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CRYOGENIC EXPERIENCE WITH THE 72-INCH BUBBLE CHAMBER 

Introduction 

H. Paul Hernandez 
Lawrence Radiation Laboratory 

University of California 
Berkeley, California 

September, 1959 

The 72-inch bubble chamber was successfully operated for the first 

time in March, 1959.1 The bubble chamber is a detector for nuclear par-

tieles, and it is presently operating in a beam of antiprotons and 7T-minus 

mesons from the 6-Eev Bevatron. The chamber operates 'With 521 liters ;of 

liquid hydrogen which is visible through a 5-inch-thick oblong glass tWindow, 

23. inches wide by 75 inches long. The hydrogen in the chamber is at l 
I 

pressure of 6 atmospheres. By quick reduction of this pressure (18 msec) 

to 3 atmospheres, the chamber is made "sensitive" for about 10 msec. During 

this sensitive time, the beam particles from the Bevatron enter the chamber 

and cause nuclear interactions. 

Charged particles are deflected by an 18,000-gauss magnetic field 

into curved paths. The charged particles moving through the liquid hydro-

gen cause bubbles to form, leaving visible trails. Stereophotographs re-

cord the bubble trails. 

Figure 1 shows a photograph of the rubble chamber during operation, and 
t 

Figure 2 shows the bUbble chamber assembly prior to installation in the magnet. 

The job was definitely not a do-it-yourself type of project. It re-

quired four years and about 65 man-years of effort of laboratory personnel 

plus ·outside contracta. The machine has its own walking mechanism, ~ch 

permits 1 t to walk 70 feet an hour, and can be positioned to mil accuracy 

in three directions. The total weight is about 240 tons. The total cost 

of the project, including the building, was about $2,000,000. 

We are particularly indebted to the National Bureau of Standards for 

their work on this project. 
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Low-Temperature Permeability of the Chamber Casting 

The bubble chamber itself is made of a 6300-pound stainless steel 

casting. The chamber material must have high strength and good ductil
t 

ity at low temperature because of the impact load. High electrical re-

sistivity at low temperature is desirable to reduce eddy-current forces 

should the magnet power fail. The permeability of the chamber must re

main below about 1.05 between room temperature and 20°K to reduce distor-

tions in the magnetic field. 

The permeability must remain constant because the magnetic field was 

measured at room temperature with the chamber removed. Measurements were 

made at about 1200 points in the magnet gap with absolute values within 

0.1 percent. It would have been very difficult to measure the magnetic 

field with liquid hydrogen in the chamber. 

The material selected2 was austenitic stainless steel similar to AISI 

316 except that the molybdenum content of the chamber casting is lower. 

Also a limitation was put on the molybdenum content to limit the amount of 

scrap metal used in the melt. Chromium was increased b.r one percent to 

compensate for its i~ss during casting. 

The stainless steel casting must remain austenitic to be paramagnetic 

and therefore the amount of ferri~e and martensite, which are magnetic, must 

be very low. The Schaeffler constitution diagram for stainless steel,J shown 

on Figure 3, shows that the selected steel lies in the austenitic region. 

Austenite is a face-centered cubic structure,~' and reverts to ferrite, 

a stable-bodied centered cubic form, oe, by altwisting action aoout the op

posite corners of the cube and passes through an intermediate tetragonal 

form called martensite. A phase change of this kind is irreve.rsi ble and 

will occur when the ambient temperature is reduced. 
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Test samples were cast an~ sent to liES for low-temperature parma-

ability test~. The permeahtlity was less than 1.0075 in the temperature 

range from 300°K to 2n°K and no change was detected. 

The chamber was cast and two chemical analyses made to indicate the 

homogeneity of the casting. A low-temperature permeability test made of 
1 

samples taken from the casting indicated less than 1.004 from 300°K to 

20°K. Another room-temperature meek with a different sample was measured 

at 1.0055. 

A magnetic measurement of the bubble chamber magnet4 was made to de-

termine what effect cooling the d1 amber had on the magnetic field. The 

magnetic field was measured at a point outside the vacuum tank between 

the magnet coils. The values are tahllated in Table II. The magnetic 

field decreases linearly to about 95°K; the last point at 26°K shows a 

sudden increase. The total change in magnetic field is less than 0.25 per-

cent. These measurements have not yet been checked to see if this change 

in permeability is reversible, irreversible, or some combination. 

The values corresponding to the changes of permea li li ty are only 

rough approximations, one of the assumptions is that the permeability of 

the casting is the same as the sample. The interest, however, is the change 
'-64- 4r 

in magnetic field and not the change in permeability. 

0 
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The oblong shape of the bubble chamber with a large window opening 

is not a good shape for rigidity. (See Figure 4.) When the chamber is 

pressurized, deflections occur at the bubble chamber glass opening, which, 

if too large, may cause the inflatanle gasket to slip. The deflections 

due to operational pulsing pressures may cause further slipping, or they 

may cause the inflataOLe gaskeu to roll, which could lead to fatigue·failure. 

To reduce the deflection the window flange could be made heavier or the 

chamber could be prestressed vi th a compressive load through the glass. 
j ,i 

It was not desirable to increase the depth of the flange because this 

vould increase the magnet size or decrease the chamber size. Chamber pre-

stress using a compressive preload through the glass was the design adopted. 

The chamber was assembled and a test performed to determine the amount 

of deflection during operation. The deflections of the casting vere meas-
. 5 

ured at internal pressures up to 70 psig, at which it deflected 15 mils. 

At the design maximum operating pressure of 120 psig the casting should 

deflect 25 mils. 

A second_ test was made with only the chamber and hydrogen shield to 

determine the reaction force in the glass. This measurement was made qr 

applying a point load at the center of the windov opening, the prestress 

load point. 6 The spring rate is 86o,OOO pounds per inch, or .33,500 pounds 

for a JR-mil deflection. 

The differential expansion between the chamber and the glass across 
• 

the widt~ is about 38 mils and is 13 mils more than the amount required to 
l 

prevent movement of the chamber during pulsing. The 13-mil margin was 

selected because it can be obtained simply by putting the glass in contact 

with the casting through snug-fitting indium pads.7 The snug fit corre-

sponds to zero prestress at room temperature and simplifies the assembly. 
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The casting is "soft" relative to the glass so that errors in calculating 

the differential expansion and the fitting of the indium will not cause 

excessive stress in the glass. 

The preloading on the glass is made through 4 1/2-inch x 10-inch 

grooved indium pads. The glass compressive stress is 744 psi (assuming 

100 percent contact when the casting is deflected 38 mils). 

Because of the slow cool-down there may be a creep effect in the 
' ' 

.,.._ • d, 

indium which at present is unknown. The creep effect is in the safe 

direction, since it will reduce the amount of deflection of the casting 

and thus reduce the load on the glass. Also creep in the indium implies 

an increase in area of contact, which lowers the stress on the glass. 
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Glass Cool-Pow 

The rate of coolinp, the glass is determined qy the permissible ten-

sile stress caused by differential contraction. Strength tests made b.Y 

NBS8 on the low-temperature borosilicate glass showed that the probability 

of failure was less than one percent when the glass was stressed to 8,800 

psi in tension• A permissible design stress of 2,000 psi was selected. 

After selection of the design stress, the maximum permissible tempera

ture difference in the glass can be calculated from the equation9 LJ..T = 

(l~EnlS, which is shown on Figure 5. '!be permissible ~T curve is hyper

bolic because the coefficient of contraction decreases with temperature. 

At about 110°K liquid nitrogen can be put in contact w1 th the glass be-

cause the temperature difference between the liquid nitrogen and the glass 

is 33°K and equals the glass permissible 6T for 2000 psi. 

The large permissible D.T at low temperature also protects the glass 

when the refrigeration fails while the chamber is filled with liquid. The 

failure of the refrigeration system allows the temperature of the radiation 

shield to increase. !The "hot" radiation shield causes the top surface 

temperature of the glass to increase and hence the temperature gradient. 

The new tempera~ure gradient does not exceed the permissible value and the 

glass is not overstressed. 

After the permissible temperature difference has been determined, the 

allowable heat flux may be calculated. First it had to be decided from 

which surfaces the heat would be removed, and that depended upon the proc-

ess for cooling the glass. 

It was decided to cool the glass by natural convection, which made 

the bubble chamber operation less complicated• A 5-psig atmosphere of hy-

drogen gas surrounds the glass during cool-down and couples the glass to 
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the heat-exchange surfaces located above and below the glass. The heat 

exchangers are cooled Qf the refrigerating system. 

From the rubble chamber arrangement it appeared that the top surface 
( I 

of the glass would be cooled more efficiently because a natural convection 

circuit existed consisting of the "hot" glass top surface on the bottom, 

the cold walls, and the top of the radiation shield, which is at the tam-

perature of the refrigerator. In the chamber a natural convection circuit 

to cool the bottom of the glass was in doubt. On these arguments it was 

assumed in the calculation that the glass would be cooled from the top 

side only and that a rv cooling from the bottom side would m "safety 

factor" and would compensate for errors in measuring the glass surface 

temperatures. 

The allowable heat flux, q, was calculated from the expresaion q = ¥• 
where k is the thermal conductivity corresponding to the temperature of 

6T and t is the glass thickness. Substituting the expression for ~T, then 

k Also ;c, is nearly constant between 100°K arrl q = 2k(l - u)S = (constant)k. 
t :::c c <>(. 

300~, q = 0.28 w/in2• 

By calculating the total heat content of the glass and the cooling 

surface area and knowing the allowable heat flux, the maximum permissible 

cooling rate may be calculated. A minimum cool-down time of about 24 hours 
j 

I 

or a rate of 9~/hour is obtained, assuming that the temperature gradient 

on the surface of the glass is zero and that all the ~T is available to 

transfer heat. 

In practice the glass cool-down rate must be corrected when tempera-

ture gradients appear on the glass surfaces. The actual permissible tem-

perature difference is the maximum temperature difference between any two 

points in the glass and includes the gradient through the glass due to the 

cooling rate plus the surface gradients. Therefore the cooling rate must 
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AT actual = t:Tr4T max - 4T surface. l, °K/hr. 
[ llT max :J 
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There is some cooling by radiation but this is not very great ~-

cause the temperature difference between the metal parts and the glass is 

kept small during cool-down so that the gla8s is not locally stressed. 

The refrigeration source has sufficient capacity to maintain the per-

missible cooling rate. Just below room temperature heat can be removed ... 

from the chamber ~t a rate exceeding 10,000 wattSJ at 200( the refrigera-

tion capacity is aoout 1,600 watts. 

During the first cool-down the temperature gradient was measured on 

the glass surface w1 th 20 thermocouples: 7 on the top and bottom and 6 

around the edge. Now only 8 thermocouples are used: 2 on the top surface 

and 6 around the edge. The gradients are controlled b,y the refrigerator 

and held at about l2°K on the surface. 

The actual cool-down time required is about 65 hours or about 4°K/hr• 

The 65 hours bec~es limited b,y the refrigerator at lover temperatures, 

vhich is a wilt-in safety feature. The refrigerator and cool-dow rate 

are vell matched. 

The glass is warmed to room temperature in a bout 50 hours b,y circu-

lating hydrogen gas through the refrigerator. The rate is faster on 

warm-up because the surface of the glass is in compx:ession rather than 
I 

in tension.~ The main insulating vacuum has been removed safely when the 
,~ 

glass is about 150°K. 
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The Inflatable Gasket 

The gasket used to seal the 5-inch-thick optical glass to the chamber 

is made with indium wire10•11 held in contact with the glass b.1 an inflat

able stainless steel bellows. (See Figure 6.) Because of the 3/16-inch 

differential expansion between the stainless steel and the chamber, it is 
'· 

necessary to make the seal after the chamber is oooled to liquid hydrogen 

temperature. A nominal inflation pressure of arout 50 psig is used during 

the cool~own. This' pressure is just enough to keep the assembled parts 

in position and to flatten the indium just enough to give a safe bearing 

stress on the glass. When the indium is cold, its modulus of elasticity 

is increased greatly and the indium wire would not flatten to a wide enough 

band. 

At aoout 77°K, after most of the relative shrinkage has occurred, the 

inflation pressure is increased to about 400 psig, mashing the indium 

further and making the seal. With a double row of indium wires used as 

the seal, the bearing stress on the glass is only about 800 psig when the 

inflation pressure is 400 psig. Indium of 99.999 percent purity, which 

is softer than indium alloys, is used for the seal. 'lbere has teen no 

problem with indium sticking to the metal or to the glass, probably because 

the gasket is sealed when the indium is very cold and in a hydrogen at-

mosphere. 

First Operation 
I 

The firs~ operational test of the inflatable gasket was with liquid 

nitrogen.12 During cool-down the glass-side pumpout pressures were about 

42 li and about 125 I! at the chamber-aide pumpout. This was encouraging. 

When the chamber was cold the inflation pressure was increased to 

200 psig to seal the gasket. The glass-side pumpout pressure remained 
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the same, the chamber-side pumpout pressure improved to 55 11, and the 

pressure of the glass-edge pumpout was 44t. These vaC\tUIDs were measured 

at the pump manifold with the pump operating; therefore the actual vacuum 

pressures at the gasket were prolably in the millimeter range. The base 

pressure of the vacuum pump was 20 Ji and its rating is +5 std cf:m. 
I. 

The chamber was ~illed with liquid nitrogen and the inflation pressure 

was increased to 400 psig. The chamber was then pressure-tested to an 

internal pressure of 145 psig (155 psig across the glass). The seal was 

maintained. 

During pulsing of the bubble chamber with liquid nitrogen the pres-

> 
sure changes from about 7 to 3 atmospheres and back again in about 100 

msec, which is a longer ~cle and higher pressures than with liquid hydro

gen. In this first operational test the chamber was pulsed about 5000 

such cycles. The inflatable gasket was successfUl. 

Liquid Hydrogen Operation 

The chamber was installed with new indium gaskets and prepared for 

the first hydrogen run. Before the cool-down was started, the pressure 

rate of rise above the glass (LH shield) was measured to prove that the 

glass-support indium gaskets on the top side of the glass were sealing. 

The indic~ted~eak rate was 3.5 micron-liters per second over a 9 1/2-hour 

period with no cold traps in the circuit. The base pressure of the hydro

gen shield was 15 microns. ·The differential pressure across the indium 

· gaskets was 1 atmosphere of nitrogen. The helium pressure in the gasket 

was 50 psig. 

The chamber was filled with liquid nitrogen and at 96 psig the rate 

of rise of the glass-edge pumpout was 7 micron-liters per second. The 
.. 
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helium pressure was 370 psig and the chamber-side pumpout was 65 microns. 

After the chamber was pressure-tested with liquid nitrogen, it was 

emptied and filled with liquid hydrogen. With the chamber pulsing, the 

glass-edge pumpout rate of rise has bean measured over a wide range from 

160 to 0.56 1tl/sec with pressure ranges from 350 to 22 microns. The seal 

improved 'With operation. The chamber-side pumpout varied from .350 to 

65 ~· The glass-side indium seal did not indicate any rise in pressure 

and the pressure is essentially the base pressure of the manifold. 

The helium is supplied to the gasket through a pressure regulator 

which maintains the set pressure by adding or exhausting gas. When the 

regulator is adjusted so that it maintains a constant pressure, the amount 

of helium used is of concern because each warmup of the liquid from 20°K 

to 27°K causes helium gas to be lost. The concern about increased helium 

consumption is thJt it requires helium bottles oo changed while the chamber 

is cold, which can be done safely, rut involves the risk of getting air 

mixed 'With the helium which would freeze in the cold line. 

Disassembly 

After the liquid hydrop;en run the charnoor was completely d:tsassembled 

and inspected. There were no noticeable defects in the inflatable gasket. 

The outer indium gasket between the glass and the inflatanle gasket had 

two nacked~own spots which were ab:mt 1/8 inch wide rather than the usual 

3/16 inch wide. This is believed to be cau~ed during cool~own when the 

indium shrinks at a very much faster rate than the stainless steel. The 

necking down of indium was also observed after the nitrogen run • 

..... 
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Performance of the 6-Inch Rubber Boot Valves 

There are two 6-inch rubber boot valves used to expand and recom

press the pressure in the bubble chamber.13 (See Figure 7.) The expan-

sion valve opens,l.allowing the gas in the expansion line to flow from the 

chamber into the expansion tank and lower the chamber pressure. The re-

compression valve opens to restore the chamber pressure with room-

temperature gas from the recompression tank. These valves are identical 

and the design is lnsed on the Grove Company Flexflo ModAl 80 valve, which 

uses a rubber:toot over a slotted aluminum cora. Figure 8 shows the con-

struction of the valve. The valva opens in 6 to 10 msec with hydrogen 

gas. The expansion valve is opened just long enough to reduce the chamber 

pressure and to minimize the amount of cold gas passing through the valve. 

When cold gas flows through the valve too long, or when the chamber is 

run at a high pulse rate, the life of the rubber boot is reduced. Warming 

coils have been added on the boot valve to reduce the bulk temperature, 

and a regenerator in the expansion line is being developed to reduce the 

temperature of the gas entering the boot valve. The pulsing of the rubber 

boot has ~~hysteresis heating effect which helps warm the boot. 

To date there have been five rubber boots used in the expansion valve; 

three have failed. 

Number of pulses 

7,000 
35,000 
35,700 
30,000 
16,000 

. 

Rubber boot 

Removed for inspection at end of run 
Removed for inspection at end of run 
Failed 
Failed 
Failed 

The temperature of the gas entering the boot was neasured with a platinum 

wire probe, 14 which indicated that the temperature change was to about 50° 
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below ambient (15°C) or to about -35°C. 

Three and one-half turns of 0.001-inch platinum wound on two 1/32-

inch diameter copper wire supports spaced 3/16 inch apart were used as 

the probe, connected into a bridge circuit. The temperature-time data 

are displayed on an oscilloscope and photographed. 

,· 



TABLE I .... . " 
72-INCH BOBBLE CHAMBER CASTING 

CHEJ.UCAL ANALYSIS 
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LRL SE!cification Anifsis as {!jt (1 2 

Ni 13-15 13.2 14.98 
Cr 16-19 17.2 16.30 
c .04-.08 .06 .06 
Mn 1.5 max. .43 .31 
Si 1.5 max • .38 .48 
s • 04 max. .023 .02 
p o04 max. ··I, oO~ .03 

:0 .04 max. .10 
.04 

' ~ 

Heat treatment, 2oocP-2Q5oPF water quenched to room temperature 
Yield strength (measured) 38,700 lbs/in2 
Tensile strength (measured) 76,400 lbs/1n2 
Elong %-2" 39% 
Reduction in area 41.7% 

Electrical resistivity (measured b,y NBS): 

T Resistivity 
OK ohm-em 
300 80 X lQ-6 
77 58 X lo-6 
20 55 X 1()-6 

,; 

- 14 -
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TABLE II 

72-INCH HYDROGEN BUBBLE CH~ER 
I{AGNETIC MEASUREMENT · 

Measured Measured 
flux field Estimated 

Temp. change strength )J. of SS 
Condition ..2!._ s;auss gauss* castinp; 

Chamber out 300 0 15,796 

Chamber in 300 -8 15,788 lo0055 

Chamber J.n · ·· · 160 -12 15,784 1.00825 
~, • t. 

Chamber in 95 -15 15,781 1.01030 

Chamber in 26 -39 15,757 1oC268 
~ 

* Probable error of the mean = ! 2 gausso 

;, 
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LIST OF PHOTOGRAPHS 

Overall view of bubble chamber in operation in Building 58, BC 722 

Top plate and chamber assembly, BC 699 

Chamber casting, showing inflatable gasket, BC 684 

Inflatable gasket section, MU 18161 

Bubble chamber model, cutaway quadrant showing chamber installed 
in magnet, MISC 1200A 

~igure 8 Expansion valve section, Grove rubber boot type, 8G9813 or MU 18158. 
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