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by

Abstract: We present experimental results on K+d interactidﬁs from 865 to

1585 MeV/c incidént beam momentum. " We report measurements of several

. K+d parfiél Cross séctiéhs and caléulate most of tﬁe others using rela-
tions derived from iSospihvconservatién gnd data from othervexperiménté.
The most striking feature of the croSs section dafa is the abrupt rise
of the  total single;pion-prﬁdﬁction cross séction‘néar'lOOO MeV/c. We
extract isospin-0O KN‘partial Cross secﬁiohs and find a‘rapid increase
of Ub(KNﬁ) at the threshold for the quasi-two-body reaction KN - K N.
‘As in the case. of the isospin-1 K+N systém, it appears. that the structure
around 1200 MeV/c in the ,total cross section for the isospin-O K+N system
is well recoﬁstrﬁcted by the sum of three smoothly Qaryihg channel cross
sections'co(KN), cb(KNﬁ), and OO(KNﬁn)- We studj the reaction KN - K'N
neaf'thréshold and find-that-the production and decay angular distributidns
.can be interpreteavih térms pf t-channel phenomepa, specifically a super-
positioﬁ éf’m, oy aﬂd n exchange. -Aé is true of the isospin-1 KA and KN
‘finai states, the isospin-0 K*N staﬁe hﬁs a pehavior neaf threshold which

is not very different from its behavior at much higher energy.

* Work supported by the U. S. Atomic Energy Commission.
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1. INTRODUCTION

The K-nucleon system differs from the nN'and;KN systems in that s-channel
resonances afe eitﬁer absent.or at any rate play a much less prominent role
- in the low-enefgy behévior.,_High precisibﬁ countef total cfoss—section mea sure-
ments have revealed substantial peaks in both isovector and isﬁscalar KN
chénnels ﬁear 1 GeV/c [i]. However, further attempts to aetermine the nature
of the peak for the I(= 1 XN Syétem,vincluding phése shift analyses of
elastic-scaftering and polarizationvméasurements,,and detailed studies of
.inelastic final states havé-indicated that_[2,3]: (1) a resonance interpreta-
tion, thle possible, is.not é compelling consequence of the data, unlike the
case for the nN and KN sysﬁems; (2) severalvparﬁial wave amplitudes seem to
be significant in the région of the cross-section peak;and, while the P3/2
wave is a candidate for an exotic résonance,its energy Vériation is not more -
rapid than that of thé other waves; (3) the elastic and inelastic'scatﬁering
angular distributions and‘polarizations vary slowly and smoothly with energy,
extrapolafing readily to.théir high energy t—channel—excﬂange—dominéted
characteristics. | |

The isoscalar KN:systeﬁ is most directly studied by éhaiyzing K+n interaé—
tions,'requiring a”aeutérium target. The complicatioﬁs associated with‘the
extraction of information about K+n processes from K+d interactions make the
study of the isoscalar KN system more difficult than that of the isovector
system. This paper presents the results ofva study of K+n reactions at five
different momenta, namely 865, 970, 1210, 1365, and 1585 MeV/c, which are in
fthe region where the total»cross—section measurements indicate significant
strﬁcture. This study was carried out by means of an exposure of the 25-inch
LRL bubble chamber filled with deuterium to a separated K+ beam at the Bevatron.

The procésses.principally studied include charge exchange énd pion produc-

tion. Detailed consideration of angular distributions in the charge-exchange
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process has been given elsewhere [M]. The main emphasis of this paper will
be on the cross sections for various final states and the detailed features

of pion production, especially production of X (891).

2. EXPERIMENTAL DETAILS
.The experiment 6h which this_péper“is baéed is a lO0,000—picture eprsure
of the LEL 25-inch deuterium-filled bubble chamber to a separated K beam at
the Bevatron. The momenta studied, 865, 970; léio,'l365, and 1585 MeV/é, are
the sdme'as for a companion K+p experiment ﬁhose resulﬁs have already been
published [3]¢ |
The film was scanned twice for events with (a) oﬁe or more prongs plus
"Vee and (b) three or more prongs withoﬁt Vee. Thoée events with odd numbers
of outgoing charged tracks are eiﬁher K+ decays or K+d interactioﬁs in which
the protoh in. the deutéron is va'v‘sp'ect‘;ator to an interaction on the neutron
and has too low a momentum (less than ~ 80 MeV/c) to make a Qisible‘track.
In the.lattef case; tﬁe abséncévof a track constitutes a heasuremént (in the
Sénée that oné can place an upﬁer limif on its momentum), and in fitting we
have assigned t6 the unseen proton a momentum of zero ﬁiﬁh an uncertainty
appropriate to a proton too slow to be visible.v | |
- The initial measurements’for-this_experimenﬁ were made on £he Berkeley
Flyiﬁg—Spot'Digitizer (FSD).  Additional measurements and remeasurements
were made with "Franckenstein" fiim—plane‘meésuring projectors. . The measure-
ments from fﬁe FSD of Franckehstein were,processéd through the reébpstruction
and fitting program STOUX and the analysis program ARROW. Failing events
were remeasured until their number was reduced to an insignificaﬁt levei"
(less than 5% for all topologiés).
In this manner, wevfouﬁd; after all cuts and before weighting, 4299vevents

+ . o -
with a K and 6670 events with a K° in the final state. Cross sections were
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normalized to 3102 K&.—é n+ﬁ-n+ decays. In obtéinihg'the éross sectiohs,
K° évents were_cdrrected for decay via neutral and long-lived modes, deéay_
outside the fiducial volume,.and decay too close (less than.2 mm ) té the
production vertex. Sincé the scanning efficiency after twoAcompléte ééans
of the film was bettér thén 98%, no corréction was madé for scanning biases.
Furthermore;ﬁﬁince thé unresoivéd events were found to be channel independent
and since theif numbef was 1éss than fhe.statisﬁical error in most channels
we have made no.cqrreétion for these events. The final source of bias is

’ ~ + ' - , .
contamination from incident n interactions. Events with a Vee in the final

o
1

: + - ' +
incident K mesons. The Ao - pn decays resulting from incident n interac-

state were predominantly K., — ﬂ+ﬁ- decays resulting from interactions of
tions could be clearly sepafated from the _Ki - n+n- decays. . Therefdre the
only channels seriously affected by pion contémination are those in which a
K+ is produced ih thé final state. For the four lower momenta carefui study
of bubble density at the SCan table was adequate to insure éhoice of the
proPer-hypothesisf At 1585 MeV/c,‘a mere involVed procedure, based on the
use of stringént beam entry criteria was successful in reducing the pion

contamination to less than 5% [5].

3. CROSS SECTIONS - L

- +
3.1. K d Cross Sections

The reactions that occur at the energies spanned by this experiment are:
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Reactions in which the deuteron is left intact are implicit1y ihc1uaed with
tﬁose wifh avprOton’énd & neutfon in the final state. .Wé have measured the
,cross sections Qf‘those-reaétions marked wi%hvan asteriskbin (1).

The nuﬁbers-df.events which fit.each chénnel stﬁdied are given in table
1. The correspoﬁding cross seéfions normalized rélatiﬁe to the f aecays are
given in_ﬁhe uéper part_df téblé 2 and shown in fig. la. The chargé exchange
(x'a —; Kop§) cross section falls off smoothly with increasing momentum. The
singie-pion produétion cross sections all hayé roughlylthe s#me shapé, riSing
rapidly until about 1200 MéV/é ana then leveling off. The aquble—pion prdduc*
tion cross séctibns (iny the sum of.the méasured cross sections--i.e., six
of.thé eighﬁvpossible chénhelsf~is shown) are extremely smali until 1200 MeV/c,
after which they begin fo'fise sharply;. The thresholds for-single.and double
pion producﬁion on deuterons aré HSO and 700 MeV/é, and, on free nucleons, are
510 and 810 MeV/c; vaidéntly ﬁhe cross sections remain small until’ the mo@eqtum

-1s well above the appropriate threshold.
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Hirata et al. [6]vhéve discussed the use of'isospin conservation tovderive

the total one- plon and two plon prﬁductlon Ccross sectlons for K d reactlons,
(KNNn) and o(KNNnn), and have given results at the four lower moments 865,

970, 1210 and-l365 MeV/c. We have made the,same analysis at 1585 MeV/c.
For completeness; the resﬁits for al1 oﬁr momenta are shown in fig. 2 and
listed»ih table 2; The‘ K#d ;; KNN cross séctionS‘areﬂobtaiﬁeajgy éubtrac—
tion of the pion channels from the total cross sections.

Fiéure 2 also shows the total cfoss—section data of Cool et al. [1],
'Bugg et al. [1], and Jenkins et al. [7]-and some parﬁial crdsé—section data
froﬁ Slgter ét al. [8] and Butterworth et al. [9]. The‘most.étriking feature
is the abrupt rise of the single-pion production cross section to 15 mb ét’
1200 MeV/c."Since'this rise_is.éccompanied by a less steep fall of the -
K+d - KNN cross section, the total cross section actually increases in
this same momentum interval by only about 10 mb. The onset of double-pion
production, by which time:the siﬁgle-pion_productidﬁ cross séction,has leveled
off, has no‘marked effect on thedshapg'bfiehe total cross section.

o
+ : :
3.2. K n Pion Production Cross Sections

In order tg study'thelétructure.in the isospin-0 KN'ﬁotal cross_sectibn,
we determine the.contribution to that Cross section from thg pion production
channels.

There are seven final states for single—pioh production and eleven final

states for double-pion production:
+ +
Kp—- Krnp
+ .
> K'n'n | (2)

+
- K JTOP ;
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K+P > Komt+n+
.—;IKfpn+n-

= Kon'n® | W
- Kopn+1ro
o

+ 0
- K pn n P}

Kn-— K+nn+n-
—é.Kopn+n6_
: - Konn+ﬁo.
- K+pﬂ_ﬁo
—>'K+nn0no
. qunoﬁo .
To determine the crosé Sections fof K+ hucleon intéractioné from the
cross sections for K+d-intefacti6ns;'thé impuise appfoximétion has been used.
In this approximation it is assumed that one nucleon in the déuteron is only
a spectator to the interactibn of the inéident K+ with the othér nucleon.
In reactions such as K'a - K°pp, K'a - Koppno, and 'K+d —>-K%ppnf-'witﬁ
fwo.protohé iﬁ thé.final Staté, thé incidenﬁ K+ mﬁst necessarily have interacted
with the neutron§ and, forvthese reaétibﬁs, the K+d cross sec§i6ns give a o
slightly digtorted picture of the correspénding‘free-neutron;éross'sections.
Iﬁ contréé£, the Kopnn+bfinal'$tate can come ffom the interaction of the K+
with eithéf of the target nuCleQns._ fortunately the extrémely low momenta

anticipated for the speétator nucleons provide a conveniént procedure for
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choosing which nucleon is the target. Tﬁis is illustrated in fig. 3 whichl
shows the correlation bétween neutron and proton momenta for fhe K°n+pn final
state at 1210 MeV/c. The very.low momentum grouping for the protons is a
'.consequence of fitting‘with ﬁn assumed zero momentum, and, in reality;
'répresents a smooth distribution of momenta below 8b-MeV/c.' Figure 3 indicates
that most spectators have momenta below 150 MeV/c whereas practically all
recoii nucleons have.momenta mumh in excess of that value. Consequently we
have chosen to calculate the ratio of neutron to'pzoton spectators by takiné"
the ratio of events withba neutron of momentum less thah 150 MeV/c to those
with a prmton of momentum less than lSOvMeV/c.- We havé‘distributed events
with both nucleon momenta above 150 MeV/c according to the same ratio.
- Figure 1lb and table 2 show the divisiom‘of the 'K+d d Kopnn+ crosé

section, with the spectator.nucleon indicated by parentheses. :Also shown.
in fig. 1lb are the K'a » K%ax’ cross sections which appeér to be flat
‘over the enefgy range covered by this'experimént and the preyiously publishéd
K+p - Kon+ﬁ cross secfion (3].

The difference between the K%p -. K°ﬂ+p and K+p(n) - K0n+p(n) Ccross
sections isvsmall and is'consiétent with a‘rough calculation of fhe effect
of eclipsing énd motion of nucleoné within the deuteron [(51. If we define
the ratio Rc by'ﬁhe relation

R = G(K+p_—> Kon+p) o, (6)
©  o(k'a » % 'p(n)) '

the values of R, are 1.14£0.1%4, 1.28£0.11, 1.07%0.06, 1.12%0.10, and 1.14*0.12
‘at 865, 970, 1210, 1365; and 1585 MeV/c respectively.

We have assumed that the samé ratios Rc were applicable in relating the
cross sections for K'n -» K°n, Kx p, K°°p to those for Ka - Kox'n(p),

+ - +
K n pp, Koﬁopp respectively. The resulting K n cross sections are shown in
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table 3. Although it is~not-strictly valid to apply to oné channel the free-
to-bound-nucleon cross-section ratios found in another, theverrors are large
enough to encompass channel-to-channel variatioﬁs, and are propagated in the
answers.

Following the procedure of Hirata et al. [6] one can determine the

isospin-0 single-pion cross section from the formula,

o, (k%) = 3[o(K'n > K%'n) + o(K'n » K'xp) |
- o(Kp > K], S
in which only tﬁree of the seven KN - KNn cross sections appear. The
K+p —>vK+nop cross section has been measured by'Bland et al. at thé lower
four momenta (3] and can be obtained at 1585 MeV/c by interpoiation of other
published data [10].
The values of GO(KNn) calculated from (7) aré éhown in table 3 and plotted

in fig. 4. Ve also display in fig. b two unfoldings of the total I =0

cross section calculated by Cool et al. [11]. These different unfoldings

Arefleét the variations between différent megsurements of the de total cross

. ' : ' v *
sections in the momentum range between 700 and 1000 MeV/c.‘ The elastic cross

section OO(KN) also shown in fig. 4 was obtained by subtracting the curve for

OO(KNn) fromvthe unfolded total cross section. We were unable to extract
reliable values of OO(KNnn), but even at 1585 MeV/cvco(KN) would be only
slightly reduced by taking account of the two-pion process.

- The rapid increase of GO(KNn)bcomes near the threéhdld f§r the quasi-.
two-body reaction KN — K*N. _Its onset occurs at a slightly higher momentum

than the similar rise of o, (KlNx). This is reasonable, because the reaction

1€

*The structure in og(total) near 70O MeV/c reflects in part the fact that the
K™p total cross section as measured by Bugg et al. (1] and Jenkins et al. [7]
appears to drop sharply with increasing momentum in that energy region. Recent
data from the Rutherford High Energy Laboratory reported by G. Manning at the
Pasadena Hadron Physics at Intermediate Energies Conference do not show this

drop in the K'p cross section.
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XN — KA, for which the threshold is somewhat lower and which is known to
contribute a major part of cl(KNn) in this'region, is’forbidden to_the
isospin-0O channel. Indeed comparison of cb(KNn) with data on ol(KNn) shows
that these two cross sections quickly become remarkably similar in'magnitude.

and shape. The rapid increase of UO(KNn) is accompanied by a turnover of

GO(KN)° While'Oo(KN)_falls off more rapidly than o, (KN), its decrease is

1
no faster than that of the kinematickfactor Mnhg where X is the reduced wave-
length in the KN center-of-mass syétem. | |

As in the'caée of the iéospin-l K&N system, it appears that the structure
around 1200 MeV/c in the tofalicross section for the isospin-0O K+N system is
well reconstructed by the sum of three structureless channel cross sections
OO(KN), OO(KNnj, and 6O(KNnn). On the othér hand, the low energy behavior
of the totél elastic isospin-O cross section ié intriguing; GO(KN) rises
rather rapidly from O .up to about 20 mb around 800 MeV/c at which poiht it
turns over and falls roughly as hakE . Abrams et al. [12] and-also J. Dowell
[13] have suggested that this peak in OO(KN) might be due to the existence
of a Z) with M(KN) ~ 1780 MeV and T ~ 565 MeV. The conclusive establish-
ment of the existence or nonexistence of this Z* will have to wéit until a
reliable phase shift analysis is performed in thevisoépin—o K+N system in
this region. Some information can be exﬁracted from chafge—exéhange angular
distributions and is discussed ih a separate paper [ﬁ], but'an unambiguoﬁs
phase shift analysis will.reduire pdlariZation measurenents in~both,the Kopp

+ .
and the K np final states.

4. SINGLE-PION PRODUCTION
We now consider in more detail the single-pion-production reactions

measured in this experiment:
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Ka = Kp() > Cx'pm)  (8a)
Knlp) » Kap) (8
'K+n(p) - K'n p(p) . (8c)
o) » COp(e) o (8a)

where we dosigpate tho (slower),spécfatorvnucleoo by'enolosing it within
parentheées. 'Ihe-emphasis of our analysis will be on the isospin-O KN.—a KnlN
channél. Our results show that above the K'N threshold at 1080 MeV/b most of
the 1sospin O KN production proceeds via the K*N channel and that the main
production mechanism is tjchannel pion exchange.

‘In-this analyéis we assign .K+d - KnNN events.to KN — KuN channels
| oy_following the procedure disousséd in.section 3 and discarding events for
which the laboratory momentum of both nucleons is greater than.ljo MeV/c.
TO'getvahlempifical measure of the effects of a speotatof nucleon wé’compare'
measurémento of a K+p.reaction with a free proton and with a proton oound in
deuterium. As an example we compare in‘fig. 5 the shapes of Various distri—
'bﬁfions_for-fhé reaction K+p - K°n+p. at }21O MeV/E, measured by Biand et
al. [3], with thoée we obtdiﬁ for that reaction from K+p(n) - Koﬁ+p(n)
events. Aréas'of hiStogréms being compared'are equal. Figures'Bé and 5b
compare the Kon+ and pﬂ+ invariant mass spectra. Figures 5c,d,e compare
productionvand decay angular distributions for events around the K* peak,
with Kn mass between 840 and 9ko MevV, treating them as KN = K "W with no
.attempt to subtract out'A'evéntsf> Cosine 6 is the K productlon angle cosine
ﬁ+-ﬁ* in the K#N Cénter ofﬂmasé, cos ' is thevpolar—decay-angle cosine K 'K
in the K* center of mass and ® 1ls the Tfeiman-Yang azimdthal_decay angle.
‘Wowhere is there any evidence of distortion of the K+p(n) - Konfp(n)
distributions. The overall confidence léVelvthat the twofsets of_measuféments

are compatible is 85%.' Similar results are obtained at other‘momenta. Because
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the agréement is good, we 5ssume that the Shépes of diétributions for other

KN = KgN reactions_are likewise'not significantly distorted byathé presence

of a speqtator nucieon. The K* peak'in the regction,_K+b'—9,Kpn+ﬁ' is heavily
contaminated with~A(;236)ievents because both_the A-production cross. section | N
and the afea of the Dalitz plot common to K* and A bénds are large; As far

aé looking for distortions is concerned, it does not matter whether the
events are K¥ events or pot.' Howevér the angular distributions shown in

fig. 5 are similar to those obtained when a more careful selegtion of K* is
made,'gnd hence may be used forfthe qualitative comparison with the K* angular

distributions in the isospin-O éhannel given below.

’M.l. Resonance Production Cross Sections

' — » +
Having shown that we can meaningfully assign K d — KaN(N) events to

K+N - KnN reactions we proceed to determine the resonance production cross
sections for the four channels (8a) to (84). At our energies the dominant

final states are

KN - K*W I (%)
- KA o ~ (9p)
> KnN nonresonant. . : (90),>

The A can only be proauced from an ispspin—l KN initial state.

The Dalitz plots for reactions (8a-d) at our five momenta are shown in
fig. 6. The two lower momenta,\865 and 970, are below the K* threéhold, and
exhibit only processes (9b) and (9c), whereas at 1210, 1365, and 1585 MeV/c r
é.considerabie amount of K* is producéd. o

Because of the increase invcomplexity.above K* thr;shold, it is convenieht_
in this discussion to coésider separatelylﬁhe data at the two lower momenta, -

from the data at the three higher momenta.
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4.1.1. Resonance Production at 865 and 970 MeV/c

The Nr mgés épécﬁfa in réactidns'(Ba—d) were fitfed,to é supefposition of
three-body'phaée space ahd KA prpduction By the samé methbd:as described in
ref. [3]. The experimeﬁtal histogfams énd fitted'cﬁrves afe shown in figs. Ta-d.
Free-nucleon cross secﬁioﬁs were obtaiﬁed by scalihg‘the K'a - KﬁN(N) cross
section by the rétio Rc defined by éq.'(6). Thé results arg'in sgtisfactory
aéreemenf with cross seétions obtéinéd atvthése momenta from the analysis of
- the reacﬁion K+p —*-Kbpn+ in hydrogehbby Blénd ét al. [3] with appropriate
application of Clebsch—Gordanvcoefficiénts to'obtain.pfedictions forvthe other
final states [5].

k.1.2. Resonance Production at 1210, 1365, and 1585 MeV/c

In order to obtain what ve believe to be the most reliable measure of K™
productioh,'we have-fittéd feactions (8a—d) tO'é suﬁerposifion of phése space,
KA prodﬁctidn,.NK* production,and KA-NK* interférénce; In order tovreduce the
uncertainties somewhat we have constrained the KA cross seétiohs tq be those
obtained from the K+p - K'opﬂ+ feactioh~[3l cofreéted with the Clebsch-Gordan
coefficienté appropfiate fo an iéQspin-l'final state. The fits were made using
the empirical interferencé model ovalénd'et al. [3], and both data?and fitted
curves are ghown ip figs. 7a-d."The resulting K*p and K*n Cross sections are
given in ﬁable 4. We have also attempted fits withopt conStraihiné the KA final -
states;'ﬁﬁe results are, within the errors, compatible ﬁifh those in table
4 [5]. We further note\thgt fits which omit the intgrferencevterm between
1;]K* and KA production tend to give very poor X2 valueé. Figure 8 shows. the
momentum dependence of.the'K*-production cross sections for the three reactions,

K'p > 'p IR (10a)
k' - K . | | (10b)

. . 9 . : : : AN
Kn=> K% . | (10c)
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The K+n points at‘2.3_GéV/c are from S» Goldhaber etval. [14], and the
points at 3.0 GeV/c are from Bassompierre et al. fl5].v The_KTp’points are from
Bland et al. [3], S. Goldhaber et al. [16], Bomée et al. [16], and Ferro-Luzzi
et al. [16]. For all three feactions thé K' cross sections have roughly the
same shapes rising rapidly from threshold until about 1.6 GeV/c, at which point

they turn over and fall smoothly. It is of interest to note that
. N e
o(k'n » kK*°p) ~ 1.3 o(K'p » K¥'p) ~2.5 6(K'n » X' n)

from threshold to 3.0 GeV/c.

L.2. K Production From the I = O KN State

4.2.1. Methods

Two. different proéedures have béen used to extract the I ; 0 K° produc-
tion cross section andkangulaf distributions.

(a) Since eq. (7) applieé to differential distributions such as anguiarv
distributions and invariant-mass spectra, the K*N cross section can be obtained

by making the appropriate fit to the- I = O Xn mass distribution. Similarly,

n

with an appropriate Kx mass cut, the I 0} angulaf distributions can be
studied.
(b) Alternatively, ﬁhe K*N cross section can be determined from
OO(KN - K*'N) = 3[0(k+n > K0 - Kon+n) + G(K+ﬁ - K*op - Kfn—b)

- % o(K'p —>,K*+p > k°<'p)] (11)
in which each appropriate deuterium channel is individually separated into
K*N, and the K°n+p hydrogen channel rather than the K+ncp state is used to
subtract out the isospin-1l K*+p part of thé croés section.

For the 865, 970, 1210 and 1365 MeV/c data we have used the procedure

(a) because it appears less sensitive to the validity of the model used for

fitting. This follows from the fact that the combination of eq. (7) eliminates
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‘the A contribution completely. At 1585 MeV/c the availability of only the
K9n+p final state in hydrogen permitted only procedure (b) so that the results

are perhaps slightly less reliable.

k.2.2. Results

As an example of the procedure we show in fig. 9 the invériaht mass spectra
for the isospin-0 Kﬁ —9.KﬂN’ channel at 1210 MéV/c_tdgether'with the corre-
sponding distributions for the ﬁhrée channels K'n > or'n, K'n — K'np,
and K+p - K+nop ‘which are the'coﬁponents of UO(KN —> KnN). Figures 10,
ii, 12 show in similar fashion the isospin-O K* production and decay angular
distributions ét 1210, 1365, and i585 MeV/c ﬁogether with the component distri-
butions used to construct the I ; 0 state.v The‘K* events are taken as>those
events whose Kr inﬁarianf mass. lie in a band from 840 to 940 MeV; no attempt
has been made to correct for-non;K*‘background events included iﬁ‘this band.
. The angles are definédvjust és for fig.v5.

The angular distributions shown in.figs.'lo-i2 can be used to study
qﬁaiitétively the producﬁion mechanismé fof the three réaétioﬁs,(lOa—c).
In the K+n - K*Op - K+n_p :channei, the préduction angular distributions
peak sharply in the forward direction, the pOlaf decay angular distributions
have a large cos2 a component, and the azimuthal decay (Treiman—Yang).angular
distributions are essentially flat. In the isospin-1 channel, K p —» K*'p —
Kon+p, the production angulaf distributions are less sharply peaked, the
.polar decay distributiohs vary roughly as‘siﬁg a, and ﬁhe azimﬁthal deéay
distributions'have a‘si'n2 ® dependence. This behavior has-previously been
observed at 2.3vtlﬁ] and 3.0 GeV/c (15], a#d wés interpreted;as iﬁdicating
that the reaction K+p - K*+p,vgoés predominéntly via w-exchange whereas
the reaction‘ K+n - K*Op goes predominantly via pion exchéhge. The angular

, + + +
distributions for the remaining reaction, K n — K'n - Kon n, appear to be
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intermediate between those for the other two reactionsQWith no single process
appearing to dominate. The mpst.remarkabie rgsult is the fact thét the I =0
channel Shows.the cleareét pion ekchange behavior with the.leaét cdntamination
from vector exchanges. It suggests that the linear combination (7)vjust
happens to cancel out confributions from- vector exchahges leaving'onlykthe
pseudoscalar exchaﬁge contribution.

‘ Figure l3ishows the Kn and Nn invariant mass spectra in the isospin-0O
KN — KnN channei for momenta at 970, 1210, and 1365 MeV/c;'ﬁhe corresponding
spectra at'865.MeV/c are similar to those at 9?0 MeV/c and those‘at 1585 MeV/c
are inaccessible because of the absence of.data on K+p - K+nop at that
momentum. There is no significant structuré in the Nn spectra Which shows
that the procedure (7) is successful inreliminating the A(1238)'éontribution
as expected. The K* peak dominates the Kr spectrum at momenta above £he KN
threshbld.v Fits of the Kn spectrum to phase space and a P-wave Breit-Wigner

resonance form having mass 891 MeV and width 50 MeV ére shown.

The total isospin-O KN — K*N cross sections determined as described
above are listed in table 4, They céﬁ;be compared to the corresponding
isospin-l cross sections obtained directly from the K+p - K*+p channel
also listed in table L. Figure.lhlshowé the energy dependence of the iséspin—O
and isospin-1 KN - K*N ‘Ccross seqtions from threshold to 3.0 GeV/c. A‘smooth
curve has been drawn through the‘isospin—i' KN - K*Ng'éross sections and
scaled upward by a facto;fg to give tﬁe smooth curve passing through the
isospin-0 KNV—> KN points. Thus ﬁhe enérgy_dependences of'the isospin—O
and isospin-l1 KN — K*N cross sections appear to be similér in shape although

differing ih magnitude in this energy region. It i1s perhaps amusing to note

that roughly,
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_ ey
co(K N) = o

l(K*N) + al(KA) ;

théﬁ is; the_tbtalzéuééi-tﬁé-body_crosé sectioh is néarly the éame for i;ospin—Q
as'fdr isospin-1l. The absence éf»KA for I =‘O ié compensated by a much
largef K*N;crosé'Sectiqn,; Figure 15 shows the  isospin-0 K* differeﬂtial
croSS;secti;n,,do/dt,'tdgether ﬁith the de#sity matrixvelements‘(Jackson;

frame) P00’ P1-17 ahd,Re plO" The differential cross section can be fitted
to»aﬁ ekponential 1 » | |
o | _ do/at ~ exp(bt) :_ - o (12)
with b = 5.3t0,u (Gev/c),"2 at 1210 MeV/c, b = 4.7£0.6 (Gev/c)f2'at 1365 MeV/c
'and b = §-8i0-6(GeV/c)f2 at 1585 MeV/c. The rather large value of Poo 18

indicative of pseudoscalar meson exchange in agreement with our previous

Observations.,

- 4.3. Production Mechanisms for the Reaction . KN - K'N

The major’features of our experimentél observations for the reaction
KN - K*N are éummarized in ﬁhe Secqnd.column of.taBle 5. We have attempted
to get é consistent description Qf thé'abovg experimental’observatiqns in
termé)of s? and t-channgl isospin amplitﬁdes AI and ape A particleAexchangéd
in the t-channel contributés‘to.both isospin states inithe”s-channel.'iThe_
KN ~>‘K*N scattering amplitudés, written alﬁernatively.in terms of s- and

t-channel isospin amplitudes are:b

AKD > k¥'p) = A = (ap-agfe (3a)
A(K'n > Kn) = (4 + A)/2 = - (s +ag)/2 (13b)
AK'n » K%)= (o) - A)/2 =  a o (13)
Solving for the s-channel isospiﬁ amplitﬁdes,'we get
by = - (ag * 3a)/2 o ke
B R OV o (1)
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If the main processes are the.exchanges of low-mass mesons, or their Regge

vtrajectories, then ‘
| hy~- L(n+ o) +30x+ o))/ (%)
A ~-ln+w) - (cep)lfz  (150)
where the particlé symbols stand for tﬁeir amplitudés.

The charge exchange K* production requires the exchange of at legst one
isovectér meson. Furthermore the angular distributidns indicate that at
least one pseuddsealar and one vector meson ére exchahged. If only one of
each is exchanged, the possible palrs are =np, np, and nw. Simple predictions
follow from eqs} (1ka) and (14b). Fof np; A, and A, differ at most by a
nultiplicative céﬁstant giving the same angular distributions in the twb
pure-isospin channels; for np, there would be much more vector exchangé in
AO than in Al; and, for nw, there would be much more pseudoscalar exchange
in Ao.than in Al' Since only the last corresponds to the experimental observa-
tions, the méin processes in this simple picture are - and w-exchange. If
these.were the only processes, oné would expect equal K*+p and K*+n cross
sectibns, pure pion exchange‘in’the K*?p finagl state, and a mixture of pion
and vector exchange‘in the I = 0 final state. Noﬁe cf these predictions
are in agreement with the observations summarized in table 5; Tbe addition

of one more exchange mechanism -- o exchange -- can resolve the discrepancies.

A possible minimal set of exchanges is thus nwp, so that

0

= - [u)+3-(n'+p)]/2 | é.ozw
(16)

A
A~ - [w - (x + p)l/2 . a, ~ (n'+.p) .

The fact that the.iséspih—o K'N final state appeérsvto exhibit pure pion

exchange suggests that the p-exchange is present by an amount such that the

combination (w + 3p) in Ao must practically vanish;‘i.e., p = - a/3.
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Assuming no interfefence between pseudoécaiar and vector exchanges,.we
choose a pion exchange contribution which- fits the bbsefved K*+p/K*+n ratio
of about 2. Thié requires - |
el® ~ (9/8) |x]?
where |w|23 |nl2 correspond to averages ovér all mbmentum transfers. Having

thus defined the relative»w,‘p and n.eXChénge‘cbhtributions we can check
whether the'other features sumnarized earlier are properly prédicted by (13)
and (165. This comparison, summarized in table 5, indicateé good qualitative
agreement betwéen the éxpérimental Observations and the simple npw exchange
model. Tt ﬁay be noted that all these arguments remain valid if n,w,p is

expanded to mean the exchange degenerate pairs (w,B), (w,f) and (D’Ag)’

5. TWO-PION PRODUCTION

As is clear from table 2, 1585 MeV/c is the only momentum at which we
observe subsﬁantial two-pion production.' For completéness we ‘indicate in
table 6 the breakdoim of the two-pion cfoss section at 1585 MeV/c into various
channels. Again there is reasbnablé agreement between the cross sections for
the reactiéhs‘ | v

K+p S Knnxp [3]
and I{ﬂ&p(n)F9 K+n-n+p(n) .

The stétistics a;é too small to ﬁarrant a'shielding correction.to go from
aeuterium'to free nucleon cross sections and tﬁé deuterium cfoSs séctions
with proton (neutron) spectatoré cah be taken as reasonable apprbximations.
‘of the corresponding‘cross séctions on free neutron (proton)'pafgets;

One'general featufe which appears satisfied by 2}; classes of.final‘
states (zero pion, one pibn,‘twb pion) is the following. If’O(X+,p) and‘

+ : ' :
o(X ,n) are the cross sections for the reactions,
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+ +
Kp— X p
+ +
Kn—- Xn ,
' : + + + 0+ + +
respectively, o(X ,p) > o(X ,n). This is true for X =K , X = K°x", and
+ + + - . + + . -
for X =K n n . Since the K p and K n total cross sections are very nearly
equal while there are more channels opeh to a singly chdrged system (K+n)
than to a doubly charged one (K p), one might expect on the average to have

+ + S '
g(X ,p) > o(X ,n), but it is remarkable that this should be true channel by

channel. . : : .

6. SUMMARY AND CONCLUSIONS |

The study of K'd interactions between 865 and 1585 MéV/c'has provided
some detailed information concerning'the I =0 KN system. The main features
obéerved can be summarized as follows: |

(1) There is qualitative similarity between the momentum dependence of
GO(KN), UO(KNH); OO(KNnn)5 and‘that of cl(KN), dl(KNn) énd Gl(KNnn). The
main differences are that the dr0poff in OO(KN) above 1 GéV/c.ié much steeper
than for Ul(KN); and the sharp rise in OO(KNn) occurs at a slightly highér'
momentum than for Ul(KNn)- Just és in the case of the iééspin—l channel,
the total cross-sectionvmaximﬁm near 1150 MeV/c fqr thé isospin—b channel
arises from the combination of a dropping elastic créss section and a rising
one-pion cross éection. j

(2) The KNn final state in the isospin-O channel is dominated by K"
:ﬁroduction; Indeed this process has a cross seétion aboutfthree timeé aé
large as that for isosﬁinfl K* production, This facg accounts for the result
that in spite of the absence in the I = O reaction of the KAifinal state
which dominates the I =1 _proeéss, GO(KNK) above K* threshold haé nearly

‘the same value as 0, (KNr).

l(
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(3) Prodﬁction andudecﬁy éngular distributions in the reaction K+n - K*op
exhibit, even ﬁithin‘lOOFMeV/c_of threéhold, Just the same features as observed
_aﬁ much ﬁighef momenta..‘Specificélly thevproduction anguiar disﬁribution has
é sharp forﬁard peak, and the decay‘corfelatidhs are chéfacteristic of pseﬁdc—
Séalar\ekchénge. Surpriéingly:the pure isospin-0 K*N'finéi state‘exhibits'
these'chafactefisticé to_an evenkmore @afked degree} This obsérVation as
wéli as the relative crbsg sectionsvfbr Yarious KN charge:coﬁbinations can
be_understéod by.aséumiﬁg some p exchangé éontribution iﬁ_addition io.the
alreadyueStaﬁliShed ﬁ'ahd w e&change.“: | o

(k) Theré is no experimental evidence that thevstructﬁre in do(total)
at 1150 MeV/c is to be interpreted in terms of a largély ihelastic resonance
of mass l865_MeV- The cro$s Seétion 50(KNn) does not show any bump at‘this
»momentum; fﬁrthermqfé the>major inélastic chanhel K*N is produced in a highly
peripheral ménpér énd is not dominatéd by any one partial wave. |

Aaron ét al. [17] nave sugéeétéd.on.theoretical.grounds‘that the rapidly
fisiég OO(K*N) shouldviead tolfésonant behavior in iﬁcidéhtsl/2 and.D3/2
waves. Their calculated beha&iér df OO(KNn)'is nof‘incpmpatible with the
experiméhtal curve in fig. 4, and they note that even-thé highly'peripheral
KN production angular distributipn observed is not inconsistent with the

dominant S state required by their model. Thus one cannot make any con-

1/2
clusive statément about the_absence.pf an inelastic resonance from our data._
As emphagsized in the qualitative modelvdiséussed in‘section'h;3 ﬁhe K%N
prodpction can'be.undefstood ip tefms-bf t4channél ﬁrocessés; From dualify
considérﬁtidns, however, this Obséfvation als6 déeé'nqt_rulé»but”the presence
of an inelastic resonahce at roﬁghly l900'MeV; We'can'only say thaf_there is
nothihg in our experimental observations which demands the éxistenée‘of én

inelastic Z¥(1900). -
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Table- 1.

Numbers of events found in directly measured channels.

Channel

+_+_-

K+".—> Twow

K a4 - Kopp

K%pmn?
vK pn'n'+
od'rr.+
'K°d1'r 'n
" K°NNmr 2

K'd - K*ppv'

K PPT "0
Kppn' ™

Kd‘n‘ 1'r+

y

~+b
)
Kpnn' 1'r+ '

" Momentum "(M'eV/‘c)'

865
570

- 559

39
89
11

122

.OOOO

956
996
129
369
20

. 461

o N O ©

1240
827

832
354
1018
23
1
3

1583
114
12
22

1365f
377

311

177

505

- 15

22

. 894

14
23
53

1585 .
372

245

241

566

12

69

914
- 93

27

125 -

a) Events with two neutral partlcles in the final state. :
) At 1210 and 1365 MeV/c events with or w1thout a vee are used

‘b

are used.

at 1585 MeV/c- only events .Wifh a vee

—92—.
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) Thh is the sum over the six (of eight) charge channels observed.

37.41%0.20

) These include crosa sections for the reactions in whxch NN is a deuteron

“Tabld 2. K'd scé.ttering cross sections (in mb),
Momentum Mev/c)
_Channel 865 970 __ 1210 __ 4365 1585
K'd - K%pp 6.72£0.40  6.26£0.29  4.9920.24 3.69%0.29 . 2.57#0.24
: - KO 0 ' L . - ' : .
 Cross sections K_plmy+ 0.48+0.08 0.821_0_.08 | ;.oc;a:o.as 2.06+0.19 2.42%0 2,0‘.
: » _ -+ K%nmw 1.2440.14  2.47#0.16 =~ 6.2120.29  6.08%0. 421 5.88+0.39
directly measured 4 - : : . _ .
‘ S - K ppr 0.46£0.05  0.91£0.05  2.89£0.12  3.2420.20 3.760.26
o KNNew®) oo | 0.01$0.005  0.41$0.02  0.5940.07 _ 1.86£0.15
Components of Kfa- Kortq 0.13£0.04  0.13£0.03  0.1440.03 0.1840.05  0.31%0.04
K'd - K pnr K'p(n) + Kor'p(n)  0.9820.13  1.99£0.15 . 4.76£0.26 4.7840.38  4.37#0.32.
Klnp) = K'inp) | 0:1340.04  0.3520.05  4.3120.42 124015  1.3940.44
K'd -~ KNN 27.5920.32  27.17#0.35 22.73£0.63 20.97£0.99  17.7520.84
Derived cross -~ K'pn 20.87£0.56 20.91%0.50 17.7420.78 17.28+1.15  15.18£0.87
s'ections?’) ~ KNNw - 2.7440.24  5.5420.29 14.51£0.60 15.54£0.95  16.30%0.76 -
' -+ KNNwr€) 0.01#£0.005 0.17#0.05 0.76+0.18 2.20£0.36
K*d tota1d) 30.33£0.21 32.72£0.49 137.27#0.15 36.25%0.15 -

) This cross sectmn includes all charge channels and is obtained by usmg 1sospm relatlonshxps as

) From Bugg et al.

descr1bed in Hirata et al. [6].

[1].
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Table 3. K N one-pion production cross sections (in mb).  The errors are statistical only.

Channel %) 970 1240 1365 1585

Ktn - KOopn?© ‘0.55:!:07._11 | 1.05£0.14 2.24+0.19 2.31£0.30 2.76£0.36
> Knm" 10.15+0.05 0.450.07 1.40£0.15 1.25%0.20 1.58+0.16
~ K pn” 0.520.09 1.1640.12 3.0940.22 3.60%0.39 4.2940.53

(KN - KNm);_o 1.0 £0.4 2.5 £0.6 8.0 £0.9 10.1 ,.,1;1.7 11.7 #1.8

Momentum (MeV/c)

865

a

} The K n -+» KNw crogss sect1ons are the K d—> KNn(N) cross sectlon
by the ratio o(K p - - K% 7 p)/o[K p(n) - Kor*p(n)] .

measured in deuterium multiplied

-LZ-

69202-"19DN
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Table 4. KN -~ K (891)N scaﬂ:enng cross sections (in mb). Thi errors on
cross sections from this experiment are statistical only. All K (891) decay
modes are included 1n the cross sections. , i

Momentmn (MeV/ c') ‘

Channel ~ ~ _1210 | 1365 1585
kp - k™p?)  1.7420.23 2.6£0.3  3.240.4
Ktn - k™nP) - t.020.2 . 1.220.3 1.240.4

L2 |
: Kln—» K %)  2.4%0.2 | 3.340.4 | 4.2%0.6
o % cTTTTETTEETm TR CTTTTEEEES Tt Tt TT .
(KN = K'N);_o 6.0¢0.8%) - gex1.6Y) 752149
(KN~ KN}y . 4.7420.23 2.640.3 . 3.240.4
2) From Bland et al. [3] | ' .
b) We have used R (all K charge states)/R(K*+ - K°w+) = 3/2.
<) We have used R (all Ko charge states)/R (K*0 - K+1r') = 3/2.
4 _ |
)

We have used eq. (7) at 1210 and 1365, and eq. (11) at 1585 MeV/c.
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Table 5. Tests of simple mpw exchange model.

- 2
o, (KN - K'N)

Cross-section ratio Experiment Model prediction
YRR
o(K'p ~ K''p) ~o 5
+ *+ -0
(K n - K 'n)
o ®'n ~ K %) ~4 '
o+ 4 1-3 1.5
c(KKp - K p)
Y
O‘O(KN - K N) o
~3 3.0

Reaction

Experimental feature s of
angular distribution

model prediction

N > N

—

( . )I=O_
K+p - Kﬂ<+p_

: K+n - K- +n

' *
K+n - K %

~ pure m exchange

o~ dominated by vector

" exchange

no dominant process

~ dominated by T exchange

pure 7 exchange

- 2/3 vector exchange

1/3 m exchange _

1/3 vector exchange
2/3 m exchange

8/9 w exchange
1/9 vector exchange
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Table 6. Two -pion production cross se‘ction_s at 1585 MeV /¢,

Chénné_l ' ' _ - Cross vs've-ctior‘l (mb)
k'd - Konnrtnt o o C 0.1120.04?)
-> K+pn1r+1'r_ - | - | N 0.52;!:0'.09 '
—~ KO%pn'n’ . o  0.27£0.05
> K%nn 0 . | , o 0.480.07 %)
~ K pprn® o R 0.3720.07
. KOppmomn® - ) C 0.10%0.04 a)
k*d - KNNmr®) | | 2.2020.36
K'da - K+ﬁ+n"r_1(p) | | o 0.16£0. 05
- Ktrtnpm) o | . 0.35%0.07
- Kntra | ©0.01£0.01 .
- |

) These channels are all unconstrained situations in which the missing mass
is greater than appropriate for a single missing neutral. Since three-
pion cross sections are negligible, the interpretations given are the
only ones possible. Because of the inability to perform a constrained
fit, the final state K°%nmntn® cannot be apportioned among neutrons and

b proton spectators. . :

) This cross section is derived using isospin relationships as described in
Hirata et al. [6] and is therefore larger than the sum of the six 1dent1f1ab1e
two-pion channel cross sections.
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FIGURE CAP’i'iONS

Fig. 1. ‘(a) CioSs_sections fbr various final states produced_in de interac-
‘tions. 1(b) Components‘of the Kpn+§n fioalvstate.- fhe cross section for
K p- K p [3] is shown for comparisow»

Fig. 2. Cross sections for K d going into various classes of final states as
a function of ‘incident momentum. The total cross-section data are from

(1] end ref. [7]. Open circles are based on partial cross sections
obteined in this experimeht whereas solid circles are from data of ref.
18] and rer. [9]. - |

Fig. 3; -Scefter piot of neﬁtfoo versus proton momentum‘in the reaction
Kd - K°n pn at 1210 MeV/c.

Fig. b, Isoscalar KN cross sections as a function of incident momentum. Data ‘
for UO(KNn) are from the present experiment except for the two highest |
points_shich are from ref. [9] and ref.:[lﬁli oé(totei) is from the uofolding
of Cool et al. [11]. The so0lid and dashed curves indicate the limits on |
the total cross section determined by the spread.of results from various
experiments. | .

Fig. 5. Comparisons of various distributions for K p i Kpn P and K d -
Ko p(n) at 1210 MeV/c.

Fig. 6. Dalitz plots for single pion production reactions.

Fig. 7. Kz and Nx mass spectra’for (a) K'a - K b p(n), (b).k+d - K°n+n(p),
(c) K'a » K'n p(P), and (a) K'a - Kpn p(p) 'Solid curves are from fits
discussed in the text. | |

Fig. 8. Cross sections for K N production as a function of inCident momentum-

Fig. 9. K« and Nrx mass spectra at 1210 MeV/c for I =0 #final state and for

‘the various channels used to construct this state. |

Fig. 10. vDistributions of cos 8, cos o and ¢ for K*.production in I =0

Q_.
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final staﬁe andrin'channels uéed to construct fhis fiﬁal staté. The inci-
dent mbmentum is 1210 MeV/c. |

Fig. 1l1l. Distfibutions of cos 9,-cos a and.@ for K* production in I =20
final state aﬁd in channels used to construcf this final state.  The inci--
dent momentum is 1365 MeV/c. |

Fige. 12. Distributions of cos 0, cos'd and ¢ for K* productioh'in I=20
final state and in channels used to construct this final state. The inci-
dent momentum is 1585 Mev/c.

fig. 13; ISospin—O»Kn-and N mass spectra.

Fig. 1k, .Cross-sectioﬁs for "isospin-0 and isospih—l K*N-production.' The
experimenfal points inc}pde data from refs. [3], [151,.andv[l6]..

Fig. 15. Differential cross sections and density matfix elements for isospin-0

K*n production.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Enerqgy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completenéss or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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