-exchange
scattering_K+d.——+ Kppp have been experimentally obtained for inci-
dent meson momenta of 350 MeV/c, 530 MeV/c and 642 MeV/c. The
measured values of the total charge-exchange cross-section increase
with the energy, as indicated in Table I. The values of the cross-
-sections for the inelastic (without charge exchange) scattering

K+d —_— K+np have not yet been published.

IABLE I
The total charge exchange K&d —p K°pp eross section  obtained

experimentally for several values of the incldent meson momentum.

Lab, mom. Lab. Energy °éx(mb)'

230 MaV/c 52 MeV 0.9 % 8%
350 MaV/c 111 MeV 2.0 £ 0.3
530 MeV/¢ 230 MeV 5.8 * 0.6

642 MeV/o 315 MeV 6.7 ¥ 0.6
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The purpose of this paper is to analyse these data. Assuming
charge independence, two scattering amplitudes (those in I = 1
and I = O isotopic spin states) describe the K meson-nucleon
processes. The K+p Interaction gives information only on the
scattering amplitude for the I = 1 state. Since experiments with
beams of XK° mesons incident on free protons are not eaSy to perform,
access to the I = 0 state is to be obtained through K+uneutron
processes. Experiments with beams of K - mesons incident on deuter
ons can be an_alysed2 in terms of ﬁwo=particle scattering amplitudes,
so that the value of the amplitude in the I = 0 state can be exw

tracted.

The method of analysis of the meson-deuteron scattering consists
in expanding the corresponding scattering amplitude s0 that the main
terms of the expansion c¢ontain only two-particle scattering oper-
ators and free-particle prdpagatorso Negieeting the corrections that
would be due to thfee-body processes is bhased on'the agsumptions that
the interaction of the meson with one of the nucleons is restricted
to a small region and takes only a short time. In these conditions
the presence of the second nucleon does not affect the states of
motion of the two colliding particles during the relevant interval
of time in which their interaction lasts. Emulsion3 work have indi-
cated that the K'-n total cross section is not much bigger than the
value of 16 mb observed in the Kf-p scattering, Jndged by the value
of this cross section, the K-nucleon interaction range is short
compared to the average internucleqnic distance in the deuteron, so
that the first of the above mentioned conditions seems to be well

satisfied. Now, the meson-nucleon interaction will take a short
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time only if the meson passes fast through the region df interaction.
This means that the model here considered is better for higher incie
dent meson enargieé. This point will be important in the interpre-
tation of the results we have obtained.

Due to the smallness of the K mescn-nucleon scattering parameters
in both isotepic spin states, double scattering of the incident meson
can be neglected as giving small contribution compared to single
scattering processesa. The rescattering of the two nucleons, how-
ever, cannot be neglected. On the other hand, the meson-proton
Coulomb interaction 1s negligible if the incident meson momentum 1is

not small.

We take from the results of experiments In hydrogen that the K%p
interaction 1s purely S-wave. JIn 81l the calculations presented in

ely S-wave.

We claim that with this assumption we can explain the experimental

results so far obtained,

The differentlal cross-seotlon for the process K+d-——>K%pn is
given in reference 2., If the meson-nucleon interaction is purely
S-wave there will be no spih—flip and the two nucleons in the final
state will be in a triplet state, like the two nucleons in the
deuteron. We assume the nucleon=-nuclson interaction in the final
state to occur in 8 and P waves only. For the S-wave phase shift
2 == (g 00070+
+ ¥ ot g where Q. is the momentum of the proton relative to

we take-the shape Independsnt approximation cot do

the center of mass of the proton-newtron system. The P-wave phase
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shifts for proton-neutron scattering are small and not very well
determined at low energles. The terms involving the P-wave inter-
action in the expression for the cross-section which give stronger
contributions are those depending only on the average phase-shift
l (60 + 361 + 5 62) which experimentally has a value of about

g, =
j¢
1° at. Qe = 100 MeV/c. We adopted a linear dependence of sp on
| Qf, iaeo S'p |
mentioned value. The numerical computations showed that the effect

=C Qf, with C properly chosen so as to fit the above

of the P-wave interaction of the two nucleons is negligible in the
K+d inelastic scattering at the incidgnt energies investlgated. We

then write

_ (2 |22

-|ap+an|2[‘§(qf,a)31n2 5% +[ap+anl2[-2 sin 8& cos 5& ["o§nf,A)A°(Qf,a)+

+ sin® 52"/\5 (Qfsﬁ)]}

‘. (1)
where |

,‘ b6 A =Ty N -1 - BA .
Ao(nf’A) v.-.-[o no(er)je(Er)y’D(r)r ar{l-e 4T )= E;K {tan (5-34:'2'4.[32)'

(p+ z)a L (x+ 2)A
-t -t = s | + tan” ‘
= 1(a L) () (ei-ia%m“’)}

N +,QZ+-1A +£
oen - o o(CEAS ) EEE)
‘Qfﬂ ] Qfd Qfﬁ

In Eq. (1), M 1s the nucleon mass, dp is the final meson momentum,
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A= ?{-f -"{o is the meson momentum transfer, and v is the incident

meson velocity. The deuteron wave functlon is ¥y = N(e™ e fT)/p
with o= 45,7 MeV/c and B = 7a. In the cut-off factor (1l-e™2T)
we choose Z = 200 MeV/c.

The sum indicated in the first term of Eqg. (1) converges rapid-
ly. This sum comes from the expansion of the final state plane
waves in angular-momentum wafes. The rapid convergence indicates
that the two nucleons come out mainly in low angular momentum
gtates (relative to their center of mass). This is due to the
limited size of the deuteron. For higher energies of the incident
meson, higher values of { will contribute more strongly to the sum.
At the energies we have considered the £= 2 term gives smaller
eontributions than the {= 0 terms {(even including the S~wave inter-
action effects). Since the nucleon-nucleon phase-shifts for L= 2
are much smallér than those in S-waves for all the nucleon-nucleon
energies that may occur, the neglect of the nucleon~nucleon Iinter-

action in D-waves 1s perfectly justified.

In terms of the scattering amplitudes a, and a, in the I =0 and
I =1 isotopic spin states we have a
Unitarity implies that we can write

p = al, a.nd an = %(al + &o)u

Mg,

and an-anologons expression for a,. Here Rl and Ro are real quanti-

ties, k is the meson momentum in the system of the center of mass of

12 g\
(2n)? (——-23) (u? +x%)/4 (P +xP)V/4 o) =R (1-1x BDL (2)

the meson-nucleon system, Eo 1s the meson incident energy in lab

System and m the meson mass. In terms of R1 the K&-proton scattering
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cross-section is given by

-1 _
2 2 o2
é = By (1 +x° R%)

In an effective range approximation we would have
1 1

Yp == — + — pk?
Bl Al 2 1

with Al (the scattering length) and Py independent of energy.

The momentum spectra of the mesons emergent from the process

K'a — K'np at angles 45° and 90° with respect to the direction of
the incident meson are plotted in Figures 1 and 2 respectively. The
incident meson momentum is 200 MeV/e. In these curves we adopte&
for R, the value ~0.3338 x 10”130m which gives the cross section of
14 mb experimentally observed for‘the‘Kfp scattering (and the ob~
served constructive interference with the Coulomb potential), The
curves are plotted for two different values of Ro’ naﬁely zerc and
0,1 x 10"13cm,=se as to show how the value of the I = 0 parameter
can affect the form of the spectrum. From the figures we see that
the effect of the value of Ro is small, and it appears that, unless
the statistics becomes very good, the meson momentum spect:um is

not a convenient way of determining the value of Rge

_Integrating over the meson momentum spectrum, we have for the

differential cross sectlon in lab systeﬁ

a t 1 -1"
6192] = N2 quo[kZ(nZ +k2) (HZ + ka) (1+ kaRg) (1+ kxang)]' l£f3ﬂl+ﬂo)2+
in : '
(4)

+ 16 xZ B2 RZ]F(%,O)*(R -R, ) G(qo,e)
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where © 1s the scattering angle of the meson 1n the lab system, dQ
is the element of solid angle about the direction of the momentum

in the meson-nucleon system, i.e. the center of masa momentum ob~
tained by considering the nuélonn at reat {nalde the deuteron, k2=

= l!lq",,(l*l2 +n? +2M Ee)i'

In Fig, 3 we plot the differential cross sectien for g, = 200
MaV/¢, eonsidering twe different values for Rye The pecﬁliar
structure of the orosse~section at small angles is dus to the inter-
action of the two nucleons in the final atata‘. Thies structure

disappears at higher-incident ensrgles,

The (dimensionless) functions F(q,y 8) and G(q,) ©) were evalu-
ated numerically for the values of q, &% which the Berkeley experi-
ments were done. They are plotted in Figures 4 and §. For all the
ensrgies investigated the funotions F(qeg 8) and a(qa,'e) have very
similar shapes, This implies that the form of the differential
cross section cannot be modified to fit experimental curves only by
conveniently-ohoouing the values of the parameters By and R,. Modi~
fying the parameters pratically shanges only the vaiﬁo of the total
cross section, not the angular distribution, If the experimental
differential cross=-section o;nnnﬁ'hp fitted by curves of the typ§ of
thase in Figures 4 and §, then either the Impulse Approximation
(plus final state interaction) is not good or we must include P-
~wayes in the meson~-neutren interaation.

Integrating (4) over the solid angle we obtain the total ine-
lastio (without charge sxohange) aross gections, Iet us write

N =] =]l _
Tine1(ty)  (1+%2RE) (14 x? 8%) [g;altaaaa + J,skaaﬁaﬂr(qa) +
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+ (Ry~ Ro)a glq,) } (5)

The values of f and g are given in Table II.

IABLE 1T
The functlons f(q,) and glq,) that enferrin Oine1 (9) and the
function h(qy) that enters in o ,(q,) for several values of the
incident momentum PR k is the momentum in the system of the center

of mass of the meson-nucleon system.

(/) uovrey | T0% | 8050 | Bap)
200 128.7 0.46 0.62 1.59
350 | 218.4 0.95 | 1.04 2.31
_'536 316.6 r1.16 1.19 | 2.58
642 37'0.4 1.20 | 120 2.53
810 | 445.9 1.23 | l.22 2.54
III - E-EX( ATTERING.

If the meson-nucleon interaction is purely S~wave, the two
protons in the final state in the pracess K'd — K%p will be in
the triplet state. Due to the Pauli Prineiple, thé final systeﬁ
will contain only states in which the angular momentum of the two

protons relative to their center of mass is odd. As the phase-
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~ghifts of the proton-proton interaction in P and higher odd waves
are very small for the energies involved in cur calculations, the

Coulomb interaction of the two protons will play the prominent role,

In reference 2 it is shown how the effect of the Coulomb inter-
action in the final state can be evaluated. The importance of the
contribution of the Coulomb iziteraction decreases rapidly with the
value of the angular momentum of the p-p system (relative to its
center of mass). This has been actually shown in the calculations.
Taking the Coulomb interaction in states with (= 1l and Q=3

only; we write for the charge-exchange scattering cr oss=-section
2rr )%

(¢ S
d,, = (w28, al as 0y {K1+K3+ > 16(2Q+1)FQ2(Q£,A)}

v 0=537¢..
(6)

where Bex = % (al- ae) 1s the amplitude for the charges-axchange
process K:_‘.'n — K%p. Let us call n = W/(274 QfJa For K; and K3 we
have

-1
=16 x 6w Nz[l-exp(-arrn)] {n(l )Aalf] {explnv(a)][neo 3log—-)

v=1
eyl (51 v+l )] [ ( )] ntl u+1
og— ||~ log —— |+ —
vsin |3 gv-l exp|nv(p n cos 2 og usin({8 J.og u—l
- (7)
608360y
16x7x361rx 1-exp( -arrn) -1 n, 2 vl
" n(1+n2)(a+n?)(q+al) 42 L5 '°xp[m(u)] [?f{n -5 *4)605 v-l)

+1
+ (—n%-i-sa- 73-% v) sin ( : log l-;)] -exXp [rw( { )]

{n“=15 +4) (1 vl +
n ) n O8] & Log weme.
6 Lo
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+ (;nat1+-g- “3'3 u) sin (-!23 log %) ]
where
v = (Qfd)"l-62+ -ifaz + Q?)
- <1 (g2, La2,,2
and
2ol
P(w) = tan™t T Z - (9)
ZA +o -Q.f

with an anologous expression for ¥Y(R).

Figure 6 shows the charge~exchange differential cross-section
for incident meson momentum de = 200 MeV/c, and R1==- 0.3338 x
x 10™3em, R, = 0. In the curve C; the Coulomb interaction of the
two protons was taken into account, and in the curve CZ it has been
neglected. We see that the shape of the angular distribution at
this energy is not much altered by the Coulomb effect; but the
value of the cross~section is more or less uniformly increased at
all angles. The increase in the calculated total cross-section,
obtained by including the Coulomb interaction, is of 204 for Qg =
= 200 MeV/c; 13% for 350 MeV/cj; 7.5% for 530 MeV/cj and 6% for 642
Me?f/c.

The general form of the differential charge-exchange scattering
cross—-sectlon in the lab system is
do -1

—eXe - Nzﬁaqo[kz(m2+k2)% (4 1k2) (14 12 R9)(1 +k232)] .
ae _ °

. (Ry~ R))® H(qy,0) (10)
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In FPig. 7 the function H(qo, 8) is plotted for several values of

the jincident momentum dq

With the assumption made, that only S-waves contribute to the
meson-~nucleon interaction in both isotoplc spin states, we cannot
play with parameters to modify the form of the angular distribution.
The only effect that the cholice of parameters may have 1s that of
multiplying the curves by a constant factor. We must choose the
values of (1+kZ RE)(1+ k% RE)(Ry- R )% so that the total cross-
=gections reproduce the experimental values in Table I.

In Figures 8y 9 and 10 the differential cross-sections given by

Eq. (10) are compared with the experimental pointsl

o« For Qy =

= 642 MeV/c the theoretical curves fit the experimental points well.
For q, = 530 MeV/c the agreement is still fairly good, but the
curves for 530 and 350 MeV/c together show that there may be a
systematic deviation of the experimental points from the theoretical
curves. This may be due to three-body effects in our multiple
scattering model, which we would expect to be stronger st the lower
energies. Also it may be due to a P-wave contribution in the K&n
interaction but we would expect this to be also strong in the higher
energy (642 MeV/c) where the agreement is so good with S-waves only.

Of course there could be a strong P-wave interaction in the I =0

state for incldent mesons of momentum about 400 MeV/c.

Beside an improvement in the statistics in the measurements at
the lower energies, it seems desirable to have the experimental
determination of the differential exchange cross-section at 810 MeV/c.
We expect the independent particle model to be valid at this energy,
as 1t seems to be at 642 MeV/c.
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Integrating Eq. (10) over the solid angle we obtain the total

exchange cross-section

Texlao) = (1+¥%RD) L (14 %% B2) LR -R )n(q )

(11)

The values of f, g, h in table II show that as the incident energy
increases, the total inelastic and exchange cross~sectlons tend to
the values that we would obtain if the proton and neutron were free
and non-interfering sources of scattering. The differences come
mainly from the Pauli principle (in case of charge exchange scatter
ing) and the final state interaction. For example, at 642 MeV/c
the charge exchange cross section is 25 per cent smaller than that

of the scattering by free nsutrons.

Assuming a value of 16 mb for the K -p total cross section at
all energies, and using the faet that the interference with the
Coulomb potential is constructive,; we obtain for R, (using Eq. (3))
the values listed in Table III. Using Eq. (11) with the experimental
values of Oexch., W€ sSolve for Ro’ 6btaining two solutions, R; and R;,
for each energy. Each of the two solutions predicts a different
value for the inelastic (without charge-exchange) cross section.
These values are indicated in table III. The experimental errors in
Cexch, °8use uncertainties in the values of Ro and oinel,‘which are
also indicated in the table.

The two groups of solutions for Oinel 8re very well separated,
so that the experimental decision on which is the right one should
not be difficult. To this end we can use data obtained in emulsions.

Assuming that in the emulsion material we have approximately the
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same number of neutrons and protons and that the cross sections are
additive (the nucleons being incoherent sources of scattering) we

have

. o, (Rl_R )2 | oézghfmulsiogs
= —%s = RN 2. oo emuLs Lons
LA 4(1+k RO)R1+(RI+BO) +a“RIRS (05,.1%01act1c) (12)
TABLE IIT

Values of the scattering parameters R, and R in the I =1 and
I = 0 states obtalned using the value of 16 mb for the K+p eross
section; the fact that thg K%p potential is repulsive, and the ex-
perimental values of the charge exchénge cross sections in Table I.
Two solutions, called R: and B;, are obtained for R, at each energy.
The values of Tinel predicted by these two groups of values are

shown in the last column.

runn. T

% By JRo Tinel
(MeV/e) | (10715cm) (10" em) (mb)
- 0,02 =0.25
. Ro-0.0037m00017 12.2054°57

350 =~ 0.3874 3 3
+ o +0,05 +0.43
RO 009515_,0.04 28.71*0.46
“'z +0005 +0a04
. Ry 0,1593_0,03 13.69+0°07

530 - 0.4317

+ . 4.1 =0,30
o= 48917 7% | 30.9240.70
5™ = +0,16 +2.63
Ro 003216'”0008 15.66"0080
+= == 04 “2090
B.o 102419+0.57 23076+1°65
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wheres Gb is the K&p scattering cross section, Ty is the cross section

for the process K+n-¥—*K+n, and %exo

(12) 1t is assumed that shadow effects affect equally the two terms

h, that for K+n-—h+K°p. In Eq.

of the fraction. The approximations invplved in writing Eq. (12)
tend to be better at higher incldent energies. Ihe e¢ross sectlons
obtained experimentally using emulsions3 at energies hetween 295
and 373 MeV (incident momentum between 615 MeV/e and 712 MeV/e¢) are
167 mb for charge exchange, 240 mb for inelastic (non-charge ex-
change) and 128 mb for elastic (small angles excluded to account
for Coulomb effects). This gives X = 0.45 ¥ 0.1. For the solution
RZ at 642 MeV/c we obtain X = 0,36, while using R; we obtain X =
= 0.27. Thié, together with a continuity argument applied to the
values of RY at different energles, seems to indicate that the R,

solutions are the right ones.
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FINAL MESON MOMENTUM
Fig. 1 - Energy spectrum of the K mesons emerging from the inelastic process
K‘_'d—-a-x"np at an angle of 450 with respect to the incident meson.
Incident meson momentum q, = 200 MeV/c. R.I.= -0.3338 x lO"Dcm. Solid
curve traced for B, = 0. In dashed curve B = - 0.1 x 107 cm.
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Number of mesons (arbitrary scale)

0 40 80 120 MeV/e
PINAL MESON MOMENTUM

Energy spectrum of the x mesons coming out the process K+d-+K+np at
an angle of 90° with respect to the incident meson., Incident meson

momentum q, = 200 MeV/c. 51 = - 0.3338 x 10°13 oa. Solid ourve, R =
= 0. Deshed curve, B = - 0.1 x 10™ ca,
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milibarns / steradian

1 § |
0 60 120 180
Iab. angle, degrees

Fig, 3 - Differential cross sections for K+d——¢-K+np; The angle is that
betweeﬁ the incident and the outgoing mesons. The scattering parameter
in the'isot0pic spin I = 1 state is taken as R1 == 0,3338 x 10"13 cil.
The solid curve is obtained for R = 0, and the other for Rb = - 0,1x

0
x 1073 cm,
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Fig, 4 = Plots of the functions F(qo,e) for several values of the incident meson
momentum q,. © is the angle between the incident and the outgoing
mesons in lab. system.
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-1.0 0 cos © +1.0

Plots of the functions G(qok,B) for several values of the incident meson

momentum q . © is the angle between the incident and the outgoing

THE FUNCTION G(q,.6)

mesons.
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Pig. 6 - The differential charge-exchange cross-section (K*a —»-:_Kopp) for an
ineident meson momentum q, = 200 MeV/c. The angle is between the
incident and the outgoing megons. The Coulomb interaction of the
two protons in the final state increases the total ecross section
by about 20 percaiat. The values of the parameters are R,= - 0.3338 x
x 10 cn and B, = 0.
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12 o = 810 MeV/o
100—
a 80— . 2
é |
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0 y
=1.0 0 cos 6 +1.0

THE FUNCTION H(q_, ©)

Pig. 7 - Plots of the functions H(qo,e) for several values of the incident meson
momentum Qe The angle © is between the incident and the outgoing
mesons., The function H appears in the expression for the charge ex-
change differential cross section.
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]
do®X —rey 08X = 3.0 mb
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-1’0 ”0,6 "0’2 0,2 0’6 1’0

cos @ (6 - lab angle)
Fig., 8 - Differential cross section for the charge~exchange scattering K+d-+K°pp

for incident meson momentum q, = 350 MeV/c. The experimental points
are obtained in reference (1). 6 is the angle between K° and K in lab
system. Theoretical curves obtained assuming only S-waves in the K-
-nucleon intéraction in both isotopic spin states,
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1
-1,0 -0,6 ~0,2 0,2 0,6 1,0
cos 6 (6 ~ 1ab angle)
Differential cross-gsection for K’d —>K°pp in lab system, Incident meson
momentun q_ = 530 MeV/c. [Experimental points as given in reference 1.

'Theoretical curvee obtained assuming only S-waves contributing to K-

-nucleon interaction in both isotopic spin states.
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do®*
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milibarns / steradian

1,6
1,2"'
0,4 n
i~
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-1,0 "0,6 -0,2 0,2 0,6 1,0
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Fig. 10 - Differentisl cross section for the charge exchange scattering K+d—>K°pp

for incident meson momentum G = 642 MeV/c. Experimental points as given
in reference 1. 6 is the lab angle between the incident and the outgoing

" mesons. The theeretical curve is obtained agsuming only S-waves contribut

ing to K-nucleon interaction in both isotopic spin states.



