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CERN 5OO LlTRh HEAVY LIQJID BUBZLE CHAMBER

L Introductlon ' Co ‘ ' i

The operatlon of a large bubble chamber 1s rather crltlcal,v N

because 1t depends on the temporary achlevement of an unstable superheated

} ). ‘

state 1n a large mass of llquld w1thout generallzed b01llnﬁ _ The 1nsta—

blllty must be such that bubbles may be enucleated by the passage of a

mlnlmum 1on1z1ng partlcle and grovw rapldly to a v1s1ble s1ze. A serles of
tests and prellmlnary experlmental runs have allowed to flnd satlsractory
operatlng condltlons for the CERN 500 lltre heavy llquld bubble chamber.,
Most of the llqulds that can be used 1n the chamber have the B

common property of relatlvely high dens1ty. Heavy llqulds are preferable
for experlments whlch requlre 1nteractlon lengths and radlatlon lengths

much smaller that 1n llquld hydrogen._ Operatlonal studles have been per—
formed Wlth a typlcal representatlve of thls category CFBBr, called com-

mer01a11 Du Pont Freon 13 Bl.,

2 The chamber

* thick, 1

o Tbe chamber 1) 1s a pollshed cyllndrlcal stalnless steel vessel,
l lb m 1n 1nternal dlameter and O bo m long, w1th an, norlzontal ex1s, CLOSGQ
at one end by a O 25 m thlck glass w1ndow, and at the other by a relnforced
rubber.dlaphragm Whlch rests, in the expanded state, agalnst a perforated
plate, supported by a magnetlc pole.

“L The beam enters through a stalnless steel spherlcal w1ndow, 4 e

”hav1ng a dlameter of 0. 16 m.

'z,.vr

The glass w1ndow is protected by a pressurlzed safety tank, hav1np

a smaller WlndOWS in its thick end—plate, which supports the cameras,.. A‘gas

pressure equal to the chamber static pressure is maintained in the safety
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tank by an electropneumatlc "pressure equallzer"

Gas pressure can be applied ‘behind the dlaphragm through
pheumatic membrane valves from two reservoirs, where pressures are
automatically regulated at preset values below and above the equilibrium
pressure of the working liquid., The expansion cycle is obtained by proe=: -
grammed operatlon of the mcmbrane valves by means of aux1llary electro—
pneumatlc systems ("Barksdale" system) B , :

I The temperature 1n the chamber and safoty tank is controlled. .
by six’ 1ndependent water-01rculat1ng loops, each with a pump and a therao—
scat, Xenor flash tubes are contalned in elght pressure—tlght glass -
plpes, inside’ the chamber, and are cooled by water c1rculated in finned
copper plpes. A ‘central control desk contains the timing. system, the
monltorlng 1nstruments, the pulsed power Supplles for the electropneu—
matic valves and for the fla h tubes. o v .

) The chamber is mounted 1ns1de an 82 ton magnct Wthh croates o

a field of 2 W’b/m with 5000 A eX01tat:Lon and >2 7 Wb/m w1th 8000 A
(4.5 MW d1ss1pat10n) Flg. 1isa vertlcal ax1al sectlon of the chamber
in the magnet. Fig 2 and 3 are photographs of the apparatus durlng assem-

bling and in operation respectively.

2 Operation with CF%Br

 The experlmental act1v1ty Wlth the chamber started with an early
attempt to detect hlgh energy neutrlno 1nteract10ns. A fllllng of very
hlgh denslty Was essentlal in a search for such rare events. Trlfluoro-ua_
bromofethane (CF. Br) 2)43),4) also known as Freon 13 B 1, was the densest
suitable fluid avallable in large quantltles at a reasonable price. Its
Operatlng dens1ty is about 1,5 and its radiation length O, 11 m, It operates
just above room temperature and at a convenlent pressure; 1t is stable, and
is not corros1ve, tox1c or 1nf1ammab1e. 4$ab1ell_g1ves the phys;cal_constants

f CF_Br.
(o) 3.1‘
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Five experimental runs Wer§ performed With'CFBBr, with a
total of 250’000 expansion cycles (the diaphragm and the rubber mem~
branes of the main valve were replaced afterf16b’000 cycles). Stable
operating conditions.oouid be obtained at temperatures-between 2700
and BOOC, at repetition rates of 3 and 2 secondé. Somé 150'000 pictures
were taken for the neutrino search, 8'000 during tests with cosmic rays,
and 12 000 in a 4 GeV pos1t1ve beam (Flg 4)

At a Worklng temperaturc of 29 C correspondlng to an equili-~
brium pressure of 18.2 kg/em, a typical expansion pressure was 9.5 kg/ﬁn
Since an overpressure of 4 kg’/cni2 was uséd,‘the actual pressure:changéx

~in the chamber at expansion was 13 kg/cm . The cdrresponding variation
of liquid volume, is about 2.6 o/o ; 13_11tré on 500 litre. Specific
operational problems and experimentél results are discussed in the fol-

lowing sections.

4. The expansion cycle

The use of a heavy filling in the chamber empha31zed the prob—
lems of hydrostatic pressure on the wertical. dlaphragm and of 1nert1al
effects in the expansion, 1 j ; _

The pressure difference befween gas aﬁdfliquid on the - two sides

of the vertical diaphregm changes with level because of the hydrostatic
pressure of the liguid: therefore thé forces acting oh the diaphragm are
not circularly symmetrical. The stresses in the diaphrégm balance the
pressurc gradients and make the dlaphraom take different shapes for dif=-
ferent liquid volumes: vertlcal cross sectlons in the symmetry plane are
sketghedvln Fig. 5. For correct operation, it is essential that the dia-
phragnm is well awéy from fhe perforated plate at compression so that it does

not hit it during éxpansion: this requireménf fixes the maximum amount of
filling in the chamber. A |

' With CFBBr, the hydrostatlc pressure at the membrane bottom is

0. 15]Lg/cm higher than at the top. for good operatlng condltlons the gas

4333/p
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presgure mupt exceed the freon pressure at the top by about ‘this amount,
The maximum tpn51le.stress originated under such conditions depends on
the eQuivalent elastic modulus of the diaphragm. The relation between
sagitta and applicd pressure on our nylon reinforced, 6mm thick rubber
diaphrégms, was determined experimentally. The resulting linear tension

is about 10 kg/gm at a pressure of 0.15 kg/cmz; The diaphragms were

o

proved to withstand this load with adequate safety margins ". -~ '

Under good operating conditions, this diaphragm has to move
back by about 2 cm to expand the chamber. Roughly we may consider that
the‘liqu;d_layer near thg diaphragm moves.by this amount, and that the

dié@lacement decreases linearly along the chamber axis and is zero at the

window. At the beginning of - the expansion, the liquid is accelerated.

The end of the expansion and the following recompression correspond to a

negative acceleration, while at the end of the recompression, acceleration
is again positive. _

The forces involved may be cstlmgtcd by considering thc motlon
as. uniformly accelerated during the first quarter of the cxpan51on,_mnd h

as uniformily retarded at the ‘bottom of the cycle.: The resulting ac-

~celeration at the membrane is 180 m/s for a typical etpgnqion time of

30 msec, The average acceleration in the liquid mass in then 90 m/s

and the corresponding inertial force is a push of about 7 tons. Th;s
internal force is small, compared to the static pressure loads : it is
equivalent to a pressure difference of 1 kg/cmzsbetween liquid and gaé oﬁ

the -two sides of, the diaphragm. However, it is clear that & severe shock

‘would be produced if the:diaphragm would hit the ﬁeffofated plete during

expansion because of insufficient free-volume.
The , expansion . speed was limited by the cross—scctlon of the ducts

in an adjustable throttles a total expan31on time of 30 ms was obtalncd w1th

*) Note : The nylon reinforced diaphragms had 4‘1¢yers of 1 mm2 mééh;
made of 0.25 mm thread. If the nylon wou%d take the whole
load, the stress in it would be 3.5 kg
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a cross section ofﬂl4Q cm% (50_o/ovof the maximum),- The mass of air

fiowing out during expansion corresponded to. the active volumz of 13

litre plue & dead volume of 46 litre. So the total mass avacuated was
1.15 kg.  From the maximum slope of the pressure—fime:diagrams (Fig.6)
it_:esults.thatvthe,equivalent velocity of flow through the minimum
section was ZOO_m/s, or, assuming:thet the Velocity of'souhd'was-actually*
reachedin1ﬁegcdntractchvein, that fhe contraction of the flow made the-
eritical cross section equal to 60 o/o of the total minimum section.

No need was felt for a faster expansion which could be obtained
by using the full section of the expansion ducts. The speed limitation
represents a precaution against . the vibrations that would be produced in the
system if, by acecident, .wrong operating conditions would occur cnd the mem-

brane would hit the perforated -plane during expansién.

2+ Optimum operating conditions

An 1nvesf1gatlon of optlmum operatlng conditions was guided by
the appllcatlon of SXISvlng studies on bubble formation end growth.to the
case of Freon 13 B 1. (Gee Appendlx) ' Flg. 7 shows the expected:trends in
bubblp den31ty at minimum ionization und in rgte of growth, as a function of
temperature and pressure drop. For & given temperature, the number of
bubblesﬁper cm and the rate of érowth would both increase with increasing
pressﬁfe drop, %ﬁt for & consfant pressure drop, the bubble growth should
become slower Wlth 1ncrea31ng temperature.

o operatlng temperaturc of °9 C was found to give the best com~.
promlse ‘between sensitivity and. rate of growth, for a pressure drop of 9 kg/cm
under the equlllbrlum pressuwc. Under these conditions a flash delay of 5 ms
with respect to the boam made the trucks well visible witha total flash energy
of 1440 J and an “per*ure of f/22 ~ Tracks 2t minimum ionization had an . .
average of 15 bubbles/cm, when the bcam entered the chgmber at the bottom of

the cyele, The sensitive time was about 10 ms,
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By reducing the pressure drop to 7 kg/cm2 under equilibrium,
the sensitivity was_strongly reduced: fhe tracks of minimum ionizing
particlcs had 5 to 6 bubbles/cm. Pictures taken uith intermediete bressurev
drops showed a progressive chenge in scns1t1v1ty. The amount of.light uas_
5 to 6 times less, so that the surface growth seems to have been twice
slower, Both these findingscheck with the theoretical predlctlons of the
diagram in Fig 7. Pictures token with variable flash delays showed‘tbwt
the track width of_thick tracks was roughly broportional.to the s@usre'
root of the time of growth. _ | _

Overall measurements of distortions in tho chamber with CFBBr
are made difficult by multiple Coulomb scatterlng, whloh would give an
rom.s. radius of curvature of 78 m, i.e. an r.m.s. sagitte of.l,é mm on
1.00 m tracks of 4.GeV/c particles. 4 preliminary investigation cerried

out on simpleﬁprojeqﬁion tobles has permitted to find occasional tracks

'of incomiug“4 GeV/c particles crossing the whole chamber with no visible

sagitta (less then 0,5 mm):iu the .absence of magnetic field. (A sagitta

of 0.5 mm on & 1 m track corresponds to a radius of curvature of 200 m).
Random distortion is actuallytexpected to be smaller because_the‘bemperature
was uniform within Q.Sécﬂﬁhrouéhout the chamber andruo_displacement of the
bubbles was visible when a second set of flash tubesAwes triggered 5lmseo;

after the first one.

6. Thermodynamic cycle and -thermal effects.

xrml o

- The heat produced in the chewber by the themmodynamic cycle
corresponding to the optlmum operutlnﬂ condltlons was evaluated from measure-
ments of temperatures in the thermostqtlc 01rcu1ts und of heat transmlsslone
For the pressure cycle Shown 1n the plcture of Flg. 6 the heat produoed was
0.3 kcal/cycle This mcans that the total volume of the vapour bubbles formed
and reoompressed at each cycle was about 1 lltre, i. e of the order of 8 o/o of
the llquld volume verletlon during LYpans1on. At the operatlon Tate of one cyclc
overy 2 seconds the averago dissipation vas 600 W Small varlatlons in expansion

pressure change heat productlon ‘appreciably.
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bufbe“bemperature Wes:kept.uniform fbroughout the chember
within O BOC. The water temperature on the lowcr half of the chambcr
was equcl to tne liquid freon tempereture, and the 1nternully produc d ‘
heat was. citrccted by the watcr ‘circuits on the upper part of the ves~
sel, Wthh Were_qbout lO C cooler. Our experlence confirms that thern
mal balancc is delicate ln a large chamber beceuse the heat trensm1031on :
through thicker walls is more difficult and because the retio of wall'
surface to bofal volume decreases'with increasing size. For example,
instability developes rapidly if a permanent vapour bubble is:formed.
at the top.. o '

_ Thermel effects 1nvdWed1n operation and in handling liquefied
gases prcsent the most serious problems in thc case of heavy liquid
chambers us1ng thick glass Windows, which cannot withstand thermal i
shocks. The manufecturer of the 25 cm thick glass w1ndow of the CERN
chnmber permits to 1ncrease 1ts surface temperature by lO C/h and to
docrcasc it by'5 C/h The correspondlng situation w1th freon CFBBr is .
illustrated by the follow1ng data ‘

~ The condcnsatwon of 450 litre of CFBBr vapour ut room tem—_

perature during the flllinv process frees sbout 1000 kcal° 1t tukes
more than 2 hours to remove this heat with a temperature drop of 5 C
across the walls. '

Full expansion of the chamber requires. the formation of some
40 litre of CFjBr vapour. If the heat of evaporation is supplied uniformly
by the liquid mags the temperature drops by 0.7 C.

If the chamber is emptied by removing liquid through the bottom

valve and the volume left is filled by evaporation, the allowable flow,

- Tor a cooling rate of SQQ/h,is about 5 litre/min, so thet it twkes 90
. mimutes to get the'liqpigzont, : Evacuation speed gen be 1ncreascd by
- supplying warm vapour. from & separate tank_po?eVoidzlocel eVuP9¥91499°; n

in practice it has been possible to empty the chamber safely in one.hour,

but it seems difficult to go mucn;faster. This fact would be relevant in

cage of emergency dumping.
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At ordinary operating temperatures and not too far from
saturated vapour pressure, the température drop. due tb irreversible
adiabatic expasnsion of freon vapéur from & tank into énother(is the
order of ZOC/atm. : o

The successful achievement of régular operation and the
present understanding of chamber controi, 6Btained with operational '
chaember can be used efflclently as a nuclbur physics instrument.

Calculations and practlce provc however, that 1n thls
range of dimensions the dlfflculty of operatlon.lncreases cons1derably'

thh 51ze. In this chamber a pr901se control of operating conditions

is essentlal
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Summary The CERN.500 litre heavy liquid bubble chamber, 1.15> m

in diemeter and 0.5 m deep, came into operation invSpring 1961; A

magnetic field of 2,65 Wb/m2 has been measured in the éhamber,vwhen

the magnet was powered with 3.9 MW. |
Experimental détaion,chamber operatioﬁ with CFBBr is

reported. They concern temsile stresses in the diaphragm due to

hydrostatic pressure gradients, inertial effects in the expansion,

gas floﬁ in the expansion system, heat production in the thermodynamic

cycle, thermal effects_and_precautious against thermal shqcks to the

glass windows in various operations, and preliminary data on distortion.

The influence of temperature and pressure drop on sensitiﬁity-and bubble

growth is discussed. |

Operation is stable and reproducible, but the size of the

chamber demands a precise control of operating conditions.
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Appendix

Bubble formation in freon CFBBr

The mechanism of emucleation of bubbles in & superheated
liquid by ionizing particles and the pfocess‘of‘bubble growth have
been étudied in detail by several authors, 5)’6)’7)}' An elementary
aﬁpfoach is adequate to make qualitatiVe‘predictions on the operation

" of é bubble chamber with a given filling of known physical properties.
Freon CFBBr is considered in the following calculations.

The equilibrium equation for a spherical bubble of radius

R, subject to internal pressure Pe and surface tensionco , is

If the radius of the bubble Rl is larger than the critical radius

_2go
© AT
the action of the internal pressure prevails, and the bubble can
grow spontaneously by evaporation in the fluid. In a bubble
chamber, Rc isfvery small6: for freon CFBBr under ordinary conditions
it is of the order of 10 ~ cm,

' The ionizing particle must supply the energy necessary
to the formation of a bubble of radius R > Rc: the successive
growth to visible size occurs spontaneously.

The minimum formation energy‘can be evaluated by adding
the heat of vaporization, the surface energy and the work against

the fluid pressure. The heat of vaporization is

_4 .3
%1~3 7 R pvr

where Dy is the vapour density and r the specific heat of vaporizatisen.
Under ordinary operating conditions with CF_Br, this term is about

3
10 times bigger than each of the two others.

4333/p
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For R=R = X , we -can write
¢ PiTPe
30 o3
B, =—~—¢_ =
BT (g,
Pi~Pp

The cubic law explains the strong dependence of sensitivity on
temperature (of which ¢ is a function) and on pressure drop.

Curves of constant minimum energy, represented in the
diagram of Fig. 7. as a function of temperature and pressure
drop, have been calculated using the physical constants of CFBBT L
given by table 1. The average number of interactions with
electfons per unit length, in which an ionizing particle loses
more than a given energy Emin is inversely‘proborfional to
Emin and to the square of the velocityp o’ The chamber
sensitivity (number of bubbles per cm) for minimum ionizing -
pgr?}cles (ﬁbl) should be proportional to 1/Emiﬁ.= the curves
in diagram 1 can therefore be interpreted as a scale of
-sensitivity,

The rate of growth of the bubbles to visible size is
determined by the rate at which heat flows from the surrounding
liquid: to the surface of the bubble, to provide the heat of
vaporization. The temperature inside the bubble will rapidly‘
approach the boiling temperature Tb at the fluid pressure pf,
because the required difference between internal and external
pressure

_ pXes
by = P2 TR

is very small for R s» Rc' The thickness of the layer through
which heat flows, at the instant t of the growth, from the fluid

at temperature T . to the bubble at temperature T,, is of the order

W b
of

4333/p
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where) ,p,c are the thermal conddoﬁivityévthe,dene;tywandvthe
specific heat of the liquid. o 1 - )

By writing the‘balanceAbetweeqvtbe incoming heat in a
time dt and the heat of evaporation’to ihcreaee the radius R
by an amount dR, the follow1ng relatlon between radius and time
can be obtalned'

2= 2?xcp (T )
V

where p  is the vapour density and r the specific heat of

vaporlzatlon at the temperature T and the coefflclent a lS

b ? .
of the order of unity. From this formula it results in partlcular

that the amount of llght scattered by the bubble is proportlonal

22
to the time of growth The rate of surface growth, %—, depends

on theAsquare of . W b . ‘This term increases with pressure“dfop,
ETR . s
but for a glven pressure drop, is higher at lower working temperatures.

The dotted 11nes in the diagram of fig. 7 have been

calculated from the above formula, assumlng a = 1., They give a.

scale of the tlmes needed for bubbles in OFBBr to grow diameter

under dlfferent operating condltlons. Results of operational

tests in the 500 lltres H L B.C. are in agreement with the predictions

of this d agram,
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