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The doubly d“

MEASUREMENT OF THE DOUBLY DIFFERENTIAL

CROSS SECTION FOR -m-p+ n+n-n

NEAR THRESHOLD

by

John B. Walter

ABSTRACT

fferential cross sections for the ~+ from the reaction

n-p+n+m-n were measured at about twenty points for each of five energies

between 245 MeV and 356 MeV. The experiment was carried out at the

Clinton P. Anderson Meson Physics Facility, where a double focussing

magnetic spectrometer detected the m+ mesons produced in a liquid hydro-

gen target. The measurements were normalized by comparison with n-p

elastic scattering measured with the same apparatus. These are the first

such measurements in this energy range, and have an accuracy between 4.7%

and 39%. The integrated reaction cross section was determined at each

energy with an accuracy of about 5%. These agree with but are an im-

provement over previous measurements in this energy range. Comparison

of the extrapolated threshold value of the mean square modulus of the

matrix element with the soft pion calculations favors the symmetry break-

ing mechanism of Weinberg (~=0). It also demonstrates the futility of

attempting to determine the symmetry breaking parameter ~ from a single

measurement of the integrated reaction cross section.
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CHAPTER I

INTRODUCTION

The nN and mm interactions are of interest to the understanding of

the strong interaction. Soft pion theory addresses itself to these in-

teractions. A number of processes are determined with but a single

parameter, the pion decay constant fn, permitting several evaluations

of f*. The lifetime of the charged pion, the Goldberger-Treiman rela-

tion, the nN s-wave scattering lengths, the nn p-wave isovector scat-
1

tering length all yield values for fm consistent to within 8%. This

measure of success is striking in that the hypotheses involved are

strictly valid only for soft pions; i.e., pions having vanishing four

momenta. With this encouragement we examine soft pion theory further.

Sin21e ‘pion production in the reactions TN-WTN involves both the

~ N and ‘,TT interactions. Considerations of parity and the Bose statis-

tics of the pions require the threshold matrix elements for all the

possible charge states to be calculable from two matrix elements. As-

suming the current algebra hypothesis and the partial conservation of

the axial vector current (PCAC), soft pion calculations determine both
2

matrix elements with a single additional parameter g. This parameter

distinguishes amongst the symmetry breaking mechanisms proposed to pro-

vide nonconservation of the axial vector current. Table 1 presents the

threshold matrix elements predicted for the five charge states tractable

to experiment, and the predicted threshold behavior of the cross sec-

tion. Knowledge of the threshold matrix element for the first two and

1



Table I. Threshold matrix elements in soft pion theory.

1. -n p + n+~-n : M = a(-l .36 + 0.60 ~) = -0.15 cx- 3.5(2ao +a2)

2. -mp+n”non : M=ct( 2.11 - 0.30 <) = 0.30 a+ 6.9(ao - a2)

3. +m p -+m+?+n : M = a( 1.51 +0.60 ~) = 0.30a- 20.8 a2

4&5. 7T2p + #’#p : M = (I(0.53 +0.21 ~) = 0.11 cI- 7.1 a2

T;ax
‘o = (X2/4)(G2/4m)3(gv/ga)4 (m~/M{)(Q/S) ~ (Tl - ~~in) dTll

o max

‘production = c IM12 U.

14 - 5C(m f )2a. = 64Tr ~r

a2 = - *(m#fn)2

a = (86.9 MeV/fm)2

c= symmetry breaking parameter

1, if charges of final pions differ
E=l

z, if charges of final pions are alike

i= Compton wavelength of charged pion ; 2~

(G2/47T)=14.6

(ga/gv) = 1.253

m ‘n= pion mass

‘N
= nucleon mass

Q = incident momentum in the center formomentum

S = total energy in the center of momentum

T’,T” = kinetic energies in the center of momentum of any two
final particles

ao, a2 = S-wave IT-Tscattering lengths with isospins O and 2

2



one of the last three would critically test this application of the

theory. However, measurements of the small cross sections near thresh-

old have been of limited accuracy for the first reaction and totally

lacking for the last four. Even for the first reaction, the required

extrapolation of the matrix element to threshold has been less than con-

vincing. None the less, experiment and calculation have agreed roughly

for ~ between ~ 1.

This work was planned as a study of the first reaction, m-p+m+m-n,

with the improved precision possible with the intense pion beams avail-

able at the Clinton P. Anderson Meson Physics Facility (LAMPF). Adouble

focusing, 1800 vertical bend, magnetic spectrometer measured the doubly

diffe~entia’

target. A

focal plane

cross sections for IT+mesons produced in a liquid hydrogen

adder of nineteen surface barrier detectors spanning the

covered a Ap/p of 9.5%, providing momentum resolution by

virtue of spatial discrimination. The target flask, particle trajectory

in the spectrometer, and the array of detectors were in a common vacuum

to minimize loss of energy and multiple scattering of low energy parti-

cles. Three plastic scintillation detectors, providing a trigger, and a

threshold Cerenkov detector, providing electron discrimination, completed

the detection system. The entire assembly, including the target and cry-

ostat, could be rotated as a unit about the vertical axis of the cylin-

drical target to angles between 32° and 1300. The spectrometer could

select charged particles with momenta up to 325 MeV/c, and detect n

mesons down to 70 MeV/c. The flux of incident m mesons was measured by

both an ion chamber and a scattering monitor. The complete apparatus

was calibrated as a whole by detecting the n meson elastically scattered

3



from the hydrogen, and adjusting the overall normalization of the meas-

urement of the np elastic cross sections.

The study included five incident energies, 254 MeV, 279MeV, 292

MeV, 330 MeV and 356 MeV,

the 172 MeV threshold and

doubly differential cross

with the express purpose of extrapolation to

comparison to soft pion’calculations. The

section, (*~LAB$ ‘f ‘he Produced’’ meson

was measured at about twenty points for each energy. In each case these
.

measurements were distributed more or less uniformly in the center of

momentum frame over the accessible portion of (T, COSO) space. At each

point the square modulus of the matrix element, averaged over the unob-

served variables, was determined from the measurement. For each energy

a plausible function of T and COS6 was fitted to the collection of

square moduli corrected for Coulomb attraction in the final state. This

function, weighted by the density of phase space, was averaged over T

and COS(3to provide the corrected average square modulus of the matrix

element. The function was also multiplied by the Coulomb factor and the

density of phase space and integrated over T and cose to determine the

integrated reaction cross section. The threshold value of the mean cor-

rected square modulus was extrapolated from these five values and a more

recent value3 at 230 MeV and compared to the soft pion calculation to

determine the symmetry breaking parameter g. The large variation with

incident energy apparent in the mean corrected square modulus even at

230 MeV demonstrated the necessity of extrapolating to threshold from a

series of measurements. No single measurement which validly represented

the soft pion limit would be practical.

The equipment and experimental procedure are detailed in Chapter II,

4



while Chapter III describes the accompanying calibrations. Chapter IV

delineates the interpolation of the differential cross section for np

elastic scattering from the best measurements available. Chapter V pre-

sents the analysis of the measurements for n-p+n+m-n.

—



CHAPTER

EXPERIMENTAL DESIGN

II

AND EQUIPMENT

Introduction

This experiment measured the doubly differential cross section for

the reaction n-p+n+m-n by detecting only the outgoing m+ meson. The

plan view of the experiment is shown in Fig. 1. A beam ofn- mesons was

incident upon a liquid hydrogen target. A magnetic spectrometer passed

m+ mesons of the selected angle and momentum, focusing them onto a lad-

der of surface barrier detectors. The n+ mesons continued through a

trigger telescope of three plastic scintillation detectors, and athresh-

old Cerenkov detector. A scattering monitor downstream and an ion

chamber upstream of the liquid hydrogen target measured the flux of T-

mesons in the beam. The horizontal and vertical positions of the T-

beam were monitored by a pair of multiwire proportional chambers.

The Pion Beam

The experiment was carried out at the Clinton P. Anderson Meson

Physics Facility (LAMPF) on the west branch of the secondary beamchannel

“Pion and Particle Physics” (P3 - west). This channel could provide

positive or negative n mesons over a broad range of momenta, 190 MeV/c <

p c 73(IMeV/c, and a reasonable range of momentum bite,O.0025 < AP/P <

0.10.4 It had been designed to be both isochronous and achromatic,

which means that the channel preserves

and that the position and angle of a n

independent of the particle momentum.

6

the time structure of the beam

meson arriving at the target are
.

The channel was tuned to deliver
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the desired beam primarily from the results of a

but some final steering adjustments were made on

of multiwire proportional chambers just upstream

computer simulation,5

the basis of the pair

of the liquid hydrogen

target, indicated as beam profile monitor in Fig. 1.

The momentum of the beam was one of the inputs to the computer simu-

lation of the channel, and so was presumably known. The kinematics of

IT-pelastic scattering reliably yielded the beam momentum, with a result

about 2% lower than the expected value. This deviation and the final

beam adjustments both now appear to be due to an error in the conversion

from shunt voltage to magnetic field strength for the first bending mag-

net of P3, which determines the momentum. When P3 was tuned according to

the simulation, the profile monitor, described below, showed the beamlo

be off the beam line and to have a washed out profile. The last two of

the three P3 bending magnets were alternately twiddled to optimize the

profile and bring the beam back on beam line. The beam was brought to a

waist at the hydrogen target with a spot size of 1.5 cm vertical by 1.2cm

horizontal, full width at half maximum (FWHM), as measured by the profile

monitor.
●

The profile monitor was developed at LAMPF and has been described by

Krausse and Gram.b It consisted of a pair of multiwire proportional cham-

bers which detected the beam profile in both the horizontal and vertical

directions. The two planes were separated by 1 cm, and each contained 64

wires with 0.2 cm spacing between wires. The chambers were filled with a

mixture of 80% argon and 20% carbon, and were operated at about -2.4 kV.

The current from each wire was converted to a voltage, the peak voltage

detected and held long enough for the multiplexer to complete the scan of

all 64 channels. The output from each chamber was displayed on an oscil-

8



loscope, providing a histogram of the voltage for each wire. The multi-

plexer scan and the oscilloscope were triggered by a beam gate logic

pulse which indicated the temporal structure of the beam.

Liquid Hydrogen Target

The target flask, shown in Fig. 2, was a 2.54 cm diameter cylinder

of 50 pm mylar. It was oriented coaxially with the vertical axis of

rotation of the spectrometer. 7 The two ends of the cylinder were epoxied

to stainless steel tubing which connected the flask to the Cryodyne

Model

above

flask

1022 refrigerator and the reservoir of liquid hydrogen located

the flask as shown in Fig. 3. The refrigerator, reservoir and

were enclosed in the vacuum system of the spectrometer and rotated

with it. The hydrogen system was insulated from radiative heat transfer

by super insulation which can be seen on the refrigerator, part of the

reservoir, and the target flask in Fig. 3. The gaseous hydrogen which

boiled from the liquid hydrogen in the target was returned to the re-

frigerator through the tube at the top of the flask and a heliumoperated

valve (in series with the tube) when the valve was open. When the valve

was closed, gaseous hydrogen collected beneath the valve, forcing the

liquid hydrogen from the flask into the reservoir through the tube at

the bottom of the flask. The valve provided a means of emptying and.

filling the target. The 1 k$l composition resistors shown in Fig. 2 at

the top and bottom of the flask served as level sensors which were read

remotely. The slit in the super insulation on either side of the flask

in Fig. 3 permitted a visual check on the presence of liquid hydrogen in

the flask.

9
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Fig. 3. Target flask with reservoir and refrigerator.
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Spectrometer

The 180°, vertical bend double focusing, magnetic spectrometer and

the detector system are shown in profile in Figs. 4 and 5. Properties

of the spectrometer are summarized in Table II. The design and early

history of the spectrometer are related by Oyer.8 particles which

entered the spectrometer with the selected charge and momentum were

vertically through 180° by the two 90° bending magnets, and focused

a ladder of nineteen surface barrier detectors which covered a Ap/p

9.5%. The target, the path through the magnets, and the ladder of

detectors were enclosed in a continuous vacuum to minimize loss of

bent

onto

of

energy and multiple scattering of the particles prior to reaching the

surface barrier detectors. After passing through the ladder, the par-

ticles continued outside the vacuum to three plastic scintillation de-

tectors and a threshold Cerenkov detector.

The entire assembly of the cryostat, liquid hydrogen target, and the

spectrometer was mounted on a Navy Surplus 5 inch gun mount, and was

conveniently rotated about the vertical axis of the cylindrical target.

The vertical configuration of the spectrometer placed the detector

system and the spectrometer out of the beam, permitting the assembly to

be rotated to laboratory angles between 320 and 130°. These restric-

tions resulted principally from the bulk of the assembly and itsproxim-

ity to the final

Fig. 1,

The momentum

bending magnets.

quadrapole magnet

was determined by

of P3 - west, denoted by Q-12 in

the uniform magnetic fields of the

These fields were related to the shunt voltage, the

voltage drop across a metal alloy resistor in series with the twomag-

12
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Table II. Spectrometer properties.

Conversion from field strength to central momentum, a = 18.119 (MeV/c)/kG

dispersion 6 = 0.4351 f 0.0004 %/cm

= 0.4895 I 0.0005 %/channel

magnification = -0.96

solid angle acceptance = 15msr

scattering angle acceptance = 2.5°

upper momentum limit = 325 MeV/c

-

.

15



nets, and were found to be well represented by functions of the form8

I-I(X)s A+ Bu[l +exp(-p/O)J~n. {[1 +f3xp(p/O)j:[l+ exp((p-x)/a))}

where x is the shunt voltage. Table III displays the parameter values

used for each magnet. The slope of this function, dH/dx, is a Fermi

function with the shunt voltage analogous to the energy, the parameter

v analogous to the chemical potential, and the parameter o analogous

to kT. The field is thus represented as nearly linear for small shunt

voltage and rolling off to a constant saturation level for large shunt

voltage. The nominal spectrometer momentum was

P= % {I-II(x)+H2(x)} a q

where H] and Hz were the fields in the two magnets, x the shunt voltage

a was a conversion factor determined experimentally as described in

Chapter III, and q was the particle charge in units of the electron

charge. A particle entering the spectrometer from the center of the

target, having the nominal spectrometer momentum and the selected

charge sign, followed a trajectory which passed through the center of

the focal plane. A particle with a momentum differing ”byAp followed

a trajectory which was displaced at the focal plane by a distance equal

to the product of Ap/p with 6 the dispersion of the spectrometer. This

displacement was measured by the ladder of surface barrier detectors.

Each of these detectors in coincidence with the three scintillation

detectors defined a detection channel. Thus there were nineteen detec-

tion channels, each corresponding to a different range of displacement

from-the center of the focal plane,

The solid angle acceptance for a detection channel was in each case

16



Table III. Parameter values for spectrometer excitation function.

A (Gauss) B (Gauss/mV) v (mV) U (mV)

Magnet 1 12.55 ?8.98 278.9 t 0.42 74.02 t 1.13 7.436 ? 0.54

Magnet 2 19.65 t 3.45 277.8 t 0.15 72.34 ? 0.39 6.484 f 0.19



limited by the walls of the vacuum chamber and thus varied from channel

to channel. The particle transport model of the spectrometer predicted

that the solid angle acceptance for the extreme channels would be 40%

less than that for the central channel. This calculation could not in-

clude an unknown variation in the sensitive areas of the surface barrier

detectors and other possible effects, and it was thus essential to

measure the variation in the solid angle acceptance, referred to as ef-

ficiency. This determination, described in Chapter III, provided the

results in Table IV after the efficiencies were normalized to 1.0 for

the tenth or central detector. The efficiencies are also shown in

Fig. 6, where the statistical uncertainties are about the si?e of the

symbol .

Detectors and Detection System

The detectors used in this experiment (see Fig. 4) consisted of sur-

face barrier detectors, scintillation detectors and a Cerenkov detector.

The nineteen surface barrier detectors were distributed across the focal

plane, providing momentum resolution. They also aided in particle

identification for momenta below 90 MeV/c through dE/dx information. A

coincidence anmg the three.scintillation detectors and at least one of

the surface barrier detectors signaled the computer which

the event. The Cerenkov detector identified e+ which had

ported by the spectrometer. This section describes these

their accompanying electronics.

The surface barrier detectors were of the silicon var”

then processed

been trans-

devices and

ety, each

nominally 1 cm x 3 cm x 400 pm. A previous study showed the system to

have a large depth of focus.8 Hence the detectors were staggered,
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Table IV. Detection channel efficiencies.

Channel n AYI (%)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

0.5786

0.6701

0.7626

0.8607

0.9039

0.9631

1.0103

0.9787

0.9923

1.0000

0.9509

0.9573

0.9618

0.9494

0.8633

0.8031

0.7379

0.6730

0.5900

0.78

0.75

0.73

0.70

1.00

0.69

0.69

0.71

.0.70

0.70

0.72

0.72

1.04

0.71

0.74

0.76

0.79

0.84

1.00
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positioned alternately 0.2 cm on either side of the focal plane, to

allow them to be located on 1.125 cm centers as shown in Fig. 7. The

devices were distributed along the dispersion direction and thus pro-

vided momentum resolution.

Each of the silicon detectors was reverse biased with sufficient

voltage to extend the depletion layer to the full thickness of the de-

vice. Thus the entire volume of the detector was sensitive to charged

particles, providing an optimum electrical efficiency. The signal from

the detector was a current pulse with a total charge proportional to

the energy deposited by the particle which had crossed the detector. A

solid state preamplifier, located near the detector to minimize the

capacitance of the connecting cable, integrated the current and produced

an exponentially decaying voltage pulse with a time constant of 7 us and

an amplitude proportional to the total charge of the initial pulse. The

output drove a shaping amplifier which amplified, integrated again to

further reduce the presence of the high frequency noise inherent in

solid state detectors, and differentiated twice, all with a 250 ns time

constant. The resulting bipolar pulse, with an amplitude proportional

to the original energy deposition, was finally processed by a single

channel analyzer which produced a 20 ns negative logic pulse provided

the amplitude was between an upper and lower limit. The lower limit

was set to accept the level of minimum ionizing particles except for

momenta below 90 MeV/c, for which the Pb absorber just before the third

scintillation detector had to be removed to detect the IT+mesons. In

these cases the lower limit was raised to eliminate a portion of the

soft et background. The upper limit was set at the maximum of the de-
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vice (protons transported by spectrometer had too little energy to trig-

ger the last scintillation detector), The logic pulse was delivered to

an input on one of two CAMAC registers which were read by the computer.

The plastic scintillation detectors each measured 26,7 x 5.7 x 0.35

cm and were located 13, 14 and 23 cm behind the focal plane. A triple

coincidence among these detectors gated the surface barrier detectors and

the Cerenkov detector. A portion of the

associated with the spectrometer was thus

was placed just before the third detector

further reduce the soft et background.

background events which were not

elminated. AO.8 mm Pb absorber

for momenta above 90 MeV/c to

Each plastic scintillation detector was viewed byanEMI 9815B photo-

multipl iertube through a Lucite light pipe. The tubes were biased byLAMPF

standard bases, and equipped with the accompanying MUMETAL and iron magnet-

ic shields. Each detector drove a discriminator which produceda 20ns

logic pulse whenever the detector pulse height exceeded aminimum level.

These logic pulses were futher processed by the trigger and dead time system.

The Cerenkov detector measured radiation from FC-88 a liquid fluoro-

carbon marketed by Minnesota Mining and Manufacturing Company. The flu-

id was contained in a 30 cm high, 12.7 cm diameter, 1.6 mm wall aluminum

cylinder which was lined with a 0.4 mm sheet of ALZAK to provide highre-

flectivity. It was viewed by two Amperex 58 DVP photomultiplier tubes,

one on either end of the cylinder. The signals from the photomultiplers

were summed in a passive circuit and fed to a discriminator, which pro-

duced a logic pulse whenever the combined pulse height exceeded a mini-

mum value. The logic pulse was delayed 110 ns to match the gate pulse

and delivered to a CAMAC register.



The trigger and dead time logic is displayed in Fig. 8. A three-

fold coincidence among the logic pulses from the plastic scintillation

detectors S1, S2 and S3 produced a gate pulse for the Cerenkov detector.

This pulse was also delayed an additional 580 ns by a gate and delay

generator and stretched to a width of 200 ns by a discriminator and

used to gate the signals from the surface barrier detectors. The width

was necessary to allow for jitter in the 700 ns processing time for the

pulses from the surface barrier detectors. Pulses from the surface

barrier detectors arriving at the

were registered. These registers

a current pulse with an amplitude

CAMAC registers during the gate pulse

had a summing output which provided

proportional to

which had registered a signal. This signal thus “

of surface barrier detectors producing a pulse in

plastic scintillation detectors. The computer wa!

the number of inputs

ndicated the number

coincidence with the

signaled to process

the event if at least one of the inputs had received a pulse. The -

computer subsequently read and cleared the CAMAC registers for the sur-

face barrier detectors and the Cerenkov detector and added the event to

the appropriate histogram. The dead time pulse ensured that no further

gate pulse could reach the registers while the event was being pro-

cessed. The dead time pulse consisted of two parts. A 1 PS pulse -rI

was put out by a discriminator on the falling edge of-~, which

allowed sufficient time for the CAMAC registers to receive any pulses

from the surface barriers detectors. A pulse from the summing out-

put of the CAMAC registers initiated an extention pulse -rZfrom a gate

generator in addition to notifying the computer. This pulse was ter-

minated by a stop pulse from the computer once it had finished pro-
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cessing the event. In the instance that no coincident pu”lsefrom the

surface barrier detectors was registered, the register for the Cerenkov

detector might still have received a pulse and had to be cleared. A

discriminator put out a clear pulse on the falling edge of -rI. This

pulse was vetoed by -cLif it was present, but otherwise cleared the

Cerenkov register and the registers for the surface barrier detec-

tors as well. An estimate of the number of events lost during dead

time was possible since various quantities which were scaled, such as

S1S2S3, were scaled with and without a dead time inhibit as discussed

below.

Beam Flux Monitors

The incident flux of pions was monitored by a scattering monitor

and an ion chamber as shown in Fig. 1. The scattering monitor, located

downstream of the liquid hydrogen target, was the principal monitor

since it was not subject to the vagaries of the ambient temperature and

pressure as was the the ion chamber. However, the spectrometer inter-

cepted a portion of the beam for measurements forward of about 400 in

the laboratory, and the ion chamber provided the necessary connection

with temporally nearby measurements.

The scattering monitor consisted of a polyethylene target viewed by

two counter telescopes as shown in Fig. 1. The polyethylene target

measured 23 x 15 x 1.3 cm and was oriented in a vertical plane which

cut the beam line and the line of the two telescopes at 45° angle.

Each of the six plastic scintillation detectors measured 15 x 15 x 0.3cm

and was viewed by an RCA 6199 photomultiplier tube through an adiabatic

Lucite light pipe. Each telescope required a threefold coincidence
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and primarily counted pions scattered from the beam by the hydrogen and

carbon in the polyethylene target. The threefold coincidences were

scaled in CANAC scalers.

The ion chamber consisted of eleven sheets of 6 pm doubly aluminized

mylar, stretched on aluminum rings at 2.5 cm intervals along the beam

direction. There were four low voltage signal plates interleaved be-

tween five high voltage plates while the two end plates were at ground

and served primarily to seal the aluminum can which housed the chamber.

The high voltage plates were maintained at 900 volts by a battery power

Supply. The current from the signal plates was integrated by an Ortec

439 current digitizer which put out a pulse foreverylO-’O Coulombs of

charge collected. The signal from the digitizer was scaled in both a

visual preset scaler and a CAMAC scaler, with the preset scaler deter-

mining the length of the run as described in the next section. Argon

was flowed through the chamber at a rate of 0.1 I/m (replacing the

volume about once every 3 hours) and a pressure of 0.3 cm of octoil

above the ambient atmospheric pressure.

Data Acquisition

The data for this experiment were collected in data runs, lasting

-1/3 hour for elastic scattering and between -1 hour and ‘3 hours for ~+

production data. For a data run, the target flask was either empty or

full of liquid hydrogen as appropriate, and the spectrometer was set

to detect n mesons of the desired charge, angle and momentum. The com-

puter was initialized and events were then accumulated during a run gate,

which certified that operational requirements were met. After a preset

amount of current had been accumulated from the ion chamber, data acqui-
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sition was halted and the data were punched on paper tape and printed

on a teletype. The former was read on another computer which was used

for analysis, while the latter was retained for the experiment log.

The computer kept track of four histograms. Each histogram had

nineteen bins, the number of counts in a bin indicating the number of

events for which the corresponding surface barrier detector had regis-

tered a pulse. Events which showed a pulse in only one of the surface

barrier detectors and no pulse in the Cerenkov detector were added to

the first histogram. Events with exactly one pulse in the surface

barrier detectors and a pulse in the Cerenkov detector were added tothe

second histogram. The third histogram consisted of events with exactly

two of the surface barrier detectors producing a pulse, while the

fourth histogram consisted of events with at least three of the surface

barrier detectors producing a pulse. These latter two histograms

ignored the Cerenkov detector.

A number of quantities of interest, which are listed in Table V,

were scaled in CAt’UICmodules. The digitized signal from the ion cham-

ber, which has a slow response time, was gated only by an interval gate

which indicated that the run had commenced and was in progress. The

remaining quantities were each scaled in two scalers, one gated by the

run gate described below and one gated by the run gate but inhibited by

the dead time pulse described above. The computer periodically read

and cleared the scalers and accordingly adjusted its internal sums. A

final read and clear was made when the run was terminated.

The presence of a run gate pulse indicated that four operating re-

quirements were satisfied. First it testified that the interval gate
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Table V. Quantities scaled during a run.
.

‘1‘2s3
Triple coincidences in the trigger telescope

w,W*W3 Triple coincidences in the west arm of the scattering monitor

‘1‘2E3
Triple coincidences in the east arm of the scattering monitor

‘i “2W3
Coincidences in the west arm with the signal from the first
scintillator delayed

‘i‘2E3
Coincidences in the east arm with the signal from the first
scintillator delayed

t Pulses from a pulse generator operating at L 10 Mhz

qIc Pulses from the current digitizer for the ion chamber

29



described above was present. Second it certified the presence of the

beam gate. The primary proton beam at LAMPF had a duty factor of 6%,

the protons struck the target which produced nmesons for the P3 channel

in 0.5 ms clusters at 8.33 ms intervals. Thus the m mesons arrived at

the liquid hydrogen target with this same structure. Third it ensured

that the computer was not in the process of reading the scalers. Lastly

it guaranteed that a particular electronics noise source was absent.

Due to a fault in the spectrometer power supply and the electronics for

the surface barrier detectors, operation of the spectrometer produced

significant spikes in the signals from the surface barrier detectors.

These spikes were periodic and may have occurred only during the 94% of

the time that ITmesons were not striking the target, but none the less

this source of accidentals was explicitly avoided by inhibiting opera-

tion for a period of 8 ps centered on the spikes.
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CHAPTER III

AUXILIARYEXPERIMENTSAND ANALYSES

Several features of the measurement apparatus were investigated in

auxiliary experiments. The relation between the shunt voltage and the

central momentumof the spectrometer was calibrated with alpha particles

from the dominant decay mode of 2“1Am. The channel efficiencies were

measured by sweeping a spectrum of m+ mesons across each of the surface

barrier detectors in turn. The dispersion of the spectrometer was also

determined through this procedure. A survey of the angular distribu-

tion of n~p elastic scattering at 140 MeV was examined for systematic

deviations from the known differential cross section. Lastly, the over-

all normalization of the measurement system was determined for each n-

beam utilized in the n+ production study by observing m-p elastic scat-

tering with the same apparatus. These measurements also provided the

distribution of momenta of the m- in the incident beam. This chapter

presents these procedures and analyses.

The

ly been

Calibration of Spectrometer Moment~m Curve

magnetic field strength in the spectrometer magnets had previous-

measured as a function of shunt voltage, and had been expressed

in the compact form presented in Chapter 11.8 The proportionality con-

stant between the field strength and the momentum of particles focused

on the central detector remained to be determined accurately. An 241Am

alpha source, previously prepared for the calibration of the Low Energy

Pion (LEP) channel at LAMPF, was well suited to this task. The 241Am
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had been deposited in a 0.1 x 1.0 cm rectangle on an aluminum disk, and

could be positioned vertically to simulate the distribution of a n beam

or horizontally to provide contrast. The spectrum of 241Am includes

alpha particles at 5443 keV (13%) and 5386 keV (2%) as well as at

5485.74 f 0.12 keV (85%).9 The alpha particles were detected by the sur-

face barrier detectors described in Chapter II, and the unwanted second-

ary lines were eliminated on the basis of pulse height. The source

thus effectively provided monoenergetic alpha particles. The 1 pCi

strength was adequate, providing on the order of 150 counts per second

when the discriminator was adjusted to ensure that only alpha particles

from the 5486 keV line were being counted.

The alpha source was mounted in place of the cryogenic target at

beam elevation with the aid of a surveyor’s transit. The alpha particles

were detected by either of two of the nineteen surface barrier detectors

at the focal plane. The pulse from the detector amplifier chain was

discriminated on the basis of pulse height and counted in a scaler which

was read visually. The discrimination level was selected conservatively

with the aid of a multichannel analyzer. The scaler was controlled by

another scaler which

had elapsed.

The spectrometer

halted the counting once a preset amount of time

was initialized in the normal fashion; the current

was brought to saturation, lowered to zero, brought to saturation a

second time and lowered to the desired value. At this setting the alpha

particles were focused just off the detector on the lower momentum side.

Pulses from the detector were scaled for 20 sec., and the shunt voltage,

indicating the current, and the number of counts were noted in the log.

The current was reduced a small, constant amount and the procedure
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iterated until the alpha particles had crossed the detector and were

focused on the higher momentum side.

Spectra were acquired in this fashion for both the central detector

(?I1O)and an adjacent detector (#9) with the source extended both verti-

cally and horizontally. The spectrum for detector #10 with the source

horizontal, shown in Fig. 9, is representative. This spectrum was re-

measured, as a check on reproducibility, after the current had been

lowered to zero, reversed (as if to detect negative particles), brought

to saturation, lowered to zero, and again reversed (to detect positive

particles).

The momentum of the alpha particles was associated with the centroid

of the spatial distribution at the focal plane. In this way the momentum

associated with a detector corresponded to the mean momentum of the par-

ticles detected provided the momentum distribution varied slowly. Table

VI presents

each of the

the determination of the proportionality constant based on

spectra. For detector #9 the dispersion determined in the

next section is assumed. The uncertainties quoted for the central momen-

tum reflect the uncertainty in the position of both the source and de-

tector as well as in the momentum of the alpha particles. The uncer-

tainty in the magnetic field strength is due principally to repeatability,

but also includes the uncertainty in determining the centroid of the dis-

tribution. The results for the two detectors agree to within the expected

0.1%, while the uncanny agreement for the two orientations of the source

must be considered a curiosity. The difference between the last two re-

sults for detector #10 is ascribed to the reproducibility of the field

strength, as neither the source nor the detector had been disturbed, and
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Table VI. Results of 241Am data. i is the detector number, Vs is

the shunt voltage in mV, H is the average field strength for the two

magnets in kG, Pc is the spectrometer momentum in MeV/c, and a = Pc/H

is in MeV/kGc.

i Vs H Pc a

(a) Source extended vertically

9 19.923 5.561t0.003 100.66f0.04 18.10lfO.012

10 20.003 5.583t0.003 lol.15to.04 18.l17f0.012

(b) Source extended horizontally

9 - 19.921 5.560k0.003 100.66IO.O4 18.102f0.012

10 20.000 5.582f0.003 lol.15io.04 18.120fO;O12

10 20,014 5.586t0.003 lol.15to.04 18.107f0.012
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is of the order expected. The result quoted in Table II represents the

average of these values.

Detection Channel Efficiencies

The measurement efficiency varied from channel to channel due pri-

marily to geometrical differences, such as the solid angle acceptance

of the channel and the fraction of the interaction region viewed by the

channel, but also due to variations in the sensitive area of the surface

barrier detectors. The efficiencies were therefore measured by marching

a spectrum across the focal plane. In this way the spectrum was regis-

tered in each of the channels in turn, with the number of counts in a

channel proportional to its efficiency. The efficiencies were determined

within an unimportant overall constant. Also, the centroids of the spec-

tra provided inaccurate determination of the dispersion of the spectrometer.

The efficiencies were measured using a 140 MeV n+ beam with Ap/p

Of 3.8% (FWHM). The spectrometer was set to detect positive particles

scattered from the liquid hydrogen target at a laboratory angle of 50°.

For the initial shunt voltage nearly all of the n+ mesons elastically

scattered from the hydrogen had insufficient momentum to bepassed by the

spectrometer, Events were accumulated until a preset amount of charge

had been collected from the ion chamber, at which time the computer out-

put the data. The shunt voltage was decreased a small amount and the

procedure repeated until the elastic peak had passed across each of the

channels in turn and once again only a small fraction of the elastically

scattered n+ mesons were able to pass

The raw data was thus divided into

the shunt voltage. The data for each
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through the spectrometer.

48 runs, one for each value of

run consisted of the usual four



histograms and the accompanying scaler totals. The histogram of the

events for which only one of the channels detected a particle, and the

number of counts in the scattering monitor during live time for the com-

puter were of interest. The number of counts in each bin was divided by

the number of live time counts in the scattering monitor and also by

the central momentum (calculated from the shunt voltage). The former

normalized each run to the same number of n+ mesons incident on the tar-

get during live time, while the latter accounted for the variation in

momentum acceptance with central momentum. Finally the bin values were

resealed by a convenient number and resorted according to channel num-

ber providing a spectrum for each of the channels.

Each spectrum was fitted to a skewed Gaussian peak plus a constant

and an error function term
.

f(x) = clc;1(2T)-4exp(-z2/2) {1-c,z(l-z2/3)/2}

+ C5 + LG(2T)-%~ exp(-y2/2) dy,

with z = (x-@ .
2

The parameters Gi were optimized by the nonlinear least squares algorithm

described in Appendix A. Some sample spectra with the fitted curves are

shown in Fig. 10. This form was justified by a degree of success. The

spectra for the three channels which detect particles of the highest

momenta contained too few points on the low momentum side of the peak.

Consequentially C.6could not be determined by the least squares al-

gorithm, and necessarily was assigned a value. The results of the analy-

sis were relatively insensitiveto the particular value assigned.

The efficiencies were proportional to the areas under the peak,
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hence-the values of Cl. The relative efficiencies were defined as

.

with uncertainties

where i indicates the channel number and AC are the uncertainties in
I,i

Cl,i provided by the algorithm. This set of data provided a relative

efficiency for each of the detectors, with a statistical uncertainty of

about 1%. Although this determination appeared to be completely ade-

quate, the study was repeated as a test of reproducibility. The second

study was the same in every respect except that the momentum width of

the beam was narrower, Ap/p = 2.1%, and hence so was the spectrum of

scattered n+ mesons. This resulted in a set illof seventeen relative

efficiencies since two of the surface barrier detectors were malfunc-

tioning. The two sets were compared by defining a x’,

where the sum is over the operative channels, and minimizing with

respect to a and the ~. The scale factor allows for the unknown dif-
.

ference in normalization for the two sets of relative efficiencies.

The Tare then

The uncertainties were obtained in the same manner as discussed in Ap-

pendix A. These ~ and their relative, statistical uncertainties were

renormalized to obtain ~ =1, and are presented in Table IV. The
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minimum chi-square was 38 with 16 degrees of freedom, indicating that

the two sets of relative efficiencies possessed different shapes. The

difficulty was associated with the three channels for which C6 was neces-

sarily fixed in both studies. As there were no apparent grounds for

preferring either determination over the other, the merged values were

taken as the best estimates. Aside from these three channels, the two

studies were in good agreement showing that the measurements were stable

and reproducible.

The spectrometer dispersion was also determined from these data.

The centroids C~ of the peak in the spectra represent the values of the

central momentum for which the elastic peak was successively centered

on each of the surface barrier detectors. In the lowest order approxi-

mation, wherein the dispersion 6 is taken to be constant, the spectrum

centroids are related to the channel number i and the centroid of the

detected momentum distribution P by

Yi = P/{1 + (i-10)d}.

The L~ i with their uncertainties ACg,i, from the analyses of the spectra,
9

were fitted to this form treating both P and 6 as free parameters. The

fitted curve and the points for the first study are shown Fig. 11. The

constant dispersion approximation does remarkably well. The X2/v was

2.9, in part due to a 0.5 mm uncertainty in the positions of the detec-

tors (which was ignored). The dispersion was determined to be 0.4893 f

0.0008 % per channel from the first study and 0.4896 f 0.0006 % per chan-

nel from the second study, The dispersion was assigned the mean value

of 0.4895 % per channel or 0.4351 % per cm with a statistical uncer-

tainty of one part in 103.
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