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INTRODUCTION

- Progress in high-energy nuclear physics over the past 25 years has
been made possible largely By improvements in accelerator design and in the
art of particle detection. ! One of the newest and most powerful detectqrs now
used to Q_bserve these particle interacticns is the liquid hydrogen bubble cham-=-
ber.

An accelerator yields a large number of particles per pulse. Further
advantages are that particles of a particular kind can be selected, they ail
come frqm the"same dirgction, and energy limits can be set. }ﬁghmenérgy ‘
particles occ.ur naturally in our atmosphere as cosmic rays, but they come
from many directions and are n.l.ade up of particles of different kinds and of

many energies. Before accelerators existed, nature was the only source of

‘high-energy particles, but the yield of cosmic-ray experirhents was very low

and perhaps might be comparéd té the differenc¢ between the speed‘ofha;n‘d
compqtation and modern computers.,

Today a major part of high-energy physics is concerned with ''strange
particles™ such as K mesons and hyperoﬁsc Strange particles were first ob-
served in 1947 at the Univeréity of Manchester in England. They were fo'gnd
quite by accident and had a strange property: a lifetime of 'lOflo second, or
lOll times lqnger than existing theory predicted;

By 1959 ten strange particles had been discovered, and such things

~as their mass, charge, lifetime, and some details of their decay were known.

. Today about thirty different kinds of strange particles have been ohserved,

but a general theory does not yet exist to account for their behavior as the
quantum the.ory explains the periodic table. The strange-particle problem
is very similar to the riddle of the elements that faced early scientists before

the periodic table was e'stablishe.d:;v
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A bubble chamber is a closed vessel filled with a.transparent liciuid;
A 4-inch bubble chamber is shown in iF‘ig. 1 and the parts identified on Fig. 8.
The operation of 2 bubble chamber can be visualized by means of a P-V-T
diagram as shown in Fig. 2, The iiquid in the chamber is held subcooled at
a temperature above the normal boiling point and at a pressure high enough to
prevent boiling, 3,4 as indicated by point @ . When the pressure on the
liquid is sudd.enly lowered by adiabatically expanding the liquid along the path

@ @ @ to a point below the saturated vapor prevss'ure and in the super™-

_heated range |(point @ ), the liquid becomes thermodynamically unstable.

The unstable superheated liquid will evaporate until an equilibrium pressure
is reached again. In a bubble chamber the degree of superheat is controlled
so that the bubbles are nucleated by ionized particles before spontaneous
boiling occurs. When a charged particle passes through the chamber liquid,
it ionizes atoms of the chamber fluid along its path. A series of b\ibble
nuclei is formed owing to the sudden increase in the local thermal-énevrgy'
density. 5,6 The particle, which passes through the chamber in microseconds,
leaves a trail—made up of a stfing of bubbles —that persists loﬁg enough to be
photographed (Fig. 3)., |

The pressure cycle of a bubble chamber starts Wit/hv an expansion thét
must be rapid enough to reach the unstable point @ . While:the chamber
is at the low expanded pressure @ , the particle passes through the chamber,
and the chamber is recompressed quickly to its initial condition @ where it
waits for the next pulse. A complete pulse typically takes about 25 msec and
is ‘repeated‘. every few seconds. When the chamber liquid is éxpanded and com-
pressed quickly, it compresse‘s essentially a‘lo'ng tvhe"sanvne path as that along
which it expandedi e., @ @ @ ; the net P-V.work. is es.sent-ially zero.

If the expansion were slow enough the fluid would:expand édiaba‘ci«cally‘ from
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@ to @ and then isobarically along the equilibrium line @ to @ |

and the chamber would not form tracks.

PHYSICS EXPERIMENT o

The particle event observed in the bubble chamber is photographed
in three-dimensions, giving a permanent record for later study. One such
system is shown in Fig. 4. The high»enefgy particles leaving an acceler-
ator are often protons. These protons, with energies as high as 30 BeV,
the limit of today's acce‘lezl‘ators, strike a target which may be simply a
small piece of copper. The protons enter the copper atoms and strike the
nuclei, giving off a great shower of particles of many kinds and of many
energies and traveling in almost all directions. A small sclid angle of
seeoedary particles is collimaﬁed and passed through bending magnets which
select particles to g)‘;ven mementum limits (Fig. 5). These particles may be
further screened by highwvoltage spectrometers that select particles wif;hin

certain velocity ranges. In addition, focusing magnets located along the

path focus the beam of selected particles into a small.pencil to confine the

beem within the beam pipe and to increase the particle density. The pa.rfiw
cles leaving the completed beam path.give a beam that is made up of only
one kind of partlcle, say negatlve protons (an‘cxprotons) ha,vm.g‘ specific
energy limits and having a given number of particles per pulse, |
.This beam of selectedvparticlesv contieues on fhrough the metal wzalls
of the bubble chamber (metal is mostiy .s‘pace relative to the size of the |
particle) and finally through the bubb1e=chamber liquid. As vpa,rticles pass
through the liquid they may strlke the nucleus of an atom of the hqma, and
if other charged particles are knocked from the nuc;e 18, they will form
additional tracks or stars (Fi‘g, 6). I‘* is these tracks, made up of fragmento

from the collision with the nucleus, that are studied. By lookmg a.ta suff1c1e.i,-
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number, statistical conclusions can be made. Uncharlged particles do not
nucleate bubbles,and so they do not leave visible trails.

The charge of the particle making the track is det/ermined by a magnetic
field that passesv ;chrough the chamber normal to the tracks. The field curves
the flight of the particles through the chamber, leaving a track that is curved
clockwise or counter=-clockwise, depending upon whether the charge of the
particle is positive or negative. The density and size of the bubbles identify
the mass of the particle and the mass together with the‘radius of curvature

’

of the tracks establish the momentum.

HISTORY AND EVOLUTION

It might be worthwile to ask why the bubble chamber was not invented
until 1953, Every bit of the theory and all of the experimental techniques
were available Ififty years ago when the cloud chamber was developed. The
reason is largely that there was no incentive to go toward higher dénsitiesv
in cloud-chamber-like devices. Lawrence did not invent the cyclotron until.
a quarter of a,century after Wilson invented the cloud chamber. Cloud
chambers were the predecessors of bubble chambers and operate very sim-
ilarly, butl rather than being filled with liquid they are filled with saturated
water vapor (Fig. 2). The cloud chamber is suddenly expanded adiabatically
(from point @ to @ } so that the air cbhtains more w:ater vapor than
necessary for saturation. Molecules of the air-water mixture are ionized
by the beam pa;sing thro;;gh the chamber, and act &as condensation nuclei,
The excess water vapor separates out on these ions and will form a string
of fine droplets of liquid, which appears as a track suspended in the cloﬁd
chamber,

As Professor Luis W. Alvarez pointed out, "Thé bubble chamber is

one of the best examples of an essential invention in the detection field, which
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came aboutinanswer to a very great need. Donald Glas_er was aware of the
shortcomings of the cloud chamber for high energy experiments, and set
about in a systematic way to invent a device which woﬁld incorporate its
good features, and eliminate its drawbacks. The most obvious disadvanﬁége
of the cloud charﬁber is the low density of its gas — the number of nuclear
events per unit length of particle track is of course directly pfopoftiona.l to
the ciensity, cf the material. " |

The density of bubble-chamber liquid is from 700 to 1000 times a3
large as the density of gas used in cloud chambers. Cloud chambers have
long recovery times and can only be operated about once every two minutes,
whereas bubble éhambers have operated as fast as 20 pulses per s.econd.
The number of nuclear events per unit time recorded in a bubblel chamber is
about 50 000 times the quantity recorded in a cloud chamber.

Donald L. Glaser was awarded a Nobel Prize for his invention of the
bubble chamber, which he invented in May 1952 while at the University of
Michigan in Ann Arbor., His first bubble chamber was made of a glass tube
about 4 inches long and 0.0l~-inch inside diameter filled with diethyl ether. 9,10
(Fig. 7).

The value of this new detector was recognized early by Professor
Luis W. Alvarez of the Lawrence Radiation .Laboratory (LRL}) at Berkeley,
and by 1954 his group had a 4-inch-diameter chamber in operation, It was
filled with 0.4 liter of liquid hydrogen. 117 12 (Figs. 1 and 8).

By May 1956 a 10-inch-diameter bubble chamber holding 9 liters of
liquid hydrogen (Fig. 9) was opérai:ing_with the Bevatron in _Ber.keley, and

by late 1957 the 15-inch bubble chamber was in operation, 13,14
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. Within the next year many bubble chambers were in operation at
laboratories all over the world. Some operated With liquid hydrogen and
deuterium 'b'ut others used propane, argon, or helium for Working fluid,
and one built by Glaser used liquid xenon.

In early 1955, when the world's largest bubble chambexg W‘as only 4
inches iﬁ diameter, the decision was made by Alvarez to build a 72-inch-
long bubblei chamber holding over 500 liters of liquid hydrogen (Fig. 10).
Tracks were observed on its first cperation in March 1‘959, féur years after
its conception. The 72-inch bubble chamber has been in operation since |
that time, mostly with liquid hydrogeén but it has also operated for over a
montk with 500 liters of liquid deuterium. The chamber has been kept
filled with liquid hydrogen for as long as ten months. N

\

At present there are three other large liquid hydvrogen b'q.bb}le cham-
bers under construction. The- 60-inch British Na‘;ional bubble chafnbér, v_
whicﬁ is scheduled to be completed at the end of 1962, is shown on Fig. }11,16’ 17
The British National .bubble chamber has been designed and constructed in
England, and will be transported ¢o the CERN Laboratory in Geneva where
it will fi;st operate with the 27-BeV AGS prof’;on=synéhrotron.

A Z-meter bubble chamber, which will hql‘.d 1080 liters of liquid
hydrogen and will weight over 600 tons, is now under construction by the
CERN Laboratory and is estimated to be completed by the en_& of 1963, 18
hd At the Brookhaven National Laboratory, New York, an 80-inch chamber with
a capacity of 1470 ljite rs of liquid hydrogen is scheduled to be operating in

. 1963, 19
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LIQUID HYDROGEN BUBBLE CHAMBERS

The choice of a liguid in a bubble chamber is governed largely by the
kind of information desired from the high-energy events to be studied. For
elementary particle production processes or their secondary reactions,
hydrogen, deuterium or helium are the most desirable. 20

A bubble chamber filled with liquid hydrogen constitutes a target of
pure protoné and together with a beam of particles of a single kind and
energy is a great convenience to the physicist.. He does not haveito tediously
separate out unwanted events but can concentrate directly on the elementary
productions and interactions,

The dimensions and shape of the bubble ’chamber are determined by the
kinds of experiments to be performed. vThe total expenditure of funds' is de~
termined when the minimum error in the measurement is specified. Some
optimization can then be ‘made between the chamber dimensions and;the
magnetic field strength. The chamber, to be useful in high-energy physics,
should have not less than 10 liters of visible liquid hydrogen. So far there

appears to be no upper limit in size. At present it seems likely that the next

- generation of big chambers will not increase very much in cross section over

present chambers, which are about 30 iriches[wiﬁdé by 20 inches _deep; but "
may be twice as long, perhaps 12 to 15 feet.

The chamber pulse rate or expansion rate is.usually matched to the
number of pulses per minute that the accelerator will furnish. Pulse rates
have been about one pulvse every six seconds, but the new accelerators are
faster and pulse rates are as fast as one pulse every 50 msec. Other con-
siderations in selecting the pulse rate are that the refrigeration system must
be able to keep up with the inefficien‘ci‘es of expansion and recompréssion of

the chamber fluid. The time between pulses must be long enough to compress
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out the bubbles and to permif the chamber fluid to reach a quiet state. The
chamber design also must be such that the fivid velocities during the ex-
pansion are not so high as to cause distortion of the tracks. That is, the

photograph must be taken before the bubble is moved from the location where

it is nucleated.

BUBBLE CHAMBER OPERATING CONDITIONS

The liquid hydrogen operating temperature has been different for al-
most every: v‘bubble chamber, but it has always faMe‘n bhetween the limits of
25 to 29°K becguse of the bubble growth characteristics and the similarity
of bubble chamber geometry. The operatiné temperatures and pressures of
several bubble chambers are shqw‘n‘i_n_Fig, 12,

A small. fast "clean"‘; chamber will operate at a lower temperature
than a large slow "dirty" chamber, It is easier to design a small chamber
to expand rapidly than it‘is ‘a large chamber, simply because it.is ‘evasier to
move small masseé quickly; but in principle, size aione does not determine
t.he speed or the temperature,

When bubble chambers reached diameiers of 2 to 4 inches, they were
theﬁ m.ade with glass windows boiéed to metal bodie§° Bubble chambérs of
this design wei'e called 'dirty® whebn compared to the' early all-glass ”clean”lf

chambers. The added irregularities and sharp corners of the glass-and-

metal chambers nucleated many more bubbles than the smooth all-glass types.

These irregularities caused the threshold pressure for spontaneous boiling

to increase. This made it difficult to expand the chamber to a low pressure,

.because the chamber must expand faster than gas is formed by local boiling
of the 1i.quid, The bubble chamber operating cycle will be described by the

pressure-temperature diagram (Fig. 12) and the pressure-pulse diagram

(Fig. 13).
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The words 'ast' and "'slow!' relate to the-time required to expand
the liquid hydrogen in the chamber from the ini;tial pressure to the expanded
pressure (Fig. 13). A fast expansion time is very important because during
the expansion cycle the fluid bvec‘o_mes thern;xodynamically unstable as soon as
the saturation line is crossed,. The instability of the liquid is a function of
fhe fluid temperature, the time required to expand the chamber, and how
far the pressure is below the vapor-pressure line. A fast expansion time
is desirable because less time is spent in the unstable fegion before the
particle beam enters the chamber and the picture is taken., Fast expansion
also allows lowér pressures to be reached, a broader pressure-temperature
operating zone, and less spontaneous boiling. In early bubble chambers thf_a
expansion times were often limited by the impedance of the expansion line |
connecting the chamber to the expansion system. That is, the exp;nsion
line was a restriction between the chémber and the expansion syste‘m.v

The second part of the exéansion cycle (Fig. 13), usually called the
'bottom of the valley, " has a width that is determined by the rate of bubble
growth, how accurately the accelerator beam can be_ controlled and repeated
in time (jitter), and the length of the bubble chamber. The bubble growth
rates at all temperatures are fast relative to the chamber valley widths,
but still thé amount of dwell-time waiting for bubbles to grow is the pl;imary
factor. Particle accelerators now can control their particle beams so that
the beam a.ppears at the same place on every expansion cycle within a few
hundred microseconds. Long bubble chambers may need a wider valley be-
cause time must be allowed for the chamber to become sensitive over its en-
tire length. For example, on the 72-inch bubble chamber the expansion c?cle
at oné end of the chamber leads the far end by about 3 msec, because the

sonic velocity through the hydrogen determines the rate at which the pressure
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wave travels through the chamber. However, if the chamber can be made
to -expand in a different mode so that the expansion is only across the width
or narrow dimension, then the length of the bubble chamber would not effect
the valley width.

Thevrecompression time is also important. A fast recompression
time reduces the amount of boiling, lowers the convection currents, and thus
reduces the tempe ra.tui'e' gradients.

A small temperature gradient is important for three reasons. The
principai reason is that a constant fluid temperature givesltracks of uniform
density. The second reason is that a uniform temperature will give a uniform
index ofvrefractyion, which is necessary to avoid optical distortion, especially
when photographing through deep chambers. The third reason is that the
initial pressure before expansion is determined by the hottest spot in the
chamber. . That is, the initial pressure may be about 5 lb over the vapor
pressure coi‘responding to the chamber bulk temperature. This i.s so be-
caﬁse there is fluid somewhere in the chamber above.the bulk temperature
and at a vapor pressure corresponding to the overpressure. The overpressure
prevents t_hé fluid in the chamber from evaporating slowly between pulses.
The overpressure is wasted load on the refrigerator, bec;ause it increases
the energy per pulse by requiring a larger pressure ratio. . With a fixed ex-
pansion ratio the use of overpres sure prevents the chamber from expanding
to as low a pressure and hence may limit the operating range of the chamber.

‘The operating range of temperature and pressure can be. selected
after the fluids to be used in the chamber have been determined. The first
cryogenic chambers were &esigned for only one fluid, such as hydrogen or
helium. Now chambers are designed to operate with either hydrogen, deu-

terium, or helium.
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When the fiuids have been selected, the oper;ting temperatures can
be empirically chosen from expérirnental data of previous chambers, For
liquid hydrogen 27°K is a common design temperature. . The width of the
temperature band, say from 25 to 29°K, for hydrogen is only a refrigerator
control problem, but whether or not the chamber is "sensitive’ throughout
the temperature range depends upon the abil-‘ity of the chamber to reach a low
expanded pressure, When the chamber is operating, the expanded pressure
is adjusted by changing the bubble chamber expansion ratioc until good tracks
are obtained. The sensitivity of the chambér could also be changed by varying
the operating temperature, but this would be very slow because a new t“empf
erature equilibrium has to be reached.

The expansion systerﬁ is designed to produce expansion ratips and
expansion speeds over a range that has been known to work before, . The
absolute value of the expanded pressures reported to form good tra;:ks are
scattered within one-third of' an atmosphere. . Whether this is a variation
due to the chamber characteristics or due to pressure-measuring erroﬁx:s:,i.s‘
not known. The pressure - time informatioﬁ is displayed on an oscilloscope
and is used to monitor the chamber performance, rather than to obtain ab-
solute pressure values.

The expansion system pefmits & change in volume of the chambe;land
must allow the chamber to expand an amount equal to the compressibility of
the liquid forvthe give;; pressure ratiovand the volume of the gas formed by
local boiling:

AV = AV.. 4 AV .
exp , lig - gas

The compression properties of the hydrogen can be predicted much
more accurately than the volume of gas that will be formed from:spontaneous

boiling or flashing. The amount of volume change in the expansion system to
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allow for the compressibility of the chamber liquid can be estimated with .- .-

errcrs no greater in magnitude than other assumptions that must be made.

. The operating experience of many bubble chambers was shown in Fig. 12,

which gives the approximate expanded pressure required to obtain good tracks

at various temperatures., An average expansion pressure line derived from

values on Fig. 12 is drawn in the superheated zone of the P-V diagram in
Fig. 14. For any operating temperature the change in volume of the liquid_
as the preésure is reduced from the saturated pressuré to the expanded
pressure can be obtained if we can made some prediction about the liquid
hydrogen expansion prdcesso

Isothermal lines are known in the subcooled r’egionz1 and have been

extrapolated below the saturation line by superimposing a curve of the van

der Waals form on the known P-V data. 22 Isentropic curves were then

calculated for the superheated range, starting from the intersection of the

isothermal line and the saturation line,

The isothermal line does not necessarily represent an upper limit

.but rather a reference line. An isentropic expansion is, however,. the

limiting 'best™ case for a bubble chamber expansion.

The P-V data from Fig. 14 are again shown as AV/V vefsus T
on Fig. 15, which shows some operating points for bubble chambers having
a liquid expansion system, such as a piston or bellows. The AV/V of

these chambers is the amount of volume change in the expansion system, ob-

‘tained by measuring the piston displacement. The most efficient bubble

chambers operate close to the isentropic line. High efficiency means that

the expansion volume of the gas formed by boiling is very small, because

.the piston or bellows is cold enough and fast enough to prevent local boiling,

and the coupling of the piston to the chamber is very good.
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CONTAMINANTS

The bubble chamber can be contaminated-so that tracks cannot be
seen—by either contaminants in the chamber fluid itself or by the condensing
of gases on optical surfaces.

When operating with liquid deuterium, the tritium content rmust be less
than 1 part in 1613, Tritium is an unstable hydrogen isotope and emits beta
particles {fast electrons), The beta particles nucleate the deuterium and
create spurious backgrouﬁd tracks, so that the chamber has a milk-like
appearance:

Helium gas is slightly soluble in liquid hydrogen and can also contaminate
a bubble chamber. 23 Helium gas is used to bressurize inflatable gaskets that
are used to seal the glass window to the chamber. If gas enters the chamber
from leaks in the inflatable-gasket system, the gas will dissolve in the liquid
hydrogen and increase the AV/V of the liquid. It will then be more difficult
for the expansion system to expand the chamber to a low enough preséure to
make tracks,

Another form of helium contamination is caused when particles from
the accelerator beam strike a helium molecule and make unwanted tracks in
the chamber. These tracks make film analysis more difficult.

Mechanical contaminants such as water, air, carbon dioxide, oxygen,
nitrogen, and other gases that solidify above the operating temperature of the
chamber may condense on the glasé or other optical surfaces so that the tracks
are not visible through the fogged glass or the light vis bédly reflected. These
contaminants can be either inside or outside the chamber. The layer condensed
on the glass need only be thick enough to cause a quarter-wave shift i.n the light

path., This requires that contaminants in the chamber liquid be less than 1

part in 107.
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SECTION III
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CHAMBER ORIENTATION AND ARRANGEMENT

Chambers have been made with one or two windows and are oriented
with the windows vertical or horizontai, Operational cifficulties, such as
keeping spurious bubbles out of the visible region in the chamber, are easily
solved for either vertical or horizontal window designs., Window fogging is
an operational accident and bas happened on both types.

There have been two general arrangements used., One arrangement
requires that the magnet, which weighs about 500 tons, .and the vacuum tank
be made in two pieces which are'brought together on a transport system and
assembled around the chamber., This arrangement is used in the 80-inch
Brookhaven chamber (Fig., 16), the CERN 2-meter chamber, and the 60—
inch British National chamber (Fig.l7A).

Another arrangement, used on the Lawrence Radiation Laboratory's
72-inch bubble chamber, suspends the chamber from a. top plate (Fig. 18).
Chambers with this arrangement are easily assembled by lowering them into
the vacuum tank, which normally stays in the magnet. The description in
this section will be based on t}.ié Berkeley 72-inch bubble chamber. Also, the
differences from the other large chambers will be noted,

After considerable study of the possible ways of bringing particle
beams into the chamber and of the mechanical assembly problems, a hori-
zontal window design was adopted for the 72-inch bubble chamber. o4 This
choice, as opposed to a design having one or more vertical viewing surfaces,
does bring in some problems relating to the tIierfnal gradients in the liquid.
However, it was felt that the research advantages far outweighed the diffi-
culties inveolved, and experience appears to bear out this conclusion.

A one-window viewing system is employed, which permits the use of

a pole piece in the magnet, giving substantially more magnetic field than would
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otherwise have been available, The one-window system also contributes to
operational saféfy since the chamber, hydrogen shield, and top plate form é
closed region iséléted from the main insulating vacuum region—in the event
of window failuvre‘ (Fig. 19).

.’Fig.ure 20, a cuté.wgy model, reveals the main components of the 72-
inch bubble chamber. The chamber body, which contains 520 liters of liquid
hydrogen, can be sveen suspended inside a vacuum tank, Thi; tank is placed
inside a large electromagnet. ~"The caméra and light scurce are mounted on

the cover plate of the vacuum tank,

CHAMBER ASSEMBLY

Figure 18 shows the 72-inch bubble chamber and its related parts in
greater detail. The incoming beam of high-energy particles enters the
liqﬁid ;/ia twﬁ thin stainless steel "windows", one in the vacuum tank and one
in the chamber body. Because these windows are only 0.039-inch thick, the

beam can pass through with a negligible amount of scattering.

CHAMBER BODY

The shape of all large bubblé chambers designed up to this time has

been oblong with one or two glass windows that extend the full length of the

chamber. The oblong shape fits the experimental gecmetry and conserves

the liquid hydrogen volume. The glass window on an oblong chamber may be
narrower and thinner than on a circular chamber. However, an oblong shape
with one or two glass walls is not an ideal shape for a pulsed pressure vessel,
Therefore chamber bodies have been quite heavy and rigid to overcome pres-
sure stresses and to reduce the motion between the glass and the cKamber.
The chamber material must have high strength and good ductility at low

temperature, because of the impact load caused by the pressure pulses during
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normal operation. High electrical resistivity at low temperature is desirable
to reduce eddy-current forces, vx)hich occur when magnet p‘ower fails and the
magnetic field collapses. The permeabvility of the .c'hamber must remai‘n
constant and below about 1.05 throughout the temperatﬁre range, to reduce
distortions in the magnetic field. 25

The materials used for the iarge chambers were aluminum alloy on
the 60-in'clh British chamber (Fig. 21) and stainless steel alloyvon the 72-inch
Berkeley chamber, the 80-inch Brookhaven chamber, and the Z-fneter CERN
chamber. DBoth materials have performed successfully.,. The advaﬂtage of
aluminum is that it is nonmagnetic, has a high-thermal conductivity"and has
a lower cost; its disadvantage is that the physical dimensions of the chamber
are large because of its low elastic modulus and lower strength..‘“?vax.e léz.‘géi;';
dimensions require an increase.in the volume of the magriét‘iglﬁ'eld;.': .'I"he: o
lower electrical resistivity of c;iiun;xinum alloys at low.tempe.‘z‘-a’éﬁ-r:é r.e‘quir-es
that the chamber be supported to withstand higher eddyécu‘rvren't. ;fo"rces wh'er;:
electrical power fails.

Stainlesssteel,although expensive, has higher low-temperature strength

and is more rigid., However, its initial low-temperature magnetic permeability

must be carefully controlled; and further, it must remain nonmagnetic when
exposed to low temperature—Ifor lifetimes of several years. It must not be
effected by the temperature cycling between room temperature and liquid
hydrogen temperature.

Magnetic measurements are rhqst easily made at room temperature
and are usually made to absolute values of 0.1%. The measured values of
magnetic field are used for computing momenta, and the accuracy of the
computation depends upon how well the magnetic field is known. When the

magnetic properties of the chamber metal are stable and the permeability
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has an average value less than about 1.005, the effect on the magnetic field

can usually be ignored.

The Berkeley 72-inch bubble chamber has a 6 300-1b casting made of .
26

austenitic stainless steel similar to AISI 316, Two chemical analyses,

shown ‘yi‘n Table I, were made to indicate the homogeneity of the casting. A
low-temperature permeability test made of samples taken from the casting
indicatea a value of less than 1.004 from 300 to 20°K. Another room-
temperature test with a different sample was measﬁred at 1.0055. It was
difficult to weld fittings onto this stainless steel casting because of the poor
high-témperature étreng£h of the weld. 27 Weid design is very important.
when metal with poor high-temper.ature strength properties must be used.

.The Brookhaven bubble-chamber'body was cast of Kromarc-55, a
very weldablehigh-manganese stainless steel developed by the Westinghouse
Corporation. The specification for the Kromarc is shown in Table II. ‘This
table lalso gives the specification for the CERN bubble chamber body.

The stainless steel must remain austenitic to be paramagnetic, and
therefore the amount of ferrite and martensite, 'Whi.Ch are ferromagnetic,
must be kept very'low.‘ The Schaeffler constitution diagram for stainless
ste.el_28 (Fig. 22) shows that the selected steels used for these large chambers
all lie in the austenitic region; this is a very useful way to compare stainless
stéels for this purpose at room temperature.

Austenite is a face-centered cubic structure that may transform to
ferrite, a stable-bodied cubic form, or to martensite, a metastable tetragonal
form. Phase changes of this kind are irreversible and may occur when the
chamber temperature is reducéci. The ferrite transformation is a diffusion
process and is essentially complete at room temperature. .Observations at
room temperature will establish the effect of ferrite on the permeability at

room temperature and at lower temperatures.



LY

~on Table II that is free from this phenomenon, because of its“very low -Md

=20- UCRL-10358

The transformation from austenite to martensite, };o‘v;/'e'vve‘r,. is a shear
mechanism and occurs very fast once the martensite start ter'npel;atu.l.'e, ‘Ms,
is reached. This effect is described in Reference 29. '1“%1e bﬁbbie chamber
operating temperature is above the 'lv\/Is temperature of the stai-hlénss'v steels
listed in Table II in all cases, which indicates that these svtevels' will n‘ot.v'
transform to martensite. The martensite deformation temperé.£ﬁré, .Md,
is the temperature at which austenite will transform to martensite as a |
result of strains that occur in operation. The magnitude of this effect.:i.sl.

dependent upon the stress pattern in the casting., Kromarc is the only metal

gt

temperature,

.Theré is also an upper limit to the amount of nickel the;t can be added.
A reversible change in permeability can occur if very large amountsof
niéi{el ére added, say over 50%. In this case, the Curie bpoint 1sralsed .. |
above the chamber operating temperature;the chamber will becorr;é.:-.}nééﬂefiq

when it is cold and return to the paramagnetic state when it is returned to

room temperature,

CHAMBER WINDOW

The S-inch-thick optical‘window that covers the 72-inch bubble
chamber wé.s cast 6f borosilicate crown glass; at that time it was berlivev’ed
to be ﬁhe largest piece of opticél quality glass ever cast. The window is
tilted 7-1/2 degrees from the horizontal to prevent light from _refl'ecti_’r;g' into
two of the camera lenses and to éllow an&r hydrogen bubbies collﬂe?;!:in'g under
it to roll out of the field of ;riew (wh.ere they can _Be condensed)._“ o

For optical quality the specificétion limited the ‘i_nch:fsi_(‘)n‘s. to not over
five .03-inch bubbles in any squé.re inch of‘pro_jec‘cledva.r:lea}.,ar;)(:}~ I'Ae'zfq_u‘i_r:efiv that

the striae be grade D or better, in accordance with Specification JAN-G-174,
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with an inde;c of homogeneity ofl 0.0001. The window is reci’uired to withstand

a differential pressure between an external high vacﬁum and a maximum
internal pressure of 150 psi in the chamber. The window temperature is

that of liquid hydrogen. .The window opening is 20 inches wide by 72 inches
long. Strength calculé.tions placed the thickness near 5 inches for untempered

glass,

. Optical glass was considered and a borosilicate selected. The specific

type is BSC—517/645. Selection of this particular type was on the basis of

minimum dispersion, high coefficient of expansion compared to other optical

glass (about one-half that of the chamber metal),and a belief by manufacturers
that this type could be cast in the thickness desired and still meet the bubble
and striae specifications mentioned above., This type has previously been used
for large-~diameter optical windows in wind-tunnel installations. |
The National Bureau of Standards (NBS) Cryogenic Engineering: |
Laboratory conducted.an experimental investigation to supplement T:he existing
information on the strength properties of BSC-517/645. Information on the
strength and fatigue of this glass at low temperature (ZCOK) was obtained
and has been reported. 30 This information was used to compute the window
thickness needed to withstand the chamber internal pressure.
Several interesting facts resulted from the NBS testing of
BSC—517/645 glass. The strength of the glass, defined in terms of the stress

required to cause fracture, increases with decreasing temperature. At

20°K and 76°K the breaking stress is indepéndent of the rate of loading; at

higher temperatures there is a dependence on the rate of loading. Contact
with liquid hydrogen does not appear to adversely affect the breaking stress.
The fatigue of glass, defined.as the decrease in breaking stress with

increasing duration of load, decreases with decreasing temperature but still



IS
=

e
Y

-22- UCRL-10358

Ve

exists at 76°K. The fatigue limit é.ppea.rs to be gfeater than 9000 psi for
BSC-517/645 (Table III). " At these low temperatures glass exhibits vé’fy
little or no 'fat‘i"g“ue’ and higher design stresses can be used for glass in
cryogenic apbligét'ions,‘

Glass fails only‘in tension at the surface. Cooling the window causes
temperature differentials that cause differential contraction and place the
bglass surface in tension. Thus the cooling rate is deterrﬁined by the pexr=.
missible tension stress. The strength tests showed that the probability of
failure was less than 1% Iwhen the glass wasvstress‘e'd' to 9000 psi in tension,
and from this data a design stress of 2000 psi was selected. ~

After selection of the design stress, the maximum permissible

Atemper'ature difference in the glass (AT) can be calculated from

where

p. = Poilsson's ratio,

S = stress,

a = expansion coefficient,

E = Young's modulus.
This curve is shown in Fig., 23. The permissible AT curve is hyperbolic
beéausg the coefficient of con’;raction_decreases with temperature. At about
110°K, liquid vnitrogen can be put intc contact with the gl‘ass, because the
témperatufe_ differ_ence between _'Fhe liquid nitrogen and the glass (33O‘K) gqua,ls
the glass permigsible AT ‘fqr 2000 psi.

Aft;e_r the permis sible temperature difference has ,been_determined,

the allowable heat flux can be calculated. . The process for cooling the glass

determines from which surfaces heat is removed. The glass on the 72-inch

bubble chamber is cooled by natural convection, which makes the chamber
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operation less complicated. A 5-psig atmosphere of hydrogen or helium gas
surrounds the glass during cool-down and couples the glass to the heat-ex-
change surfaces located above allnd beloQ the glass. The heat exchangers
are cooled by the refrigeration system.

The top surface of the glass is cooled more efficiently than the
bottom surface because a natural convection circuit exists, consisting of the
'hot!" glass surfaceﬁ; the cold walls; and the radiationqshield,_ at the top,
which is at the temperature of the refrigerator. Inside the chamber the
effectiveness of a natural convection circuit to cool the bottom of the glass
was in doubt. Therefore it was assumed in these calculations that the glass
would be cooled from the top side only, and that any cooling from the bottom
side would be Msafety factor!' and wou_ld compensate for errors in measuring
the glass surface temperatures. |

.The allowable heat flux, q, was calculated from the expression

2KAT
t 2

. where k is the thermal conductivity corresponding to the temperature of AT
and t is the glass thickness. By substituting the expression for AT, we
obtain

2k(1-p)S
t a E

= {(constant) %

Also, k/a is nearly constant between 100°K and 300°K, q = 0.28 W/in, 2
The>maximum permissible ‘cooling rate may be determined by cal-

culating the cooling surface area é.nd the total heat content of the glass area,

and By knowing the allowable heat flux. A min;lmum cool-down time of about

24 hours or a rate of QOK/h is obtained, assuming that the temperature

gradient on the surface of the glass is zero and that all the AT is avail-

able to transfer heat.
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‘In practice _thé glass cocl-down rate must be corrected when_tem.—'l
perature gradi.e_znlts_ appear on the glass surfaces. The actual bermissible
terﬁﬁerﬁuré d‘ivfférevnce is the maximum temperature difference bgjcween any
two points in the glass and includes the gradient through the glass due to the
cooling rate pi@s"&:hé surface gradients,- Thére_fore the cooling rate must be

reduced when surface gradients appear. The rate correction is

° o ATnﬂax ATQ'L11“°?.=.ce o)
A‘Ta_c‘cua.l ,= AT [ AT ' J ' K/h'
max

There is some cooling by radiation but this is not very great be-"

cause the temperature difference between the metal parts and the glass is
kept small during cool-down so that the glass is not locally stressed.

The actual cool-down time required is about 65 hours or about. 4°K/h.
Thé 65 hours becomes limited by the refrigerator atilower temperatures, ’
which is a built-in safety feature. The refrigerator and cool-down rate are
well matched.

The glass is warmed to room température in about 50 hours by cir-
culating uhydrogen gas throﬁgh the refrigeratof. The fz.‘ate is faster on v;az;m-
up because the sﬁrface of the glass is in comprés'sioh.rather'thén in teﬂsign.
The main insulating vacuum cén be removed ,saifely when the glass iswaf. about
150°K. |

Tempér'e,d v.glalés has also been ;used‘on gﬁbb.le.:chambers. It‘.permits
ﬁsing a'r':édu‘ced“glass tlfii'ckn:éss., which has'the‘.a:dv'antagev“()f lower cost and
fas;ce:‘r.c;.ool-do{a&n; | E:‘or‘ ver;? 1:'argé éhambefs the size offannealed_,glzxvss}nay
exvjceed the ma;hufé;:t-liring capaéity, and terﬁpered glllass may be the .only

choice.
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INFLATABLE GASKET

A tight seal must be maintained between the chamber body and the
glass window so that an insulating vacuum can be maintained above the glass.
On smaller chambers this seal is made quite simply. A lead gasket clamped
between the glass. and metal chamber by means of bolts is one choice. The
chamber is then assembled inside the vécuum tank, and the apparatus is
cooled to liquid hydrogen temperature. However, this method did r\xot appeai'
feasible with the large chamber, because the difference in shrinkage between
the glass and chamber might cause the seal to open during cool-down, With
the 72-inch chamber there is a difference in shrinkage of about 3/16 inch in
72 inches between the glass and metal. On smaller chambers the difference
in shrinkage is less, so that the problem of making a seal is simpler.

For smaller chambers, the problem then was to devise a type of seal
that could be effected at 27°K, This was complicated by two factors: Lead
is ‘'so hard at 27°K that it could not be compressed against the glass without
producing dangerous stresses in the glass; and once the chamber has been
cooled down, all the parts are inaccessible.

These difficulties were overcome by the design of an inflatable

32,33 S :
gasket™ ’ 3 (Fig.. 24). With this gasket, two thin stainless steel tubes are

inflated with high—preséure helium gas. This forces the two gasket blocks .épart,

compressing indium wires against the cdntacting surfaces (i.e., the glass
window and the chamber). Indium was chosen because it is softer at 27°K
than lead is at room temperature. Since the valve controllingthe heliumin-

flation gas is accessible,the seal canbe made after the cool-down has been

v

completed,

The inflatable gasket, though it gives an adequate seal, does not
provide an absolutely tight one. The small amount of gas leaking past the
indium wires is pumped off via intermediate pumpouts, which can be seen

in Fig. 24,34
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. The helium pressure in the gasket is maintained at 50 psig25 during
bcool—down, to hola the glass in position. When the chamber is cold, the
inflation pressure is increased to 200 psig to seal the gasket. The chamber
is then pressure-tested to an internal pressure of 145 psig (155 psig across
the glass) with helium gas. .The.helium ‘pressure in the gasket is raised as
required to'make the seal—usually up to 400 to 500 psig.

The seal improves during the first days of operation and has operated
successfully and continuously for as long as 10 months .(over 2 OOOVOOO cycles)
on a single run. The gasket assemblies have been in use 3 years.

Chamber Prestress

When the chamber is pressurized, deflections occur at the bubble
chamber glass opening, which, if too large, may cause the inflatable gasket
to slip. The deflections due to operational pulsing pressures may cause
further slipping, or fhey may cause the inflatable gasket 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 with a compressive
load through the glaés. In the case of the 72-inch bubble chamber it was not
desirable to increase the depth of the flange because this would either in-
crease the magnet size or decrease the chamber size. Chamber prestress
using a compre;%sive preload through the glass was adopted.

- -The chamber was assembled and a test pervformed to determine the
* ‘ amount of deflection during operation. The deflections of the casting were
: ' measured at internal pressures up to 70 psig, at which it.deflected 15 mils. 3

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

deflect 25 mils.
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A second test,to determine the reaction force in the glass, was made

with only the chamber and hydrogen shield. This measurement was made by

applying a' point load at the center of the window opening, the prestress load

point. 36 The spring rate of the casting is 860000 pounds per inch, or

33500 éounds for a 38-mil deflection. This deflection is the amount of the
differential expansion between the chamber and the glass across the width.
Thé 38 mils is 13 mils more than the 25 mils required to 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. 37 . The snug fit corresponds to zero prestress at-
room temperature and sim.plifies the assembly. . The casting is ''soft'' rel-
ative 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%— -inch by ‘10-in.<A:h
grooved indium pads. The glass compressive stress is 744 psi (assuming
100% c-ontact when the casting is deflected 38 mils}. |

Because of the slow cool-down there may be a creep effect in the
indium that at present is unknown. Any creep effect would be in the safe
direction, since it will reduce the amount of deﬂeétion 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.

. VACUUM SYSTEM

A thermal-insulation system that allows the chamber to be removed
easily is more important on research apparatus than a small gain in thermo-
efficiency. Radiation shields and super-insulation have been used.

The diffusion-pump speed required for no.rmal operation is very low

because the bubble chamber body at 20°K is a very large cryopump.
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Ii‘owe\}er, high pumping speeds are needed toc overcome hydrogen or helium

leaks which cannot be cryopumped at this température and.wlr.lich occur

particularly when the chamber is kept cold continuouslyvfor pe.riods‘v of é. year.
Large pumpihg ca.pacity.in the 100-mm range ‘is very desirable. It

permits quick recovery during emergency periods and also provides fast

pump-downs, particularly during the purging cycles. The vacuum system

éhould be protected against power failures.

The 72-inch bubble chamber is thermally insulated by suspending it
inside a vacuum tank. The structure by which the chamber is suspended is
called the ”hy'dx.'ogen‘shield“ (Fig. 19). This shield is made oAf: 3/16-inch-
thick stainless steel reinforced with a series of ribs. The brimary .func—.
tion of the hydrogen' éhield >is to serve as a protective enclosure for the
chamber in case the glass window should break or th.e inflatable gasket fail.
Liquid hyarogen expanding into the hydrogen-shield enclosure would rapidly
boil. To keep the pressure from rising to 2 dangeroué level, a safetyuvent
system has bveen installed {Fig. 25). If the pressure in this énclosufe shéuld
risé above 25 ‘psig, a relief valve would open. The gas would 1;hen escape
into a 22—foot=diérﬁeter éteel sﬁ)here located in a remote area. . Dﬁring
normal operation this sphere is kept evacuated.

Thé hydrogen shield contains a iiner that is cooled to liquid hydzﬁgen
temperature. The purpose of this liﬁer is to intercept ndost é‘f the therrhal
radiation coming from the cover plate of the vacuum tank, which is at room
temperature. If this heat were allowed to impingef' orll.the ‘glass, bubbles
would form u‘nderheath it, and an unwanted tempé‘raﬁlfe grédiént would be

introduced in the chamber liquid.
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NITROGEN SHIELD

The nitrogen shield is a 1/4-inch-thick copper tank suspended from
the sides of the vacuum tank. This shield surrounds the chamber on its
sides and bottom and is cooled with liquid nitrogen (77°K). It acts as a
thermal radiation barrier, helping to prevent heat from rea;:hing the .cham-

ber from the vacuum tank, which is at room temperature.

EXPANSION SYSTEM

The chamber liquid may be expanded many different ways, such as:
1. Gas expansion

2. . Free piston

3. Driven piston

4. Bellows

5. . Diaphragm

6. Moving window .

. The so-called gas expansion is described below for the 72-inch

‘bubble chamber. The chamber and expansion line operate at about 5 atmos-

pheres pressure with hydrogen and about 6 atmoséheres with deuterium., The
expansion system for the 72-inch bubble chamber was designed for 10 atmos-
pheres, which is marginal protection against the constant pulsing. A design
pressure of 20 atmospheres and :a_s much vibration protection as possible
would be more desirable for the expansion line, the refrigeration, and other
tubing inside the vacuum tank.

The expansion system is shown schematically in Fig. 25, together
with a simplified schematic of the refriger,ation, vacuum, and safety-vent

systems. The liquid hydrogen in the chamber is held at 82 psig by a column

of hydrogen gas in the expansion line. Opening of the expansion valve allows

this gas to expand' into the expansion tank, which is maintained at 5 psig.
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When this occurs, the pressure in the chamber drops from 82 to 45 psig in
about IOvmsec. During this brief interval the particle beam is introduced
and a photograph taken, as described earlier. In the meantime the re-
compression valve has been copened and the expansion valve closed. Hydro-
gen gas at 115 psig then flows from the recompression tank into the expansion
line. The chamber pressure rises rapidly, slightly overshooting its original
value of 82 psig, and then levels off at 82 psig (Fig. 13).

The line length and diameter of the expansion line were selected to

give a minimum heat loss for normal operating conditions, Minimum heat

loss is obtained by bringing the minimum amount of ccld gas into the room-

temperature part of the expansion line,

The total time for expansion and recompression is about 20 msec.
This cycle is repeated 11 times each minute. Hydrogen gas in the expansion
tank is pumped continucusly through a purifier and into the recompression
tank by the recompression compressor. Since this gas comes in direct
contact with the chamber liquid, it must be very clean. The constant cir-
culation of hydrogen gas from the expansion tank to the recompression tank
can 'pump’ contaminants from the compressor intc the chamber so that
after a long period of time contaminants can build up in the chamber. A
bubble chamber purification system must be much better, for example,
than one used in an ordinary liquifier used to fill dewars, where the gas is
pumped oniy once through the compressor, and thve contaminants are carried
away in the devs‘/ar with the liqu'ido

Fast recompression is essential for maintaining a uniform temperature
throughout the liquid By compressing bubbles out of existence before they (":an
rise appreciably from their pdi’nt -ofjorigi'ng However, fast recompression

also helps maintain this uniform temperature in another way. Before the
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liquid has a chance to evaporate in the expansion line it is forced back into
the chamber. Only a small amount of mixing occurs in the expansion line,

so that the upper portion of the line remains nearly a't. room temperature,
while the lower end stays at 27°K. Because the upper portion is at room
temperature, refrigeration does not have to be provided around the expansion
and recompression tanks. Also, the expansion and rec.ompression wvalves
can operate near ambient temperature,

During the expansion cycle the liquid hydrogen expands up to 1.8% of
the total volume (about 9 liters),depending upon th¢ temperature. This liquid
flows out of the chamber into the lower egcpansion line, During recompress-
ion this same liquid flows back into the chamber. If this flow occurred at |
one end of the chamber, considerable turbulence would result, whi.ch would
distort the tracks and reduce the value of the photographs. To minimize
turbulence, this flow is directed through two expansion plates, one on each
side of the chamber (Fig. 26). Many small holes are drilled in each plate.
The liquid flows out through these holes intc.a collecting manifold that is
connected to the expansion line, The liquid is re‘turned ‘chrough‘ these holes
on re’compression. The expansion plates also function as heat exchangers
and are coocled by 'evé.porating,coils ‘that are attached to the expansion plate
and connected to the refrigeratc;r. _The liquid is cooled when it passes
through the heat-exchange holes in the expansion plates.

The liquid thermal gradients and thical distortion are greatly re-
duced by a circuit that introduces liquid hydrogen (rain, as it is called) at
the gas - liquid interface in the expansion ,1ine38(Fig. 27). This system
suppiies the major portion of refriger‘ation to the chamber. The injection

is accomplished through an auxiliary filling circuit connected in such a way

‘as to keep the mass of hydrogen constant. Gas is bled from the recompress-

ion tank, through a liquid nitrogen recool, into a heat exchanger that
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counterflows with refrigerant entering the system, and finally through a 5-p
stainless steel fiiter into the expansion line. Approximétely 7 gré.ms per
pulse enters the line through the fill pipe located about 30 cm above the
static liquid level. It is important that both valves shown in Fig. 27 be well-
throttled in order to decouple an irherently unstable loop. The throttlevd

n the recompressicn tank and ex-

£

(¥

valves prevent the pressure variations
pansion line from'unbalancing the {low through the heat exchangers during
the 30-msec pulse.

The effect of this technique is twofcld. The counterflow heat ex-
changer and the side plates now share the refrigeration load in about egual
proportions; this results in lower gradients in the chafnber and cioser |
coupling to the refrigerant, Secondly, the cooling of the iﬁterfaée suppfé.s ses
vaporization and therefore reduces liquid thermal gra;dients in the line. Thus
the total thermal inhomogeneity of the system is reduced, in turn effecting
a reduction of distortion and density fluctuations.

The resuilting change in picture quality is dramatic and permits a
threefold increase in puls'e rate. re-viously the chamber bottom was filled
with a shii’nmering tarbulence which now appears only near the expansion end.
Temperature gradients in the visible liquid are ha]‘.véd to Iess than 0.15°K.
Most important, interface cooling increaées the available sensitive volume
25% by making the bottom 3 inches of the chamber usable.

The two identical 6-inch boot valves uséd to expand and recompress
the pressure in the 72-inch bubble cham'ber39 re similar in design to the
Grove Company Flexflo Modei 80 Va.lve‘, which useé a rubbervb‘oot over a
slotted aluminum core (Fig. 48), The valve opens inlé to 10 msec, with
hydrogen gas. The expansion valve is ovp.ened juét iong enough to reduce

the chamber pressure and to minimize the amount of cold gas passing
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through the valve: (about 25 grams per pulse). When cold gas flows through
the valve too long, the life of the rubber boot is reduced. . Warming coils
have been added on the boot va;lve to increase the bulk temperétureg

‘The boot life is about 150 000 cycles for the expansion valve, which
has the cold gas flowing through it. The recompression valve boot life is
over 2000000 cycles. The pulsing of the rubber boot has a hysteresis heat~
ing effect which helps warm the boot.

Other large bubble chambers now under éonstruction use either gas

expansion, driven-piston expansion, or free-piston expansion. The piston

expansion system has a piston in . contact with the liquid hydrogen. This

piston is driven by a gas-actuated piston at room temperature.

The free piston is a modification of the gas expansion system and

“has a light-weight piston in the gas column, with one end in contact with the

liquid hydrogen and the other end at room temperature. The temperature
gradient is taken through the light-weight piston. The piston is driven by
energy from the compressed liquid hydrogen. The free pistdn prevents
warm gas from. mixing Wwith ccld gas; this system is expected tc be more
efficient,

Another modification of the piston system is a chamber with a
bellows mounted in the body of the chamber (Fig. 29). . This arrangement
allows one side of the chamber to move — in this case a moving window.
The energy for the expansion is supplied by the compressed liquid hydrogen
in the chamber. Such a design should give low temperature gradients and
turbulence in the field and require 2 minimum of refrigeration. This
system will be used in a 25-inch-diameter hydrogen bubble chamber now

under construction at the Lawrence Radiation Laboratory.



S T

-34- UCRL-10358.

The main advantage of the gas expansicn system is that it does not
have any moving parts at low temperature or inside the vacuum tqu._ .Exi-
pansion valves can be changed without emptying the chamber. However,
this sfstem is more inefficient and may cause higher tuijulelnce in the cham-
ber.

Piston or bellows expansion systems have the disadvantage that the
chamber must be emptied and warmed to room temperature in the event the
cold piston requires repair., Piston-type expansion has been very reliable
and is more efficient with less turbulence.

The choice of expansion system should be made on the basis of tur-
bulence reqﬁired and'chamber reliability.

The size of the refrigerator for large chambers is usually determined
by the time required to cool the glass and the chamber, It would be desirable
to match fhe cool-down power requirement to the pulsing refrig.c.e_ra‘tion power
requirement. In any case the electrical input power to the refrigerator is
smali, and the savings here ié small when compared to the ipput power of

2 to 7 megawatts required {owenergize the bubble chamber dc magnet,

MAGNET

The 72-inch bubble cha;ﬁber magnet. contains 115 tons of steel in its
core and about 20 tons of copper m its exciting coils.. Current is supplied
to the magnet coils by two series-connected motor generators. These |

generators operate at 4600 A, 550 V, giving a power output of 2.53 magawatts.

The heat produced in the coils is dissipated by cocling water flowing through

the hollow copper conductor. The total number of ampere-turns is 1.74

million, which gives an 18000-gauss field at the center of the chamber.
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The magnet current is regulated so that fluctuations in the magnetic
field do not exceed 0.03%. Constancy of the field with time 1is ﬁec_essary to
permit accurate determination of particle momentum. Further,} the magnet
was designed ‘so that the ﬁux distribution in the region of the chamber would
be 'unifofm within 15%. These variatiéns (which do not vary with time) are

compensated for mathematically when the tracks are analyzed by a computer.

Magnet Walking System

The 72-inch bubble chamber was designed so that it can be moved
from one location to another around: the Bevatron for different experiments.
It was not feasible or necessary to transport all the auxiliary equipment; the
large compressors, the motor generators, and some of the vacuum pumps
are installed in permanent locations, Connections are made to this equip-~
ment after the chamber has been moved.

Two of the four 'feet' used to walk the bubble chamber can be seen in

Figs. 10 and 20. Each foot is equipped with two hydrauiic cylinders, one -

for vertical motion and one for horizonta_l motion. For the magnet.to walk,.
the feet push downward, liftingjth’e magnet. While the magnet is raised, it
is pulled horizontally. The magnet then lowers until it again. rests on its
cenfer supporting structure. The feet then rise and reset forward, As this
cycle is repeated, the magnet assembly (which weighs about 240 tons) is:
moved ak?out 1 foot each step, with an average speed of 70 ft/h.

Because the chamber is placed in a vertical magnetic field, particles
entering through the fringing field are deflected in the horizontal plane.
Since the long direction of the chamber is horizontal, it is necessary to
rotate the chamber about a vertical axis for accurate ,alignmeﬁt with the di-
rection of the beam. This alignment can be accomplished by rotating the

magnet assembly about its own geometric center.
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Photographic System

In order to determine track curvature in three-difnensibnal spa:ce,
it is necessaryv to use stereo photography. The tri-stereo camera is shown
in Fig. 30 (the optical layout was shown in Fig. 4.). The lenses (1, 2, a;nd 3)
are located at the vertices of a 45-degree right triangle, giving th.ree sferéo
pairs of phvotographs (between 1 and 2, 2 and 3, and 1 and 3). One stereo
axis (2, 3) is parallel to the beam direction and the other (1, 2) is perpendiéular
to it. When measuring photographs, one chooses the stereo pair whose axis
is most nearly perpendicular to the track direction., This allows more
accurate measurement of the dip of a track.

The stereo camera uses a magazine containing 1 000 feet of 46-mm
film. The film is automatically advanced after each exposure.

Illumination is provided by three xenon-filled flashlamps (strobe
lights) mounted in a projector above the stereo canderav(Figs‘.' 30 and 4). The
film is exposed by firing these flashlamps, rather than by copening énd closing
a shutter., This method gives an effective exposure of about 250 psec. Ex-"
posure must be completed within a few milliseconds after beam passage,
before the bubbles grow too large or move appreciably from their point of
origin. . The timing of each flash is automatically controlled to occur about
2 msec after the beam enters the chamber (Fig. 13).

The dark-field illumination system 1s similar to that developed for
the 15-inch chamber, except that a larger number (111) of optical retro-

reflectors span the chamber bottom,as shown in Fig. "4,
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TRACKS AND BUBBLE SIZE

The primary beam from the accelerator is controlled to admit about
iO particles per pulse into the chamber. The number of tracks in a picture
varies according to the experiment, but too many tracks make it difficult
to identify and measure the nuclear event to be studied. The bubble density
along the track is usually about 15 bubbles per centimeter.

The diameter of the bubbles forming,the track is controlled by chang-
ing the time between beam injéction and the camera light flash. The time
delay is within a range of 3 msec, and gives a bubble of about 0.3 to 0.5 mm
in diameter.

Bubble size as used herein means the actual diameter of the bubble
at the time the picture is taken. However, it has also been used to mean
the image diameter on the film times the magnification, which may not be an
indication of the true bubble diameter because of defraction effects of the
1en‘s, characteristics of the film emulsion, and also the .diameter of the light

reflection on the bubble. 40, 41
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SECTION IV

BUBBLE CHAMBER REFRIGERATORS

i

BUBBLE CHAMBER REFRIGERATORS
REFRIGERATOR FOR 72-INCH LAWRENCE RADIATION LABORA’I‘ORY
BUBBLE CHAMBER
Process
Refrigerator Control
Novel Features
REFRIGERATOR FOR BRITISH NATIONAL BUBBLE CHAMBER
PROGRAM
REFRIGERATOR FOR 80-INCH BROOKHAVEN BUBBLE
. CHAMBER .
REFRIGERATOR FOR 15-INCH LAWRENCE RADIATION LABORATORY
BUBBLE CHAMBER
Refrigerator Control )
REFRIGERATOR FOR CERN 2-METER BUBBLE CHAMBER
Process
Refrigerator Control
Novel Features
REFRIGERATOR FOR 40-INCH BUBBLE CHAMBER AT CAMBRIDGE
ELECTRON ACCELERATOR ’
OTHER BUBBLE CHAMBER REFRIGERATORS
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BUBBLE CHAMBER REFRIGERATORS

For successful operation, liquid hydrogen bubble chémbers are con-
ventionally operated at a terﬁperature near 27°K. To maintain the des.virle;d
operating temperature, refrigeration must, of course, ‘be providéd to i{zter—
cept heat transferred to the chambérlfrom‘fhe environment and to a;bsox;B the
energy input to the chamber liquid due to éulsing.

lIn principle, this refrigeration can be provided by evapofa‘cing either
liquid hydrogen or liquid neon. It would also be possible to absorb the heat
by wérming a helium gas stream that had previously been cooled to some
lower temperature‘ir.l a suitable refrigeration process. Refrigeration is
p;ovided,at appropriate parts of the bubble chamber by use of suitablé heat
exchangers to transfer heat from the chamber iiquid to the refrigerant.

.In the early stages of liquid hydrogen bubble chamber development,

.the necessary refrigeration was provided by the evaporation of liquid hydro-

gen from a vented reserveoir. These chambers ordinarily contained only

~a few liters of liquid hydrogen. It was obvious that when considering both

economics and safety, larger.chambers should be refrigerated with some

type of closed-cycle system. Since 1iqixid hydrogen is used in the chambe\rg

there should be no additional compliéation or danger resulting from the use of
'a. closed~-cycle hydrogen refrigerator. Such.a refrigerator can also be de-
signed to operate quite r’eliably.r, |
Before describing hydrogen réfrigerators that are either in useldr
: - s
planned for use with specific liquid hydrogen bubblg chambers, it is insiruc-

tive to consider the desirable qualities of a closed-cycle refrigeration system.

These qualities can be seen by considering their effect on economics,

logistics, and safety.
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The use of a‘closed-cycle process is a more economical method of
providing refrigeration than the evapbration of liquid from a veﬁted reservoir,
Venting of the reservoir to the atmosphere results not only in the loss of
hydrogen gas forméd by liéuid evaporatién, but also in the loss of the refri-
geration in that gas., In contrast, a refrigerator operating on a closed ‘cycleA
uses thé refrigeration available in the gas formed by liquid evaporation,
Since the sensible heat of l-atmosphere hydreogen gas from the saturation
temperature to amb‘ient temperature is eight times the latent heat of vapori-
zation, this refrigeration efféct is quite significant. Iﬁ fact, the use of
this refrigeration reduces the power required to operate a refrigerator
to nearly one-half of the total power required to operate a liquefier for
equal quantities of refrigeration, |

For bubble chamber refrigerafion needs, this difference in power
requirement may not be of major economic importance, since other factors,
such:as labor, predominate. Ho§vever, the power requirement influences
the capital cost significantly, since the compressor cost is proportional to
compressor power and may be about 6ne-third of the total refrigerator cost.

The cost of commercial liquid hydrogen produced in tonnage plants
using inexpensive sources of hydrogen gas must be considered when anély- :
zing the economic feasibility of the pﬁrchase and operation of a cloise_d-
cycle refrigerator. The losse.s incurred in storing and'handling,cc.)mmer-
cial liquid hydrogen must, of cocurse, be considered in such an gnalysis. |

The use of either liquid hydrogen produced in an adjacent liquefier ‘
or commergcial liquid hydrogen, requires dewars and trénsfer systems to
support a bubble chamber refri.geration requirementov Thus fhe safety pro-
blem is increased, since each handling enhancés the possibility of i.nt‘roauc-

ing contamination into the dewars, Perhaps a more serious factor is the’
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likelihood of hydrogen escaping into the surrounding area; consequently,
access to the container storage area should be controlled.

Several liquid hydrogen bubble chambers have been either com-
pleted or planned that use a closed-cycle hydrogen refrigerator to maintain
the chamber temperature constant. Some of these refrigerators are de~ .
scribed below. In addition a system using helium gas as a refrigerant is
mentioned. No attempt is made to furnish detailed engineering design in-

formation, however references are given where it seems appropriate.

REFRIGERATOR FOR 72-INCH LAWRENCE RADIATION LABORATORY
HYDROGEN BUBBLE CHAMBER

A .closed-cycle fefrigerator using hydrogen as the working fluid was
chosen. 42 The refrigerator was designed to produce 1800 watts at 27.5°K
with a circulation rate of 200 standard cubic feet of hydrogen per minute.
Figure 10 shows a photograph of the bubble chamber installation., The refri-
gerator is controlled from the panel board shown at the left of the photograph.
Figure 31 is a simplified schematic of the refrigeration system used. This
refrigerator has operated several thousand hours with only routine com-~

pressor maintenance being needed.

Process

The simple Linde process, using liquid nitrogen for precooling, was
sele.cted because of high reliability. Hydrogen is compressevd to 150 atmos-
pheres, then oil and water are removed in adsorptién purifiers thét are
maintained at ambient temperature. Since the refrigerator can also be used
.as a hydrogen liquefier, an additional refrigeration drier-purifier is pro-
vided to remove trace impurities of nitrogen, oxygen, and carbon dioxide |

which may be present in electrolytic hydrogen gas used for liquefaction.
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After purification, the compressed hydrogen gas is cdoled in .coun.ter-
flow heat exchahgers by the low pressure gas being refurned to the cdﬁpres~
sor intake. Liguid nitrogern is used tc further cool the incoming compressed
hydrogen gas. Further cooling takes place in the final or Joule-Thomson
heat exchanger, and in expansion through a valve. ApproXima.tely 50% of
the gas is liquefied during the expansion process, and refrigeration from
the latent heat of vaporization is available to the bubble chamber', Afier this
refrigeration has been removed, the saturated vapor is returned to the com-

pressor intake through the low pressure side of the counterflow heat exchan-

gers to complete the cycle.

Refrigerator Control

The temperature of the liquid hydrogen in the LRL 7Z2-inch bubble
chamber is controlled by simuitane{msly modulatiﬁg the temperature and
mass flow rate of the refrigerant. Figure 31 shows the essential ¢com-
ponents of the control system. Valve 1 maintains a preset operating pres-
sure to the refrigerator, bypassing excess fiow tc the compressor intake. 42
Valve 6, the conventional refrigerator expansion valve (valve 5 closed), is
used in this case as a mass flow valve and therefore determines the quantity
of refrigeration. Valve Y.determineé the temperature of the refrigeration
by controlling the vapor pressure ofhthe refrigerant., Input to the flow and
temperature control come from vapor pressure thermometers VPT=1,
VPT-2, and VPT-3,

Operation of the control systerh can be shown by referring to Fig. 32,

-

Compressed hydrogen gas is cooled in the final heat exchanger to point A,
then is expanded and further cooled through flow control valve 6. The result-
ing mixture of liquid and gas enters the evaporator at point B. Most of the

refrigeration is accomplished by nearly isothermal evaporation of the ligquicd
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as it passes through the evaporator. Ta assure complete evaporation of
- " ' N W

the liquid and thus prevent an accumulation of liquid in the refrigerator

evaporator, the fluid is slighily supérheated {to point C);Before teturn%pg
to the refri’geraton This slight superheat is maintained 5y th‘e actior; of :
flow control valve 6, wl;.;ich responds to changes in a presét temperature
difference or the degrge of superhezt between the irﬂet and cutlet vof.' the
evéporatort,

| Valve 7 is conirolled by the temperature of the bubble chamber liquid,
and the refrigerant tem.pevratu"r‘e _is\ thereby controlled according to refx‘t"igera-
tor lcad. N | |

. The heat exchangef, _ E, loc:”a.tedg. at the Lé,ow=temperature end of the

evaporator is needed to evaporate };_iquid that might b.e caz.jried over from tl;ze
evaporatbr during changes in the refrigeration requirerﬁem, “'.'I‘he ;nao.rmal

superheat of the returning refrigerant is sufficient to evaporate liquid

accumulated . at E.

Novel Features

The LRL refrigerator for the 72-inch bubble chamber uses a more
effective heat-exchanger design than has previously been reported in the
literature for Hampson-type heat exchangers, This novel feature is a varia-
tion in the radial spacing betwe.er; tube layers. This m.akes it po:ssibl”@ to

match the low-pressure flow outside the tubes to the h.igb;»p‘ressufe flow

inside the tubes. Thus the refrigeration available in the low pressure gas

is distributied in proper proportion across the entire heat exchanger, Cor-

-relations for this heat exchanger are given in Reference 42.
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REFRIGERATOR FOR BRITISH NATIONAL BUBBLE CHAMBER PROGRAM

The refrigerator built for the British National bubble chamber | .
(BNBC) program uses the same process as the LRL 72-inch bubble chaﬁq-
ber refrigerator. The capacity is somewhat larger, being desigvned to Ipro— .
~duce slightly more than 3 000 watts at 27.5°K, with a circulation rate of
| 400 standard cubic feet of hydrogen per minute. Figure 33 is a photograph
of the bubble chamber control board., The control valvé assembly and a
simulated refrigeration load are shown in the foreground.
The BNBC refrigerator control system is multizoned. The zones
are in parallel and can be operated at different temperatures and refrigera-
tion loads. Multiple zones are possible by providing par'allel control
systems. Referring to Fig. 31, valve 6, the evaporator and valve 7 are
provided in parallel for a multiple—zbne control system. In addition, valves
6 and 7 are interconnected in the control system throughsa pneumatic additive
device that senses sudden load changes and operates both.valves immediately.
This antici»giatory control eliminates the time lag found in the LRL control
circuit.
Hampson-type heat exchangers are used in the refrigerator, incorpora-

ting the same novel spacing feature as in the LRL refrigerator,

REFRIGERATOR FOR 80-~-INCH BROOKHAVEN BUBBLE CHAMBER

A closed-cycle hydrogen refrigerator has been built recently forb
operation with the 80-inch Brookhaven hydrogen bubble chamber. The Liﬁde
process is also used for this refrigerator. A ca;acity of 2600 watts. at 25°K
has been specified using liquid nitrogen as a precoolant at SCOK and a hydro-
gen circulation rate of 400 standard Gubic feet per minute. If additional

refrigeration is needed the precooli'ng temperature can be lowered by re-

ducing the pressure over the liquid nitrogen precoolant. The capacity is

then estimated to be 3 800 watts.
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This refrigerator differs from the LRL and BNBC refrigerators
in that it is completely-self contained. That is, the liquid nitrogen heeded
for purification, precooling and other miscellaneous uses is.provide.d by a
closed-cycle refrigerator l'ocated adjacent to the hydrogen refrigerator. In
addition, precooling to increase the efficiency of the nitrogen refrigerétor
is provided by a closed-cycle freon refz;igerator. Figure 34 1is a photbgraph
of the completed refrigerator. |

Multiple temperature-control zones are also being planned in this

application.

- REFRIGERATOR FOR 15-INCH LAWRENCE RADIATION LABORATORY

BUBBLE CHAMBER

The simple Linde process, using liquid nitrogen for precooling, was

also used in a 300-watt, 27°K refrigerator built to continuously refrigerate

the 15 inch LRL liquid hydrogen bubble chamber. 43 In fact, this refrigera-

tor is quite similar to the one built for the LRL 72-inch hydrogen chamber,
Figure 35 shows a schematic arrangement of the refrigeration system and

Fig. 36 shows a photograph of the refrigerator installation.

\

Refrigerator Control’

It is seen that the control systern is different from that of the refri-
géra‘cors mentioned above. The method selected for control of this refri-
gerator depends on pressure control. Gas pressure in the high-presksure
circuit is maintained constant by varying the compressor bypass valve,
PCV-3, and the main refrigerator expansion valve. . A variation in the re--
frigeration rate is reflected in the liquid hydrogen evaporation rate. This
directly affects the pressure in the low-pressure circuit, and valve PCV-3
acts to maintain the compressbr intake pressure fixed. For instance, a

reduction in the refrigeration load tends to reduce the pressure in the low-
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pressure circuit, and valve PCV-3 opens to keep the cémprc-essor intake
pressure constant. This act‘ion of PCV-3 tends to rgduce thg_comprgs;or
discharge éressufe; however, this tendency i:; transmittea to a controller
which clos e‘s the expansion valve proportionally. This action maintains the
discharge pres surevconstant and reduces the‘ flow to the reffige'rator. An
increased refrigeration requirément produces auéimilar sequence of events
and results in increased hydrogen flgw thr»ough. the expénsion valve while

maintaining the compressor discharge pressure constant.

REFRIGERATOR FOR CERN 2-METER HYDROGEN BUBBLE CHAMBER

A closed-circuit hydrogen refrigei‘a‘cion pia_nt having a cépacity of
4000 watts at 23°Kis planned to refrigerate the CERN 2-meter hydrogen
bubble chamber. A low-pressure cycle using turbine expansion engines is

~ being constructed and is described in Reference 44.

" Process

Figure 37 shows a schematic arrangéménf of the pr&cess, AcAcording
to Reference 44 hydfogen gas is compr'e.ssed in a tWo%stage oil-free iabyrinth-
piston compressor to a pressure of 8 atmospheres. Cooling takes place in
the maincounterflowheat exchanger, 2, after which the gas stream is di-
vided. The main flow is expanded in two turbines, 3 and 4, connected in
series, and exhausts to a firal pressure of 1 atmosphére. This .gas is re-
turned to the compressor.intake through the condenser, 5, and the main"
counterflow heatexchanger. A secondary flow is liquefied in condenser 5
and collected in réservoir 6, "This liquid is expanded" and used for cooling
the bubble chamber. Complete evaporation and slight superheating occur
in the chamber cooling system. The superheated gas then mixes with the

gas coming from the turbines and returns to the compressor intake,
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Figure 37 alsoc shows the system for charging the refrigerator and
chamber with gas. This is described in detail in Reference 44.

Figure 38 is a photograph of the completed refrigerator.

Refrigerator Control

The refrigerator is controlled by maintaining the pressure in reser-
voir 6 constant by regulating bypass valve 8. The refrigeration available is

governed by throttle valve 9, located ahead of the expansion turbines.

Novel Features

As was stated above, this .refrigerator uses turbines to produce the
necessary cooling. The turbines are supported on oil-lubricated bearings
of the journal type, and are designed for speeds in excess of 100 000 rpm.
The diameter of the rotors is 60 mm, and they are mounted on a shaft ex-
tending into the cold region. The refrigerating capacity of a single turbine
operating at a reduced pressure ratio is sufficient to take the static load of

the chamber.

REFRIGERATOR FOR 40-INCH BUBBLE CHAMBER AT CAMBRIDGE
ELECTRON ACCELERATOR '

The 40-inch hydrogen bubble chamber at the Cambridge electron
accelerator is to be refrigerated by a system completely different from the
refrigérators described above, in that helium is used as the refrigerant,

Helium is com'pressed ffom 50 to 550 psia in a three stage re-
ciprocating compressor. Aftercoolers on each stage condense lubicating
cil, which is partially removed in a mechanical type separator. Complete
o0il separation is accomplished in 2 chamber where the helium is.cooled to
about -20°C and the oil is condensed. The pure high-pressure helium then
is cocled in a counterflow hea_tv'e'x_chang.e'r aﬁd finally expanded in a re-

ciprocating engine where it is further cooled to 20°K. The expanded helium
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then enters the bubble chamber condenser where the hydrogen refrig,er_a*%i_on
takes place‘° \fter the condenser,the helium, which haé been siightly warmed,
is returnedtothecompresscr intake through the counterflow heat exchanger,
This refrigeratcer is designed to produce 1500 watts at 20°K. The
refrigeration capacity can be varied by changing the pressure ratic across
1

the expansion engine. To insure high rellakility there are paraliel heai-

exchanger and expansion-engine sysiem:
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required refrigeration.

OTHER BUBBLE CHAMBER REFRIGERATORS

Tvlvo other refrigerators for use with hydrogen bubbie chambers de-
serve mention,. Both are modified versions of the system previously de- *
scribed fdr use with the 15-inch LRL chamberx. Oﬁe is for ‘_he Midwestern
Universities Research Association (MURA) and has a capacity of 200 watis
at 27°K. The other is used to refrigerate the 30 .ninch Co];ux;nbia Univex’si.ty
chamber. Metal-diaphragm compressors are used with the Cd].um‘:ﬁa re-

frigerator.
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- GENERAL OPERATION

The installation and operation of'a cryogenic bubble chamber is as
important as the design and construcjcion. Emphasis must be placed on
safety. If an awareness of the potential hazard of liquid hydrogen is present
from the beginning, the system will be safe and also reliable. The bubble
chamber can be considered as a system made up of the following:

1. The design énd fabrication of the chamber

2. The installation, including the building and safety devices

3. The operation.

The definition of "safe' is difficult to state, but in an effort to be safe the
system should not become so complex that it is actually unsafe. Th'e choice
should be toward simplicity — well-marked panels and piping, and the use
of written procedures and guidelines. 45 Safetsr in the handling and storage
of liquid hydrogen are covered in anocther section of this book.

The 72-inch bubble chamber has three levels of electrical safety
interlocks and emergency procedures:

1. A pressure of 1 psig in the main insulating vacuum tank is

the highest level alarm,. and signals that the chamber insulation.
has been lost because the interlock is set one pound above
atmospheric pressure. The alarm also indicates that the tank
is filled with gas. This interlock removes all power and .iso-

. lates the hydrogen—gés and vacuum system:.

2, Electrical power failures, which occur unexpectedly about twice.

a year.
3. Many lower-order emergencies are on an interlock system that

causes the chamber to stop pulsing.



-51- UCRL-10358

The crew chosen to operate hazardous research apparatus must have
the engineering knowledge tomake fast accurate decisions aﬁd the leader-
ship qualities to act on them quickly. These abilities are also ré.qtllfi'red to
obtain high operating efficiency because only one model of a corril;léx re-

search apparatus is usually constructed, so that the prototype becomes an

analogue for its own new developments.

Operation of the 72-inch bubble chamber requires 5 men: the crew
chief and one man operating the chamber, two men in the compressor
room, and one man for liaison and monitoring the beam path between the

accelerator and the chamber.

The bubble chamber is available for physics experiments 90% of the
time,  with 4% lost for film» change, 2% lost for expansion system maintenance,
and 4% for all other reasons. An experiment lasts from 3 months to a year,
and the chamber is pulsed over 2000000 times in a year. The newer cham-

bers operating with accelerators having faster pulse rates will be pulsed

very much faster.

The 72-inch bubble chamber required four years to develop, design,

.and construct. About 65 man.-years of effort by Laboratory personnel plus

cutside contracts went into this effort. The total cost of the project, in-
cluding the building, was about $2 000 000.

The time required to construct various bubble chambers.in the past
is shown on Fig. 39 and their cost on Fig. 40. The chambers .that were
constructed in short times usually have higher éosts. . The construction
time is the elapsed time from the decision to build until the first pictures
are taken with an accelerator beam. This data is historical and does not

compensate for the fact that different groups used or had a différent number
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. of people available for engineering, whether or not construction was started
early or went through a long study period, and differences in expenses be-

tween different countries,
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1. The Berkeley 4-inch liquid hydrogen bubble chamber.
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Fig. 3. Berkeley 72-inch liquid hydrogen bubble chamber
track photograph.
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7. Glaser's first experiment to demonstrate the radiation
sensitivity of superheated diethyl ether (Reference 9).



w..ﬁﬂbmﬂ

UCRL-10358

/— Compressed air

& Recompression cylinder

hydrogen

Ballon filled with
Bakelite stop ——

To scfe'ry relief — . —

Liquid nitrogen soesetA

Expansion cylinder
“——Hydrogen (gas) supply

i Res’mchon orifice

precooler ez F: @ 72%% 7~ E'GSR'ZT
M S | L iqui
V?Cuf:m ¥ 4 nitrogen
s g thermal
Copper wool f shield
B
Aluminum foil 7 Flask
Filling expansion ;_,/ Heater
g /Chamber
Pressure
— Beam —» | sensing
7 capacitor

J

— To vacuum pump

.
Thin window W_‘E’ _ |

MU-9466

Fig. 8. Cross section of Berkeley 4-inch liquid hydrogen

bubble chamber.



Expansion tank

-—

=67

—— Expansion valve

&

ifs
3

Compressor /Venf

D)

2 Z -

\{

(Camerc
Chamber - H,

Recompression

tank — LN /.ﬁzﬁ
&=

To vacuum

fank

Liquid N, jacket
Vacuum tank

Liquid H, flask

;
Expansion line ;
Heat leak
Radiation shield %
at liqguid N, :
femperature

Heaters ————
Shuffers S alag

Lights

R R R R IR,

[

777777777 Z
- e
@ @

T S e e e T T e e e e

SRR TIILFTE,

HSA 0T Ee e T T T e 2% T T Tt T e e T T T e e T e e e T e e e P!

Beam

MU-28148

UCRL-10358

Fig. 9. Berkeley 10-inch liquid hydrogen bubble chamber.



UCRL-10358

68 -

"ZN-3299

Berkeley 72-inch liquid hydrogen bubble chamber.

Fig. 10.
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Fig. 11. The 60-inch British National liquid hydrogen bubble
chamber.
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Fig. 21. Aluminum-alloy chamber body of the
National bubble chamber.
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Cross section of the inflatable gasket and related parts
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Fig. 36. Refrigeration system for the Berkeley 15-inch
bubble chamber.
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Table I. Chemical analysis of the 72-inch bubble chamber casting.

Analysis as cast
LRL specification (1) (2)
Ni 13-15 13.2 14.98
Cr 16-19 1722 f 16.30
C 0.04-0.08 0.06 0.06
Mn 1B imax 0.43 0.31
Si 1.5 max 0.38 0.48 °
S 0.04 max 0.023 0.02
P 0.04 max 0.024 0.03
Mo 0.04 max 0.10
N 0.04

i () ; I
Heat-treatment: 2000-2050 F water-quenched to room temperature
easured): 38 700 psi

trength (measured): 76 400 psi

=
o
5}
n
o
B
o
(O]

Elongation percent (2 in.): 39%
Reduction in area: 41.7%
Electrical resistivity (measured by NBS):

T9K Resistivity, ochm-cm
74
(9]

300 80X10’
ol 58X10™°
L NI

20 55X10
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Table II. Chemical analysis of bubble chamber body stainless steels.
72-inch Berkeley 80-inch Brookhaven 2-meter - CERN

Type Modified CF-8 Kromarc-55

Analysis Range Aim Range Aim
Carbon 0.04 max less 0.05 max 0.04 0.03
Manganese 1.5 max 9.00-1200 11 0L 85 =115
Silicon 1.5 max * less 0.50 max 0.30~0.50
Phosphorus | 0.03 max 0.03 max 0.015 max
Sulphur 0.03 max 0.03 max 0.015 max
Chromium 16-19 18 1.5, 00218.00 « 16 7L
Nickel 13-15 14.5 18.00-22.00 19 14,5-15.5
Molybdenum| 0.5 max 1.75-2.75 2.25
Nitrogen 0.04 max
22086,
minimum
tensile
yield point
(0.2%)

(psi) 32000 25000to 28 000
Ultimate

(psi) 88500 56 200
At 20°K, !
minimum |
tensile I
yield point

(psi) 89 000
Ultimate

{psi) 106 000
Martensite o
start temp CF -620 -700 -1070 -2400 -1600 -760 970
Martepsité 5
deformation 5 :
temp. (° F) SHZONE200) 580 -1900 -1100 -260 -470

“Actual




Table III. Breaking stress of BSC-2 optical glass.

-101-

probability plots. A - abraded; U - unabraded.®

UCRL-10358

Median values from

|
Condition | Rate stress

Breaking stress

| increase Ib/in.

| 1b/in.2-sec 296°K 194°K 76°K 20K
A F 800 7500 9500 10 400 10 400
AN 10 5500 7500 10 400 10 600°
Al 1 5000 6 400° 10 400° 10 200°
B i 800 10 400 18000

|

a
Reference 30.

bFewer than 10 specimens.




This report was prepared as an account of Government
sponsored work.. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A,

As

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-

mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract

with the Commission, or his employment with such contractor.





