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ABSTRACT 

'We propose to limild a novel detector to study very high energy 

neutrino interactions. It consists of ten in-line modules, each containing a 

large cylindrical liquid argon bubble chamber and a magnetized iron spec

trometer. Each bubble chamber is instrumented to provide segmented 

total-absorption calorimetry for all hadrons, photons, and electrons in the 

final state. A complete visual image with ""'1 mm spatial resolution is pro

vided in two stereo views. We envision using this detector to study a broad 

range of neutrino processes: 1) multi-lepton final states; 2) v e - v e; 
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3) semi-leptonic scaling-variable distributions; 4) search for new phenomena 

in neutrino interactions using 1000-GeV protons from the Energy Doublerl 

Saver. 
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Introduction 

We propose to build· a novel detector to study very high energy 

neutrino interactions. The detector is optimized to identify and measure a 

broad range of neutrino processes: 1) multi-lepton final states; 2) v e - v e; 
~ ~ 

3) semi-Ieptonic scaling variable distributions with large acceptance; 4) search 

for new phenomena in neutrino interactions using 1000-GeV protons from the 

Energy DoublerI Saver. 

It is interesting to identify the features of a detector necessary to 

obtain maximum detail in studying these processes. The most obvious 

r.equirement is that the detector have a large mass active target--400 tons 

are required to produce approximately one event per day having a trimuon 

final state. 1 The second requirement is to obtain an actual picture of the 

event vertex. In studying rare processes, this picture helps one to dis

tinguish clearly the process of interest from various backgrounds, such as 

1T-~ decay in the case of multi-lepton events, and v n - e -pin the case of 
e 

~ e -+ v e. It also enables identification of K 0 and A decays; in this way 
~ ~ s 

2
several bubble-chamber experiments have observed enhanced strange-

particle production in multi-lepton final states. The third requirement is to 

measure the energies and angles of all charged leptons, and the energy and 

angle of any hadronic system in the final state. An optimal detector must 

thus combine the visual imagery of a bubble chamber with the fine- grain 

calorimetry and muon identification of counter experiments. 3 

Happily, all of these tasks can be accomplished in a single detector. 

It consists of ten in-line modules, each containing a large cylindrical liquid 

------------------_ .. - -~---...... --~-------.....:..-----------
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argon bubble chamber and a magnetized iron spectrometer (Figs. 1 and Z). 

Each liquid argon bubble chamber is instrumented to provide segmented total-

absorption calorimetry for all hadrons, photons, and electrons in the final 

state. A complete visual image with "'1 mm spatial resolution is provided in 

two stereo views. 

The bubble-chamber design described· in this paper embodies several 

technological innovations: the use of liquid argon as fluid; electronic recording 

of bubble images on video tape; ionization drift over one meter distance; and a 

new approach to expansion bellows and cryostat design. Each of these features 

will be discussed in detai~ below. Final parameters in each case depend on 

prototype developementj plans for this development will be described. 

The liquid argon bubble chamber serves four functions: 1) it is the 

massive target for neutrino interactions; Z) it provides a picture of the event 

vertex, and of decays and interactions of secondary particles~ '3) it measures 

the energy EH of the hadronic- electromagnetic cascades produced in semi

leptonic processes, and energy E of the electron in v e - v ej 4) it aids in 
e ~ ~ 

miriimizing 7r-~ decay background for final-state muons by allowing identi

fication of pion interaction kinks over several absorption lengths in liquid 

argon. 

The magnetized iron toroid and drift chambers measure the charge 

momentum of high-energy muons originating in neutrino interactions in the 

bubble chamber. 

The ten modules of the detector flll1ction largely independently, each 

13
having an event rate of""O.Z per 10 targeted protons. Separate events can 

be recorded in all ten modules during each beam pulse. 
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This detector is uniquely suited to search for new phenomena in neutrino 

interactions when the Energy Doubler/Saver begins producing neutrino beam. 

A dichromatic beam scaled from the new N-30 beam at Fermilab to accept 

4
1000-GeV protons will produce neutrinos at energies up to .... 800 GeV. This 

new energy region promises to be at least as rich in new physics as the 

2 
present one has been: 1) the vi propagator. for MW = 60 GeV/c modulates 

the linearly rising neutrino cross section by .... 200/0 at E .... 700 GeV; 2) new 
v 

flavors or quarks should evidence themselves through flavor cascades and 

6
soft multi-lepton events. 5 and anomalies in scaling-variable distributions; 

3) asymptotic freedom requires a sizable gluon contribution to neutrino 

7
scattering E > 100 GeV --the extent of this contribution and its Q2 depend

v 

ence are of strong interest in quantum chromodynamics (QCD);4) if there 

are new heavy leptons produced in neutrino interactions. the, decay LO 
-+- ll'-:- t +\) 

t 

should give an interpretable signal in multi-muon events via the· 

8
I.l - / I.l+ momentum balance limits of Pais and Treiman; 5) the production of 

9Higgs bosons should increase with E faster than the total cross section. a 
v 

search in neutrino interactions with E ? 600 GeV should be sensitive for 
v 

2 
masses ~:; 10 GeV/ c • 

We believe that the detector described here improves in many respects 

the information available from existing and pla.Ill1.ed detectors. With it we 

can advance into the frontiers of neutrino physics--the detailed study of rare 

leptonic processes. and the exploration of the new energy realm of the 

Energy Doubler/Saver. 

http:pla.Ill1.ed
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The Experimental Arrangement 

One module of the complete detector is shown in Fig. 1.. The liquid 

argon bubble chamber has an enclosed volume of 10m length x 2. 5m diameter. 

Ionization electrons are 

drifted to a collection tube on the axis of the chamber. There they are col

lected in 17 cm longitudinal segments. amplified, and the charge is recorded 

as a function of drift time (hence radius). In this way we achieve fine-grain 

total-absorption calorimetry. segmented each radiation length in depth. An 

Fe-Ar or U-Ar calorimeter following the cubble chamber assures complete con

tainment of all showers occurring within the fiducial region. 

Following the bubble chamber are two magnetized iron toroids. Each 

toroid is 1 m thick X 7 m diameter. and is magnetized to saturation. Follow

ing each toroid are two planes of large area drift chambers which are used to 

measure the trajectories of muons from a neutrino interaction in the preceding 

bubble chamber. 

The complete detector consists of ten such modules stacked in line. It 

is shown in Fig. 2. located behind the existing experimental areas (Labs A. 

C, E). Its overall length is 180 m. The bubble chambers contain in total 

600 tons of liquid argon, and the toroids .contain in total 6000 tons of steel. 

A. 	 Bubble Chamber 

The bubble chamber uses liquid argon as its working fluid. The choice 

of argon derives from a number of considerations: 

i) We require good electron identification and calorimetry; the ratio 

A/X of hadron absorption length A to electron radiation length X should thus 
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be maximum. We also require accurate measurement of angles ee' e •
H 

Assuming a position measurement accuracy of 0 = 1 mm, an intrinsic 

angular resolution can be defined as e = 0/A for hadrons, and ee ::: 6/6X for
H 

electrons. The latter estimate uses the statistical development of an electron 

shower, peaked at "'6X, as will be discussed later. Figure 3 shows A/X vs. 

e and ee for various materials. The joint -requirements A/X> 5, e < 2 mrad
H 

are satisfied by only two materials: argon and Freon CF3Br. 

2) Argon does not attach electrons, so that long-drift ionization 

calorimetry is possible. The electron mobility is large. permitting drift 

collection over 1 m drift length in'" 300 ttsec. Electron drift is of course 

impossible for Freon CF3Br. 

3) Argon is abundant--indeed it comprises 10/0 of the air we breathe. 

Its cost. approximately $200 per ton, is easily affordable. 

4) Argon is chemically inert and hence readily purified. It is non-toxic 
and non-inflammable, so t.hat safety is easily assured. 

5) Argon can be liquefied using liquid nitrogen. The cryogenic system 

is thus much simpler than one for neon or hydrogen. 

6) Argon requires a rather modest expansion system for bubble-

chamber operation. The operating pressure P is -12 bar, compared with 

18 bar for CF3Br. The expansion ratio AvIv is "'{0.5 - 1)0/0, compared with 

30/0 for CF3Br. 

These considerations, many of which have been detai~ed previously 'by 

Rubbia,10 lead to the choice of argon as a truly optimum material for an 

active neutrino target. 
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Magnetic Field 

There is no magnetic field on the liquid argon bubble chamber. This 

represents a major departure from conventional thought in bubble-chamber 

physics. To understand its motivation, consider the traditional functions of 

a magneticfield in a neutrino bubble chamber and how these can be accom

pUshed in the proposed detector: 

1) momenta of muons--we measure p to an accuracy of 120/0 in the 
I.l. 

magnetized iron toroids. 


O

2) V reconstruction- -we can identify VOl s in the bubble- chamber 

pictures, although we cannot of course distinguish K 0 fr~m . . s 

3) momenta of electrons--we measure Ee by calorimetry to good 

accuracy, although we cannot measure its sign. (Because of the short 

radiation length, the strongest realistic magnetic field could not measure 

sign in liquid argon for E ? 10 GeV. )e 
:I: . . 

4) e pairs' from y conversion are opened in a magnetic field-this is useful to 

eliminate v p - V pn
o 

events as a background for v e - v e. We cannot readily distinguish 
I.l. . I.l. such pairs from single electfons wilhout magnetic field. However, we ha1 

complete ~onversion and detection acceptance for photons. In such an event, we 

would see two pairs and a proton sharing a common vertex at the v inter
. I.l. 

action point--quite distinct from v e - v e. Also, the nO process is 
I.l. I.l. 

dominated by 6(1232) production, 11 and can be kinematically isolated from 

the process of interest. 

5) reconstruction of other secondary momenta--for the physical 

-processes addressed in this proposal. this is useful only to obtain PH of the 

hadronic vertex (hence x and y). -PH is here measured simply and 

accurately in the liquid argon calorimetry. 
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Thus we need not rely on magnetic analysis in the bubble chamber for 

any essential information in the study of 'neutrino interactions proposed here. 

, , . \ 

-. 

,Bubble Chamber Properties of Argon 

For unknown reasons. argon has never been used in a bubble chamber. 

In what follows. we attempt to estimate its operating conditions for optimum 

bubble formation. using its known thermodynamic properties. Table I sum

marizes for various bubble-chamber liquids the properties needed for cal

culation of bubble creation and growth. It includes established operating 

conditions of these liquids in large bubble chambers. 

We can estimate the operating temperature for argon using the data for 

the other nobles gases neon and xe~n (We exclude helium because of its 

unique thermodynamic properties). The operating point T in each case is 

roughly midway between the normal boiling point Tb and the critical point 

T •c . 

T - Tb 
a = T _ T = 0.5 for Ne. 0.7 for Xe. 

c b 

The operating point for Xe was probably chosen somewhat high by the design

ers of the few existing chambers because of av~i1ability of commercial 

refrigerators. The choice a'" 0.6 for argon thus seems proper~ implying 

--------------~--.--------~----------------------------... 
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The vapor pressure of argon at this temperature is P ... 12 bar. In this 
v 

respect argon presents a distinct advantage over propane and Freon and their 

mixtures. whose vapor pressures are 18-22 bar. 

The theory of Seitz12 assumes that bubbles are formed by heat spikes 

released in ion recombination at the end of energetic a-rays. In order to be 

useful for bubble formation, energy must be deposited inside a sphere of 

critical radius r. The fluid pressure must be reduced rapidly by an amount c 

AP, so that the critical bubble can grow independently in the now superheated 

fluid. AP and r are related by ,
c 


r =la/AP,
c 

where (J is the surface tension of the liquid at vapor p'ressure P. From a 
v 

recent study by Wolff, 13 the critical radii for H2 and D2 are 100 Aand 150 A. 

We estimate 120 < r < 150 A 
o 

for argon. The pressure drop is hence 7 < 
c 

AP < 9 bar. 

Detailed calculation of bubble formation energy and bubble density is 

perilous, since such calculations for common bubble chamber fluids agree 

only qualitatively with observed properties. We can however make a 

reliable estimate of macroscopic bubble growth: 

2(T - T ) 
r(t) = e *" 3k p c /11 ",ft,

Hpv P 

where all constants are defined in Table I.. and p is the vapor density at v 

equilibrium vapor temperature T corresponding to expanded pressure
e 

p = P -fiP The vapor pressure P and vapor density p are plotted in Fig. 4. 
e v • v v 
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3 . Choosing AP =8 bar, we find T = :10Z K, p =O.OZ g cm- . Inserting all 
e v 


values in the above expression for r(t) we obtain 


1 

r/.Jt = 0.34 cm s -a. 

This growth rate is comparable to rates obtained in large bubble chambers 


using Hz and DZ. The bubble grows to a radius O. 3mm in a time "C-8 ms. 


The static (or chamber) pressure must be always higher than the 


equilibrium vapor pressure at a chosen liquid temperature in order to 


recompress bubbles and prevent boiling between expansion cycles. In 


cryogenic bubble chambers l using HZ' D ' neon. and neon/Hz mixtures, an
Z 

overpressure of one bar is sufficient; we assume the same will be true for 

argon I i. e. I the chamber pressure will then be about 13 bar. We must 

obtain a total pressure drop of -9 bar. 

The expansion ratio required to produce this pre ssure change has two 

contributions. An adiabatic PV cycle requires AV/V =[3AP, where [3 is the 

isentropic compressibility. This corresponds to A V Iv =0.Z5% for AP =9 

bar. In a practical chamber, the parasitic boiling from the surfaces of the 

chamber and along the particle tracks creates a vapor load during operation. 

The vapor load increases the effective compressibility and can easily 

double the required expansion ratio. We estimate that an expansion ratio 

AVIV $ 1% allows comfortable operation for liquid argon. 

With the expansion membrane arranged along the cylindrical wall. the 

. pressure wave travels a distance of only'" Z.Z m to expand all of the chamber 

liquid. The total cycle should last about 100 -ZOO ms. This fairly long duration 

presents three advantages: 
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1.) long sensitive time ( 20 ms), to accomodate beam jitter or long spill, 

2) homogeneous sensitivity across the visible volume, 

3) minimization of vibrations in the chamber vessel. 

A long cycle duration does however increase parasitic boiling and dynamic 

heat load, which may adversely influence track position and reconstruction 

accuracy. An optimum cycle must be found in actual operation. 

In conclusion one can state that almost all thermodynamical and 

physical properties of argon, as given in Table I. are well within the range 

of values for liquids in use today. The heat conductivity of liquid argon is 

large enough to assure proper regulation of uniform temperature throughout 

the chamber liquid. It is clear. however, that experimental tests in a small 

bubble chamber are crucial to further specify operating characteristics. 

Operational tests of bubble- chamber operation with argon will clarify 

two other uncertainties. First. argon is a scintillator. It may turn out that 

i<;mizing high-energy particles, traversing the liquid, deposit only a small 

part of their energy in heat spikes, but most of it as light. The latter energy 

is then unavailable for the creation of a critical bubble. This kind of effect 

arises in xenon and is cured by adding a few per cent of ethane as a light-

quenching agent. Scintillation in argon is expected to be slightly more than 

in neon but less than in xenon. If scintillation is troublesome and must be 

quenched, there are several liquids which mix with liquid argon: CH4' H2, 

and C H6 . A successful additive would have to i) quench scintillation; 2) not2
. . 

affect bubble-chamber operation; and 3) not attach electrons during ionization 

calorimetry. Clearly, operational tests are required. 
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Secondlargon has a radioactive isotope with relatively long lifetime: 

39 39Ar , 265 yearsl f3 - 0.56 MeV. Ar is a cosmogenic radionuclidel made in 

39 38cosmic-ray collisions by K39 (nl p) Ar , Ar (nl y) Ar39 and spallation. 

Its abundance in atmospheric argon has been measured: 14 Ar39 / Ar40 

-16 2 
::: 7x 10 • In the bubble chamber, a camera would see -40 decays/m 

during the chamber sensitive time of 20 msec. The mean f3 energy corres

ponds to a range of "'0.5 mm. Thus each f3 should make one bubble. 15 This 

small background is comparable to the frequency of blemishes in the CCD 

arrays ("'10-4L and should be no problem. If it is troubles~mel we could 

use argon purified from well gas. It constitutes -0.10;'0 of typical well gas, 

and it is essentially free of Ar39. 

Pressure Vessel and Cryostat 

The bubble-chamber pressure vessel is 11 m long X 2.5 m diameter. 

Its construction is detailed in Fig. 5. The pressure vessel is made of 2.5 cm 

thick stainless-steel plates which are rolled and welded. Onto the outer wall 

is welded a pattern of stainless-steel tubes l each 15 cm long X 5 cm diameter 

x 1 mm wall thickness. These tubes are welded end-on to the pressure 

vessel, in a 30 cm grid. The outer end of each tube is capped by a G-10 

disc. A thin (1.5 mm) stainless- steel membrane is then stretched over the 

tube grid and seanl-welded to form a vacuum enclosure. When evacuated, 

the membrane is pressed against the tubes to form a stable catenary surface. 

A 1 cm stainless-steel tube runs parallel to each longitudinal row of 

support tubes, spaced 1 cm from the pressure vessel wall. The tube is 

wrapped once around each support tube and brazed to its surface. High-

pressure liquid nitrogen (LN2) flows through these tubes, providing a heat 
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barrier to control the pressure vessel temperature. By varying the boiling pressure 

Of the L~Z in the tubes, we can stabilize the bubble chamber at any desired 

operating temperature from 80 K (P =ZO psi) to 1ZZ K (P =400 psi).
v v 

Returning LN is heat-exchanged in a cold box with normal LN (77 K) to
Z Z 

complete the cooling circuit. The boil-off vapor from the cold box flows 

through a second set of tubes, wrapped around each support tube half-way 

along its length. The vapor thus precools the support tubes and intercepts 

approximately one-half the heat leakage before it reaches the pressurized 

LNZ loop on the bubble chamber wall. 

The heat load conducted through the support tubes to the LN heatz 
exchanger is Q - 1 kW per module. The heat radiated from the vacuum 

c 

membrane to the pressure vessel is Q = 4 kW. The radiative load can be 
r 

reduced by a factor of -10 by locating a multi-layer sandwich of super-

insulation foils over the entire surface between support tubes, 'alternate 

layers running longitudinally and azimuthally on the pressure vessel wall. 

The total heat load to the pressurized LN is then Q'S 1.5 k\V per module or
Z 

Q ' - 15 kW for the entire detector.
T 

In the he~t exchanger the heat is removed by boiling LNZ. The heat of 

vaporization of LNZ is H :::: ZOO J/g =160 KJ/liquid liter. The closed loop 

refrigeration system thus uses QT/H :::: 350 liters per hour.of LN ' A largez 
LNZ storage tank provides buffer capacity and open loop refrigeration in event 

of a power failure. 

It is essential in a large bubble chamber to avoid temperature variation 

within the liquid volume. This can occur if local cells are.allowed to sta

bilize by density stratification. The heat-exchange system described above 
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allows a particularly simple way of avoiding this problem. We can regulate 

the pressure in the cooling tubes to achieve a slight temperature gradient 

across the chamber: warmer (higher LN pressure) at the bottom than at the
Z 

top. This forces a natural convection in the chamber volume and prevents 

cell formation. 

The one-body Dewar design provides mechanical strength at low cost, 

modest heat load, and easy access for supports, expansion valves, and optics 

ports. One end is flanged to provide access for assembly and maintenance 

inside. 

Expansion System 

T~e expansion system is shown in Fig. 6. A stainless-steel base plate, 

iO m long x 1. m wide x Z.5 cm thick, is seam-welded .to the wall of the 

cylindrical vessel along its entire length. The expansion plate, 8 m long 

X 1. m wide X 7 cm thick, is suspended above the base plate with a ZO cm 

space between them. It is made of low-density aluminum honeycomb, with 

a thin metal skin laminated to each face. It is supported in the chamber by 

a series of cold gas expansion valves. 

The space between plates is sealed by a U -shaped membrane of thin 

stainless steel, bowed inward and seam-welded to each plate along its edge. 

Hydrostatic pressure forms the membrane 

to a half-circle cross section, with excess lengt\pressed flat to each plate 

wall. The membrane is loaded almost only in tension. To expand the 

chamber the expansion plate is 
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stroked toward the base plate,; the membrane deforms to a somewhat 

smaller radius, displaced inward between the plates. 

It remains to seal the U-membranes at each end of the expansion plate. 

At the end of the base plate, a vertical end block is mounted, 18 cm high, 

1 m wide, and 2.5 cm thick. The expansion plate tapers in thickness during 

the last 1 m at each end, and it is welded to- each end block as shown in 

Fig. 6. The U-membrane continues right up to each end block and is seam

welded to it across the full contour of theU. The displacement stroke grows 

in amplitude from 0 to full stroke during aim length inward from each end 

block. An expansion ratio A V / V = 1%require s a stroke of 5 cm. 

Two features of this design are highly advantageous for stable. long

life performance: 

i) the membrane is in a configuration of static and dynamic stability 

and minimum stress,; 

2) the seam welds between membrane and plates have no flexion at any 

p.oint in the expansion cycle. This latter feature is quite important for long 

membrane life. 

Optics 

The camera port design is shown in Fig. 7. It consists of a set of two 

hemispherical (fisheye) windows, a wide-angle lens having about 110
0 

total 

opening angle, and a visual charged-coupled-device (CCD) array in the focal 

plane. The space between the fisheye windows and between the small 

window and the lens are evacuated in order to maintain the lens, and image 

plane at ambient temperature. 
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The dimensions of the two windows of a fisheye set should be as small 

as possible for thermodynamic and financial reasons. Using as a guideline 

the small windows of the 1S-ft bubble chamber~ we envisage outer diameters 

of 25 and is' cm~ respectively_ Both windows will probably be made of quartz, 

cut from the same block. This allows rapid cooldown and warmup of the 

chamber, and provides maximum safety. 

The photographic lens has a small front element ($ 5 cm diameter) to 

provide adequate space for the illumination system, which is close to the 

optical axis. Barrel distortion of S 200/0 of the lens at the border of the image 

is acceptable from the point of view of reconstruction with each camera pair" 

and of connecting track images from pair to pair. 

The bubble chamber is viewed by two rows of five cameras" 

paired along the length of the chamber. Each pair provides 

90
0 

stereo views as shown in Fig. i. Figure 8 shows a cross section of the 

chamber and the projected limits of the field of view. One limit is the 60 cm 

minimum depth of focus; a second is the intersection of the 110
0 

acceptance 

cones for adjacent cameras. There is a 2.0 m diameter fiducial region in 

which acceptance is 990/0. 
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The focal length of the overall assembly--its two windows~ the lens~ 

and the refractive chamber liquid--is about 30 mm. We hope to use a 

commercially available lens, thus saving development costs. The depth of 

focus should reach from about 60 cm up to 250 cm distance from the lens 

(40% light intensity in the center of the image as compared to the image in 

the object focal plane). 1.2 An F-stop of 1.7-20 is appropriate. 

There are a total of 100 cameras in the complete detector. We could 

achieve 1 mm spatial resolution using inexpensive 35 mm film cameras. An 

appealing alternative is the use of visual charge-coupled-device (CCD) arrays 

to record the bubble images on video tape. The technology of large CCD 

arrays is today achieving commercial viability and has been used to advantage 

in reco~ding streamer-chamber tracks. 18 Fairchild now markets a 256 

X 256 element array. 19 and is developing a 388 x 480 element array. With 

the advent of new production techniques (such as using short-wavelength 

synchrotron light for mask registration~ 20) it is likely that element spacing 

will decrease and array size increase markedly in the coming two years. 

Growing demand and volume production can be expected to reduce cost. 

The arrays can be readily mounted side-by-side in a larger matrix 

to form a 2000 x 2000 array, corresponding to 1 mm spatial resolution. The 

space between the active areas of adjacent arrays is'" 5% and 1.00/0 in the two 

dimensions. This dead region might cause some inconvenience in track 

reconstruction; optical beam splitters could be used to piecewise displace 

the images and eliminate the gaps. 
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The properties of CCD image sensor arrays are well-suited to 

dark signal corresponds to "'0.6 nJ/cm The useful signal/noise ratio is 

bubble-chamber photography. The CCD stores a charge proportional to the 

. 2 
incident light energy (r:::: i). Saturation occurs at 0.2 ~J/cm j average peak 

2 
. 

thus S/N'" 100: 1. The sensitivity and element spacing are each about a factor 

2 larger than the typical values for bubble-chamber film used today. 

One other important aspect of the camera design is the image size. 

A CCD image sensing element has dimensions of 14 ~m X 18 ~m. Projecting 

such an element backward with the proposed optics into the object space 

results in 0.4 X 0.5 mm. This corresponds to the resolution when only one 

image sensing element is centrally illuminated by light rays from a bubble 

in dark-field illumination (or not being illuminated, in bright-field). Because 

each bubble will probably grow to about 0.6 mm diameter, its image may be 

seen by two neighboring cells. For this resolution, the quality requirements 

on lens and window design and manufacturing are moderate. 

For bubble-chamber illumination we choose bright-field illumination, 

as shown in Fig. 7. The chamber's interior would be wallpapered with 

Scotchlite reflector. 21 The light source has its virtual origin close to the 

entrance pupil of the lens. This is achieved using a light pipe parallel to 

the lens and projected via a prism into the liquid. This scheme for illumin

ation, suggested by BaHam, eliminates the small-radius ghost image 

22
observed by Freytag when using a ring flash tube around the optics port. 

The bubble shadow should provide an "'3: i modulation of ambient bright-field 

2illumination. We estimate an illumination of .... 0.1 ~ J/cm in the image 

plane, well matched to CCD sensitivity. 
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Dark-field illumination from'" 90
0 

would also be possible in liquid argon. 

The relatively large refractive index (1.19) produces a more gradual decrease of 

the geometrical scattering function (Fig. 9) than in the case of hydrogen or 

neon. The required flash-tube arrangement is complicated. however. and 

requires image baffles between tubes and camera; for this reason we prefer 

bright-field illumination. 

Visual Analysis 

Readout of the CCD cameras involves shifting the charge out in bucket

brigade fashion. at a rate of 250 kHz (see Fig. 10). This clock rate cor

23
responds to the input data rate for a typical analog video-tape recorder

using modest tape speed. The CCD output level (0-1 V) interfaces directly to 

the video-tape input buffer. The video tape reproduces stored analog infor

mation with a signal/noise ratio SIN == 100: 1, well-matched to the CCD 

performance. 

6
Each CCD camera (2000 X 2000 = 4 X 10 analog bits) is recorded on an 

individual video-tape channel. The 10 cameras on each module thus occupy 

10 channels on a 14-channel video tape. Two channels are used to record 

digit.ized charge information from the liquid argon calorimetry (see Section 

B). The total recording time for an event is 13 seconds (higher recording 

speeds can be accommodated if necessary, up to 2 MHz). Each tape will 

accommodate 2 hours of continuous recording. 

Electronic image recording provides great flexibility in its use on the 

bubble chamber. First, we can use ionization and drift- chamber information 

to decide whether an interesting event occurred in each module. If not, its 
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images need not be recorded. Second l the record format on video tape is a 

television scan raster with contrast. We can thus reproduce the image 

directly onto a television or high-resolution plotter with no computer inter

face. Selection of track information relevant for analysis can then be per

formed using a light pen l and the (much reduced) information transferred to 

an input buffer for computer analysis. Furthermore l the track information 

is already digitized by the readout format. A simple threshold requirement 

can be used to identify bubbles in the selected track region. The total 

measuring and computing requirements of this detector should thus be much 

more modest than those for film analysis l and should allow rapid analysis of 

events. 

B# Ionization Calorimetry 

The ionization calorimetry arrangement is shown in Figs. 1 and 11. 

The entire volume of liquid argon is used as a drift-ionization calorimeter I 

sampled each radiation length to resolve in detail the shower development. 

An Fe- Ar or U - Ar calorimeter similar to Willis I design24 is located behind 

the' chamber and provides total containment over the full length of the 

chamber. This arrangement permits us to 1) measure hadron energy 

electron energy E ; 2) identify single electrons for v e - v e; 3) measure 
e . ~ ~ 

energy flow in neutral current interactions; 4) e:h.'i:end muon identification to 

the lowest possible momenta to obtain flat acceptance in the scaling variables 

XI YI and maximum detection efficiency for multi-lepton ~vents. 

Electron Drift 

The mobility of electrons in pure liquid argon has been studied 

. 25 26
extenslvely. ' Figure 12 shows the field dependence of drift velocity. 
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The electron velocity is proportional to applied field (constant mobility ....0) 

5 
up to the velocity of sound (u = 0.85X1.0 cm/sec). For higher fields 

(E> 200 V/cm). the velocity increases more slowly with applied field and 

saturates at -1.0u. In the range 1.-50 kvl cm, 

5 1/3
v:::: 2.1x 10 E cm/sec, 

where E is in kVI cm. 

The low-field mobility gradually decreases with increasing temper

ature. Z6 At our operating point I-LO (1ZO K) - 0.6 I-LO (84 K). 

Z5Swan has studied the effect of impurities on drift velocity. A small 

concentration (0.Z4%) of hydrogen in solution increases the drift velocity by 

about a factor Z (see Fig. 1Z). This effect may prove useful in achieving 

uniform collection in the chamber volume. 

Drifting electrons are readily attached by an electronegative impurity. 

such as oxygen or to a lesser extent nitrogen. The attachment process has 

7been studied by several authors. Z Its cross section is a rapidly decreasing 

function of average electron energy. The corresponding attachment length 

).. is observed to increase linearly with applied field E: 
. Z 

)..p/E = 0.15 ppm cm IkV. 

where p is the concentration of 0Z' We thus require an oxygen concentration 

< 1. part per billion in order to provide efficient drift over 1 m distance. 

We would achieve this purity by mixing a small quantity of hydrogen 

with welding-grade argon gas and passing it through a catalytic mesh to 

induce ZHz + 0z - ZHZ° with high efficiency. The resulting water content is 

readily removed in the liquefication process, The liquid argon, once clean. 

\. . t _., .• ', f 



-21

should stay cleanfor long periods, since each chamber is sealed and surface gas 

diffusion ,is insignificant at cryogenic temperatures. 
Figure 13 shows the collection time and charge fraction as a function of radius. 

Charge Collection 

The scheme for ionization calorimetry is shown in Fig. 11. Ionization 

electrons from a neutrino interaction are collected on a thin tube, supported 

by insulators on the axis of the bubble chamber, and held at high voltage 

{+ 500 kV} with respect to the body of the chamber. This tube produces a radial 

electric field E(r) = 100 kV/r, where r is in cm. It is segmented longitudinally 

into lengths X = 17 cm. 

Each drifting electron induces an image current on the collection tube: 

i(r) = ev(r}/rln (R/r )'
O

where Rand rO are the radii of the chamber and collection tube, respectively. 

The total induced charge at collection is 

ln (r/r )
z 

q(r) = e in (R/ r 0) . 

The induced current distributes over a length z - r of the tube. But we wish 

to segment the ionization calorimetry in slices 6z - X :;:: 17 cm. Hey, presto, 

we reinvent the triode. We insert a grid on radius r g '" 2rO. The grid is 

held at neutral potential so that is is transparent to the drifting electrons. 

No charge is induced on the collection tube until an electron passes through 

the grid. The result is 1) localized charge collection; 2) constant charge 

response- -the total induced charge is now q ::: e. independent of where an 

electron starts. 

The collection tube is a hollow plastic cylinder, vented to the chamber. 

Its outer surface is copper-clad, with narrow circular bands etched to form 
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discrete conductor segments of length OZ = 17 cm. A signal lead connected 

to each segment connects through a hole in the tube to the FET receiver of a 

charge-sensitive amplifier mounted in the bore of the collection tube. 28 A 

JFET driver transmits the resulting voltage signal down a balanced trans

mission line to the end of the chamber. Each chamber contains a total of 

60 segments. All signals emerge through a ceramic feedthrough in the up

stream end dome. The final amplifiers and digitizing electronics are 

mounted outside on this feedthroughl in a large SF6-filled enclosure. They 

are powered by storage batteries to avoid isolation difficulties. 

Radeka 24 has calculated the optimum equivalent noise charge Q of a 
n 

charge- sensitive amplifier on an ionization calorimeter: 

The segment capacitance is Cd == 700 € oz/.R..n (rg/ro> = 240 pF.. The amplifier 

input capacitance is C - 30 pF. The resolving time is T'" 1 iJ.sec. The a 

rms spot noise for the amplifier FET is e ~ 1 nV/tJHz. Optimum noise n 
-4

charge is then Q ,., 5 x 10 pC.n 

The analog signal from each segment is clocked into a 256 - channel 

linear CCD array at a rate of,., 1. MHz. In this way we provide radial seg

mentation of'" 1. cm in the ionization measurement. The charge stored in 

each CCD element is then converted to digital format using a 10-bit ADC. 

A parallel data bus accesses all 60 ADC' s; clock~ address l and data 

lines connect via light links to receivers at ground potential. The digital 

data is stored temporarily in a RAM~ and pulse-encoded onto two channels of 

the video-tape recorder. 
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Calorimetry for Minimum-Ionizing Tracks 

The energy loss per ion-electron pair in liquid argon is 

W = 24 eVe The charge release per GeV of ionization is 

dQ/dE = e/W = 6.7 pC/GeV. The line density of ionization from 

a .. ... t k' then dQ/dz _- We dz =. 014 pC/cm.m1n1mum-10n1z1ng rac 1S dE 

In one sample length this yields 00 = X dQ/dz = 0.24 pC. 

The electronic noise Q = 5xlO-4 pC corresponds to a signal/noisen 

ratio.... SIN = 500 for a minimum ionizing track. 

The r.m.s. fluctuation of the number Ne of electron-ion 

pairs produced by ionization is NF = IF Ne ' where F is the 

Fano factor 29 For liquid argon, F = 0.10 30 and the charge 

fluctuation on a minimum ionizing track segment is 

Fluctuations are thus less than 

electronic noise for less than 8 minimum ionizing tracks per 

segment. 

Electromagnetic Cascades 

In an electromagnetic cascade, nearly all energy is con

verted into ionization, and nearly all cascade tracks are minimum 

. .. (+e e -) F' 31 h t he d e d 110n1z1ng , . 19ure 14 sows casca eve opment 

in liquid argon for various electron energies. We have calculated 

cascade development using the Monte-Carlo program AEGIS 32 to 

study both longitudinal and lateral cascade development. Essentially 

complete (>99%) containment is obtained in a length -20 X, 

radius -X from interaction vertex.' Angular measurement °0-1.5 mrad 
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should be possible using the statistical shower development up 

to its peak population. 

For electron calorimetry, the resolution on ionization is 

determined by noise and Fano fluctuations. Assuming complete 

containment in 20 X, we have 

o = E 
, 

0E varies from .3 MeV to .6 MeV for electron energies from 1 GeV 

to 100 GeV. 

Hadron Showers 

We have calculated shower development for hadrons of various 

33energies, using the Monte-Carlo program CASIM • The hadron 

shower process is more complex, with energy being distributed to 
101) charged secondaries (-40 %)~ 2) TI s, hence electromagnetic 

cascade (-40 %); 3) TI, K rest mass, released in part as ionizing 

particles (~, e) in their decay (-5 %)~ 4) nuclear excitation (_15%). 

Energy resolution of hadron calorimetry is mainly determined 

by' containment (absorption length A = 90 cm) and fluctuations in 

the way the incident energy is distributed among the above 

mechanisms. Figure 15 shows the fraction of total energy 

contained and detected as ionization, as a function of length 

and radius from beam center. Here we have assumed the initial 

hadron is produced by an interaction occuring with equal probability 

anywhere in a 0.4 m radius neutrino beam. This corresponds 

approximately to the K-decay neutrino distribution in the new 

dichromatic beam 4. We achieve near total containment in the 
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1.25 m radius of the liquid argon chamber. A total absorption 

Fe-Ar or U-Ar calorimeter is located immediately following the 

chamber vessel to provide full longitudinal containment for any 

hadron originating in the chamber volume. 

We have simulated showers for hadron energies from 10 GeV 

to 200 GeV. The detected ionization is proportional to the 

initial hadron energy (fig.16). The containment is essentially 

complete for hadrons having angles eH < 100 
• For larger angles, 

some energy escapes radially for interactions in the upstream 

part of the chamber, as shown in Fig.17. By restri~ting fiducial 

volume' to the downstream 7 m, we can extend calorimetry up to 

angles e ~20
o •

H 

The fraction (-15 %) of hadron energy deposited in nuclear 

excitation, ultimately produces low-energy protons, neutrons 

and nuclear fragments. The tracks of these particles have large 

specific ionization. Column recombination 31 limits the fraction n 

of' ionization which can be separated from the ionization column. 

Fig.12 shows na as a function of drift field E. Fluctuations 

in the fraction of energy going to nuclear excitation will 

probably limit hadron energy resolution to GE/E - 5 - 10 %. 

The intrinsic accuracy of angle measurement eH is 

0e- O/A = 1.1 mrad. The multiple scattering error is 

0ms= .015 lA/X ~ 20 mrad/p. The actual measurement error 
13·p 

is the larger of the two for any given momentum p. 
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Compatibility of Calorimetry and Bubble Chamber Operation 

The combination of ionization calorimetry and bubble chamber 

operation is a unique feature of this detector. It is important 

to examine the compatibility of the two techniques. 

1) Electron drift does not affect the bubble formation process. 

Bubbles form around heat spikes from high energy o-rays, as dis

cussed earlier. An energy of -1000 eV is deposited in a cell 

of critical radius rc ~ 150 R. This corresponds to -40 electron-ion 

pairs, with local space charge field E = 4 E q 2' - 4 MV/cm. 
o 1T Eore 

at the critical radius. The applied field thus should not hinder 

the local recombination process that releases heat for bubble 

formation. 

2) Bubble formation does not hinder electron drift for calorimetry. 

Ionization electrons not originating in a heat spike begin iromedi~ 

ately to drift toward the chamber axis with a velocity 

v. - SX10S cm/sec. Meanwhile bubbles grow to a radius 0.3 rom 

in a time T -8 msec. The drifting electrons have by then been 

co~lected and recorded for calorimetry. 

3) The bubble chamber expansion cycle may affect ionization 

grid/collector system in two ways. First, any motion of grid 

with respect to collector causes a variation in capacitance 

and hence induced charge (microphonics). Second, the volume 

expansion produces a -0.25 % change in density and a corresponding 

change in dielectric constant. Each of these effects may be 

understood as a change in capacitance Cd = 240 pF between 

collector and grid: 

oC rpF] = 350 or [cm) + 60 op/p
9 
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Assuming org ... 5jAm, op/p -0.25 %, we obtain oC = 0.3 pF. This 

induces a charge Q = Vg oC = 26000 pC between grid and collector.1 

The charge is divided between them according to their supply 

impedance. The charge-sensitive amplifier has an effective 

5impedance Rc - 10 n. The grid is a low-impedance voltage source, 

R - 0.1 n. The charge induced on the collector is then 
g 

Q - QIRg/Rc = .026 pC. This corresponds to about 10 % of a c 

minimum-ionizing pulse height. The bulk of this charge is 

delivered during the expansion and compression strokes; only 

a small fraction of it should appear during the ionization drift 

time. 

The microphonics problem requires careful quantitative 

study in the prototype development. Displacement effects could 

be minimized by located expansion plates symmetrically on opposite 

walls of the chamber. The collector and grid must both be 

designed to have no vibration modes in the .1 - 10 kHz region; 

this could be accomplished on the collector by locating damping 

material inside, and on the grid by making it of wire mesh rather 

than free-supported wires. 

Cosmic Ray Background 

-2 -2 -1 -1The cosmic ray flux at sea-level is rc - 10 cm s ster . 

The total rate in each module is R ... r 4LR = 5xI03 s-l. c c 

During the gate time (300 ~s) for ionization calorimetry, 

... 2 cosmic rays traverse each module. During the bubble chamber 
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sensitive time (~20 mseC ), -100 traversals occur. There should 

be little difficulty in either case. 

Muon Identification 

The liquid argon bubble chamber provides excellent dis

crimination between prompt muons and.muons originating in 

n-v decay. 

Muon candidates are selected on the basis of 

1} penetration through one or both steel toroids .following the 

module containing a neutrino interaction; or 

2} a minimuln-ionizing track which is observed in the bubble 

chamber to not interact over a distance of several absorption 

lengths. 

The 	probability that a pion not interact in a length z 

Z A 2is P = e- / . The probability that a pion of energy ym cn n 

decays to a muon within a length z is P 11 - Z/YCT . Fig.1S 
n-~ n 

shows Pn(z), Pnv(z,E }. The n-v decay background is thus v
P = A/YCT = 1.S %/E11CGevJ. The elimination of n-v decays

V. ~ 

~fter pion interactions allows a substantially lower n-v contami

nation then in existing experiments using segmented calorimetry 

or external muon identification. 
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v O Identification 

We can identify the decays KO ~ n+n- and A ~ pn in the s 
bubble chamber image of an event. The Jacobean peak (8 = 900 

)cm 
in each case corresponds to an opening angle (in radians) 

8 ~ 0.9/E ' where EolGevl is the energy of the parent hadron.
0 o 

VOWe could identify a if its opening angle is sufficient to 

resolve the two tracks within ~ one radiation length of the 

maxdecay vertex: 8. ~ 2 mm/x = .012 rad, or E = e . /8 -75 GeV.m1n 0 m1n 0 

We can improve vO identification in two ways. First,we 

can require the VO to vertizice to the neutrino interaction point. 

Second, we can require rough agreement between 8 and Eo in
0 

those cases where calorimetry of the VO is distinct from the 

other interaction products. The laboratory opening angle 

decreases a factor of 2 only for e ~ 150 (3 % of decays). The cm 
requirement .45 < BE < .9 GeV thus suppresses backgrounds

o 

without rejecting real decays. 
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C. Magnetized Iron Spectrometer 

A toroidal magnetized iron spectrometer follows each 

liquid argon bubble chamber, as shown in Fig.l. It consists 

of two toroids, each I m thick x 7 m diameter, magnetized to 

partial saturation (B - 2 Tesla). A muon track is measured 

in the bubble chamber before and after the toroids, and in drift 

chambers located behind each toroid. 

The deflection of a muon by the toroidal magnetic field is 

= 0.3 Bl/p = 1.2/p [GeV]aB 

The principal error in measuring aB comes from multiple 

scattering in iron:aI 


aI ,= .0!5 I ~/XI = 0.16/p [GeV] 


The momentum resolution is 

The drift chambers in the gaps between toroids allow 

momentum measurement of soft muons, and aid pattern recognition 

in multi-muon events. 
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Neutrino Beam 

We anticipate using ARG~NAUT to study neutrino processes 

in several neutrino beams: 

1) N-30 dichromatic beam 4 - the event spectrum is shown in 

Fig.19 for charged- and neutral-CUrrent processes in v and 
J.I 

vJ.l beams. Here we assume 500 GeV incident protons, and a 

350 GeV/c tune. Fig.20 shows the energy-radius correlation 

produced by the decay kinematics in the momentum-selected 

meSon beam. 

2) ve beam 34 - the event spectrum is shown in .Fig.2l for ve 

-and v 
e 

interactions. Both are present in equal number in the 

'beam, osince the ve source is KL decay. v J.I -and v J.I backgrounds 

contribute about 10 % of the events. 


3) Dichromatic beam for Energy Doubler/Saver - Mori has calcu

lated a neutrino spectrum for 1000 GeV incident protons, 


assuming a (hypothetical) 700 GeV tune of the N-30 dichromatic 


beam 4 Fig.22 shows the corresponding event spectrum. Note 


that useful event rate extends beyond 700 GeV. 


Physics Objectives 

We envision using ARGONAUT to study a broad range of 

neutrino processes: 1) multi-lepton final states; 2) vJ.le + vJ.le; 

3) semi-leptonic scaling variable distributions: 4) search 

for new phenomena in neutrino interactions using 1000 GeV protons 

from the Energy Doubler/Saver. Table III presents event rates 



-32

for the various processes 1-3. Of particular interest is the 

- + expected rate of 1 event/day for V~N + ~ ~ ~ X, and 3 events/day 

for v~e + v~e. A proper study of these rare processes requires 

the enormous mass (360 tons fiducial) of the ARGONAUT. 

The total event rate is _2.S/l0l3p. Since each module 

functions largely independently, we can analyze several events 

per beam pulse on the average with no dead time losses. 

Comments are presented below on the capabilities of 

ARGONAUT for studying each of the main physics objectives: 

1) Multi-Lepton Final States - ARGONAUT provides excellent 

muon identification for muons down to energies of a few GeV. 

It should have near total acceptance for final state muons, 

and allow momentum measurement to ±l3 %. Electron calorimetry 

is excellent, and angle measurement should have an accuracy 

-1.5 mrad. We should thus be able to reconstruct the visible 

leptonic final state, and investigate the origin of the observed 

multi-lepton events. Associated VO decays can be identified, 

and used to signal flavor cascade as an origin for some of 

these events. 

Many mechanisms have been proposed to explain the origin 

of trimuon production in neutrino interactions. The mechanisms 

can be distinguished to some extent in their predictions of 

various kinematic distributions among the lepton momenta, as 

calculated by Albright9 • Related processes should occur for 

some mechanisms: opposite sign trim~ons (V~N+~-~+~+X), tetramuons, 

. . - - +
mult~-leptons in ~~ ~nteractions, ~ e e , etc. ARGONAUT has the 

combination of target mass and measurement capability to refine 

and extend the study of these processes. 
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2) V e~V e - Neutrino-electron scattering provides an opportu
~ ~ . 

nity to study in pure form the st~ucture of the weak neutral 
. 35 

current. Sehgal has shown that the elastic cross-sections 

must obey several general constraints: 

cr(~ e) < 3a(v e) a(V e) < 3cr(v e) , ~ ~ . e e 

ARGONAUT provides excellent electron calorimetry and angular 

measurement for studying these processes. The bubble chamber _ 

image allows strong rejection of beckground processes such as 

v N~ v'N TIo, v n-~ p e by observation of the recoil nucleon. 
e 

36Additional kinematic separation, as discussed by Walker , 

should further reduce background to a small fraction of expected 

signal rate. 
~ ~ 

3) Scaling Variable Distributions- ARGONAUT measures EH~eH' p~(Pe)' 

We know Ev approxima~ely from the energy/radius correlation in 

the dichromatic beam. These quantities allow us to calculate 

q2=4EvE~ sin2e~/2, x= q2/2mpEH' y= EH/Ev. Asymptotic freedom 

requires a sizable gluon contribution to neutrino scattering for 

7Ev> 100 GeV. The size of this contribution and its q2 dependence 

are of strong interest in QeD. The q2 and x distributions are 

sensitive to the abundance of sea quarks, and to their masses; 

in this respect we obtain a picture of the well-dressed hadron. 

They distribution is sensitive {through En} to the produc

tion of new heavy flavors (high y anomaly6), and to admixtures 

of left- and right-handed currents which would cross the pure 

forms da/dy = 1 for v, <1_y2) for v. 

---------------'------------_.... - ........ 
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Figure 23 shows the kinematic correlations amongst 

x,y,E~,e~,EH,eH for 250 GeV neutrino interactions. ARGONAUT 

provides two important features which allow thorough study of 

scaling variable distributions. First, it has large, flat 

acceptance for the range .1 < x .<.9, .·.05 < Y <.95. Second, the 

resolution on x and y is everywhere good, -15%. 

Experimental Program 

We envisage a three-step program to buila ARGONAUT: 

1) Prototype Tests - Design development and prototype tests are 

necessary for five aspects of the detector: a) operating charac

teristics of liquid argon in a bubble: chamber; b) cryostat design; 

c) expansion system; d) CCD camera and imaging system; 

e) long-drift ionization calorimetry. In each case we would 

require substantial Laboratory support. Specific plans will be 

developed with the Neutrino and Physics Departments. Some aspects 

of these developments could be carried out by university-based 

collaborators. 

2) Construct One Module - We propose to construct one complete 

module, as an experiment. The module could be installed in one 

of the existing buildings in the neutrino area, and used for 

experiments with the new dichromatic beam. In this way we 

would gain operating experience with the detector, and refine 

its design for the full ARGONAUT. 
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A cost estimate is presented in Table IV for the single 

module. It includes all components of the liquid argon bubble 

chameer/calorimeter, but not the toroids or building. 

3) ARGONAUT - The full ARGONAUT detector would be built as a 

facility. It could serve many experimenters, just as does the 

IS' bubble chamber. The full detector would be the primary 

focus of the neutrino program with the Energy Doubler/Saver, ex

ploring neutrino interactions up to E -700 GeV.v
A cost estimate for the full detector is p~esented in Table 

IV. It includes toroid spectrometers and the buildings for the 

detector and for the support equipment. 

During recent monthswe have analyzed the conceptual design 

of ARGONAUT in the detail presented in this proposal. We are 

now beginning to solicit a strong collaboration, in which to 

perform the prototype tests and build the first module. There 

is a possible interest in some aspects of the prototype develop

ment at other laboratories (SLAC, CERN). We will inform the 

Laboratory as the collaboration .develops. 
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Conclusion 

ARGONAUT provides a unique combination of informatiDn 

about neutrino interactions. The bubble chamber image is 

valuable for isolating rare processe$ from backgroubds, and 

for identifying muons and strange particle decays. The calori

met~y allows accurate measurement of EH, Ee. The independent 

modular structure accomodates several interactions per beam 

pulse. 

The detector design embodies several technological inno

vations: liquid argon as a bubble chamber fluid; electronic 

recording of bubble images on videotape; ionization drift 

over one meter distance; a new approach to expansion bellows 

and cryostat design. 

We believe that the detector described here improves in 

many respects the informatiDn available from existing and 

planned detectors. With it we can advance into the frontiers 

of neutrino physics - the detailed study of rare leptonic 

processes, and the exploration of the new energy realm of the 

Energy Doubler/Saver. 
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Table I. 

Triple point 

Normal boiling point 

Critical point 

Bubble chamber operation: 

Temp., pressure 

Liquid density 

Pressure drop 
(vapor to operation) 

Expansion ratio 

.Isentropic 
compressibility 

Sound velocity 

Expansion cycle time 

Heat of vaporization 

Thermal conductivity 

'Specific heat 

Surface tension 

Viscosity 

Index of refraction 

Dielectric constant 

Radius of critical 
bubble 

Absorption length 

Radiation length 

T{K],p{bar] 

T[K] 

T[K],p[bar] 

T[K],p[bar] 

p Ig/em3 ] 

8p[bar] 

8V/V[%] 

S [m/s] 

T lms] 

H [JIg] 

k [mW/K mJ 

C [J/g·K]p 

0 [mN/m] 

n ImP] 

n 

r [&] 

A [cm] 

X [em] 

4.2 

5.2 2.3 

3.2 0.4 

'0.14 
(0.12) 

0.28 

0.75 

215 . 
(180 ) 

23.6 
(20.9) 

22.4 
(27.1) 

2.7 
(4.5) 

0.19 
(0.10) 

0.037 
(0.036) 

1.025 

( ) 


1.05 

83 

( - ) 

1027 

(1200) 


14.0 0.07 

20.4 

33.2 13.0 

26 4.0 

0.06 
(0.07) 

2.5 

0.7 

1.97 

.923 
(1040) 

.... 90 

390 
(440) 

132 
(119) 

13.2 
(9.8) 
. 1.0 
(2.9 ) 

0.09 
(0.13) 

1.10 
(- ) 

1.20 

100 

887 
(760) 

... 1000 
(860) 

18.7 0.1 

23.6 

38.4 16.7 

30 4.5 

0.14 
(0.17) 

2_8 

0.6 

1.06 

778 
(- ) 

.... 90 

260 
(304) 

147 
(134) 

9.2 
(6.2) 

1.9 
(3. 2) 

0.18 
(0.29) 

1.10 
(- ) 

150 

403 
(332) 


... 900 

(740) 

Note: values in brackets are for normal boiling point. 



. -20 

lONe 


24.5 0.4 

27.1 

44.4 26.5 

36 7.8 

. 1.02 
(1.21) 

~ 5 


0.5 

0.6 

.. 400 

( - ) 


~ 150 


67 

(86) 

95 

(114) 

2.4 
(1.9) 

> 1.5 extra 
(4.8) 

0.6 
(1.25) 

1.10 

( - ) 


1.16 

89 

(75) 

27 

(24) 

Ar 40 

18 


83.8. 0.7 

87.3 

150.8 48.9 

-120 -12 

- 1.16 
(1.39) 

... 9 


...1.0 

0.27 

584 

(875) 

100 - 200 

(163) 


81 

(121) 

( ...1.0) 

4.97 
(12.5) 

1.16 
(2.57) 

(1.23) 

·1.41 

97 

( 81) 

17 

(14.3) 

X 131 

54 e 

161.4 0.8 

165.0 

289.7 58.4 

252 26 


2.3 
(3.04) 

... 2.5 est. 

(650) 

(96 ) 

( 73) 

( ... 0.3) 

3.96 
(18.46) 

(5.07) 

1.18 

( - ) 


( -) 

3.9 
(3.0) 

. C H 44 

3 8 


85.9 

231.1 

370.0 44.0 

333 22 


0.43 
(0.58) 

... 12 


- 3 

1.03 

470 

(970) 

200 


255 

(426) 

100 

(119) 

3.1 
(2.2) 

3.08 
(15.5) 

0.65 
(2.00) 

1.25 
( - ) 

70 


176 

(130) 

110 

(82) 

CF3Br148 

105.2 

215.4 

340.2 39.6 

303 18 


1.50 
(8.71) 


... 10 


- ~ 

(  ) 


... 200 


(119) 

(59) 

0.91 
( ) 

(4) 

(2.12) 

1.24 

( - ) 


63 


73 

(13) 


11 

(2) 
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II 
Table II. Electron Drift Properties in Liquid Argon 

= 


density 

radiation length 

absorption length 

ionization loss 

critical energy 

Fano factor 

electron-ion energy 

electron mobility 

electron diffusion 

02 - electron attachment 
coefficient 

p' 

X 

A 

dE/dx 

E o 

w 

110 

D 

).;p IE 

1.16 

17. 

97. 

1.75 

30. 

0.11 

24. 

475. 

28. 

0.14 

: tt d 

cm 

cm 

MeV/cm 

MeV 

eV 

2 -1 -1 cm s V 

I1m/mmi ' 

cm2. ppm/KV 



Table III 

Event Rates 

Events/(Day Module) 

Beam Event Type E < 150 GeV E>150 GeV Total 

N-30 (v) v charged current 400 320 720
ll 

" v neutral current 140 110 250
ll 

It v wide-band background 1.8 .04 1.B 

-
11 

" v background .05 .0 
ll 

970 

-N-30 (v) v charged current 43 7.4 50 

- 11 
.. v neutral current 16 2.8 19 

11 
II v wide-band background 0.2 .001 0.2

11 

" v' background 0.2 0.2 
11 

70 

v Beam v charged current 22e e 
v neutral current 6.4e 
-
ve charged current 10 

- neutral current 4ve 
-"ll,v neutral current background 3.::

ll 
46 

E <350 E>350 

N-30 (v) 

ED/S "11 charged current 102 134 236 
neutral current 29 39 68"11 :mr 

N-30 (v) v charged current 7.4 2.6 10
11 

ED/S "lJ neutral current 3.0 1.0 4 
14 



Rare Processes 

Beam Event Type Events/(Oay Module) 

N-30 'V N .. - +11 11 X 7.
l1
- + 'V N -+ 11 11 11 X .07
l1

'V e .. 'V e .3

11 l1

------------~--------------



Table IV. COST ESTIMATES 

(in 1000 $) 

Pressure vessel 

Stainless steel (20 to/module) 

Port structures 

Fill with liquid argon (60 to/module) 


Refrigeration 

Coldbox 

Liquid nitrogen compressor 

Argon purifier 

Storage dewar for argon 

'Valves, cryo-loop, transfer lines 
Vacuum pump 
Vacuum piping 

Expansion system 

Cold gas expansion valve 

Expansion membrane 


Optics 

Fisheye windows 
Wide-angle lens 
Film camera 
CCD's (1 camera only for 1st module) 
Video tape 
Scotchlite 
Flash & power supply 

Electronics 

Timing and synchronization 
500 kV power supply for calorimter 
CCD channels, digitizers 
Drift chambers 

Consultants 

Toroids 

Buildings 

Total 

1 Module 

60 
10 
12 

40 
60 
10 
30 
10 
12 
20 

100 
10 

250 
40 
10 
40 
70 

5 
12 

5 
100 

40 
40 

30 

996 === 

10 Modules 

600 
100 
120 

200 
300 

20 
90 

100 
120 
200 

1000 
100 

1250 
250 

(100) 
1000 

700 
50 

120 

50 
500 
400 
400' 

3000 

2000 

12670 ===== 



List of Figures 

1. 	 Cross .....section of one.. detector ~odule. 

2. 	 Artist I s conception of complete detector. 

3. 	 Ratio A/ X of hadron absorption length to electron radiation length vs. 


intrinsic angular resolution, for various materials. 


• = electron angular resolution, 


0= hadron angular resolution. 


4. 	 Vapor pressure (curve a) and vapor density (curve b) vs. temperature for 


liquid argon. 


5. 	 Detail of pressure vessel/cryostat construction. 

6. Expansion system. 


7.. Optics and flash tube arrangement. 


8. 	 Chamber cross section showing limits for depth of field and intersection 

of angular acceptance for adjacent cameras. 

. 9. Geometrical scattering function for liquid argon. 

10. 	 Video tape recording system for bubble-chamber images. 

11. 	 Ionization calorimetry arrangement. 

12. 	 Electron drift velocity (v) and column recombination (11 ) as a function of 
a 

applied field. 

13. 	 Collected charge fraction and collection time as a function of radius. An 

oxygen concentration of 1 ppb is assumed. . 
l.. 

14. 	Electron shower distribution in liquid argon. 

15. 	 Average hadron shower distribution in liquid argon: a) 10 GeV. b) 100 GeV. 

Containment contours are shown as fraction of total hadron energy in 

collected ionization. 



f 6, Hadron energy response. Monte Carlo calculations at four energies 

indicated show linear response (::i:30/0). 

f 7 . a} Hadron shower containment vs. angle 9 H' 

b} Fiducial length for complete shower containment vs, angle 9 H' 

18. 	Background "'-JJ. decay probability in liquid argon 

19. 	Event spectrum using the N-30 beam, 500-GeV incident protons and a 

30o-GeV tune: a} neutrino interactions; b) antineutrino interactions. 

20. 	Energy-radius correlation for neutrinos in the N -30 beam (500-GeV 

protons). 

21. 	 Event spectra for v beam: a) v interactions; b) ;:;- interactions. 
e e 	 e 

22. 	 Event spectra ,for neutrinos and antineutrinos using the N -30 beam, 

fOOO-GeV incident protons and a hypothetical 700-GeV tune. 

23. 	 Kinematic correlations for 250 GeV neutrino scattering: 

a} (EJJ.. 9 JJ., x, y); b) (E
H

, 9 lI' x. y). 

24. 	 Bubble chamber events in BEBC with zero magnetic field. 

The chamber is filled with a Ne-H mixture: X=4lcm, A=l40 cm.
2 



., · 

1 I I I I f I I f I I 

·1, I I I I I I I I I I I I 
( : I I I I I I I I I I I 





-

.. :'~;~"~'~~:;i:~:~~ 

, ~. 
. 

....~
........


. "~ 
~-

~. 

.,' 
...~\;--.,~::.~ 

''"~, , "\t:.:.. " 
".. 1~~:.... 

, :
~
 

{,

;\' 

" 
.. 
~
,
~
 

t'-
""',l' 

~' 



o 

I.

t 
. 

- "'C
 

C.... E
 

'.'. 
'Q

)


. ... ::.... 



10 .1 

t 
t 
8 .08,;;, 


....-- 'E 
'- 0 

..8 6 .06 E
......., 

Ol......., 


a..> 
4 0::
.04 

D2 

o~--~--~--~----~--_o
90 100 

T(O K) ..... 



THIN \VALL' 
THIN WALL VACUUM .SUPPORT TUBES 

IMEMBRANE I 

\ 
) 
( . 

\ 

~~ 
~ 

'\~ ~ 
LNz VAPOR MUL TJ - LA YER 

PRE-COOLER SUPER .INSULATION 
PRESSURIZED 
LN2. HEAT BARRI ER 

.. 

. F,-, u<"e. $ 
I 





" !lI t i 

~~p~ 

r~} 
~ 

Optic v~cuum#1 

Semitr~nsparent 

( wall 

Fisheye fJindow #2 
Fisheyewindow #1 

Liquid Argon 

Main tank 
vacuum 

~\ 
'" 'Inner 

To 
nllil'l'l'l1
t'':''; •• J~ 

#2 

I t 

• To 

Optic Vacuum #2 

mirror 

Light 
source 

Light
guide 

\I~~~~ 
~ 

Camera 

13 
pU~lP 

#1 

tt--l-

Vessel 
outer 

< I 

chamber 
Viall 

~~--
t:j u~e 1

.. ----.- -
~-------~-~--,.-- ..~<-~---- ... -._---_. 



INTERSECT OF I/O· ACCEPTANCE 
/CONES IN CAMERA MIDPLANE 

"",/ "/ ,
/ , 

,/ " 
/ '\ ,

,// DEPTH OF \ 
FI ELO LIMIT

'\ 
'\ 

'\ 
'\ 

"
I10

0 ANGl1~B""" 
ACCEPTANCe. '\ 

l:'"fI: ..



, . 


1.0 
........ 

lj 

........... -2 


(!) 10 

o 




BUBBLE a-iAMBER 

".> 12 

:3 

') 14 

5 VIDEO 
;> 16 TAPE 

7 

I ;> 18 

9LIGHT ~ S 
LINKS ~ ~~ 

::> 110ANALOG CCO AOC 
OUTPUTS CLOQ( ADDRESSI ........,.,...,.:...-,..____----......... 

CLOCK 
LINES t-------------tlll 

GO-CHANNEL IO-CAMERA 
CALORIMETER DIGITIZER VIDEO RECORDING 

f"1' j 1.7~ f0 




.... 

I I 

I 
en 

I 
~ 

I II I I I I I 
I 
I 
I 
I 
I 
0 


,I 
~
 

~ 

I 

I 
I 
I 
I 


I 


a: 
I 


~ 
I


0
: 

I

o~1 



1

-«
 I 


.t!: 
I 
I 
I 


I I 
I 
I 
I 


I I 


! I 


I 
I 

: I 


~ 
I 


~
y
/
.
 






...-DU 
-

-
• 

q
~
 

'N
-

~ ~ Q
"'"") 

~
 

W


(\J
~; 
. 

\\,~ 
'

...
+

 
:::J

« 
0


Vo ....-. 

E
 

-
~
 

......... 

w

 

rt)O
 

(.) 

(
~
a
s
/
w
~
)
 

1\ 




----

400~--~--~--~----~------~-

~ 300 0(/) 

-'::I... ~ 
~ 1.0 ~ 

w 
w C>

a::~ 
i= 200 .8 « 

::I: 

z U 

0 C w~ .6 ..... 

w u 
.....J W
.....J. .....J 

8 100 Ad 

u 

.2 

0 
1.0 1.2 .. 



· " 

1000 

z 
o-
~ 

100 

-I 
::>
0.,a: 
0::: w 
3: 
o 
::c 
(J) 

ELECTRON SHOWER 
DEVELOPMENT 



• 
• 

~
 



\."-! ':t 

C""\ 
""
l..L 

0 CO 

V
 

zt
-
O

Z
-
.
I
-
-
-
-
"
"
 

-
0

 C\J I
tt.... . 

_
_

_
-
~
-
~
~
 

I
~fE::;·TI---....",.. 

1
0

 

:t: 
I(!) 
Z

 
W

 
.....J 

(W
) _snla'V~-



.2 

.....
E 1.5 ~ONIZATION 
- FRACTION 
(f) .I 
::> -- -o 
<1: l
e::: 

.5 

o 

100 GeV HADRON 
.4m BEAM RADIUS 

.2 

2 8 10 

R1~ 1$""1 




," ." . 


,.....t 

>
Q) 
(!)........ 


z 

0-
t:r 

N-

-
Z 
0 

Cl w 
G 
w 
I
W 
Cl 

150 .4 m BEAM RADIUS 
L2m DETECTOR RADIUS 
10m DETECTOR LENGTH 

100 

50 

100 200 
HADRON ENERGY (GeV)--+



.. 
...

',,"
 

(W
) 
H
.
l
~
N
3
1
 

I'llJna
1.:1 


o-

:a-

q


~
 

~
 

(!) 
(!) 

0 
0 0 

C\J 

o 
o 

o 
o 

to
 

to
 

rr> 


NOI.l~'i1CJ.:I 
N

O
I.l'i1Z

1N
O

I 

.t+
 

.,.:. 

\\l ..,
0 

"" 
([ ~
 

0 v 01r<> 
(J)
Q

) 

~
 

C
J') 

Q
) 

@
~
 

Q
J%

 

0 



PwfL=Z/YCT7T 

~ 

PROBABILITY 

.08~--~--~--~--~--~--~ 

MUON DECAY 

.06 

t 
>
-I
-1-
CD .04 
CiS os: 

.02 


.01 


o 62 4 
PATH LENGTH z(m)-



-o
• 

. ~ 

)0""':>

.. 
-

LL 

·E
 

c (J) 

m
 

~ 
'2

 

-
Q

) 	
OtO!""""tr.

-::J 	
/
' 

0
>

 
.;

"0
 	

C\J 
Q

) 
0 	

.;-
.;

/
' 

	
~

:E 
.;

/
' 

~
>a; 	

/ 

/
' 

W
<.!) 

/ 

/


>
. 

I
0 

0
C

 	
I 

........ 	
0


"-	
I I 

(/)
.....c: 	

I 
.. 

0
,) 	

•• •• 
.

o
·

Lij 	
I 

0

I 	
. 

I .
~
~
 

	

• • • • • • • • 

J 

-	
0

-
• 

0 -• 	
0 
0 • 

91DtJ 
IU9JJn:> 

paOJ D4:> 



--

-Q
 

(j"
o 


• 

• 
• 

/' 
/

/
I 

I 

/'
'
/
 

/ 

~
-
-
-
-
-
-
-__ 

~
-
-
~
-
-

~
-
-
-
-
~
-
-
-
-
-
-__ 

__ 

-
o 

o 
\\J 

? " (T
""\

E
 

2 
0 

~
-

W-
m

 
0 

2 
rt') 

I 
Z

 

/'
/' 

o o 

~
-
-
-
-
~
~
o
 

-
: 

0 
0 

· 
0 •

atoCi 
tuaJJ n

~
 
pa6J04~ 



" 

LL 


.' ..... 
0

'

E
 

" 

c Q
) 

"
':-<

..-
:.. 

...• 
,•. 

0
'
 -

0
' 

0
' "

, 

..... 
' 

.......... "' .... 

" '." 

"
,
 

" " 

" 
"

.' 

--

" 

" " '. 

" 
" 

" '.
"
,
 ,-

" 

" 
" ,-'. 

--
..... 

0
'

.' " 
"

.' 00
.' 

.-...... ........... .. 

CD 
c:: 
.- 0 

0 r<> 
o

t-
I 

C
 

Z
-~
 

E
E

E
 

,,. ' .
... 

lO
U

") 0 
" ....

0 
(\J 

• 
• 

U
 

v
'v

 V
 

" 

............ 

v
v
v

cJ) 

.- :::J 
O
~
~
 

..-
"","~::'

. -c 
~
 . . 

, " '. 
,

c 
a:: 

'.". 
f
' .' 

~
 

"
, .... 

o 
• 

" Cl 
......-...........-

, 

o
... 

o
Q

) 
c: 

W

 


-



.. " 

,', 

R 
',' , & 

....
" c:: 

, , e 
' 
::::J .I

'U 
: -.-:' 

-c 
Q) 

e' 
0 .01.s:::. 
U 

, 

.... 
., 
:.. .001 

I· 
. 

. ,

Events/ (Day GeV Module)Va 
'V.e Beam 

Q).... 
& 
.....I c: 
Q) 
' 
' 
::::J

" "-	 U 
" ...... 

" 	 .01...... " -,-.-	 ....e 
--. 	 ::::J...... ...... 	 Q) 

....... 
 z 
.001 

. ." o 	 100 200 
E, ... 

II 



• A_ ,.. 

Zle Events/(Oay GeV Module) 
.. .' 

ve Beam 
CD..... CD.....I 0~ a: 

.. 

.I..... 
c. ..... 

'.' . Q) c 
.. "- CD 

:l "
"- .1 "

::sU U 
"'C , . -

--

, 
, .01 -0 

... CD , ...."
, - - ~ , ::s0 .01 Q).J::. ", ZU ", 
...... 

..... .001 

.001 

o 100 200 

E-

'II 
.. 




Events / (Day GeV Module) 
. N-30 Beam 

IJJ 

t:icr: .I 

!z 
wcr: 
0:: 

-::> 	 .01 u 
0 
w 
(!)
cr: .001«
:r: 
u 

. 0 . 200 400 600 800 
Ev .... 

IJJ 

~ .1 	 cr: 
t-
Z 
wcr:.01 	 cr: 
::> u 
.....J « 

~OOI 	~ 
::> 
IJJ z 

.0001 



r
-
-
-
-
-
-
r
-
-
-
-
-
-
-
-
-
-
~
-
-
-
-
-
-
-
-
-
-
OC\J 

........ 
(/) 
Q

) 
Q

) 

Q
 

e;, 

o o C\J 

II 
)
(
 

Q
)

.:g 



(\j 

0-

o fa 

~------~------------------------~?a 



to-~
 t ....(/) 

Q
) 

~
 

0
" 

Q
)

.:g 

<Xl CJ::)"I. 



L 



.... 

r 
/ 

".' .~" ___. _.' ..l--~~:·· 
\ ,\ I 

, 
, 

\ \ I 



·a - ..... 

ARGONAUT 

A Novel Detector for Very High Energy Neutririo Interactions 
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We address here the questions posed by the PAC 

and by the preliminary evaluation. We also present in detail 

the proposed experimental program for Phase l--Prototype Tests, 

as described in the proposal. 

We 	 prefer to begin by addressing the general question 

(VI. 1, 2) of comparing ARGONAUT with existing bubble chamber 

and counter experiments. 

VI. 1. Bubble chamber aspects 

a) 	 An advantage of our proposed detector over the existing 

15' Bubble Chamber (filled with a heavy neon/hydrogen 

mixture) is its larger fiducial mass (factor of merit 

"'25) • 

b) 	 An advantage of our detector is the (immediate) avail 

ability of total calorimetry of electromagnetic and 

hadronic showers, whereas it is almost impossible (or 

at least extremely time-consuming) to obtain this infor

mation from IS' Bubble Chamber pictures. 

c) 	An advantage of our detector is to identify muons mainly 

inside the liquid. (This topic is discussed in detail 

later.) The 15' Bubble Chamber has insufficient track 

length to clearly identify muons inside the chamber, 
\;> 

necessitating an External Muon Identifier. 

c) 	 Advantages of our detector over an (hypothetical) 

e~larged version of the 15' Bubble Chamber (or modules 

equivalent to the argon chamber modules) with a fiducial 
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mass of about 350 tons (and perhaps equipped with a 


magnetic field of 3 T) are: 


(1) 	 considerably lower price. The price to increase 

the 15' Bubble Chamber would probably scale linearly 

with the volume, and the price for the magnet would 

scale even faster than linearly with volume. 

(2) 	 Considerably simpler chamber design with argon 

than with hydrogen as bubble chamber liquid. Argon 

is a non-explosive liquid (no major safety problems) 

and requires modest cryogenics. 

(3) 	 Significantly lower operating costs, because cooling 

system is much simpler, consumes only LN 2 , the cost 

of liquid argon is only - 2% that of neo~. We anticipate 

that ARGONANT could be operated with about the present 

crew size of the 15' Bubble Chamber, whereas a larger 

version of the IS' Bubble Chamber would require a 

multiple of such a crew. 

(4) 	 The reliability of each ARGONAUT module 

should be considerably higher than any neon/hydrogen 

bubble chamber. Furthermore, each module can be 

emptied, repaired, and refilled while the other 

modules are operating. 

e) Liquid argon presents both advantages and disadvantages 
'"' 

as a bubble chamber fluid. The radiation lenth X and 

absorption length A are considerably shorter than in 

hydrogen and neon/hydrogen mixtures. This facilitates 

total-absorption calorimetry and muon identification, 

but presents some limitations in identifying photon/electrons. 
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In this respect argon resembles Freon 13BI. 

After establishing experimentally the operating 

characteristics of liquid argon, we will investigate 

several possible fluids (methane, ethane) that could be 

mixed with argon to vary X, A while still permitting 

ionization drift calorimetry. 

f) The absence of magnetic field on the bubble chamber 

volume presents both advantages and disadvantages. 

Analysis for EH, eH' Ee' ee is particularly -simple in 

zero field. On the other hand, y/e separation and VO 

identification certainly suffer. For these latter 

purposes, a moderate- field (- 0.5 T) may suffice. A 

preliminary design and cost estimate for such a magnet 

is presented later. 

VI. 2. Counter physics aspects 

As compared to counter neutrino experiments, ARGONAUT 

has the following advantages: 

a) We always see the vertex of an interaction clearly; 

this is crucial to eliminate backgrounds for rare 

leptonic processes, as will be discussed later. 

b) We can determine in most cases the multiplicity of an 

interaction. 
~ 

c) In ARGONAUT we can identify prompt electrons. In doing 

so we must distinguish between electrons (e+, e  , pairs) 

originating from the vertex within ~ I em, and photon 

showers {no decay~either from the v interaction or from 

secondary hadron interactions. 



- 4 

The ability to identify prompt electrons is difficult 

if not impossible in any existing or proposed counter 

experiment. 

d) ARGONAUT has better spatial and energy resolution, for both 

electromagnetic and hadronic showers. 

ARGONAUT is comparable to counter experiments in the 

following respects: 

e) 	Muon identification would be comparable to that in the 

iron calorimeter of E310 at Fermilab and WA-l at CERN 

(see later· section) • II momentum measurement would be 

similar to most iron toroid spectrometers--indeed better 

if a magnetic field is provided on the bubble chamber 

itself. 

f) 	 For the beams and experiments discussed in the proposal, 

ARGONAUT can record all neutrino interactions without 

significant dead-time or cycle losses, even with the 

largest number of targeted protons. Multi-event 

capability arises naturally from the modular design. 

In the N-30 dichromatic beam, we would observe - 5 v 

1013interactions per pulse of 2 x targeted protons; 

these would in general occur in separate modules. 

The modular design of ARGONAUT makes it possible to rearrange 

or modify the detector at a later date for minimum cost. For.., 
example, a liquid hydrogen target could be located just upstream 

of each bubble chamber to allow detailed study of,vp, vp processes. 

Magnetic field could be provided for'some or all bubble chambers. 

Most important, ARGONAUT will retain the flexibility to be readily 

modified to optimally study new phenomena as we explore the energy 

ragne of the Energy Doubler/Saver. 
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ARGONAUT has been designed to achieve the best physics (event 

rate, background rejection, calorimetry, lepton identification) 

achievable with today's technology. Its cost is in line with 

that of major detectors at other laboratories (TPC at PEP, pp at 

CERN). Its operation would require a level of support comparable 

to that for the 15' Bubble Chamber. It represents in our opinion 

a true advance with respect to the present neutrino experiments at 

Fermilab and the formidable array of neutrino experiments at CERN. 
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I. 	 Electromagnetic Phenomena 

1. 	 Without a magnetic field on the bubble chamber, we cannot 

separate single electrons (coming from the vertex) from 

Dalitz pairs. The higher the field strength the better 

is the separation, particularly to open the Dalitz pair 

before any other electromagnetic shower could obscure it. 

Before settling on any specific field value we will 

extrapolate the results from experiments E-28 and E-53' 

to our shorter radiation length. 

2. 	 If we understand the question correctly, you ask for the 

efficiency of separation of electrons and photons, each 

coming from the event vertex. The photons would convert 

later either into electron pairs or Compton electrons. 

The typical gap between the origin of the electron and 

the photon conversion point is X = .17 m. A magnetic 

field gives limited help since it opens up the shower. 

If we interpret your question differently, you ask 

if we can distinguish between a neutrino induced single 

electron event and a background photon. Our answer 

must be no without a magnetic field on the bubble chamber. 

For ·the required field strength similar arguments as for 

question I.l. are relevant. 

3. 	 As stated in the proposal, the energy resolution for an 

electromagnetic cascade is 0E - 0.5 MeV. The major 

uncertainty in measuring the energy of an electron or 

electron pair would be the problem of separating its 

cascade from other e(y) cascades. Here we expect to use 

the bubble chamber image to advantage. Unless two cascades 

overlap completely, we could make a track-count estimate 
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of 	the energy in each cascade, and apportion the measured 

ionization accordingly. 

4. 	 The angle of an electromagnetic shower would be measured 

using its statistical development, as discussed in the 

proposal: cr e - cr/6X = .001. The corresponding resolution 

on transverse momentum is then cr(p~) ~ crEe + Ecr ~ .OOIE. e 


This assumes of course that the cascade is separated 


from other e(y) cascades, as discussed in I.3. 

5. Questions I.5, II.3., and V.I. are closely related. 

Measurement of invariant masses is difficult in the following 

instances: 

1) If there is considerable overlapping in beam direction 

of hadronic and electromagnetic showers. The fraction 

of energy contained in each shower cannot be well 

determined by calorimetry. The accompanying bubble 

chamber photo could help estimate the energy division. 

2) We believe that we can distinguish hadronic showers 

from electromagnetic showers, due to the latter's 

characteristic appearance (bremsstrahlung, pair creation, 

multiple scattering) and the large value A/X - 6. This 

means, we know the mass of the electron (positron), 

the direction of the shower, and the total energy. 

However, we face serious difficulties if we 

want to distinguish bebleen hadronic showers of various 

origin. At the moment \ve expect to be unable to determine 

with sufficient confidence the mass of the primary hadron. 

Only a magnetic field can help. 
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The measurement of the angle of the center line of the shower 

in respect to the beam axis from the bubble chamber photos is of 

the order of a few mrad. 

The precision of the energy measurement of showers is 

discussed in another chapter. 

6. 	 The probability to associate an electron shower to the 

primary vertex as opposed to secondary interactions 

can be viewed under two aspects: 

Firstly, it depends upon the distance between primary 

vertex and secondary interaction. A small interaction 

length of the liquid is not desirable from this point 

of view. However, the interaction lengths of argon and 

pure neon are similar, and not much smaller than in 

neon/hydrogen mixtures used in the 15' Bubble Chamber. 

The number of unanalyzable events mainly due to close 

secondary interactions in experiment #546 is of the order 

of 2 to 3%; we expect a somewhat larger value for argon. 

For the high-energy N30 neutrino beam, we expect the 

contribution of these backgrounds to decrease, since 

high energy photons from secondary interactions would 

come mainly from charge exchange, and such cross-sections 

decrease with energy. 

Secondly, we note that the measurement of electron 

angle using its statistical development is more straight

forward without magnetic field. This is of course hard 

to quantify without measurement. The precision in the 

determination of the line of flight should increase 

with increasing energy of the shower. An experimental 

study of a sample of photos taken in the 15' Chamber 
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with and without magnetic field could help to quantify 

the above argument. 

II. 1. See point 2 of the answer to I.S. 

2. 	 As we understand this question, it addresses the concept 

of using energy flow to search for final state neutrinos. 

This concept has been the focus of several experiments 

and proposals at Fermilab. (P-310,p-602n). We do not 

know how to model the detail of a typical hadronic 

final state sufficiently well to make a believable 

calculation of energy flow. We propose to measure 

experimentally this question in Phase II of ARGONAUT 

(the first module). We can however state with confidence 

that ARGONAUT will provide the best energy flow information 

available from calorimetry. Furthermore, in ARGONAUT we 

can use the image (and momenta if we have ma~netic field) 

to refine the search for missing neutrinos. 

III. 	 1. Without a magnetic field, we obscure a certain region 

after the event vertex, where we cannot find the charged 

decay products of K~. Combining information from our 

calculations on shower development with scanning results 

on recent bubble chamber experiments leads us to estimate 

that the unobservable (obstructed) fraction of such decays 

is much smaller than 50%. It is hard to estimate how 

many decays within such a shower can be still identified. 

The probability to detect the neutral decays inside the 

shower is expected to be zero. However, we are optimistic 
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to find neutral decays outside the obscured region, 

provided we are able to distinguish thes~ decays from 

other background, e.g., TI o • 

We believe, that a short run of the IS' Chamber 

with an exposure of about 10 kpx, filled with 64 atomic 

% Neon in a wide-band neutrino beam, without magnetic 

field, and a subsequent comparison of results with 

E-53 would answer this question far better than the 

above estimate. 

The detection efficiency in a magnet~c field 

around the argon chamber modules increases with increasing 

field strength. 

KO 	 O
2. 	 re9:eneration: Half of the KO , K produced in neutrino 

KOinteractions decay as -r TITI and would be observed with 
s 

good efficiency in ARGONAUT. The remainder ~ould decay 

as K~ if travelling in a vacuum. In liquid argon, however, 

some K~IS would regenerate into K~, which in turn would 

decay and enhance the KO identification yield. 

Here we calculate the total K~ regeneration probability_ 

The regeneration amplitude is p(g) = TIN Ifkfl where 

10 22 3N = 1.74 x cm- is the density of nuclei and k = p/hc 

The total regeneration probability is 

E-486 has recently measured the A dependence of regeneration. 

f-£ - 59 	 f-£ .74The find -r = 25 p. rob in aluminum and ~ a A • 
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f-fWe calculate from this ~ = 33 p-.S9 rob.in argon, and 

obtain 

P 
r 

= .18 p-.59 = .045 at p = 10 GeV/c. 

We thus expect regeneration to add only a small fraction 

to the direct K~ decay sample. 

3. The measurement of the momentum of K~ should not be a 

problem, as long as we consider only the charged decay 

mode and moderate energies (~10 GeV): We can use then 

large-momentum relations for the charged pions. The 

efficiency and momentum limit depends only on the vertex 

distance from the exit wall of the bubble chamber. 

In the case of secondary interactions we have to sum the 

momenta of all outgoing tracks or isolate their contri

bution in the segmented calorimetry. For the neutral 

decay mode, we expect valuable results in those events 

where other background is low and if we are able to do 

calorimetry on the electromagnetic showers of the decay 

particles. 

For,very high momentrnn K~ and charged decays, 

analysis requires a magnetic field. 

4. Ks-A separation is clearly impossible without a magnetic 

field on the bubble chamber. See the later section on 

magnet for separation capability with magnetic field. 

IV. 1. The direct observation of charm particles faces the 

same problems as such experiments in the IS' Bubble Chamber. 

Our resolution is somewhat worse than in hydrogen or neon/ 

hydrogen, because of our optics and the absence of a magnetic 
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field on the bubble chamber (see later). Huge size and 

very high resolution are incompatible requirements 

(A nice detector for possible charm obseryation by 

proton interactions is, e.g., the Mini Bubble Chamber, 

as described in Fermilab proposal # 606) or hybrid 

emulsion experiments ("Observation of a Likely Example 

of the Decay of a Charmed Particle Produced in a High 

Energy Neutrino Interaction," E.H.S. Burhop, et al., 

November 10, 1976). 
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~-~ Decay Background 

We estimate here the background from ~-~ decay for multi
dP 

lepton events. There is a probability ~ (p) that a charged
dp 

current neutrino interaction will produce a pion of momentum p, 

which subsequently decays to a muon before interacting in the 

bubble chamber. We assume that all pions that interact can be 

rejected as candidate muons. After a length L»A, the ~-~ decay 

background is 

dNdP~~ rr [J
L 

e-Z/ A dZ L/A= + e- ]
dp dp 0 Dp 

dN dN~A rr .017 = ~ -
Dp dp P dp 

where A = .97 m = absorption length, 

D = 56 m/GeV = pion decay length. 

Several groups have measured inclusive hadron production 

from v interactions. The results can be parametrized as 

dN 
-Z/Zo-= N eodZ 

+12, .19 for vN ~ rr X 

For v interactions, we assume N , Z are the same as for v
00. 

interactions, but with the sign of the pion reversed. 
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The number of pions in a unit energy interval.is then 

N1 dN 0 e-p/ZoyEo~= =n = dp EH dZ yEo 

where y = EH/Eo and Eo is the neutrino energy. 

The above expression can be averaged over y: 

1 1 


N N 

0 ~ -y /y<n> = Jf (y) n dy = Jfey) y e. 0 = -2.. I(yo)

Eo Eo 
0 0 

{1 for \) interactions 

where fey) = 
 -3(1-y)2 for \) interactions 

The integral I(yo) can be expressed in terms of the 

exponential integral El(yo): 

for \) interactions 

for \) interactions. 

dP 
The resulting background ~ is plotted in Fig. 1 as a 

dp 
function of momentum, for a neutrino energy Eo = 250 GeV. It 

can be parametrized as 


where the fitted parameters are given on Fig. 1. This expression has been 


integrated to obtain the total TI-~ decay background above a 


4 GeV energy threshold. Correction has been made for decay kine


matics (p~ < Pn). The resulting decay background is: 


http:interval.is
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NV(ll+II 
-

) 
= = 2.6 x 10-3 

NV(ll+) 

= 1.1 x 10-3 

These background estimates are to be compared with the 

observed signals: 

NV(ll+ll-) 
1.0 x 10-2 

NV(ll+) 

-31.0 x 10 

This corresponds to a signal/background ratio - 4:1 for opposite-

sign dimuons, ~ 1:1 for like-sign dimuons. Both ratios can be 

improved by a factor of - 2 by using an energy threshold of 10 GeV. 

------------------- ....-...--.....~ 
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Hadron Calorimetr~ 

Results on the average spatial distribution of the energy 

deposited by hadron and electron showers are presented in the 

proposal. These are useful to study questions of size, active 

volume, etc. for each module. The computer codes (CASIM & 

AEGIS) used to calculate these average energy densities are not 

analogue Monte Carlo codes--they do not permit study of shower

to-shower fluctuations. Hence they cannot calculate the energy 

resolution of ARGONAUT as a calorimeter. 

These and related problems have been studied using the 

computer code SHOTAM. * This is an analogue Honte Carlo simula

tfon which calculates local calorimeter responses. Figure 2 

shows the spectrum of observed ionization in an infinitely long 

Ar cylinder of 125 em radius for incident pions of 10, 30 and 

100 GeV. The calculation includes effects of ion recombination 

as discussed in the proposal. The major reasons for the differ

ence between incident and observed energy are (a) energy spent in 

removing nucleons from Ar nuclei; (b) ion recombination phenomena 

and; (c) particles escaping radially. 

All three contributions to this difference tend to increase 

as the radial development of the shower increases. Hence it 

follows that a radial weighting of the energy density should 

improve the resolution. Radius is measured in ARGONAUT by the 

arrival time of collected ionization charge. The radial dimension 

of the Ar cylinder is divided into equal bins. For each bin i, 

a linear weighting coefficient a. is calculated by linear 
1 

regression on a set of hadron showers, viz., 

fA. Van Ginniken, in preparation 
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a. 
l. 

N 

L 
i=l 

a. = I
1. 

where Eobs (ri ) is the energy observed in a cylindrical shell 

(ri , r i +l )· Figure 3 shows the spectrum of observed ionization using 

radial weighting. The improvement in energy resolution is quite sub

stantial. For off-axis interactions and shower divergence a 

generalized weighting scheme could be devised. 

The important point to note is that the resolution can be 

substantially improved by including in the calorimetry supple

mentary information. In addition to weighting by radial develop

ment, one might weight ionization by its longitudinal development 

and local density. This could compensate for the larger fraction 

of energy spent on nuclear binding energy as the shower develops. 

One could also weight the measured ionization according to the 

number of observed energetic (~ 2 GeV) photons in the shower. Different 

radial or longitudinal weighting schemes could be employed 

according to the number of photons present. In general 

ionization response is expected to decrease in magnitude as the 

number of photons increases. A simple measure of the, energy 

of electromagnetic showers in the cascade is the sum of squares of the 

observed energy (hence the ionization densit::£.) in a set of radial {time} 
"" 

and longitudinal volume pins. This could be used in lieu_of a photon 

count from the event picture to weight the ioniza~ion response. 

Several of these strategies are presently being examined 

using more statistics. Results will be available shortly. It 

would be of interest to do some quantitative studies on questions 
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of resolution as a function of incident energy, beam size, beam 

angle, etc. The effect of sampling in the iron (or uranium) 

calorimeter at the end of each module will also be examined. 
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Angle Measurement 

The measurement of angle has two sources of error: 

spatial resolution and mUltiple scattering. The error in 

angle is 

2 2e + emeas m. s. 

To minimize 0e we choose L~ = 8900 02xp2 

For 0 = 10-3 m, X = .17 m, L~ = 1.5 x 10-3P2 • 

This corresponds to an angle error 

For hadrons we typically have a track length L - A before 

interaction. The optimum length Lo < A for p < 25 GeV /c. Above 

25 GeV/c, the angle resolution decreases slowly, approaching the 

limit 0e ~ (a/A) - .001 
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Vidicon Camera 

At the time of writing our proposal, recording of bubble 

chamber images was envisioned using large visual CCO arrays. 

We observed at the time that such large arrays are not presently 

available, although they are being developed in industry. 

Since that time, we have developed an alternative, based on 

a new high-resolution vidicon developed by General Electric. 

This device offers the following features: 

1) high resolution: The novel focus-projection-scanning 

(FPS) design provides an effective scanning beam spot 

diameter of 6 ~m. This is achieved by combining magnetic 

focus coils with electrostatic deflection. The useful 

lines resolution is 500 (I" tube), 2000 (l 1/2 II tube), 

and 7000 (3" tube) for the three tube enclosures which 

have been designed to date. 

2) 	 response to bubble chamber illumination: Commercial 

vidicons are useless for high-resolution bubble chamber 

photography because the image persistence is only ~ 30 msec. 

This persistence is achieved in the vidicon by doping 

the middle layer of the phosphor sandvlich with a "flox" 

to bleed the charge aw~y at the desired rate. It is only 

in tqis way that the vidicon can accommodate motion 

photography. For high resolution recording, the scan 

time is typically several seconds. An image recorded 

from a single flash of light would disappear long before 

the 	scan was complete. 
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G.E. has recently developed a slow scan phosphor, in which 

this "flox" layer is absent. They have tested a 1 1/211 FPS 

vidicon with slow scan phosphor in conditions approximating 

those of bubble chamber photography: 400 f.c. illumination 

for 8 msec. The image of a test pattern is recorded and read out 

as would be the case on ARGONAUT. They observe a signal current 

of 250 nA, with a dark current (noise) of ~ 1 nA, and no significant 

signal degradation during scan time. 

G.E. has proposed to develop a complete system incorporating 

a 3" vidicon (~ 7000 lines resolution) and all camera electronics. 

The proposed development is described in detail in the enclosure, 

and will be discussed later. 
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The Magnetic Field 

In our proposal we took the point of view that a magnet for 

the bubble chambers of ARGONAUT would be prohibitively expensive. 

We used large magnetized iron toroids to provide total-acceptance 

muon momentum measurement with op/p - 13%. 

Several features of ARGONAUT would be considerably improved 

by providing a magnetic field on the bubble chamber volume. 

+ 
Electron identification has a sizable background from e e pairs convert

ing near the interaction vertex. A dipole field of a few kilogauss 

would open these pairs, and allow a much improved electron signature. 

Vo identification would be improved greatly by a similar field; 

it would be possible to reconstruct the invariant mass, and require, 

the vector momentum sum to point to the interaction vertex. 

We have since been motivated by the above considerations 

(and by the PAC) to examine more carefully the feasability of 

a magnet for the bubble chambers. In doing so, we adopt a field 

B = 0.5 T as being sufficient for achieving the improvements in 

electron and VO identification described above. Furthermore, 

as will be shown, this field provides muon momentum analysis 

which is as good or better than that of the toroids. Thus we 

require for muon analysis either a B ~ .5 T bubble chamber magnet 

2£ magnetized iron toroids but not both. This considerably reduces 
w 

the net cost of adding these magnets to ARGONAUT. 

We present here two possible designs for such a magnet. The 

designs are shown in Fig. 4. Preliminary cost estimates are 

presented in Table III. 

The first design is for a simple coffin magnet, (3 x 3 x lSO)m3 
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enclosed volume. The coil is distributed uniformly along the 

side walls, and carries a current IN ~ 1 MA turns. The coil and 

cryostat are housed in a simple· steel box, 0.6 m thick, which 

forms the magnet flux return yoke. Total steel mass is 10,000 T. 

Whether the coil and cryostat would be made in a single 150 m 

length or in 10 separate 15 m lengths would depend on cost and 

design simplicity. 

The field of this magnet would be extremely uniforffi~ this 

facilitates event reconstruction, and avoids eddy current effects 

in the expansion blade. The magnet would, however, limit access 

to the bubble chambers, particularly if the coil 'is wound as a 

single length. This complicates operation and maintenance. 

We have examined a second ~agnet design whicQ appears ideal 

in several respects. It consists of a cos ~ conductor distribution, 

mounted in a cryostat directly on the double wall of the bubble 

chamber pressure vessel. The cryostat shares the 1200 K bubble 

chamber structure~ the reduced heat load simplifies the insulation 

design. No magnetic steel is required, except possibly a modest 

yoke to limit fringe fields. The magnetic pressure (- 50 psi for 

.5 T) represents a modest increment to the present 230 psi design 

pressure of the bubble chamber vessel. 

The - 10 kA superconductor would be soldered to a hollow 

square tube td provide local cooling and structural support. The 

local cooling in particular could be designed to make the 

saddle 90il cryostable. The coil is supported in a separate vacuum 

enclosure and well anchored by low-leakage stand-offs. 

This magnet design would produce a relatively homogeneous field 
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distribution at low cost. Since the magnet shares the structure 

of bubble chamber itself, it would not complicate 'operation and 

maintenance. We are now performing a field design of the coil 

distribution, and beginning to examine in detail the mechanical 

design of the coil/cryostat/pressure vessel assembly. 
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Momentum Analysis 

To analyze the momentum of a track in the bubble chamber, 

we measure its sagitta in the magnetic field. We assume a 

magnetic field B = 0.5 T. The bending radius is R = pi .3B = 6.7p. 

The sagitta for track length L is /::, = L2/8R = .019L2Ip. The 

momentum resolution is limited mainly by multiple scattering in 

liquid argon. The r.m.s. sagitta from multiple scattering is 

o = .014L ft7X . The momentum resolution is ° Ip = o/~ = .26/1L.
p4(J p 

For hadron tracks we expect L - 1 m, and 0p/p - 26%. For muon 

tracks ~e expect L - 4 - 10 m (frequently the following module could 

be used to extend L for muons), and 0p/p - 8 - 13%. 

A-K Identification and Separation 

We calculate here the measurement of the invariant mass 

VOof a in an ARGONAUT bubble chamber in a 0.5 T magnetic field. 

The invariant mass is 

where a is the lab angle between particles 1, 2. The momentum 

resolution is 0p/p .26; the angle resolution is 

06 ~ .015 /(Pl-4/3 + P2- 4/ 3 ). Given ml , m
2

, the mass resolution is 

:::: 2 2 2 2 222 .2M2 2 (1 - cos 6)2 + s~noM [PloPl + P20p ] PlP20a 
2-, 6 

(2) 

2 2
pip;' {.14 (1 - cos 6)2 + .015 sin 6 ( -4/3+ p;4/3)}= PI 
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Let us take a practical case. Suppose we ob~erve a 

0
 

+ n+n - decay with PK ~ PI + P2 = 10 GeV/c, acm = 30 : 

PI = 8.6, P2 = 1.4, e = .085. As discussed in the. proposal, 

the opening angle must satisfy the condition a - 0.9/PK within 

a factor 2 to be considered a strange particle candidate. We 

furthermore require that the VO be coplanar with the interaction 

vertex, and that the vector Pl+P2 point to the interaction vertex. 

Assuming the VO satisfies the above conditions, we calculate 

M according to two possible choices for m
l 

, m2 : 

KO ansatz: Using (1) we obtain an invariant 

mass ~ = .50. 

A ansatz: = m ' = ~n' Note that we can alwaysml p m2 

assign the proton the larger momentum, simply from decay kin

ematics. Using (1) we obtain an invariant mass MA = .62. 

The mass resolution from (2) is oM = .04. This' 

resolution is thus fully adequate to identify and separate K~, 

AO decays. The above analysis assumes that both tracks are 

well-distinguished from other secondaries, and do not interact 

for a length - 0.5 A. In practice the task of identifying Vows 

in the midst of the hadron debris will be a difficult task in ARGONAUT 

as it is in all bubble chambers. 
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Experimental Program 

The 	overall program remains as described in the proposal. 

We describe here in detail Phase I--design and prototype develop

ment. This phase constitutes the program for which we need 

immediate approval. 

1) operating characteristics of liquid argon in a 

bubble chamber: The operations group for BEBC at 

CERN (in particular G. Linser), is interested in building a 

small bubble chamber to test the bubble and drift 

properties of liquid argon. We would like to work with 

them to design and build the chamber and test it by the 

spring of 1979 .. The group at CERN requires a formal 

statement of interest from Fermilab in order .to initiate their 
own commi tment • 

2) cryostat design: We propose that Fermilab undertake a 

consultant agreement with Cryogenic Consultants, Inc. 

(P. Vander Arend) to prepare a detailed design of the 

pressure vessel/cryostat/cryogenics system for an 

ARGONAUT module. We have discussed the requirements 

with Vander Arend and believe a detailed design could 

be complete by the end of i978. 

3) 	 expansion system: We propose that Fermilab undertake 

a consultant agreement with (SLAC) R. Watt and Battelle 

(M. Vagins) to prepare a detailed design of the expansion 

system for an ARGONAUT module. We have discussed the 

system with Watt and believe a detailed design could be 

complete by the end of 1978. 



- 26 

4) Vidicon camera development: G.E. has made one prototype 

1 1/2" FPS vidicon (Z-7802) in their development lab, 

and tested it to our specifications as described earlier. 

We propose that Fermilab undertake a contract with G.E. 

to develop one full camera system--2000 lines resolution-

which can be mated to the Ampex video-tape unit already 

in our possession. The camera would be readily adapted 

to the 3" FPS vidicon (Z-7803) now being developed. G.E. 

can deliver one camera 9 months after receipt of contract. 

We would then test the camera on one spare optics port 

of the IS' Bubble Chamber and study the image recording 

system in actual use. We will also require a vid~o~~pe 

moni tor and display console to study t.~e questions of displ,ay, scale 

manipulation, and reconstruction which were posed by D. Bogert. For 

these studies we will need a dedicated PDPll computer. 

In Table I we estimate the cost of the prototype and design 

activities necessary to achieve complete design of an ARGONAUT 

module. We ask authorization to proceed with these activities 

immediately, so that we can prepare a full proposal for Phase II-

construction of one complete module--by spring, 1979. 

We have examined carefully the 'cost estimate in the proposal. 

We have modified it as suggested by W. Smart. We have furthermore 

attempted to verify for each item the actual cost of all commercially 

available and contract items. In Table II we present the revised 

cost estimate for Phases II and III. The only major item not easily 

estimated is the expansion system. A reliable cost there depends on 

the detailed design proposed for Phase I. 
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TABLE I 

Phase I Cost Estimate 

(in $1000) 

Cryostat Design (CCI) 25 

Expansion System Design (SLAC, Battelle) 25 

Vidicon Camera (G.E.) 175 

Videotape Monitor 25 

250 

-
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TABLE II 

REVISED COST ESTIMATES 

(in 1000$) 

Pressure Vessel 

Stainless steel vessel 
Window structures 
Cooling jacket 
Liquid argon 

Refrigeration 

Cold box 
. Argon purifier 
Liquid argon storage 
Cryogenic valves and transfer 
Vacuum system 

Expansion System 

Cold 93.S valves 
Expansion plate/membrane 

Optics 

Fisheye windows 
Wide-angle lens 
Film cameras 
Vidicon/ CCD cameras 
Video tape recorder 
Scotchlite 
Flashtubes and supply 

Electronics 

Timing and Synchronization 
500 kV power supply 
500 kV fittings and hardware 
Calorimeter pre-amps 
CCD analog storage, digitizers 
Drift chambers 

Consultants 

Toroids 

Buildings 

1 Module 

83 
100 

10 
17 

40 
20 

(76) 
15 
40 

-100 
10 

< 250 
125 

10 
370 

70 
15 
12 

5 
20 
10 
50 
40 
40 

50 

1502 

10 Modules 

600 
900 
100 
140 

200 
100 
230 
100 
320 

-1000 
100 

<:2250 
625 

(100) 
1075 

700 
.150 
120 

50 
150 
100 
360 
400 
400 

3000 


2000 


15170 
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TABLE III 

Coffin Magnet Cost 

Steel (10 4 T) $ 3.0 M 

Superconductor (1 MA turn) .5 

Refrigeration (- 1 satellite refrigerator) .5 

Cryostat 2.0 

Rigging 1.0 

20 MY labor .5 

Total $ 7.5 

-Toroids .-3.0 

Net Cost $ 4.5 M 

,.,...- . 

Cos 4> Magnet Cost 

Superconductor $ 1.0 M 

Refrigeration .5 

Cryostat 2.0 

20 MY labor .5 

Total 4.0 

-Toroids -3.0 

$ 1.0 M 
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r3m-j 

'a.) COFFIN MAGNET DESIGN 
b.) COS ¢ MAGNET' 

r-3 M:=1 

Fig- 4 
SCALE,: I: I 
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GENERAL ELECTRIC COMPANY ..• 3800 NORT.H MILWAUKEE AVENUE DEPARTMENT 
CHICAGO. ILLINOIS 60641. Phone (312) 777-1600 

June 2, 1978 

Mr. Peter M. McIntyre 
Fermi National Accelerator Laboratory 
P.O. Box 500 Batavia Road 

Batavia, IL 60510 


Re: High Resolution Camera Proposal for Argonaut 

Dear Peter: 

Thanks again for your interest in our high resolution CCTV cam
eras. I would like to confirm our proposal to you for these cam
eras. - As you recall, we proposed a two piece camera, using a vidicon 
similiar to our Z7802 except with slo-scan phosphors. The cam
era would have a minimum of 2000 vertical and horizontal scan line 
resolution per frame, with a 2 MHZ video output bandwidth. Addi
tionally the camera would be able to respond to a delta function 
of light 3000 ft.-cdles. by 1 usec. The camera electronics to 
readout a single frame, non-interlace readout and have a variable 
gamma. The laboratory would provide the optics and we would spec
ify the flatness of the tube faceplate, and the size of the image 
area needed on the tube faceplate. 

Based upon these preliminary specifications outlined above, we 
have proposed budgetary estimates (based upon 1978 dollars) for 
this camera system. When system specifications have been devel
oped, documented and reviewed, we will be able to quote firm pric
es. As you suggested, we have a three part proposal. 

Phase I - Engineering Development and Prototype 

We will deve~op and build one camera for delivery 9 months after 
receipt of your contract. Engineering development is needed for 

. - the camera head design and control unit design including the cir 
cuit design for the tube pre-amplifier, deflection', focus, sync 

( generator, and video processing systems. 
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Additionally some development effort will be needed to use our slo
scan phosphors with the Z7802 FPS vidicon. 

Phase I Price Estimate: $175,000.00 

Phase II - Production Prototyoes 

Upon completion of Phase I and acceptance by the laboratory of the 
Phase I camera, we can build nine additional cameras for delivery 
four mqnths after receipt of your contract for Phase II cameras. 

Phase II Price Estimate: $189,000.00 

Phase III - Production Cameras 

After completion of Phase II, we can build an additional ninety 
cameras, delivery to start four months after receipt of a Phase III 
contract. 

Phase III Price Estimate: $810,000.00 

The above proposal utilizes our l~ inch FPS vidicon simi liar to 
our Z7802. As we mentioned at our May 9th meeting, we have done 
some conceptual development on a 3 inch FPS vidicon that would 
have higher resolution than the l~ inch vidicon mentioned above. 
However, at the present time the 3 inch FPS tube cannot be regard
ed as an imminently available alternative to the l~ inch system 
proposed above. 

Present plans indicate 3 inch tube availability in late 1979 to 
early 1980, with a 3 inch camera availabili~y six to nine months 
after tube availability. 

Because much of the development work needed for the l~'inch FPS vid
icon system as well as the circuit similiarlty between the two sys
tems, any existing l~ inch FPS cameras could be converted to the 
3 inch system. Since the engineering development costs in Phase I 
are applicable to both the l~ inch system as well as the 3 inch 
system, the only additional expenses the l~boratory would incur 
would be the cost of a 3 inch FPS vidicon and the conversion costs. 

Camera conversion costs (in 1978 dollars) are estimated to be $1000. 
00 per camera plus a 3 inch FPS vidicon estimated to be $7000.00 to 
$9000.00. 

http:810,000.00
http:189,000.00
http:175,000.00
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Summarily, budgetary price estimates (in 1978 dollars) to convert 
Phase I, II, and III cameras are listed below. 

To convert one Phase I camera: $8000.00 to $10,000.00. 

To convert nine Phase II cameras: $72,000.00 to $90,000.00. 

For Phase III cameras we expect productivity and material cost 
improvements due to increased volume, dropping the estimated 3 inch 
FPS vidicon price to $4500.00. Therefore we can revise our estimate 
as follows. 

To conv~rt ninety Phase III cameras: $495,000.00. 

Again, let me emphasize that the 3 inch FPS vidicon is just in the 
early developmental, conceptual stages and feasibility has not been 
proven yet. When our engineering group has a higher degree of con
fidence in building 3 inch FPS tubes, we will modify our present 
proposal. 

However in the interim, I strongly suggest the laboratory approve( 	 funds for Phase I utilizing the 1~ inch FPS tube. Since the 1~ 
inch FPS camera, and 3 inch FPS tube will probably be para1ie1 de
velopments, it is my feeling that most of the Phase III cameras will 
probably use the 3 inch tube and the·refore the laboratory will not 
incur the total 3 inch conversion costs previously mentioned. More
over, since the Phase I engineering development costs are applicable 
to both the 1~ inch as well as 3 inch FPS camera systems, the lab
oratory, in essence, is only paying for one development, i.e., a 
specialized FPS camera for your application. 

Peter, in closing, I look forward to hearing that the laboratory 
has approved your Argonaut program and has approved funding for 
Phase I as described above. Thanks again for this opportunity and 
I am hoping to be able to begin the specification discussions at 
your earliest convenience, so we can start to implement Phase I as 
soon as possible. 

R. 
s: da 

http:495,000.00
http:90,000.00
http:72,000.00
http:10,000.00
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