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CHARACTERISTICS OF THE HIGH-ENERGY
' NEGATIVE PHOTOPIONS FROM DEUTERIUM

Kenneth C. ,Bé.ndtel
hesis

Radiation Laboratory, Department of Physics
University of California, Berkeley, California

July, 1953
 ABSTRACT

' _Negai:,ivé pi‘onsj"photopl"oduc'ed_from deuterium by the 330-=Mev‘
bremsstrahlung of the Berkeley'éynchrotroh have been investigated by
Obserying piqﬁ-pgoton coincidences. A (CDZ)n - (CHZ)n subtraction
yields the neutron contribution. The purpose of the investigation is to
determine how often the initial triplet spin state of the deuteron changes
to a singlet spin state for'the two final identical nucleons, in the re-
action y +d -m +p +p. Dr. R. E. Le Levier has calculated the
énergy spectrum produced assuming 1) the spin state always remains
‘the same, and 2) the spin state aiways changes. The experimental
measurements are integral over mesén energy from a lower limit up-
wards, and also over the time of flight between the proton and the pion.
Thus, when Le Levier's spectra are folded into the experimental res-
olution of the equipment and the bremsstfahlung spectrum they yield a
number pfoportional to the experimental measurement. The ratios of
various e'xperimental measurements are compared with the theoreti-
cally predicted ratios. Within the limitations of the theory (which uses
a nonrelativistic expression for the nucleon energies) and the accuracy
of the experimental measurements, the results indicate an interaction

intermediate between the two extremes.
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CHARACTERISTICS OF THE HIGH-ENERGY
NEGATIVE PHOTOPIONS FROM DEUTERIUM

Kenneth C. Bandtel

Radiation Laboratory, Department of Physics
University of California, Berkeley, California

July, 1953
I. INTRODUCTION

A. Statement of the Problem and its Significance

After ché.rged pioﬁs produced by photons were discovered (Reference

16 contains a summary of the early photopion production experiments), one
of the first things to be measured was the ratio of the photoproduction of
negative pions to that of positive pions. The simplest nucleus whic¢h can
produce b_otl'; negative and positive pions is deuterium (it is believed - - .
' impossible_ to produce negative pidns-from a proton or positive pions from
- a neutr,én). ,Thus, the minus-plus ratio of pions photoproduced from deu-
terium should give a comparison of the y - p and the y - n interaction.

| | Whitelé’.has measured the minus -plus ratio from dedterium at angles
of 45°, 90°, and 135°, and at several energies for each angle. He finds
that the ratio is .close to one, within statistics,. in all cases measured.. -The
results of Littauer and Walker18 and of Lebow et allz.re_in agreement with
* White's. The unity ratio suggeéts that the production of positive and nega-
tive pions is symmetrical except for the sign of the charge.

'Theoretical calculations of the minus-plus ratio have been made, and
they are listed in References 36 and 18 of White's paper. When the electro-
magnetic interaction of the photons with the currents due to ‘moving'charges
is éonsidered, then the minus-plus ratio is strongly dependent on pion

energy and angle of production. However, when the interactién of the photon
with the static magnetic moments of the nucleons is considered, then a

minus -plus ratio close to unity is predicted which is nearly independent of
the angle or energy of the pion. This latter agreement suggests that the
‘interaction between photons and nucleons that results in production of pions

may depend on the spin of the nucleon.
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In view of this, it is reasonable to ask what fraction of the time
the spin of the nucleon "flips over" in the act of photoproduction, if at
all. In other words, how often does the deuteron triplet spin state .go
over into a singlet spin state for the two final nucleons, after photo-pion
préduction. ; ,

Since we are left with two identical nucleons after charged photo-
pion production, the Pauli exclusion principle is operative and thus half
of the quantum states are excluded. This effect is quite pronounced if
it is pos s1b1e to select prlmarlly those dynammal conf1gura.t1ons of the
’ .reactlon vy +d -=charged plon + 2 nucleons that correspond to a low
- relative energy (and hence an S-state for the two final nucleons). The
. purpose of the present investigation is to attempt to determine what

fraction of the time "sp1n flip" occurs in.the productlon of - negatlve

p1ons fr om deuterium.

.

B. Pion-Proton Coincidences Photoproduced from Deuterium
» 1. Cornell - ' ‘
Keck and Littauerl’ 2 have studied the reaction vy+d-=nm +p+p
at Cérnell by bombarding targets' of D-ZO and HZO with bremsstrahlung
from the Cornell 310-Mev electron synchrotron. The pion and one of
the protons were detected in coincidence. Pions emitted’ af 90° + 10° with
an energy of 56 + 9 Mev were identified by their specific jonization and
range. The pfotons were detected by a 6.55 g/gmz'NaI(Tl) crystal and
their energy was measured using a pulse-height .analyzero Keck and
Littauer measured the cross section as a function 6f the proton energy,
at a proton angle of 30° + 6°, They also varied the proton ang1e~and
measured the cross section integrated over proton energy. Th-e expected
énglé and energy distribution were computed for the following cases:
(1) Assuming plroduction from a free neutron at rest, and taking
account of the geometry of the experiment.
(2) Taking into account the internal mom entum of the deuteron,
assuming the zero range wave function and no momentum

transfer to the "spectator" proton.

-
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The latter calculation gave satisfactory agreement with experiment,
Which,-éupports the assumption of negligible morﬁentum transfer to the
.'fSpe'ctatqr" proton. The cross section obtained was 10.8 + 1.0 pb/sterad.
‘for préduction at 90° in the ~1aborat6ry by 236 -Mev photons. The cross
section for production of negative pions without the requirement of a
correlated recbil wé,s also determined, using the 'n'-/'ni+ ratio of Littauer
énd-:Walker3 to separate the-w and wt contributions in the telescope.

, ‘bTh‘e value 11.8 % 1,2 pb/sterad. was obtained. They state that the agree-
-ment‘lbetwe’en the two .cross sections may be vt‘aken as evidence that the
.""s.p'e'cta.toi' process' does account for a substantial fraction of the meson
-pfoducfion in the deuteron at the angles and enérgies involved.

v Thie4 at Cornell has appliéd the theory developed by Chew and
Lewis9 to expla,in the experirhental energy distribution of recoils measured
by Kéck and Littauer. The general shape of the curve he obtains corres-
ponds with the. experiméntally.measured points; however, Thie states.
that both the half—v&;idth and the location of the maximum are at variance
with experiment. '

2. Berkeley

Madey, Frank and Bandtels’ 6 have studied the reaction
Y+d-=+7 +p+p at Berkeley using the 320-Mev bremsstrahlung of the
Berkeley synchrotron, and a DZO - HZO difference. Pioh_-proton coin-
cidences were observed at those angles predicted by the conservation
laws for the photoproduction of a pion from a free neutron at rest. The
’ - predicted pairs of correlated pion and proton angles remain very nearly
the same for photon energies of 220 to 320" Mev. Thresholds for the
- detection of protons and pions were set by using absorbers in the proton
and pion telescopes. Thus, the minimum photon energy that could
contribute was determined by these absorbers. The proton angle was
‘varied, keeping the pion angle fixed. It was found that the counting
rate exhibited a well 'défined peak at the pair of angles pfedicted for
production from a free neutron at rest. Enough absorber was added,
first in one telescope and then in the other, to stop the maximum

expected energy pion or proton photoproduced from a free neutron at



-8 -

rest. by the maximum energy photon available. This reduced the counting
ralfe to zero, within statistics. This evidence shows that the .supposed
particles have the corred range. Also, the counting rate gréatly decreased
when the pion telescope was t11ted out of the plane. This provides evidence
that the process is essentially coplanar |
Both the work at Cornell and that at Berkeley provide evidence that
.a large fraction of the production‘ arises from the neutron in a loosely-
bound state, and that the angle and energy correlations of production from
the neutron are those of productlon from a‘free neutron at rest wh1ch has

been smeared out by the internal momentum of the deuteron.
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II. KINEMATICS AND BASIC PHYSICS

A. Kinematics ef Pion-Proton Coincidences Photoproduced
from a Free Neutron at Rest

The kinematics o the reactiony +n -7 + p, where the
neutron is assumed to be at rest and free, will be reviewed briefly for
‘comparison with the three-body kinematics discussed later.

1. Angular Correlation .

The angular correlation is shown in Fig. 1. Proton
‘angleis: plotted versus pion angle for various photon energies from
near threshold to 1000 Mev. Note that the correlation angles are nearly
independent of photon energy for the range of photon energies from 230

to 330 Mev.
2. Energy Correlation

The energy correlation is shown in Fig. 2. Lines of
constant proton angle and lines of constant photon energy are plotted on
" the plane of proton kinetic energy versus pion kinetic energy. This can
be contrasted with Fig. 1. There is an angular correlation.over a
range of photon energies that is much closer than the correlation of
proton or pion energies.

B. ‘The Efféct of the Exclusion Principle in the Photoproduction of
Pions from-Deuterium

1. General Discussion

Consider the reactions

Tr+ +n+n
y+d - | ‘Trg;+p+p
35 s, 3p, p, 3F. ... (allowed states)
(96 percent) 3S, 1P, 3D, 1F ..... (excluded states)

The deuteron is initially in the 3S state (96 percent). After photoproduc-
tion the two remaining nucleons are identical. Since two identical nucleons

obey the Pauli Exclusion Principle they can only be in anti-symmetric
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states. Therefore, unless the spih of the neutron '"flips' over in the
act of photoproduction, S states for the two final nucleons will be
excluded, the available phase space will be reduced, and thus the cross
section for photoproduction from a bound nucleon in deuterium will be
reduced relative to production from a free nucleon.

This exclusion of S states for the two final nucleons obviously
has the most pronounced effect under conditions wherein the two final
nucleons are in an S state the majority of the time.  This occurs when
these two final nucleons are left with low relative énergy after meson
production. Three-body kinematics for the reaction y + d - charged pion
+ 2 nucleons lead to the result that this condition of low relative energy
for the two final nucleons occur (1) at threshold, {2} when the mesons
are emitted in the forward direction in the laboratory, and (3) near the
upper end of the meson spectrum, for a given photon energy. '

Feshbach and Lax7’ 8, 10., Chew and Lewisg, Machida and Tamuralz,

- Saito, Watanabe and Yamaguchin, and LeLevier13, have made the theoretical

investigations of the photoproduction of pions from deuterium, using the

‘impulse approximation and a phenomenological treatment which does not

7 depend on a detailed meson theory. Morpurgo14 has also investigated

this prob'lem'th'eoretically°
Chew and Lewis9 point out that an experimental comparison of

the deuteron and proton cross sections for the production of positive pions

- near zero degrees to the beam can be used to determine the nucleon spin-

flip probability in the reaction y +d — 'rr+ +n +n. They calculate the

distribution of nucleon recoils and the pion angular distribution, employing

'""closure theorems' in an approximation such that the final state of the
two nucleons can remain unspecified. This approximation terid.s to over-
estimate the production from deuterium slightly, since it includes some
final states that are not energetically possible.

Feshbach and LaLx10 have calculated the pion spectrum at a given

- angle to the incident photon beam. For high photon energies they employed

the '""closure approximation', At low and intermediate photon energies

the closure approximation was not made, but the neutron-neutron force
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in the final nucleon state was neglected. They 1ntegrated their pion

L spectra over ‘a bremsstrahlung spectrum of photon erergies. They also

. found the total cross section at high photon-energies and near the threshold

for meson product1on. -The calculations of Chew and Lewis and of Feshbach
and La;r.are very similar. According to Feshbach and Lax, the principal
difference is that Chew and Lewis focus-t_heirattention on the distribution
_.‘of nuclear recoils, whereas FeshbaCh and Lax are interested primarily
_1n the energy spectrum of pions .at a given production angle.

. $a1to, Watanabe and Yamaguch1]'1 computed the energy spectra at
_'_three angles (O , 90 )-for incident y -ray energies of 200, 250, 300,
",_]and 350 Mev. '

Machlda and Tarnura12 calculated the energy spectra at 0° and 90°

'. ."produced by 340 Mev monochromat1c y -rays, and also the spectrum pro-

duced at 90 by a 340-Mev bremsstrahlung spectrum. It appears that

"' their calculat1ons are only appl1cable when the two final nucleons are in a
1S state _ v
) Le Lev1er13 calculated the pion spectra for various photon energies,
R under the condition of f1xed recoil angles for the pion and one of the protons.
_ K Th1s calculat1on forms the basis of the present experiment and is d1scussed
| '._;m deta1l in a later ‘section..

2. Prev1ous Exper1menta1 Work

- Any of these theories predict a large exclusion effect for
nphotoprodnced pions from deuterium, when the. pions are emitted near zero
degrees to the.beam. Therefore, a straightforward way to determine
exper1mentally the effect of the exclusmn pr1nc1ple would be to observe
A pions emitted at zero degrees.
| Unfortunately this is difficult to do experimentally. Jarmie15
set out' to measure the ratio of the cross sections for the production of
positive.pions from deuterium and hydrogen at zero degrees. He originally
attempted to use electronic equipment to detect the w-p decay of the
positive pion. However,. the large background of electrons and positrons
in ,tl1e forward direction made this very difficult. Subsequently, he used -

photographic plate techniques successfully. Unfortunately, the cross
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‘ ‘ + . ) .
section for w production at zero degrees happens to be,lower than at

other_angles. In fact, Jarmie scanned 9.03 cm‘2 of emulsion and found

r‘+ 6l 30 2 -1
(6 2 =1, 9)]’x'1‘0: cm @ ster.

- - ) F , .
proton ! quanta1 for the cross:'section’of y + p. - “+-n at ‘a photon energy

ten events. He quotes a cross section of

of 278 £ .4 Mev and at 0 + 4 degrees to the beam direction. T his corre-
sponds to a meson energy of 134 * 4 Mev. o

Jarmie then bombarded deuterium. He scanned 8.97 cr’n‘2 of
emulsion and found four events. The ratio of production from deéuterium
to production from hydrogen was about 0.4. He does not draw any con-
clusions about the spin-flip probability. _ _

White16 has measured the cross section for production of charged
photopions from deuterium and hydrogen at 450, 900, and 1350. The exclu-
sion effect here is not so large as at zero degrees, and this makes it more
difficult to measure the effect of the exclusion principle. White does not
draw any conclus1ons about the spin-flip probability. However, he” comn
pares his data with the theory of Chew and Lewis, and concludes’ that
the data give strong support to the validity of the impulse vapproximation.

Lebow, Feld, Frisch and Osborne17 have measured the ehergy dis-
"tr1but1ons of charged photoplons from hydrogen and deuterium at 90° and
_26 to the photon beam. They compare the ratio of positive pions from
deuterium and hydrogen with a phenomenological meson theory of Feshbach
and Lax for different laboratory pion angles in F‘1g 2 of their article. The
data of Whlte (at laboratory angles of 45 , 90%and 135 ) and Littauer
and Walker' (at a laboratory angle of 135 ©) are also plotted. | Lebow et.al-
state that the data suggest that there is a large sp1n=-dependent interaction.
The data at 90° (of'both‘White and Lebow et al) would tend to sugg'e'"st no
spin-dependent interaction; however, the difference produced by these two
degre-‘es of spin ioteraction.is more pronounced at forward ,labor\ato‘ry
angles than for backward angles, and the 26° point favors a large spin-

dependent interaction.
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III. LE LEVIER'S THEORETICALLY PREDICTED PION SPECTRA

- A. Qualitative Description of the Calculation

LeLev1er13 has calculated the spectrum of negative pions .
produced by monoenergetlc photons on deuterium for the pion at 120° and
one of the protons at 20°. These recoil angles result when a pion is photo-
produced from a free neutron at rest, for an incident photon energy of about
zso'Mev (Flgure 1 shows that these correlated recoil angles remain very
nearly the same for photon energies from 240 to 320 Mev.) The calcula-

. tion uses the impulse approxllma.tlon19 and a phenomenological spin-
de»pendent interaction, 8 The emitted meson is treated relativistically and
the two final nucleons are treated nonrelativistically. - The calculation has

- been carried out using a Hulthen wave function for the initial deuteron,

g= N 0T .o Pr,

with B /a=7.
‘The excitation function for the process y +d -7 +p +'p has been

assumed constant as a function of incident photon energy, since the excita-

tion function for the production of positive pions by photons on hydrogen

is essentially flatzo for photon energies from 260 Mev to 310 Mev, If

: .thev excitation function for negative pions is the same as that for positive

_ 'pions in this photon en’ergy region, then this is a satisfactory approximation.
- The wave functions of the two final nucleons have been taken to be

plane waves 1n all but the S-state of relative angular momentum In the

1S state the S 1nteract10n, corrected for coulomb scattering, has been

obta,lned by fitting data from low- energy p - p scattering experiments.

As has been mentioned, the oniy available states for the two final
»identic'al nucleons are odd states, 1S, 3P, lD, 3F. Le Levier calculated
these spectra under two assumptions: (1) Assuming that the spin state
of the two.final nucleons is a triplet state; these spectra are designated

"no flip", which refers to the fact that the spin of the neutron does not
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flip over in the act of photoproduction. This would leave available the

3P, 3F. .. et cetera, states. (2) Assuming that the final spin state of the
nucleons is a singlet state; this would leave available the 1S, 1D. .. .et cetera,
states. Since the upper part of the pion spectra produeed by a mono-=
energetic photon is kinematiéally associated with an S state for the two
final nucleons, this second assumption gives a larger ordinate for the

upper end of the pion spectra than assumption (1). These spe_ctra.are

designated "flip".

B. The Calculated Spectra

A typical theoretically predicted pion spectrum of Le Levier
is shown in Fig. 3. This particular spectrum is calculated for 280-Mev
_photone incident.. The broad maximum has its peak at the unique enei'gy
which would be expected for production from a free neutron at rest. This
part of the spectrum will be designated as the "free production peak'..
The sharp rise at maximum meson energy in the case of a final singlet
spin state will be called the "spin-flip spike'. For a given photon energy,
' mome:ntum and energy conservation laws for this three-body reaction
.I show fhé.t the pion energy is a maximum when the two protons have low
relative energy At the maximum p1on energy possible for this photon:
energy, and with the pion angle as specified, both protons have about 20
‘Mev in the la.boratory even though their relative energy is less than. 1 Mev.
(See Fig. 10.) Such low relative energy protons would be in 1S state.
Spectra have been calculated for incident photon energies from 240 to
320 Mev.
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IV. THE EXPERIMENTAL METHOD

A . Basic Description of the Method

Figure 4 illustrates the physical arrangement of the present
experiment. The location of the pion and proton telescopes and the target
are shown with respect to the beam direction. The pion and proton tele-

" scopes are coplanar.

The basic method of the experiment is the observ-ati.on of
negativg pion-proton coincidences. A CD2 -C H2 difference is used for
the target. This insures that we have a negative pion-proton coincidence,
provided both coincident particles are charged.

The only other reaction which could contribute would then be
y+d—- 7° + d. This contribution is' thought to be small for the following
reasons: (1) The n° mesons which start out in a given direction are
smeared over a range of éngles when they decay into photons. (2) Only
four‘percént of the y -rays incident upon the first scintillator are converted
by it. (3) Of tho‘se that are converted, only resultant electrons with energy
greater than 26 or 48 Mev (depending on the absorber) penetrate the absorber
between the w -1 and 7 -2 scintillators. (4) This reaction has a different
angular correlation than the angles at which the present experiment was
conducted. For y+d — 7° +d, 120° £ 3.5° is correlated with 26.2° +1.6°,
The observations of the preseht experiment were made at 120° £ 3.5° and
20° = 3,6°.

Figure 5 is a block diagram of the electronics.

Besides: the correlated angles, the two things that are experi-.
mentally determined are (a) the minimum pion energy, and (b) the time—of‘-
flight difference between the proton and the negative pion. The minimum
pion energ'yvis determined by putting copper absorber between the L] and T,
counters. The time of flight difference between the proton and pion is
determined within the limits of the resolation function of the equipment.

This is explained more completely in a later section.
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BLOCK DIAGRAM OF THE ELECTRONICS
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B. The Targets | - | 7

A_CDZ,target 1_31"'i'nilligg,ratrn/c"mf2 thick and 1. 75 inches in
diameter was used. This target was loaned to the author by Dr. David
. Clazrk. The_CZH2 target that was used for the subtraction was 115 milligrams/
c¢m thick and about the same diameter.

*I"he_‘GD2 target was pressure molded with enough heat applied
to the mold to melt the CDZ' The CI—’I2 target was cut from a sheet of.
polyethylene which was checked for uniform density. Both targets were
- suspended by threads at three points araind the periphery. 'I‘hes.e threads
‘were fastened to a larger concentric threeainch-diamete;f brass support
ring. S :
' The _CH‘2 a,nd;_CD2 ta.‘rbgets contain the same number of mole-
cules per square centimeter to less than five percent accuracy. The

synchrotron beam did not overlap the edges of the target.

C. The. Sc1nt111at1on Counter Telescopes

The proton telescope consisted of a four-inch by six-inch
'liquid'_scintﬂlatlon counter; three-fourths inch thick, viewed at each of
the four -inch ends by 1P21 photomultiplier tubes.

- The pion telescope consisted of two .-1-3/4 inch by four -inch
by 2.5 g/‘cm2 stilbene crystals. These were viewed at each end by 1P21
photomultiplier tubes. '

D. The Electronic Inst'rumenta.fion

i; The Photomu1t1p11er C1rcu1t _

The electronic instrumentation is descrlbed in detail in an
~ article to be ’pubhsrh_ed by D'r. R. Madey, hence the e1ectr0n1cs are

described oniy briefly here. The photomultiplier circuit is shown in

Fig. 6. The output of the photomultiplier circuit .is connected to the
input of the pulse-shaping circuit by means of Transradio Type C344-T
259 Q cable.

2. The Pulse-Shaping Circuit

The pulse-shaping circuit is shown in Fig. 7. The outputs

of the two 1P21 photomultiplier tubes that view a common scintillator,
are connected to the two inputs of a single pulse-shaping circuit. These.

two pulses are combined in the pulse-shaping circuit. The pulse-shaping



22

ELECTROSTATIC
SHIELD .

1P21 PHOTOMULTIPLIER

. Olut  Oluf
" : 500v_ 500v_ 10

R 10

R7 R8 RS9

R 6

RI R2 R3 R4 RS

10 FEET

PHOTOMULTIPLIER CIRCUIT

Fig.’ 6 | :

Phot omultipli er Circuit

10 FEET 259 §) CABLE
TRANSRADIO TYPE €344 -T

o ||h

130K 100K 100K 100K 130K I30K 130K 150K IS0K 150K
2W /2W /2W /2 W i/2W /2W o 172 W a/eW /e W /e W

PG-3

MU-5887



—AAAA

S 700V -
2/
> 20012
niad cr
COLUF P65

V7 L) orsc : .

i E|

6§8BQ7 o : e
7/ . & .

PGrs . _ P
EF U .eG_E_ ‘:‘_/7 -“_ @ ’
X — ™ X
M2 A © . X D— =

T s S -5 . g j He
N 9 |= Q )
R /8”’ q L q /6,,
. N N
L 2 . o _i
fZs £ cz ez 1es
J/0KS 3040 H,agj,: 30 E0x
Wy Ew 01SC 2w Siw
T 6.3

¥ig., 7

Mitl irrie ROSLCONY PulSE LimiTER

£ Boose

The Pulse 3haping Circuit

T MU-5253



- 24 -

circuit also performs the functions of limiting the pulses in amplitude
- .to several volts, and limiting the pulse in time by means of a piece of
nearly shorted.transmission cable conneeted in the grid circuit. The
length of this '"clipper" is 18 inches, which corresponds to a nominal
pulse length of about 3.2 x 1077 sec.

3. The Crystal Diode Coincidence Circuit

The crystal diode triple coincidence circuit is shown in Fig. 8.
The .output of the pulse-shaping circuit is connected to the input of the
coincidence circuit by Transradio Type C3-T 197 Q@ cable.. Any time-of-
flight delay between the various:pulses is inserted at this point. Once
the c01nc1dence ‘has been made with time resolution of about 3 x 10 -9
seconds, it is necessary to lengthen the output pulse to about 10 -6 second
in order to be able to count it with standard counting equipment. The
output section of the coincidence circuit is designed to lengthen the coin-
cidence pulse somewhat. |

' 4. The Pulse - Lengthening Amplifier

The pulse-lengthening amplifier used is.the first model of the
‘one shown in Flg 9. It differs from the one shown in the following res-
pects: ~The resistor R-24 was not present, and the IN56A diode that
connects to the top of R-24 was replaced by a piece of wire. _

This amplifier lengthens and amplifies the coincidence pulses

so-they W111 be suitable for use in standard microsecond counting equipment.
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V. THREE-BODY KINEMATICS OF THE REACTION y + d =7 +p+p

A. The Correlation between Pion and’ Proton Energ1es for a Given
PhotonEnergy

Let us apply energymand momentum-conservation equations to
' thefrea,c_tion y+d-—=n +p -_l-.p and impose the conditions. that the negative
pion and one of vthe protons ‘oe coplanar and at fixed angles .in this plane. *

- Conserva,vtiovn ‘of momentum normal to this plane shows that the other proton
' will also be in this plane. This leaves tWo'mome.ntu..mf-'conserva.tion equa-

tions in this plane and one. energy‘-cons.evrvation equation, i.e., three
‘ equati‘-oné_; fb_On-_t.ne“othe.r hé;nd, we have fi.ve unknowns: .the y -ray energy,
: the'pion:'enefgy, the energy of‘ the first proton, the enefgy of the second
proton, and ‘the angle of the second proton.

Thus, if we consider the spectrum produced by a particular
Y -ray energy, and consider a particular pion energy on this spectrum,
then these two ladd;itional parameters completely specify the dynamical
state of the reaction. This means that each pion energy in Fig. 3 (which
is calculated for a given photon energy) is assoc1ated with a unique proton
energy at 20

For a given photon energy of 280 Mev, F1g, 10 shows the energy
correlatlons, _ - The final relative energy of the nucleon pa_lr the energy of
the center of mass of the two nucleons, the energy of the nucleon at 20°,
and the energy of the other nucleon are plotted as a function of the pion
energy. Note that when the maximum possible pion energy is approached,
- both.nucleons tend to about 22 Mev and the relative energy of the two final
nucleons decreases. As was mentioned before, this is the region where
‘the exclusion principle has an appreciable effect on photomeson production.

'B. Kinematics of the Reaction Expressed in ‘Terms of the
Experlmentally Measured Quant1t1es

" The minimum p1on energy and the time -of - flight difference
betWoen.the proton .and the pion are the quantities that are experimentally

measured..

-*‘1 - S . .. -
- . See Appendix I
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The minimum pion energy is determined by the amount of
absorber placed between the first and second pion _counters. Any pion
with more energy than this minimum amount can contribute to a coin-
cidence; hence the pion energy measurement is integral from some
minimum value up to-the maximum energy available, '

The other quantity which is experimentally measured is the

~time-of-flight difference between the proton and the pion. This time-of-
flight difference is measured within the width of the resolution function

of the coincidence system. By !"'resolution function' we mean a function
that gives.the detection.efﬁciency as a function of the difference in delay
between the input pulses to the coincidence circuit. Thus, the time-of-
flight measurement is iutegral over the time width of the resolution
function of the equipment, with a relative weight given by the form of

that fun,_ction for a particular difference in .delay.

. ‘ The t1me of -flight difference between the proton and pion

_can be calculated 1f we know the energies involved. Th1s is explained.
* later in more detail. For the present experiment the proton is moving
rho‘re, slowly than ..tl'le pion, in g_e.ner al, and th,e'protoh_counter is further
'af\x}ay' from the ta_.vrget than the pion .counter. This means that the proton
pulse occurs,late_r in.time thau the pion pulse. Hence, in order to
‘ _recérd a pion- protcn coirlcidence Whicll,has a time-of -flight difference
._'l'o‘ with full eff1C1ency, a lehgth of cable that provides a time delay of

_’.7'0- must be inserted between the pion counter and the input to the coinci-
dence circuit. If the coincidence system had an infinitely sharp resolu-
.tion funct1on, and a fixed delay T were inserted,inthe input to the coinci-
dence circuit, then only those events with a time-of-flight difference
exactly equal to- 'T would be recorded. In actuality the coincidence
system resolut1on r (7 ) measures the probability that a coincidence will
be recorded, if there is ‘a delay T' between the input pulses to the coin-
-,cidence circuit.. Thus, if a time-of-flight delay To is inserted in one
input to the coincidence circuit, and if T is the time-of-flight delay for

the coincident process we are considering, then the probability of observing
. coincidences will be proportional to r (7 - To)' The next section describes

-how the resolution function was measured.
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'C. Resolution Function of the Coincidence System

: The resolution function of the coincidence system r (T'), was
measured in”the following way: simultaneous pulses ‘wefei'ferd ,into the coinci-
dence circuit, with no delay between the inputs, at a flxed rate of N pulses
per minute.  Since this coincidence system has been determmed (from other
measurements) to be almost 100 percent efficient with no delay between the
inputs, we know it will record coincidences at a rate essent1a11y equal to N .

- This counting rate gives a number proportmnal to r ('T'—O) Then a length
of eable is added in one input to the coincidence cnrcuﬂ: corresPondmg to a

-net d-ela.y T'=T The coincidence courting rate under this second condition

gives a numbelr proportional to r (T“=Tl). Proceeding i.n.thijs fashion, by
adding delays and measuring counting rates one obtains counting rates as a
function‘of net delay, T'. Thus, one obta1ns the detection eff1c1ency as a
fuhction of the net delay between the 1nputc pulses to the c01nc1dence circuit.

D. The Experimental Separation of the Condltlon of Low Relative
Energy for the Two Final Nucleons

Le Levier's calculated spectra show that the free production
peak and tlie spin-flip spike are the two most dor_nmantjparts of the spectrav,
since the heaviest weight is associated with these two regione, Table 1
~shows the pion and proton energies é.ssocia.ted with thelfre‘e ~-production peak
and spin-flip spike for photon energies from 260 f“o 320 Mev.

For this range of photon energies, the pion energies in the
spin-flip spikes are greater thah the pion energies in the f;'eefproduction
peaks. These two ranges of pion energies are separable by means of
absorbers. We will see that the protons‘correlated witfh_"che peaks and the
tails fall into two groups, which are. separable by time iof flig.ht.' In fact,
time of flight alone produces a;fai_irly clean separét‘ionko_fj the condition of
low relative energy from the quasi free-production condition. -

Figure 11 ill_ustrates the kinemé.tical featu-_res-_ of the reaction
Y +d -7 +p.+p for the particular geometry under which*this exXperiment
was.conducted.. The time-of-flight difference between pfoton and pion
- is plotted against pion energy. If production were from a,_‘fr.eve neutron at

rest, y +n —» " + p, then there would be only one point on Fig, 11 for a
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given photon energy. This point is enclosed by a square. Since produc‘tion
is taking place from a neutron which has a momentum distribution, the
dynamical configurations possible for a given photon energy now take the
form of a line. This line corresponds to the spectrum for a constant,
photon energy, which was plotted in Fig. 3. The spin-flip spike is indicated
by the point enclosed by a triangle. Figure 11 merely indicates the dynamical
configurations possible. The probability of occurfence of a particular dynam-
ical configuration, . .that is the ordinate of the spectrum that Le Levier cal-
culate"d,v”rn‘ight be _thought of as plotted in a third dimension normal to the
plane of the paper. In other words a certain "weight" is associated with
each point of F1g 11. '
. Figure 12 shows various photographs of a three-dimensional
model designed to illustrate this feature pictorially. The ordinates of the
theorétically pred_i_cted spectra are plotted normal to the plane of Fig. 11.
The br'c_)a'.dridge corresponds to the free-production peaks for the various
photdﬁ eriergies, and the spin-flip spikes form the sharp ridge on the other
-side of the valley..
'~ Two vertical lines are drawn on Fig. 11 to indicate the two
valu‘,.es:of ‘minimum pion ener;gyv that were set by absorbers. These ab-
sorbers were chosen in the following way: The absorber that sets the
minixhum'pion energy at 80 Mev separates.the spin-flip spikes from the
free-production peaks, for photon energies from 260 Mev to.the brems-
strahlung upper limit. The experiment was ..planned on the basis of a know- -
ledge of the energies of the protons and pions at only the free-production
peaks ‘and the spin-flip spikes. In terms of this two-body picture, the
.thinner absorber was chosen to admit the free-production energy mesons
_contributed by the same range of photon energies as contribute to the
spikes with the thicker absorber. It is obvious ‘-.t'hat beca?use of three-body
kinematics, many photon energies can produce mesons of the séme energy.
Two horiz,onté.l lines are draw;l on Fig. 11 at delays of

6.38 1077 sec. and 12,24 x141_.0~a9-_sec-; Physically these correspond to
the two lengths of delay cables used for .the experirﬁent.- These delays
were chosen,to‘»con:-espond to the low relative energ}} region, and with

the free production region. These lines are the center of the resolution
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Various photographs of a three-
dimensional model of Figure 11,
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function of the equipment. As one considers delays removed from this
fixed delay, the detection efficiency decreases. Nominally the pulses are
clipped (i.e., differentiated by a shorted stub) to a length of 3.2 x_10“‘9sec,
This distance from the center of the resolution function corresponds to a

detection efficiency of roughly 50 percent. At about 6 x. 10'=9

sec. the
detection efficiency drops to zero. The delay of 12.24x 10" 9vsec‘, .was
.chosen to accentuate the condition of low relative energy for.the two final
nucleons. - The delay of 6. 38 x:1059

flight appropriate to the free- productlon peaks One can see from Figs..-11

sec, was chosen to be near the time of

and 12 that.time of fhght alone produces a falrly clean separation of the
spin-flip spikes from the free-production peaks, since the detection efficiency

-9

of the coincidence system drops to zero when removed 6 x 10 ’ sec. from
the center of the resolution function. ' |
One can think of the resolution function of the equipment as -
adding another '"'weight' to any point on Fig. 11, In addition, multiple-
scattering nuclear absorption, the br.ex}nsstrahluhg distribution, and d.ecay
-in flight all "weight" any particular ‘ﬁoint :o‘f‘Fig 11, The absorbers give a
zero-: "we1ght" to pion energies below threshold For any particular running
condition, one delay a.nd one absorber were used. Thus it is possible to
weight the pred1cted spectra in four dlfferent ways, for different .combina-
tions of absorber and time-of-flight delay. This discussion gives‘. a qu_alita%

tive indication of the numerical procedure, which is described in Sectioh VI

E. The Measurements

The following combinations of time-of-flight delay and minimum

pion energy were used in collecting data:

Minimum Pion - - Delay
‘Measurement Energy T  (Mev) tin 10”7 sec.)
\ _ " inin -
A 57 6. 38
B 57 12.24
c N 80 | 6.38
D 80 12. 24
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Measurements B and D are desi gned to emphas1ze the con-
dition of low relative energy for the two final nucleons; hence the effect
of the exclusion principle should be noticeable. .Iniother words, a flip or
no-flip spectrum should predict a.neticeably'different relative counting rate.
o Measurements A and C are des1gned to emphasize the free
productlon part of the spectra. A flip or no- fhp spectrum should predict
essentially the same relative count1ng rate. This fact is valuable in itself.
. The theoretically _pfedi’cted_ ration,o'f C to A should be in agreement with
‘the experimentally 'iheaSUred -nufnbers,'_indepe:nd-ent of the spin-flip proba-
bility that we desire to ineasure. _ |
" When Le Levie'r 5. fhe‘or'y 1s combined with the experimental
: resolut1on of the apparatus and the geometry of the experlment then relative
counting rates for A, B, C and D can be pred1cted One can then compare
the ratlos B/A, C/A and D/A that are theoret1ca11y predlcted to those that

are exper1menta.11y me asur ed
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VI FOLDING THE THEORETICALLY PREDICTED SPECTRA INTO THE

i

HA.V ;Generai Discussion .
» ‘Le Levier calculated the cross section per unit meson energy,
for a given photon energy, with the pion at 120° and one of the protons at
o : . ‘
207,

4T _depdRw o= 120°

e S y = 20°
In oi'der to reduce thes.e specfra to a cBunting rate fhat one can expect to
observe in the la.boratory, it is necessary to fold these theoretically pre-
- d1cted spectra 1nto the bremsstrahlung sPectrum and the experimental
reso]lutmn of the equlpment and incorporate the part1cu1ar geometry for
which the experiment was performed _

Before writing down the expected counting rate in terms of

the theoretmally pred1cted spectra, it is necessary to define the following

' notatlon

0 = laboratory pion angle
x .. = laboratory pvr?oton angle

N - = number of counts observed _

n ,;i'numbe'r- of deuterons per qmz in the target
nq“ = number of equivalent photons - |

T“v = pion kinetic energy at production in mev
'E, = proton kinetic energy at production ir_{r‘nev

r :(‘i" )= resolution function of the counting equipment
(i.e., detection efficiency vs. delay)

e (Tﬁ): efficiency of detecting the pion. This includes
.the effect of multiple scattering, nuclear
absorption, and decay in flight,

dn (hv)= number of real photons of energy (hv) in the range
d (h¥) . d(hv), per “equivalent" photon of integrated beam
tp = time of flight for the proton = tp (E,» 2) \

'tﬂ_ = time of flight for the pion = t (T1r )

T .= tp - t. = difference .in time of flight between the
proton and the p1on

z = target thickness in .mg/gm of CD2 (total target thickness = 131)
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|

The observed countinglratefhat we would predict after nq equivalent.

photons have traversed the target-is:

N _-q de dSom dnv(hm) am| ¢ (T dO‘(T v, o,x )

5 T T e

Mmp  Aom T

Since Le Levier's theory pred1cts relative countlng rates, we only need to
compare ratios of countmg rates. Thus we can discard constant factors.
For this reason we take the counting rate per arbitrary unit of integrated
beam. (This unit of integrated beam is 10 nunans. ) The numbers of
target atoms cancel out in ratios.

The proton counter angular width was 20° £ 3. 7° , and the pion
counter ?.ngular width was ,v}ZO '+3.5% For this calculation, we neglect
the variation of the kinematics ~f the reaction 'o'verbAQp and AQm, and take
them outside the integral. If N‘ is the observed counting rate per unit of

integrated beam then: .

. T )= constant x

' - N

o v
N (T .'o ;
min = n nq_ XIp Oo8w

or.:

i o | o ~ do(w)T T
N (T, T.):dn (h; d(hw) €(T) .. | ™

r{T(E, 2, T,)T}ds

dT
A o

‘min

For a pion angle of 120° and one of the protons at 20° » the dynamical
state of the reactlon is completely specified if we give hv and T as -
explained in section V. That is, E1 = El (hvy, T“). Hence everything in
the above equation is a function of only hy, T_and z. The function .

El (hy, T“.) is obtained from the three-body kinematics of the reaction

y+d—=w +p +p.



'B. Pion Time of Flight

_The pion loses a negligible amount of energy in the
target, air and first crystal. It loses an appreciable amount of
energy only in the copper absorber next to the last crystal. Hence

the time of flight is given by:

Lo E oA . NS 1T v e
o cBw _('I_‘;) — (In M1ll1m;croseconds)
-where: fm = 0.364 meters
pr = T_ (T +2Eo)
T + Eo
T
"Eo ‘= 140 Mev
T ey
< = 0. 3 m g sec/ b'meter



C. Proton Time of Flight

The proton time of flight was calculated in d1fferent ways

. depending on the range of proton energy 1nvolved
_ Fof# proton energies greater than 20 Mev, range-energy curves
were used to calculate the energy losses in the CD2 target and in the air.
Over the air path of this experiment f§ proton vs. proton kinetic energy
is linear to less than six percent (for proton energies greater than 20
Mev); hence, it is sufficiently accurate to compute the ﬁbvat the beginning

and end of the air path and take the arithmetical average Then

tp.= ._2_11.___.._ - where ﬁp 0.8 meter.
~ Bp (E,z) )

_ For proton energies less than 20. Mev, the nonre]lat1v1st1c
express1on for the kinetic energy Tp =1/2 Mv2 is. in error by less than
two perc_ent. Furthermore, the percent change in B over the air path
is ap'preeia.‘ble' hence the proton time of flight must be obtained by
‘__1ntegrat1on Let T Dbe the 1nstantaneous energy of the proton The range-
energy curves for protons in air and for protons 1n CD ‘can be fitted empiri-
cally by power laws over the range of proton energ1es of interest. If El
is the product1on energy, ‘we can easﬂy get an expressmnk for Tp (E1 z, Y)
- where. .z is the distance into the target measured from the face of the
target nearest the proton counter and y is the distence along the air path

measured ifro_m the target to the counter. Then, since Tp(E, z, y)=1/2 Mv®

and v =
H - v = 0,8 meter air

\tp', = c 1t '
-Ver (El Z, Y) '

~dn (hv
‘D. The Photon Source a-n—%}%;-

The full energy bremsstrahlung beam of the Berkeley synchrotron
was used as the photon source. The synchrotron was operated with a "spread

out'" beam for which peak beam intensity occurred 1.2 milliseconds before

&

See Appendix II
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peak magnetic field, The theoretical bremsstrahlung spectrum has been

20,21 ¢ this condition of operation

corrected by Steinberger and Bishop

for finite target thickness and variation of magnetic field during the

expulsion period. This spectrum was used for the calculation. Figure 13
. e dn (hv) .

shows the relative number of photons I o) vp]lotted as a function of the

photon energy hv in mev.

. E. Pion Corrections. . A

The factor e (T.'n.) includes the effects of multiple scattering,

nuclear ab‘sorption, and decay in flight. |

" The pion multiple scattering in the target, air, and first
crystal is negligibly small compared to the scattering in the copper absorber
‘between the v -1 and m - 2 scintillators. The pion scattering in this
absorber produces at most a loss of eight percent of the pions. This cor-
rection was computed as a function of pion energy for both absorbers used,
using the multiple scattering with energy loss theory of Eyges. z The rms
d_isplag:emént of a particle was first computed, and then its multiple scatter-
ing distribution function was integrated across the crystal width. Both these
calculations were done numerically. |

- The nuclear absorption correction was calculated from the

formula . - (No § o
, '_nﬁa_ =4 k = fraction of pions remaining
N = Avogadro's number '
- A = molecular weight of Copper
€ = absorber thickness in. g/cmz
o = 0.986 x\lOv_Z'4 = k:mz = nuclear area for copper

This value of . & is in good agreement with the poor geometry attenuation
cross section for 85-Mev 7~ mesons on copper measured by Chedester,
Isaacs, Sachs and Stéinbergerz3, and confirmed by 'StOr'k24 and others,
This correction amaints to a loss of 14 percent of the pions for the thin

absorber, and 23 percent of the pions for the thick absorber.

fomye . . K 1



RELATIVE NUMBER OF PHOTONS

43

RELATIVE NUMBER OF PHOTONS VS. PHOTON ENERGY

T T T T T ¥ T I T I T J T

THE THEORETICAL BREMSSTRAHLUNG SPECTRUM HAS BEEN
CORRECTED FOR FINITE TARGET THICKNESS AND VARIATION
OF MAGNETIC FIELD DURING THE EXPULSION PERIOD BY
STEINBERGER AND BISHOP

' PEAK BEAM INTENSITY OCCURS
1200 MICROSECONDS BEFORE
PEAK MAGNETIC FIELD

200

250 300
PHOTON ENERGY IN MEV

MU 5634

Fig. 13,

Relative number of photons
plotted as a function of the
photon energy.
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The number of pions lost by decay in flight was calculated

using the formulae:
= £ .7 =f{raction remaining

T was taken to be 2.54 x 10-8 seconds.

! 0. 364 meter
dt E

t=}— =_"0 - dx
Yo e 5 xp (in seconds)
x = distance along pion path in meters
c= 3x 108 meters/sec
p = pion momentum in Mev/c
Eo = rest energy of negative pion = 140 Mev

The loss of pions varies from four percent to five percent, over the range
of pion energies. Actually not all these pians are lost. What happens to

them depends on the direction in which the muon recoils in the center-of-

fnass system when the pion decays. If the muon recoils backward in the
center -of mass system, with respect to the original direction of the pion,
then the muon is considerably reduced in energy in the laboratory relative
to the original pion energy. If it recoils at right angles to the original
direction of the pion, it changes the direction of the decay muon in the
laboratory. If it decays in the d\%rection of motion of the original pion,
then the decay muon has an increéased energy relative to the original pion,
Thus muons are lost because (1) their energy is changed relative to the
original pion energy, (2) the ré.nge=energy relations for pions and muons
in the same material are different, and (3) some muons may be deflected
through large enough angles that they do not enter the v -2 counter. Hence,
the net effect is that not all the muons are lost and the five percent cor-
rection is made even smaller. This correction on the time -of -flight decay
correction can be calculated in a straightforward but tedious way. It was
‘not felt worth-while to do so since the net result of such a calculation
would only decrease a five percent correction which is essentially constant

and thus cancels out in taking ratios,



The va.rlous p1on corrections are shown in Figures 14 and 15

as a functlon of p1on energy.‘ 'The corrections for multiple scattering, nuclear

absorption, and d}ecay in flight are shown separately. Also the total cor-

- rection, which is the product of these separate factors, is shown,

F. Multlple Scatterlng of the Proton
It is difficult to know what type of mu1t1p1e scattering.
correction to apply to the proton, Th1s difficulty stems from the fact that

the react1on we are con51der1ng is a threembody reaction and thus the proton

~ and pion wh1ch produce a comc1dence are not correlated, since the angle
and energy of the second proton are not known;. For a two-body reaction,
“the multipleescatteririg correction is'calcula‘.ble. 'This is possible because
there is a deﬁnite correlation between the pair of angles at which the two
particles are produced The procedure in this case is described by

W. J. Frank. 25 In .the, present case, however, the multiple scattering is
not calculable because there is no definite angular correlation for a three -
'body reaction. v ' '

There are, however, some qua11tat1ve arguments that suggest
that the multiple scattering may be negligible. _

At the top of the freemproductmn peak one has a two-body
reaction. When we calculate production from a free neutron at rest we
obtain the result % = 2.5 (See Fig. 1). For a case where no miultiple
scattering occurs, the meaning of this expression is that if the pion
counter subtends & degrees in the laboratory, then the proton counter can
be 6 degrees wide, and both counters will subtend exactlly the same
angle in the center-of-mass systern (when both counters are centered on

~ their two-body correlated angles),
_ In the present experiment both counters subtend about 7° in
the laboratory. Also the worst case of proton multiple scattering gives
rise to an rms rrlultiple scattering angle of 1. 8°. Hence the multiple.
scattering for production from a free neutron at rest would be neghglble.
Similarly, the case of the spin-flip splke is essentlally a
two-body reaction, since the relative energy of the two final nucleons is B
very small for the spike. The reaction y + d — 7 + 2p where the two
protons have very low relative energy is very similar kinematically to
the reaction y + a - 17(_) +d. In this case A0 . 5 4 and so the muitiple
scattering would be negligible for the spike.‘?(
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This 1eaves fhe region in bét_:ween the .free -production peak
. and the spin-flip spike. However, this region does'not have as much
weight as either the peak or the spike and hence is not as important.
The worst case of multiple scattering removes 30 percent
of all those protons that start out in such a direction that they will hit
the proton counter. When the integrations are performed, this figure
is decreased. It represents an unrealistically pessimistic viewpoint
because it neglects those protons that may be scattered back into the
counter, and it also neglects any quasi correlation. Coﬁsiciering these

things, the multiple-sca,tte'ring correction was neglected.

G. Calculation Procedure

_ 131 »

The first integral | R

. ‘ : ) r {T(Els_z: Tﬂ-) - W}dz

was performed by numerical inﬁegratinn. This yields a function,
. - / Cin _ '
F (El’ T") =F \hv_, T“), since E1 = E1 (hv, T")

This function has two values, depending on which delay. is used. The
integrand of the second integral e(Tﬂ)- do(hv, Tv) Fs (hv.,r T )d T
T d T, m ™
» _ Tmin : _
was plotteda?s a.vfunct.ion of T“_, and this intégral was performed' graphically.
There are two weighting factors and two lower limits corresponding to the
two absorbers that were used. This then yielded a function G ( hv). The
last integral !dn(hv) G (hv) d (hv) was also performed graphically. |

The final res lt‘ié eight numbers; the combinations of two absorbers and
two delay§ yield four, and the use of a "flip" or "no flip" spectrum .

multiplies this number by two.



PERCENT OF PIONS DETECTED

47

EFFICIENCY FCR PION DETECTION €5,(T,) VS PION ENERGY

1 T T T 1 T ‘l L T
FOR COPPER ABSORBER THICKNESS THAT SETS MINIMUM PION THRESHOLD AT 57 MEV
CORRECTION FOR MULTIPLE SCATTERING, NUCLEAR ABSORPTION AND DECAY IN FLIGHT ARE
SHOWN SEPARATELY 7
o) S S e e e e e e ——— p
MULTIPLE SCATTERING
DECAY IN FLIGHT
90 -
NUCLEAR ABSORPYION
€57(T1f )= O
eoL BELOW
THRESHOLD
70} :
60 '} A . i N ‘l L 1. ! i A
40 %0 Y 10 80 90 100 10 120 130 140

PION KINETIC ENERGY T, IN MEV
1By 5647

_F_ig‘. 14.
The Pion Corrections

(T." 7 =57 Mev)
min
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EFFICIENCY FOR PION DETECTION €go{ Ty ) VS PION ENERGY

T T 1

SHOWN SEPARATELY

[
Q

PERCENT OF. PIONS DETECTED
3
T

T LB T T ¥

FOR COPPER ABSORBER THICKNESS THAT SETS MINIMUM PION THRESHOLD AT 80 MEV ~

DECAY IN FLIGHT

CORRECTION FOR MULTIPLE SCATTERING, NUCLEAR ABSORPTION AND DECAY IN FLIGHT ARE

MULTIPLE SCATTERING

€go(Ty) =0
sof- BELOW NUCLEAR ABSORPTION .
THRESHOLD
70l TOTAL -
so o i 1 1 ] — (] 1
a0 50 € 70 80 90 100 1o 120 130
PION KINETIC ENERGY T, IN MEV
MU 5635

Fig

. 15,

The Pion Corrections

(T

= 80 Mev)
min

140
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VII. RESULTSi AND CONCLUSIONS

The follow1ng exper1mental results were obtained:

~Measurement CD, counts /10 nunans ,CHZ counts/10 nunans Difference

2

0.706 & 0.025

0.075 £ 0.013

0.221 £0.015

0.188 + 0.023
0.036 + 0.011
0.089 + 0.012
0.012 0. 004

0.518 £ 0,034
0.039£0.017
0.132%£0.019
0..009 = 0.005

b aw»

0.021 + 0,004
‘ 'S't'an'darvdv d'é\}iations are indicated.

A _ A "nunan" 1s an arbitrary amount of 1ntegrated synchrotron beam
whlch is measured by using a precollimator ionization chamber. For the
‘ same beam level, same collimator, samé operating conditions for the syn-

: . chrotron,. et cetera, the number of nunans is proportional to the number of
photoné '.of.any parti‘cular energy. Since this is a ratio experiment, the
” proportionality factor is not needed, and hence the icounting rate per ten
nunans was taken. ' |

About ten nunans were delivered in one minute, on the average,
Thus, the counting rates given ébove are approximately the counting rates
‘per minute. For measurement D we see that one difference count is ob-
tained in about 100 minutes. This is a little more than one count in two
hours, an extremely low counting rate.

One might think that cosmic radiation would be a source of
background. It is not, however, because of the net delay of either six or
twelve millimicroseconds inserted between the protoh counter and the

For a counter separation of one meter, one observes
26,27

two pion .couhters,
about 100 coincidences per hour. ‘To cause an accidental coincidence,
it would be necessary for two such extensive showers to occur successively
with a separation in time of either six or twelve millimicroseconds and
within a time spread of about + 3 millimicroseconds. Because of the
relative infrequency with which these showers occur, it is clear that this

type of event is very improbable.
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Measurement A was run every few hours to insure that the
equipment was operating properly and that no drifts had occurred. The
period during which these data were taken extended over a period of about
three weeks. The actual data-taking time was about 100 hours (61, 920
nunans). Measurement A always checked within statistics. Thé IN54A
diode resistance is temperature-sensitive, hence its bias voltage must be
checked every hour or so (semieconductors‘ are not very temperature
_stable); except for this, no other adjusttments were necessary.

The ratios of B, - C, and D calculated from the previous
A

data are as follows:

B =0.08 +£0,02

Q5

=0.26 +0.03

b

D =0.017 0. 007

A
where probable errors are now being quoted.

B. Relative Counting Rates Predicted from Theory

Results of ca]lculations described in Section VI are presented

below. ™F™refers to a flip spectrum, and "NF" te a no-flip spectrum.
E NFE FE. NF _F NE E NE_
103 90.6 16.7 ©0.8i6 14,8 .12.3 5.09 0.078

If we compute the ratios frpm these numbers we get:
B < D
A A A

F . NF F NF. F NF

sy

0.162 0.009 0.144 0.136 0.0494 0, 0009

- The disagreement of the ratié C indicates that there is something basic-
ally wrong, independent of the A spin-flip feature of the experiment, The
trouble is that the meson theory uses a nonrelativistic approximation for
the enefgy of the nucleons. . For the free-production region, the nucleons

have from 40 to 80 Mev, and in this region a nonrelativistic apprbxir’nation



51

-Zt s &

is not very accurate. The following table shows the effect on the free-
production meson enefgyv of using this nonrelativistic approximation for
the nucleons. '

Free-Production Meson Energy (Mev)

Using Nonrelativistic

Photon Energy Approximation for Nu- Correct
(Mev) cleon Energies Relativistic Calculation
240 o 42 46
260 3 53 | 57
280 62 _ 67
300 : 71 76
320 : . .19 84

This table shows that the meson energies are predicted to be about 5 Mev
lower than _the.y é.ctually are, when this nonrelativistic aﬁproximation is
made. | '

One would not think that a 5-Mev shift would produce such a
" large disagreément. It does so, however, for the following reasons:
Oniy those pions with 80 Mev or more penetrate the thick absorber. Refer-
ring to the last tabld} we see that a pion whose free production energy is
80 Mev is contriblited by about 310-Mev photons (correct relativistic calcu-
_ lation).- Usi_ng,the nonrelativistic calculation, we would say that such pions
: ai'e_contributed by 320-Mev pions., We need only refer to Fig. 13 to see

that "dn (hv) decreases by a factor of 2.2 in going from 310 to 320 Mev.
d (hv) :
Thus, the fact that dn (hv) is changing so rapidly in this region indicates
d zEvvs .
that measurement C will be in error by a large amount.

For measurements B and D we are in a region where the
protons have about 20 Mev, and using a nonrelativistic approximation for
the proton energy is quite accurate. Measurement A will not be in error

by as large an amount as C, because dn (hv) .is changing more slowly for
d (hv)
a photon energy that would produce a free-production meson energy of

57 Mev.
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C. An Approximate Correctmn for the Nucleon Nonrelativistic
Approx1ma.t1on

It is possible to make a rough correction to compensate for
the error produced by this nonrelativistic approximation for the energy of
the;nucleons_. - In the first placé, we recognize that the measurement of
proton .ehergy by the time -of-flight resolution is very broad; hence, .an
error of a few Mev in the proton energy will not produce a large error in
the final result, However, ‘as we,_ha_ve seen in the. last section an error of

' a._few Mev vin meson energy ip'roduces a lar.'ge' error for some measurements.
‘ ' _ Referrlng back to the last table, Wthh shows the error in meson
. energy, we not1ce that the free—producnon energles are shifted by about
5 Mev on the average, and thus the. error does not change more than a,bout
20 percenﬂ:,for photon energies from 240 to 320 Mev. Thus, the free-
' production peaks are shifted in energy by about 5 Mev.
. Figure 10 shows that if we go toward increasing meson energy
‘the proton energy decreases, and vice versa.

This. error caused by tho nonrelativistic approximation will
be worse for higher energy nucleons (i.e., lower energy mesons) and
better for lower energy nucleons(i.. e., higher ‘energy mesons). Thus, the
shift at the free -production peak is a kind of average shift over the meson
spectrum. Also, the spectrum weights the free -production peak the most:
heavily. '

Because of this kind of qualitative reasoning, it was decided
that a fair correction would be to extend the limit of minirhﬁm pPion energy
5 Mev lower, to compensate for the approximate. 5'-Me_v shift produced by
the nonrelativistic approximation. This was done only for the short delay,
since this is where the approximation is in error. ‘(For the long delay,
“the protons detected are of a,bout 20 Mev, and hence the approximation
is accurate)

The additional area produced by this integration is shown below:

A C
F NF F NF
16. 2 10.8 . 9.2 16.5
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If we add this correction onto the results obtained previously we get:
A B C D
F NF F NF F NF F NF

119 100 16.7 0.816 25,6 22.8 5.09 0.078

Now we can recompute our ratios. The results are:
B - < D
F NF F NF F  NF

0.140 0.00816 0.215 0.228 ~ 0.0427 0.0078

These results are certainly in much better agreement with the experi-
mental results for the ratio . C, which was in question. Figure 16 shows
‘a comparison of the experiméc}ltal results with the predicted results,

corrected for the nonrelativistic approximation used in the theory.

D. Discussion of Results and Conclusions

Probably the first conclusion is that a correct relativistic
calculation of the theory should be used to compare with experiment. The
work involved in calculating these spectfa is very lengthy, even when a
nonrelativistic approximation is made for the energies of the two nucleons.
A correct relativistic calculation would be much more lengthy. Dr.

Le Levier plans to make a correct rel.ativistic calculation, setting up the
calculations on a computing machine to make possible a solution in a
reasonable length of time.

So far as the rough correction for the use of a nonrelativistic
expression for the kinetic energies of the nucleons in the theoretical cal-
culations can be trusted, a few qualitative conclusions may be drawn from
the exper1menta1 results.

In order to be11eve that theory and experiment are both valid,
the ratio C should be predicted accurately, since this ratio involves as-
pects of thé theory other than the spin-flip feature. The correction that

was applied tends to bring theory and experiment into closer agreement.
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COMPARISON OF THE EXPERIMENTALLY MEASURED AND
THEORETICALLY PREDICTED RATIOS
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Fig. 16,

A comparison of the experimental
results with the predicted results.
The predicted results are corrected
for the nonrelativistic approximation
for nucleon energies used in the

theoretical calculations.,

8
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Hence this seems to be a step in the right direction. Furthermore, it is
a step that is justified by the qualitative reasoning of the last section, and
suggests that a correct relativistic calculation would give closer agreement
with experiment.

Both the ratios B and D suggest that the 1nteract1on is neither
all "fhp", nor all "no flip", %ut rathér something which is intermediate
between these two extremes. The predictions of B and D seem to be

o . : C . : . A
consistent with each other, which is reassuring.
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Appendix I. Energy and Momentum C'Qnservation,Equations
' ‘Applied to the Reaction.y +d =n~+p +p

pion

hv"‘

‘ Proton No. 1
R B Preton’sz" 2
" L_et : “ T1 = k1netlc energy of proton No. 1
| :TZ = k1net1c energy of proton No. 2 ..
T‘tr = k1net1c energy of the plon '
' TD-= k1net1c energy of the centerwof mass of the
- two nuclepns
S
P]L = (momentum of proton-No. 1) x '«
2 . . '
P2 = (momentum of proton No. 2)x £
S . : c .
P'rr = (momentum of pion) X £ 5.
PD = (momentum of the center of mass of the two
. nucleons) X C
. TD = k1net1c energy of the center of mass of the two
nucleons
€ = final relative kinetic energy of the two nucleons®
: : ‘ )
eg = binding energy of the deuteron
o = rest mass of the pion
_Eo =- rest energy of the proton

‘All the above quantities have the dimensions of energy. It is convenient

to ‘take the energy in umLts of Mev. The quantity £ is, of course, the
veloc1ty of 11ght in a vacuum.
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‘The conservation equations applied to this reaction are:

Energy Conservation: hy = EO-" +T, -!-'T]L + T‘2 teg

= E°-u +.T“ + TD+.ef teg

Momentum Conservation:

- e S N

v = P;" + P1 + PZ
- B +P
=P +Py

L These equatmns are. re]Lat1v1stlca.My correct 1f we use the correct rela-
. t1v1st1c relatwn between momentum and kinetic energy.
' . Le Levier solved the conservatlon equations usmg a non-

'relat1v1stlc approximation for the k1net1c energxes of the two nucleons, i.e.:

2
2E
o .
P2
Tz Tl
| ‘o
‘ 2 2
H : = —
ence: Tp=Pp (B + P,
Z5Y S S
—IM

Le Levier has put these equations into a concise form for calculational

purposes by making the following substitutions:

e S, S S N YL ¢

x = P
1 y=F2 2= Fx
hy . hv hv

m = Ky t - F € = .
T O - B

o
h¥ _ hv
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Then we have the kinematical relations:

T, = hv oo x% T,= hv_7q y?

| . |
..W“=(T +E () z:gm
ef:hv

-~ Now if we divide the’mjomentum-and énergy=conservation equations by

. hv we get them into the dimensionless form:

| 1 , = ,
energy: 1 =y & + 2 M x° +27 n y° + ¢
T e
D " f
Y § hv  hv
: 'morﬁ.ent‘um‘ = B
A R : =% + y + z

~If we solve the last equation for _;, square it, substitute in the energy

equation, and collect terms, we get an equa:tion of the form:

‘.lWhe_reV:' .'._B = -[‘ﬁm cos (O +x ) - cos x2

Now, if we constrain the pion to be at 120° and one of the protons to be
at 20° (i.e., at their free-production angles) by observing with counter

telescopes at only those angles, then clearly:

B=B(y)
C=Cl(v)
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. Thus, for every value of pion energy we select, equation (1) yields two
solutions for the protoh energy at 20°. Only one of these solutions is
observed experimenta.ily, since the second solution corresponds to a
proton at 20° whose energy is too low to detect.
‘ Having solved for x, one can then solve for all the other
quantities by using the kinematical relations. The results of this procedure

are illustrated in Fig. 10, -
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APPENDIX II.

Proton Energy at Counter in Terms of Production Energy

The range-energy curve for prvotons inACD2 can be presented by
. B
‘R = AT
p
where: A'=1,910
B =1.815

T proton energy in Mev

P
R

range in mg/cm.2 of CD,

~ for proton energies from 8 to 30 Mev with several percent accuracy.
Also, the range-energy curve for protons in air can be represented by:
D ’ ' !

" R =ET
_ p

where: R =.range in meters of air NTP

Tp = proton energy in Mev
E=0,01878
D=1,787

' for'protons_ '_fr,om 12 to 50 Mev with several pércent accuracy.
Now if:

~y = distance along the flighf path in meters
Tp = instantaneous energy of the proton in Mev
El- = production energy of the proton in Mev
z = point of production in the target measured from target face

nearest proton counter in mg/cmz‘,CD

2 Total target
thickness = 131 mg/cmz. |

: tp = flight time of proton in seconds

£=3x 10 meters/sec
M/c2= 938 Mev
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Using the fact that

T =1
p o MY

3
i
0.
<

o
o
1)
&

we can express Tp = T (El z, y) using the empirical range -energy

relations:
B D
B D - 1
Tp i "ZK _‘F -§ | D
y = 0.8 meter
Hence; tﬁp MC ‘
\/ (1%_1 y, z)
or:

vy =0. 8 meter

| e
e o= 17\|mc® | [GB_2\B |
PoENT ) TR

v . . Z],) 1
t ( ,z):_; MCZ 2ED ZD B =z §=*9_°_8_, il
.P-Fl ﬁ\iT(W -y -E)7TTEy 2P
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