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1. ABsm.cT r

o

~A study has been made ‘of the mesons produced from hellum by bom-

barding a high pressure target with the 312 £15 Mev bremsstrahlung beam = .

of the Berkeley Synchrotron,

of 45°, 90°%, and 135° to the beam direction.

Measurements were made at the three angles

Scintillation counter de- .

tectors, using ﬁﬁl—Pf, 'ﬂ*—-ﬂ+g and-’W+—-Hf~P+de1ayed coincidence tech-

tectors at L5°,

pally to the energy loss of the medons in the target walls.

~ niques, were used at 90° and 135°,

Tiford C-2 emlsions were used as de-

The minimum energy detected was about 35 Mev, due princi-

ABombardments

~were also carried out on hydrogen giVing hydrogen—helium rgtios.,

The energy spectra of T mesons from hydrogen and helium haVe been

obtained for the three angles, as well as the T~ eﬁergy spectfﬁm for

helium at 45°.
0.99 £ 0,15,

Differential and total cross. sections for ﬂ'+pr

The ratio of 1T"to‘TF+meéth_from helium at&A5¢'is

oduction

were evaluated extrapolating from the minimum energy detected to zero meson

for nuclear absorption),

The results are presented in the following table (not corrected

d%_@ af (steredian)? (equivalent quan*amrl(mtm)'l
Gas Angle 2(
. crmn equivalent
45° +17° | 90° £19° | 135° 4 19° tan) groter)”)
= 150 ' --21°

Helium 2.54,2x10°30 | 4,04.3x20730 | 3.20.2x1073° 4,14, 2¢10-29

Hydrogen 5540510730 | 7,44.510720 | 5444210730 l7.84.4x10729

Ratio Hellum | sy o6 44,05 | .59 4 ,06

Hydrogen

53 4 .04
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In addition to the standard deviatioms indicated, a systematic error

of | £ 20 ‘percent is present in the total cross sections due to unceftain‘by

'in beam integration,

=X
7
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: distribution:at 909 to the photon beam direction,

IL INRODUGTION . .. .. .. SR
HHP&evipus»tg,}QAS_phe.experimental’investiget;on of .the properties of
meSensmwee_1imited:§o;cosmic‘pay studies. . The detection, by Gardner and
Latt_es1 iﬁ 1948, of,mesons:arpificia;ly ﬁreduced‘by,highfenergy nucleons,
and in 1949 of mesons artificially produced by high energy photons
(McMillan apd Peterson?), made possible a moreveitensive investigation
ef the properties of mesone. |

Early in 1949 McMillan, Peterson, and White? carried out an explora-
tory experiment, using plates, on the photoproduction of mesons from car-

bon, This was followed later with a more complete experiment by Peterson,

Gilbert, and WhiteA in which energy spectra at three angles, the total

eross seetion,’and a value.for the TT-/Tff retio was obtained,
Photoproduction of mesons from hydrogen was fi:st undertaken by
GOok,5 using a liquid hydrogen target and nuclear emulsion detectors. While
in progress, an electrénic method. of T meson detectioﬁvwas developed
by Steiﬁberger and Bishop.§ Using this method, they measured an excite-
tion functien, an angular distribution for one pﬁoton.energy, and an energy
7,8 Both poly&thylene—
carbon subtraction and the Tiquid hydrogen tatget of Cock were used for these measure-
ments, M’ozley,9 usihg the electronic method of detection developed by .
Steinberger and Bishop,6 measured the producfion of TT*nmsons as'a func-~
tion of atomic number for meson energies of 42 Mev and-76 Mev at an angle
of 90°, | |
More recently, values of TTi/ﬂ"F ratios have been obtained for sev-
eral light elements (Littauer and Walkerl®), The productioﬁ_of photomesons

from deuterium has been investigated by White.ll



";7c.
g Helium is.of_interest since it is the simplest tightly bound mucleus,
Although it is too complicated to predict rigorous theoretical results,
the ratio of T to TWT 'mesons from hellum, and the ratio of helium

meson production to that of carbon and hydrogen, may serve to give an in~

sight into nuclear structure. _ ' ' ,.1 . _ o v
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III., DESCRIPTION OF THE EXPERIMENT
- The study was made by bombarding'a pressureltarget,-contain;ng
helium, with the beam;ofvphotonsyfrom the Berkeley Synthotron° 'The

photons were produced in the synchrotron by 312 4 15 Mev electrons

spiraling into a 0.02 in. platinum target on the inner side of the ac-.

celerating tube., The spread-out photon beam ﬁas uéed for the expefiment°
The beam of photonsbemerged-in a narrow cone of 0.0135 radians at half.
intensityo, In order to reduce backgrpﬁnd-in the detectors the photon
beam was,coilimated by three lead collimatoré as illustrgted in Fig, 1. -
The near edge of the 9 in. primary collimator was located 55 in; from
the phqton source, - The hole in the céllimator was tapered parallel to

the diverging photon beam., The diameter of the smaller end of the hole

was 3/4 inO; The second and tertiary collimato:s were 1 in, and 1-1/2 in,

in diameter respectivelyo The purpcse of the secondary dollimators‘was

~to shield the target walls from the spray of ‘electrons, p031trons, and

photons produced in.the walls of the primary collimator. The 1nten51ty
of the photon beam was essentially unchanged in going through the gas in -
the target. The attenuation was less than 2 percent over the length of
the target.. | | |

The target éonsisted of a stainless steel pressure cylinder sur-

rounded. by a liquid nitrogen jacket; which is in turn contained in a vac-

wum chamber. The center of the target was 39 in. from the primary col-
limator, making the diameter of the beam 1045 in, at émergence from the
target. .The pressure cylinder'of the target was 2 in. in diameter, suf-
ficiently large so that the beam did not strike the target walls.

The beam was‘integrated using two integration chambers, one ahead
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of the collimating system, ard one behind the ta.rget.,l2 . Ratios of the
readings wefe plotted for consistency and found ﬁo agree within'2 pefgento
» The T "mesons Qere-detected using both countersand plate_s° Sﬁr-
rounding the target was én assembly to hold the crystals and plates, 'A
photognaph.of-the assembly is shoﬁn in Fig. 2 and a drawing_of‘the com-
ponents is shown in Fig, 3. The plates were used for the T /T ratio
since both positive and negative mesons could be detected. Due to the
high accidental-background at 450, the.counters were used tbcbtain data
at only 90° and 135°., The holder for plates and crystals is comprisedi
of five wing-like sections Jutting out from the target. Each section con-
~ tains a 45°9>90Q, and 135° channel defined by uranium edges, Thé re-
mainder‘of the channel is made of lead held in place by 1/2 inf dural,

The plates were surrounded on all sides by lead to give sufficiently
"poor® geometry tobéompensate féf multiple Coulomb scattering in the ab-
éorbefs° The plates were placed such that the emulsions were along a
radius drawn from the-térget center, Five plates wefe located at each
target position, sandwiched between ten glass slides of the same stopping
power, The éenter‘of each plate was about 9 in. from the target center.

Each of the four plate holders had a:different amount of lead absorber for

the same angle.  This permitted simultaneous exposure of 4 enérgies at each .

of the three‘angles with the plates. The bottom section, or holder, con-

taining-the crystals was constructed so that the absorbers: could be varied,
The electronic detection made use of three delayed coincidence schemes,

In the first method of detection,l3 photoﬁultiplier pulsés ffom a meson

passing through one crystal and stopping in a secbﬁd opened a gate 0.08.

p seconds long and delayed 0,025 p seconds., If the #* pulse from the

- decay of the stopped, Tt occurred during the time the gate was open, the
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meson was counted by “Trt= p¥ ‘¢oincidence, In the second method® the

T - g decay was unresolved and a set of four consecutive 2 ji second

gates delayed O, yi seconds from the initial event was used for the de-

layed -coiricidences, If the /87 pulse gceurred during the ‘time one of
the gates- was -'6peng,--"“vl;he meson was eounted"b? a 'TI'*"—'/A'Q*‘coinéidenc‘e; -

By combining the two methbds, mesons were counted by a TZ ‘.’Jf— /S+ "_ :
coincidence,  THis required that a meson §top in a,‘ crystal, the p*"
meson from the” 'IT-T'-:'deéay r‘ema;ln in the crjs'tal, ."and ‘the lsf'from the p"'
décay have sufficient energy loss to be counte:d; o ‘

The plates Weré ‘exposed and counter data obtained in one long run, |
Operating ‘voltages for the ‘counters were established at the beginning of |
the run. A polyethylene target was used for 'thi'S: purpose to give a .
higher “counting rate. A"well‘-defiﬁed platea_ﬁi was not obtained foi the
pulses from mesons étopping in the ¢rystal, - For this reas'on,‘ the effici-
encies of the counters were determined by data, f’rom the plates,

With the empty target, no mesons were counted in an interval when
seventy-five would' have been expected from the target filled with helium,
This was checked later by plate data. Five o mesons were ffound from. hydro-
gen in an area yielding 320 Tr*mesons; Since hydrogen is believed to
yield no T mesons, the ¢'s are due to cosmic rays or production in the
target assembly. The fact that ‘bhé o's were coming from the target direc-
tion indicated the latter. Since the effect was of Fhe ‘order of 2 percent
or less, the background from the target was considered negligible. The
minimum energy detected m'abcut 35 Mev due to energy loss by the mesons
in the target and in the target walls,

The plates were developed using ‘standérd procedure and scanned using

microscopes of 250-500 power, Approximately 30 cm® were scanned for
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helium and 23 cmg for hydrogen. The thickness of the emlsions before
developmenf»was determined b& exposing the plates to high energy alpha
particles, The alpha particles Qere sent through thevemulsions at an
angle of 459 to,the surface. . Assuming shrinkage only in the thickness, -
the projectedjpath length after development is equal to the original
thickness of the emnlsion, » ‘ , ) -

The results were corrected for decay.in.flight,.penetration.of the
collimating edges, multiple scattefing, and nuclear absorption. The
cross éectiens are exbressed in terms of equivalent q_uanta.4 No cor-
rections were made for deviations from a true bremsstrahlung distribu-
tion due to scattering, absorption, and modﬁlation of the rf fo: the -
spread out beam, Suéh corrections would not~affect'the‘félativé Qaiués,
| only theﬁtotal Qrbss section. The maximum unceftainty in the total cross -

' is £ 20 percénﬁ'¢uevtO'qncertainty in beam integration.14 -
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IV, TARGET ASSEMBLY

A, TargetvConstruction

~The pressure target used was that of R, S. White, and is the same
general type as that uSed by Panofsky et a1.15 In order to minimize
bagkgrouhd from the ends of the target, a long (24 in.) target was con;
structed, The target is illustrated diagrammatically in Fig. B,l

The high pressure chamber was an 80 mil stainless steel cylinder 2 in,
in diameter, 24 in, long, capped by hemispherical shells of.42 mil thick-

ness at each end, The chémber has a sgféty factor of at least 4 when 6p—

- erated at 2200 p;s.i;'and liquid nitrogen temperature., Normal operating

pressure was 2200 p.s.i., The safety factor is less at room femperature
since stainless steel decreases in strength as the temﬁerature rises, .
Five-sixteenths indhii‘liquid nitrégen'contained in a 12 mil stainless
steel'jaéket surrounds the sides of the cylinder, Two stainless steel
pipes lead from the jacket to the bottom and tép of a liquid nitrogen
reservoir, This serves to keep bubbling in the jagket from blowing liquid
nitrogen away by'percblating it back into the reservoir,: |

The pfessu:e éhamber and nitrogen'céqling sYstem'are encldsed in a

vacuum to keep moisture and ice from collecting on the target.

<

-vBo High Pressure System

.~ Fig, 4 is a schematic qf the high pressure system., The preésure
lines from éxternal connections to the pressﬁre chamber were goqléd by
passing themn thrbugh the liquid nitrogen reservoir, One of the lines
was connectéd to a 3500 P.S.1,. safety blow off valve, Ité purpose was
to brevent the préssure from increasing to a danger point if the target

was not cooled properiy° The other line was connected‘through a stainless
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gteel liquid nitrogen trap to a tank of helium° The helium tank was
fi}}e@»tqﬂam initial prgssure of 2200 p,soiog’eliminating the negd for a
high préssure pump. .Since the hydfogen tanks are filled to only 1700 p.s.i.,
a pﬁmp vas required to raise‘the‘pressure to operating pressure, The pres=
sure was measured by & 3000 p.s.i. (maximum) gauge, 20 lbs/division, cali-
br&ted with an Ashéroft gauge tester, .The calibration was accﬁrﬁte to
+ 20 p. s.i, |

' Thermocouple Junctions were used to indicate the level of the nitre-
gen in.the reservoir. One of the junctions was 2 in, from the bottom
and the other one at the bottom, These would indicate when the liquid
nitrogen was low, The temperature of the;target wasg measuredvby é third |
- thermocouple junction attached to the target. A Speedomax recorder was
used to:keep_a‘reeord of the thermocouple readings. The time required for
the precoolied target to come to equilibrium after the gas was let in was

approximately 1/2 hour,

C. GCollimation System for Plates and Counters

- Since the meson density decreases approximate1y as the inverse square
of the distance from the target, it was desired to be as close to the tar-
get as possible, This makes desirable, abgorbers of high relative stopping

- power, In order %o be near the target and have a well-defined channel .

system the collimators had to be of relﬁ@ively high stopping power material

as well, }

The limiting factor in the experiment was expected to be béckground
due to electrons and positrons. Absorbing material which would providé
the msximum decrease in this background was desired.

| The choice of absorbing material caﬁ-be made from two points of views
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eiﬁher use low Z material tc reduce conversion of photens, or high Z mate-
rigl»to;cqnvgrtnthe»photpns and absofb the'resﬁlting electrons, The ‘latter
point of view was adopted and lead was selected for absorﬁing material in
preférence to copper, "Poor® geometry was selécted to compensate for the
multiple scatteringolé’lv- Details of the collimation construction are given
in the thesis of R, S, Wnite, 1!

Uranium was chosen to line the channels because its high relative

stopping power provided better angular resclution. The angular resolution, -

" for plates, of both the 45° and 90° channels is illustrated in Fig. 5. The

dotted line is the calculated angular resolutioh assuming the collimating -
edges 6paqueo; The dark lines show the calculated values combined with the

r.m, s, projected angle due tc multiple scattering., The histogram is a

plot of the angular distribution measured from plates,

The angular resolution for the channel was calculated in the following
manners Let £(8) be proportional to’the mmber of mesons entering the

detector at any angle, Thens

co) = arat Where; as illustrated in Fig. 6s
jf e L = length of detector
This can be shown o be r = distance of detector element 4L .
‘  from target element dt
: 4L a6 :
£(e) = gf _ t = effective length of target
- a - .

a = perpendicular distance from

————— . - - — - - element 4L of detector to center

.1line of target

— © = angle between center line of
target and r

Figs 6

—_—

| / - detector

&—L—
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$his sypws ?pét for all anglés where the entire width,of the deteqyorwis '
unshielded by the collimators, £(8)= -, Hence the angular width at
h . a

5

palf height will be thé difference between the two angl‘eé where £(0) :E‘.
or only 1/2 the detector \is visible to the .t.arge‘.bo ' .
~ To increase the angular _resglution with the plates, a strip only 2 em |
‘wide was scannedv acrolss. thg plat,es° The uncertainty in angle is larger.
with the counters, since the crystals are wider. Tﬁe calculated é,hgular
widths at half height are given in Table I, The effect of multiple scat-
tering canvbe'ne'glected' in this case since the angle subtended at the -
target by the f.,m,é, displacement is approximately 3° for a meson energy
of 80 Mev, This is the angle between the initial direction of the meéon
and & line drawn from the end of its path to 1ts place of origin in the
target.

TABLE I

Angular Resolution of Collimator

Detector -~ Angle Angulsr Width
Plates - ' 450 + 17°

' o . - 150 ~
Plates 90 + 16°
Counters 90° 42 °
Counters . 135° : 190

- 21°
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v, METHODS OF MESON DETECTION

A, Scintilhtion C’ot_mters

A block diagram 11lustrating the three delayed coincidence detection

- methods 1is presented in Fig, 7. The v"—,e* detection method used was

: .. 18,1
that of Steinberger and Bishop-v.é. Recent developments in electronics 219

and scintillationcounfbers have reduced resolving times of amplifiers and

coincidence circuits from ~ 1077 to ~ 1078

seconds, a time smaller than -
the half life of the T ' meson, making possible T decay detection
electronicaliy°~ Using these developments, a method of detection similar |
t§ that of Steinbergez_' and Bishop6 ‘'was developed using a delayed coincidence
between a T 7T meson and its decay 7 meson,

‘Two trans-stilbene crystals with associated 1P21 photomultipliers

were used as detectors, The photomultipler pulses, caused by a ',‘n""meson

passing through one crystal and stopping in the second, opened a variable

' delay gate of width 0,08 B second, The shortest gate delay used was 0,025

R ‘second, thé-longest. delay was 0.19 p second, If the p.* meson pulse

arising from the decay of the stopped 1T T meson appeared during the time

. +
the gate was open, the meson was counted. A photograph of the _TT+— i

cpin'cidencé circuit is shown in Fig. 8_,' The circuit diagfaxp is illustrated
in‘Fig. 9. = |

"As a check that the particles identified by this method were mesonss
(1) The maximum eﬁergy of the photon beam was reduced below threshold for
m 1'pr'oduc':t:'i.on and no counts other than accidental background apfea.red.'
(2) The plé.teaiu-obtained for the p+_. pulse is quite flat, indicating
uniform ionizatié‘n loss, as would occur for a 4 Mev p"' méson arising
from the decay of a stopped T meson. (‘3)v Combining the T decay ‘c'éun't..

ing with. the pt mesbn.-,decay‘s,chemeffz.gives the expected number of TT"—}*+‘,5+
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coincidences,
A3z an application of this method, the ld meson mean life was meas-

ured by varying the gate d.elay.,g Of"

23 Bight lengths of RG 63/U cable were
used“te provide the variable delay., The delay' of each cable was meaSured,,
using a synchroscope, by photographing the reflections of pulses sent down
'the cable, Cable delayé were measured to 2 percent, Fig. 10 is ‘a plot -
of delay as a function of cable 1eng‘t,h.,_ Fig, 11 is a plot of ;l;he 7t
decay curve, A value of Tm = 2,54 £ 0,11 x 1078 seconds was obtained

for‘the‘mea,n 1life, This value agrees with references 23 and 24 but lies

outside the 'standard deiri;a,tiéns of preﬁious~measurements,. ST, s

The accidental background for the ﬁ*—- H* coincidence was c;btained by -
delaying th;e gate for a time long compared to a T¥ mean 1ife.. This must
be subtracted from the total mumber of counts obtained for a short delay
to give the true nunber of mebsvon counts, .

For detection of mesons by w'— PL*—,B" coincidence, the output of the

- [Tag detection was ‘put, in coincidence with ﬁhe delayed qoincidenee from
the first 4 g;a,tevo By delaying the p.* -gate 19 x -10"8 seconds and
putting the output of the T '— p'coincidence in coltwidence with the output
froz, the Jast o gate, the ﬁ’l"»*-,e* accidental background was obtaineé.

For the T *.—-,@"" deﬁect,ion,, since the background was larger tha.n the
number of mesons, thé accidental backgrouna for each A8 ‘ gaté was given
essentially by the last &8 gate. This value was in agreement with the
va.iue calculated by the usual accidental rate formulas o
‘ where T = width of gats + pulse width (sec)

Ny = mumber of times the gate i% opened ’(sece)"'1
NN, T

= A o N = 'number of pulsei put in coincidence with .
d , 2 the gate (zec)”

d = duty cycle (fraction of time the beam is on)
A = dccidental background (sec)” -1
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Siggerthe-duty\¢ycle was -unknowny i@'wés calculated for -a run byfusingkthe
measured accidént&l:rated On the following run~thevduty cycle cglculated _
from the previous run was used and a check obtained with the -numeri'cgl
value of the accidental background,

‘The background due te ¥'s from the uranium was negligibleo:3The
ratio of the baékér@ﬁnd_to.the true meson count is presented in Table II
for the. three methods of courting. | |

TABLE II

Ratio of Backgrdund to True Meson Count

... Detection Method -+ - Average Béekground

S RN v L~ 0,1 = 0,2
T\'tf-f,l._f—/éf SRR - ~ 0,01
" ‘“—“""‘/B*- T . ~ Ro = 50

B%l Nuclear Emulsions

| The emu1s1ons ﬁsed were Ilford G=2 emu131ons since they are sufficiently
sen51t£ve for detection of T F” decays and yet mlnimize electron back=
ground Electron tracks are not visible but appear as 1ndividua1 single
grain background | Mbsons are recogn*zable in C=2 emu151ons by two charac=

teristics, the rapid change in graln density and the large amount of small

angle scatter in the l&st 100 microns of track,

Mesons coming to resﬁ have three kinds of track endlngs° An event
where the meson stops with no observable tracks leaving is called a ©
meson, An event where a meson comes to rest and é'ﬁ meson leaves the meson

ending is & T~ decay, The last type of meson, called o, is ome which

comes to rest and one or more observable. ‘tracks, not identified as & (
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meson, leave the meson énding, It is aiopa.rent that a "one track{ or "one
prong" o might be indistinguishable from a T — j decay. According to.
Peterson, Gilbert, and White,l* most one prong ¢ endings have "clubs" due -
to recoil nuclei, They assumed only 1 percent .of all o endings could be
confused with & - decay if the observer searched the endings for clubs.
More than 99 percent of all 1+ mesons en‘ding. in the emulsion decay |
into a 11_*" meson, 2425 More than several thdusand T~ endings have been
observed without evidence that & T~ decay c:c:c':ur*s.,26 This therefore
identifies the number of Tr—} endings observed as the mmber of Tt
mesons observed, - - - - — -.'**'—-'-*.*'v' e e e
The p_"' mesoné. can only decé.y27 and hence will appear as /o mesons.
Recent results indicate 'p." . mesons produce stars a éma.ll fraction of the

9028,,29,30 ' The value quoted by George and EvansBo is 0,055 + 0.011,

tim
The remainder of the time the p~ mesons either decay or are captured.
Observations of T~ mesons stopping in C-2 emulsions indicate that 73 t 2

31,32 ‘with observable tracks, called o mesons. The

percent form stars
remé.indér appear as ,c niesons, Thus the number of ‘ﬂ' ~ mesons coinihg to
rest in the emulsion is: = L3 o, | B |
The number of r 'mesons observed is composed of 27 percéht of the T~
mesons, ’;t;he .p.t mesons due to decay of T 's in flight, and the mesons
frofn the T} 'de'cay:s. | .
The ratio of 77 mesons to T ~ mesons can be obtained by two

methods, The first iss

Tr“ Eand 19375
™ T mT-p

The second method is based upén the following argument. The difference

between the total mumber of mesons (T) of all types observed and the

-~

-
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pumbér of N'"mesons observed is due to @Y anr} }1“" mesons. Ass‘umi:_:_Q no

gt production in the target, Tr=®" ., Expressing this in terms of an
‘equation: T =1.37 o= wr+ph= 27", The ratio obtained by this method
iss o B | ' SN
- -'1_ | i 2 _ v
LLng 0.73T _

o
The second' expression was derived assuming no decay in flight. This is

justi‘fied‘since_ the method is a difference method and decay in flight is

a second order term,

" The T AT ratio as expressed by the first method depends only upon

the emulsion, the observer, and the fraction of T~ mesons forming stars.

The ratio as expressed by the second method depends .'in addition, upon the
sssumption that © mesons are as easily identified as 1T - p decays .
or ¢'s,  For this reason the first method will be used to calculate ra.tios,

the second merely to0 check the first.
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VI. EXPERIMENTAL PROCEDURE

The allgnment of the. target at the synchrotron was done by means of
a telescope and checked by exposing xaray films. The high pressure fit-
tings were tested by filling the target to 200 p.s.i. and brushing_all con=
ne@tions with scapy solutions. During the bombardment liquld nltrogen was K -
kept in the reservoir of the target 24 hours a day to insure equilibrlum |
conditions. . _

To reduce‘aécidental’background.the,scalers were "gated® or operative
| only during the timé the bgam was on, The p;ates were éxposed at the séme
time the cquntér data wefe being taken. Each energy spectrum was_meésured
chaﬁging_the absorber cyclically to avoid drifts in detection and integré-
tion tha;t?might distor?z:, the spectrum, Changing angles a mumber of times
tended to cancel any-dfift;distopting the relative values between énélesy
While_getiiﬁg rat&os between,gaées; the gases were changed back and forth
to again cancel dfifto It requiredvapproximately 1/2 hour to change plateS._E
and gases, |

In the coincidence counting schemes used it was advantagéous to_havé
~ as large a duty‘cycle as possible to reduce.aceidental background., At the
| synchrotron the duty cycle may be changed by modulating the rf sc that the
electrons spiral in more slowly, giving a beam spread out in time, A spread

‘in energy also results since the electrons do not strike the target at a

e

time corresponding to peak magnetic field, The spread, as estimated from

the megnetic field curve33 and time df emigsion, is o~ 25 Mev, The beam_t

“"

length as measured on the éynchroscope was of the order of 3300 B seconds.
The'beam duration as calculated from the accidental rate was 2200 p seconds, i
considerably shorter than that observed on the synchroscope. This is rea-

‘sonable since the distribution of the beam in time is peaked and not flat,
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) The_infensity_leVel of the“bgam was limited by the ;céidental back-
grpuﬁd of the»eounﬁers for low mescn_energiés where no absorber ﬁés used.,
Maximum beam could be used in almost all cases where absorbers were placed
in front of the detectors. This permitted maximum exposures on the.plateso

The data sheet for a typical run is given in Table III,
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TABLE III

Data Recorded for a Typical Run

January 15, 1951 ~ January 16, 1951

" Target | ~ He 'He

Angle - 135° . 90°

Absorber number 25 L a

Energy (Mev) - 56 75

Pressure (p.s.i.) 2210 2160

.Tlilermocoupie #1 8.35 8.55

Thermocouple #2 8,65 | 3065_

Thermocouple #3 » 8.,0_5 - 7.95

Time of day - 1805 . : loco

AT run (minutes) 18 87 33 277 128 23.6 5.3 20.6.

o | gate delay

§ (10-8 seconds) - 2.5 | 19 | 2.,5 2.5 | 19 2,5 .‘ 19 2.5

40 Begtn 90,56 94.79 97.08 180,63 185.76 188,04 192.26 193,50

§n End o | 94.56 96,79 105,08 185,63 187.76 192,04 193.26 197.50

%N Begin S 346,98 386,00 3B.0 792,80 818,30 829,04 850.0 856,36

b - _,

£ N End | 366,90 377.74 41849 817,20 827,80 849,10 855,08 876,10
AN/An 5.02 487 494 4.85 475 5,01 5.08 493

(Scaler #l)p gates x 64 662 9838 2328 8615 11931 19270 20916 gk
Ap gates x 64 66,0 32,5 134.0 86,2 32,2 73.8 17,1 75,3

(Scaler #2)W-p - : _
coincidences x 64 o7 - ol? 040 ol0 010 016 016 : 025

AT - coincidences 17 0 23 10 o0 6 0 9
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TABLE III (Cont.)

,,Data Reéorded for. a Typical Run -

(Sealer #11)T-p-g

coincidences x 8
A4S coincidences

(Scaler #) large Pulses
:Grystal #} x 256

(Scaler #5) Large Pulses
Crystal #2 x 256

(Scaler #6»8 Gates x 256

(Scaler #3) Smali Pulses
Crystal #2 x'256

’(Scaler #1) T =06,

Coincidences x 4

(Scaler #8)W—3,
Coincidences x 4.

(Scaler #9)W=Rs.
Coincidences x 4 - -

(Scaler #10) w—pBy
Coincidences x A,v

Hi Voltage #1

Hi Voltage #2

6

122.8

95.3

4.3 |

383

171

153

11~

10t
1200
1150

0

o®

184.8

"14303

21,7

575

4

21 03
11 3

429,5 145.6

338.5 119.1

1347 418

561 113
58 12
93
20 7
1200
1150

<3

0

220,85

165.1

51,1 17,9 . 24.9

580

163

353,3
262.7
39,8

917

270

20%

163

05
.
386.9
287.2

43.5

1002
290

220

190

183

524,.5

389.4

58,7

1352

370

290

277

260
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V1T, ANAIXSIS OF DATA

A, Cross Section Calculations

Following the suggestlon of McMillan, Blocker, and Kenney34 and the
Precedentrof Peterson, Gilbert, and White,4 the cross sections will be ex-
pressed in terms of equivaien.’}c.'quantao The number of equivelent quanta is
. defined as the total energy of the photon beam divided by the maximum energy
of the photon beam. The total energy of the beam was obtalned using the
inﬁegration cﬁamber calibrated by Blocker, Kenney, and Panofsky.lB, |

By definition

3% (Eq,0) _ 42N (Eq,0) 1
dEr dSx  dBp dSL nQt
wheres

4°N (Eq0) - | - -
AFy d 5o is the number of T mesons leaving the target
o per energy interval dEy and solid angle dfl.
2 . » : .

iilz;ggﬂigl- is the cross section in cm® per proton for the
dEw dSL  formation of a “T{ meson, per e%i valent guantum

per energy interval dE+and solid angle

is the number of protons per cm® in the target
is the number of equivalent quanta A
t is the effective length of the target (cm)
Results are given per proton for the T ' mesons and per neutron for
the_TT"mesons since the productioh of T'mesons is believed possible only
from protons and E mesons enly from neutrons.
For the purpose of calculatien the differential cross section must
: be expressed'ih terms of measured parameters., Making the substitutions in
the aboﬁe expressions |
d2c (Eq,©) N 1 AR 1
—aE—mij—L_:E{fL QP_,@ AE,;nQ'?
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N = number of mesops/cinz' =
& = efficiency of detection
L = length of detector (cm)
R = depth of detector (cm)

AEq = interval of meson energy at ‘the ta.rget corresponding to the
range interval AR of the detector (Mev)-.

W= th::.ckness of the detector (cm)
t = effective target length (cﬁ) ~
n = number of pr’otons/c:m3

Q = number of equivalent quanta

¢ = distance of detector element dL ‘from target element dt (cm) -

£o¢=s
R N
a T
W &L= -
B < A'T‘m- _
, A T
' 1 v

' Fig, 12
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The determination of the terms in the above expression for the -
cross section will be taken up in the following sections,

The differentidl cross section per unit solid angle is:

doy, (8) Enmﬂx 20 (Eq, ©) dEn B | o
afu | CdEmy dSL - |

This was integrated mumerically by taking

de- (8) _ Pmax <d29’ (Ew ©)) g
—— ) 0By

asL 1Z= ) dEqmd{L
over .the energy spéctrmﬁ, For- this *evaluétion it ﬁas necessai;& to extra-
polate from the minimum enérgy detected fo Zero meson energy. The results |
are uncertain to the extént of the extrapolation. However, the fatioé
should be fairly independent of the extrapolation. |

The tota,l cross section is expressedo

[ @)y
o = | (T )d.o.- - and was evaluated
o :

= 2 / day (e)) d(eas e~ ZWZ (O’ (9 sin 0y Aei

(€]

B. Determination of Meson Energy and AR/AE

The meson energy was détermined using {th_e range-energy curves of
Aron, Hoffman, aﬁd Williams,?? The rahge;;nergy curve for ICT #14 glass,
calculated by- Aron, was used- for “the enmlsions since most. of the "slowing
down® occurs in the glass, In addition the curves for C-2 emulsions and
ICT #14 glass are véfir nearly Aequalo

In order to get the meson energy for the counters, a range-energy
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curve was caleﬁleted fer trans-stilbene from curves for carbon and
hydrogen, neglecting eny effect of molecular binding. The resulting
range--energy curwfee of meséns in 'Erans-etilbene is given in Fig. 13.
AR/AE was evaluated by the following method, A meson stopping
at the back of the crystal weuld have a certain energy at entrance to the
crys_t;e.lo This was obtained from the thickness of the crystal and the

.range-energy relation in stilbene, The energy of entrance into the crys-

tal is converted to an equivalent range in lead, the range of the absorber

| added, and the energy at entrance to the lead is obtained from the range-

energy curve of lead. This ‘procedure is ca.rried out at each change of

material until the center of the target is reached By this method the.

energy of a meson leaving the center of the target and stopping at the

back of the crystal is obteined,: A similar calculation is done for a

meson stopping at the front edge of the crystal, 'I‘he range of the ‘crys-
ta.l divided by the difference of the two energies gives A R/AE for the
particular energy meson chosen, Repeating the procedure for a different

thickness of-absorber, a plot is obtained for AR/AE as f(E).

| C. Determination of the Number of Protons per (}qbic Centime‘ber

Aflth_ough helium is usually considered a better a.ppro:timation to a

perfect gas than hydrogen, at liquid nitrogen temperatures and:2200.p.s.i.”

helium36 deviates farther from the perfec'ﬁ ges law than hydrogen,37 making

its density less than would be expected from the perfect gas law. No

values of density measurements have been published in the region of liquid

nitrogen temperatures and 220b p.8.i. However, quite accurate extrapola-

tion can be done using an equation of state. The density was calculated

from the Beattie-Bridgeman equation of state, using constants evaluated
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The resulting curve is shown in Fig, 14, The error in
the num‘ber of pr’c*i;ons/_czn;n;_a3 as calculated by' this method is estﬁmz_a_.ted to be
less than 3 perc,en‘l:“,38 |

D, ;'Determinati@n of the Geomeirical Factor .

By geometrical factor is meant’ f f gt ok
from Section IV-C o ’ ,
ff dtal . = [famx 4L ae
/1 r2 ' / a
L T A
vhere ' = a = perpendicular distance from the-center 1ihe of the ta.’rget

to the detec‘bor element dL

Oin is the ninimum angle fro;n which mesons can reach any
portion of the detector ‘ o

Gm is the maximum angle from which mesons car reach any
. portion of t.he det.eetor o

This 1rrtegra,l was div:.ded 1nto three a,ngula,r region3° oné centra.l region
between €4 and 62 where a,ll the length of the detector is visible to points
of the terget, and two regions where one coleatmg edge or the other ob==
. scures part of the detector, The' contritution of the central region is
equal to — (81 - @2) where t.he ang'les are in radians. The contribution
of the othe:sr two regions was determined numerically by div1ding the angle '
into increments A @ and s*c,umn:'nfngo I I ' |
(P aree & apn - o
— D (——-—> 00 and similarly for :
& RS & /i :
min L L

1 Cnin

the cther region. The rﬁesultah‘b ‘geometrical factors are given in Table IV,
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'TABLE IV

Geometrical Factors

Detector Angle Geometrical Factor

Plates 45°, 135°  0.0608 (L = 2 cm)
Plates 90 0.0460 (L = 2‘cm).

Counters | | 45°,;l35° - L.283 (L =4.18 cm)

Counters  90° 0,920 (L = 4.18 em).

E. Determimation of Efficiency

The efficiency of the plates as a means of detection was taken to be
100 percent. The loss of mesons due to the failure to observe them near
the surfaces of : the emulsion was evaluated by plotting the number of mesons
as a function of depth This histogram is shown in Fig. 15. From the
histogram it was . estimated that the efficiency was constant up to within
2-1/2 microns from the surfaces and’ then decreased. As a result the data

from the layers 2—1/2 microns thick at the surfaces was not used in calcul—

_ ating the results. This may ‘not compensate for failure to observe mesons

of short track length Fig. 16 is a plot of the number of mesons as a func-
tion of track length. The calculated distribution is superimposed. The | |
histogram indicates as much as 7 nercent may be lostidue to missing mesons
of short track length, if it is assumed\the calculated distribution'is cor-
rect, Hence the efficiency for meson detection by_platesvis probably better.
than 90 peroent Rather than change the data by an unknown efficiency fac-
tor, the efficiency was taken to be 100 percent

The absolute efficiency for the counters was_determined from the plates.

Plates exposed at 90?5togtherbeam direction were scanned'for 70 Mev mesons

11

from hydrogen and deuterium. The resulting points were used to adjust
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the reletive height of the counterxcuﬁveeaﬁ The ratio of hydrogen to deu-
terium points meesured'using plates and -the ratio measured using counters
‘are in excellent agreement Using counter date alone, an expression for
the number of mesons opening delayed gates can be obtained for the detec~
tion schemes assuming (1) no p produetion in the target, (2} the ef’f’:'L«==
ciency of the Ll P"73 detection is the product of the efflclen01es of the

- F* detection and the"Tr‘/3 detectlon° The express1on resulting iss

NW4» ILrp

N = wheres N = number of mesons openlng delayed
Nvﬁqus ‘ S - gates
N = number of mesons detected by T-M

coincidence
Nw-,e* = ‘number of mesons detected by the |
: first 2 gate of the m-s - coinci-
dence
N7r4073 = number of mesons detected by the
- . TT—pm=  coincidence
The eipression for the number of meSOns opening delayed gates is inde-
pendent of the effieiencies of the detection methods° The relaﬁive effin '
ciencies as calculated from this equation are in agreement with thoge ob-

tained from plate data, The efficiencies for the three deteetion methods

as obtained from the plates is giVen in Table v,

TABLE .V

Efficiency of Detection Methdds -

 Detection Method. o Effieiency Oﬁtained from
v ... . - ..Plate Data -
TR e 0T
T=p=B8 . .026

: 77"'/@. _ ;v : P :525,6" o
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, Fé Detgrmination of_the Number of‘Mesoné/sz._

wEor,the-plates,”the-number/hm? is measured directly. For the counters,
the number'of'mesons/cm? was obtained by dividing the number of mesons by
the effective area. of the stopping crystal. The effective area is less than
the geometrical area AR-L, AR ahd L were defined in Section VIII-A, -
The differeﬁce is the area of aistfip of length L and deptﬁ equal to the |
range necessary.to,produce,thé minimum ionization loss detected., The mini-
mm energy loss required for a Tff'in the stofping cerystal was 6 Mev, This

corresponds to an effective area equal to 0.88 of the geometrical area.

G ’Detérmiﬁatibhfof Plate Thickness Béfofe Development

The thickness‘after development waé_obtained Ey'méééuring’théAtﬁickness‘
at several points on each plate. Due‘to shrihkage in the'deVelopment the
thickness after development is less than tﬁe'original thi‘cknesé° The:
shrinkage factor was measured by exposing‘the'plates to a small flux of high
energy o pafﬁiéies,> The{platés ﬁere'inciiﬁed.LSO to'the-direction of tﬁe
o particle beam, ' Assuming the shrinkage to' be dnly in thickness (the
emulsion keeps the same area), a measurement of the projected range after
deVelopmenﬁ isaéqﬁélwﬁo“the.thickness lﬁefbré'éevelopmeﬁﬁol The value of

the shrinkage factor obtained by this method was 2.42 + .12.

H. . Corrections Applied to Results
1. Multiple Scattering

The loss of mesons due to multiple scaétérihg wa? éalculated b& thev‘
method oflLé_Efgésl?:aﬁd'L, L. Fbldy.ls For plates, calculations showed
the geometry w#s'sﬁffiéieﬁﬁly "poorﬁ‘tﬁéﬁlthe,correcﬁion was negligible.
As meny mesons scattered into the emulsion as.-out.of the emulsion, The.

increase in paﬁh iehgth’due‘to'the scatter could also be néglected.
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~ For crystals, the 1oss-due"to“multiplevécéttering is no longer negli-
gible, The condition of "poor" geometry was valid in §hly'6hé plene. This
is because the width of the crystals was’ of the order of the width of the
absorbers, Also the center of the stopplng crystal was separated from the
absorber by L.d cm, '

The loss of mesons was obtained by the following method., The r.m,s, -
projected displacement as a function of meson enefgy (E) was éalculated
for a meson degradeéd from E, at tﬁe‘target to E=0 aﬁ the center of tﬁe
crystal, (See Appendix A, ) The r.m,s. displacemént due to thé stilbene
wag combined w1th the TolloS. dlsplacement due to the absorber. The result-

1ng distribution is Guassian°

where: 'y = coordlnate perpendicular to the radius vector from the
o - target, and the target center line

f'(Sé)'fz Tl &, projected displacement for energy E .

Since the loss at the center of the crystal is equal to the portion
of the distribution function.extending_beyond the dimension of the absorber,

for a given energy the fraction of mesons lost at the center of the crystal
is equal to 1 - erf (__E_E_)
| 4\S2>

ising to any point in the crystal°

Fr £° Jost =1 - T ) W+2X ) hoter
action lost = - erf where:
| 2 | 2 \[‘ \/(52 2 /2 <82>

x = the perpendlcuiar distance from a plane definéd by the center
line of the target and a radlus vector to the center of the
crystal.-

where W = widﬁh of absorber, - General-
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The fraction lost was. computed for 7 points in the erystal. A plot
- was made of the fraction lost as a i‘unction of distance from the center of
the crystal, numerically integrated, and the average loss for the crystal
as a whole obtained, The above process w‘_as repeated for 4 energies, The
resultant .correction curve as & fun.ction._ of energy is iilus-treted in Fig. 17.

The corrections vary from 7 percent at 40 vMev‘ to 27 percent at iAO‘MeV-.

2 ' 'Decay in Flight
The 1oss of 1% mesons due to decay in flight has been calculated

‘assuming the mean life of the T~ meson 39’40 equal to the mean life of
the meson 12 21,22,23,24 '

For N mesons detected, the number’ leaving the ‘target would be Net/t
t o= time of flight in. meson frame \
’t: mean 1life of W meson v= 2. 54 x 10 -8 sec,
From the expression for time dilation and the relativistic equation
for total energy of a meson, the time of transit in the meson frame,

between points a and b in the la.bora.tery, iss
4= —E‘?— [ dx — t = time (sec)
¢ s NI(T + 2Ey)

= rest energy of 7 meson

T = kinetic energy of '77’
meson

This 'equation was nuinerically Aintegrated for various meson ‘energies.
The resultant correction is'a msximum of 5 percent at the 1owest energies
and decreases to 2 percent for the higher energies.

~ The ‘rr'- p» and ‘n' }4« -,6 coincidence detection, as well as the plates,
must be corrected for 1oss due to- decay in flight. For hyd.rcgen, essenti-
ally no- correction is necessary for the '"’"/6 detection since the p

sulting from a "ﬂ""' decay in flight will be detected. A correction mist



be made for helium with w-@& détection, since ‘the #~ ‘mesons arising
from T~ decay in flight will be detectéd,*’ This ¢orrection was ~3

percent,

, _3; Nuclear Absorptlon
Correctlon for the loss of mesons by nuclear interaction in the tar--
get, lead absorber, and detectors was made using a total absorption Ccross
section equal to nuclear area,[*z’l*B’44 This is in agreement~with the
values measured for'poor geometry by éfeinberger et 41,42 Nuclear area
=-'7T(1537-A;/3‘° 107132, 46 The correc-

was calculated from G' cleus

tion increases from 8 percent at 35 Mev to 85 percent at 150 Mev.

: L., Penetration of.Collimeting-Edge;

The geometrical factor as calculated in Section VII—D neglected any
penetratlon of* the collimating uran:Lum° A ccrrectlon was calculated mak~
ing the assumption that the measured energy distrlbutions could be replaced
by’ flet spectra of equlvalent area° With an absorber of sufficient thickn_

ness to detect a meson of energy E leav1ng the target, the maximum penetra-

tion is:

range in uranium of
a meson of energy E

AR R(E <) - R(E). whereg R(E)

R(E___)

max

range in uranium of a
meson of energy equal
to maximum energy of
- flat Spectra
The collimating edge was then considered transparent up to a meson
path of OR in the uranlum and opaque beyond that value. The geometrlcal
‘ factor was recalculeted u31ng_tnie”new geometry to find the increase due

to penetration., The correction is largest at low energies. The correction

is less than 8 percent at 90° and lees;than 12 percent at 45°,

w
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VIrI, RESULTS OF THE EXPERIMENT

A, T /Tr*' Ratie &t 450

For hydrogen, at 1.5 220 1+ mesone were observad as compared 'bo

3 o’mesons in the same area, At 90°, in an area yielding 100 Tf"" mesons,

’2 crmesons were found‘ This data eahn be used ‘oo ahow either the number

of L mesons produced by photons 6n hydrOgen is less than 2 percent of
the rr‘" production, or the background due to the targe‘o assembly is léss
than 2 percen'b. | v

In thé total aves scanned for helium, at an angle of 45° to the
beafn, 88 6’, 122 11"»}» s and 181 e mesons were observed. Ueing ‘l‘l“'/7'7"r £

‘#Zf, the ratio of ﬂ" to T"’is 0 99 = O 15.

Theoretical calculations have been made by Bruecknerlﬁ for " /7r’*

ratios for free protons and neutrons., If one makes the assumption that

“the effect of other nucleons in the nuclets can be neglected, and coin-

pares the results from helium with the calculated curves , the experi-
mental retio is found nearer the theoretical curve which assumes a proe
doﬁimnce of magnetic moment inteéactiana Since the theoretical curve.
neglecting magnetic moment infei"a;cticsns changes more rapidly with ine -
creasing angle, measurements of tﬁe ratios at larger angles would give

more conclusive results.

The spectra of Tr* mesons from hydrogen and helifm were plotted

- guperimposed to cbtain & comparison of their magnitudes., Fige. 18 and

19 indicate the coneistency of the three electronic detection methods at
90° and 135°, The curves for the combined date are superimposed on the
points from the three methods. Figs. 20, 21, and 22 show the energy.
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spectra for hydrogen and helium at 45°, 900, and_1359 (angles in the labora-
tory system), Smooth curves were drawn through the experimental points.and
extrapolated to zero meson \ energy to obtainvthe nunberiof mesons emitted at
each angle. The spectra of hellum covers a 1arger energy interval than that
of hydrogen, as would be expected due to the 1nterna1 energy of the nucleons
in the nucleus. Smooth curves of the energy spectra of hydrogen were com-
bined for the three angles and are shown 1n FJ.g° 23. The max1mum meson
energy detected at 90° and 135° is above that calculated by conservatlon of
energy and momentum for the given angle. ThlS is understandable since the
poor angular resolution permlts mesons from other angles to reach the de-
tector. The three energy spectra at 459, 90° ‘ and 135° for hellum

are presented in Flg. 24, The energy spectra for TT mesons at 450 is shown

in Fig, 25.

‘Helium

The cross sections per steradian'are illustrated in Fig. 26. These

%
£

values; togetheér with the total cross sections; and ratio of hydrogen to

helium,cross~sections are ‘presented in‘Table'VI, *The:standard-deviations
. indicated include both statistics of‘countlng.and measurements of the |
parameters listed in Section VII-A., Systematics not included are:n‘+ 7 -
percent for loss of events in scanning the plates, i.20 percent for uncer-
tainty in beam 1ntegrat10n, and the uncerta:nty due to the extrapolatlon to

zero meson energy.,
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TABLE VI
- Cross Sections for Hydrogen .al,nd.ﬁé]j.uml_ .
- %%% chz(éterédian);l(eqﬁiﬁaiéht quéntum);l(protbn)‘l
as . ] fnele 4190 1 (equivalent
M e | wer |we R |
Beliwm 2.53L;2xlO'30." be 01.3:;10-30- | 3.24.2x10°30 | 4,13.2x207%
Helim* 3.14.3x107% | 4.74,4x107%0 | 3.8£.3x107%0 | 48120108
Thydrogen . |5.55.5x10°0 | 7.45.5x10-30 | 5.44.4x10" 0 7.85.4x10729
Bydrogen®  [1.14.7%20730 | 9.14.6x10730 |6.04.4310730 | 9,58,6x10720
'\:‘!Ratiol{m | .45+ .06 L £.05 | .598.06 | .53%.04 |
Helium | o : : ’ -
Rato Hrdrogen w1,y .06 523,05 | .63%.06 | .51 .04

. ,
corrected for

. The decrease’.

inereased binding

nuclear.absorption

in production per proton in helium is’due to ‘both the

energy of the nucleons and the exclusion principle.v.

| D. C parison of Results with Carbon

Comparison of the energy spectra of hydrogen, helium, and carbon is

.shovn in Figs. 27, 28 and 29.

in Table VII:

The ratios of the eross sectlons are given-_
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TABLE VII
Ratios of Cross Sections for Hydrogen, Helium and Carbon
%55  cm?(steradien)‘l(equivalent qgeptmﬂ;l(proton)'l
S A?gls | o ¢ en® (equivalent
Gas 45° - 90 - 1350 | quantu)-l ?proton)

Patio B2 145 £.06 | .5 £.05-| .59 k.06 | .53 t.04
Ra’bio—; #® el‘jk t p06 952 :t‘oos 063 t 006 051 j: 0011—
Ratio O/H | .32 .36 | w36 [ .35
Ratio C/H" .33 .38 A1 .38
Ratio 6/He | .71 66 | .59 .69
Ratio G/He™ | 77 | o | e | T L

* corrected for nuclear absorption e

Standafd deviationsiare,not.assignedwto;the.carbon ratios due to un-
certainty in beam integration.. o
The ratios determined by Mlozley9 were compared with the values plotted
in Flg° 28, The values agree withln statlstlcs, 1nd1cat1ng the effic1ency |
of the beam monitor has probably not changed over a period of time. This
indicates the dlfference in cross sectlons is probably real The pletes'
for the carbon were expesed.u31ng the spike x-ray beam., The eipefiment with

helium and hydrogen was done with the spread out beam, which has slightly
“lower energy than the Spike beam, This effect, a 1though small, would tend

" %o make the difference betweenxarbon and helium more pronounced
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DCAPPEN'.DIX

A. Calculation of r.m.s, Projected Disgl cemen‘b Due to Multir ultiple

: Scattering

For a meson being degraded from energy E,n, to energy E." 1in passing

through a material of thickness t, the distribution function upon emergence
is given by 17

| ,1' - Py - oyohy + o
2o, |

f(tsY:e) = e

Tawe/z
where, following ‘the notation of L. Eygeszl7 |

8 = angle between original direction of travel and the direction of
' travel at thicknees t

w
n

- Aghy - M2

A an
f; W2 (7)

: Al(t) [ H2 (fr])

| _[f (M)
hple) = f w2 o 47
‘o |

W = 2P3
E

>
~~
ot
~
)|

P = momentum of meson
@ = relativistic velocity of nmeson
E = energy of meson | |
Integi'étion ovef © to get the distri‘uution as a function of t and y:

o) = 1 ~y*/i,
sy 5 (1 A )1/2

1 92A2~2y6A£ +y2A_Q =
** Note: In reference 17 the equation F(t,y,e) = 2WB% e should

1 _82Ar-2y0A1+yRA
ot P, T < I
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To obtain the distribution function after leaving the material and

entering air, make the transformations. . .

t =t
¥y.= Y-18 -  wheres L = distance in air measured along
' o - original direction of travel
( o
Integrating the resulting distribution over © to obtain the ¥
dépendence: ; a | :. o e
~ 1 “YR/4(hy + 214, + TPA,)
F(t,Y) = TR L R : L
) 2(r (ay + 214y + 124 )72 o

This new distribution function is seen to be & Gaussian of increased

- width, The r.m.s. displacement is: & r.m.s. | :.\/2(_A2+_2FA1 *:5142‘0')

The constants A,, Ay, and AQ were evaluated by the method of L. L. Folc_lye_18

f
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