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THE PRODUCTION OF POSITIVE PIONS BY 341 MEV PROTONS ON PROTONS‘

W. F. Cartwright'® C. Richman, M. N. Whitehead and H. A. Wilcox™ "

Radiation i..aboratory. Department of Physics,
University of California, Berkeley, California

March 18, 1953

ABSTRACT ‘

The production of positive pions by protons on protons has been studied
at 0°, 35° and 58° to the beam of 341 Mev protons produced by the Berkeley
synchro-cyclotron. In the collision of two protons, two reactions are pouil;lc
which lead to a ¥t -meson: (1) P + Psx* + Dand (2) P + Pon’ + N+ P. The
experimental results at 0° show an energy spectrum from 0 to 70 Mev which is
farily flat except for a large peak at the high energy end. The flat portion of
the spectrum can only be due to reaction (2). A comparison of the shape of the
peak with the results of the phenomenological theory of Brueckner and Watson
shows that the peak is due solely to reaction (1).

This fact, together with a measurement of the energy of the beam and of
the energy of the pions from reaction (1), gives the value 275.1£2. 5 electron
masses for the mass of the positive pion. The angular distribution in the center
of mass system for reaction (1) as obtained from the data at the above three
angles, is 3. 34l, Z[.llsh. 06 + cosZOJ . 10729 ! and the total cross
 section for reaction (1) is 1. 8%0. 6- 10°28:m2,

These ie;ults have been compared with the results obtained by Durbin,
Loar, and Steinberger and by Clark, Roberts, and Wilson on the inverse re-
action, vt D——P + P. Using the theorem of detailed balancing, these ex-
periments lead to the value zero for the spin of the positive pion with good

cm? s erad. ~

certainty. ‘ »

* Preliminary results of this expe'riment were given in Phys. Rev. 78, 823
(1950), Phys. Rev. 79, 85 (A) (1950), Phys: Rev. 82, 460 (1951), and Phys. Rev.
83, 855 (1951).

**%* Now at the University of Rochester, Rochester, N. Y.
*** Now at the Naval Ordnance Test Station, China Lake, California.
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W. F. Cartwright, C. Richman, M. N. Whitehead and H. A. Wilcox

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

March 18, 1953
I. INTRODUCTION

The early investigations of the crou‘ sections for the production of
pions by 341 Mev protons, undertaken at the Berkeley 184-inch synchro-
cyclotron, were made by bombarding xf‘}.,a'ifinnl complex nucled. * 2

It is expected that the analysis of the plon production process should
be much more incisive for the case of a simple nucleon~nucleon collision
than for the earlier experiments. An experiment was therefore undertaken
to measure the yield of positive pions produced by 341 Mev protons on hydrogen.

Since the proton beam energy is about 50 Mev above the threshold for
the production of pions {n this process, P + P-)'w*. the pion velocity in the
center of mass system is comparable to the velocity of the center of mass
relative to the laboratory system. Consequently, the pions are emitted pri-
marily in the forward direction in the laboratory; that is, in the direction
of the proton beam. It was found possible, by using a magnetic field, to
separate the pions produced in the forward direction from the proton beam,
and an investigation was made of the energy spectrum of the pions produced
at zero degrees. ’

The initial experimenus showed an energy spectrdm that was fai rly
flat except for a large peak at the high energy end, There are two possible
reactions in which the pions may be peoduced, namely:

P+Pon’ +D * (1)
P+Pyr +N+P. (2)
It was uuggeated‘ that the first reaction is primarily responsible for the peak
at the end of the spectrum. A careful measurement was then made of the
shape of the spectrum near the maxhnum energy in order to determine whether
this was the case. : _
Later measurements were also made of the yield of pions at 35° and
58° to the proton beam in order to determine the angular distribution of the
pions in the center of mass system. ‘

-
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* It was pointed out by Johnson, 5 and independently by Marshak6 and
Cheston, 7 that the principle of detailed balance can be applied to reacsion
(1) and its inverse to obtain the spin of the positive pion. A knowledge of
the angular distribution of (1) makes possible the detailed comparison of
this experiment with the experiments on the inverse reaction.

II. GENERAL METHOD

For this experiment the electrically deflected 341 Mev proton beam
of the Berkeley synchro~cyclotron was used. The method of deflection and
collimation of the beam have been described previously. 7

The method used for studying the production from hydrogen is an
extension of that developed for measuring the cross section for the pro-
duction of mesons by protons on heavy nuclei at 90° to the proton beam.
It has been modified by the use of a channel and magnetic field to decrease
the background of scattered protons which caused diﬁiéulty in those experi-

8

ments.

Figure 1 shows a schematic diagram of the experimental set-up.

The collimated proton beam passes through an ionization chamber and
then strikes either a graphite or polyethylene target which is placed be-
tween the pole faces of the magnet.

The pions bend away f{rom the proton beam and those in the energy
interval and angular interval of interest pass through the wide channel cut
in the brass shielding and enter the absorber-detector. They are slowed
down by ionization in the absorber and the population of stopped pions is
sampled by a nuclear emulsion embedded in the absorber. The developed
plate is scanned and the positive pions identified by the nature of thepion -
track and by the characteristic p decay track at the end of the range.

The success of this method depends on the fact that a pion with the
same momentum as a proton has, as a consequence of the large maess dif-
- ference, a range approximately one hundred times that of the proton. The
protons coming down the channel are therefore stopped in the first part of
the absorber and are eliminated as a source of background in the scanned
region of the emulsion.

The brass shielding which forms the channel serves only to prot’ect the
' detector from high energy protons scattered from the target and to limit the
angular spread at the target of the pions detected.
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One can calculate the number of pions per square centimeter per Mev
hitting the face of the absorber from the density of stopped pions in the emul-
sion. If the solid angle subtended at the target by a unit area at the absorber
is known, the cross section can then be calculated in the usual manner.

The calibrated ion chamber placed before the target gives the total
number of prot;ma passing through it, making possible the calculation of
absolute production cross sections.

Since this arrangement accepts pions produced with a small spread
of angles and in a small energy interval, several ru;| are made to cover
the entire energy spectrum at each particular angle,

1. ABSORBER AND DETECTOR

The poniuon of the nuclear plate in the absorber and the type of ab-
sorber used are shown in Fig. 2. As can be seen in the figure, the’ polition A
of a pion's decay in the plate is a measure of the pion's range in the absorber,
and therefore of its initial energy upon entering the absorber.

" The cross sectional dimensions of the absorber were made large
i:ompare»d to the mean lateral displacement of the piono due to the multiple
Coulomb scattering suffered by them while slowing down. If the pions '
from the target strike all parts of the absorber face, a condition of poor
~ geometry" obtains and it may be assumed that as many pions scatter into
that part of the beam which stops in the emulsion as scatter out éf it.

The root mean square lateral displacement calculated for 70 Mev
pions was spprqﬂmutely 8 mm. The width and height of the absorbers
were always much larger than this. |

The pumber of stopped pions was found by scanning the developed
plates under the microscope using a 90x oil immersion objective and bx
eyopieces. The microscopes were equipped with a special stage which
was designed and built by Mr. W. M. Brower of the Physics Department
machine shop. This stage enables the observer to resst the microscope
to an accuracy of about 2 microns and enables him to détermine with good
accuracy the area which has been scanned. The photographic plates used
were Ilford Naclear Research plates, type C-2 and type C-3, with an
emulsion thickness of 200 microns.

An event was counted as a w-p decay only if either the v or the
track could be definitely ideptified as a meson by the usual tests of
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!
scattering or of rapid grain density variation. It is estimated that with this

‘procedure the error in the number of pions ocbserved is loss than 5 percent.
For the high energy pions near the peak in the 0° pion spectrum, a '

copper slab was placed in front of the aluminum absorber holding the emul-

sion. This is shown in Fig. 2B. With this arrangement, the pions rapidly

lost most of their energy by traveung a short distance in the copper, and
. the energy spectrym was then s?read out.along the nuclear plate because .

of the low stopping power of the aluminum. The range-energy curves of

" Aron, Hoffman, and Wmiamc.q as corrected by the recent work of Mather
.. and Segre, '10 were used to convert the pion range to energy. These latest
" corrected curves are accurate to about 0. 5 psrcent in energy. ‘

The absorber face was cut so that the pions éntered normally.
Thus, the variation in depth of penetration with angl’é ‘ot 'iicidence 1§ “very e
small. For the zero degree measurements, with 2 Sheinch diameter™ i

target, and with the maximum channel width used, this angle varied be-

" tween +3° and, -3°, depending on the energy of the meson and on its points

of origin and decay. This produced an uncertainty in depth of penetution
of less than 0. 2 percent.
In order to find the density of stopped pions, it is neceuary to know

" the thickness of the emulsion before development. It was possible to cal-

culate this value from the thickness of the processed emulsion determining

the shrinkage factor using either the alpha particle calibration method of

Wilcox, 8 or the similar method of Barkal‘n using x-rays. CoN
IV. CHANNEL

The principal purposes of the channel are to shield the detector
from other particles and to insure that the pions enter the detector normally’

. The energy of the pions ie determined by their depth of penetration into

the absorber-detector. The minimum width of the channel exit is fixed by
the iequirement of poor geometry discussed above. The rest of the channel
is then designed to allow pions in the desired énergy range to reach all
points of the absorber face from each part of the target.’ ’ '
F&r the 0° production experiment the channel accepted 2 20 Mev
energy interval arqund the peak. At the othé-r'anglea it was necessary to-
ase several values of the magnetic field with the same channel in order to .

 cover a comparable energy interval. In these cases the energy intérvals

in the different runs were made to overlap.
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V. TARGETS

The high cross section of hydrogen in the neighborhood of the peak,
relative to that of carbon, made the use of a subtraction method practical.
By measuring the pion yield from both polyethylene, (CHZ) » and carbon,
the hydrogen cross section may be calculated with good accuracy.

In the region of the high energy peak, targets of one-yuarter inch
thickness were used to obtain good energy resolution. For the slowly vary-
ing continuum from hydrogen, and for the carbon data at 0°, one-half inch
targets were used to keep the cyclotron bombardment time within reasonable
limits. The effective area of the target was that of the proton beam, which
was collimated to a one-inch diameter circular area by a 40-inch tube in 0
the cyclotron shielding. The target densities were calculated from the
measured weights and volumes.

V1. MAGNETIC FIELD

The magnetic field used to separate the pions from the proton beam
was produced by a magnet whose maximum field was about 14, 000 gauss
aver an ares sufficiently large to turn a 70 Mev pion trajectory through
about 90 degrees. The gap between the pole faces was 3.5 inches. The
proton nuclear induction resonance method was used to measure the
field to an accuracy better than one percent. The variation of the field, in
time, during any particular run, never exceeded one percent.

VIl. BEAM INTEGRATION

The jons produced by the proton beam in the fon chamber were col-
lected on a condenser and the total charge measured by a standard electronic
integrating circuit. The ion chamber had previously been calibrated by com-
parison with the total charge obtained by stopping the proton beam ﬁx a
Faraday cup. The average beam current was around 10 ~10 amperes, The
overall accuracy of the charge measurement is estimated to be bett@r than
#5 percent.

Vili, GEOMETRY

From the density of the pions in the emulsion one can obtain the

- flux of pions of a given energy in the absorber. In order to calculate the
differential production cross section, it is necassary to know the solid
angle subtended at a point in the target by a unit area in the absorber,
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If the trajectories lie in a plane perpendicular to the uniform mag-
netic field, the solid angle subtended by a unit area perpendicular to the
trajsctories is, 12 _
S S
, p ésind *o _ \
where p is the radius of curvtture of the pion trajectory, and ¢ xs the angle
through which it turns from the target to the absorber. This formula applies,
within 2 percent, even though the field departs from uniformity near the
pole boundaries, where p remains the radius of curvature in the uniform por-
tion of the field, ,

~ A small error is introduced by the use of this formaula for pionl
whose trajectories have a small component a.long the direction of the
magnetic field. For the dimensions used in this experiment, this error
was less than 0.1 percent, so no corrections have been made. Also, the
finite size of the target and absorber cause some variation in the solid
angle ( ~7 percent) for pions of different points of origin and termlnation.
The value of d3/dA which was used in the calculations was for a trajectory

from the center of the target to the center of the absorber.

IX. CALCULATION OF THE CROSS SECTION

The number of pions in a given energy interval that entered tﬂp ab-
sorber can be deduced from the number of pions stopped in the emulsion by
the following arg’u.ment. We will make the simplifying approximatioﬁ that
the pions travel in straight lines. !

Conaider pions of a given energy, E, which enter the absorbex‘ nor-
mally to and over the entire area of the face of the absorber. Lt thene
pions have a range in the absorber which is R . Those pions whou*ttao

~ jectories lie between two lines, M, and M,, as shown in Fig. 3, wln stop
in the emulsion, while pione whose trajectories lie outside of these 1;lnea
will stop only in the aluminum absorber. It {8 eaey to see that the he;ght.
a, between the two trajectories is d sec a R Ry’ where d is the thick-
ness of the emulsion, a is the angle of inclmation oi the plate as showm in
the figure, and R, and R,y are the residual ranges of & meson of racidml
energy, Er“. in emulaion and absorber respectively. Fora s 15° and d =
2004, E_ . = 5.7 Mev and R /R, =120

T it
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Let the number of pions entering the absorber per unit area in an
energy interval AE be N(E) AE. If then we scan a strip of emulsion of
length.L, perpendicular to the plane of Fig. 3, the number of pions that
have stopped in the emuleion will be N(E)AE-a- £ . -

The spread in pion energies, AE, in the beam, corréeponding to
a distance AZ- along the plate {in the plane.oi Pig. 3) is given by: AE =
AZ cos a {-dE/dx)_, where (-dE/dx)_, is the rate of energy loss per cm
in the absorber at the initial energy of the pions. Thus, the number of .
mesgons that stop in the area A& .2 on the plat; is given by n = N(E) (»dE/
dx)_, cos a-a i -A%. If d denotes the thickness of the emulsion and q
represents the number of gtopped pions found per unit volume of the emul-

C8
sion, wé obtain: ' e e e
NE) =  yp—TT . . (5)
C ab\l* d- 0% (HE Rap
(V)ab(g';) &) 12

The q@ber of pions of energy E per Mev per cmz in.the beam is
given by: ‘
: . do— t- D dsg :
. NE=gg N, TR Ao @ (6)
where Np is the total number of protons that have passed through the target,

D ie the density of the target material, A is Avagadro's number, A is the ‘mole-

cular weighg of carbon (61'(;}{2). t is the target thickneses, do/(dEdQ) is the
differential cross section for production of mesons by protons on a carbon
nucleus (or 2 CHZ molecule) per unit solid angle per Mev, and df}/dA is the
solid angle per unit area in the emulsion,

Using eqs. (5) and (6), the differential cross section is therefore found

to be as follows:
1

do— L W S cns Mev™ sterad. “
=D R N, DA W Sm
N AR = |

Three corrections have to be made to eq. (7). (a) Bome of the pions
decay in flight before reaching the emuleion. The mean life of the n' -meson
has been found to be 2.65 £ 0.12 x 10'8 'sec.m- 1f the meson moves a dis=
tance, dr, in the laboratory with 2 momentum P, the proper time inter?al
that has elapsed is: '

at = M, dr/ (pucz)

’
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where M is the rest energy of the meson, and ¢ is the velocity of light.

In computing the correction to eq. {7) due to decay in flight, we neglect
energy loss in air, and use, for the absorber, the empirical range energy
relatlon:“ ‘

1

T _=KR" ~ {8)
where n = 0. 58, K is a constant of the absorber material, T_ is the meson's
kinetic energy, and R is its range. It can then be shown that the cross sec-
tion as calculated from eq. (7) should be multiplied by the factor

Exp {o. 63103 [x + %3 e po +0.89103 x"V/2 a} (9)

where x = T_/ (Z.M~ This formula is easily extended to the case of a

(b) The pions emerging from the target in a givex’t' energy interval,
AE, are produced at different depths of the target in different energy inters
vals, AE!'. When this is averaged over the target, one finds that (AE/AE!')=
(odE/dxz) . t/(Ea-El). where --dE/o:l:tzz is the specific ionization at the exit
side of the target, I'.‘.?_-E‘.1 is the energy loss in the target of a pion created
at the front face, and t is the target thickness. The pion spectra are plot-

ted as originating from the center of the target znd the yields are increased
by this factor. '

(c) The observed number of pions {s decreased from the actual num-
ber entering the absorber by large angle nuclear scattering and absorption
in the copper and aluminum. A precise measurement of the cross sections
for these proceuen asa function of pion energy is not available, but recent
experiments ? indicate that for the energies involved in our experiment
the attenuation cross section is less than nuclear area. We have corrected
our data using a total attenuation cross section of 0.8 nuclear area indepen-

dent of the energy of the pion.
X. EXPERIMENTAL RESULTS

Tables 1, II, and 111 give the cross sections obtained from CH, andC
at 0°£3°, 35%°23°, and 58°43° in the laboratory. The energies given are
the production energies of the pions as deduced from the thicknesses of
the target, air and abosrber traversed. The experimental cross sections,
the corrections discussed above, and the final corrected values are listed.
The errors shown are the statistical probable errors calculated from the -
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number of pions counted at each energy. The hydrogen spectra are ob-

tained by subtracting the carbon from the CH, cross section and dividing *.
" by two. Figs. 4,5, and 6 give the resultant spectra at the three angles.

Ae will be seen in the tahles. the G!{z peaks were examined in de-
tail, but only one point in this energy region was measured for carbon.
This is justified since the CHZ epectrum is 80 intensely peaked that the

‘  exact details of the slowly changing carbon spectrum need not be known

in order to get a good subtraction. At zetro degrees, where the peak is
analyzed in detail, there is good e\ddence16 that the carbon spectrum is
fairly flat from 60 to 75 Mev. ’

The analysis of the zero degree spectrum shows that the peak, from

65 5 to 76° Mev, is a result of deuteron formation. (See Section XI). At"

‘ the other angles it is assumed that the peako are also the regult of deuteron

AT e gy

laboratory angle. (See Appendix I for a discussion of the dynamicl of the

" reaction). At both 58 and 35 degrees the peaks do not fall at the calculatéd
- energy. This fact is not surprising, as the energy is a sensitive function

of both the pion mass and the beam energy. The change in maximum pion
energy, per Mev change in initi al proton energy, varies from 0.9 Mev
at zero degrees to 0.6 Mev at 58 degrees. *The variation in maximum

' energy for a change in the pion mass of one electron mase is the same
" ‘as for one Mev change in the proton energy. As the pion mass is uncer-

tain by two electron masses, and the external proton beam is known to
vary in energy By as much as 3 Mev, the energy of the peaks cannot be
predicted exactly unless apecial precautions are taken as was done at zero

‘degrees.

In order to obtain the cross section per unit solid angle for the form-
aticn of pions in the deidteron reaction each experimental spectrum is inte-
grated over the energy interval of the peak. The absclute cross section
is assigned a twenty peréent error at zero and 35 degrees and 25 percent
at the 58 degree point. Table IV shows the cross sections obtained at
the different angles in the laboratory and the valnea_ after transforming
to the center of mass system. | "

Fig. 7 shows the cross sections per unit solid mgle. do/dn, for P +

’ 'P-—)sr '+ D, plotted as a function of the angle of the pion in the cénter of
' mass system. It is obvious that the cross section varies with angle. The
s _
-simplest assumption as to the form of the angular distribution is,
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gﬁ-a B(A + cos’ 0) cm® sterad.”
Since the initial particies in the reaction are identical, the distribution must
be symmetrical about 90 degrees;. therefore, no term in odd powers of the
cosine can appear. The constants A and B have been determined by the
method of least squares from the data given in Table 1V, giving the follow-
ing result:

dCas.3s12 [[1e.064cos? 0] x 10°2%m? aterad.! - (10)

R i TR I ¢

The total cross section for P + P_,ur + D, obtained by integrating eq. (10),
is: 7
o=1.840.6x10"28 cm?.

The exrrors given are based on the external consistency between the
experimental values and the values calculated from (10). Fig. 8 shows the
* calculated curve and the experimental points as a function of angle in the
laboratory system; for comparison a curve for a spherically symmetric
distribution in the center of mass is also shovwn. |
' An independent measurement at 18 degrees in the laboratory using

a liquid hydrogen target has been made by Peterson, Doff and Slxerm»,n]‘7
Their value is also shown in Fig. 8 and is in good agreement with the cal-
culated curve. o

The pion energy is also a strong iunction of the laboratory angle,
varying by 0.8 Mev per degree at 58°. The largest possible error in the
angle measurement is that at 58 degrees, where it may be as large as three
degrees. However, a change in the angle of three degrees changes the
constant factor in the angular distribution by only three percent, which is
small compared to the uncertainties from other sources of error.

The total cross section at sero degrees, including the contribution
from the continuum, is 1.9 £ 0.4 - 10728 cm?. sterad. -1,

The maximum energy of pions produced in P-P collisions depends
on the proton beam energy, the direction of emission of the pions, and
on the masses of proton, pion, and product nucleons. ({See Append'ix 1).
In Section XI it is shown that the peak in the spectrum is due to deuteron
formation %5d occurs at the maximum pion energy. Thus, knowing proton
and dueteron masses, it requires only a measurement of the energy of
the pions in the peak, for a given proton beam energy and angle of pro-

_ duction of the meson, in order to measure the pion mass.
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The data at zero degrees was. usad to determina the pion mass. At B
zero degrees the dependence of the maximam pion energy is quite insen-
sitive to a small variation in production angle. (See Fig. 10). The proton
beam energy was measured during the zerodegree experiment by Dr. Ro« B
bert Mather using the Cerenkov radiation of the beam. _ The energy of the
. Ppions in the peak was inferred from their range, &akhxg into account the
\ apparent pion energy spread introduced by the finite resolution of the ap-
paratus. Further details can be found in reference 12. o

The positwe pxon mass determined by this method is 275.1242.5

electron masses.
o eI

XL - DISCUSSION OF THE EXPERIMENTAL RE&BLTS
AT ZERO DEGREES

It has already been pointed 6ut that two react£6ns‘ are poscibie in

this experiment: (1) P + P«-an' +D and (2) P+ P-—-nr + N+ P,
, If only reaction {2) occurs, the pion energy s’pectrum at any angle
‘will consist of a continuum from zero up to some maximum energy deter-
mined by the proton beam energy and the masses of proton. neutron and
pion. | -

~ The possibﬁity that the proton and neutron come oﬁ as a deuteron
was suggested in 1948 by Morand, Cuer, and Maucharafyeh‘s. and in 1949

by Barka519 If a deuteron is formed the pion spectrum at any angle cone

" siste only of a line spectrum at an energy which is, because of the bind-

ing energy of the dueteron, a few Mev higher than the maximum energy
pion produced by reaction (2), _ '
Consider first the piona produced at zero degreel. The energy in-

| terval between the upper limit of the continuous spectrum (2) and the line

spectrum.(l) is then 4 Mev in the laboratory system. If the pion mans .
were known with grea.t accuracy and if the resolution of the apparntns were,
sufficiently high. one could tell from the observed maximum pion energy .
whether or not deute ran formation ever occurred. This approach is very
difficult, If, however, the shape of the experimental gpsctram &t zero
‘degrees is compared with some theoretical curves given by Watson and
Bruecknerw. information about'the extent to which bath reaction occur
can be obtained. | \
It was pointed out by Brueckner, Chew and Hart that the prodaction
“of pions in nucleon-nucleon collisions is strongly dependent on the waves
state of the product nucleons. This idea was developed by Brueckner and
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Watson in their phenomenological description of the process. They give
pion energy npe.ctra at various angles for the different possibilities of
wave -states for pion and product nucleons.

The outstanding feature in the experimental spectrum of pions pro-
duced at zero degreee by protons on protons is the intense peak near max-

"’ imum meson energy. The shape of the spectrum near the peak is pri-

marily determined, in the theory, by the wave functions of the nucleons

in the final state. It might be expected that for those pions produced with

. energies near the maximum, the product-nucleons wauld be in an S-state,
since their relative velocity is small. And indeed, the experimental re-
sults do not fit any of the theoretical spectra of Brueckner and Watson

based on the assumption that the final nucleons are in a-P-state, 1 % -+« <oy

According to the theory, a strong peak will occur if the nucleons
come off in either a triplet S-state or in a singlet §=state. If the product
nucleons come off in a S-state, there is a large probability that pion pro-
duction will be accompanied by deuteron formation. The resulting line
spectrum will be intense compared to the continuum, thus giving rise to
the peak. If, however, the nucleons are left in the la?‘s-:stato.e, a strohg peak
will still arise because of the resonance resulting from the low energy
virtual staté of the deuteron. '

It should be pointed out that deuterons have been detected in coincie
dence with pions of ppproximately maximum energy by Crawford, Crowe
and Stevenson.

It can be concluded from the results at zero degrees that the peak
in the spectrum is due solely to deuteron formation. This follows from a
conipariaon of the experimental points with the curves derived by folding
the resolution of the apparatus {(see Appendix II) into the theoretical spece
tra.

Curve II, Fig. 9, shows the result of folding the resolution into that
theoretical spectrum in which the nucleons are left in the 1S-a state and the
pions are produced in a P-state with a coszo distribution in the center of
mass system. As mentioned above, the shape of the spectrum at the peak
is primarily determined just by the final state of the nucleons. This choice
for the pSon ;vaveontate. however, gives the best of the theoretical spectra
based on the 1S-state to the experimental points in the peak.

=

3
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Curve 1, of Fig. 9, "i".l;'hows the result of folding the resolution into that
spectrum in which the fuicleonn are left in the 3S-state. and the pions are
again produced in a P-state with a conzﬂ distribution. Since the main fea~
ture of this spectrum is a line displaced upward by 4 Mev from the continuum,
" this curve is essentially a plot of the estimated resolution. The resolving
power is sufficiently high, as shown in Appendix II, that the apparatus does
not apf:reciably mix the continuum and the line spectrum. The selection
of the particular angular momentum and angular distribution of the pions
is even less critical here than for the 18 case, since the intense deuteron
peak is the essential feature of all the 3S spectra.

Fig. 9 also shows the experimental points at zero degrees. . Both
theoretical curves are normalized so that in each the area from 65.5 to 76.0
Mev agrees with the area under the experimental points in the same energy
interval. The close fit of curve I with the experimental results is strong
evidence that the peak corresponds to deuteron formation. It is clear that
the §xpérimenta1 points, on the other hand, are not in agreement with either
the half-width or the asymmetric character of Curve Il for the“ls case.

The experimental results thus establish that the peak is largely due
to deuteron formation. There is still the possibility to be examined that
the peak contains an appreciable contribution from )'S final nucleon states.
However, the 1S peak contribution willl occlur 4 Mev below the contribution
from the 38 deuteron line. Since, as mentioned above, the resolving power
of the apparatu-_i.a high enough to distinguish details in the spectrum that
are 4 Mev apart, ‘any appreciable l5‘» contribution would have occurred in
the experimental results as a separate peak 4 Mev below that of the deu-
terons. Therefore, it can be concluded that the intense peak is due éntirely »

-

to deuteron formation. .o

Since the peak accounts for approximately 70 percent of the total
cross section at zero degrees, it is clear that roughly 70 percent of the
mesons produced at zero degrees are accompanied by nucleons in the 3§-
state, - . :

The observed angular distribution implies that the mesons associated
with the P + P->1r+ 4+ D reaction are largely in a P-state with.' possibly, a
small amount of S-state,

Recent experimerts suggest that the pi'on is pseludoacalar. 22 Using
the Peuli exclusion principle and conservation of parity and angular mo-
mentum, it then follows that if the pion is in an S-state, the nucleons are
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in a lso-state; while if the pion is in a P-state, the nucleons are in a 381-
state. Thus, the conclusions. from the 0° data are consistent with the re-
sults from the angular distribution. | .
That the pions come off largely in a P-state is also consistent with
another experimental result. Brueckner and Watson ?oint out that if in the
_production of neutral pions in proton-proton collisions the pions go off pri-
t_'fxgrily«in a P-state, then by conservation of parity and angular momentum
"one obtains, using the Pauli exclusion principle, a strict selection rule
forbidding the reaction if the pion is pseudoscalar. This is in agreement.
\Qith the experiments of Hales, Hildebrand, Knable and Mouer, 23 who find
an exttemeiy low yield of neutral pions when hydrogen is bombarded by
340 Mev protons. '

X1l. SPIN OF THE POSITIVE PION

The principal reaction s’tudied in this experiment is P + P-—-m+ + D.
In the center of mass system the pion energy is 21. 4 Mev for an initial pro-
ton energy in the laboratory of 341 Mev. If the cross section for the ab-
sorption of a 21. 4 Mev pion by a deuteron to give two protons is also known,
the spin of the pion can be calculated by the principle of detailed balance. 2
Assuming that the initial protons in one case, and the initial pions in the .

reverse reaction are unpolarized, we can write,

| 2 2 | |
(%‘;.‘) . (25p+D"p (gg) (11)
Fo(zsgenzs +1) ¢ wt

. , & .
where (do/dﬂ)P ie the cross section for producing a proton in a unit solid

angle from the absorption of a pion, SP' SD' and S" are the spiné of the
proton, deuteron, and pion respectively, and p and q are the proton mo-
mentum and pion momentum respectively in the ¢. m. system.

The pion absorption crose section has been measured by ngirbin.
Loar, and Steinbergerzs at Columbia University and by Clark, Roberts
and Wilson2'6 at the Unive’rsit9 of Rochester. In the Columbia experiment

. the cross section has been measured as a function of proton angle at pion

energies ranging from 25 to 53 Mev. In the Rochester experiment the
angular distribution could not be obtained, but the total cross section

- was calculated for variéus: values of the constant, A is the assumed an-
gular distribution, B(A + cosze). Their result is an average over pion

energies from 0 to 30 Mev. .
' \
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The decay scheme of the positive pion and the mode of absorption of
the negative pion are good evidence that the pion spin must be integral. 2z
Comparison of the experiment at Berkeley by means of the principle of de-
tailed balance with those at Columbia and Rochester makes it possible to
choose between the values of zero or one for the spin.

In Table V the cross sections are listed for the process ot Do P
-+ P. ;i‘he Bérkeley values were calculated using eq. (i1), (a).-with the cpixi
of the pion equal to zero, and (b) with the spin equal to one. The total cross
section quoted from Rochester is based on the assumed angular distribu-
tion, 0.2 + cos?9. The total croes sections from Berkeley and Columbia
are in good agreément for pion spin zero, although the angular distributions
differ somewhat. The Rochester cross section, although more than one
probable error away from the Berkeley result for spin zero, is in a direc- '
tion opposite to that expected for spin one. With pion spin equal to unity,
the Berkeley measurement yields a vt D--;P # P cross section which
is about eeven probable errors lower than the direct Columbia measure-
ment, and four probable errors lower than the Rochester measurement.

The excitation function of this reaction is a strong function of
energy. The difference in the experimental energics and their uncertain-
ty, thus introduce some ambiguity in the above comparisons. The excitat~
jon function at zero degrees has been mqasured up to a proton energy of
341 Mev by Se:!m.lz'27 and in the inverse experiment from a pion energy of
25 to 53 Mev by Durbin, et al. Using their data it would appear that trans-
forming the Columbia result to the lower pion energy would at most lower
it by 30 percent. A change of this magnitude would leave the conclusions
as to the spin unchanged. '

| Thus,” on the basis of the experiments done to date one can conclude
that the pion spif is very probably zero. The experiments of Panofsky,
Aamodt and Hadleyzz on the pion absorption in deuterium show that if the
negative pion has spin zero, it cannot be a scalar particle. Assuming
that the positive and negative pions are particles of like character, it can
be concluded that the charged pions are pseudoscalar.



8- . . UCRL-2102
ACKNOWLEDGMENTS

It is a great pleasure for us to thank Professor Ernest O, Lawrence,
for his intereet and encouragerient, . :
Many helpful and stimulating discussions were held with Dr. Kenneth
M. Watson and Dr. Miriam Cartwright. We would also like to thank Mr.
James Vale-and the cyclotron crew for making the bombardments, and Mr.
: Dan Hamlin and Mr. Otto Heinz for their help in various po‘rtiozis of the ex-
| . ipeiﬁn@nt which contributed substantially to its successful completion. | |

af R TR B ¥



-19- | UCRL.-2102
APPENDIX 1. DYNAMICS

The relativistic calculations fof the dynamics of reaction (1) and (Z)
are easily made. Let T be the kinetic energy of the protons in the labora-
tory. Then the velocity of the center of mass in units of c. ﬁcm’ is given
by the formula ' ' '

/2, -1/2 | | ‘
Bem =T/ (2Rg '+ Ty /7 , ‘ | {1-1)
Let y =l - ﬂzcm)'l/z; then the total energy available in the center of
mass aystem., U, is given by : .
U=2Rgy = [ZR.P (2R Q-T)] vz . (1-2)

In the center of mass system, the pions come off in reaction {1) with '
total energy (rest + kinetic) given by: :
_ IRk > ‘ . :
U ] - R, _ 2y
Ef =7 .P.‘_l?__m_:;_ , (1-3)"
- where RD and R a 2% the rest ener‘giéa of the deuteron and pion resp_ectiveiy.
The maximum pion eergy in reaction (2) is obtained by substituting the rest
energy of the neutron plus proton for the rest energy of the deuteron in the
last formula. If the pion comes off at an angle 8' to the beam in the c.m.
‘system, then in the laboratory the angle with respect to the beam, 9, is
given by the well known formula;
¢
tan 0 = . s Py’ sin 6 . (1-4)

E‘cos@' B';;)’ .

_whére ﬁ“‘ is the velocity of the pion, in units of ¢, in the c.m. system. The

ch

total energy of the pion in the if}’aboratory, E_. is given as a function of 9 by -
the formula:

E =y, b)' (E,' + B, cos 9\/E‘,'Z-y§mb; R_%) (1-5)
where b =] « pg‘m cos?e., | -

F:ig. 10'is a plot of ey. (I-5) for the caée in which a'dehteron is formed
and also for the case in which the neutron and proton come off unbound and
the pion is emitted with maximum energy ‘ K , |

The relation between the elements of solid angle in the laboratory, dQ,
and the corresponding element of solid angle in the center of mass, dﬂ'. is
given by the formula
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5

q  p | |
%‘%‘- i .I;ET (EEq' - Yem By > . (1-6)
Py | " o

Py and Py ' are the momenta of the pxon in the 1aboratory and in the c.m.

' ayatem. retpectively.
At zero degrees and for 340 Mev protona and a pion mass of 275 1 elec-

: tron mﬁnas. dE“/dE z 0. 9 and (dE /dm ) = 0.8 Mev per electron mass.
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APPENDIX II. RESOLUTION

The experimental energy spectrum of the pions was determined from
the density of pion endings found at each depth in the absorber. The density
of pions as a function of range was then converted to the density of pions as
a function of energy by means of the range-energy curves for pions. This
method of detection introduces a finite resolving power into the apparatus.
Pions of a jzarti,cular energy will not have a uniﬁue depth of penetration into
the abgorber bgc'au-e of range straggling and multiple small angle scatter-
ing. The first effect is due to the statistical fluctuations in the number of
collisions the pion undergoes, and gives an approximately gaussian dis-
tribution in range. The muitiple Coulomb scattering gives rise to a dis-

" tribution in depth of penetration for pions of the same range because the
projected raﬁg‘e depends on the angles through which each pion has been
scattered in the course of its travel through the absorber. Since the energy
of a pion was deduced from the position of its ending in the absorber, the
above variation in depth of penetration for a monoenergetic beam of pions
will manifest itself ‘a8 an apparent spread in the energies of the pions com-
ing to the absorber.

Further ahergy smearing arises because the detector accepts mesons
. from a small range of angles about zero degrees, and the pion cut-off energy
or peak ex;ergy. 4in which we are interested, varies with the angle of produc- e
tion. The geometry of the zero degree experiment allowed a variation in
angle, for the maximum energy pions, from «3° to -3°. As is shown in
Fig. 10 this introduces a spread in energy of less than 0.2 Mev. Therefore,
this effect can be neglected in determining the resolving power.

' The use of a thick target would a;io be expected to decrease the re-~
solving power. However, for the pions of maximum energy, this turns out
to give only & spread of 0.1 Mev for the thickness of CH, used in the ex-
periment. This comes about in the following way: While the pions at the
front of the target lose a small amount of their energy in traversing the
target, the protons also lose energy in passing through the target, and pro-
duce pions of correspondingly lower energy at the back of the target, Thus,
the energy lose in the target b’y the pions tends to be compensated by the
energy loss of the protons.
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The main causes of the finite resolving power introduced by tiae de-
tection method are. therefore, the multiple small angle lcattering and xhe N
range straggling mentioned above. An additional energy apread is intro- ..
duced into the experiment by the proton beam, which is itself not mono-~ \& ‘
energetic. The energy distribution of maximum energy pions arising from
each of these three effects has been calculated below. The three distribu-
tions are then folded together. The re sulth'fg curve, shown in Fig. i,
gives the distribution in energy that maximum energy pions produced in a
proton~proton collisions will appear to ha'v'e. when produced at 0° and de-
tected with the experimental equipment used ,

The resolution has been assumed to be constant over the high energy
part of the spectrum in obraining the curves in Figs. 4 and 9. _

The depth of penetration for a monoenergetic benm of pions entering
an absorber normally will have a distribution, due to ecattering, ‘which is
¢alculated approximately below. . o o

A collimated monoene rgetic beam of plonswill, after passing through
an absorber of thickness dx, possess a gaussian distribution of angles

due ;6 multiple small angle scattering. The meanjquare angular spré'a.‘d‘
2 SN . .

is o , .
o — ; 2 4 : .
o2 = lwazZ K a0 z7V/3) . S (11<1)
vip -v!pz
where C = lwazz e‘ In (181 &:'1/ 3), and where N is the number of atoms per

cm3 of the absorber, 3¢ is the atomic charge of the absorber material, e is
the electronic charge, and v and p are the vélocity and momentum of the pion
‘respectively. -
Ueing e§ (8) we find that a pion following the rms angle of deflection
in each thickness dx of the absorber, will have, at a depth x in the absorber,
a direction of travel given approximately by ®:m (x). whe re :
@z(x) . Zo 31 C [(R b znﬁ R, 1- sz w2 ;
k™ (2n - 1) o BT
This formula is not applicable at x = R where the small angle scatterin
* formula (Il-l) does not hold. However. for an aluminum xt.bmu'bar,\l@Z (x) is
about 22° at x = 0.99 R . The assumption of small angle scattering is there-
fore valid in the interval x = 0 to x = 0.99 R . Since almost all of the varia-
tion in depth of penetration of the pions takes place in this interval, .eq. {II-2)
should be accurate, for our purposes, to within about 20 percent. -

»
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" Now, in order to obtain the distribation in depth from the expreuion
£or'@tm s ¥ introdace the assumption that a pion at a depth x' whose tra-
jectory makes an angle.(x') sk (x') with the forward direction, will
at all x, maintain a direction of travel given by@(x) s Kk @rml {x). Thus,
on this assumption, a pion traveling at an angle equal to twice the r.m. s.
angle, always travels at twice the r.m. s, angle. This assumption is not
unreasonable for obtaining a rougb jdea of the distribution. An exact treat-
ment of the problem seems duﬂculﬁ On the other hand, the above assump-
tion leads to a distribution in depth of penetration, which, although crude, .
scems more realistic than assuming, for example, a constant "average"
decrease in depth of penetration for ‘each pion. '

Since the distribation in@(x) is gauuhn. the distribution in k is
also gaussian, and the fraction of the total number of pions with k in dk is

-k /z
e dak.

Lt ANy oy,

N(k) dk = 2

NECE
. Knawing; at every depth x, the angle with which each pion travels relative
to the original direction, we are. able to compute each path.

The path length traversed by a pion uj (dx/cos @(x)). and the short-
ening in the projected path distance is therefore, given approximately by
o= J @x@ /2. |

" The averafe shortening that the projected paths undergo is given by
the shortening for the pion which maintaine the r.m.s. angle. Using eq.
(11-2) this average shortening, @, turns out to be . 086/(!-::) ‘R /Tz. where
Ty .is the initial kinetic energy of the pion.

The pion maintaining the direction of travel k@, (x) has then a de-
crease of penetration given by w = kzm‘. The dhtribution in @ is found from

the distribution in k: -
. ~w/2w

N(w) dw = ~— do = (11-3)
' 20w :
With the absorbers used, the total. shortening in depth of penetration was,
for the "rms" pion, 0.14 cm of aluminum. Since the energy is inferred
from the depth of penetration, a pion traveling along the path with the rms
angle will appeaz to have an energy decreased from:the true energy by
-dE/dx) AL T, This ylelda AE = 0.88 Mev. The distribution in w,

(eq. 11.3) correupondl to a distribution in E given by:

e B e N
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o<E,E)/2 (0.88)

N(EME = - S
' \/2w (E,E) 0.88

(11-4)

‘where E o is the true pion enorgy and the energies are in Mev.

Next, the effect on the energy resolution of range straggling due to
statistical fluctuations in the number of collisions that the meson undergoes.
Livingston and Bé“thezg give an expression for the mean square width in the
gaussian distribution of distence traveled by monoenergetic particles which
lose a given amount of energy by ionization. For pions of high velocity
which decrease in energy from E 1 to Ea this expression yields:

E ‘
oR% - fz dve Nz ,  dx (11-5)
E, dx .

where e is the electronic charge, N is the number of atoms per cubic cen-
timeter of the absorber, & is the number of electrons per atom that are
effective in the ionisation process, and (4E/dx) is the rate of energy loss
of the pion at the energy E. The integiation can be carried out by means
of eq. (8). For the experimental absorb ers used, the tbtal accumulated
straggling in range was calculated as AR = 0.15 cm of Al. If there
were no straggling, this gaussian distribution in range would correspond
to a gaussian distribution in the energy with which the pions enter the ab-
sorber. The mean square in this energy distribution is given by:
—:A? = (?GE); A?B 0.92 MevZ.

(3
The electé‘ically deflected 341 Mev proton beam has an energy spread

-estimated to be about 1.6 Mev. Without a detailed analysis of the origin of

this spread, we have assumed that the distribution in energies is gaussian
with an r.m.s, spread of 1.2 Mev, This value gives the best fit to the ex-
perimental pointcl If, however any value in the vicinity of 1.5 Mev were
used for the r.m.s. spread, the conclusions reached would remain une
changed. _ ‘
Protons with a gaussian energy distribution will produce pions whose
maximum energy will also have a gaussian distribution. Since a change in
proton energy of 1 Mev produces a change of 0.9 Mev in the maximum pion
energy, the pion energy gaussian will have an r.m.s, widthof 0.9x 1.2

or 1.08 Mev. ‘
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" The range straggling and proton beam encrgy distributiom. when

- folded together, give a gaussian of r.m.s. width 1. 44 Mev. The final

resolution curve i‘q found from folding the distribution produced by mul-

“tiple Coulomb ecattering into this gaussian, and is plotted in Fig. 11.

“
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. TABLE I . .
Pian .Mm\amﬂbumwu.o Correction Factors uwm._n&d. 1030 Statiatical Probable
ergy. ncorrec A .{Corrected) rror x
Target Mev . gm«ovnnnaw‘aw Ummuuu%#«»ﬂ .HHDW»M“ Eb—.n» hﬂ”ﬂmw nguon“oumw cm? Mev~! ster. 7!
CH, 17.5 3.0 1.13 1.1 1.02 3.8 20.6 w
Carbon 17.5 1.9 1.13 1.12 1.02 2.5 20.3 |
cH, | 340 5.3 1.09 1.1 .05 6.7 | VY |
Carbon 34.0 3.3 1.09 1.12 1.05 4.3  40.4
CH, 60.9 13.3 1.08 1 1ol 114 16.5 & 40,9
CH, " 63.8 1.8 - 1.08 1.01 116 . 14.9 q . al. 4
CH, . 65.7 13.8 1.08 1.01 1.16 17.9 - -al9
CH, | . 672 | 22.8 1.08 1.0% 1.17 291 . 22.0 |
CH, . .| " 68.8 "~ | 45.4 1.08 101 o oLasc 5.5 |- . a4
Garbon '|. = 70.0 9.2 1.07 - 1.02 118 ms . aL3
CH, Co0.7 - 0.5 | 107 - | ‘101 ° 1.18 644 LT 2.6
CH, =~ | 72.3 | ..18.7 1 1.07 - Lol L. ,.N.,»Wowm . - &2,
CH, CTT L a2t 07 Lo1r | . 120 © 14.5 _.o 0 als
CH,. “ | 7.6 | 129 - | ner ~ | 101 - T oLz 144 L T alg
— e r——— T s 1 oe T - N
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TABLE II ¢
: Pion do/dEdx mm “Attenuation do/dEd:ix IBW Statistical
Target Energy, | (Uncorrected), in (Corrected) Probable Error,
- Mev cmé Mev* Absorber cm?2 Meiv cm2 Mev-l.
A b ster™? ster” ster.
CH, 40.2 7.70 1.08 9.0 £0. 62
42.8 9.97 1.09 11. 7 #0. 83
4%.8 16.6 1.09 19.7 %1.3
44,6 19. 4 1.09 23. 1 £1.6
45.3 22.8 1.09 27.3 21.9
46.0 25.8 - 1.10 31.2 &2.0
46.9 . 26.6 1.10 32.2 *2.1
41.7 21.3 1.10 25.8 £1.6
48.3 16.0 1.10 19. 4 £1. 4
o 49.7 8. 52 1.10 10.3 0. 94
50.5 5.31 .11 6.5 #0.54
_C 44,0 5,49 1.08 6. 46 40, 45
TABLE III
Target Pion do/4EdNx 1030 Thick Target| do/dEdax 107 | Probablet o
En:drgy. ‘ (Uncorrected),. Correction (Co?ected Errfr x 191
eV cm MeY . Factor Y Mslv
) . o ater” , tter ster
CHZ . 20.0 ,5}03 1,11 3.8 0. 4
21.0 3.16 1.09 3.8 £0. 4
22.5 3.98 1.08 4.7 20. 4
24.5 6.81 1.07 8.0 1.0
25.0 6.19 1.07 7.3 +0.7
27,0 4.30 1.07 5.1 20,7
. 28.5 2.70 1.06 3.2 20.6.
c - 26.0 3,21 | 1,08 3.8 £0.3
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TABLE IV
% ab. - (dofd‘mlab. x 107, . m. o (dd‘mz')c.m.x 107,
‘ cm? ster. -1 cm® ster. -1
8% - 1.2 40.25 B | 3.1 #0.7
35° | 0.5020. 10 65° | 1.8 20. 4
58° 0.0810. 02 | " 104° 0.470.12
-‘o
TABLE V.
, y ‘ ] 28 271 .
. Experiment T (c.m.), , (dofdmp x 107, O e X 107,
" ' Mev cm? eterad. -} mz:2 :
| J'; |  1144(0. 114, 064cos®0) | 3.041.0
Berkeley b 21.4 | 3.7#1.3(0. 11¢. 06+cos20)| 1.040.3
__ . | 4 | .
Rochester ' | 23 (ave.) : 7 4.540.8
Columbia ) 2 9(0. 22+c08°9) 3.120.3

* Assuming an angular distribution of (0. z+couz'°). see ref. 26.
a) Transformed on the assumption that 8’ = 0,
b) Transformed on the assumption that S’ = 1,
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..are produced in a P-state with a cos
Kinetic energy of the pion v_m angle in the laboratory. The solid curve

" is for the case in which a deuteron comes off. The dashed curve is

- the maximum energy of the pion when a neutron and proton come off,
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TITLES FOR THE FIGURES

_Schematic diagram of the experimental set -up;

A) The position of nuclear emulnion in the absorber.
B) The composite absorber used to obtain the zero degree data.

- Diagram used to calculate the flux of pions from the density of stopped

pions in the emulsion. See Section IX. -
Differential cross section, as a function of pion energy, for pion pro-

jéluc,tton from hydrogen at zero degrees. The solid curve results from

feiding the exftperim‘ental resolution into the theoretical spectrum for

~ the final aucleons in a 3B-atate and the pion in a P-state with a coszo
',angulu distribution in the c.m. ‘gystem. - (See Section XI).

B -The differential cross section in the*region of the peak for pimx pro-
'dnction from Rydrogen at 35° as a function of the energy.

'I'he differential cross section in the region of the peak for pion pro-
duction from hydrogen at 58°,

- Angular distribution in the center of maes system of the pions in the

peak. The solid curve is a least squares fit of the data.

-‘ Angular diatrlb’ug{on of the pions in the peak vs. laboratory angle. The

solid e\irve comes from a least squares fit of the data in the c. m. eystem.
The dashed curve is the result of transforming to the laboratory a
uniform angular distribution. in the c.m. system.

Experimental points and theoretical curves for the differential cross

"section for pion productlon from hydrogen at 0° in tho neighborhood
. of the peak. Curve 1: the nucleons are left in the S-atate and the

pions are producgd in a P-state with a coazﬂ distribution in the c.m.
system. Curve 2: the nucleons are left in the lS-ntate and the pions
20 distribution intthe c.m. system.

Resolution of the apparatus for the gsero degree experiment.
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for attenuation in the absorber are 1.06 and 1. 04 respectively.
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~ TITLES FOR THE TABLES

Results at 0°,

Results at _35°. The correcti_oﬁ factor for doca;y in flight is 1.07.
The correction for the thickness of the target is negligible here.

Results at 58°. The correction factors for decay in flight and

»

Summny of the measured cross sectione for the reaction P + P—

‘Comparison of the cro;- poctiom for pion absorption by deuterium
. as obtained by Clark, Roberts and Wilson at Rochester and Durbin,
" Loar, and Steinberger at Columbia, with the present results, which

have been transformed to give the absorption cross section by the

" principle of detailed balance.
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