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ABSTRACT
The differential cross-section for v+ p +K" + Ahas been

meaéured for a center of mass angle of 90° and for photon energies
between 1100 MeV ‘and 1300 MeV. Range telescopes detected both
the K+ and the proton from the A decay. This experiment was per-
formed in collaBoration with D, E, Groom, who measured the
polarization of the Ahyperon in the above reaction. The electronic
instrumentation for this experiment is emphasized here. The dif-
ferential cross-section was found to remain nearly constant at

0.14 = 0,01 ub/sT over the above energy interval.
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1.0 INTRODUCTION

Recently high énergy physicists have discovered a confusing
array of particles and resonances governed.by laws which at present
are only partly understood. Qxle such resonance, N?/Z(S/Z-I-, 1688),
discovered in the pion-nucleon system, should be capable of decaying
into K+ + A, Therefore, the cross-section and polarization for the

reaction
+
'Y-l-p—)K + A (l)

gshould be influenced by this resonant state.
The angular distribution of this cross-~section has been meas-

(3, 6,7,8, 9) and at Caltech(l,d’4,5’ 10)

ured at Cornell University
for photon energies up to 1200 MeV. These data, which showed that
for photon energies less than 1000 MeV the angular distribution was
isotropic and the cross-section at 90° in the center of mass was pro-
portional to the kaon center of mass momentum,. implied that near
threshold the prloduction was nearly all in an s~wave state. However,
at photon energies above 1000 MeV, the angular distribution started

. peaking in the forward direction, and the cross-section failed to be

- proportional {o the center of mass momenturm. Thus, higher partial-
wave states had to be present in the production, and Anderson, et al.,
(8) suspected the appearance of resonance effects at a photon energy
of 1050 MeV, where the influence of the NT/2(5/2+, 1688) would be
 strongest, _

Extending these cross-section measurements to higher ener-

gies might test this possibility, while contributing to the general
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knowledge of KA photoproduction, For example, Daybell(“) meas-~
ured the cross-section at backward angles for photon energies up to
1300 MeV and found continued departure from s-wave behavior., In
addition; a measurement of the polarization of the associated A
h@eron would provide independent data on the production amplitudes
if more than one partial-wave state were present. Therefore, in
1960 it was decided to undertake the measurement of both the polari-
zation and the differential cross-section at photon energies from
1100 MeV to 1300 MeV for center of mass angles near 90°, where
the polarization was expected to be significant,

Because of the low synchrotron beam intensities available in
71960, an accurate polarization measurement was feasible only if the
kaon detection efficiency could be increased over that obtained in
previous successful cross-section experiments. The principal loss
in efficiency in these experiments resulted from kaons decaying
within magnets performing momentum selection. Also, the low
solid angle of available magnets restricted the kaon counting rates,
Therefore, a counter telescope was substituted for the magnetic
~ spectrometer, with two additional telescopes for the detection of the
A decay protons.

Because an earlier attempt with this technique (12) showed
that statistical fluctuations in the rate of energy loss in scintillation
counters and confusing events produced by nuclear interactions
complicated the separation of kaons from numerous plons and pro-
tons,; the final detection scheme had to consist of 28 counters, with

pulse-height information being recorded from 18 of them. The
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recorded pulse-heights were c.ompa.red with the expected K’ behavior
by a digit_ai computer in order to identify kaons. unambiguocusly,
Donald E. Groom and I have collaborated on this experiment.
Donald Groom, who has been primarily concerned with the design of
the telescope and with the data analysis, was responsible for the A
polarization data, It has been my task to develop the electronics and
to report on the cross-section data, Beyond these broad outlines, no
further division should be made between the efforts of Donald Groom
and myself, because not all of his participation was restricted to the
.polarizatior‘l experiment, nor all of mnine to the ¢crogs-section meas-

urement.,
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- 2.0 EXPERIMENTAL METHOD

2.1 General

Plan views of the experimental arrangement are shown in
figure 1. A photon beam produced by bremsstrahlung from the elec~
trons in the synchrotron was collimated, swept, and then passed
through a liquid hydrogen target, Most photons were not absorbed
by the target, but were collected by an ion chamber, which monitored
the total energy of the beam. Particles produced in the target could
enter the K- or A-telescopes, perspective drawings of which are
shown in figure 2.

Because KA photoproduction is a two-body reaction, fixing
the magnitude and direction of the kaon momentum determined all
other kinematical quantities, including the photon energy. The K+
Range Telescope defined both the kaon range and angle, thus estab-
lishing the plane of production and the energies involved. The two
telescopes for detecting the decay proton from the associated
A-hyperon were placed symmetrically above and below this produc-
tion plane,

Four effects limited the kinematical region over which this
kaon detection scheme could be applied, First, because at least
20 g/(:m2 of kaon range was required for clean particle identification
(see Appendix A), the kaon kinetic energy had to exceed 140 MeV.
Second, because of uncertainties in the absorption cross-sections
- for kaons in various materials, the kaon kinétic energy was limited
to less than 450 MeV. Thi:d, because counting rates increased

rapidly as the angle of the K-telescope with the photon beam was
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decreased, the counters were”ﬂooded for laboratory angles less than
25°. Fouri:h, because the maximum synchrotron end-point energy
was about 1400 MeV, and because a strong dependence on the shape
of the end of the bremsstrahlung spectrum was undesirable; the
phéton energy was limited to 1300 MeV or below. Therefore, it was
decided to operate at a center of mass angle of 90° and at photon
enefgies of 1100, 1200, and 1300 MeV, The same data provided

both the differential cross-section and the A polarization,

2.2 Counter Telescopes

For the 1200 MeV point, the K-telescope (see figure 3) con-
gisted of 20 scintillation counters and two Cerenkov counters, the
dimensions of which are given in table 1. The configuration at 1300
MeV was essentlally the same as shown in figure 3, except that the
polyethylene absorber was thicker in order to increase the kaon range,
Because this range had to be decreased for the 1100 MeV point,
counters 9 and 10 were removed and counter 8 was Included in the
slowing section. During the kaon runs, particles were required to
stop in one of the three thick 8R counters (6R1, 8R2, 8R3}. The
angular accepfance was defined by the target and by the small aper-
ture counter (12), and the particle energy was adjusted by varying
the quantity of polyethylene absorber, Counters ] to 12 measured
the ionization energy loss of slowing particles. The two Cerenkov
counters (Cl and C2) with a threshold at B = 0.66 rejected fast pions
and electrons. The two counters (CAL 1 and CAL 2) at the end of

the telescope defined protons of fixed range used for the calibration
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. TABLE 1

Counter Data for K-Teleécope

Number Area Thickness Type Function

(inchca) {inches)
1 -5 5 X5 3/4 Scintillator Front Section ~ dE/dx
6 -7 BX6 3/4 Scintillator  Front Section - dE/dx
8-9 6 X6 3/4 Scintillator  Front Section - dE/dx
10 - 11 6 X6 3/4 Scintillator  Slowing Section
12 45 3/4  Scintillator  Slowing Section - Aper-
ture
13 - 156 6 X7 . 1-1/2 Scintillator Stopping Section
16 7 X8 1/2 Scintillator =~ End Counter
17 -18 8 X7 1/2 Scintillator  Side Counters
Cl -GC2 5 X6 1 Cerenkoy Veto Fast Plons
- B> 0,66
19 - B X4 3/4 Scintillator  Calibration
20 7 X5 1/4 Scintillator  Calibration
TABLE 2

Counter Data for A-Telescope

Number  Area Thickness Type
(inches) (inches)

1A - 1B 5-1/2 %7 1/2 Scintillator

2A - 2B 6 X T7-1/2 1/2 Scintillator

CA -CB 6 x7-1/2 1 Cerenkov (8>0.66)
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of the other scintillators in the K-telescope. The side counters
(L and R) detected kaon decay particles as a check on the particle
identification, but were not required during the final runs. When
the side counters were not used, the efficiency of the K-telescope
for kaons was about 30% (see section 5. 3).

On the other side of the photon beam, above and below the
plane of production, were the two A-telescopes, which detected.
the decay proton from the associated A-hyperon. The difference
of the counting rates of these two A-telescopes was dependent on

{14)

the A polarization. Each A-telescope contained two scintillation

counters and a Cerenkov counter, the sizes of which are shown in
table 2, The absorber was chosen so that the least energetic decay
proton would Lravel through both scintillators, The most energetic
decay protons were below the threshold of the Cerenkov counter,
which rejected fast pions. In order to reduce counting rates from
low energy eclectrons in thcsc large area telescopes at forward
angles, the counters had to be surrounded by several inches of
parafin or polyethylene. Because of showers, lead usually in-
creased the electron background.

The combined eff:lcieﬁcy of the two A-telescopes was about
45% for decay protons, and, since the A decayed into a proton 67%

*
of the time, the total efficiency of the A-telescopes was 30%.

- % The A-telescopes, which were sensitive only to particles at for-
ward angles, did not detect most of the 7 's associated with the A
decay, because, unlike the protons, the 7 's were not concentrated
toward forward angles. Also, the Cerenkov counter vetoed about
50% of the 7 's, (See section 5.3.1).
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Although the original function of the A—tele_scoﬁes was only the meas~-
uraement Qf the polarization, the high background from nuclear inter-
actions in the K-telescope made the detection of a A decay an essential
step in identifying kaons unambiguously. As a result, a total kaon

detection efficiency of about 9% was obtained.

2.3 Electronics

The light outputs from all counters were converted to electri-
cal pulses by RCA 6810A photomultiplie‘r tubes and processed by the
electronic circuits shown in the simplified block diagram of figure 4.
For those events electronically p.reselected as resembling kaons, the
pulse~heights [rom scintillation counters 1 Lo 18 ol the K-Lelescope
were recorded. The preselection occurred in two time ranges -
namely, a fast preselection with resolving times of the order of 5 ns
and a slow preselection operating between 50 ns and 300 ns=s.

Basically the function of the electronic preselection was to
reduce the counting rates to a level where the data could be handled
by a digital computer. For example, typically 2 X 106 particles
entered the K-telescope for each detected kaon. The fast preselection
reduced this rate to 1.5 X 10,4, while requiring a coincidence with
either A-telescope further reduced the rate to 150 events per detected
kaon, The slow presclection passed about 20 events per detected
kaon to the computer for final analysis,

As a part of the fast preselection, a 4 ns coincidence circuit
selected those particles passing through the front and aperture

counters (1 and 12) of the K-ielescope, but not triggerliig either
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K-telescope Cerenkov counter; For such an event, 35 ns linear gates
were openéd, and the outputs of the eighteen scintillators of the K-
telescope were passed to the slow preselection and to the pulse-height
analyzer. In addition, a pair of 5 ns coincidence circuits determined
if either A-telescope detected a coincident particle passing through
both scintillators (1A and 2A or 1B and 2B), but not triggering the
corresponding Cerenkov counter (CA or CB), Such an event was
potentially a kaon with detected A decay proton, although, because

of the high rates in the A-telescopes, most such coincidences were
actually accidentals,

The slow preselection contained amplitude windows on the
front eight scintillators of the K-~telescope and defined the particle
rangc by rcquiring a coincident pulse in §R1 (13) and no pulse in the
e..-nd counter (16), The particle to be accepted here had to have a
kaon-like rate of energy loss (dE/dx) in the first eight counters and
rmiuist have stnpped between the front of §R1 and the end of 8R3. Also,
the presence of a coincident A-telescope particle could be required
for the slow preselection to accept the event. Pulses in the side
counters (17 and 18) or in the calibrate counters (19 and 20) could be
- similarly used,

When the slow preselection accepted an event, 5 ps linear
gates in the pulse-height recording system (15) were opened and
passed the outputs of the 18 fast gates. The output pulses from the
- 5 ps gates were stored on capacitors, the voltage on which was

scanned sequentially by an analog-to-digital converter., The result

of the analog-~to-digital conversion was placed in a digital storage,
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which alsoc recorded if a coincident particle had been detected by
either A-telescope. The content of the digital storage was either
recorded by a paper tape perforator or transmitted directly to a

digital computer. (16)

2.4 Data Analysis

The pulse-height data were then processed by a digital com-
puter. Because only the relatively slow Burroughs 220 computer
was initially available at Caltech, computer time had to be carefully
conserved. The analysis, therefore, contained several stages of
increasgingly coﬁplex computation, so that most background events
cou}.d be rapidly rejected without resorting to time-consuming,
sophisticated calculations. Later when an IBM 7094 computer was
installed, the results of the Burroughs 220 analysis programs were
further processed. These programs were nearly all written by
Donald Groom, and their details can be found in his Ph.D, thesiso(lé)

Using the Burroughs 220, the data from the pulse-height
analyzer were first unpacked and prepared for analysis by the KERN

(17)

Program, which also checked the data format in order to find
errors in the electronics, KERN was the governor program for the
rest of the data analysis and controlled which analysis subprogram
was to be applied to which events.

The data were then scanned rapidly for easily detected
characteristics such as pulse-heights so large as to saturate the

pulse~height analyzer, pulse-~heights outside computer-set bias win-

dows, or undesired pulses in the end counter, About 70% of the
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events were rejected at this stage.

The presence of A-telescope and side counter signals were
also recorded. By selecting those events showing both a A-telescope
coinciden.ce and a side counter pulse presumably from a kaon decay
particle, a relatively pure sample of kaons could be obtained for
checking the effects of the data analysis procedures on kaons. The
effect on background events was determined by analyzing events
produced when the synchrotron end-point energy was below the kaon
kinematical threshold.

The ana.lvj.rsis of the remaining events was complicated by two
effects, First, the kaons decayed, and the decay particle added un-
known amounts to the pulse-heights from the stopping section. (If
the decay particle eunlered the end counter (16) or counters 11 and
12, the event was considered lost, and the counting rates were cor-
rected accordingly.) Second, most background events remaining at
this stage were interacting protons, which did not have a unique
behavior conducive to a simple statistical test. In order to reject
such events, the tests applied to the kaons had to be sufficiently pre-
cige, so that the probability of background events appearing kaon-like
was small enough for an accﬁrate correction to be made.

In order to test if a particle was a kaon, the range within the
stopping section had to be determined. Because this range depended
almost exclusively on the counters near the region where the particle
~ stopped, and because the decay particle could be ignored in the front
of the telescope, the data from the front and rear of the telescope

were handled differently. The point of division was somewhat
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arbitrarily chosen so that the front section consisted of eight scin-
tillation counters, while the rear slowing and stopping section

(13)

contained the remaining seven counters (For the 1100 MeV
point, the front section had seven counters and the rear section
six.) The rear section was uéed to determine the range including
decay particle effects, Because the kaons behaved predictably in
the front section once the range was determined, a simple xz test
could be applied there.

The particle was first assumed to have stopped in the last
SR counter having a non-zero pulse-height, The expected pulse-
heights in the front section for this case were compared by a xz
calculation with the measured values. The approximately 8% of
the total number of events having a XZ greater than 40 were re-
jected. (Because seven or eight counters were used in this fit, the
most probable value for )(2 was about 6, so that a negligible num-
ber of kaons were lost as a result of this selection.)

A detailed calculation of the range was then made using only
the data from the rear section. The following procedure selected
the best hypothesis for the effect of the decay particle. An upper
limit for the range was obtained by assuming that no decay particle
was included in the rear section pulse-heights because the kaon
decayed after the fast gates had closed, A lower limit was set by
assuming that the pulse-height contribution from a singly charged
~ decay particle in the last counter having a non-zero pulse-height
was as large as possible, The range was then computed from this

counter alone after subtracting this maximal decay contribution.
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Weighted averages of ranges computed for counters the slowing
particle traversed formed more reasonable intermediate values.
The following statistical parameter Uj was computed for each

range Rj:

2
/L L\
» (WL‘-—J—) if L,<L,.
. L-L,, S N T 177
g =—tl > (__E_L)+ > (2)
1]

i~ 2
N(0.1) slowing’ stopping
section - section 0 if Li> L:'Lj

where: Li Pulse-height in the e counter,

Lij = Calculated pulse-height in the ith counter
assuming that the range was Rj and that
the particle was a kaon.

N = Number of counters showing pulses.

Large pulses were admitted with no penalty in the stopping section
s0 as not to discriminate against kaon events where the decay particle
signals added to the stopping section pulse-heights. Events with
pulse-heights consistently below those expected for normally stopping

kaons were penalized to reject fast protons scattering out of the tele-
scope without passing through the end countef. The smallest of the
Uj wasg chosen to indicate the best hypothesis for the range and was
used as the parameter U in further calcﬁlations.

Figure 5a shows a typical distribution of U for 1473 events

selected to be kaon-like Iin the front section. Figure 5b shows the

distribution of U for 1665 simulated kaon events generated by a Monte
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Carlo program. For U< 1.5 f:he distributions for simulated kaons
and real kaons were nearly identical. However, the real data showed
a long, flat tail which persisted below the kinematical threshold for
kaon production. If a sidel counter pulse were reyuired, this Lail
nearly disappeared. As a result, the events with U> 2.0 were inter-
preted as background and were rejected. This bias eiiminated about
15% of the total events and, based on the events showing gide counter
pulses and on the Monte Carlo analysis, resulted in a 2,6 *2,3% loss
of kaons.

Using the range determined above, a pararneter S was com-
puted for the front section as follows:

1 Li-Lys \ 2
R RNC = R
(0.1) L

Front io
Section

i

where! Li Pulse-height in the it counter,

L Expected pulse-height in the ith counter

io

using the range giving the minimum Uj
assuming that the particle was a kaon

(or proton).

" Figure 6 shows distributioné for S for kaon-like events, kaon events
showing a side-counter pulse, and for stopping protons, (The analy-
gis program could be easily instructed to use values of Lin calculated
assuming that the particle was a proton instead of a kaon, The proton
fit was made in this way.) Only about 1% of the events analyzed by
the computer were eliminated by requiring that S be less than 25.

The values of U and S for the remaining 5 to 10% of the total events
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were then printed out. These“events were a mixture of kaons with 2
to 25% background.

The distribution in.S of the background was determined by
lowering the synchrotron end-point energy below the kinematical
threshold for kaon production, and analyzing the resulting events.
This distribution was found to rise linearly from zero to S = 10 and
then remain constant to beyond S = 25,

The distribution for kaons could be estimated from known
XZ distributions. If the counter response were normal with 10%
resolution, then the § distribuition would he a xz distribution with
as many degrees of freedom as there were counters in the front
section. Because the counter pulse-height distribution was slightly
skewed (45) , the S distribution would be expected to be more skew
than the corresponding )(2 distribution.

Using the IBM 7094 computer, a maximum-likelihood fit was
made to the S spectra using the above background distribution and a
xz distribution of varying number of degrees of freedom for the kaon
events. The parameters used in the fit were the relative amount of
background (b) and the relative width of the counter resolution (r).

The optimum number of degrees of freedom for the XZ dis-
tribution was found to lic between the number of counters in the
front section and one less than this number. Because lowering the
number of degrees of f{reedom of a xz distribution increases its
relative width, the tendency of the optimum number of degrees of

freedom to be 1ess than the number of counters in the front section

was interpreted as resulting from the skewness of the counter
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pﬁlse-height distributions. The background corrections for these
two cases 'évere averaged for the crnss~saction measurement. The
dotted curves in figure 6 represent the results of this fitting pro-
cedure.

The number of kaons lost by truncation at S = 25 was calcu-
lated from the xz distributions and was found to be less than 1%.
Because this efficiency was so large and was also insensitive to the
parameters of the fit, (14) a negligible error was produced by the
truncation. The usual counting statistics resulted in an error equal
to the square root of the number of events with S = 25, Further
statistical errors resulted from uncertainties in the value of b,
arising both from the fitting at a fixed number of degrees of free-
dom and from thc choicc of the appropriate number of degrces of

freedom. The error in the background b resulted in a statistical

error in the cross-section of typically + 5%.
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3,0 ELECTRONIC INSTRUMENTATION
3.1 General

Because 'my principal contribution to this experiment was the
development of the electronic instrumentation, it will be described
here in detail. In the design of a system to perform the tasks out-
lined in the previous section, three general difficulties had to be
overcome, First, because low energy electrons associated with the
photon beam produced average counting rates from 105 to 5 X 106
pulses per second in the front scintillation and Cerenkov counters,
fast coincidence and gating circuits had to be used to minimize acci-
dental coincidences or anti-coincidences, and the number of such
accidental counts had to be measured. Accidental effects produced
a correction of about 15% to the cross-section.

Second, since the rate of kaons with detected A decay was
about ten per hour, runs lasting ten hours were usual. In order to
make such long runs reliably with an electronic system containing
3000 active elements, the mean time to failure of each active element
had to exceed 100,000 hours. Thus, with the exception of the high
voltage power supply, conservatively designed solid-state circuitry
was used exclusively. Mon-itoring and testing circuits were also
provided to insure proper operation.

Third, because the particle identification was already diffi-
cult enough with 10% statistical fluctuationé, further widening of
these distributions by electronic drifts or resolution was avoided by
providing a 2% to 4% stability and resolution for the bias setting and

pulse-height analysis.
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The electronics used éicxn_cuts of a modular, transistorized

(18) (20)

which has been used here and at

instrumentation system,
the Fermi Institute of the University of Chicago, (19) A set of stand-
ard circuits, consisting o:t; several types of fully interchangeable
units, comprised the logical building blocks of an analog-digital
system, which could be adapted to suit the requirements of a par-
ticular experiment. The basic units were built on 4.5'' X 8§, 25"
epoxy glass printed-circuit boards. The controls and the monitor
coaxial connectors were mounted on 1,35'" X 5,2'"" photo-engraved
front panels, and the power and the twelve standard signal connec-
tions were made via rear 22 pin printed-circuit connectors. Twelve
of these boards plugged into a 4.75'"" X 17! card file equipped with
24 receptacles to accommodate twelve boards and twelve capacitive
shields. The signals were carried by short leads to 144 BNC
connectors in the rear, and thence to other circuits by terminated
125 chm coaxial cables.,

In addition to the elements of the general purpose instrumen-
tation system, commercial equipment* and circuits constructed on
copper modules and in conventional rack mounted chassis were also
used. The copper modular construction technique, developed before
printed-circuits were adapted to high speed pulse applications, is
now considered obsolescent,

A brief summary of the characteristics of most of the circuits

used here is given in Appendix B and in reference 18.

* Most of this equipment was purchased from Ransom Research, a
Division of Wyle Liaboratories, in San Pedro, California.
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3.2 Fast Preselection

A block diagram of the fast preselection is shown in figure 7.
After amplification by a factor of 10 by a distributed amplifier, the
signals from counters 1, 12, C1 and C2 entered the 4 ns K coincidence-
an.ticoincidence circuit. This circuit produced an output signal for a
coincident pulse in counters 1 and 12 withoﬁt a coincident pulse in
either Cerenkov counter,

The coincidence circuit signal triggered a discriminator, the
output from which passed through the fast gate inhibit circuit and
opened the fast gates, when the pulse-height analyzer inpul gate was
not simultaneously open. The fast gaté inhibit circuit blocked the
fast gate pulse while the analyzer input gate was open. Separate
scalers* counted discriminator output pulses and those pulses blocked
by the fast gate inhibit circuit. After being delayed so as to be coin-
cident with the middle of the 40 ns discriminator pulse, the signals
from counters 1 to 18 were gated by the fast gates. An additional
fast gate circuit with grounded input provided a reference zero level,

The output pulse from the K coincidence circuit was also
used with the A counter signals to define the coincidence between a
Adecay- proton and the associated kaon. Because counting rates in
excess of 106 pulses per second were present in all the A counters,
the last five dynodes of their phototubes were étabilized by emitter
(21)

followers to prevent excessive charging of the dynode by-pass

capacitors. Also the phototube signals were clipped by 3 ns, 125 ohm

*¥ The scalers, which were manufacturcd by Ransom Reésearch, had
a pulse pair resolution of 1us.
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cables terminated in 24 ohms ‘to reduce the pulse widths., Coincident
pﬁlses £r9m 1A, 2A and the K telescope. without a colncident pulsc
from CA were required fqr the AA coincidence circuit to trigger a
discriminator, that could be gated by the output of the slow preselec~
tion. The discriminator output was recorded with the pulse-height
data and counted by a scaler. The signals from counters 1B, 2B,

and CB were handled in the same manner.

3.3 Slow Preselection

A block diagram of the slow preselection is shown in figure 8,
After being attenuated by 10 db, the output pulses of the fast gates
for counters 1 Lu 8 were serparately added to 10% of the total of
counters 13 to 15, The resulting signals were processed by a multi~
fold coincidence-anticoincidence circuit (TC-2), (22) where amplitude
windows were set for the first eight countcrs of the K-telescope. In
this circuit, the input signals were first shaped to a 50 ns critically
damped pulse and then amplified. The amplified signal was applied
to two parallel discriminators, which drove 50 n=s coincidence-
anticoincldence circuits.

The feedback from the stopping section {counters 13 to 15) was
originally intended to permit more stringent selection of kaon-like
events by the slow preselection (see Appendix A), However, requir-
ing a coincident A event sufficiently redﬁced the trigger rate, so that
biases could be set 35% on either side of the expected kaon dE /dx,

and the feedback was no longer necessary to preserve the kaon

efficlency.
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The signals from the fast gates for counters 13 (§R1), 16 (End),
and 17-18 (Side) or 19-20 (Calibrate) were shaped, amplified, dis-
criminated, and used to drive 50 ns logic éircuits, where they could
be. combined with the AA a,:‘ud AD signals, which indicated if a A decay
proton was detected. The outputs of these logic circuits were then
combined with the outputs of the 50 ns coincidence circuits for
counters 1 to 8 by a 300 ns coincidence-anticoincidence circuit, which
generated the slow trigger. By the proper setting of switches, sev-
eral conditions could be imposed on the signals 13, 16, 17, 18, 19,
20, AA, and AB for a slow trigger to Be produced. For example, with
13 in coincidence and 16 in veto, a particle had to stop between
counters 13 and 16, Also, a slow trigger could indicate the detection
.of a coincident particle by one of the A-telescopes or calibrate count-
er pulses lying within amplitude windows.

The 300 ns coincidence circuit, scalers, and the pulse-height
analyzer were gated by a beam gate, which was '"on'' when a photon
beam was being produced. This gating prevented about 80% of the
spurious triggers resulting from noise or background radiation. ‘the
beam gate, and thus the experiment, were controlled by the Master

(23)

Control, which also activated the motor of the paper tape per-
forator. By counting be'arln integrator pulses (from the synchrotron
control circuits), the Master Control monitored the amount of inte-
grated beam intensity during a particular run, and could be made to
stop the run at the end of a preset amount of total bearm. Also alarm

signals from the liquid hydrogen target, the paper tape perforator,

or the computer data link could stop the experirﬁent.
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3.4 Pulse-Height Analysis

The pulse-height analysis was performe.d by the Sampling
Digitizer, * which could sort the amplitudes from as many as 25
simultaneous input signals into 100 channels each. The outputs of
the fast gates for counters 1 to 18 entered the pulse-height (analog)
inputs together with the output of the zero reference gate. The
Sampling Digitizer also could accept digital signals,; the presence
or absence of which at the time of triggering was recorded, The
outputs of the A-telescope discriminators (AA and AB) eatered two
of these digital inputs. The output of the Sampling Digitizer was
either recorded on perforated paper tape or directly transmitted
to the computer by a data link. (16)

A functional block diagram of the Sampling Digitizer is shown
in figure 9, The sequence of operations was determined by the Con-
trol, which consisted of digital logic circuits, the operation of which
was synchronized to a crystal controlled oscillator. Clock pulses
derived from this oscillator were counted to generate all critical
timing signals. Although the Control was rather complex, it con-
taincd only standard digital techniqucs, and its internal operation
will not be discussed here in further detail.

The overall operation of the instrument was controlled by

the beam gate. Only when the beam gate was open could the Sampling

- * This instrument was constructed in collaboration with Ransom
Research, a Division of Wyle Laboratories, of 5an Pedro, California.
Full details of its operation can be found in the Instruction Manual,
Model 11388, Sampling Digitizer, and Addenda and Errata to the
Instruction Manual, Model 1138B, Sampling Digitizer. In addition,

a condensed description can be found in reference 15.
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Digitizer accept events, consisting of input signals in coincidence
with a trigger pulse. After the arrival of an aécepted trigger pulse,
the input gates at each analog input were opened for 5 ps. Pulses
which appeared at the analog inputs during this period were accepted
and stored by the parallel-to-serial converter. The stored analog
information was then presented at the output of this converter as a
seqﬁence of twenty-five 320-us wide pulses, .the amplitude.s of which
were proportional to the input pulse-heights, These pulses were
fed to the input of an analog-to-digital converter which generated

a binary-coded, two-digit decimal number for each successive input
pulse. These numbers, together with the gated digital inputs, were
recorded in a 200 binary bit temporary storage., The parallel-to-
serial converter was then reset in preparation for another trigger.
The analysis and reset cycle described above required about 15 ms
when all 25 analog inputs were used.

When papcr tape was the output medium and after an event
had been recorded in the temporary storage, the closing of the beam
gate initiated the readout sequence. Then the data multiplexer
scanned the information in the temporary storage, the sign digits
- which Weré determined by pi’e set front panel switches, and the
end-of-word character, which was the number 13 generated by
internal dc voltages. These digits were combined to produce stand-
ard Burroughs 220 computer words, which began with a sign digit,
then contained ten decimal digits from the temporary st.orage, and

ended with an end-of-word character. The output of the data
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multiplexer controlled the operation of a paper tape perforator, *
Which was capable of operating at 72 cha,ré,cters per second. The
capacity of the temporary s.to'rage was five words, which required
845 ms to read out. If the entire capacity of the temporary storage
was not used, time and paper tape could be saved by setting the
readout to operate on only those words used. Because the synch-
rotron was pulsed each 1.05 5, about 400 ms were available during
each pulse for collecting data. The maximum time during which
the synchrotron produced a photon beam was about 100 ms.

When the data link was being used, the readout sequence
began immediately after the completion of the analog-to-digital
conversion of the first input. The output of the data multiplexer
wasg then transmitted directly to the computer memory at a rate
of 1280 characters per second;** In this mode of operation the
instrument deadtime was 50 ms,

In an alternative mode of operation, the data multiplexer
scanned digits which had been set up on front panel switches rather
than those in the temporary storage. These preset digits served
as identification words on the tape.

The number of analyzed events and the number of triggers

passed by the beam gate were counted by decimal scalers. The

difierence of these counts was the number of events lost during the

* The perforator was a special modification of the Model 420 PR manu-
factured by the Tally Register Corporation of Seattle, Washington.

¥% If the Sampling Digitizer were used with an IBM 7090 Computer,
data could be transmitted at a rate of 6400 characters per second,
reducing the dead time to about 17 ms.
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instrument dead time.

3.5 Accidental Monitoring

Because accidental effects resultéd in a 15% correction to
the cross section, accidental monitoring by the circuits.shown in
figure 10 was required. The basic operation of the three systems
which measured the probability that an event was lost because of
an accidental pulsg from one of the Cerenkov counters is summarized
by figure 11. If the primary coincidence circuit had a veto resolv-

ing time of T,» the number of events accidentally vetoed (N, ) would

be:
T
N =Of RyRoT dt (4)

where: RV = rate of veto pulses.

o
i

C output ratc of primary coincidence circulit.

T

timme over which the measurement was made,
if: RV T <<1

If the delay at the input to the accidental monitor coincidence circuit
was sufficiently large to prevent it from counting trué coincidences,
its output rate (R_IA) would be entirely caused by accidental coinci-
dences between the veto signal and the output of the primary coinci-
dence circuit. If the delayed veto rate (R'V) and the accidental
monitor resolving time ('Tz) were sufficiently small so R‘V T,

then the output rate (RIAL) from the accidental monitor would be given

<< 1,

by

A = RyRem (5)
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and the total number of counts (NA) from the accidental monitor
would becomey

T T
N, =Of R dt =Of RUR T, dt (6)

If the delay was equal to the time required for an electron bunch

to travel an integral number of times around the synchrotron, then:

Ry, = Ry | {7)
and
T.
N, = 2N, (8)
1

and the coincidence output should be corrected by a factor:

NA TIN,IA NA
1+-—bI—'=l+?—-N-—: 1+K-Nm
C 27°C C
(9)
KETl/TZ

where N:& and NC were recorded by scalers and K was a measured
constant given in table 3.

In order to measure the probability that an accidental pulse
from one of the K-telescope Cerenkov counters caused a kaon event
to be lost, the outputs of Cl and C2 were added, delayed by 100 ns,
and placed in 5 ns coincidence with the dutpu_t of the K~telescope fast

coincidence circuit. The output of the accidental éoincidence circuit

* The electrons in the synchrotron were bunched at the same phase of
the 40 Miz radio frequency system. The time required for a bunch
to complete one orbit was 100 ns,
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drove the "C1,C2 Accidentals' scaler via a dis.cri:minatc)r° The
ratio of the number of counts in this scaler to the number of counts
recorded by the ''Gates'' scaler was .proportional to the probability
that a kaon eveﬁt wasg accidentally vetoed by a Cerenkov pulse. In
order to ascertain the proportionality constant, the output of the K+
fast coincidence circuit was delayed by 100 ns so that fast pions
fornﬁed true coincidences between the K+ fast coincidence circuit
and the accidental coincidence circuit. In this way, the resolving
time of the accidental coincidence circuit was measured, and the
proportionality constant (K) was taken as the ratio of the veto re-
solving time of the K' fast colncidence circuit to the resolving time
of the accidental coincidence circuit. In this case the resolving
time was defined as the rativ of lhe area under the timing curve
to the peak value. The probability that a A decay proton was lost
because of an accidental pulse from CA or CB was measured by a
similar technique,

The singles rates from the A-telescope coincidence circuits
were measured with a 40 MHz scaler and correlated with the average
number of beam gates between BIPS. The coincidence circuit dead
time was then checked by plé.cing the A telescopes in front of the K
telescope and measuring the efficiency of the A-telescopes for pro-
tons detected by the K-telescope. All deviations from 100% efficiency
were attributed to coincidence circuit dead time, which was measured
in this way to be 16 ns. Also, the outputs of the coincidence circuit
limiters were observed directly with an oscilloscope (Tektronix 581)

and found to last for 14 ns to 18 ns depending on the input pulse
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TABLE 3

Accidental Monitor Proportionality Constants

Accldental Normalizing K Percentage Remarks
Scaler Scaler Error in K

Cl, C2 Acc. . Gates 1.0 + 30% Included in gate
accidentals

CA Acc, AA 1.2 + 20%

CB Acc, AB 0.95 + 20%

Gate Acc, Gates 0.37 + 20%

Blocked Gates Gates 1.0 £ 2%

Blocked Gates Sampling Digitizer 0.2 + 5%

Analyzed Events

Gate Acc. Gatas 0,08 = 30% K+ Coinc. Nead
Time

Sampling Digi- Triggers 1.0 < 1%

tizer Triggers-
Analyzed Events

Bips Beam Gates 0,32 + 40% AA Coinc, Dead
Time
Rips Beam Gates 0.30 + 40% AB Coinc. Dead
Time
K Fraction of Kaons Lost

= Accidental Scaler Counts/Normalizing Scaler Counts
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height, The proportionality constant (see table 3) between beam
intensity and the fractional coincidence circuit dead time was derived
from a dead time of 16 ns per pulse and the measured singles rate
of 2 X 106 pulses/second a;t ten beam gates per BIP,

If an accidental pulse greater than about 1/2 minimum ion-
izing passed through one of the first eight fast gates t.ogether with
a kaon signal, the bias windows in the slow prcsclection would
probably reject the event., This type of accidental loss was moni-
tored by adding together 10% of the ungated outputs of counters 1
to 8 and placing them in delayed coincidence with the gate pulse.
The proportionality constant (see table 3) in this case was both cal-
culated from the known gate and TC-2 resolving times and measured
with random signals from a pulser and 6060 source. The two
methods agreed within 10%,

Because the threshold of the K= fast coincidence circuit
was also set at about 1/2 minimum, and because singles-rate
measurements showed that 40% of the gate accidental counts came
{rom the [irst counter, the gate accidental rate could also be used
to measure the probability of kaon loss from the K+ coincidence
circuit dead time. Because this correction was small (~ 0,5%),
the dead time resulting from the aperture counter (12), which
counted an order of magnitude slower than the front counter (1),
was neglected.,

The monitoring of the accidental vetos from the K+-te]e9c0pe
Cerenkov counters was further checked by placing one Cerenkov

counter in coincidence with the front aperture counters and setting
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the slow preselection to count. only protons of insufficient velocity

to trigger the Cerenkov counters., (The other Cerenkov counter was
disconnected.) Then the only counts which could be recorded would
result from an accidental Cerenkov pulse in coincidence with a proton.
Héwever, over an order of magnitude fewer proton events were re-
corded than would be expected from the accidental monitor rate.

The most probable explanation was that the Cerenkov counter rate
was primarily caused by fast electrons or pions traveling through

at least one of the eight front scintillators. Because the fast gate
open time was greater than the veto resolving time, thc cnergy loss
from such a fast electron or pion would be added to the proton energy
rloss and cause the pulse-height to lie outside of the window set by the
slow preselection. Such an event would be recorded as both a ''C1,
CZ Accidental'' and as a ''Gate Accidental.'' This explanation was
further checked by observing thé '"Gates'' rate with the Cerenkov
counter in coincidence but delayed by 25 ns. In this case the ''Gates'’
rate equaled the rate predicted by the Cerenkov accidental monitor,
‘I'hus, because at least 90% of all accidental vetos by the K+ -telescope
Cerenkov counters were also gate accidentals, the '"Cl, 2 Accidental'’
correction was ignored.

As discussed in the previous sectlon, the loss of events caused
by the Sampling Digitizer dead time was monitored by the analyzed
events and triggers scalers. The probability that an event was re-
jected by the fast gate inhibit circuit was given by the r#tio of the
counts in the ''Blocked Gates'' scaler to those in the '"Gates'' scaler.

The probability that the fast gates opened again during the 1 ps delay
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béfore the fast gate inhibit circﬁit blocked fast gating pulses was
approximately. 0. 2 times the ratio of the number of blocked gates
to the number of analyzed events. This type of accidental would
pr.oba,bly. cause a kaon eveﬁt to be rejected by the computer, since
additional pulses had to be present in at least counters 1 and 12
in order for the gates to be opened a second time.

BDecause of the stringent requirernents set by the data analy-
sis for the acceptance of an event as a kaon, the probability of
accidentals in eighteen counters fnaking a non-kaon event look enough
like a kaon to be accepted was considercd ncgligibly small. The
general mégnitude of the various accidental corrections are given

in section 5.3.3 and in table 8.

3.6 Power

Regulated DC power was provided by three sets of power sup-
plies - one for the cathode and dynode voltages of the photomultiplier
tubes, the second for the Sampling Digitizer, and the third for the
remaining transistor electronics, These supplies operated from
116 volts, 60 cycle power, regulated to £ 1%. Isolation transformers
prevented ground loop pick-up.

An Alfred Model 233A supply regulated to = 0,02% generated
2,3 KV, which was distributed to the 26 photomultipliers of the sys-
tem. The voltage applied to each photomultiplier could be separately
adjusted by switchable taps on a chain of ten voltage regulator tubes
(OG3). A simultaneously switched resistive- load kept the regulator
tube current constant as the voltage was switched., The dynode

voltages were provided by resistive dividers with condensers to
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prevent pulses from changing the dynode voltages. Emitter followers
stabilized the last five dynodes of the photomultipliers for the A-
telescopes.

The Sampling Digitizer had supplies regulated to = 0.02% for
thé £ 27V and -6,3V used In the parallel-to~serial converter and for
the + 12V used as the reference for the analog~1:o~digita1 converter,
The digital circuits operated on =* 12V power, regulated to * 2%.

The remainder of the electronics operated from regulated
(£ 0,04%) supplies,* which generated * 27V and -6,3V, These vol-
tages were interlocked so that all voltages would be shut off if any
voltage deviated more than + 20% from the nominal value. Remote
sensing minimized the effects of voltage drops from wires carrying
Vu._p to five amperes., For uncritical applications, such as light bulbs

and relays, = 16 V unregulated power was used,

3.7 Monitoring and Testing

The following monitoring and testing systems were provided
to insure proper operation of the experiment. A digital voltmeter**
accurate to % 0,01% measured the critical voltages of the Sampling
Digitizer and the outputs of the Lambda power supplies. The photo-

multiplier cathode voltages were measured by the digital voltmeter

using a stable (40 ppm/°C) resistor divider and a current balancing

#* The power supplies, manufactured by Lambda, are as follows:

+27V, 5A LA 50-03AM
~27V, 10A LA 100-03BM
~6.3V, 10A LE 109M

#% Stevens-Evans, Model 910-VR
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scheme which did not load the circuit being mdnitored,

The circunits of the general purpose instrumentation system
had 10:1 resistive dividers with an output impedance of 125 chms
located on the front panels, These monitor outputs could be ob-
served on an cgcilloscope (usﬁally Tektronix 581} and could be
shorted without appreciably affecting the operation of the circuit.

The computer performed several checks on the data, For
example, the output of the zero reference gate was subtracted from
all the pulse-heights to minimize drifts caused by changing pedes-
tals, The computer récorded if the zero level had shifted more
than & 2 channels and if any of the counter oﬁtputs were off scale
in the pulse-height analysis,

Several provisions were made for testiug lhe Sampling
Digitizer. One test circuit read arbitrary two-digit numbers into
the temporary storage in order to test the temporary storage and
its readout. The analog-to-digital converter could be tested by
applying either an internal or an external calibration voltage to
its input. A two-decimal digit display indicated the pulse-height
of any analog input selected by a front panel switch. The sequential
“input to ‘the ana.log-to~digital‘ converter was accessible on the front
panel for monitoring on an oscilloscope. In addition, the data link
also had a test circuit which transmitted known digits.

A mercury relay pulser with a = 0,02% regulated power
" supply genérated a pulse similar in shape to a photomultiplier tube
output. The pulser output pulse was divided resistively into 30

pulses, which were independently delayed and attenuated so that
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their relative timing and amplitude were the _sé,me as for the photo-
multipliers. A patch- panel allowed the phototube outputs to be
replaced by the pulser outputs or the pulser outputs to enter the
Sampling Digitizer analog inputs directly., The pulser supply voltage

could also be monitored by thé digital voltmecter,
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4.0 TESTS AND CALIBRATIONS

4,1 Fast Preselection Tegts

The principal element of the fast preselection was the TC-3A
coincidence circuit, the time resolutions for which are illustrated in
figure 12, The coincldent counting rate for protons selected by the
slow preselection is shown as a function of the delay of counter 12.
Also figure 12 shows the counting rate for minimum ionizing particles
selected by the slow preselection as a function of the delay of C1,
which was in veto.

Because the accuracy of the A polarization measurement was
critically dependent on the efficiencies of the A-telescopes, these
efficiencies were checked by placing the A counters in front of the
K-telescope. Protons selected by the slow preselection were passed
through both the A counters under test and the K-telescope, The
ratio of the number of AA (or AB) pulses in coincidence with the slow
trigger (indicating a proton selected by the K-telescope) to the number
of slow triggers gave the efficiency of AA (or AB). This technique
was also used to set the photomultiplier gains and the timing for the
A-telescopes. A typical timing curve showing the efficiency of AB
versus the delay of 2B is shown in figure 13. Deviations from 100%
efficiency were consistent with known counting rates and coincident
circuit dead times.

Another source of inefficiency for detecting kaons was a pos-
sible non-zero probability that the Cerenkov; counters detected kaons.
This probability was measured for the velocities expected for kaons

in the Cerenkov counters using protons selected by the slow
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preselection and was found to be of the order of 1%.
| The time resolution for the fast gates (TG-1A, TG-1B) is
illus.t:rated.in figure 14, in which the amplitude of output pulses from
protons is plotted versus the delay of a 40 ns wide gating pulse.
(The slight asymmetry in the curve resulted from the fact that photo-

tube pulses have faster rise times than fall times.)

4.2 Slow Preselection Tests

The amplitude resolutions for the TC-2 discriminators were
estimated by observing the sharpness with which a peak produced by
protons could be cut, This resolution was about 1 to 2 channels for

pecaks lying in channecl 60,

4.3 Tests of the Pulse-Height Analysis

The linearity of the pulse-height analysis including the fast
gates and the Sampling Digitizer, but excluding the photomultiplier
tubes, was measured with the mercury pulser. The result, shown
in figure 15, illustrates a deviation of = 1 channel from the best
straight line. The zero was deliberately off-set by two channels
for all pulse-height inputs, so that the zero drifts could be moni~
- tored by the computer. This zero off-set was subtracted in the
computer from the actual pulse-height before the data were analyzed.

Spot checks of the stability of the pulse-height analysis with
the mercury pulser showed that the system was stable to * 1 channel
for periods up to 5 days and stable Lvo = 2 channels for periods of
several months. The electronics were in an air conditioned room

with a temperature usually maintained at 25 =5°C,
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4,4 Calibration of the Pulse-Height Analysis

In order to reiate the light output (dL/dx) from the scintillators
to the output of the Sampling Digitizer, several hundred proton-like
events, selected by the slow preselection using the calibration counters
(19, 20), were recorded. The computer, using old calibration data
and the same statistical techniques used to select kaons, chose those
events which fit normally stopping protons. ‘Lhe recorded pulse-
heights for these events were then averaged to provide a calibration
of the pulse-height analysis. This procedure was iterated if the old
calibration waé found to be much in erroxr. The side counters {17 and
18) could also be calibrated by placing them in front of the telescope
when the proton data were being recorded, The calibration taken
above was then extrapolated linearly by about 10% to the dL/dx ex-
pected for kaons,

The dL/dx of protons as a function of range was measured by
changing the absorber in the telescope, and is shown in figure 16,
From 20 g/cmz to 68 g/cmz the measured and theoretical values
agreed within the statistical accuracies of the measurement. The
theoretical relationship between dL/dx and dE/dx in the stopping

section has also been conﬂrmedo(24)

4,5 Stability and R_eliability

Although pulser tests showed that the electronics were stable
to within * 1% over several days, drifts of the calibration sometimes
exceeded 5% in a few hours, indicating rapid changes in the photo-

multiplier tube gains., Bccause the photomultiplier cathodc voltage
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remained constant to + 0.04% for several days, changes in this
voltage accounted for only * 0.5% of the gain change. Both temper-
ature variations and counting rate effects on the photomultiplier
tubes were suspected. The 5% variations were barely tolerable
and definitely compromised the effectiveness of this technique,

Data on the reliability of the electronics has been accumu-
lated since January 1, 1962, and confirmed p::evious(ZS) indications
of the long life of transistors, Maintenance and repair consumed
a negligible amount of time.

Failures among the 3100 trangistors in the experiment fell
into three categories. First, five transistors failed because of
construction faults resulting in short circuits. This type of failure
ceased after about nine months during which most of these faults
were corrected., Second, marginal circuit design resulted in the
failure of several transistors. Two of these failures occurred
because one of the transistors in the fast gate (TG-1B) could receive
an excessive current pulse when the power was switched off. A
current limiting resistor prevented further failures of this sort.
The remaining failures occurred in two types of Ransom Research
circuits, where sufficient gé.in margin at high currents was lack-
ing. Third, random fa,ij..l.1'res occurred at A rate of about ane tran-
sistor for each three months of operation, -pr.oviding a mean~time-
to-failure of over 1,000,000 hours., Such a failure rate was to be
expedted with germanium transistors, some of which had to operate

at high power levels in fast, analog circuit applications.
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5.0 CROSS-SECTION DATA

5.1 General

The final data were obtained at the laboratory angles (00), kaon
kinetic energies ('I'k}, and synchfotron end-point energies (EO) shown
in.ta,ble 4., Runs 1, 4, and 6 supplied the cross-section data for photon
energies near 1100, 1200, and 1300 MeV, respectively, The other
runs provided data for an excitatiou curve which checked the validity
of the kaon identification.

The kaon yield during a run was given by:

= do ds? -
Y —NB _ ‘S-l S‘ S\ RNy(Eopk)PP(a'ﬁ)nk(m)lgkdzdﬂ (10}
Telescope Target Photon
Angles Energy
where:

Y = number of detected kaons during the run.,

NB = number of BIPs (a standard amount of total beam energy)} during
the run,

R = resolution function of K- and A-telescopes.

N_\{(Eo,k) = number of photons per unit photon energy per BIP for
an end-point energy Eo"

pp.= number of protons per éms in liguid hydrogen at its boiling
temperature,

%—%—i = differential cross section in the center of mass for y+p—~> K++A.

7, = total efficiency for detecting kaons.

! . -
(""‘"—‘gg)k-‘- solid-angle transformation from the center of mass to the

laboratory for kaons,

dQ = differential solid-angle of both telescopes in the laboratory.
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TABLE 4

Conditions for Kaon Run

Run Number 8 (DEG) T, (MeV) E MeV

o) ko o

1 37.36 179 £ 18,8 1180

2 37.36 179 + 18.8 1050
37.36 179 = 18.8 1100
40,17 234 £ 16,7 1280
40,17 234 % 16.7 1150

6 4] .48 288 = 15.6 1400

7 41.48 288 £ 15.6 1300

8 41 .48 288 £15.6 1280

9 41,48 288 +

15.6 1225

Bo = L.aboratory angle of telescope measured with respect

to the photon beam.,

Tko.z Kinetic energy of a kaon reaching the center of the

stopping section. Estimated error = £1,3%,

:tA.'I'k = Range of kaon kinetic energies defined by stopping

section.

Eo = Synchrotron end-point energy.
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dz = differential length of target along the phot'o.n beam (Z-axis).
dk = differential photon energy. |

The integral over the A-telescope was performed by Donald
Grc')om; {14) who approximated the K-telescope by a section of a

sphere with a solid-angle given by the size of the aperture counter,
This calculation resulted in a parameter M Az which gave the proba-
bility that the decay proton would be detected by either A—telescope,
considering only the geometry and the kinematics of the kaon pro-.

duction and the Adecay. Values of Npare given in table 7.

The yield integral could then be approximately separated as

follows:
Y= iN y S‘ R, N (E ,k) (dg' dkd=zd$2
= Ng ko AT e Kk
K-Telescope Target Photon
Angles Energy {11)

— do
X nAnka (‘&?%T)

where the average of the differential cross-section %%-7 and the

average efficiency (ﬁk) have been factored out.

5.2 Integral Over Photon Energy and K-Telescope

The photons produced by bremsstrahlung in the synchrotron
had an energy spectrum given by:

W
B(k,E)

N\’ (Eo’k) =TO'E"— (12)

where values of B(k,ED) can be found in reference 44. Because

Bk, Eo) is nurmalized so (hal
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E
8]

S‘ B(k,EO)dk = EO | (13)

o
the constant W bécomes the total energy in the photon beam per BIP,
The number of BIPs during a run and the value of W were determined
as follows;

The photon beam was absorbed by an ion chamber, which pro-
duced a charge output proportional to the energy in the photon beam.
This charge was accumulated by the Beam Integrator, which provided
a pulse called the BIP whenever the total charge exceeded a pre-set
level. To within a small rounding error, the total energy during a
run was proportional to the number of BIPs, A Wilson Quantameter(
provided an absolute calibration between the energy in the beam and
charge. The Beam Integrator was calibrated using a stable charge
generator, |

The details of the integrals over the K-telescope angles, the
target, and photon energy are discussed in Appendix C, These inte-
grals provided the angular and energy resoiution functions shown in
figurés’ 17 and 18, After evaluating these integrals, the yield can

be written as;

do
NN ==
_ BT d
Yot | (14)
EO
where .K = PPWI | _
’ ' B(k:Eo) dsy Q
K-Telescope Target Photon
_ A%ﬁles Energy
N = AT,

26)
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Values for K and for the parameters used in cé.lculating K are given
in table 5, with the functional dependence on EO being shown by the

smooth curves in figure 19.

5.3 Efficiencies

The efficiencies were divided into three categories: those
efficiencies independent of the run, those depending only on the K-
telescope configuration, and those depending on the specific run.
In the latter category the only correction was that caused by acci-

dentals,

5.3.1 Efficiencies Independent of the Run

These efficiencies are summarized in table 6, Because the
A-particle could decay in to #° + n, which was not detceted, the
branching ratio (nB) for the 7 + p decay mode had to be included

‘as an efficiency. Also, the data had to be corrected for the detection
of the 7 . The geometrical efficiency for detecting both the proton
and the 7 in different A-telescopes was estimated to be 4. 2% for the
1200 MeV point; the probability of detecting only the # was about 1%.
The number of times that both A-telescopes were triggered in coinci-

~dence with a kaon-like particle in the K-telescope was found to be

Z £0,5%., Because this Ira.te was over an order of magnitude above
the probability for accidental events of this type, the ratio of 2 to 4,2

was interpreted as the probability that the A-telescope Cerenkov
counters did not detect the 77 . Because the events showing coincident
particles in both A-telescopes were discarded, the data had to be cor-

rected by a factor:



RELATIVE COUNTING RATES

61 -

i [ { [ {

Angular Resclution of the KE~Telescope

5 |- 4 I|_3o E‘)’ = |292 MeV
4 ]
3~ ]
46°

2 ’\ -]

| | | | l\

] i ! |

40.1°

5 - E-), =187 MeV _|
4 — ]
3 45° m
t / :

| | | | il ~_

[ | | | [ |
7 37;3" Ey = 098 MeV _|
6 ]
SH -
4 —

4.5°

3 ]
21— ]

[ | [ 1 | |
a3 35 37 39 41 43 45 47

8¢ (LAB) - DEGREES
FIGURE 17:



B

adoossTol~3 9173 JO UCTInTOosa AGIsuf U040yl 8T MINHId

(ABW) — ADY3IN3 NOLOHJ

- 00vI 0sel | 00gl osel oozel osll 0011 060l

000l

_ _ !

P

A9NW §°08

ASN 99
oS 1P =9

AOW 2621 /K
o1'0b =%g—

AW 2811

o€4C =78

A ‘860!

— 00l

_ I | _ _ | i l

S31vd SNILNNOD 3AILVI3Y



-63-

TABLE 5

Parémeters for the Calculation of K

Run E (MeV) | o, (ém'?’)(41) W(MeV /BIP) I{cm~-sr)
quber

1 1180 4,25 x 10°% [(1.218+1%)x 1013 | (1. 34=1%)x 1072
2 1050 4.25 x 10%% |(1.20941%)x 1013 |< 1073

3 1100 4.25 x 1022 |(1,21121%)x 10' | (0. 4421%)x 1072
4 1280 4.25 x 10%% |(1.22241%)%x 1013 | (1. 02521%)% 10”2
5 1150 4,25 x 10%% |(1.21321%)x 1013 |< 107

6 1400 4,25 x 10%% |(1.227+1%)x 1013 | (0, 95141%)% 1072
7 1300 4.25 x 10%% |(1.223:1%)x 1013 | (0. 35621%)x 1072
8 1280 4,25 % 1022 (1,222=]1%)x 1013 (0,159=1%) % 10‘2
9 1225 4,25 x 10%% [(1.2201%)% 1013| 2.92 x 107°




-64-
TABLE 6

Fifficiencies Independent of the Run _

Type | Value
Branching of A decay ng) 0.677 +0.01
Effect of 7 in A-Telescope (ﬂw—-) 0.985 +0.01
Decay particle veto {fjyy,) 0.716 = 0,016
Counter spike (1) i 0,97 = 0,01
Target losses (’nTL) 0.968 £0,016
TC-2 bias losses mTC-Z) 0.97 0,03
U> 2.0 bias loss {'nu) 0.974 £ 0,023

M = NNy Moyl rc-pM, = 0-422 (1 & 5.08%)

(Total errors are the syuare-root of the sum of the squares of the

individual errors.)
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B 2 4,2-1, _
Ny-=3-43 (g ) = 0,985 (15)

Because this correction was small, it was assumed to be the same

for all runs.

If a charged particle from a kaon decay passed through the
end counter, the event would be rejected by the slow preselection.

Also, because no provision was made in the calculation of U and S

for a decay particle in any other counters except those in the stopping
section, a backward-travelling decay particle which entered counters

11 or 12 would cause the event to be rejected. The probability of such

events was calculated by a Monte Carlo program(zﬂ and resulted in

the efficiency 'an.

Small kaon losses also resulted from the increased light

(

output near the counter light-pipes (’ns), 13) boiling in the hydrogen

(43)

target (T}TL), the amplitude windows on the first eight counters

oGzl and the bias that U be less than 2.0 (7).

5.3.2 Efficiencies Dependent Only on Telescope Configpuration

The values of these efficiencies for the three telescope con~
figurations are given in table 7,

Kaons could interact with the hydrogen and carbon nuclei of
the K-telescope counters and absorber, resulting in large pulses
and large angle scattering which would cause the particle to be lost,
The cross-section for scattering from hydrc_;gen through an angle
greater than 12° has been found to be 16 * 3,2 mb for kaon energies
from 40 MeV to 275 MeV, (28,29) The total cross-section for

scattering from carbon with an angle greater than 22.1° for a kaon
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TABLE 7

Efficiencies Dependent Only on Telescope Configuration

Run Number , 1-3 4 -5 6 -9

A-Telescope Geometry (177) 0.366+0.0037 0.4510.0045 0.512%0,0051
Absorption (7,) 0.83640.032 0.766-0.046 0.69420.060
Decay in flight (75) 0.629+0.037 0.65540,034 0.690+0.034
Gounter 12 Saturation (1,,) 0.92840.017 0.9280,017 0,97420,017
Multiple Scattering (7 _ ) 0.97 20,01  0.97 £0.01  0.97 +0.07

Truncation of S (ﬂs) 0.9997 0.9970 0.9937

_ 0.173 X 0.203 x 0.230 X
= N UaTprT12Mms®s (1 £7.40%) (1 £8.27%) (1 + 10. 2%)

(Total errors are the square-root of the sum of the squares of the

individual errors.}

TARLE 8

Accidental Correction

Run Number Accidental Correction mACC)
1 0.832 £0,.015
2 0.846 £ 0.015
3 0.832 +0.015
4 0.831 0,016
5 0.840 £ 0,015
6 ' 0,856 0,022
7 0.849 0,022
8 0.901 +0.017

2 0.855 £ 0,022
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energy of 190 MeV was found to. be 96,5 8,5 mb°(30) Because the
hydrogen cross-section was not strongly energy dependent and be-
cause for mosf of their path length the kaons had energies near 190
MeV, the carbon cross-sgection was assumed to be a constant 96.5 mb
for all kaon energies in the K-telescope. From thesé cross-sections
and from the known chemical composition of the K-telescope, the
absorption correction (’I]A) in table 7 was calculated.

The decay of kaons in-flight between the target and the stopping
section provided another loss mechanismo. Including relativistic time
dilation, this decay corrcction is given by:

_ R
Nyp = °%P [-,—r"'% | %X—] (16)

o]

where MTop = probability of in-flight decay

m = kaon mass

T = kaon lifetime

¢ = sgpeed of light

R = distance from the target to the middle of the stopping
section

p = kaon momentum

The deéay corrections s_howh in table 7 were calculated from equation
16 using a kaon lifetime of 12.29 *= 0.08 ns and a kaon mass of 493.8
MeV;HZ)
| A correction also had to be made for the loss of 8R caused by
saturation effects in counter 12 (1112). Because all events saturating
the pulse-height analyzer were rejected, particles which stopped in

the first 3 to 7% of the stopping section were lost, (27)



~68~
The loss of particles from the K-telescope because of multiple
scattering ('qms) was estimated to he 3%. (14) A amall correction

('r)_s) was made for the truncation of S,

5.3.3 Accidental Correction .

The methods of section 3.5 using the constants of table 3 were
applied to the accidental monitor counting rates. rVI‘he results are
shown in table 8,

During a typical run, the accidental corr.ection resulting from
the A-teiescope Cerenkov counters was 4,6%, from the gate acciden-
tals and K-coincidence circuit dead time 1.8%, from the Sampling
Digitizer dead time 6.3%, and from the dead time of the A-coincidence

circuits 3.2%. Other accidental effects were less than 0,2%.

5.4 Results

In order to check on the elimination of background and on the
theoretical reéolution functions, several runs were made at reduced
synchrotron end-point energies. The results of these excitation
curve runs are summarized in table 9, with theoretical and exper-
-iment.al values being compared in figure 19, The best fit for theo-
retical ‘and experimental dafa occurred if the end-point energy was
assumed to be 5 MeV higher than that indicated by the synchrotron
Beam Energy Meter, This displacement is not inconsistent with a
15 MeV shift suspected by Peck,(zo) Uncertainties in the kaon range
and in the dependence of ¢nergy on range led to a = 2,5% error in
the kaon energy, which was reflected as an error in photon energy

of 5.3 MeV at EY = 1098 MeV, 8,7 MeV at EY = 1187 MeV, and
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i:.ll.6 MeV at EY-:‘- 1291 MeV,

Because the p:fedicted and measured excitation functions
agreed within statistical errors, the telescope resolution functions
appear confirmed. The lack of counts below the kaon kinematic
threshold indicated that the remaining background was less than 1%.
Furthermore, the average fraction of the kaon events showing a side
counter pulse produced by a decay particle was 0.294 0,02, in
agreement with the theoretical value of 0,283 * 0,023 obtained from
simulated kaons generated by a Monte Carlo program. (27)

The differential cross-section data are shown in table 10,

The cross~section remained nearly constant at a value.of 0.14 pb/sr
for photon energies betwéen 1098 MeV and 1291 MeV. These values
are shown in table 11 and figure 20, which compare the results of
this experiment with previous cross-section measurements. Be-
cause the lower energy values agreed well with the work of Anderson,
et al., (8) Sadoff, et al, ,(11) Thom, et al. ,(9) and Peck,(lm consid~
erable confidence can be placed in the absolute calibration.

Table 10 also shows the RMS errors involved. The statistical
errors resulted from the counting statistica on the number of events
“and from uncertainties in thé background correction {see section 2,4}).
The systematic errors, .provided by uncertainties in the efficiencies
and in the resolution functions, ranged from + 9.4% for a photon
energy of 1098 MeV to +12.1% at 1292 MeV. The systematic errors

claimed for previous work were about = 10%.
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TABLE 11

‘Differential Cross-~Section

Data Near 01 (c.m.) = 90°

" (Errors are statistical only.)

Source Ey(MeV) Bk(cam. -deg.) %S%-, in 10-3lcm2/sr
Anderson, et al. (8) 934 90.0 0.55 £ 0,04
1004 88.6 1.54 £0,09
1024 94.2 1.45 =0,11
1054 89.7 1.57 £0.09
1080 90.0 1.58 £0.08
1130 90.0 1.42 £0.13
Donoho and Walker(z) 960 g0 "1.18 £0,35
1060 90 1.46 +0,23
1060 90 1.47 £0.26
sadott, et al, (11 1160 90 1.44 £0.10
Thom, ét al..(g) 1200 90 1.53 +0,09
Peck(lo) {(Extrapolated 1200 90 1.35 20,18
I.E’OIJFJ 85°) 7
' This experiment 1098 89.8 1.39 +0.088
1187 90,2 1.43 £0,075
1292 89.8 1.43 = 0,089
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6.0 CONCLUSIONS

6.1 Theoretical Considerations

Several phenomenological theories have been devised to explain

(31-36) Peck(10) (35}

(36)

and Beauchamp and Holliday did not fit the measured angular dis-

K A photoproduction. found that the model of Kuo

tribution at EY- = 1200 MeV and predicted the wrong sign for the A
polarization, Furthermore, both Groom and Peck independently were
unable to reproduce the numerical. rcsults of the Hatsukade and
Schnitzer theory, (31,32) pr.eventing it from being continued to ener-
gies above the pu‘blishedwz) 1060 MeV case. Thus, I chose the

' (33,34)

model of Dufour and Gourdin for the comparison of the results
of this experiment with theoretical predictions.

In this model, the production amplitudes were calculated using
the Born approximation for suspected dominant single-particle ex-
changes, with the K£/2 (1,855) and N1/2 (5/2+, 1688) resonant states
being added explicitly using Breit-Wigner forms. A non-zero width
was kept for the latter resonance, but not for the former which does
not occur in the physical region,

The theory had seven parameters to be fit to the experimental

(37)

data. Dufour recently
(10)

included in the fit the angular distribution

(34)

data of Peck at 1200 MeV with previously existing cross-
section and polarization data. Sixteen equally valid choices for the
parameters of the fit resulted if the A anomalous magnetic moment
(pA) and the width of the NT/Z (5/2+, 1688) wére treated as relatively
free parameters. To restrict this large choice, LLA was chosen equal

to -0.955 nuclear magnetons in agreement with the eightfold Way(ss)
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and as a value intermediate between two conﬂicﬁng experimental
results. (_39’40) Choosing a width for the NT/Z(.5/2+, 1688) resonance
equal to 100 MeV reduced the number of available parameter sets
to one, The theory using these parameters was continued to energies
above 1200 MeV by Donald Groom using the IBM 7094 computer,
The dotted curve shown in figure 20 was obtained in this manner.
From figure 20, it is apparent that the Dufour theory gives
good agreement with the differential cross-section measured at a
center of mass angle of 90°. The theory predicts a slight rise in
the cross-section near a center of mass energy corresponding to
the mass of the NT/2(5/2+, 1688), The experimental data are cer-
tainly consistent with the rise, although the errors are somewhat
large to state definitely that such a rise really exists. In the region
of this experiment, the theory predicts only small changes in the
differential cross~section; this fact is now experimentally confirmed.,
The theory also predicts the correct sign of the A-polarization,
although the magnitude is consistently below the experimental data. (14)
In order to provide a non-zero A-polarization, the NT/Z(5/2+,
1688} must contribute to the production amplitudes in the Dufour

(34) However, the fii: to the angular distribution data(lo) at

"theory.
forward angles at 1200 MeV is significantly beiter il the NT/2(5/2+,
1688) state is excluded.(l4’ 37)

From the cross-section data alone, the presence of effects
" from the NT/Z(5/2+, 1688) resonance rermain unconfirmed., The Dufour

theory, including the resonance to explain the polarization rise near

EY = 1100 MeV, predicts differential cross-section values which
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agree well with this experiment at 90° but less well at more forward
angles. The safest conclusion to be drawn from this experiment is
that the differential cross-section at 90° in the center of mass re-
mains nearly constant for photon energies from 1100 MeV to 1300
MeV. Also, the absolute magnitude of the differential cross-section
measured at Cornell by a different technique for energies between
1100 MeV and 1200 MeV has been verified within 10% systematic

ETTOrs,

6.2 General Comments

Now that this experiment has been completed and shown to
delecl kaons predictably, a few remarks on the general approach are
in order.

The high efficiency for detecting kaons with associated A decay
was achieved, although by the time that the cxperiment was completed
the order of magnitude increase in the synchrotron photon beam in-
tensity reduced the importance of this reason. However, the rela-
tively high counting rate for A events did make it feasible to measure
the A polarization with a statistical accuracy of about 0. 07 at
| several different photon energies,

This experiment also provided valuable experience in design-
ing and operating a complex experiment in a small laboratory, Be-
cause limited personnel were available for repair and maintenance,
the equipment had to be designed with sufficient reliability so that
virtually no maintenance would be necessary. At least in this exper-

iment, the reliability of the equipment was not a limiting factor,
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indicating that increased complexity should not be feared if high

standards .are maintained in the design of angineering details.
Althodgh this experiment finally produced data reliably and

rapidly, five years were required to build the equipment, write the

computer programs, and wait for reliable synchrotron and computer

operation. Anyone planning similar experiments in the future

should not underestimate the time required to design and build

dozens of electronic circuits and to write thousands of words of

computer programs. Therefore, we must seriously question

whether a system of this complexity is a reasonable project for

two graduate students to undertake virtually without assistance

in the engineering and computer problems, Complex systems

using computcrs dircctly are only efficient when sufficient back-

up personnel are available so that the flexibility, speed, and

powerful data handling capability inherent in such systems can

be rapidly applied. If the resources of a laboratory are too

limited, then the time required to implement such a powerful

technique may exceed the time justified by the experiment.
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APPENDIX A

Some Considerations in the Design of

the Experimental Method

Given the requirement that a counter telescope be used for
the kaon identification, the following considerations determined the
choice of the number of counters used in the slow preselection and
the general direction for the data analysis.

In this experiment plastic scintillation counters were used
to measure the rate of energy loss of char.ged particles. The amount

of light produced per unit length (dL/dx)of such a counter is related

to the ratc of cncrgy loss (dE/dx) by:(24)
dL /dx = Ka ].n[l +% dE/dx] (17)

where K is a propotrtionality constant independent of dF/dx and a is
an empi-rical constant approximately equal to 40 MeV /cm.
Unfortunately the light output was not a unique value, but was

(45) The width of the pulse-height

subject to statistical fluctuations.
distribution at the photomultiplier anode was further increased by
statistical variations in the number of electrons leaving the photo-
cathode, Also any variations in the gain of the photomultiplier
resulting from high voltage shifts, counting rate changes, or tem-
perature fluctuations would cause further widening of the pulse-
height distribution. A typical peak produced by 300 MeV protons in

one of our 2 ¢cm thick counters could be approximately fitted by a

Gaussian distribution with a root-mean-square width of 10%.



~79-
(14, 45)

Because theoretical analysis did not pr.edict much difference
in the shape of the distributions for pions, protons, and kaons in our
telescope, all pulse-height distributions were approximated}:< by
Gaussians with widths of 10%.

These statistical fluctuations, which were the principal con-
cern in the design of the bias windows of the slow preselection,
resulted in two conflicting requirements, First, the bias windows,
centered about the dL/dx expected for kaons, had to be sufficiently
wide so that the kaon counting rate would not be drastically reduced
and the eificiency would not be critically dependent on electronic
gains and biases. On the other hand, the efficiency for accepting
protons and pions had to be low enough to prevent the computer from
belng [lovded with nun-kaon events.

Because the light outputs for pions and protons differed from
the light output for kaons by the same order as the statistical fluc-
tuations, several measuremecnts of the dL/dx of a particle had to be
made in order to reduce the statistical undertainties to a level con-
sistent with the above requirements, resulting in bias windows set
in several counters. The choice of the number of counters was
principally determined by the desired proton rejection ratio for a
fixed kaon efficiency. In figure 21 the probability (’r}p) for accepting
a proton as a function of the number of counters (N) is shown for the
case where the probability of accepting a kaon (‘nk) was fixed at 0,95,

For this calculation the pulse-height distributions in different

This approximation holds when the particles are sufficiently ionizing
so that the Liandau tails are negligible.
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countefs were assumed to be statistically indépendent, and the kaon
and proton light cutputs in all counters were approximated as being
the values for a range of 35 g/cmz. Taking account of the fact that
there are both upper and lower biases with a stability of about 5%,
the expected stability of Ny Was 1% to 2%. Because such stahility
requirements limited the value of M to 95% or higher, figure 21 pro-
vidéd a reasonable estimate of the amount of proton rejection possible
by the bias method for particles of fixed range, neglecting the skew-
ness of the pulse-height distributions. The skewness decreased Myes
making the particle separation problem more difficult.

From figure 21 it would appear that with a sufficient number
of counters the bias method alone could separate kaons from protons.
Unfortunately, the kaon range changed by 12 g/cm2 :fof incident
energies between 215 MeV and 255 MeV, resulting in a variation in
the most probable value of the light output. For counters more than
aboul 20 g/c1112' from the front of the tclescope, this sprecad in light
output rapidly became comparable to and then greater than the statis-
tical fluctuations. For these counters, the curve in figure 21 would
no longer be applicahle, and the bias method became considerably
less efficient in rejecting pI"otons.

Part of the solution to the above problem could be to mix
with the output of each counter a small fraction of the light output
from the stopping section. Because the feedback pulse-height result-
ing from a particle with a long range would be increased compared
to a particle with a short range, the effect of the range variation

would tend to be cancelled. This solution was not as attractive as
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first appeared, because the light from charged.kaon decay particles
could add to the signal from the stopping section and once again
smear the distributions.

As a result, the bias method operated efficiently only for
counters in which the particles had a range in excess of about 20
g/cmz. Because the counters had to be nearly 2 cm thick in order
to have good resolution, and because the range of a 235 MeV kaon
was 48 g/cmz, at most 13 counters made of scintillator plastic with
a density of 1,054 g/crn3 could be used. Even if there were no
other difficulties with the bias method, thirleen would be vnly a
barely sufficient number of counters to reduce the background from
rthe 100 to 200 times more numerous protons to 5% of the kaon rate,

Furthermore, the bias method did not reject some fast
protons which interacted after leaving the counters in which biases
were applied. In figure 22 the dL/dx versus range of a kaon is
compared to the dL/dx of protons with 20, 30, and 40 g/c;:m2 more
range than the kaon. These examples all lie within one standard
deviation of being a kaon over most of the range for which the bias
method was efficient., If one of these protons were to interact later
©in the télescope so that it did not pass through the veto counter,
then it would probably be accepted as a kaon., Experience has shown
that events of this type can be an order of magnitude more numerous
than kaons,

Clearly the bias method suffered from the restriction that
it could only be applied to counters near the front of the telescope

where range variations did not cause large changes in the dL/dx.
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This restriction not only limited the number of counters which could
be used, but élso required that the particle identification be per-
formed where the dL./dx for protons, kaons, and pions were most
similar. Furthermore, the bias method could not be expected to
reject some fast protons which interacted or scattered later in the
telescope.

Therefore, a more detailed fit to the pulse-height data was
required. The bié,s windows couid be used to select kaon-like events,
which then were analyzed by a digital computer. Because the com-
puter could determine almost exactly where the particle stopped,
the more significant dL/dx data near the end of the range of the
particle could be used to compute the probability that the particle
was a kaon, Also, interacting or scattering protons could be dis-
tinguished by large pulses indicating a nuclear star or by their
failure to fit a normally stopping kaon in the later part of the tele-
scope. The charged decay particle of the kaovn complicated this
scheme, but also provided a check on the particle identification.

Originally, it was planned to gather the data for the cross-
scction mceagsurcements without using the A-tclescopes. In order to
reduce the triggering rate orf the Sampling Digitizer to an acceptable
level, the proton detection efficiency had to be less than 1%. Using
figure 21, eight counters were chosen for bias windows, and a part
of the signal from the stop‘ping section was added to the outputs of
the front eight scintillators to reduce the effects of range variation.
{See section 3.3.) However, because the interaction events were

so numerous that the data analysis was unable to eliminate the
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background, additional information from the A—telescopes was re-
quired for clean particle identification. The A—telescqpe coincidence
requirement sufficiently reduced the Sampling Digitizer triggering
rate so that the bias windows could be set sufficiently wide for the

feedback from the stopping section to be unnecessary.
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APPENDIX B

Modular Instrumentation System

General
The parts of the general instrumentation system used in this
experiment are summarized below. These circuits were designed

[

by Arpad Barna and myself under the supervision of Professor

Matithew Sands, #(18.19)

Amplifiers

1. TA-2. This distributed pulse amplifier'®) has a gain of
10 with a risetime (10% to 90%) of 2.5 ns, It has a 125-chm input
impedance and will deliver up to -2V into a 125-ohm load. The cir-
cuit has been constructed both on a copper plate and on the standard
size printed circuit board. Presently, it is considered obsolete and
is superseded by the TA-8,

2, TA-8. This high-speed pulse amplifier consists of two
ldentical seclions with stable amplifications of 3.15 and risetimes
of 1.4 ns. When these two sections are cascaded, they provide an
amplification of 10 with a risetime of 2 ns up to output voltages of
-1V. Outputs as large as -6V may bhe obtained wilh a risetime of
2.5 ns, The amplifier, which does not invert, has an input impedance

of 125 ohms; the output is intended to drive a 125-ohm resistive load.

Coincidence Circuits

1. TC-2. The details of this multifold coincidence-anticoin-

cidence circuit may be found in reference 22. The circuit accepts

e

* Now at the Stanford Linear Accelerator Center, Stanford University.
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pulses less than 10-ns wide, shapes them_paséively to a critically
damped pulse with a 50-ns half-width, and amplifies them by as
much as a factof of 250, The amplifier output drives two independent
discriminators, the outputs from which may be combined with the
outputs of other discriminators in a fast (50 ns to 75 ns) logic cir-
cuit, Here various coincidence-anticoincidence combinations may
be selected by front panel switches. The outputs of the fast logic
circuits may be further combined by the slow logic circuit, or by
the TL~4, TL-5, or TL-6, which provide additional coincidence-

| anticoincidence combinations with resolving times of about 300 ns.

2. TC-3A. This fourfold coincidence-anticoincidence circuit
has typical resolving times of 2 to 20 ns, determined by an external
clipping cable, and is similar in operation to the circuit of reference
47. Two of the inputs are permanently connected in coincidence,
one permanently in anticoincidence, and one can be switched either
way. The circuit exhibits stable operation up to a 10% duty cycle
of the input pulses (e.g. a maximuim average rate of 107 pulses per
second for 10-ns wide pulses). Because each input is equivalent to
a 125-ochm line with a delay of about 1 ns, the inputs of several cir-
cuits can be cascaded. Thé input pulse should be greater than -2V
in amplitude. The output is a negative pulse, the width of which is
a function of the clipping stub length and which is typically-3V high
and 5~-ns wide. This output is suitable for driving a subsequent
TC-3A (or TC-4) for secondary coincidence operations.

3., TC-4, This coincidence circuit is similar to the TGC-3A

but has only two coincidence inputs and no anticoincidence provisions,
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Gates

1. TG-1A. Ti’liS fast linear gate, which is constriicted on a
copper plate, has been described in reference 48, The gate is in-
tended to pass or block photomultiplier tube pulses, which enter at
the DG coupled 125-chm signal input. The gate mavy be opened or
closed by a gating pulse, with a minimum width of 40 ns and a max-
imum rise time of 15 ns, entering the 125-ohm gate input, Three
identical outputs ai'e provided, ea..ch designed to drive a 125-chm
load. The circuit operates on signal inputs ranging from -50 mV
to -5V, with the gating pulse amplitude being about -2,.8V (e.g.
the output of the TVD-1A). In typical applications, the circuit has
a linearity of = 1% of full scale and a feedthrough of the input signal
of about 0, 1%.

2. TG-1B, This fast linear gate(ég) is a printed circuit
version of the TG-1A and has nearly the same properties as the

copper plate model.

Discriminators

1. TVD-1A, This high-speed pulse discriminator operates
on pulses from photomultiplier tubes or from the output of fast
coincidence-anticoincidence circuits. The input trigger level is
adjustable between -0.25V and -5V for 10-ns wide input pulses,
with a maximum continuous counting rate of 10 MHz. The pulses
_ froxﬁn the three main outputs are -3V in amplitude into a 125-ohm
load with a width of 50 ns (adjustable by #+ 10 ns) and with rise and

fall times typically of 12 ns. In addition to the three main oulpuls,
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an auxiliary output provides a 0.5 ps wide pulse with an amplitude
of 2.2V, | |

2, TVD—.Z. This pulse discriminator provides a 7 ps output
pulse intended to drive the digital inputs of the Sampling Digitizer.
The discriminator triggers on negative input pulses greater than 1V
in amplitude with widths greater than 50 ns. The input may be gated
by a negative pulse such as produced by the auxiliary output of the

TVD"’ lA-

- Mixing Circuits

1. TDM-4. This linear adding circuit combines the outputs
of two photownuliiplier tubes, while preventing one of them from
Vinfluencing the other. The input impedance is 125 ohms, and the
output drives a I12b-ohm load with a rise time of 2 ns for negative
signals less than 3V in amplitude.

2. TDM-5. This pulse mixer adds together 10% of the five
inputs, The remaining 90% of each input leaves the circuit with no
influence from the other inputs. The input impedances of the five
inputs are 125 ohms, when the 90% outputs are loaded by 125 ohms.
The sum output drives a 125-ohm load with a rise time of 3 ns for

negative inputs less than 3V in amplitude.
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APPENDIX C

K. Tclcacope Resolution Function

‘The cross-section was proportional to an integral over the
K-telescope, target, and photon energy. {See section 5,2.,) The
evaluation of this integral is discussed here.

From equation 14 the integral to be evaluated is:

: B(k,EO) do
K-Telescope Target Photon
Angles Energy

The geometry and coordinate systems being used are shown in figure
23, with relevant constants being given in table 12,

af14)

The telescope was designe so that the angular acceptance
would be determined only by the aperture counter and the target,
Also, the target, which was a cylinder centered on the photon beam,
had a cross-sectional area larger than the area of the collimated
beam, making the cross-section measurement independent of the
target diameter. Because the RMS beam width of 0.3 inches was
small compared to the counter dimensions, the target was approxi-
. mated by a line source,

The K-telescope resolution function Rk depended on the tele-
scope-target dimensions and on the kaon kinetic energy T, and

could be factored as follows:

R, = R(T,JR{6,%,z) | (19)

where: R(Tk) = 1 for kaons stopping in the SR counters
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TABLE 12

Paramctera for the Calculation of I

Tar.get diameter 2 inches

Target length (£) 6. 39 inches
Beam cross-sectional area 1 xX0.8 im:hes2
Height of aperture counter (h) 4.0 inches
Width of aperture counter (w) 4,0 inches
Distance of aperture counter from target (ro) 49 inches

Central angle (60) at:

1098 MeV 37.36°

1t

Y

l

v 1187 MeV 40.17°

E
E
Ey: 1292 MeV 41, 48°
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FIGURE 23: X-Telescope and Target Geometry
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R(Tk) = 0 for kaons not stopping in the §R counters
R{0, ®,z) = geometrical acceptance of the target-
telescope system,
The kaon kinetic energy and angle, and the photon energy are related
by KA photoproduction kinematics, which were Labulated by an IBM
7094 computer. The geometrical acceptance was calculated as
folléws.

For a fixed point z on the target,

dﬂk = gin 6d6d® (20)

and the integral over @ can be trivially performed, yielding:

+AD
R(8,2) = g R(0,8,2)d® = 2 [cot'l (EL%&E‘?-)] (21)
-AP
Then, integrating over the target gives:
Z Z
max max 1| 2(z -z cos8_)sind
R(0) = g. R(6,z)dz = 2 S' cot T (BO—GY dz
z:r.nin Zmin (22)

here: . iy L8
. where: Zmin = larger of [ 5 (ro cos 80 5 sin 60) |

. W ,
- (ro sin BO + = cos@o) cote]
Z = gmaller of A (r cos® + Y sin ® )
max 2" o o 2 o

+ (-r_sint + % cos 8 ) cot 6]
o o 2 o
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This integral can be evaluated exactly giving:

~h cos((—)o-ﬁ) i

R(B) = {S ccn:_'1 S+5 M (l+ sz)} (23)

cos 80 sin 0O

2{r -z cos 0 ) sin®
o o
h cos (60 - 8)

where: S5 =

S

I}

1 =52

wn
1k

2 S(Zmax)

Expanding to second order in h/rO and z/ro, R(8) reduces to:

(z%

h cos (90—6) : max Z‘fnin) cos 90
[(Zmax - Zmin) * - :I (24)

r s5inb
e}

R(8) = 2r
o)

with the errors resulting from the approximations being less than
0.3%.
The integrals over telescope angles and over the target have

now been reduced to:

R(T, JR(8)B(k,E )sin6
Q
= 5 5 k - o (ijﬁ,) dk de (25)
o Photon
Energy

where R(0) is given by equation 24 for positive values of R(0). Other-
wise, R(0) is zero. The regions over which R(8) is not zero are
cross-hatched in figure 24, Four boundary angles are relevant —

namely:
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Case A: (6g> 6p)

= N

Z= w/2sin8;

__..____.__‘...(_’Q:

Z= -w/2sinf,
/ \/ +Z=-4/2
W
Case B: (8b< Bu) Z <
A
Z= w/2sinf,
/ Z= 4/2
N \\
Region T

Y AN
\Region I N /ﬂ
Z=-4/2 /
/ Z=-w/2sinf,

Note : This figure is illustrative only and is not to scale.

N e oo o — — ‘%b

FIGURE 24: Regions Over Which R(©) is Not Zero
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,
=-K
Z_K_—l) (26)

where: K, = r cos 8 +Esin6
1 o) Te) 2 0

- _ . W
KZ— ro 51n00+2cos 60

- o
Ks—ro cos BO 25111 eo

- - . v
K4— r, sin 80 2c:os 60

Two cases need to be considered — case A where Ba> Gb and case B

where 6b> Ga, Both cases are shown in figure 24.

In each of the regions, R{@) was expanded in a power series
to second order about one of the boundary angles, The integration

could then be trivially performed for each region "i", yielding:

5;

F, (&) - ‘Sﬁ R(6;) sin (6, + 0,) db, (27)
8]

IR

(M.§. + N.6%+ P.572) 2,54
1 1 i1 1 1

& - 0.

where: §.
i i

1

0

i

appropriate boundary angle

Mi’ Ni’ P. = constants determined by the expansion and
integration,
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Values for the above quantities are given in table 13, (The factor
of 2,54 converts from ianches to centirneter_s.) The constants were

calculated from the following formulae:

REGION I - CASE A or B

8, = 84
(28a)
I\/I1 = 0
fcos8 K
__h 4
N1 = 5 [cos (90—6 :I [ ] —
0 sin ©
' a
-h Jl cosB 3
Plz?o cos(e —B) K4cot Bd
2
Cos 90 K4
+ +
Zro . 2e
sin”8 ,
f cos 90 K4
[81n (eo-ed)] 1+ 5= —
o gin O
d
REGION II - CASE A
Flz = F)b
_ hw
MZ ~ T sin6 (28b)
o o)
P2 =~
REGION II - CASE B
92 = Ga
_fh : .
P,o= 0



Go(degrees)
Bo(radians)
Gb(radlans)
Gc(radians)
Bd_(radians)
T (MeV)

ko

Tko + ATk {MeV)

Tko - ATk (MeV)
REGION 1

61 (radians)
L&l(inches - radians}

Nl (inches)

P1 (inches/radian)

REGION II
ez(radians)

M, (inches-radians)
,Né (inches)

P, (inches/radian)

REGION Ti1
Gs(radians)
'Lﬁs (inches-radians)
N, {inches)

P3 (inches/radian)
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TABLE 13

Values for Fi

37.36
0.6521
0.6534
0.5757
0.7373
179
197.8
160, 2

0,7373
0
2,96

-0.31

CASE B
0.6517

0,521

~0

0,5757
0
3,65

-0.475

40,17
0.7010
0.6993
0.6230
0.7883
234
250.7

217.3

CASE A
0.6993

0.506

~0

0. 6230
0
3,42

-0.258

41,48
0.7242
0.7229
0.6433
0.8132
288
303.6

272.4

CASE A
0.7229

0.493

0,6433

3.33

‘Oo 153
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REGION III - CASE A or B

e3 = 'ec'
M3 = 0
£ cos B K
_ _~h | _ : L o Z
Ny =3 _cos [(80 ec)] [1 2r ] . 2
(o} o sin B
c
£ cos B
. h "o 3
P3 = 31'0 {[COS(GO - Gc)] [(1 - —z;-(;"-“—"-) (KECOt GC)

cos 9 K 2
o 2
(=) (55) ]
e} sin~ 0 )
C
: 2 cosE)0 K2
[sm (80 - ec)] [1 T T 2r ]I: .2 ]
o sin GC

Because typically the third order term contributed about 0.5% to the

integral and never more than 1%, this term was neglected in further
computations.

For a given photon energy, the KA photoproduction kinematics,
the restricted particle range and the boundary angles defined a range
of angles for which a kaon wc-auld have an acceptable kinetic energy
and a laboratory angle lying in a given region, The integral over

photon energy could thus be written:
3

EO
B(k,E ) AF (k)
I :S. — z —— dk | (29)
o} i=1 (_g___g)
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where the summation was over the three angle regions and % was
averaged over the kaon direction for fixed k. The angle functions

AFi(k) are given by:

2 2

1 = 2.54 N, {[ﬁzl(k) - Gd] - [911(k) - Bd] } (30a)

> Z.54 MZ { ezz(k) - 612(1{)} (30b)

2
AF3 = 2.54 N3 {[623(10 - Bc] - [613(k) - SC] } {30c)

where: eli(k) = the angle at which T| = T, ~+ AT, for a photon

energy k, but eyual to the nearest boundary angle

=

B

2

[

for region "i" if otherwise eli(k) would be out-
side of region "i",
QZi(k) ~ The angle at which Tk‘. = Tko - ATk for a photon
energy k, but equal to the nearest boundary
angle for region "i" if otherwise BZi(k) would
bhe outside of region "i".
Tk = kaon kinetic energy.
The integrand in equation 29 was evaluated at 10 MeV increments of
photon energy and provided the energy resclution function in figure 18.
The evaluation of the integral resulted in the quantity "I" used in the
reduction of the cross-section data. The theoretical excitation curves
of figure 19 were calculated from equations 29 and 30 by varying Eou

The angular resolution function was obtained by integrating

over photon enei‘gy before integrating over angle. With this approach
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equation 29 can be rewritten:
-6,
d :
I= g Q(G,GOEO)dG (31)

6
C

where in region Lt G-= ZNl(Gd - 8) H(G,EO)
in region II: G= MZH(G,EO)'

in region ILII: G = 2N3(8 - GC)H(B,EO)
The integral over photon energy provided H(B,EO) as follows:

k,(6)
B(k, Eo)dk

I—I(G,EO) = T-(—i-g,)—- (32)
kI(B) a2

T, + AT

where: kz(e) = photon energy for which Tk = Thq K

at a kaon angle of 6.
kl(e) = photon energy for which Tk = Tko --A.Tk

at a kaon angle of 0,

The angular resolution functions shown in figure 17 represent a plot

of G{68,8 ,E ).
o’ o
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