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November 6, 1962 

SUBJECT: UCRL-1 0183, "Elastic K+ -Proton Scatte'1ing at 970, 1170, and 
1970 MeV/c, ~'by V. Cook, D. Keefe, L.~iT. Kerth, P. G. Murphy, 
W. A. Wenzel, and T. F. Zip£, dated Se'ptember 4, 1962. 

Page 2 

Page 12 

Page 13 

Please make the following corrections on subject report. 

Second paragraph, third line. Remove both commas so as to read: 
PartiCles which were produced as close a?s possible to the forward 
direction (26 deg) and could still emerge without obstruction were 
selected -------- '~ '-_.(' 

line 11. Add r to nuclea, so as to read: 
nuclear effects-----

line 17. Fourth line of equation for A. 

ft. 

.~ 

1 
Change 1/2 to'! 

line 6. (numerator} Change l/2 to ..!.. in two places. 
2 

last line. Change so as to read: differential cross section, and 
Ai is the experimental error in 

daexp 
cll'f (8i). 

Page 15 line 14. Change a.(alpha) to letter a, so as to read: 
where a is the transmitted -----

:Page 18 Equation (2). Should read 

D (w) - f(w) + f (w0) = D (w0) + ( W ~ "' . - "'
1 
+ .,J 
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ERRATA (continued) 

Page 18 last line reads + 1 _____ .._. __ ' ·Equation (3). 
1T 

should read 

1 ----------, 
1T 

Page 23. Change reference 20 to read: 

UCRL-10183 
Errata 

W. E. Humphrey and R. R. Ross, Low-Energy Interaction of 
K- Mesons with Hydrogen, Phys. Rev. 127, 1305 (1962). 

Page 43. Replace Fig. .S(.c) with the attached copy. 
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ABSTRACT 

A liquid-hydrogen target surrounded by spark chambers was used to 

study K+ -proton elastic scattering at 970, 1170, and 1970 MeV/c incident 

+ K momentum. In contrast with results at lower energies, the angular 

distributions were not isotropic; the anisotropy increases with energy, while 

the elastic cross section decreases. A number of phase -shift solutions 

using (a) sl/2' pl/2:! and p3/2 complex phase shifts; (b) real sl/2' pl/2' 

and P
3

/
2

, and complex n
3

/
2 

phase shifts; and (c) complex s
1

;
2 

and n
312

, 

and real P l/
2 

and P 
3

/
2 

phase shifts have been found for the 9 70- and ll 70-

MeV/c data. The 1970-MeV/c distribution has been fitted by an optical model. 

The data pre sen ted here have been included with other information on 

K-nucleon scattering in a test of forward-scattering dispersion relations. 

The data are still insufficient to provide a definitive test; however, an 

acceptable fit was found for r(effective pole residue) = -0.1 ± 0.3. 
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ELASTIC K+ -PROTON SCATTERING AT 970, 1170, AND 1970 MeVIc':< 

t 
V. Cook, D. Keefe, L. T. Kerth, P. G, Murphy,· 

W. A. Wenzel, and T, F. Zipf 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

September 4, 1962 

l. INTRODUCTION 

Previous experiments on the interaction of K+ mesons with nucleons 

include investigations at low energies of the total and scattering cross 

section by means of ernul sions ( 0 to 600 MeV I c) 
1 , counters ( 500 to 600 MeV I c )2 , 

3 
the propane bubble chamber, and the 15 -inch Berkeley liquid-hydrogen bubble 

chamber (100 to 810 MeVIcL 
4 

In the region above 810 MeVIc, the only data hitherto available have 

been total K+ -p and K+ -n cross -section measurements from counter experi­

ments by Burrowes et al. (up to 2.5 BeVIc);
5 

von Dardel et al. (2.9 to 6 BeVIc);
6 

Vovenko et al. (2 to 4 BeVIc);
7 

Cook et al. (0.8 to 2.9 BeVIc), 
8 

and Kycia 

et al. (3 to 20 BeVIc). 
9 

The measurement of differential cross sections at high energies has 

been complicated by the small fluxes of K+ particle beams, the difficulty of 

producing well-separated high-energy K+ beams for bubble chambers, and the 

severe competition of decay in flight with interaction in high-resolution 

counter experiments. The present paper reports three measurements of 

elastic K+ -p scattering distributions at high energies by use of spark chambers. 

The good resolution time (approximately 0,5 !J.Sec) of the spark chambers and 

the triggering system made possible the use of an electronically separated 

K+ beam to obtain a high rate. An array of spark chambers close to the 

hydrogen target was used to obtain accurate angular information, large solid 
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angle, and to minimize complications due to decay in flight , Two other 

experiments, one on total cross section, 8 the other on rare-particle pro-

d t > 

1 0 . d . h b d h b t d uc 1on, were carr1e out 1n t e same earn an ave een repor e , 

Neither involved the use of the spark-chamber array, 

2, EXPERIMENTAL DETAILS AND RESULTS 

2,1 Beam Layout 

The positively charged secondary beam was produced from a 4- by 

1/2- by J /4 -in, Heavimet target placed in the west straight section of the 

Bevatron, Particles, which were produced as close as possible to the for-

ward direction (26 deg) and could still emerge without obstruction, were 

selected in momentum by the beam-transport system shown in Fig, 1. The 

final spatial focus was also a momentum focus, The magnetic quadrupole 

lens Q
1 

produced a horizontal and vertical image of the internal target close 

to the center of the field lens Q
2

, The final quadrupole lens Q
3 

in turn focused 

this image anastigmatically at the liquid -hydrogen target, The dispersion of 

the first pair of bending magnets M
1 

and M
2 

was such that the aperture stop 

defined by Q
2 

accepted particles with momenta between ± 4o/o of the central 

momentum, The final bending magnet M
3 

served to redefine the momentum 

and to remove the dispersion caused by M
1 

and M
2

, The quadrupole field 

lens Q
2 

was used to obtain increased flux and to improve the recombination 

of momenta, 

The exit window in the straight section of the Bevatron was 0.020 in, 

thick, Apart from the space needed for counters, the beam channel was 

occupied by polyethelene bags containing helium, in order to reduce loss by 

multiple scattering, 

!II 

' 
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The hydrogen target was 48 in. long and 6 in. in diameter, with 0.005 -in. 

stainl-ess steel walls. The vacuum vessel surrounding the hydrogen vessel 

had l/8 -in. aluminum walls, a Mylar entrance window 0.020 in. thick, and an 

_. ~- exit hemispherical window of aluminum 1116 in. thick. 

2.2 Electronic Equipment 

Particles of the correct momentum were detected by the four beam 

scintillation counters B
1

, B
2

, B3' and B4" The pairs B
1

, B
3 

and B
2

, B
4 

were used to select the appropriate time of flight, and were connected in 

separate coincidence circuits. The methane -gas Cerenkov counters C 
1 

and 

c2 have been fully de scribed previously, 
11 

and have an optical system which 

detects separately the Cerenkov light from K mesons and lT mesons of the 

sarrie momentum. Because of the design upper limit on pressure (2000 psi), 

this mode of operation is possible only for momenta above l. 3 Be VIc, for 

which K me sons produce sufficient Cerenkov radiation. Below l. 3 Be VIc the 

counters were used purely in anticoincidence to reject lT mesons. Thus at 

9 70 and ll 70 MeV I c, lT me sons were rejected by anticoincidence and protons 

by time of flight. At 19 70 MeV I c, in addition to the lT anticoincidence and the 

time-o£'-flight selection, K-meson identification in the appropriate channels 

in both Cerenkov counters was required. The contamination in all the K+ 

beams discussed here was less than O.lo/o. Figure 2 shows the fluxes of pro-

tons, kaons, and pions as functions of momentum for an internal proton-beam 

energy of 5.5±0.5 BeV. In producing a high-flux K-meson beam (approximately 

-• 300 per pulse) the accidental rate due to the several hundred thousand accom-

parrying particles poses certain problems. In an experiment using a similar 

beam with K- i-neso~s, 12 
attention was drawn to the fact that the accidental 

rate due to lT"' me sons was reduced by at least two orders of magnitude, be-

cause the anticoincidence pulse was longer by a substantial factor than the 
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resolving time of the fast K-coincidence circuits, The case of the positive 

beam discussed here was more complicated, The ;r +mesons were rejected 

by anticoincidence signals from c
1 

and c
2

• However$ the protons were not 

detected by these counters$ so elimination of proton accidentals was more 

difficult, As can be seen from Fig, 2, the number of protons in the beam 

+ exceeded the number of ;r at all but the lowest momentum, As a general 

solution, independent of the nature of the accidental particle, a special 

stretching and adding circuit was used to reject from consideration any K+ 

meson if another particle passed through the system closer in time than 

±50 nsec; Each pulse from a 5- by 5- by 1/2 -in. beam scintillator A
1 

(see 

Fig. 1) was shaped by a delay-line stretcher to produce a 50-nsec. re:ctangular 

pulse. Thus if two particles passed thrqugh A
1 

within 50 nsec of each other$ 

the region of overlap of the stretched pulses gave a signal of twice the normal 

height. A discriminator set to select such double -event signals provided the' 

required anticoincidence signal. 

2.3 Hodoscope Equipment 

The hodoscope system for momentum and velocity analysis shown in 

Fig. 3( a) recorded K+ -p elastic scattering close to the forward direction. 

Except for a slight change in the geometrical configuration, the arrangement 

is identical with that used in the K- -p scattering experiment by Cook et al. 12 

The hodoscope scintillation counters in H
1

, H
2

, and H
3 

are all 8 in. high, 

3 in, wide$ and 1/4 in. thick, The elements in H
1 

and H
2 

are overlapped 

to yield l-in, horizontal resolution. The pressure in the sulfur -hexafluoride-

gas Cerenkov. counter (vertical aperture of 10 in.$ horizontal aperture of 48 in.} 

was set just below the threshold pressure required to count the K merons in 

the beam. The signal from this counter was placed in anticoincidence to 

reject any forward ;r 1 st flu st or electrons from K me sons decaying in the 

... 
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hydrogen target, or between the target and the last hodoscope. The pulses 

from each of the hodoscope elements were placed in coincidence in independent 

two-channel diode circuits with a 11K gate" pulse, and the outputs of these were 

displayed iri time sequence on a recording oscilloscope. 

The pole faces and inner surfaces of the copper coils of the analyzing 

·magnet were lined with anticoincidence scintillation counters (3/8 in. thick) 

to reject particles that struck the magnet and scattered into the final hodo-

scope array. Although such events could have been rejected after scanning 

by the constraints on the H
1

, H
2

, and H
3 

coordinate positions, they would 

have produced a rather large number of spurious triggers. 

From the coordinates of the scattered particle at the three positions 

H
1

, H
2

, and H3' the momentum, angle of scattering, and origin of any 

scattered particle were determined. Background contamination was removed 

by running with the hydrogen target alternately full and empty, then making 

a suitable subtraction. The hodoscope system measured the differential cross 

section for angles in the region el b ~ 4 to 13 deg, corresponding to e ~ 8 
a c.m. 

to 25 deg. 

2.4 Hodoscope Results 

About 10 000 oscilloscope sweeps were obtained at each of the primary 

momenta. Electronic pick-up from the spark-chamber trigger pulses caused 

about one -half the total number of traces, and these were easily rejected by 

inspection. About two -thirds of the remaining traces fitted the elastic-

scattering criteria. That is, the coordinates of the particle measured at H
1

, 

H
2

, and H
3 

[c.£. Fig. 3(a)] were consistent with a scattering vertex in the 

hydrogen target and a momentum within about 1 Oo/o of that expected for an 

elaptically scattered K particle. In a momentum-distribution plot these 

events stood out in a strong peak above a broad background. Most of the 
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background events were due to decays in flight between H
2 

and H
3

. However, 

de spite the acceptable kinematical fit, a "target full" minus "target empty" 

subtraction was necessary, since there were some acceptable elastic-scattering 

events in_ the "target emptyn runs. Almost all of these arose from scattering 

in the aluminum end window of the target. The ratio of the numbers of scatters 

per incident K meson in the full and empty runs was approximately five to one. 

In the final analysis, the forward-scattering measurements were based on 

approximately 140 events at 970 MeV/c, 270 events at 1170 MeV/c, and 750 

events at 1970 MeV/c. 

It is important to notice that, in contrast to the previous application12 

of this. equipment to measure K- -p diffraction scattering, only the sum of the 

forward ( e ~ 0 de g) and backward ( e ~ 180 de g) eros s sections could 
c. m. c. m. 

be determined in the case of a positive K -me son beam. (The recoil proton 

from a K+ meson scattered backwards bends in the same direction and 

approximately the same amount in the analyzing field as a K+ meson scattered 

in the forward direction.) Thus the rate in thehodoscope experiment deter-

mined 

= 

where A and B depend on the relative efficiencies for detecting K mesons and 

protons. We found that we could accurately calculate the attenuation factors 

due to the interaction or scattering of the K+ me sons and protons in the hydrogen 

target and aluminum vacuum vessel, and the loss of the K+ mesons due to 

decay in flight. The partition between forward and backward scattering was 

determined by extrapolation of the spark -chamber data in the backward direction 

to determine the average value of da/dn near 8 K = 180 deg. The errors 
c.m. 

arising from this extrapolation and from the subtraction were small compared 

with the statistical errors, and are included in the uncertainties quoted later. 

.. 
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2.5 Spark-Chamber Equipment 

Figures 3(a) and 3(b) show the arrangement of the three rectangular 

parallel-plate spark chambers used to measure da/cln at large angles 

• ~ ( e · ~ 30 de g). The hollow plates in each chamber were 10 in, wide by 
c,m, 

... 

28 in. long, and were made by stretching aluminum 0.003 -in, foil over a 

picture frame of 1-.in. -diam aluminum pipe. 

The outer electrodes were 0.012 -in, aluminum sheet fastened to a flat 

frame. The five hollow plates and two outer sheets were mounted so as to 

provide six parallel gaps each of 3/S··in, spacing. 

Two 90 -deg stereo views of each chamber were obtained by tilted 

mirrors as shown. To obtain unobscured views throughout the full depth of 

every gap a lucite field lens (f = 15 ft) was used and the camera placed at its 

focus [see Fig. 3( b)]. One surface of the lens was plane; the other was hyper-

boloidal to eliminate spherical aberration, An illuminated lucite reference 

grid, ruled in l-in. squares, covered the plan view of the hydrogen target, 

The film was advan~ed by one frame between Bevatron pulses; a maximum 

of one picture was taken per pulse, Each picture included an image of re­

+ motely located scalers [see Fig. 3(b)] which recorded the number of K 

me sons appropriate for normalization. 

At the beginning of each Bevatron pulse an non" gate was started, which 

permitted a. scaler to record the number of K+ mesons entering the hydrogen 

target and enabled operation of the spark-chamber trigger circuit. When an 

interaction occurred, a spark -chamber trigger was generated and the gate 

was turned off. For the remainder of that pulse the scaler and the spark-

chamber trigger .circuit were thus gated off, so that the scaler gave the correct 

normalization for the calculation of the eros s section, However, as a check, 

the total number of K+ mesons and the total number of interactions occurring 
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per pulse were recorded on separate scalers that did not involve the 11off" 

gate feature, Since the recording oscilloscope could photograph many traces 

+ per pulse, all K mesons were accepted as possible scattering candidates in 

the hodoscope system, The signal indicating an interaction in the hydrogen 

target was provided by a coincidence between the group of scintillators to the 

left of the tar get, SL, and the group to the right, SR [Fig, 3( a)], 

The spark chambers were evacuated initially and filled with argon at 

atmosphe.ric pressure, The high-voltage pulse of 20 kV was derived from 

two 5949 hydrogen thyratrons with a pre -stage comprising an EFP60 secondary 

emission tube and a 6130 thyratron, A small de clearing field was applied 

to the electrodes to sweep out the ions formed by the passa;ge of particles in 

the main beam, The magnitude (40 V) and sign (opposite to the high-voltage 

pulse) were chosen to minimize the number of accidental tracks without any 

significant loss in sparking efficiency per gap, The resolution time of the 

chambers under these conditions was about 500 nsec, The length of this time 

is dominated by the interval required to complete the electronic logic needed 

to generate a trigger pulse (300 nsec), 

In scanning for elastic scattering events, two classes of events could 

be distinguished: those where one particle entered the left-hand chamber, 

and the other the right-hand chamber; and those where one particle entered 

the forward chamber, In the first case, the end-mirrow views provided a 

beam 1s -eye view and the constraint of coplanarity reduced to the requirement 

that the images be closely colinear [compare Figs, 4(a} and 4(b}]; it was thus 

possible by inspection to reject noncoplanar events rapidly. In the second 

case [c. f. Fig. 4{c}] no such simple criterion was possible, and the correla-

tion of all sets of images had to be made before deciding whether the event 

was coplanar. 

.. 

.. 
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2.6 Spark-Chamber Results 

Table I summarizes the quantities of spark-chamber photographs taken 

at the three momenta, the quantities eventually selected as elastic scattering 

• • events, and the corresponding quantities of K+ mesons entering the hydrogen 

target within the "on" gate time. All events with two outgoing tracks were 

measured if the projected opening angle was greater than 70 deg (the minimum 

projected opening angle for an elastic scattering was greater than 80 deg). 

The angles of the two tracks with respect to the fiducial grid lines were 

measured in both stereo views on the projection scanning table. The typical 

uncertainty in measurement was between 0.5 and 1 deg. The scanners recorded 

the angles and the coordinates of the vertex directly on IBM punched cards. 

An IBM 65 0 was used to compute the space angles and compare them with the 

expected values for elastic scattering. The program contained no kinematical 

fitting routine, but was simply used to obtain a print-out of the deviation of each 

event from (a) coplanarity, and (b) elastic kinematics. The expectation values 

of these deviations were dependent on scattering angle, being worst for 

scatterings close to the forward and backward directions. Both distributions 

were simultaneously sharply peaked a.bout zero, and a realistic cutoff was 

easy to apply; the errors in the number of accepted elastic -scattering events 

arising from uncertainty in the cutoff was at most 5o/o for c. m. scatteri\g 

angles close to 0 and 180 deg, and 2% for the bulk of the events. These 1errors 

were included in the final uncertainty estimates but in reality were almost 

negligible compared with the statistical errors. 

Because the vertex of each event could be located accurately, events 

originating in the liquid hydrogen were easily discernible and, as Table I 

makes clear, there was little need to .take alternate full and empty target 

data. The events rejected as nonelastic comprised inelastic interactions in 
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the hydrogen a.nd interactions in the aluminum vacuum vessel. The relatively 

small solid angle subtended by the spark chambers did not make it worth­

while to attempt an analysis of the inelastic K+ -p interactions. 

Certain corrections, amounting typically to less than lOo/o, were applied. 

These included corrections for events lost or rejected either because the K 

meson decayed in flight before passing through the spark chamber or because 

the proton or K+ interacted in the hydrogen or vacuum vessel. Apart from 

the high angular resolution obtained, a major advantage of using spark chambers 

as detectors in close proximity to the hydrogen target was the reduction of the 

decay-in-flight correction from a large factor to a reasonably small correction. 

3. ANALYSIS AND DISCUSSION OF RESULTS 

Table II shows a list of the final corrected differential cross sections 

obtained, together with the magnitudes of the corrections that have been 

added to the observed numbers. The errors shown include the effects due to 

statistical fluctuations and uncertainties in the corrections. These results 

and the hodoscope results are shown in Fig. 5(a), 5(b), and 5(c). The total 

elastic cross sections, shown in Table III, were obtained by integrating 

beneath the experimental curves. The var.iation of a e and aT with energy 

is shown in Fig. 6. 

3.1 The 970- and 1170-MeV/c Data 

Stubbs et al. 
3 

have measured the differential cross section for K+ -p 

at 810 MeV/c, and have found an almost isotropic distribution. The simplest 

hypothesis is that S -wave scattering dominates (solution A of reference 3 ), 

but these authors also find satisfactory fits with a dominant P l/
2 

solution 

(solution B: Minami transform of A) or a combination of P
1

;
2 

and P
3

/
2 

amplitudes (solution G: Fermi-Yang ambiguity corresponding to solution B). 

.. 

.. 
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0 1 1 to 4 . . h 1 h ther measurements at ower momenta are cons1stent w1t tJ.e ypo-

thesis that the scattering is pure S-wave. Our observed distributions at 

970 and 1170 MeV/c show that the elastic-scattering cross section is still 

large at all angles, but that the departure from isotropy becomes increasingly 

marked with rising energy. 

Because of the large inelastic cross section it is necessary that at 

least one of the phase shifts be complex. 

It is obvious that the almost pure S-wave behavior up to 810 MeV/c 

does not continue up to 970 MeV/c, hence the following choice of sets of 

phase shifts was made: 

Set (a): s
112

, Pl/Z' and P 3/ 2 phase shifts, all complex: 

This assumed that only the next higher waves P
1

;
2 

and P
3

/
2 

would be 

needed, Thus there were six parameters to be fitted to the data. 

Set (b): Sl/?' P 1; 2 , and P 3/ 2 all real; D 3/ 2 complex: 

If one assumes that pion production proceeds mainly through the 

reaction 

(threshold pK = 880 MeV/ c), 

at 970 MeV/c, where the final KN>:< system is largely in an S-wave state, 

then the absorption should be confined to the D
3

/
2 

state. Thus the choice 

of solution of this type, albeit with only five parameters compared to the 

six of set (a), would be expected to provide a good fit • 
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Set (c): P 
112

, P 
3

/
2 

real; s
112

, n
3

/
2 

complex: 

and 

At 1170 MeV /c, pion production can occur through the reactions 

K + p -+ K + N':< -+ K + N + 1T 

':< 
K+p-+K +N-+K+N+TI 

(threshold pK = 1060 MeV/c), 

If we assume that the final states are mainly S-wave and the spin of K':' (mass 

888 MeV) is one, absorption due to the second process should occur in the 

D
3
/2r s

112 
channels; hence the choice of this set, 

The scattering cross-section equation used in fitting the 970 and 1170 

MeV/ c data (including both Coulomb and nuclea effects) was written: 

The non-flip amplitude is 

A= - )tn exp [-in ln sin2 (B/2)] 
2 sin

2
(8/2) 

+ 2~ { ~O exp ( 2ia
0

) + [2 ~: exp ( 2ia :) + ~~- exp ( 2ia 
1
-) 

- 3 exp (2i<j>l)] cos e + [3 T]; exp (2ia.;) 

+ 2 ~2- exp(2ia2-) - 5 exp (2i~2)] 1/2 (3 cos
2 e - I)} ' 

and the spin flip amplitude is 

B )tn C sinB 'I\ {[ + ( 2 . +) - ( 2 · -) 
·. = 2 + -2. Tll exp 10.1 - Tll exp 10.1 

2 sirt (B/2) · 
1 

3n ] [ + + - - 5 J } " - 2 c + Tl
2 

exp{2ia.
2

) -TJ
2 

exp(2ia.
2

)- 6 nc 3cosB, 

where }1. = the particle wavelength in c, m, system, 

a = 

and n = 

scattering angle in c, m, system, 
2 e 

.. 
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The complex phase shifts have been written 

0± ± + 

} = O.p_ + i ~£-P. 
for j = I)_ 112. ± 

± = exp (-
:1-

'lp_ 2~£-) 

The quantity C is the result of a fi:cst-order relativistic correction 

to the Coulomb scattering amplitude: 13 

c = 
l I 2 P·p ~K ~p + ( 1 I 2 Vp - l I 4 ) f3~ 

1 + f3K f3p 

where ~K and ~pare the c. m, velocities of the K and proton, and Vp is the 

proton magnetic moment in nuclear magnetons, 

The <l>p_ are the differences between the nonrelativistic Coulomb phase 

shifts of order 1 and order f. = 0: 

1 

6 = 2: 
·P. k=l 

-1 n 
tan (k) . 

A least- squares fitting computer program was used to find sets of 

phase shifts ( T], a.) that provided good fits to the measured angula1· distribu-

tions and total cross sections. Starting fron1. a randomly chosen set of 

(-r,, a.} pairs in the intervals 0 < 'l < 1. and 90 deg.:::::: a..:::::: 90 deg, the computer 

program searched for minima in the x2 surface defined by 

+ 

where D..e is the uncertainty in the normalization e, of the experimental 

differential cross section. 
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About 1 00 different starting points were chosen at each momentum. 

Those minima, for which P ( x2 ) ~ 0.05, were considered as acceptable and 

are listed in Table IV. The real part of the forward-scattering amplitude 

calculated for each solution is also given in Table IV. 

The acceptable phase- shift solutions that were found for each of the sets 

(a), (b). and (c) are given in Table IV. There is a small chance that other 

solutions having P( x2
) ~ 0.05 exist; all of the solutions given were found 

several times, starting from different initial sets of phase shifts. The main 

features of these solutions may be summarized as follows: 

( i) Independent of which class of solutions is preferred, the data at 

both 970 and 1170 MeV/c favor constructive nuclear-Coulomb inter­

ference. This implies a repulsive K+ -p force, in agreement with 

observations at lower momenta. 

(ii) Although the various sOlutions in each of the sets (a), (b), and (c) 

predict quite different phase shifts, they lead to a mo:r:e or less 

?table estimate of the magnitude of the real part of the forward-

scattering amplitude. 

(iii) The phase shift set (b), which has one less parameter to be. deter-

mined than set (a), provides better fits to the 970 MeV /c data than 

set (a). This can be interpreted as evidence in favor of the hypo-
.. , 

thesis that N'' ( 3/2, 3/2) production is the dominant inelastic process 

in K+ -p scattering at 9 70 MeV/ c. 

(iv) Solutions for the 1170-MeV/c data were found for all three of the 

phase-shift sets. Thus we are able to say only that our results are 

consistent with K>:< and/or N>!< production being the dominant inelastic 

process at 1170 MeV/ c. 

. " 
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(v) All of the solutions found at both momenta imply that the S-wave 

phase shift is decreasing with increasing energy and the P-wave 

and/ or D-wave phase shifts are increasing -with energy. 

3.2 The 1970-MeV/c Data 

The 1970 MeV/c data are strongly suggestive of a predominant diffraction 

peak with a very small residuum of isotropic scattering (approx 0.05 mb/sr). 

An expansion of the angular distribution at 1970 MeV/c as a polynomial in 

>::: 
cos fJ showed that terms up to order 8 were needed. As an alternative to 

a phase-shift analysis (which would require the inclusion of at least G waves), 

an optical-model approach was made in two ways by using a 11 grey•• refracting-
' 

disc model: 

(i) 1 -a=(A+iB)exp(-p2/2a 2 ) 

(ii) 1- a= A exp (-p 2/za 2 ) + iB exp (-p
2

jz(32 ), 

where a is the transmitted amplitude, and p is the radial coordinate measured 

from the center of the disc. The first choice was satisfactory in fitting the 

diffraction peak forK- -p scattering at the same momentum, 12 and was used 

in the present case to fit only the data cos e':<;:::. 0.85. The second form allows 

the imaginary and real parts of the scattering amplitude to have different 

11 radii, 11 and assumes that the Gaussian shape is an appropriate description 

for both. This model thus assumes that the diffraction peak is due to a 

rather large absorbing disc, and that the isotropic large angle scattering 

arises from a central core. This form was used to fit the complete angular 

distribution. 

In this model the elastic differential scattering amplitude is given by
14 

00 

f(O)=ik ~ (l-a)J 0 (qp)~ dp, 



where 

and 
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k = particle wave number in the c. m. system, 

q = 2k sin ( 8/2), 

J
0
(qp) = the zeroth-order Bessel function of the first kind. 

The elastic differential cross section is given by 
2 2 2 2 

( 1
.) da = k2A2a.4 -q a. -q a. 

dQ e - aoe 

(U) da = k2A2a.4 e-q2a.2 + k2B2A4 e-q2132 
dQ t-' 

2 2 2 2 
- a

1 
e -q a. + aR e -q 13 

The total cross section for case (ii) is 

2 
aT = 4 TT A a. 0 

We define the rms radius of the interaction J< p
2> by analogy with 

the case of scattering from a 11grey 11 refracting di·sc with a sharp boundary 

at radius Ro In that case: 

2< 2> 
( 1 q p = const. -· -=---:::-

2
....._- + 0 0 • ) 0 

Expanding the expressions for da/drl in the present instance, we find 

for the coefficient of the ( -q 
2j2) term: 

Case (i) < p
2 > = 

Case (ii) < p
2 > 

2 
2 a. • 

The best values found for the parameters are shown in Table V. The 

magnitude of the real part of the forward-scattering amplitude thus derived 

is shov:.n in Table V for the two cases. 

• v 



--

-17- UCRL-1 0183 

The values for the radius of the "diffracting disc" in either case (i) 

or (ii) appear to be smaller than the radius found for 2.0-BeV/c K- -p 

scattering, 
12 

viz., 0. 79 ± 0.04 F. 

4. FORWARD-SCATTERING DISPERSION RELATIONS 

Using the new data reported here, we have examined the forward-

scattering K-p dispersion relations to see (a) how well all the existing 

information can be described by these relations, and (b) how well the sign 

and magnitude of the hyperon pole term can now be estimated. The value of 

the pole term depends on the parity and coupling constants of the KYN systems. 

The basic dispersion relation for the real part of the forward-scattering 

amplitude may be written 

D(± w) -

with 

1 
f( w) = 

1T 

00 

J 
1 

r 
w±w 

w 1
- w 

+f(±w)+C, {1) 

0() 

1T J w' +w 
w .!\_ 1T 

The residue r is assumed to arise from an "effective" pole, situated at 

11average 11 energy w = 0.32 ~· Early efforts
12

• 
15 

to evaluate this term 

gave inconclusive results. Both singly·- and doubly-subtracted relations 

were used by these authors. Although these analyses were inconclusive, 

most of the authors found greater consistency with the data for negative 

values of r. It was assumed that the effective pole represented the effects 

of the adjacent ~ and A poles. It is now known that the interpretation of 

':' the effective pole is complicated by theY 
1 

resonance (and possibly other 

~1T or A1r resonances). 
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+ -
Our approach has been to try to fit all the available K -p and K -p 

data. We have chosen a subtracted form: 

(2) 

which eliminates the unknown constant C and ensures convergence of the 

subtracted integrals (subject to certain conditions on the asymptotic behavior 

+ - 16 of the total K -p and K -p cross sections ). The parameter w
0 

can be 

chosen arbitrarily (we have taken w
0 

= +1, L e., zero kinetic energy in the 

+ K -p system); then the equation contains only two free parameters D
0
= D(w

0
), 

and r. The integrals in f(w) were evaluated as follows. Between w '= 1 and 

± 
40, a smooth curve was drawn through the values of A deduced from total 

. l to 9 12 1 7 l 8 . · 
eros s -sectlon measurements. ' ' ' Th1s smooth curve was 

continued into the unphysical region ( w1 between w .L\if and l) by using the 

Dalitz and Tuan S -wave zero -effective -range analysis 19 with the scattering 

lengths given recently by Humphrey and Ross. 
20 

(The effective pole residue 

deduced from this analysis was insensitive to which of the two Humphrey-

Ross solutions was used.) The integrals were then evaluated numerically. 

21 
For the region w1 >40, we have used the results of Udgaonkar 1s investiga-

tion of the asymptotic behavior of high-energy cross sections. The high-

energy contribution to£( w) - f(w
0

) can be written 

00 
( w2 - w 2 ) w' (A-+ A+) 

I ( w) - I ( w
0

) 
1 J 0 

dw' = 
if ( ,2 2) ( ,2 2 

40 
w - w w wo ) 

00 2 - + 

+ 
l J 

(w-w
0

)(w' + w w
0

) (A -A ) 
dw', 

if ( ,2 2) ( ,2 2 ) 
40 w - w w - wo 

(3) 

. '-' 
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where we assume 

A-+ A+ w (F + Gwa- 1) - 4rr 

and 

A - + H wf3 -A - 4rr ' 

as w(~k)- oo. 

The constants and the exponents were estimated from the data of 

references 6 and 9 for w ~ 10, and the following values were used: 

F = 23 (1/~) 

G= 30(1/~). 

H= 30 (1/~). 

a = 0.3 to 1.0 (the results were insensitive to the value 

of a in this range), 

f3 = 0.25. 

In the energy region of interest in this analysis, the values of 

I(w) - I(w
0

) turned out to be small and relatively insensitive to reasonable 

choices of F, G, H. a, and (3. 

The values of D(w) used and the corresponding integrals f(w) are 

shown in Table VI. 

It is convenient to consider Eq. (2) as representing a two-parameter 

family of straight lines: 

(4) 

where x = 1/(w + w). The data given in the third column of Table VI can be 

fitted with a straight line. The slope of this line determines the pole term 

r. and the intercept at X = xo gives the value of Do. The experimental 

data and the best straight line fit (dashed line) are shown in Fig. 7. The 

solid curve is a plot of y vs x for D(w) = 0 for all w. Contours of constant 
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P ( x2
) are illustrated in Fig. 8 as a function of r and D

0
, where 

2 
X = 

i 

2 
[ z { w. ) - y ( w. ) ] 

1 1 

2 [ E ( W.)] 
1 

where Z(w.) = D(w.)- f(w.) + f(w
0

), and e (w.) is the error in Z(w.). 
1 1 1 1 1 

We have used only those values of D(- w) for which the sign of D( -w) 

has been given in determining the values of rand D
0 

that best describe the 

experimental data. The results are: 

r = -0.12± o.32, 

Do = 
2 p (X )= 

0.9± 0.2 ( 1/~), 

o. 70 • 

Apart from one point (at x = -0.2), which is between 2 and 3 standard 

deviations away, Fig. 7 shows that reasonable linear fits can be made to the 

data. However, the data are still much too poor (particularly at low energies 

for K -p scattering) to be able to establish definitely the sign of the pole 

term. It is interesting to note that if the sign of some of the low-energy 

K- points could be established, the value of the slope of the straight line, 

and thus the pole residue, could be much better determined. 

• 
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Table I. Summary of the recorded spark-chamber data. 

Momentum (MeV/c) 970 1170 1970 

Target Full Empty Full Empty Full Empty ,_, 

No. of pictures 3706 284 5766 447 ll 783 1456 

No, ofK+(l0 6 ) o. 796 0.161 1.133 0,360 2.582 0.593 

No. of elastic K+ -p 
1261 0 1699 0 1593 l scatters accepted 



'-

Table II(a). Differential cross-sections inK+ -p c. m. system, 
measured with the spark-chamber apparatus. 

Momentum (MeVIc) 

970 1170 1970 

e* da I a * da I a e* da I cos dn (mb sr) !:>a cos e dn (mb sr) t:>a cos an(mp sr) corr corr 

0. 76± 0.06 1.07± 0.18 0.53 o. 78± 0.08 1.89± 0.24 1.09 0.92± 0.02 1.52±0.21 

0.6 ± 0.10 0.84± 0.09 0.22 0.65± 0.05 1.26±0.14 0.32 0.85± 0.05 1.84±0.15 

0.4 ± 0.10 1.15± 0.11 0.27 0.55± 0.05 1.19± 0.12 0.33 o. 75± 0.05 1.47± 0.14 

0.15± 0.15 o. 75± 0.07 0.17 0.45± 0.05 0.95± 0.10 0.21 0.65± 0.05 1.04±0.11 

-0.1 ± 0.10 0.5 7± 0.06 0.13 0.35± 0.05 1.04± 0.10 0.30 0.55± 0.05 0.49± 0.06 

-0.3 ± 0.10 0.67± 0.08 0.17 0.15± 0.15 0.61± 0.05 0.14 0.45± 0.05 0.44± 0.06 

-0.5 ± 0.10 o. 76± 0.10 0.22 -0.05± 0.05 0.42± 0.05 0.09 0.35± 0.05 0.32± 0.05 

-0.7 ±0.10 0.67± 0.09 0.21 -0.15± 0.05 0.35± 0.05 0.08 0.25± 0.05 0.27±0.04 

-0.88± 0.08 0.61±0.11 0.27 -0.25± 0.05 0.33± 0.05 0.08 0.10± 0.10 0.12± 0.06 

-0.35± 0.05 0.36± 0.06 0.08 -0.05± 0.05 0.061± 0.023 

-0.45± 0.05 0.43± 0.07 0.12 -0.15± 0.05 0.083± 0.028 

-0.55± 0.05 0.24± 0.05 0.07 -0.25± 0.05 0.056± 0.021 

-0.65± 0.05 0.41± 0.07 0.13 -0.35± 0.05 0.029± 0.014 

-0. 75± 0.05 0.36± 0.06 0.11 -0.45± 0.05 0.048±0.016 

-0.85± 0.05 0.43± 0.07 0.14 -0.55± 0.05 0.054± 0.016 

-0.93± 0.03 o. 73± 0.17 0.28 -0.65± 0.05 0.064± 0.017 

-0. 75± 0.05 0.062± 0.017 

-0.85± 0.05 0.081± 0.019 

-0.94± 0.04 0.043±0.021 

a The listed cross sections include this correction, which is the sum of the corrections for stopping proton loss, 

proton interaction, and K decay and interaction. 

!:>a 
corr 

0.69 

0.39 

0.31 

0.22 

0.09 

0.08 

0.06 

0.05 

0.02 

0.011 

0.016 

0.011 

0.006 

0.011 

0.013 

0.015 

0.016 

0.021 

0.013 

a 

I 
N 
\.11 

c: 
0 
~ 
t"' 
I -0 -00 

I.>) 



8.1 

1 o. 7 

13.3 

15.8 

18.3 

20.7 

23.1 

25.4 

2 7. 7 

29.8 
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Table II(b). Differential cross sections in the c. m. system, 
measured with the hodoscope apparatus. 

1970 MeVIc 

da I * dn (mb sr) e 

153±38 5.21± 1.29 9± 2 

11 7± 30 4.36± 1.12 20±5 

119± 23 3.94±0.80 

80± 17 2.62± 0.56 

81±14 2.62± 0.45 

62±14 2.08± 0.47 

57± 14 1. 94± 0.48 

48± 8 2.08± 0.41 

39± 7 2.41± 0.43 

23±6 2. 75± o. 72 

1170 MeVIc 

da I * dQ (mb sr) e 

970 MeVIc 

da I dQ (mb sr) 

150± 41 3.36± 0.92 15± 8 92±30 2.40± 0. 78 

120± 21 2.36± 0.45 

a The net number of elastic scatters after the full-empty subtraction, 
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Table III. Elastic (a e) and total (aT) cross sections forK+ -p. 

Momentum 
800 970 1170 1970 Reference 

(MeV/c) 

a (mb) 12.2±0.4 
a -- -- -- Stubbs et al. 

e 

-- 1 0.2± 1,5 10,7±1.1 5 .6± 0.4 This experiment 

13.2±0.5 
a -- -- -- Stubbs et al. 

aT (mb) 13.0± 0.9 15.4±0.6 18.1±0.6 16.9±0.4 Cook et al. b 

a 
Reference 4. 

b 
Reference 8. 
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Table IV( a). Phase-shift solutions found at 970 MeV/c. 

Set (a) 
P( x2) 00 01 0+ + D(f) TJo T]l 1 T]l 

A -38± 1 1.0 -1 0± 1 1.0 3±4 0.6 -0.1 0± 0.03 0.14 
A+ 39± 1 1.0 -16± 1 0.9 1± 3 0.7 +0.09± 0.03 0.07 

B 30± 1 0.4 -38± 2 0.8 -4± 2 1.0 -0.12± 0.04 0.15 

B+ -32± 1 0.5 39± 3 0.7 5± 2 1.0 +0.12± 0.04 0.07 

c 9± 1 0.7 15± 7 1.0 -29± 2 0.8 -0.12±0.04 0.13 

c+ -14± 1 0.7 -14± 7 1.0 29± 2 0.8 +0.10± 0.03 0.06 

D 3± 1 0.8 -43± 3 0.9 7±9 0.8 -0.10± 0.03 0.11 

E -20±9 1.0 39± 9 0.7 -10± 1 0.8 -0.10± 0.03 0.12 

Set (b) 

00 01- 0+ 
1 

02- TJ2 D(f) P ( x2) 
--

A -29± 3 -20± 2 9±2 4± 1 0.6 -0.13± 0.05 0.35 

A+ 31± 3 18± 2 -7± 2 -4± 1 0.5 +0.16± 0.05 0.13 

B -3± 6 12± 2 -26± 2 5±4 0.6 -0.20± 0.05 0.41 

B+ 8± 3 -10± 3 26± 1 -4± 1 0.6 +0.26± 0.06 0.22 

c 21± 3 -21± 2 -3± 2 -22±4 0.6 -0.20± 0.05 0.39 

c+ -22±4 23± 1 4±2 23± 3 0.6 +0.24± 0.06 0.14 
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Table IV( b). Phase-shift solutions found at 1170 MeV/c. 

Set (a) 

60 01- - + + D(f) P( xz) 11o 111 61 111 
..... 

A -33± 2 1.0 -10± 6 0.8 4± 1 0.2 -0.19±0.09 0.22 

A+ 43±2 0.8 5± 1 0.6 -9± 5 0.4 +0.08± 0.08 0.07 
• 

B 74± 1 0.2 -30± 3 0.6 -14± 3 0.8 -0.19± 0.09 0.21 

c -3± l 0.2 -64±4 0.3 -15± 1 0.9 -0.20± 0.09 0.22 

c+ 12± 5 0.2 55± 4 0.6 11± 2 0,8 +0.22± 0.10 0.08 

D -9± 1 0.3 1± 5 1.0 -39± 1 0,5 -0.18±0.10 0.21 

D+ .l.?>± .l 0.4 -1± 3 1.0 43± 2 0.4 +0.17±0.10 0.10 

Set (b) 

60 61- 6+ 
1 

0 2- 112 D (f) P(x2) 

A -26± 7 -28± 1 4±5 -7± 5 0.3 -0.26± 0.05 0.25 

A+ 2 3±c1 29± 1 -1±4 11± 9 0.2 +0.28± 0.06 0.05 

B -11± 9 -28± 2 1± 6 -31± 9 0.2 -0.25± 0.09 0.24 

B+ 6±2 34± 6 6± 3 22± 9 0.2 +0.30± 0.09 0.06 

Set (c) 

00 11o 01- 6+ 
1 

02- TJ2 D(f) P ( x2) 
-- --

A -32± 10 0.6 6± 2 -25± 3 10± 3 0.6 -0.20± 0.08 0.15 

B -11±10 0.2 -38± 8 -2±4 1± 7 0.6 -0.19± 0.09 0.2 7 

B + 3± 10 0.1 36± 6 -1± 3 2±3 0.5 +0.21±0.10 0.12 

c 2±4 0.8 -30± 5 2± 3 -30± 2 0.3 -0.20± 0.07 0.28 

D -41± 10 0.5 -29± 2 6±2 •5± 3 0.5 -0.18± 0.08 0.2 7 

• D+ 20± 10 0.7 32± 1 -4± 1 3± 1 0.3 +0.19±0.10 o.n 

E -13± 2 0.3 29± 3 -9± 2 12± 2 0.4 -0.21± 0.08 0.12 



Case 

( i) 

( ii) 

Table V. Best values found for the optical-model parameters used 
in fitting the angular distribution at 1970 MeV/c. 

All points for which 0.55± 0.15 
cos e>:'> 0.85. excluding 
spar~,-chamber point at 
cos e = o.92 

Excluding spark-cham- 0.4 7± 0.04 
ber point at cos e*= 0.92 

I D(F) I 
3.6± 0.2 0.20± 0.06 

3.26± 0.22 0. 04 ± 0. 0 2 0. 1 0± 0. 11 0.15 

( 

VJ 
0 
I 

c:: 
() 
?;:1 
t' 
I ,_. 

0 ,_. 
00 
VJ 
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Table VI. 
+ -Values of D(w) and f(w) forK -p (w> 1) and K -p (w< 1 ) . 

pk w D(l/~) f (w) Reference 

..... 1 ·iii: 
520a 1.46 -1.20± 0.42 +0.20 Kycia et al. b 

810a 1.92 -0.80± 0.23 +0.28 Stubbs et al. 
c 

970a 2.22 -0.46±0.19 +0.26 This experiment 

1170a 2.56 -0.94±0.44 +0,05 This experiment 
' 

1970 4.10 ± 1.2± 0.4 -0.71 This experiment 

1970 -4.10 ± 3.3± 0.6 +1.00 Cook et al. 
d 

513 -1.46 ± 0.59± 0.96 +0. 79 Tripp et al. 
e 

434a -1.33 0± 0.5 +0. 72 Tripp et al. 
e 

392a -1.28 0± 0.6 +0.87 Tripp et al. 
e 

387 -1.27 ± 1.51± 0.40 +0.86 Tripp et al. 
e 

350 -1.23 ± 0.80± 0.56 +0.84 Tripp et al. 
e 

293 -1.16 ±1.12±0.47 +1.00 Tripp et al. 
e 

212a -1.09 -0,3± 1.1 +0.65 Humphrey et al. 
f 

138a -1,04 +0.65± 10 70 -0.34 Humphrey et al. 
f 

a These values were used to determine the parameters rand D(w
0

). 

b 
Reference 2. 

c 
Reference 4. 

d 
Reference 12. 

e 
Reference 18 • .. 

f 
Reference 20. 

·• 
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FIGURE LEGENDS 

Fig. 1. + Layout of K beam apparatus, 

Fig. 2. The composition of the beam given in terms of the number of 

particles per 10
11 

protons incident on a 4 -in, Heavymet target per 

1.5 msr, and for a momentum spread .6-plp = 0,08. Rates measured 

at about 90 ft from the production target were corrected for decay in 

flight and absorption in the Cerenkov counters to deduce the approxi-

mate production rates. 

Fig. 3(a). Plan view of apparatus used to detect scattered particles, 

Fig. 3( b). Elevation view of spark -chamber setup. 

Fig. 4. Composites made from typical spark-chamber photographs. 

(a) Elastic "side -side" scatter. 

(b) Inelastic scatter. 

(c) Elastic "front- side 11 scatter • 

Fig. 5(a). · Angular distribution at 970 MeV I c, 
± 

The symbols A refer to 

the phase-shift sets given in Table IV(a), Set (a). The dotted curve 

was drawn for solution A of Set (b) given in Table IV(a). 

Fig. 5(b). Angular distribution at 1170 MeVIc. 
± 

The symbols A refer to 

phase-shift solutions given in Table IV(b), Set (a). 

Fig. 5( c), Angular distribution at 19 70 MeV I c. The dotted curve is drawn 

for case (i) and the solid curve for case (ii), The parameters are 

given in Table V. 

Fig. 6. + The K -p total, elastic, and inelastic cross sections in the momen-

tum range Plab = 0 to 2 BeVIc. The curves drawn through the 

measured cross sections are not derived from a theoretical model. 
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Fig. 7. The function y defined in Sec, 4 is plotted against x. The data 

given in Table VI are used to calculate the values of y that are plotted 

as points. The solid curve is the value of y if the real part of the 

forward-scattering amplitude is zero for all energies. 

Fig. 8. 
2 

Contours of constant X as functions of the two parameters to be 

determined by the fitting procedure. 



Scale (ft) ,,,,,,,,,I I 
0 10 

48" liq. H2 
or deuterium 

-34-

8 11 diameter 
quadrupole lens 
(doublet)-----' 

Fig. 1 

UCRL-1 0183 

. ~' 

MUB-621 



<·. 

N 

5 
10 f-

3 
10 ,... 

2 
10 f-

10 r-

I 
0 

-35-

0 

o----ooo---o~ 

o Protons 

+ Pions 

t:. Kaons 

I I 

1.0 

_l I 

2.0 
Plab (Bev/c) 

Fig. 2 

UCRL-10183 

I 

3.0 

MU-26541 



-36- UCRL-10183 

Fig. 3( a) 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor ~f the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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