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ABSTRACT

In etodytng the km#m«Uci ol lhr lornutiun, r*«cll«i». and d*v
cav of unstable strange particle* inch u K#, A and E*

a liquid hydrogen bubble chamber a range-energy relation ta eseeattal
To obtain such a relation, one moat know the dr natty of superheated
liquid parahydrogen. Heretofore, thin density haa not barn determined
Direct measurement by conventional m«ani of the denaity ol Ihr liquid
hydrogen in the bubble chamber ta difficult becauee the liquid it super
heated for only 20 to )0 millisecond*.

To determine the density. the mun range ol p* meaoni produced
by t* meaona decaying at reat in the 10-inch UCRL liquid hydrogen
bubble chamber wee meaaured and found to be 1,101 e 0 001 cm
{standard deviation 4.0%. 444 e < p e e evental. From the Bith* RA® h
theory and a p* kinetic energy of 4 12 a 0.02 Mev. , thia value of range
gave a denaity of (VS) a 04) a 10 * g/em™ for euperhested liquid pare
hydrogen. The temperature and preeeure of the hydrogen during (he
aenaltive time were 27.6 a 0.1° K and 41 a 4 pale. A plot of the rang*
energy relation lor protone, e. p, K, t. and .3E particles bated on
Beths- Bloch theory, and the above velue of denetty te given for km*
energy value* ranging from | to 1000 Mev
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t Ini rodu. llea

Sinif the first lurcnslul operation of a bubble chamber bv
CliMr [I\ in tfii-i its use as aa instrumrnt for nut lear researt Khaa
grown rapidlv and the information yielded has aided our «l4*ftt*ad4tA|
off nuclear phiei>ft At the present time vanoui tvpet of thatribert are
in use or under development These differ in manv re»pe« It, but
primarily they ran be tlattified b> the type of sensitive materia! IUHVR,
i.e.. hydrogen, hydrot arbona, or more recently. -helium  The
advantages and disadvantages of using hydrogen as the a«tivr nutterie!
sre fully discussed elsewhere [£]|. At the Umvereify of California
Radiation Laboratory a 1C-mi h hydrogen bubble thamber is being used
in the study of the production and dei ay of short lived unstable partu l'e*
such so K*, and I* . An accurate range energy relation is
needed in determining the kinematics of the processes involved It
the density ol the liquid hydrogen we«*e known, one could use the Beth*
Bloch theory [I. 4) to determine the range-energy relation It is.
however, very difficult to measure the density of superheated liquid
hydrogen, the condition In which it is sensitive to ionising particles,
because it remains m this condition only 10 to 10 msec One «nuld
sstrepoUte into the superheated region, using measurements made on
the normal liquid, hut the accuracy of this method is unsatisfa« torv for
studies of the unstable particles mentioned above.

One point on the range-energy relation can be found if we measure
the range of s particle of known initial and final kinetic enargy Using
thta experimental point we can calculate the density of hydrogen for use
in the Beth*-Bloch theory to dele rmtne the range-energy relation over
a wide range of energies.

The method selected for the espe rimental determination of a point
on the range-energy curve wee to meaeure the range of the p* meson
in the w* -o p* -« ¢ *decay chain. The selection was baaed on such
factors as ths accuracy with which the p* energy te known, the

accuracy with which the p* range »ould be measured, and the



availability of « mttM 1 in auCi I (ptUHIly -ad at the proper energy
range

The predominant mode of dec*f of the t* meauri is * -¢p* ¢V
Expr nrnentat evidence for other mode* of demy for the «* exist! [1|»
but the branching ratios ore to |[iU|U (~10°*to ! 0that tor our
purposes the decay of the f* can be considered a turo body decay yield-
ing a p* with 4.12 a 0.02 Mev [b] initial kincUc energy if the decay
takes plat e at rest.

The p* is known to decay at rest according to the relationship

p' e’ Ve Vv

The e* has a (mite energy spectrum, because the decay involve* nMVI
than two products. The important feature of the p* decay is that it
does lake pi.*. ¢ »t rest, i.e at tero kinetic energy, and ts rvideo* rd
by the formation of the positron Knowing the initial energy of the p*.
ws need only measure its rangr in the bubble chamber to obtain a point
on the range energy curve, and as explained above, the range-energy
relation. In the actual extrapolation of the range-energy relation from
the point determined to other **nf rgies it ts simpler to use the data on
protons ava'table in the literature Aron (7) has computed range-energy
tables for protons in hydrogen at standard conditions. These tables
are based on a theoretically determined mean-excitation potential of
17,1 «v (HJ for hydrogen. By properly scaling the data we *an calculate
the range-energy relation for hydrogen under the operating conditions
of the bubble chamber

Sin« e the kmttit energy of the p* at the time of its loriuiion ts
known to only *1/2 % (6|, a final range error of si/\% seemed a
reasonable objective The factors affecting the fllll range error are
range straggling and measurement errors, Il measurement errors tsn
be mads small .on*pared to the range straggling, the accuracy of our

range determination will be limited by the number N of p* ranges
measured, i.a



range error * >*tragg \g ¢ ‘tifiiufrrinBl error* N'

. for a measuremunit plus attagglmg « * %% w« w«-n to
measure about ranges -du» r our range error to \f

To mtnimuf the metMturemrst «rrora. mertain restriction* *t the
selection of « *~ *y SVISII for tAtitiNmctll bad (0 hr observed
Sim « trs< ks In thr i hambe r »onsiat ot a series ot bubblers sepa rated bv
finite distances. one isnoot assume that the first and last bubble in an>
senes marks the beginning and end of the particle Ira, » t»
~ h' *e' artavevents, thr point* at interaction between tnr e
end the and bstVSffl the e and Un p dslt o tti* limit* a! thr
I* travel These points at mlr rset turn, oner determined, after the
easiest method ot measuring thr length; of thr u tr*»k  Thr -rr->" i«
the dftrrminstion ot a point ol intersection is inversely proportional
to the sine ol the angle ol interaction and both angles nt »otc rai*, tion
«ntrr into the final range accurst y.

As maybe srrn in Fig. |, the stereo angle of the tamers used
with the 10-inch bubble chimbr r is **4°.  This small angle makes
measurement error* sensitive to the error in depth datefruination
Specific ally. the error in range is proportional to the prurim t of the
error tn the measurement ol change tn depth of the particle trac k. and
the sine of the angle of dip of the particle trai k t. e measure merit
error *(error in ~ t) am %

Finally, sn error in the measurement of range may hr introduced
by w* mesons that decay in flight but cannot be ret ogtumi as doing so
On the basis of a t4 lifetime of f i 10 ~ sr< (9|. the probability
ot decay in flight in thr last centimeter of range is calculated to he
0 0076. Thu error is obviously tnaignilu ant The g*, being much
longer dived [9] that the s* , has a corrcspnndingly amaller «hanc#
to decay in flight

With the range-energy relation drtermtned. and the density of the
superheated liquid hydrogen calculated, we can comment on the «

viaability of extrapolating the known data on normal liquid hydrogen
into the superheated region.

-,.4| em
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2. Capsrimental Arrangement

The v* beam was obtained by bombarding the 79° lead target o! the
Bavatron with protons of \ Bev energy; ff mesons of approximately
245 Mev/c momentum were emitted in the backward direction and
deflected out through the 76° window by the Bevatron magnetic field.

A email "C ' magnet placed at the exit window wae used to make minor
corrections in the directions of the «* beam. After being focused by a
4-inch quadrupole magnet, the beam was deflected through 60° and
collimated into a 4 -by .4 -inch crose aection for entry into the 10-inch
bubble chamber. The quadrupole-magnet cutrent wae adjusted to
focus the be im at the bubble-chamber-entrance window. A schematic
of the experimental arrangement is shown in Fig. 2.

To stop the ** mesont in the center of the chamber, the beam
momentum had to be reduced from 245 to 120 Mev/c prior to entry
of the beam into the vacuum jacket surrounding the chamber. The
value 120 Mev/c takes into coneideration the stopping power of the
vacuum jacket, the chamber window, and 5 inchea (chamber radius)
of liquid hydrogen at a density of about 0. 06 g/cm |1 The true energy
of the beam wae determined by taking a range curv e with copper
at the absorber. The Bevatron beam intensity wae 2 x 10 "protons per
pulse. This wat calculated to give an average of three «* per pulse
stopping in the chamber. Some of the pulses yielded many more, as
shown in Fig. 3.

Although the chamber was surrounded with lead shielding, it was
recessary to turn on the bubble chamber magnet to reduce the back-
ground of low-energy particles, mostly electrons, entering the chamber
and obscuring the decay events. The curvature of charged-particle
tracks caused by the magnetic field of the chamber introduces a
systematic error in the range measurements. The error introduced

wae found to be insignificant (see discussion of magnetic curvature in
Section 5E).
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Fig. 3. Photograph of irt & -*e+ tracks in the 10-inch bubble
chamber



Locating, positioning, an* focusing the beam was dor»* by use of
coincidence techniques with scintillation counters. Background effects

were reduced by gating the scalers to count only during the Bevatron
pulse.

3. Measurement of Liquid Hydrogen Temperature and Pressure

A. Temperature

Temperature measurements in the 10-inch bubble chamber are
made with two hydrogen-filled vapor-pressure thermometers whose bulbs
are located one above the other about 3.6 inches apart on the inside wall
of the chamber (see Fig. 4). The bulbs are connected to opposite sides
of a pressure-difference gauge located outside the chamber. This gauge
provides a means for measuring the vertical temperature gradient during
the operation of the chamber. The lower of the two bulbs is also con-
nected to a Bourdon pressure gauge.

During chamber operation the temperature is automatically controlled
with heaters surrounding the chamber wall [10], The pressure in the
lower bulb is used in the controlling. The desired chamber temperature
IS preset on the controller, and this temperature is maintained within the
accuracy of the Bourdon Gauge (£ 0.2 psig P + 0.02 °K at 65.5 psig). The
vapor-pressure difference varies slightly during operation. The chamber
temperature was checked continuously and recorded at least once every 5
to 10 minutes during the 3 hours the experiment lasted. The reading of
the lower vapor-pressure thermometer remained essentially constant,
and equal to the value set on the Bourdon Gauge. According to the experi-
mentally determined vapor-pressure curve for liquid hydrogen [11], the
65.5-psig reading of the lower thermometer is equivalent tc 27.8 °K, and

the average vapor-pressure difference of 3.5 psi corresponds to a tempera-
ture gradient of 0.021 °K/cm.

B. Pressure

The problem of determining the pressure to which the hydrogen ex-

pands was far more difficult than the temperature measurements. Built
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Fig. 4. Sketch of vapor-pressure-temperature bulb* in the 10-inch
bubble chamber



into the walla of the chamber it a pressure-tenting device referred to
locally aa a Linlor pressure gauge (12]. The gauge gives an Indication
of the instantaneous pressure in the chamber, and is used primarily m
adjusting the bubble chamber operating cycle. The gauge basically
operates as follows: a change in pressure in the chamber causes a
change in capacitance in an electrical circuit, which is converted into a
change in voltage and displayed on an oscilloscope. In principle the
method is quite simple, and the gauge accomplishes the purpose for which
it was designed. However, the gauge does have certain limitations that
could not be eliminated. The limitations were: (a) the sensitivity of th<
gauge was very low, (b) the reference voltage of the gauge as well as
the sensitivity was subject to drift, and (c) the response of the gauge
was nonlinear.

The pressure measurements were made in the following way. With
each Bevatron pulse, the voltage output signal from the Linlor gauge
was displayed on an oscilloscope. The oscilloscope screen was monitored
continuously, and a series of pictures taken every 5to 10 minutes to
correspond with temperature measurements. Land camera pictures
gave better results than a 35-mm scope camera. A typical picture of
the pressure cycle is shown in Fig. 5.

While the bubble chamber was warming up to its pre-expansion
condition at 27 8°K and 70 psig, the Linlor gauge was calibrated by
simultaneously recording the actual chamber pressure at 5-psig in-
tervals as indicated on the Bourdon gauge, and photographing the voltage
output on the scope for later measuring on a traveling microscope.
Calibration data were also taken while the chamber was being cooled down
at the end of the experiment. Data were also collected on other days ir.
order to obtain some knowledge of the kind and amount of drift in the
Linlor gauge. All the data, when analyzed, provided a reasonably good
calibration curve of chambe r,pressure versus pulse height.

The photographs of the Linlor-gauge output voltage taken during the
experiment provided a measure of chamber pre-expansion and post-

expansion pressure. With each photograph that was taken the actual
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Fig. 5. Oscilloscope photograph and sketch of chamber pressure
variation during expansion
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pre-expansion pressure was read from the Bourdon gauge, and com*
paneon of this preesure with the pulse height gave a measure of the
1.mlor-gauge drift for that particular chamber cycle. If the pre -
expansion pressure and its corresponding pulse height did not fall on
the calibration curve. the readings were normalised by use of the pre-
viously obtained knowledge of drift. After normalisation of the reading,
the poatexpanaion pulse height as measured on the picture was applied
to the calibration curve, and the corresponding pressure obtained.

The value of the postexpansion pressure during the entire expert -
ment was 48 4 b psia.

4 Thertnodynamics of the Expansion

Aa was mentioned in the sc.tion on temperature and pressure measure
menta, the pre-expansion and poatexpanaion pressures are known by
direct measurement. The pre-expansion temperature is also known.

I hr expansion of the liquid takes place in about 10 milliseconds, and
therefore if there it a change in temperature during expansion it is
registered on the vapor pressure meter, since the time constant of the
meter and associated system is many tunes sa large. There are two
possibilities of importance, the expansion is either isothermal or
adiabatic. The question ox which process is correct was not answered
.erirnentail v, but has been calculated then!' fit «lI\ by solution < ||
boundary-value problem of hast transfer from the walls of the chamber
to the liquid in the chamber (11). The results show that the time for the
temperature difference between the wall and the tenter of the chamber
todrip to Ift of its initial value is approximately I hours. The effects
ol <onvection were neglected in this calculation The characterise
time involved in convection phenomena is certainly less than 10 nuUi -
Seconds, otherwise there would he large track distortions in the »harnher.
This provides rather convincing proof that tin- expansion u adiabatu .

Knowing the expansion to be adiabatic, we can determine the post ¢
expansion tempo rature of the liquid hydrogen. This, however, requires
satrapnlation from the liquid region into the superheated liquid region,

using the latest appropriate experimental data on liquid hydrogen.

W
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Johnston. Keller, and Friedman [14| found that on a P T diagram the
isochorea (Um | of CIMtUMt volume) are within cKpertmental error
straight lines  Therefore extrapolation aerms quite reasonable

The ratio of the adiabatic change of density with prcaaurr to the

isothermal change of density with pressure ta equal to the ratio A
and c¢ i.e

(8p dP)s cv

Op »P)T cp

EM rapolatmg the data of Euc ken [IS| and Gutsi he jlb| as ftuittrti*fttad
NBS Report No 1912 |17] into the superheated region gi'«*s 1 *.»l|
mol-°K and 9.4 cal/mol -°K for the values ol and re spe» n cel \
Thit give* a ratio of 0.J4 UtlQg Ib* pre -exp*nston vsliitt of | -
and P » 70 psig and the data of Johnston et «1 (14]. cm* finds the print
expansion temperature of the liquid ivdrogrn tobe 11 S * 0| K I
temperature drop of 0.J SO |I'K* .

Aa was seen earlter, the pressure it. U« <Itftitibir ft kiMMftA t" «-»
stderably less accuracy than the temperature To irr what the rtUtivi
importance of these two quantities i* Ifl determining the density of the
h.drogen one can find the ratio

fBp 8Tlp
IV §P).*
Johnson et al,, (141 have represent! d their data with the empirical
equation.
P A(pi 11 1 « 417 pi

where P is in atmospheres, p in mol/cmV T in °K. and A is *

function of p only. Using this equation lo determine t8|f 8T|" at

y 4



1 *11.5 Kand P « 48 psia, one obtains

18- .8T.I®P . . s.7 iiiT , .BJ.8 1
(8p/»P)T °K °K

Since our temperature measurements are accurate to 0.1 °K and our
pressure measurements to 5 psi. we find the percentage er-or in density
caused by the temperature error to be twice the percentage error caused
by the pressure -meaiurement error. This then shows that the temperature
is the thermodynamic variable that is more important in determining the

eu <uracy of the density.

It was pointed out in the ISCtiQR on temperature measurements that

there existed in the chamber a temperature gradient. With an average
vapor preasure differenc e of 1.8 psi (0.2°K), assuming the temperature

gradient to he linear, we obtain a density gradient of

<lp/d* - 0.0000*9 g; <n|- <m

and a percentage range gradient of

(dR/R)/da s 0.10%/cm .

Thia give* a 1.6% change in range from top to bottom of the «hamber.
The effect of this on the average range of p4 mesons in the chamber is
to give a somewhat larger standard deviation than that caused by the
1.3% expec ted range atragghng.

It should be pointed out that the data of Johnaton et al. (14| are (or
liguid normal hydrogen (2*% para-7*% ortho). In the bubble chamber the
liquid hydrogen differed in two respects. It was parahydrogen (99.70%

para -0.21% ortho), and it contained a trace of deuterium. The content

was as follows

$L * 94,039k, HD * 00.91%, D2 ~00.0b%,

14



Neglecting the content, the ratio of the range in parahydrogen to
the range in the above mixture at the fame -onditiona la dependent on
the ratio of the specific volume of hydrogen to the specific volume of
hydrogen dcutcridc in the following way

1e¢(WD/L.H.I &V IV )

Using the data from NBS Report I'M2 jitj* one finds thia ratio to be

Rhd » | 0009 a 0 OOOb

Since this range error introduced b. I|t)»riA]| thr deulrridr < -r. nt
amounts to 0.1 a 0.1% of the final range we considered it iniigmlu ant

and did not include it in arriving at our final results

§ System of Measurement of the p* Meson Track Length

A. General

As illustrated in Fig. 1. )S-mmaten«> pair puturf* wrrr i*kn.
from above the bubble chamber  Alter it was developed, the film was
scanned quickly for events of interest, in this case. t* *ep* -eg>*
decay chains This initial scanning enabled ua to eliminate those e\eni*
which by their appearam e m two dimensions obviowaty involved dt(
in flight of the =~ | or who h by their orientation m the chamber could
not be measured to the degree of accuracy desired Those events whut
were not eliminated Itt this initial acanning were measured on a pre. tsinn
projection microscope developed at UCRL and shown in Figs toand ?
The microscope projects the Il-mni picture* <outsitting the event* «mt«
a viewing screen. The coordinates of any point in the pictures tsn be
measured and punched automatically on IBM cards. This allowed via
to atore the coordinates of successive points along the tracks of
«* p*, and e* particles on the cards which when programmed Into
* IBM computer fltfMW»d ms tn nrnn«* thr* rsnge nt > |i The

entire process is discussed in the following sections
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B. Precision Projection Microscopr

The precision projection microscope »hown in Figa. b end 7 project*
the film picture* onto a targe »creen The microscope table on whu h
the film it placed ia provided with independent * and y motion*
accurately determinable to the nearest micron. The position of the
microscope table it transferred to IBM card*. u*ing a Wang digitise r [18]
and a standard IBM card-punch console. A fixed cross hair is also
projected onto the screen and used in measuring points along the various
particle tracks. The track length used for the * and e was appro¥*,
inately one and a half time* the length of the p track Seven to \1 point*
along each track were recorded on the card* in a definite sequentr to

simplify the computer program. The order In which tracks werr
measured is shown in Fig. ft.'

C. Solution of Optical Problem

The space coordinates of a point in the chamber ar. oM™* ! r
the film coordinates by multiplying the film t and y coordinate*

with .tn appropriate magnification constant a* follow* f*ec Appendix 1
for details of the space construction)
X * kX* y kY* i kq

For a perfect optical system, the mfcgttifh Itioft constant k should be
constant throughout any i plane, and be dependent on the horisontal

ena separation (6) and the fii rdmatea of the point

k = 6/1X1 XIS

The difference* between the x. y, and a coordinate* of two point* in
the chamber would then be

ki Xj1 eV, \ [
Ay +*1 v/
A* - (kJ -kg)q

It
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Fig. 8. Schematic of stereo picture of bubble chamber showing
the order of measurement of p -* e events
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tw preceding r««n«rk« and tfcMf to A |[ftali» I m Um i«UUm to Ifce
UWrf* tUm W r optical problem feat* boo* greatly uniftUit4, S«n« el
tbe toap!U «ti«]| liltcti txoittir*4 and the method* need la correct at
them ilotM be nHKU«af4, Ttlritrmtiw | m4 4, we l«l
ta «n*m v h aa the film the dtetaeco# betweea 4m image* of refe ranee
narkt permanently mac rtbed ta Qw t«y and bottom gtaaa. t)wa
a* tanfiM thtao Ilian 4tit««ct« ta llia Itaiaa tyata ttiteacai betweoa
tit tidectala. TIlw reauita al 4mi# naM aramaata rt*aired a* ta auayt %
a different magnification lav the a «M y direction* ta any- ana a plane
*«4 a different m«|»i(ttat»a« ta aacli stereo vita, of a total at lonam
m»|ntiicatic« <eniteat* lar aay am point |T4a aaal (or there different
magaih cation constant* caa b# tiyiakaH aa the result al uneven aknil -
»g* ol lit (Um <ah«| development, differences la the adjustments of
the too I*nee*, and a prooat I.Iff tilt of tla chamber (ram the hornontal
to prevent the accumulation a! bubblei at tbo top glass. Wt added all
tbe observed systematic variation* ta the optica! system. aa4 corroetod
lor thorn by using different mifiattciUoAt for oocb «i«« and each
coordinate direction within the view.p

0. Computer Fragram

The problem of calculating the rang* ol the a* programed lor
tho IBM type bMO computer. Essentially the computer dotermtaed a
loot!-squares parabola to fit tick track ta both views, and determined
the pointa ot mteraecUoa between the parabolae roprtaenttng the *
and p4trocka and the y* and ** track* tn each m e

It la true tkat lke track of a particle stopping in a magnetic field »e
not a parabola. But. weighing the aaee ot programing the problem lor
a parabola (a* compared with a higher.order curve) against the required
accuracy of meaeurement. wa selected the parabola. Once the lour point*
of tat#reaction In the film were determined, it was a simple matter to
have the computer determine the distance between the two mtereoctione
in apace, aa outlined in the eection on the optical problem, aa well at any
other information deeired about nnglea of Intoreaction. average depth
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Expanding Iktt tin and col term* » Eqa. (5) sad (i) and performing Hm
indicated multiplication. we obtain an infinite M n«l  This series is
rwiv*r|*M to the r«|iM of interest thot t|, for particles of uuiail
kinetic energy teas than S M*v, Integrating. the itrin urm by term and
Nmvm«| itfU futM ttrmi, «« coo determine Xx ix4 jr accurately to
(our decimal plate*, We coo Own cxlcoUtc L « * Mr#¥
aoUf (or ’lit , that to, tot percentage difference between the length
at th* exmd psth *04 tK# «tnt|lil*UM approximation

Ho find tbto forc»» U |t difference to bo 0.01% (or th# y \ or.4 have
ignored it in arriving ot our (tool results

Tht mtoo range (SU e« me*lured it not tht truo rouge (L| of tht
particle given by th* Beth*-Bloch (t,\) theory Because of muttipU
scattering. th* measured rang* to shorter then th* actual poth length
To obtain on approximation oi the dill* rone* between thooo too
consider th* particle path to bo broken up into small segments dL, and
th* projection of thee* on the h im direction to be dR Then *e« have

dR « dL coo 8x.

where 9% to the angle of scatter Sine* we ore considering small -
angle aenttering only, this give*

R . dL @ - _ ).
2

Using tha approximation by SegrV (ld] tor the mean square angle of
scatter, we have

dR ¢ dL - mt/m M In A

where En is the initial energy and E is the final energy of the »
meson. With the approximate range-energy relation R - n?l 8) , W*
have Intagrated the above equation to obtain m-?7m  The correction

thus obtained Is 0.1%. The value of rang# givetin the rssutta haa been
corrected by this amour*
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fc  IUsulta and Cmc lusions

During th* «sp*n't*#** »b«it 1493 it*r»« pait put«*r*i *tw *fei**n#d
Ih*8« =*i#tid*d appro*.saatei . 1009 ** & & *kx ok x  (wx*|* |« th*
chsrrb*r  During prtlin««rjr tcM niii| »* le Mitt* «ar
m iN HWifit M If tho4* «Vtftll i* «tuli Dm «A|l*] ef interestlion of tit*
particle troche *«r# b*tw*#r> &~ end 140 |« additso*, alt » « mi is
*pb»ch th* it*tMMh sppeered to dtp rroro thaa 44* w* r* die* arded be
cause of til* large error inherent t* d« «tv*asur*m*oi *1 eio*plt( dipping i
irickl i» *«rt left with Tf| event* »hui ««r« measured m Hf |
precision frojttUM mtcrM ta® pr*n«mt> 4«itnkf4 Th* u»*t-jh,Ir r
program wet designed to give not only tit* rsng* 4 th# -* but »i*o t»
dip end dk« *ii|U» of \ntersection #( Dm tr»rl* Of tl« ?'l events
measured. li ' hod b #** dtp sng.e greater than 10*v and wert dis>. ef*e<i
M ktiig rubjid to too large »« error A Kuttfrin «l Dm rtm titiiig
444 events is ahow™* is fig 4 Sap* m*/posed os th* Rietwgrsrt is e
normal distribution curve shoving th* tvereg* value of th* rang* equal
to th* arithmetic m#s« of th* 444 events sod th* standard deviation eque-
to that obtain*4 from thorn

fthis* th* arithmetic mean os th* m ol pfjhsbi* value. o* obtained
i rang* of I 102 « 0 001 cm with * standard deviation of 0 944 cm (4 4V
for th* o* is liquid pnreh.drogen  Th* correct*** for ft*g»>t*pt* scattering
gives | 104s 0.90) cm. This value corresponds toa s pUn« 1\ tn
from th* top of th* chamber which is 14 cm deep U*t*a the range
tobies of Area, (7), which or* based oo the hethe Bloch thowfv:, w# **
tstned the rang*>*n*rgv curves shows i* Fvg 13

Using th* compilation bt j row* [%} for root mas* end th* initial
«s*rgv oi th* p*rnesoo it m4 12 « 0 Oi Mev sad H - .04 «* t 0 t|
and th* range tobies of Aron(T). w* obtained 0 3411|)§ 9 0994 g eo tor
the density of superheated liquid pnreh.drogen at If t s 0 I°K end
44 o | paio. Th* densite under th* some conditions (or liquid normal
hydrogen is calculated as 0 0441 g tm ' trem Johnston’s data (14) and
0 04ST |/fm ~ from Kammerltngh Onnes data (20| It should b* tmphstaed
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Fig. 9. Range histogram of 4.12-Mev meson* in liquid hydrogen
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10. Range-energy curves inliquid H? bubble chamber based
on experimentally determined range of 1.103 = ,003cm for p+
from w+decay.

Liquid HY conditions: T =27.6 £ 0.1 °K;
P =48 £ 5psia; p =(5.83 £ 0.06) x 10*Z g/cm

Follcwing m an ratios used:
MA/Mp s 0.1127; Mif/Mp =0.1488; M "Mp =0.526
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that the latter two values are for normal hydrogen and that our value is
for ptrahydrogen. Since the value of Johnston et al. [14] differs by only
about 1%, we consider that their data extrapolated into the superheated
region are adequate for bubble chamber thermodynamics and engineering
purposes.

Since there should be a vertical gradient in the chamber, we were
interested in examining the correlation, if any existed between the
range of the p and its depth in the chamber. Using only those events
(228) in which the p* track is very Hat, 0° to 15° dip, we obtained a
value of -0.14 for the correlation coefficient and determined the slope
of the regression line of range on depth to be -0.002 cm/cm. This value
compares favorably with that calculated by use of the temperature gradient
observed and the data of Jofinston et al. . [14] which gave -0.001 cm/cm.
The value obtained from correlation theory has a very large uncertainty,
but does show that there is a variation of the range with vertical position
in the chamber. It also points out that for particles that experience little
straggling, the vertical position of the track should be taken into account
when the energy is being calculated from residual range measurements.

We have calculated the theoretical straggling by integrating
numerically the expression given by Bohr [21].

<(R - RQ)2> ave. «4*ed4NZ P (dE/dx)’ 3 * 3.2%.

JO

for the 4.12-Mev pf meson in liquid hydrogen The value obtained is
that amount of straggling caused by collisions with electrons only. To-
ward the end of the p track nuclear collisions would become important
and give rite to a larger value. We have estimated our measurement
error to be 2.5%, which with the 5% standard deviation obtained experi-
mentally gives a straggling of 4.3%. We believe that this value represents
a good estimate of the actual straggling of the 4.12-Mev p* mesons in
liquid parahydrogen.
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APPENDIX |
Solution to the Optical Problem

ConsUnti. Figure 11 it a diagram of the bubble chamber camera optics.
No attempt was made to draw it to scale. For comparison purposes

H* 100 cm, 69 cm, q * 10cm. C is the center of the top glass of

the chamber, D is the distance between the images of the chamber

center as seen in the stereo pair AF and AlFlare the optical wees.
From geometrical considerations, we have

AC/H *d/g and CA’JH1*d'/q" (A. 1)

assuming H * H\ and g * g\ we define the magnification in the plane of
the top glass as k « H/q . (A.2)

Substituting Eq. (A.2) in (A.l),we obtain

AC * (d/q)H and CAf * (dVq)H;
then

AC ¢ CA” *b *(H/q) (d 4d)
6 «k (D * 6)

6 *D/(1eI/k) .
We can determine D and k directly from the film and then calculate 6.
With these constants determined we can proceed to a determination of

the coordinates of any point in the chamber from the stereo pair of
pictures.

Range Measurements in the Chamber. In the following refer to Fig. II.
Point A is the assumed origin of coordinates in the bubble chamber,
a,y, and a represent bubble chamber coordinates of point P, and

X~ ft*, 3t] & Y~ are the corresponding film coordinates (subscripts
denote point number, superscripts denote view number). The origin of
the film coordinates is the projected optical axis in each view; positive

X direction is to the right in the figure. We have the film coordinates

27
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Fig. 11. Line drawing of 10-inch bubble chamber optical syatem



available (rom direct meaiuremaat; wo mutt dote rnrune *.y, and t
Using Fig. 11. than, wo havo

I/IH »i>+ - XjV(Q

and

It . »)/|H ¢5s) ¢ Xj'VQ.

solving these (or H ¢ a. we obtain
Heae-mlg/X,1! . It - *|<q/» X~S. (AM

«. ([H ¢«]/q) X,1«kjX,1L k, . t/IX,1«Xft (A4

«h«rc kj ia the magnification in th« a piano containing the point P
Similarity it can bo sho**n that wo havo
w VI
*EKITI o

Substituting Cq (A 41 into (A M. we got

» -k, q *H

Finally, (or tho range oi tho p , wo havo

t. *r*4> 1/4
whore

A* o k, X, 1k, Xj'
AY .k, Y, skzYjl.

£a < q(hj . kY

tM00*4(Ma*
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