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ABSTRAGT

The diffei'ential cross sections of

1r-+p—-y+n
and

" +p->u’ +n(—;'y +y +n)

Have been measured at an incident pion laboratory-system kinetic

" energy of 54 MeV, The reactions were identified by detecting and

measuring the energy of a final-state photon with a large total absorp-
tion counter placed at a laboratory-system angle of 84 deg., Analysis
of the photon energy spectrum yields the center of - -mass differential
cross section for the first reaction, dcri/dQ>< (6 =90 deg) 51,5 +10,7
Mb/sr and the coefflclents of the Legendre expansion of the center-of-
mass system d1fferent1al cross section for the second reaction,

% % 2 )
dUZ(G ')/ dQ Z Py (cos 6 ),

where Ag = 0.68+0,04 mb/sr, A

determined,

) = 0.53+0,09 mb/sr, and A1 is not

Using the principle of detailed balance, and our measurement of

the cross section for the first reaction, we have calculated the isotropic

term in the cross section for the reactiony + n - m + p, obtaining

6 = 15,4 £3,2 pb/sr at p =170 MeV/c. This value is in reasonable

agreement with other data obtained from photoproduction in deuterlum

a
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I.- INTRODUCTION

There has been considerable discussion in recent years about

.some apparent difficulties with the parameters of low-energy pion

physics., These parameters come from the cross sections for pion-

nucleon scattering at low energy, from the Panofsky ratio, and from

" the cross sections for pion photoproduction near threshold, It has

been known1 since 1952 that it should be possible to relate these parém-é
eters to each other by .using the principles of detailed balance and charge
independence and some assumptions about the energy dependences of the
cross sections,
The expression relating the measurable quantities may be ob-
tained in the following way. The principle of detailed balance states, 2
for the reactions of interest,
O ) = 2R/ 0 (E), (1)
T p->yn yn->mnw p
In the above expression ¢ indicates a center-of-mass system (c.m,)
cross section in which the initial state is unpolarized and in which no
spins are measured in the final state., The cross sections are to be
measured at the Sarr'x_e total ¢, m, energy, E. The c,m, momentum of
the pion is represented by q, and k represents the c. m, momentum
of the photon, ’
The Panofsky ratio may be defined as

D = w('”-hp - "on-)
{w”p - yn)

where « indicates a transition rate for pions stopped in hydrogen,

Because at low energies only S waves contribute to the cross section,

‘and since the capture process is believed to proceed from S states only,

we may write

o - 0. (Q)
P = lim U" p . ?QT ’ (2)
Q>0 “n7p ~> yn
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where Q is the total kinetic energy in the ¢, m, The substitution is
permissible because the relation between the transition probability and
the cross section is the same for both processes,

Combining expressions 1 and 2, we cbtain

Opmp w n0nl@ = 0) =20c/0)*Pa, . (Q 0. (3)
This is the basic connection between the Panofsky ratio and the cross
sections for charge exchange and & photoproduction., There are two
reasons why expression 3, in itself, is of no practical use. In the first
place, it is impossible to meaeure the cross sections at Q = 0, and in
the second place, measurement of the m photoproduction cross section
is not possible because of lack of a free neutron target, The second
difficulty may be overcome by using deuterium as a target and applying
corrections to account for the presence of the extra nucleon in the ihitial
and final states;’ ‘Measured cross sections may then be extrapolated to
Q= 0 by using theoretically predicted energy dependences. Thus, in
practice, a comparison of the relevant data through expression 3 is a
test of (a) the deuterium-to-free-neutron correction, (b) the theoretical
'eimergy dependences, and {(c) the principle of detailed balance.

Both the charge-exchange and photoproduction cross sections
vary rapidly with energy for values of QQ near zero, Most of this varia-
tion is due to phase-space factors which are customarily removed. In
‘the following we assume that Q is small, and that only S waves are -
present, ’ »

The charge-exchange cross section may be written

5.\ 2
s =810 54-53
cx 9 v a [/ °

1]

where v, and v are the c. m, velocities of the n® and n~ respectively;

. 0
q is the c, m, momentum of the = ; and 61 is the S~wave phase shift
corresponding to a state with total isospin 1/2, (As in the rest of the
thesis, we use units such that h =c =14,) Or, in terms of the scatter-

ing lengths,

-



. )
a=lim — ,
q~0 1
- _ 810 2 |
UCX(Q -> O) - 'q—' V:' (a',i - 3.3) ° : (4:)

The cross section for photoproduction of 1r+ from protons, or of

m from neutrons, may be written

4meq +

o= (Q ~ 0) = ay (5)

m? (1 + k/M)( 4 + q/M)

where the superscript + refers to the charge of the pion in the final
state, and

total c. m. energy of the pion,

€ =

q = c.m, momentum of the pion,

k = c.m, momentum of the photon,
m = pion mass,

M = nucleon mass.
Combining expressions 3, 4, and 5, and performing the necessary

atrithmetic, one obtains

| (a, -a,)_, =3.820nPar, (6)
- The subscript, cx, is meant to emphasize that the principle of charge
independence has not been used explicitly, The introduction of isospin
states (and implicitly the principle of charge independence) in expression
4 is not strictly necessary. One could introduce the charge-exchange
data into expression 3 by using a "charge-exchange scattering length, "
a provided that one had theoretical means for extrapolating the data
to Q = 0, By using the principle of charge independence one may com-
pare the value of (a.,l - a3) obtained from charge-exchange data alone
with that calculated from elastic scattering data,

In 1958, Puppi3 discussed a set of data indicating a large dis-
agreement between the value of (a.1 - a3) obtained from charged pion-

nucleon scattering data and the value obtained from an expression
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similar to 6, - At that time it was necessary to obtain the n photo-

production cross section from the relation

o =—j—————-—-0n"’"”p a +
YR = TP %p > mtn  YPT TN

where the minus-to-plus ratio

o.xn - T p

R = -
-/+ O'YP - _"+n

was obtained from.measurements of the similar quantity in deuterium,

rY - Iyd > w7pp

?
Uyd -~ ntnn

: '\is_i-ng Baldin's corr_ecti'ons4' to account for the presence of the ext_:ré. _
nucleon, The set of data o ., ' -

1.34£0.14 . '(from Ref, 3),

R_/+ =
. # P =14.50%0,41 (Ref. 5),
ahd o 4 =(1.4320.06) g+ 107*% em®  (Ref. 6)
yielded | .
a, =a; = 0.209 £0.028,

while analysis of charged pion-nucleon scattering gave

a =0.,27£0.02 (Ref, 7).

17 %3
Subsequent theoretiéal 'investigations indicated several errors
in the above analysis, Cini et al, 8 nofed tha.f the methods used in
extrapolating both the phase shifts and the photoproduction data were
incorrect. They suggested that the scattering lengths be obtained from
an extrap‘olation based on dispersion theory, and that the extrapolation
of the photoproduction data be revised to include the effects of the re-
tardation term, These points were discussed further in the ﬁaper of

Hamilton and Woolcock, ? who also notedvthe necessity for applying an
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additional Coulomb correction to the phase shifts, These corrections
brought the experimental data into agreement with expression 6, In a

10 that the data were con-

’ later paper, Hamilton and Woolcock concluded
sistent not only with expression 6 but also with several other relations
A imposed dpon the phase shifts by dispersion relations, Recent evalua-
tions of new experimental data have again raised the question of whether
the data are consistent with expression 6, These recent data are dis-
cussed further in Sec, V, o
The chain of arguments, calculations, and corrections which
connects the deuterium data to the charge—-exchange data is a lengthy
one, It was the purpose of this experiment to shorten the unsupported
| length of the chain by providing a measurement at an intermediate
step--specifically, a measurement of the cross section for the radiative
capture rea.c_tioan.'_rr“T +tp—-y+tn A measurement of this cross section

" .would permit ¢omparison with the 'phbtoprodﬁqtion data -_thfo‘ugh ‘the -

" detailed balance calculation and the deuterium corrections without any
extrapolation to Q = 0, If the measurement were done in such a wé.y

that the S-wave component could be isolated, and the results extrapolated
to Q = 0, then comparison with the charge-ekchange data could be made
tﬁrough the Panofsky r.atio. In this way it might be poséible to localize
any inconsistency as-belonging to one specific half of the chain of argu-

ments, and to establish the accuracy of the other half,
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II. EXPERIMENT

In this experiment we have measured the differential cCross sec-
tion for the radiative capture reaction m +p—~vy+natac, m.. angle of
90 deg and an incident pion laboratory-system (lab) kinetic energy of
54 MeV. (In the remainder of the thesis the radiative capture reaction
will be referred to as reaction i.) This was done by dirécting a meas-
ured f]l;x of m~ mesons through a liquid hydrogen target and counting
with high efficiency the high-energy photons produced at a lab angle of

84 deg (corresponding to Gc % 90 deg). The energy spectrum of

. m, | |
these photons was measured with a total-absorption scintillation counter,
making it possible to distinguish between the monoenergetic photons

(E. =170 MeV) from reaction 1 and the larger number of photons which

result from charge exchange,

m +pontn® ——> n+yty,

TR 10'15_fsec :
~and which have energies E, within a band from 31 to 147 MeV, (The
chargevexchange reaction will be referred to as reaction 2,) Our analy-

sis also yields the angular distribution of n%'s 'p'r'oduce‘d in reaction 2,

A, Apparatus
A plan vié»ew:o'f the experimentai arrar;gement is shown in Fig, 1.

1. Pio.n"Beam

| A beam of negative particles (produced in an internal beryllium
farge_t by .the circula'tin‘g, proton beam of the 184 -inch cyclotron) was
externally degréd,ed, momentum analyzed, a__nd-focused'ontoﬂthe hydro-
gen target, Figure 2 is a schematic representation of the optical prop-
erties of the beam transport system, The momentum of the béam at
 the ceﬁter of the target was determined to be 134_.MeV/C by a differen-

~tial range technique in which the bfinal‘a,b‘sorbe'r was the liquid hydrogen
and its container., Although no attempt was made to unfold the range
A “curve, its width was consistent with a momentum spread of +6% as

calculated from the geometry of the arrangement and the properties of
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the magnets used, 1 The composition of the beam was determined by
using a fast tunnel diode coincidence circui’c12 to measure the spectrum
of particle time of flight between counters 1 and 2, Particles included
in the spectrum were required by the electronics to meet the criteria
imposed on the incident beam during the cross-section measurements,
A typical spectrum is shown in Fig, 3, The relative numbers of par-
ticles in the pion, muon, and electron peaks were calculated by using

" a least-squares procedure to fit the data with a sum of three Gaussian.s?
From the number of particles in the pion peak was subtracted the num-
ber of instances in which the decay w + i + v occurred with the p pass~
ing through the second counter, Since the probability of this circum-
stance was significant only for decays occurring near counter 2, and
since the velocities of the pion and the decay muon were not very dif-
ferent, these events all had flight times approximately equal tc that of

a pion, The true number of pions passing through the last counter was
calculated to he {90+ 1)% of the number of particles included in the pion
peak. The number of pions éecaying between the last counter and the
target was negligible, The beam composition was measured several
times during the experiment; the average pionic fraction (including the
é.'k>ove correction) was Fw = 0.6740,04. The average pion flux through
the final counter {3.5 in. high X 2.75 in. wide) was about 1.3 X 10°
pions/min., The distribution of pion intensity in a plane perpendicular
to the beam was measured at the location of the target with a 3/8-in, -
diameter scintillator, It was required that particles included in this
distribution have pion time of flight and fulfill the criteria for incident
bearmn particles., The cyclotron auxiliary dee was used to provide a
long beam spill, in which about half of the total flux was distributed
over a period of 8,0 msec, the remainder being concentrated in an

initial spike which was gated out electronically,

2, Hydrogen Target

The liquid hydrogen was contained in a Mylar flask supported in
a vacuum by its fill and vent lines, The flask walls consisted of two
layers of 0.075-in. Mylar bonded with an epoxy resin, The portions of

the fill and vent lines near the flask were also Mylar, The profile of
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the flask (which was a figure of revolution about an axis parallel to the
beam) is indicated in Fig. 4. Measurements of the vprofile were made
with a traveling microscope with the flask filled with liquid nitrogen
and suspended in a vacuum, The dia@meter of the flask was 5,0 in, and
the thickness at the center was 3.0 in, Radiation shielding was pro-
vided by seven lay‘eré of 0,00025 -in, doubly aluminized Mylar foil
loosely wrapped about the flask, ahd by the scintillation counters sur-
rounding the flask, The windows in the vacuum jacket for incoming
and outgoing pions .and for the outgoing photons consisted of three lay~

ers of 0,0075-in,” Mylar and two layers of 0,001-in, Al foil,

~ 3, Scintillation Counters

a. The monitor telescope

The positions of counters 1 and 2 are indicated in Fig. 1; other

- ."Cou‘:_itér's-valf'e, shlo_wn-in_t‘hve enlar'ged_;view bfvthe,”area near. the target,

- Fig. 4. Each _coﬁn’ter consisted of a piece of pla~s.tic. scintillator attached
by a Lucite coupling to a photomultiplier tube, Counters i, 2, D, -énd

3 in coincidence were used to monitor the incident _beam. In addition,
counters 1 and 2 were‘ used to. measure the beam composition, ad de-
sFri.bed in Sec, .II. A, 1; counter D measured the dE/dx of each beam
particle; counter 3 defined the size of the beam near the target.

Counters 4A and 4B and 4C were used to detect charged particles

emerging from the target,

b, The total-absorption photon counter

The total-absorption counteri3 was designed to detect photons
with energies between 20 and 200 MeV with high efficiency and good
energy resolution, It consisted of a cylinder of plastic scintillator
16 in, in diameter and 80 in. long in which the incident phbton was
converted into an electron-positron shower which subsequently de-
posited most of its energy in the scintillator., Estimates based on data
of Kantz and'I—i[ofnsta.dter14 indicated that this configuration should con-
tain, on the average, 94% of the incident photon energy.

The energy deposited in the counter was determined by meas-
uring the amount of light produced in the scintillator, To obtain good

energy resolution this light must be collected with an efficiency that is
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insensitive to the location of the shower, This was accomplished by
dividing the cylinder into four 20-in, sections; the surface of each
section was covered with a diffusely reflecting coating (finely powdered
alpha alumina in a binder of liquid polystyrene), and the light within
each section was detected in six 2-in, -diameter photomultipliers
(6655A) connected to the cylinder by Lucite light pipes (see Fig, 5).
The anodes of the photomultipliers in each section were tied directly
together with short cables, The high voltage of each photomultiplier
was adjusted to equalize the gains of the tubes on each section, The
light produced by minimum-ionizing cosmic rays passing coaxially
through the section was used as a reference standard for this purpouse,
During the experiment the photomu] tiplier high voltages were maintained
to £1 ’volt, and current-regulated dc light sources (1B59) mounted on
each section were used to check the gain stability of the photomultipliers,
Tests on the individual sections indicated that the position sensitivity
was small {maximum variation with radius <€ 5%) and that the energy
resolution for charged particles was probably determined by the sta-
tistics of the number of photons collected by the photomultipliers,
After the gains of the individual tubes were adjusted the relative gain
of each section as a whole was measured by use of the cosmic ray
reference standard mentioned above, The rise time of the pulse from
the six tubes of one section was about 20 nsec, the fall time about

70 nsec, and the total pulse duration about 110 nsec,

The photon counter was shielded from the large neutron flux
found near the cyclotron by surrounding it with Fhe following materials:
1.5 in, iron, 4 in, lead, 2 in. compressed boric acid, and 14 in, par-
affin (listed from inside to outside). A 3-7/8-in, ~diameter circular
coaxial opening in one end of the shielding defined the entrance aperture
for the photons (Fig, 4), Counter A, placed between the photon counter
and the opening in the shielding, was used to veto the cases in which a
charged particle entered the photon counter through the aperture. The
experimental area itself, which included the target and thé phioton
counter, was shielded on the sides by about 5 ft of heavy concrete, and

by 1 ft of iron above and below, With the shielding configuration as
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Fig. 5, Partially assembled section of photon counter, showing
arrangement of phototubes and "umbrella' counter,
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described, there were two sources of background counting rate in the
photon counter: energetic cosmic rays, and neutrons associated with
the cyclotron, The counting rate due to cosmic rays was about 120

per sec; the energy spectrum associated with these particles had a

peak at about 80 MeV, and extended to energies greater than 200 MeV,
This counting rate was reduced to about 60 per sec by placing a large
veto counter just above each section of the photon counter (Fig, 5),

Each of these counters (called U for umbrella) consisted of a sheet of
plastic scintillator viewed frorn the edges by six 7117 photomultipliers,
The signals from these tubes were added and placed into anticoincidence
with the signal from the photon counter, With the full pion beam pass -
ing through the target, and with the signals from counters U and A
placed'in anticoincidence, the singles counting rate in the photon counter
(i.e., no coincidence with the incident beam) was about 500 per sec,
The energy spectrum obtained under these conditions decreased approx-
imately exponentially with energy, Above about 80 MeV, the contribu-
tion from the machine-associated background was about equal to that
from the cosmic rays, The determination of the energy calibration

and the resolution of the counter are discussed in the section on data

analysis,

4. Electronics
Thé electronics in this experiment had two basic functions: to
count the number of incident particles, and to measure the pulse-height
spectrum produced in the photon counter by photons from reactions 1
and 2. As a practical matter these operations were divided into three
steps:
(a) Define and count the incident beam,
(b) Detect those events in which a pulse in the photon counter had
the proper time correlation with a neutral interaction in the target,
(c) Measure the pulse-height from the photon counter for those
events defined by (b). )
Two partially independent methods of performing these operations
were used, In one method, a multichannel pulse-height analyzer was
used to record the pulse-height spectrum, To reduce the number of

background counts included in the spectrum the criteria imposed by
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the electronics for accepting a pulse for analysis were made as strict
as possible without introducing bias into the spectrum, In the other
method, the signals from all the counters in the experiment were dis-
played on a four-beam oscilloscope and were photographed. A photo-
graph was taken if an event met either of two sets of criteria. One

set was the same as that used in selecting events for the lese—}u:ight
analyzer, In the second set the coincidence requirement specified in
(b) was weakened, A neon light was photographed concurrently with the
signals, and an overall shift of the pulse locations indicated on the film
which set of criteria were applicable, The film contained a great deal
more correlated information about each event than could be obtained
from the electronics, and was useful for checking for correct operation
of the electronic part of the system,

A block diagram of the electronics is shown in Fig, 6, Not shown
on the diagram is the alternative trigger arrangement for the four-beam
osci.ll()scdpe which duplicated the coincidence required in C_1 but which
had a longer coincidence-resolving time,

a., Logic

The incident beam was defined by the coincidence CZ( 1D3D*3*).
indicates anticoincidence,) The D;"< requirement eliminated incident
particles with low velocity (as indicated by large dE/dx in D) which
could stop in the liquid hydrogen, This was necessary because a stopped
pion has a much larger probability of producing a photon {or photons)
than an in-flight pion, (All stopped pions interact by reaction 1 or
reaction 2; in our target fewer than 1% of the in-flight pions interacted
through these channels,) Furthermore, the photon energy spectrum
produced by stopping pions is very different from that produced by
interactions occurring in flight, Thus a small fraction of stopping
pions would cause appreciable distortion of the observed energy spev -
trum, The threshold for D* was adjusted while the pulse-height spec-
trum from D was observed in a pulse-height analyzer which was gated
on by the C2 coincidence. The threshold was set to be slightly higher

than the mean pulse height produced by pions with the average beam
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Table I, Symbols used in block diagram of electronics,

AN Anode

D - Dynode

DS Discrviminato.r-scaler ‘

TD-B .Tunnel diode discriminator--Bjerke , ‘

FC Fast coincidence | } See Ref, 12

s Splitter

DAG ~ Delay and gate

TD-S Tunnel diode discriminator--Swift (¢ 5 psec pulse width)

,'M Mixer :

MS : Mixer;—splitte.r

\Y) Hewlett-Packard 460-AR or 460 BR

VR Indicates B+ supply is external regulated supply

TD-CC =  Tunnel diode discriminator--Cordon Kerns (see Fig. 7) = =
- -C Coincidence circuit, Wenzel type ’

CS Slow dc coincidence circuit ( L

- Unless otherwise néted, the equipment used here is described in the

UCRL Counting Handbook,
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momentum, Particles giving large pulses in counter 3 were rejected
(3*) because this was found to improve the efficiency with which non-
interacting beam particles could, in a subsequent coincidence, bhe
vetoed by the counters surrounding the target,

Neutral interactions of the incident beam were detected by
C3(C2274_). Here "4" represents the summed signals from 4A, 4B, and
4C-~-the counters surrounding the target. The coincidence with 2 was
found to increase the efficiency for rejecting charged final states, The
inefficiency of the anticoincidence arrangement, as measured by the
ratio CS/CZ’ was 0.024, Thus, by requiring that C3, rather than CZ’
be in.coincidence with the photon counter signal, the number of accidental
counts included in the photon spectrum was reduced by a factor of 40,

The number of accidental counts may be decreased further by
insuring that the resolving time used in detecting coincidences between
neutral intv‘e.ravctions (C3) and pulse's.frorn the photon counter (y) is as
short as possible, This minimum resolving time was determined pri-
marily by the requirement that it be large enough to include any time
shifts due to the amplitude variations of the photon-counter signal,
This is necessary if the photon energy spectrum is not to be distorted
by an energy-dependent method of gating the pulse-height:analyzer,
This time-amplitude .correlation was minimized by using-a tunnel diode
discriminator to detect the zero-crossing point of the differentiated
photon counter pulse, The characteristics of this circuit (Fig. 7) were
designed specifically to match the characteristics of the signal from
the photon counter. 15 Thus, in spite of a pulse rise time of 20 nsec
and an amplitude variation of (5.7/1), it was ppssible to achieve a res-
olution time of 5 nsec. (This represents the full width of the distribu-
tion of TZ - TYd

traces, Here T indicates the time corresponding to the half height of

as measured on the photographs of the oscilloscope

the leading edge of a pulse, and 2 and yd indicate the signals from
counter 2 and the special tunnel diode circuit, respectively.) To be
conservative the coincidence resolving time used in C4(C3ym), the
coincidence which triggered the pulse-height analyzer during the exper-

iment, was 20 nsec, As mentioned previously, A was used to reject
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Fig., 7. Schematic diagram of the tunnel diode discriminator (TD-CC),
which was used to improve the timing characteristics of the signal
from the photon counter,
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charged particles scattering into the photon counter through the aperture
in the shielding, and U rejected about half the energetic cosmic rays
passing through the counter,

In measuring the beam composition, coincidence C3 was changed
to C3(C22F),' where F represents the output of the fast coincidence
FC(12). The counting rate in C3 was then measured as a function of
the relative delay of signals 1 and 2 at the input of FC, These meas-
urements thus defined the relative composition of those beam particles
satisfying the coincidence (Cz?.). Coincidence C1(1D3) was used as a
general monitor of the total flux and was also useful as a check for con-
sistent operation of the rest of the electronics, |

All scalers, and the C4 output that triggered the pulse-height
analyzer and the four -beam oscilloscope, were gated on by a master
gate which was adjusted to ‘exclud'e_thevi_’nitial_ spike in the cyclotron
| beam spi%l, : Al e T v PR ,

b. Pulse-height analysis

Amplifiers were used to compensate for the slight differences
Cin response of the individual sections of the photon counter, The com-
pensated signals were added and the surn signal was amplified and then
split to provide signals for the pulse-height analyzer, the four-beam
oscilloscope, and the timing circuitry, The signal for the pulse-height
analyzer was amplified and passed through a linear gate which, when
triggered by the output of C4, was open for 0.5 wsec, The output of the
linear gate was shaped by a passive RC circuit, amplified, and presented
to the input of a RIDL pulse-height analyzer, Fast amplifiers (Hewlett-
Packard 460-AR) were used for the photon signal in order to preserve
timing information and so that the gate open time could be kept short to
reduce the probability of pulse pile-up, In those amplifiers required

to preserve pulse-height information the internal B+ powef supply was
disconnected and replaced by an external regulated supply. Although
this modification considerably improved their gain stability, these
amplifiers were still the major source of drift in the pulse-height
analysis portion of the electronics, The gain and the linearity cf the

electronics were measured by use of a precision pulser,
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c. Four-beam oscilloscope

_ The signals to be photographed were amplified and delayed so
that they presented a convenient display (Fig. 8). Also photographed
simultaneously with the traces displaying the signals were an illuminated
register giving the number of the picture, and a neon light which indi-
cated in a binary fashion which of the two trigger modes mentioned at
the beginning of Sec, IIL. A had caused the picture to be taken, The
triggering of the oscilloscope was arranged so that the trigger signal
representing the more stringent set of criteria always arrived earlier
than that representing the looser criteria, Hence the location of pulses
on the photograph was the same if the event causing the picture to be
taken met either the strict criteria only, or both the strict and loose
criteria; if, however, only the loose criteria were met, an overall '
shift of the pulses occurred because of the different triggering time,.
‘Where amplitude information was impoi‘tant' (D and vy), the response
of the oscilloscope system was Calibrated by use of a precision pulser,
The swleep speeds of the individual traces were calibrated by recording

‘the output of an accurate radio-frequency generator, The sweep was

nominally 20 nsec/cm,

B, Experimental Procedures

During the experiment‘ both target-full and target-empty data
were taken at 54 MeV. To minimize the statistical error in the sub~
tracted data, the ratio of total incident flux (target full/target empty)
was adjusted to be approximately équal to the square root of the ratio
of the counting rates (target full/target empty) in the high-energy
channels of the pulse-height analyzer., The duration of a typical run
was 1 to 2 hours, In addition to the data from the scalers and the
pulse -height analyzer, the run number, the elapsed time, and the
initial and final frame numbers photo-graphed by the oscilloscope cam-
" era were recorded for each run,

The known photon spectrum produced by stopping pions was
used to provide an absolute calibration for the entire system., This

calibration was performed several times during the experiment by
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Fig. 8. Sketch showingv the information recorded on the pictures of the
four-beam oscilloscope., The pulse from the zero-crossing discrim-~
inator is labeled yd; other pulses are from scintillation counters

indicated by the labels,
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degrading the energy of the beam with absorbers, and removing the
low-velocity anticoincidence requirement (D*) from CZ‘ The stopping
pion rate was about 105 per min, and the calibration runs required
about 45 to 30 min, |

Several measurements of the beam composition were made
during each period of continuous operation, The variation of the meas-
ured fractional number of pions was of the same order as the accuracy
of the measurement, about + 1%,

The gain of the pulse-height analysis system was measured
frequently with a precision electrical pulser, and was readjusted when
necessary, Changés in gain occurring during the collection of data
rarely exceeded 1%. The gains of the individual sections of the photon .
counter were measured at the beginning of each périod of operation,
using the dc light sources as reference standards, With the photo-
multiplier high voltages maintained to +1 volt, the change in gain of

the individual sections was found to be less than +0,5%.
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I1I. DATA ANALYSIS
A. Pulse-Height Analyzer Spectrum

The object of the experiment was to measure the differential
cross sections from Eqgs. 1 and 2 {defined in Sec. II). In relating
these cross sections to the experimental data, the double -differential
cross section, dzo' /dQdk, of photons in the laboratory system (lab)
may be expressed ;(n terms of the center-of-mass cross sections 1 and
2. By folding the double -differential cross section with the overall
response function of the experimental apparatus, a calculated pulse-
height spectrum is obtained. This calculated pulse-height spectrum
is then compared with the one obtained experimentally, and the param-
eters describing cross sections 1 and 2 are adjusted to give a best {it
in the sense of minimum XZ.

The lab double -differential cross section of photons from reac-

tion 1 may be written

2 .
d"o do ) *
o (0., p) = _dg.}.i (6%, p") S 6 [k -1, (6, p)]. (7)

Here ki((), p) indicates the unique lab photon energy determined by the
two-body kinematics, and 6 is the Kronecker delta, (Other notations
used in this section are defined in Table I1.)

The c. m, differential cross section of n%'s from reaction 2 may

be written in a Legendre series, as

0 "
L2 ok % % *
T2 (070, 0") = ) AP (cos 8T0). (8)
an’ e ; J J m
™ j=0

The coefficients of the Legendre series can then be used to
describe the lab double-differential cross section of photons resulting
from the decay of these #%'s (a derivation of this procedure may be

found in Ref, 16):
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Table II, Definition of notation,

indicates quantity in (v + p) center of mass

cross section for y's produced in reaction 1

cross section for n%'s produced in reaction 2

cross section for y's »produced in reaction 2

solid angle of y's, unless otherwise noted

angle of y's with respect to incident 7, unless othérwise
noted

energy of photon

momentum of incident m

velocity of w° in (v~ + p) center of masis, c=1

VAP

rest mass of n°

velocity of (n~ + p) center of mass in laboratory system

Ni-g?

All quantities given in laboratory system unless otherwise noted,
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j

2 : max

d O' ‘ ‘

it kR =B ) AGNPXIP(Y), (9)
j=0

where-

2/{3Og0 Og(i - Bcos @),
~(cos@ - B)/(1 - BcosB) = cos 0"

R PO }
[30 Zgogkﬂ_-f)cos(ﬂ) *

Here Y is the cosine of the angle between the d.etected photon and the
n° which emitted it, evaluated in the (7~ + p) center of mass,
Combining 7 and 9, we obtain the double -differential cross

section describing the production of photons from both reactions:

i

vdZU' max
Y(6,5,0 =B )  A(p"P(XP(Y) (10)
&k 0 & P IERAIE
J: .
do_ 4 & % ao”
: +—d-§;;—-'-<a P ) (6, p) 8k -k (6, p)].

We calculate the expected experimental pulse-height speétrum by fold-
'ing this double-differential cross section wifh the characteristics of
the measuring technique. The number of photons produced in the tar-
get with energy k, and within the solid angle defined by the aperture

in the-shielding of the photon counter, is obtained by folding together
the double-differential cross section, the target thickness, the spatial
and momentum distributions of the pion flux, and the solid angle sub-
tended by the aperture at points within the target. After the integra-
tions over all variables but § and p (which determine the double-
differential cross section) have been performed, the result may be

expressed as

Y (1) = oN [ [elp)W(6) o 6, k, p) dod (11
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Here p is the density of the liquid hydrogen; NTT is the number of
incident pions; and g(p) is the normalized distribution of incident pion
rr;omentum, p. W(8) is the weighting factor (target thickness X solid
angle) obtained as a result of the integrations, The integrations indi-
- cated in Eq., 141 areover 0 S p< » and 0 < 6 £ w, with contributions
to the integral éoming only from those regions where g(p) and W(6) are
nonzero, The integrations necessary to calculate W(6) were performed
numérically by a computer program, _

The calculated distribution of counts in the pulse-height analyzer

_is then

* dN |
=f0 _a_EY(k)R(k,i)d.k, . (12):

where Ni denotes the number of counts in the ith channel, and R(k, i) is
the overall response function of the photon counter and electronics. By

combining Eqs. 11 and 12 we obtain

dzo

N, =pN_[[] R(k, i)g(p)W(0) gorpt (6, k, p)dodkdp.  (13)

Expanding dZ,O'y’/dek into the individual terms of Eq. 10, we obtain
' 3 - do 1 %
N; = pN_e|A I (i) +A, T, (i) + A L,(i) +:QY,+<—(9 =90 §eg)13(1) ,
(14)

where _
eL(i) = [J/R(k, )g(p) W(O)P{(X)P(Y)dodkdp (for j =0,1,2),  (15)

€l(i) = [[R(k, 1)g(p) W(6)6 [k -X (6, p)] dodkdp, (16)

€ is the energy-independent efficiency of the apparatus (electronic

dead-time effects, etc.),

IO I3 are the channel-number distributions obtained by folding

the photon energy spectra. described by the 1nd1v1dual terms of Eq. 10

with response of the experlmental apparatus,
#
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In passing from Eq, 10 to Eq. 14, jmax has been made equal to
2 because, at the energy of this experiment, only orbital angular mo-
mentum states with 1 = 0 or 1 are expected to be important, Also, the
explicit dependence on p of dUY- 1/01&'2”< and Aj has been removed to indi-
cate that these quantities now represent averages over the momenta
present in the incident beam,

The response function must be known before the terms (IO~ .. 13)
can be evaluated explicitly, We write the overall response function as

a fold of three factors,
R(k, i) = ffRi(k, L)R,(L, V)R,(V, i)dLdV,

where R1 describes the transformation by the photon counter of photon
energy k into scintillation light L; R2 describes the transformation of
scintillation light into an electrical pulse of amplitude V by the photo-
multiplier tubes on the photon counter; R3 describes the transformation
by the electronics of the electrical pulse of amplitude V into a count in
channel i of the pulse~height analyzer,

Each of the response functions R(X, Y) gives the probability of
obtain1ixlg an output Y from an input X,

The response of the photon counter, Ri(k’ L), was calculated by
using a computer program to simulate by Monte Carlo techniques the
development of the photon-electron-positron shower in the scintillator,
The amount of energy deposited in the counter by ionization loss was
then calculated from the path lengths of the electrons and positrons,
and the amount of light produced in the scintillator was assumed to he
proportional to this energy loss, Two independent calculations of
Rj(k, L) wige made, by use of programs developed by Poirier [ and
by Zerby, The results of these calculations for an incident photon
energy of 150 MeV are shown in Fig, 9,

The photomultiplier response was assumed to be a Gaussian
whose mean and variance were linearly related to the amount of light

incident on the photocathodes,
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Fig, 9. Results of Monte Carlo calculations of the photon counter
response to monoenergetic incident photons; evaluated for incident
photon energy of 150 MeV,
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2N
( . , (V - G,L)
R (Ly V) = e @XP = | g |,
2 sGoNINZw ¢ 25%G,°L

where 'GZ represents the gain of the photomultiplier system, including
the light-collection efficiency, For convenience, we put G2 equal to
unity here, but will include its effect in the overall gain of the system;
V and L are dummy variables and may be considered to have the units
volts and photons, respectively. This implies that G2 has the units of
volts per photon, and that s2 has the units of photons, The fractional
standard deviation is given by s/ L. ‘
The functions R'i(k’ L) and R2

computer program for various values of the parameter s, and the

(L, V) were folded together by a

resulting function

R,,(k, V, ) = f R ,(k, L)R,(L, V)dL

was stored on magnetic tape in the form of tables, for use in further
calculations, Two evaluations of this function, using the two calcula-
_ tions of Ri(k’ L) atk = 4130 MeV, are shown in Fig, 10,

A precision electrical pulser was used to measure the shape of
the electronics response function; the counting efficiency was determined
from measurements made during the experiment and from an evaluation
of a sample of the oscilloscope photographs., This efficiency was found
to be independent of pulse height, and therefore is a contribution to the
energy-independent efficiency, e,

The two remaining parameters (i, e,, s, which describes the
width of the Gaussian photomultiplier response, and G, which represents
the overall gain of the system) were determined by using as calibration
data the known spectrum of photons produced by pions stopping in hydro-
gen, For the spectrum produced by stopping pions we may write an
equation similar to Eq. 14,

N, = NWOIO (i, s, G) + NYI3(1, s, GY. (17)
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Fig., 10. Photon counter response folded with Gaussian photomultiplier
response, Standard deviation of Gaussian = 7% at 130 MeV,
Evaluated for incident photon energy of 130 MeV,
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In writing. Eq., 47 we have used the fact that £ = 0 for stopping pions,
‘and we have 1nd1cated exp11c1tly the dependence on s and G; N and N 70
1nd1cate the number of times that reactions 1 and 2, respectl\yely, are
'produced by the stoppmg pions; N"‘O/NY is the Panofsky ratio, P, |
Equation 17 was fitted to the experimental data by using a com-
puter prog1 am which ad_]usted N 707 NY, s;' and G to minimize XZ. The
measured photon energy spectrum produced by pions stopping in the |
liquid hydrogen, and the associated fitted curves, are shown in Figs,
11 and 12. The two fits correspond to the use of the two different cal-
culations of the photon counter response, The parameters associated

‘with these best fits are listed in Table III,

. Table III Parameters determmed from best fits

to ‘stopping" plon data,

Calculations of R"iy(k, L)

Characteristics of fit . Poirier Zer.by
v s . 8.29+£0,37 9.07+0.40
. I R 53.86+0,16 - 52,97x0,16
oo 56,4 49,8
Pd 0.05 0.025
Panofsky ratio = N o/N 1.72%0,08 1,82+ 0,08
J/’D (Panofsky ra.t1o) 0.036 0,001 |

In Table III, .S g.ives the fractional standard deviation (in percent) |
- 'of the Gaussian pho?_:omu'ltiplier response for an incident photon energy
0f *30 MeV (corresponding to the energy ofrmon'oenergetic_ photons from
reaction 4 at zero incident pion kinetic energy), and G gives the cha;nnel |
_ ‘number in whieh the peak corresponding to t‘his energy occurs, The
errors glven for S and G are the diagonal elements of the error matrix
calculated by the fitting program, and are determined by the statistical -
accuracy of the data and the correctness of the fitted function, The

shape of the electronics re sponse function is known with only finite -
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accufacy, and several fits were made to test the sensitivity of the
parameters S and G to slight changes in this shape. The variations'in
S and G caused by this uncertainty were small compared with the sta-
tistical errors, |
| In Table III, @(x is the probability that a value of X greater
than or equal to that obtained experimentally might be obtained because
of statistical fluctuations in a measurement of the assumed function,
The expression @(Panofsky ratio) is'used to indicate a similar prob-
ability obtained by making a XZ test of the agreement between the value
of the Panofsky ratio obtained here and a weighted average of other
measurements, 19 _

The following comments are relevant to the fits and the param-
‘eters determined therefrom, Several points with individual values of
XZ greater than 4,0 contribute to the large total XZ. As can be seen
| from Figs. ' 1i.and 12, the distribution of these points and their devia-
tions from the other‘data seem to be more indicative of statistical fluc -
tuation than of a systematic deviation from the fitted functions, To say
it in another way, there do not appear to be any areas of correlated '
deviation from the fitted functions, If these points with large values of
XZ are omitted from the fit,@'(xz)' increases to about 0.25 and the values
of the parameters are changed by amounts that are small compared with
their statistical errors, Thus the fitted curves and the associated va.lues
of the parameters may be a more adequate representatmn of the da.ta
than is indicated by the total value of X . However, because we have no

a priori reason to suspect these points, we have preferred to present

in Table IIl the values obtained by using all the data.
| There are three possible causes for the discrepancy between the

value of the Panofsky ratio obtained in this experiment and the average
of other recent measurements: |

(2) The discrepancy could be the result of statistical fluctuation,
As indicated in Table III, the probability that this would occur is < 0.1%
for one choice of resolution function, and < 3,6% for the other,

(b) The discrepancy could be the re sult of a background which was

not properly treated in the analysis, There is, in fact, some uncertainty
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cdnﬁected with the subtraction of empty -tar.getvbackgroun’d. . The energy
spectrum of the degraded pion beam was such that only about one third
of.the incident pions stopped in the hydrogen target, This means that
the pions within and emerging from the target had a different energy
spectrum, angular distribution, and absolute flux (normalized to the
incident flux) depending on whether the target was full or empty, The
usual empty-target subtraction, which was used for the data presented
in Figs, 11 and 12, depends upon the assumption that the flux of pions
through the flask walls and other nearby objects is independent of fhe
presence or absence of hydrogen in the flask, For most experiments,
in which Both the energy loss and the fraction of the incident beam which
interacts in the target are small, this is a good approximation;ifor the
reasons mentioned above we have no good reason to believe that it is a
good approximation in the circumstances in whiéh the stopping-pion
'data were taken, We have made two manié‘ulations of the data to check
" possible background effects, In one treatment of the data we assumed

. that the shape of the photon ener‘gy spectrum produced by pions inter-
acting in the flask walls and other material was independent of whether
the target was full or empty, but that the absolute number of interactions
need not have the same proportionality to the incident beam in the two
circumstances., As a normalization condition for subtraction of the
empty -target data we required that the average number of counts in the
- subtracted spectrum between 20 and 40 MeV be zero, This normaliza-
tion was prompted by the fact, noticeable in Figs, 44 and 12, that there
is an excess of counts in these channels, wﬁere the real counting rate
should be close to zero, Because the empty~target spectrum falls otf
very rapidly with energy, this subtraction had little effect upon the data
above 40 MeV, and hence had little effect upon the parameters obtained
in the fit, In the second treatment of the data, we attempted to minimize
the contribution of any (assumed) low=-energy background by increasing
the energy below wh1ch no data were included in the fit from 40 MeV to
50, 60, and 70 MeV., The parameters of the fit remamed consistent
with those obtained with a 40-MeV lower limit, We conclude that
although there ‘may be uncertainties in the background subtraction they

do not appreciably affect the results,
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(c) The discrepancy could be the result of using an incorrect
response function for the apparatus, The two response functions used
in the fitting procedure doly'ield significantly different values of the
Panofsky ratio and XZ' Furthermore, the original data show that the
two functions yield almost identical results for the number of photons
produced from n®'s, the major part of the difference between the
functions being in the number of photons which the calculations assign
to the reaction v + p — y *+ n, Unfortunately, it is impossible to elim-
inate the possibility that an incorrect response function was used. The
only test of the whole analysis system, including the chosen response
functions and the apparatus itself, was the data taken with stopping
pions, which when analyzed yielded the discrepancy under discussion,

Of the three po.ssibilities, onty the third would necessarily leaci
to incorrect results for the cross-section measurement. The conse-
quences of the discrepancy are discussed further in Sec, 1V, )

The channel ~-number distributions described in Eqs, 1% and 16
were calculated for both the response functions whose characteristics
are given in Table III,

. The set of parameters, Aj and du‘Y’ 1/dQ*, that best fitted the
experimental data was calculated with a program which adjusted the
parameters to minimize XZ, where

meas calc dg 1 2

S i

2=5 . )
ANi

i

In addition to the best set of parameters and the associated value of )1Z,
the program also calculated the error matrixz?‘} of the parameter.

In Eq. 18 N?alC(A.,da /dsz*) was calculated from Eq. 14, and
4 St j v, 1 :

Nimea,s and ANi were obtained from the experimental data by the relations
full
meas 13 ]
nmeas N.U’“ _ n_ nmt '
1 i Nmt 1

™
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N_full '
T

AN, = [N L ( N Ly
1 i mt 1
N )

full

In these expressions, N1 and Nint represent the channel-by-channel

sum of all experimental pulse-height-analyzer distributions taken with
the target full and empty, respectively; Nf:lll and N;nt represent the
total number of pions passing through the target while these distributions
were being measured. No separate accidentals correction: was neces-
sary because both the rate of accidentals per incident pion and the shape
of the accidentals pulse-height spectrum were independent of whether

the target was full or empty; hence this effect is accounted for in the
simple (full-mt) subtraction. In making the (full-mt) subtraction it is
also necessary to correct for the residual hydrogen gas which remains

. in the target during the "mt" runs. -This may be done by replacing p

in Eq. 14 by
Peff = Prull ~ Pmt’

The value of p .. used in this experiment was

eff

Pegr = (70.02 0.4)g/! .

B, Oscilloscope Photographs

The oscilloscope photographs were measured on a digitized
measuring projector which transferred the x,y coordinates of selected
spots on the film onto an IBM card. Measurements of timing, or pulse
height, or both, were made on the pulses of interest, A timing meas-
urement consisted of measuring the x,y coordinates of the half height
of the leading edge of the pulse, and a pulse-height measurement con-
sisted of a series of points defining the base line and the peak height of
the pulse, Computer programs were written to transform these meas-
urements into the quantities of interest (relative timing and pulse height)

and to make one- and two-dimensional histograms of the results.



-40-

Our chief interest in the results from the photogré.phs was to
check that the efficiency of the C4(C3y) coincidence was independent of
the overall pulse height in the photon counter, We found that the time
spread between the C3 and y signals was about 5 nsec and that it was

approximately centered within the 20-nsec coincidence time of C4.
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IV, RESULTS

The results obtained by fitting the calculated spectra to the
experimental data are given in Table IV, Figures 13 and 14 show
comparisons between the data and the fitted functions., The errors
listed in Table IV are the standard deviations calculated by the fitting
program and are based on the statistical errors in the data. These
errors are not appreciably increased when the uncertainties in the
response functions are taken into account,

It happens that because of the placement of the photon counter,

the parameter A, appears in the fit multiplied by a small coefficient,

and as a consequfance is poorly determined by this experiment, Fixing
A1 at a value obtained by interpolation between other nearby measure -
ments makes it possible to reduce the errors on the other parameters,
The values of the other parameters are insensitive to the choice of A1
because of its small coefficient, The data from which A1 was deter -~
mined are shown in Fig, 15, .

The correlation matrix Cij given in Table IV is related to the

error matrix eij by

cij = €ij/0i0' ,

where o, is the standard deviation of the ith parameter,

The excess in the data below 20 MeV, exhibited in Figs, 13 and
14, is believed to be caused by a rapid rise in the unsubtracted data in
this region coupled with a small difference in average gain during the
full and empty running conditions, The full, empty, and subtracted
data (normalized to the incident flux) are shown in.Fig. 16. Several
fits were made to test the sensitivity of the parameters to the amount
of low-energy data included in the fit, No significant variation in the
parameters was observed for a wide range of low-energy cutoffs,

In addition to the errors depending upon the statistical accuracy
of the pulse-height-analyzer spectra, there is also an overall error
associated with multiplicative factors such as the density and thickness
of the hydrogen target, the total number of incident pions, and the
ene rgy ~independent efficiency of the apparatus, These factors and

associated errors are given in Table V,
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Results of fitting procedure.

Parameter {mb/sr)

Calculation of photon
counter response function

Poirier Zerhby

do
—X:1 (9%~ 90 deg)
o

0.682+0,015 0.680+0,014
(Fixed at -0,8)

0.534+£0.054 0.565:9:0.052

0.0515 £ 0.0062 0.0476 40,0058

Correlation matrix for fit
using Poirier's calculation,

)(2' = 41.6, n?(xz) = 0,4,

do
Y 1
ES
Ao A2 dQ
1 0.81 -0.09
1 0.40
1

Correlation matrix for fit
using Zerby's calculation,

=416, PO =o0.4.

do 1
Ay Ay a0”
1 0.82 0.03
1 0.39

1
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Fig. 15. Available data on the coefficient A, in the Legendre series
" expansion of the charge-exchange c.m, differential cross section,
showing how the value used in the fitting procedure was chosen,
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Table V, Multiplicative factors and errors,

Factor Value % Error
Hydrogen density 70.0 g/4 0.5
(Target thickness 0.0174 in, sr. 4.0
X solid angle)
N_ 2.7TX 109 1.5
Overall efficiency
electronics 0.865 3.0
scattering out of y's 0.99 0.5
anti by neutron or 0.99 1.0
other vy
Overall error 5.4

We combine the overall error given in Table V incoherently

with the standard deviations g

iven in Table IV to obtain the total error

of the parameters, The values of the parameters and the total errors

are given in Table VI,

Table VI. Parameters and total errors.

- Parameter (mb/sr)

Calculation of photon counter
response function

. Poirier Zerby ' -

0.68+0.04 . 0.68+£0,05. -
Not determined by this experiment

0.53+0.06 0.56 %0.06

0.0515 +£0,0068 0.0476 +0.059
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We how .r’eturn to the discussion of‘bur discrepant value for the
Panofsky ratio and the problem of the two response funétions. As‘
rﬁentioned earlier, in Sec, III, the discrepant value for the Panofsky
ratio could be caused by using an incorrect response function for the
‘photon counter, and this is the only possibility that could lead to ini ‘
‘correct values for the cross sections given above, Because we have i |
‘made all calculations using two response functions, we have adopted °
the following procedure, N ' _

For our best estimate of the parameters we have chosen those
“obtained when uéing the photon counter response function calculated by
. Poirier, This choice was made because in fitting the_stopping pion
data this re spdnse function yielded both a higher @ (XZ) and a less
'dlscrepant value of the Panofsky ratio. '

To assign systema’uc errors due to uncertamtles in the response

" function we have chosen to add to the random error of each parameter a.

systematic error qual to the difference in the two values of that param-
eter calculated from the two response functions. Although this choice

is rather arbitrary, this number is the only available measure of the
sen31t1v1ty of the results to changes 1n response function, '

¥

The best estimates of the parameters and their errors are

therefore | | |
Ag (0.68+0,04) mb/sr,
Ay not determined by this experiment,
A,  (0.53£0,09) mb/sr,

G, . S |
-—Y—;—(e %90 deg)  (51.5%10.7).

aQ”

Combmmg express:.ons 1 and 5 with our result for )
d . N . . . . ) .
——&:?l (6 = 90 deg), we obtain } : . . R ‘

ag = (15.4 % 3.2) ub/sr

at an equivalent incident photon energy of 202 MeV,
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V. CONCLUSIONS

As mentioned in Sec, I, the results of this experiment may bhe
compared with the n~ photoproduction data through the principle of
detailed balance,' and with the charge-exchange data through the Panofsky
ratio, For the latter comparison, a convenient common ground 1s the
S-wave scattering length difference (a1 ~a3). We now proceed to discuss

these comparisons,

0
the deuterium data we may test, within the accuracy of the respective

By comparing our result for a, with the results obtained from
experiments, the joint validity of the deuterium corrections and the
principle of detailed balance. This comparison is shown in Fig, 17,
The datum of Gatti et al, 23 comes from a measurement of the radiative
capture cross section and not from a photoproduction experiment. Both
the datum from Swanson et al, 24 and the data from Yoon25 are obtained
| from experiments performed in deuterium bubble chambers, - These
experiments permit the use of a Chew-Low extrapolation t:echnique‘2

to get the cross section for photoproduction on free neutrons, The
curves were calculated from the CGLN theory27 of photoproduction
using N~ = 0; they are la'beied with the values of the pion-nucleon
coupling constant fZ used in the calculation, Here fZ = 0.081+0.003 is
the accepted value obtained from charged pion-nucleon scattering;

2

theory to his data, (It has been suggested‘28 that the photoproduction

= 0,073 +£0.003 is the value obtained by Yoon in a fit of the CGLN

cross section may be in error due to difficulties in calibrating the
instruments used to measure the absolute photon flux, However, we
note that a recent experiment on 1r+ photopzroduction29 yields a value of
£ = 0.079 £0.003, using the CGLN theory and assuming R*_/_ = 1.3,
This ' experiment used the same photon beam-monitoring equipment

as used by Yoon,) We conclude that there does not appear to be any

Ol
capture reaction, and those values obtained from the deuterium data,

disagreement between our value of a_,, obtained from the radiative
Primarily because of the low accuracy of the datum from this experi-
ment, this does not prove to be a stringent test of the principles of

detailed balance, Wé also note that the data do not seem to be in
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agreement with the CGLN theory using the accepted value for the
coupling constant, Again because of its large error, our result does
not lend much weight to this trend,

In order to compare the radiative capture results with the charge-
exchange data one must extrapolate to Q = 0, Because an extrapolation
to zero of our single datum would be of little weight, and because this
datum agrees so well with the data and the CGLN fit of Yoon, as shown
“in Fig, 17, we have chosen to discuss the threshold value of a(-) given
by this fit, Yoon obtains aa (Q=0) =(26.0£1,0) }_Lb/sr. From expression
6 we may then calculate (.'am1 -a3) = O.?41 +0.010, A similar calculation
based on the datum of Swanson et al, 24 yields (a.1 -a,3) =(0,247+0.013),
These results, together with other recent evaluations of the scattering

length difference, appear in Table VII,

Table VII, Recent evaluations of s-wave scattering length

difference (a1 - a3).
Type of data used in Reference a, -a,
evaluation
‘Photoproduction data Yoon, 25 0.241+0,010 ‘.
and Panofsky ratio Swanson et al,, 24 0.247+0.013
Donnachie and Shaw, 31 0,254 £0,013%
Charge-exchange data Hamilton, 30 0.266
Donald et al,, 32 0.294+£0,013
Charged pion-nucleon Hohler and Baacke, 33 0.292+ 0,011
scattering data Samaranayake and 0.292+£0,020
Woolcock, 34
Hamilton, 30 0.2714 0,007
0.265 0,007

a, The result of Donnachie and Shaw is not obtained by application of -
CGLN theory to the v photoproduction data.

b, This number represents Hamilton's estimate of the '‘charge
independent' scattering length difference (i, e,, that which should be

used for charge exchange).
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The entries in this table have been divided into categories
indicating the type of data on which the evaluations are based,

It is evident from Table VII that there is no consensus on a
unique value for (a1 —a3). Haxnilt0n30 believes that the charge-exchange
and elastic-scattering data can be reconciled at a value of (ai-a3) = 0,266,
This is about one or two standard deviations away from the values ob-
tained from photoproduction data and the Panofsky ratio, The other
evaluations based on scattering data, in both charged scattering and
charge-exchange scattering, also achieve agreement, at (at1 -a3) - 0,292,
but this is four or five standard deviations away from the photoproduc-
tion value, It is perhaps significant that Hamilton's analysis of the
charged data is based on experviments done at energies below 41.5 MeV,
while the other analyses are based on dispersion integrals of the at
total cross sections over the energy range 0— w, H5h1e1~33 has sug-
gested that in order to resolve the difficulties it may be necessary to
re-examine the methods used at low energies for making Coulomb cor-
rections and for taking into account the mass difference between charged
and neutral pions,

Our value of A, is given in Fig, 18 along with other charge-

éxchange data and son?e curves calculated for various values of (ai— as).
The calculations are based on the parameterization by Hamilton and
Woolcock, 10 and use the values of P-wave phase shifts and other
parameters given in their paper, It is evident from the figure that the
general trend of the data is considerably higher than the curve bhased

on the value of (ai—a3) obtained from photoproduction data and the -
Panofsky ratio,

In Fig, 19 our value of A  is shown along with other available

data and a curve calculated as inZFig, 17. Only one curve appears,
since A& depends only upon the P-wave phase shift,

It appears that there remains something to be explained in the
field of S-wave pion physics, There is still disagreement among the
values of (a1 ~a3) determined from different types of data, and even
some disagreement in values obtained from the same data, There is

14
also the discrepancy hetween the value of the coupling constant {7
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- Fig. 18.. Measurements of the 'coefficient Ag in the Legendre series
expansion of the charge-exchange c.m. angular distribution, The
data shown were obtained from a list given in Ref. 35. Recent
measurements from Refs, 32 and 36 were added, The curves
were calculated from Hamilton and Woolcock's parameterization
of the S- and P-wave phase shifts (Ref, 10)., Values of (a.1 - a.,i)
were chosen from Table VII, )
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obtained from w~ photoproductmn and the value obtained both from
charged pion-nucleon scattering and from 1T photoproduction, Th1s
experiment has indicated, although with low significance, that there
| is no discrepancy between present data and the principle of detailed

balance,
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