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Production of Mesons by X-Rays
Edwin M. McMillen, Jack M. Peterson, and R. Stephen White
Radiation Laboratory, Department of FPhysics
University of California, Berkeley, California
Septemter 15, 1949
Introduction
At the spring, 1949, meeting of the National Academy of Sciences(l) a pre-

(1) &. M. Mcliillan and J. M. Peterson, Science 109, 438 (1949) ()

liminary account was given of some observations of mesons produced by the- 335
Mev x-ray beam from the Eerkeley synchrotron. The present paper is a progres$
report of this work; mno claim is made for completeness, but sufficient new data
are available to make publication at this time worth while, especially since
some of the numerical results given in the earlier report require revision.

The x-ray beam, produced by ‘the impact of 335 Mev electrons on a 20 mil thick
platinum target, has a width at half meximum of 0.0135 radian (about>1 inch at 6
feet from the target). 1In all but the earliest experiments the beam was further
defined by a 1 inch hole in a lead block, then passed through a piece of carbon
which served as the meson source. The x-ray intensity at one meter from the
target was about 3500 r per hour (measured behind 1/8 inch of lead) under the
best running conditions; the average was about half this. The actual exposures
et the carbon meson source (6 feet from the target) ranged from 500 to 2000 r in
the later runs. Mesons were recorded on Ilford nuclear plates; the highest
density of meson endings observed was about 100 per square centimeter in a 100
micron emulsion. In the following sections the experimental conditions and some
of the results are described in more detail.

Setups for Exposure of Plates

Flates have been exposed in the following ways:

Geometry 1l: 4 stack of plates is traversed directly by the x-ray beam.
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(2

Mesons are produced chiefly in the glass plates, and exposures are limited by

[}

the general blackening due to the beam. Kleson tracks are counted in the part of
the plates not overexposed by the central core of the beam. There is an apﬁreci—
able tackground of'phogcnuclear«sméfs§éné:pr§£én tfécks; “Onlﬁ Ilford F-3 plates
were used In these exposures.

Geometry 2; The x-ray beam passes through a carbon slab, and the stacks of
plates are placed slongside, out of the core of the beam. The intent was to be
able to-know the element in which the mesons are produeced, but it was found that
the wings of the beam had sufficient intensity at the location of the plates to
make this aomawhat doubtful. considering the fact that there was much more mat-
ter in the platzes than iﬁ the carbon slab veed. The background was considerably
less than in Geomeiry 1, and lbnger exposures could be made; only F-3 plates
were'used;

Geometry 3: Same as Geometry 2, except that a lead collimator 6 inches
thick‘with a 1 inch hole cuts off thé wings of thé beam. The x-ray intensity at
thé plates is now small, and they show little general blackening except along
their ieading edges; the heavy-particle background ig very small. Both F-3 and
C-2 plates %vere used.

Geofietry 4 4 mcdification of Geometry 3, with the following changes: A4
secondary collimator protects the plates from electrons scattered off the edge
of the main cbllimator; the carbon slab is replaced by a‘cylinder éf 1 inch
diameter; =stacks of plates are arranged radiaslly around this cylinder, with
different ﬁhicknesses of lead absofbers betﬁeen the carbon and the plates as
shown in Figures 1 and 2. The data reported for this geometry were all recorded
on C-2 plates.

Types of Meson Tracks Observed

The following types of feztures are seen at the ends of meson tracks in
nuclear emulsions:

(2) Stars of two or more prongs;
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(b) Stars of one prong;

(¢) M-meson tracks;

(d) Small "blobs" of a few grains;

(e) Nothing,

Events of type (a) and (e) are obviously recognizable, and require no further
discussion. Events of type (d) are not always clearly enough defined to dis-
tinguish from (e), and therefore counts of these events cannot be used for stat-
istical purposes, even though they probably represent vestigial stars, being due
to the recoils following neutron ejection. In practice, (d) and (e) are lumped
together as p—ﬁesons.

Particular care is needed in distinguishing events of typéé (b) and (c)
from one anothér° If the secondary track is heavy, it is clearly é.s£ar; if it
is light, and of sufficient length to show the characteristic scattering and
change in grain density, it is clearly a p-track. If it is light but leaves the
emulsion too soon, there is a possibility of confusion. However, examination of
magnetically sorted negative mesons produced in the cyciotron and recorded on
Ilford G-2 plates shows that light single-pronged star tracks are almost invari-
ably accompanied by "blobs" resulting from the recoil consequent on the emission
of a very fast proton. Therefore, single light secondary tracks with no "blobs"
are recorded as M-tracks, even thovgh the observed range may not be léng enough
for positive identification.

We finally arrive at three classifications of meson track endings:

(a) + (b), denoted by ©

(c), denoted by T

(@) + (e), denoted by p

It is desired to compute from these the numbers of negative and positive
77 -mesons (T~ and ™') stopping in the emulsion.

Methods of Computation

(a) Computation of ™.
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Negative T{-mesons are assumed to be captured in the emulsion, and may or
may not make recognigzable stars., Therefore, it is important to know the fraction
of cases in which stars are produced. 'Data on this are available from counts of

tracks in Ilford C-2 plates due to magnétically sorted negative mesons.(2) In

(2) F. L. Adelman and S. B. Jones, Phys. Rev. 75, 1468 (1949) (4)

these plates, it was found that the ratio £/(o + £) = 0.27, from which we
deduce that, in Ilfeord C-2 plates, T = 1.37 .
(b) Computation of Tr*.
Method A. If the plates are sufficiently sensitive to show the early parts
ot

of A-tracks with certainty, then the number Tr{. is essentially equal to T

Experiments with magnetically sorted positive mesons(B) show that in C-2 plates

(3) F. M. Smith, private communication

at least 95 percent give recognizable -t decays. 'Therefore, when using these
plates, it is assumed that " = W, The number @ does not enter into this
computation.

Method B. If on the other hand less sensitive plates are used, as for
example Ilford ¥-3, it is harder to recognize the f.-tracks and a considerable
fraction of them may be missed. Then a different method must be used, which is
based on the assumption that all tracks not associated with negative Tr-mesons,
i.e., a number equal to O+ TrH+ O - 1.37 0o, consist of Tt tracks plus an
equal number of fA-tracks. The distinction between T\l and © does not enter
into this calculation. This method may underestimate the true number, since the
H-particles are emitted in random directions in the emulsion and glass of the
plates, and therefore a certain fraction of these will end while crossing the
emulsion at unfavorable angles for identifiéation, while the Tr-particles are
traveling approximately parallel to the emulsion. Without attempting to correct
for this, the method B calculation assumes that:

+

- = (1/2) (o’+’n’H + p - 1.370)
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Results. W~/ 7" ratioc.

At the time of writing the abstract for the Nationa} Academy meeting,(l)
145 tracks were available, of which 51 were from Geometry 1 and 94 from Gecmetry
2. A1l of these were on F-3 plates, and therefore only Method B could be used
for the‘dbmputation, giving the putlished ratio ™~/™* = 10. By the time of
the meeting, more tracks were available, including some on Geometry 3. The
Geometry 1 tracks were then discarded, since they represent mesons starting in
glass rather than carbon. The new total of 198 tracks (103 on Geometry 2 and 95
on Geometry 3), mostly on F-3 plates and analyzed by method B, gave wo/wt o=
7.5, which was the value reported verbally at the meeting.

Since then, more tracks have become available, and it is now possible to
give data obtained entirely with Geometry 4, using C-2 plates, and analyzed by
method A. Bleank runs, with no. carbon terget in place, prove that virtually all
the mesons seen actually originétg inAthe carbon. In this setur there are plates
behind lead absorbers, on which mesons of higher energy are recorded. The energy
ranges are assumed to be defined by the stopping power of the absorber (including
0.85 of the radius of the carton cylinder) for one limit, and. that of the absorber
plus the pla£e width for the7other. No obliquity correction wés applied. The
values found for the ratio m~/Ww?' in the various energy bands, covering a range
from about 30 to 150 Mev, agree within the statistical errors which are about +
25 percent for bands about 10 Mev wide below 100 Mev and *+ 50 percent for a band
between 100 and 150 Mev. Since there is no statistically significant evidence
for a variation with meson energy, the data are lumped together, including only

track counts made or checked by experienced observers. These counts are: <o =

403, T = 327 o = 323. Using method 4, the ratio w-/m* = 1.7, with a
statistical standard error of & percent. MNMethod B applied to the same data
gives M-/m* = 2,2 indicating the sort of error to be expected when the latter

is used with C-2 plates; it may be still greater with F-3 plates, on which the

tracks are harder to find. It will be noted that this retio is less than the
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previously given values. The difference from the earlier values may be partly
real, thet is, the Coulomb effect for very lcw energy mesons made in glass may
- .distort the.ratio.somewhats.:a considerable:part‘ofgthewdifference certainly
comes from the errors irherent in the use of method E with F-3 plates, and some
may be attributed to inexperience of the obtiservers in the beginning.

The ratio of 1.7 does not pose the formidable thecretical problem offered
by the earlier value; 1in fact a ratio of this order can be explained on rather
elementary grounds. Consider the products of the reactiors, which are ™~ and
p* in one case, 7' and n° in the other. The current accompanying the frocess
is greater in the former because of the contribution of recoil rroton, and there-
fore the coupling to the photon field is larger. This effect, which incrseases
with meson energy, plus the Coulomb effect on the meson wave function, which
decreases with energy, together can account for the observed ratio. A detailed
discussion of this will be given in a later publication by K. A. Brueckner.

Yield of Mesons. Energy and Angle Distributions.

From the data obtained with Geometry 4, some Information cen be gained on
the distribution of mesons in angle and energy, as well as the total yield. The
distribution of angles of the straight parts of the tracks (excluding of course
oand P tracks) is consistent with that to be expected for an isotropic emis-
sion from all parts of the carton target. The computed distribution on this
asgumption, in the case of the plates covering the band 43 to 59 Mev, can be
reﬁresented approximately by sin<@. Figure 34 shows that the data agree with this.
Higher energy plates show the expected narrower distribution, and lower energy
plates a slightly wider one. The conclusion is that the initial meson distribu-
tion has at least roughly spherical symmetry. In order to compute the total
number of mesons in a given energy range, we then use the fact that an ideal
infinite line source would give a uniform anguler distribution, whose height
would be eqgual to the observed height at 90°. The height is computed by fitting

the expected shape to the observed distribution, or what i1s the same thing, the
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total number is taken to be the observed number multiplied by a '"shape factor™,

which is just two in the case of the sin?@ distribution.

The differential yield 9N can now be computed from the following formula:
dE

N -y p AR 137 O * Ty shape factor
di dE At

where N = number of mesons produced per cm length of target

E = energy of mesons

r = radius to center of area scanned

R = range of mesons in glass or emulsion (These are nearly equal)

o, MM are track counts in area A cf emulsion

t+ = thickness of -emulsion during exposure (a shrinkage factor of 2.4 was

used).

The shape factor varies from 1.8 to 4.3.
The results, nornalized to an exposure of 1 r, are given in Figure 4, with stand-
ard errors from the track counting statistics above. The most likely other errors
are losses at the low energy end from self-absorption in the carbon, and at the
high energy end from scattering in the lead absorbers.

The absolute value of the cross section can be cobtained from the integral
of Figure 4, if the number of quanta corresponding to the rather arbitrary unit
"r behind 1/8 inch of Pb" is known. This has been measured, using a thin air
chamber intercepting the whole beam as defined by the collimator, with thin
layers of lead and other substances in front in order to be able to estimate the
emount of the ionization due to pair production alone. This will be described
in detail in a later publication; the result was that 1 r on the carbon corre-
sponds to 4.9 x 107 quanta traversing it, where the number of quanta is defined
as the total x-rey energy divided by the upper limit energy. (The actual number
of quanta in a range between E1 and Ep is approximatelylgn (EQ/EI) times the
above number.) The total cross section per quantum per carbon nucleus is then

found to be 5 x 10-28 cm2. It is hard to make an estimate of the overall
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accuracy of this figure, but it 1is probably not wrong by more than a factor of
two. The difference between this value and that given in ref. (1) is easy to
understand, since the latter, made from Geometry 1 plates, included only very
low energy mesons. One run was made at an x-ray energy of 200 Mev; here the
meson energy distribution extends only to about 35 Mev, and the yield is consid-
erably less than at 335 Mev. Because of the large self-absorption at this ener-
gy, no attempt was made to calculate a cross section.

The authors wish to thank the synchrotron crew for their help in making the
exposures'and W. S. Gilbert, E. Goodwin, W. J. Knox, G. Maenchen, and F. M.
Smith for their assistance in scanning the plates. The work described in this

paper was performed under the auspices of the Atomic Energy Commission.

Information Division

11/30/49 md
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Drawing of experimental arrangement (Geometry 4)

Photograph of experimental arrangement (Geometry 4). The x-ray beam

emerges from the synchrotron through the rectangular hole (&). The

six-inch thick lead collimator is at (B). (C) is the plate holder.

Angular distributions of meson tracks in the energy range 43 to 59

Mev. Only the central 2 cm of length of the plates was scanned.

(L) O -mesons. The curve sin?6 represents approximately the distribu-
tion to be expected in case of spherically symmetrical emission
from all parts of the carbon target. The few tracks in the range
180 to 360 degrees were probably scattered. 1r -mesons associated
with T decay give a similar distribution.

(B) pr-mesons associated with 1 decay. There is no evidence here
of departure from spherical symmetry.

(C) p -mesons. This distribution is clearly composite, the peak at
900 being due to 7~ mesons that fail to make visible stars,
while the uniform background is due to p-mesons.

Distribﬁtion éf meson energies from x-ray energy of 335 Mev. The

apparent lower limit on the energy is caused by the fact that the

energies are computed as if the mesons originated in the center of
the carbon block. The detted line is simply a guess as to the itrend
of the distribution at low energies, which was used in the integra-

tion leading to the total cross section.
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