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PRODUCTION CROSS SECTIONS
FOR POSITIVE AND NEGATIVE PIONS FROM CARBON
INITIATED BY 340-MEV PROTONS

Walter Francis Dudziak

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

April 1954

ABSTRACT

Production of w1 and n~ at 0° and 90° to a 340-Mev proton beam
has been studied with nuclear emulsions in both uniform and hetero-
geneous magnetic fields. Conclusions are:
(a) the peak of the cross section for 7 production at these laboratory
angles is at a much lower energy than for -n-+ production;
(b) the maximum pion-energy cutoff for 7 production is smaller than
for -n;+ production;
{c) the shapes of the m -production spectrum disagree with those pre-
viously reported, pafticularly at low pion energies;
{d) at low energies the plots of Tl’:t cross sections against pion energy
qualitatively resemble corresponding Bi decay spectra;
{e) integrating these spectra over the pion energy gives
a0 )78 r0%) | x(0%)
de - |de " T (90%) | 7 (90°)
cm?ster ! |em®ster t | »
0° |{21.0 £0.5 0.71£0.02 [29.5%1.2

o . 1 6.3+0.2 |1.67£0.09
90 3.35+0.07 0.43+0.02 7.84+0.4

~—

+

|=i

+
Angle do 8
1ab) x 16

(f) with the aid of Leonard's 1v800’resu1ts on wifrom carbon an esti-

mate is made of the total production cross section per C nucleus:
r=0.6% 0.7x10 27 cm?; 07 =(0.55£0.09x 10 2T em?; o 'n'-— 14+ 4;

(g) the dlsagreement between prev1ously published data on « produc—

tion at 90° is resolved for pion energies above 25 Mev;

(h) for the calculation of the ¢ -productlon cross section a more’ ap—

propriate zero-prong correction is 1. 35;

(i) the spiral-orbit principle is especially suited to the study of

charged-pion production at 90° to the proton beam.
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: PRODUC r].."ION CROSS SECTIONS :
FOR POSITIVE AND NEGATIVE PIONS FROM CARBON
‘ ~ INITIATED BY 340-MEV PROTONS

Walter Francis Dudziak

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

April 1954

I. INTRODUCTION

Among the many interesting experiments that will aid in the de-
vvelopment of meson theories is the measurement of cross sections
for pioﬁ production resulting from inelastic collisions between free
nucleons. There are of course three such problems, these being the
-measurement of pion production from a free proton-proton interac-

tion, from a proton-neutron interaction, and from a neutron-neutron

" interaction. A subtraction technique has been successfully applied

1,

in the study of the proton-proton interaction, and also in the study
of the proton-neutron interaction. 3 Since for the p-p case a polyethy-
lene ta‘rgetgu'(CHZ')n, is dsed, and for th‘e p-n case a deuterated poly-
ethylene target, (CDZ-)n, is used, a detailed study must be made of
‘pion production from carbon, at least over the pion energy region de-
fined by the conservation laws when these are applied to the problem
of pion creation in free nucleon-nucleon collision.

-Extension of these studies of pion production from carbon at 0°
to the proton beam was prompted by the fact that, in a preliminary
su.r‘vey[-1 of charged-pion production from carbon, much larger positive-
to-negative pion ratios were observed than were predicted by the (A+Z)/
(A-Z) ratio or by earlier production studies from complex nu,clei5 at 90°
to the proton beam. The (A+Z)/(A-Z) ratio would be expected, at least
for pions in an energy interval where the nuclear Coulomb barrier ef-
fect can be neglected, if the protons and neutrons in the carbon nucleus
had equal cross sections for pion production and if the {p-n, 1r+) reac-
“tion had the samve probability as the (p-n, m ) reaction. Although a var-
iation of this ratio was predicted on grounds of the Pauli principle,
nevertheless, the observed preliminary data disclosed that the produc—

tion of negative pions by incident protons was suppressed more strongly
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than the Pauli argument, as presented, would indicate.

The stimulus for the studieé of pion production from carbon at
90° .to the proton beam was the ‘i~ngenious principle of large solid-
angle focusing ﬁr‘st proposed by I\/ﬂ[i;rav.moto7 and developed principally

8,9,10 Sa 10 9

by Miyamoto, gane, Iwata, * Kotani, 9 and Sakai. ! The

principle, now commonly referred to as the '"Spiral-Orbit Principle'!,

12_’ 13 The purpose of

was first introduced to this country by Sagane.
the principle as applied to the study of charged-pion production™~ was
the accurate determination of n+/ﬁ- ratios from complex nuclei. The
principle was not applied to measurement of pion-production cross
sections because of the forbidding complexity of calculating the varia-
tion of the solid angle in a study of charged-pion production when pion
energies exceed the stable-orbit energy. An experimental method was
proposed3. to surmount this dilemma. This is discussed in Section III.

The choice of carbon for the study of the solid-angle variation was
- chiefly because of the 1r+ -production data obtained in earlier experi-

*“ on this element at 90° to the proton beam. However, it was

ments
found not only that the 1r+ data as reported were inconsistent between
the two experiments,; but also that the two expressions, as they were
used for the calculation of these cross sections, were generally in dis-
agreement. 14,15 As a result a more refined experimental study was
made on 'rr+ production from carbon at 90° to the proton beam.

A possible way of resolving the difference between the two meth-
ods of calculating the cross section is also discussed. An application
of the prop'osed calculations results generally in good agreement of
all experimental measurements on -a-+ production from carbon at 90°
to the proton beam.

The cross-section determinations that are discussed have been
made with nuclear emulsions. It is well known that many of the n
mesons are brought to rest in the emulsion without producing observ-
able disintegrations. 16 A very significant factor, which will affect
the true value of any 'tr+/1'r_ ratio as well as the w_ production cross
section, is an accurate knowledge of the number of ""'starless" T mes-
ons that stop in the emulsion. Some earlier experiménts determining
the fractional contribution of ""starless'' w mesons have been i'eporte

17 -
ed. These are reanalyzed and compared with more recent data.
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II. GENERAL DESCRIPTION OF THE EXPERIMENT

- Two different methods were employed for the measurement of
positive and negative production cross sections at 0° and 90° to the
proton beam. A uniform magnetic field was used for the study of ni
cross sections at 0° and 17+ cross sections at-90°. In this case the
target dimensions perpendicular to the direction of the proton beam
were large in comparison with the cross sectional area of the beam.
Thus the conditions of infinite target and finite beam were easily ap-

proximated and the cross section was determined by the relation

2
d o(T_,6) N _(T_.#8) -
- T = cl__“___"_ . _ (1)
‘dT"dQ o Nppt .
where C., is a measurable geometric factor, N (T s 6) is the number

1
of pions per cm.  per Mev that are incident on the front face of the ab-

sorber containing nuclear emulsion, Np is the total number of protons
that have passed through the target, and Pt is the number of carbon
nuclei per cmz,., The « /1r ratios at 0° to the proton beam are de-
termined by first obtaining both the positive and negative pion produc-
tion cross sections and then dividing one of these by the other.

The w production cross sections and the w+/11'- ratios at 900 to
the proton beam are obtained by using a heterogeneous magnetic field
shaped to conform with the spiral-orbit principle. This principle is
based on the fact that a charged particle describes a spiral orbit if
it starts radially from the central axis of a heterogénedus magnetic
field that is axially symmetric and decreases gradually as the radius
increases. When .a certain relationship between the field strength
and the momentum of the pafticle is fulfilled, the orbit converges to
a definite circle. For these 900 studies the conditons of infinite beam
and finite target were approximated by keeping the target dimensions
(perpendicular to the direction of the beam) smaller than the cross-
sectional area of the beam. Thus the cross section for pion produc-

ion can be determined from the relation

2 X
doe(T 6) q (T ,6)
L S c, L S ) ‘ (2)
dT d Q I N '
i Pt
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where CZ is an empirical geometribc fa'c'tor,. q'_n_(Tw,G) is the observed
pion derzlsi'ty in the nuclear emulsion, I‘p is the total number of protons
per cm incident on the target, and N, is the total number of nuclei

- comprising the target.

One of the purposes of this study is to determine empirically the
behavior of the geom.etric factor, CZ' Once this geometric factor is
accurately known, the ¥ -production cross sections for carbon, or
for that matter, the w# cross sections for any element, can easily be
determined by using Eq. (2). It has been showin13 that for the meas-
urement of any 1r+/1r_ ratio by the spiral-orbit principle only a know-
ledge of a_ is necessary. It'was in this way that the "rr+_/1r_ ratios from
carbon at 90° to the proton beam were obtained. As a result two al-
ternative ways were available for obtaining the cross sections for w_
production at 90° to the beam. One of these was tvo determine the be-
_havior of CZ and use Eq. (2). The second method was by direct cal-
culation from the accurately determined 1r-/1r+ ratio and the cross sec-
" tion for -w+ prdduction. The second of these two methods was used be-

cause at this time it yielded the more accurate results.
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'III. DETAILS OF EXPERIMENTAL PROCEDURE

A. Proton Source and Collimation

For these studies the electrically; deflected proton beam18 from
the 184-inch synchrocyclotron was used. In principle, the mechan-
ism for producing the deflected beam is shown in Fig, la. As illus-
trated, a portion of the full-energy circulating proton beam enters a
120° sector of an electric deflector. The radius of the deflector at
the beam entrance is approximately 81-1/4 inches and at the beam
exit about 77 inches. A pulsed voltage of approximately 200 kilovolts,
having a 0. 1-microsecond rise {(from 10 percent to 90 percent of full
voltage) and a duration of 0.2 microseconds, is applied by a pulse
transformer‘,' This action causes an inward motion of fhe proton,
resulting in a displacement of its orbit.. This displacement of the
orbit permits a certain fraction of the beam to enter the channel of
the magnetic deflector. The magnetic deflector is in reality’a mag-
netic shunt. Thus the strength of the magnetic field within this chan-
nel is reduced without disturbing the orbits that have not undergone
displacement. This reduction in field strength causes a large in-
crease in the radius of the proton path, resulting in deflection of the
proton into an 8-inch-diameter evacuated tube leading to the experi-'
mental '"cave'. A focusing magnet about 7 feet from the vacuum
chamber bends the beam through 18° so as to direct it to the cave,
and also brings it to a horizontal focus approximately 24 feet from
the magnet in the cave. Either a pair magnet or a 22-inch spiral-

orbit spectrometer was placed here. The final beam dimensions,

"determined by the 48-inch snout collimator, were adjusted accordingly.

B. Experimental Studies with Uniform Magnetic Field

(Pair Magnet)

1. Detailed Description of Experimental Method

19

It has been shown ™’ that with this external proton beam a very
simple method can be used for measuring absolute cross sections for
pion production from any element. This in turn was modifiedzo to
permit the studies of these cross sections at any angle to the proton
beam. The method has been s’canda.rdizedl so that the comparison of
the measured cross sections at different angles, from different ele-

ments and by different experimenters, was simplified. The changes
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(b) poor -geometry pion detector, and

(c) poor -geometry experimental arrangement.
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that were introduced consisted of a more flexible plol.e tip and method
- of alignment of the proton beam. '

. Figure lc illustrates s.chematically the experimental arrange-
ment. The proton beam was collimated by a 48-inch rectangular col-
limator having cross-sectional dimensions of 1-1/4 inchés vertically
and 3/4 inch horizontally. The collimated beam passed through an
accurately calibrated (afgon—filled) ionization chamber (Appendix),
which measured N_, the number of protons incident on the target.

The beam then traversed the carbon target, which was placed in-a uni-
form magnetic field. Positive and negative pions produced by the in-
teraction of protons with carbon nuclei in the forward direction were
magnetically separated from the proton beam. Of these created pions,
only those of small energy and small angular intervals were selected
by brass channels; they were magnetically bent through approximately
900, These pions were incident normal to the front face of either an
aluminum or a copper absorber, which contained nuclear emulsions
(Fig. ib)u The pions were stopped through their ionization loss in the
absorber, and the incident number N"(Tn, g ), was determined for each
energy region by the measured pion density, qn'(TTr’ é)v)\, in ‘the nuclear
emulsion.

Except for the lowest pion energy, only one energy interval and

one type of charged pion were investigated at one time. To measure
the cross section for the pion of opposite charge in the same energy
‘interval, the magnetic field was reversed by a reversing switch and
the magnet was realigned. Furthermore, an additional channel sec-
tion was added for the measurement of each negaiive cross section.
'This‘chvan.nel section was not used during the positive-cross-section
measurement because it would extend into the proton beam. For the .
lowest pion energy the negative and positive cross sections were meas-
ured during the same exposure. '

In no case was an exposure made before the alignment was better
than 1/2 degree. This was accomplished by means of a template (1/8-
inch brass or 1/4-inch plywood) for each channel energy, to which the
channel sections were fitted. Proton and pion trajectories were ac-
curately scribed on this template. Two film holders, which were a-
ligned and firmly fixed to the template, contained pierced unexposed

X-ray film defining the desired center of the proton beam (Fig. 1c).
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In addition, each film holder contained a small arrow-shaped proton
absorber located at the desired beam positon. Two-second exposures
were taken at low beam level, yielding light x-ray-film exposures.
Any misalignment was easily determined by measuring the distance be-
tween the x-ray-film holders and the images of the two arrow absocr-
bers appearing on the second x-ray film.

The study of the 900 spectrum of 11-+ production followed the same
basic principle. For these measurements the face of the carbon tar-
get was placed at an angle of 45° to the direction of the beam, while
the channel was so set that the mean pion trajectory (defined by :che
channel) left the target at 90° to the direction of the beam. In this
case three x-ray pictures, one of which was located at the target po-

. sition, were taken for the purpose of alignment.

2. Magnetic Field and Channel

The magnetic field that separated the pion and proton trajectories
and deflected the pions into the detector had a maximum field strength
of 14. 4 kilogauss across a 3. 4-inch gap. The area of the face (Fig. 1c)
was large enough't‘o permit a deflection of 70° for a 160-Mev pion in a
uniform field (2% variation) at a 14. 0-kilogauss setting. The magneti-
zation curve (from 5.6 kilogaués to maximum field strength) at the cen-
ter of the pole face was obtained with a proton magnetic resonance meth-
od. Field uniformity measurements were made with a flip coil, which
had previously been calibrated by the proton magnetic resonance method.
Furthermore, a magnetization curve (from 7.0 k1logauss to maximum
field strength) was obtained with a flip coil at approx1mate1y 3-1/2 in-
ches from each of the four edges of the pole face., The departure from
uniformity increased with field strength to 3 maximum variation of 2.2%
at maximum field between the center and the 3-1/2-inch position of the .
three pole-face edges. The channel was positioned in such a way as
to take full advantage of the uniform field.

Five different channels for covering the 0° pion spectra aﬁa four
channels for the 90° 1r+ spectrum were used. The channels have sev-
eral purpo'ses'° They serve as shields for the detectors by preventing
particles that leave the targ'et at angles other than 0° from reaching
the emulsion. Furthermore they per'mif only those protons to reach the

‘absorbers that have the same momentum range: as the pions. For all
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channels this proton momenturn range is bélow the threshold for pion
producfion in the absorbers containing the emulsions. 'As a'result the
largest source of pion contamination is eliminated. Contaminating pions
“are also produced by protons that are scattered from the tafget into
the pole faces of the magnet. Because of the critical channel require-
ments this source of pion contamination is greatly mirﬁmiZed, For
the calculation of the cross sections this contamination was considered
negligible, because no nefative pions were found in the ;r'r+.pl.'ates and
only five positive pions were obs'erv‘ed‘ in the entire volume of emul- '
sion used for the measurement of the m° cross sections at 0°. '
+'The ‘minimum width of the channel, which is fixed by”the!: require-
ments of ""poor geometry'', defines the angular acceptance of the de-
tector. For the 1r+ spectrum at 0° the accepted half angular spread
was 2. 50,, whereas for the ¢ spectrum, and‘v the 1r+ spectrum at 900,
the accepted half angular spread was 2°. This minimum width likewise .
provides a selection of the energy interval by accepting 'onfy'those pion
trajectories with the correct curvature. ‘In all case’s this 'eﬁergy inter -
val was broader than the energy interval of the scanned emulsion.
- A'mean lateral displacement of the pion from its origihal trajec-
tory is introduced through multiple Coulomb Scatté“ring, which it un-
“dergoes when the pion energy is degraded in the absorber. “The de-
sired condition of poor geometry is that the c'ross—SeCtidhé.i'&imensions
“of the absorber on which the pions are incident, and therefore the dimen-
sions of the minimum width of the channel, be large compared with this
lateral displacement, Thus the necessary condition of poor geometry--
that as many pions have scattered into that part of the pion beam which
stops in the scanned region of emulsion as have scattered out of it-~
can be assumed as fulfilled. J
Two methods were considered for,éalculating this-lateral displace-
.ment. One. of these consisted of using the modified 1 Fermi distribu-
tion functions for the:lateral and angular displacement of charged par-
ticles that undergo multiple elastic scattering in passing through mat-
ter. These distribution functions were generalized to take into account,
toa go_oa approximation, the energy loss of the charged particle along
its scattered trajectory. The second method was to use the approxi-

mate but simple relation, 2?’ v = 0.03 R\/Z_v; where R is the calcu-

v rms
lated range of the pion in an absorber whose atomic number is Z.
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The two methods yield different results. A plot of the lateral displace-
ments from the two methods against pion energy shows a crossover at
a pion energy of 30 Mev. The resulting values continue to diverge with
increasing pion energy so that for a 110-Mev pion the simple relation
reports a lateral displacement three times as large as that which is ob-
tained from the modified Fermi functions. To insure that the poor-
geometry conditions were met, the channel was designed in such a way
that the total minimum width was about 7 Vrms® where for Yerms the
larger value obtained from the two methods was chosen.

For such a geometry it has been shown23 that the solid angle sub-

tended at the target by a unit area at the emulsion which is perpendicu-

lar to the undisturbed trajectory of the pion is given by

— - s 5

dn ' 1 1 (3)
dA 2 si
p“P sin ¢ C

1

where p is the radius of curvature of the mean pion trajectory in the
channel and ¢ is the angular distance between the center of the target
and the center of the planned scanning region in the absorber. This
relation was obtained by’ considering that the trajectories lie in a plane
perpendicular to the uniform magnetic field. - A small error is intro-
duced by the use of this formula for pions whose trajectories have a
small component along the direction of the magnetic field. Since the
target and the sensitive area of the emulsion were finite in size, this
condition did exist. For the dimensions-used in this experiment, how-
ever, this error was less than 0..1 percent, '

3. Targets

The effective area of the carbon targets was defined by the col-
limated proton beam. The targets varied from 0.511 g/cm2 for the
lowest pion energy to 1. 540 g/cm2 for the highest energy, and each
was of uniform thickness. The thickness of the target introduces three
-undesirable factors into the experimental results:

(a) The proton energy loss in the target increases with thick-
ness. If this proton energy loss becomes appreciable, a correction .
to the measured cross section that is obtainable from the excitatian
function for pion production becomes necessary.

(b) The thickness affects the pion-energy resolution for the

measured cross section, because pions emerging from the target with
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' that energy interval that is selected by the channel are produced at

different depths in the target. Hence we cannot’ éurely know at what
-energy these pions are created, because as the pions pass through the
target to the point of emergence, variable amounts of 1.:heir original en-
ergy are lost. _ ,

(c) A thick-target correction resulting from this random posi-
tion of pion creation must be applied to the measured cross section.

The magnitude of this correction increases with target thickness.

In choosing the thickness of the target for each measurement of the
cross section a compromise was made between these factors and the
tolerable pion-to-background ratio in the emulsion. |

The volume of each target was obtained from its dimensions,
which were obtained by micrometer measurements. The densities of
the targets were calculated from the measured weights and volumes.
From these measurements the number of carbon nuclei per cmz, Pys

in each target was determined by the relation

A

A .

."where D, t and A are respectively the density, thickness and atomic

‘number of the target, and Ao is Avogadro's number.

4, Pion Detection

The nuclear-emulsion technique used as the rhode of pion detec-
tion consisted of étﬁdying the endings of the stopped particles in Ilford
C-2 200-micron nuclear emulsions. The poéitive pions were identi-
fied by their characteristic w-p-decay endings, while most of the nega-
‘tive pions were identifie.d by the star that results from the disruption
of the nucleus following nuclear capture of the pion. A great aid for
this method of detection was the choice of the angle a at which the emul-
sion was inclined to the median plane of the magnetic field. It was 15°,
‘therefore most of the pions entered the surface of the emulsion at small
angles, and as a result were easily distinguished from the background
through their characteristic scattering and the rapid change of grain
densify as the pions approached the ends of their ranges. These were
the criteria used for distinguishing starless negative pions from pro-

tons having the same residual range.
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‘ To stop the incident pions, the nuclear emulsions were imbedded
_in.aluminum absorbers for_piori energies below 60 Mev and in copper

. absorbers for larger pion energies. The emulsien holders held the

leadiné edge .of the emulsion 0.3 inch from the median plane of the mag-

netic field. For each cross-section measurement three different ex-
~posures were obtained in one run; the lower holder was kept in place
throughout the exposure period, while the upper holder was replaced
by another one part way through the exposure. That emulsion found,

o development, to have the most favorable pion-to-background ratio

- was .used for.the measurement of the cross section.

‘The total number of pions of energy Ti incident per unit area on
the face of the detector, in a given energy interval AT, is N(Ti)lAT;
. these can be related to.the density of pions in the emulsion, q(Ti). For

-, simplicity in Fig. 2 the approximation is made that the pion paths in

. -;.the absorber are straight lines..' These trajectories are not straight,

_ ,however; (see below), and the following relations are not dependent on

this approximation. . :

. Consider an element of volume of Ithe emulsion whose true thick-
ness is d (Fig. 2). The number of piens in the energy interval AT
that stop in-the emulsion is given as n, which is equal to N(Ti)ATAA,
where AA is an .element ef area perpendicular to the pion path at the
emulsion. This element of area could be the area a. g where § is the
scannlng distance, perpendlcular to the plane of Fig. 2. The energy of

| an observed plon can be expressed in terms of its true range R, i.e.,
' T(R) T {M + R! [T (x)I}

Ml is the length of the pion path in the absorber before entering the
surface of the emulsion, and x is the length of that part of the path that
lies in the emulsion. T?I(X) is the energy of the pion of range x in the
emulbs_ion; R'(T')_'is the range of the pion of energy T' in the absorber.
~From this expression we can obtain a relation between the pion energy
‘interval AT, which corresponds to the effective thickness of the emul-

sion dcsea, Thus

: ] ! ! 1
R, AT R &R AT’ .
dx dR dR' dT' dx

AT =

& 15
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dR
. AT _(dT> \absl (5)
dR T1 abs (—d—T
dRem T!
. dR
since —— = 1,
dR!

Where>subscripts abs and em refer respectively to measurements of
“these qué.ntitiés in absorber and emulsion, while Ti’ as previously,
refers to the mean pion energy as determined by the channel.. Equation
(5) must be averaged over all possible value.s of T'. - For the case where
Ax = d. csca these values of T' vary from zero to Tm, where Tm is
the mean energy of a pion whose mean range in emulsion is d. ¢csc a.

As a resul\t the average value of AT for Ax = d-csca is given by

R

AT = (2,5) abs Ax .
o dr T. abs Rem T 30
1 . m
‘Since n'(-T’i)' = N(T;) AT AA, then
n(T,) n
N(T,) = ! = , = =
AT DA (gg) ( . abs) A AA
dr T. ‘abs‘\ em T
1 m

q(Ti)

Rabs
R
bs T

(6)

em
_ i m

This is the desired relation between (a) the total number of pions of

energy Ti per cm2 per Mev that are incident on the face of the absor-

ber and (b) the density of these pions at this energy in the emulsion.

1

For these experiments the following values for were used: for

R
copper 0.420; for aluminum 1.165. As shown in %‘Tg. 18 b, where

the calculated values of these ratios are plotted against pion energy,’

¢
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only a 2. 6% variation is expected in this ratio for pion energies from
2 Mev to 9 Mev. The value for the energy Tm should lie within this
energy interval. _

The number of pions that had stopped in the emulsion was deter -
mined with a microscope using a 97x oil-immersion objective and 6x
eye pieces. This microscope was equipped with a special stage that
enabled the observer to reset the microscope with an accui'acy of about
2 microns. With this arrangement the scanned area was accurately
measured. For all tl&ese experiments the emulsions were scanned by
the same observer. A series of checks was made on the scanning ef-
ficiency during this period by (a) rescanning by the original observer
of areas selected at random, (b) rescanning by new scanners of areas
selected at random. For this second method a total of 385 1r+ -mesons
was found by new scanners having an estimated efficiency of 85%. In

| this total number not one meson was found that had not been recorded
previously. On the basis of these results, and also because of the fa-
vorable pion-to-background ratio, a scanning efficiency greater than
97% is assumed.

The thickness of the emulsion was measured in two ways: (a) A
difference micrometer was used to measune thecombined thickness of
the glass and the emulsion immediately before exposure. For each
plate the mean of 14 readings was taken. After the development, these
same quantities were measﬁred again, as well as the glass thickness |
alone, for each plate. To permit direct measurement of the glass a
1/4-inch region of the emulsion was completely removed from each
end of each plate. (b) A microscope with a calibrated rack was used
to measure the thickness of the emulsion at the scanning region. The
measured shrinkage factor was applied to this value to give the true
thickness of the undeveloped emulsion. An average of the measure=- -
ments by micrometer and by microscope was taken whenever there
was a discrepancy of 2% between the two measurements. Otherwise
the value obtained from the mic‘rom\‘eter measurefnent of the emulsion
thickness was used.

The energy Ti of the pion incident on the face of the detector was
obtained from the relation between its momentum, its mean radius in

the channel, and the strength of the magnetic field. The value of this

.
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energy was converted to the mean range of the pion in the ‘absorber by
modifying, in the conventional manner, the range—energy'table524 cal-
culated for prdtons, The actual position in the absorber of this calcu-
lated range (which determines the position of the scanning area} is in-
fluenced by several factors that affect the energy of the pion upon its
passage through matter. These are: (a) small-energy-transfer inelas-
-tic . events, (b) the variation of the nuclear absorption and large-angle

..scattering cross section with energy, (c) elapsed flight time of the pion,

.. {d) energy distribution of the incident beam, {e) range straggling, and

.. (f) multiple Coulomb scattering. The first three have but a minor ef-

- fect on the range shortening. They are, however, considered as cor-
rections to the measured cross section. The last two factors must be

‘considered in detail, for they may have a considerable effect on pion

. range shortening, particularly in the low-energy region.

An illustration of this range shortening for monoenergetic proton
. and pion beams is presented in Fig. 27 and Fig. 14b. Figure 27 is a
plot__of the region near the end of the projected range in copper for a
340-Mev proton beam. As explained later, this is not an integrai
range curve. As the calculated range in.copper for a 340-Mev proton
is 92.7 g/cmz_,.. the possible range shortening in this case is estima-
ted at 3%. . | | '

' Figure 14b is' a plot of a portion of the projected range-straggling
. curve for 9.2-Mev pions in aluminum. In this case the peak of the pi-
on distribution may have shifted to 69% of the actual calculated range.
This estimate may in part be substantiated by the projected range curve
for a monoenergetic 8-Mev beam of p.ions in emulsion, 25 where the p/eak
of the observed pions occurs at approximately 68% of the calculated
range. Such large differences between the calculated range and the pro-
jected range at which the maximum pion distribution occurs is not ex-
pected for high-energy pions, However, account must be taken of this
.gradual fall-off of the integral range curve for pions, since the loca-
tion of the correct scanning area is vital to the success of this detec- |
tion technique. It is obvious that an erroneous choice could not only
seriously influence the apparent shape of the observed spectrum but
~also alter the over-all magnitude of the total cross section.

For the study of a slowly varying continuous spectrum, this prob-

lem of proper location of the scanning region is greatly simplified.
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Since the channel is designed to accept pions of a definite energy dis-
tribution, it may be assumed that the pion distribution in the absorber
as a function of projected range is Gaussian for each energy within
this interval. A fold of these Gaussian distributions for all the accep-
ted energies,produces a.sizable flat distribution of pions in the absorb-
er about the position of the projected range for a pion whose mean en-
ergy is defined by the channel. The probable position of this projected
range was obtained by calculating the_rénge-shortening resulting from
multiple scattering and range 'straggling by the previously reported
methods. 23,1 v
The scanning area was chosen in such a way that when these con-
siderations were taken into account, the accepted half angular spread
about the mean angle of observation corresponded to the previously |
mentioned values. For all but the lowest energy, the séanning inter -
val corresponded to an energy spread that was appreciably smaller
than that introduced by the target. For these cross sections the en-
ergy half width of the production target was taken as a good approxi-
mation for the energy resolution. For the lowest-energy cross sec-
tions the reverse situation existed, and therefore the energy half

width of the scanning area was used for the energy resolution.

5. Calculation of the Cross Section

By combining‘equations 1, 3, 4, and 6 one arrives at the expres-
sion for the differential cross section, ‘

2
R A
abs Nth(—-9> <d§2>
R T A dA
m

dTd Q | _d_T> '
T

drR

d“o (T, 8 ) ATy, 0
abs em

. . 2 -1 L= -1 . .

(in units cm Mev ~steradian 1nucleus ), which was used to calcu-
late the results presented. Three corrections were applied to this
calculated cross section.

a. Correction for pion decay in flight

Because of the unstable nature of pions, some of those pions cre-

ated in the target decay before vreaching the emulsion. The relative
‘ 26,27 ’
T

probability that a positive or negative pion of mean life

2,54 x 10-8 sec survives a time T(Ti) in its proper frame is
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.eXP-('r/’rﬂ ). The value of T(Ti.) was -obtained by integrating
2 '

" m ¢
dr = dtV1 —-vz/\c'2 =T ds -

2

p; ¢

over the entire pion trajectory. Here dt represents the correspond-
ing time in the laboratory frame of reference; v, m_, and p; are re-
spectively the velocity, rest mass and momentum of the pion; ds is
‘the element of the path length traveled in time dt; and c'is the velocity
.- of light,. The elapsed proper time during the pion' s flight in air, T ip®
is easily calculable,_,as the change in pion momentum is negligible in

- air. This time is given by,

2 | 2\L
m_c . 11 ™, €< 2
‘T = p¢'-3.3x10

air 2

. - 1
1.565x 10 > i)I-I— seconds,

j .,Where pis the mean radius of the channel and ¢' (expressed in ra-

’A dlans) is the angle through which the tra_]ectory of a pion of energy

T1 (M_ey).ls »bent in air by a uhlform maghetlc field of strength H (gauss).
To compute the elapsed proper time Tabs in absorber, two ap-

proximations were made: (1) the pion momentum in the absorber is

givén by the ndnr’elativistie approximation p2 =2mT_; (2) the empiri- -

cal range-energy relatiohzs, T“_ = KRO >8 \:/rhere Ky is a constant of

the absorber, can be used. As the time spent by the pion in absorber"

is approximately 10% of its time in air, the errors intrcduced by these

‘approx1mat10ns can be neglected Then

5 1

| m _11 ™, 2
Tabs T_ ds = 4,70 x 10 ‘“ R sec,,
- abs ) P .,Z'\/‘—' RO 29 2T :

where R is the range in centimeters of absorber. The total lapsed time

'r(T ) = T, *t Tabs and therefore the calculated cross section was mul-
t1p11ed by exp [108'1'(T )/2. 54] ' A

b. Correction for thick target

The quantity measured in the experiment is the number of pions

of energy T emerging from the target in an energy interval AT that
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is defined by the channel. These-pions have been produced at various
dT

depths in the farget with energies T' = T+<-a-§—)T! 0x, where 0x is the
mean target thickness between the point of pion creation and its point
of exit from the target. Therefore a relation must be obtained between
the energy interval at production AT' and the observed energy interval |
AT. We may express the pion energy at production as a function of its
mean range R in the target material by T' = T(R) = T' [6x+-RE'(T)]
where RE (T) is the mean range in the target material of a pion with
exit energy T. As this expression is a function of T and .0x, we can

differentiate with respect to T while holding 0x constant to obtain the

relation } o
‘. T

AT =
(2t
dR |T'

Since this result holds for any fixed 0%, it must be averaged over the

AT . - T (8)

range of the possible §x values. The values of §x vary from zero to

t as T' changes from T to T + 0T, where §T is the mean energy loss
through the target of thicknéss t of a pion that was created at the front
face of the target and emerged with an energy T. An average of Eq. (8)

over the range of 0x for a fixed energy T gives

aT _ (.,_) I3
PN
AT dR TGT |
The calculated cross sections ar"e multiplied by this factor and are re-

‘ported as though the pions originated at the center of the target.

c. Correction for nuclear interaction and large-angle scattering

in the absorber

As previously stated, some of the pions incident on the absorber
are removed from the pion flux at the emulsion by nuclear absorption
and large-angle scattering during the slowing-down process in the

29, 30

absorber. The available experimental data for such nuclear in-

teractions on various materials and at several energies are mainly in
the form of total cross sections, and are not too reliably separated
into contributions due to inelastic scattering, to nuclear absorption,
and to large-angle elastic scattering. To make an accurate correc-

tion for these effects one needs information on the energy dependence

il
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of these components of nuclear interaction. As this is not available,
an approximafe correction to the cross-section calculations can be.
made, since the experimental information on these effects suggests
that the assumption of geometric nuclear area 'rrrz for the total riu-
clear attenuation cross section 0, may be satisfactory. Therefore
each calculated cross section was multiplied by exp{upt) where . =

' caAo/A, A is Avozgadro‘s number, 1p3t ils/ghe thickness of the absorb-
er in grams per cm , r = 1.4x 10 A cm, and A is the atomic
weight of the absorber.

6. Experimental Results

All experimental results are presented in tabulated and plotted
form. | '

a. Positive-pion cross sections

1. Table I contains the data obtained for production of positive

pions from carbon at 0° to the proton beam. It is based on 1281 pion

d-g

- ' 2 %
events. The following notation isused. The expression< )
uncorr

dTdQ

represents the calculated differential production cross section in units
2 - - -
of cm Mev lsteradian 1nucleus 1 for energies of pions that are cre-

ated at the center of the target, as it is obtained from Eq. (7). The

d20'+ : dZ +
expression + is the value of|. 9 - after it has been
a, b uncorr

dTdQ dTd

corrected for (a) pion decay in flight, and (b) thick target. Likewise

d20'+ . dZ +
| —— is the value of g : when corrected for (a) pion
dTdf dTdQ

a, b, c uncorr

decay in flight, (b) thick target, and (c) nuclear interaction and large-

2 +
and(d g >
b deQa b, ¢

9 14

: . S 2 +
angle scattéring in the absorbér. A plot of do
dTd 2 a

as a function of pion energy is presented in Fig, 3. On this figure the

probable shapes of the experimental spectra are sketched in for these
2 +
two cases. The area under the curve for (d g

dTdQ

) was obtained by
a, b

9 3

means of a histogram. This value appears in Table I. The errors

given are probable errors of purely statistical origin.



Ta‘bl_‘e 1

_ . Cross Sections for Positive-Pion-Production from Carbon at 0° to a 340-Mev Proton Beam

d20,+ % 1030 Corrections a“g" % 1030 d20+ < 1030
T n dTdQ C - ‘ dTdQ dTdg
T T uncorr . a, b /a, b, c
; (a) (b) (c) > fasbyc
' No. of cm 3 Time of Thick Nuclear cm _ cm
(Mev) pions Mev-Ster-Nucleus flight target’ interaction Mev-Ster -Nucleus Mev-Ster-Nucleus
15,7 -79 ©3.63 % 0.28 1.15 1.06 1.02 4,24 + 0,34 4,49 + 0. 34
37 153 6.15+ 0.34 1.10 1.04 1.08 7.00 %= 0,38 7.56 + 0. 41
56 173 9.20 % 0. 47 1.09 1.03 1.18 10.34 + 0.53 12,16 + 0,62
72 284 11.62 + 0, 46 1.08 -1, 02 1.23 12,73 0.5_1 15.72 % 0. 63
90 242 14,16 + 0,61 1.08 1.01 1.35 15.42 + 0. 67 20.76 = 0.90
112 202 10.69:|:0.50 1.07 1.00 1.52 11.46 + 0.54 17.38 + 0.82
132 123 8.97 £ 0. 54 1. 06 1. 00 1.70 9.55 + 0. 58 16.19 % 0.98
0. 40 1.06 1.00 2.04 3.18 + 0.43 6.48 + 0,87

162 25 3.01 £

_92_

C aet - 2
Based on 1281 Pions |ZZ = (21.04 + 0.50) x 10”°% cm
daQ AN Ster -Nucleus
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2. Table II contains the results that were obtained for posbit'ive-
pion production from carbon at:900 to the proton beam. These data

are based on 1071 1-'r—.u—decafys, In present1ng these results the same

. o 2+
notation.is followed as in Table I Plots of (4@ _ and
U . deQ R
[\ S ab
g as a function of pion energy are presented in Fig. 4.
d T4 - - ' '
a, b, c
5 The prohable shapes of the experimental‘spectra are sketched in for
.the two cases. The area under the curve for d’o was ob-
S B ' ' \dTd | _.
a, b, c

.';_tamea by means: of & h1stogram Th1s 1ntegral value ‘appears in Table
11, The errors’ ‘given are probable errors. '

.b.. Cross sections for negative pions

1. Prong distribution

' It is a well- establlshed fact that slow negative pions interact
strongly w1th complex nucle1, and that these pions, if brought to rest
in the emuls1on, frequently produce observable nuclear disintegrations.
It'is also well known that some negat1ve pions, when brought to rest in
emuls1on, produce no observable events The requlrement of Egq. (7)
for w cross- sect1on calculat1on is an accurate knowledge of the total
numher of negatxve p1ons that stop ‘in a given volume of emulsion. Be-
+"cause the production cross sections from proton bombardment are usu-

‘.',.-mally much smaller for negat1ve p1ons than for positive pions, much long-

""'er exposures are necessary if a 51gn1f1cant number of negative pions
are to be observed. As longer exposures introduce a larger background
in the emulsion, it becomes progresswely more difficult to identify the
starless negative plon end1ngs The accepted procedure for measuring
am 1product1on cross section is to determine the number of star-form-
ing negative pions in a g'lven volume of emulsion. Therefore, in addi- -
t,‘iion to the three corrections that were applied to Eq. (7) for the cal-
culation of the i cross section, another correction must be introduced
for the calculation of the T cros,s,section. This can’be considered
either as a correction for the detection efficiency of an observer using
the emulsion technique for observing negative pions, or as a zero-prong
, correction. So as to minimize the over-all systematic error, it is im-

portant to analyze this correction factor;:
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. o T . L . o : . .
Cross Secticns for Positive-Pion-T’roduction from Carbon at 96~ to a 34G-Mev Proton Beam

Rt B . 2 +\- 21
do )y 1()30 Corrections’ d J >x 1_030v ! N B 1030

T_ n_ daTds / - : aTdQ : dTdQ o

. uncorr “(a) ) ll(c):" ST a, 'oZ ) a, IZ,C .

' No. of . crm - Time of ~Thick  Nuclear ' . cm . . cm_ .
(Mev) pions Mev-Ster-Nucleus flight target _interaction = Mev-Ster-Nucleus Mev-Ster-Nucleus
16.4 157 3.37+ 0.18 1.17  1.09, 1..02 4.31+0.23 - 4.38 + 0.24
37.5 395 4.12+ 0. 14 1,11 1.05 1.08 4.81 % 0.16 5.19+ 0.18 . &
57 312 2.82 % 0.11 1.09 1.04 1.18 3.19+0.12 - 3.75% 0.14
73 133 1.87 % G. 11 1.08 1.03 1.23 2.07+0.12 2.55% 0.15
91 49 G.71 % ©. 07 1.07 1.02 1.35 1 0.77 + 0.07 - 1.04 % 0.10
112 25 0.41% 0.06 '1.06 1.0l 1.52 0.44 % 0.06 - C.67 % 6.09
+ : : 2
Based on 1071 Pions| 22 = (3.35% 0.07) x 107°8 cm -
' aQ 2. b e Ster-Nucleug
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Star prongs leaving the terminus of a negative pion have previous-
ly been studied in nuclear emulsions. The approximate numbers of '
stopped negative pions observed by different authors were: Perkins3l—- :
100; Adelman and Jonesl7--.’.>l.2; Cheston and Goldfarb31--500; Menon,
Muirhead, and Rochatl7--1800; and Adelmanakl—-l63l, The primary
purpose of these observations, with the possible exception of those by
Adelman and Jones, was to study the spectrum of fast protons arising
from nuclear disintegrations that are caused by capture of negative pi-
ons. Furthermore, only two of these groups {Adelman and Jones, and

‘Menon, Muirhead, and Rochet) have used the same convention as is used
in these studies for defining a prong--any group of grains leaving the
terminus-of a pion with a welI-defined_dii‘ection is a star prong. The
results ‘6b'tair_1ed‘ by these two groups are disrplayed in Table III, along
with the prong distribution that was obtained from the production stud-
ies of the T spectrlim at zero degrees to the proton beam.

The results of these three sets of data are in good agreement. In
all cases where this zeroprong ratio was gstablished, however, the e-
mulsion contained a high proportion of background. Because of the na-
ture of the exposure it is safe to assume that the nuclear plates obtained
outside the cyclotron with the pair-magnet technique contained the la.rgi
est pion-to-background ratio. From the scanning of these plates one
can assume that the two groups of experimenters experienced at least
the same amount of confusion in the intei‘pretation of events that could
be classed either as starless pions or background. Accordingly a star-
prong distribution from w studies with Ilford C-2 emulsions using a
spiral-orbit spectrometer was compiled; it is presented in Table III anci
Fig. 5 (a).

The spiral-orbit spectrometer plates in some cases contained a
pion-to-background ratio that was at least 104 as large as in many of
the nuclear plates obtained with the pair magnet. The emulsions ex-
posed with the spiral-orbit spectrometer were remarkably clean of
background tracks; in some instances an observer could locate 100
negative pions in the course of an eight-hour day. Although the use of
the spiral-orbit spectrometer has greatly minimized the possibility of
confusing starless pions with background, nevertheless, another dif-

ficulty has arisen. Because of the nature of the spiral-orbit principle,



Prong Distribution irdm Terminus of Stopped Negative Pions in .

Table 111

Ilford Emulsions {In percent)

How Exposed

Number of prongs in star

Experiment| (No. of Ej.}vents),’ 0 1 2 3 4 5 6 7
Inside 184" ‘ I
_ _ _|lcyclotron (1137) o 33,7+1.7|33.1+1.7{22.1+1.4] 9,3+1,0{1.7+0.4 0 0
1Menon - — + i — .' _ .
Muirhead |Cosmic radiation ‘ ‘ :
Rochat {665) 34.7+£2.3128.1£2.0(21.4+1.8}13.5+ 1.4[2.5+0.6| 0.3+0.2 0
Combined results| 28 2 [24.4%1.2[22.5+0.9|15.7+0.8| 7.9+0.6{1.420.2[0.0720.07] 0
Adelman [Inside 184"
Jones cyclotron (512) 26.8+2 21.5 .27 15.2 7.8 1.8 _ 0 0
Adelman (Inside 184" . '
Cyclotron(163l) 32.4*1,03207:!:1@0 22,3:!:008 10,5:‘:0.,6 Z,O:tooz. 0.1+0.1 0
o . ' ‘ : ' V :
From 0O Pair-magnet .
n .. {outside 1g84" 29.1+1.8 |27.9+1.8/20.2+1.5[15.8+1.2] 6.3£0.9|0.6+0.3 O. 0.1%+0.1
Spectrum |[cyclotron-{853)
90° Ex- Spiral-orbif ' . o . ,
periments |spectrometer 26.2793)127.0£0.7022.640.7/16.3+0.6] 6.920.4(0.9£0.1[0.16+0.06/0.02x 0.02
on -~ Pro-joutside 184" -1.0/ |’
duction cyclotron (4882)

* True Value is smaller. A s5mall contamination correction is necessary.

-IE_-
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which is briefly discussed later, the determination of the possible
p~-meson contamination that is ereated during the flight time of some
of the negative pions in ‘thevhetvero'ge‘n.eous field becomes difficult. It
is not easy to see that this contaminafion is very small. There is some
direct experimental evidence, however, on the yalidity of this state-
rnent from the study of the "'fly-'b'ackeffect" in the measurement of the
positron decay spectrurn from p,+ mesons. 32 These arguments are
not cdnsidered in this paper. Howeverg because of this"‘p' contamina-
tion effect, one can say that the 26. 2.% appearing in Table IIl'is an up-
per- limit to the correct1on for starless negatlve pions. The negative
error of this value has been increased in Table III' to compensate for
the possible p~ contamination.

To summarize: Each n~ cross ‘section was obtained by determin-
ing the number of star-forming negative pions and correcting this num-
ber by the factor 1.35 (i.e., taking account of a 26% zero-prong cor -
rection) to obtain the total number of negative pions that stopped in a
given volume of emulsion. S |

2. w Spectrum at 0° to the proton beam

o Table IV contams a’ summary of the results from the T -pro-
duction exper1ment on carbon at 0° to the proton beam. These data
are based on 605 star-forming negative pions. The notations are the

same as are used in Table I except for the fact that here
. . : . 2.

2 - : . , o -
d g - contains the zero-prong correction.. A plot of g

dTd Q2 . ' dTdS2
- "funcorr a, b

2 - : _
and da ) as a function of pion energy is presented in Fig. 6.

dTdQ a, b, c ,

d“¢”
\dTae [ ¢

of a histogram, and is presented in Table Iv. As previously, the re-

The area undér the curve for was determined by means

ported errors are probable errors of purely statlstlcal origin.

c. Production ratios of.charged pions at 0° to the proton beam

From the production cross sections for positive and negative pi-
» ’ .. : - -+ .
ons at 00, one can obtain either the 1r+/1r or the w /1r ratios. For
convenience, both of these ratios and their probable errors were cal-

culated for ‘each pion energy and are presented in Table V and in Fig. 7.

The value for the ratio of the integrated cross sections (Zlio at O
is given in Table V. 2 /a, b, c



Table IV

e “

Cross Sections for Negative=Pion 'Produ'c':tion from Carbon at 0° to a 340-Mev Proton Beam

Negative Pions

do = (7.14+ 0.22) x 10”
e ) |
a,b,c .

Ster-Nucleus

o .1": -(310.7 x 10°1 'Co;rre,Ctions _ (gjﬁ%) x 1031 @i‘éé) x 10°1
’ Ne. of _ ncorr (a) (b) . (c) . S layb . a, b, c
: star - . Time of Thick (Nuclear : . o - S
o forming - flight target interaction s
picns . : cm2 : o o >cm2' - crnz
(Mev) B Mev-Ster -Nucleus ; o Mev-Ster-Nucleus Mev—Stei‘—Nuchus
“11.5 . 50 2.66 % 0.25 L7 112 1.o1 " 3.47 % 0. 33 3.51 % 0. 34
28" 112 3.79  0.24 . 1.09: 1.10 1.04 - 4.53 + 0.29 4.73 +0.30"
38 115 4.72 + 0,47 1.08 1.06 1.08 5.40 + 0.34 5.83 + 0.37 ,
56 109 5.92 £0. 38 1.06. 1.03 1.16 6.48 + 0. 42 7.50 £ 0.48 IK
72 96 6.67 + 0. 46 1.08 1.02 1.23  ~  7.31£0.50 9.02 + 0. 62
91 97 4,79 + 0.33 ' 1.08 1.02 1.35 ' 5.26 + 0.45 7.10 = 0. 61
113 25 2.18 £ 0.29 1.07 1.02 1.52 2.38.% 0.32 3.60 + 0:45
133 1 0.15+ 0.10 1.07 1.01 1.70 0.17 + 0. 12 0.29 = 0.20
163 0 0.00 + 0.01 1.07- 1.01 2,06 0.00 + 0. 01 0.00 + 0.03
Based on 605 Star-Forming - 29 cm;
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Table V

Production Ratlos for Positive and Negative Pions from
_ Carbon at 0° to a 340-Mev Proton Beam

. Y
(Mev) TdQ/ desz | deQ TdQ
15.5 | d.osé; 0.010 11,6414
37 ©0.077 £ 0.006 13.0% 1.1
56 0.062 % 0. 005 16.2 % 1.3
72 | 0.057 % 0.004 17.4+ 1.4
90 0.034 + 0,003  29.2%2.4
:112." 0.021+ 0.003 48.2 6.9

132 0.002 % 0. 001
160 0. 000 + 0. 00006

/( =29.5+ 1.2
a,b,c
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C. Experimental Studies With A Spiral-Orbit Spectrometer

1. Some Facts Concerning the Spiral-Orbit Principle

The principle is based on the fact that a particular heterogeneous »
field can be created that is symmetric about the magnetic axis and
gradually decreases as the distance from this axis is increased (ref-
erences 7 through 13), If the axis of a cylindrical coordinate system
(r, 9, z)is made to coincide with the axis of the magnetic field, then
the equations for the components of this magnetic field can be repre-
sented as functions satisfying the following conditions:

H Hr(r, z_). = - Hr(r, z),

r
‘ HG =0 Hz = Hz(r,' z) = Hz(r, -z).

Furthermore, if a particular relation exists between the field strength
and the momentum of a charged particle that is emitted radially in this
field by a source that is c‘entr‘ally located in this symmetric magnetic
fiéid,i the orbit of this particle converges to a definite circle. There-
fore, this method of directional focusihg permits high intensities to
arise because of the large solid angle subtended by the detector, as
all charged particles that are emitted in the (r, ) plane and that sat-
isfy the required momentum condition converge to the same circle.
The circular orbit to which the 'pérticles converge 'is commonly re-
ferred to as the '"stable orbit"._

The conditions to be met by a particle that converges to the stable
orbit can be derived in the“fwollowing‘m,anner.v Because of the axial
symmetry of the magne'tic fiéld’, ‘the c:omponents of the field take on a
simpblﬂer form when expressed in terms of the components of the vec-
tor potential. These are:

Ar = Az = 0, AG = Ae(r, z) = A,

It can be shown33 that for the motion of a particle of charge -e in a

static magnetic field, the appropriate Lagrangian is given by
&= - m ¢ (1 - vZ/CZ)l/Z -ev. R
where e is expressed in electromagnetic units. For our condition

this expression takes the form,
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a2 e2 e2VN/2
X:'- moc;:Z(I I +(r9) tz j -erf A

2
C

Substituting this Lagrangian into the Langrange equations of motion,

;

d .. 8L 82
dt - ‘851'1‘ dq,

where q; represents any coordinate, one obtains the following three

~which are. -

cd

equations of motion: -
‘m¥ zerg A S (8a)
0z

m?:v.mrézﬂeéA-eréiﬁ:mréz .-~-.eé—a—(rA) - (8Db)
S 9T ' _ or

8%
Y

where C1 is a constant of the motion, since

=mr2é-erA:c1 | (8¢)

9
90

= 0.

Equation (8c) can be modified to yield

22 C 2
U(r, ‘z)=mr9 -1 ( 1 +eA> = mQ,

2. 2m \'r
where Q is an expression used in references 9 and 12, and U is now
a scalar potential function in terms of which very simple relations

can be obtained for the other two equations of motion. These are

mr = - —— and mz = -

or oz

By multipiying these simple equations through by r and z respectively

and adding, one obtains the relation

2. 2 2 ‘ '
p, +p, +2mU=p" . | _ (9)
As the momentum of the particle p'is cpnétant during the motion, then
Eq. (9) is also a constant of the motion.
In particular, for the case of a particle that is emitted from the
' center of the coordinate system and moves in the plane (r, 9), itis

easily verified that the following equations of motion,
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(mi)2+ 2mU = (mv)? or. % =v° - efaf (10a)

. mz
and mrf = eA, C R (10b)
are satisfiedas'z =0, z =0, and C, = 0. A particle that is governed

-1
by these equations of motion approaches a stable orbit at a radius r = p

if the following conditions are satisfied: -
_ (a) + =0 and (k) £ =0 . (11)
' Condition (1la) combined with-'Eq. (10) yields ‘

mv

e :
v=—7 A(r =p) or H(p) p= - . (12)
m : e
which defines the momentum of the particle that converges to the stable
orbit. Condition (11b) requires that (%—> = 0, i.e., that the value
‘ - \or :
r=p

of A be a maximum atr = Hence from the relationship for the to-

—>

tal flux ¢ = j-ﬁ - ds = 95 K - dl1 when evaluated at the stable orbit,

we obtain P .
A(r=p)=l // H(r) r dr
' P

6
or ' _ : ' ©(13)

H(r =p)= IT-.IH(r)rdr'
p | |

As first pointed out by Iwata, Miyamoto, and Kotani, ? Eq. (13) deter-
mines the radius p.of the circle of convergence. -Furthermore, Eq.
(13) shows that the radius of convergence p depends on the shape of
the magnetic field strength irrespective of the absolute value of the
magnetic field. To summarize, a particle converges to the stable
orbit at a radius r = p if it satisfies the conditions stated in Eqs. (12)
and (13). - ‘
The ti‘ajectory of the particle in the plane (r, ) is determined by

r
the relation 9 if 9 d4r . This in turn can be expressed in terms
T S -
)

of the parameters of the magnetic field as



-41-

X

sz"(ng_l'l/zd;: ad e
g ! eA . ro \/l—aZ(X) X

£ -j/rcot \ : | | (14)
T ' ‘

6
, o A(r . '
where a(x) = —i—)', x = — and cos >\=-£(ﬂ . The angle \ is defined
Alp) P Alp)

in Fig. 10,
2. Detailed Description of Experimental Method

a. Magnet and experimental procedure

The spectrometer that was employed in this experiment embodied
in its design the knowledge gained in earlier studies with the spiral-
orbit principle (references 7 through 13). It was constructed on a some-
what larger scale than any of its prototypes. A photograph illustrating
its general over-all appearance is shown in Fig, 8. |

The magnet for the 22-inch spiral-orbit spe'étromevt'er w.as designed
so that the magnetic gap could be varied to a2 maximum of 14 inches.
Furthermore, provisions were made to permit a wide choice of mag-
netic geometries. The particula'r‘ geometry that was selected for this
experiment is illustrated in Figs. 9, 11, and 13. Fof this geometry
a continuous magnetic-field measurement was made, in the median
plane across the entire pol‘e_ face to a region 19 inches from the center
" of the magnet, by means of a bismuth probe method. 34 The magnetic .
field was then studied in the same manner at other angles to this direc-
tion. No appreciable eccentricity of the magnetic field distribution at- v
tributable to the return paths of the magnet was found. Each continuous
field measurement was completely automatic with regard to distance
and field-strength measurements. 'The accuracy of these relative field-
strength measurements is better than 0.3%. The calibration for the .
bismuth probe was obtained by comparison with proton magnetic reso-
nance in a uniform field at different field strengths. When the varia-
tion in field strength with radial distance was plotted, corresponding
points along éither of two opposite radii were found to coincide. The

results obtained for the variation of the magnetic field strength with
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Fig. 8. Photograph of the spiral-orbit
spectrometer. (22 -inch)
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radius are plotted in Fig. 9.

' There are two methods for determining the position of the stable
orbit for a charged particle whose motion is in the median plane of
such a field: a graphic method and an anélytic method.

(a) It is shown in Fig. 9 that the position of the stable orbit
can be determined graphically from an intersection of a radial plot of
two functions. The two functions are: (1) the product of the magnetic
field strength H(r) at a point and the radius r at that point; (2) the vec-
tor potential A(r) of the magnetic field. As seen, it is a graphic way
of establishing the conditions required by Eqgs. (12) and (1.3). The position
of the stable orbit determined by this method is p = 15,20 inches.

(b) The value of p can be obtained analytically, by first repfe-
senting the magnetic field near the stable-orbit position by a polyno=
mial in r. In this case a fourth—deéree polynomial was chosen. For

the interval (13 s r =S 17) the magnetic field distribution can be repre-

sented by
. 2 3 4

H,-ao+a1r+a21_' +a3r +a4r
where ao = 818, 584 ; . a3 = -1077.94

a = -224,858 ; a, = 18.542

a, = 23,370. 4
The vector potential in this radial interval can now be expressed as

13 T
CA(r) ==~ He.xzdr + = H:rdr
T g T3

Using Simpson's 1/3 rule to obtain the value of the first integral and -

substituting the expression for H into the second integral, one obtains

b

: -2 2 3 4 5 |

Afr) = - +b1r+b2r +b3r +b4r +b5r {15) -
where b_, =-5375,987 ; by = 5,842.595 ;

b, = 409,292 ; b, = -215.588 ;

b, = -74,952.7 ;- b, = 3.090333

The value of r = p that makes A(r) a maximum is obtained through es-
tablished methods by first assuming a value of p and substituting this
value into"Eq. (15). This procedure is continued until the desired ac-

‘curacy for p is established. Following such procedures a value of
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p = 15,206 inches was obtained.

For this case the trajectories in the median plane of a particle
emitted radially from the axis of magnetic symrnetry were _calculated
by means of Eq. (14). These are illustrated for pions in Fig. 10,
Such calculations are greatly simplified when the relation involving
the angle \ is used.

b. Propert1es of a spiral-orbit spectrometer having a partlcular
geometry: pion detection -

Figure 10 partially 111ustrates the manner in which the spiral-c.
orbit principle was applied for the measurement of the pion-production
cross sections at 90° to the proton beam. The plotted pion trajectories
demonstrate that a radial focusing exists for pions with a momentum
specified by Eq. (12). Furthermore, because of the radial variation .
of the magnetic fielag a vertical focusing is also introduced. These
two focusing actions, as well as the rate of approach to the stable orbit
by the trajectory of a pion emitted from a source at th.e center, are of
prime importance in determining the pion intensity at the detector. .
One reason why the rate of approach is important can be seen in Fig.
10; this rate of approach greatly affects the solid angle sulténded by
the detector. In fact, a very slow rate of approach could cause the ab-
sorption of all pions having the required momentum by the»shield\s pro-
tecting the detectors from direct background created .at the target,
Furthermore, because of the unstable nature of the pion, a slow rate
of approach would decrease the pion intensity at the detector.

An insight into these three conditions is obtained from the work
of Iwata, Miyamoto, and Kotani. 9 These authors have considered
the ‘problem of radial focusing based on the following boundafy condi~
tions:

{1) particles of velocity v that fulfill the conditions of conver-
gence (Egs. 12 and 13) are emitted uniformly in all directions in the
plane z = 0 from the surface of a source of r = T '

(2) the center of the detector of width 2d is set at a point on
the stable orbit, _ |

{3) the probability that a particle emitted at an angle a to the
direction of r is collected in the detector is given byl =®/Z1r, where

@ denotes the angle through which the particle stays in the annular
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region defined by two concentric circles, of radius (p - d) and (p + d).
For these conditions they report the following results:

AB. . To

> A ; - ' DT
(a) for =— + — sina =0, 1i.e., for the case in which the
‘ B 0 .

particle never proceeds beyong the circie r= P .

K - - - \-l/2 n
I= cosh K (AB + -2 sin u) v (16a)
e B , , o

w2

p
AB | o '
(b) for == 4+ — sina < 0, i.e., for apatt1c1e that proceeds
B P

through the annular region,'

' . 1/2
I= K sinh s AB - fﬂ sin o,) / . , (16b)

In these equations B is the value of th_,e vec’tor'potential A (r = p) at the

stable orbit while AB corresponds to the increment of variation of the
vector potential from the value B in the neigthrhood of the stable or-
bit. Furthermore, K is a constant, with a value near unity, that is
defined only by the. shape of the magnetic field distribution in the re-

gion of the stable orbit. It is introduced because the ratio - é(—ll- a(x),
Afp)

in the neighborhood of the stable orblt, can be expressed by the rela-

tion v _ :
a(x)“: 1 -.(;L._-.__X)__.. : x:.l;;l uv ) : . (17)
- 2 _ p

As the rate of approach by the trajectory to,theb stable.‘orbit depends’

on the field distribution in the regior.lv r = p, | then this rate also depends.
on the value of K .- It can be shown (usmg Eq. 14) that 1f > 1 the tra-
jectory gradually approaches the stable orbit, wh11e if R<'1 the ap-
proach is much more rap1d '

Iwata, Miyamoto, aﬁ'd Ko't_-ani9 hé{\re also considered the two cases
for a particle'wherein: (2) the direction of emission has a small z com=-
‘ponent, and (b) the point of creation is<not in the median plane. Their -
results illustrate that the z component of the trajectory oscillates a- |
bout the median plane as the stable orbit.is approached, according to
the relation : v | |
z ~sin | a[\/1 + —Z—— 6
KZ



-48-

From this expression it is evident that for-K << 1 the period of this
vertical oscillation is . much shorter than the period of angular revo-
lution, while for K\> 1, this period may be comparable to or larger
', than the period of fevolgtione Therefore for K> 1, a particle distribu-
tion at the detector that is sharply peaked about the median plane is .
expected, while for K<1a nearly uniform distribution about the me-
dian plane should result. These conclusions have been verified experi-
imentally. 25 ' '
As the chosen methed of detecticn for these experiments was a
‘nuclear-emulsion technique, the following pvr.operties of the spiral-orbit
spectrometer were considered most desirable:
(2) a short pion-flight time, therefore a qut raté of épproach by
the trajectory to the circle of convergence (K < 1)
‘ (b) a p10n distribution at the detector that varies gradually with
:dlstance from the medlan plane (K < 1);
(c) a 1arge pion- flux density (K >1). _
As the three cond1t10ns cannot be fulfllled simultaneously, the broad
partlcle dlstrlbutlon at the detector was considered more desirable . .
‘thhan the sharply peaked partlcle dlstrlbutlon In this way . if only a sec-
‘tion of the emulsion was examlned a slight error in locating the same
scanning region from emulsion to emulsion could be neglected, where-
as for a sharply peaked distribution about the median plane it would be
significant. '
One can obtain the value of K for this experiment by expanding
the vectof potential in the neighborhood of the stable orbit in a Taylor

series. This becomes

, ' ,. : 2 2\
A(r) = A(p) - (p-r)( ) ¢ lo-1) ,("’ A)
or 0 ' 2 8r2 0

As prev1ously stated (_Qé) = 0.. Then comparing this expressibn with.
T |
Eqg. (17), one obtains- _
K2 = 2A(p) - ZRA(p)
2 (a A ) o’
a_rz‘.‘

p

where R is the radius of curvature of A(r) at the position of stable or -

bit. The value oi R is readily'obta‘ined from Eq. (15). In this way it
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was found that K= o.86. \ ,

From the Hp value at r =bp one determines the energy of the mono-
energetic pions that focus at the stable orbit. This pion energy is 9.2
Mev. As this i:s the practical upper limit of the magnetic field strength
for the experimental geometry, one is forced to use hollow cylindrical
energy degraders (Fig. 10) for the study of higher pion energies. For
these higher pion energies the numerical values of the parameters that
were considered by Iwata, Miyamoto,and Kota.nig'in their study of the
behavior of the motion of a charg.éd particle in a spiral-oi‘bi‘t sp'ectrOm—
eter are no longer clearly defined. | Ag an example, the value of ro, |
which defines the surface from which the pion is emitted, becomes am-
biggbus, For 9.2-Mev pions a good approximation for T, is a value of
r obtained from an average taken over the thickness of the target. For
the detection of pions of higher energies (for example, 40 Mev) r, no
longer has the numerical value that is used for the 9.2-Mev pion ener- _
’ gy because the 40-Mev pions must first be degraded to 9.2 Mev before
they can be focused at the stable orbit. Hence for these cases a truer -
value for T, might be the radius. of the ‘su‘r‘face of the cylindrical degrad-
er (Fig. 10).

Because of these ambiguities a study was cohducted on the radial
and vertical focusing propefties of the spiral-orbit spectrometer so :
that the results from these studies could be compared with the calcula-
ted predictions of Iwata, Miyamoto,and Kotani. Figure 11 illustrates
schematicaily the experimental arrangement that was used for the de-
tection of the pions during the radial focusing experiment; Fig. 13 il-
lustrates the experimental arrangement employed during the vertical
focusing experiment, ‘ _ :

For the study of radial focusing (Fig. 11) a solid cylindrical car-
bon target (1 inch in outside diameter and 4 inches long) was mounted
between the pole faces of the magnet. with its axis coinciding with the
axis of the magnetic field. The magnetic field strength was so set that
pions having an energy of 8 Mev would be focused at the stable orbit.

A collimated 340-Mev proton beam, circular in cross section and 1.3
inches in diameter at the targét, was incident on the target along the
magnetic axis of symmetry (Fig. 13). Pions that were created at 90°

to this proton beam by proton-nucleus collisions and that were emitted
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from the surface of the target with an energy of 35 Mev were degraded
in energy by a copper attenuator to 8 Mev (Figs. 10 and 13). These
pions were then detected by nuclear emulsions arranged as illustrated
in Fig. 11. The monoenergetic pions entered the detector perpendicu-
larly. Copper was used to attenuate th'e. 8-Mev energy of the pions just
prior to detection. Because their projected range in copper (for which
no integral range curves for 8-Mev pions exists) was not known, two
different thicknesses of Cu were used, side by siae, In every case
eight 1 x 3-inch emulsions were exposed simultaneously. As shown
in Fig. 11, the emulsion was always sandwiched between two glass
surfaces. _ ' ‘
It was pointed »out in the calculations of Iwata; Miyamoto, and Ko-

tani’ that if all spiral-orbit parameters were fixed and the value T,
varied, the peak intensity at the detector would decrease as T in-
creased. Therefore four radial-focusing experiments were made.
During these experiments all the spiral-orbit conditions were fixed
while the outer diameter of the cylindrical copper degrader was var-
ted. The four experimental values of the outer diameter were 2.5 in-
ches, 4.0 inches, 6.0 inches, and 8.0 inches. The effect on radial
focusing of these first three degradeijs is shown in Fig. 12a. The ra-
dial focusing for the 2.5-inch-diameter degrader was analyzed in more
detail. These detailed results and their standard deviation are sum-
marized in Fig. 12c. From these:studies on radial focusing one can
conclude that: v

{2) a similar shape is obtained for the intensity distribution
near the stable orbit, as is predicted by Eq. (16),

(b) the peak intensity undergoes a small shift in position as
the diameter of the degrader is increased,

(c) a large increase in the diameter of the degrader marked-
ly: affects the value of the peak intensity,

(d) the peak intensity occurs at a.value of r that is smaller .
than the calculated value of the :stable' orbit.

For the study of vertical focusing the same target and method of

pion production were used. In this particular case the magnetic field

strength was increased so that pions having an energy of 9.2 Mev were



LS

(c)

o o Fig. 12.

% . n
(a) (b}
9 2 40 60 80 100 :
i 'l“ |.|I'|‘nl’|;. L § U WS N N YO R I ST TR 1
80"y 85 %0 . 95 :ip
»o 1007 5
=25 0.0, Cu-DECRADER - R s
a=4" 0.0 Gy DEGRADER =] [
o-6" 0.0. Cu DEGRADER 2 80+ -
S X
: PEAKS - -
) ‘ 254 60 @ 07 C
w
; JIRR
£ X g oo 5041 MAGNE T [
S N Sa T
z 7N
= PA
= . s w2 o ° ,. I
= 054" N ° ’ -
= .
= L i
a L T T T T
T w0 20° 40 60 80 100 ! \(MEDIAN PLANE
RADIAL DISTANGE IN MEDIAN PLANE NEAR THE STABLE ORBIT(mm)
‘ 8 - 8 ‘S0 95 100 ’ o 1 % 3 ]
RADIAL DISTANCE IN PER CENT FROM STABLE ORBIT. . GAP DISTANCE (INCHES)
EFFECT OF .DEGRADER DIAMETER "' VERTICAL FOCUSING
ON RADIAL. FOCUSING.
o, ... .20 .40, 60 80 100
e . 85 90 95 100 104
1 Co POSITION OF -
STABLE ORBIT b
5 1.0 L
= [
s ]
z 3 L
W B N . 3
e ] RADIAL FOCUSING ~
= L
Q -
17
w
=
0.5 -
- I
> .
o ]
x T oL - N
C Cy =
— L
o)) I s — S — — .
100
RADIAL DISTANGE IN MEDIAN PLANE. NEAR THE STABLE ORBIT (mm)
&0 85 0 9 1 104
RADIAL | DISTANCE IN PER CENT FROM STABLE ORBIT
' ’ o MU-7489

'



-53-

focused at the detector. The method of detection is illustrated in Fig.
13. For this study the 9.2-Mev pions were incident on an emulsion
holder containing four nuclear emulsions that were inclined at 15° to.
the direction of the pion beam (Fig. 14a). (The reasons for this angu-
lar inclination have been considered above in the discussion of the poor-
geometry experiment.} This method of pion detection was chosen for
the study of vertical focusing because it was the one adopted for the
measurement of the pion-production cross sections at 90° to the pro-
ton beam. The emulsions were exposed in the region of peak intensity
as found from the study of radial focus‘ingo The results on vertical fo-
cusing are plotted, with their standard deviations, in Fig. 12b. From
these results one concludes that the desired broad spread of pion dis-
tribution about the median plane, predicted by the theory for K<1,
was obtained.

The method of detecting the almost monoenergetic and nearly par--
allel beam of pions was quite different from that previously described.
in the poor-geometry experiment. As was pointed out, there are many
factors known to affect the range of a monoenergetic pion beam. To
insure that the pion density in emulsion was not reduced appreciably by
the wrong choice of thickness of the final degrader (Fig. 14a), a por-
tion of the projected range-straggling curve in aluminum near the value
of the calculated mean range was obtained for 9.2-Mev pions. The re-
sults of these measurements are plotted in Fig. 14b. ‘Also shown in
Fig. 14b are the calculated mean range of 9.2-Mev pions and the ac-
tual experimental thickness that was used with the emulsion holder
(Fig. l4a) for pion detection during the experiment. This method of
detection also gives rise to a distribution of pion densities in the emul-"
sion, as each increment of emulsion volume subtends a different sol-
id angle at each point of the final degrader. The behavior of this den-
sity distribution, obtained from approximately 10, 000 pions; is shown
in Fig.- 14c. This pion-density distribution in emulsion aided greatly
in the study of large -n-+/-n-m,ratiosg as a positive-pion region could al-
ways be found in which the pion density was not so great as to make
accurate scanning difficult. '

All these factors affecting the pion intensity at the detectors were

taken into account in determining the final position of the pion detector
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for the pion-production studies. As is illustrated in Figs. 10 and
13, this position is considerably below the calculated value for the
stable orbit. |

It was pointed out by Miyamot08 that the alignment of the source
with the axis of the magnetic field was essential for the success of
this type of spectrometer. Furthermore, very accurate alignment
of the target is required by Eq. (2) for the determination of the geo-
metric factor CZ'  This requirement is necessary because the pro-
ton flux over the projected area of the target is not uniform. Even
though in this experiment some amBiguity exists as to what consti-
tutes the source (&.e., ro), ‘nevertheless, a special target holder
was made with which the target could be mounted very accurately
With regard to the magnetic axis of symmetry and also with regard
to the median plane. Figure 15 illustrates the main features of the
terget holder and the shape of the hollowb conical targets that were -
~used for the production studies. The hollow conical targets permit-
ted the exposure of a greater number of target nuclei to the proton

beam for a given proton and pion energy loss.

3.. Experimental Results on Pion Production

Two hollow conical targets were used for the study of the ent1re
energy spectrum. A target having a wall thickness of 0.360 g/cm
was used for the measurement of the 12.5-Mev and 27- Mev pion-
production cross sections, and a target having a wall thickness ef
0.720 g/cm2 was used for the higher pion-energy measurements.

. As the total energy loss through the target was more significant
for the energy spread than the energy resolution of the spectrometer,
this was adopted, for the present, as the enei'gy resolution of the
measured values. Table VI illustrates the behavior of the energy
resolution of the spectrometer for this geometry. These estimated
values were obtained graphically from Fig. 10 merely to illustrate
this point. These values do not take into consideration the effect on
energy resolution that is introduced b-y the energy degrader. This

effect is still to be considered and is not covered in this report.
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Table VI

Illustration of Spiral-Orbit Spectrometer Energy Resolution _

Momentum of Relative
the pion in terms T . collection
of Hp value i . intensity
(Mev) (%)

Hp + 10% Hp 11.1 3.7
Hp + 5% Hp 10.1 5.7
Hp+ 2%Hp 9.5 8.4
Hp+ 1% Hp 9. 35 12
Ho 9.2 100
Hp - 1% Hp 9.0 4.6
Hp - 8.85 0

2% Hp

L

Measurem.ents of relative cross:sections at different pion ener-
gies w1th a sp1ral or bit spectrometer requlre a knowledge of C
- Eq. (2) One may. obta1n some 1ns1ght into the meanmg of this geo-
metr1ca1 factor, as we11 as an estimation of its behav1or with the var-
l_1at1on of plon energy, by comparing, Eq (2) with Eq. (7) obtained from
fthe poor - ,geometry expenment - It should be remembered tha.t the two
?types of exper1ments mvolve detectlon methods that are as d1fferent
as the bas1c pr1nc1p1es on. wh1ch their success depends However,
for. a first approx1mat10n (for p1on energ1es above 25 Mev), the two

expressions may be equatéd for the purpose of obta1n1ng a numeri-

CETY Gl Yalue for CZ ‘on the condition that the d1fference.1n the method of

detection is not considered. - On this condition, the equivalence of the
two methods becomes clear if one considers the similarity in the at-
tenuation of a high-energy pion beam to an energy of 9.2 Mev by the

two methods. "The pion-energy region where this similarity is expec-

-+ .+ 'ted'to hold is the region of large f values {i.e., nearly equal to unity),

where f = x/R, R being the mean range of the pion in the absorber, and
x the thlckness of absorber that is necessary to attenuate the original
pion energy T t6'9.2 Mev Under these cond1tons one obtains the ex-

1‘688101'1
P C

= , 3 _ , (18)

CZ
R. .
(_dz) ab dQ
drR Ti R

dA
em 9.2
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. where C3 is a ‘constant that depends on the uniformity of the proton

- beam at the targetz, For targets that can be accurately mounted and
that have the same projected area to the direction of the proton beam,
the constant C will be the same for all targets and pion energies.
Now, (Rabs/Rem 9.2 is a constant; _and if: (a) the A_,scann.ing area re-
mains the same and (b) the solid angle of the spectrometer remains
con‘vstant as the pion energy is varied, then C2 depends only on the
rate of energy loss in the main energy degrader by a pion having an

initial energy Ti" . That is, -

(19)

Here K is a constant Wh\OSG value depends on the solid angle,' This
value changes in a .nonuniform. proton beam if the proton beam posi-
" tion is varied with respect to the target. Therefore, in order to
measure relative prbduction cross sections with a spiral-orbit spec-
trométer, it is essential vto 'establish the behavior of K as the thick-
ness of the main energ? degrader is varied., )

At first, only one method was available for making these meas-
urements. (Another is now being used..) This original method con-
sisted of studying the spectrum of positive-pion production from car-
bon with the spiral-orbit spectrometer, and comparing these results
with the results presented in Table II. This study of the constancy
of K is permissible if the target, the proton beam, and the position
of the detector, are fixed for all pion energies. The results of this
study are presented in Table VII. The tabulated error is the accumu-
lated standard deviation.

These results illustrate that the solid angle of the spiral-orbit
spectrometer remains constant for pion energies above 25 Mev even
though an energy degrader is introduced. From a consideration of
these results and ‘also the theoretiéal calculations on the resolution
of the spiral-orbit spectrometer9, a conclusio‘n was reached by Dr.
R. Sagane and the writer that the solid angle may remain constant
for pions of energies smaller than 25 Mev. This conclusion, that the
solid angle is constant throughout, demands an explanation for the

observed deviation from a constant solid angle at a 12.5-Mev pion
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energy. It is our present belief that Eq.(7) derived for the poor-
geometry experiment is not applicdble to such regions of low pion en-
ergy. To test these conclusions a more refined method, i’rﬁrolving a

| 40-inch spiral-orbit spectrometer, is being used. (This method,

however, is not discussed in this report.)

T able VII

Effect of an Energy Degrader on the Solid Angle of a
Spiral-Orbit Spectrometer

T No. of : Relative Relative

T observed value of value of
(Mev) pions ' ‘ CZ K
12. 5 497 1.00 + 0. 15 . 0.73,% 0. 11
25 494 2,20+ 0.26 0.97 £ 0. 12
37 429 ) 3.21£0.32 . 1.14%0.12
57 | 483 ©3.58%0.26  1.000.07
2 204 4.00%0.53 1.00 % 0.13

Because of the amblgulty concernmg the sohd angle in~ the regions
of low pion energy, the T =»productmn cross sect1ons from carbon at
90° to the proton bea.m are obtamed by d1rect multlplicatlon of the
" measured T /‘IT values and the observed 1-r+-product1on cross sections

(Table II}). Table VIII summarlzes the results that were obtamed on
‘pion productlon from carbon The number of observed pos1t1ve pions
and the number of observed star -»form1ng negatwe pions are tabulated
at each pomt In some cases the reported ™ /11' or @ /n' results
are not obtained dlrectly from the number of observed pions and the
appl1cat1on of the zero- prong correction factor of 1.35 for the starless
negatlve plOl’lS An add1t1ona1 normalization factor for posxt1ve pions
must be used to take account of the variation of p1on dens1ty in the
emulsion. This factor was previously mentioned in connection with
Fig. 14C. | " The same notatlm isused asin Table 1. The reported error
is the statlstlcal probable error.

These data are also presented in graph1ca1 form Flgure 16 rep-

resents a plot of the ® -production cross sections, and a plot of the



Table VIII

Charged-Pion Production Data from Carbon at 90° to a 340-Mev
‘ Proton Beam

i

T, Observed normal- Observed 'ﬁ-+/-;r- 11'-/1r+ : dég™ < 1071 d%g” < 10}
w no. of ization no. of star Ratio _ Ratio
:1r+'mesons factor ~ mesons dT"de ar_de/
w , a, b w a,b, c
(Mev) ’ . _ 7 (cm’ZMev_ISter—lNucleusﬁl)
12.5+ 2 872 1,000 7 145 4,46 £ 0.23 0,224 +0.012
16.5 + 2 ' ‘ 0.202 +0.013 8.71+ 0.68 8.85% 0.69
‘ . _ .
25 +£1,5 1602 1.678 : 296 6.70 £ 0,25 0.149 =+ 0.006 7.50 £ 0. 68 7.80 £ 0.69 |2
c° L
37.5+ 2 1455 1,415 - 161 9.44 + 0.46 0,106 + 0,005 5.10 = 0. 30 5.50 £ 0.33[
BT %2 895 1.090 _ 59 12.20+ 0,96 0.082 =+ 0.006 2.61 £ 0.23 3.07 % 0.27

72 x 2 675 - 1.000 32 15.9 +1.7 0.063 % 0.007 1.30 £ 0. 16 1.6 = 0,20

do = (4.27 £ 0.20) x 10727 cm®sSter 'Nucleus ™!
40 .- |
a,b,c
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ratios is presented in Fig. I7. The plotted ratios show good agree-

ment with previously reiported measurements13. The area E‘—
: ' ' dQ
2 , by C
under the curve for do was obtained by means of a histogram
dTdQ
fa, b, c

and is presented in.Table VIII. It should be noted that because of the
steeib-“ri‘se in fthe ™ cross section ag the iﬁon energy is lowered, an

do
dQ

error can easily be introduced into the reported value for

_ a,b,c
by an erroneous assumption concerning the behavior of the cross sec-
tion at low pion energies. To determine this value it was assumed
that the © -production cross section does decrease at some lower pi-

on energy. A discussion of this follows.
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IV. DISCUSSION

A. Production of Positi\}e'Pions from Carbon

at 90° to the Proton Beam

Since the appearance of a second experiment on 1r+ production
from carbon at 9.0o'to the proton beam , a great deal of discussion
has taken place on the possible reasons for the disagreement between

19, 5 on the same

these results and the results of an earlier experiment
element. As this same experiment is presented in this report, it is
on1>y. proper to compare the results of the three experindents and to
consider the possible reason for the disagreement between the data
from sassman, et al. 2,, and the data reported by Richman and Wil-
1 .

cox For some time it has been the general belief that the two e‘qu.a-
tions (as reported in (a) of reference 2 and (b) of reference 1, or in
_Eq. (7) in this report) by which the cross section was calculated in
the two experiments were truly different. That different values would
be obtained from the two equations by treating the same data was also
illustrated. 14 Therefore, it is important to consider the two eqﬁations
in detail and to investigate the region of their application, especially
‘since evidence from the experiment on the solid angle of the spiral-
orbit spectrometer has cast some doubt on the validity of Eq. (7) in
‘the region of low pion energy. It should be pointed out that in the ex-
périment on the solid angle of the spiral-orbit spectrometer the as-
sumption was made that Eq. {7) is true for all pion energies. One
may now reverse the assumption (as there are good reasons for its
validity), i..e., assume that 'thé solid angle of the spiral-orbit spec-
trometer is constant. In this case the conétancy of the .value' K in
Table VII is a check on the validity of Eq. (7).

A comparison of the two equations in questions i'eveals that they
are identical except.for one parameter. The eqtiation as it was used

- by Passman, et al., involved the stop'_ping power of emulsion. This

- will be referred to as <ﬂ>
. drR v
. : em
: col

and Wilcox (i.e., Eq. {(7) in this report), this stdppin‘g power of the

. In the work by Richman

AT,
i

‘emulsion was replaced by the product of a constant that depends on the

absorber {Fig. 18b), and the stopping power of the absorber, i.e.,
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R .

by 4T ___a_‘.bLs_ . Use was made of this second expres-
dR /. . R’

abs 'T. em 'T
i m

sion because at the time no information was available from which to
' obtain accurate values of the stopping power for emulsion in the de-
sired pion-energy region. One arrives at both of these factors in a
similar way, i.e., they arise from the derivation of 'a relation be-
tween (2) the total number of pions of energy Ti per cm2 per Mev
that are incident on the face of the absorber that contains the nuclear
emulsion, and (b) the density of these pions at this energy in the e-
mulsion (see Eq. (6)). Let us re-explore the assumptions on which
they depend. Since the assumptions are the same in the two c.a.ses,
a discussion of only one of them is necessary.

One can see that Eq. (6) follows because of a relation that was
obtained after Eq. (5) was averaged over all possible values of T'.
In this averaging process the assumption was made that Ti was much

.larger than Trn and that the expression aT : was therefore

dR T. labs

. 1 -
' eésentially constant during the avetaging process. As a result, Eq.
(6) is true only under this condition. This same condition applies to

aT

‘dRe:em T

, as this relation is obtainable by similar argu-;
i- col _
ments. One arrives at this last expressién by replacing tﬁe absorber
that contains. the emul'éii)n with a volume of emulsion having the same
effect on energy attenuation. That this is permissible follows from
the very definition of the Bethe stopping-power ‘formulé, 41 as the
stopping power is dependent on the total number of electrons per cu-
bic centifneter aﬁd the average excitation potential of the atom. As
the emulsion is a composite structure, the stopping power of emul-
sion is a summation of the individual stopping powers of each of its
elements. For high energies a small error is introduced into these
calculations because of the density effec’c’j’7 on the stopping power of
different materials. The density effect is larger for materials hav-
ing the smaller atomic numpers. This effect, which is the reduction.

in the ionization loss of a charged particle because of the polarization
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) 3 )
of the medium, it too small, 7 however, to be considered for the pi-
on-energy region under discussion (i.e., for T.1 2100 Mev).

To summarize: the two equations for calculation of the cross

sections in the two experiments in question are equivalent, and there

. R A
fore the ratio EE abs -C}I , should equal unity
dR R dR
abs em . em |col

for at least those pion energies that satisfy the condition under which
Eq. (6) is valid. | |

The-d€sired stopping—powﬁer values were calculated in the man-
ner stated by the authors of the two experiments. From these deter-
rhinéd values this ratio was obtéxined; it is plotted for different pion
energies in Fig. 18a. -As shown, this calculated ratio is not the cc;n-'
stant one, but a function of pion eﬁergy, Because of this .dilemmé
the method used by the authors for evaluating the sfopping power of
emulsion was questioned. This stopping power was calculated by
modifyiné in the conventional manner the experimental range-energy
cu.rve42 for protons in Ilford C-Zlemulsions; i.e., from R(in microns)
- 41.8 Tl° 722

curve was established for protoﬂs up to an energy of 40 Mev, there

(in Mev). As the original experimental range-energy

was reason to doubt the validity of the appiied extrapolation of this
relation (up to a 775-Mev proton energy) from which the stopping
power was determined. Furthermofe, because a differentiation of ’
this range-energy expression 1s necessary to determine the stopping
power, the error in the calculated stopping povi)er is much gre;ater
than the corresponding error in range. For these reasoné, the cal-
culations of the stoppiﬁg power of C-2 emulsions as presented by
Vigner‘on3 were extended into the desired energy region in the con-

: vtentiAonal manner. These extended calculations also included the

. . 37 . el ' .
density effect correction. The ratios involving the expression

(dT)
arR /)
em

calculated and are plotted in'Fig. 18a. As seen, this ratio remains

for the stopping power of emulsion were re-

Vigneron

unity for the desired pion-energy region. It might be pointed out that
the calculated values of the ranges for protons in C-2 emulsions as
reported by Vigneron are in excellent aggreement with new experi-

mental results, i.e., for 33-Mev protons43' and for 340-Mev protons.
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On the basis of these considerations the original data of Passman, et

al., 2 were corrected to (E)

em

by a factor that is plotted

Vigneron_
in Fig. iSan The effect of this correction on the data of Passman, et
al., is shown in Fig. 19, where their original data are rqé_produced.,
Figure 18a also illustrates that no error is introduced iﬁto the results
presented in this r,éport by changing from aluminum emulsion holders
to copper. v

. Appearing in Fig. 19 are the plots of all experimental data on 1r+
production from carbon at 90°to a proton beam having an approximate
‘proton energy of 340 Mev (data of Passman, et al., are reported at
345 Mev). It should be pointed out that Hamlin's counter data were
- reproduced as repobrted35 except for the change in the scale of the or-
dinate. These counter data were fitted by Hamlin to the emulsion data
presented ‘in this report by using a _hormalization factor obtained from
the areas under the two curves. Hamlin did not state the energy reso-
lution in his rei:ort; however, it is larger than the energy spread at
7 corresponding points as presented in this report. It might also be
mentioned that a similar normalization of the counter data to the or-
iginal results of the other ekperiments does not lead to the good agree-
ment on the shape of the spectrum that is found between the Hamlin45
and Dudziak results (Fig. 19). As seen in Fig. 19, if the proposed
correction to the data of Passman, et al., is permitted, then all in-
formation on 1'r+ production from carbon at 90° to the proton beam is
generally in good agreement in the region of high pion energies.

A large disagreement between the three experimental results
still remains in the region of low pion energies, even though the above
correction is permitted. To summarize, there are several factors
that will affect the cross section at low eﬁergies. How each of these
was accounted for by the different experimenters is difficult to judge,
and it is even more difficult to attempt an eétimate of the proper
correction factor that might be applied to th_;e“different data. As was
’pointeci out, the change in the value of K in Table VII in this energy
region casts some doubt on the validity of Eq. (7} and its counter-

part in the experiment of Passman, et al. That there is cause for
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this doubt is clearly seen from the derivation of Eq (6) and its coun-

terpart in the Passman exper;ment. The necessary cond1t10n for Eq.

- (6) to hold is that Ti' be large compared to_ ,Tm» so that <£)

abs

.|
may rernain constant during the avéraging process over the variable
T'. This condition no longer holds as the region of low pion energy
is approached, for the value of T, approaches the value of Tm; As

a result, Eq. (7) cannot be app'li:ed"t:o‘t‘his low-energy region without

some modification to take :acvcoun_’_c: of tij.re variation of F)
) N ' abs

dT\
or —— ’
em

T.
i

during the averaging process covering the range

Ti col ,
of T'. For the low-energy data as g’iVeﬁ in the 't"ab'l'es_ of this report,
it was assumed that an average of the var1at1on of (iiE) over
T \ar
abs

' T,
B

an energy interval corresponding to.that defined by the scanning area

=

T.
i

in

(for the energy T, i) was a good approx1mat1on for (dT>
' o ' ‘/abs

Eq. (7). It was never stated”’ >* whether or not this variation of
the stopping power at low energies was considered in the treatment
" of the data in the two other experiments. e

Another effect that may influence the ‘data is the large error that
is introduced in locating the'properESCannihgj region at low energies.
' As was pointed out, for monoenergetic rrié':sons'of low energy, the ex-

perimental range at which the makximum of the pion distribution occurs

is shifted considerably from the actual calculated mean range--a value
that was used in the other two experiments. Although in both cases
a po“‘ssible "flat distribution' may be'expected because of the poor-
geometry conditions,’ nevertheless this efféct may introduce an error,
' var"yi'né in degree, in the reported cross sections in all three experi-
méents at these low energles

An effect that may seriously influénce the low-energy cross sec-

tions as reported in the other two experiments arises from the presence
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of a large background. One would judge from the nature of those ex-
periments that no provisions were made to shield the surface of the
absorber containing the emulsions from high-energy or low-energy
background. In those experiments the presence of low-energy back-
ground considerably decreased the pion-to-background ratio in the
scanned emulsion as compared with this ratio in the emulsions ob-
‘tained with the pair magnet. Furthermore, the presence of high-

| energy background ihtroduced the possibility of pion production in
 the absorber containing the emulsion. Even though the number of
high-energy protons in such bbackground may be small, nevertheless,
the large solid angle that this possible source of pion production sub-
tends at the emulsion does indicate that the effect may not be neglig-
ible.

To summarize: the estimated values for the cross section for
pion production from the othér'two experiments were used to deter-
mine the v’alu.e of K 1n Table VII at the lowest reported pion energy.
- For these one obtained K <0.5. On the basis that the solid angle
. of the spiral-orbit spectrometer is constant, and from these other

considerations, one may conclude'that the value for the lowest pion

energy as reported in Table II is probably the best value at this energy. '

B. Production of Negative Pions at 90° to the Proton Beam

19, 5’3 2 have also contribu-

These two grodps of experimenters
‘ted to our knowledge on pion production information dealing with the
production of negatwe pions from carbon at 90 to the proton beam..
As some of their results are presented in plotted form, and as their
interpretation of the shape of the # -production spectrum from car-
bon at 90° to the proton beam differs considerably from that presented
in Fig. 16, it is important to re_—examine the thfee 'experiments- on
' T production from carbon. Block, et al., 2 indicate that the produc-
tion cross section for negative pions at 90° to a 381-Mev proton beam
is zero for zero pion energy, and gradually increases to a peak at a
pion energy of approximately 38 Mev. The shape of their w_ spectrum
was based on 29 observed n star-forming mesons. Richman and

19, 5 have indicated a flat distribution for a pion energy be-

Wilcox
tween 20 and 50 Mev for the 7 -production cross section from car-

bon at 90° to a 340-Mev proton beam. They do not estimate the
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behavior of the m -production cross séction below 10 Mev, although
they do indicate a deérease, Their data were based on 48 star;form—
ing negative pions, ‘As seen in Fig. 16, this peakihg of the m cross
section has not been observed in this experiment. ngrther}nore the
m spectrum presented in this report has its largest value at the low-
est observed pion energy. The disagretemént between spectral shapes
in the thrée experiments is easily accounted for: from a statistical
point of V1ew any shape that depends on so few events as in the two
earlier exper1ments has very little meaning.

To aid our present under"standlng of the possible behavior of the
w -production cross section from carbon at lower enefgies than re-
ported in this experiment, and also to illustrate the possible error
that may have been introduced in obtaining the integrated cross sec-
tion (2{_) at 90° to the proton beam, it is important to introduce

dQ b, c

data on low-energ_sr n~ production from other elements. Preliminafy
results 0 on mw pi"oduction_from combie"x nuclei at 90° to the proton
beam have shown that for a pion energy as low as 12.5 Mev the rela-
tive yleld of negatlve pions is nearly proportmnal to the number of
neutrons in the nucleus. Some of these preliminary results are pre-
sented in Fig. 20. From these results one may argue, on the basis
of the possible effect of the Coulomb barrier on m emission from the
nucleus, that the cross section for T iproduction from carbon at 90°
to the proton beam may continue to increase for pion energies some-
what lower than the lowest reported energy in Fig. 16. The conclu-
sion that this may not continue to increase as the pion energy approach-
és zero, but may peak and probably decrease, is justified by the shape
of the w produétion spectrum at 0° (Fig. 6).

One can see from the plot in Fig. 16 that the value of the inte-

-

grated cross section (dl-> is greatly influenced by the assumption
90

made on the behavior of the cross section in this lowééner-gy region.
For the calculation of the reported value it was assumed that a'peak
occurs at a pion energy of approximately 10 Mev and that the cross

section gradually decreases. In the calculation of both the 0° and the
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900 integrated T Cross sections the assumption was made that the

7 -production cross section does not go to zero for a pion of zero en-
ergy. It should also be mentioned that although there is disagreement
between the sh/ape of the spectrum for “.. production at 90° to the pro-
ton beam as presented in this report and that which is reported in the

19,

earlier experiment of Richman and Wilcox, > the values of the in-

tegrated w ' cross section are in good agreement, as is shown by a
comparison between their reported value of (4. 5+ 1. 3) x 10 29
steradian—lnucleus-l- and that given in Table VIII.

C. Our Present Knowledge About Charged-Pion Production
- ‘from Caﬂaon By 340-Mev Protons

It is worth while to mention two other published experiments?’S’ 38

on charged-pion production from carbon by protons so that a summary
can be made of our present knowledge on pion production from this
element. It is well known that pion production from an element var-
ies with the energy of the incident proton. Such a bstudy on the depen-
dence of p051t1ve—pion production from carbon at 90° to the beam on
pr.oton energy has been reported by Ham11n35, From five observed
proton energies between 235 Mev and 340 Mev he reports that the ex-
citation function of positive-pion production is best expressed in the
relation A V ‘
Y(T,) (T, - 150)°

where b = 2,5+ 0.6 and T is the incident proton energy.

' The second experiment reported by Leonard 8 presents data on
positive and negative pion production from carbon at 180° to a 340-
Mev proton beam. As'this experiment was conducted on the same
basis as the poor-geometry experiment that is presented in this re-
port, one can utilize LLeonard's data to obtain an estimate of the total
production cross section for positive and negative pions from carbon. -
Some of the cross sections reported in Leonard's experiment are
compared with the cross sections presented in this report in Fig. 21,
~An estimate of the total cross séction for 1r+ production from carbon
 can be obtained by assuming that the angular dependence of the cross
section at each angle g, integrated over pion energies, can be rep-

resented by the following relation:
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- When this relation is integrated over all possible laboratory angles

:A + 'AB co_s‘ 6 + C c_os2 [

one obtains
+ 27 .. 2

o = 4x [A+'C/3]' (7.6 0.7)x 10°°" em”
_ T _ ,
which is the estimated total production cross section for positive pi-
ons from carbon, Simﬂarly," if one assumes the expression

229 (0) _ Avy B sin®g+ C' coso

dQ ‘

as the angular dependence of the integrated cross section for negative
pions at each laboratory angle 9, one can integrate this expression

over. all laboratory éngles to obtain

¢ = 4n [A' + Z—B—] = (0.55% 0.09) x 10727 cm?
T 3 |

for the total production cross.section of negative pions from carbon.
In all three cases the reported error is the statistical probable error,
‘One can now summarize what is at present expected to be the more
accurate data on chargednpibn produétion from carbon by 340-Mev
protons. This summary is presented in Table XI,

As a final note it might be mentioned that any explanation of the
presented results should take into consideration the effect of the nu-
clear Coulomb barrier on pion production. All previously proposed
models do not take into account this nuclear Coulomb barrier effect.
That this effect is significant is illustrated in Fig. 22, where relative
yield cu.r’ves3 for positive-pion production at the same pion energy
are presented as a function of atomic number. It is not being pro-
posed that the results in Fig. 22 are entirely due to retardation of
low-energy pion production by the nuclear Coulomb barrier. The
curves are presented as an illustration of the significance of this
effect. Furthermore, calculations have shown46 that the Coulomb
barrier may affect charged-pion production even at pion ehergies a-
bove 35 Mev. _

In an endeavor to interpret these results one should not discount
the possibility that the large « /1r productmn ratios resulting from
collisions of protons with complex nuclei may be accounted for by

analogy with a similar mode of pior production: that which is found
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to exist and to explain the sharp 1‘1+ production peak resulting from

L, 20 That this mode of pion production

free proton-proton collisions.
_is possible is illustrated in Fig. 23, This figure is a photograph of
a cloud chamber in which a ¥ meson is produced during a neutron-

oxygen collision,. 47 Emitted along with the negative pion is a deuteron.
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Table IX

Summary of Results on Charged-Pion Production
from Carbon by 340-Mev Protons

Measurement

n /"

28

o‘
f.‘dO‘ (0 ) x 10

e

2
U3 Cm 4
Ster -nucleus

21.04 = 0.50

0.714 + 0.022

29.5+ 1.2

da. (90°) 1028
de

2
cm

" Ster -nucleus

3.35+ 0.07

0.427 + 0.020

7.84+0.40

‘ -
_do (1807) % 10
dQ '

2
cm

Ster -niicTeus

*

28

1.77 £ 0,27

0.190 « 0.038

9.3+ 2.3

‘Estimated total
cross section
OT_X 1927

e 2
cm

7.6 £ 0.7

i :

14 =+ 4

Excitation
function
ot §G°

Aok

12D
(T )T, -150

¥  From Leonard's Results
% From Hamlin's Results

)
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APPENDIX

Proton Energy and Proton Monitér

The incident-proton beam intensity fluctuates during each expo-
sure, as the bombarding time for each exposure is lohg {from 3 to
9 hours}). For some exposures the beam intensity varied by as much
as a factor of two. Because of this fluctuation, the prbton monitoring
system that measures the number of protons in the incident beam, (Np
or Ip),’ can greatly influence not only the shape of the reported spec-
trum, but also the accuracy of each measurement. A calibration was
made to check the behavior of the proton»moﬁitorin'g system.
The proton monitor was a shallow parallel-plate ionization cham-
-ber (Fig. 2‘4a) through which the incident beam passed prior to reach-
ing the target.  The chamber was filled with argon to approximately
4 cm Hg above atmospheric pressure. The ionization produced in the
ionization chamber was measured by collecting it in a condenser and
measuring the potential across the condenser with a 100% inverse-
feedback electrometer (Fig. 2.4b),v
| Figure 25a illustrates the calibration arrangement. The current
in the beam was measured first by two ionization chambers of the -
type shown in Fig. 24a, and then by a Faraday cup, Whiéh is the pri-
mary standard for determining the beam intensity. The Faraday cilp
consists of a 6-by-6-inch copper cylinder supported by-Teﬂoh insula-
tors as shown in Fig. 25b. Across the face of the Faraday cup is a
bias foil that is used to test for the effect of secondary electron emis -
sion from the electrode. The whole Faraday-cup structure is in an
evacuated enclosure. A magnetic field of 100 gauss across the face
of the Fé,raday cup serves to greatly reduce the secondary electron
’er.nissionu As shown in Fig. 26b, a change of bias-foil potential of
430 volts caused a change in the apparent calibration of the ionization
chambelj of less than 1%. This indicated that the secondary electron
emission was satisfactorily small. The apparent multiplication fac-
tor M' of the ionization chamber appearing in Fig. 26b, 1s defined as
the ratio betweén the saturated current collected in the ionization
chamber and the corresponding current collected in the Faraday cup.

In order to compare the experimental results that were monitored by



-84- .

T0 HIGH VOLTAGE T0 ELECTROMETER

TEFLON' CONNECTOR

"0"RINGS FOR

VACUUN TIGHT
SEAL
* Gy - W0MEG
50K b e
100K wd wi
5803 : Jwe L a3
" 0005"8e-C it SE g =
€K 0.05uf 0‘2‘300 2
RN E o
e ] ]
I i I -
+ -
CALIBRATE SIGNAL
INSERTION POINT
NOTE: C IS USED FOR INTEGRATING ELECTROMETER
APMANANNARNRNANNNNNWY R IS USED FOR CURRENT ELECTROMETER
A= =N
BRASS HOOPS RIGIDLY SECURED THROUCH SIMPLIFIED SCHEMATIC DIAGRAM OF THE
A ey 100 PER CENT INVERSE FEEDBACK INTEGRATING
: : ELECTROMETER.
SCHEMATIC DIAGRAM OF THE .
PARALLEL PLATE _ (b)
IONIZATION CHAMBER.
(a) MU-7508

Fig. 24.



-85-

TEFLON STAND-OFFS§

T0 BIAS VOLTAGE 'SUPPRESSOR SHIELD 0.001" AL

o T ELECTRONETER [inico
ELECTRONETER MAGHET

% F-» I___T_:TEELEEI‘ROMETER
|

i
|
|
BEAM |
=
y Ry ¢ |
' |
L __l
02 =
\\VACUUM HOUSING

T0 HIGH YOLTAGE ALNICO
IONIZATION CHAMBERS

FARADAY CUP 0.005" BE-Cu

10 INTEGRATOR
T0_BIAS VOLTAGE
SCHEMATIC DIAGRAM OF CALIBRATION

ARRANGEMENT. _ CROSS—SECTION OF FARADAY CUP.

MU-T490



0.90
" 0.89]
0.88]
0.871

0. ee-'

R /0. 85—
/ o. 84-
083

0.32—

X—

1%
T

x 1/10 BEAM DATA
« FULL BEAM DATA
C, VOLTAGE 1000

0.81

~TT

OOO 1500

PN UIT SO U TS B St

r

T
0 500 2000
- IONIZATION CHAMBER VOLTAGE R, (VOLTS)

Loa

115
1.14
1
1.134
1.12-
C/RI 1.114
1.104
1.094
1.08+
1.07-

3 POINTS
——

X 1/10 BEAM DATA
* FULL BEAM DATA
R, VOLTAGE=1000"

-86-

1.06-1—
0o 500

IONIZATION CHAMBER VOLTAGE C, (VOLTS)

T

1000 1500 2000

Fig. 26. Results of calibration of a

(b)
" L 1 IO PR R N 4
0.91 R, VOLTAGE 1000"
a.90- ¢, vouTace 1000"
@ R ;0.89-
SIVA
1 0.8+
(& : N [
Q —_—]
21 o '\\—z PONTS
_ 8712 2 POINTS i
8lg . ] v T :
E g 8681 \: 5
Q| 3 864 T
2|3 | N
ajs™ 2| |
B £ a5t
= S
S| 524
| 64 '
2| 2 o] [
£ 1604 y
E| £ R %
a 5756j '.“-w
%| = 12 3PONTS \JL
= 1 ff
" 144
FARADAY CUP T t 0 1a00
0 400 0 +400
BIAS VOLTAGE 430
FRACTION OF MAXINUN N ¥
PROTON BEAM 1 01 1 1oz
RECORDER SENSITIVITY '
(voLTs/10 Divisions) | 1 01 1 ]!
MU-7488
|| -plate

ionization chamber for (a) the saturation effect
with beam intensity, (b) apparent multiplica-
tion factor with beam intensity and Faraday

cup bias voltage.




 -87-

either of the two ionization chambers, five corrections were Applied'
~ to the apparent multiplication factor to obtain the multiplication fac-
tor M tha_.t was gsed during the_experi;nent.; These corrections and

_thAeivr values are presented in Table X.

 Table X

Corrections Applied to the Apparent Multiplication Factor

AIoniz.at:ion‘ Chamber - o o » R1 C1

Faraday cup ' ' o '
screen voltage L C 1.009 .1.008

Condenser calibration B | 1.063 0.951
Pressure 1.290 1.299 .
Plate separation 0.998 0.986
Electrometer 0.01{ 1.008 1.012
sensitivity 0.1 0.997 0.987
Net correction 0.01 1.392 1.243
0.1 1.377 1.212
Multiplication at full beam 1042 1067.
factor M at 1/5 full beam 1053 1074

The value M in Table X is the rpuvltiplibc‘a.tion factor that is obtained
for a shallow .pa_r_ailel-_-plate ionizatidn chamber. filled with argon to
an absolute pressure of 100 cmm Hg at ZOOC, haviﬁg 2,000 inches for
the plate separation and corrected to a zero bias-screen voltage of
the Faraday cup. ' _
| As seen in Table X, the multiplication factor does change with
proton beam intensity. Because of this small change in the value of
- M at the two vastly different beam intensities, no correction for the
saturation effect of the ionization chamber was applied to the repor-
ted cross sections for the intensity fluctuations that were observed
during the experiment. This is justified since the jonization cham-
ber was operated in the saturated region for all beam intensities

during the experiment, as shown in Fig. 26a.
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‘Immediately following ‘ohe part of these eXperiments, the energy

- of the proton beam was mieasured by Dr. R. Mather with his Cerenkov
~radiation method. 8. Thevalue of this measured energy was 340 Mev.
To check the constancy ‘of this energy a portion of the projected range
curve in copper, as shown'in Fig. 27, was obtained 1nterm1ttent1y
Within experimental error the results from this portion of the Bragg

.curve were. W1th1n 1/2%. of belng the same. This excellent check on

- the.constancy of:the: protoﬂ energy is not surprising. As seen in Fig.

la, the deflecting apparatus of the 184-inch synchr'ocyclotro'n as-
sures a well colhma.ted nearly monoenergetm beam by the time
the protons reach the exper1menta1 area. A slight change in energy
. results from the complete readjustment of the controls after inter-

_vening duty on other experiments.
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