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THE PRODUCTION OF CHARGED PHOTOMESONS FROY DEUTERIUM AND HYDROGEN--PART 1#
R. Stephen White, Mark J. Jakobson, and Alvin G. Schulz"

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

ABSTRACT

Hydrogen and deuter}um gases have been bombarded in a gas target at a tem-
perature of 77°K and at A pressure of about 140 atmospheres by the 313 + 10 Mev
"spread-out" bremsstrahlung vhoton beam of the Berkeley electron synchrotron.‘
The charged T mesons WHLOh were produced were collimated at angles of 45%, 900 i
and 135° to the beam dlrectxon. The 7' mesons were detected with trang-stilbene
scintillation crystels using wu., NS, and my} delayed coinecidences and 7 and i
mesons were detected with Ilford C-2 200 micron nuclear emulsions. The ratios
of the numbers of 7~ to 7 mesons produced in deuterium were Je96 x 0.10,
1.07 £ 0,12 and 1.2 # 0.17 for the angles of 45°, 20°, and 135°, resggctively;
No variation of the ratio with meson energy, outside statisties, Ggs observed.
Absolute values for the Tl meson energy distribution functions from hydrogen and
deuterium per "equivalent quantum" hgve been measured at each of the sbove pro-
duction angles. The differential and total cross sections have been obtaine%
by integrating over energy and angle, respectively. The experiméntal ratios of
the deu£erium to hydrogen cross sections are in good agreement with the phenomeno-
logical theory of Chew and Lewis when the Hulthdn deuteron function with } = éa
is used in the initial state, plane waves are used for the nucleons in the finpal
state, and the bremsstrahlung cut-off is taken into account., The statisties of
the data are, however, not sufficient to determine the amount of spin interaction.
The excitation functions for hydrogen and deuterium and points on the angular
distribution curves in the center of mass system have been obtained. An upper
1limit of J.08 of the charged ir meson ¢ross section was obtained for i meson pro-
duetion from deuterium.
#Part 2 of this paper ;511 be The Production of Charged Photomesons from Helium.
Heliam-hydrogen Ratios. e e

+Now at University of Washington, Seattle, Washington
#Now at Applied Physics Laboratory, Johns Hopkins University, Silver Springs, Maryland
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THE PRODUCTION OF CHARGED PHOTOMESONS FROM DEUTERIUM AND HYDROGEN--PART 1
.

R. Stephen White, Mark J. Jakobson, and Alvin G. Schulz

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

I. INTRODUGCTION

1

Sinee the first report of photomeson production™, a number of photomeson

production experiments have been performedz. It is quite probable that vroduc=-
tion experiments with nuclei of a large number of nucleons yield more information

about the structure of the nucleus, and the meson interaction with nucleons before

leaving the nuclsus, than about the initisl production of the meson itself. For
info:maéion concerning the production, therefore, experimentd with light nuclel
should be performed. Of the light nuclel the photowmeson production from the
free proton or neutron should be the easiest to interpret theoretically because
of the absen&e of nucleon-nucleon interaction comvlications. These free nucleon

reactions are thought to be:

Yy + p___§n + ﬂ*

Y+n_5p+T .

i

\
The first reaction has been studied by Steinberger, Bishop, and Gook?C2ds@

aﬁd by Feld et a1.2j, and the second. has not been investigated because of the
; ‘
lack of a concentrated target of neutrons.  As an alternative to the free nucleson.

reactiong, this experiment has utilized the loosely bound neutron and proton in

1. E. M. McMillan apd J. M. Peterson, Science 109, 438 (1749)

2a. E. “eMillan, J. . Peterson and R. 3. White, Science 110, 579 (124))

b. J. Peterson, W. Gilbert, and R. 3. .hite, Phys. Rev. 81, 103 (1951)

¢s Jo Steinberger and A. S. Bishop, Fhys. Rev. 7o, 424 (1350) k

de A. S. Bishop, J. Steinberger and L. Cook, Phys. Rev. 82, 231 (1950)

e+ J. Steinberger and A. S. Bishop, :hys. Rev. 86, 180 (1352)

f. R. F, Mosley, Phys. Rev. 80, 493 (1350)

ge Re M. Littauer and D. Walker, Phys. Rev. g2, 746 {1351)

h. M, Camac, D. R. Corson, R. ‘*« Litta'er, A. . Shapiro, A. 3.lverman, R. R.
Wilsor, W. M. Woodward, Phys. Rev. .2, 745 {1)51)

i. H. A. Adedicus, Phys. Rev. 83, 662 (1)51)

~jo B. T. Feld, D. H. Frisch, I. L. Lebow, L. 3. Osborne, and J. 3. Clark,
Phys. Rev, 85, 60 (1952)

K. %. L.)Lebow, B, T. Feld, D. H. Frisch, an! %, 5. Osborne, thys. Rev. ¢5, 601

1952 o
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the deuﬁeron to compare the above production cross secticnse. In addition, by
comparing the cross sections for the production of 7 mesons from deuterium
and hydrogen one can study the reduction in the deuteron cross section which'
results from exclusion effects which was first pointed out by Feshbach and
Lax.-°2'P In the deuteron reaction

v +d—>2n + 7

—2p + T
S 1 pesnent

a3 the final nucleon state mﬁst be antisymmetric, the resulting rneutrons or pro-
tons can only end in the 1S, 2P,......states. Since the deuteron is initially
iﬁ'the 3S state, unless the proton flips its spin in the production of a meson,
the available phase space is reduced relative to that for the production from
a free proton, or neutron. Chew and Leu134 have pointed out that in addition to
the above effect the cross section will be further reduced beceause of the re-
ductibn in phase space due Yo the binding energy of the deuteron. Using a
phenomenological approach, ihey have calculated the ratio of the production crecss

gections from the deuteron and the proton. Two constants, the amplitude for spin

flip and amplitude for non-spin flip appear which cen be determined experiment-

ally by a measurement of these cross sections. This problem has also been

[}
s

3a. H. Feshbach and M. Lax, Phys. Rev. 76, 134 (1949)
b. H. Lex and H. Feshbach, Phys. Rev. 81, 189 (1951).

4a, C. F. Chew and H. W. Lewis, Phys. Rev. 84, 779 (1951). For the initial
deuteron state, the Hulthén wave function was used. Integration over the
final nucleon states was carried out by means of Closure Theorems.

be Ce Fo Chew and H. W. Lewis, Unpublished calculations. For the initisl
deuteron state the Hulthén wave function was used. In.the final state
the nucleons wsre treated as plane waves.
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'ffeéted.phenomenologically by other theoretical investigators’.

An explorafory experiment of Mozley and Whiteé, using light apd‘heavy water
targeis and electro;ic‘meson detection indicated that 7' meson production from
deuterium, at a production angle of 90°, did not différ greatly from the ﬂf meson
production from hydrogen.. The.present experiment was designed to investigate

the production of 7t and 7~ mesons from deuterium as a function of both aﬂgle of
emission and meson energy, and to measure the ratios of the production cr;ss

sections for n* mesons from deuterium and hydrogen.® This study has also been

made by Lebow, Feld, Frisch and Osborne,<K

IT. EXPERIMENTAL PROCEDURE
The source of photons for this experiment was the 318 + 10 Mev bremsstrzhlung
"spread—out® beam from the Berkeley electron synchrotron. This beam was generated

from the 322 + 5 Mev electron beam which struck an internal 0,020 inch platinum

. target. The "spread-out" beam was obtained by modulaiing the rf accelerating

voltage such that the electrons'spilled into the terget over a period of about
3,000 ﬂsec.7 This occurred in such a way that about half of the electrons hit

the target before and after the peak field was reached. The emerging beam had a.

5a. Go. Morpurgo, Il Nuovo Cimento 8, 552 (1951). For the initial deuteron state

the ordinary exponential wave function was used. In the final state the
nucleong were treated as plane waves. :

b. S. Machida and T. Tamura, Progress of Theoretical Physies 6, 572 (1951).
‘Calculations are applicable only if the two nucleons end in thelS state.
For the initial deuteron state the Hulthen wave function was used.

¢, Y. Saito, Y. Watanabe, and Y, Yamaguchi, Progressof Theoretical Physies 7,
103 (1952). .For the initial deuteron state the Hulthén wave function was
used. In the final state the nucleons were itreated as plane waves, as well
"as distorted S-state waves. The results of their p]ane wave celculation
are equivalent to those of Chew and Lewis4P.

6. R. F. Mozley and R, S. White, unpublished results.
* Preliminary results of this experiment have previously been reported.
R. S. White, UCRL-1319 (1951).
Ro S. White, M. J, Jakobson, and A. G. Schulz, Phys. Rev. 85, 770 (1951)

7.  G. Gauer and C. Nunan, UCRL-7L4 (1950)
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full width at half-intenaity of 10,0135 redians. At 55 inches from the electron
target; the beam was defined by a three-quarter inch tapered hole in a nine-inch
lead wall, as in shown in Fig, 1. Tuo secondary collimators were used to absorb

the spray of electrons from the walls of the primary collimator,

k]

T
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The beam was monitored by means of an lonization chamber pléced in front
“of the primary collimator. 4 second fonization chamber placed ten feet behind
the rear end of-the tafget was used as a check on the front monitor. The mesons
passed through lead absorbars, were stopped, and were detected either im nuclear
emulsions or in trans-stilbene crysial detecters. The nominal detection'angles
of 45%, 90°, and 135° were defined by uranium slits, Lead shieclding served to
prevent eiectrons.and RCSoNs, yhich vere emitted at other-angles; from reachiﬁg

“

the detectors. .

A, Target

A high-pressure, low-temperature target was selected for this exrerinment,

The assembiy ci the target is shown-in Fig, 2. The target consisted essentiall&
of 3 concentrié cylindrical containers, The iﬁsidé pressure vessel was designed
to withstand g pressurc cf about 5 times the operating preszsure of 140 atmospherés
: OPLIAT 15ig

at the operating ?emperature'of-77°K, and was tested toc 2 times thiaﬂpressure.

The liguid nitrogen made direct contact with the pressure wall for most of the
1engtﬁ of the targeﬁ. The vacuum systen ués-for the purpose of loﬁering heat
éondﬁction tc the target gas and for conserving the liquid nitregen,

'The liguid nitrogen wvas stored in a tank above the terget and fed to the
cooling wall through-pipes, Twp thermocouptes were placed in the tank at dif-
ferent levels and a third was placed on qné of the end caps. The signals were
sent to an automatic‘recogder in the éountiné area so that one had a record of
‘the nitrogen level and the temperature of the pressure wall, and thus the gas,
'gt éll times, | |

' Ope tube from the gas pressure cylinder was led directly to the counting
area to a caiibrated pressure gauge., From this gauge the rressure of the gas

was read at intervals, The densities of the gases were obtained from the experi-
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mental curves for the equations of state measured by Johnston et él.s Their
values afe given to 0,1 percent accuracy.

“An oil pump was used to c??ﬁ?ﬁ@%& the hydrogen gas from cylinder pressure
to thevoperating pressure.. Because of the ex#ense of the deutérium it was nec-
essary to recover it after each bombardment, The oil pumping system of Paﬂofsky, _
et al.9 was used for this purpose. The pressure system was pumped down to less
that 1 mm of Hg pressure in‘each gas,exchahge to insure negligible mi%;ng of'the
gases, When comparison among gases was desired at least three changes of the gases
were macde in each 16 hour bo@bardmentlperiod. |

" The photon beam traversed 0,89.gm per cm2 of stainless steel in the front
end of‘the target and 5.2 gm per cm? of the deuterium from the front to the rear
of the target. The 5 percent photon éttenuation in the stainless steel target
.end was negilgible compared to the uncertainity in the absolute beam monitoring
of 20 rercent, The 2 percent attenuatién over the entire Jength of the target
gas that might affect the relative values between the 135° and 45° angles is
considerably less than the statistics, and is of the samec order of accuracy as
‘the relative beam monitoring.

Mesons Which were produced in the gas of the target and were emitted per-
pendicular to the axis offtﬁe tafget had to penetrate 2.3 gm of sgainless steel
and 0.1 gn of liquid nitrogen. The minimum energy of’%‘meson;'that could ven-.

etrate this material was 22 Mév;'at 450 and 1350 the minimum ﬁeson energy was

27 Mev, The energy loss of‘n‘mesons'originating on the center line of the tar-
get ic less than one Mev in the target gas for all but the lowdst energy mesons,

This zives a maximum uncertainty in the mescn energy, due to the target diameter,

8, H, L. Johnston, 1. Bezman, T. Rubin, c. Swanson, W, Corak and E, Rifkin,
MDDC-850 - :

9. W. Panofsky, L. Aamodt and J. Halley, Phys. Rev. 21, 565 (1951)
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of less than 2 Mev, This uncertainty is small compared to the detsctor energy
widths which ranged from 5 to 20 Mev, For the experimental arrangement used,\
computations showed that the target could be'treated‘as a line source to within
1 percent accuracy. \ , “ P

i
Mass spectrometer analysis of the deuterium gas showed a 99 percent concen-
tration gf deuterium with about a 1 percent contamination of hydrogen. This
amount of contamination could be neglected.

B, Collimators, Slits, and Absorbers

’

The selection of a gas pressﬁre target with its inherently thick walls re-
quired that the target béliong so'that mesons made in tﬁe stainieés steel end
walls could be shielded outj; otherwise, a large subtraction would have been ne-
cessitated. ﬁead was selected for the shielding material aé;it haé a high nuclear
éharge, Z, and consequently is quite effective in siopping electrons and photons
in ﬁhe bremsstrahlung and pair préduction region,

Two séctions through the meson collimating systém are illustrated schematically
in Fig. 3, 1In the seétion perpendicular to the photon beam direction, at the |
center of the target, are shown the five éimilar colliméting systeﬁs arranged
agimuthally about the bc‘aam‘dire'ction° The lowexr collimating system was used cnly
for the coincidence crystal detectors. The other fou; identical collimating
systems, which were uéed for the nuciear emulsion detecticn, allowed the siﬁﬁl—
taneous measurement cf four different energies at eaéh of the three angles of
observation, |

The angles, as defined by ﬁhe slits, are shown in the plane section through

-

one of the colliuating systens in Fig. 3 and are listed in Table I.

10, R, H. Philliips, Private Communication
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Table I, Angular Resoiution of the Collimating Systems

DETECTOR . LAB ANGLE

1

NUCLEAR EMULSIONS P 45° +17°
' : : -15°
1900 13149
135° +15°
-17°

CRYSTALS : 90° ~16°

From the emulsion date one can obtain a check on the collimétion. The channel
reéolutién‘wés folded into the nultiple scattering for the mésons passing through
theAlead and glass absorbers to.obhiin a distribution in angle of the mesoﬁs
near their endings; “In Fig. 4, for the.45°_and 90° collimators, the computed
curve for mesons with an initial energy of 70 Mev and final energy of 2 Mev is
compéred with a set of selegted méééns with en avefage initial energy of 70 VMev,
The angle to the collimator direction was measured at 200 microns (2 Mev) back
from the meson éndinéso The .calculations of multiple gcattering included énergy
loss in the absorbers.11

In order.to minimize siit penetraﬁion, urahium siits, with a high stopping
powef per unit iengﬁh, vere uged, The low-energy gammas from the uragium did
not contribute appreciably ﬁo tbe sihg1e~grain background on the nuclear ermlsions,
'nor to the background counts in the crystals,

The éart of the emulsion which was scanned énd most of the crystal in which .
the mesons storped were so placed that vefy few electrons or mesons could be're-. o

flected a* small angles off the slits into the detectors. The slit was cut away

4

11, L. Eypes, Phys. Rev, 74, 1535 (1948)
L. L. Foldy, Phys. Rev. 75, 311 (1949)
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on the side nearect the detector, so }hat only =lectrons or mesons reflected from
it at large angles could reach the detectors,

Leag was selected for the absorber material. Iead has a large stopping
power per unit length and in addition had a large attenuation for the high energy
electrons which were made in the ends of the stainless stcel envelope and vere
scattered down the channels from the cylindrical walls of the target, °
The energies of the mesons that stopped in the detectors were determined 8

from cohputed range-energy curves,12 and the range-energy curves for glassl3

14

and emulsion.,

C, Detectors

When photons strike deuterons, both %1 iand W mesons are produced, In the
presence of natter © mesons are almost invariably captured as they come to rest.’
~~" mesons, on the other hand, are repulsed by the coulomb field of the nucleus

and decay with a characteristic mean lifetime of 2.5 x 10'8 sec.15 into -+ mesons

with energies of 4 Mev,
For this -xperirent the characteristic endings were used to distinguish

+- A . or a N sz
T and ' mesons in the niclear emulsions, The W=-ilcoincidence detection method

15b

used by Jakobson, Schulz and Steinberger, the (** decay of the_’/¢'meson used

by several experimenters, here called - { coincidence detection, and coincidences

between these two methods, called f-ii- (uetection, were chosen for the detection
of the {{" mesons. The crystal detection was used to obtiin detailed statistics

of the energy distributions, and the nuclear emulsions for fixing the absolute

12. W. A. Aron, B, G. Hoffman and F, C, Williams, UCRL-121, 2nd Rev. (1949)
13. W. A, Aron, Range-ecnergy curve for gluss, Private Cormunication
14. H. Bradner, F. Smith, W, Barkas and A. S. Bishop, Phys. Rev. 77, 462 (1950)

15a. C. Wiegand, Phys. Rev. 23, 1085 (1951)
b. M, Jakobson, A, Schulz amd J. Steinberger, rhys, Rev, ‘1, 894 (lﬁ?l)
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" cross sections and for determination of the deuterium minus-plus ratios.

1, Crystal coincidence detection. Some of the 7 * mesons which left the

target passed through the absorber and first crystal and stopped in ﬁhe second

¢rystal, as illustrated in the block diagram of the electronics, Fig. 5. The

individual pulses were viewed by separate photomultipliers and the signals were
sent to a Wiegand=type distributed coincidence.16 The coincidence pulse was

- delayed 0,025 microseconds by RGéj/ﬂ cable, gnd'was'used to open a gate of

8 x 108 sec. duration. If the 1T meson decayed into a «(t meson during the time

interval that the gate was open, a delayed coincidence resulted and the meson

was counted on Scaler 2. The accidental baékgrdund for thel -4 coincidence was -

"obtained by delaying the gate for a time long compared to the 4y Tmean life,

In a similar manner, the - fycoincidence pulse was used to open:a series offg
gates.AHThe beta delayed coincidences were registered on Scalers 7, 8, 9, and
10, AB the it mean life is about 2.2 x 107 sec., shaping circuits were used
aloﬁg with the slower coincidence circuits. The first bota gét; was theﬁvput
into c¢oincidence with ther- i(signal to form the”h-jx—%icoincidence, which was
then registered on Scaler 11,

Different counting methodé were used to count the same events; thereforé,
it would appear possible to,&etermine the efficiencies of. each of the three methods
and the actual smumber of %1 mesoéé that stopped in the second crystal. This
determination is dependent on the fact that all, or a known fraction, of the.
nf‘mesons that stopped in.the second crystal openea gates. No clear-cut r t meson

plateaus were observed for the pqlses from the"second*crystal. Therefore, instead

of obtaining efficiencies in this manner, they were calculated from the miclear

16, C. Wiegand, Rev, Sei. Inst. 21, 975 (1950) . | ,;'.‘ :
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emulsion data., This determination showed that at the photomultiplier voltages
used, about 1200 volts, only about half of the ™ mesons which stopped in the
last crystal opened gates.r The measured'efficiencies and the typical ratios of
the bLackground counts to true counts are given in Table‘II. The counting rate
for the11~}<coincidencés'was of the Qrder of one per minute at the emission angle
of.9O°Aand meson energies of 70 Mev., The observed backgrognﬁ counting rgﬁés were
compatible with those calculated, | ' |

| Table II. Cryatal'C&incidence Detestion

Efficiencies and Background

Detection Efficiency. Background
Method : : Counts,- True
. ‘ Counts |
_w=f 0.27 ‘ 2 -5 ,
W=t 0.077 0.10 - 0.20
Weti= £ o . 0,027 | . ~0,01

The following additional evidence may be presented that 7 * mesons were being
detec@éd. 1) VWhen the maxi@um photon beam energy was reduced below the;thresho1d
for meson production no mesons were counted, 2) The shape of the ' meson energ&
_ distribution at 90° compares well with the one obtained by Bishop, et al,29
3) The relative shapes of the distributions obtained by each of the counting
methods agree, within statistics, at both 90° and 135°, 4) The counter data
is in good agreement with the emulsion data for the relgtive shapes of the spectra
and for the deuterium~hydrogen ratios,
A run waé made with the experimental setup :éentical to the usual ruﬁs except

with an empty pressure chamber., The meson counting rate observed was'negligible

comparad to the normal counting rates with gas in the target.
al?

Recently it was reporte that pulses-in a photomultiplier were followed

17. T. N, K, Godfrey, F. B. Harrison, and J. W. Keuffel, Phys. Rev, 84, 1248 (1951)
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Ly secondary "satellite" pulses wnich occurred with a definite time rate of wvuild
up and decay. The satellite pulses were cgunted down to one—thirtieih 6f'the'
minimun main pulse size. For‘the delayed coincidences of this experiment, on

the other-ﬁgnd, the .« pulses required were about one~tenth of the maximum pulse
that might be expscted from a stopping proton.

In order to determine whether or nol satellite pulses would be sufficientl&
large to make a delayed coincidénce at the level'required by this coincidence
circuit, a test was made using protons from the 32 Mev linegr aécelerator. The
pulses from protons passing through the first crystal and stopping in the second
were used to open delayedigates. The proton energy loss in the second crystal
was.about 15 Mev. The number of satellite pulses from the second'photomultiplier
was found to be negligible compared to the number of mesons which would have been
recordsd undef running conditions of this experimént for that number of gates,
Furthermore no mesons were recorded when mesons could have not stopped in the
gecond crystal, i.e. when the maximum energy'of‘the photon beaﬁ was reduced below
the meson threshold energy.

2+ Nuclear emulsion detection. IlLford C-2 nuclear emulsions were selected for

detectors as their sensitivity is about optimum for meson detection. They were

backed by 1 x 3 x 1/16 inch glass plates and were exposed in lead boxes in stacks

of five sandwiched between glass plates, This method of exposure was economical

of beam time as nwlear emulsions could be pulléd at. different exposures and
blank élass plates inserted, The exposufes ranged from 1 to 5 x 1012 equivalent
quanta. Only those emulsions which recorded the lowest energy mesons, (thin
absorbers) were limited to the low eXposures. 'Thé single grain background on
the emulsions indicated that practically ali of the background electrons were
coming from the target.

In order to obtain absolute cross sections,; it wgs necessary to have a mees-

urement of the emulsion thickness before development., This was obtained by sending
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390  Mev alpha-particles throﬁgh the emulsioné at an angle of 45° to the plane
of the emulsicn. As the emulsions shrink énly in the dimension perpendicular to
the plane of the emulsioh; the projécted track length after development is equal
to the original thickness before deve10pmeqt. The shrinkage factor obtained by
this method was 2.42 £ 0,12, The relative shrinkage factors are considered ‘o
be good to 2 percent. »

The methodvgf meson ident%fication and classification employed in this éi-
periment have previously been reported.Zb

The emulsion dstection method is subject to several internzl checks. 1) In |
Fﬁg. 4 it was demonstrated that;the'mesons originated in the target, were col-

limated and scattered in the absorbers as expected. 2) From a plot of the number

- of meson endings, of each of the three types; versus their depth in the emulsion,

the meson emulsion depth acceptance criterion was established. I the mesons
end near the surface of the emulsion, or near the glass, the tracks are often
shorter and therefore more difficult 0 identify. In addition; if prongs or mesons

are emitted from the ending there is a possibility that they will be missed.

. Only mesons ending 3 microns or more, after development, from either surface of

the emulsion were accepted, This removed: about 7 rercent of the available emul~
sion volﬁme. 3) The projected rangeé of the‘mesohs, measured from their endings
'back to the point where ihey entered or left the emulsion were measured to about
10 percent accﬁracy. Thg-similarities of the projected track 1engthféistrﬁbutions
for mescns withqw and fr—.«.endings indigated a consistert detection efficiency

for both types of meson endings. The » distribution was compatible with a groub
of mesons which originated in the target superinposed on a distribution which
originated in the immediate vicinity of the emulsion, The distribution of (<"

mesons from the ends of n* mesons lends itself rather easily to amalysis. The
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expected distribution function for isotronic emission has been included along
with observed distribution in Fig. 6. The curve on the plot was normalized in

the region of 50 to 500 microus. As iy mesons with very short .« meson decays

N
R

are more difficult to find than those with long decay iracks ory - «completes,

the lack of <(Tmesons in the 0~50 micren interval might be expected. The curve

fitted in this manner would indicate that about 7 percent of the total ' mesons

_were not seen, - It would elso predict 767w-.ilcompletes, well within the statistics

of the.SQlobserved. The curve was &lso normalized from 50 microns to infinity
(all ranges above 600 microns would be included in their=-ilcompletes) with sim-

ilar results. 4) Plots of the angular distribution of all types'cf megons from

'deﬁterium for the nominal angle of 45% are shown in Fig. 7. The distiribution

of ..¢* mesons from the a”iendings'is uniform in angle of emission. The w”'and
¥ mesons are certainly coming from the target. The distribution of £ .endings
shows a uniform background of 4L mesons plué a hump from the target direction,
If this uniform background of .+ mesons and the .4 "and n{~mesons due to decay
in flight of the 7y ﬁesons are subtracted from the distribution, the remaining

number of © endings must be from ‘if mesons which do not form stara plus any .«
. A

mescns that might have been produced in the target. If all of the remaining

‘mescons are considered to be l mesons which do not foram stars; one arrives at

the prong distribution of ‘i mesons shown in TableIXII. The data of Adelman and
Jonss, Menon, and Adelm&#ls has been included for comparison, if one takes their
fractlﬁp of T(—mesons which do not form stars, the raﬁio'of the cross section
for,u,méson préduction to h,mesonlproduction\in deuterium is -0.04 T 0.08. Withe

in statistics there were no.«¢ mesons produced in the target; a similar analysis

Al

18. F. L. Adelman, Phys. Rev. 85, 249 (1952)
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of the hydrogeh data gives the same result. This value is in agreement with
the experiment in which carbon was bombarded by photons.‘b If, on the other
hénd,:one assumes no  mesons are made in the target, the experimental fraction

of v mesons which give no ionizing tracks at their endings agrees within sta-
9

L4

o o 1
tistics with the value of Adelnan and Jones,”

Table II, Fractional number of prongs from c—mesons

Adelman %nd Jones, Menon et al.,
Adelmanl
from 303<~ mesons | from 3366+ mesons ,
95 0.23 = 0.08 | - 0,268 T o.02
. ) b
| 0.26 Z0.03 0.237 £ 0.007
~ | 0.287%0.03 0.239 ¥ 0.007
<5 | 0151002 0,163 £ 0,006
|
e, 1 0,06 0,01 0.077 L 0,004
E P
-5 0 0.02%0.0 C.0L = 0,001
! i -
i : . :
i 5 | 0-003= 0.003 0.001 = 0,001

Identical scanning cof the ssme emulsion by different observers indicated

that the absolute efficiencies of cbservers is greater than 90 percent. Anelysis

of the projected rangés of ¢¢"mescns indicated that absolute efficiencies for
: 4
the observation of 1. mesons was greater than 90 percent, but that prcbably some

short w " mesons with short. (! meson decays were missed. Some short 77 mesons

A

19, TF. L. Adelman and $. B, Jones, Science 111, 226 (1950)
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are slightly easier %W identify than short 11T mesons because of the heévi]y ion-
izing tracke at their endings; on the other hand; some of the shopt hf‘meéons

may be confused with.the iowoenergy rhoto-induced stars ih the emulsion and might
not be counted, In view of these arguments it is feit that the relative detection
efficiencies for ™ and \y mesons are about equal, and that if systeﬁatic errors
are present they would tend to lower the minus-plus ratios slightly. As the ab-
solute efficiencies are not known precissly, the data has not been oqrrected for
observer efficiency. Individusl observer error was minimized by dividing the’
emulsion area to bte scanned into two parallel strips, each 1 cﬁ X 2.5 cn, Tach

of the 2 strip

]

vas scanned by a different cbserver,  Comparing the data {rom
¥ )0 i pt g

the two areas showed no systemetic error that could be attributed to individual

" observers.

For the hydrogen exposures at. each of the angles, 45° and 900, the number
of o~ endings observed was less than two percent of the number of 1r-..endings.
£11 of the _-mesons observed came from the target direction., Since photons on

stainless steel should give about as many 7" as 71 mesons, it follows that the

. background of 7 or i mezons from the target walls is less than 2 percent of those

produceé in the gas, However, if all of the mesons came from the target gas, one

' o= + : .
has the result that the ratio of the number of y to v mesons from hydrogen is
about 0.02; this alternative is considered guite improbable.

The total volume of cifwlsicn scanned for the deuteriuvm expcsures was dbout

\w

0.9 cma, for the hydrogen exposures aboub 0.6 cm”,

ITI; RESULTS

A,  Miruns-Plus Ritio- for Deuterium

A guantity which should be incependent of beam monitoring, density of the
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bombarded gas, and geometry considerations is the ratio of the number of 7 to
W mesons produced. In a particular ir meson energy interval and angle of erission,

the minus~-plus ratio is simply™

L7 - 1.37[
[nf] O

vhere [}, and [7-.4] are the numbers of -—and 7- «meson endings found in the

volume.of emulsion cerresponding to the particular ﬁfmesdh energy and angle.of
emission,
An alternate, less reliable, method of obtaining the ratio.is.of.intqrest
in indicating expérihental consisiency. The wvelue of the ratio is
. /[’n"’ii) - d*fd

NKRIVS I gy
. ., Ldd )

vhere [T] is the totél number of meson endings of all types obgerved; and fd
is the fraction of - mesons which decay in flight before re&ching £he'detectors,
This method is considered less reliable because a couﬁt of the total nﬁmbér of

inesons ircludes. P endings éhich ere more difficult to identify than either- or
- endings as there is nO‘distinguishing evént at their endings.

The values for the minus~plus ratios from deuterium dre given in Tatle IV,

- TABLE W MINUS-PLUS RATIO OF 1y MESONS FROM D.UTRRIUM

Angle 0 & (Mev) Ratio ‘ Ratio
' e {Alterpate Method) |
45° 43 0.79 % 0.21 0.75 £ 0,22
57 1,04 £ 0,16 1.15 £ c.21
37 0.89 £ 0.21 0,91 T 0,24
128 0.99 £ 0.30 0.73 = 0.26
45° (Mean) 0,96 £ 0,10 0,94 % 0,13
900 34, 1,24 % 0,20 1.33 £ 0,32
' 70 0.98 £ 0,14 1.08 £ 0.19
900 (Mean) 1,09 = .12 87,20 % 0.17
1135° 139 1,37 £ 0.22 1,06 2 0,20
57 1,05 0,18 1.13 £ 0,26
135° (Mean) 1,21 0,17 1,08 T 0,16
A1l Angles ~
(Mean) 1.07 £ 0,07 1,04 + 0,09
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'Iﬁ is interesting to noté that these ratios are close to one, and are
¢ indepéndent of energy or'angie, within statistics, for the enetgies'and angles
investigated. A ratio of oné‘is in agreemept with the value of Littauer and
Walker<8, who foﬁnd, for the emission angle of 1350 and a 7' meson energy of
about 50 Hev, a minus-ﬁlus ratio of 1.19 + 0.12. Further eviderce of this
independence was furnished by Lebow et al.?%, who found ratios of 0.5 # 0.5
and 0.30 £ 0,23 at 90° and 269, respectiveiyo
Theoreticél calaulations of the minus~nlus ?atios have béen carried out.zo’sb
If the interaction of the photon with the currents due to moving charges, only,
is conaidered, the res&ltiﬁg minus-plus ratio varies with the meson energy and
angle of emission_and is'consi derably greater than one for high ener'y mesons.
Better agreement with the experimental results is obtained if the inter-
action is primarily through the séatic nagnetic momentsvof the nucleons. This
lgives a mipus-plus ratio whiéh is essentially independentqof the angle of emis-

~sion or the energy of the meson.

B. Cross Sections for Hydrogen and Deuterium.

For a line source emitting T mesons, in the case where there ere onl§ two
particles in the final state, e.g., photons bombarding protons " to give a meson
®  and a neutrbn, as shown in Fig. &, the differenti§1 cross section can be found

from the following formula:

-
I

et 4 et s s a b8 Snmc A8 g A i T =4 o oA h

2). K. A. Brueckner and . L. Goldberger, ihys. Rev. 76, 1725 \1)49)
K. A. Brueckner, Phys. Rev. 73, 641 (1350)
Ge Araki, Progress of Theoretlcal Physics 5, 507 (1950)

;
-
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. d-— (8,k - 1 AN
d - €

& “<e>(§;of(@%%)_n

is the efficiency<of the detector.

is the effective neight of thg detentor,

is the effective width of the detector .

is tﬂe effeciive length of - the detector.

are the number of coﬁﬁts observed at a particular meson energy EL and.
average angle of emission, 8. .

are the number of qﬁanta of energy.k per unit energy, which contribute
to the production:of the meéons. . This factor depends on the detailed
shape of the bremsstrahlung spectrun,

relates the photon energy interval to the meson energy 1nterval This

factor may be obtained from” know'edge of k= f (E, @)

relates the range 1nterval of the detector to the energy interval of
mesons 1eav1ng the target. It is a function-of 8 and Eo.-
is the number:o; target prauicles per unit volume, in this experimeht,‘

either the number of protons or neutrons per unit volume.

G(é) = }j/dwdt =1 ;{(dwde' This is the geometrical factor that changes

R
only in going from cne average angle to another.

is the distance from an interval of length of the target, d4t, to the

' detéctor.

is the perpendicular distance from the line source tc the detector.
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If there are more than two particles in the Tinal state, the energy of the
W meson is not a single‘valued function of the photon energy, and dk/dF is not ' .,
defined. Onme method of evaluating data is to replace dg 'dk by the number of’
equivalent quanta, Q, where the number of equivalent qzznta is dnfined as the
total energy in the beam divided by the maximum photon energy. The cross section,
with the number of equivalent qpant; defined in this wa& is then

2o (8,F) - AN 5 , ‘
dr. d € hd G(8) Q(@{Jn "

. O

The differential cross secticng cergéz, can be found by initegrating dﬁgjﬁfE?
. . dﬂ_ F d / -

over dE amd the total cross section by.integrating the differential cross section

- over the solid angle., The data was extrapolated from.0 to 40 Mev to obtain uhe

differential cross sections, and over the angles that were not measured to ob~

tain the total cross sections.

. In order to obtain the crocs sectiéns,.certain corrections were applied to
the data.' These corrections were: 1) Decay in flight of +heLN‘mesons. A wvalue
for thé mean life of the av meson was taken to be 2,5 x 107 -8 gec.'ﬁ, This cor-
rection is small, "arviﬁp from 5 percent at low meson energies to 2.° perﬂer+
at high, 2) Slit penetration. The geometry factor, G(é%; was ecalculated on the
basis of perfectly opaque slits to the 7 mesons, This is cbviously an over sim-
plification as some ﬁesons of high enoréy may penetréte the s1it énd sidll have
enough energy to reach ﬁhe detectoré; these mesons will then be observed at a
lower meson energy. The correcfioalwas nade by calculatiné tho increase in slit
width, and thus the gncmetrical facter, as a function of the mes 501 ¢nergy. 3) Mul-

tiple scatter. For the emulsion detection the,condition for "poor geonmetry"

vas satisfied. The front edge of the emulsion was in contact with the lead
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ébsorber. The thickness of the anulsion, about 2 x 102 ch, Was very small
compared to the height of the lead abscrber, 4.5 cm,'and the absorber and meson
beam were wide compared to the width of the emuls£;n scanned. The r.m.s. dis-
placements for mesons-traversing the lead and'glass absorbers were calculated
uéing meihods which consider enérgy loss of the mésonsll, and the net loss of
1 mesons. to the emulsion detectors was found to be negligible. In the case

of crystal'detection'the poor geomeiry condifion was not entirely satisfied
becéuse of the large size of the érystals and their position with respecf to
the absorbers. The resulting correction factors, which héve’been applied to
all subsequent data, sre shown in Fig. Q.

A fourth correction is for nuclear interactions in the absorbers. Because
éome mesons may be abséfbed, or uhdergo large angle scattering in interacting
with nuclei, they will not reach the detector. The evidence, at the present
time, indiéates tha£ ﬁhe cross section-for nuclear eventis for 3 mesons in flight
traversing matter. is Qf the order of a geometrical nuclear aféa.zl The valuzs
‘of nuclear areas foupd from high energy néptron scattering experiments were
used in obtainiﬁg these correction factors.22 This correction varies from

about &'percent at a ;7 meson energy of 35 Mev to 85 perceht at 150 Mev.

1, Energy Distributions in the Lab System. The energy distributions
for v+ mesons with the appropriate corrections have been calculated per equiv-
alent quantum, Q, ahd are plotted in Fig. 10 for each of the production angles,

45°, 900, and 1350. The crystal data which was obtained by the three detection

2l. C. Chidester, P, Isaacs, A. Sachs, and J. Steinberger Phys. Hev. 82, 958
' (1951

22. L. Cook, E, McMillan, J. Peterson and D. Sewell, Phys. Rev. 75, 7 (1949)
- 8. Fernbach, R. Serber and T. B. Taylor, Phys. Rev. 75, 1352 (1949)"
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Y

methods -/, 7 - % and #-¢(-£ have been combined, The energy distriﬁﬁ%ion for

T~ mesons from deuterium is also plotted at 45°. The absolute cross ‘section

~

scale for the crystal data was fixed by the emulsion data fgom hydrogeh.and
deuterium atlthe emission angle of 960 and meson energy of 70 Mev. The rel-
ative values of the hydrogen to deuterium energy distributions, as obtained
by the crystal detection, were not altered by this emulsion.normélization;
The agreement Setween crystal and emulsion data at other pointe is ggod.

. Smooth curves have been drawn ﬁhrough the data and extrapolated\\p 2ero
mesoﬁ energy for the purpose of integration. %The dashed curves ﬁave been éor-
rected for nuclear interaction. The tails on the energy distributions, which
appear at meson energies above that allowed by conservation of ehergy and mo-
mentum et the angles, 6, are due to those mesons which are.aIIOWed through
tﬁe collimating system at angles'smaller than 5. The shape of the hydrogen

gpectrum at 90° compares favorably with that of Bishop et al.zdpwheﬁ’the tail

‘ is teken into account. The absolute value of the peak of the hydrogen spectrum

PAXERE is in agreement with the recent-
ly rencramalized value of Steinberger and Bishopze—-hereafter referred to as

S.B. From Fig. 10 it isg seen that the distributions for hydrogen and deuterium
. e

are similar-in shape. ;}

The uncertainties in Fig. 10 and in subsequent curves are standard devia-~
tions due to statistics only. The relative photon beam integration for the
experiment is considered to be as good as 2 percent. The values at 45° rel-
ative to those at 90o and 135o ére only as good as the normalization of4the

plate daata, about 10 percent. The largest uncertainty in absélute values is

that of the absolute beam integration which may be as large as 20 percent,

. N

i
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2. Differential Cross_Sections per Q in the Lab System, ‘The differential

cross sections for iy mesons were féund by integrating under the curves of
Fig. 10; they are plotted in Fig. il. The vslues could be changed somewhat
by a different extrapolation to zero meson energy. Smooth curves have been
drawn through the data for the purpose of obtaining total cross sections; _
The dashed curves have been correéﬁed for nuclear interzetion.

t

3. _Total Cross Sections per Q. The total cross sections for~' mesons

from hydrogen and deuterium per Q were found.by integrating the differential

cross sectiogf of Fig..lllover the solid angle. In addition to the‘uﬁcertaina

ties listed previously thgre gs the uncertainty due to ihe extrapolation over

angles for which the differential cross sections were not obtained. Since

the solid angle spproached zero at 0° and 1800, this introduces a small error.
The total cross sections are given in Table ' V. The uncertainties in

Table V are those of the absolute beam'integration. |

Table V., Total Cross Sections per Q for u+ Mesons from
- Deuterium and Hydrogen

”n

Target b cm? Crl proton'lA gﬁborrectéd for nucléar interaction
deuterium 6.4.2 1.3 %1079 " 7,77 1.5 x 1009
hydrogen 8.3 £ 1.7 ' 10.3% 2.1

i
i

4o Deuterium-nydrogen ratios for 1 meson production, The .ratios of the

o

-l

cross sections for the production of v ' mesons from deuterium and hydrogen,

as obtained from the energy distritutions for several energies at each .of the

production angles, are plotted in Fig. 12, These ratios are dependent only on

[

the relative beam monitorihg, and in the case of emulsions, also on the relative

plate thickness, Therefore, the largest uncertainties are given by the statistics.

2
&,
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Cha@ and LewisAa’b and others5 have used an interaction of the form L + O« K

andfﬁée impulse approximation to theoreticaliy investigate this deuteriuhnhydrogen
e . .

pétio. They point out that.in order to calculate the ratio, it is nqcessafy to

" evaluate certain overlap integrals over the relative momentum of the two outgoing

neutrons using the initial deuteron and final di-neutron vave funetions. If
these functions are known, the caleulation is possible. For the initial deuteron

wave funclion, four authors4a&4b’5b:5°.have used the Hulthen wave function

w -aé(a +'§$f g=Gr | o=PT
,-q DTV 2m(B - a)2 r

L}

and one”® has used the above with B =9, From the low ensrgy (n,p) scattering

cross section, and the coherent scattering amplitude of neutrons scattered from

’

‘hydrogen?2s2h, the value of the effective range, and thus . can be obtained.

The neutrons in the final state have been treated as plane wavesAb’5?’?° as
ending in a Is statesb95°, and closure theorems have been invoked to perform the

integrations over the finsal state.42 The plane wave treatment negleéts the

. interaction between the two neutrons which occurs when their relative momentum

is gmall. The s state treatment is only valid for low relative momentum
between the two nucleons, and the closure method sums over all values of the

relative momentum, some of which are not allowed by conservation of energy and

A

momentum, and thus tends to overestimate the ratio.

i

Chev and Lewis“® give the deuterium-hydrogen ratio in the form

£

1.9 (1 oK éps.a> [qom aq |LA(F Fo)+ K2 (Fra22)

3 dqo
M q° | e 12 + k2

23. J. M. Blatt and J. D. Jackson, Phys. Rev. 76, 18 (1949)

24s D+ Jeo Hughes, M. T.'Burgy, and G. Rs Ringo, Phys. Rev. 77, 291 (1950)

¢

k
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where M is the proton rest mass, q,, q, and B, are the meson total encrgy,
momentum, end rest mass, respectively, in units of Mev. Fy and Fy¥ ore
functions of 9, k,, and q, where 8 is the meson-angle with the beem direction
and ko is the photdn enerzy. A super ¢, i.e., d?, refers tc the kinemstics for
tﬂe free nucleon case. The data has been compard] to the theoreticél predictions
obtained by two different methods. |

HMethiod 1:. The above indicsted numerical integration is evaluated for a
given k. It has been previously pointed out that there is no unique relation-
ship among 9, ko, and q, for mesons prodﬁced from deuteréns, as is the case for
‘mesons from protons. If the assumption is made that the deuterium meson energy
shectruq fromn a.given ko is narrow and that the peak occurs at the line spectrum
‘fyom hydrogen, other photons will not contribute abpreciably to the number of
nssons at a particular 8, and meson kinetiec energy, E. The éxperimental ratio
atAa given meson kinetic energy can be then compared to.the theoretical ratio
for a photon energy obtained by the free particle kinematics. In Fig. 12 are
plotted the dotted curfes obtained in this manner. Those marked K2/L2 = @
.refer to &ll spin interaction, and those marked K2/L2:=zﬂ to no spin inteéaction.
These curves have been evalusted for the Hulthdn deuteron function for 3= ba.

The experimental effective range?% of 1.71 x 10713 cn fixes the value of 3 to

within a few percents, It can be seen from the dotted curves that ths theoretical |

#The F} and F, of Chew and Lewis® are related to the F- and F4 of Saito et al.¢

by Po = —4 (P - Fp) and .

2koA?

(n+1)% a® (n-1)2+p2
B2 - a2 (n =22+ a2 (n+1)2+p

— —
-

' ’ oy sy 2,2 T -3 - .
_where A2 = -%%%%—%—5%2_, 1 =_E£.+_f§ N T = Elm§M§§ , and ny and ny are the

momenta of the two resultent neutrons.
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deuteriun-hyirogen ratics ars less than ons «nd increase with inereasing meson
energies (photon energies). The data, on the other hand, have a distinet dowr~

waiil trend at each of the angles. Thiu dAisagrecnert ic a direct comnsequence of

the neglect in the theoretical ratic of the contribution of mesuns Crom other

P

st3:cted energy, interval. The assumption

i (.')

pnotons in the hrenoSurah«w;: 1o the
of = navrow‘gpectrnm iz only valid for meson angles near 0°.

Mothiod 2 I the assumpbion is asle that ihe spin [lip probebility,
KR/(K< + L2) is not strongly derendent on the phoion enorgy, the theury can be
{3253 / d

evaruatnd for the erperzmenually deterained quanulty L~*~*i

[u
\GEA by \dEdSL/H

This is

done by performing the integration over the bremsstrahlung spectrum at a fixed

meson energy. The resulting ratio is then given by

/ - qQofax r ' | | !
(do*)') !‘1-" ..qo os o) | u,!?«,—?)*-K(Fl‘FZ/B)i
dedfis 'J ” b
(_d_io:\i CB(ko) g(k?») a_min (12 + &5
dEdR 4y

vhere &chg is the breisstrahlung photon energy distribution from é 20 mil plati-
nun target cofrecied for the spread-bﬁt beam with an uppér 1imit ﬁhoton enefgy

of 322 Mev, k° is the photon momentum and gjko) is the excitation funciion for
at mesons from hydrogen. The excitation functions used in thglnumerical integra-
tion of this ratio were those of Steinberger and Bishdpze, Feld et al.?J and of
this paper (see the section on ?xcitation functions) for the anglés of 90, 26,
and 135 and 45 dégrees, feSpectivelya The computed ratio is not very sensitive
to the excitation functions used. From the solid curves obtaﬁhed in this manner
it is seen that the theoreticel ratio dréps rapidly near thf upper end of the
bremsstrahlung and is equsl to zero at maximum photon energy. This dfoP—off is
due to the effect qf the cut off of th; photon spectrum and the broad meson

gpectrum from deuterium for monoenecrgetic photons.
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. The solid cu:§es fit the data very well atIQO'and 45 deg. but drop off too
"/sharply'at 135 degs This departure can be mainly attributed to the effect of
the angular uncertainty of + 19Adeg. in the experiﬁental datg. Mesons contributed
to the detector from smaller angles tend to increase the rétio which is measured
at a given meson.energy. The cﬁange in meson energﬁiwith angle gt a fixed photon
energy is much more rapid in the backward directions,thus the angle uncertainty
has*more effect at 135 than at 90 and 45 deg. In addition an uncertainty in
the theoreticﬁl deutérium meson energy distributions Qould give the greatest
gncértainty in the ratio near the cut=off of the bremsstrahlung.

At each of the angles, the‘deuterium;hydrogen ratios were averaged over the
.energy interfalswhere.data exist  and are given_in Table VI; The thqoreticaim
values obtained in the same’ manner érg also given. 3The values sf Lebow et-al.<%
- at 26 and. 90 deg.:ha;é'begﬁ included. - t |
| The agreement betueen.éxperimént and theory gives sﬁrong support for the
validity of the impulse approximation. From Fige 12.and Table VI it can‘-be
éeen that the statisties of thedata are not sufficiént to determine the fraétion '
of spin interaction. In order to ﬁave a large exclusion effect, and thﬁs
largé'differences in the patios for éll and ho spin interaction the relative
moméntum between the tﬁb outgoing neutrons must be small.lsé Unfortunately .
this oceurs ai small angles to;the phoﬁon beam diréction vhere the background
~due to electrons is very high. At these forward angles where the exoluéion
effect is large, the deuterium spectrum is also sharp and the bremsstrah}ung
spectrum does not present, a problem.

It should be kept in mind that the thooretical ratiosuafe,dependent on the
initial Aeuteron and finél nucleon wave functions. Computations have been
carried out for the case of the:Hulthéﬁ deuteron wave function in the initial

state with B = ®, and for plane waves for the nucleons in the final state. The
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- Computed by Method 2.

Table VI. Deuterium-hydrogen ratios, \dEdSL) g kdEdKL/H = { » averaged
over the meson'kinetic energy interval, AE, where data exists.
. | E
P LE ] Theory 1 © LHJTheory,2QD
o OB o® {2. , ? N
() (Mev) |(Mev) | LB p2/2 ol K2/12 = 0| K2/12 = 0 |KR/12 = 0
26 65-145 212-296 | 0.8720.178  0.72 0041 0,71 0041
45 38-134] 190-300 | 047440.08 | 0.76. 057 0484 " 0.63
40-105! 212-322 | 0.6420,18% | y
% 39-93 | 210-300 | 0.7440.05 0.81 . | 0.7 0,80 0.72.
135 37-67 | 230-300 | 0.7940.06 0.82 0.77 0.71 0.64
(& " Data of Lebow et al. _
@B Photon energy interval from free pariicle kinematics corresponding to AE.- \
€y Computed by Method 1. - )
D

-8e= -

A8y €TET-TYON
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values-obtained for the ratio were.much lower than the curves of Fig. 12. On
the other. hand, comvutations using the Hulthédh functlon with 3 = 6a and closufe
in the final state give ratios slightly larger than the curves of Fige 12.

The expefimentai‘value of the.ratio of the total cross. sections is
Ce75 % 0.04e In this case the value is dependent on the4rélative shapes.of A
the energy spectra at angles whicﬁ were not measured. Systematic errors dus
to this could caﬁse uncertainties larger than the statistical uncertaimties.

5e Exoiﬁation Functions for Hydrogen and Deuterium in the Lab Systenm
The excitétion function for 7t mesons from hydrogen per photon of energy, %f
Qas been QOmﬁuxeda For the‘case of deuterium, one can make the assumption of
the previous sgction to calculate dk/dE from hydrogen'kinematics.to get an exci-
tatiqn.function for deuterium. Again, this approximatiop is good only at small
meéonzangleé.- The exeitation functibns, so calculated; éppear in Fig. 13.
The data‘ o . . has been correoted for nuclear interaction. In order
. Yo improve the statistics, the 7" and 7" mesons from deuterium have 5een com~
bined, a minug-plus ratio of one was taken. The data have been fi£ted to |
straight lines, so that it could be used to fird points on the angular distrl-
bution in the center qf mass systemo The excitation funétion found by SoBﬂ
has been superimposed for the purpose of comparison.

-

It should be pointed out that this experiment is primarily a survey experi-

ment to compare the deuterium and hydrogen productions and was not designed

W,
,}
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to investigate tﬁe excitation”functicn, or the angular distribution in the
manner of the previous experimenters?e A;though quite inqonclusive, the excita-
tion function for hydrogen of this experiment is consistent with that of SfBi
for the produciion angle o 90°. The excitation curveé for deuterium éhow
similar trends with somewhat better statistics.

6. Differential Cross Sections for Hydrogen and Deuterium in the Centor

of Maés System, Point§ on the angular disiribution curves, for various photon
energies were obtained by cutting through the excitation function curves at
different photon energies. The angles and cross éeétioﬁs were transformed to
the centerbof-maés system and are plotted in@ﬁig. 14, The angular distribution
'of S.B, is included for cbmpariéon.' Three points on an angular distribution
curve are obviously not sufficient to determine its shape. The agreement be-
iween the data of Fig, 14 for 255 Mev éhotons on hydrogen and the S.5. data

is gdod, Both sefs of ééta tend fo éhow the apparent pesking at an angle'larger
‘than 90° in the Cenfer of mass gysten, .The curves for otner photon energies

are drawm only to show a poséible trend gf the angular distributions as a funec*
tion of the ﬁhoton Snergy. “ | |

The theoretical impliications of the excitation curves and angulér distri~

butions for hydrogen have been treated by S.E. and by G, Arakizﬁ.

B 4
. .

IV, CONCLUSICNS
in stmmi&ry, one can draw the Tcllowing co‘nclu’sions.frozﬁ this experiment:
1) The minus-plus ratio for deuterium is close to one, and within statistics,

independent of the production angle or energy of the K meson. This implies

25. G. Araki, Phys. Kev, 82, 959 (1951)
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a production‘intéraction.whiéh is primarily through the ﬁagnetic moments of
the nucleons, and independent of the-cﬁarge sarried by the nucleon except to
determine the charge of the T meson produced.

2) The experimental ratios of the deuterium to hydrogen cross-sections are

in agreement with the phenomenological theory of Chew and Lewis when the theory

" is treated in the following way: a) The Hulthéh potential with 3 = 6a is used

in the initial state; b) Plane waves are used for the nucleons in the final

stafé; and c¢) The bremsstrahlung éut-off is taken‘into accqunflﬁMethod 2).
This agreement gives strong support to thejvalidity of the iﬁ%ulse approximation.
Computations using 3.=‘°° in tbe inktial state and plane waves in the |
final state give values for the ratio much lower than the experiment. Computa-
tions Qging_ﬁ =,6d in the initial'staie and closure in the final state give
values slightly higher than the experimen£. The treatment of the theory by

HMéthod 1 does not give the observed variation of the ratio with meson energy.

This method will only be good at amall angles to the beam where the meson dis-

tribution from deuterium beccomes extremely narrow so that the bremsstrahlung

spectrum may be neglected%

The statistics of the experiment-are not sufficient to determine the amount
., . :
/ .
3) -The excitation funetion for hydrogen is consistent with that of S.B. for

of spin interaction.

the production angle of 90°. The excitation curves for deuterium show trends

which are similar to those for hydrogen. The points on the angular digtribution

for 7 mesons from hydrogen in the center of maés sys?em for a photon of.255 Mev

are in agreement with the curve of S.B. with the apparent peaking %%;aapangle

larger than 90°. The points from deuterium show similar results to those from

hydrogen.
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7 1t has been.strongly emphasized by Chew and Lewis4834P ang others that

" measurements of the spin flip probability for T meson production from deuterium

shouid be carried ou£ at small angles to the beam direction. Here ﬁhe exclusion
effect is much greater, the assumptions of the theory are better, and‘thé-com-
parison between theory and experiment is more exact. Present investigations
are being_carried out along these lines.
ACKNOWLEDGMERTS

'ﬁé wigh to express our appreciation to Professor E. M: Mc&iilan for his
continued guidance and support. 'HeAwould like to thank Professors Y. K. He
Panofsky and O. Chamberlain and Dr. R. Lelevier for much helpful discussion.
We are indebted to Dr. R. L. Aamodt and Professor W. K. 4. Panofsky for the
use of the deuterium pumping system, to Professors G. F. Chew and H. Y. Lewis
for uhpublished caleulations on bhotomeson production frog deuterons. We wish
to thank Mr. Collin Moore and Mr. Evan Bailey for help with the emulsions,
¥r. J. A. Winokur and Robert L. Pexton for mmerical computation, and Dr. W. H.
Barkas and other membérs of the Film Group for the use of their facilities.
Our sincere thanks go to Mr. George McFarland and members of the synchrotron

crev for help in making the bombardments.

[ 3



&

Fig. 1
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FIGURE CAPTIONS
Schematic layout of the essential experimental components.,
Section through the gas target assembly,

Schematic drawing of verticsl and horizontal sections through the gas
& i

 target and the collimating system with the detectors in position,

Plot of the angular disfribution of " ande mesons for the £45° and
v90° collimati%g systems déﬁonstrating the anguler resoiuilon. The
data was obtaihed,from the enulsions. The mesons had & mean iﬁitial
energy of 70 Eev and a final energy of 2 Mev; the éngles were meés;red
at 200 microns back from ithe meson endings. The dotted line represenps
the calculated angular resolution neglecting multible scaitéring,,
This channel resoluiion was folded into the multiple scatteriﬂ% of the
mesons in passing through the absorbers to obtain the solid.smoéth
cufve.‘

Block diagram of the electronices used in the crystal ccincidence dé-‘
ﬁection.

Projected track length distribution ofag* mesons. The track lengths
weré measured from their eﬁdings, back to the point where they‘entered
- or left the emulsion to about 10 percent'accufacy. The curve on ihe
z{fmeson rahge distribution piot is the expected .distribution based

on normalization between 50 and 500 micron ranges.

Distribution in anglé of thed =iy s £ and A4+ mesons from deuterium
for ihe“45° c§1limating systen. Tﬁe angles of‘the traéké were measured
at ‘the point where they entered the emulsign, or 20C microns back from
their ending,.whichever was ihe shqrter. The abscissa is ihe angle

to the bear direction.

Seheuatlic drawing of the line source and deteccior element.
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Fig. 10

Figo 11
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Curves showing the correction factors applied to the data for time

of flight, slit penetration, and multiple scattering. These are given
for the coincidence crystal detection at 90° and 1359, and for the
emulsion‘detéction at 45° and'90°.. No correction for multiple scat-
tering was necessary in the case of emulsion detection.

Energy distributions in the lab system at 459, 90°, and 135° fof'ﬂ+
mesons from deuteri@m and hydrogen énd at“45° for 7~ mesons from
deutefium. The crystal data obtained by the 3 detection methods have
been combined, ‘Smooth curves have been drawn through the data and

sxtrapolated to zero for the purpose of integration. The dashed curves

have been eorrected for nuclear interaction in the absorbers. Urcer-
< » “

A
(

tainties shown are standard deviations due to statistics cnly. The

horizontal liﬁés'are the detector enérgy widths.

Differentiel cross sections per Q in the leb system for nt mesons from
deuterium and hydrogen., »Imooth curves were drawn for the purpose of
integration and extrapolzted into 0° amd 180°. The dashed curves

have been corrected for nuclear interzction in the absorbers. Uncer-

tainties are standard deviations due to statistics only. The hori-

zontsl lines are therdetector angular widthse

Deﬁterium-hydrqgen rétios for 1* meson production at 45°%, 909, and

135°. The uncertainties are standard deviations due to statistics

only. The horizonﬁil lines are the energy widths of the detectors.

The curves marked K2/L2 = ® and K2/LR =0 are the theoretical pre-
dictions for all spin interaction and no spin interaction, respectively.
In the thepfetical computations the Hulthé% wave function with B = &a
has been used for the initial deuteron state and planeg wﬁves have been

used for the nucleoﬁs in the final state., HMethod 1 and Metho%gg‘refer

to the way the theory hes been compared to the data.
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‘ Fig. 13 Excitation functions for hydroéen and deuterium in the lab system.
In the case of deuterium, the photon energy was assigﬁed on the assumpe
tion thaF thé proion was free. The data has beén fitted to straight
iines at each of the angles, 450, 900, and 135? for thé purpose of
obtalning ppinﬁs on the differentiai cross section curves in the center
of méss~system. The excifatioﬁ function of Stelnberger and E;ishopze .
for i *“ mesons from hydrbgen obtained from their data for an emission
angle of 90° has'been iﬁqluded for comparison. In order to improve
the statistics; in the_case of deuterium, the jf“and T mesons have
been combined} a ﬁinu;-plus ratio of one was taken, The data have
been correctéd for nucléar interqctioh in £he absofpers. The uncer-
téin;ies are standard deviations due to statistics, onlyv.

- Fig, 14 :Differéq;ial crés? sections fo: hydrogen and,deuteriumfin the'center
éf mass system. . Curves have been drawn in to show 2 possible trend
of the angular distribution'with_the photon energy. .Included is the
curve of Steiﬁbergor.andvﬁishcpze for Tﬂfmesons from 255 MevAphotons
on hydrbgeﬁ. " The unéertaintiesiaré standa£d deviations dﬁe {q statlistics
only., The data ha“abeeﬁ corrected forvnuclear interaction in the

absorbers.
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