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UCRL 9951 ERRATA

v (line 5) m_ = 139.69 + b1 Mev/e”
v (line 7) m,t-"m,to = 4.6056 + .0055 Mev/c2
v (line 9) (8.0 + 1.5) x 10° cm sec.
7 (Ref. 8) in caption, not (Ref. 19).
18 Caption should read: Neutron cdunter resolution
‘at 17 ft. for slow-neutron pulse height.
19 Caption should,reéd: Neutron counter resolution
' ‘at 17 f£t. for n®-decay 7y pulse height.
26 13 counts from +25 to +30 mm (not 8 counts).
29 (line 1) Should read time distribution, not velocity distribu-
tion. |
31 Cut dsta off at -65 mm.
3% (1line -20) Should read: vs not us .
M3 (Table II) ' Changeiy-n,separation error from 0.36 to 0.60.for
' 400-kev neutron run at 67 ft. A
45 (line 3) -Should be velocity, not veloctiy.
45 (1line 20) 8, = 0.,0065 vMeV/cg ,not..o,oo31 MeV/é-Q.
45 (line 22) A = 14.6056 + .0055 MeV/c.
| Note: For a revision of Table II which leads to these
errors see: dJ.B. Czirr, Determination of s-Meson
Masses by Neutron Time of Flight (tb be published).
46 (line 8) S, = 0.41 Mev/c”.
A : 6 6
48 (1line 23) (8.0 + 1.5) x 10 cm/sec not (8.7 + .7) x 10  cm/sec.
48 (line 26) m .-, is 4.6056 + .0055 MeV/c2.
49 (1line 12) my'{_.is 139.69 + k1 Mev/ce, |
49 (line 15) (8.0 + 1.5) x lO6 cm/sec not (8.7 + .7) x 106 cm/sec.




. UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
- Berkeley, California

Contract No, W-7405-eng-48

DETERMINATION OF 7-MESON MASSES

BY NEUTRON TIME OF FLIGHT

John B. Czirr
(Ph. D. Thesis)

- February 19, 1962

UCRL-9951
UC-34 Physics
TID-4500(17th Ed.)



Printed in USA. Price $1.50. Available from the
Office of Technical Services
U. S. Department of Commerce
.Washington 25, D.C.

.
i



o

-iji-

DETERMINATION OF n-MESON MASSES
BY NEUTRON TIME OF FLIGHT

Contents
Abstract,
I, Introduction . . .7 . . . e e e e e
11, Experimental Teéhnique e e e e o o
11T, Experifnental Equipment . . . . o . o o

Hydrogen Target and Meson Beam . . .

"Electronics,, « « . o o s o o o

m Beam Moritor . . . . . . e o

Gamma Counters e e e e e e

Neutron Counter .. . . . . . . .. .o
Neutron-Counter Adders . . .« o o
Delay Cé.bles e e e e e e e e x
Measurement of Flight Path Length o

" Long: Sp111 Meson Beam. . . . &+ .

Osc1lloscope Calibration . . o o =« o
Neutron-Counter Magnetic Shielding .

Neutron-Counter Radiation Shleldlng .

"References , . . . &

IV. Resolution and Countlng Rates . .

V. Data and Analysis . . . . . .

VI, . Corrections.and Errors o o
VII, Calculation of Pion Masses . . .

VIII. Slow-Neutron Velocity Spreé.d_ .

X, Summary ¢ . o o we s o o o -

Acknowledgments, . ... . . e

o 0NN W W e &

13

15
15
15

15

17

17

221
. 42
. 44
.46

48
50
51



" DETERMINATION OF n-MESON MASSES.
BY NEUTRON TIME OF FLIGHT

Jol;u} B. Czirr

Lawrence Radiation Laboratory
: University of California
- : " Berkeley, California .

February 19, 1962

ABSTRACT
- Time -of-flight techniques were used to méasure the velocities of
‘the neutrons from the reactions,. at rest, = +p — n+w and T Hponty.
| From these velocities the 7~ mass and the 7 ° - 7 mass difference Welfe

‘obtained, yielding the values Al
m__=139. 69:!: .,2'9’Mev/c

and s sY
: m_. -m 0—460.64‘:!: OOB’GMev/c .

The velomty dlstrlbutlon about the mean veloc1ty was measured

and found to have an rms deviation of (8 @:l:/'f)x 106 cm/sec.,
, Negative m mesons from the Lawrence Rad1a.t1on Laboratory

18;1 -inch synchrocyclotron were degraded by 33 g/cmz of carbon and
stopped in a 1 -in. =high liquid hydr?gen target, The neutrons were
detected in a 1-in, -thick plastic. scintillator viewed by seven RCA 7046
photomultiplier tubes, Neutron-times of flight were measured over
distances of 17 ft, and 47 ft, aqd 67 ft. Time was measured for each
 event from the time of detection of a y ray associated with that event
(6né of the y rays from the reaction '’ 2y in the case of the low-

energy n_eut'rén). The y-detector signal was delayed and photographed

along with the neutron signal on an oscilloscope trace,
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I. INTRODUCTION
A measurement of the velocities of the neutrons arising from
stopped negative pions in hydrogen affords a means of accurately
determinililg the m~ mass and the ‘IT—-TT(_) mass difference. In both the
reactions, at rest
77 4+p > 1%n (1)
and

T +p = ytn, | » ' (2)

the final-state neutrons have a unique velocity in.the laboratory system

which depends dnly on the rest masses involved, Previous experiments

using this method have obtained the most accurate determinations of

0 v . .
~the 77 -7 mass difference to date. 1 Other experiments determined the

~mass difference by measuring the Doppler shift in the energy2 or the

angular correla,tion3 of the yrays from 11-0‘ decay in order to determine
o .

the w velocity, The present value for.the mass difference is

4.59+,05 Mev/c2, %

The most accurate determinations of the ¥ mass are of three

_types: (a) range —momehtum-, 5‘(b) mesic x-rays, 6 and(c) Y energy

from Reaction (2). v The combined result of these methods gives the
value m__ = 139.63+.06 Mev/cz.,6

This experiment was undertaken to greatly improve the m-m°
mass-difference determination and to obtain the w~ mass by an inde-
pendent method with accuracy comparable. to the previous values, In
addition, deviations about the mean velocity were observable and the
velocity distribution of the slow neutrons from Reaction (1) was
determined,

II.- EXPERIMENTAL TECHNIQUE

For an isotropic source of particles, the fractional error in time
of flight is independent of the path length, if the error on the deter-
mination of time of varriva.,l vafies inversely with the square root of
the number of detected events. Under these conditions, there would
be no necessity for flight paths longer.than.those easily available near
the source, However, to reduce systematic errors in time -of-flight
measurements it is desirable to measure the difference in flight time

between two or more positions relative to the source, To reduce the
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fr-actional error in this'case it becomes necessary to have the near
distance small compared with the far distance.,

- The closest feasible distance is determined by considerations of
background due to the incoming particles (not necessarily decreasing
as l/R.2 from the target) and differences in flight path from target to v
detector due to finite target and detector size, '

At the BAerkeley 184 -inch cyclotro n; the characteristics.of the
available beam of v~ mesons require a liquid hydrogen target approxi-
mately-1 foot thick in the beam directionin order to 'stop an acceptable
fraction of the particles. For a neutron-detector of ap"‘proxirhately
the same horizontal dimension, ‘a target-counter separation of 10 feet
yields a maximum-to-minimum flight-time difference for slow neutrons
“of approximately 2 nanoseconds because of oblique flight paths. For

‘'this reason and because of shielding requirements, the mini'rnum.
distance from source to neutron detector was set at 10 to 20 feet.

- The maximum distance is determined primarily by the minimum

- useful signal-to -background ratio of the final data. The longest
-ﬂi-ghtrpath.usedvvwas 67 feet, at which distance the signai-to-background
ratio .wa\S'approxir;nately unity, For a smaller signal-to -backgrouhd
ratio, it becomes difficult to determine the mean of a peak in the
=‘ve1_ocity distribufion; For depths greater than 67 feet, the ‘signal.-t.o-
,baékground_ ratio is less than unity because of a constant background
_'levvel in the neutron cbunter. !
Neutron time of flight was measured by displaying the start pulsé
(y detector output,fromv/wro'—» 2y in Reaction (1) and the 130-'Mev‘y from
Reaction (2)) and the\"'neutron detector signal on an 'oscilloscolié and
photographing the trace, The long time delay between these two events
(of the Qrdér of microseconds) was compensated for by delaying the
y'signal through a low-attenuation delay line,
In order to minimize the spread in flight time of the neutrons, it
- was necé.s-sary to use a'liquid hydrogen target thin in the direction
along the neutron flight path, and a thin neutron detector. - Both of
these dimensions were 1 inch in this experiment., The neutron detector
' consisted of a plastic-organi¢ scintillator viewed by RCA 7046

photomultiplier tubes, thereby yielding time-of-arrival pulses with
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intrinsic time spreads of the order of nanoseconds.

III, EXPERIMENTAL EQUIPMENT
_ To provide the shielding for the neutron detector at all distances,
- a. shielding hole 2 feet in diameter and 150 feet deep was dug near
the source of mesons from the cyclotron and lined with a vacuum-
tight pipe.. The neutron counter was moved vertically in this hole by
'mea.hs of a motor-driven cable drive, The hole was f111ed with He
gas during the experiment ‘to reduce the neutron scattering in the 1eng
flight path, -

Hydrogen Target and Meson Beam

A liquid hydrdgen.target.l ft'in diameter and 1 in, high was
plaeed over._the time -of-flight hole, in the beam of T~ me sons.; This
beam was deflected and focused by a bending magnet and two quadru-
-pole magnets and was me asured to be 3.5%X3.5 in, (full width at half
maximum) at the position of the target, '

The bending magnet was provided with a pole tip hav1ng an 8-in. -
high gap which was 24 in. transverse to the beam direction., A 31°
wedge was chosen as the pole tip ehape in order to focus at the liquid
hydrogen target mesons of all momenta entering this magnet, The
final quadrupole was placed as close as possible to the liquid hydrogen
.target in order to minimize the magnification of the cyclotron meson
vtargétﬂ(object). Both quadrupoles were 8-in, -diameter doublets, and
the polarity of both was converging-diverging in the horizontal planen
The length of each element of the first doublet was 8 in. and of the
second, 16 in. The experimental eetup is shown in Fig. 1.

‘The 11qu1d hydrogen container was contructed of 5-mil stainless
steel. This container was enclosed in a stainless steel pressure
» dome 20 mils thick, and prov1ded with. vents such that the pressure .
.was equal on the inside and outside of the liquid container. This in
turn was conta1ned in a vacuum tank with a-38-mil Al bottom dome to
permit the neutrons to escape downward. A draw1ng of the target is
shown in Fig, 2. Carbon 33 g/cm thick .was placed in front of the
target to degrade.the beam energy and maximize the number of mesons

stopping in the hydrogen.
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Electronics

In order to minimize background, -a coincidence was required among
(a) the incoming beam monitor, N A -
(b) a y detector placed above the target, and.
{c) two of the neutron-detector phototubes..
The last requirement reduced the background due to phototube dark
,current to a negligible value,.: The above coincidence output was used
to trigger an ‘oscilloscope which. used two traces of a. four trace osc1llo-
‘scope tube attached to a Tektromx 517A. The sum of a.11 neutron-

counter tubes was displayed. on one trace:and the sum of the y-counter

.tubes was dlsplayed on.the other The sweep speed w’ set at approx1-
. mately 20 nsec/cm The osc1lloscope face was photographed with a
DuMont camera using Tr1 -X.film..- A dlagram of. the electron1cs is

shown in Flg.,_ 3.

a, m Beam Momtor

The = monitor consisted of two l/4><6>< 12-in, plastrc:smntlllatlon
counters and one 1/4)( 1.5%X10- -ing deflnlng counter, all viewed by
RCA 6810A photomult1pl1er tubes, A l/4><6>< 11-in, scintillation counter
wa.s placed behlnd the liquid. hydrogen target:to detect. those partlcles
which did not stop in.the target, A MWL c01nc1dence was required

17273
to. obtain~a m count, '

. b, Gamma' Counters

The gamma counters consisted of 19 alternate layevrs of plastic
scintillator (10 1ayers) and lead {9 layers) each . of d1mensmns
l/8>< 11X23-in, Alternate layers of scintillator weré V1ewed on.the
1/8X11-in. surface by one RCA 7046 phototube through a pohshed
aluminum _(\Alzak) light p1pe, Only one end of each scintillator was
exposed to a phototube so that if .necessary,; a coincidence could be
required between the signals from. alternate layers to eliminate heavily
ionizing particles, 'Duringthe :expe‘:'rimeht this proved unnecessary and
signals from the two ends were added together, Two of these counters
were placed above the liquid hydrogen target and. separated from it
by 11 in. The gamma counters subtended approximately 12% of the -
total solid angle around the target and the calculated



Tube
number '
‘32 fold-—-ll-\—-B—-Bl———-, w_l_ :I_I S'W—I-' H l
3 7-fold — ‘
c 2-» — —
S a4 3- 1=
= g; fold *—E'—* B8
QO . bl —_—
2
l:_— BB
L
GarWin
7-fold Lo
foirer
Scope , Tyn
517 | trigger | .
e Scope
.} Temperature- ’ Ps
controlied
o Y ‘ )
.. . Lo _de'uy : . : 1TYn
.l ) ’ . - | T : S
T2 w ——E} Sw S '
T3 TT i 1 } o
Tl G
e delay
Y 2A l’:l s
: > 1. L W
¥yoB delay Ty ' C
peliesliis »
| ‘ ' | A Sw Ps ”SV
7 1A 1 i _
’ v L 4 W - o
YIB ' DA » delay Ty ‘ L :
MUB-856

Fig. 3. | Diagrafn of éléctfonic s. A and B refer to Hewlett-Packard 460 A and 460 B
amplifiers, W to Wenzel coincidence circuits, Sw to Swift discriminators, Ps to
Hewlett-Packard 520 A prescalers, and S to scalers. ( Ref. X9)



fe.ffic-iency of these counters was 80% based upon.the thickness of the
lead used and the pulse-height spectrum observed.

" c. Neutron Counter

‘The neutron counter consisted of a 1X 15, 5 -in; disc of UCRL
~terphenyl -plastic scintillator viewed by 7 RCA 7046 photomu1t1p11er
-tubes through a 5-in. ~thick lucite light pipe. Between the 11ght p1pe and
the tubes was placed a 1-in, -thick Pb plate. w1th a.3.5 -in, ‘hole centered
over each tube. One-inch extensions. to the large light pipe filled these
holes and'»were‘,‘optica.lly sealed to the phototube face with Dow-Corning
’ siliébhe grease, Surroundmg the sc1nt111ator and phototubes onthe
sides and bottom- was a 1-in, -th1ck lead shield, Surroundlng the sides
?a}nd top of the phototube volume was. a 1/8-1n, -.,th1ck p metal magnetlc
shield, The counter and shields wérei enclbsed in an iron.container
with'an attached refrige‘rator, the latter for the purpose. of réducing
dark current from the photdtubé'é. A 20"-vmi1 -thick p metal dome formed
the top of the containexi, The thick .light pipe.é,nd lead plate served
i:o shield the.scintillator from radioactivity (primarily Ra in equilibrium
with its decay products) emanating from the phototube glass, The
;rémaindér of the 1éad_ shield was for the purpose of reducing the detection
of backgr_ound .radidact_ivity originating in the ground surrounding the
counter. A drawing of the neutron counter is shown ih_)Fig.,q 4,
‘ All co‘mponents inside the .iead shield and the shield itself were
‘tested for background radioacfivity. at the Univer S1ty of California
low -bac'kg.round_roo-rn., The lead chosen wa.'s.from the St. Joseph
i.lead‘mine-.'a..nd,‘wa.s. found to be well below the average in rédioactivivty ’
~of lead from other sources, V,
The voltages for each of the seven RCA 7046 phototubes ‘were set
.to m1n1mlze_:the.,_cathode transit-time. spread over a 3,56-in, -diameter
'circular.area centered on the tube face.. Qutside this region the
collection éffi-ciency'.is very low foxi...thisr tube type,- and masking. off
_the. outer region has the primary effect of elirhinating_ inffeque.nt
-pulses with large transit times, .
The transit-time spread over the central region was minimized
‘in the foll_owi'hg manner: light pulses from a UCRL pulsed Mercury .
8

discharge lamp were attenuated until the frequency of detected”
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pulses for -a single tube was much _low_erl than the repetition rate of
the light source, This assures the condition that essentially only
- single photoelectrons are being detected, Under these conditions
the Voltages in the cathode end of the tube were varied until the
transit time differences were minimized as observed on an oscillo-
- scope. ' Then approximately 100 events were photographed and their
time spread measured, Byv'repeating this process the minimum
. spread. was obtained from a series. of voltage settings. The rms
transit-time spread averaged over all seven.tubes used was. reduced
to 3.4 nanoseconds by this technique. This value corresponds. to
- single photbeleétrohs arriving at the first dynode of the tube. A
. typical voltage divider is shown in Fig, 5. Because of the high
voltages required by the above conditions the dark-current counting
‘rate from the tube was monitored. All tubes were rejected in which
_ a substantial increase in dark counts was detectéd as the voltages
~were raised from the values recommended by the manufacturer to
the higher voltages. Approximately half of the tubes tested met both
the requirements of small transit-time spread and low dark counts.
In the assembled counter, the rms time spread was 2.9 nanoseconds
‘averaged over the 400-~-kev -neutron pulse-height distributiono. The
coincidence detection effiéierncy for the slow-neutron pulse-height
. range was 66%, and was. 96% for the fast-neutron pulse height, See
Section IV for a discussion of these efficiencies, -

Netitron=-(20.unter Adders

In order to add the seven phototu'.be. signals from the neutron

- counter, a distributed adder was constructed which gave alinear sum
.of the seven. 1nput signals with a gain of unity for a single input. A
dlagram of the sevenfold adder is given in Fig, 6. The input signals

were lined up with short delay cables in ordér to minimize the time

%

.spread in the output signal. The amplified output of this adder was

.- the signal displayed.on‘..the,oscilloscope,,traceg . Only one- signal cable
was. available for each tube because of the restricted. space. available
in the shielding hole, so both.the coincidence signals used in'the
trigger and the sevenfold signal were taken from the vsevenfo_ld_.input

with.a transformer’coupling9 Alternate tubes in the outer ring were
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- added in two threefold adders similar to the sevenfold adder, and any
combination of alternate tubes was required to satisfy the trigger
requirement, The rate of accidental coinc.ide.nees due .to dark -current
in the six outer tubes was 800 Countsl/min with the. refrigei'ator ,
operating, a value lower by a.factor of 10 than the real background -
due_ to the--radioactivity of the surroundings, The refrigerator re-
duced the singles. rate from individual tubes by a factor of six, on
the average,. from the room-temperature rate, \

Delay Cables

The delay lines used to delay the y counter signal consisted of

two sections: (a) the trigger delay, _labeled "7y delay' on the cir-
'cuit diagram (Fig. 3), which utilized up to 3 psec of 1-5/8-in.
Prodelin coaxial cable, 9 (b) the. oscilloseope' vy signal cable, which
consisted of approximately the same length of 2 -in, Styr'ofoamy-
diele‘ctriic cable manufactured at the Lawrence Radiation Laboratory.
In addition, during the slow—neutroﬁ.runs. at 67 feet, 1.1 psv.ecv of
Prodehn cable was used in the y delay line. Two. microseconds. of
delay cable attenuated the Y- s1gnal pulse helght approximately 20%.
The y-signal cable was enclosed in a tempe,rature-controlled room
which maintained the temperature constant withini 1°C, or the total
time -delay constant within+ 0,04 nsec.

The delay of the cable used. was measured. w1th an artificial pulse
- designed to simulate the phototube output pulse. The cable-measuring
circuit is shown in Fig. 7. The output of the driven pulser was split,
~and ene pulse was displayed directly on a Hewlett-Packard dual trace
. sampling oscilloscope, The other pulse was displayed on the remain-
ing trace affer traveling“ through the unknown delay,l Tre oscillator
: frequency was varied until the time between half heights of successive
pulses was equal to the unknown delay time. In.this conditi‘en,.the half
-heights of successive pulses coincide on the,oscilloscepe face, The
change in the artificial pulse shape due to freque.ncy-dependent |
~attenuation in the delay line is equal to the change in.the actual
- phototube pulse if the two pulses. are identical,b The degree. to which
this was achieved is discussed in.the section on errors.. The fre-

quency needed_to satisfy the above condition was measured with.a



214 -

Ferris 9y o »
Model 16-C Hewlett - ewlett- Hewlett-|. - LRL ¢ -
si;nzl Packard Packard Packard ‘nurl\osecond
- 460A 4608 : B . pulse. ;- .
generator . g 4608 generator
Hewlett-
‘| Packard
model 524 A
frequency
meter
Triggef
-Hewlett - Packard o KL 3.
dual - trace Pulse shaper
sampling - A —
oscilloscope 71045
Model 185 A put 4
“ Hewlett-
! Packard
460A
Unk T {280 nsec’
delay | RG-63/U
. N R Yoot deloy

MU-25095

» ' Fig. 7.. Circuit diagram for delay measurement,



©-15-

Hewlett-Packard 524A frequency meter, “and the cable delay was
given by the rec1proca1 ‘of this frequency Each ca.ble was measured
more than one tlme, and the rms dev1a.t10n determlned in this way
was 0.05 nsec.

Measurement of Flight P"at'thength

The changes in flight path length were measured with a calibrated
metal tape fastened to the neutron counter and used at constant tension
‘and temperature, The tape correction factor at.both positions used
was found to be 0.999966 as deterrﬁined from a standard tape. obtained
at the Lawrence Radiation Laboratory, Livermore California.

Long-Spill Meson Beam

_ At the 17-foot depth the main source of background in the neutron
counter was proportional to the cyclotron beam intensity. In this
. condition, the. signal-to-background ratio of the final data at a fixed
‘beam intensity is proportional to the fractional spillout time of the
meson beam. In order to rnaximize this ratio, the recently installed
cyclotron auxiliary dee was utilized with which the duty cycle was
increased from 3% to more'.t.han.SO"]o° At depths greater than 30 feet,
the background level in the neutron counter was essentially independent
" of the meson beam intensity,

Oscilloscope Calibration

The 517 oscillbscope was time-calibrated by phofographing» the
‘amplified output of a sine-wave signal generator operating at 100.17
Mc. and at 150,04 Mc. The sweep speed measured in this way was
indeterminate to approximately 0.3% ox}er the portion of the scope
face used during the data taking. The results of this calibration are
contained in Table I, ‘

- Neutron-Counter Magnetic Shielding

‘The magnetic shielding around the neutron counter reduced the
field at the position of the photomultiplier tubes to less than 100
milligauss transverse to the axes of the tubes andto less than 150
milligauss. along the axes of the tubes. The magnetic field varied
from these up’perv limits to approximately zero depending upon the
position of the neutron counter relative to the cyclotron, There

were, however, no detectable changes in the operating characteris-
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Table I. Oscilloscope. s\ﬁe‘éﬁ-svijeé‘dvéa;libré:"cioi"i'"':*"'”’ E

At 6.6649 n'sec/divisio_n . - » At 998304nsec/d1v151on
‘Division # Distance on . Division # . - Distance on
scanning machine ' - scanning machine
1 19.15 1 125,71
2 31,10 2 . 43.56
3 42,85 3 61,46
4 54,80 4 - 79.56
5 66,85 5 97,26
6 78.75 6 114,66
7 90,65 7 131.61
8 102,35 8 148,11
9 113,70 | 9 164,46
10 124,90 10 © 180.26
11 1 135.90 11 1195.36
12 146.95 12 210.26
13 157.95 13 224,71 ‘
14 168.75 14 - .238.96
15 179.35 : '
‘16 © 189.65
17 199.65
18 - 1209.55
19 - 219.10.
© .20 - 228,67
21 23817
22 .246.92

Note: The average position.Qf..the.neutron.signal half height is
139 mm, : - :
The abscissa conversion factor.in Figs. 11 to 18 is approximately

~0,6. nsec mm,
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~tics of the photomultiplier tubes attributable ‘_to the magnetic field
.variation, The quant;lties measured.accurately were tfansit-.time
spread_é,nd time delay. In.addition; the pulse height was roughly'
determined and found to be constant,

Neutron-Counter Radiation Shielding

The shielding placed around the neutron-counter scintillator
~reduced by a factor. of three (compared with the va.lue..obtai.ned from
L.a previous.‘experiment;) that portion of the background not associated
. with beam intensity. At the same time, however, the efficiency of
this counter for detecting background was increased by a factor. of
~approximately three, so that the total shielding'effect was a.factor-
-of -nine-reduction in background detection rate.
IV, RESOLUTIONS AND COUNTING RATES

The electronic. resolution of fhe neutron counter .wa,s measured
with the aid of a pulsed hydrogen disch‘arge lamp installed in the
scintillator, This light was pulsed at a rate of 300 times a.second,
with a pulse width of 2-nsec. The light intensity was. adjusted to
correspond to the measured slow-neutron pulse-height spéctrum and
then the output of the sevenfold adder was photographed along with a
‘trigger signal taken from the pulser. The oscilloscope trace was
triggered by a coincidence be.tween-any'two alternate phototubes. in _
the neutron counter, This requirement impoéed the same restrictions \
‘on time jitter as those found during the data-taking runs. The
‘measured time differences between pulser. triggerz signal and seven-
fold output signal yield the intrinsic electronic re/solution of the
neutron counter. See Fig., 8 for the time distribution of 'this iaulse-
height range. The rms width was measured at 17 feet, 47 feet and
67 feet in order to determine any change in this quantity with
position, The rms deviation about the mean remained constant at
2.90+.13 nsec’at these depths.’ | »

The resolution of the y counter plus neutron counter éyétem was
.measured by the simultaneous detection of the two y;rays..from _
neutral pion dec_:a?., The electronic resolution of the neutron.counter
.-for y-ray pulse héight. was. measured as before, using the_lighi:

pulser adjusted to yield the proper pulse-height range. See Fig. 9
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for the time distribution of these larger pulses. The rms width for the
neutrdncounter alone was 1.3%.,08 nsec for. this pulse-height range.
The total y re solﬁtion width was 2.8+ .12 nsec, from which we find the
intrinsic rms width of the Y- counter‘s alone to be 2.5 nsec for the pulse-
height range of the slow-neutron runs,

The rms spread in the flight time of slow neutrons due to finite
target height was calculated on the assumption of a pion beam uniform
in intensity in the vertical direction striking the 1-in. -high liciuid
hydrogen térgét. Th;_a value obtained was 0,88 nsec., The same quantity '
for the i-in. -thick plastic scintillator. of the neutron counter was 0.82
nsec. By é.ssurning. Gaussian distributions, we find the total intrinsic
resolution of the sysfem for. counting-slow neutrons plus 1r° -decay

be (=
_ y-s (_OT) t§ be

_ 2 2 2. 2 2
OT _‘\/0:( T OnY * Onn +o targ'et+q scintillator

or
0 ="\/2_.802- 1.30%+2.90% +0.88° +0.82% = 4,00%.,23 nsec,
where i .
GYT = rms spread of the total system for. Counting '’ -decay v,
Gny = rms spread of the neutron counter for.counting ﬂo—deCay Y
0., = Tms spread. of the neutron cqunte? Zfor, counting slow neutrons,

and where we have used 0 =\ /0. ..“-0 2o rms. Spread,bf
| Y yT ~“ny

the y counters for counting m -decay y's.
A numeric?.lfoldvof the distributions from which 0‘Y T and o, were
'obtained, yields the result Op = 4.13+.23 nsec. v

A direct measurement of this quantity was made by the following

technique: -The total resolutio‘n;,of the system was measured for the
simultaneous detection. of thé t§vo ° -decay y's with the normal pulse-
height range accepted fvom the y counters. For the neutron counter, |

only those signals were accepted which yieldéd the slow-neutron

pulse-height spectrum. The value obtained was 0.,=4.71£0.43 nsec,

T
which includes the artificial addition of the two terms otarget' and
O cintillator The valu€ used in the following is O =4.24% .41 nsec,.

The beam intensity was measured with a 1X10-in. scintillation
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counter placed at the position of the liquid hydrogen target center in
coincidence with wl.and w2. In front of the small counter was placed

5 in. of carbon degrader to approximate the 7.5 in. of carbon used
during the experiment. With the cyclotron running at reduced beam and
with short target spill-out time, the average codnting-rate was ’

2.2 X _107min—1 extrapolated to full beam intensity, This value corres-

ponds to 2 X 10_7mi1j1_1

in a 1X4-in, area, With the hydrogen target
filled and in position, a range curve was taken by measuring the coin-
cidence rate between the m counters and the y counters as a function of
degrader thickness., (See Fig. 10.) The full width at half maximum
of this curve corresponded to an.energy spread of 11 Mev before
degradation, with the meanl at 113 Mev. If all particles had traversed
a full 12 inches of liquid hydrogen, 60% of the p/ions would have stopped
in Hydrogen, The accidental coincidence rate between the m monitor
and the y counters at the highest beam intensity was only 14% of the

- total my rate; however, only'ZO% of the total wy rate was due to the
presence of liquid hydrogen in the target,

The measured detection efficiency for those 400-kev neutrons
which reached the neutron counter' was 40%, which indicates that
approximately 66% of the knock -on protons yielded a detectable light
pulse, The measured detection e;fficiency for the 8.8-Mev neutrons
was 22%, which corresponds to a light-pulse counting e'fficiency of
96% for either the carbon or hydrogen huclei struck by the higher- .
energy neutrons, The siow—neutron detection rate at 17 feet extra- -
polated to full beam intensity was 4.5 neutrons per minute,

V. DATA AND ANALYSIS

Figures 11 through 16 show the time dibstr.ibutions obtained
for 400-kev and 8.8-Mev neutrons. The abscissa represents the
distance between half-heights of the y-counter signal and the neutron-
counter signal as read on the film scanrﬁng machine. Note that a
larger absc¢issa corresponds to shorter flight times, The time scale
varies from run to run depending upon the position of the data relative
to the oscilloscope face, but was approximately 0.6 nsec/mm through-
out, . Table I contains the oscilloscope sweep speed calibration,

A determination of the velocity from the position of the mean
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at each depth depends upon changes in shape of the ;ne-l-ee-eaay distribution .
“with depﬂ’io ‘The effeet_of any fixed 'asymmetiry in the intrinsic reso-
'lution of the equipmentis to shift all distributions measured by this
f equipment by preci's.ely the same -amount, 10 This holds true exactly
“only if the distribution is measurable over the complete range of the
variable involved, =~ ' S ' » -

In the case of the 400-kev neutron, the rms deviation about the
mean at 17 feet was found to be significantly larger than the O given

.above. The as sumptlon is made in ana.lyzmg the data that this added

deviation is due to effects which yield a symmetrical velocity spread

about the mean Vel_ocity,, It is therefore assumed that all asymmetries

arise from the shé.pe of ‘the intrinsic resolution of the equipment, that

is, the distribution’ from which g was obtained. The exception to

the above symmetry which was considered and corrected for is that

" due to 'sc‘att‘ering of the neﬁtrons in the targ'et and in the atmosphere

. between target and counter, | - |
Because of the unexpectedly large spread in the slow-neutron

velocity, the cofnpl‘\ete time distribution was not measured at 47 ft

and 67 ft. The resolution width of the oscilloscope trigger coincidence

circuit was too narrow to cover the complete time range neces sary.,

At 47 ft only the high-velocity side was recorded on film to the full

extent of the distribution, The 'low-velo'city. side was recorded only

'1/3 of the distance from the peak to the limit of the spread. = At 67 ft

the peak was centered within the data taken, but neither wing was -

~ fully recorded, ‘

1" The evidence that the_‘510w'-'neutr'on'time spr?ead'.inerea"S'ed‘with

depth cornes from the 'felloWing‘ob’servations: ’ '

(a) The time distribution as found from the light puléer data at 17 ft

| may be compared to the measured neutron distribution at the same

depth, The effect of the velocity spread is the smallest at this depth,

" but the full distribution was recorded. This comparlson is made in

Section VIII, - S T

(b) This same comparison may be made by using the data from the

detection of the y rays from 7’ decay instead of th’e_ light-pulser data, -

*"As discussed in Section IV, only, the low-pulse-height signal is
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accepted from the neutron.counter in this comparison,

(c) A comparison . of the expected rate of detection of slow neutrons at
(47 1t (as calculated from the measured rate at 17 ft) may: ‘be made with

: the observed _rate, Only one-third of the expected rate was. found with-
in a peak as narrow as that found at 17 ft. A determination of the
velocity distribution at 47 ft must be made on the assumption.that the
data are symmetrical about the calculated mean velocity, since only

the high-velocity side was recorded at this depth., These data, with the
expected background,iare shown in Fig. 17. The effect of the“ undeter -
mined ratio of helium to air concentration is included with the statistical
uncertainty in the error shown in the figure, The residual velocity
spread at this depth is discussed in Section VIII. The signal-to-back-
ground ratioat 67 ft was too low to permit a similar determination,

(d) The expected background rate at 47 ft may be determined from the
target-empty data,. These data ytelded an accurate determination of
- the background time distribution (see Fig. 18) and pulse height, but the
background rate was too sensitive to the poorly known beam intensity
for a useful result, The result agreed with the rate found .in_(_(_:)_above,
but with a much, larger uncertainty, »

A calculation was made of the effect of the observed asymmetrm
- resolution function upon the mean value of the velqcrty_d1str1bu_tron.
~ Since only part of the data was recorded at the lower depths, there is
a :sh‘ift in the observed mean compared with the 17-ft data, where the
complete di'stribution',_is available. This calculation consisted in folding
the measured intrinsic resolution function into a symmetric triangular
velocity funotion. The mean was then calculated over the total ciistri-
bution and also over the experimentally available portions, This permits
a correction to be made to the data at the lower depths relative to the
17-ft data where the full distribution was recorded. -

. The technique used to determine the mean at all depths is the follow -
' ing: from the target-empty data it is known that the detection efficiency
is constant within a 70-nsec. time region, A fixed point is selected
within the constant-efficiency region and to one side of the visible peak
in the data. . ThlS fixed point remains one extreme of the region.over

-which the mean . is taken. . The mean is then computed over an arbitrary
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- the background, the final slow-neutron data were plotted for vy pulse
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portion of the constant-efficiency region-which encompases the -pea.k.,‘

A new region is then selected which is symmetrical about the computed

mean and with the fixed point as one extreme, By repeating this process,

a2 mean value is asymptotically arrived at which is centered within the

region sampled, A uniform background was subtracted in all cases. .
Figure 19 shows the neutron-counter pulse-height distribution in the

region of the 400-kev neutron peak at 17 ft. The flat distribution from

0.1 to 0.8 maximum is taken as the knock-on proton pulse-height dis-

tribution, The cutoff at 0,1 maximum is due to scanner bias against

the small, difficult-to-read pulses, A plot of the data with pulse height

greater than 0,8 maximum gave ro evidence of a peak.in.the time

distribution and it is assumed to be background, The average signal-

to-background ratio up to 0.8 maximum is 3.8 in this time region,
Figures 20 and 21 show the pulse-height distribution, at two depths, of

the background in the region of the slow-neutron peak, It is seen that

some improvement in signal -to-background ratio is obtained by a high

pulse-height cutoff, Figure 22 shows.the y-counter pulse 'he‘i‘ght for
counting the vy rays from 7° decay. Some evidence of the expected
peak. is seen at 0.5 maximum, Figure 23, shows the target-empty

background frequency {in the y counter) \{s pulse height, The pulse

height in this figare has been attenuated by the delay cable to 0.60 that

of the data in Fig, 22, Because of the lower average pulse height of

heights greater than 0,40 maximum at 17 ft and 0.32 maximum at 47 ft
and 67 ft, The reduction.allows for. the measured attenuation of the vy
signals at the longer delays, Figures 24 and 25 show the y-counter
pulse heights from slowﬂnéut.ron runs at 17 ft and 47 ft. The similarity
to the known m° Qy spectrum from Fig. 22 is evidence that real charge-

exchange events are beén’g detected. Figure 26 shows the y-couanter

' pulsewheiﬁght spe'cti'um from an 8.8-Mev neutron run, The pulse héights

- which is'higher en the average than that seen in Fig., 22, is counsistent

with the factor-of-two difference in vy energy between these runs.
Approximately one-fourth of the counts in Fig, 26 are due to background,

and these lie predoeminantly below 0.4 maximum,
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VI. CORRECTIONS AND ERRORS

The largest calculated correction to the observed data comes from
.the scattering of neutrons between source and detector. It was assumed
in making this correction that all interactions in the liquid hydrogen,
iron, aluminum, and.air are elastic scattering events° At all depths the
scattering from the hydrogen target structure, a.if, and hele walls
resulted in a shift in mean flight time calculated to be less than 0.1 nsec.
The calculated shift introduced by scattering from the liquid hydrogen
is listed in Table II, .Approximately 3% of the observed slow-neutron
peak at 17 ft was due to neutrons scattered from hydrogen, '

A calculation was made of the contribution to the spread in slow-
neutron velocity due to pion —proton.interactions.iu flight, At 90° to
the incident pion beam, in the laboratory system, the velocity of slow
neutrons from interactions in ﬂi_ght is lower than from interactions at
rest, For a pion energy of 8-v Mev, the neutron veloeity is reduced
5%.; For greater reductions than this, the neutrons will not be observed
within the-;z:ero -pion-energy peak. The fraction of pions that interacted
with 0 Mev < T-rr < 8 Mev was calculated to be less than 0.3% relative
to the total number of interactions, Interactions in flight therefore
have a negligible effect upon both:' the mean and the dispersion-about
the mean for the data obtained. | '

The correction ,labe.led "'Shift with depth' in Table II was obtained
from the time of flight of the w°y rays. The shift, which was 0.2+.4
.nsec, is assum‘_ed to be independent of pulse height for values ranging
from gamme. pulse height to slow-neutron pulse height The magnetie
field at the position of the neutron counter phototubes was less than
100 milligauss transverse to the axes of the tubes, a Value which
results in léss than 1% reduction in pulse height,

7 The correction to the delay measurement was made to compensate
" for the 1mproper pulse shape of the pulse used to measure the delay
cables. Each delay 1ength was redetermrned for various measuring
pulse rise times, and the difference in delay length corresponding-to
the difference in rise time between real phototube.pulses and artificial

pulses is listed.
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The correction listed as ""Detection-efficiency change''"allows
for the variation in detection efficiency as determined from the target-
empty background runs, The correction was made by dividing the
-observed particle-detection rate by the relative efficiency, aﬁd re-
computing the mean flight time. The error listed as "Tape reading"
in Table II repre sents the flight time over one-fifth of a‘ minor division
on the calibrated tape.

The y=-n separatlon error is purely statistical and is given by
the formula
‘ error. = /»\fm
where N is the number of events used in computlng the mean,

The. error labeled "Delay temperature change" represents the change
in delay time caused by a+ 1 °c temperature variation in the tempera.-
ture-controlled delay house,

The y_PH (pulse height) Bias Level error arises from the inability
to determiﬁne precisely the v PH attenuation vs delay__length.

The "Time -sampling region' error arises from the uncertainty
in the y—n;jsepara.tion due to the unknown data-cutoff point, The error
-repré.sents the rms shift in the y-n separation as. determined by .
calculatlng the separation for a range of cutoff p01nts

VII. CALCULATION OF PION MASSES

A, Mass Difference, m _-m g
' T~ w

1If -the'fbinding energy between negative pions and protons is taken

to be zero, then the pion mass difference is given by

A

m _-m
T w0’

. (2 2 s_ - 1/2 2
m_- [(mﬁ_ +mp) + m - Zyn mﬁ(m_ﬂ_ + mp)] Mev/c”,
where
' 1/2 s . .

[1 B, is the velocity of the slow neutron
. in units of the veloc1ty o_f light. From the work of Day et al. 1 and
Russell and Shawlz‘ on the capture time of pions in hydrogen it is
found that negative pions undergo the strong interaction with protons
from n levels greater than n=2, Therefore the average binding

energy is probably less than 360 ev. Since this number is small com-
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pared with the other errors.involved in the mass determination, it is
set ‘equal. to zero in the ca.lculatmn above. Another small correct1on,
on'the order of 50 eV (due fo the f1n1te n~-p center- of - mass veloc/’g)y at

. the time of the interactionyas discussed in Section VIII), is also

ne gl'e,c.te d. _
.The error on the mass difference is given by
e = b N2 2 Y -2
S\ = mo [(m_. | 8)" 8" + (A= 8) ,smw._

2.2 8424 8.2 ‘
t 1/2
+(mﬁ[mﬁ_+mp] B ) (—-d-— +—£——)] Mev/c s

- where § = mn' —-mp’, dis .the slow-neutron flight distance and t is the
slow-neutron flight time, "Tn.this formula. the approximation yns= 1
is-used, Therefore

.2

_ 2.2, 2,
- [,((1.0242 | e§: +(0.0237) S._mﬂ.-
2 2 ' :
- s .s° | |
+(6.52) (__dz N E )];1_/_2 Mev/c2,
d t e

From Table II, the,.;following'inforrhation.'ié. obteined:
From 17 ft to 47 ft: v_°= 0.0293838 ft/nsec,;
A =4.6030 Mev/c?,
SA%_ 0.0104 Mev/c%,
From 17 ft fo 67 ft: \I(ns=.-010293997'ft/risec,
A =4, 6067 Mev/c .
SA—- 0. ooéfr Mev/c .
The welghted average of Ais ' |
| o A= 4. 6064i 0030 Mev/c .

e I B, -Ngoriative.Pio.n.Mas_s :

If we again negl.ectJ the ©”~-p binding energy,. we have
L M T Yy ‘I.nnf(l,+ P ) - "o Mev/e”, .

F . . et x..'. B - . . B FERR R

where (3 . is the velocity of the 8.8-Mev. neutron in units of the velocity
of hght ‘ ‘
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The error (squared) on.the pion mass is

2
2 . F3 . ., . F, . F2 _F F.2,°4 %t
S A e o A e A N LN v vl
m o t
F F.12 .2 2 2.2
+[yn.,(l + B, y1°s m +S m (Mev/c ),
2 2 '
S S.“. , :
or S - [150% (-S4 £ )+ 1.14% 8% +8° 112 Mev/c2,
, m - 2 2 m T om
™ d t n P
From Table Il we find
VnF =:0.134317 ft/nsec,
m_.=139. 69 Mev/c.z, |
!
S = Q,Z@'Mev/c .
mﬂ_

The values used in the above error calculations were

5, = 0.4 Kkev/c?, 13
S o= 56 kev/cz,/éﬁ
m
-
Sd = 0.001 ft,
S =~ =10 kev/cz, 6
m
P ,
S .= lOkev/cZ.6

VIII. SLOW-NEUTRON VELOCITY SPREAD

The evidence concerning the unexpe‘ctedly‘large spread in the
slow—neutmn&elocity-is tabulated in Section V. The most probable
rms deviation due to the measuring .equipment is shown in Section
IV to be OT = 4,24+ .41 hse:c. The valués given for Gy_n.in Table 1II
do not represent the best estimate of the experlmentally observed
dev1at10n but, refer only to that quantlty calculated for the actual data
used to obtaln At In order to obtain the best estimate of the observed
deviation at the 17-ft position, 0 was calculated by u31ng only the

Mfast" half of the data and including the background region.
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As the time region over which o is calculated 1ncreases from zero,
0 increases throughout the region of the. velocity peak and.then. as sumes
: an.appr9x1ma;tely,. constant value wher_lv.thev background region is included.
. The average of this approxitnately constant value from runs I and-II at
the 17 ft position is ¢ = 6.18+.50 nsec. Fr'om\'.th_isjrwe find the residual

17t ’ :
-~ rms deviation to be 0., .. = 4.49+.79 nsec. The error includes.the

int_rihsic statistical ef'{l'l.(;ftfrom each.calculated‘value“ of 0 plus the
,Observed r}rins deviation caused by the unknown signal cutoff innt,_

} ”.I‘he,:.residual rms deviation at 47 ft was found to be Opa7t = 17.6x1.6
-nsec, where the error includes both the statistical uncertainty and that
.due to the uncertain background. The ratio of the residual deviation at
47 ft to that.at 17 ft is 3.92+.77, The ratio of the target-to-counter

distances at these two positions is 2,71. These ratios are in..re_a_sonable
:agi‘.ceevmentrwith.the .hypoith‘e sis that.the observed spread is due to effects
.originating in thehyd.rogen.target, . _ | ,

- The possible explanations for the observed residual deviation are

.listed below along ‘with their expected magnitudes, ‘

a; Variation in flight path due to finite target and scintillator size.

This effect varies from approximately 0 = 0.5 nsec.at 17 ft to 0 = 0.2
- nsec at 47 ft,. and therefore is of the wrong: 31gn and too small to explaln
the observed effect, _ ‘

b. . S}ow-neutr on_‘scatteri‘ng. At the 17-ft position the correction of the
data for scattering reduces the rms deviatiért by 0.23; nsec,
-¢. Unknown 7~ -p binding energy.. If it is assumed that the pion is cap-
- tured by the proton from an n level greater than or equal to-3, 10 then
the maximum possible variation in binding energy is 360 ev. This
co‘r,respondsto a maximum variation in flight time at 17 ft of 0.03 nsec,
d. N-éutrali p"10n mean life, The present xtalue of the m° 'r'n_eanv.lifel is
(1.9+.5)x 10716 sec, 1
‘time of flight of slow neutrons over a.50 -t f11ght path of less than .01

This value corresponds to an. uncertainty in the

nsec,

e, m" -p thermal mot1on  The thermal veloc1ty of hydrogen atoms in.the
11qu1d state was calculated under. the assumption. that the. 11qu1d and

sohd states would have the same. veloc1ty d1str1but10n at the same .temp-

'erature,’15 From the Debye theory of spec1f1c heat comblned w1th an

s
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_ expressionlé, for the rms. amplitude of thermal vibit'a‘ti‘ons,”.we obtain

a value for the maximum thermal velocity of 1.2X 105'cm/sec, which
corresponds to a time. 'spread.of 0.08 nsec at 17 ft and 0.21 nsec at 47 ft,
f. Radiative de _excitation of the n p atom. The maximum velocity that
the w™p atom can attain from the recoil due.to ré.cliatiVe de -excitation is
9X 104. cm/sec, and is probablyless than 1X 1,04, cm/sec. This yields

'a negligible time spread at all depths,

g. Collisional de-excitation of the 7"p atom. The remaining process
capable of explaining the large observed velocity spread is the process
inve stigated by Day et al. ! 1, and Russell and Shaw. 12. They find that

the experimentally observed ©~ capture. time'? can.be explained in
terms of the slowing-down process. described by Wightman18 with the
-addition of Stark -effect reshuffling of the{ levels for n values of 3 to 5,
This latter process is very fast compared with radiative de -excitation,
and ‘brings about the capture of v~ mesons in S states of principal -
quantum numbers 3 to 5. In the calculations above, the authors assumed -

5 to 106.

a velocity of the m™ -p system of 10 cm/éec as obtained from
estimates of the. collisional de-excitation energy. According to Deiyl9
velocitites of 10'7 cm/sec are completely compatible with the experimental

‘results of 7 capture times and with the theoretical results of the slowing-
down process, .

‘ The weighted average. of the residual rms velocity spread as observed
.in this experlment is (8 K7/ —'t“) X 106 crn_/sec. The last effect (item g) is
be'ljl-_eved to-be. the-only one-capable of explaining the.large observed . ... .._

“velocity spread. ' '

| IX. SUMMARY
1. The m__-m_o is 4, 606‘;4(.:t OOf@sj,Mev/c s based upon the following

as sumpt1ons .

| a.. The spatlal d1str1but10n of stopplng pions in the liquid hydrogen
did not change with time.

b. The average time from initiation of events to their detectlon
d1d not vary with time. Such a variation.could be brought about by

:cha.nglng photomult1p11er tube. voltages, During the runs at 67 ft, one

tube in the neutron. counter wa.s turned off This could yield a sh1ft

of up to 0.2 nsec, whlch corresponds to one-fourth of a standard dev1a.t10n
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: sh1ft in flight time,
C.. The observed spread in slow neutron veloc1t1es was symmetrical

:_about the calculated mean, If the observed Spread in velomty is due to
:center of -mass. motlon of the = p system, there is a correspondrng
neghgrble shift in the fl1ght t1me from the at -re st Value. |
. d,  The frequency -meter crystal used in the delay -length determi-

.natrons did not vary during these determlnatlons more than the total
long -term var1at1on observed for this crystal _ The observed variation
) ,corresponded to. less than 0.0l nsec, - |
. .. ~e. The strong mteractmn between pion and proton occurred from
) ‘,vbound atomlc n levels greater than 2. ;
2. The m _is 139, 69:!: 73' Mev/c based upon assumptmns 2, b, d

E and e, '

g 3, The rms dev1at1on a.bout the mean slow-neutrnn veloc1ty corresponds

toa rms veloc1ty of the ™" -p system of (8 @i/’f)x lO6 cm/sec, with a
R .‘drstnbutmn as shown 1n Flg. 17, This dlstnbutlon 1nc1udes the

're solutlon function. of the measunng equlpment and. the spat1al d1str1bu-

/t1on of the center of- mass veloc1ty.
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