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ABSTRACT

The role of bubble chawbers in photoproduction studles iz cone
gidered in the light of experimentsl problems, and arguments for use of
heavy liguid chambers are presented. Huccessful operetion of a susll %?6
chamber in conjunction with the C.I.T. electron syanchrotron is described
and experimental resulits are given. Design, construction and opsration
of & 12 inch hydrostatically supported bubble chawber for use with hydro-
carbons, Freons, or WFg is described. The chamber is operated with &

unique "resonent” expansion systen employing lavge valves of a special

deslgn, resulting in a very fast opersting cycle with small eneryy lnput.

Part I1

The mechanism of formation and growlh of bubbles in a bubble
chamber is investigated, and the resulis of calculations concerning growih
and collapse im propane are given. Mechenisms which have been propoged
dealing with the nucleation of bubbles by charged particles are exaumined
with the intention of determining thelr probable validity, and the influ-
ence of some additional processes is discussed. A techoique is suggested
which may allow comstruction of large bubble chembers, parblcoulsrly of
the heavy liguid varlety, with very fast expansions and recompressions,

or very rapid cyciing rates.
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B, Sweclfie Consldepaticons ’ ;%gﬂfﬁzﬁz@ and Accelpruboy

The chaveckeristics of & bvibble chonber vwhich would be nost

desireble for studies vith a Bov clecivon synchvrolron mst be exmnined
in the Light of the speeific experiumsnte that could and should be done
with sush 8 visual losteumens.

let ve Tiret connider Tremogon photosroduction experiments.

Toe single production cvoss secticms of Tr-mesons in the resctlons

T £ N> N £, vieve P is o mucleon, eve douwbtlessly best moasu

ey,

with the vee of countey oF coumiev-magnet technigaes (3 - L5). Honetboe

less, there are festures about this process for which o bubble chawboer

be useful. In siudylag the produstion process, for exauple, eyound

the ‘becond yosonsngs” at 700 - 800 Mev (15,17}, one would be helped

grently 4n koowing the polerisation of ths emitted mucleon (18). In fast,
in the siudy of many processes, vwolarisaticn cuperlsente way play ac ioe
portamt role. There {8 at lesst one techoigue which can be used in bubble
charbers 0 ageartain polavizstion of protoms. This 38 In the sludy of
the osyumatry of the elastic seattering frowm carbon or other complex nus
eledd in the chosber liguid for vwhish Cho enalysing propexty Is known.

The study of palr production of TT-mescns guch g Y 4 P —»
p 4 4T (end the neutral modes Lo a lesser oxtent) bes been under-

taken s the Californids ITmstitute of Pechnology, Cornell, and Stanford

with » diffuslon cloud chamber, ruclesr cmulslons, counter

P
4 el

2, 5 st an v s, S B e e e T 3 e b a5
counters and e magretic spegizometer (L9 - 25). However,

S mmemem asengd S Sammanen o %o B ol D G 8 unh o e s s 2% % EEN s« B 2 P S
rdons and those of bigher multiplicities es well, 1t would sean Wwd o
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b YWerays from the decay Tr°—s 27 with

ons or meleong. For Ghils purgose s

raddation luongth is yeeferable.

£

ey gtralshtlorwaerd photop whion experioy

e of the €elifornds Yostitule of Technology

Ty T
meagurenents of the evoss sections for The procosses of ©
fN—->% 4

0f theee reactioos, at the prese

whiere 77 is & wicleon, ¥ is e hyperon

anly those

dustion Lvom & wroten have boon 8v

b st the Californie Ingtitute of Teckmology and

spectronetar, bo

subible ehmmber in the

use fop
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slternatively euploy separete gmsecus {(or possibly lievid) hydrogen tere
gets bullt into or adjocent o the chardor.

Vhen one considers vhe uge of any bubble charber with a photon

boam, however, a very lupuoritent consideration avises. This is the very
high background, especislly in the forward dirvestion, of electwroms and
sosltrong from pely wroduction and Conpton reeoils. The situntion 1s 8o
pad, in fact, that only rudimentary caleulations sre necsssary to indiente

1FGoen are W@?ﬁ&%ﬂ-@"

that chorbey licuids other than B

To study experiosndtelly the estent of this bachkground prablen in
and 8. De Alyes, Jr. (32) used the 4 imch

Idautd

bydrogen, Je Me Team

Berkeley hydrogen chaubey in the bremgatrehlung bess of the 300 Mev U.C.Rele

alectron synchrotrons For those procesgos vhose oud resulis ave heavily
jonfsing varticles (@.g., threshold pion produetion), 4t was showr feeaibls
and semsitivity and thus "bias

o operate the chaube

nation. However, 1t would ap-

ancunt of the eleciron conbay

out”™ a large

pear that s hydrogen chomber bhas faivly severe limiteticmsfor the siudy of

photoproduetion procosses for those cuses in vhich one must detect mindmum

¢t in such

particles, Teenm and Alyes chserved

or neay ninisum donizis

remove lov energy photons from the

cages, even using Li¥ as u filter o

bean, the practicnl necegsity of obtaining s ressoneble counting rate ree

guires @ bean intemsity 80 high thet the central portion of the cheube:
{the beus iine) is obliterated by background. If the origin of evemte is
obaeuved, and soparate trecks are visible oply in the resgion sway from the
ey loses some of it atizection. Undey susch gondi-

bean, & bydrogon chanb

rdrogen 88 ¢ sensitive

tions, there i no pertdeulay edvantege in uveing
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1iquid in the swrrounding vegion (et lesst for yroduction experiments).
Gue is therefors coupelled to consider seperately the charactevistles of

a chamber Liguld for use es o dotector as distingulshed from o targel.

&g

A possibility worth considering is that of a heevy licuid chaube
surrounding ¢ blgh pressure goe target iﬁés %g or posgibly aven ﬁg}g The
features possessed by heavy liguids vhat arve of particular interest as o
devector aye both thely high stopping pover fur charged particles and
thelr short radistion length, that is, thelr ebility to “materialise”
photons. The highor stopplog power gives ong an opportunity to ldentily
chavged particles and measuve thelr energy by allowing thewm to stop ia the

ghanber and decay. The hisher density, of course, sluost inevitebiy wules
9 # o

ot essily obtained macroscopic magnetiec flelds (10 - 15 Hz) us & women

of the large muliiple Coulosh scatiering. The

186

meaguring techniane beom
latter, bowever, sGuowhel compsusaces fovr the loss by glving the experi-

igion vechnlgue of measuring

mentey sn opportunity Yo use the nuclear emu
mosentun times veloslty by cbserving the scattering. Such heavy Liguids
thus possess the ability o detect and measure Lhe enerygy of both charged
particles end Yerays.

These ave gowe of the comslidorations List led to ouwr choies of
& hesvy liguid as a bubble chasmber medium. The ides wes first proposed by
Gleser (33), vho suggosied several possible liguids, emong which weve

ser and his co-workers come

Bully, WPy and xenon. Subsgeguent o this, G
structed a snell xouon chasber (34) and now heve an opeveting 12 lnck one.
Because of the high cost end scexelty of zamon, the bDubble chanber group

%

1 the Californis Institute of Teshnology uadey the divection of J. M. Tean

P
pie]

conetruched o soall chasber 0 test other hesvy liguids (35). Althouws

twe such Ligulds were found redistion sensiiive i%ﬁ@l% and ﬁ?@iﬁ tungsten
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elucride has severel more ap

dengdty, shorier TEWperatire.

fore, falrly extensive exposures were curried oub wiith

the C.I1.T. synchrotzon bean to explore the possibillil

(see Cuapter 1-3. On the basls of these tesis, WP, wus chosen as

sual heavy liguid to 111 ouwr 12 ineh . completed. Dowever,

since WF¥, hes certaln hendling problems, ve lavend 1o use o sompromnise lige

uid in the initial epperiments. Some of the Freom type coupounds su

', have been studied as tubble chamber flulds {35}, and the heavier

Ea

ones of this Zamily (netebly @%yﬁﬁﬁﬁ wre sufficlently deuse and have short
@ o

enough radist

L

The reslly wique fesbure of hewvy Llculde lies in thedr vezy

afficiency for vhotons., For emaumple, the radiation le

the operating polnt s sbout

"

b wlso lovites ade

5

ol sl pn S laa B pm oz o govem v AR an i f ooy oy
st note thet & shortor radiaticn le

a¢tional trovble fven backuround photong. Whether this dddficulty offsele

7

adventazes of T gensitivicy 48 not fully detereined 98 yab.
L o o

&

the beavy Liguld will unguestieonsbly yield higher back

the ldokter liouids, the situation is perbape not quite so Lad a8

o

ot firet

&

round around 8

Lot us consider briefly the souvces of bac

s N ey

a

pachine. The bockoground effeet of all cha pariicles exce:

alectyons and poslivong p

ey “he sonpitive

Lon and which

y She heavy 1lquld and
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line., Tuis effect, however, would sesw to be no worse and fe probubly to

r eleetrons into the wide any
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Thus the proecesses vhich yleld worse bagkgrouwnd in o heevy llguid

shaber would sypeay te redute Lo essentially onps  tho produetiss of ﬁ%%

which de the very process wo wish o be able o detect. I uwe saoume
the bechground from pailr and Compton produged electrons and positvons ig

&4
bl

the vorst source, {pevhaps by an cxder of megnitude), then that from T

aesons mey ot be oo sericus. Its effect is roughly to guadruple {(beesu
of the production of two maivs Sron every A ) the bachsround combyibution

aiericulsy

os from chaveed plons. The prioaws

which in & lighter iliguid com

3 stray elechivon-positron pelrs in & pleture

hore ig wrobably thet nw
make it 4iffiecult %o follow s pazrticuler cmscede from & shoton of interesnt.
In any case,; the boeckground gituwetlion s sufficlently complexn to wahe 1t
impossible to determine eccurstely without experiment.

The eveilablility of s hesvy, high stomic nuber Liguid in & bubble
chanbeyr gives rise o the possibility of sose experisents vhich oouid be

broadly lsbheled "electromammetic.” Althowh sowe of these may nob have

the intevest atiached to them that heve expeviseonts such 88 alrangs pars

e aneroetic phobton boarn plug

tiele productiom,; the avallabilisy of o Lip

a photon gensitive mediun meke thes plavsible ewperiments. The most dbe

vious of these ig a stralght-forvard shover asgperiment, in whilgh a &k

¥

eneroetic electven {@.g., L Bev) is selected by o momsnbun-armlysing

a quite respecteble shower covld be develoved end whotograpbed in the
& £ e
chasber. in fast, becsuse of the seed for Linding the best paramgbers Lo

use iz exder 4o estimste the eugroy of e rdoton from die ghowey, this aie
27 & g

poriment should probably be done e eerly a8 possible.

L iismts a mudey of ubble

For purposes of coupsvison, Teble
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TABLE 1

Oper. Oper. Oper. Rad., Stovping Renge  Huclear Mult,
Ligrigd Temp., Press Dansity Length  Power af 106 Int. Scatt.
3¢ psl  gr/en3 (en)  Rel. to Mev TT Lengtn  Coefr,
Al, {cm) {cm)
H, -244 70 e 06 1000 0. US55 223 279 e Bl
C.Hy 50 309 0.3 109 c.22 57 86 1.056
CFECX 8 e 0.97 23,1 0.33 33 58 2.30
CFyCls a7 256 1.15 20,9  C.h3 29 62 2.7
Cy_Be 30 264 1.50 1.0 Q.57 28 54 3.52
CrpBrn® 148 286 1.60 8.5 0.50 21 60 bk
Sey # 42 255 1.7 105 053 20 4G 3.30
SYZQE,& 20{\’:5 3‘:}-& 14}%' 8&8 Qa‘bi§ 2% TE Zé‘o ‘3‘2’3
C§H§@
C g 1% 120 350 1.4 T8 0,48 26 57 L.87
Xe <19 370 2.3 3.5 0.66 19 63 T.15
WFg 138 353 2.5 3.6  0.78 16 41 7.08
Nuclear
Baulsion 3.8 3.0 1.04 12 25 7.6k

% Denntes estimated operating conditions only,

®#%  Fopy mixture 50 - SC by volume at roonm btemperature. Thig implies a
molar ratio of 1 propane to l.41 methyl iodide.

Multiple scattering coefficient delined as \/(/D/K)Efniz ¢ where (
lg density, ¥ Is molecular weight, n, is the number of atoms with
atomic number Z; in the molecule,

"Stopping power" refers only to range of 100 Mev TT.

Nuclear Int. Length based on geometrical cross sections.
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Schematic Disgran of Swall Class Bubble Chamver System

Bmployed for Testing Snﬁlao

Not shown in detail is the expansion apparatus, which was similar
to that used »n the small w?6 bubble chamber shown in Fig. 3. Illumination

?or the gless chamber was light field.
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Figure 1
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Bubbles in SnClh Induced by Cemme Radiation

from a Ra-Be Source.

Typical ranges of Compton electrons produced by the photons are

30 short that distine® tracks are difficult to pick cut.
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Figure 2
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metels, sold and rhodlum were corrosion resistant o 8alyr), ab SO0E, wiile

o

Lumimun, copper, nickel, inconel, and stalnless sieel were attacked. A

@fé

sppliasd O irhals dows wrovids

slotance: however, we had sowe 4850iaulny with ordyplng

coating ou sharp © Bince che corvesion tests with WP, wers move
. LY

: v work with the tin compounds wee suspended.

ancourasds

af the Snlv, presented anothwr difflculiy.
)

The purifieatio

A

hengver the Llawld wes vacwum distilled into s glees tube, scalad, and

NN A

ted to 3%&%}@{39 & bilack conting wms depcsibed on the walla.®

mpurdty wee never detersined, 1t apparently vas vomoved

B B S, .y B
dertdty of th

vy the heat trestvent, because efter redistillation no such eflfect was

ohserved upon rebeating the BoBry. The stesnic bromlde gxhiblia & &y

arbher ooler ab tomoratures sbhove 250°%¢, but reverts to the eoloriess sieie

upon e00ding.
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C. The Small Wy Chouber
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wal chasber coustructed after Lreabs

of the glaen on

Tha

5
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was ordgivelly denigned to test & verlety of eorresive Liguids, alt

ety

the serice of tesis were siouped vhen success yith firsh

tyial made 1%t spparent that the progran had gerved

e g mg o B e pad® e Paen 1 o o e G e
% During opovation of the giass chagber wiith ©
coating wag cboerved (0 form on the walls, but
Wi of eowvosion of the wetal perits of the sys
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2 o pom ey oo P g 7 b
e changes with o sensitivity of 0.009 oo,
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tube was orlsloally lutended es & £illing tube for guees, in the event we

sate gas {or twoscomponens) bubble choxbers

wighad to lovest:

was never cwploved for this end, and ingtead was uwsed B0 introduss inteo

the chamber purifyins agents ov setel samples for copvosion 1
The windows vere guarts plates b ineh thick and 2 lackes in

@

Slameter. There were two window seeling sreangermente, althoush enly oue

wag actunlly used. wnd, 4o gensrel, for temperatures below 200%¢ 3

vinge wore veed. For higher tosmersiures

age of $las gold seshebs bebtvean loope
gurfoces and the windows. Huwever, there wes considerable AlfPiculty with

maintaining the sesl without eraching the windows dn the latter arvengg-

suty w0 1% wes never suployed. With the excoption of the top tube, which

was sealed with o 2034 »luwe® all other seals wore made 8t youm touperoe
ture with Teflon "0F riag.

The expansion tube terninated in s Teflon dlephven -

porsinetion vhdeh wes machined Jrom o single plece of Teflon.

®  Fron ezcerience @ﬁ%&z f@mmm@@ﬁ of this chesber, we found %
fov & chavher of thiy size and comatrustion an expansion %&m of diz

grenter y @l /3 iw@ seezs ne ecesgary for suscassful operatlon.

"
e

#% Ve are indebted to D. F. Buchingham, D.D.8., for supplying thls
gold cagting.
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Fipure 3

Diegram of Small W, Bubble Chamber (to scale).
Diephragm - "0" ring (D0-ring) shown as it would appear under

unbalanced pressure from the expansion valve side.

Schematic of Dark Fleld Lighting System (not to scale).



22—

3ATYA
NOISNVdX3

_— 3NA

IATVA

SYHIWVYD 03431s NI -0Q
. \\
A \\ﬁ\\\
0;\\ \ﬂo
N s
Y¥3ILSNPAY  3WNI0A s N7 -
_._”__ﬂd__ __d RN RN RRRANNAN % :“.L,& ThLT
o : ﬁ; = /J@Tb L N\ : IATYA ONITUS w
NOILVINSNI NOILYINSNI ™
SY¥31vaH EICED]
ERELH AL34vS A /
_ llllll REE \11_ 1:
_ _ S¥31YIH -
| 94Mm | . AN
_ _ z _
_ _ = 5 .z
| L | ! & m B x >l <
SN 3 r
| s R S ¢ E ol o3
{ > om - EA
= (@]
A (o 5 |2 N
__ " < 94m
| i
N S [N P . WNNDYA
N
~ SH3LVIH
SN37
NOILY INSNI
A N
N ~
=0 =
HSV T4



wortlon was

- o Hyzser wubber

8 perforatad

Fyoard Ingm :
ra Turther supsert

&
3
]
[
&

2
&
¥

@

velve of ouy own desiyn

LD -

The lerge

TETFLLPe ang

- oy B N vl S S Y o
very fast (coleulated) expansior

i

m;

2lower recoxpression wss e mreinl 4.0

Begaune of the b

R

523
53
e}
E’é‘
3o
&
£5
&
@
il

:
%

fast elosing

»‘9

<
o
g
b

guarts vindowe and

"
vesgel from the

operated valve would isolaie

mlor

The press:

At :’me%@

onion resistance.

is provid



#E}.{;w

hested portions of the chawber weve gold plated to & thickness of about
0.0008 inehes. The valve, expansion cavity, and volume adjuster (with
ke smxception of its monel piston) were ceramic coated to & thickness of
sbout 0.002 inches. This systen of eocetings, however, on the basgis of our
latey experlence, ies not the bast fop ﬁFﬁ. Specifieally, the gold plating
vas unnecessary and the ceramic actuslly undesireble. These coatings
would probably be necessary to prevent corrosion by Snclk op Snﬁr%, gnd
were applied for thatl purpose.

The charbeyr was photographed with derk field illumination by a
stereographic system consisting of two 16 mm movie cameras (Pig. Iv). Une
fortunately, some light reflected from the edge of the safety tank window
entersd the cameras, causing en annoying light ring in the photographs
shown below. This defect was later corrected by painting of the window
flanges, but further difficulties prevented us from obtalning o good series

of pletures with this optical lmprovement.

D.  Purification of Tunseten Hexafluoride

Like meny metal hezmsfluorides, ﬁ?a hydroly zee when exposed to
water vapor, in this cuse forming HF and W@F&. BF will, of gourse, stiachk
glese, forming, typically, Si?& and aore ﬁﬁﬁ, thus intltiating o chemicsl
chain reaction., Sinee any bubble chawber reguives transperent windows, ve
wore initially hesitant to cousider operation with %@6. However, our ei-
parience hae shown that with proper techniques one ¢an avoid this 4iffi-
eulty. First, initiel outgassing at high temperatures will remove essenw
tially 211 the water vapor from the systeu. Second, the distillation process
employed greatly reduges any HF contamination in the %?6. Flaally, sodium
or osotagsium fluoride may be placed 1n contact with the Wﬁé to act ag v

getter for B¥, and certain other matéerials in the chauber tend to vemove
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and, Durthermore, oubs
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Flgure k

chewntic Diagram of Purificaetion System used with

P

the Small %?é Bubble Chamber

The Nal was in pellet form. All metal parts of the system after

the copper tube were made of monel.
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Operation with

ey operated gucceseful

trial, after the chamber wos tested with nebubone. Satisfectory electron

B s emeen o RS,
temperature

Ga=Be source were observed over am ope

£

renge fron 1369 to 150%C. The pictures shown (¥

. o o

PR NN 5 . 5 . o iy s AL T &
at 146%C, at vhich temperabure the bubble demglty for relativieiic elecs

N S

4“rone was 45 - 50 bubbles/fem. later, however, we found that the bubble

denpity vas almost oo high ot o temperature of around M0%C. The ewpls
tion appears ©90e e econnected with the violent »oiling thet cun be geen in
Fimuve § wvhich ceccurved around an inconel plug inserted in the top tube

for corrosion testo.® This bolling orobebly ceused self-recompremnion of
the chosber to en extent which wos dependent upon the operating teupera-

o

ture. Comseguently, althoush the gee in the expansion valve dropped 50

one obtuosphere 1n sbout three milliseconds, the pressure ghense in the

Liouid was not known, but clmnost surely wes smaller alt higher teuperebures.

Probably vith no ?fi@l@ > bodling end o superilor espausion system, b :
would operate ot o teuperature considerably lower than those guoted above.®?
Figures % end & vere taken from o run with the Caltech ove Bav

elegtron synchrotyon. The chasbey wes placed 70 ¢ frow o luelte target

3 o N {;} . ., 8y e Yo gt L=y B "y b
gt an angle of %Y with respect Lo the one Bev bremssirehlung beom. The
. . o g . ke, 2 ba o Y - > k! ,“\"%’“’{1 «‘aa\,gu-g& e
EVOPRaE energy per vulse in the bean vag probubly around U @ 10 v,

e taken eavrly in th e exrangion cygla w&@m@

E:é b =
that the © éﬁ“igii’z&%‘%@éf in the space arouwd the Incomel wvivg,

from the plug ltself. A clean, smooth, ineonel surfsee does nob Wﬁ@»m 8
aucleate bubbles frop ¥

B8 Yeord e b
Gollege, vaglend, have ﬁf“"%"f*‘”&@'{“ a L,
tha one degeribed hewvein. Dus ; gt
gyaten, they were sble to cbiain ﬁ&ﬁ‘wﬁ”}d@%@?‘f &l %@ﬁ?% hzme??*“}z ot 180
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Filgure 5
Illustration of Low Hanergy Shower in WFS

Point 1, ¥ -ray produces et pair,

+ +
Point 2, Une of e~ suffers radlative energy loss. HNearby new ¢~ palr
created.

+

Point 3, One of new e~ suffers vadiative energy loss.

- Also in this picture are energetic pmﬁ@nand stopping particle (probably 177 ).

4

Figure 5

Illustration of Beveral Types of Particles in %s?i?’é

3k X 49 Mev,

1. Tv-meson, Pgc = 50 pa 13 Mev.
2, 77 (or p)-meson, Pgc = 1
4

3. K (7)-meson, P/Bc 2z 85 17 Mev. Above data from multiple scattering

measurenents
by, *rr"'«» )u*' - e¥ decay.
5. Inergetic Y et
G ™t p+ - e’
To TT -meson: (7).
8. T -meson: (2).

9. Energetic proton.

10. Stopping proton.
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Figure 5







although no aecurate calibration ves made for this run. In addition, the
dimensions of the terget were significantly smaller than the bean at the

.

point where the charber wes ploced, and @aﬁ§4§b®uﬁ 0% of the beanm sotuslly
impinged upon the torget. Iesides felrly extensive lsad shielding of the
chanber itself, no determined effort wes made to clean upy the beaw, and

it was probably considerably comteminnied with charged pavticles from taye
gete farther upstrenm.

The synchrotron vas an ldeal source for studying the charmber
operation, since the J-ray beam could be extracted in 100 - 200 ps., By
varying the tisming of the bean dump with respeet to the chamber expension
time, we were eble to delermine the sensitive time of the charber os about
1.9 ms. Presummbly the cut-off of the sensitive time wee coused by solfe
recompression from the bolling described earlier. The rate of operetion
was @ﬁ@@\@§@ry 20 to 30 seconds, bubt It probebly could heve been greater,
since the liguld appeoved to reach thermel ecuilibrium in about 10 seconds.

The photographs 1llustrete the behovier of different hinds of

particlas in o %?5 bubble cheober. Beveral features sre worthy of note

in these expuples. Diffevences iz foulesh scattering sad bubble densit

4
%

between plons and protons are obvious nesr the ends of thely tracks.
2 nesoms eve rendily dletinguished from r-emescns through their chare
acteristic decny.® The variation of bubble density with residual range

ip evident 1o tlese examples even though the opernting temperatiuores ¥as 9o

high thnt securate bubble counting {(ovr sap eounting) meesurements were

iwpossible vithin our resolution. Hany cagses of palyr production in ihe

chambeyr liguid have been seen, of which the exemples included readily

% Few TU gbars shouvid be visdble io ﬁ?é beosuse of the short ranges
of typieal T ghar pronss. -
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11lustrate the use of such an instwument Por the detection of erays and

o

1T mesongs. The posslbllity of containing o shovey £or Y eray energy

illugtrated ip the shovwer exonmlg.

PR o md
srenent in o noderabte size ¢le

Fo Hultinle fYenttering Regulis

Some quantitetive work wos done with the mi@%ar@& Trom this run
with respect to wulitiple seatiering by J. e Teem and Z. D. Alyee, J¥,.,
guring the writer's cbaence, and o gumeary of theilr results is given below.
The analyvels wes undertaken ia ovder to asgertaim the feasibility of using
the seattering technigue in 2 heavy Lliguild chuomber bto determine particle
momentur. Although there is %@@ﬁ‘ﬁ@&%@ﬁ to belisve thet most of the bubbles
originste precisely along the track of ¢ portiele (l.e., W%@%iﬁ‘ﬂflﬁdé gm),
there ere many things which eonld eause a renl oy appevent displacement of
the bubbles frowm thelr orizginnl sositions. Homunlform motlon of the chusber
fluild covld eause o reol distarticn of the track in sush 2 way 28 o glve
rise to folse “sentterimg.”™ Optical distortions erising from temperature
inhonogeneities In the 1lguid could esuse similar nolse. Filwmelly, there
is o 1imit 4o hov well one can deteraine the center of & Zinlte siged
bubble (02 dismeter ~ O.1 mm), given the limited optiecal resolution of e
typleal bhubble chavher photogrephle srrengement. ALl of these thinge can
affeet the a%@fﬁﬁﬁﬂgg of the multiple secettering technigue Loy heavy liguid
charhers.

Yoy the analysiz, tun g@gﬁ@@@ﬂ tive pletures were selecled avd

enlerged. The enlovgenents were then pyojected mabo traeing poner by ssens

of Professor Leighton's anisotrople projeetor (39) used nermolly for dee

termining curvotuves of clouwd chaober tracks. This prolector mgnifles

el

one eowrdinsbte ten tlugs wore than Lhe other, aud the tracks iv our pige

tures were arranced 59 that this edditiomnl mmgnification wag used o



e3he

enlavge the seatiering of the tracis The tracing of the resultent inoee
gould then be snglysed uwsing grdinary dralfting loptruses The wmultiple

geattering theory used wes thet of Voyvodlc snd Piekup {(40) based on the

3o with the paroveters adapted approzimately to W

vork of ¥illians (51,48

rothey than Lo nu L0%8.
e results of the meosur
of particles and varylag values of PR

in Plg. 7. The curves are least ung»

taking into sesount the gtebtigtienl ervore obhivm.

particles wvas wede Iyom the wultiple ac

tive bubble density, or from the clange of seotitering with ronge.

o

&

0f particular lnterest in Pig. 7 io the velue of nofse {or spuwie

ous sealiering; obtoined. The muliiple ceatieriag theory predicts &
the pecond dilfferences im the scabttering sszitte should be rolated Lo the

eell lenglh 28

where

D ® meon second difference of scabi wing saplitta
L, ¥ goll lengih

ty £ i u slovly varylng funciion of cell lengihk, and over the

esll lengthe employed in this saslysis changes ouly chovt e

Thue for e glven track the plot of L7 ve. iy 3 ghown dn 5
vanyly linesy and inbareent st Te ;‘;@ 8 O 1P thers were 0o noloe oF trachk
digtortion. Since goofon distortions or wposuresent orrors orye stetisiie

gally indepemdent of the real Coulowd scaliering, they should be constant

8 T N ] 5 7 *s., g s gty e Fy 4 . il gl
with weopest 1o cell langth ond thus be @ given oo o pogltive intereapt of

£
the curve wilth the U axis. It ean be sesn from Fig. 7 that all such
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35

Filgure 7

Results of Multiple Scattering Analysis

on Four Tracks in WFg
Tdentified as Tr-meson. Pgc = 50 T 13 Mev. HNolse
£it = 12,66 p.

Tentatively identified (though ilmprobable) as K+ .
Foise value 6.00 Poo

Identified as TV or p-meson. Pgec = 134 T 19 Mev.
lhgzg‘p.

Above three particles from first plcture in Fig. 6.
Identified as proton. Pge = 192 L 60 Mev. Noise

Average noise from above four values = 9.95 }1

from wean square
Pgec = 85 * 17 Mev.

Holse valus =

value 5.8k o
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inteveepts eve less vhen D ® 15 p end the average is eloser o 10 Jrot
This iz quite remerkeble econgldering that the hubblesthenselves vere wrobe

resolution eomurehle

ably of the owder of 10U p in diameter end the comere
te thiz. Also, within the statisties, there 1s no gtrong evidence of cur-
vaturg of the plots. 4 distortion of the perbicle track would alusst cape
tainly show uwp a8 o curvature in the sreph, since there is no perticulsy
reason why o distortlon should hove the ssse dependence on cell length se
the Coulurd scatieoring.

iy epecuraging. It must be

The regults given sbove are extrer
vemeubered thot the troeks used for this analyveis were only asbout 3 oo

lomg because of the smell size of the chavber. The errors assismed to the

FPge values given in Fig. 7 are somewhat arbitrery and probably ere ovar
congeyvative., & more cereful ivvestimatisn of the multiple seattering

theory suggests that s noise figure of 10 p ghould enable one o measure

the PBe of the vorst case in Plg. 7 (~ 200 Mev) %0 better then 207 with
6 3 em trock. The mueh longer teacks avallable in o laveger charber should
glve ecorrespondingly betier resulits. OF couwee, one misht ezpect the
noige to be wvorse in o lavger chesber, bub perbeps not 2o wueh 80 ag t¢

Bnts 88 & very useful technique.

rule out multiple scattering meegure

% The sctual nolze figuwres for each track chbalned fron the lesst
sguares £it are given in the captiou.
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A. Considerations leadine to Chodee of the Deslpn

Jme of the veasons fov choosing the specific design of the 12
ineh eharbar desceribed hevelin vas o attewpt to produce o multl-liguld

charber. Thot g, 1t was belleved that it would be couvenlent o i

B g,

gvalleble 2 cholee of liguids with different propertien, soome of whien
wmight be eorrosive o volsonoun. Although ong would expect the heovy
1iguid to be the most ugeful of the cholces, there gtill remning ke pus-
pipility thet o hydrogarbon wight be preferred Tor certalin experiments.

An example of this »ight be o casge iun which one wished to loow for neu-
trome by observing the nep recolls frop fyee protons. Thus 1t would seen
preferable to possess o chawber whose function was not sirongly influenced
by the peculisy chemical or physleal properties of 2 given llguid.

e method to mchieve the end described sbove is to place the
1iguid in o sesled, chemically registant eontalner whose only comnectlon
+0 ansther euvironment s throuwgh the necessary flller tuben. Thiz ls
the technlque sdopled in our chasber. The origlsel intenticn had been to
employ o thia-wvalled oylindriesl metel bellows chesber, with thin glass
plotes ecomstituting the flat ends. This choober was constructed and is,
in fect, o port of the present system. Hovever, the problen of severe
voiling around Yhe bellows (Chepter IV) has necessitated the lusertion of

e flexiple slegve inside the bellows chasber., Soth the metal bellows cluss

ber and the slegve ere hydrostetically supported by en inert Ziuvld u
Ea &

P b S o G 2 b sy s v 3 2
whiich the espaunion apporetus 60%%.

oy st Dy s N TR B el G B dGwn Jge e o ity s 10 T £ 5 5 6 gt L
Arwybiey reguilresend for Plexibiilty ds o teugersiuere cORBEgd

£

thet con eower o wide renge of Lemperstures. The yressure conlrols need



some flexibility, though not 8o much 23 do the temperuturs conirols. Most

bubble charber liguilds {except 1, and Be) operate in roughly the same Tor

of TFeSBUred.

Many of the bubble charbers thet heve been constructed sulfer
from e lack of repvoduclbility of gemsitivity. ¥We bheve sirived in thi
chaner Tor ¢ greater degree of preclelon than hes besn schieved do the
past. By precleion here 1s msant the ability vo specily and reproduce
escurately for each cperetion the conditions of exponded pressurye and
temperature. The chilef appenl is that in & precise charbey, ke bubble
demsity as s function of purticle veloeity {Chapter T1-1) should be the

tualty to de-

ne from picture to pleture. There then eziats the oppor

volop "bubble sounting” into o quentitetive technlgue Por measuring
particle velocity. 79 this oud ve hove employed en eleborate and seouwratle
set of therml controls end & rather unigue expension system. Both of
these items are diseussed in detail later.

Anpther factor whieh affects 1he use of the chouber 8 & pre-

eision loptyument iz the degrew of opticel und turbulent distortion in

the system. Ooptieal distortions are usunlly cavsed by temperature inhomo
gensities in the fluid through whieh the photogreph must be taken and esn
be ceused by shoyp wressure grodients. Turbulent distortions are erested
by rapid fluid flov during the pevicd of sengitivity, with the regult thet

Thare ave two yrincivel featuresn

bubbles ave diaplaced from thelr origing.

arber which eve desilgned to keep down optieal distortions. One

in the eb

is the veyry eleborate thermsstating gysten, the other & very fost expeasion

and recompression. The function of the letter 1s to insure that the bubbles
have very little time in which eilthey ¢o grow or to Pise. Thus, vwhen the

bubbles are coupressed oub, they veplase thelyr heat of veporization in



by
wa L e

essentielly the region frosm which it was drewn, allowing thermel equilibe

Xi &

riua to be regeined 1o & couparatively short time. {(In 4hiz comnection

3

see Chaptey IT-l.) It is believed that in the yresent chasber turbulenece

&

will be kept low by the ald of the hellows and sleove desipgn, whileh ghould
ellow the expension Yo take pluce uniforaly.

An foportont considerstion in schilevement oF reliablse chesber
sensltivity la the timing. With wost expansion syntems, although the pres-
gure eyele @gy he quite repwoducible, it is not uniform throushout the
sensitive period of the operation. Thug, if reproducible results sve to
be expegted with respect to bubble denaity, ove must be able to contral
the time of Introduction of povrticles gqulte scourstely. It hes been found
that the C.I.7. Synchrotron beem cen be "dumped” on command in & Sinme of
the order of (.2 me compared to the bubble chasber operation eyvele of dhout
1k as. Thus one can hope for pood results with respect to tinlng.

A further requirement for o precision bhubble chasber is & good
optical pyetem. There is an inflezibie optical limit to the sctunl lote
eral yesolution of the plotures once the geometry of the chamber hus been
enteblished end the required depth of focus assigned. However, one bos
sune degree of coutrol over the vesolution in depth, which iz f£ized by the

e greater the stereo asgle, in geemarsl,

stereo angle of the cLMEras.
the better the depth resolutiom, up to 909, vhere 13 15 equal to the "late
eral® resolution. In this charber the steveo angle is ebout 30°,
Incorporated lnto the present design ere technigues that eould
be employed for the comstrustion of much levaer chashers. Vhen ope eone
siders the comstruction of charbers several times the glze of the rresent
one, some ltems begin Lo loom as veally wrohlbitive costs. Olass windoue

of good optienl quality capoble of sefely stending 20 » 30 atuwsspheres of



mgg."}vw

pressure becone exceedingly evvensive for veslly large dlameters (say,
1 zater) and in fect may not oven be obtainable. lowge, thick windows
can be avolded entirely, however, if one uses the hydrostatic suppord

method. With thils technioue, the heavy windows are replaced by Fluld eole-

umng, one of vhich tepers down to omall “gpeephole” vindows for the coneres.

Also one camnot bhope to use liguids a9 scarce and expensive ss xenon for

mach larger heavy llguild chavbers, thevelowe the use of
WP, as o substitule. A *third feature concerns the energy input to s chane
bar. To pressuvize the device, s conventionnl expansion syoten employs
compressed aly vhileh is relessed during expansion and reploced during ree
sompression. This lovolves o larme sxpenditure of energy, which goss up
roughly a8 the evbe of the chasber dimensions. Our chasker employe instesd
& amm=digsipative oxponsion sysbten which does not lovolve such e lovss
onargy laput. Thevelore it would be useful for lorger chosbers, a8 well
a8 for those with very high repetition retes. '

A prominent congideretlon vhich is present ivm all bubble chavbers
but partieviarly in this one, is thet of personnel safety. The chozbey
under dipcussion {s desisned o comtaein e highly corrgsive and thus zlge
poisonous liguid ot high temperatures and prescures. Hence 1t iz importent
10 teke the vimpst preceutions soningt Lreskage of the chorber uwader thooe

conditions whieh could duwmp the sensitive liquld into the room. This pre-

caution must also be teken vhen & hydroesrbon is belng used, Por although

the hydrogorbon ls nelther ecorrogive nor particularly voisonous, it ures
sents an eztrewe fire hozerd. The primary safety meesure adopted for this
charber vas to enclose the entive device in o very strong stoinless steel
outer tenk, whose only visuel entyy ls throurh emnll gverts comere porbts.

An edditionsl precaution for uese with WP: lo to use a Fluorineted suppord

o



b B

liguiad /[Reptecosafluoratribvutalyaine iﬁk§§§@§§’w@i@ﬁ i5 not only inert to
%?%g but vhich probebly i 2ls0 g falyr eolvent for the latter. Then in
enae of breakage of the thin lsmer vessel, the W should couse no damage

in wiging with the gupport Fluld,

B Drief Deserintion of Chief Features

The drowing (Fig. &) {1llustyates the general festures of the

ers The inner vessel eomtains the sempitive mediuwn, and is

& eylindrical chambey ebout 12 inches in dlamster, to vhich the windows

as of bellows. Both the vindows and walls eve of thin

are attached by we
mmterial, sod ere ingspable of withstending hish pressures. The conboiney

is surrovnded by an inert Pluild vhich sets as & hydroulic mediusm, trangs
mitting presgure 0 the walls of the support vessel end expension apparatus.¥
The bellove chasber iteelf conteilns e hydrostetically supported lindmg,
vhich {8 o flexible sleeve. This eylindrical bag is approxzimetely 12 inches

4 betuweern the vindows and the muial

in diemeter, and its ends are claupe

Llows chanber, affording e seal. The vegion between the

iining end the bellows chauber s filled with the hLydreulic medium.
The sugport vessel le 8 very strony oylindricel steinlsse siheel

very high pressures {~~ 200 to 300 atn). 7o

tanlk, capable of withstendin
the lower eud of the tenk is sealed a gloss vindow®® of beresilicete crown.
Tales glass disk is b inches thick and 15 inches in dleweter, with a ¢lear
sight ddemeter of 12 inches, and is of guperd optiecel quality. This wine

hould be capable of vithstending 1200 psi, snd hes been tested o

the hydrostatie support priseiple,
> charbeyr ézéf%}.

%  Homufactured by Heyward Sclentifie Glass Co., Whistier, (alif.



Ganeral Layout of 1Z«inch E?é Bubble Chawber

Explanation of symbols

A. S8afety shell

B, Bias cylinder

C. DBadiant heating (and heat reflecting) shells
D. Expansion englne driving mechenlsm
E. 8Sleeve valve of expansion engine
¥. BHydrostatic support vessel

G. Piston

H. Expansion cylinder

I. To loss pump

J. From loss pump

¥, Illumination system mirror

L. PFlagh tube

M. Inner (vellows) chamber

K. Flezible insert (sleeve)

0. Target tube

P. Filling line for inner vessel

Q. Thick high pressure window

R. SBupport fluid f£illing liine

8, Camera port

T. Camera

U, Film

V. Recording picture counters

W. Stand
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the mezimam vressuye we intend to euwnloy is legs

-
‘/“{3% z«?n}ig {m vii,ww

the flesh sysben (lmmeroed in the

The uopeyr portion of bhe vessel ¢

[T N ! 4% men % iy s E] ey = k (o gt 5 o
Wydreulic fluld) and the ezpansion e¢ylinders vhich also seyve ap The mse

i ey s o e il OB By e @y @
ehandeal support for the vessel.

ety o L5 e,
port tenk Is the gafeby vessel, o large

‘ s eney B d o - %
pdning high yreossure, b

The vegion betveen the
safety end support vessels mmy be kept evacusted, and contains the mein
radiont hesting gystenm as well eas two heat reflecting steel shells @%@.ﬁ@ﬁﬁé
the hesters. Sealed to the lower end of the safety vessel zre the cumers
windowe, vhich ere guartz disks 3/% inches thiek with o clesyr sight di-
ameter of 2% m@%@,

The ezpansion sygten transaits gressuve 0 the hydraulic Tluild

ion cyiindersz. In these ¢yl

through the four gsymmbrically plseed exp
inders are hollow, evocusded, free pistons 3) inches in dlemeter which ol
26 thermal berriers between the fiuid end the room. They are sealed to the
walls of the evlinders vith sliding "0 ringe, end hove mechenicsl linmite
w0 their wotion. They thus aet also to seal off the imtermsl syoten and Lo

redon. The reglom of the eylinder

provide positive stops to its volume excw

outeide the ploton s £illed with an ordinewy 0ll, in vhieh the @

ion gysten 1o weonventionsl, and iz

engines operate. 7The overnll expane
deseribed in nore detall latey in this chapter and ia Appendils 1.
Tezparoture control is wrovided by the radiasnt beoters, plus o
menbey of conductive heaters plaged at the principal points of beat lenk
o the ovtedde. ALl healers eve theralstor controlled.
Particles con be brought isto the cherber through o mwber of

voutes. There s vrovision for o bhigh pressurs gus torget rumming throush



the canter of the chamber itself, »lus o sinilsy one rumning tongent 1o the

irmer vessel. These targets ere desismed yrimarily for photon beome. Theve

are in addition two steel clharged perticle “windows™ directed radially ine
wards.

Tne lighting systes is durk fleld, employing twe “line souree”
lash tubes end tvo evliindricel mivrors. The cterecosespic canera uses
65 wm perforated £ilm, and cen handle 1000 foot rolls.
" ig also intended to be easily treansporieble, so the

This ¢b

g 611 plusbing, Idguild

gntire sssenbly 1o placed on o sbupdy stand,
storage tanks, pumps, purification systems, end 30 Porth. The recks of
electronies and pover equipment, of course, are geparate, but even they are

sompact ond ¢oplete, and veoulres

mounted on centersg. The gysten is thaw

st ion. The stand alse ds de-

S55i

@ dmput line foy o

but ome 220 v, 3 phas

wnd the chunber.

signed to hold 30,0080 pounds of lead shilelding o

The hellows chowber (Fig. 9) 48 in the form of & short cylind

a2

about 13 inches in dis

¥e The fully extended length is & 3/4 iuches,

the compressed lengih & inches. The bellows is divided imto two sections,

ene adjecent Yo each vindow. The upper ose i the longer of the two, coue

19 wide.

taining 10 lesves, each of which is an sanular riag 1 13/16
The ertended length of this bellows section is 15/15 dmches. The lower
vellows ecomtains four leaves, with on extended length of 3/0 inches. Bee

eouse of hydrodynamie consilderctions, the uwhper bellows is expected to do

g during expension and vecompression. The metal perts of

the chonber are comstructed of inconel X, o herdenable alloy about 700

nickel; vhiech i an ezcellent spring material end has very high corrosion
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Flopure 9

Iuner (Bellows) Chamber

Bzplenation of syubols

Ao
B,
.

»
&

Upper stop

Upper (L inch) window

Support vessel

¥lexible (sleeve) insert

Upper bellows

Tnmer support fluld

Outer support fluid.

Sensitive (bubble chawber) fluid
Inner vessel wall

Sensitive fluid filliag valve (shown in open condition)
Inner support fluid £filling line
Central target tube

Lower bellows

Lower (3/8 inch) window

Lower stop






resistance, particularly to HF and WF,. The windows, 3/8 inch to 5 inch

thick, are of Pyrex or Vycor, the latter in particular for WF
ig more resistant to etching. In the original design, it was intended that
the windows be sealed to the metal chamber with Teflon "0" rings. However,

since it became necessary to add the flexible insert (see be

a
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H

can be effected by the sleeve itself instead of the Teflon "0 ring. The

-

Fh

mazimum useful dlameter of the chawber is fixed by the inner dlametsr

]

the bellows and the window flange, vwhich Is approximately 12 inches.

For the purpese of observing the posivion of the windows, there

These are variasble reluctance devices sxcited by sn audio ogscillastor. The

contains the corrsct volume of
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fluide The position devices are also useful dynpamically, in that they pro-

There ars advantages t©o the bellows chamber system. One is that
the corrosive sensitive liguid is completely contained, and no complicated
51iding seals or other expansion apparatus is in conbact with it. Also
the available area for expension of the fluid is very large, allowing both

nigh speed and small actual fluid motion. Furthermore, since the material

”"i{‘:e

thick, the thermal contact between the interior of the contalner and the

surrounding filuid is guite good. This helps in waintalning a constent

temperature in the chamber proper. Such a thing alds in waintaining unil-

form an nd constant sene itivity in a bubble chamber fluid,

However, there ilg a seriocus difficulty asscciated with the

b



vellove design, ot lsagt for the £iat bellows confipwation whilch we have
euployed. During the initial runs with the chasber (Cuspter I-k), 1t was
evident that viclen® boiling wos occurrivg sround the bellows themselves.
The exsct couse of this bolling s not completely underatood, altboush
sone possible causes ave discusged in Chapter I-bk. Rather then sttempt
to solve this problen divectly, we chose Lo esveld 1% by putilng the luert
Fiuld ip conbtoct with the bellows. Therefore we added the eviindrical
flezible insert mentioned earlier. The sleeve used for the initisl rune
with propone was made of & sheet of 1/16 inch thick Hyear rubber, cud wos
slipped over the odges of the windows. Hemee when the vindows were clamped
down the rubber sepled by beling presged betueen each windov and o ruboer
To® ping in the appropriate Clange of the bellows chogber. The filler tube
was brought into the bag by weors of o metal deviee which clamped to the
edges of @ 3/0 inch kele in the rubber beg. To this device was etiached
gn the bellove sad the

Flexible plestie tube for £illimg. The reglom betu
nt into the system by e

rubber was £illed with the support fiuld, brwm
val £1114ng line. The test results sre given in Chepter Ieb.

3 o use Byear rubber o econteln W2,
[

w

Uoviously one canngt ho

ations. For Wi, we hope to use

slesve, and ot this welting work 1s iv progress upom its

fobricntion.

The use of an ilugert as descyribed shouve has certain adventagss.
The walle of the chosher ave then smooth, cad If the meterlsl of the sleave
(rubber for hydroesybons, Teflon for WFg or Freons) is vetted by the sen-
sitive £iuld, we may hope for o relatively “elean®” chovber, with 1ittle ov
a0 boiling fron the wells. The test resulis glven in Chepter I-4 indieete

that this hope hes good experimental besis., Tie sleeve also tends e szooth
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welght of the support vessel and 1ts eontents. The 3o inch disseter pls-

tone {(deseribed ecrlier) in the expansilon cylinders were limlted to e

/

Plention now completed have adjustable linlte of stroke from 2 inches %o

o

gtroke of aboub 1 origlnoal arrengement, but in e modl-

&
e
p
s
§

lnches

WY

3% inches.
The 1liumination system, including the two {lash tubes and two

mirrors, ave ctiached to the lid of the support tank so that they may be
removed as & unit, yreserving their adjustuent.
Xﬁ the initilal run, ve found that we were piven some trouble by
the "stretening” of the support tank in the vertical dimension, using sowe
of the platon stroke in the volume chenge of the vessel itself. This stretehe
ing was orobably enused primarily by loovse bolte In some ol the fi&m@@ﬁ%
since & ounber of them are very diffieult ¢o veach in owder to tighten. Ye
solved this problew by running elght long bolls thwough the flanges Ifrom
the 114 to the windov flange and prestressing thew. Sinee the total force
provided by the elght prestressed bolts lo greater then the foree on the
ends of the support tank when 1t iz et neximun pressure, and sloce the lanx
is exbrevely rigld in cospression, there can now be Lllttle stretehing of
the tank under pressure. Results of this luppovenent are given in Chapter I-b.
fme sttribute of the support gysten should be noted. With this
chomber the high pressure windov eould be elimimated. It ls possible, In
vrinciple, 40 veplace 1t with a continustion of the support vessel, at the
end of whick are only swall comera windows, comperable to the ones wow
being uvsed on the safety vessel. Buchk 2 procedure was not adopted for
this chavhey, since windows of the slise of our hisgh sressure window are
aot prohibitively empensive, end ve wers soncerned that ootical dilstortions

in the support fluld between the cemere and chember should esuse trouble.
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le would peobebly be worth 1

e & =ty 28877, T vy
However, Tor much larger chad

for the yvessonz noted earlier.
wt ag yet exploited,

byt may later, Is

Q"Pfeh

itered eontinmususly, providing o really effective uniforan temperature

& baekground of

By gy v 2 7 PP I v e
bath, Tree of the 4dirt

auy davk field illunination gystenm

A final polint eonserns the geonetry of the chanbe?.

chasber ave hovigontal, and the optleal

nbely vertiszal.

o

dragunsie

gtruction and testing of the che ﬂ%%?

that sush o geonetry tends to reduce the optieal distortions

ot arise from temperature differences In the chamber. ne @

any stetic thermal (and thus demsity) sradiente in the fluids will be ver-

tienl, due to conwection. A ray of Light treveling parellsl to e gradient

in the index of refraction will be undeviated, whevess those btravelil

zal to 1t vill he refrocted, cvusing o change in the sopovent sositlion of

st vertical sight path poosivle dn e

an obisct. The alw

wize thesse Alstortions.

thus tends to ain
Une the other hond, there ave ressounn vhy the vertleal geowetyry

The hovizontal deslsm reguires that gloss windows,

Ly, eonstitute the top and bottom of

the chorber, thus ticnl thermnl groadiests
4 e

2,

w0 degtroy them. Partieulnrly in 2 bubble ey

ey with b

alov recompression syeten such thet residunl tubbles rise to i

S 2 < 3 o
charbery after an eupansion, 1t
&
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eonduetivity for the top of the vessel. The residusl bubblesz in such a
ease eompress out alovly, fur they must deliver thelr heat of vaporization
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ig gloss, the exceas
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o the surrounding Fluld. I2 the top of

fon

and after g fev szpunsions the fluld

i not rendily carvied avay

o i
BT

the bothon.

ek hobtler at the Sop thy

sctical stand

iy either setiles  or possibly

s

divt into the chawber, and this lmway
rises . In eny case it ugually ends up o3 tie windovs, a sltuat iom vars

: Tield 4lluninsbion is %@‘imw @m&i&j@&o

“leulariy bad

this chavber is,

temorture fron the conventlonal approach.

TR D

e entire oysten 19 eoused to behave in a menner much like o "single-shob’

mochanical resomotor. On the outside of the ewponsion plstons previously

deserived are lorge normelly-closed valves (the exponsion engines). Bayo

thane valves and exbending sbove the level of the fluid in vhich they ope

erete are lero s roservolirs (bims ovlisders) (Vig. D), vhich ere pre-

ey

&

.a@& to geme volue lower than the gtarting pressure 1n the che

8

aily beld the plstoms in cheek, reteining the stort

The @i@@@ﬂ valves norn

gre (typleally ebous 500 paill. I8 o dnstruetive in any complex

ing the sources of energy storage sad those of

zachanienl resomator 10 eum
kinetic emersy. The sensitive fiuld bubble the PG

B e

rle liguld. Thus

£

ture at which 1% oparates 1s a comparatively

s in the sensitive fluid dtmell.

1 4n the compression of the
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£luld, a2nd in the swall spring in the chaumber walls. IDuevgy, of course,
is 2lac stored in the biss eylinders throush the medlusn of the pressurized
ga The kinetic energy or vase elevents of the resonator are in the mnes
of the pistons aad oil in the espansion eylindevs primarily (since these
will have the highest veloelty when the sensitive liguid 48 eapanding) and
to & leaser extent inm the distributed wass of the rest of the support fluld
and the semsitive liguild itself,

For the moment it 18 cowvenient Lo consider the volume of gas in
the biss eylinders infindte, so thet there ls no chenge of yressure in then
duyring expension. YWow consider whet oceurs when the large velves ere
opensd. Let the imitisl presgure in the cheouber be P, end the pressure in
the biss eylinder ¥,, where Py <<;@ For simplicity congider the eyelen
ioseless and the coupressivle medis in the chomber limear. (The latter io
very meariy true.) %hen the valves are opened, the chosber medic expand,
foreing the pistons beck. The expansion does nob stoy vhen the chanber

prespure beeoms cgual to the blas cylinder pressure because of the hinetic
gnerry in the notlon of the inertinl elements. The wobtion stops when the
nrossure in the chasbey dyops 0 QE% o @53 Por then the usable stored ene
ergy in the charber lns been itvangferved o the bles eylinders. This is
most almply seen in the following renner:

He define o compression comstant X for the chavber ng viewed
from the pletons by ¥ 28 dV/aP, where ¥V is the volume. The energy stored
in the chorber whevn the volume chenges na amgunt AV is given by

AV

7 ooow AV iz the volume chonpe in going fros yressure %@i ® ?Q £ ?@@ the

gnerey storape is



2P, = P
Lindia :?k - @

the eneryy stored In the biss eylinders is

(B - ?ZEg which 18 equal to the above.
g

When the wmotion has stopped, the chaumber is fully expanded, o

wrticles are intvodused and the ploture token. ovw the cycle eontinues,

R

the motdon reverses itsell and stops {in the lossless ease
iuel eonditions are rostored and the charber resompresced. At this time
the valves eve elosed, stopping the osciliation efter one cycle.

It need not be sald that the shove is idealized, for 1t is chvle
ous that a bubble @&@@%@?kii@%iﬁg by its very mabture, ls not o loseless
mediva. In fect, the everyy losees during @ cycle would be ezpeched to be

wE

i3 when the pressure is

gulte subsis L, since the flu

lowe FHowever, I the cyele 1s fuwg Plelently

clean, the bibbles are uot sllowed tlme to grow o 8 size sufficlient Lo

i, 88 i indleased by the tegt vesuliz in O

I=he In sctunl operetion, while the vevor presgure of the senmsitive liguid

iz only 300 psi, the storting clueeber prescure is sbout 500. Hemoe theve

is ezeens stoved energy in the bwesinniog, since the £lanl chasber wressure

wsen can he tole

reghores waher pres

Iwidawtly

2 s e gt & 2
the losses, 1f the

it another way, 1f the initisl enery ewndugh. Howevwer,

sy enary@ep g :
v safaly empls

W

.
ks n GRURSy  PRERER
COBES 4@ g

pressure one

- the atvengih of the hidh oressure windov.

g
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e modification wes made 1n the gysten (Fig. 10), vhose purpose is both 4o

allow worve initlel enevyy storusze and ©0 speed up the cyele.
eongiste of o group of springe ot the inper stop of each plaobon, with oo

svaileble compression of sbout 3/0 ioeh, providing o total force of up 0

700 pounds et each plston. The epringe eet @8 ¢ gubstitubte for addlitionnd

compression of the chamber medle, 80 that ve may gtore wore 98

syaten vithout reising the gsterting pressuve dangerously high. The apr
also give o lawgey sterting lapulse to the plstens, opeeding vp the overs
21l evele. Another vesson for meking this nodifiesntion Wwes 1o compensote
for the fact that the fluoroenrbon support fluid yroved 1o awvwe o consid-
erably bigher compressibility than we hadé at firgt expected. The springs
are thus reguired in order o reguin the sweed thet wes lost by Lthe snose
elous eompressi®bility. 4 cuentitsbive trestuent of the cupansion-reeine
prosoion eyele lo contalned in Appendin L.
The loss pusmp mentlonsd ecerliler forees the expuunsion engine fluld

fyom the bottom of the biles eylinder goe reserveir wo the tvapped reglon
batwesn the plsboan Bnd the lerge velves, driving the pletons lawerd and
ragboring the initial pressure in the chaubeyr and dnitisl enevgy siorage

ze 30). This operstion is wot reguived to be fust, ag

1% need only be Jdove before the churber i sexb expanded.

Tne bellove zeetioned belfore, which ccoupy the syumetric fouy

%

vositions bhetwesn the expension eylinders, are called "mechenicsl dicdes

and they wore designed 4o flatten the botion or low pressure portisn of

the exponsion eycle. Thay conslet of veesnbrash bellove which
arainst solild suter stope by levge intermal pressures, und ean contain such

2. However, 1f the chorber swesgsure dreps below the

preseures without deuw;

gxreroal presoure, the bellows open freely ifwmwerds. The intention is to
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Figure 10

Bxpansion Plston and Blas Cylinder

Eyplanation of sywbols

P.
Ci
8.
B.
M.
o
D
‘JQ
Ta

Ve

Piston

Expansion cylinder

Booster springs

Bies cylinder

Piston position monitor

0il level

Splash damper

Expansion engine sleeve valve
To input of loss punmp

From output of loss pump

Arvows (other than those concerned with lettering) indicate the
direction of oil flov during expansion and recompression oOr puwMp up.
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Figure 10
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preseurize ench bellows from the outside, constituting the external prege
sure pravicualy ventioned, to sowe value pueh as 100 ped. Then the oxpane

slion eyvele will be adjusted to drop the chesber pressure below this welue,

and the bellows, 1t s hoped, will function to Flatten the bHovtonm of this
precsure evele, vielding o longer perisd of constent yressure conditions.
These devices have not been tested, however.

of the support £iuild to the correct

in ovder %0 odjuwst the volume
value, one must be able to ascertain the posibion of ithe free platons. Tho
pistong naeed in the tests descrihed In Chepter I-4 had alnico mgmets ate
tached to then which eould be follioved with the ald of o composs from the
outside, through the non-magnetie steinless steel of the oviinders. This

technlgue 18 orude and elusey, but worked, 12 aot well, then a% least well

enough. The new pletons (Flg. 10) heve superior positicn messuring deviees
of the veriable reluetance variety, wihich can alse be eiployed dynamieally.
It 4s now pertinent o seview the vensons for choosing sn empens
sion syoten such as described above. OUne was o obitalin o very fast oxpane
sion eyele, with sn equally cuich reconpression in order Lo reduce the
therml input 9 the chamber caused by the irreversible bolling procsss.
The Llimitation on the speed of thls one is primwwily in the ussvoldable
z088 of the fluld and pistons 4n the exit orifices (espansion eviinders),
and this effeet hoo been reduced to & comparntively lovw value by the use
of o mueh larger exit evea (&0 1n® fow the fé&% evlinders tonether) than

is wsuelly exploved in o choober this size.

The large velves in the gvpension gyoten vhose funetion o oute

lined sbove coustitute the expansion engines. When the system wes fizst



“
o

alloy 1% to remin O

ther needed conteol over the ovewrell period o

shorsen 1t, in order to sllow flexibility in choles of bubble et

2

support fluids in espe our prelimirery calculations were ivsecurs

{Bome of the relevant quentities were not cccuretely imown.) In addition,
we had 0 be sble to hendle differentiel ovessures up o showd 300 psi,

under sn internal sbeoolute pressure of to 900, Ve declded to relaz our

e tesh ooong four such valves,

roquiresents t0 the exbent of

%
19, Then ve slso required aceurste syue

¥ % 3
A

we o less then 1 e, a8 well ss an overall
timing aeeuracy of this order.

v o this

Unfortunately, we found vo commmrelel valves snsweri:
deseription without estensive modification, ond even then reguiring lorge
inzuts of compressed alr to opevote. Therefore we designed our ovn. 7he
reoull was o get of devices which, although they otill have defects inveris-

ghily inherent 1n such o rew degisn, 4o porforw the reguired function guite

o e o gn 8 2 &
satigfaatorily.

sse o sleeve design (¥

For the valve wroney ve ¢

7 eonsiderations. DBecause of the lavge presgures inwolved, we

cel atructure. However, we olso

e 1t better €0 heve o wigld

 gpeeds vere reguired of 1%,

't o be 1ight, since b

tie baest

feurations, the sleave probaebly i

orifies to welizht ratlo. Auw edditlomnl dividend of this type of slructure

1 thot the fovee eyented by the differentinl rrespure seross the valve




Explanation of sywbols

B,
Eﬂ
PB
RS.
Fa.
I

w Y

BMMA .
M,
Vi
DP.
8.
SP.
8T,
88,
D8,
R.

Bouncer

Driver

Gas "spring” piston
Rear drive shaft

Front drive shaft
Coupling between shafts
HMoving magnet assembly
Fized portion of magnet
Valve housing

Dash pot

Sleeve (of valve)

Spider on sleeve

Valve "seat® (solid disk)
Static seal

Dynamic seal

w3 T

Figure 11

Zxpansion Engline

Ribs which attach "seat” to body of valve
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Figure 11



a0 COnsSeque its owhiome. Amy differentisl

up o bhe breski carbs thempelves can be uzed in e sleeve

chout @ regulred o open oy olose 1.
S &

ynive wi

5 e T, & Lo g i, ES e COR T e m
inpther feature of this port that 1t has two sesls

phroke of the valve iz a rube

-

sy § s B Domer  wiied paln Ao e A2 &b o . oH ] & o
ber 0% ring, vhich iz & good statle senl. The second, o Teflon ring vwhiw

seal, Iin not brosen untll the velve hes

traveled about o ineh and thus aequired opeed.

The feature lapures »raj

£

effective opening tiwes of the valve, even tho

poviag plece stayis

alowlye

The princisle of operation of these velves lg guite annls

1toelf. The woving portion of the vaelve

ik of the ezparsion gyst

comatitutes the mess oFf o sechonlerl sscillator which is dvliven by
£l

esongizting of the double e reservolyr gesn in

e 11 The nature

of oaciliation of the syobten {exd hence the open time of the valve) s

adusted by seans o the pressur reporvolys, effectively deteyre

mindne the goring conptant of the {Actunlly, “econstaent” ls the

o e " " [ PR, :, 3 - £ IV & s it g 8
wrong tern to use hore. The cheracteristics of ¢ gas “syring” are guite

.w‘,, % 4

nonlinear. ) The equilibriun

nosition of the woving plece is erranged (o

he at some oolnt betveen the closed and fully open positions, end dn the

4

forer of

on rolease of Yhe

s Ea s agris Bagan,  ond mmon g P s s st WY s PR s b canmed S sl .
4, the valve strueture swings out to n pasltlen and baek Lo

the elosed, complelting the eycle we require. Vor o lossiess sgystem it

4

would be necescery merely to revive the cwrent in the mmguet ot e e

of the evele in order to heep the valve closed. However, there ore

bl &
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unavoldable mechanical energy lusses, so thet o means must be provided to
reploce then. This is accomplished by the use of 2 large yulse of current
which flows through the vagnets and an suxiliary  coil sttached to the
woving structure. The extended pulling foree of the holding magnet plus
the sction in the magnetic field of the woving coll are sufficient 0 overe
come the losses and drive the valve closed.

Por reliable opevation; 1t is not sdequate to glve ths valves
Just barely enough energy to return. Instesd, they must be given sufficle
ent ezcess emergy to teke inte account verious mecheanicel fluctustions in
the operation. However, if too much sxcess energy is epplied, the valves
will reach thelr closed position with conpiderable veloelty, alosiang the
holding magnets with a demeging mecheniesl shoek. This 4ifficulty in overe
come by the use of a “Gash pot” which operates $n the oll of the valves,

anf sbsorbs the shoek of closing.

Tae comgtruction and operativn of the expension engines ss well

ay thelr setual perfovmmnce ls comsidered in wmuch grester deteil in Appens

dix Ii.

Since the sensitivity of a bubble chamber 1louid is & strong

% 4o heve an sgeurate and

function of tewpevature, it is guite luportar
reliable temperature controlling system. Other ressons for wenting good
temperature control have been given eariier, Creat stress (perhkeps too
chawber, and the

great) has been laid upon this point in the design of our
heating and temperatuve wonitoring syetems are guite elaborate.
Tre waifornity for which we inftially asked was ebout 0.19C

oughout the chonber. Actually such @Xﬁ?@& agouracy is probsb



requived for the size and geomelry of cur present chamber, but it might be
ﬁ@@&@ﬁ in & large, completely hydrostaticelly supported chamber, at least
from the standpoint of goptical distortions. In our chosber the optical
path ineludes only an ineh or so of support fluld, but in e completely
hydrostatically supported chagber the path length throuzh the support £1
mey have to be ¢loser to o wmeter. Optical distertions mey then present a
problen, and trouble of this kind hes been encountered in the Berkeley

30 inch propane chesber (83).

& good starting point Por any device which is to posssse cone
stant and unifors temperstures is to provide excellent thermal insulstion.
In this chasber we have ewployed the time-honored techuigue of vacuum plus
heat reflecting surfaces whenever possible. For ezaumple, such an spproagh
is used in the maln insuletion, thal between the support vessel and the
safety tenk.® In those places where metel counections to room temperature
cannot be gvolded, ve have used stalinless steel, and thal in the thinnest
form possivle compatible with strength reguiremente.

The primery heating of the choamber 1s done with radiant heaters
placed inside the reflecting shields in the vacuum betveen support and
safety vessels. The ldes Is that radient heating is besicelly uniferm,

and should develop no hot spots in the support vessel. These heaters sre

divided horizomtally into four channeis, each with & separate thermistor
coutrol, In addition, on all those points vhere metal parts leed from the
support vessel to the outeilde are placed individually comtrolled conduction

heaters. The heater controls tle tempersture at the point of hekt loes,

# From considerations of safety, we have tried opsrating the chanber
with atmosphere of pressure inslde the safety shell and founfi, at lesst
at 60%C, that no serious harm was dome to the temparature regulation.
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keeping 1t equal to the temperature of the rest of the support vessel.

All heaters are individuslly operated by thermistor controllad
power supplies. Thermistors (temperature dependent resigtors) were chosen
for the sensing elements by reason of their very high sensitivity, among
other things. The ones we are usiagh have & resistance temperature coef-
ficient of about 2.5% per degree centigrade at 140°C. They are alsc very
small, have a short thermal time constant, and ave relatively cheap.

However, since thermistors have an ebsolute resistance tolersnce
of 20%, they cannot be used to measure temperatures accurately unless ine
dividually callbrated. Therefore a differsnt device is used to monitor
temperatures. We have chosen thermogouples for this purpose. o doubt

ters are more aceurate instruments, but they

laboratory resistance thermome
are bulky and gquite expensive. Since we wished to measure temperatures in
many places (our chauber has over 30 thermosouples), some of which are
gquite cramped for room, thermocouples seemsd the logical choice.®® However,
we also wished to be able to read the temperatures in the chember to 0,19,
The stendard technidue with thermocouples is to display their cutput on &
mltipoint recording potentiometer. /If cne wishes to read te 0.19C on the
ugual potentiometer scale, the full seale reading hesz to be only about

20% (about 1 millivolt for copper-comstantan). This implies that the cold
Junetion must be within 20° of the chamber tenperature or that a bucking

voltage be used. The system we employ to solve the problem was worked out

® Victory Engineering Company, Tvpe 5542,

#% It wes found experimentally by L. R. Cellagher that welded copper-
constentan thermocouples taken from & common batch of wire have all the
same calibration to 0.1°C. These thermocouple materisls sre convenient
for our purpose since the metals are resistant to oxidation, have rela-
tively high voltage output, and cen be obtained in batches of gquite uniform

composition.
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by Qéliagh@x. All thermoecouples from the chorber teruninate and have thelr
eold junctions in a stirrved silicome oll bath., The temperature of the
bath is controlled by 2 thermistor regulnted pover supply of the type we
emyloy for the chamber heaters, and 1s read on an sccuvate wercwry ther-
pometer with 0.1°C divisions. The output of the thermocounies is then fed
to & 16 point Wheeleo recording potentiometer which reads 1 millivelt full
gseale, or sbout 20° ¢. Thus we have obtained our required reeding accuracy

as well as solving the thermocouple cold Junetion problem.

H., The Optical Systen

The illuminstion and photegraphlc systems for this chamber were
developed by E. Do Alyes, Jr., and are to be reported im detall by him.
However, for the sake of completensss, & brief deseriptiom will be given
here. Figure & illustrates the broad features of the arrangement. Illum-
ination is provided by two xenon flash tubes, each about & inches long and
¢ inch in dilameter and forming approximste line sources. The light from
each tube is collimated to an aluminized eylindrical glass mirror placed

auber. These two mirrors feocus the light in one

next to the 1id of the ch
dimension 8o as to £ill the chamber but avold the two camera windows as
shovn. Light from bubbles is thus scattered through small angles into the
camers leuses, affording lighted bubbles against a dark background. An
intricate system of vanee is employed in the flash tube holders Lo pro-
vide more uniforn illuminstion and to avold ligkting of certain parvs of
the interior of the chamber.

A reguisite part of this lightlng system ig 1ts high efficiency.
& large frection of the light produced by the tubes i aectuslly sumployed

to 1lluminate the chawmber, end the bubbles scatter very efficiently at



gmall angles. For our chawber, this feafure iz highly desirable, since

most of the energy pubt into the flash tubes ends up &s heat in the chasber
snd support tank, wuch of 1t In the vicinlty of the tubes themselves. The

less energy we are regulred vto put into the tubes the better, for heat
input, especlally in the form of a "hot spot,” way cesuse serious optical
digtortions.

The camera employed uses standard 5% mm. fllo and wes designed
to use to as great an extent as possible standard Mitchel famers paris.
The starec plctures are both recorded on the same strip of film, elong
with the pichture nuabers. The lenses {Goers Rectagon 3.5 inch) are spoced
12 inches apart, so that they line up with the extrene edges »f the

charber, With the chember-to-camera distance of about 26 inches, we have

S

steren angle of something under BGQ. It wmust be noted that different

w®

&

parts of the chamber are viewed by the camera at different angles through
several thick layers of material of varying indices of refraction. There-
fore the problem of rveconstructing the actual position of z tubdble from
the two images on the Tilm is not a sluwple one. This problem has been
considered in great detall by Alyea and Fretwell, and the discussion of

it is left to them.

I, Experimental Tarzet Arrangements

0f course, a bubble chauber is esgentially useless without a
neans for injecting high energy particles, The arrangements for particle
entry into our chamber have been made with the characteristies of &
bremggtrahlung beam in mind, and the primary target arrangewments are pasg-
sages for the x-rvey beam. The "standard” target, as we have celled it,

is en unobstructed tube passing diametrally through the center of the
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chamber, This tube 1s fto be filled with high pressure gas, which will
constitute the target material, For many experiments, one would expsect
to use E? gas, in partlcular fcr all investligations of photuproduction
from single protons. This night be, for example, multiple meson produc-
tion. One could also use deuterium in the tube, or possible even tritium,
for studies of photoproduction from neutrons.

Another tube parallel to the central ome and in the same borl-
zontal plane, passes through the safety and support vessels. This target
pasgses closely beside and tangent to the inner chamber. It is also to be
bfilled with high pressure gos, and will be used as & target in those ex-
periments in which it is not necessary to see both sides of the target,
but for vhich we reguire the stopping pover of the full chamber dlameter.
Such an experiment, perhaps, might be the study of K*'mesaas produced at
large center of mass angles.

Two additionsl target arvangements are provided. These are de<
signed primarily for the entrance into the chamber of charged particles,
although they could be used for neutrals as well., One is 2 series of com-
paratively thin windows asboubt 2 inches in dlameter through the safely and
support vessels, comprising a total of about 4.83 gms/cmg batween the out-
side aud the sensitive fluid. The other is a much larger rectengulsr wine-
dow 3 X 6 inches, with a total of 22 gms/cmg. The thinnsr of these win-
dows is to be used for the entry of lover energy charged particles. Both
of these target windows would supposedly have thelir greatest utility vhen
the cherber is used in conjunction vith & wmomentum-analysing magnet.

Tue central tube target has not yet been tested, and the optl-

mum shape for 1t is not fully determined. It seems clear that a simple
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evlindrical shape is wnot best, from consideration of the generally cone-
shaped sprey of background electrons and positrons from pair (and Compton)
production in the hydrogen. Flgure 12, which was taken from the Berkeley
nydrogen chamber run by Teem and Alyes mentioned in Chapber I-1, 13 an
illugtration of this spray. It would seem prudent to confine ths worst
part of the cone to hydrogen, rather than letting it emerge into the photon
sensitive heavy ligquid, where it would spread by cascade into wider angu-
iar reglons. One would then eanvislion the target tube sz somevwhat cone-
shapad, reducing beckground at the expense of the availability of forward
angles for observation. The probler is complicated, snd the best solution
will probably have to be found experimentally.

In order 1o reduce the background contribution from the numerous
low energy vhotoms in the bremsstrahlung beanm, we intend to employ the
“beam hardener” technigue of Alyea and Teem, and which is used with some
modification by the Cornell group with their hydrogen diffusion chamber {(23).
The method iz to pass the beam through a long tube contalining iithilun
hydride in & magnetic fleld, with s smell exit collimator. The method
Punctione because of the higher sbsorption cross section of LiE for low
energy photons. Degradation of the bean through cescade processes is a-
volded by the combinstion of the magnetic field, multiple Coulond scaltiers
ing, and the collimetor. Most of the photons from secondary processes are
sufficiently deflected %o nmiss the small opsning In the collimator becsuse
of the multiple scettering or mognetlc deflection of the electrons and

positrons which produce them.

J.  Plumbing Avrangements

The tople of the plumbing for our chaomber merits special treatment
B
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Brensstrahlung Beam in Bydrogen

This picture taken with & inch Berkeley hydrogen chember in

4
300 Hev vremsstrahlung. Part of spray of e~ arises from entrance foil.
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hecauge of the nugber of sepsrate systemz involved. There are, in fact

2
slx distinct sets of viping, each of which hasg its own special requiremen
Wz begin with consilderation of the high pressure gas supply.
Since 8ll of ths items bul one reguiring high pressurve ges are essentiaslly
reservoirs needing no supply cther than enough to make up leaks, we are
able to use & single standerd 280 cuble foot Eé cylinder to supply all our
needs. (3ven the dissipative device, the three-way valve described below,

.

consumes very Little ges.) Excellent pressure reguletion is meintained in
the various devices with inexpensive single-stage regulators by the ‘ech-
nigue of uzing then Yo form what is; in effect; & two stage system. One
regulator attached directly to the %2 bottle supplies gas to & manifold at
a regulated pressure of about 400 psi. The manifold furnishes a common
input to the rest of the regulstors, of which there are five,

The plumbing errangement for the oil which Fills the expension
ngines is shovn schemstically in Flg. 13. The primery purpose of the
external system i to provide mesns for pumping the chewmbear up to the
gtarting pressure between expansions, as descridbed earliier, When the sys-
tem is guiescent, the loss pump circulates the oil around the lov lmped-
ance closad loop shown, requiring very litle power. Upon commend, the
three-way velve switeches the flow through the pump e¢ that it pazges From
the bias cylinders to the region between the pistons and the expension
valves. This drives the pistons inwerds, building up the chamber pressure
until a2 pressure transducey indicates the proper value, at which time an
automatic control swiitches the three-way velve back to the gquisescent con-

dition. In the cese of failure of the pressure transducer, control, or

Hao

3-way valve, a mechanical bypass i3 set to a differential pressure somevhat



Plumbing for Txpansicn Bngine 911 (Schematic)

e, High pressure side of sleeve valve
P. Low pressure side of sleeve valve

. Pressure gauge

Ve Menual valve

A To high pressure side of other engines
B. From low pressure side of other engines

THWY. Three way solenoid valve

P. Gear pump (loss pump)

¥, One horsepover motor

T, Dirt trap

BP. Safety overpressure bypass valve
o F1lling line.

Arrowe indicate direction ¢f oil flow.
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Figure 13
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higher than the maximum normally employed, and acts to bypass the pump so
that the pressure in the chesber does not exceed safe values. The pump
iteelf ie o simple efficlent oil gear pump, driven by 2 one h.p. electric
motor. The three.way valve is a pneumatic pllot-operated device, with e
3/4 inch equivalent orifice.

In order to ensure that the oil level in the bias cylinders re-
mains the same on all four engines, the system is msde common to the four
through external pipes, Since the engines are all in the same horizontal
plane, the 0il is self-leveling in the bias cylinders. To avoid severe
splashing of this oil Quring chember expansion, s light, freely movable
aluminum "demper” rides Just below the oil level in each bias cylinder
(Fig. 10)., This guided horizontal disk moves with the oil during the
rapid flow, and ighibits splashing.

The vacuum system, used primarily for keeping the safety shell
evacuated, constitutes a third plunbing system. All main pumping lines
are about 2 inches in diameter, and the pump used is a Welch 375 liters/
min two-stage mechanical fore pump. The system contains, in eddition, e
large liguid ¥, cold trap, and a multitude of auziliary input lines for
pumping out other vessels during £illing or purification operations. The
vacuum attained is quite satisfactory for our purposes. While pumping on
the cold trap and some of the smsller equipment, the fore pump hes been
observed to attain 8 x 1077 gy Bg. A 2 inch air-cooled diffusion pump is
aléé provided, but hes not been used.

A safety feature included in the vacuum system is & large, high
presgure, 2 inch pneumatic valve, placed between the safety vessel and the

vacuum pusp. This fast-acting velve is controlled by a sensing device



employing e Pilrani gauge in the vacuum. Shouvld the pressure in the systen
rise above a certain preset value, the 2 inch valve i3z automaticelly elés@§5
isolating the safety vessel. Thig provides the necessary protection ia
case of leskage or brenkage of the support vessel.

The plumbing array for handling the support fluid 1s s fourth
sepsrate system, shown in simplified form in Fig. 14. One of the practie
eal problems in £illing & hydrostatically supported bubble chamber iz the
necessity of getting the support vessel and fluid ailr free. Since the
solubility for air in most liguids pets smeliler as the tewmperature risas,
ve nave had consldersble difficuliy with air vwhich comes out of zolution
during the hesting of the chamber and forms undesireble bubbles, incress-
ing the effective compressibllity of the filuld., Therefore we have had to
allow provision for evacuating the portiong of the support system not filled
with fluid while the system 1s hot. (Of course the sensitive fluid ecamnot
be in the chamber during this operation.) The technigue is usually to
ileave the support system not guite filled, and to evacuate the region above
the liquid level. Since the support system must be excluded from contact
with air, the commercial high pressure accumulator shown is used to spoply
presgure to the support fluid for the purpose of adding liquiéd to the sup-
port tenk {or removing it) vwhen the sensitive fluid is in the chamber and
hot,

Since there is a tendency for the gu@?@rﬁ fluid to become dirty
under some conditions, there is elso provided a filtration technigue. The
Chewpump schovn is ervenged to circulete the fluild through 2 sintered staine-

less gteel filter.® This operation can be periormed only under prespures

# Manufactured by Micrometallic Corporation,
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Figure 14

2

Support Fluid Plumbing {Schemstic)

Fxplanation of symbols

28T,  Chowber support tank (vessel)
¥Le ¥illing line {for support vessel)
DLe Draining line (for support vessel)

Ve Manual valve
Zo Preggure gaunge

57. Storage tank

Vac., To vacuum sygtem

A, High preseure accumulator

e To high pressure No supply

CP. Chempurp (Arrow indicates direction of flow)

He Heot exchanger (er heating or cooling support fluld during circulation)
. Filter

=
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less than 150 psi because of the limiting strength of the pump housing.
Thus we ceannot £ilter the fluld vhen the chawber is filled with the sen-
sitive liguid and hot. Higher pressure pumps are avalilsble, however, and
it may be worthwhile in the future for us to purchase such e pump, so that
it can act to stir the support fluld constantly, as suggesied earlier.

The Chempump mey also be used toilransfer Sﬁ?p@?ﬁ fluid from the storage
vank o the support vessel when the system is evacuated or under 1low pres-
gure. Otherwise the accumilator must be used.

The storage tank shown is normally employed for holding the sup-
port Fluid vhen it iz not in use. It is s high pressurs stainless steel
vessel, since 1t would also be used as @ receptacle for the contents of
the safety shell in case of a disaster.

For £illing the chamber with a hydrocarbon (propane, butane, ov
isopentane) or a Freon (CFQCKQ or ﬁFgBrQ}, there sxists a seperate plumbing
systew. This is quite sluple, and cousists of a stuinless steel storage
vank with two £1lling lines and s quartz window for observation of the
liguid level. In eddition there is & "volume adjuster,” which is a larger
version of the piston described in Chopter I-28, The piston on this model
is 1.6 inches in dismeter and 12 5/8 inches long {Fig. 15). The piston is
driven from the outside by means of 1ts thresded schaft and a wating cap-
tured nut with handle stiached. DJouble sliding seals are made with Teflon
"% rings. This device iz designed to allow saell adjustments to be made
in the volume of liquid in the chamber under high pressure conditions.

The plusbing systen for the %?6 iz, by reason of the corrosive
snd deangerous nature of the fluld, the most elaborate and carefully lesk

tested of all. The gystenm includes the purification system which is
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regponsible for the mejority of the complexliy of the plhwbing. The de-
tails of the ourification sgystem are reserved for Appendix III. We deg-

erine here only the parts of the systen subseguent 16 purification of the

sl

B

liquid. In most respects, 1% 1s like the hydrocarbon systen, with some
notable differences. One i3 in the materilals used. Whereas the hydrocer-
bon gystem 1z steinless steel with copper tubing, the w?é system is en-
tirely momel, including the tubing. Sesals at a&ll joints are mede with
gold gaskebs backed by Teflon "0" rings. Yo windows are used in order
to ses the liguid level in the storage tank; rather, a wonsl Tloat arrange-
want ig eoploved. The shalt of the float terminates In 2 nickel slug,
and extends up 2 sealed-off inconel tube emerging from the ton of the
storage tank. BSincs the Inconel is non-magnetic and the aickel magnetic,
ths position of the slug (and thus the float) can be folloved from the
utside with the sid of & ﬁiff@r@ﬁ%i&& transformer, using the nickel slug
a8 the core. Meny valves are required in the %?f pluthing, and these ere
21l {with one exception), special monel (and inconel) velves of our own
design. A volume adjuster like the one ewployed in the hvdrocerbon systen
is used here as well, except thaet it is made of monel rather than staline-
less steel.
Provision is also mede for filtretion of the wyé without removal

from the sysien through 2 sinteved nickel plug. A similar plug 1s included

in the hydrocarbon-freon systed.
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CHAPPER 1-4

OPERATION OF THi 12 INCH CHAMBER

A, Initizl Run; Fluorocarbon-Butane

The Pirst run with the 12 inch chamber was made before the light-
ing system wag completed, and its primary purpcse was to obteln information
relating to the overall operation of the =xpansion system. We used fluoro-
carbon i(bkyg}3§7 235 the support Tluid and butane at 120°C as the sensitive
liguid. The inner vessel was left as originslly conceived, a metal hellows
chamber without the flexible sleeve or liner described earlier., We dependsd
upon the pressure transducer in the support liguid and the position trans-
ducers attached to the movable windows of the bellows chamber to provide
the data we reguired on the operation of the expansion system. Ounly a few
pulses of the chamber were actually made during this run, since a serious
leait that developed in the support tans resulted in a prohibitive rate of
loss of the expensive fluorocarbon. In addition, the finel pulse of the
chamber was accompanled by a loud wechanicel shock, so that we were afrald
that the pistons had struck their stops hard enough to cause damage. (This
was found later not %o be true.) Unfortunately, ﬁhg signals from the pres-
sure transducer were seriously masked by noise (which was later eliminated)
during these expansions, so the forw of the pressure variation was not as
well sgtablished as we would have liked. In spite of the difficulties
ancountered, however, some very useful information was gained during this
run. In the first place, it soon bDecame clear that the compressibility
of the entirs system as seen {rom the pistons was Tar greater than we had
expected. This fact made itself known both through the long period of
oscillation of the systean {(~ 25 ms) and the amount of motion required by

the pistons in order to ralse the chamber pressure. The exact cause of



this anomalous compressibility was not then known bul is now understood.

Yor one thing, the actual compressibility of the fluorocarbon is much

isher than we had anticipated. PFor the lack of better information, we

simply assumed that the fluorocarbon would have 2 compressivility

5
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comparable to that of a typlcal hydrocarbon, which is in the range of 50 -
100 = iﬁ"é per atmosphere. However, an exirapolation of lower temperature
gata (4i) obtained laeter on this fluld indicates that the cowpressibility
at 120°C may be as high as 300 x 10“6 per atmosphers. Such a value, how-
aver, accounts For only half of the compressibility that was observed in
excess of that of the sensitive fluild itesel?. It was found durlng the
second run that o large part of the additionsl apparent compressibility
came from the stretehing of the support tank walls. o matter what ils
gource, however, it was clear that this large campr@seibili%? would make
operation of the chamber impossible with the piston stroke we had availsble,
A second 4ifficulty which was indiceted by the shape of the pres-
sure and window position waveforms was that there was gevere boiling in
the chember. The extent and origin of this was not determiuable from the
First run date, as we had no lighting system with which to obtain pictures

of the boiling. Howev the effect upon the pressure weveform was similar

to that obtained In the second run, of which pictures are shown later.

B. Second Triasl: Glycerine-Butans

The next series of chamber expansions wag wade Jor ths purpose
of determing the origin and extent of the bolling indicted in the first
run. Therefore, the lighting sysbem vas completed and installed, and a
temporary stereo camers using cut film was constructed, using the Goers

Rectagon lenses that had besn purchesed for the psrmanent camera. In an
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effort to avoid the problems caused by the high compressibility of the
fluorocarbon, we changed to glycerine for the support fluid. Glycerine
has & high boiling point and the lowest compregsibllity of any known or-
genic liguid, so it wes a loglcal cholce for a hydraulic fluid. The
viscosity is hlgher than we would have liked, bubt is down Yo about 10 -
15 ¢p at the 120° operating temperature of butane, so that it was consid-
ered usable. Other than the change in support fluid and the addition of
g lighting system, there were no major changes from the first run.

Saveral rather serious difficultlies were encountered, having
primarily to do with the properties of glycerine., For one thing, the
glyecerine turned ocut to be s falrly good electrical conductor at the
higher temperatures., This had a number of serious consequences., One
wag that our flash power supply wag short-circuited, and the current elec-
troly&@d\thﬂ glycerine., Our original intewt had been to employ the con-
ventional technique of leaving the main condenser bank comnected perman-
ently to the tubes. The 1 to 3 kilovolis from the main supply in itself
is insufficlent to ionize the tubes, and an auxiliary high voltage trans-
former is used to apply s 10 to 15 kilovolt pulse to the tubes upon com-
mand to break down the gas. Only then does the main supply discharge its
condenser bank through the tubes. However, the glycerine in which the
tubes were immersed made this technique unusable;, s0 we were forced to
resort to a more complicated system in vwhich ignitrons are placed in series
with the flash tubes and the condenser bank. The ignitrons sre triggered
in conjunction with the auxil iary pulse transformer, sc that voltage is
applied to the flash tubes only during the time they are being pulsed.

BEven with this system, we found that in order to get the tubes to fire,



excessive energy had o be supplied to the pulse transiormer because of the

may have been at least portly due to the electrical conductivity of the
glycerine was thet our vwindow position transducers changed thelr calibrae

tions radicaelly azs the chamber was heated. 7This resulted in the bDresaking

of one of the moveble windows vecauss Lthe bellows chamber opensd to its
ouber mechanical stop without our knowledge and alloved excessive &ifférw
entizl pressure to bulld up between the luside and outside of the chamber.

Glycering also proved ¢ be a rather remarkadle solvent at the
higher temperatures. The evaporated aluginum reflective coalting on the
mirrors of cour lighting system was quickly destroyed by the action of the
glycerine. A change to inconel for the reflective coat was of little avail,
since it, too, was eventually dissolved. In sddition, after several days
at high temperatures the glycerine became guite colored and cloudy, meking
it very difficult to obtain satisfactory plcbures Chrough it.

In splite of the varicous difficulties encountered, the second run
was wholly successful in obtaining the ianformation we wanted. YWe discove
ered in this run that a large contribution Lo the anomalous c&mpf@sgihility
before mentioned ceme from the stretching of the support chawber. The
total compressibility of the cheuwber as measured from the pistous at 120Y%C
wes about 34 c&g/aﬁmasphefe, The butane, with & volume of 13 liters and &

compressibility of about 1.46 x iﬁﬁgfatm, contributed 19 Cmg/a%m, to this
number, while the glycerine, with a volume of 54 liters and aun estimated
compressiblility of only about 35 x la”éfatm, conbributed less than 2 ¢ns/
atm. The aomount contributed by the expansion of the support vessel iz the
remaining 13 cmg/aﬁm, and iz slmost equal to that avising from the compres-

gion of the sensitive fluld itself. Mr. C. L. Friswold of Central
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Engineering suggested a method of largely eliminating the support tank
expansion, and his technique, described in Chapter I-3, was adopted and
employed with excellent results in the third run.

The results of the second run in terms of the pressure cycle and
the motion of the bellows chamber windows le best seen in the sample oscil-
loscope traces shown in Fig. 16. The AC envelope of higher frequency and
large initial amplitude is the output of the pressure transducer, and the
amplitude is approximately proportional to pressure (except that zero pres-
sure is not a null), The other, lover frequency AC envelope (whose initial
value i1s zero) is the output of the window position transducer (the upper
window), and the amplitude is quite proportional to the displacement of the
window from its initial position. Expansions were made at 120.5°C and at
115°C. The oscilloscope traces shown in Fig. 16 were obteined during the
115° run, since the widest range of pressure conditions was attempted at
this temperature. The analogous pictures at 120°C were quite similiar,
with perheps slightly more severe bolling effects and a somewhat longer
period of 17.0 ms for expansions in which the pressure change was small.
The vapor pressure of butane at 11500 is 297 psi. Table 2 lists the con-
ditions appropriate to the pictures shown. Amplitudes of pressure and
position should not be compared between pictures, as the oscilloscope gain
was usually adjusted to yleld a convenient trace amplitude., Table 2 gives
the values of maximum and minimum pressures and maximum window positions,
from which the calibration of the traces may be inferred. The horizontal
scope calibration is 5 ms/cm.

A number of features are evident from this series of pictures.

For small pressure swings such as those in Fig. 16a, b, ¢, it may be seen



Oscilloscops Traces of Drpension Waveforms

during Glycerine-Butane Run

Svesp speed of oscilloscope approximetely 5 ws/em. Higher
frequency (20 XKC) trace with large initial amplitude is proportional to
vressure ilu support fluld just shove the top window of bellows chamber.
Lower freguency (1 XC) trace with small initial amplitude is proporticnal
to dlsplacement of upper vindow from initial position. For details on
vertical trace calibration and chauber opersting conditions, ses Table 2

{and text),
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Figure 16



TABLE 2
Pict. No. Py P, P, Py X, T Q E,
a 351 302 348 315 0.035 15.5 2h,5 2.k
) 358 238 349 312 0.0kl 16,5 3.2 7.8
< 330 283 368 311 0.001 15.5 11.3 4.7
4 3892 270 364 296 0.075 17.0 3. 06 25.7
8 423 262 392 2G5 0.108 18.5 Tohs 62.0
f 436 237 359 275 0.155 19.0 3.51 149
g 158 225 334 260 C.201 19.5 2.07 281
h Lot 200 338 261 0.225 20,0 1.83 Lot

Zxplanation of symbols
Pict. No. refers to photograph in ¥Fig. 16.

initial pressure of the system in psi.

2%
foda
111

P, = minlmum pressure oblained during expansion in psi.
Py = final pressure (at end of cycle) (psi).

= initial pressure in bias cylinders (psi).

$1

maximam displacement of upper window (inches).

Xy
T = period of the pressure cycle in milliseconds
Q defined in text,.

8y
Oscilloscope sweep approximately 5 ms/cm

energy dissipation during cycle in Jjoules.

k1]

Butane vapor pressure = 297 psi,



[N
s
[
@
@]
fedo
[l
5]
P

S
el
fd
&
[
ot
s
&3

k»)
%)

(¥
Ut
( W

that both pressure and window position vre s

o

and returnu ncarly Yo thelr Initial values at the end of the cycle. Ag ca

be seen from Table 2, for these pulses the minilumum pressure drops Little if

2

any below the vapor pressure of the bubtane, so one expects little bol

1ing.
This may be interpreted ss an indication that the viscous ond turbulent
losses in the system are small, and that the snalysis given in Appendix I

at leagt for these cases. However, az the pressurs sxcursion is

o

o

valid

4(:.3
£

increased (Fig. 16 d-h) end the minimum pressure falls farther below the
vapor pressure, the character of the cycle bheglns to change. The sinuge
soidal shape, particularly of the pressure, begins to be altered, and
nelither the pressure nor the chamber window position returns to its initil-
al value., In addition, there is a very distinct "phase shift” between
the two, mesning that the minimun pressure and maximum window position
occur at different times. Furthermore, the oversll period is loanger for
the larger pressure excursions than for the smaller ones. AlLl of thess
things one would expect if the butane were boliling violently. The fallure
0f the pressure to rebturn to its inltisl value is a con&equ&nca of ther-
modynamic losges in the boiling process. This process is guite nonlinear,
g0 deviation from the harmonle pattern of the pressure and window position
should be observed. The phase shift referred to before is also o consoe-
quence of the boiling. Once the vapor cavities become sufficilently large
Iin the chamber, they can grow guite rapidly ssg long as the hydrostatic

pressure is somevhat below the vapor pressure of the voiling liquid. There-

(]

fore the increase in volume of the contents of the chamber as & resgult of
the formation of vapor drives the windows apart, increasing the pressure

in the support tank. This is happening during the perilod chown in, e.g.
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Tig. 16h, when window position and pressure are lacreasing together. This

process conbinues until the hydrostatic pressure becowes sufiiclent to
nalt farther boiling, ot which btime the window has veachad 1ts maximwg

excursion. This, of course, cccuwrs some tlme after the wiaimum of the

pressure. The lengthening of the perlod can be locked upon as a resull of
ke introduction of dissipation {as in an elecitrical oscillator) and the

9,

lowering of the "spring coustant” as a result of Lhe vapor cavities in the

C&i

3

nsitive liguid. It should be made clear thal this Lype of boiling is

a

distinctly different from the growth of a single bubble in calm Lligul

3

a8

N

b

treated in Chapter II-1. The shape of the boiling envelops as shown in
g, 17 indicates that the boiling cccurs iu & reglon of rapid fluld motion

close to metal walls, with a result that the vapor cavity is kept supplied
J ¥4

+to 8 large axbent with heal by conduction from the metal or by the intro-
&

duction of fresh hot fiuid. Thus the rete of eveporation should be much

xS

A

greater than that for a bubble in calm liquid, vhere the layer ol coul
£iuid around the bubble Limits the rate at which 1t can obtain hest. In
fact, ths pressure al which the expansion of the bellows chamber ceases

in some way a measure of the effect of the 1liguid motion. The curves

e

[N
o]

Chapter I1-1 show that 2 single bubble ceasses its growth very sooun

ks
-
o

[5¢]

after the pressure begins to rise from its minimum value, vhereas a vapor
cavity which was freely suppliled with the hot liguid or heat from metal

walls would aot likely ctop growing until the hydrostatlc pressure exceeded

P

shows tha’

2:3"

the vepor pressure of the fluld. Az exsmination of Fig. 16
the window position maximuw occurs at aboub 291 psi, or {within the errors
of measurenmsnt) essentially at the vapor pressure of 297 psi.

3

One indication of the severity of the boiling isshown in Table &
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Tracks from Fo-RBe Source in But

120.5%¢. The pressure dropped to approximately 235 psi during the

sxpoansion. The tracks can be seen in the lower portion of the picture

{only hal? of the chamber was lighted).

Iliustration of Severs Dolling Arcound Bellovws
Gxpansion conditions were sobout the same as in Pig. 16s, but
£lagh wos delsyed slightly. The bollinzg cen he seen clearly around

the edges of the chember in the lower (lighted) portion of the

ph@t@ ﬁyh e

This expansion of the 12 iach charber was made using butane ab



Figure 17a







or mechanical harmonic oscillastors ls not oulbe applicable to our systen,

gince the bolling process ls inkervently sonlinear. Therefore we have de-

Pined O by
Q= /2 log [P, - P )/(Ps - P}/ {1-b-1
where
?i 2 gstarting pressure
P, = minlmum pressure during the cycle
P. = final pressure (a2t end of cycle)

This definition coincides with the conventional definition of § for me-

chanical or electrical systems for the case of small losses (such as those

in Fig. 16a,b) and the paremeters are easily extracted from the photographs.

For the cases of larzer losses, wvhere the comparison with a linesr oscil-
lator 1s no longer very meaningful, we wmerely consider "Q" as a parameter
to indicate the degree of loss. [Note the comparatively high Q (~ 20) for
the pilctures in which little boiling ocecurs.

Another revealing parameter ig the total energy loss per cycle,
which may be estimeted in the following way. I the compressibility X of
the composite system can be considered a small counstent, then the energy
stored in the chamber K, can be wrltten as B, = dKV ‘, where P ig the
presgure, and VG is the volume of the chamber. Then the energy removed
from the chawber E] in a cycle is given by
U R X A

This doas not represent the dissipated ensrg however, for we must aceount
j B &Y 5

for the additional energy stored in the vias cylinders (Chapter I-3) as o

consequence of that fact that the pistouns do not return to thelr originsi
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positions., Since the change in pressure of the blas cylinders is small

during a cycle, thls latter energy Ly 1s given approzimately by EB = P AV,

5
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where PEA is average pressure in the bias cyvlindsrs an
in volume of the chasber contenbs beiween Initial and final conditions.
But for a linear system, by the delinlition of compressibhility,

AV = KV, AP = §?§Q(Pi - Pa)

and the
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vapor bubbles at the end of the cycles in which bad bolling occurred, and
the constant compressibility assumed sbove is incorrect. However, =zquatlion
T-k-2 is sefficlently accurate for purposes of comparison, snd the resulis

, Where EE is plotted asgeinst

o

of 37 expansions are 1llustrated in Fig. L
minimunm pressure Py, The two parameters under our control during ths run
wers the initial pressure Fi and the Initisl blag cylinder pressure Pﬁa
The s0lid curves in Fig. 18 are lines of constent bias pressure, whereos
the dotted curves are lines of coustant initial pressure.® To be noted
aspeclally ia The very sharp increass In energy loss as the minimum presg-

hat the extent of boillng incresses very

fen

re is lowered. It is evident

527
£

rapidly with decreasing expanded pressure.
Tracks from & Ru-Be source were aobserved in the chamber at a

temperature of 120.59C and typical expanded pressures of around 230 nal.

#* The calculations of the values of &, and @ vere made by E. D. Alyaa,
Lol e ~
Jr., and J. T. Chang, to vhon the writer is Ilundebled,
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Imergy Loss per Cysle, Seeond Run (Olycerine-Butane)

is minisum pressure (psi) attained in expansilon cycle.

derived in text) is energy loss per cycle (Joules),

o

is pressure in bles cylinders at starl of expaansion.

Solid curves are linsa of constant ?Eg while Py is varled,

Dotted curves ore lines of comstant P,, vhile Py is varied.



-101-

(1Sd)"d

I 00% 062 082 0.2 092 052 ovZ 0g2 02 o2 002
ﬁ @ , T T T T T LI T T H ] T T ¥ T i T O
|
T -
|
i T 1sd 09g =l 109
) 1S4 02 = 'd i
i N <02l
g
1Sd GIE =4
- 1081
| (sanop) |
93
- 1012
\ - -
i 154662 = T g I
1SdGs2 =5
- _ 00¢
| 1Sd 092 = %4
] ISd 08¢ = 'd
| NMY ONOD3S 409¢
37040 ¥3d SSO71 ADH3N3 i
X
i i ] i 1 1 1 1 1 [} ] i /_ i i 4 \—

Ocv

Figure 18



At this temperature the vapor pressure of bubtone 1lg 325 psl., Some of these
tracks mry be seen in Fig. 17a3. Violent boiling in the chamber is also

evident in this pilcture as well as in Fig. 17b, and stereoscoplc observa-

boiling. The pilctures shown sre of poor optical quaelity, and the causs of
this was the cloudiness of the glycerine as well as the fact that the re-

lective inconel coating on the amlirrors was almost gone. In addition, only

Vﬁ)

one flash tube was operative in wost of the pictures. A grest deal of dirt
may also be seen on the lover windows. This wag found to consist meinly of
fine sbragive which had come out of the bellows leaves, ss expleined below.
The boiling noted previously is of such a magnitude 23 to pre-

clude operation of the chewmber as the kind of precision instrument we had
ploanned. Sven though eventual recompression of the chamber after each

pulse nmisght be effected, it is doubtful thal we could prevent the lary

vapor cavities from rising to the top of the chamber. This would result

joules per pulse) at the top of the chewber,

ot
s
g
§a
o
Vet
"
<
[

in & large heat

with the result that there would be several degrees tempersture difference

&%

®

between top and bobtltom of the chamber during extended operating period
There are severzal things whlch moy have caused such ezplosive

rings of bubbles. When the chamber was constructed, ve were concerned

M £ e

about getting the deep convolutions of the bellows free of an oxide

s

coating acguired during 2 heat trestment. Chemical cleening was tried
&

without a great deal of success, 30 we had the bellows liguid honed.

Apparently sowme abrasive from the liguid honing process wedged ltsell

securely in the narrow cracks at the bottom of the bellows convolutions,



on onr part Lo remove 1t. In ade

and resisted several deternined

se8 windows on the bellows chamber were hroken while the

vesgel Was under vacuum, 0 that a large cuantity of finely povwdered glass

apperently Joined the liguid he
hellows. When the appsratus wes dissssembled aller the run, a large gusn-
Hity of glags and abrasive was found lying on the bottom window of the

ol S«

bellows chamber which had obviously come from

e bellows. Such fine par-

e
i
<
ks

ticles of glass and aluninum oxide could very likely serve os nucledl

-

hoiling, snd as such night certainly have contributed to the vioclent plumes

2
32}
4]
4
5]
%
pste
O
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which we obgsarved. However, that these perticles could not heve heen the
sole cause of the trouble iz evident from the Tact that the particles
lying upon the window ceused only slight bolling., Ths violence of the
hoiling must have boen connaecled with eaviromental conditions. Por ons
thing, since the bellows dowvs not @x%@nd the full length of the chawber,
liguid must rush into the leaves as thsy open. It is possible thet the
Fluid flow is rapld enough sround and in the bellovs to proumote cavita-
tion in a metastable llquiq guch as oue hes in 2 bubble chamber. Dither
the foregoiug or the abrasive particles mentloned previcusly could create

vubble mucleil. In any case, bubbles created sdjacent to the heslted metal

v

£

gurface of the bellows would be expected to grow much faster than those

nezr the center of the chamber, and 1t is certslin that the rupid {luld

(“x

Tlow would supply the newly formed hubbles with more heet as well. The

situation is complicated encugh to prokiblt s very guantitative trestment,

but certainly the above ltems should helyp explain in a2 guslitative fashion
57 ¥ ¥

the bolling which we observed.
e



T 43
“he 31
vt o o .
Ldered entirely

from the be
¢ of our

way have been the cause
trouble in another way.
comple

= ?m
o

GLry

[
L

2tment cve the
fact that dynanical factors
z, wa declt llwinate this source of
d would be to discard the metal bellows chagber
lastic {e.g., Teflon) contaiuner. Other
wecause of the

plasti
Howaever, be
diflcation of our

nsive mod
technique described
on, we decided

Lry the simplex
ive sase of constructior
bellows and tu use

2 the
inside the !
nerature

guld also be
nges involved 1o an
lexible sleeve

et et

and
more radical changes
difficult mechanical <
svatem, wo were led
Chapter I-3, Because of
st to try s simple Hycar ruvber sleeve

stay within the tem

¢

s Fluid so as to

the troubles that had

;m

propane a3 o sensitl
To avold

Lani.
to reduce

Lhere

leg of Hycar.
& main support
although

Hic
we selected o clear Llight paraffin oll¥ as
v TR Y

o
[

in ©h

oo

soribe

perfors guite well

{‘3

the bellows and slaseve an
sing bolts des

and installed the prestres
the chamber siretching. These seeswmed to
rempined a contribution to the snomslous compreseibility which is not
setistactorily explained. Quantitstively, the effect may be seen by &
comparigon of the lengthening of the support tank under pressures wilh and
without the prestressing bolis. We uweasured the motion of the thick
pregsure in the support tank, yielding the
its point of suspensioun (the

function of
the tank below
prestressing bolis, the window woved

dow {FPig. 8} as
lengthening of that portioan o
Without the

expanslon cylinders).
Whiterex Light - Ceneral Pestroleuan Co.
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C.007 inches/100 psi, while with the bolts it moved only 0.001 inches /100
pai, Meagurements on the total compressibility of the support tank plus
the support fluid (at room temperatures) yielded 11.2 cmg/atﬁg of which
possibly as much as 5 cm3 vas due to the support cil. The resultant
& cms/aﬁm is substantizlly lower than the 13 which existed without the
prestressing bolts, but does not indlcate as greset a reduction as ls im-
plied by the window motion. Part of the remaining anomslous compressibility
probably arises from the bowing of the 1lid of the support tank, but meas-
urements on this structure under pressure indicate that not nearly all of
the remaining anomslous compressibility can be so sccounted for. The
smeller overall compressibility is evident in the shorter pericd (1k ms)
of the expansion cycle shown in Fig. 19 over those obtained in the second
run. However, part of the reascon for the faster cycle is the slightly
smaller (1.2 x 1073) compressibility of propane at 60°C over that of bu-
tane and the fact thaet the actwsl volume ¢f propane was smaller because of
the rubber sleeve.

gnfortupaﬁely, only e few expansions were made in the third run,
because the plastic tube used to connect the sleeve to the filling line
hardened under the action of the hot propane and slipped off, thereby
nizing the oil and the propene.®* However, before this happened some very
interesting results were obtained. It was found that even at the operat-

ing tempersture of 600C, when the hydrostatic pressure of the propane was

# In 2 recent discussion with Professor Lord of the Unilversity of
Washington, we have learned that his group has experienced considereble
difficulty with violent boiling from the filler tube of their rapid cycling
(15 per sec.) 300 cc propene chamber. In fact, the shock wave generated
in the tube from the violent cavitation was powerful enough to straighten
out & bend in the copper tube. A similar shock wave doubtlessly played =
role in the disconnection of our filler line.
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(Test of Sleeve Technique)

Suseyn speed of ocscilloscope approximetely 9 wsfem.  Higher
r {20 KO) trace with large initial owplitude is proportional to
wragsure in support fluid just above the top window of bellows chamber.
Tower freoguency (1 ¥3) trace with small initial amplitude is proportional
to displacenmsnt of upper window from initial position. For detalls on
vertical trace calibration and chamber operating conditions, see Table

e 3

{and text).
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lowered slowly, it could be dropped as much as about 45 psi below the vapor

[#2]
4]

pregaure for several seconds before the propane erupted. This iz an indi.
cation that, statically, the chawmber was extremely "clean,” and that the
propane wetted all surfacesz in the chamber. Apparently, Hycar rubber is
very easily weltted by propane, which 1s perhaps not surprising considering
thelir similer orgasnic nature.

The oscilloscope pictures shown in Fig. 19 can be compered to
the analogous ones for the second run. There is & very marked luprovemsnt
in the harmonic character of the pressure and vindow position waveforms.
The plictures in Fig. 19 go through more than one cycle because the expan-
sion engine valves were not properly timed and stayed open too long, there-
by allowing the chamber to begln 2 second expansion. The proper adjust-
ments were beling made wb@nith@ leak describved abvove developed. The guan-
tities represented by the traces are as desgribed before, and the relevant
expansion conditions are listed im Teble 3., Hote in particular the value
of @ sud the minimum pressure. Even for the very large pressure swing
represented in Fig. 19¢, the @ is still 6.7, while the minimum pressure
(143 psi) is 77 psi lower than was ever attained in the 115° butane run
discussed before. In addition, the vapor pressure of the propane (305 psei)
was even higher than that of the butane (297 psi). The improvement is
quite striking, and 1s 1llustraeted as well by Flg. 20, in vhich is plotted
the energy dlssipation B ageinst minimum pressure in the manner of Filg. 18,
The much smaller energy loss for sguivalsnt minimum pressure is obviocus.

It would appear that the chamber is guite workable in the configuration
used Iin the third run, as the final pressures noted in Table 3 are all

well sbove the vapor pressure, s¢ that recompression ig assured.
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TABLE
Plct. Wo. Pi Fm P, PE T g Eﬁ
a Lhl 228 403 309 1%.0 15.3 31.1
b hlhs 160 o2 265 14.0 9.6 80,1
¢ B8 143 384 250 1,5 6.7 124 .k

For explanation of symbols see Table 2.

o]

Vapor pressure of propane = 305 psi,

scilloscope sweep $ ms/cm.

Pilct. Mo, refers to Fig. 19,
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The plctures in Fig. 21 were taken during the expansions discussed

&

®

previously. The optical guality is grestly lmproved over those From the

nd the new aluminum coosting on the nlr-

il ks

U

&

I8

gecond run owing to the clear ¢

t1l1 exists, but is not frow the region of

[£33
e

rors. Nobte that some boiling
the window. The bolling here comes only from the £illing tube, snd there

appaar to be only a fav scattered small bhubbles in the remsinder of the

chamber. The fact thet the chember was statically "clean,

14

4

as wmentione:

£

egrlier, 1s strong evidence that the filling tube bolling arcse from dy-
namical effects, such as the rapid inflow of fluld vhen the chauber pros-
gure dropped. A filling system vhich is to be installed for the next run
should 2Void this problem. The new filling valve 1s & smooth plate which
seals the filling port from inside the chamber, thereby eliminzating the
illing hole in the side of the chamber und leaving a comparatively suooth
wall everywhere. This valve 1s seen in Filg. 9. Some specular reflections
from the flash tubes can be zeen asround the edges of the chamber which are
caused by the rubber sleeve. The surface of the rubber used was gquite
smooth and shiny. Careful inspection of these pictures, particulsrly of
Fig. 21z, reveals severasl short electron tracks, shoving that the chamber
a8 radistion sensitive as well. No source was employed when the pictures
wera taken, so the tracks noted presumably were from local and cosuic ray

background.

D. Conclusions

The results of the runs with the chamber have demonsirated a
number of things 2bout bubble chawmber design which are worth summarizing.
The third run has shown clearly that the "resonsnt” expansion system is

guite workeble, and would appear to be a very setisfactory expansion
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g, Ixpansion of Propene ot LDO7C,

The rubber sleeve can be seen 83 an uneven, smoothly 7

surface around the perimeter of the chawber, from vh

relleo

*\r
gm

several short electron tracks. UWote bolling from filler tube

lower right corssy of plcture.

1 View of Filler Tube Boiling.

Plume Crom filler tube can be seen in upper

Hote in both pictures that, although bubbles exi

8 arise, Stersoescopic observation of this pilcture reveals

in

left corner.

8t on rubber

sleeve, they are guite small in size, couparable o track bubbles,



Figure £la




Figure 21%
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tachnique in spite of {the additionnl mechanical complexily required %o
manks 1t feagible. It is certainly faster then any othey systenm on & chanber
of comparable size known to the writer at present, For smaller, rapid-
cyeling bubble chambers ewmploying lighter liguids {Chapter II-2), it may
glso offer a system whereby large repetition rates can be accomplished
without the nesd for the huge external energy inputs reguired with purely
dissipative systens,

Another lmportant point has to do wiith chamber cleanliness. The
experiment with the rubber sleeve has indicated a simple btechnigue for
making large bubble chambers which are "clean” w?&haw having to resori

to the difficult all-glass construction used in previcus "clean" chaembers.

Q

The {freedosn {rom bad holling around the walls of z chamber has obvious
attraction from the point of view of maintzining wniform conditions as

in Chapter I-3. This clesnliness would seem 4o be vital for

[N

digcussed
larger rapid cycling bubble chambers, since the hest input to a "dirty”
chamber from the irreversidble thermodynamic processes would probebly be
more than could be carried away by conduction through the sensitive
medlum. A similar observation bas been made by Professor Lord's group (1)
at the University of Washington, and they have had to reduce ths volume

of their 195 cycle per sscond chamber to 300 oo in order to be sbles 4o ex-
tract the heat from it during continuous operation. Thelr chewber iz ap-
parently quite "dirty.” The slesve technique would appear to improve
chamber "cleanliness” in at least two ways. One is that the proper szleeve
material is wetled by the sensitive liguid, reducing the probability of
formation of bubbles on the walls. In addition, even if bubbles are formed

the poor thermel conductivity of the non-metallic sleeve and ite surroundiang
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support fluld limitsthe rate of input of heat to a bubble in much the same
manner a8 does the layer of cool fluid surrounding bubbles formed near the
center of the chamber. Therefore bubbles on the wall of the chamber grow
very little more than those along particle tracks, and cen be ignored in
the practical case as a source of severe bolling.

With the insert and inside sealing valve mentioned previously,
cur 12 inch chamber should be fast and clean enough to yileld us about the
precision which we set out to achleve, and in this respect our project
appears to be successful. Because of the required surface snd chemicel
propertieg, however, it is certain that a Teflon slesve must be used with'
WFg. The permeability of the insert to WFé end its lifetime under the
flexing csaussd by chamber expansion and recompression must be tested be-

fore we c¢an be sure of ils practicability.
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PART 1II

PHYSICS OF BUBBLE CHAMBERS AND

APPLICATIONS TO ADVANCED DESIGNS
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CHAPTER II-1
BUBBLE WUCLEATION AUND GROWTH IN BUBBLE CEAMBEI

A, QCeneral

The purpose of this chapter is to exemine in some detail the
phenomena of nucleation and of growth of bubbles in & bubble chamber.

We will first discuss that portion of the process which occurs after the
bubbles have attained the "critical” radius (Gefined below) in which they
grow to visible size and then begin to collapse as the chamber is recon-
pressed. From this discussion we will obtain valuzble informaticn relating
to the operating cycle of bubble chambers such as the one described in
Chapter I-3 as well as the more advanced chamber types discussed in Chape-
ter II-2, We will then attempt to further our undergtanding of the process
of generation of the microscoplc bubble nucleil and thelr growth to criti-
cal radius, The underlying mechenism has been the object of speculation
by several investigators (45 - 50), and we will utilize their work as well
as o fevw considerations of our own. It is to be hoped that aside from
 purely academic interest in the phenomena themselves, ﬁh@ study of the
formation and growth of bubbles will 2id one in desdigning better bubble
chagbera.

The bubble of criticel radius is selected as the point of sep-
aration of the two processes described above, because this is thg radius
for which the internal (vapor) pressure just balances the collepsing force
of the surface tension. More guantitatively, the critical radlus is that
for which

TrR.Z AP = 2TR O
(1I-1-1)
R, = (207/4F)

where Rc 2 eritical radius



o = surface tension of fluid

equllibrium vapor pressure of the fluid

g
<
3]

hydrostatic presgure in fiuld

11

Any bubble larger than R, should grow spontaneously to macroscoplc
size, while those smaller are expected Lo collapse 1n the absence of other

effects.

B, Orowth of Bubble to Macroscopic Size

1. ZRaustions of Motlon

The process of growth snd collapse of vapor bubbles wader certain
conditions has been investigated by Zwick and Plesset (51,52) and more
recently by Birkhoff, et al. (53). However, since their treatment was con-
cernad with vapor bubbles under conditions of temperature and pressure
quite different from those attained in bubble chambers, it is pertinent
to redo the analysls 4ia order to ascertaln which approximetions may be
used.

The solutlon found by Zwick and Plesset for the growth of a vapor
bubble is divided into three phases. The first and second concern the
growth when the radius is still comparable to the critical radius. They
consist of a "delay" period followed by a short interval of almost expo-
pential growth. These nead not concern us here, since in 8 bubble chanmber,
owing to the mechanisnm of formation (discussed later), there ié guite likely
to be an excess of heat in the vieinity of the bubble when 1t is formed,
making these first two phases quite short. When the bubble has reached a
radius large compared to the critical radius (still microscopic in a bubble

chamber) the growth goes over into an "asymptotic” form with which we will
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he concerned., The rate of grovth of the bubble under these conditions is
determined solely by the rate at which it can obtain heat. We will make
the same assumptions as did Zwick and Plesgset in thelr amalysis, aend then
check to see if they are justified.

The first assumption is that the rate of heat traunsfer to the
bubble is limitad by the thermel conductivity of the surrounding fluid, snd
ﬁhat most of the temperature drop in the fluild takes place in 2 layer sur-
rounding the bubble whose thickness is small compared to its radius. It is
further assumed that the vapor in the bubble is in thermal equilibrium with
the liguid at the wall of the bubble. Under these assumptlons we may de-
rive the equations of motion for the growth and collapse of the bubble.

Te following development is different from that used by Zwick and Plesset,
gince we wish to include the possibility of large changes in the exterual
pressures as well as large variations in the latent heat and density of
vapor in the bubble. (As is shown later, these things occur in a typical
bubble chamber cycle.)

If we imagine a surface surrounding the bubble an infinitesimal
distance outside the vapor-liquid interface, we may write a differential
energy equality:

-PAV - Hdt = d& (17-1-2)

where

14

pressure in bubble

1]

volume inside the surface

internal energy of bubble

x| =g g
82

-4

rate of heat flow out of the bubble.

HBowever,
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E=uwl, o, e, 4 (11-1-3)
u T internsl energy of the vapor per unlt wnnss
val = volume of the vapor and liguld, respectively

Oy = density of vapor
¢ 2z internzl energy of the Fluld per unit wmasse
A = density of liquid
and
af Tup vV, fV, pdu fuweo F gcdV, [V, dlc g) (IT-1-b)
There 18, however, o congtralnt imposed by the conservation of
mass luslde the imaginary wall, so we may say
s f 4V, = constant, and
PV 4 V2o P R, £V, a9 =0,
Thiz, in turn, leads to
v, = wpvavv//q, - vvﬁpv{/@ -V, @ﬂ,,ﬁq (11-1-5)
and
av = avy Fav, = [T - (o /e)] &V, - Vil -V,88/ g (11-1-6)
If we now equate the left side of equation II-1-2 with the right side of
squation II-1-4 and substitute egquations II-1-% and II1-1-6 for dVy and ¢V
respectively, ve have the required relation. If we also allow V,-» 0,
then the ilmaginary wall coincides with the reel vapor wall. Dividing by
d4t, then, we obiain

e ég - ¢~ (2/ 8 )] (d0,/dP) { o dufap
e ST e

(11-1-7)

_— ‘ i
PA - (p /gl # - clo,

The dot signifies differentistion with regpect to tilme. In the above, we
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@ &

. L]
have also used O = (dfﬁvj&?) P oand u = {du/dP) P.

b 41

his 1s permissible,
since the assumpbtion ¢f equilibrium between vapor and liguid allovs only
one thermodynamic degree of freedom, and both /I, Bnd u ore here considered
functions of pressure oaly.

To simplify eguation II-1-7, we may find the relationship betweaen
¢ and v in the Tollovwing wmamier. Now we consider the same situatlon as
sbove, except that H will be controlled in a %@y such as 10 keep the teun-
perature and thus also the pressure of the bubble constant. Under such
circumstances, the first term on the right vanishes, and we are left with,
in time dt,

av = a0/ {P/T - (0 /Q ) # (u-c)p}
where =40 iz now the healt added, However, by definition the latent heat
of vaporization L is the heat required to vaporize unii wass of the fluid.
Therefore L = (d@/,ovdv), which leads to

Lo, = P[T - (eo,/2)] f(u »'c)/ov (1I1-1-8)

I? we now solve for u and differentiate with respect to pressure,
we find

au/dp = aL/aP / (B/p B) (8 0,/aR) - (1/p,) # (1/ g ) #

ac/er - (¢/ %) (a g [aP) (12-1-9)
By nov using equation II-1-8, we find thet the numerator of the filrst terw
on the right of equatlon II-1-7 becomes /T - (¢/ 0 )/ (dpo,/aP) # p (aufdP).
By use of egquation II-1-9;, we may express the sbove as
W /i f o aLfer - L L o fe f odc/e - (0FR] 2 2) (a g fap)
= (a/ap) (1o,) -1 £ (o) 5) {1 F ac/ar - (85 ) (a Jap)}
If we employ the sbhove plus expression II-1-0 substituted into the denominse

tor of the terms in equation II-1-7, we find the expression for V is given by
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Vo= avé { ¢ -1 (i f pet - :»?,c;f//; 3”5 /@ - B/@ (11-1-10)
where P Q(p) = Lo, b s fgvif% , and the prime denotes differemtiation
with respect to pressure.

We must now relaste the pressure in the bubble to the hydrostatic
presgure in the fluld, the surface tension, and the effect of the inertis
of the surroundling liguld. The differential pressure ASPE reguired to ex-
pend a spherical bubble of radius R against an incompressible fluild of
density O is glven by (54)

APE//? = R £ (3/2) 2 (11-1-11)
where the dot again signifies differentistion with respect to time. 8ince
the pressure exerted by the surface temsion is Py = (20/R), ve may write

PPy = ,gm% # (3,9/2) R: £ {20 /R) (11-1-12)

where ?g is the hydrostatic pressure of the extermal fluld. As will be
shown later, over the region of Interest the terms on the right are quite
negligible, and P way then be set egual to Pﬁ.

The quantity H in equation IX-1-10 is more difficult to assess,
since it involves heat flov across an expanding (or collapsing) spherical
wall. However, Zwick and Plesset (5%5) have found an approximete solution
t¢ this problem under the assumption (to be checked later) that the teme

perature drop tekes place over a thin laysr surrounding the bubble. This

solution is
t
Rg(ﬂ@f?/a;{?f = R{x)
o
7 p
{ [ &) éy} 2

X

dx {I1-1-13)

T-Typ - Z§77:7%

where

D = thermal aiffusivity = &/ 2,
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K = thermal conductivity of liguid

c, = specific heat of liguid

T = temperature at wall of bDubble

7
‘oo

The term in the numerator of the Integrand ebove is related Lo the heat

= tewmperature at long distance from bubble.

flov out of the bubble since

2

- : K o

R® [or/az/, . /AR (T1-1-14)
Expresgion II-1-13 can be inverted by multiplying both sides through by

! LY
R*(t)at/ . l Rh(z)dgjé and integrating from o to t'. This leads to
[

1 v
3

-b'
T(e)RY(t)at - ]
9 )é' %{ o "rr
R daz/?
. [f (z)az]

where T(t) = Ty = T(t) and F{x) = ['BT/ 857? s R and D is considered a

‘i‘:
&) ?(x)R%(x)dx at

£ 2 L, Y
ff seag” | L R nar
o o 3

constant. An interchenge of the order of integretion transforms the ex-

preasion on the right to

2 (¢ [~ ’() at
%El F(X)RE(X) o 3;“ T N dx
j / [/ R¥(z2)az]? [/ R*(y)ay/?

O b4 t x

AL e [

wherein ve have employed the change of variables

9
j Rh(wiﬁw
X

g (t) = e -
\ " (w)aw
X
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Thus we have

—tf

”((1)R (t)at .y j[ﬁv o o
f/ R}*(z}dj e

Differentiation with respect to t' yields the result given below, in which
we have changed the symbols used for the varisbles and employed relation

I17-1-1h,

B(t) = -bx/Tr/ofF [ifat] R&(X-gz(x)dx T (11-1-15)
] { [ R (y)ay}a

It is convenlent to expand the integral on the right. If we
integrate by paris and take the time derivative explicitly, we have the

following, where we have combined equations II-1-15 and II1-1-10 and solved

for %,
Rz -RP [0 -1 4v(1 f Rct =P Rl /3¢ (11-1-16)
¢ RV T/ 4 [ e/ Ve - s §

where ’Es = Tlo); U= aT/ats s(t) = f/ Rk(y}dyg and we have substituted
o

vz uwRd/3; v 2 4TER R

The foregoing is the eguation which must be solved. For the
case which Zwick and Plesset counsidered, the hydrostatlc pressure was held
constant. If we can consider the terms on the right of equation II-1-12
negligible, then § = 0., In this case the tempersture at the wall is coun-
stant and has the value appropriate to an eguilibrium vapor pressure egual

to the extermal hydrostatic pressure. (This assumes, of course, that the
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hydrostatic pressure is lover than the vepor pressure of the fluld far rrom

the bubble, i.e., the liguid Is m@tasﬁabl@;) Also then (§ is constant and

e

T 2 0. Then eguation II-1-16 reduces to
= [ 5/ QVAY [T, /5 57 (11-1-17)

Tt cen be shown by substitubtion thet a selution which satisfies the above

i‘.:§s ]

equation end the initlal condition R =0 at t 0 ig R s s yielding

R = At 3 ond 5 = A*$3/3, By substitution, 1t is found that A =
(EK’Téfip)vr§7;;—. Therefore we have

= BT = T.14)/L2, T3/ of (11-1-18)
which is the asympbotic solution found by Zwick and Plesset in a differeunt
way.

2. VYalidity of Approximations

Now it is pertinent to check the validity of the assumptions
entering into the foregoing eﬁua%ions for typical bubble chomber condi-
tions. The simplest procedure is to assume that the approximations ave
valid, and then to use the resultant motion of the bubble wall to evaluate
the neglected terms. Since, in the cases we conslder, the bubbles grow
initially during a period of reasonsbly constanl pressure, the slmple exe
pression II-1-18 may be expected to apply et first, and we may use it to
estimate the effects of the approzimsitions during the initial growth period.

We first check the zssumption that the heated zone of fluld has
a thickness small compared Lo its radius, the condition which 1s necessary
for the validity of the Zwick-Plesset heat flow equation. This may ve done
by noting that the quantity"(§€ is & measure of the thickness of the heated
zone. Then the ratio VIt /R = VDL / AVE =VD/A is o measure of the

validity of the heat flov equation during the initial growth period, when
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equation 1I-1-18 applies, Table® 4 gives the values of quantities appro-
priate to propane for two different conditions of expanded pressure (the
two used in the mumericel calculations described later). In case I, the
ratio VD /A is 0.0278, vhile in case II it is 0.0824k. Certainly under the
initial growth conditions, the "thin thermal layer” approximation is well
encugh Jjustified. For the later phases of bubble growth and collapse
usingbthe full equation (described later), the longest time considered is
7T ms, In case 1, the bubble radius is then sbout 0.020 cm, while in case
II it is about 0.0078 cm. The ratic VDt /R in these, the worst cases,
is then 0,17 and O.4h4 respectively. Since these numbers, especially the
latter one, are not very small compared to unity, we may expect some
error to be introduced by‘th@ use of the approximste heat flov equation
during the later periods of growth and collapse. In fact, for case II,
the error may be significent, and it would be useful to have e more quan-
titative measure of it. Further discuesion of this point, however, is
deferred until later.

One may also check without difficulty the justification for
neglect of the inertial and surface tension effects given in equation
II-1-12. If we employ the asymptotic solution II1-1-18 with the values

taken from Table 4, we find for case I

# Many of the quantities in Table 4 can be found in standard refer-
ence books, dut some camnot and thus must be inferred from messurements on
- other hydrocarbons with the aid of the law of corresponding states. In
particulsr, 2 , ¢, and K are all functionsof temperature, but their de-
pendence is comparatively weak, and the exact value for K and ¢, is not
known, Therefore their temperature dependence has been ignored, and aver-
age values used. This should not affect our calculations by more than
about 10 to 20 percent.



Temp. of

Fluid

Zxpanded
Pregsure

Temp. of
Bubble
Wall

To

\{{

7

hﬂ

YL p,

2,92 = 107

-128-

TABLE &

Cagse I

4. 7%
62.8°C
% 1074 cal/enm sec®C
0.4 gn/cnd
0.0 cal/am
1.67 x 1073 en®/sec

8

cmd Jerg

il

i

1.47 cm/sec’

10.0 dynes/cm

Case IX

58,1%

120 psi

19.9°%¢

38.,2%

lox 107% calfen sec®C

O.h gmfemd

0.6 cal/em
1.67 x 1073 cmE/s@c
1.63 x 10-8 cmg/erg
1

0. k36 cm/sec?

7.42 dynes/cn
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Ri{,! (3,2 /2)%9 fec/rR=P P, = [gﬁ/ag { [Pa/avE]
= [8.108/4] { [13.6/VE].

In the cgs units used here, one atmosphere ls approximately 106 dynes/cmgy
go after only 10 microseconds the firast term is about 0.0l atm., while the
sacond term is ~~ G.005 atﬁ. Since we are interested here in growth periocds
of several milliseconds, it ie evident that the above is completely negli-
gible, and the equating of P to Py represents a very good approximation
over the region of interest. The situation for case II is an order of mag-
nitude better still because of the lower value of A and 0. For the later
period of growth and collapse, P - Pﬁ is negligible to an even better ap-
prozimation because of the much smaller values of % and é, snd larger R.

To check the final assumption, that of thermsl equilibriusm of
the vapor in the bubble, we must know the thermal conductivity of the vapor.
This is a difficult number fo obtain exactly, bul some rough approxzimations
can be made by considering the vapor an ideal gas and computing its thermel
conductivity from kinetic theory. The latter unfortunately requires a
rmowledge of the mean free path of wmolecules in the vapor, but this can
be estimated from data on other hydrocarbons (56). Therefore, if we use
an effective collision radius of T.h x 10“8 cm per molecule and a hest
capacity at constant volume of 15 R per mole, the slmple kinetlic theory (57)
predicts a thermal conductivity of 1.§&V75 by 102 ergs/cm sec®C, where T
is the mbsolute temperature. If we further use the ideal gas relation to
find the density ofwfhe vapor, we have the diffusivity D = K//OVCV =
10.27 T3/2/P. For two typicel values, we find at 5 atm, D = 0.922 X 1@’25

while et 10 atm, D = 0.527 x 102, Now one may define a thermal "reluxa-

tion time" qu for & spherical region ”ré = RE/hD, The maximus bubble



radius in csse I is sbout 0.041 cm (where the 5 atmosphere value for D is
appropriate), and for case II is 0.016 cm (where the 10 atmosphere value
for U is appropriste). This radius yields, for case I, ’(é = 46 ms, end
for case II, ’fé = 12 ms., Nelther of these two times, particularly the
fifﬁt, are sport compered to the periods of interest,; so 1t is evident

that the thermel equilibriuvm hypothesis is not valid Tor these cases.
However, 1t probably makes very little difference in the dynamics of the
bubble for the Pollowing reasons. In the Initial growth period, the hydro-
gtatic pressure 1g very nearly coustont, so the vapor evaporates into the
bubble at essentlelly constant temperature and pressure. Thus no thermal
gradients are crested in the vapor to begln with. During the later phases
of growth and collapse, however, the external pressure is changed (as the
chamber ig recompressed), and one might expect the poor thermal egquilibrium
to have s strong effect on the behavior of the bubble. However, for a
£luid such as propane, with many internal degrees of freedom per molecule,
this is probably not the case. It can be shown that for an ideal gag under
adiebatic conditions (the case of very poor thermal conductlvity), the de-
pendence of bubble radius upon pressure is H/RO = (PO/P)(1/3)(CV/¢p} where
cv/cp is the ratioc of specific heats at constant volume and pressure. For
propane this ratio is quite clogse to one, being around 0.9. Un the other
hand, 1f one consgiders the gas ia be in equilibrium with a thin layer of
fiuid on the walls, (and no heat/loss or zazin by the bubble) the relation-
ship becomes* (approximately) R/R, = (?6/9)1/3 - A log (PO/F) where A is &
svall constant < C.1. Therefore the funcltional dependence of radlus on pres-

sure is nob strikingly different whether or not there exists thermal equilibrium.

# The relations from which this approximate eguation was derived are
developed later.
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3. MNumerical Sclution of Bubble Growth Equation

Since the simple analytical solutlon represented by eguatlon
TI-1-18 is not valid when the external pressure changes, il cannot be used
For ealculating the later growth (and collapse) of bubbles in a typlcal
bubble chamber, and the complete equation II-1-10 must be employed. The
ecalculation has been carried out for two conditiocas of pressure assuming
propane as the sensitive fluld, since the required empirlcal parameters
ere xnown about this liguid. The procedure and results of these calcule-
tions are given In the following.

The conditions of pressure for the two cases calculated are
typical of the 12 inch chamber describved in Chapter I-3. The pressure is
assumed Lo behave like a cosine function with 8 period of 1k milliseconds,
and particles are Injected al the time of minimum pressure. The [irst case
considers the pressure to reach a minimum of 60 psi, and rise to LOO psi
in the half-period of 7 ms. The second case 1s identical sxcept that the
minimum pressure is taken ag 120 pel. Because of the complex nature of
the equations and the pressure dependent coefficlents of varlous lerms,
it is not possible to find a simple analytic solution to equatlon I1-1-15,
Iin addition, during wost of the period of growth and collapse, all terms
are found to be comparable end none can be neglected. Therefore & numeri-
cal solution must be emploved. However, approzimate analytic expressions

an be found for the coefficiente of the two terms on the right of equa-
tion IT-1-16, and it may be of some interest to display them here.

Let us first consider = L/C%, Frowm the Clausius-Claperyon
relationship (58), we may write, for a fluid in equilibrium with 1lts vapor,

ap/aT = LQ/ AVT (I1-1-19)
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where LO 315 the latent heat per mole and AV iz the change in volume per
mole of the substance upon vaporization. This may be rewritten in terms
of unlt mosses as

ap/at = L R/NL - [a/ 2 ])

or

@ = Loz /1 - {pvfeg ¢p/at (17-1-20)

Now $t happens that the equilibrium vapor pressure of o fluld may b

[
™)
ol
IS4
I~
&
pe

over a comparatively wide range with falr accuracy (59) by the simple function
vog [Bfe_J = ofT - (1./1)] (11-1-21)
where
a = fRp/(r, - 1)) Lea (B./?g)

and TB, P Tcy ?c are Ltwo known polnts. Actually, these points can be &8

B
widely separated as the boiling and critical points and still retain ac-
curacy of the order of 2 to 5% with most liguids. In our case, the empiri-
cal function was fitted more closely than this, as the polnts ?R and P,
were teken as 2 and 20 atmospheres, respectively.
Using equation II-1-21, we may now find
apfar = [a 4 1%(?(:/’?)72 P/al, (1i-1-22)
How 1f we subsiitute equation II-1-22 into equation II-1-20 and eliminate
T by aid of equation II-1-21, we find
@ = LA, = p/a 163(?6/?5 [t- (/va/f }] I1-1-23) :
Por lower pressure /5@{65 may be neglected compared to unlity. However,
for higher pressures (~~5 atmospheres) the error becomes significant and
the teram should be included. For our case /ﬁgéég was computed using
Van der Wasl's eguation.

The first term on the right of egquation II-1-16 may be similarly
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evaluated, although it is algebraically involved. Omitting the details,

wve write

L)
"

@' -14o (14 Qe -P,g'/g)
#(1 - b) - 2(1 - b) - PPab/aP / bBaT,/Pf?  (II-1-24)

where

Z a £ log (Py/F)

-4 /OV//?
BZ/fa-—aszeg =m7w@h§(m®mﬂ

]
£

o
{]

X = thermal cocefficlent of expansion of liquid under equilibrium
vapor presgure conditions.
For convenlence in the numerical solution of equation II-1-16,
it 1is advantageous to define nev dimensionless variables & = t/teg v =
S/Roato where te z 10~3 secy and Ro = 10‘2 cm. Written in the new vari-

ables, equation II-1-16 becomes

. . . 5
v E Xy 4 qf(v)slh [T’t;/v%) u;éf de/y‘v(f ) - v(x)/ (11-1-25) .

where X2 k»ér/s ¢; \V: Ax\/?a/cpﬂc\/'ﬁ‘ﬁ; G = ~aT/a; and the dot now
denotes differentiation with respect to ;’. The function \}fis plotted
in Fig., 22 as a function of pressure., The functions X and G are also
shown in Figs. 23 and 24, but for generality are plotted as P)C/é and
-Pd T/aP, respectively. They must be multiplied by (1/P) (dP/a ) (shown
in Fig. 25 for case II) to obtain >C and G.

Using the curves described above and the initial value for To?
the solution of equation II-1-25 18 straightforward but quite tediocus,
The principal difficulty lies with the last term, which is an integral

that must be evaluated at each step in the solution, or at least often
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Figure 22
The Function Y vs. Pressure for Propene
"‘/ is defined in the text.
Flgure 23
The Function PX/P vs. Pressure for Propane
To obtain X, this function must be multiplied by P/P = (dP/a¢ )/P.
Figure 24

The Function PAT/dP vs, Pressure for Propane
To obtain the funcition ¢ defined in the text, the above mist be

miltiplied vy B/P = (aP/a§ )/P.
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Fisgure 25
The Function P/P = (aP/d% )/P for Propane for Case II

Also shown is the asctual pressure vs. time function assumed for

the calculation of casse Il.

Tue analogous functions for case I are not shown.
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enough to make an extrapolation accurate. During the initial growth period,
until about 0.4 ms after the origin of the bubble, the analytic solution
given by expression I1I-1-18 is usable, but nmumerical solution must be em-
ployed afterwvard,

L, Results of Caleculations

The behavior of a bubble in the two cases caleulated iz shown in

o

rigs. 26 and 27. There are several Tectures vhich may be noted. The most

3

striking f£rom the standpoint of the use of & bubble chamber as s precision
instrument is the size and repidity of initial growth of ithe bubbles in
céée I. TIn order to obtain precise locations of tracks and to allow the
possibility of meaningful bubble counting, one would prefer bubbles as
small as C.1 to 0,2 mm dlameter. Those in case I resch & maximum size of
gbout O.4L mm radius - much too large for use. The maxismum radius in those
of case IT is somewhat better at C.16 mm, but is still perhaps larger than
one would like. The rapldity of grovth alsc mekes it Aifficult to uss an
early flash to obtain pictures when the bubbles are smaller, since the
time of growth is comparable to the particle injection time for most ac-
celerators., There seems to be little one can do about it. It would re-
guire a chamber with 2 much faster cycle than ours in order to prevent

the large bubbles in case I when the pressure 1s dropped so low, end ours
is sufficiently fast that troubles may already be encounterad with the
acoustical delay of pressure transmission. The solution is, of course,

to operate the chamber with much higher minimum pressures, which is, in
fact, the way most bubble chambers cperate. The reason for the phenomensl
rise in growth rate st lower pressures is easlly seen in the simple growth

equation II-1-18. The rate of change of vapor pressure with temperature



Figuve 20
Bubble CGrowth in Propane, Casse I

Ambient temperature sgsumed for this caleulation is 58.1%,
The pressure in the chaumber is assumed to obey the function
P ={230 - 170 cos wtf(psi), t in seconds and @ 2 hhg

{(Minimum pressure = 50 psi).
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Fgure 27

Bubble CGrowth Iin Propans, Case II
Ambient temperature 53.1°C.
Pressure in the chamber assumed to obey
P %{260 - 140 cos w’c},t in seccﬁdss; w = 49,

{Minimum pressure = 120 psi)
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hecomes quite small at lower pressures as can be seen by =guation II-1-19.
In this relation Lo iz almost constant, while AV is essentially the volume
per mole of the vapor, and is (roughly) inversely proportional to the pres-
sure. Therefore as we lower the hydrostatic pressure of the fluid; the
temperature of the bubble wall drops with increasing rapidity, making the
numerator of expression I1I1-1-18 large. In addition, the denomimabor cone
tains the term L/Ov' Since we can consider L almost constant, we see that
this term varies like /OV, vwhich is approximately proportiomal to pressure.
One then expects A to vary like 1/Pﬁg. What this is saying physically is
that the tempersture gradient‘across the thin thermal barrier is larger,
increasing the heat flow, and the bubble is less demse, requiring less

heat per unit volume in order to grow. Por illustration, the initisl
growth coefficient A is plotted in Fig. 28. The very sharp dependence on
expanded pressure ls evident here.

Another feature Lo be noticed is that there is e comparatively
long period vhen the bubble has 2 guite constant radius. This indicates
that flash timing is not at all criticel with respect to obtaining uniform
sized bubbles. It is also to be remarked that in both case the bubble
begins to collapse well before the pressure has risen to the vapor pressure
of the fluid far from the bubble. This effect is caused by the combined
action of the pressure rise itself plus the fact that the bubble iz sure
rounded by a layer of cold liguid which 1i produced in expanding. The
latter acts as a heat sink for s short period during the collapse.

A further significant fact is that, ia both cases, a residual
bubble exists even after the pressure has risen to 400 psi, 100 psi in

excess of the vapor pressure. Just vhen the actuasl collapse of the bubble

would occur is not clear, and it does not pay to continue the caleculation



Figure 28

Initial Growth Coefficient for Bubbles in Propans
B

v8. Bxpanded Pressure

Amblent temperature assumsd to be 58.1°C. The coefficient plotted
2 .
iz the function 4 defined in btext, such thet R 2 AL2] R is radius of

bubble in cm and ¢ is time in sec.
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hased upon equation II-1-25 for two reasons. U(ne is that the approximate
heat flow equation, as mentioned earlier, almost surely begins to be sig-
nificantly in error. A rough estimate of the nature of the error cau be
found in the following way. We note that during the latter portion of the ;
pericd of calculation of casés I and II, the rate of change in the bubhle
radive is small. If we consider the radius comstant, we can solve the heat
flow equation exactly, since then the nonlinear terms arising from the fluild
motion are not present. The solution is straightforward and the derlvation
not presented here, but the result is that, for s bubble of unchanging
radius R, the heat flow as we have defined it is given by

B = ATERT(L) - b v‘%’?@‘f,{é/ag/'%ﬁr(x)@x/\/ﬁ?
This is to be compared with the hest flow equ&tgenlllwlnlﬁ. We note that
if B is considered constant in equation II-1-15, the result agrees exsctly
with the foregoing except for the first term on the right of the sbove,
LTERT. The latter is Just the steady state solution for U & coustant and
t—e 00, Therefore we may expect that the term YTMKRT is 2 rough measure of
"curvature” error in the Zwick-Plesset solution for our case (although
there is no reason to believe that it represents an accurate correction).
It should be noted that the above "correcticn” varies azs R vhereas the rest
of the solution variles as Rgp 80 we expect the error to incresse near the
end of the cycle, as the bubble radius decreases. Also the sign of the term
is such as to incresse the rate of heat flow out of the bubble,; and there-
fore to speed its collapse., The term L TEKRT eveluated for the calculated
cages indicates an error in the rate of heat flow at the end of the perled
of caelculation of sbout 10% in case I and sbout 0% in case II.

Ancther source of error which ls much more dlfficult tu estimate

but which could be quite large is the physical rise of the bubble, bringing



it in contact with liguld cooler than its walls. At the end of the period
of calculation (7 ms), the bubble has already risen about 0.43 mm, whicl
iz larger than the dlameter of the heated zons.

It is to be noted that both of the above errors are of such o
nature as to speed the bubble collapse, and they may have a large effect,
Thus the foregoing calculations set an upper limit to the size of the
residual bubble, aud It 1s conceivable that the actusl bubble collapse may
occur guite rapldly after or near the end of the periocd of caleulation.

A useful result of the calculations is an estimate of the ir-
raversible thermodynamic losses in the ewxpansion-recompression cycle. By
integrating PAV over the entire cycle, one wey determine the net cnergy
loss per bubble., TFor case I, this nuwber turms out to be 3.137 x 103 ergs/
bubble, while in case II it is 1.62 x 102 @fg@fbubbla, If one aspunes an
average of sbout 1000 bubbles per track (about 30 cm long) and an average
of 100 tracks per plcture, thils yields 1@5 bubbles per expansioun. Such
nuzgbers indicate an energy loss of 31,37 Joules for case I while only 1.62
Joules for cuse II. The first number is 8 significant loss, since the
total energy storage in v chewmber is of the order of 700 Joules, while

the latter number is essentially negligible.

C. Ths Bubble Mucleation Process

1. ZElements of the Problem

The purpose of the remainder of thiz chapter is to investigate
in some detall the various proposed mechanisms for the formation of micro-
scopic bubble nucleii and their growth Lo critical size. These mechanisms
(including some attempts of our own) are examined in the light of aveilable

experirfental data and some celculated and empirical varamsters of the relevant
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liguids.

It is probably safe to state that none of the theories are free
from serious objection, although each may be said to help in some way to
understar d the process of bubble nucleation. To make matiers worse, no
really definltive experimental date are at hand, even though some experi-
mente have been performed. The difflceulty 1s that ia order to fit 2 glven
model to experimental data, one wusl know several parameters fairly accur-
ately, and, preferably, for a number of ligquids of different properties.
These parameters are the conditions of expanded pressure and temperature,
and the number of bubbles per centimaster for particles of known momentum.®
It must be stressed that the latter nusber usually cannot be cbtained by a
simple counting of bubbles per unit length of track. To illustrate this
point, we assume that the probability per unit distance for forming z bubble
by & particle of & certain energy is given by (l/xn)¢ Then the spaclng
between adjacent bubbles is distributed according to the probability function

| P{x) = (1/30)@“xix@
where P(x) dx gives the probability that two adjacent bubbles will be sep-
arated & distance between x and x f dz. How the parameter %, 18 the quan-
tity which we wish to know. If the bubbles are of infinitesimal size, the

average number of bubbles per unit length which would be counted would be

given by n, vhere

. @®
n - l/,/’ xP(x)dx 3 1fz,,
0
as we would expect. However, the bubbles are not of infinitesimal size,

and generally have a diameter which is a significant fraction of x5. OUne

# As is discussed later, the bubble density for fast electrons or
positrons 1s probably adequate for most purposes.



can cbtaln an estlmate of the effect upon lhe apparent bubble density by
assuming thet tvo bubbles alwaeys coalesce 1f thelr dlameter, a, excesds

Then an approximation to the observed nuumber of bubbles

I
s

their spaclag x

e
®

ver unlt length n, would merely be

@
n, ® j[ P{x)ax/ // P(xjdx = 1/(xy # a)
or 0
1/xg = mc/(l - aaG} (11-1-20)

Howsver, in an gctual experiment the uncertaintises as to bubble sizes plus
significant enlargement of the bubble lmages due to finite opticel reszolu-
tion wake a rough correction such as given above (or even a more accuraie
correction) insufficient. A better though more tedious procedure is to
measure the actual distribution of bubble gpacings and to take the logarith-
nic slope of the resulting function in the region of large spacings. Such
a procedure with reascnable statistics will give an accurate messure of the
parameter xg, while simple bubble counting cannot, ia general, be trusted.

However, such experimental results as do exist 'end to favor st
least one distinct feature of the bubble forming mechanism. It seems
highly probable that most bubbles in e typleal case are formed by compara-
tively energetic "knoci-on” electrons, ( s ~-rays) with energies around
1 Xev or greater. Two experiments (50,0l) have indicated that the denaity
of bubbles in 2 particle track is proportional to l/g?ﬁ, vhere & = v/c,
the ratio of particle veloeity to that of light, independsent of the mass
of the particle. This iz the dependence which would be expected, as SéﬁWﬁ
below, 1f the bubbles were formed by S -rays of an energy greater than g
certaln threshold value. These results, of course, are not in themselves

conclusive, =2 this dependence i also that of, say, displaced nucleii.
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Untll further dats is cobtained, one also caunot rule out entirely the
possibility that the bubble demsity functlon may be close to that of the
relative lonization of the particles. Over a sensibly large range for
slower particles this latter function d%5/dx does not deviete encugh from
14792 to exclude 1t completely in the 1light of present data;, although the
£it iz not es good as for a strict 1/}?2 dependence {Al). There are, hou-
ever, other reasons why one is inclined to accept the & -roy hypothesis,
and these reasons are convincingly presented by Seitz (50). Here we will
note, as 1s shown later, that if one assumes the 6~%ﬁy~m&chanism and cale
culates the winimum 5 «pay energy on the basis of the experimentally obe
served bubble densities, one finds thst the range of the & -ray iz com-
parable to the dlemeter of the critical sized bubble (defined earlier),
Thus we see that a § -ray ls capable of concentrating its energy in a
sufficiently swall reglon. In fact, it 1s 4ifficult to visuallze any other
process which is able to localize ensugh energy to c¢reate a bubble of
eritical radius with sufficiently high probability to produce the cbserved
denaities,

Although the § -ray mechanism must be considered as only highly
pr@%abl& rather then as proven fact, we will none the less heresfter assune
its validity. Under this sssumption, we wmay predict -he relative bubble
density for particles of different energies under constant operating con-
ditions of the chamber. For production of & -rays of energy belwean Sé
and EE’ the total cross section 0, per electron (for "free" electrons)
is given by (62) |

Ue = £§1fe&262/m032ﬁ3§7 ZTE/EE) - (1/@917

vhere we have neglected spin terms (vhich are smsll over the range of



interest) and the atomic binding energiles. Here

2e 5 charge of incident particle
m, = mass of the electron

e = charge of electron

¢ = veloclity of 1isht

A

If ve assume that a bubble is produced by each §-ray with energy greater

v/e; v s velocity of incident particle.

than £,, we may assume thal En>> 5., since the experimentally observed
value of Ql is in the range of 1 Kev, and the energy EQ mugt be very much
greater than this in a typical bubble chamber liquid before the range of
the S-ray is sufficient for the cbserver to identify it as = distinct
track. Thus we may say, to a good approximation, that the cross section
for producing a bubble per electron in the bubble chamber fluid (assuming
Z, 5 1) is

0e ® [Pretfa,cP ] [ifa ] (11-1-27)
Hote that the only parameter relating to the incident particle is contzined
in the term 1/}?2. Hence the number of bubbles per unit length should be
inversely proportional to the sguare of the velocity of the particle.
However, & rather striking enomaly eppears when numbers are inserted into
eguation 11-1-27 to find the threshold <§@ray energy from the cbsarved
bubble densities. The numbers one obbains for ﬁl are an order of magnitude
larger then the energy one estimates is required to form & bubble. To il-
lustrate, let us calculate Lhe energsy expended in forming a bubble of
critical radius Re in a reversible, adilabatic way. That is, ve agsume
that the bubble is formed with sufficlent rapidity that it can obtain no

heat from 1ts surroundings, and all energy must come from that deposited
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by the particle. In analogy with equation II-1-2, we may write an energy
equality for the work required as
Wi VR FE Ry K1 p)
vhere u and ¢ are the Internal energles of vapor and liguid as defined Ffor
equation II-1-3, ¥, is the volume of the bubble of critical radius and PE
the hydrostatic pressure in the external fluid, éEs is the energy due to
[
surfnce tenslon, and is pglven by f?s = &TTRGQCF; where T is the surface
tension. We may £ind the value of fu - g7/4% by use of equation II-1-5,
80 we have
{ ) 7 \ o
W o= - P /1~ s v 4 LR
LR By = B - (R R ) §¥ R
where Pv is the vapor pressure of the fluid (et the ambient tempersture).

o

if we substitute V, = &TTRCB/B and RQ = E?Ch/(Pv - Pﬁ)g the above becomes,
vhere b = /C%{f§ )

bR, L (R/YE 2, £ (3 - 0)(Ry - )T £ o (11-1-28)
[T a3 (e, - P27 23, - Pel/ L, - (B, - B - )] / 1]

The gquantities L/Qv and/ég appearing in the above eguation can be calculated

8t

W

it

in a wanner similar to that dlscussed in the bubble growth problem conside
ered previously. In order to evaluate this expression, however, we require
nurbers taken from experiments.

2. Expesrimental Data

Teble § represents a compllation of date extracted from the 1it-
erature. Since many of the nuwbers contained in the table are subject to
great error; a word muat be seid zbout them. Those contelned in group 1
are from Nagle, Hildebrand, and Plano ((G3). The authors glve here only a
rough count of the bubble density for relativistic particles, but siate

the approximate bubble diameter. Thus the number u is thelr anuvher
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number of bubbles per c¢nm.
operating temperature

vapor pressure of liquid
expanded pressure of chamber
surface tension

critical bubble radius

latent heat per unit msas
density of vapor

density of liguid

work required to create hubble
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mltiplied by the approzimete correctlon given by equation II-1-25. Also
not glven is the value of ihe expanded pressure PE. The number included
here is that estimated (close %o 1 atn.) from the fact that this chamber
was a "clean" glass chamber, with & very loag (-l sec.) sensitive time.
The values in group 2 are from Willils, Fowler, and Rehm (61). Here the
authors used an accurate bubble counting technique,; but do not state the
expanded chamber pressure. The number adopted for PE is based upon the
obgservation that most of the propane chasbers of the type used by the au-
thors expand 1o a final pressure belileved 1o be in the vicinity of ﬁ ?v'
Those numbers in group 3 are taken from Bassi, et al. (64}, in vhich the
axpanded pressure was belleved to be known., However, o simple bubble
counting technique was employed and the bubble dlameter (which is stated)
was fairly large. Thus the correction given by equation II-1-20 is used

in obtaining the number n. The values contained in group 4 are taken from
Blinov, et el. {60). 1In this experiment the expanded pressure is said to
have been accurately kuown. In addition, the authors used a correct bubble
counting technigue. However, the liguild employved is stated to have been
propane, but the number guoted for the vapor pressure of the liguid (30 atm)
at the stated operating Lemperature (64°C) differs from that of gﬁr@ BTG
pane (23.7 atm) by about 32%. In deriving ‘he numbers given in Table 5,

we have assumed that the gquoted operating tewmperature is incorrect, and
should be ??.366, aince the context of the paper makes it clesr thait the
figure of 30 stm is correct. Anovther pospibility is that the liguid actu-
ally used was seversly countaminated with 2 lower paraffin such as ethane.

in such a case, we can only hope that, in view of the law of corresponding

states between normal paraffins, the mambers used hereln would still retain



some vslidity. Oroup 5 contains data from Pless and Plano (55). The chan-
ber used here was z negative pressure chagber, and represents something of
an extreme operating condition. Therefore 1t should present an interesting
comparison with the other data. Unfortunately the authors quote no bubble
density Tigures so the number u is g rough estimate based upon some of the
pictures shown. The [inal group of numbers iz taken from our work with the
small WFg chamber. The bubble density ls approximate only, and the expanded
pressure Pﬁ iz very uncertain, since this chamber suffered from acute boil-
ing. It is possible that the actual value of ?ﬁ wag very much higher then
thaet given in Table 5.

In spite of the various uncertainties in values listed, it is
evident that the guantity W is smaller then the minimum S-vay anergy vy
an order of wmagnitude or greater. This striking discrepancy ls the subject
of the discussion which follows.

3. Behavior of Stopplag <§«yaya

Bince we are here asauning that bubbles are created by stopping
§ -ray electrons, it 1s pertinent to consider briefly the behavicr of these
particles, Extensive experimental studlies have been conducted upon the
range of low energy electrons in aluminum snd some work hes heen done in a
cloud chamber {GG) on the behavior of these particles in the energy range
of 15 Kev., One expects for electrons of this low energy that multiple
Coulowb secattering and statistical energy streggling would be very impor-
tant, and such is found to be the case. For 15 Hev electrons, the average
renge 1s Pound 1o be about ; the average peth length. Iven at this eNErEY,
the standard deviation in the path length itself dus to statisiical fluctua-

tions in the energy loss process smounts to sbout = 20%, Multiple
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seattering, which should he even more ismportont Por lover ensrgy electrons,
has such an additional effect that the actunl ranges of the alectrons are
almost uniformly distributed with 2 3 to 1 variation. Katz and Penfold (&7)
heve made a corpllation of the experimental data on ranges of electrons
versus energy in aluminum, snd have fitted the regults with sn empiriecal
reletion which works well down to the loveat measured energies (10 Kev).
"Pange” as used here iz called the "extrapolated“range, and is, approxie
mately, the thickness of material beyond which only a few (-~ 10) percent
of the electrons of a given incldent evergy will penetrate., To the scourscy
we reguire, we may take it as the wmaxlmum range of the electrons, while
remembering that most electrons of the same energy have shorter ranges than
this. Since the actusl motion of the stopplng electrons ls exceedingly
complicated, the "renge” can be dut a senmi-guantitative neasure at ‘he very
best. Thus we have slmply continued the euplrical relation of Katz and
Penfold to lower energies (~~ L Xv), even though there iz no obvious thesc-
retical Jjustificstion for doing so. Employing this relation adapled to
propene and hydrogen, we then find the {maximun) range of a 2 Kev electron
in propane to be mbout 8 x 1@‘5 cm, and that of a 400 ev electron in hydro-
gen to be avound 0.7 x 1®“§ cm. Ag éan‘b@ seen from Table 5, these nunbers
are cowperable with the value of £ ﬁ Considering that the above sre sx-
sentially the meximum valuss of the range of the <§wf&“, it seews safe to
conclude that the mejority of <§»fay§ of these energles deposlt most of
thelr energy within 2 sphere comporable in size to that of the criticel
bubble. This energy 1, =25 has been stated, many timss that which is adie
gbaticelly required, s0 the guestion we might ask is why the bubble forma-

tio is s0 inefficlent.
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4, Proposed Mechanisms and Calculation of Ligquid Parameters

There have been several attempts by various investigators to
analyse the underlying mwechanism. The viewpoints have been (recently)
essentially two. One (45-49) holds that vacancies of criticel radius are
formed by the ions created during the passage of the charged particle (in
particular by the stopping S-ray). In this mechanism the energy for the
formation of a cavity comes from the expansion of the cluster of ions.

The other proposal, made by Seitz (50), assumes that the bubble is formed
by the explosion of a strictly thermal "spike" left by the K-ray, and
that the energy discrepancy is explained through the inclusion of dynamical
factors into the growth process. That is, the bubble formation must be
accomplished before the thermsl spike is dissipated into the surrounding
fluid, and this time proves to be so short that the bubble must be formed
in & highly inefficient, irreversible mammner. We have investigated gquan-
titatively an alternntivs mechanism involving the temporery "storage" of
the energy in non-thermal procesgses, and these results are given below.

In attempting to evaluate the validity of these mechanisms, ve
will find it necessary to have available some estimates of parameters such
as the liquid viscosity, diffusivity and mobility of ions in the liquid.
Probably, in attempting to explain the mechanism of bubble formation, one
would do vwell to confine attention to the simpler, more elementary liquids
such as Hy or He. However, considerably more data with respect to bubble
density is availeble on hydrocarbons, go the following discussion is re-
stricted to then,

The ligquid state is, in general, the most complicated of the

states of matter, and as yet only a little progress has been made in treating



its equatlon of state from e theoretlcal stendpoint. However, there exist
both empirical relatlons and sewl-theoretical ones relating to such prope
erties as viscoslty. One sach relation, of a purely empiricel nature, is
the approximste equation first proposed by Batehinski (68)
7 ® Af{v - b) (11-1-29)

whare ?( % vigeosity, v 8 1/ﬁ? = volume per unlt mess of liguid, and A
and b are ewplrlical nuabers nearly independent of tempersture and pressure,
It turns out that b is comparable to the "wolecular volums” constant in
Van der Weals equation, so v « b represeuts, approximstely, the "free®
volume of the liguid. Bul regardless of physical meanings attached to
this relatlon, we may regerd it as o two parameler equation, to be Ffitied
empirically. Fortunately some data exists in the literature (69) on the
viscositles of various paraffins at lower temperabures. From this informs-
tion, plus the known dependence of density om temperature and pressure, we
are able to estimeste ’Z at the bubble chamber operating conditions. Al-
ternatively, we may employ a relation proposed by Frenkel (70), among others,
on theoretical grounds, which seems to £it experimental data fairly well.
This relation isg

7 = G/ 83T (11-1-30)
vhere k = Boltzman's constant, <5 = mean distance between adjacent wolecules,
”C5 = vibration pericd of a wmolecule and E = activation energy per molecule,
Fow E may be expected to decrease as the "free volume” of the liquid in-
creases, 80 to sccount for this we may expend E into powers of the teme
perature and pressure, as & = Ey - alT 4 a2? { higher terms. If we retain
only the lineer terms, and collect the constants, we find

;Z == [ 2/v]exg/TC,/2) # (cop/T)] (r1-2-31)



vwhere we have set 513 = (Counst. }{v), where v is the specific volume of the

fluid, and €4, €., and 33 may be consldered g empirical comgtants. This
a e

aguation may also be fitted to the known lovwer temperature data, and a

numbeyr for 7? at higher temperatures found. The above two relations give

ot

quite comparable answers, equation I1-1-31 giviang a numbsr ebout 305 higher
than equation II-1-29. We have, somewhat arbitrarily, chosen o number be-
tween these two, and in the subsequent discussion, will assune the nurber

] = 0,08 cp for propene at 55.5°C and pentane at 155°C.

The computatlion of the mobility end diffusion coefficients is
somevhat more dublous. In the discussion which follows, sn atlempt is made
to estimate the order of wegnitude of such gquantities ss the woblility of
iong snd thelr recombinatlion coefficlents. Because of the slwost complete
lack of experiments bearing upon the wmobilitles of leons dn liguids, particu-
larly in such conditions of high temperatures and pressures as those an-
countered in bubble chambers, the numbers ohiained hers must be cousldered
as semi-guantitative guess=2s. Some theoretical szpressions ore employed,
but there appears to be no dats which can either refute or substantiate
then in the case of ligulds.

For the case of en ideal gms, it is well known (57) that the
diffusion coefficient Dy is related to the viscoslty Q?g epproximately as

1+ Ao, 130

where /9¥ ig the density of the ges. Both for ligulds and goses; we sssuse
the relation due to Einstein,
g = Dy /KT (II-1-328)

wh@r@ly ig the mobllity of a molecule, defined as the drilft velocity under



the influence of unlt force.® The coubination of the above two equations

leads to

p= /P (11-1-33)

FN) -

or that the mobility is proporitlonal to the viscosilty. However; for liguids
at temperatures and pressures not too high, Frenkel (70) susgesis

P 1/né (TE-1-34)
where & is the mean distance between adjacent molecules., Fouation II-1-34,
of course, gives the opposite dependence 0&_} on 7 Both expressions mey
be spproximately valld in the proper region, but difficulty is wet In the
application of either of them to the liguids {(near the critical point) used
in bubble chawbers which are almost "gas-like.” For propens at 55.59C,
equation IT-l-3k yielﬁa‘ﬁ z 2,2 x 1620 sec/ga, vhile expression II-1-33
gives’y g Ll oy 1&16 sec/gn. One can, however, estimate the value @f.y in
8 different way. One wmay assume that the fluid acts as a highly compressed
gan, and calculate B directly from the gas expression (71)

p 3V A/3uT (11-1-35)

vhere v is the arithmetic mean thermal molecular velocity, and D is the

o

mean free path. If we take .ﬁ = 5 s @ind v B VBT /T where um is the

mass of & molecule, we find, for propane, v = 3.97 % z@“ cm/sec, A =
e I - - , :
S = 5,68 % 1070 em, ¥F = 4,53 x 10 iaﬁ and pe 1.66 % 1030 sec/gn. The

numbers obtained above for wmobility are sll quite comparoble, end since
o ]

the validity of the following arguments depends to somg extent on z large

# HNote that this definition of mobility is not the same as that cone
vanticnally employed for lonic mobility in gases. The latter is defined as
)i /B where vy 18 the drift velocity under the iunfluence of an @lmct?ac

%el& %, Since, in addition, B is usually expressed in prectical volts per
cm and vy in cm/sec, our definition differs from the conventional one by the
charge on the i@n and some mamerical factors for conversion of units. Hu-
merically, P 7 = 2 1.6 z 10“3fy, vwhere we have agsumed unit charge per ioa.
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value f@r‘P, we shall sssume & nusber which iz & lower

vious calculations. Hence we will em@1®§ P ~ 1010 sec/am, yielding
Dg~ 0.8 x 10=3 c@g/SQC for the following “order of magnitude” calculae

tions. WNote that D, is within a factor of & of D, the thermal diffusivity,

given in Table 4.

S« Charge Cluster Theories

Wow we are 1n a position to investigate the probable validity of
soms of the bubble formaitlon models which have been proposed. One simple
model was that Cirst proposed by Glaser (72). In this hypothesis, the
eritical vadiug of the bubble 1z to be modified by the action of chorges
"lodged" in the walls of the bubble, and is not that given by equation II-l-1,
It iz clear thalt & single charge in the center of a bubble will ténﬁ ondy to
collapse 1%, for the dielectric comstant of the liguld is greater than that
of the vapor. However, if one allows the existence of o nuwber of like
charges on the walls of the bubble {or an excess of one sign, vhich is
equivalent), one can show that the resultant condition for a steble bubble
of radius of R, is modified. The electrical "pressure” P, on the walls of

the bubble iz given by {electrostatic cgs units)

P, = MW - 1)@24/@176?&@2& 17-2-35)
vhere ¥ = nusber of excess charges of like sign, € 2 relative dislectric
constant of liguid, and we have assuned we may treat the charges as thoush
gpread out uniformly over the walls of the bubble (except for removal of
the "self-action” by the term H-1l). Then we may define a stable bubble of
radius R, as that for which the differential pressure across the walls is
zero, or P, £ P =B/ P, whers the subscripts v, o, end E stand for

vapor, surface tension, and hydrostatic, respectively. If we nov employ
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the expression Py = ch/EO, and combine with equation II-1-36, we obtain
(N - 1)e2/3we R} - (20/Ry) £ (B, - P.) = 0 (11-1-37)
The above equation has two real solutlons for certain values of the con-
atants., We wish the solution for minimum ¥, such that ihe guantity on the
left is positive for R> R, (that is, the bubble will expand freely for
R:?Rc). This solution is that for which the derivative with respect to R,
of the expression on the left is also zero. Omitting the slgebraic details,
we find
R, = 30/2(Py ~ Py) (11-1-33)
and
WK - 1) = bmeR 0 /e = o7 e gt fee? (P, - Pp)3  (TI-1-39
Bmploying these relations for a typical case in propane (group 2, Table 5)
we Tind R, = 5.91 x 10~ Tem; B - 1) 2 62,3, N==8.4, This theory is, then,
a "static” model, in which the bubble is assumed to be created by the me-
chanical work done in the expansion of the charged sphere. However, there
are several serious difficulties with this model. ZFEven if we are allowed
to assume the comparatively improbable distribution of lons described above,
we wust ensure that they remein near the bubble wall., Obviously the latter
must expand at least as rapidly as the lons would disperse away from the
center of the bubble under the influence of thelr electric Field, or else
one could not expect them to stay "lodged"” in the wall of the bubble.
Suppose we consider this charged sphere 1o be immersed in the ligquid; and
let wz compute the time required for the ions to move from the center of
the bubble to s distance R. The velocity of an lon is given by FP’ where
F is the force applied, p is the mobility, snd ¥ = (N - Je¥/2€R®, Thea

r
the time required is t s ,// dR/ﬁy = 262&3/3F(ﬁ «‘l)ee. 17 we now put in
o



P
«1l0DHw

, - ‘ =12 .
the number computed for y and set R = By, we find t =& x 10 12 see.  Such

an extremely short time implies an average wall velocity of ~ 0.9 x 105 cun/sec,
about twilce the velocity of sound in propene.# A wall expansion velocity

of this magnitude would certainly require very large energiles (vprobably con-
gilderably greater then that contained in s gS*F&y), and would clearly ellow

no time for the cavity to £1ll with vapor in the "static" model. Further-
more, ve may wake another calculation vhich casts additional doubt upon any
such charge cluster model. We sssume the recombination coefficient ,CE of

the ions produced is given (71) approximately by O = hTTag(P*'gdp" ),

where the plus and wminus signs refer to positive and nepative ions, respec-
tively. If we sssume that Pf 2 FT 2 p, we have . = SﬁTe?gf«10,5 x 107

for propane. To calculate the recowbination time, we estimate the total

number of ion pairs produced by a 1200 ev <§~ray as ~ 1200 ev/(30 ev/ion

pair} = KO ion pairs. We assume they are distributed uniformly through a
spherical volume of dismeter roughly egual to the range of the é;-ray, about
2=z 106 cm. This yields & number of ion pairs per unit volume n;A/Ralg
ions/em3. The recombination rate dn/dt is then given by/;%ng z 0.5 x 103%,
The helf-life of the lons is given by 7, = 1/ Omns=2 x 10712 gee, even
shorter than the dispersion time calculated before. OFf course, the above
number could be in errvor for several reasons other than the rough estimste

used for the mobility. If there Is no electron attechment or meny of the

positive ions are free protons rather than charged propene molecules,

% 8ince the councept of mobility depends on the assumption that the
drift velocity is smsll compared to the thermel velocity, it is clear that
here our use of 8 constent wmobility 1s not justified., The same comment
probably applies to the ioun recombination caslculation mede later. However,
since this is intended to be an order of megnltude estimacte, and for lack
of a better criterion, we will ignore the dependence of mobility upon vel-
ocity. Our estimete for wobllity is probsbly too crude to Jjustify counsld-
eration of fine points.
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mobllities will be higher than estimcted above, ané recosbination times
subsequently shorter.® However, if there exists a "clustering” of neutra]
atows about an lon as Is evidenced in some gas ionization processes (713,
the mobilitiss will be lower than calcoulated 2nd recombination will take
longer. On the other hand, we have made the sbove calculation assuming
that the ions were uniformly distributed over a fairly large volume relher
than concentrated more closely along the path of the ‘Smray as is probably
more nearly true. Therefore it is possible that recombinstion will occur
in times comparable to the above even in the case of clustering and elece
tron attachment. At any rate, it appears reasounable to conclude that any
ionic charge distribution created by a stopping <§wr3y will be "thermelized®
by dispersion or by reccwbination in times within an order of megnibude of
lﬁ”lﬁ sec. Thers are more detailed theories of bubble formetion based upon
the charge cluster model (45-k9), but we believe that in view of the sbove
conclusion, any such mechanisms are of doubtful validity, and we shall not
coneider them further.

6., Thermal Spike Theory

We are thue led to the viewpoint proposed by Seitz, in that most
of the energy of the 5'~ray appears essentlslly immedistely in the form of
heet along the path of the stopplng particle. An analysis is wade by Seitz
(50) following this reasoning, to attempt to determine the requirvements
upon the rate of expansion of the bubble and the energy required in the

rocess. oince the detalls of this investigation are coarefully described
P , & 5

# (alculations made by Semuel and Magee (73) indicate thet in the
passage of charged particles through water, ionlec recombinetion takes place
in times of the order of 10-13 sec because of electron mobility. Remain.
ing ere H and OH (uncharged) vadicals, which recombine in times of ithe
order of 10-7 sec (7).
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in his paper, we wish here only to repeat some of the wore pertinent argu-
weants and some of the resulis. Seliz has analysed both the hydrogen and
propana ceses, bub here we confine our silentlon, as before, to the hydro-
carbons,

One of the crucial factors is the time reguired for the Tluid to
dissipate a thermal “spike” left by the S-rey. The relaxation time for a
point heat source over a sphere of radlus Rc is given by

t, ® ﬁcz/%ﬂ (11-1-40)

and Seitz takes this as the time in which @ bubble wust grov to the criticel
radius R, 1f the necessary thermal energy is not to be lost by conduction,
Using the numbers in group 1 of Teble 5, we find t,. = 0.93 x 10730 gee.
Using the critericn that the bubble walls must expand from the initial
spike to radius R, in time téy Seitz then derives an egustion of motion
for the bubble walls, using the spproximation of incompressible fiuid flow.
Ho assumes the initial thermal energy is contelned in a sphere of volume
equal to 2R (roughly the range of the Seray) times the mean molecular
aren, and agsumes the pressure of the vapor it contains iz proporticnal
to the energy conbtent per unit voluwe, in the manner of a perfect gas.
Sinece one would expect the expanding sphere of gas to do a large amount
of work against the inertla of the fluld arpund 1t, he finds it possible
to use the adiabatic pressure law py" = ?@V;— , whare Y = c?fcvg the
ratio of specilic heats at constant pressure and volume, respectively.
He thus also neglects the conductive heat losses oul of the expanding

sphere, Using these szsumptions, Seltz finds, for propane, the following

approximate expressions for the energy of the thermsl spike Ey.

2, 2 0(3 2 /2) [B3 v £ 277 (Bfe )P (R/R )3Ty (rrna)
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where V. = &ﬂTR03/3 2 volume of critical bubble; Vo = volume of initial

thermal spike; R, = radius of initial thermal spike; A? = density of the

liquid; and D = Cv/Rg, where R, is the gss constant per gram, 2 taken =

15 for propane, and also

By = 2 (2/25) [i/108(Re/R)] (Ro/te)o v, (11-1-42)
The first equation (II-l-41) is obtained by neglecting the terms in the
equation of motion involving 628/ 3t2, the second (II-1-42) is obtained
by using en approximstion valid if T is close to unity as it is for pro-
pane, and including thelg terms. HNow if we employ Seitz's numbers of
21,05, = 15, Ry = 1.233 x 1077 cm, and the nusbers taken from
Table 5 for R, and t,, we find the following values. For equation II-1-kl,
E, = 2,64 x 10710 ergs T 165 ev; and for equation II-1-42, E, = 0.381 x
10-10 ergs = 23.8 ev. The results in both cases are lover than the empiri-
cal value of Z, (~ 1800 ev) by more than an order of magnitude.® The
preceding equations, of course, were derived neglecting the effect of
viscosity of the liquid. Beitz also derives an expression for El in vhich
the fluid flov resistance arising from viscosity is considered the domine-
ant term, such that inertial effects are small in comparison. His result
is

E, = 1)(r(/tc)(h/aT)(Ec/noﬁh”‘l)vc (11-1-43)

where )Z is the viscosity of the fluid., Using the same numbers as before
and the value for /] which ve have derived ® 0.8 x 1073 poise, we find

E, T bbb ox 10710 ergs = 277 ev.

# It should be remarked here that although we have not caleulated the
analagous numbers for hydrogen, Seitz does so in his paper. He finds the
same general results as for propane. That is, the theoretical values for
El are an order of megnitude smaller than the empirical ones.
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This nunber 15 higher thaen the ones previously obiained, bubt still low by

a much larger

almost an order of magnitude., In Selts's

number for this case because he uses & value Loy 2 L polse. We be-
lieve, however, thai our nuwber of 0.0 x 1073 poise is much nesrer to the
correct valug,.

Because of the large difference beltween the nurber we have gal-
culated above and the one obtained by Seitz, the sublect of the viscosity
effect merits further discusalon. The layer of fluld surrounding the

bubble is subject to large pressures snd lemperotures, hoth of

fluence the value of viscosity, so it is difficult to estimate
value for )Z, Our nusiber was c¢alculsted to include the effect of the vapor
pregsgure, snd if the viscosity is essentlally a function of the free volume
(and thus the density) of the liguid, it seems gquite lmprobable that the
action of any additional pressure of the expanding sphere could so con-
press the propanz that the density 1s incressed some T0%, which would be
necessary to raise its viscosity even o the boiling point value (about

2 x 1073 poise). This is especially true in view of the fact thet the

seme liquid layer is heanted quite significantly both by conduction fron
the hot bubble and by the effect of the viscosiby itself. MNore specifii-
eally we note, as does Seltz in his puper, that an expanding sphere in an
incompressible viscous fluld creates a radial compressive stress P, in

the surrounding fluid {vhich we may consider & retarding pressure) of

value

N
)

=} wihih

=4

=

P = ‘*'}%’Zs :/'?3 (E

where R iz the radius of the sphere, and r iz the radisl covrdinate taken

from the center of the sphere. The retarding pressure fell by the sphere
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is this function evaluated 2% r = R or PR = »&Yzé/ﬁﬁ and the rate of work
done by the expanding bubble is
W = <Pglp © -WEEP.R 3 16T RRE (11-1-45)

This work appears aa heat in the surrounding fluid, and we ask how it is
distributed in lhe external medium. The answer may be obtained from equa-
tion II-1-hk if we differentiate with respect to r, and multiply by %/&Tffg
to obtsin é, the rate of work per unit volume of the surrounding fluid.
The result is w = 12rZRué2/r6, or in viev of equation II-L-k5,

- e 3, 6

W = wﬁ(3§3/mrr ) (1T-1-46)
Wote that the energy dissipation pey uniﬁ volume falls off very rapidliy
with radius, so we expect the liguid in the ilmmediete vicinlty of the bubble,
where the reterding effect of viscosity is wmost pronounced, to becowms hote-
ter, To illustrate, we estimete the temperature rise of the fluld adjacent
to the bubble wall wvhen the bubble has expended to radius R,. Setting
r = R 2 R, in equation II-1-46 and replacing QR by .//tcéaﬁt s wR, we find
the energy per unit volume w 10 be w = WR/VC, and th@aﬁ@mperature rise =
w/c, 4 5 where S 107 ergs/cu3. We thus heve

AT =upfice, g (1I-1-47)
Now if we employ the number we have obtained from expression II-1-43, wg 2
By = bbb x 10-10 ergs, Vo = 2.05 = 10-18 cm3, we Pind AT~ 21°C, large
enocugh to reduce the viscosity, but probably not significantly considering
the approzimate nature of the caleulation. On the other hand, 1f the of-
fect of the viscosilty is wuch larger; as Seitz assumes, so that %E/A«em@?gy
of &-ray ~3 x 1077 ergs, then AT above becomes ~~150°C, which raises

the teuwperature of the fluid ~~100° higher than the criticasl point! It

would appear that it iz impossible to attribute the inefflciency of bubble
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formation entirely to viscosity. The temperaiture rise alone should see 1o
it that the viscosity stays low in the vieinity of the bubble.

As geitz himself has stated, the problem of bubble formmwtion iz
& complex one, and his analysis is, by necessity, quite spproximete. Theres
fore, we can place only limited siress upon the fact ithet the mwbers obe-
tained are ln serious disagreement with experiment. Most of the points
made by Seitz are certeinly pertinent, and the approach useévis very probe
ably in the right direction. However, the order of magnitude disagreemsnt
betwean observed and calculated values of El leads one 1o suspect that some
fundamentel effect has been neglected which is in fact guite important.
It is the purpose of the following to sittewmpt Lo discover where such an
effect way lie.

1s_ Energy Storage Lffect

if it is possible; as i%yﬁiﬁ@&@%@@ later, thaet 2 portion of the
energy is actually stored im the fluid by noun-thermal processes {suchk as
ion peirs, dissolution of chemical bonds, etc.), then esnother attack may
be attempted. We assume, for simplicity, that all of the c5-ray energy is
stored initially at a point then released thermally with an exponentisl
time constent "U. Since the following enelysis does not appeear to explain
the dominant bubble forming mechanism, the caslculation is gilven in outline
form, omitting many details,

The Green's function solution for e spherically symmetric, dise
tributed source of heal in & homogsneous wedium of thermsl diffusivity D

is given by
J— t ® .
(x,t) = (1/2r VD) / (1/Vi - é‘e)/ rnet,60) (11-1-48)
[»] ]

{@xpfr(r - 2 )2MD(t - ©°)] - exp/=(r £ r*)2/uD(s - wz;)j} drvas’
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where h(r',t') is the rate of production of heet per unit volume and H{r,t)
is the heat conteined in the medium per unit volume. Since the carriers of
stored energy mey bve expected to diffuse cutward from the point scurce at
the origin with & diffusivity Ds’ we wmay write

bz (5/) (1/2VED)3 o (8 T) =(2)3 ks (11309
where E is the total energy contained in the original deposit. If egquetions

I1-1-49 and II-1-48 are combined, the integral over r' may be performed

explicitly. The resuli is

HE{r,t) = E/ST’W3/2 j{j{l/ﬂt -t')D £ t'%j} 3/2

@nt‘/feur‘?/&["’t =%')D £ ©'Dg T, (1-1-50)
If now we wish to find the heat, /\, contalned within e radius R at time 1,
ve may multiply the above by &Trfgdr and Integrate from O %o R, obtaining
A (R,t) = (B/T V) //t@‘ti/T{ﬁerfﬁ/QV(t 2D Fen ]
- [RIV{t - t)D £ fc'z:;:ja"ﬁg/"ﬁt - £')D 4 "‘"Dsj} at (11-1-52)

We would like to maximlze the sbove expression and find the value for T re-

guired to make /\(R,t) (maximum) & small fraction of E. This is axtremely
difficult in genersl but in the special csse D = Dgy, it cen be done. We
note that this approximastion wmay not be too bad, since we have calculated
the diffusion coefficlent for molecules in section C-4 and found it close
to the thermal diffusivity. With this simplification, the integretion in
equation II-l-51 may be performed explicitly, resulting in

N, 8) = 25/ VTENL = e ) [T/2) erz(ac) - e %7 (11-1-52)
where 92 t/T; & = R/2VtD. Equation II-1-52 may be differentiated with
regpect to time and solved numerically to obtain the meximum value of /Rg

The result can be approximated by the function
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[ANIE] . % A= ;;ﬁ%:f/éwg}"g (11-1-53)
where A = 0,340, B 2 0.920 for 0.00< A < 0.16 and A = 0.2855, B 5 0.706
for 0,16 < A < 0.5,

If we employ a value for U of 1073 cma/aec, which 1s between the
values of thermal diffusivity end D, calculaled in sectilon C-b, we may come
pare the predictions of the above with the experimental dsta in Table 5.

If we take for % simply the ratio between W and El in Table 5, we fing
that the experimental bubble deunsity iz obtained for values of T of

b x 10710 sec, 4.9 x 10710 gec, and 5.5 x 10740 gec respectively in the
cagses of the last three entries in group 3. It is difficult to see physi-
cally vhere & mechanism might exist for storing energies with & release
time of this order. The calculation of ilonic recowbinstion made earlier
indicates thermalization times two orders @f megnitude shorter than this.
(Chemicel processes, as discussed later, would be expected to have much
rlonger decay times than 1040 sec.) OFf course, the inclusion of dynamical
factors in the formation process could rsise the value of )\9 perhaps by
gs much as a2 factor of two or three, decreasing T a factor of three or
four tc«ﬂle“io sec., This however, is not nearly enough to bring it suf-
ficiently close to the estimated lon recombinstion time to be encouraging.
In order for the sbove mechanism to play an important role in bubble formae
tion, either our ion recombination estimate must be In error about two
orders ef‘magnituﬁe, or else another energy storage mechanism must be found.

Energy storage may, however, have an influence on bubble nuclea-
tion in another way. In a compound guch as propane, the production of ious
by & stopping S-ray results in chemical decomposition of the molecules (75).

Although the disassociation products participate thermally almos®



impediately, the eunergy reguired to break the chemical bonds is probably
permanent 1oss as far as bubble formatlion is concerned. One would expect
chenical recombination to take very much longer than l@“lﬁ - 10"+ secounds
(7k,75). The energy "storage” (or loss) is found to be as high as 60% of
the total energy produced by stopping particles in e substance such s
water (74), and may be comparable to this in & hydrocarbon. The Process
helps substantislly to reduce the energy discrepancy vhich must be accounted
for in the case of liguids with polystomic wmolecules. Chemical effects
such ag the sbove, however, can hardly help explsin bubble formation in
such liguids s zenon and helium.

8, Fffect of Heat Loss

Another phenomenon which we may investigete ls the actusl hest
lose arising frosm thermal conduction during the fovmetion of the bubble
This was neglected in Seitz's treatment, but it is possible that it presents
a not negligible loss. The actusl heat conduction problem is very difficult
because of the (perhaps unkwown) behavior of the expending bubble walls,
and the variation of thermal conductiviity, hest capacity and density in
the reglon of the bubble. One attempt a2t a solution could bhe that due to
Zwick snd Plessel, eguation II-1-15, but its application here is 4ifficull,
and of doubtful validity. For lack of s betiter estimate, we will use the
well known solution for a polnt source of heat in @ howogeneous medium,
which can be obtained from equation II-1-52 by letting -0, or fQ-«vcc.
The result, expresssd as tobal heat contained in & volume of radius R as &
function of time, is

/\(Rglﬁ:) z Bferf(a) - (2@/\/”1'?)@“?

How the time t, raguired for a2 bubble to expand to radius R, in Sel



enalysis was such that @€ 3 R/2VI., = L. In this case, we have A{x= 1)

= 0,423 Z. Therefore if such a crude heat flow estimat
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meaning,

we might expect to lose over half of the heat by conduction in the time

It ig not obvicus whather

Y

3
o
[
§ode
|
&
=y
¢
®

required for the bubble to expand to rad
& better heat flow sclution would yield wumbers higher or lower than the
above, bul 1t seswms clear thaet this source of energy loss could be an

laportant one.

9, Other Considerations

Yet another polint which may be dmportant concerns the velocliy of

the expanding bubble wall. We obsarve that the order of megnitude of the
& D

wall velocity in Seltz's treatment is given by Rc/t For the propane case

C @
2 N . 2 ; .y 4
we are considering, this corresponds to a velocity of 7.88 z 10°1/0.03 x
» by

10730 ¢ 0,847 x 0%

cm/sec. Since, by the nature of the expanding ball of
hot gas, the wall velocity is probaebly not at all constant, we would ex-
pect 1t to be considersbly higher than the value gquoted over part of the
expansion. Seitz estimated the veleeity of sound in propane in his analy-
sis, and found it to be a factor of L5 higher than ths nusber above, heunce
the use of the Incompressible fluid flow approximation. However, the nuke
ber he used for the compressibility of propane was 100 x 10=ie cmg/dyﬁee
We have found vhile using propane in our bubble chamber that the actusl
compressibility at the operating lteuperature is more than g factor of tean

=12

larger than the above number, or about 1200 x 10 tm21&° e. Uszing our
9 /

number, we cogpubte the veloclity of sound in propane as v, = 1/densitye
3 5 P 7 / &

b

A
compressivility)® == 4.5 x 107 cm/sec. This number is on the order of
only & factor of five greater than the "average” wall velocity, so 1t is

saible that the inconmpressible fluld flov spproximation may be in sericus
¥ ) 3



error during pert of the bubble expansion. Any effect of the finite vel-
ocity of sound which delays the expsnsion will, of course, make the loss
of heat by conduction more important.

There are other points which can be considered, although their
interpretation is a bit more obscure. For example, 1t seems fairly cer-
tain that the maximum range of the threshold ‘S-ray as calculated previously
is actually greater than the diameter of the critical bubble. Thus it
would appesr that such a particle does not have a 100% chance of localizing
its energy in a sufficiently small region, but rather a smaller value.

The seme consideration, of course, applies to &S -rays of greater energy.
Therefore we would have to include & -rays of lower energies to obtain
agreement with the experimental dats, with a comsequent reduction of the
threshold energy Ey. However, it is doubtful if this effect could lower
Ey a factor of two, gince the range falls off so replidly with energy thaet
5 -rays of this lower value have essentislly unity probability of local-
izing thelr energy, and there are-twice as meny of them.

Also, all through the preceding dilscussion 1t has been tacitly
assumed thet the processes take place with spherical symmetry. Actuslly
this is not at all true, as the most likely configuration for an initiat-
ing thermal spike is that of a rather coiled, distorted cylinder. What
effect thie has 1s not obvicus, but it seems certain to initiate some form
of nonespherical oscillation as the surface temsion acts to shape the
vapor régian into a sphere. As a result there could be effects upon the
average rate of expansion of the walls,

Another asaumption has been that the reglon containzs s sufficient

number of particles so that the usual results of thermodynamics and
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statistical wechanics are applicable, For the worst case listed in Table 5,
that of the last entry in group 4, the critical volume contains about 103
molecules in the liguld state, but only about 200 in the vapor phase. This
is a region ia vhich we may be Justified In questioning seriously the sppli-
cability of macroscople statistical laws, especially with regard to the
action of the suriace tension. The caplllary layer in this case becomes
comparable in thickuness to the bubble radius, s0 that the definition of

Rc may vecome lncorrect Or obscure.

10. Functional Dependence of Bubble Dénsity

We would like to close thils discussion with some remarks con-
cerning the apparent dependence of bubble density upon the chamber operating
parameters. We note from the dats in group 3 thal there appesrs to be a
sharp threshold for forming bubbles as the expanded pressure 1s changed.
After the sharp threshold is passed,; the bubble densily appears to increase
only slowly with further reduction of the expanded pressure. The dstes in
group 4 show a very strong dependence of bubble density upon expanded pres-
sure, and ve are led to believe that the date was taken over a region com-
parable to the “"threshold” noted in group 3. If we examine the expressions
II-1-41, 42, and 43 taken from Seitz's analysis, and recall that tc/«w'ﬁcg
and chﬁv—Rc3 and that (for hydrocarbons), Y is close to unity and thus
Y - 1 is very small, we cbserve that all three expressions for El are
essentlally directly proportional to R_. [Such functions as (Rc/Rg)jr" L
and log (RC/RQ) sre very weak functions of Rc&7 Since Z,, the threshold
8 -ray energy, is inversely proportional to the bubble density, we should
find that the bubble density goes inversely as R,. The “energy storage”

theory can be seen to give approximately the same prediction, if we note
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that A f\,w/El,w~/chn {since the energy reguired to form & bubble goes

1.16

f@ughlyan'RCB). Thus we have n /\II/RC for small R, (large n) and

o o /p L8

for larger R, (small n). However, we note in the group 3
dats that the "threshold” has s much stronger dependence of bubble density
upon R, than inverse proportionality, while the subsequent values have a
markedly weaker one. The dats in group 4 alsc show a dependence stronger
than l/RCe & functional dependence simllar %o l/Rc certainly does not
appear to fit the date. OFf course, the experimental numbers should be
distrusted somewhst for reasons specified earlier, and the theorles are
gquite approximate. WNevertheless, the results are not encouraging. It wmay
he that the process of bubble nucleation must be explained through the come
bined action of many small effects of comparable importance, in which case
ﬁhé‘prsblam looks extremely formidable. Or it way be thet we have notyet

found the dominsnt mechanism, or, at least, have not attacked it in & sui-

ficlently guantitative mamer.

D. Conclusions

It is pertinent =t this point to summerize briefly the resulis
of this chepter. The process of bubble growth in a bubble chamber once
the bubblesz have attalned critical size can be said 1o be well undersitood,
although somewhat Aifficult to compute. The samples calculated hereln
indicate that a practical bubble chawber {at least for hydrocarbons and
similar liquids) must be operated so that the expanded pressure is not too
low, i.e., in the region of one-hali' the vapor pressure. Otherwise the
pubbles grow too large and too rapidly for accurate locatlon of tracks.
The calculations also show that the energy loss caused by track bubbles is

gulte small for the proper operating conditions.
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The mechanism of bubble nucleation, however, is still not fully
understood. It is highly probably that <S»raye of energies ~ 1 Zev or
greater produce most of the bubbles in a typlical particle track, but the
reason for this particular energy s not entirely clear. The iounlc or
"statle” model for bubble formation appears untenable in view of ilonic
mebilities and recombinstion tlwmes. Seltz’s theory of thermal explosions
cauged by ¢So?ay$ may be & {undamentally valild concept,; but falle short in
egxplaining either the requir@d.(swray energy or the é@p@n&@ﬂca of bubble
denalty upon bubble chamber operating conditions. An energy storage hye-

othesis suggesied by ourselves also dosg nob predict the proper dependence,

b

and there does anob seem to exist an energy storage mechanism with the proper

time congtant. Other factors discussed hereln may explain the reguired

45 ~ray energy, but no quantitative formulation exists which predicts the

correct bubble density as a funcilon of bubble chawber operating conditions,
Finally, there is a real need for & definitive experiment to

determine accurately the bubble density as a function of particle pars-

meters and chamber operating conditionms. Present dats are inadequate for

really conclusive compariscn to theory.



CHAPTER II-2

ACOQUSTICAL TREATHMINT OF EXPANSION SYSTEMS

A, Bouations of Motion and Solutions

In attempting to find methods to operate very large bubble chambers
at high speeds, particularly heavy ligquid chambers in which the velocity of
sound is small, one may profit by adopting s nevw approach. The deslrability
of having high speed expansions and recoumpressions has been discussed before,
and there exists the addliticonal possibility of achieving sufficiently high
repetition rates to make counter control of the camera profitable.

One may begin by considering a bubble chamber liguid as s compraes-
gible fluild vwhose bousndary conditions are controlled. Then the time required
to lower or raise the pressure in the cenbter of the chambeyr Is set by the
velocity of transmission of a pressure change initlated at the walls. This
is, in general, a very complicated problem, but under certain geometry which
may constitute a useful bubble chamber shape, the problem is susceptible to
analysis.

Tuler's equations of motion for a compressible fluld vherein visg-
cosity is neglected are given by (76)

av/at £ (L/P)VP = ¢ (11-2-1a)
and the equation of continuity

30/dt £V (ox) =0 (11-2-1b)
where v ¥ velocity of an element of fluid; /<33 density of fluld; P = pressure
in fluid; £ = external force per unit mass of the fluid,

The geomelry to which we wish to apply the foregoing equatlons is
that of a unifors cylinder {which may, in fact, be any shape in crosse-section)
with flzed walls and flat ends. One oy both of the ends will be considered

to move, acting as & source of plane waves which travel down the cylinder.
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This reduces the problem Lo & one-dimensional one, and is exact in the case
of zero viscosity. In a real fluid there are wall effects which interfere
with the plane wave approximation, but these will be neglected in this
treatment. Hote that we are placing no restrictions on the length of the
cylinder relative to its lateral dimensions, so that if we imagine the cyl-
inder to be short, with a window at one end and the movable,; driving wall
at the other, we have a possible bubble chamber geomeiry.
Under the plane wave approximation, the foregoling vector egua-
tions reduce 1o scalar ones as
avfat £ (1/p0)3p/ 32
3p/dt { I(pv)/dz =0 (I1-2-2b)

0 (I1-2-2a)

8

where we have set £ = O and v 8 v,, and z is the coordinate parallel to
the cylinder walls.

Bven with this simplification the egquations are 4ifficult to
manage because of the total derivative in equation II-2-2a. It would be
helpful if we could replace the total derivative with the psrtial deriva-
tive, as is done in acoustics. To see 1T such & replacement is & good apél
proximetion, we must conslder a typlcal bubble chamber pressure wave., For
the one dimensional case, the total derivative may be expanded (76) as
av/at = Iv/3t £ (3v/3z2)(Jz2/3t) = 3v/3t # v(3v/Dz2) end equation
1i-2+2a becomes

0v/3t £ v(dv/32) # (L/p ) IP/3z) =0 (IT-2-3)
We will nov make the same approximations es arec made in acoustics, and use
the solution to check whether or not the neglected terms are smell in a

typlical bubble chamber case.

We assume a constant compressibllity K for the fluld, which is
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a good approximation over & wide range of pressures. Heunce

o= all # <E] (I1-2-b)
Using the above, we may rewrite equations II-2-3 and II-2-2b as
dv/dt #(1/ ) 0P/3z = 0 (I1-2+58)
Kk dp/dt 4 Av/3z = 0 (IT-2-5b)
where we have lmplied
lvdv/3z)< < Pv/3t (1I-2-6a)
kPl <<1 (1I-2-6b)
v 3,0/ 3z << |0/ (11-2-6¢)

Equation II-2-6h mey be verified ilmmediately, as the meximum value of KP
in a bubble chamber is the expansion ratio; vhich typlecally is sround 2 to
3 percent. In this treatwment we shall neglect errors of that ordev.

If we now differentiaste eguatlion II-2-5a with respect to z and
eguation II-2-5b with vespect to t and equate the iwo, we obtain the fam-
ilisr wave equation

32/ 342 = ¢23%/ 322 (11-2-7)
where c© = l//cb K. & plane wave solution which satisfies the asbove egua-
tion s |

Pz Pcei“’gz/") - (11-2-82)
implying through equations 1II-2-5a,b that
v e (Po//oac)eiwﬂzfﬂ ) 3’7 (11-2-8p)
Application of equetions II-2-8a,b directly to the relations II-2-6a and ¢
show that, in both cases, the reguired condition is
v<<e (11-2-9)
To see if the above criterion is fulfilled in a bubble chamber; we note

that the pregsure and veloclity maxims are related in s plane wave by the
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acoustical lmpedance o.c. That igy independent of the angular Trequency <,
we have v 2 P/ o ¢ or v/e = ?j,ﬁ% s Pk, As has been remerked, the maxi-
mm value of PR is Just the expansion ratic of the chember, which is ~2 to
3%. So in using the simple acoustical solutions, we are making an errcr of
only a few percent in & typical bubble chamber, and to the acocuracy we ro-
gulre, relations II-l-0a, b, and ¢ are satisfied.

YWe are now in a position to consider move specific cases in ape
plylng the ascousticsl equations to the expansion of & bubble chamber. These
will be listed specifically as separate cases for definitences.

Case L. One flat end of the cylinder is a high pressure window,
the other end & driven, movable flst wall,

Case 2. One end of the cylinder is a high pressure window, and
next %o it the sensitive liguid. PFarther slong the cylinder and contalining
the sensitive liguid is an undviven, movable thin window. A support finid
then £ills the rest of the cylinder and couples to the expansion apparatus.

Case 3. The sensitive luid in the cylinder is contained on both
ends by thin, undriven,; movable windovs, the remaining part of the ovlindsr
being filled with support fluid. The expansion apparatus may be contained
on one or both ends of the sengitive fluild columns,

For clarity, exsmples of these three arrengements are shown in
Fig. 29. For the moment we will not consider the problem of the driving
mechanism, and will simply assume that we may force the driving valls to
perforn any motlon we speclify. It is evident that plane waves will be re-
flected to some degree from the interfaces in the models we have listeég 80
it will be convenient to have first a list of the degree of reflection and

transmigsion in the varlous cases. These are listed below, and can be
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Figure 29
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Tound by the ususl technlgue of assuming incldent, reflected, and transe

ied

(]

sngular freguency W. Boundary conditions are satisf

gy

mitted waves o
al the interface, as well as the equations of motion of the separating
plate, if awy.

neldent on an infinitely wigid

&»\!h

Condition A. A plane weve is
plate of mass M and area A, attached to the surrcunding structure with &
stiffness k, where the displacement x and force F required to move the

plate define k by F = kx., There 1s no itraunsmitied wave in this case.

Amplitude of incildent pressure wave = P,

Amplitude of reflected wave = ?Q

Phase ol reflecled wave relative to incldertt wave at the plate ©
2 tap~t [zaJ/O ef{k - mco?l? {(1I-2-10}

Condition B. A plane wave is incident on a freely movable rigid
plate of mass M and area A, On the incldent side the fluild has a density
Ao and sonic velocity c¢. On the other side the fluid has density /c%*

gonic velocity ¢t
Amplitude of Incident pressure wave 2 P@
Amplitude of reflected wave =
%\/(1 - x)2 4 &2 ,f»/(:a. £r)E 4 K2 (1I-2-11a)
where r 2 /%’C’//OGCB $= w%&/ﬁa/agc

Amplitude of transmitted wave = E?Qr/V/(l # r)g £ <Sg (11-2-11b)

Phase of reflected wave relative to incident wave at interface =

~tan~l L8/ - v)7 £ tan”t Y S E {(11-2-11

Phase of transmitted wave relative to lucident wave at interface

wtan~t [‘5/(1 4 Q‘? (11-2-114)

Lc)

sﬂ-s!

43
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B. Transient Bubble Chawmbers

We wish first to counslder those situstions which are suitable for
what we will henceforth call a "transient” bubble chamber. By trausient is
meant thaet the chamber is pulsed or expanded 2 single time upon command, as
comrasted with what we will henceforth call e "steady-state” bubble chame
ber. A "steady-state” bubble chamber is one which expands and recompresses
continuously at g rate fized by the tilewe required Lo expand and recompress
once., Most conventional bubble chambers are of the transient type, vwhereas
a steady-state (or free-ruuning) bubble chamber wmight be the kind which
could be employed for camera counter control in comjunciion with a high
repetition rate accelerator or for cosmic ray study. Case 1 described sbove
is simpler to anslyse in the transient case, and illustrates the chief
features of this approach Lo expansion systems. The pertinent point for
this geometry is the nature of the sonic reflcction from the high pressure
window, and for thls we need to evaluate the expression II-2-10. We will
employ the nusbers measured lor our high pressure window. We fouund, approzi-
wately, that the window, of a diameter inzide the seal of L4 inches, dis<
places about 0.00L inch per 100 psi of pressure. Therefore the term k/A
is given by P/x, and converting to MKS units, we £ind k/A = 2.7 x 1010,

The window itself has & thickness of & inches, yielding a mass per unit
area = M/A = 228 kg/s®. For a liquid such es propane, c 2 460 w/s,

S = O.h x lﬂg kg/mge A typlical upper limit for the angular fregqueuncy
which we will be cousidering ie for w  ~ 2000. These numbers pubt into
expression II-2-10 give 2 value for ihe phase shift ~~ 49, Tais is small
enough to neglect, $o ve may coasider the high preessure windov as an ine-

finitely vigid wall vhich reflects incident pressure waves with zero phase
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shift, ereating e fluild velocity node =it the window. IV should be remsried
that the above is {rue only if we restrict the angular frequency to values

heve sclected. If ve consider higher frequencles the

4

lower than that we
vhase shift way be quite large. In fact, & Irequency sowe [ive or six tiumes

"

the one discussed above is the actual resonant {reguency of the window.
Since we will be including the possibility of high barmonics in the iaci-
dent wave in our later discussion, it is clear thal phase shift wsy be im-
portant. There is no reason, however, why & window could not be mounted
mick more vigidly then the one on our chawber. In any case, for simplicily
we will asgume that the window in the wmodel is stiffer then the one on our
actual 12 inch chamber, so thal ve may tresl it as & rigld wall even for
the hizher frequencies.

With the sssumptions made above, we may guickly specifly the wmoede
motion of the driving wall to produce the requived pressurce change In
the chanber. The ideal pressure cycle in & bubble chamver is almost a
square wave. Thet ls, we would 1aw to drop the pressure rather suddenly
to a congtant value, keep 1t there for s short while, and then return 1%,
sgain abruptly, to 1lts initisl value. A pressure wave of this form gener-
ated by the driving wall will travel across the chamber, be reflecited by
the high pressure window s0 as to double the pressure change ln the chambe
fluid, and travel back across the chamber, When this wave has returned to
the driving wall, the chamber is expanded. Nobe that the [inal pressure
drop iz twice that originally generated by
time t0 expand the chamber ia this case 1s simply glven by 2dfc, vhere d

ry

is the depth of ihe chamber. The form of wotion of the driving wall uwsy be

T

easily found by aoting the relationship in 2 plane wave betwsen the fluld
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velocity and pressure, l.e., v & P//CQc. If the chember is to remain ex-
panded for a short time, the wave must be pfevented from reflecting from
the driving wall. This requirement determines the motion of the driving
wall wvhen the wave returns. Specifically, if the returning wave isg of the
form P 3 P(z { ct), then there will be no reflection from the driving wall
if its veloclty is arranged to be v = (l//cgc) P(zo £ ct) where 2z, is the
average coordinate of the driving wall. Por illustration, an example of
this procedure is shown in Fig. 30, in which is given the driving wall
motion as & functlon of time in units of d/c. For a propane chamber about
20 cm thick, this time is about 1 ms. Als¢ shown is the pressure in the
center of the chamber as & function of time.

A similar anslysis can be made for cases 2 and 3. The difference
here is that the incident plane wave must traverse an interface between two
liquids of different properties. It may be easily shown that the condition
for perfecttransmission of a sonilc wave between two ligquids in such a case
is that the acousticsl impedsnce Q) c be the same for the two., However, the
acouatical match is not likely to be perfect between a typical bubble cham-
ber liquid and support fluid, since the compressibility of the former is
much higher than that of a typical support fluid. For illustration, /2
for propane is about 1.8k x 10° kg/n® sec, while for a typlcsl pareffin
oil it is about 9.1 x 105. This represents an acoustical mismatch of about
5 to 1. The situation is somewhat improved for WF6 as gensitive liquid and
(C“F9)33 as support, owing to the high density of WFg and the compsratively
large compressibility of the fluorocarbon. Although at the present writing
the compressibility of WFG at the operating temperature is not known ex-

actly, Ié%c is estimated to be about 5 x 105, vhile the corresponding
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Figure 30

Pressure and Driving Wall Waveforms in "Transient” Bubble Chambers

The abceigea of each curve is time in units of df¢', where & is the

depth of the chapber and

A, Cese
B. Case
€. Case
B, Case
E, Case
CUIVEes.

1.
1.
2,
2.

2o

Pﬂ@gﬁiﬁﬂ of
Presgure of
Pogition of
Pregsure of

Pregsure at

¢’ ig the scoustliecal veloclity in the sensiitive fluid.

driving wall in arbitrary units,
sensitive fluld in center of chamber.
driving wall in arbitrary uniits.
sensitive fluld in center of chamber.

driving wall for the case of WFg and fluorocarbon.

The seales of pressure arve arbitrary, bubt consistent between the

The lengbh of the support fluld column is assumed adjusted in

Case 2 so that the scoustical trensmission time through it is ezasctly equal

to that through the chamber. Liquids in Case 2 are assumed 1o be WFg and

(C&F

g)3%e
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number for the fluorccarbon iz about 7.6 x 195 Thus the acoustical match

=

f.fa

is much better, though not by any means perfect, in this particular ca:

One point concerning the effect of the moving windows which sep-
arate the gupport from the semsitive [lulds is quite important for the
practical design of any chawber such ag those we are discussing. We note
that the expression II-2-11 concerning the phase of the transuitted wave
involves terms ««/taaal{aaﬁ/ﬁ/<gc), while those concerning the smplitude of
reflected or transmitied wave involve /\/(eom/éfégc)g compared Lo unity.
In the chawber geomeiries we are discussing, the wovable windows are nol,
in principle, subject to significant pressure dilfferences, s0 there scens
no good reason why they cannot be gquite thin. Bven 1f they are glass, as
is likely, a thickness of ~1 cm to L inch is probably adequate for me-
chanical Surengah. Thus M/A/OQC ~ 307 ~h or smaller, so that a high frequency,
O),/uflﬁa oy greater, would be required before the above terms should becosme
significant. We are thus Justified ln neglecting the effect of the windows
in the initial treatuent. + should also be noted that any distributed
@yétam loosely mounted in the support fluid column with an average mass per
unit ares comparable to the windows should slgc have little effect upon the
~transwpission of e pressure wave. An illuminatimn systenm, for emample, could
be suspended in the support fluild without deleterious effects 1 it were

roperly designed.

Then 17 we neglect the effect of windows, we may find the value
of the transzitted and reflected waves by the simplification of expresslons
II-2-11 to

Transmitted wave = 2P r/(1 f z) (11-2-122)

Reflected wave = Py{r - 1}/(L # r) {(I1-2-12%)
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where we heve included the phase change in the sign of expression I1-2-156,
Hence we see thal in the hydrocarbon case mentioned ebove, r ~~= 0.2, yileld-

ing a transmission of about 1/3 Pys whereas in the heavy liquid case, r =

0.66, glving e trensmisglon of 0.8 P, In the latter case, al least, the

&

pressure transmission ls sufficlently good to consider employing a support
gystem such 2z that illustrated for case 2, The driving function; of course,
would have 1o be arranged to take care of the returning reflected waves Ifrom
the interfaces, but this could, in principle, be done. To illustrate, we
have shovn In Fig. 30 s sample of the kind of driving window motion regulred
to give the same charber pressure vs time function in case 2 as for the one
pravicusly glven in case 1. It turns out that the motion is greatly simpli-
fled if the length of the support colum ls adjusted so that the sonie
transit time through 1t is exactly equsl Lo the transzii time through the
sensitive ligquid. This is assumed tO be the case in Fig. 30, end the ligulds
are taken to be Wiy and fluorccarboun.

It may be remarked that {rom & mechanical standpoint, 1t might be
convenlent to reduce the size of the driving windows where poussible. Such
a thing can be done in cases 2 and 3 without reduction of cheamber size by
the vse of an acoustical horn to couple between the chamber and driving
window. However, therve are two principsl limitations to this technigus.
One is that there is, in general, = {regquency dependent change of phase of
a sinusoldal acoustical wave proceeding down a non-uniform horn (77). There-

fore 2 non-sinuscidal pressure wave such as those employed in Fig. 30 would

be altered iu shaps as 1t proceeded down the horn beczuse of the varyi

g

phase shift of its component Trequencies. A second llmitation is Tixed b

the reguirement upon the sbsolute pressure of the suppordt medlum. Iz order
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to avold cavitation in the support fluld, one would like ¢
give negatlive pressures. Couservation of energy reguires that, in an acouse
tical horn of slovly verying cross gsectbion, a presgure sxcursion P st s

poilnt where the horn has & oress sectbion area A must becomns an excursion
B

S

= AJA' at ancther point vwhere the horn bhas an ares A'. Thus 17 the horn

tapers down to too small a cross section at the driving window, excessive
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regative pressure may be regulyed ithere

presgure change at the chamber,

C. Steady-State Bubble Chambers

An analysls could 2lso bhe made of @aé@ 3, but the principles are
the game as for the other two cases, so there is Little to be gainsd. Tharve
are, however, some inleresting possibilities fur the case I geometry in cone-
Junctlon with a steady-state bubble chasber. For this type of device, ocus
would like to sel the entire system into resonance, using the driving wall
culy to replace the energy losses. Such & situation with the geometry we
heve described 1s analagous to an organ pipe with the famunilisr standing
waves. We wish to describe such a design in order Yo show that & very layge
bubble chamber employing this concept may be feasible which uses the hydrow
gtatic support principle with no large, high pressure glass windovs.

One reguirement for any bubble charber which is to be used for
precision work is that of unlform expanded pressure. Therefore it is clear
that the production of a sinuscldal stending wave of, for example, i +or &
wave length in the sensitive fluld itself is not to be desired. In fact,
one wishes, in general, to expand as little sensitive fluld as wozsible cone
sonant with the need for s finite chadber depth in order to avoid the conse-

quent thermodynamlic losses. Therefore, the geometry shown in Fig. 31 seens
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a good first cholce. The upper end of the tube is the driviag wall, and may
be thought of as & plate driven by scome mesns (probably electro-mechanical)
in a sinusoidal fashion. This plate would be backed by gas et the equi-
Librium chamber pressure sc that it would not have o resist the static
pressure in the chamber. The lower end of the tube is also a freely moving
{undriven) wall backed by gss at the equilibrius chamber pressure. Taklng
this pressure as the vapor pressure of the sensitive fluid {in the case of
propane or Eyé), ~~ 300 psl, ve Tind that pron for nitrogen gas is T7.83 x
103, which is & factor of 100 smaller than the corresponding value for any
of the support flulds we have discussed. Therefore, the pressure trans-
nission through this boundary is negligible according to expression IL-2-12,
and the reflection is essentially unity with a 180 degree phase change.

The sensitive fluld is placed midway between the two ends of the tube, iso-
lated from the support fluid with thin moveble glass windows. It is evident
thet in the case of a homogencous medium, this configurstion can represent
an ideal "open-ended” orgsn pipe, in which the condition for resonance is
that of a pressure node (fluid velocity loop) at either end of the pipe.

For the fundamental mode, morecver, the center of the pipe, where the cheme
ber is located, is a pressure loop. The homogeneous case has higher modes
which are exact multiples of the fundemental., However, with the actual
structure we have shown including the mismatched fluild in the center, the
multiple relationship of the higher modes is no longer valid. It is easy

to find the condition for resonance of the compound system in the Ffollowing
way. Taking the chamber es symmetric, we note that the spacial distribution
of the pressure in the sensitive fluid for a standing wave is given by

P =P, cos (2ma'/At) (I1-2-13a)



and for the fluld velocity is
v' = (?0'/’A%'CQB sin {2172/ A') (11-2-13%)
where A' is the wave length and z' the distance from the center of the
chamber. (0f course the time dependence includes a 9O dagree phase shift
between the two functions,bul this need not concern us here.) The above
ezpressions are valid only for modes which conlalin an odd number of pressure
loops (the "odd" harmonics in the homogeneous case), but these are the ones
with vhich we are coucerned. Similar expressions can be written for the
p?éﬁsu?é and velocity of the standing wave in the support fluid, as
Pz tP, sin (2mz/A) (11-2-1ks)
vz 3 (Poffpgc) cos {212/ A) (1T-2-1hb)
where A is the wave length in the support fiunid and z the dlstance from one
end of the tube. The required condition iz that both pressure and fiuid vel-
ocity be conbinuous across the interface. If we equate the right sides of
equations II-2-13a and II-2-lka, and the right sides of equations II-2-13b
and II-2-l4b, and take the gquotient of the resultant two equations, we Ffing#
tan (2112@’/ A') S roctn (QTTZO/JA) (II-2-15)
vhere r S /C%’cgf/c%c, and z,, -« 2,' refer t0 the position of the interface.
{(z,' and z, are both to be taken as positive.)
The foregoing equation has oaly twe parsmeters, 30' and Zgye 5O it
is in general not possible to find a set of harmonic solutions. That is, 2,
and z,' cannot, in general, be adjusted so thal the series of constants
(2n - 1)Wq (where Wy = 21ch)ﬂ1 = 21Tc'/?\l' and n £ 1; 2, 3...) satisiy
equation II-2-15. The excepiions Lo this, of course, (for r £ 1) are such
'z mﬁ%l'/%g where k and m are integers,

degenerate cases as Zs = R/NE/%, 2z,

* The expression for the modes with an even number of pressure loops
is equation II-2-15 with the negative cotangent replacing the tangent in the
expression on the left.
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but these lmply that the fundamental freguency Cal senerates a pressure
loop or node at the liguid interface;, & sitvatlion we are not seeking. On
the other hand, it is possible to adjust z, and 209 go as to satisfy two
modes, for example the fundamental and the third harsonic, so that 21Tz$'f}\f
and 21730/)M both represent angles in the first quadrant. This may be useful
in some cases for obtaining & more nearly “sguare” pressure functiom in the
sensitive fluild., However, we can wore slmply restrict our atitention to =
glingle Treguency, and solve Tor the lééest mode, vhich for 8 glven valus of
A, A, is the solution for smallest zg, 2,', > 0. If we adopt the cri-
terion that we wish pressure uniformity within 5% across ihe chamber, a

the chas-

Bt

gsimple calculation shows that g@'z:s 0.05 A*, or, since z,' is
ber depth, we find that the chamber depth is 0.1 A'. A& direct application
of equation II-2-15 (for a given pair of liquids) yields the value for Boe
To illustrate, we have calculated the pertinent parameters in the above
fashion for two cages, one with propene as Lhe sensitive fluid and a Light
paraffin oll as the support, the second with wyé ag the senslitive filuld and
& fluorocavbon =8 support.® The freguency of operation vas selected as 60
cps, Por obvious utilitarian ressons, and the results are glven in Table 6.
It happens, quite foriultously, that the paremeters selected in the WFg-
Pluorccarbon case satisly equaticn II-2-15 for the third harmonic as well
as the fundsmental mode. It is then conceivable in this case to exclis
both wodes simultanecualy 80 23 to produce = more uniform pressure in the

sensitive fluld. For the nropane-pavalffin oll case, however, the anslogous

# One support Tluid is usable for the 279K operating temperature of
liguid hydrogen. This is neon, which Zreeges at 24.49% and boils at 27.29K.
Parameters for this case corresponding to the sbove have not been calculated
owing to uncertainty as 1o the veloclty of sound in liguid necn.
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TARLE &

Propane- WE g~
Systenm Paraffin 01l Fluorocarbon
Frequency {cycles/sec) 60 60
Amplitude of Pressure Oscillation® (psi) 200 200
Amplitude of Driving Wall® (cm) 6;73 V 0.51
Peak Velocity of Driving Wall (u/sec) 2.75 1.9k
Depth of Sensitive Fluid (cm) 7T 33
Length of Support Column (m) 1.9 1.%
Over-all Length of Tube {m) b6 : 3.l

#  “Amplitude” heve is & the total excursion; e.g., the pressure swing

ig from 100 psi {expanded) to 500 psi {recompressed).
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situation demands a chamber depth of 28 cm (which is satisfactory) and
support fluid columms each 3.6 meters long (which is longer than might be
desired).

It i3 to be noted that the length of the chamber structures given
in Table 6 are quite within reason, if we assume that the design is to be
applied to very large chambers of diumensions comparable to a meter in diame
eter, The chamber depth is satisfactory for this size chamber for the wyé
case (33 cm) while it is probably too deep im the propane case (77 cm).

The depth of the chamber (and the over-all length of the tube) can, of
course, be reduced by ralsing the operating frequencyj doubling it is not cut
of the question. Purthermore, if one allows the possibility of high pres-
sure windows, two other things could be done for the propane system. The
geomelry described in Fig. 31 is obviously symmetric asbout the center of
the chamber, 80 the system could be cutAprecisely in half and only the
upper portion retained, with a high pressure window placed where the cen-
ter of the chamber nov ia. This would make the chamber depth a more rea-
sonable 39 cm. One could alsc conslder making the tube of smaller rectan-
gular cross section with windows on elther side of the chamber portion.
Then the 77 cm dimension becomes the length of the chawber, while the dé?th’
and width are determined by the dimensions of the rectangular tube.

The feasibility of the foregoing scheme is not easlly evaluated
without experiment. The wmechanical drive wéuld appear Lo be concelvable,
as the driving wvindow operates in what is ldeally a pressure node., The
presgure differences developed across it can come only from the dlssipetion
of energy iu the chamber, and should be smaell compared to the pressure ex-

cursion developed in the chamber. Many electro-mechanical drives can be
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L configuration used on CUF @Xe

a

envigioned, one of which might be the magne
pansion engines (see Appendix II). The comparatively small pressure dife
ferences developed across the driviang window should allow iis mechaniecsl
deaizn to be light encugh so that the mass ltseli could be adjusted to the

3

resongnt freguency of the chawber with the ald of gas reservoirs of the
proper size. 8ince we arve dealing here with a single frequancy, 1t 1s also
pogaible that the acoustical horn might be employed to reduce the size of
the driving window.

There 1s also the guestion of losses. Az far ag the logs produced

2

by the track bubbles themselves is concerned, there would appear Lo be no
problem. As shown in Chapber II-1;, the energy loss produced by even a
Pairly heavily "loaded” chawber (100 diameiral tracks in & 12 inch chauber)

o P

is less than 0.39% of the energy storage in the fluid under the proper ex-

@

ranslon conditions, and even this number could be reduced by expanding to
o higher pressure then the one used in the caleculations. The loss produced
by spontaneous bolling from the chember walls 1s less predictable, but we
have some indication from our testz with the 12 inch chauber that this
defect can be elimlnated by proper design and cholce of materials.

The most difficult question Lo answer is whether or not the bubbles

created during one expanslion would have time to collapse completely before

XY

the subseguent expansion. The celculatlons described in Chapter If-1 Indi-
cate that they do not under the conditions sssumed there, althoush the
equations used sre in some error near the end of the recompression cycle.

Possibly a much higher recompression pressure than those commonly euwnloyed

in bubble chambers would be regquired.



There are other problems as well.

other (e.g., radial) modes of ocscillation might cause Ltron

dizmeter chambers, and sume form of scousiticel wave guldes m

be eaployed Lo discour modes. The camera viewing poris are pose
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botion ag showin.

are certalinly problems atlendant

suggested sbuve, the conecepdt wight be worth conslderation

has & need for such a chamber. The obvicus appllcation is to some of the

newer wachines (e.g., the proposed Pemusylva a»?riﬂaet@mvwr@@@ﬁ synchrc-

tron) which have repetitlion rates in the renge of 30 cps. In facht 1t would

seam to the writer that there is great promise in a marviage of counter

and bubble chamber technigues. The steady-stete bubble chamber system pro-
P

posad in the foregeling uvifers one method of achleving 1 &ig frultfol coubinge

L)

tion, and as such should certainly be luvestigated.



A, FEouation of Motion

In an approximate sense, the expansion system for cur 12 inch
chamber is analogous to a harmonic osclllator - e.g., & wass oan a spring,
The spring represents the various fluid and mechanical compressibilities
of the system, and the mass that of the plstoms, oil, support fluid, and
sensitive fluid itself. The mass is to be imegined held with the spring
compressed by & mechanical catch. When the catch is released, the mass
goes through o single harmonic cycle, and is stopped agein by the catch.
In order to analyse gquantitatively the motion of the expansion cycle, we
will use the model shown in Fig. 32, We will further wake the following
simplifying assumptions, and will discuss their valiﬁity later.

1. Incompressible support fluld (except as a correction imtroduced in the
gpring constant) of density Lo

2. Irrvotational fléw of the liguid.

3. Introduction of an "effective mags” in the expansion of the sensitive
fluid,

4, Loseless (conservative) system.

5. Constant compresaibility of compressible media.

We refer to Fig. 32 for definitions of the relevant quantities. Because of

the incompressibility sssumption,

xa = XA (AZ-1)

In order to write the Hamiltonian for the system, ve need the
kinetic energy terms. Thus kinetic energy = Ty /T, / To f T, £ Ty,
where T% and @m refer to the energy of umasses M (chember and sensitive

fluid) end m (pistous) respectively, T, end T. refer to the energy in the
A L
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fluld of the "streight sections” _f 4 x and L - X respectively, ad Tp re-
fers to the energy of the fluid in the complicated region in betveen.

The terms are quickly evaluated (the dot denotes differentiation

L] ®
‘ ‘ 2 2 o 1.8 2 . s
with respect to time). T = fmx™. T, 3 2 3 3" (a/A)%, in view of

equation Al-l. T 2 #o(L - X);‘;ig : Mo fl - z{afa)] g/jgg ::%2, again
using equation AI-l. T, = ap( { 4 3&:);{2@ Left to evaluate is Tp o It
is given by ’E‘p - f ;}/D "2/2«:'1’1‘ y Where 4T = volume element, A/ = velocity
of the oil, and the iutegral is taken over the entlre volume of oil not
included in 'E?L and Tj « This may be expregsed in terms of x by
To = 4pV ?(;;;)2, where V = volume of o0il in T, and
g = (1/%!)](«/%)%’1' {a1-2)
For this system, g is slways less than unity.
Summing, then, where ¥ = afA,
Kinetic Energy 2 P = %ﬁ*};ai\.m £ Y2 u / p@"rgm - ¥x)
fala =) fved | (a1-3)
Potential energy terms are also easily determined. Potentlal
energy 5 V = 1x® J 1kx? and using equation AI-1, we have
V7= 1 (k7° 4 k) (AT-b)
vhere K and k are the "spring constants” shown in Fig. 32,

The Hamiltonian is now given by the sum of T and )/, or

( r{ﬁx);ze FTr=2=¢ (AZ-5)

where
« sufvMipofr fal fvs T (AI-5a)
B 3 Pla -AT3) = pa(d - T2) (AI-5b)
NERISEE: (AZ-5¢)

and € iz an arbitrary constant,
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If we novw solve for x, we may expryess the solution as the integrsl

tz./%V}agﬁﬁﬂewP§Mx (A1-6)
1

The above integral may be pevformsd easlily if we employ the
approximstion that gz << X, {For our sysbem, this is nuserically valid,
as is shown later.) Then we may expand the integral, and take only the

Tirst two terms, as

m:l%VaKc»Pg)dx¥% Valte - TD) (prfa)as
ey X 1

The firet term ylelds the havmonic solution, {as can be seen directly from
the Hamiltonian equation AI-5 by setting @ = 0). Therefore it is con-
venient to set
z = -Ve/T 5 =x, (AL-7)
vhence z, is the amplitude of the oscillation. Hence the solution
t 2 (1/w) cos™ (x/-2g) ~ %(,@/\/FE ) (V2 - 5 (A1-8)
where
wiy[/x (21-9)
The second term on the right of equation AI-8 gives & measure of the asym-

metry of the perturbed harmonic cycle. If we define At as the difference

in time betwesn the actual casze gsnd that of & pure sinuscild of the same

period 2Tv/w over a quarter of a cycle, we have

at = Bx,f2y " « (A1-10)

B. Humeriecal Evalustion

First we evaluate the “"spring” term | = k / Y2k, The tems k
represents the spring constant in the "bias cylinders” described in

Chapter I-3, Since they sre gas reservolrs whose volume is large compared



~207 -

%o the volume change during expansion, k is quite small and may thus be
accounted for only approximately., To evaluate K, we note that 17 gi iz
the contrivution to X from the sensitive fluld, then

K, = AForce/AX = AGP/aX = aap/{au/a),
whﬁré W is the volume of the sensitive medium and P its pressure. IF then
K is 1ts compressibility defined by K3 aW/idP, we have K; = APAIK,
Then rig the contribution to |, is given by Fg = "(2K1 = agfw K. MNote
that the contributlion to " is independent of the geowetry of the sensitive
liquid container (in this approximation) and depends only upon its volume
and compressiblility. If we agree to describe the motion by the varisble ¥,
which is assentially the position of the pilstons, we then have a convenlent
way to take into sccount the compressibility of the support {luld and the
flexibility of the vessel itself. That is, we say ER £ a®/( Av?,/ AP},
where [Niy now refers to the volume change seen at the pistons, and include
ing all sources of compressivility.

The following calculation is based on the parameters as they
existed during the second run with butane at 120°C (see Chapter I-L). The
term AKVP/;S? can be estimated, but poorly. The number ascertained from
gtatlc measurement of piston positions iz 13.3 insflﬁﬂ psi. Converting to
MES units and treating all four pistons as a single piston with area egual
to the sum of the four, we find, a = 0,0248 n®; o2 = 6.15 x 10°% ¥
: z}%P/ZSP 2 3.18 x 10710 mﬁ/éewt} and | = 1.9% z 168 Fewt/m # k. The term
 ean be estimated from the volume and pressure of the gas in the blas
eylinders, and is about 0.16 x 106 Hewt/m, o

> 2.1 x 100 Hewt fm

To evaluate f?, we assume that only the upper window of the bellows
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chambey moves.® Then, sinece the effective area of the bellows chanber is
150 5;3123 and that of the four plstons taken together 38.5 in? s we have
T 20,25 and B2 pa(l - ¥2) = 27.8 kg/n,

How we must evaluate X from sguatlon Al-S5a. The term L is nob
strictly appilcable to the real chamber, and the effect of the Fluid in
that porvion is included in the term %. The constant w is

m {mass of pistons) = 7.2 kg
The tera pai includes the expansion engine oil behind the piston, in the
valve, and up the neck of the blas cylinders, as well as the mass of the
support fluld in front of the pistons. By numericel integration we obtsin

pal = 4.8 f 0.8 kg = 5.6 kg
The term M has to include the mess of the Planges, glass, and other Fixed
parts vhich sre - 0 kg. The "effactive wass” of the sensitive Ffluid con be
derived in a manner similar to that used in the derivetion of the equation
of motion, asssuaing that only the upper window moves, and turns out to be
one-third of the actusl mmes. Assuning hu.mm s We have an effective muss =
2.1 kg. for the senmsitive fluid, and

M= 1l.1l kzy YH 2 C.727 k.

The term pV§ is not go easy to assess. However, it can be
estimeted with the ald of an electricsl anslogue; i.e., an electrolytic
tank, and this has been dome. If one assumes lrrotationel flow of an ine
compreesible £luld, it can be shown (54) that it is possible to write a
velocity potential ¢ such that velocity is given by v 2 -V, and

obeys Laplaces eguation V‘?’CP = Q. A salt tank was set up modeling the

# This caelculation hae been also done for the case in which both
windows move equal amounts, and found 1o differ very little from the ra-
sults exhibited here., In practice the lower window wmoves some, but nob

ag much as the upper.
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chamber, using copper plates for the pistons and moving windows., The result
of these measurements gave the value of € as 0.057. Taking V = 37.5 1lit,
A 2 1.2 kg/lit, ve have

PVE T 2.6 kg
Summing all terms in o, we have

X 2 1641 kg,

We can nov compute W3 \/F'—/-c—r as W= V2,1 x 3.06/16.1. T 361¢

Thus T, the period, is given by U= 2T/w = 1T.h ms. A typical period

cbtained in the non-boiling runs with the chamber at 120°C (see Chapter I-h)
vas 17.0 ms, The excellent agreement with the calculated value is a good
indication that the valve opening is having no constricting influence, and
that the flow is laminar to a high order of approximation.

A caleculation of At, the asymmetry mentioned earlier, is quickly
made. X,, typically, is at the most —~ 1.5 inches = 0.038 m. Evsluating
equation AI-10, we have At % 0.91 » 10"’* sec ~Z.00}1 sec; i.e., (At)/ T
= 0.T%. Clearly the approximation in performing the integral AI-6 is
Justified and, in fact, for all practical purposes the asymmetry may be
neglected and the harmonic spproximation employed.

Cs  Validity of waimations

It is now pertinent to discuss the validity of the assumptions
made initially in this treatment. The good agreement with exzperiment in
itself is an indication thet the appmximatiana are not bad, but there are
other arguments es well. Treatment of the support fluid as incompresaible,
as long as its actusl compressibility is included in the spring constant,
is valid providing the tramsit time for the velocity of sound in the fluid

is small compared to the period of the oscillation. For glycerine, the
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velocity of sound at thils temperature of 1600 gé yields a sonic transii

time of about 0.3 ms for the largest chagber dimenslion., For the fluorse
carbon support fluid, however, some error may be introduced, as the velocily
of sound of the order of 400 mfs yields & transit time of some 1.2 me.

The ifretatiogal fiow postulate is probably quite good, since
this is & pulsed system. Time is usually required to develop vortices in
such a 10§ vel%city‘flcw system, and the characteristic time estimated for
gur chenber is of the order of seconds at the flow velocities we encounter.

The use of an effective mass to vepresent the sensliive £luid is
also reascnable, on two counts. Plrst, 1lts effect is small in our systeu,
and second, the approzimation in iitsell is valid 1f the sonle transit tise
through the relevant {swall) dimension of the bellows chamber is small come
pared to the pericd. For butane, this time is calculated to be about 0.38 ms,
while for Wig 1t is about 0.6 ms. Although these times might not have much
gffect on the period of expension; they may result in & real pressure 4if-
ference between top and bottom of the chasber, ceusing some lyouble with
regpect to wniformity of sensitiviiy.

The assumption that the systen is lossless is obviously not wvelid.
The sensitive liquid, upon boiling, may produce large thermodynamic losses.
However, as can be seen from the expansions made with only s small amount
of boiling {Chapter I-4, Pig. 16), the losses from other sources are really
gquite small, ylelding a mechanical "Q" of about 20. The effect of severe
boiling is discussed at length in Chapter I-k., (See Chapter II-L for a

treatment of the losses produced by track bubbles.)

The final agsumption made, that of linear compressible medis, is

an excellent approximetion in the pressure ranges vwe are considering vhen
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the chamber ligquid is not bolling. In the bolling regilon, the complica-
tions dlscussed in Chapter I-b ensue.

An important polnt must be made here. The perlod calculated
sbove 13 not the actual expansion and recompression lime of the chamber.
The interval of the pressure cycle which we wish to be small is that por-
tion which iz below the vapor pressure of the sensitive fluld. To illuge
trate, if the starting pressure is 500 psi and the vapor pressure only 250;
the actusl total "expaded” time may be less ithan L the period calculsted
sbove, or smaller than 9 ms.

The effect of the "booster” spriugs described in Chapter I-3 can
be calculated in & memer perfectly analagous to that we have used in the
foregoing, the primary difference being that the cycle must be computed in
two steps. The initisl part of the cycle has a higher spring constant {due

to the booster springs), and thus a frequency higher than the middle poriion.

D. Applicability to Higher Repetition Rates

A point mey be mentioned concerning the applicability of this
expansion system to the steady-state bubble chambers discussed in Chapter Ii-2.
For very large heavy liguid chambers the finite velocity of sound would ap-
pear to make the approach suggested there more attractive. However, for

¥

smaller chambers, particularly those employing lighter liguids, the "lumped
constant” approach employed here is probably adequate. There seems uo
immediate re&saﬁ why, with the proper driving mechanism attached to the
pistons of & charher such as ours, 1t could not be made to resonate in a
steady-state fashion. OF course the comments mede in Chapter II-2 concerun-

ing chamber cleanlinegs and bubble collapse apply here as well. The repe-

tition rate of our present chawber is limited to about one pulse in four
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seconds ovwing to tlwme required to charge the expansion engine condenser

<

vank, This pericd could be shortened guite easlily, of course. The aschual

pusp-up time depends upon the compressibility of the wedis and the degree
of energy loss during en expansion, but should be only around 200 ms undey

good conditions with cur present smell 1 bp. pump.
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APPENDIX IX

EXPANCSICH ENCINES

A, General Comstruction

The primary energy storage devices in the expansion engines are
gas reservoirs or "springs.” These are almost completely non-dissipative,
and in principle are simply reservoirs which never require zas supply once
they are pressurized. There are two such "springs” on each engine (See
Fig. 11, Chapter I-3). Mechanically they consist of a single closed cyle
indrical vessel divided into wo compsriments by a piston o which a drive
ghaft is comected. The réar compartment (B} is called the "bouncer,” and
contains the smaller volume of the two reservoirs. The position of the
back wall is adjustable. The more forward compartment (D) ig called the
“driver,” and contains & comparatively lerge volume, as well as a supply
of oil Ffor lubrication of the "0" ring seal oa the piston (P). This pis-
ton, with an avea of 7 ing, is made of sluminum, and is in the shepe of a
flat disk with an "0" ring seal between ite edge and the cylinder wall.
The reay drive shaft (BS) connects to the piston and extends through the
frout wall of the driver, where 1t passes through a Morgenite (pressed
graphite) bearing and an "0" ring seal.

The front drive shaft (F8) is attached to the rear one by means
of a gsemi-flexible coupling (C). The Jjoint is fundamentally = wetellic
clamped one, except that the metal pleces are held apart by 1/32 inch
rubber washers for flexibility. On the fromt drive sheft is attached the
moving part of the magnet assembly (MMA). Thls assembly, which is held

¥ "1

together by a cast magnesium spider, contains the wmoving "slug” o

e}
]
]
&
1]
€t
i
3
3
o

and a set of moving colls, described in detall later. The entire asseuwbly

23,

iz held to the threaded drive shait by two sets of lock nuts and washers,



one set In front and one behind the asgsewbly. This allows the magnesiun

plece and its electrical componenis to rotate slightly, and because of a

rubber-asbestos washer between 1t and one ol lock nuts the plece also has
some freedom to tilt and make up slight misalipgoments of the components

with respect to the fixed portions of the magnet. The actual orientation
{with respect to rotation) of the moving part is maintained by guide rods
{not shown).

Adjacent to the moving pert of the magnet but shock-mounted to
the housing of the valve are the fized portions of the magnet (FM). These
consist of two "E" shaped, laminated magnets with a large coil enclosing
the center legs of the E's. When the valve is closed, the moving siug
closes the top of the "E," completing a magnetic circuit between the cen-
ter legs and the outer legs.

Forward of the moving magnet assembly, the front drive shafi
passes through an "0" ring seal and a second Morganite bearing, into the
valve housing (VH). This housing is normally filled with an oll which is
used as the hydraulic medlum in the expansion engine portion of the expen-
glon system. Just inside the housing, ettached to the front drive shaft
and operating in the oil, iz a "dashepot” (DP). The purpose of this devic
is to arrest the motion of the valve upon closing, so that no large impact
is felt upon the magnel assembly. It is, fundamentally, simply & piston-
like device which traps a guantity of oil in 2 smsll volume during the re-
turn, {or closing) stroke of the valve, and forces it io escape through a
small orifice. Its operation is explained in more detall later.

The front drive shaft terminates in the sleeve of the valve

iteelf {8). This sleeve is a hollow, open ended cylinder aboubt 5 inches



in diameter and 3§~inch@s long. It iz attached to the drive shafl ai ths
rear by means of a spider (8SP) whose edges are stresmlined so that the en-
tire structure is free to move through the oll with 1little resistance. The
sleeve, spider, and both drive shafts ave consiructed of g hardensble grade
of gtalnless steel.

- The seat of the valve, over which the sleeve fits, (ST) is a solid
disk of stainless steel attached to the body (or housing) of the valve by
a set of metal ribs (R), so that the oil is free to flow between the disk
and the body of the valve. The disk contains a rubber "Quad” ring, which
provides s gliding seal hetween the sleeve and ithe disk. This sesl is
never disengeged during operstion of the valve. The froat seals {588 and Dﬁ}g
are engaged by the front portion of the sieeve when the valve is closed.
The forwsrduost of these (SS) is a rubber "0" ring, and provides a good
stetic seal. Approximately & inch back from this is a second seal (D8)
which consists of & short Teflon cylinder. The function of the latter seal
is twofold. First it acts as a low friction guide to the sleeve to prevent
its binding upon the wetal parts of the seat. Second, it provides = seal
which, though not good statically, is very effective dynsmlically. Therefore
the valve has approximately % inch in which to acguire speed before the

final seal is broken.

B, Gas “"Sorings”

The behavior of the "driver" and "bouncer" are readily computable.
The action of the valve is sufficlently fast that estimates indicete the
deviation of the gas from adiabatic conditions is very small. Thus the
equation of state of the gas in the reservoir can be treated, toc a good

approximation, as that of an ldeal asdisbatic gss. Then the pressure-voluse
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relation szsumes the fora
P/z:»‘3 2 (VG,’V)T (A11-1)

where P, and P are initial and final pressures, respectlvely; VO and V are
initinl and final volumes, respectivelys e CP/CVP the ratioc of speciiic
heat at constant pressure Lo specific heat at constant volume. For a dia-
tomic ges such as the nitrogen we ave uging, V¥ can be taken with fair
approzimation to be '}"/5°

How consider the model shown in Fig. 33. The distances are de-
Pined in the drawing, and ’il i taken large enough to include the volume
in the actual “driver.” fig iz the distance remsining between ihe piston
and bouncer wall when the valve has stopped on its back stroke, and a the
total aaplitude of the wotion. How if Pl is the pressure in the driver;

P, the presgure in the bouncer, and ?10 and P, . thelr initisl values, then

2 20
N NN N PR TA B} (ATI-28)
Py/Ppy = [(’f2 Fa)/(ld, fa-x)] (811-20)

The eguation of motion of the system is glven by
- = - e o hod .4‘5;
% % fy ~ £, where £ 2P, /m,

A is the area of the piston, 7 ie the msss of the moving systen, end i any
subscript. The dot denvtes differentlstion with respect to time. A Dirst

integral to thils eguation can be obiteined; where we requive x 2 0 at x = C

and z = 8, The result is

£10/%20 © Pro/Pag = [ (L2 £ 8)/ 1 T

gjg 2{ a)/ ﬁg]ur‘“l 1 \%
L~ ﬂl/( Ql 7£ al]wrul )

which defines, for a given value of Aﬁﬁ and » the ratloc of pressures ithatl
an

must e used, and
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12 = LB, /- 1) %[j@l/( X/ xj"r"w 1}; (ATT-k)
f ool do 42T - YT {fThy £a)fidy fa -] 7 " F )

This equation is of the form 3{dx/dt)? = E(x),‘aﬁﬁ the period of
the valve can be found asg the quadrsture t = jf& dx/\ﬁé?{gje

Although the integrel is difficult, i? not impossible, to do ans-
lytically, & result can be found by aumerical or graphical iantegrastion.
Some samples of these calculations, some of which were done by the author,
some by E. D, Alyea, Jr., and some by J. T. Chang, are indicated in Table 7.
Actually the period was calculated only for the total time elapsed between
the breaking of the dynamic seal to the return of the velve to this point.
Thus the times quoted below arve for the function U= 2_/;adt/vﬁi§?t3 where
d =< 0.6 inches, since ve are interested only in the effective opan period
of the valve. The entive moving assembly weighs about 10 pounds. In the
exanples shown, the ratio of Pl% to PQO is determined according to equation
AII-3 in order to fix the stroke to 1.65 inches.

The speed can be increased still more, of course, with a slight
lose in orifice ares, by simply decreasing the stroke of the valve., The
practical Llimit to the pressure in the driver is set by the holding force
of the solenocid.

The oscilloscope traces shown in Pigs. 3% are taken from positicn
transducers attached to the moving part of the valve. Figures 34 s and b
are typical "free oscillations” of the valve, in which no attempt was made
to return it to the closed position. The oscilloscope celibration is given
in the caption, as well as the conditions of pressure in the driver and
bouncer. Data from the pictures indicate the total initial stroke of the

valve In this case as 1.33 inches, with U 83 defined sbove ~=1l ms. Hote
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TABLE 7
ng(?Si} PQG(Psi) _jg(iﬁ) T (ms)
1kl Gl i 18.9
1kl 57 0.75 17.2
141 L5 D5 15,1
212 97 1.0 15.4
212 86 : 0.75 14.0

212 T2 0.5 12.h
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Motlon of Zxpansion Ingine Valves

Free oscillation, position vs. time. Calibration: wvertical is 0,35
nches of valve motion per cm scope deflection. Horizontal is 3 ms/ewm.

Free oscillation. Vertical celibration seme as in Fig. 3ka. Horizontal
is 10 =s/cm.

Typlcal valve motion, traveling to closed position. Upper trace is

valve motion, lower irace currenl through four msgneis In parallel.
Vertical calibration of valve wotion approximately the same as above,
Current is LU0 amperes/em. Horizontel is 5 me/en. (Driver and bouncer
pressures were smaller for this pulse than for ithe omes in Fig. s and b.)
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Figure 34




ODD.

[kt

the extent of the losses in the cycle, indicated by the deuwping of the os-
cillation shown in Fig. 34b. The fact that the weasured amplitude is cone
siderably smaller than the calculated one is due partly to the losses and

vartly %o the fact thet the sctusl position of the movable back wall of the

bouncer wag Tarther forward then was aszsgused in the calculations.

C. The Magnet

There is e great advantage in heaving a ferromagnetic magnet ma-
terial with & very high satursticn point for our application. Rapid valve
action depends om & lavge initial differential force from the gas springs
and a small mass for the moving system. The lavge starting force, hovever,
must be held by the magnet. For a magnet of the type we employ, the hold-
ing force is proportional Lo the square of the magnetlc field at the gap.
Therefore & high saturation magnet results in a very marked reduction in
the size and welght of the moving structure, particularly if the magnet
itself is e substantiel fraction of this weight. The material we employ
is Vanadium Permendur, a cobalt slloy which is available in lamination
thicknesses. The curves provided by the menufacturer {(Allegheny-Ludlum)
show a ratio of B/H of 1000 et 20 kilogauss, and 2 saturation of sbout 22
to 24 kilogauss. Our experience has indicated, however, that the particue
lar batch we have is probably not that good, although the degradation of
its magnetic properties may have resulted from the treatment ve have given
it.

The fixed part of the magnet consists of twe "EY sections (B)
spaced on elther glde of the dvive shaft, as shown in Flg. 35. The E's
are wade up of 0.01l% inch laminations which were bonded together with a

filled epoxy resin (Briggs R-385), after which the pole tips were ground
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flat and acid etched. The total finished area of all the pole tips of the
two E's together is about 9 square inches. The coll (FC) consists of 450
turns of no. 13 square wire, and is wound to include bhoth center legs of
the B's and the drive shaft, as shown.

The moving portion of the magnet is made up of the matching "I"
sections (I), also made of 0.015 inch Venadium Permendur, bonded, ground,
end etched. The total weight of the two "I" pleces is about 3% pounds. If
we assume a field of 20 kilogauss in the magnet when the valve is closed snd
the‘"I" sections rest on the pole tips of the "E's,” we can compute the
holding force = %(Befpo) (MKS units) as 230 paunds/ina. Since the ares of
the pole tips is about 9 square inches, vwe should have a holding force in
excess of 2000 pounds. Actually, the force is somevhat less than this,
partly because the laminations are separated by a finite thickness of ma-
terial, and partly because the effective alr gap of the magnet is larger
than it was intended to be, making it impossible for us to energize the
magnet fully within the limitations of our current source. There is a real
alr gap provided by 0.015 inch nylon pads, whose purpose is both to provide
shock sbsorption for the megnet, end to ensure that the flux is not "locked
in,” meking the release erra-tic and unreliable. The additional effective
air gap was espparently created by the grinding and etching of the magnet
pole tips.

The moving siugs are fixed to the ﬁagnesium spider (MS) by means
of padded clamping bars (CB). Below the élugs, fixed to the spider and
encircling the center legs of the "E's" when the magnet is closed, are the
moving coils (MC). These two coils are each made up of 150 turns of No. 20

round wire, potted in an epozy resin and bonded to the magnesium pilece.



These coils are energized oaly by t

themselves and the FPixed coll in saries during the

aye wound in the

The moving coils

they add to the magnetic fisld, ss well as operating

pulse of curvent

9% PrY 59
return

&

fsd

ayplied
of the valve.
¢oil, so thatl

y the leakage flux

of the magnet in such a way as to provide = "motor” action from the intere
ction of their current with the wmagnetic field.

D. Dash Pot

The operation of the dash pot is best sgeen with the add of

The piston (P) is free to slide on the shaft (8) of the valve, but the

nut (¥) iz fixed solidly. The tapered face of the nut mates with the back

of the Distcn and gesls several large relief holes (g) During the oubtward

motion of the sheft, the nut is Pfree to leave the piston and open the rellef
# it

The piston, which is loosely sesled to the cevity walls (C) with =

POTLE .

steel piston ring, is then free Lo move through the oll, and is forced by

the spring (SP) agninst its outer stop (03) (s distance of about 0.1 in.).

When, however, the shaft returns, the mut mates solldly with the piston,

sealing the large ports. The oil which is trapped in the cavity must then

pe forced out through the loose sesl at the front of the plston and the ade
P

Jjustable valve (V), transmitting a large vetarding force to the shaft.

It i2 useful to estimete the effect of this type of “dash pot,”

which depends on kinematical parameters and is more or less Independent of

the viscosity of the oil. The following analysis is quite approxzimate, but

does illustrate the luportant parameters. WUWe employ the simple model shown

in Pig. 37. The area of the piston is A, and the initlal length of its

cylinder ¢Q. The orifice has an area A, and a2 length .Q after which the
54 s =t/

liguid is assumed Lo escape freely. We assume the llguld to be lncompressil

o
PR
BBELOLE



Fxplaration of Symbols
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Piston
Brive shaft
Mut (fixed to drive shaft)
Lavge relie? holes In piston
Cavity walls
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ter stop on plston motion

Dash Pot

Valve which provides adjustable orifice
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Figure 37
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Applyiag the conservation of ensrgy, we have

S . ) i 2 4 ¢ 3
N\ j( Pax f %Agifﬂg - )P, %ﬁdffﬁv“ £ sphy, }f vﬁgdt z Comst. (AII-5)
o o “

Q?

where vy ® veloclty of the gacaping oll;y v 2 x ¢ veloclty of plstong P

pressure in cylinder; and /22 density of the oil. The last term on the lelt

s s . ; . 2 e ¥ = Al
The incompressibllity condition lmplies v, ® VEvp; K =24 f"g’i.ﬁ .
& P

Bubstituling this into equation AII-5%, differentlating with respect to time,

and dividing through by v, we have

1]

PA
,a; {ﬁﬁa 2/ £ 0, 4K § (A1I-6)
fhoad® [k -1

Tor the device we are considering, K iz z lerge mwber, —~ L x 1%35 80 we

Force on Plston

11

may approximate by neglecting fDA{“Q - %) since this iz Just the wmass of the
il in the cylinder, smell compared te the 10 pound mass of the valve, and
also neglect 1 compared to K. Thervelore, |
= v  FPKAVE (ATI-7)
where w is the wmass of the oll in the exlt orifice. The firstiterwm is en
"effective maes,” walch presents an impact %o the structure upon countact
with the piston. Since m ~—1 gram, then m¥ —~ bkg, which presents a not
negligible effect. To reduce the magnitude of this "lupect,” the leading
edge of the dasb pot is tapered, making Ag muach larger at first, and sllowlng
this effective mass to be added to the moving valve structure more slowly.

17 we assume that the holding magnet ig applying a constant force §
to the valve while 1% 1s closing (vhich is approximately true), we can solve

the eguation of motion of the valve afler it contacts the dash pot. The
g 2
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slgebraic detalls are omitted, but the result iz as follows,
immedliately efter contact with the dash pol, the velocity of the

valve 1g reduced as

vy 5V g, (A11-3)
where 7] is the toital valve mass; v, is the velocity after contact; and Yo
is the contact velocity. In the plysical structure v, ~ 5 afe, Y7 = b.5 &z,

fm -~k kg, 80 v 2z 0.69 vy = 3.b w/s.

1
Then,
v 2 VF/x ctan [le £ Cy) Vs fif {AlI-9a)
r = (M/ax) log »{sizm [T # ¢,) v’&'?ﬁ«?/gaj% -C, {AII-9b)
and
C; = (M/VaxF) c»@:mfl\/—;;§}§ (A1I-9c)
Cp = (M/aC) log [sian (C, V)7  (AII-%4)

and M 3 )77 § Kmy & = §0AK,
Pertinent design parameters are represented by several guantitieg. One is
the asymptotic veloclity v, = F/a. 1In our system F== 1000 1b —~ k00O
Wewtons, (the difference between the magnet holding force and the driving
force) and & ~ 8 x 109, Thus Vg vf«—%_ ~ 0.7 /s,

If we nov use the formulas AII-14 a-d to £ind the actual veloeity
at the end of the dash pot stroke, taking it as 1/16 in, we find ~~1 m/ﬁg E
decrease from the incoming velocity e factor of 5 in a total distance (in-
cluding the tapered p@r’ti@@ of about 0.1 inch. The above numbers were
evaluated for the case in which the varisble orifice ("V" in Fig. 36) was
wide open, providing an exit effectively about ;}; inch in diameter by about
1 inch long. The dash pot can be made considerably stiffer by reduction

of the orifice. This adjustment is made externally, and constitutes a "trinm"



on the closing impact of the valve. In pracﬁice the dash pots are trimmed
until all four valves have about the same closing characteristics; i.e.,
they all require about the same input energy to "catch" reliably on the

return.

E., Driving and Monitoring Circuits

The requirements of good timing accuracy and synchronizablility
of the starting time of the valves place certain demands upon the nature
of the magnet and its power supply. We require that the inductances of
all four holding coils be the same,; so that the release times are alike.
Therefore the C.0Ll5 inch nylon pads in the magnetlc eircult lnsure that
the inductence of the solenoids is primarily determined by & reproducible
alr gap rather than by the iron characteristics themselves and the exact
way in which the pole tips contact. On the other hand, we would like to
xeep the energy storage in the magnets, and thus the thickness of the air
geps, as small as possible in order to release the solenoids quickly by
application of a large reverse voltage to them. A small inductance for
the magnets and a large reverse voltage pulse are also desirable features,
but the limit to these is set by practical circuit considerations. A small
inductance, of course, implies fewer turns on the magnet but necessitates
a larger current to achieve the desired magnet excitation. Since the recti-
fiers vhich supply the magnet must be triggersble tubes such as thyratrons
in order to withstand the large reverse voltage pulse, the number of turus
on the coils is determined by the maximum current one can expect to supply
with these tubes. We have compromised by employing four F.G. 105 thyratrons,

which can supply about 24 amperes, or about 6 amperes per magnet. With our
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present system the inductance of the four magnets in parallel is about
0.15 hy, and with the release voltage 3KV, the current in the magnets could
be drained in somewhat over 1 ms. (Actual breakaway would occur, however,
in sbout 0.4 ms, since the holding forcg falls of rougzhly as 12.) In actual
operation the release 1s somewvhat slower, since it turns out to be desirable
electrically (see discussion below) to apply the release voltage through
the moving coils (in series with the fixed coils), with a consequent increase
in the effective inductance of the magnets.

The over-all driving circuit is illustrated in block form in
Fig. 38. The sequence of operstions during release of the magnet occurs
as follovws, with the megnet current and voltage wave forms shown (idealized)
in Fig. 39. In the quiescent condition, the grids on thyratrons la, lb, lc,
and 14 are held positive by the control TT-1, and the tubes conduct as sluple
rectifiers supplying current to the fixed coils (FC). The condensers shown
are initially charged to, typically, a negative potential of from 2000 to
3000 volts. When the magnets are to be releaged, TT-2 triggers TH-2 (pt. "a”
in Pig. 39), comnecting C-1 (25 pfd) to the fized coils through the moving
coiles MC and an external inductor (IND), of about 0.09 hy. inductance.
Simultaneously, TP-1 drives the grids of TH-1l (abcd) negative. In approxi-
mately 0.5 ms, the current through C~l, IND, and MC hes risen to the holding
current value, at which time the condeunser has seized control of the megnets,
and, still being negstive, depresses the plates of TH-1 (a,b,c,d), 8o that
they sre extinguished (pt. "b" Fig. 39). The LC combination of FC, MC,
IND, and C-1 has a'resonant half-period of about 5 ms, so that there still
remain about two milliseconds while the plates of TH-1 (a,b,c,d) are held

negative. During this period they deionize, and are able to tolerate forward
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Figure 39

MAGNET CURRENT AND VOLTAGE
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voltages. (These whbes regquire about 1 ms for deionization.) The resonant

LC coupination meationed has a falrly hish 9, so thel alter the current has
=2 ]

reached its meximun velue of about L0 amperes (pt. "c¢" Fig. 39), the vol
begins to reverse on C-1l; and would reach a positlive value of some 3000
volts when the current has vanished. However, when the current has dropped
to about 20 amperes again and the potential of C-1 1is about 2500 volts posie
tive (pt. "d” Fig. 39}, TH-3 is fired, shorting ocut IND, and reducing the
inductance of the LC combimation. AL this time the current in FC and M{
vanishes approximately linearly in about 1.9 ws, TH-Z extinguishes, and the
nagnets are relessed.

The reasgon for applying the releasing voliage pulse through MO
rather than directly on to FC is thet the two sets of coils are mibually
coupied through the megnetic circult of the sclenoid., Were the large vole
tage pulse applied to the Junction of the two sets of colls, the Induced
voltage 1o MC would be added vo lhe applied potentilal, raisiag parts of the
moving coils Lo @ higher potential with f@syeet to ground and putting ade
ditiowal siraln on the iasulation.

Wheu the valves have ltraveled to thelr opea condition, "bounced,”
and are returning, the current pulse is genersted to make up mechanical
losses. This is done by firing IG-l; which comnects the 200 Pfd condenser
bank C-2 to MC and FC in series (pt "e" in Fig. 39). Since at ithis stage
of valve wmotion, the wmagnet is open and has, conseguently, a guite small
inductance, the current rises to its peak value of about 240 smperes in
about 3 - 5 ms. At this time (pt. “2Y in Fig. 39) the potential of C-2 is
Zero, or slightly positive, and the "crowbar," 102, is fired, short-clireuit-

ing the coils and stopping the LC oscillation. The energy that was stored
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in ¢-2 is then transferred o the wmagnet, and wili there vemain untll removed
either by conversion to mechanical energy or by resistive dissipatilon.

After the valve has been pulled closed by the return pulse, an
additional burst of current is supplied by the 5$‘Ffd condenser C-3 through
I3-3 {(nail) in %k@ same manner as the return pulse {pt. "g" Fig. 39). This
cirvcuit hes the function of "securinzg” the closed position of the magnets.
There is no "crovbar” ignitron for this condenser but the funciion is sup-
plied by the holding thyratrons themselves, as the positive bias is restored
to thelr gride in time to retaln the "nall"” current pulse 1in the magnets.
This final burst of current then decays to the holding value, and the cycle
is complete.

Tue advantage of operating the magnets in electrical parallel is
that they then tend to be self-gynchronising. If, duriang the return pulse,
one of the valves is lagging the others, its magnet will be opened wider,
and the inductsnce corvespondingly smelley. Therefore 1t will accept move
current from the return condenser, and it will be found {upon more careful
analysis) to have acquired more energy in its megnetic fileld. This fileld,
upon being destroyed by the closing of the magnet, is coanverted into mechani-
cal energy. Therefore the lagging valve ls driven herder. The same effect
ig true in reverse of 8 valve which leads the others.

Bach valve has 2 position transducer, vhich is simply & carbon
potentiometer rotated by a lever actuated by the motion of the valve struce
ture. A DL voltage is impressed scruss the poteatiometer, and the position
of the vaive read as 8 volbage from the center tap. In addition there are

miero-switches attached to the housing of the engine in such a way thet they

are actuated when the valve is open. The switches function as safety
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indicators, in case any of the valves fall to cloge,

¥, Operation of the Englnes

Bach of the valves was operated on a test stand several hundred
1o sgeveral thousand times before it was installed, and the four have been
operated several hundred times in parallel, under operating conditions.
We have encountered a number of troubles with thewm, most of which appeared
after installation., For exzample, the dash pote seem to change their chare
acteristics somevwhat when the valves are operating under internal pressure,
and require readjustment in order that the four engines will have the same
cloasing cherecteristics.

The wmoving c¢oils hsve caused trouble owing to shoris betveen
turns. The sh@ré@& turns act as secondarieg of & iransformer and absorb
a large fraction of the energy in the condenser bank. The resultant local
heating apparently demages the Ilnsulation and creates an arc to grouad,
destroying the coil. Steps have now besn taken to eliminate these shoried
turns. We first require that all colls undergo 8 severe testing procedure
before being installed in order to eliminate weak or defective ones. In
addition, RC terminations have been installed on all the long (50 £t.) cable
betveen the pover supply rack and the engines themselves., These termins-
tions serve 1o reduce insultation demaging action of fast high voltage puls
from the firing of the ignitrons which in the absence of proper cable term-
inations may double upom reflection from the magnet coils. No new coil
troubles have been experlenced since the correctlve measures were taken,
although aging and mechanical shock may eventually cause more shorts.

Probably the moving coils should be redesigned.
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The most persistent and annoylng difficuliy with the valves is
their propensity for feilure to "catch,” or remain closed after a cycle,
This is ususlly the result of any of several kinds of maladjustments of
the engines, such as the dash pots, electrical timing, or condenser bank
voltage. However, now that most of the Initisl difficulties have been over-
come, the valves eppear to be gullte relisble vhen properly adjusted, and
there seems to be no reascon why they camnot be made very rellable.

The oscillogcope trace shown in Fig. 34c was taken during a typle
cal cycle of the valves. The operating conditions are glven in the caption.
An intevesting point is ascertained through amalysis of the motion {upper
trace) and current (lower trace). The electrical efficlency of the pulsed
return circult can be determinmed in two ways. One can comparethe "free
oscillation” motion of the valves to th@ﬁAw&an they are returaed, which,
coupled with s knowledge of the gaé spring characteristice, ylelds the en-
ergy lost in a single cycle. The picture ghowing the motion during the
returned cycle indicates the veloeclity and hence kinetic energy which the
moving structure hes when it contacts the dash pot. The sum of these two
gquantitieg is the mechanical energy given tc the valve. Alternatively one
can integrate with respect to time the square of the currenl and multiply
by the known resi@ﬁanée of the circuit, yilelding the electrical energy dise

sipated during the operation. These ueasurements have been made on & nuber

&

of pictures, gnd the two wethods agree gulie well., The efficlency figure
thus obtalned is aboub 50%, which is unexpectedly high for this type of
nighecurrent pulsed system., 0Of the 500 joules stored in the condenser bani,
anout 250 joules are comverted imto mechanical energy. The comparatlively
high efficiency indicates that this magnetic configuratlon wmight be uselul

in other electromechanical applications.
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APPENDIY I1I

PROPERTIES AND PURIFICATION QF TUNGSTEN HEXAFLUORIDE

A, Physical Properties

in its pure state, tungsten hexafluoride forms a colorless liguid

of high denglity and comparatively low index of refraction. We have measured

the vapor pressure and density of the liquid above its boiling point, and the
results are presented in Fig., 40. The vapor pressure measuremenits were made
in the small bubble chawber (Chapter I-2) in the following manner. At a
glven tewperature, measured by a thermocouple, the vapor pressure of the
fluid was balanced by hellum gas pressure applied to the pop valve side of
the expansion diaphrags 1llustreted in Fig. 3a {Chapter I-2). The ?aium@ of

Liguid was adjusted g0 that the disphragn wvas in its center or unstressed

position, and ithe pressure of helium required 1o hold it there was read on

wide

&

&

en external pressure gauge. The accuracy of the curve shown in Fig. L0 !
probably about 1 to 2 percent, determined chiefly by the error in the pres-

o

gure gauge used, since the temperature measurement is believed to have been
guite good. The density measurement was made also in the small chamber,

The calibrated volume adjuster mentioned in Chapter I-2 was employed to
measure the thermal expansion of the liguid (under its vapor pressure) frow
room temperature lo sbout 150°C. The density at lower teumperatures can be
found (78) in the literature. The measurement of density was nbﬁ ag accurate
as that for the vapor pressure, since it was necessary to correct For the
temperature difference between the liguid in the chamber proper and that in

the volume adjuster. We have estinmated a nominal error of about T 4,

The estimated criticsl constanis for Eifu are¢ also shown on ¥
end ares Critical temperature = T, 3 %51.3%% = 178.2% { ¥ 0.5°). Critieal

k=3

. , . - - o
pressure ¥ P = 46.3 atm. ( T 1 atm). Critical demsity 3 P T Lok gnfomd
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{error not kanown). The only one of the above constants ohiained

was the criticsl tempersture, a2 the criticsl pressure was beyond
of the pressure supply which we had avallable., To measure the critical tems
perature, we heated the chawber slowly, measuring the temperature with a
theymocouple., As the liguid approached the critical polnt, we were careful
t0o keep the Liguid meniscus in sight through the chasgber windows. AT the
asmperature noted above {(which we passed through several times) we observed

the conversion of the meniscus into o broed band of critical opalescence.

The critical pressure was estimated by noting thalt our vapor pressure dats

to the highest value meesured fitted within the experimental ervor
tion P = ﬁegiﬁ where & and B are constants. This function was then exiraps-
lated to the temperature T = T,. The value of /2, ves predicted on the
hagls of the law af corresponding states, in the form of %?gf/CQTQ 2 unlver-
gal constant, wvhere M 1s the moleculer weight. The counstant is of course
not really universal, but the varistions in this number seem to be smaller
among "'non-associating” liquids of high molecular welght like Wi, than among
those of smaller molecular welght, szo the foregoling estimmte 1s provably

reasonably accurate,

The index of refraction messured at 144°C 1s 1.28 * 0,02, Tuis
value was obtained by observation with a2 trensit of the difference in the
apparent depth of the interior of the small chamber above and below the
Liguid level. The small correction due %o the index of wvefractlon of the

vapor was estimeted from the results of the measurement on the ligquid. The

resnlt is low for such 2 dense fluid, but this feature seems COEMOD LmOng
b4

fluorinsted liquids. For example, the fluorinated hydrocarbons in the Lig
ptote seem to have markedly lower lindices of refraction than thelr non-

filnorinated counterparis.



B. Chenmical Considerations

The chilef handling problem with Wiy for bubble chamber use is the

effect of the impure liguid on windows. If %?6 becomess contaminated with

1t remcts through the chemical process WPy 4 K0 — WOF), £ 2HF. The

wydrogen fluoride, especlally in the presence of trace quantities of §§G,
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a {or glass) through the reection 4P f 810, —» S1F, 4

presence of glass with a water contaminant,
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we have the process 2iFg f 28,0 —» 2W0F), # LEF; WEFP f 810, — SiF, ¢ 28,05

Qﬁgé { 2%?6-> and so forth until elther the WF,. or the 810, is exhausted,

o 2
28 we have & chemical ch&iﬁ reaction {with & unit multiplication). OF
course, the situation is really much more complicated than this for an aciu-
al bubble chamber, because there are many other compounds around and differ-
ent impurities may participete in this reaction. AlL thatl is really nec-
essary to break the "chein” is to have meterials in contact with the liquid
that have & strong affinity for HF or Eg@, and combine with them without
further production of water or HF. Such a material, for example, is Nal,
which combines with HPdirectly as Ba¥ HF, producing no water as a byproduck.
It is possible that other materials have this function as well. WNeverthee
less, it is clear thet one of the best methods to fight the etching problem

ig to remove ap much as possible of the EF contsminant from the W?é and the

B,.0 traces {rom the chamber system. Pure wyé does not EPpear to attack

2

quartz OF pyTex even at the elevated operating tempersture. Thersfore a

good purificetion technique is called for. The system we employ is des-
crived later.
In the course of our work with Wﬁég we have algo had an oppore

runity to study its effect upon various materials, some at elevated
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temperatures. ¥e find that inconel and monel {and no doubt also pure nickel)
are gquite resigtant to %?69 and in faet seem Lo be guite immune 1o atiack
even at high temperstures. Stalanless steel 2180 appesrs to be guite resis-
tant, although we have not tested 1U to the degree we have inconel and
monel. Even cOpper seems Lo be reasonsbly inert to %“é at low temperatures,
aud since the k§5 was shipped to us la gteel tanks, there is reason to bee
lieve that steel is slso quite resistent (at low temperetures). Possidbly
wost of the metals, il attacked, tend to form falrly lmpervious fluoride
coatings which restrict further reaction. ¥For handling at high temperatures,
however, particularly when high purity ls desired, the nichkel-vrich alloys
are probebly to be preferred.

Among the plastics, Teflon appesrs to be definitely superilor,
as one might guess. We bave had Teflon gsskets in contact with WEg Tor
long periods { ~ two weeks) at the operating tempersture { ~— 1459C) ana
have observed some small effect. Thie iz primerily e darkenlng in color of
the Teflon, although the mechenicel properties of the plastic do not seen Lo
be at all affected. There is elso evidence that the WFé penetrated to sone
extent the 0.030 inch Teflon disphregm in the expansion system of the swall

chamber. The conditions of pressure, of course, were extreme, since vhen

the choaober was hot bul not operating, the disphragn was often left hold

the 400 psi vapor pressure for long periods. A peculiar effect was slso
noted vhen the Teflon partg which had been in conmtact with w?6 were renoved
and exposed to the alr, After a period of = few hours, all such surfaces
grew "whiskers" (light yellow in color) up to sbout % inch long. HNo satise

factory explanstlon for this phenomenon hes been found. It should be noted

that all Teflon used in the tests was the commercial grade, which iz o



comparatively large grain size and porosity. A less

porous form which 1s nov avallable, Teflon 100X, (quite transparent in thin
sheets) may not exhlbit the charactaristies described above,

Yel-¥ was also tested. A small pilece about L/16 ilunch thick which
was quite tranaparent was kept in contact with hot WFg for several days.

At the end of this time it was opague, and suffered some change in its nee

chanlcal propertles. 4 smell plece of Viton (4 Du Pont fluorinated rubber)

gubjected to the same test showed severe damage, as the guartz windows
on the chawber, We bave asgumed thalt the window etching was caused by the

products of the chemlcal action upon the Viton, slthough this is only a

conjecture,

It must be wentioned that vhenever we have £illed the small chan-
ber with &ség we have found 1t 1o be of a ﬁm?&@ﬁ purplishepink hue. The
degree of coloration has varied gquite widely from one £illing to another,
and seems to have nothing to do with the temperature. That it is due io
an lopurity snd is not a progeriy of #F itself we know because samples

distilled into clean glass tubes heve been completely colovless at all tene

eralured,

g

€. Purification Technigues

=
)
5

One operation which 1s important for purification o WE is &
thorough pretreatment of the containers, ALl handling systems should be
thoroughly evacuated and baked while comnected to the vacuum pumps, and
should not be exposed again to alr. 0OFf course, the necessity for having @
really leak-free system is obvious, for leaks will almost lnvariably intro-

duce water vapor. We also pretreat cur systems between pumplng and baking

operations with & small gquantity of %?6, which we then discerd. Such an
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cperation vhere oposslible should materislly reduce the traces of &EGQ

£

aysten we employ for purificaetion of the

¥

i
[
I

Wiy, was suggasted

vapdr presgures. Thelr bolling polnts ave within a few tenths degree { of

gach other, so distillation al room temperature (which i3 close o thelr
T fob e} 2 s e g g Pyag PR wtd o s
bolling points) is impracticsl., However, Wi. freezes about 2 2.5 3%; which is

o

e Pew degrees below ils bolling point, while ¥F, apparently because of the

tendency of 1ts molecules to polymerize, remains llguid to about W%émga

the heal of sublimstion of ﬁ“» is roughly the sum of the heat of fusion plus

h:»

the hest of vaporization, while that for HF iz the heat of vaporization
Therefore by the Clausius-Clapeyron relation (Eguation 1I-1-19, Chapter Ii-1},
the larger latemt hest of %F@ insures thet é?fdm is greater, and the vapoy

= a3

pressures of WFf and HP should separste ag the temperaiture is lowered. Thias

\1'!
?Ja
s Fm!
£

iz actually the case, and st a temperature {miﬁ@gc) Juast below the frees:

point of HF, the vapor pressure of HF {450 y} is sbout 20 times that of

{Qk‘pﬁ. At this temperature the substances should be separable.
The drawing (Fig. 41) illustrates the arrengement of our purifie
cation system. %?6 from the storage tank (ST) is distilled at room temperse
ure through the contalner (@} containing carefully dried WP, te remove o

large Iraction of the HF contaminant, into the first distilling tank {T-1),

5

This tank comnects to a large cold trap (CT) which is kept immersed in a

, , PR - " , i
tenperature bath at -1007C. This bath consists of a freezing eutectic mize

ture of 2 parts trichlorethylene and one part chloroform. The cold ty

...... i<

itself iz constructed primarily of seve r@li@u@zm of thin-walled tublng so

2 very large internal surface area in good thermal conbact




Figure 41

WFg "Weinstock™ Purification System

Explanation of Symbols

sC

PROEs
P—J

SAERFREET

Shipping container for WF

Yalve on shipping containér

Special monel valve

Getter (NaF or KF)

Float in WFg tank

First distilling tenk

Becond distilling tank

Container for -100°C eutectic bath

Distilling (Weinstock) cold trap

Vacuum vaive (2 inch Globe nickel valve)

Vacuum system

Dual special monel valve

Sintered nickel filter

Volume adjuster

Chamber £illing line

Auxiliary  chember filling line

Auxiliary  line (can be to vacuum system or to Freon-hydrocarbon
filling system)
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