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

* 

1585 MeV/c incident beam momentum •. We report measurements of several 

+ . K d part1al cross sections and calculate most of the others using rela-

tions derived from isospin conservation and data from other experiments. 

The most striking feature of the cross section data is the abrupt rise 

of the total single-pion-production cross section near 1000 MBV/c.We 

extract isospin-O KN partial cross sections and find a rapid increase 

of cro(KNrr) at the threshold for the quasi-two-body reaction * KN ~ K N. 

As in the case of the isospin-l K+N system,it appears that the structure 

around 1200 MeV/c in the I total cross section for the isospin-O K+N system 

is well reconstructed by the sum of three smoothly varying channel cross 

sectionscr (KN), cr (KNrc), and cr (KNrcrc). We study the reaction KN ~ K*N 
000 

near threshold and find that the production and decay angular distributions 

can be interpreted in terms of t-channel phenomena, specifically a super

position of ru, p, and rc exchange. As is true of the lsospin-l K6 and K*N 

* final states, the lsospln-O K N state has a behavior near threshold which 

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

Work supported by the U. S. Atomic Energy Commission. 

t Present address: Department of Natural Philosophy, University of Glasgow, 
Glasgow, Scotland. 

:j: 
Present address: Department of Physics, San Francisco State College, San 

Francisco, California 94132. 

ttpresent address: Nuclear Physics Laboratory, Oxford University, Oxford, 
England. 



-2- UCRL-20269 

1. INTRODUCTION 

The K-nucleon system differs from the nN and KN systems in that s-channel 

resonances are either absent or at any rate playa much less prominent role 

in the low-energy behavior. High precision counter total cross-section measure-

ments have revealed substantial peaks in both isovector and isoscalar KN 

channels near 1 GeV/c (1]. However, further attempts to determine the p~ture 

of the peak for the I = 1 KN system, including phase shift analyses of 

elastic scattering and polarization measurements, and detailed studies of 

inelastic final states have indicated that [2,3]: (1) a resonance interpreta-

tion, while possible, is not a compelling consequence of the data, unlike the 

case for the nN and KN systems; (2) several partial wave amplitudes seem to 

be significant in the region of the cross-section peak;and, while the P3/2 

wave is a candidate for an exotic resonance, its energy variation is not more -

rapid than that of the other waves; (3) the elastic and inelastic scattering 

angular distributions and polarizations vary slowly and smoothly with energy, 

extrapolating readily to their high energy t-channel-exchange-dominated 

characteristics. 

+ The isoscalar KN system is most directly studied by analyzing K n interac-

tions, requiring a deuterium target. The complicat~ons 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 of a study of K n reactions at five 

different ~omenta, namely 865, 970, 1210, 1365, and 1585 MeV/c, which are in 

the region where the total cross-section measurements indicate significant 

structure. 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 processes principally studied include charge exchange and pion produc-

tion. Detailed consideration of angular distributions in the charge-exchange 

... 

• 

• 
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process has been given elsewhere [4]. 'I'he 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 K*(891). 

2. EXPERIMENTAL DETAILS 

The experiment on which this paper is based is a lOO,OOO-picture exposure 

+ of the LRL 25-inch deuterium-filled bubble chamber to a separated K beam at 

the Bevatron. The momenta studied, 865, 970, 1210, 1365, and 1585 MeV/c, are 

+ the same as for a companion K p experiment whose results have already been 

}:lubli shed [3]. 

The film was scanned twice for events with (a) one or more prongs plus 

Vee and (b) three or more prongs without Vee. Those events with odd numbers 

. + + of outgoing charged tracks are elther K decays or K d interactions in which 

the proton in the deuteron is a spectator to an interaction on the neutron 

and has too low a momentum (less than ~ 80 MeV/c) to make a visible track. 

In the latter case, the absence of a track constitutes a measurement (in the 

sense that one can place an upper limit on its momentum), and in fitting we 

have assigned to the unseen proton a momentum of zero with an uncertainty 

appropriate to a proton too slow to be visible. 

The initial measurements for this experiment were made on the Berkeley 

Flying-Spot Digitizer (FSD). Additional measurements and remeasurements 

were made with "Franckenstein" film-plane measuring projectors. The measure-

ments from the FSD or Franckenstein were processed through the reconstruction 

and fitting program SIOUX and the analysis program ARROW. Failing events 

were remeasured until their number was reduced to an insignificant level 

(less than 5% for all topologies). 

In this manner, we found, after all cuts and before weighting, 4299 events 

wi th a K + and 6670 events with a KO in the final state. Cro.ss sections were 
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+ + - + normalized to 3102 K --') J1 J1 J1 decays. In obtaining the cross sections, 

KO events were corrected for decay via neutral and long-lived modes, decay 

outside the fiducial volume, and decay too close (less than 2 mm) to the 

production vertex. Since the scanning efficiency after two complete scans 

of the film was better than 98%, no co.rrection was made for scanning biases. 

Furthermore, since the unresolved events were found to be channel independent . . 

and since their number was less than the statistical error in most channels 

we have made no correction for these events. The final source of bias is 

contamination from incident 11:+ interactions.· Events with a Vee in the final 

state were predominantly + -
--') J1 11: 

. + 0 . . d t K The A ~ p .... lncl en mesons. H ~ " 

decays resulting from interactions of 

+ decays resulting from incident J1 interac-

tions could be clearly separated from the decays. Therefore the 

only channels seriously affected by pion contamination are those in which a 

K+ is produced in the final state. For the four lower momenta careful study 

of bubble density at the scan table was adequate to insure choice of the 

proper hypothesis. At 1585 MeV/c, a more involved procedure, based on the 

use of stringent beam entry criteria was successful in reducing the pion 

contamination to less than 5% [5]. 

3. CROSS SECTIONS 

3.1. K+d Cross Sections 

The reactions that occur at the energies spanned by this experiment are: 



.. 

-5- UCRL-20269 

+ + 
K d -? KNN -? K pn 

-? 
0 K pp * 

+ + 
-? KNNrr -? K nnrr 

) o + 
* -? K pnrr . (J 

+ C 

-? K pprr * 
+ 0 I -? K pnrr 

(J 
o· 0 0 

* -? K pprr 

KNNrrrr 
o + + 

10ee 
* ( 1) -? -? K nnrr n 

+ + -
* -? K pnn n 

0+-
* -? K pprr n 

-? K+nn.+.
O

) 
0+0 

* -? K pnn n. (J 
+ _ 0 . co 

* -? K ppn n 

+ o 0 

1000 

-? K pnn n 
KO 0 0 * .-? ppn n 

Reactions in which tlie deuteron is left intact are implicitly included with 

those with a proton and a neutron in the final state. We have measured the 

cross sections of those reactions marked with an asterisk in (1). 

The numbers of events which fit each channel studied are given in table 

1. The corresponding cross sections normalized relative to the T decays are 

given in the upper part of table 2 and shown in fig. lao The charge exchange 

(K+ d -? KOpp) cross section falls off smoothly with increasing momentum. The 

single-pion production cross sections all have roughly the same shape, rising 

rapidly until about 1200 MeV/c and then leveling off. The double-pion produc-

tion cross sections (only the sum of the measured cross sections-- i.e., six 

of the eight possible channels--is shown) are extremely small UIltil 1200 MeV/c, 

after which they begin to rise sharply. The thresholds for single and double 

pion production on deuterons are 450 and 700 MeV/c, an~on free nucleons, are 

510 and 810 MeV/c~ Evidently the cross sections remain small until the momentum 

is well above the appropriate threshold. 
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Hirataet al. [6] have discussed the use of isospin conservation to derive 

+ the total one-pion and two-pion production cross sections for K d reactions, 

O(KNNl1) and o(KNNl1l1), and have given results at the four lower momenta 865, 

970, 1210 and 1365 MeV/co We have made the same analysis at 1585 MeV/C. 

For completeness, the results for all our momenta are shown in fig. 2 and 

listed in table 2. The + K d ~ KNN cross sections are obtained by subtrac-

tion of the pion channels from the total cross sections. 

Figure 2 also shows the total cross-section data of Cool et ale [1], 

Bugg et ale [1], and Jenkins et ale [7] . and some partial cross-section data 

from Slater et al. [8] and Butterworth et· ale [9]. The most striking feature 

is the abrupt rise of the single-pion production cross section to 15 mb at 

1200 MeV/C. Since this rise is accompanied by a less steep fall of the 

+ K d ~ KNN cross section, the total crosS section actually increases in 

thi s same momentum interval by only about 10 mb. The onset of double-pion 

production, by which time the single-pion production cross section has leveled 

off, has no marked effect on the shape of ,the total cross section. 

3·2. 
\ 

+ K n Pion Production Cross Sections 

In order to study the structure in the isospin-O KN total cross section, 

we determine the contribution to that cross section from the pion production 

channels. 

There are seven final states for single-pion production and eleven final 

states for double-pion production: 

+ o + 
K p ~ K 11 P 

~ 
+ + 

K 11 n (2) 

+ 0 
.~ K 11 P 

• 
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+ 0 + 
Kn~ Kren 

o 0 
~ K re p 

+ -
~ K rep 

+ 0 
~ K re n 

+ 0 + + 
Kp~ Knrere 

+ +
~ K pre re 

+ + 0 
~ K nre it 

0+0 
~ K pre re 

+ 0 0 
~ K pre re 

+ + +-
Kn~ Kn1Cre 

0+';' 
~ K pre re 

o +.0 
~ K nre re 

+ - 0 
~ K pre re 

~ .K+ 0 0 --, nre re 

000 
~ K ·pre rC 
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( 4) 

+ To determine the cross sections for K nucleon interactions from the 

. + cross sectlons for K d-interactions, the impulse approximation has been used. 

In this approximation it is assumed that one nucleon in the deuteron is only 

+ a spectator to the interaction of the incident K with the other nucleon. 

In reactions such as + 0 + 0 0 K d ~ K pp, K d ~ K ppre , and + + K d ~ K ppre with 

two protons in the final state, the incident K+ must necessarily have interacted 

+ with the neutron; and, for these reactions, the K d cross sections give a 

slightly distorted picture of the corresponding free-neutron cross sections. 

o + + In contrast, the K pnre final state can come from the interaction of the K 

with either of the target nucleons. Fortunately the extremely low momenta 

anticipated for the spectator nucleons provide a convenient procedure for 



-8- UCRL-20269 

choosing which nucleon is the target. This is illustrated in fig. 3 which 

o + shows the correlation between neutron and proton momenta for the K rr pn final 

state at 1210 MeV/c. The very low momentum grouping for the protons is a 

consequence of fitting with an assumed zero momentum, and, in reality, 

represents a smooth distribution of momenta below 8-0 MeV/ c. Figure 3 indicates 

that most spectators have momenta below 150 MeV/c whereas practically all 

recoil nucleons have momenta much in excess of that value. Consequently we 

have chosen to calculate the ratio of neutron to proton spectators by taking 

the ratio of events with a neutron of momentum less than 150 MeV/c to those 

with a proton of momentum less than 150 MeV/C. We have distributed events 

with both nucleon momenta above 150 MeV/c according to the same ratio. 

+ 0 + 
Figure lb and table 2 show the division of the K d ~ K pnrr cross 

section, with the spectator nucleon indicated by parentheses. Also shown 

in fig. lb are the + 0 + K d ~ K drr cross sections which appear to be flat 

over the energy range covered by this experiment and the previously published 

+ 0 + 
K P ~ K rr p cross section [3]. 

The difference between the + 0 + 
K P ~- K rr p and +) 0 + K p(n ~ K rr p(n) cross 

sections is small and is'consistent with a rough calculation of the effect 

of eclipsing and motion of nucleons wi thin the deuteron [5]. If we define 

the ratio R by the relation 
c 

R 
c 

+ 
== a(K p 

+ a(K d 

o + 
~ K rr p) 

~ KOrr+p(n)) 
, ( 6) 

the values of Rare 1.14±0.14, 1.28±0.11, 1.07±0.06, 1.12±0.10, and 1.14±0.12 
c 

·at 865, 970, 1210, 1365, and 1585 MeV/c respectively. 

We have assumed that the same ratios R were applicable in relating the 
c 

cross sections for 
+ 0 + + - 0 0 + 0 + K n ~ K rr n, K rr p, K rr p to tho se for K d ~ K rr n (p) , 

+ - 0 0 + K rr pp, K rr pp 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 one channel the free-

to-bound-nucleon cross-section ratios found in another, the errors are large 

enough to encompass channel-to-channel variations, and are propagated in the 

answers. 

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

isospin-O single-pion cross section fram the formula, 

( + - cr K P ~. 

+ -K rc p) 

+ 0 ] K rc p) , 

in which only three of the seven KN ~ KNrc cross sections appear. The 

+ + 0 K P ~ K rc p cross section has been measured by Bland et al. at the lower 

four momenta [3] and can be obtained at 1585 MeV/c by interpolation of other 

published data [10]. 

The values of cr (KNrc) calculated from (7) are shown in table 3 and plotted 
o 

in fig. 4. We also display in fig. 4 two unfoldings of the total I ~ 0 

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

reflect the variations between different measurements of the K+d total cross 

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

section 0o(KN) also shown in fig. 4 was obtained by subtracting the curve for 

00 (KNrc) from the unfolded total cross section. We were unable to extract 

reliable values of °
0 

(KNrcrc), but even at 1585 MeV/c 0o(KN) would be only 

slightly reduced by taking account of the two-pion process. 

The rapid increase of ° (KNrc) comes near the thre'shold for the quasi
o 

two-body reaction KN ~ K*N. Its onset occurs at a slightly higher momentum 

than the similar rise .of 01 (KNrc). This is reasonable, because the reaction 

*The structure in 0o(total) near 700 MeV/c reflects in part the fact that the 
~'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 ~p cross section. ' 
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KN ~ K6, for which the threshold is somewhat lower and which is known to 

contribute a major part of 0l(KNn) in this region, is forbidden to the 

isospin-O channel. Indeed comparison of 0o(KN:rr) with data on 01 (KNn) shows 

that these two cross sections quickly become remarkably similar in magnitude 

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

0o(KN). Whileoo(KN) falls off more rapidly than °l(KN) , its decrease is 

no faster than that of the kinematic factor 4n}<..2 where '" is the reduced wave-

length in the KN center-of-mass system. 

+ As in the case of the isospin-l K N system, it appears that the structure 

+ around 1200 MeV/c in the total cross section for the isospin-O K N system is 

well reconstructed by the sum of three structureless channel cross sections 

a (KN), a (KNn), and a (KNnn). On the other hand, the low energy behavior 
000 

of the total elastic isospin-O cross section is intriguing. ° (KN) rises o 

rather rapidly from Oup to about 20 mb around 800 MeV/c at which point it 

2 turns over and falls roughly as 4n:~. Abrams-et ale [12] and also J. Dowell 

(13] have suggested that this peak in a (KN) might be due to the existence o 

of a Z* with o M(KN) 1780 MeV and r '" 565 MeV. The conclusive establish-

ment of the existence or nonexistence of this Z* will have to wait until a 

+ reliable phase shift analysis is performed in the isospin-O K N system in 

this region. Some information can be extracted from charge-exchange angular 

distributions and is discussed in a separate paper (4], but an unambiguous 

o phase shift analysis will require polarization measurements in both the K pp 

+ 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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K+d + o + 
::::: K p(n) -7 K n p(n) (8a) 

+ o + 
(8b) K n(p) -7 K n n{p) 

+ + -
(8c) K n(p) -7 K n p{p) 

+ 
KO l'Op(p) (8d) K n(p) -7 

where we designate the {slower} spectator nucleon by enclosing it within 

parentheses . The emphasis of our analysis will be on the isospin-O KN -7 KnN 

channel. Our results show that above the K*N threshold at 1080 MeV/c most of 

the isospin-O KnN production proceeds via the K*N channel and that the main 

. . . 
production mechanism is t-channel pion exchange. 

In this analysis we assign K+d -7 KnNN events to KN -7 KnN channels 

by following the procedure discussed in section 3 and discarding events for 

which the laboratory momentum of both nucleons is greater than 150 MeV/C. 

To get an empirical measure of the effects of a spectator nucleon we compare 

+ measurements of a K p reaction with a free proton and with a proton bound in 

deuterium. As an example we compare in fig. 5 the shapes of various distri-

butions for the reaction + 0 + Kp-7 Knp at 1210 MeV/c, measured by Bland et 
1 

+ 0+ ale [3], with those we obtain for that reaction from K p(n) -7 K n p(n) 

events. Areas of histograms being compared are eCluaL Figures 5a and 5b 

o + + compare the K nand pn invariant mass spectra. Figures 5c,d,e compare 

* production and decay angular distributions for events around the K peak, 

with Kn mass betw~en 840 and 940 MeV, treating them as * KN -7 K N with no 

. attempt to subtract out 6. events. Cosine e is theK* production-angle cosine 

A+ A* . * "+ ~ K·K in the K N center of mass, cos a is the polar-decay-angle cosine K ·K 

* in the K center of mass and ~ is the Treiman-Yang azimuthal decay angle. 

Nowhere is there any evidence of distortion of the + 0 + K p{n} -7 K n p(n} 

distributions. The overall confidence level that the two sets of measurements . . , 

are compatible is 85%. Similar results are obtained at other momenta. Because 
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the agreement is good, ~e assume that the shapes of distributions for other 

KN ~ K:rrN reactions are like~ise not significantly distorted by the presence 

of a spectator nucleon. The K* peak in the reaction 
+ 0 + 

K p ~ .K :rr p is heavily 

contaminated ~i th -6( ~236) events because both the -6-production cross section 

.. * 
and the area of the Dalitz plot common to K and -6 bands are large. As far 

as looking for distortions is concerned, it does not matter ~hether the 

events are K* events or not. Ho~ever the angular distributions shown in 

fig. 5 are similar to those obtained ~hen a more careful selection of K* is 

made,and hence may be used for the qualitative comparison with the K* angular 

distributions in the isospin-O channel given below. 

4.1. Resonance Production Cross Sections 

Having shown that ~e can meaningfully assign K+d ~ K:rrN(N) events to 

+ K N ~ K:rrN reactions ~e proceed to determine the resonance production cross 

sections for the four channels (8a) to (8d). At our energies the dominant 

final states are 

~ K:rrN nonresonant. 

The -6 can only be produced from an isospin-l KN initial state. 

(9a) 

(9b) 

(9c) 

The Dalitz plots for reactions (8a-d) ~t our five momenta are shown in 

fig. 6. The two lo~er momenta, 865 and 970, are belo~ the K* threshold, and 

exhibit only processes (9b) and (9c), ~hereas at 1210, 1365, and 1585 MeV/c 

a considerable amount of K* is produced. 

Because of the increase in complexity.above K* threshold, it is convenient 

in this discussion to consider separately the 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 910 MeV/c 

The Nrr mass spectra in reactions (8a-d) were fitted to a superposition of 

three-body phase space and K6 production by the same method as described in 

ref. [3]. The experimental histograms and fitted curves are shown in figs. 1a-d. 

Free-nucleon cross sections were obtained by scaling the + K d -7 KrrN(N) cross 

section by the ratio R defined byeq. (6). The results are in satisfactory 
c 

agreement with cross sections obtained at these momenta from the analysis of 

the reaction + 0 + K P -7 K prr in hydrogen by Bland et al. [3] with appropriate 

application of Clebsch-Gordan coefficients to obtain predictions for the other 

final states (5]. 

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

In order to obtain what we believe to be the most reliable measure of K* 

production, we have ·fi tted reactions (8a-d) to a superposition of phase space, 

K6 production, NK* production and ~NK* interference. In order to reduce the 

uncertainties somewhat we have constrained the K6 cross sections to be those 

obtained from the + 0 + K P -7 K prr reaction [3] corrected with the Clebsch-Gordan 

coefficients appropriate to an isOspin-l final state. The fits were made using 

the empirical interference model of Bland et al. (3], and both data, and fitted 
I C 

~urves are shown in figs. 1a-d. The resulting K*p and K*n cross se~tions are 

given in table 4. We have also attempted fits without constraining the K6 final· 

states; the results are, within the errors, compatible with those in table 

4 [5]. We fUrther note that fits which omit the interference term between 

2 NK* and K6 production tend to give very poor X values. Figure 8 shows the 

momentum dependence of the K*production cross sections for the three reactions, 

+ 
Kp -7 

+ 
K n -7 

+ 
K n -7 

+ 
K* P 

*+ K n 

K*op 

(lOa. ) 

(lOb) 

(lOc) 
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The K+n points at2.}GeV/c are from S. Goldhaber et a1. [14], and the 

points at 3.0 GeV/c are from Bassompierre et a1. [15]. 
+. . The K,p pOJ.nts are from 

Bland et ale [3], S. Goldhaber et ale [16], Bomse et ale [16], and Ferro-Luzzi 

et a1. [16]. For all three reactions the 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 

+ *0 + a(K n ~ K p) .... 1.3 a(K p *+ ) ( +*+ ) ~ K p .... 2.5 a K n ~ K n 

from threshold to 3.0 GeV/c. 

4.2. * K Production From the I :::: 0 KN State 

4.2.1. Methods 

Two different procedures have been used to extract the I * o K produc-

tion cross section and angular distributions. 

(a) Since eg. (7) applies to differential distributions such as angular 

* distributions and invariant-mass spectra, the K N cross section can be obtained 

by making the appropriate fit to the I :::: 0 Krr mass distribution. Similarly, 

with an appropriate Krr mass cut, the I:::: 0 angular distributions can be 

studied. 

(b) Alternatively, the K*N cross section can be determined from 

+ -
---7 K rr p) 

( 11) 

in which each appropriate deuterium channel is individually separated into 

* 0 + + 0 K N, and the K rr p hydrogen channel rather than the K rr p state is used to 

. . 1 *+ subtract out the J.sospJ.n- K p part of the cross 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 eg. (7) eliminates 
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,the 6 contribution completely. At 1585 MeV/c the availability of only the 

o + . ) K rr p flnal state in hydrogen permitted only procedure (b so that the results 

are perhaps slightly less reliable. 

4.2.2. Results 

As an example of the procedure we show in fig. 9 the invariant mass spectra 

for the isospin-O KN ~ KrrN channel at 12io MeV/c together with the corre-

spondipg distributions for the three channels + 0 + + + -K n ~ K rr n, K n ~ K rr p, 

. and + + 0 
Kp~ Krrp which are the components of a (KN ~ KrrN) • o 

* 

Figures 10, 

11, 12 show in similar fashion the isospin-O K production and decay angular 

distributions at 1210, 1365, and 1585 MeV/c together with the component distri-

butions used to construct the I = 0 state. The K* events are taken as those 

events whose Krr invariant mass lie in a band from 840 to 940 MeV; no attempt 

. * . has been made to correct fornon-K background events included in this band. 

The angles are defined just as for fig. 5. 

The angular distributions shown in figs. 10-12 can be used to study 

qualitatively the production mechanisms for the three reactions (lOa-c). 

In the + ~ + -K n ~ K P ~ K rr p channel, the production angular distributions 

peak sharply in the forward direction, the polar decay angular distributions 

2 have a large cos a component, and the azimuthal decay (Treiman-Yang) angular 

distributions are essentially flat. + + In the isospin-l channel, K p ~ K* P ~ 

o + K rr p, the production angular distributions are less sharply peaked, the 

polar decay distributions vary roughly as sin2 a, and the azimuthal decay 

distributions have a sin2 cp dependence. This behavior has previously been 

observed at 2.3 [14] and 3.0 GeV/c [15], and was interpreted as indicating 

that the reaction K+P ~ K*+p . goes predominantly via ill-exchange 'Whereas 

the reaction K+n ~ K*op goes predominantly via pion exchange. The angular 

distributions for the remaining reaction, K+n ~ K*+n ~ KOrr+n, appear to be 
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intermediate between those for the other two reactions wi th no single process 

appearing to dominate. The most remarkable result is the fact that the I = 0 

channel shows the clearest pion exchange behavior with the least contamination 

from vector exchanges. It suggests that the linear combination (7) just 

happens to cancel out contributions from vector exchanges leaving only the 

pseudo scalar exchange contribution. 

Figure 13 shows the Krc and Nrc invariant mass spectra in the isospin-O 

KN ~ KrcN channel for momenta at 970, 1210, and 1365 MeV/c; the corresponding 

spectra at 865 MeV/c are similar to those at 970 MeV/c and those at 1585 MeV/c 

are inaccessible because of the absence of data on + + 0 
Kp~ Knp at that 

momentum. There is no significant structure in the Nrc spectra which shows 

that the procedure (7) is successful in eliminating the 6(1238) contribution 

as expected. The K* peak dominates the KJr spectrum at momenta above the K*N 

threshold. Fits of the Krc spectrum to phase space and a P-wave Breit-Wigner 

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

The total isospin-O KN ~ K*N cross sections determined as described 

above are listed in table 4. They can .be compared to the corresponding 

isospin-l cross sections obtained directly from the channel 

also listed in table 4. Figure 14 shows the energy dependence of the isospin-O 

d " "1 KN~K*N an lsospln- ---, cross sections from threshold to 3.0 GeV/c. A smooth 

curve has been drawn through the isospin-l KN ~ K*N cross sections and 
of 

scaled upward by a factor,,3 to give the smooth curve passing through the 

" "0 KN-' K*N lsospln- ---, points. Thus the energy dependences of the isospin-O 

and isospin-l * KN ~ K N cross sections appear to be similar in shape although 

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

that roughly, 
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that is, the total quasi-two-body cross section is nearly the same for isospin-O 

as for isospin-l. The apsence ofKA for I:::: 0 is compensated by a much 

. * * larger K N cross section •. Figure 15 shows the isospin-O K differential 

cross section, da/dt, together with the density matrix elements (Jackson-

frame) POO ' Pl - l , and Re P10 • The differential cross section can be fitted 

to an exponential 

da/dt '" exp(bt) (12) 

with b:::: 5.3±O.4 (G€V/c)-2 at ~210 MeV/c, 

and b == 4.8±o.6 (GeV/c).-2 at 1585 MeV/c. 

-2 b :: 4.7±O.6 (GeV/c) .. at 1365 MeV/c 

The rather large value of POO is 

indicative of pseudoscalarmeson exchange in agreement with our previous 

observations. 

4.3. Production Mechani.sms for the Reaction KN ~ K*N 

The major features of our experimental observations for the reaction 

KN ~ K*N are swmnarized in the second column of table 5. We have attempted 

to get a consistent description of the above experimental observations in 

terms of s- and t-channel isospin amplitudes AI and ar . A particle exchanged 

in the t-channel contributes to both isospin states in the s-channel. The 

KN ~K*N ti 1 1 --,. scat er ng ampitudes, written a ternatively in terms of s- and 

t-channel isospin amplitudes are: 

+ + 
A(K p ~ K* p) == Al :::: 

+ K*+n) (Al + Ao)/2 A(K n ~ == :::: -
+ K~p) (Al - Ao)/2 A(K n ~ == :::: 

Solving for the s-channel isospin amplitudes, we get 

AO :::: - (ao + 3al )/2 

Al :::: -(ao - a l )/2 

(al,~ aO) /2 

(al + a o)/2 

a l 

(13a) 

(13b) 

(13c) 

(14a) 

(14b) 
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If the main processes are the exchanges of low-mass mesons, or their Regge 

trajectories, then 

AO <=;:: - [( TI + (1) ) + 3 (rr + p) ] /2 

Al <=;:: - ((~ + w) - (rr + p) ]/2 

where the particle symbols stand for their amplitudes. 

(15a) 

( 15b) 

The charge exchange K* production requires the exchange of at least one 

isovector meson. Furthermore the angular distributions indicate that at 

least one pseudoscalar and one vector meson are exchanged. If only one of 

each is exchanged, the possible pairs are n:p, ~p, and n:(1). Simple predictions 

follow from eqs. (14a) and (14b). For rrp, Ao and Al differ at most by a 

multiplicative constant giving the same angular distributions in the two 

pure-isospin channels; for ~p, there would be much more vector exchange in 

AO than in Al ; and, for n:(1), there would be much more pseudo scalar exchange 

in AO than in Al • Since only the last corresponds to the experimental observa

tions, the main processes in this simple picture are n:- and (1)-exchange. If 

K*+p and"" K*+n these were the only processes, one would expect equal cross 

sections, pure pion exchange in the K*op final state, and a mixture of pion 

and vector exchange in the I = 0 final state. None of these predictions 

are in agreement with the observations summarized in table 5. The addition 

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

A possible minimal set of exchanges is thus n:rup, so that 

<=;:: - [(1) + 3(n: + p)]/2 
( 16) 

(n: + p)]/2 

The fact that the isospin-O K*N final state appears to exhibit pure pion 

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

combination ((1) + 3p) in AO must practically vanish; Le., p <=;:: - w/3. 
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Assuming no interference between pseudoscalar and vector exchanges, we 

choose a pion exchange contribution which fits the observed K*+p/K*+n ratio 

of about 2. This r~quires 

where Iw1 2 , Irrl2 correspond to averages over all momentum transfers. Having 

thus defined the relativew, p and rr exchange contributions we can check 

whether the other features summarized earlier are properly predicted by (13) 

and (16). ,This comparison, summarized in table 5, indicates good qualitative 

agreement between the experimental observations and the simple npill exchange 

model. It may be noted that all these arguments remain valid if rr,w,p is 

expanded to mean the exchange degenerate pairs (rr,B), (w,f) and (p,A2). 

5. TWO-PION PRODUCTION 

As is c;tear from table 2, 1585 MeV/c is the only momentum at which we 

observe substantial two-pion production. For completeness we indicate in 
, 

table 6 the breakdown of the two-pion cross section at 1585 MeV/c into various 

channels. Again there is reasonable agreement between the cross sections for 

the reactions 

+ - + [3] , K rr rr p 

and + - + 
~ K n rr p(n) 

The statistics are too small to warrant a shielding correction to go from 

deuterium to free nucleon cross sections and the deuterium cross sections 

with proton (neutron) spectators can be taken as reasonable approximations 

of the corresponding cross sections on free neutron (proton) targets. 

One general feature which appears satisfied by all classes of final 

states (zero pion, one pion; two pion) is the following. 

o(x+ ,n) are the cross sections for the reactions, 

+ If o(X ,p) and 
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+ + 
K p ~ X P 

+ + 
K n ~ X n 

( +) (+) X+ + + 0 + respectively, ° X ,p > ° X ,n. This is true for =: K ,X =: K r( , and 

for 
+ + + -

X =:Krrrr. + + Since the K p and K n total cross,sections are very-nearly 

+ equal while, there are more channels open to a singly charged system (K n) 

+ than to a doubly charged one (K p), one might expect on the average to have 

+ + o(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 MeV/c has provided 

some detailed information concerning the I ~ 0 KN system. The main features 

observed can be summarized as follows: 

(1) There is qualitative similarity between the momentum dependence of 

0o(KN), °
0 

(KNJr)', 0o(KNnrr), and that of °l(KN) , 0l(KNrr) and 0l(KNrrrr). The 

main differences are that the dropoff in ° (KN) above 1 GeV/c is much steeper 
o 

than for °l(KN) , and the sharp rise in 0o(KNrr) occurs at a slightly higher 

momentum than for 01 (KNn). Just as in the case of the isospin-l channel, 

the total cross section maximUm near 1150 MeV/c for the isospin-O channel 

arises from the combination of a dropping elastic cross section and a rising 

one-pion cross section. 

(2) The KNn final state in the isospin-O channel is dominated by K* 

production. Indeed this process has a cross section about three times as 

large as that for isospin-l K* production. This fact accounts for the result 

that in spite of the absence in the I ~ 0 reaction of the K6 final state 

which dominates the I ~ 1 process, ° (KNrr) above K* threshold has nearly o 

the same value as 0l(KNrr). 
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(3) Production and decay angular distributions in the reaction + *<) 
K n ~ K p 

exhibit, even within ·100 MeV/c of threshold, just the same features as observed 

at much higher momenta. Specifically the production angular distribution has 

a sharp forward peak, and the decay correlations are characteristic of pseudo

scalar. exchange. Surprisingly the pure isospin-O K*N final state exhibits 

l 
these characteristics to an even more marked degree. This observ~tion as 

. * well as the relative cross sections for various K N charge coniliinations can 

be understood by assuming some p exchange contribution in addition to the 

already established rc and (l) exchange. 

(4) There is no experimental evidence that the . structure in cro(total) 

at 1150 MeV/c is to be interpreted in terms of a largely inelastic resonance 

of mass 1865 MeV. The cross section cr (KNrc) does not show any bump at this o 

momentum; furthermore the major inelastic channel K*N is produced in a highly 

peripheral manner and is not dominated by anyone partial wave. 

Aaron et al. [17] have suggested on theoretical grounds that the rapidly 

. * .. . 
rising croCK N) should lead to resonant behavior in incident Sl/2 and D3/2 

waves. Their calculated behavior of cr (KNrc) is not incompatible with the 
o 

experimental curve in fig. 4, and they note that even the highly peripheral 

K*N production angular distribution observed is not inconsistent with the 

dominant Sl/2 state required by their model. Thus one cannot make any con

clusive statement about the absence of an inelastic resonance from our data. 

* As emphasized in the qualitative model discussed in section 4.3 the K N 

production can be understood in terms of t-channel processes. From duality 

considerations, however, this observation also does not rule out the presence 

of an inelastic resonance at roughly 1900 MeV. We can only say that there is 

nothing in our experimental observations which demands the existence of an 

inelastic Z*(1900). 
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Table 1. Numbers of events found in directly meas,ured channels. , 

Momentum (MeV I c) 

Channel 865 970 1210 1365 1585 
+ + + -K """1T1T". 570 956 827 377 372 

K+d.,.... KOpp 559 996 832 311 245 

KOpp1To 39 129 354 177 241 

KOpn1T + 89 369 1018 505 566 

KOd1T+ 11 20 23 15 12 

K Od1T + 1To 0 0 1 1 9 

K ONN1T1T a) 0 0 3 22 69 

+ +-K d.,.... K pp1T 122 461 1583 ,894 914 

+ - ° K pp1T 1T 0 0 11 14 93 

° - +b K pp1T 1T' ) 0 0 12 23 27 
+ - + K pn1T 1T' 0 2 22 53 125 

K+d1T-"'+ 0 0 2 5 4 

a) Events with two neutral particles in the final state. 

b) At 1210 and 1365 MeV Ie events with or without a vee are used; at 1585 MeV Ie only events with avee 
are used. 

I 
N 
\JI 
I 

c::: 
(l 
:;u 
t"' 
I 
N 
o 
N 
0' 

'" 



Cross sections 

directly measured 

.... ~"'-

Tabl~ 2 •. K+ d scatte ring cros s sections (in mb). 

MomentUm (MeV / c) 

Channel. , . 865 970 1210 1365 ....- . 

K+d _ K'pp 6.72:1:0.40 6.26:%:0.29 4.9~O.24 3.69:1::0.29 

.... KOpp'I1'0 0.48±0.080.82±0.08 2.09±0.13 2.06±0.19 

.... KOpn'l1' + 1. 24:1:0.14 2.47±0.16 6.21:0.29 6.08±0.42. 

1585 

2.57:1:0.21 

2.42:t0.20 

5.88*0.39 
+ - . . " . 

.... K PP'l1' , 0.46:1:0.05 0.91:1:0.05 2.89%0.12 3.21:1::0.20 3.76±0.26 

,-KNN'I1'lI' &) --- 0.01:1::"0.005 0.11:1::0.02 0.59:1::0.07 . 1.86:1:0.15 

Components of 
~d .... Kopml"+ 

Derived cross 
t' ,b) sec lona 

----------------------------------------~-.--.----~------------~----------------
K+ d - K°1\' + d 0.13:tO.040.13±0.03 O. t4:i:O.03 0.18:1:0.05 0.3U:0.04 

K+p(n) .... K°'l1'+p(n) O.98:0.f3 1.99%0.154.76:*:0.26 4.78:1::0.38 4.37:*:0.32 
+ 0 +. . 

K n(p) .... K trn(p) 0.13:1::0.04 0.35:0.05 1.31:1:0.12 1.12:1:0.15' 1.39:1:0.t4 ----------------- --------------------------------------------~--------~--.-----

K+d .... KNN 27.59:0.32 27.17:0.3522.73:0.63 20.97:1::0.99'17.75~.84 
+ .... K pn 20. 87:!:0. 56 20.91:%:0.50 17. 74:i:0. 78 1 7.28±1. 1 5 15.18:1:0.87 

- KNN'fI" 2. 74:i:0. 24- 5.54:0.29 14.51:0.60 15.54:0.95 16. 30z0. 76 

.... KNNtr1TC
) 0.01:t:O;005 0.17:1:0.05 0.76:0.18 2.20:0.36 

K+ d total d) 30.33:0.21 32. 72:1::0.t) 37.41:0.20 37.27:1::0.15 36.25:0.15 

.) Thia ia the Bum over the .ix (of eight) charge channels observed. 

b) These include cross aectiona for the rea.ctions in which NN isa deuteroll. ' 

c) This cross section includes all charge channels and is obtained by using isospin relationships as 

described in Hirata et al. [6]. 

d) From Bugg etal. [1]. 

I 
1'.1 
a
I 

c: 
'() 
l:O 
t"' 
I 

.1'.1 
o 
1'.1 
a
-lJ 
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Table 3. K+N one~pion production cross sections (in ITlb). The errors are statistical only. 

a 
Channel) 

+ K n _ KOprro 

+ _ KOnrr 

+ -
- K prr 

(KN - KNrr)I=O 

865 

O.55±0.11 

0.15±0.05 

0.52±0.09 

1.0 ±0.4 

970 

L05±0.14 

0.45±0.07 

1.16±0.12 

2.5 ±0.6 

MomentuITl (MeV / c) 

1210 1365 1585 

2.24±0.19 2. 3.1±0. 30 2.76±0.36 

1.40±0.15 1. 25±0. 20 1.58±0.16 

3.09±0.22 3.60±0.39 4.29±0.53 

8.0 ±0.9 10.1 ,±1. 7 11.7 ±1.8 

a) The K+ n - KNrr cr!?s s sections are the K+ d- KNrr(N) cross section ITleasured in deuterium ITlultiplied 
by the ratio O'(K p - KO rr+p)/O'(K+p(n) - KOrr+p(n)] . 

I 
N 
-J 

c:: 
(') 

~ 
r< 
I 
N 
o 
N 
0' 
-.0 
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. * Table 4. KN - K (891)N scattering cross sections (in mb). Th~ errors on 
cross sectioDs from this experiment are statistical only. All K (891) ·decay 

modes are included in the cross sections. 

Channel 

+ *+ a 
K p - K p) 
K+n _ K*+n b) 

K+n _ K*op c) 

•• • 

(KN - K N)I=O 

* (KN - K N)I=t 

a) From Bland etal. [3]. 

1210 

1.74:1:0.23 

1.0=0.2 

2.4*0.2 

·tt 6.0:1::0.8 ) 

1. 74%0.23 

Momentum (MeV / c) 

1365 

2.6%0.3 

1.2%0.3 

3.3%0.4 

d 8.6%1.6 ) 

2.62:0.3 

b) We have used R (aU K*+ charge states)/R(K*+ - KOT/) = 3/2. 

c) We have used R (all K*o charge states )/R (K*o - K+ 1f -) = 3/2. 

1585 

3.2%0.4 

1.2%0.4 

4.2*0.6 

d 7.5%1.4 ) 

3.2%0.4 

d) We have used eq. (7) at 1210 and 1365, and eq. (11) at 1585 MeV/e. 

.~ 

,.. 
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Table 5. Tests of simple 1Tpw exchange model. 

Cross -section ratio 

*+ ) -+ K p_ 
+ (J(K n *+ 

-+ K n) 

+ * (J (K n -+ K 0p) 
+ ~~+ 

(J (K P -+ K p) 

* (J 0 (KN -+ K N) 

* (J 1 (KN -+ K N) 

Reaction 

* * (K N -+ K N)I=O 

+ *+ 
Kp-+K P 

. + *+ K n -+ K n 

+ * K n -+ K 0p 

Experiment 

... 2 

... 1.3· 

.... 3 

Experimental features of 
angular distribution 

,.., pure 1T exchange 

... dominated by vector 
exchange 

no dominant process 

... dominated by 1T exchange 

Model prediction 

2.0 

1.5 

3.0 

model prediction 

pure 1T exchange 

2/3 vector exchange 
1/3 1T exchange 

1/3 vector exchange 
2/3 1T exchange 

8/91T exchange 
1/9 vector exchange 
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Table 16. Two -pion production cros s sections at 1585 MeV/c. 

Channel Cros s section (mb) 

K+d + + 0.11±0. 04 a) -KOnnlT IT 

+ +-
0.52±0~09 -K pnlT IT 

KOpptr+lT - 0.27±0.O5 --KOpnlT + lTo 0.48±0.07 a) 

- + - ° K pplT IT 0.37±0.07 

- KOpplTolTo 0.10±0.04 a) 

K+d -
b 

KNNlTlT. ) 2.20±0.36 

+ Kd-
+ + -K IT IT n(p) 0.16±0.05 

+ + - 0.35±0.07 - K 11' IT p{n) 

-K+lT+lT-d 0.01±0.01 

a) 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 KOpnlT+lTo 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 identifiable 
two-pion channel cross sections. . 
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FIGURE CAPTIONS 

Fig. 1. (a) Cross sections for various final states produced in K+d interac

tions. (b) Components of the If ,/ pn final state. The cross aection for 

K+P -+ K+nop (3] is show for comparisoill. 
-

Fig. 2. + Cross sections f~r K d going into various classes of final states a.s 

a. function of incident momentum. The total cross- section data are from 

ref. (1] and ref. [7]. Open circles are based on partial cross sections 

obtained in this experiment whereas solid circles are from data of ref. 

[8] and ref. [9]. 

Fig. 3 .. Scatter plot of neutron versus proton momentum in the reaction 

+ ~.JJ + I K d -+ K npn at 1210 MeV c. 

Fig. 4. I 1110 scalar KN cross sections as a function of incident momentum. rata 

for 0o(KNn) are from the present experiment except for the two highest 

points which are from ref. [9] and ref. (15]. a (total) is from the unfolding 
o 

of Cool et ale [11] • The solid 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 -+ Ifrc p and K d -+ 

t'rc+p(n) at 1210 MeV/C. 

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

Fig. 7. Kn and Nrc mass spectra for (a) K+d -+ KO,/p(n), (b) K+d -+ lfrc+n(p), 

+ +. + 0 
(c) K <l -+ K rc -pep), and (d) K d -+ f!Jrc 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. Ki and Nrc mass spectra at l2l0 MeV/c forI:: 0 final state and for 

the various channels used to construct this state. 

Fig. 10. * . Distributions of cos e, cos 0: and <p for K , production in I = 0 

• 
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final state and, in channels used to construct this final state. The inci-

dent momentum is 1210 MeV/c. 

* Fig. 11. Distributions of cos 8, cos a and ~ for K production in I = 0 

final state and in channels used to construct this final state. The inci-

dent momentum is 1365 MeV / c • 

Fig. 12. Distributions of cos 8, cos a and ~ for K* production in I = 0 

final state and in channels used to constrllct this final state. Theinci

dent moment~ is 1585 MeV/c. 

Fig. 13. Isospin-O Krc and Nrc mass spectra. 

Fig. 14. Cross sections fo+isospin~O and isospin-l K*N production. The 

experimental points inc~ude data from refs. [3J, [15], and [16]. 

Fig. 15. Differential cross sections and density matrix elements for isospin-O 

K*N production. 
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