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Abstract

A medium mize hydrogen bubble chambar ham been constructed at the
National Lahoratory for High Energy Physics, KEK. The bubble chamber
has been designod to be operated with a maximum rate of three times per
half a second in evary two secand repetition time of the accelerator, by
utilizing a hydraulic expanafan system, The bubble chamber has a one
meter dismetar and a visible volume of about 280 {. A throe-view aterao
camera syatem 18 used for. taking photographic plctures of the chamber.

A 2 MW bubble chamber magnet ia constructed, The maln part of the
pubble chamber vessel is supported by the magnet yoka, The magnet gives
o maximum £ield of 18.4 kG at the centre of the fiducial volume of the
chamber, The overall evatem of the KEK 1 m hydrogen bubblo chamber
facility is described in some detall. Somo operational characteristics
of the facility aro nlso reported,

1. Introduction

A plan to construct a medium size hydrogen hubble chamber far
experimenta with the 12 GeV praton synchrotran aof the National Lahora-
tory for High Energy Physica, KEK, was initiated during the year 1970,
when the final decision to establish the present KEK was formally made
by the Japanese Government. The basic idea of conatructing a 1 m hydrogen
bubble chamber was to make a bubble chamber body with the largest possible
diameter, inside the available field of an already existing 2 MW bubble
chamber magnet, as well as to utilize a similarly existing 6D L/hr
hydrogen liquefier, both of which were built for a 75 cm test chamber
congtructed at the Institute for Nuclear Study (INS) of the University
of Tokyo, by the Proton Synchrotron Study thup.l)

The principal characteristics of the planned 1 m bubble chambaer
were as follows ; (1) the chamber should have a diameter as large as
possible ineide the available magnetic field of about 1B kG ; (2) the
chamber should be able to be expanded by double or triple pulaing during
half a second, by utiliring o hydraulic power supply, ao that it could
make a selective exposure by using & counter triggering system ; (3) the
bubble chamber should be operated cryogenically as efficiently as possible
in order to utilize the existing 60 ¥hr hydrogen liquefier with the
leaat modification of the cooling system ; and (4) a Scotchlite-reflector
system was used because of the limitation due to the available structure
of the old existing 2 MW bubble chamber magnet.

The construction of the bubble chamber started in 1971 at the
Tanaghi~branch of KEK, in the campus of INS, where the old existing
aggoclated facillities such as the hydrogen iiquefier and the 2 MW magnet,
were housed at that time. Theae facilities were then transferred from
the Tanashi-branch of KEK to the present bubble chamber building in che
Taukuba-site of KEK, This building, which was completed at the end of
1973, has an area of about 400 mz. 1t accommodates not only the bubble
chamber and the magnet yoke, but algso rooms for hydrogen gas compressors,
purifiers and for the hydrogen liquefier.

‘The main components of the KEK 1 m hydrogen bubble chamber (KEK ! m
HBC) ara ; (1) a bubble chamber body, (2) the 60 £/hr hydrogen liquefier,
(3) an expanaion syastem having n 110 kW hydraulic power supply, (4) an
optical aystem with a three view stereo camera and film=handlers, and
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(5) the 2 MW bubble chamber magnet ayatem.

The construction and modification of thase principal components,

" and agsociated facilities of the chamber, was completed by the end of
1975, - The vardous :en:—opeuubns wete made during the yeara 1976 and
1977, '

Another vory important !Qc_ility needed for bubble chzzbor experiments
vas of course a beam line, which was completed at the end of the 1976
figcal year, as will be reported neplutély. A deutarium filling ayatem

- for the bubble chmbur‘lﬁu been Eompleted at the design "“e.z.a and

; ct of ‘the comp ts of the ay is aow nnder way, The
system will be completed during the year 1976,

This report coveri tha general description of the KBK 1 m HBC and
some dstailed discussions on tha jwtim:ipnl components aseociated to the
bubble chamber, Varl perational characteristics are also discusssed
in come detail, Héuavu. rumerdcal data an the magnatic field af the
chamber and detafled ﬂin!omtﬁon on the optical p of tha chamb

optics will be reported gepardtely,

2, Tha Dutline of the KEK 1 m HBC and its Asgociated Facilities

Figure 1 shows a very aimplified plan-view of the KEK 1 m bubble
chanber facilit{ea and their locations, The bubble chamber beam 1line
extends about 110 m from a fast-sxtracting point alongside the 12 GeV
accislarator mainering, and supplies beams of protons and piona up to 6
SeV/e, at tha prasent tima, It i» expested to mupply beams of antiprotons
up to about 2,5 CaV/c and of kaons up ko about 4,0 GeV/c within a year
or 85, by using n doubly-stoged DC~separator system.

The bubble chamber building consists of two meparate structures;
the main bubble ctamber tuilding and the wing for control and oparational
focility rooms, as shown in Fig, 1, The hydraulic expanaion power
supply 1s dated in o separate mmall house next to the bubbla
chamber main building.

The building has its mwain room at tha snd of the baam line, and has
three other separate compartments, sach of which has its own facilitiea:
(1) a room for a hydrogan gas compressor syatem, (2) a saction for the
hydrogen high p cry i¢ purifiers and also for the deutarium
compressor and purifier aystem, (3) a room accormodating the 60 R/hr
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hydrogen liquefier, the 4000 £ liquid hydrogen tank snd the 1000 £
emergency reservolr tank for liquid deuterium, The'electrical power
supply for the 2 MW bubble chamb gnet is located nearby the bubble
chamber building. It has its own water cooling facility. ’

In what follows, we will give some description of these principal
facilities of the KEK 1 m hubble chamber 3 the 1 m bubble chamber body
and its cooling and £1lling syatem are described in section 3, and the
hydraulic expansion system in ssction 4. The op::l.cql structure of the
chamber and the film handling system are described in section 5, and the
2 MW bubble chamber magnet and its power supply are described’ in section
6, In sections 7 and 8 we give Aome operational characteristics of the
chamber and our conclusions.

3. The 1 m Bubble Chamber Body and fta Cooling and Filling System
3-1., The layout of the 1 m bubble chamber body

The KEK 1 m HBC was designed to be operated with about 280 £ of
viaible volume of liquid hydrogen 2t a temperature of 26 X under a
pressure of pbout 5 atm, or.with deutarium at about 32 X under 7 atm
pressura, Principal pavametars for the KEK I m HEC are shown in Table
1,

The hydrogen liquefier has the capability to make about §5 {/hr of
1iquid hydrogen, which is usually stored in a cryogenic reservoir tank
of 4000 4. The liquid hydrogen in the 4000 £ raservoir tank is then
tranaferred to the cooling~loops of tha bubblae chamber main body. This
cooling aystem is entirely separated from the hydrogen gas filling
ayatem to the chambar. Tha complete separation of the hydrogen gas
£111ing system has baen done so that the deuterium gas fi1ling syatem
can bp eapily made with the least nnnnnﬁptian of deuterium gas, when the
chamber 1s to be op. d as o deuterium bubble chamber. ¥Figura 2 is a
dachematic dingram of the cryogenic syatem of the KEK 1 m HBQ facilicy,
In this section, we will desecribe the main parts of the bubble chamber
and the cryogenic system of the chamber.

3-2. Tha bubble chamber vesmel and vacuum tank

Pigure 3 shows a cross ssction of the bubble chamber vessel and

vacuum tank as assembled '3 the bubble chamber magnet. The bubble
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chamber vessel consista of a chamber body and supporting cylinder, with
three heat exchangers’: firatly, a neck-cooler, sacondly , a piston
cylinder cooler and thirdly, a gag~cooler, In addition to these three
cooling vcylinq“s."a heat-ingsulating cylindex between the upper cooler,
the gab rooier,-and the main’ support top-plate, 'completes the about 170
cm long suppozting cyldnder that connects the chamber body ta the top=
plate, :

The' bubble chamber containm about 430 £ of liquid hydrogen under an
expanaion piston, called a "cold-piston®. A fiducial volume of about
280 2 is visible to a three-view camera system, through a 1 m diameter
viewing wlpdw. The window-glass is 14.5 cm in thickness and is affixed
to the chamber body with n titanfum-made window=frame by using an "inflatable
gaskat" to make a meal for the vacuum aa shown in Fig, 4.

The chamber body ie nsda of stainless~steel called modified CK-20,
composad of 50.% Fa, 23'% Cr, 23 % Ni, 3.8 %' Mn and 0.2 X Si because of
apacisl considerations regardiug ite austenic stability at very low
teiperature. .

The window-glase is madg of BK-7 type optical glasa, which has a
rofractive index of 1,516, The inflatable vacuum-sealing gamskat, da
made of ring shaped inflatable tubing prodduriged by helium gas inside
tha tube, and the seal is made with two indium O-ringa fitted to grooves
carved on each surface of the gasket :ubii as shown in Fig. 4. One more
groove iw prapared for pump~dut betwsen the outer and the inner indium
sssls, When the chamber is coohddnm‘,"the ganket im pressurired up to
as much as 30 atm, with helium gas, to ensure a vacuum~saaling batwean
the window-glass and ‘the chaorber body.

A3 wm thick plate of BUS-316L stainlegs atesl, with the dimonsiona
31 em (L) X 21 em (W) 1w mouritod on each side of the chamber body as a
bean window,

A ballovs-sealed valve made by Nippon Koatsu K.K,, called a "cold
valva' s furnished at the bottém of tha chamber an shown in Fig. 5.

The cold valve is opsrated by pressurired helium gas, and permits the
chamber to he ¢leared of the working liquld whan necessary.

The neck-cooler is desighad to exchange heat of about 200 W from
the chamber. It ham eight coppar fins fahricated inaide the wall of a
8U8-316L etainless cylinder which fa 45 cm in inner diameter, and 40.5
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cm in height, as shown in Fig. . The cooling-coil, ‘whlch 1s. soldered
on the inner wall of the neck-cooler cylinder, is a copper tube of 1 mm
thick, 10 mm inner diameter and total length 2672 cm. The total surface
area inside the neck-cooler is about 12860 cmz with 1010 cmz; surface
area for each fin, A nitrogen cooling coil made of a copper tube 1 mm
thick, 10 mm in inner diamater and about 1850 cm in length 18 also wound
13-turns times round the outside surface of the neck-cooler.

The piston cylinder, which is a guide cylinder for the. expanafon
ecold~piston, is made of SUS-316L stainless steel with a height of 30 cm,
inner diameter af 45 cm and wall thickness of 1 cm. 'The inside of the
eylinder is plated with chromium in order to harden the surface., The
cylindar also haa a cooling-ceil on its outeide surface, mada’ of copper
tubs of 1 mm thick, 6 mm inner diameter and 1960 cm total length.

Tha gas-cooler is a copper cylinder with a height of 30 cm, imner
diameter of 45.5 cm and wall thickness of 1 cm. This c&runder hao a
similar cooling coil as used in the neck~cooler, with a copper’ tube of o
total length about 1377 cm. ‘The inner surface of tha cylindér has
vertical pleats of a pitch of 1.4 mm and a depth of 1 m. in order to
provide batter heat-exchange with the hydrogen gas, The total area of
the inner murface is about 3737 cmz. twice as largs né in the case
without pleata, The gas-coolar has a heat-axchanging puwer of aboiut 1
kW to tha working hydrogen gaa.

The heat-inanlating cylinder has a height of about 65 cm, an inner
diameter of 45.5 cm and a wall of 5 mm thick made of SUS-3L6L stainless
‘atpel, This cylinder insulates tha cooling cylindars from tha supporting
main top-plate, which ia vsually at a room temperature. This ecylinder
has n guide-frame to ensure smooth woving of the expansion c&ld-p:luton
rod, Many sheets of Taflon aru packed inside thes eylinder, in order to
reduce heat influx due to gas turbulencen induced by tha motion of the
cold~piston.

The top-plate is made of SU8-316L antainless plate of thickness 7.5
cm, and dimensions of 168 cm (L) X 81.5 cm (W). This plate suspends
the complets bubble chamber body inside the vacuum tank. The whole
bubble chamber asssmbly dascribed above is than supported and housed in
the vacuyum tonk which is supported by a frama fixed on the bubble chamber
magnat yoke as shwon in Fig. 3.
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The vacuum tank has B height of about 320 cm and a cross sectional
dimension of 156 cm (L) X 69.5 cm (W), The tank has a projecting elliptical
vacuum cylinder on ita front side, which we cell & “camera extension”.
It has a iegnth‘nf 144 cm'gnd’u major axis of 101.5 cm. The vacuum tank
and the'camera extepsion cylinder are made of 8US-305J1 atainlesa plate,
with o ehicknesses of 32'mm and 20 fm respectivaly.

 The caméra extension haw, on its ending flange confronting the
bubble' chambar caniira system, aix'viuu}ng port-tioles, three of which are
used for taking phutnstnpﬁic pictures and the others for monitoring.

The optical glase~disks, sach of which 18 made of quartz of 13 cm dismeter
and 4 cm thjcknaba. are lualcﬁ with a neoprene seal against the viewing
port-hbla of the ending flange of the camera extension.

Two beam-windows for incoming and outgoing particles are mada at
the eithar side of the vacuim tank, each with dimemsions of 63 em (L) X
39 cm (W), Theé uindew-plate 1a of GUS-305J1 stainless plate with o 3 mm
thickness, Flgure 7 shows an ovarall view of the 1 m bubbla chamber,
urnpped with nlunindeed Mylar shasta, called suparinsulator shaota,

3-3. The hydzogean 1iquafier and the amsocinted cryogenic facilities

The hydrogen liquefier and cryogenic systom of the KEK 1 m HBG
consiats of high=g & hydrogen gas ge bottles, o low-promsyro
gad holdar, hy‘drngnn compnl'lqh. Hydrogen-gas purifiecrs, the 60 R/hr
hydeogan liquefisr, and a 4000 { remervoir tank, The basic flow diagram
of the hydrogen Mquuginr atid cryogsnic syatem for vha bubble chamber
focility hos already besn shown in Pig, 2.

Tha mn-‘t“impornnt and prominent festurs in tha flow dingram is
that the systom utilises a 4000 £ 11quid hydragun rassrvoir tank between
the hydrogen liquafiar and the bubbls chamber coolingeloops. Thim 400040
hydrogen resetvoir tank is installed with the sim of uaing 1t as a
buffar-tank for l.(quid hydrogen coolant te the bubbla chamber, - wbling
caufar control of the bubble chamt p ion, indapendently of the
operation of the 1iquetier, The resmervoir tank has the capability to
preserve about 4000 & of liquid hydrogan unslnr an operating pressure of
up to 11 atm, and was designed to keep. natural vaporizing consumption to
para-hydrogen at less than 1 X per dny, The consumption rate wam
measured in overall test operations and was found to satimfy this condition.
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Thermal insulation of the reserveir tank is achieved by “auper-insulation™
which conaists of vacuum and aluminized Mylar sheets of about 450 layers.
The inner and puter vessels and pipings are mgde of SUS-304 stainless
ateal, Pressure and liquid level in the reservoir tank are controlled

by pneumatic cantrol valves in the hydrogen liquefier.

The hydrogen liquefier is of simple "Linde typé", and was constructed
by the group of Tokyo Works of Nippon Sanso K.K.. The liquefaction rate
of the hydrcgen liquefier was measured in combination with the 4000 ¢
liquid hydrogen reservoir tank in several overall test opﬁratiéﬁn of the
KERK 1 m HBC, It was found that the maximum liqueﬁﬁc:ion rate was about
72 ¥/br at 3.5 atm pressurs of the reservoir tank in the épﬁe when the
twoe hydrogen comprassars were working in full parallel-operation. This
rate 13 equivalant to 1300 W of refrigeration at 25.5 K. "8ince wa
expect about 700 W for normaol 1liquid hydrogen operation of the bubble
chamber, this figure seems to be r ble. H ver, the cryogenic
cooling power of this ligquefier system may be a little tight for operation
of the chamber with deuterium, considering the larger hehﬁ loss due to

the longer expansion atroke.
Principal spacifications of other associated apparatus are as shown
in the following ligt,
(1) Nigh-Pressure Hydrogen Gas btorngn Bottlas
Capneity : 175 Nn®, 3 units, and 1125 Mn®, 1 unit
Pressura ! 150 atm
(14) 1uw-Pressure Gas Holder
Capacity : 20 Nm3
Prossure ¢ 1,02 atm
{1i1) Hydrogen Comprepaor
Type : 4~atage, oll-lubrication
Capacity : 160 Nnalhr, 2 units
Pressura : 150 atm
Electrical Motor Power t 60 kW, 2 unite
(iv) Mydrogen Gus Purifiers
(1) 0il adsorbara : filled with Alumina-gel
(2) Water drysr : filled with Molecular-sieves 5A
(3) Cryogenic purifier : fillad with Molacular-asieves 5A,
and coolad by 1iquid nitrogen
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In addition to these facilities three liquid-hydrogen transfer
tubes are installed between (1) the hydrogen liquefier and the 4000 ¢
resarvoir tank, (2) the reservoir tank and the bubble chamber, and (3)
the chamber and the liquefier;' The lengths of these three transfer
tubes are 347.2 cm, 69 cm, and 58@ cm respectively, The most complicated
transfer tubs ia the First one, which ﬁan a triple structure as follows,
1iquid hydrogen being transferred into the reservoir tank flows through
the inner most tuba, and the raturning hydrogen gas from the reservoir
tank to the heat exchanger of the liquefier goes through a mecond-layar
tuba which enveloped the first one, finally an outer tube of vacuum-pipe
insulates heat conduction by meand of o vacuum and superinsulator sheets.
This triple-~loyared tube ham been working well and the heat-loss of the
tubs i3 found to ba about 1 W per meter at 20 K. The other two transfer
tubas are doublu-layered and have similar etructure and similar performances
to the first one although they mre much less complicated.

3«4, Thormal insulation of the bubble chambar

Tharmal radiation from the warm surface of the vacuum tank is
shialded by sbout 30 layers of superinsulator sheets. The bubble chamber
is wall wrapped with about 60 layers of superinsulator sheets, axcept
for tha aron of tha viewing window. The rad{ative heat loss from tha
camera extonsion through the windoweglass is veduced as for ss possible
by employing a cold hydrogen-gas coolod alliptic cylinder called "camera
oxtension shield” with o length of nbout 110 cm and o 95 cm major axis.
This camara~extension~ghiald is wraopped with nbout 60 layers of supor-
insulator sheats around the outside, and is compactly inmerted inside
tho camera extonsion.

The pressure in the vacuum tank is kept us low as 2 X 10'6 Tory
whenevar the bubble chambor im at 1iquid hydrogen temperature,

The amount of radintive heat leak coming through the window glams
from the comera extension shiold to the bubble chamber body was sstimated
to be about 18 W, Tha radiative loss from the warm surface of the
vacuum tank through the superinsulator layers wasm considered to be
nagligible in comparison with tha leak mantioned above. The amount of
haot loss dua to the conduction through the supporting cylinders and
others wam estimated to be about 52 W. The total static heat loss of
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70 W thus estimated turred out to be in good agreement with the results
calculated from data obtained by m static evaporation experiment in the
chamber.

3-5. Cooling system

The cooling system of the bubble chamber consists of four loops as
shown in Fig. 8 : the nitrogen cooling loop, the neck-cooler cooling
loop, the piaton cylinder cooling loop and the gas-cooler cooling loop.
The nitrogen cooling loop through which liquid nitrogen passea is only
usad when the chamber is to be kept as cold as liguid nitrogen temperature.

For cooling and temperature control of the bubble chamber, the
neck-cooler cooling loop is used. Liguid hydrogen ia transferred from
the 4000 £ 1iquid hydrogen reservoir tank at temperature of about-24 K.
Tha liquid hydrogen temperature in the bubbla chamber fs converted
through the vapor-pressure of a hydrogan-gas-iilied sensing element, to
an air-pressure signal by a pressure transmitter, which makes a derivative
signal to a temperature controller TRC-2, The temperature controller
produces an actuating signaol by comparing a measured variable with a set
value, and then amplifies it to give an output air-pressure signal to a
throttling valve PCV=-3. The PCV-3 changes the amount of flow of liquid
hydrogen coolant in the cooling loop. The coolant temperaturs of the
cooling coil inlet ip automatically controlled by a thrattling valve
TCV-1 which changea the vapor pressure of the 1liquid hydrogen coolant.

The piston cylinder cooling loop suppreases tha boiling of liquid
hydrogan around the cold piaton., A throttling valve PCV=7 of the cooling
loop iB automatically contralled by a controllar PRC~7 so that the
prassure of the liquid hydrogen coolant ia alwnys kept lower than the

d vapor pr of the working liquid in the chamber,

The gag-cooler loop, is the preasure control loop of the chamber,
and has only one valve named PCV-4, which controls the flow rate of
liquid hydrogen conlant in the gas-cooler coil. The prassura of the
bubble chambar is converted into an air-pressure signal by n pressure
transmitter. This eignal ie led to the pressvre contraoller, PIC-4, the
output aignal from thim controller operates a throttling valve, PCV=4,
and thus the hydrogen gus in the volume above the pimton is condensed
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into 1iquid through heat exchange at the inner surface of the gas-
cooler, The P and p 1 loope are also used to
cool the chamber down to liquid hydrogen temperature and to make liguid
hydrogen in the chambar itaelf,

3-6, Filling aystem

When the chasber ia cooled down, a £illing system supplies hydrogen

gas into the chamber at a point just below the neck-cooler cylinder.
The filled-gas 10 liquefied at the surface of the neck-cooler. Filling
gas 1s sent from 1iquid hydrogen gas cor s through a cryog
1liquid nitrogen cooled, purifier of 200 Nm3 total capacity, at a rate of
10 Nn’/h:. The purity of supplied hydrogen gas ia monitored by meana of
gas~chromatography, so that the impurity in the suppiying gas is always
kept lover than a few ppm, .

As alresdy mantioned, the hydrogen gas £1lling system of this
bubble chamber is entirely separated from a deutarium gas filling system
vhich rieads vary special gas-handling syatem becausa of economy and
purity of the deuterium gaa to be used. The deuterium gas filling
syatem of this chamber is at{1ll under construction, and will be raported

nepacataly.
3-7. Safety eonlidanum:m

One of the importsnt items in a hydrogen bubble chamber facility
and ice ion is mafaty consid fon, 1In the KEK I m HBC facility
there are provided several safsty squipmants to natlsfy safety requirsments
1aid down by tho government. Thers ia a hydrogen gaw ventilation piping
syatem in the main vacuum tank and other main sub-aystams. The vantilation
piping system includes various avrangemsnte of manually operated vent
valves, safaty-valves, and burst-disks, all in parallel operation at
aach sub-aystem.

Cas prassure in these systems can be manually decreased if necessary,
and ventilation of hydrogen gas starts automatically whenever gas-
pressure lsval rines abnormally,

In case of omergency in the bubble chambar main vessel, liguid
hydrogan in the chamber can be immediately relansed to the atmospherc
outsida of the roof of the building through tha main ventilation piping,
since the cold valve equippad at the b of the chamb is d
as described previoualy,
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4. An Expansion System

In the KEK 1 m HBC, expansion-recompression of the bubhle chamber
is made by means of a cold piston moved by a hydraulic power ayetem.
The system has been designed and conatructed to yroduce & ‘mnxl.mum incrense
dn a liquid hydrogen volume of about 2.1 X, and to operate up to five
times every twa de. pansion p are ized in Table
2. The cold piaton and the actuator are shown schematically in Fig. 3.

Tha cold pinton is made of SUS-316L. The piston has two 40 nm wide
Teflon-rings on its cirsumference, There remains & small clearance of
about 0,1 mm between the piston and the cylinder at the operating

P of the chamber. The piston has a total weight of about 42
kg. The cold piston is connected to a hydraulic actuator which is
mounted on the chamber top-plate.

In this actuator system, there are tuwo servo valves of "Pegasus'-
16400 type used to control hydraulic oll at a pressure of 210 kglcmz.
Figure 9 gives g circuit diagram of this hydraulic system. Four accump-
lators of total capacity of 40.¢ are installed near the servo valves in
order to avoid oil pressure decrease due to piping in a high expansion-
rata.

The hydraulic power supply for the expansion oystem is located in a
separate small house about 30 m from tha mctuator. Two oil-pumps rum at
an il pressure of 210 kg/cmz- The Eluid flowa through the amccumulstor
at a rate of 300 £/min, transferred in 8 piping of 40 mm inner diameter,
Another pump runs at o presgure of about 75 kslcmz for hydroatatic
bearings, Contamination in the oil is usually removed up to the leval
aspecified as NAS~4 by utilizing a filter of 3 4m in size, named “paul",
The phosphordc~sster oll usvally called "Pyrquel-300" 4a used for power

igedon fluid b its viscoeity ie quita suitable Eor pumps,
and olso becausa tha oil haw good chemical properties due to its in-
combustibility. Bince tha oil im corrosiva, Viton O-rings ara used for
sealing. The powsr supply has an oil reservoir tank of total volume of
about 2000 . 7The reservair rank, pipings, and the actuator has baen
wall processod before practical usage, by o method of flushing a phasphoric
acid.

The dynamteal 7 s of the exp on can be calculated with
raference to Figa, 10 and 1}, The complote aipansion-recompression
cyclo time takes about 35 mmoc for 1 % expansion volums, and the expan-
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sion pulse has a 10 % to 90 X rise-time of about 12 masec. Figure 12
ihm the movement of the cold piston, and the dynamical pressure of
1iquid hydrogen in the chamber. The of the cold piston agrees
quite well with the estimated value. The pulsa shape of the piston
movement or the vave~form of the dynamical presasure 18 led to a computer
data logger (a aystem called YODIC-100) through a wava form analyser, °
and 18 checked up whether the wave form and the timing of the incoming
beam pulse are properly set. If any adjustment of the timing or the
shape of the piaton movement iz necessary, the inpub pulse is changed
hrough tha DA werter of the wave form analysar.

S, Optics and a Film Handling System
5-1, Elements of the optical system

The optical system of the XEK 1 m HBC conwists of a Scotchlite
light~reflector, a 1 m di viewing window, three amall optical
glass-disks on the camera-extension flange, flash-tubes for illumination,
lonses and cameras for the thras view sterac-photograph, and a camera
controller as ehown in Fig. 3, The bubble chamber pictures are taken by
these r:hru cameras in a bright field illumination. An unperforated 35
mm Minicopy film is used for the comsra. In nddition to this thros view
sterec-camera system, this bubbla chambar employs a special monitoring
comera which anables one to take n singla shot picture of the bubble
chamber by using a Polaroid camera with a special lens. This monitoring
ona~shot camera system turns out to be very convenient for a quick check
of the bubble chamber working atatua.
35~-2, Illumination

A sheat of Scotchlita BPR-1042 mnda by the Minnasota Mining and
Manufacturing Co. ig used am a retro~-diractivs light reflector, on which
tha back-fiducinles ara marked,

The 1 m viewing window-glass is mada of borosilicate crown plnss
corresponding to tha optical glawm of the BH=/ 'typn manufactured by
Ohara Glasa Works. The dimenoional 9 of the window-glaws,
namaly its size, parallelity, fiatness, refractiva indax and front
fiducial marks ara also given in Fig., 13, On the anding flange of tha
camors cxtension, there ore six viewing port-holes, three of which nro
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used for viewing hales for the three view sterco-camera system. A
quarty disk of 130 mm diameter and 40 wm chick » with ref; ive
index of 1.548 is used for the viewing hole. This glass-disk of the
camera-extension flange is strong enough to stand up to vacuum-pressure,
or aven to a thermal shock dus ta temperature change from 300 K to 80 K

in emergency.

A circular xenon Flash tube ia mounted surrounding the frame of the
lens. The tube gives light of about 5 to 70 J during a period of ahout
200 gsec. With the lena aperturc set at i/u.. the flash tube needa to
emit only 15 J to taks pictures with the best contrast on tha film,
which is the Fuji Minicopy film HR-II. The flash tube has silver plating
on half its area on the rear side of the tube, so ar to reflect light
and to apply n trigger pulae.

Tha output pulse of the flash-light is monitored each tims by a
photodiods, If the flash tube ylelds a weaker light than required, an
alarm is aignalled,

5=3. Lenses and cameras

In {onal track-r tion pr » 1t i» usually required
that tha optical axes nf all the lenses in a three view sterec camera
systen phould ba parallel to aach other, and perpendiculer to the surface
of the bubble chambar window-glass, In order to fulfil this requirement
the lens and the film positioning vacuum plate ars mounted on a box,
koeping the optical axis of the lens parpendicular to tha surface of the
£ilm plate, An optical instrument is also mounted in the box in rxder
to stamp camera-fiducial marks and wtop marke (the Brenner marks) on the
current picture, Thros boxes, each of which is mentionad above, are
inatalled on one sido of a comera~pansl, with the optical axes of their
own lenses msat parallel to each other. On the other sids of the panel,
ara throe cameras with a film mugamina,

The camara~panel is supportad on a movable etage, by means of which
an oxact distance from rhe surface of the bubble chamber window-glass to
the film plans can bo adjustod and fixed. The comera-panel on ita
movable stage, can be rotated about vertical and horizontal axos to make
the lenses perpendicular to a surfaca of the window-glase. This setting
is made by mesns of an autocollimator.

This threa view stareo-camera ia able to tnke three photographs
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at intervals of every 200 msec within one accelerator flat-top of half
second duration. Each camera is operated by a pulse motor for rapid
advance of the film. The film is then reeled in by a dc motor. These
motors are sealed in the camera so as to ba air tight, because of the
necepaity for safety of op ion in a p ially hydrog phere.
The film driving mechanism of the camera is magnetically shielded, and
can work under a atray magnetic f£ield of about 2 kG. Rach camera has
its own optical transport system, by means af which the frame~number of
the picturs is labelled by using a small light-emitting data box attached
on the right hand side of the camera.

The lans was designed to sutisfy the following requirements ; (1)
it should have high resolving powar, (ii) it should be almost free from
distortion and other aberrationa, (1ii) its pupil should be in cloaa
agrasment with the positon of the nodal point for tha whole field angle
and {fv) its diameter should be small, bacause the light wource or flash
tuba must be as closa am possible to the pupil of tha lens as is euitable
for using Scotchlits SPR-1042,

1t is wall kaown that n lens can be mada without distortion for a
magnification of 1, if it is made symmetrically with respact to its
atop. Thera ars in gennu‘l two kimjn of aymmatrical lenses, a nagative~
maltive-negative typs and a positive«negative~positive type. Since the
bubble chamber raquires a wide angla lans, tha negative-pomitive-negative
typa has basn adopted. Boma modifications have been made for the lens
in order to obtain 1/27 in magnification for the KEK 1 m HBC camera
nystem. The lens and the camera system ara all manufacturad by the

Canon Co,, Ltd., Figurasm 14-16 and Table 3 give the principal characteristicn

of the designad lenm, together with tha values obtainaed by tha nctual
lena, The lons being umad in the KEK 1 m HBC satisfiom the nbove mentioned
requiremants well,
S~4. Film Format and Optical Constante

Tha £41m usnd in tho KEK 1 m HOC camera system is of the Fuji
Minicopy £4lm HR=11. 1t is unparforated 35 mm wide, with a 0.1 mm thick
pulyester bawe., Fach view hap its own roil of total Tength 305 m. This
film is panchromatic with low photorecording sensltivity of 390 linas/mm
for a test-object contramt of 30:1. Ita gamma-valua {s about 3.3.
An untihalation layar of 1 pm thicknass is coated on tha polyestar
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base and an emulsion of about S,mn thickness is loaded on the layer.
Shrinkage of the film is observed to be about 2 X JOJ‘ after convenw
tional processing, which is usually done at the processing laboratory of
the Fuji Film Co,, Ltd..

The film format of the KEK 1 m HBC picture is shown in Fig. 17. The
photographic pictures of the bubble chamber are taken with a magnifi-
cation factor of 1/27 on the 35 mm £ilm., Various data such as the view
number, the roll-frame number of the current film and the data on the
particle heam are recorded in Arnbic and in binary form.

The optical conatants of the bubble chamber, which sre neceszaiy
for Film analyses, are also datermined, The principal parametera of the
optical structure in the KEK 1 m HBC are given in Fig. 18. By using
these parametars and the actual bubble chambar pictures vaken at overall
test operations, the optical constants are determined by using the
program PYTHON developed at CERN. These cpticml constants are given in
the form uead in the program THRESH, also developed at CERN. The aptical
constants for use of the chamber with liquid hydrogen are given in Table
4.

6, The Bubble Chambar Magnet and Its Powar Supply

A bubble chamber magnet for the KER 1 m HOEC and its power supply
hava been constructed, As is already dascribed, the main parts of the
bubble chamber nre supported by the supporting frame fixed on the magnet
yoka, Figure 3 shows tho bubbla chambar vopsel, the vacuum tank, the
magnet yoks and tha magnet coil. The magnat coil conaists of two parts,
namely the main coil and the auxilfary coil. The mognot givea a maximum
fiold of about 18.4 kG at the center of the bubhle chamber fiduclald
volumo when excited by the maximum currant of 6500 A, The field ims
porpondicular to the window-glasa of the bubhle chamber.

This magnet was firast constructad as a magnet for the old 75 cm
test-chambar at .he Inatitute for Nuclear Study of the University of
Tokyo,”’ where the Tanoshi-branch of KEK was housed until the and of
1973, as montioned in mection 1. The magnet was then transferrad to the
Tsukuba~nite of KEK and has been reconatructed at the Bubble Chamber
Building of KEK, after remodeling for better insulation between magnet
yoke and coil. The present dimenmions of tho magnet yoke arc given in
Fig. 19.
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The magnet has a beam entrance window of 40 cm width and 80 cm
height and an ‘exit window of 25 cm(W) X 50 cm(H) on each side of the
yoke. Perpendicular to the bsém direction, a large elliptical camera
extension window is made along the direction of the axis of the main
coil. The bubble chamber picturea are taken through this camera extension
window, by a sat of three view stereo-camera located outside the magnet
yoke, This magnet has, therefors, only one pole piecs which has the
shape of & race track of 112 cm and 92 cm in diameters and is situated
at the rear of the bubble chamber.

The magnet yoke im mada of about 100 tons of iron SMA1C, and the
pole piace 48 of ivop 5C-37. The yoke is to ba divided into four main
blocks, Two blocks ot the beam direction are mounted on a concrete
base, and hold the supporting frame of the bubble chamber vacuum tank as
described in section 3. A third block at the camera extension side im
mounted on its own carrier in crder to move the block and coil apart
from the bubble chamber vacuum tunk, At the pole piace side a fourth
block of similar mechanism i also installed. This mechaniem ia quite
useful when rapair work on the coil or detector assembling work around
the v tank are }.

The magnat coil consista of twe parts, tha main coil snd the auxil-
inry coil as mentioned previously, The main coil is turther composed of
#ix coil-elements. Pach coil-element has the flat shape of a raca
track, The auxiliary coll conaists of two coil-elemesnts, which aro very
similar to the unes of the main coil in their shape and dimensions,
gach magnet codl-element is wound doubly, using & palr of copper hollow-
conduntors ineulated from aach other, and connected electrically in
#erias, Tha elactrical resist of tha mag coil to about
50 mr, when tne main and the auxiliary colils are connacted in serdes,
The magnet coil works ot about 335 V and the maximum power dissipated in
the coil is about 2.2 MW at tha maximum current of 6500 A, To prevent
tha magnet coil From rising in temperature, a cooling line of pura water
of 10 kg/em pin-iutc is provided to sand cooling water to each hollow-
conductor of the coppar coil.

The cooling line of purs water makes a closed circuit including a
heat-exchangar and a reservoir tank of tha pure water, which ia purified
through fon-exchange tesin, Dissipated alectric power is roleased into
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the atmosphere through the heat-exchanger and the cooling tower for the
secondary coelant of normsl water. The temperature rise of pure water
18 normally kept under approximately 50°C at the mnximumAﬁutrént'ut 6500
A, when the pure water line keseps tha Flow rate at about 560 £/min.

A 2.2 MW dc power supply has been r ed after making various
tests using the old rest power supply. A careful desmign waa made with a
apecial emphasis on the prohlem of suppressing lower order harmonic
currents from going back to the primary ac 1ine in the thyrister rectifying
system, The actual detailed demign and construction.work of the power
supply wers made by the group of Hitachi Co,, Ltd.. Figure zu;uhous a

‘block diagram of the power supply, The principsl circuir in. the figure

18 a twalve-phase thyristor rectifying system which ia composed of two
six phase circuits, the star (A) lina and the delta {4), - A coupla of de
currents rectified in each circuit, which has s phase diffarence of 30
degrees each other, are piled up through a reactance. (DCL), and then fed
into the magnet coil, The de¢ current is transmitted to tha coil which
18 50 maters distant via aluminum Feading bua bara, sinca the power
supply ig installed outdoors. Power thyristors used in the circult arve
Hitachi CJO2Y. To achieve a stability of the magnet currant of less
than 0.1 X fluctuation during weeks of the bubble chambar operation, a
de currant transformer (DCCT) £{m used at ocach rectifying circuit because
it is less affected by temperatura. This is important, because the main
psrts of the power aupply, including powar thyristors, are installed
outdoors. Amplifiera and power supplies needed Lo conirol the DCOT,
which are sansitive to the surroundings are kept in a constant temperature
box howyaed in the bubbla chamber control room.

The DCCT used ia a current detactor, Dyn Amp 4CKM developed by
Halmor Elsctronics Ime, U.8.A.,» Ita principle is shown in Fig. 21. A
Hall-glement 1s mounted on the cross section of & square core. A coil
18 wound on the cora frams to cancel the magnetic Eield induced in tha
core by n dc current passing through tha center of the eors. The dc
current is measured by reading the feedback current to the canceling
coil, so that the Hall-giement detects no £ield, The output signal from
the DCCT is transfarred to an automatic pulse phase shiftar aftar amplification
and then to the power thyristor gaten regulating the magnatic coil
currant,
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The bubble chamber is expected to be mostly operated at the maximum
ml‘gnaﬂ.c field or at s certain fixed Field. The power supply for the
KEK bubble chamb ,' has theref only three current ranges within
a relatively narrow regi It in £ ble to design such a powsr
supply so ﬁhl: ita variable current range {s narrow, because only a
small change in the thyrister firing angle of, which contzols the magnetic

current, can cover the region easily with no need to switch to the

primary voltage.

The power supply is controlled to a current setting accuracy of

0.1% by a control console located in the bubbla chamber control room.
The power supply is stable enough to keep the current constant with a
stability of less than 0,1X drift for every 8 houra, after about half
4n hour for warming up the circuit, Regulation im also made better than
5X 10"' for any primary veltage change of 3% ically, pravided
that the coil riunnnca changd is kept within sbout 10X, in any current
range, To check the drift of the magnet current, the output voltage of
the DCCT is typed out by a data loghing syatem svery one hour. For
regulation monlécring. the voltage daviation of the DCCT with roepect to
8 vefsrenco voltigl is continuoualy vecorded, Peak to peak current
rippla is less than 0.1%, ‘since a twolve phass rectifying system is
dopted and algo b tha il has a ralatively large inductance,
timated to ba spproxi ly 230 mH, from the magnetic fisld diseribution.
The uproducib'ﬂlty of the current setting valus and other apecifications
of the pover mupply are listed in Tablas 5.

Becausa of a spacial dasign by utilising the twelve phase thyriator
rectifying system, the powar supply is actually found to give no merious
noise bock to tha primary ac lines, The obsarved lower order harmonic
currents ars wall suppressed to values of less than 1/10n (uhere nnd, §,
7s vee) and 1/40n (wher ne2, 4, 6, ...), respactivaly.

Mensurements of the magnetic field-map of the bubble chamber have
bean carried out using apecially designed equipment which measures the
flald=map automatically, with an equal spacing interval (usually 5 cm
apart in each nxis of throe-dimansional lpnc'i). covering a much wider
area than that which the fiducial volume of the chamber occuples.

To measurae fisld values in thres dimandional components simulta-
nevusly, theee picces of a Hall-element were used, These Hall measuring
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elements were well ntabilized in a temperature-compensated cell, and
wera calibrated by comparing the moasured value with the value -obtsined
by the $MR-atandard field weter, at a dard. magt ﬂeld’;‘ i -
ments were made for aix magnet current values £ron’2000 A up-to the
maximum 6500 A, ‘Figure 22 ghows a typical map obtained in the run, The
complete fileld map will be expressed in terms of n‘polynovxhinl.‘upre-
sentation to make the map easy to use in the bubble chamber £ilm analysis
program, MNore detailed deseriptions of the magnetic £ield measurements
and the results of the run will be reported lepn'nnly along with a
complate table of the f£ield map 4n terms of polynomial expressions.

7. oOperational Characteristics
7-1. Operations

Up to Jamuary, 1978, thare have been, in total, seven operations
made with the bubble chamber. Each op 1 d apecific items
to be tested step-by-step. In particular in the Eifth oparation performed
in February, 1977, the bubhla chamber wan exposed to an accelerator beam
in coincidenue with a beam pulse for the firet time. The bubbla chamber

was alao op d with full axcitation of £500 A for the first
tims {n this operation, in cembination with othar major associated
facilitiss of the chamber. Tt was found in thie operation that there
wara many items to bo lmproved. Among others, the bubbles forming beam
tracks did not grow large enough to make pictures of clear tracka,
because of a saturation tendency of tho dynamical pressure drop. The
other important problem to ba solved waa that the non-uniformity of
illumination of the photopraphic pilcture.

The seventh operation was performed Erom December, 1977 to January,
1978 after such itema as those mentioned above had been impraved. The
operation was succosaful with about 500 thousand expansions during about
three waek's oparation. About 300 thousand pictures with incident pion
besma were taken. All in all tho systems of the KEK 1 m HAO worked well
in this saventh operation. In this section, we will describa oparational
characteristics which were mostly obtalned in the meventh operation,
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T~2, T end pr control of the chamber

The chamber was cooled down with 1iquid hydrogen through the neck-
cocler cooling line. The average cooling ¥ate was about 4 K/hr during
the whole range of cooling down. Filled hydrogen gas for the chamber
was supplied at a pressure of about 1.5 atm, through the cryogenic
purifier, and liquefied at the neck-cooler jnner-surface with a rate of
about 20 £/hr, ‘The 1iquid hydrogen lavel in the chambe: was monitored
by four level~-indicators utilizing a vapor pressure tharmometer installed
along the wall of the piston cylinder and also insida the piston cylinder.
1t took about 110 hours from the stavt of cooling to £1ill the chamber
with about 450 { of liquid hydrogen up te a level just above the cold
piston,

hamh,

P e and pr ), of ‘the wag ully
tsade using ‘three coaling loops : the neck-cooler cooling loop, piston
cylinder cooling loop and the gas-cooler loop. The heat loss due to the
bubble chamber expansiun came mainly from the Caynot-cycle heating, the
frictional heat between the piston ring and the cylinder wall, and from
tha heat loss causaa by splashing of liquid hydrogen. Though the piston
movement in a gradient magnetic Field caused Joule hent due to eddy
current, the amount of this heat was calculated to be so amal! aa ta be
negligible, because of the weak mgnetic field.

The C. t-cycla heating waa to be d by the neck: cooler
and the amount of heat loss was calculated to be about 320 W, from data
concerning the piston stroke sad the dynamlcal pressure drop. Figura 23
shows a typical diagram of presgure drop and expansion voluma.

The 1ides for temperatuce control of this chamber was such that the
temparature of coolant tranaferring into tha neck-cooler was to ba kept
constant and the heat-unbalance was to be P d by tha change of
Elow rate of the coolant. The big advantage of this methed ie that one
can salact the coolant temperaturs to be arbitrarily constant as long as
it ie kept lowar than the working liquid tempersture. The fluctuation
af the P of liquid hy in the 4000 2 resarvoir tank,
therefora, Lias no effect on the temperature of the coolant.

The splabhing heat loss, which was axpected to be absorbed at the
gan let, was d to ba about 400 ¥ from the flow-rata through

the gas~cooler loop.
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The four control valves; the PCV-3 and the TCV-1l for temperatur.
control in the neck-cooler loop, the PCV-4 for pressure control in the
gas-cooler and the PCV-7 for cooling the piston cylinder, worked perfectiy.
Figure 24 gshows the typical records of the temperature and pressure of
the chamber under normal operation during the seventh nperation. The
records clearly show that the chamber can be operated quite satisfactorily
with a atability of the temperature to within 0.03 K at 25.7 K, and of
the pressure to within 0.05 ni:m at 4,35 atm.

7-3. Dynsmical pressure of the chamber

A strain gauge pressure tranaducer of 20 .‘m rated pressure, made
of SUS-316L stainless stesl, was installed &t e uppur part of the
chamber body to monitor dynamical pressure <he. -2 tn the bubble chamber,

during one on, The aignal w - iisplayed on a four-
swecp oscilloscope, tagether with a piston wy 3, signal, a flash firing
signal and a beam-in signal. The calibration r.. the strain gauge was
made by varying the static pressure of the bubble chamber, after £illing
the chambar with liquid hydrogen.

Figure 12 shows a typical record of the display of the oscilloscope.
It wae found that the dynamical pressure~drop in the chamber was 3.2 atm,
which corresponda to 25 mm expansion stroke.

7=4. Data logging for the chamber-operation

To improve the reliability of the bubble chamber operation and to
save mun-power in making racords of operating conditions of the chamber,
g digital mini-computer system, the YODIC-100, was 1nstuned., and oparated
for the first time in the fifth operation.

Thia YODIC-100 syatem is equipped with 20 K worda of cora memory,
two typewriters, a high speed tape-reader and a l4=~inch color graphic
display. It has 48 analogue and 160 digital input channals and 32
digital output channels, The 36 analogue channela were mostly used te

' monitor temparature and pressure of the chamber at various points. The

accuracy of this analogue dats was faund to be 0.5 X, Some digital
channela were connouted to o wave form analyser whicl sampled tha dynamical
prassure of the chamber. Other digital channels were used for monitoring
the camera system and beam line.

Some spacial purpose routinea, performing nec:esary data acquisicion
and processing, were prapared. The analogue data was gathered once
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in every ten seconds. The last ten data Erom all channels were stored
80 as to display the genmeral trend of the data, when necessary. The
digital data was taken once in every two seconds, synchronired with the
ion of the chamber. Alarming units were also furnished in the

P
h

system to give notice to op Yo

A graphic display which showed two kinds of histograms one for
analogue data and one for the beam line, was used at the operation. The
system wos completed and the apparatus worked reliably,

8. Couclusions

The construction of the KEK 1 m HBC is now complated and it is
ready for stationary uee with various Jncidant particles from the KEK 12
GeV Proton B8y + In the h operstion, a beom expusure
enperiment was made by using % beams of 6 GeV/c, Erom a target on which
a fast-extracted proton besam of 8 GeV waa incident. Figure 25 shows a
typical picture of the 6.0 GeV/c Tp interactions that occurred in the
chamber. '

As far as the overall parformance of the KEK 1 m HBC eystem is

d, each ap of the system is functioning well, The basic

operational chnrnczar1st1éi of the cooling system uaing tha PCV-4 pressura

and the PCV-3 and TCV~l temperature control vaivea are now well eatablished.

This achievement enables us to carry out a stationary beam exposure run
with stable operating conditions in the bubble chamber. The magnet and
its 2 MW power supply are working beautifully without any problema of
lowar order harmonic cuxrents feading back to the primary ac line. Tha
magnetic field stability is also matisfactory, although the field map is
not £lat b of the ¢ of the magnet-yo%e and ons pole-piecs,
Thia may give moma problem to a film analysis program euch as the THRESH-
GRIND system in tracing particle momenta along their tracks.

Thera nya, howsvar, many items yet to ba improved. Among others
tha quality of tha photographic picture of the chamber is one of the
most important points. 1In particular, the Scotchlits Llight reflector
began to broak down nfter about 200 thousand sxpansions, sithough most
pictures taken were availabla for anslysis by using the KAMA-system, the
KEK Automatic Pilm Measuring Applrntul.4’ The method of sticking the
Scotehlita on the innor surface of tha chambsr 41s under various trials.
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A test run has been made for a double pulse operation of the KEK 1
m HBC during one flat-top beam pulse. It is necessary to make further
detailed investigations of the dynamical charactecistics for the double
pulse operation, There are also various efforts being made to make a
hybrdd trigger facility for this bubble chamber system.
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Table 1. Principal parameters for the KEK 1 m HBC.

Material Modified CK~20 (3.8 % Mn stainless steel)
Expansion volume 430 7 .

Visible volume 280 ¢

Chamber diameter 90 cm at front side and 105 cm at rear side
Chamber depth 38 cm

Viewing window glass’ BK-7 optical glass with refractive index

of 1.516 and with a dimension of 100 cm
rear side diameter, 92 cm front side
diameter and 14.5 cm thickness

Vacuum system 14 inch diffusion pump followed by two
rotary pumps

Cooling system Three cooling loops : a neck-cooler loop,
a piston cylinder loop and a gas-cooler

loop
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Table 2. Principal parameters of the hydraulic

expansion system of the KEK 1 m HRC.

Parameter Value
Expanded liquid volume 430 2
Piston diameter (4) 450 mm
Maximum stroke (1.8 % expansion) 50 mm
Stroke for 1 Z expamsion 27 mm
Chamber spring constant (KS) 1570 kg/cm
Reciprocating mass (M) 130 kg
Force required for 1 Z expaunsion 12 ton
Maximum piston velocity 4m/sec
Maximum piston acceleration 70 G
Chamber cycle time 35 msec
0il pressure 210 kglcmz
Flow rate of oil 300 £/min
Effective area of hydraulic actuator (S) 70 c:m2
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Table 3., Principal characteristics of the designed lens.

Parameter

Value
Focal length 54.95 mm
Field angle 60 degrees
Ratio of aperture F/8
Magnification 1/27
Overall diameter 47 mm
Overall length 82 mm
Entrance pupil 20.196 mm
Exit pupil 22.742 ym
Entrance nodal point 20.196 m
Exit nodal point 22.739 mm
Distance between two above nodal points 25.782 mm
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Table 4. Optical Constants of the KEK 1 m HBC

CAMERA-Block

CAMERA 1
CAMERA 2
CAMERA 3

MEDIA~Block
4
MEDIUM 1
MEDIUM 2
MEDIUM 3
MEDIUM 4
MEDIUM 5

index
1.000
1.459
1.000
1.516
1.095

y
57.025
57.095
30.840
30.853
30.915

4.764
4.763

54.224
54.156
54.145
37.575
37.334
12.550
12.229
-4.175
-4.275
~4.348
24.845

52.112
-0.149
16.470
33.150
16.635

oW w
WA WN

=
rargiery
Ll =]

COREC-Block

COR 1
0.0004
0.0006
-0.0007

LENS 1
LENS 2
LENS 3

X
-19.946
-19.824

37.337

-10.602

-18.727

-18.901

y
-28.898
28.310
-0.463

z
143.328
143.284
143.406

thickness
4.562
3.006
121.240
14,521
37.964

VIEW 2

X
5.033
36.331

y
-2.830
-2.833

-28.876
-28.893
-28.966
-55.056
-55.136

20.674
52.079

5.030
36.420

0.049
16.684
33.357

6.320

6.241

6.167
-10.189
-10.600
-35.196
52.086 -35.701
-0.254 -52.035
16.432 -52.145
33.176 -52.297
16.529 ~22.840

52,131

COR 2
-0.0002
-0.0003
-0.0011

VIEW 3

y
27.298
27.223

1.159
1.154
1.145
-24.986
=24.931

x
~54.814
-23.379
-70.595
-39.035
-7.714
—-54.804
-23.376

~47.849
-31.045
-14.360
-66.858

4.299
-66.983

4.173

30.464
30.298
30.182
13.890
13.420
-11.234
-11.520
-48.110 -28.002
-31.335 -28.028
-14.648 -28.071
-31.140 1.142

COR 3
0.
0.0023
0.0003

0019
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Table 5. Electrical characteristics of the power supply.

Input power supply
Voltage

Phases

Frequency

Voltage fluctuation

Output

dc current control

Max. output voltage
Current drift
Regulation

Ripple factor
Current settinpg precision
Current setting time

Reproducibility of

current value

ac 6600 V

3

50 Hz

+ 3 Z daily

(1) 1500-3000 A

(2) 5000-5500 A

(3) 6000-6500 A

dc 335V

Less than 1.0X10_3/8hr
Less than 5X10° % for + 3 %
line changes arnd 10 7 load
chaage

Less than 1.0X10™
Less than 1.0X10
Max., 10 A/sec at any current

3
3

raapges
Less than 5X10

stop operation

3

for start-
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ccelerator

Beam from

Fig. 1 Brief sketch of a plan view of the KEK 1 m HBC facility and
its building. (A) and (B) storage bottles of high pressure hydrogen
gas, (C) reservoir tank of liquid nitrogen, (D) holder of low pressure
hydrogen gas, (E) holder of low pressure deuterium gas, (F) hydrogen gas

compressors, (G) deaterium gas compressor, (H) hydrogen gas purifiers,
(I) hydrogen liquefier, (J) 4000 § liquid hydrogen reservoir tank, (K)
1000 § liquid deuterium reservoir tank, (L) bubble chamber, (M) 2 MW
bubble chamber magnet, (N) three view stereo camera, (0) hydraulic power
supply, (P) control room, (Q) beam chamel, (R) electric power supply
for 2 MW maguet, (8) cooling stage for 2 MW magnet,
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Fig. 2. Schematic flow diagram of the cryogenic system of the KEK 1 m HBC.
(1)}~(10) : Facilities for liquefying hydrogen gas and for cooling the bubble chamber. (1) storage
bottles of high pressure hydrogen gas, (2) holder of low pressure hydrogen gas, (3) hydrogen gas
compressors, (4) oll separator, (5) oil adsorbers, (6) dryers, (7) cryogenic purifiers, (8) hydrogen

liquefier, (9) 4000 ¢ reservoir tank, (10) cooling loops of bubble chamber. (11)-(14) : Facilities
(11) storage bottles of high pressure hydogen gas,

for charging hydrogen gas to the bubble chamber.
(12) cryogenic purifier, (13) emergent ventilator, (14) bubble chamber.
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Fig. 3. Crogs=-sectional view of the bubble chamber, the vacuum tank, the magnet yoke, the magnet
coil, the expansgion system and the camefa system. (1) chamber body, (2) neck cooler, (3) gas ccoler,
(4) vacuum tank, (5) cold piston, (6) viewing window, (7) camera extension shield, (8) cold valve,
(9) main coil, (10) auxiliary coil, (1l) magnet yoke, (12) carrier for front block of yoke, (13)
carrier for rear -block of yoke, (14) cameras and its panel, (15) movable stage for camera panel,

(16) stage, (17) actuator of hydraulic expander, (18) servo valves.
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Fig. 4. Cross section of the inflatable gasket for making vacuum seal
between the viewing window glass and the bubble chamber vessel. (1)
inflatable gasket, (25 pressure inlet line, (4) indium seal, (5) Teflon
protection ring, (6) indium protection ring, (7) chamber body, (8) Ti-
window frame, (9) viewing wingow glass.
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Fig. 5. = Cross section of the cold valve used at the bottom of the

bubble chamber body. (1} pressure inlet to cpen valve, (2) pressure

inlet to close valve, (3) tungsten carbide plug, (4) indium seal, (5)
main dump coupling flange.
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Fig. 6. Cross section of the neck-cooler cylinder. (1) pre-cooling

line, (2) cooling line, (3) copper fim, (4) guard vacuum groove, -(5)
indium seal.
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Fig. 7. A photographic picture of the 1 m bubble chamber vessel,

wrapped with superinsulator sheets.
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Fig. 8 Schematic diagram of the cooling loops of the bubble chamber.
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Fig. 9. A schematic diagram of the hydraulic expansion system.
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Fig. 10. Kinematics of the expansion.
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Fig. 11. A block diagram of the circult for the hydraulic expansion system.
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&a)

(b)

(e) (@)

Fig. 12. A typical picture of the display of the four-sweep oscilloscope.

(a) piston stroke (12.5 mm/div.), (b) strain gauge output expressing
dynamical pressure drop in bubble chamber (1.4 atm/div.), (c) flash
timing, (d) beam-in timing. Time scale is 5 msec/div..
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Fig. 15. Design values of the distortion, the chromatic aberration,
the spherical aberration and the astigmatism.
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Fig. 16. Design response function for F/11 when the ratio of spectra

is as following, d:g:ic = 1:1:1, The measured response function agreed
well with design values.
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Fig., 17. A film format of the photographic picture of the KEK 1 m HBC.
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Fig. 18. Typical dimension of the optical system,

—ym



1120 i
] (=]
0
[«] ~ -~
wy
“}
T - H 1o
~r
[=]
hd L)
=) T Q
~ ——— e
(3]
ST == E <
H H o
) ] v
[ ] [ ~r
1040
450 2550 450
i 1
{
3600
[}

—smgpsaesannd

5 ?o'
[]

\_/
840
|
800
2400
|

jo

e cavmwn bedadowsen conw

1

Fig. 19. A simplified fipure of the magnet yoke showing principal
dimensions of the yoke. Numbers in the figure are in mm.
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Fig. 20, A block diagram of the 2 MW magnet power supply with twelve

phase rectifying system.
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Fig. 21. A schematic drawing of a dc current transformer, illustrating

its basic principle.
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Fig. 22, A typical magnetic-field map obtained in the field measurement
of the 2 M4 bubble chamber magnet.
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Fig. 23. A typical diagram for the pressure-drop and expansion-

volume in the Carnot cycle due to bubble chamber expansion.
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Fig. 25. A typical picture of

the 6.0 GeV/c np interactions.
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