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Production of Mesons by X-Rays .

Edwin M. McMillan, Jack M. Peterson, and R. Stephen White

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

September 15, 1949

Introduction

At the spring, 1949, meeting of the National Academy of Sciences(l) a rpre-

1) g, u. Melillan and J. M. Peterson, Science 109, 438 (1949) (4) .

" liminary account'was-giveqfof_ﬁomewobservatiqns of mesons produced by thé43§§:»3
Mev x-ray beam from the Eerkeley synchrotron. The present paper is a progré%ézj
‘repért of this work; no claim is made for cémpleteness, but sufficient new data
éfe available to make publicafion at'this time worth while, especially since
some of the numerical results given in the earlier report require revisioh;.
The x-ray beam, produced by ‘the impact of 335 Mev electrons on a 20vmil thick
platinum terget, has a width at half meximum of 0.0135 radian (.abou't' 1 inch at 6
feet from the target). In all but the éarliest exﬁerimentS'the beam was further
defined by a 1 inéh hele in a lead block, then passed through ajpiece of carbon
which served.as the meson sourgg;igThe X-ray intensity at one meter from. the
target was about 3500 r per hoﬁr (measured behind 1/8 inch of lead) under tﬁe,;f
best funning.conditions; 'the'aVeragé*was about half this. The actual exposures
at the carbon meson ééurdé“(é“feéi from the target) ranged from 500 to 2000 f in
the later runs. Mesons were recorded on Ilford nuclear platés; 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 descrited in more detail.

Setups for Exposure of Plates

Plates have been exposed in the following ways:

Geometry-1: A stack of plates is traversed directly by the xéréj bean:
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‘Meqon; are produced chiefly in the glaSQ plates, and exposures ere limited by
the general blarkenlng due to the beam " Meson tracks_are.counted in the part of

the plates not.overgxposed by the geqtral_core of the beam. There is an apﬁreci—

_sble background; of ‘pHobdnts Lear td i Gnlyllfo*‘d F-3 plates
were used in theserexposures. | o

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
ablemté~kh@wuihenelément in which the mesons are-pfoduced'-but it was found that
the w1ngb of +be beam had sufficient intensity at the location of the plates to

5

make this $ome$hat doubtful, considering the 1act that there was much more mat»
téf‘in:the:ﬁlaﬁeg than iﬁ tﬁe carbon ;lab used; The bzeckground was conside“ably
1eséfthén ig.ééémetfy 1, and’léﬁger éxpééﬁfeé‘couia be made; . only F plates
wéfe:used; | | | |
Geometry 3s Same as Geometry’ 2, except that & lead colllmator 6 1nches

thlck thh al 1nch hole cuts off the w1ngs of the beam. The X=Tsy 1nten31ty at
the piates is now small and they show llt,tlc general blackening except along
.. their leadlng edges; the heavy=part1cle background is very_small, Both F-3 and
c=2- platss weres tsed. ™ - I 1 B

.v' qeomegry 4; A_modlfiqéﬁion vaGeomefri 3, Wiﬁh #he following changes: A.
secondatj coilimator protects ihe platés from eiebtr§ﬁ$>scatteréd off.the edge
of’the méiﬁ éoilimator; the carbon,élab ié réplaced by a cylinder éfllijnch'_
diameter; ptacks of rlates are arrangea rddlally around this cyllnder, with
dlfferent *hlcknes"es of lead absorbe¢s between the carbon and. the plates. as
shown in Fxgures l and 2 The_data reported for thls geqmetry were all recorded
on C 2 plates. | |

Types of Meson Tracks Observed

The following types of features are seen at the ends of meson tracks in

~

nuclear emulsions:

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

(d

)

(e) p-méson tracks;
) Small-*blobs" of a few grains;
) N

e

Events of type (a) and (e)'are obviously recognizable, and require no further

Nothing.

dlseu551ono Events of type (d) are not ‘always clearly enough’ deflned to dls—

tinguish from (e), and therefore counts of these events cannot be used for stat—
1stlcal purposes, even though they probably represent vestlglal stars, belng due
_to the re001ls follow1ng neutron ejection. In practlce,_(d) and (e) are“lu@ped"

VUSSR

‘togethe“ as p»meeons : _ | | - ' BRI
Partlcular care is needed in q1st1npu1ubrrg events of types (b) ard (e)
from one another° If the secondary track is heavy, it is clearly a star, if it
is light, and of sufficient length to show the characteristic scattering and
‘ changeiin*grain‘density; it ié‘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 preduced in the cyciotron and recorded on
Ilford C-2 pletés shows that light single-pronged star tracks are almost invari-
‘ably accompauied'byl"blobsﬁ resulﬁing from the recoil consequent on'the emission
ef a~very fast proton. Therefore, single light secondary tracks.wifh no "blobs"
: are'recorded as pM=-tracks, even though the observed range may not be lengvenough
for positive identification. |
“We finelly arrive at three classifications of meson ﬂrack endings:
(a) + (b), denoted by ©
(¢), denoted by - Tt
(@) + (e), denoted by p .
‘It»ie desired to compute from these the numbers of negative and positive
- qr -mesons { T~ "and 5T+)‘stopping-in the emulsion.

Methods of Computation

(2) ‘Computation of T~. . - S A ‘. i
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Negative T{-mesons are assumed to be captured in the emulsion, and may or
may not make recognizable stars., Therefore, it is importent to know the fraction
of cases in which stars are produced. ' Data on this are available_from counts of

traqkS&ingllford,Q:ZJplates'duegtqzmaéﬁetiéaliyusqrﬂed negaﬁiveﬁmésqns;(z) In

(2) F. L. Adelmaﬁ,and S. B. Jdnes, Phys;>Rev. 75, 1468 (1949) (&)

‘these plates, it was found that the ratio £/(o + L) - 0.27, from which we
deduce £hat, in Ilfcrd C-2 plates, M = 1;37 c.
() Coﬁpuﬁétion df .

Method A. If the platés are sufficiently sensitive to show the early parts
of ja-tracks with certaiﬁty, then the number T i, is essentially equal to Gal

'Experiments with magnetically,sorted poéitive mesons(B) show that in C-2 plates

(3) F. M. Smith, private communication

~at least 95 pércent give recognizable T~ M decays. 'Thérefore,.when using these
plates, it is assumed that T = T .. The number o does not enter into this
compﬁéation;

..-Méthod B, If on the other hand less sensitive plates are used, as‘for
'eXample‘Ilfofd F-3, it is harder to recognize the fl—tracké and a considerable
* fraction. of them may be missed. Then a different method must be used, which is
‘based on the assumption that all trécks not assoclated with negative Tr-mesons,
i.e.; a number equal to O+ TR + O - 1.37 0", consist of T1* tracks plus an
eqﬁal number of pi~tracks. The distinction between Tt and O 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 cgrtainAfraction of these will end while crossing the
emilsion at unfavorable angles for identifiéation, while the TTeparticles are
traveling approximately parallel to the emulsion. -%ithouf attempting to correct
for this, the method B calculation assumes thét: |

= (1/2) (o + W + p - 1370 )
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Results. W=/ w* ratio.

At the time of writing the abstract for the Nationa% Academy meeting,(l)
145 frackg were avaiiabie, of which 51 weré from Geometry 1 and,94 from Geometfy
2. All of these were on F—B_plétes, and therefore only Method B could bé used
for the;démputation, giving thequblished ratio 4*'/1f* = 10. By the time of
the meeting, more tracks were,available, including some on Geometry 3. .The.v
Geometry 1 tracks were then discarded, since they’represent mesons starting in
glass rather #han ca;bon. The new total of 198 ﬁrgcks (lOB{pp Geometry 2.and 95
on Geometry 3),vmostly.op F-3 plates. and analyzed byhmethod.E,_gavg“1tf/jﬁ+ =
7.5 which.wés the value reported verbally at thevmeetihg, ‘ |

Sinc; then, more tracks have become availébié, and it is now possible to
give datavobtained entirely with Geometry 4, using C-2 plates, and analyzed by
method A. Blank runs, with no.carbon target in place, prove that virtually all
the mesons seen actually origiﬁétg in.thé carbon. In this setup there are plates
behind_lead gﬁsorbers, on whiéhvmesons of higher energy are recorded. The energy
ranges are aséﬁmed to be defined by the stoppiﬁg powér of the absorber (including
0.85 of'thé-rgdius of the carbon cylinder) for one limit, and. that of the absorber
plus_thé plé£§ widthffor~the2othef. No obliquity porrecfion wésnapplied. The
values.foundufér.thgjratio w~/Av* in the various energy bands,vcoyering“a,rangg
from about 30 to 150 Mev, agree within the.sfatistical;errors which'are.aboutii
25 percent for bénds sbout 10 Mev wide below 100 Mev and + 50 percént for a band
between 100 and 150 Mev. Since thére is no statistically éignificaﬁt e;idence
for a veriation with meson énergy, the data are lumped together, including only
track counts made or checked Ly experienced obéervers. These counts are: o =
403, T = 327, o = 323.  Using method A, the ratio *rr:"/’rr+ =:l.7, with a
statistical standard error of 8 percént. Method 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 ratic is 1éss than the
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previously given values. The difference from the eg;liefivalues‘mayube partly

réalgithat is, the Coulomb effect for very low-energy mesons made in glaés may - -

ort:phesratiosonerhat; .theydiffetence certainly

_comes from the errors irherent in the useuof\méthod B with F-3.plates, and some
: may~bé attributed to inexperience of the observers in the beginning.-
The ratio of 1.7 does not pose the formidable theoretical,prgblem offered

' by the esrlier value; in fact a ratio of this order can be-explained on rather
. i

eleméntary grounds. Conéider the products- of the reactions, which are T~ and
4p+ in one case, ¢T+fandln0 in the other. The current accompanying the process

is greater in fhe_former-because of the contribution of recoll rroton, and there-
fore‘thelcoﬁpling to the photon field is larger. ~This effect, wgich increases
with meson energy, plus the Coulomb effect on the meson wave function, which

decreases with energy, togethef can account forvthe observed ratio. 4 detalled

discussion oft this will be given in a later publication by K. A. Brueckner.

Yield of llesons. Energy. and Angle Distributions,

;'From.thé déta obtained with Geometry 4, _some inforﬁation,ban'be;gained on
:fhe:distribution of“mesoﬁéuin angle and eneréy, as well asqthé total;yield. The
 diétribu£ionYof-angles-of the straight parts.of-the tracks . (excluding of course

fl“énd;f> tracks) is cOnsistent with that to be expected for an-isotropic emis-
sion.from all parts-of the carkon target. The;pomﬁuted,distribution on this |
'aséumption; in the case of the plates covering the bandv43 to_59 Mev, can be
‘reﬁresented_approximately by_sin2@°_ Figure 34-shows that the datg agree with this.
:,_Higher_energy plates show the expected narrower distribution, and loyer energy
'Aplafes a-slightly wider .one. The :conclusion is that the‘initial.meﬁon distribu-
tion has at least rdughly=spherical symmetry.. In order to cbmputé’the,total
number of mesons in é given energy range, we then.use the fact that an ideal
‘infinite line source.would give.a uniform!angularidistfibution;‘whbse height
‘would be equal to the observed height :at 900, 'The‘height is,gomputed by fitting

*’ftﬁéveXpeétedsShape?to;the observed‘diStribution,forﬁwhat~is 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_sin29 distribution.

The differential yield g% can now be computed from the following formula:

N - ) p dR 1.37 O+ MM 'y ghape factor
dE dE At o :

where N = number of mesons produced per cm 1engthvof tafget
E.= energy of mesons |
r = radius to center of area scanned
'R = range of mesons in glass,or_emulsién (These are néarly equal) -

4

C’, MM are track counts in area A of emulsion

t = thickness of -emulsion during exposure (a shrinkage factor 6f 2.4 was

usedf.

The shape factor varies from 1.8 to 4.3.
The results, normalized 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 obtained from the integral

of FigUre'A, if the_ number of quanta corresponding to the rather arbitrary unit
"r behind 1/8 inch of Pb" is known. This has been neasured, using a thin air
chamber iﬁtercepting the whole beém as defined by the collimator, with thin
layers of lead 'and other substances in front in order to be able to estimate the
amount of the ionization due to pair prbduction alone. This will be desqribed
in detail in a later publication; the result was that 1 r on the cafbon éorre=-
sbonds to 4.9 x 107 quanta traversing it, ﬁhere the number of quanta is defined
as the total X-ray energy divided by the upper limit energy. -(The actual number
of quanta in a rahge between E] and Ep is approximately.fn'(Eg/El) times thg
above number.) The total cross section per quantum per carbon‘nucleus is then

found to be 5 x 10728 cm2. It is hard to make an estimate of the overall
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accuracy of this figure, but it is probably not wrong by more than é factor of
two. Théﬁdifference'between this value and that given in ref. (1).is easy to
‘»nndefstapdgfsinge_thé;iétﬁériﬁéédeéfgqg<Ggqmggryi% pl§t§§1f§g§%gdedk9h1y=very
low eﬁergy mesons. One run'was made at.aﬁ x-ray.energy of ZCO Mev; here the
meson energy distribution extends oniﬁ.to‘éﬁéut 35 Mev, énd the yield is consid-
erably iess thaﬁ at 535.Mev. Because of the large self-absorption at this ener-
gy, no attempt was made to caléulate a cross section. - |

The authors wish to thank the synchrotron crew for their heip in making the
ekposufes‘and'w. S. Gilbert, E. Goodwin, W. J. Knox, G.. Maenchen, and F. M.
Smith for their assistance in'scanningvthé 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.

Drawing of experimental arrahgement (Geomefry 4)

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

emerges from the synchrotron through the rectangular hole (4). 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 2rcﬁ of length of the plates waé scanned.

(4) O -mesons. The curve sin?@ represents approximately £he 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. T -mesons aSséciated
with W decay.give a similar distribution.

(B) pr-mesons associated with trjr decay. There is no evidence here

'of departure from spherical symmetry.

.‘(C) p -mesons. This distribution is clearly composite, the peak at

Figure 4.

o 900 being due to T~ mesons that fail to meke visible stars,
while the uniform backgrouhd is due to \-mesons.
Distribution of meson energies from x-ray energy of 335 llev. 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 trend

-of the distribution at low energies, which was used in the integra<

~tlon leading to the total cross section.
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