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Harr'y‘CIine Dittler and Thomas Frank Gerecke
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ABSTRACT

An ionizing particle, under the proper conditims, formse a
string vof bubbles along its path through a supevrheatedl liquid. Al-
though spontaneous boiling in a chamber of glass-and-metal
construction has limited the durétfmn of superheat to approiimately
50 milliseconds, the tracks of particles from a !pulsed aécelerator
have been photographed with great success. The characteristics of
a detector that utiliz'es‘this prinéiple permif taking pﬁotographs with
little or no background contamination at a frequency matching the
pulse rate of Bevatron-Cosmotron type acceleratofs. A four-inch
liquid hydrogen bulble chamber has been built and operated success-
fully in the beams of the Berkeley synchrocyclotron (184-inch cyclotron)
and the Bevatron. This chamber and its associated co.ntr.ol'and
instrumentation equipment are deséribed in some detail. Baasic
theoretical considerations, advantages, preliminary phye:ics ex-

periments, and future developmental planning are also discussed.



PREFACE

For the past eight months the authors have been working under *
Dr. Luis W. Alvarez in the Physics Research Division of the

University of California Radiation Laboratory in Berkeley. During

this period we have worked with the Bubble Chamber Group on the

construction and testing of a four-inch liquid hydrogen bubble chamber.
This chamber is now an operating reality and has been used for physics
research in the beams of the Bevatron and the 184-inch cyclotron. It

is now being used primarily for design studies in connection with the

" development of larger chambers planned for the near future. The

four-inch chamber is, in a sense, the result of a group effort, but

the mechanical details of its construction and operation are largely

the result of work by Arnold J. Schwemin and Douglas Parmentier, Jr.,
of this laborato‘rlry° ,

For use w1th puls"ed accelerators in the study of nuclear inter-
actiong, the b;lbi)].é chamber possesses several distinct advantages
over other detectors, These advantages include its relatively high
density, leading to a higher probability of recording a desired event,
Its high repetition rate and short sénsitive time, make possible a
large number of photographs with the interesting events unobscurve‘d
by undesirable background. A liquid hydrogeh bubble chamber
possesse s‘the added advé_ntage of having essentially only protons in
its sensitive volume,

It is the aim of this paper to present some of the theoretical

| and'practical aspects of hydrogen bubble chambers in sufficient

detail to adequately describe their oper’atioﬁ,
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CHAPTER I
INTRODUCTION

1. Historical Background.

_ The bubble chamber was invented by Dr. Donald A. Glaser (1, 2)
at the University of Michigan, Although liquefied gases had been
previously suggested as detecting media for ‘cosmic‘ rays (3), it was
not until Dr. Glaser constructed and operated his ether bubble chamber_
in 1953 that the detecting possibilities of superheated liquids were
utilized for this purpose,His first chamber consisted of a s‘mall, thick- -
‘walled, pyrex glass tube filled with diethyl ether, The liquid was
heated to approximately 130°C and pressurized to a,boﬂt 20 atmospheres.
When the pressure.'was' released, he found that thé ethér9 in the
absence of a'nir external source of radiation, would remain in a super-
heated state for periods up to about 460 fézecond‘s9 the airerage being
about 68 seconds., If a small 0060 source was placed near the chamber,
however, there were immediate eruptions in the liquid when the
pressure was released,i He was soon able to photograph.the tracks |
Cauéed by cosmic ray particles passing through -‘the sensitive volume
of the chamber, Figure 1 shows sveveral of the first glass chambers
used by Glaser, | and a series of photographs of the first bubble
chamber track to Be recorded. |

' Dr. Roger H. Hildebrand and Dr. Darragh E. Nagle (4), at the
University of Chicago, after duplicating Glaser's experiment wifh '
ether, constructed a bubble chamber using liquid hydrogen as the
detecting medium. In this cha‘mbexfﬂthé hydrogen 1:.>re‘sSurre was’
suddenly reduced from almoét four atmospheres to one atmosphere.
~ Again it was found that the liquid would remain quiescent in a

1
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a

Fig. 1. (a) Glass parts of some of Glaser's early ether chambers.
Nos. 1 and 2 were used to test the radiation sensitivity of
liquids, No. 3 is typical of the first successful bubble chamber,
and Nos. 4 and 5 are later models designed for specific
applications. (b) Selected frames from a 3000-frame/second
motion picture of the first recorded track. Times are 0, 1/3,
4, 20, 71, and 250 milliseconds. (Courtesy Donald A. Glaser).
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superheated state for a considerable time if no external raaiation were
present, and that it would boil almost immediately in the presence of
such radiation. This chamber was also constructed of pyrex glass.
Figure 2 shows two views of the first successful liquid hydrogen

bubble chamber operated by Hildebrand and Nagle. |

At the University of California Radiation Laboratory, Dr. Luis

W, A_lvé.réz;, after discussing the possible merits of bubble chambers
with Glaser, considered that such a device filled with liquid hydrogen
would be highly desirable for use with high-energy particle accelerators,
vSoon an ether chamber sirﬁilar to Glaser'’s was constructed, an'd9 by the_.
end of 1953, a liquid hydrogen chamber had been completed and the first
v ‘pho.tographs made of tracks in liquid hydrogen (5). This chamber was |
also made entirely of glass. Soon another chamber was constructed -
that consisted essentially of a small brass cylinder with glass plates on
~ each end for illumination and photography. It was surroun&ed by an
outer cylinder or bath containing liquid hydrogen boiling at about 80 psig
(pounds per squafe inéh, gaugev)) to act as a heat reservoir and maintain
a constant te_mpefature in the chamber. The chamber was inifially
filled at a pressure slightly greater than 80 psig. The pressure was then
suddenly reduced by opening the chamber to the atmosphere for é fraction‘
of a second. Photograp'ﬁhs‘ of b'u_bble tracks were obtained by using a

synchronized stroboscopic lamp for illumination,

Although this chamber was constructed of metal and glass, it was o |

found that operation could be sufficiently rapid so that bubbles formed
.on the-mgtai surfaces and at the glass-to-metal seals.diftli not have ‘tirrvxe
.‘ té destr‘(v)y'the sﬁpe'rheateé state‘o-r to encroach into. the .active' volume
before the tracks were photographed.

The present four-inch chamber was designed for use with
pulsed accelerators aﬁa was first 6perated late in 1954. Although !

3
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Fig. 2. (a) Apparatus used by Hildebrand and Nagle in the first

successful test of liquid hydrogen bubble chamber.

(b) Hildebrand's and Nagle's chamber with dewars and
heat shield removed to allow a better view of bulb. (4)
(Courtesy Roger H. Hildebrand)



only a random distribut'ionsf bubbles could be obtained with nitrogen,
"tracks were obtained with hydrogen. It has been used successfully in
the beams of both the 184-inch cyclotron and the Be‘}atroho Although'
it félyls>far short of the ultimate in bubble chamber design, it will be
used as an example in this paper because it is the chamber_ with which
the authors are most fémxhiliar, 'bec_ause it is the largest oné_built thus
far, and becauvse‘ it does serve to illﬁstrate the undérlying theory and
point out many of the problems to be encountered in future designs.
2. Summary.

' If the pressure on a highly pressurized liquid is sud.denly reduced; -
the liquid may become superheated. When an ionizing particle passes
through a superheated liquid under the pf0per conditions; a string .of
bubbles is formed along its track, and these can be photographed to gi’vé
a permar_lént record of the event, Ina clean, smooth-walled vessel,
and in the absence of any sourcef of radiation, the superhea,ted condition
can be maintained for periods up to several hundred seconds. Ina
vessel of glass and metal const.ruction, the period is reduced to the
order of milliseconds. The spontaneous boiling, however, occurs oniy
on the metal surface's‘and at the glass-todmetal seals, and not on the
smooth inner face of the glass ports. Tracks of particles from a
pulsed accelerator can be c;eated and photographed before this surface
boiling encroaches very far into the sensitive volﬁme of the chamber
or reduces thé superheat below the threshold value required for track |
formation. The bubbles appear to grow in radius approximately-as the
squé,fe root of the time, avnd so, by a judicious choice of the time delay
between‘ the paésage of the particles and exposure of the photograph,
pictures of clear, w_ell-defihed bubbles can be obtained. The density

~of bubbles along this track gives a measure of the ionizing pbwer of

5



the particle., The curvature of this track in the presence of a magnetic
'~ field Would,‘give» the signs and permit-me;suring the momenté of

: _partv'icles., A |

| The charhber and associated equipment discussed in this paper
weré' designed to operate in the beam from the Bevatron, The 1iqﬁid
in the chamber is kept at about ‘801 psig and 29°K‘ until expansion., A
few mill'isevconds before the arrival of the Bevatron pulse the pressure
is reduced to just slightly over one atmosphere. A few milliseconds
after the passage of the beam a light is flashed~and the photograph is
"takgn. .An electronic timing circuif controls both the time of pressure
relveas'e z.a.nd.thé time of thé'phétogrvabh with respect to the beam time.
The actual timing delays and the picture of the preéSur'e variétibn ‘

during the cycle are presented on oscilloscopes,



CHAPTER II
THERMOD YNAMICS

1. Thermal Properties of Real Gases.

Basic thermodynamic theory incorporates the concept of an ideal
.gas, defined by the ideal equation of state, |

PV = nRT, _

‘ whieh'results from a combiﬁation of Boyle's and Charles's laws. This
simple equation holds well for actual gases at relatively high tempera-
tures, but at ltemperatures approaehing possible liquefaction, the
equatibn no longer agrees with experimental observations.

It is an experimentai fact that if a mass of any gas is kept at
a constant temperature as the pre'ssure is increased the volume
decreases. F1gure 3is a plot of some representatwe isotherms for
a real gas and. shows in. more deta11 the manner in which the isothermal
curves b,ecome comphcatedat lower temperatures where 11quefact10n
occurs, No real gas behaves under all conditions like an ideal gas.

‘Let us examine Fig. 3 more closely The max1mum temperature
at wh1ch a liquid and, its: saturated vapor can coexist in equ1l1br1um 1s
defined as the critical temperature. If a mass of gas at a temperature.
less than critical is eompressed isothermally, slowly and with care,
the values of pressure and volume can be made to vary in a manner
represented by the line ED and we have a condition called super-
saturation, This is an unstable state, and if compresslion is continued
liquefaction occurs and the equilibrium point suddenly shifts to. the
straight line EC where the gas and liquid coexist in stable equilibrium.

Similarly, if a mass of liquid at a temperature less than critical

is expanded isothermally, the values of pressure and volume can be
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made to vary in a manner represented by the line AB if we adhere to
rigid experimental conditions. The line ABC represents the condition
where we have superheafed liquid -- an unstable state. For this
reason, a disturbance while the liquid is in this condition results in
instantaneous boiling and subsequent return to the straight line AC
where the liquid;and gas coexist in stable equilibrium. This region

in which we can have superheated liquid is of particular interest,
because it is this phenomenon of ''triggered' boiling that makes bubble
chambers possible.

2. The Equatibn of State for Hydrogen,

Thomson in 1871 made the suggestion that the behavior of a real
gas éhould be represented by a continuous curve similar to ABCDE.,
J. D. van der Waals subsequently developed his equation in 1877,
which is | _ S
(P +a/V®) (V - b) = RT,

or in powers of V,

3 ‘ 2
v _(Pb+RT) v +i _ﬂ =0
P P VP ’

which has three real roots below the critical temperature.

The physical interpretation of the modifying terms can be very
simply explained. '-The term a/'Vz is the cohesive pressure, This
takes into account the fact that the molecules of gas at the sufface of
- any containing vessel do not exert their full force on the surface; they
are experiencing a force away from the surface due to the attraction |
of the rest of the gas. ' |

The term b takes account of the actual volume of the gas
molecules themselves. Thus the true volume .is the apparent volume
minus a constant term which represents the minimum possible volume

of packing for the gas molecules.



It is more convenient for our purposes to express the equation
in the feduc_ed form |
. 3 : ‘ '

_ (’w-+-_(_n_2_) (3w - 1).-= 8'1' | |
~ (the derivation of which can be found in most any thermodyn;mics text).
.Figure 4 is a plot of the".z"educed van der Waals equation for sevéral
values of temperature. Note that each isotherm pésses through or
very close to its corresponding experimentgl point on the liquid

éaturatioﬁ curve. But since the cons_tanfs a and _‘b‘ are determined
theoretically from conditions at the critical point, they cannot be
expected to be exact for any but the critical isotherm. The region of
primary interest is the liquid and superheated liquid condition for
isotherms between ZSOKarﬂ 300K. In this area the curves agrée very
favorably with experimental data. |

The equation of state, not being simple for the phase near or
below the critical éemperature, can best be represented by a power
series 'expahsion, ‘Onnes (6) sﬁggested such an expansion of the form

PV =A (1 +B/V +C/V" +D/V),
where A; B, C, and D depeﬁd only on the température and mass and
are knowh as virial coefficients,. Their values rhay be taken from
experimental iéother‘ms; in most instances the first and second -
coefficients are.sufficient to define the curve.

To compére a plot of this equation' with the van der Waals
equation, it was first neceésary to determine the values of the virial
coefficienfs for the desired temperature, This was done by plotting
the availabie data and using values taken from the cu.rves (see Fig. 5).

A comparis‘_on was made of the isotherms for 27.4.501{, since this
is the midpoint in the region of primary interest. The comparison plot

is shown in Fig. 6,and it can be seen that the shapes of the two curves

10
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are almost identical. Either éu’rve should give excellent qualitative
) information.
3. Qualitative Analysis of the Thermodynamic Cycle.

Having ascertained that we have a reliable thermodynamic curve
to work from, we mapy next 'consider a qualitative analysis of the |
‘thermocdynamic cycle taking place in the bubble chamber, "I‘o.be
perfectly general, we could first identify each process as polytropic,
where |

PVn = Constant,
find the end points of pressure and volume, and determine the value of
the exponent from the relation
log (PZ/P‘L)
log (V,/V,)

From a practical standpoint, however, the design of the four-inch
chainber is not ideally suited to such a procedure. Estimates would
hé.ve to be made of the values éf pressuz.'e' and volume at each point,

The difficulty in measurement of volume arises because at no time

do we know what portions of the pipeline used to fill the chamber contain
only liquid or vapor. Pressure measurements could be made; but they
would not be reliable si:nce a pressure gradient does exist thfoughout

the volume. It would be far better, it seems, to examine the data
obtained while operatmg the chamber and see if they can be made to

fit fam111ar thermodynamm equations for frictionless non- ﬂow processes.,
It so happens that this is entirely possible if minor assumptions are
-permitted. |

Consider first th‘e_vexpansion cycle. rThis can best be described
as an adiabatic process. It is well within reason to assurﬁe- that owing

to the almost instantaneous expansion no heat will flow into or out of

14



the liquid. We should expect some cooling to result from the rapid
expansion of the liquvid-gas mixture through the filiing-expansion line
into the expansion chamber. This in fact does happen, and is re-
corded by the temperature-mea‘svuring thermocouples,

Next let us éonsider the period immediately after the expansion
and preceding the compression. This is when the boiling occurs and
the totai volume (lilqui'd plus yapor) is fixed. Therefore, the only
logical idealization is that of a constant-volume process.

The cc."r.npres‘sion cycle is much slower than either of those
preceding it; therefore we can expect a more complicated process,
Referring to Fig., 3 again, we see that we are now at a point where
liqﬁid and gas coexist in stable equilibrium. Throughout the cycle the
temperature of the chamber increases, reaching its original value
when the compression is completed, Let us assume that the first part |
of the cycle is one of almost constant pressure until we reach the |
liquid saturation curve, From this ppiht to ourv‘original point we must
conclude thét the process is one for which ..

| k>n>1,
where k is the '"n'' value for an adiabatic pf_ocess (PVn = constant)
and n = 1 for an isothermal process,

This, of course,is a very approximate qualitative explanation of
what is happening thermodynamically to the liquid in the bubble chamber,
An analysis of the cycle, taking into account all the various factors
such as‘ variable specific heat, time elements, and the effect of heat

flow to and from the regenerator in the filling-expansion line;, is not

- possible at this stage of development of the four-inch chamber.
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CHAPTER III
BUBBLE FORMATION AND GROWTH

1. Nucleation. -

In the previous chapter it has been shown that under the proper
conditions a liquid can become superheated, and that this superheated
liquid boils immediately if disturbed. It if\this property of liquids
which provides the foundation of bubble char;nber operation.

The exact mechanism by which bubble nuclei are formed in the
chamber is still somewhat in doubt. Two main theories have been
propo s‘ed attributiﬁg this phenomenon either to local heating along
the track of the vparticlye or to small concentrations of ions of the same
sign along the track. For the purpose of this paper it is sufficient to
assume that, owing to an increase in the local energy density along the
track of an ionizing particle, a series of bubble nuclei is formed,

2. Bubble Growth, |
| The forces acting on an uncharged bubble are the pressure PG
due to surface tension and the extermnal pressure P of the iiquid’both
tending to collapse the pubble,' and the vapor pressure Pvg within the
bubkle, tending to makeh it grow. It is easy to show that |

P =2 o/r,
where ¢ is the surface tension constant and r the radius of the bubble.
Thus, for very small bubbles, the surface tension seriously retards
further growth. As the radius increases, ‘the effect of the surface
tension becomes prégressively less, and the cooling effect of the heat
transfer from liquid to vapor, with an attendant decrease in Pvp’,becomes
the limiting factor in the rate of growth. T | |

Let us consider the growth of the bubble as divided into two phases.

16



There is no sharp line of demarcation between them, but we can define
thém broadly as follows: The first or initial phase is that period
during which the surface tension is the significant factor, and the
second phase is that interval wherein the surface tension is of minor
importance and the cooling effect predominates.

If we now assume a bubble of such radius that the pressure due
to surface tension is equal to the difference between the vapor pressure
-within the bubble and the external pressure, we have a condition of
-unstable equilibrium. Any change in vapor pressure or external
pressure will cause the bubble to collapse or to grow. This condition
of equilibrium is shown by the dotted curve of Fig. 7. A bubble located
to the left of this line would collapse, since PVp <P+ Pb‘° One to the
right of it would grow. Thexjefore‘any bubble nucleus as described
thus far would tend to collapse immediately if no additional force were
Brought into play. Its very existance is dependent upon some other
factor arising to. assist it during this initial phase of its growth.

Glaser (7) has formulated an approximate theory of the stability
of charged bubbles in a su_perheated liquid, wherein he attributes this
growth-aid contribution to charges trapped within the bubble. If a
single charge is inserted in the bubble, it can be shown that this charge
will run to the surface of the bubble, Glaser assumes that this charge
is trapped at the bubble wall, and that the local binding energy is
independent of the curvature of the surface of the wall. Using macro-
écopic continuum elec_trostatics,, he calculates the rest of the energy
and determines a new equilibrium condition. The energy contribution
of its electric field will be negative and will tend to collapse the
bubble. The equivalent eleétrostatic pressure Pes will be inversely

proportional to the fourth power of the radius. The resulting new

17
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Fig. 7. Equilibrium curves for bubbles of small radius.
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equilibrium condition is shown as the dashed curve on Fig. 7.

If a m_J.mber n of charges is trapped within the bubble, they will
distribute themselves fairly evenly over the surface. Assuming these
charges to be ''smeared' smoothly over the bubble's surface, one
again finds the equivalent electrostatic pressure inversely proportional
to the fou‘.rvth power of the radius, but now the energy contribution of
the charges is positive and will assist'the growth of the bubble. This
last equilibrium condition is shown by the solid curve on Fig. 7; at
any point above the curve, Pyp is greater than the sum of the cher
sources of pressure, Under these conditions, it ié necessary to have
only sufficient superheat to cause P, p-P to exceed the pressure Pl '
shown on the figure in order for the Bubbles to grow,

If there are: 6n1y two or three charges 1n vt'h'elbﬁbbl'e,,-.:the_result
is somewhat doubtful. It depends on the preciée shape of the bubble
and the n‘ieans by which the charges are prevented from escapihg from
the bubble. As the number n increases, however, assumptions made
in the development of the theory become more valid, é,nd the results
more nearly correct. The exact shape of the equilibrium curve depends
on n, As n incréases, P1 decreases. Thus by proper choice of the
amount of superheat obtained, one can suppress bubble's containing
less than’ a certain number of charges.

We now get into the second phase of growth. It is this phase in
which we are most interested, as it is in this phase that the bubbles
grow to visible size. In 1917 .Lord Rayleigh l(8) shed some light on
the phenomenon of bubbles. He considered the question of thé collapse
of bubbles as a problem in the hydrodynamics of an incompfessible
fluid. Rayleigh's equation was

.p(r"f+-3z %y = apP ,
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where p is the density of the liquid, r the radius of the bubble; and
AP the difference between the pressure inside the bubble and that at
considerable distance outside the bubble. Raylv.eigh assumed AP to be
constant and neglected the heat transfer fro;n liquid to vapor. This
equation also neglects the retarding effect of surface tenéion. His end
resuit was a growth rate almost linear with time.-

Recent papers have explored in considerable detail the modifi-
cations to Rayleigh's theory encountered when corrections are applied
to the.equ_ation to account for the factors previously ignored. Plesset
and Zwick (9) approéched this question By extending fhe Rayleigh
equation to accouﬁt for the surface tension effect,

| p(rv'r.+-z- 1"2)=AP—20/r,
and by modifying it further to,aécOu‘nt.»for the cooling effect.of
evaporation. T‘hey assumed viscous effects and pressure and temper-
ature gradients in the bubble to be negligible, and neglected the effects
of compressibility and buovyant forces. They further assumed the vapor
pressure in the blibble to be approximately equal to the equilibrium
vapor pressure of the liquid, The heat that is transferred to the bubble
per unit time is _

Q= \‘% L Ed-t— e,

where p' is the vapor dens.ity and L the latent heat of evaporation per
unit mass. As this heat muét be furnished by the 'liqﬁid,. the heat loss
in the liquid must be
9 R | 5
where k is the thermal conductivity of the liquid and_(g—z) the
temperature gradient in the liquid at the boundary. They
finally derive a new equation of motion. From this, two solutions are

obtained, one for bubbles of very small radius and one, which they '
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call the "asymptotic' solution, covering the later period where the
heat diffusion from the liquid to the vapor is the limiting factor in the
increasc of the radius. Matching these two solutions by shifting the
asymptotic solutio;n intime, they obtain an expression that predicts
for the radius a growth rate approximately proportional to the square
root of time in the region where terms on the order of t 1/2 become
negligible and where the bubbles grow to visible size.

Forster and Zuber (10) have also developed a theory based on the
extendéd Rayleigh equaﬁ:ion. Their approach was to relate the préssure
difference AP to the temperature difference AT by the Clausius-
Clapeyron equafion

L

AP = — AT,
T(vl-vz)

‘where L is the latent heat of evaporation, T is the temperature and

vy and v, ;r'e the specific volumes of the vapor and liquid respectively.
They oB'tained AT from a solution of the heat conduction problem and,
ultimately, also arrived at a growth rate approximately proportional

to the squé,re root of time in the region where bubbles are visible.

3. Experimental Results.

Operating-time assignments have thus far been at a premium for
the four-inch bubble chamber, No opportunity has been available to
make the ideal experimental setup for bubble-growth measurements,
Such a sctup must include a high-speed motion picture.camera and a
light source of comparatively long duration. The duration of the
illumination of the present stroboscepic lamps is on the order of a 2
few microseconds. A duration more on the order of 100 milliseconds
would be -required for good bubble-growth measurements.

Preliminary studies of bubble growth have been made by the
authors. The data obtained thus far have been too meager and the
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possible errors too great to permit drawing accurate conclusiorﬁls,v but
the resulté are fairly consistent with theoreticé,l predictions. Figure

8 is a logarithmic plot of bubble-growth measurements taken on three
separate occasions. The data were obtained'b'y measuring the s.izes

of a number of bubbles on photographs taken at si)e'éifi‘ed”>t'_ime“;;.f‘ter
passage oi‘f the ionizing particles. A curve, r = 0.06Jt (where r is in> '
millimeters and t is in milliseconds), is drawn to indicate the trend of
the plotted points (no attempt was made to fit curves to the experimental
data}. Several‘ sources of error may be associated with each point;
namely, temperature fluctuations, ﬁncertainties in theb time delay
between the passage of the beam and the taking of the photograph, the
variation found in the sizes of bubbles in any one photograph;, and the
difficulty of accurately measuring any individual bubble. The temperature
of the liquid hydrogen was 27050 K + 2.50 K. The instrumentation for .
measuring the time delays could have permitted errors of + 20 percent
in the timing. Some typical errors associated with the variation in
bubble size are indicated on the plot. Inaccuracies in the measurement

of individual bubbles are considered negligible by comparison, ,

i
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Fig. 8. Plot of bubble-growth data from preliminary study.
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| 'CHAPTER 1V
CONSTRUCTION AND OPERATION

I. Construction Features.

Figure 9 shows two views of the four-inch liquid hydrogen
bubble chamber with the modified expansion system as described in -
Chapter VII. Figure 10 is a schematic diagram of the construction of
the fOur-inch chamber system. The outside tank is a brass cylinder
of 0.25-inch wall thickness which serves as a mount for the other
componehts and as the vacuum tank for the entire system. In the walls
of thé bottom section of the tank are cut three large ports. Two are
covered with pyrex glass for viewing and photography. The other is
covered with a thin metal window,; and is the point for entry of the
beam. All ports are held on with a metal ring bolted to a flanged
section and use soft rubber gaskets. The tank is lined with a layer of
aluminum foil which reduces the emissivity of the wall of the tank. The
vacuum system is simply a Kinney pump coupled with an oil diffusion
~pump. This gives pressures of the order of 10—6mm of mercury.

Insefted from the top of the vacuum tank is-a stainless steel
doughnut-shaped tank with a stainless steel skirt. In the skirt are cut
two viewing ports and a port where the beam passes through to the
chamber. This.tank has a capacity of about twenty liters and is filled “
with liquid nitrogen. It serves as an additioﬁal thermal shield and
establishes a permanent heat gradient between thé vacuum-tank wall
and the chamber, To minimize the losses of nitrogen due to boiling,
the tank is suspended from a washer-shaped top plate by three thin-
walled 0,56—inch—diameter stainless steel tubes. These tubes offer a

high resistance to leakage of heat and provide a means for filling and
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Fig. 9. (a) The complete liquid hydrogen bubble chamber
assembly. (b) The liquid nitrogen thermal shield (with
skirt removed), the flask, and the chamber.
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The construction details of the four-inch liquid
hydrogen bubble chamber assembly: schematic diagram.
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venting the tank.

The final unit to be placed into the vacuum tank consists of the
flask and the chamber. The flask is a cylinder of welded stainless
steel construction, which is filled with liquid hydrogen, It is the

| cooling reservoir for the chamber. In operation it is maintained at
étmospheric pressure, corresponding to a constant temperature of
20°K. It has a capacity‘of about six liters. The most ideal situation
would be to isolate the flask from the outside, thereby reducing to a
minimum the losses and fluctuation due to ambient thermal influences,
This ideal situation is obviously impossible to attain; hov&g&gr, an
acceptable solution is to duplicate the method employed iﬂl 'si:spending
the nitrogen tank. The flask is attached to a top plate By two thin-
walled stainless steel tubes of 0.75-inch outside diameter. These
tubes provid a means for filling and venting the jacket,and isolate the
flask thermally, |

Soldered over a holé cut into the bottom of the flask is a copper

‘bar, hollowed out for about one half its length, and containing a
resistance heating element, This bar is the controlied heat leak
between the chamber and the flﬁsk, In operation, a fine control of _
the temperature of the liquid hydrogen in the chamber can be obtained
by adjusting the pressure maintained on the chamber and by the use of
the heating element. |

The chamber is made of brass and is soldered to the copper bar.
It is a cylinder of four inches inside diameter and two inches depth. ‘
The walls are 0.75 inch thick except for the region where the beam is

" to enter. Here the wall thickness is reduced to 0,125 inch. .The ends

of the cylinder have a flanged section into whic.h is cut a V-shaped

groove 0,030 inch deep to position a lead gasket, The ends are covered
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by 0. 50—binch-thic‘k pyrex glass optically polished aod tempered
' Fmally brass rmgs are bolted to the flange to hold the glass in place

" The part1cu1ar d1ff1culty in th1s detall of constructlon was in the
establishment of an effective seal between the glass a:nd the brass
chamber, | A search of the lltefature rev.ealed no information that this
hati been attempted at temperatures 'apprbaching 200 K, there apparently
" being no desire by "cr‘yogenicists‘ to obtaln visual observatiobs’ at
extremely low temperatures. Of the several methods tried -- notably
Kovar metal, indium, sold'er,7 teflon, and gold -- in each instance
either the glass cracked or the gasket mater1al had a coefficient of
expans1on such as to make an undependable seal Common lead finally
provided a satlsfactory solution to the problem. |

A strip of sheet lead is carefully cleaned to remove all traces
of lead carbonate, and is drawn through dies to produce a wire about
~ 0,050 inch in diameter, The wire is shaped into a ring of proper dia-
meter; the ends are carefully squared off, and soldered,.

To maintain even pressure on the gasket, the brass ring is
fastened on with many closely spaced bolts which are spring-loaded
with spht lock washers, In addition, another flat lead buffer gasket
is placed between the glass and the ring to help distribute the load
evenly on the glass when the bolts are tightened. The details of this
construction are shown schematically in Fig.11a,

Filling of the chamber is done through a 0. 'SO-inch-diameter
stainless steel tube called the flllmg-expansmn line which passes
through the top plate Th1s tube is kept in thermal contact with the
outer wall of the flask. Inside the filling tube are stn.all wads of
c0pper wool, about 1.5 inches apart, which act as a heat regenerator

1 1) to ma1nta1n a controlled thermal grad1ent from the chamber at
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Fig. 11. (a) Details of the glass-to-metal seals: schematic
diagram. (b) The photography and illumination arrangement:
schematic diagram., '
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20° K to the expansion cylinder at room temperature. Where it i
passes through the top plate, the tube goes through'a larger open-ended
.cylinder (Precooler), which is filled‘withﬂliquid nitrogeh during the
filling process, to precool the gaseous hydrogen. At the top the tube

. is attached to the filling and expansioﬂ system and a safety relief
valve,

The filling system consists simply of a copper line extending
fir st through a glass wdol and charcoal trap immersed in a liquid.
nitroéen bath, then through a De-oxo unit to a pressure-regulating
valve, and finally to a bottle of hydrogen‘ gas. At the p.oint where this
Vvline‘ joins the filling-expansion line, a restriction orifice of 0.030-inch
diamet.er is provided. This restriction serves to pértia.lly isolate the
chamber and expansion system from the pressure in the filling line
during the expansion cycle, ‘

The éxpaﬁsion and recompression system consists of two cylinder‘s
containing f.’'ree-tr*a.vel'.pisto'ns° These are at room temperature. One
end of the expansion cylin&er is ‘connected to the filling-expansion line,
The piston rod passes through an airtight packing box in a screw cap
closing the other end. The piston is held in the extreme dowh position
by a lever that engages a notch in the piston fod, The upper portion of
the cylinder is lined with a heavy rubber buffer, which stops the piston
at the end of its. upward stroke, To pfevent accumulat_ihg explosive
mixtures of air and hydrogen in any portion of the cylinder, an opening
is“ provided connectin‘g the top section of the cylinder tio' a heavy rubber
balloon which is ke.pt full of hydrogén gas. Therefore, any leakage which
may‘take' place past the piston will be of hydrogen iﬁto a space alfieady
filled with hydrogen. | |

Mounted colinear with the expansion cylinder is the recompression
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cylinder. The top of the cylihder is connected to a ;:ompressed-air
line through a double-acting solenoid valve of large capacity. The
piston rod extends through a hole in the bottom of the cylinder. No
packing.is provided here, since it is desirable that this side of tile'
piston be open to the atmosphere for free operation. Attached to the
end of the piston rod is a yoke, to the ends of which are connected
springs that extend to the top of the cylinder where a similar yoke is
fitted. These springs return the piston after the recompres.sion
stroke.

B | Photography is done with a stereoscopic camera. This is shown
schematically in Fig. 11b. Vanes are placed between the light and _
chamber, They are slanted at such an angle that no direct light ray
can reach the camera lensv.,( The only light entéring the camera lens
is that which is reflected or refracted by the bubbles in the liquid,
This is dark-field illumination,) They are coated with a layer of dull
black soot to minimize their viéibility, | The  camera shutter remains
open and photographé are taken by flashing the light., The bubbles,
being the only points for light reflection and refraction, appear on the
negative as dark spots againsf a light background.

2. Preparations for Operation,

In the preparation of the bubble chamber for operation, particular
consideration must be given to the physics of low temperatures. Chfmges
will occur in the physical size of the individual components due; to \
their different coefficients of expansion., This canl result in some
extremely high stresses, Too rapid cooling can cause fractures due
to the thermal shock. Experience also dictates other procedures that
must be followed if successful results are to be obtained consistently,

These will be pointed out.
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The glass_in the ports must be clean and free of scratches or ‘
they will become nucleation centers for bubbles when the chamber is
operated. The condition of the remainder of the chamber is not
critical as far as imperféctions are concerned. Even thoﬁgh bubbles
may (and do) form along the walls of the chamber;, and in ‘pa_.rtiéular
at the point of contact between the glass and the metal walls, these
bubbles do not grow ‘sufficiently fast to cause any.obstruction of the .
v;iev'v or to cause any serious decrease of superheat.

Thveb removal of alien gases and water vapor from the chamber
and from the expansion and filling systems is important. These gases
and water vapor would solidify upon c‘ooling9 causing cvonstrictio_ns in
the piping, and would contaminate the'liquid in the chamber. Also, a
potentially explosive mixture could result if some of the extraneous
gas were free oxygén, The gases and water vapor are removed by
evacuating the chamber and the expansion and filling systems with a
. Kinney vacuum pump and flushing several times with helium gas.

| When the contaminating gases and water vapor have.been removed,
and the vacuum jacket has been 'evacuaited, precooling is commenced.
The liquid nitrogen thermal shield is. filled, (It is refilled from time
to time as necessary ’té make up for l‘osses by boil-off.}) This is
usually done at least twelve hours in advance, The flask and chamber
will now slowly cooi, minimizing the possibility of thermal shock when
thehy in turn are precooled,
Precooling of the flask and chamber is usually done in two steps.

First the flask is filled with liquid nitrogen, which is then allowed to
boil off., It should be ensured at'this point that all the rﬁtrogen is in
fact boiled off. If any should remain it would soli"d-ify when the liquid

hydrogen is put into the flask, and because of its location in the lower
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_part of the flask it would act as a thermal insulator, preventing the
.chamber from becoming cold enough to be filled. After the nitrogen
is completely boiled off, the second step is to permit liquid hydrogen
to drip slowly into the flask. This slowlly cools the flask and chamber
further, reducing the possibility of leaks at the port gaskets due to |
sudden contractions of the me'tal.,.' This“secon'.d step has been omitted
\on occ_a_siori without producing any adverse effect.

Final co'olying‘ is accdmplished by fillin.g the flask with liqu.id
hydrogen. Filliné of the chamber may now be commenced, The
liquid nitrogen precooler is filled, as well as the liquid nitrogen bath
for the charcoal filter, ThevhyAd'rogenvgas pressure in the filling line
is raised to about four atmosphéres, and withih‘minutes liquefaction
of hydrogen can be observed in the chamber. The chamber will fill
- completely within about one hour.

When the. chamber is full, thé pressure is increased to about
five atmospher'es and the heater in the chamber heat leak is regulated
to increase the chamber témpe‘_raturé to approximately 29o K. When
these conditioné prevail, the heater is adjusted to maintain this
temperature and the chamber is ready for operation.

3,‘ Operation., |

In this section let us first discuss the mechanical operation of
the chamber. The use of the various delay sequences can then be
considered, | |

To initiate an expansion and recompression cycle, a soler_mid is
actuated by a 40-millisecond high-voltage direct-current pulsé,,
tripping the lever that holds the expansion piston in the down position.

The piston is forced to the extreme up position by the pressure in the

Q
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| c:hamber., The constriction in the filling line prevents the higher
p‘r_essure in the line from being maintained in the chamber, and as ‘e.
~result the chamber pressure drops to approximately one atmosphere
in about four milliseconds. In the meantime, when the lever was
tripbed to r.elease the expansion piston it contacf:ed a microswitch, -
This resulted in the sending of a sighai to the other solenoid valve,
porting high pressure air to the top of the recompression piston,. Just
- at the time the expansion piston ‘h‘as'come to rest against.the rubber
buffer, the recompression piston starts its recorhpressioh stroke,
returning the expansion piston to its down position and recompressing
the hydrogen in the chamber. A spring attached to the lever causes
it to engage the notch in the piston, releasing the microswitch, which
in turn results in the interruption of the signal to the solenoid valve. |
The h'i'g[h'-pressure air is cut off and the air on the top of the recom-
‘pression piston is ported to the atmosphere, The piston returns to the
up position through the force of the two springs previously described.
The entire cycle may be repeated about once every‘three to five seconds.
4. Adjustmentvpf OperatingIConditions,.

The variables that may be adjusted during operatioh are the
, charhber pre‘ssure, chamber temperature, beam time, and light time.
The effect of each is now considered, w1th recogmtmn that each must
be adJusted in relation to the others if opt1mum results are to be- |
a.ttamed

Chamber pressure is limited at ité maximum point primarily by
_ the conmderatmn of the stresses on the chamber, which are manifested
by leaks around the lead gaskets or rupture of the glass., The maximum
Werking Vpre‘s sure has never been permitted to exceed six atrnospheres,
Actually, there is no point in having the working pressure any higher
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than is necessary to keep the liquid from boiling when compressed,
since pressure is not the primary limiting factor on the amount of
superheat obtained. Likewise, the minimum working pressure has
n2ver been lower than foeur atmospheres, because lowerb pressurgs.
do nbt permit obtaining a sufficiently high temperature to give the
degree of superheat necessary for satisfactory operation, | |

' Chamber _temperature is t\he real controlling factor in the
production of satisfactory tracks (this has been covered in the pre-
ceding chapters)., A temperature between 26° and 30° K was found
to be the most satisfactory. Owing to this spread in operating range
a useful control becomes possible -- that of biasing out the tracks of
miﬁin:-um--ionizing particles. . This phenomenon is more fully explained
in the ch.apter‘on bubble growtﬁ, Figure 20a and 20b are photograph‘s
illustrating thlis feature. ,

The o'ptinﬁum setting for entry of the radiating beam is at the
time of lowest chamber pressure. This is adjusted by use of electronic
timing circuits and is covered in the chapter on -cont‘rorl. atid instru- |
mentation,_ zExperiments have shown that the Hmit of sensitive time of
the liquid is ébout 50 milli'seconds, after which the degree of superheat
becomes too small for satisfactory tract production. Also at about the
same time the bubbles that have formed on the walls of the chamber
have begun to rise, obstructing the view of any fracks that may be
present,

The stroboscopic light for photography is flashed between two
and five milliseconds after beam time, Earlier photography does not
~ permit sufficient time for bubble growth, the bubble tracks being too
fine for clear definition, Later timing is unsatisfactory in that the

individual bubbles in the tracks \have become so large as to obscure
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the tracks behind them. Also, turbulence of the liquid caused by the
rapid expansion begins to show its effect by unpredictable anomalies
in the track curvature. When the light délay is adjusted to permit

adequate bubble growth to give clear tracks, no turbulence effects

are noted.
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~*CHAPTER V
CONTROL AND INSTRUMENTATION

1. General.

In orc}er to ensure that proper conditions within the chamber are
eésily repfoducible and that the most effective interpretation can be
made of the photographs obtained, it is mandatory that certain control
and instrumentation facilities be provided.,' One must have a means
for the measurement of and positive control over the chamber temper-
ature, the initial pressure, and the relative times of events during the

“cycle of operation, as well as a2 means of m¢asuring the actual | |
pressures in the chamber during expansion, For the sake of con-
venience, automatic recording of some of these items is desirable,
This chapter applies primarily to the use of the bubble chamber
in the beam of the Bevatron. The system described is typical and one
that has been used. Specific features of operation with other accelerators
requife modification of the timing circuit, but ofher components are
essentially unaffected.

2. Timing Circuit.

The ''brains'' of the bubble chamber lie in the timing circuit.

- One such circuit is shown in block diagram form, together with
approximate pulse shapes, in Fig. 12.. Here use is made of one of a
series of pulses called marker pulses generé.ted by the Bevatron control
circuit at predetermined times during its cycle of operation, These
pulses are controlled by the Bevatron magnet current, and each occurs
at a specific time in the Bevatron's cycle of operation and corresponds

to a particular value of particle energy. A marker pulse, occurring

some milliseconds before the beam, is chosen to initiate the bubble
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chamber: block diagram,
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chamber'’s cycle of operation,

This pulse is fed into a one-shot multivibrator in the pressure-
delay channel. A positive output from the multivibrator is differeﬁtiated,
and the tip'of‘tl*.xe secound or negative pulse appearing in the output of ‘
the differentiator is inverted and amplified in the clipper amplifier.

The amplified pulse is used to trigger a second one-shot mﬁltivibrator.
The output of this z‘ﬁultivibrator is used to close the contacts of a
mercury relay permitting an gO pf condenser to discharge through the
expansion solenoid, releasing the pressure in the chamber. From the
above it is obvicus that the release of pressure is delayed by an amount
equal to the pulsé length of the first multivibrator. This is variable
between approxima't'ely"\ 20 and 200 milliseconds., The actual delay
.chosen is of such duration as to place the beam timewise approximately
at the minimum pressur.e point in the chamber operating cycle. The
second multivibrator permits a pulse léngth up to about 70 milliseconds,
and this is set at a value that will ensure almost complete dis‘charge‘ o
of the condenser before the relay contacts are opened. A signal from
this multivibrator is also used to trigger the pressure-recording
oscilloscope, discussed more fully in a later section,

The positive pulse from the dipper amplifier is also used to
trigger a 200-millisecond gate circdit, This gate is fed into a co-
incidence circuit in the light-delay channel, | At any time during this
gate, an input from a counter telescope pILacéd in the path of the beam
will pass through the coincidence circuit and trigger the firsf multi-

vibrator in the light-delay channel. This multivibrator output is

differentiated and amplified in the same manner as in the pressure-

R .-'.d'elayi_channel;” It is then fed through a cathode follower to flash the

~stroboscopic lamps used for photography. The delay in this channel is
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“
variable between approximately 20 and 100 milliseconds, and is used
to photograph the track at thaf.time after passage of the beam that
Cwill give optimum bubble size and resolution.
The outi_)ut of the gav.te. circuit is also amplified and used to close
the contacts of a mercury relay and a‘ctuaté the camera control
mechanism, - | | |
In addition, outputs from the pressure mulivibrator, the light

trigger, and the counters aré fed into an .oscilloscope,_ tri_gg'ered,by -
the same rﬁark_e_r pulse that s'ta.rtsl the tirhing cycle, to .givé a cOmpléte
picture of the timing sequence. A typical presentation of this oscilio-
scope is shown in Fig. 12. Both push-button and Flexopulser inputs
are provided for test purposes; similarly, the p‘ressur'e multivibrator
output can be used in lieu of the counter o;;tput in the light-delay
c‘h'annel.; R |

3. Chambe'r Temperature.

| The chamber temperature is measured by means of tv’vovcoppér-'
constantan thermocouples ‘connécted back to back as 'éhow_n in Fzg 13,
This system makes use of the .tem'perature dependence of the cont'a_c.‘t |
differé’nce of potential generated at .a'copper—co.n‘stantan juncfi_on. Ofne |
junction is imbedded in the wall of the chamber, é.'n'd‘t‘:he othér suspended
so that it hangs inside the flask several inches above the bétt‘om. This
latter junction, located in liquid hydrogen boiling at atmospheric |
pressure, is used as the reference. The two constantan leads are
joined together, The'n the voltage appearing between the two copper
leads is the difference between the voltages generated‘at the two -
junctions ahd is thus a measure of the temperature difference between
the flask and the cha‘mberl. This signal, on the order of 50 n'.x'ic_r,ovoltsb, :

is amplified to a few millivolts and displé.yed on a Leeds and Nort_hr\ip
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Fig. 13. Temperature-measuring arrangement for four-inch
liquid hydrogen bubble chamber: schematic diagram.
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' S'peedomax ‘Revcoi.'ider.' .Convenient' tables are available to convert this
voltage reading.into temperature. _

A thifd junction is shown imbedded in the si&é of the flask. The
voltage geﬁerated here is fed directly into a bfidge circuit and'is. used
to give a rough indicatioﬁ of rapid_chanées in the temperature of the
flask, occurring,for example, aftér all liquid nitrogen has been boiled
out at the end of tHe precooling stage of operation. In this case the
junction of the'vconstantan lead with the copper terminal of the bridge
at room te‘mperéture is used as lthe réferénce,

~The temperature is contro'lled by varying the current through a
resisténce heater located in the copper block connecting the chamber
to the flask, | |
4. Pressure Measurement,

‘The pres su"re—rheasuring equipment, designed by William H.
Linlor, is shown in block diagré.m form in Fig., 14. It uses a 'condehser
microphone technique., A smali parallel-plate condenser is mounted
in the side of the chamber 8o that one plé.te of the <_:c_>llndenser forms
p‘artv: of the chamber wall. The change in cafaciténce accompénying
the def\or\mafion Qf this plate gives a measure of the ﬁresqure. in the
‘chamber, | | | | ' | |

A blocking ‘osc':illator‘ generate,s.a positive i)ulse of about one
microsecond duration and with a repetition fr_eqﬁenéy of about 30 ke,
The pulse len'gth is decreased to about 0.2 nr_ﬁcrosecond in é second
blocking oscillator, and is then fed into a shaping amplifier. The
grid of the shaping amplifier {s biased sufficiently negatively that the
‘tube ''sees'’ only the‘ti‘p of the incbming pulse. This causes a I”ri'nging“‘
in a transformer in t}le plate circuit which is fed to the cascode outbut
stagé, The cas‘éode‘ stage sees only the first positive puise 6f this |
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Fig. 14. Pressure-measuring circuit for four-inch liquid
: hydrogen bubble chamber: block diagram.
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ringing, as thereafter a condenser in its grid circuit becomes charged
sufficiently to bias out the remaining pulses. This results in a positive
puls‘e about 50 volts high and 2x 10-8 second long which is fed into one
half of the Vprimary of the output transformer. The other half of the
pfimary is left dangling. Now, when the positive pulse is fed into one
half of the primary, a negative pulse appears at the dangling end, and
the net result is to minimize the /e‘ffect of sti'a_y capacitance between .
the primary and sécondary_. | The transformer secondaries are twisted
together and wound in push-pull fashién, The pulses, identical except
for sign, are fed intoc identical coaxial cables, one going to the pressure-
sensvingvcapac,i,tor inl,the chamber wali and the other to a trimming
capacit_or. ".I‘vhe Atrimming capacitor is to permit proper balancing of
the two circuits in the static condition to insure that both are identical
and give maximum sensitivity to changes pfoduced by'pressur_e
variations in the chamber. The two coaxial lines act as open-ended
transmission lines, modified only by the effect of the términating
condensers. Thus the pulses are refiected back, and the difference in
the reflected signals is fed through a crystal diode into the grid_of oﬁe
triode of the pulse-comparator tube. Any change in the value of the
pressure-sensing capacitor causes a change inl this reflected s"ignal,

A reference signal is fed to thé other‘ grid of the cémparator .thr‘ough

a crystal diode by the small additional secondary of the transformer.
The comparator then acts as a difference amplifier, /_The outputs of
the two triodeg appear on push-pull primai‘y windiﬂgs of a transformer
in the plate ciréuit. The secondary 6f this transfbrmer sees only the
sigﬁal resulting from the pressure change in the chamber,_ This
signal is displayed on an o.‘s-cilloscope where it can be photographed

fbr rec.:'ording.purposes.' The crystal diodes aﬁd associated R-C
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circuits serve to lengthen the pulses, thus easing the high-frequency
requirements of the succeeding components, |

The oscilloscope used here is a dual-beam type. The pressure
variation is shown on the upper sweep, and the beam time and photo- '
graph time on the lower sweep. This affords a second means of
verifying the relative times of events,

~The initial pressure in the chamber is controlled by a pressure
regulator in the gaseous H‘yqugen supply line. There is no means
provided to vary the amount of pressure reduction when the chambef
is expanded during normal operation. To vary this would involve
removing the recompression cylinder and the .top of the expansion
cylinder and replacing the rubber buffer with one of a different size,
5. Miscellaneous. |

A camera control circuit is provided consisting primarily. of a |
shall electric motor controlled by a series of relays, This is used
to reposition the film after each exposure. The operation can be
started by the bubble chamber fiming circuit, a,FlexbpuISer,_‘>'or a
push button. When the film has reached the position for the next

picture a microswitch opens, turning off the motor. Another relay

)
then opens, preventing the motor from being turned on again until the
next cycle has begun. A simulated electronic camera has been built
into fhe circuit to permit testing of the operation without wasting film.
A series of pilot lights continuously shows the readiness state of the
camera. o
Also incorporated into the camera control is a counter for

numbering the photographs serially. Thi‘:s is so mounted behind the

camera that the register reading is recorded on the film between the

two photographs of the stereoscopic pair. A second simultaneously
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operated counter is mounted on an ex‘te.rnal control panel to facilitate
proper correlation of observed data with the photograph.

~ To give an approximate idea of the intensity of the bearh, the
output from the .cou‘nterute'lescope used to btrigger the light -delay

channei is also fed into a SCalér-recorder on the external control

racks.
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CHAPTER VI
PHYSICS EXPERIMENTS

1. Purpose.

Preliminary experiments. using the bubble chamber were designed
pr.imaril’y to pro.v‘e its capabilitie s, potentialities, and general
practicality as a detector. An analyiing magnetic field was not used
because quantitative analysis of the tracks was not pa rticularly desired
“at this stage of development, The chamber was operated at the 184-irch
cyclotron and at the Bevatron; in each instance an exterior magnet was
~ used to deflect a beam of elementary particles into the liquid hydrogen.
2., The 1.84.-inch Cyclotron Experiment. |
| The first run using the chamber at an accelerator was on
November 19, 1954 at the '184-inch cyclotron. This was a low-energy
-rrJr - p+ scattering éxperiment, Absorbers were placed exterior to
the chamber. It was desired to see 10- to 15-Mev T-mesons stopped
in the hydrogen, Among the more interesting events observed was a
T -p-electron de'éa'y. . This is shown in Fig. 15.

3. The Bevatron Experiments.

The succeeding runs were made with the charﬁber at the
"Be\}atron, "The first experiment was to investigate the interactions in
hydrogen of high-energy T -mesons. Energies of the order of 3.5 Bev
were used,. The second experiment was a preliminary study of back-
»ground contamination problems ﬁriof to beginning an inve stigatiop of
- the stopping of K-me son.s in hydrogen. The K-meson has a rest

mass of about 960 m Possible reactions to be examined are:

e'a

ng - W + v(neutrino) or e + v,
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Fig. 15. A m - p - electron decay in liquid hydrogen.
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Some interesting events were observed during these experiments

&

at the Bevatron. - Figure 16 is identified As a possible ﬁ--p+ elastic
scattering. Figure 17 is a stereoscopic vivé;\& of what appears to b}e ‘the
decay ‘of a V-pérticie, the 'reactioh'being
904 'n'+ +m

or /\o-> T+ p+
Figure 18 is an even more intefes’ting event, that of a V-particle being
cfeated through the possible reaction, |

| Tf-+p+->9°+/\°,
one of the V-.particles then decayiﬁg, Figure 19 is another stereoscopic
view showing a 7 entering frorrl the right and the creation of a four-
pronged star. This has been identified as a possible reaction,
o +.p+—> 1r~1+p++':rr— +'n'+,

that is, w-meson pair production.
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Fig. 16, A w™ - p elastic scattering event.
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Fig. 17. A stereoscopic view of the decay of a V-particle,
0% + ot 4 g o2 AC s 7 +p+
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ZN-1194

Fig. 18. A V-particle created through the possible reaction,
™ + p+ ~ 0° +A°, and the decay of one of these V-particles.
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Fig. 19. A stereoscopic view of possible ym-meson pair production,

™ +p+ =% sk P + ot +w.
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CHAPTER VII
FUTURE DEVELOPMENTS

1. General. ‘

Because, until récently, all the work in the development of larger
licjuid hydrogen bubble chambers has apparently been done at the
University of California Radiation Laboratory, this chapter discusses
the work in progress at this institution, The foureinch chamber is
being modified to make ‘it a more effective and useful detector. Two
larger chambers are being planned, based in"many respects on the
information gained from the operation of the fou:-inch model. The
main objective, for reasons to be given later, is a chamber 50 inches
long. As an intermediate step, a chamber ten inches in diameter is
already under construction.

2. The Four-inch Chamber,

The most important modification to the four-inch chamber is
the additidn of magnetic field coils to permit evaluation of the momenta
of the particles. These coilé are designed to be mounted around the
‘chamber inside the vacuum jacket. The coils will create a pulsed
- field nearly uniform across the chambei‘ with a maximum value of
about ten kilogauss. Tﬁe addition of the magnetic field required the
replacement of the brass chamber with one of stainless steel con=
struction to minimize heating due to eddy currents in the walls;

The éxpansion system is being modified by the addition of a
,.quick-opening valve iocated just below the expansion cylinder. This
valve is to be closed at the end of the recompression stroke, where-
upon the piston irn the. expansion cylinder is immediately raised,

creating a Vacuum in the cylinder. When it is again desired to expand
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~ the chamber, the valve will be opened, permitting the chamber tov
expand into the vacuum. This should provide a more rapid decrease

, in‘_t'he ‘chamber pr‘e.ssure° Preliminary tests using this new expansion
system have been successful, | |
3.  The Ten-inch Chamber.

The ten-inch chamber now under construction was designed to
fit into an existing cloud chamber magnet, The chamber itself is to
be ten inches in diamete.r and six inches deep. The magnet will create
a field across the chémber of about ten kilogz-iuss° A dc fie.ld is to be
used to prevent excessive heating due to eddy cvurrents.,

.This chamber is in many respectsv simply a lérg.er version of the
four-;inch model, with some modifications dictated by the geome-t‘ry of -
the existing i'hagnet or considered desirable for other reasons., The
chamber will be oriented with its glass windows horizontal, It will be
illuminated from below by a system similar to the one already
described for the four-inch chamber, excépf that the light will be
incident onthe edge of a circular lucite light diffuser which forms the '
bottofn plate of the vacuum jacket. The vanes or shutter will form
part of the ligquid nitrogen thermal shield, minimizing one path of
serious thermal radiation loss. Photography will be from above,

A valve will be substituted for the permanent restriction in the
filling line. This arrange.ment will permit unobstructed flow during
filling operations. The valve can later be throttled down to pass only
enough hydrogen to replace that lost during operation. The gaseous
hydrogen will be precooled in coils pas éing through both the liquid
nitrogen al;ld the liquid hydrogen flasks before it enters the chémbera
A liquid nitrogen— liquid hydrogen coil will be wrapped around the |

chamber to permit precooling without introducing nitrogen into the
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chamber.

| At a later date the jacket can be adapted for chambers of different
geometry such as a quarter-scale model of the 50-inch chamber
discussed below. |
4. The 50-inch Chamber.

The 50-inch chamber is a much more radical departure from the
circular bubble chamber design. Its sensitive volume is to Be 50 inches
long>by 20 inches wide by 20 inches deep. The beam will enter through
one end on a path parallel to the long axis of the chamber. ’A la;rvyge |
rﬁagnet is being désig_ned to be built around this chamber to furnish a
field of about 20 kilogauss. It is intended to include a refrigeration
system as an integral part of the chamber s_ystefn, to maintain the
required temperature during operation. - |

The design and construction of this chambe;' present many
formidable but by no means hopeless problems. Some of these p'roblems
require considerable research into the little-explored field of the |
properties of materials at liquid hydrogen temperatures and the
behavibr of these materi-a;ls as the te'mperéture ranges from this value
to room temperature. The‘largé glaés ports, 50 inches long, must be
able to stand the rapid changes of pressure of the hydro‘gven in the
chamber, and glass-to-metal seals must be developed that are effective
throughout the entire temperature range, despite differences in the
coefficients of thermal expansion between the two materials. An
expansion mechanism is required which ensures rapid and equal
reduction in the pressure over the entire volume of the chamber, and
provision must be made for uniform illumination and photography of
the entire sensitive region.

The dimensions of the chamber are somewhat arbitrary but,
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nevertheless, have a firm foundation in theory. The chamber is being

designed for use with the Bevatron, and one of the most important

reactions to be investigated is

T+ .p+—>_/\9 +6°.

The /\o (lambda; zero) is a hyperdn and the 6° (theta vze‘ro) a K-particle,

' both of‘cons'iderable interest to high-energy phyéicists. Both particles"

are néutfal yand th‘us'w'illvprdduc':e' no ionization and create no tracks in
the chamber. However, they have a r_elatively short lifetime and decay
inté charged, tfack—formin‘g particles as follows:
A°~ n4p)
6° - 'nf +m .

It is not sufficient to have merely the point of decay in t-h'é chamber,
One must have at least sevei’al inches of clearly defined tracllcs'_o'f the
decay particles to determine the typé of the original particle and its
energy and direction. . Fortunately, both the /\0 and the 60 travevl
approximately the same distance during one lifetime, thus requiring
approximately the same length of chamber for any given probability of
seeing their decay products. | Considering the distance a 6-Bev particle
would travel during one lifetime and providing a reasonable length of
chamber for the production of the Ao and 80 and for the tracks of the
decay particles leads to a long dimension of roughly 50 inches, Similar
considerations, with allowances for the spread of the incoming beam,
point to a width and depth cof about 20 inches,
5, Data Compilation and Analysis,

A rapid means of analyzing and catalogi'ng the. accumula;;ed data
Willi_be e ssenﬂfia]i for use with such chambers. One logical method seems
to beé an elecfron_ic computer system similar to those presently usea for

computing the paths of rockets in flight. With this arrangement, an

57



6perator'wou1d guide cross hairs along the tracks of the particle on
the two stereoscopic vieWs, and the c0mputér would punch information
on the path of the particle on cards. These cards could later be fed

" into machines for obtaining selected data.
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CHAPTER VIII
ADVANTAGES AND CONCLUSIONS

1. General.

‘Cosmic rays provide a natural source of high-enéfgy elementary
particles, but their extremely low intensity and wide energy distribution
make the accumulation of information a-long and tedious process, The
need for a more rapid and accurate method of accumulation of basic
informétion in_that field of nuclear physics devofed to studying funda-
mental pé.rticlés prompted the building of the high-energy accelerators,

A meané of recording data as fast as they are produced by the
Cosmotron-Bevatron type of accelerators, coupled with a systematic,
| accurate, and efficient means of analysis of t_he data, is manatory if
the money spent to build the large accelerators is to be justified (12).
 The accomplishment 'of both parts of this requirement has lagged for
two differer;t reasons, Efficient detection devices and techniqueé just
have not been available; moreover, there is a serious lack of trained
”._pe.r‘sonnel to analyze the data.

| The first real answer to the search Ifor an efficient detector that
also posses se;d the potentialities to make it a successful research tool
when used in the high-intensity beams produced by the accelerators,
came when Donald Glaser invented the bubble chamber-in 1953. -

Probably the best way to illustrate the superibrities of the
bubble chamber is to compare its fundamental and inherent character-
istics with those of other detection devices.
2. Cloud Chambers.

Cloud chambers are of two types -- the éxpahsion cloud chamber

and the diffusion cloud chamber. These are visual detection devices,
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and when placed in a magnetic field permit accurate measurements of
particle momenta tb be made. This can subsequently lead to the |
identification of the feaction observed. In many ways, the expansion-
type chafnber appears to be the better of the two for use with the
acéelerators. The tracks are clear and sharp, it has a thick sensitive
active layer, and the fact that it is a pulsed detector makes it readily
adaptable for use with the accelerators, which are also pulsed.
The diffusion chamber does not possess any . of these advantages,

Its tracks are fuzzy, its sensitive active layer is thin, and it is a
continuously operating device. The fact that it operates- continuously
subjects it to serious background contamination from random ionizing
‘ r'a.dlatmn,‘ The expa.nsmn chamber also is limited by this d1sadvantage,
~buttoa lesser degree because it is a pulsed device and its sensitive
time is short,
| Neither chamber can take advantage of the high intensities
available from the accelerators, and background contamination is not
the only reason for this, To a first appro#imation, the number of
nuclear events per unit length of track is d1rect1y pr0port10na1 to the
density of the material through wh1ch the ionizing partlcle is passing.
Cloud chambers have therefore been designed to operate using high
gas préssures to increase the density of the active mate.rial,_ For
expansion chambers;, use of high pressures is a se_riéus disadvantage,
At pressures around twenty atmoépheres, recovery is so slow that the
frequency of operation must be reduced to about one photograph every
15 minutes. this is usuélly so unacceptable that the diffusioﬁ chamber
'is preferred at these higher pressures in spite of all its other dis-
advantages. Diffusion chambers have an operating rate high enough to

permit taking about two photographs per minute.
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Fmally, the d1ffu51on chamber has. another 11m1tat10n2 though it
is not as troublesome in the expansion chamber Th1s is the fog pro-
.duced in the active sensitive layer by ﬁ-rays from tritium contamination
—;;vher'i high--pressure deuterium is used, ."Until an uncoutaminated‘ source
- of deuterium can'-be found, ‘this gas will ',continoev-gto be unsuitable for
| use in' dlffusmn ‘chambers. . o |

o .On the other hand, the bubble chamber has all the advantages of
the expansmn chamber but is free of all the disadvantages mentioned
-above. The rate of operatmn of the bubble chamber can be as high as
one cycl'e every three to f'1ve seconds. Secondly, and of extreme
1mportance, the dens1ty of the liquid hydrOgen is more than thirty times
as great as that of the gas in a conventional pressure cloud chamber.
And fmally, by regulatmg the temperature of the liquid hydrogen, one
| can ‘bias out the tracks of minimum-ionizing. partlcles Figures 20a
and 20b illustrate this technique. Figure 2a was taken with a. pulsed .
‘neutron source and with the chamber at ZTOK, There is a dense back-
ground of electron tracks. _The chamber temperature was then allowed
" to cool to 260K and the experiment was,repeated. Figure 20b shows
‘the result: the electron tracks have been biased out and the recoil
proton tracks can be easily identified. ' Deuterium has not yet been
tried in'a bubble chamber,

3. Nuclear Emulsions.

Nuclear emulsions, along with scintillation and Cererikov counters,
are commonly referred to as ''solid detectors, " The important role
- played by emulsions in the realm of high-energy ph.y"sic‘s cannot be
boverlooked, although they pos sese their own peculiar disadvantagee,

At first, 'emulsions were available only in thin layers, but improved

methods soon followed which permitted the combining of many layers
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Fig. 20. An illustration of the biasing out of minimum-ionizing
particles. (a) T = 27°K. Note the dense electron background.
(b) T = 26°K. The electron tracks have been biased out and
the recoil proton tracks can be easily identified.



K

. of emulsions in one stack. Now the path of ionizing particles cé.;l be
' 7

- followed for relatively long distances. The technique of analysis is

very exacting and tedious. Momenta are measured statistically by the
small-angle scattering from the silver and bromine nuclei, whose
higher atomic numbef, although increasing the Coulomb scattering,

at the same time makes it impos sible to utilize magnetic fields for

" the analysis of momenta.

Emulsions must be éxposed for relatively long periods of time
to give a high densify of tracks if the method is to be economical., This
consideration therefore introduces another objection, namely that the
identification of related events is not possible. -

In contrast, in the bubble chamber the creation and decay of two
neutral particles, which for all practical purposes occur simultane.ous_ly,
can be detected, and felated, if the volume of hydrogeﬁ is sufficient,
Worthy of consideration also is the negligible Coulomb scattering by
hydrogen, due to its low atomic number, so that magnetic fields can
be used to evaluate tvhe'mobr'nentaa This is done by simply measuring
the curvature of the particle track.

4. Counters,

Leaving the field of visual detectors, we next consider counters.
Two disadvantages are most prominent-- that counters of efficient size
have 'very’ poor spatial resolution, aﬁd that extraneous events are a
serious problem in counter experiments. As has been pointed out
previously, the details of any event are unlikely to be obscured in a
bubble chan.l;belr(,' -T’h'ei'e-‘ié no ba‘_siﬂs'fo.r r_c'on;barison,, however, as far
as time resolution is conicerned.,‘ Scintiila‘tion and Cerenkov counters

are far superior in this respect.
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5. Conclusions.

In consideration of the above advantages and the re sulté obtained
with the s_orhewhat hastily constructed four-inch chambér,,'we feel that
liquid hydrogen bubble chambers will be one of the most effective and |
efficient _détecting devices available to the high-energy nuclear
physicist. They will be especially adaptable for use with the large
accelerators of the Cosmotron-Bevatron type where the éxpa;nsions
. can be synchronized with the pulsed beam. They should go far toward
~ justifying the large amounts of money épent on the development and
operation of these machines. - (Their design may not, however, be
eé,sily adapted to 'césrvnic-r‘ay &etection, a‘s cosmic ray Particles are
unpredictable and not susceptable to control. )

Despite the tremendous di’fficulties certain to be encountered
when working at liquid hydrogen temperatures, large chambers should
prove not only pos sible but completely practical. These chambers,
together with suitable analyzing and cataloging machines, should
facilitate the rapid accumulation of large quantities of information of

the most fundamental .nature,
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