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I. Abstract 

We propose to study IT p (and to a lesser extent K-p and pp inter

actions) at 130 GeV and IT-P interactions at the highest available energy. 

We use an unseparated negative beam, the NAL 30 inch bubble chamber, and a 

supplementary visual spectrometer consisting of Wide-gap optical spark 

chambers with a bending magnet. Particular emphasis will be placed on 

quantitative studies of multiparticle final states. This will involve, 

among other things, a study of inclusive Single particle distributions, 

of target and beam diffractive dissociation, and of charged particle 

multiplicities over a wide range of s In addition, a scanning search 

in the bubble chamber for new or unusual phenomena is an important part of 

this proposed experiment, based on the unsurpassed usefulness of the bubble 

chamber in revealing outgoing charged particles and VO's. 

If proton energies approaching 500 GeV become available at the secondary 

hadron target, 7% p and 5% K- are very likely to be present in the 130 GeV 

beam. We propose to tag them using the planned differential Cerenkov counters. 

This proposal is an outgrowth of our proposals Nos. 40 and 41, sub

mitted to NAL in June of 1970. We have added the use of a particular visual 

spectrometer arrangement, as have a number of groups who are submitting 

proposals for a coordinated set of particles and energies. The bubble chamber 

will be run untriggered. The spark chambers will be triggered on at most one 

beam track per bubble chamber picture. 

We request: 200,000 pictures at 130 GeV 

200,000 pictures at p ~ 350 GeV/c. max 

---_._---------_. 
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II. Physics Justification· 

1. Inclusive studies, scaling limits and multiplicity distributions. 

Multiparticle events can be analyzed in the context of the parton model 

of Feynman, the limiting fragmentation hypothesis of yang and co-workers, Regge 

theory, various multiperipheral models, the idea of pionization, and the idea 

of fragmentation of the target or projectile by diffractive dissociation. A 

number of recent studies of the process a + b ~ x + anything have observed 

. 1 2 345apparent approach to scaling limits at existing accelerator energ1es. ' , , , 

Such studies should be extended over a wide range of s and to the highest 

possible values of s to see if the limits are really being approached, to 

check factorization of the distributions into separate functions of PT and 

x = 2PL/Js,* and to check the po"stulated lO8(s) va,riations of the mean 

charged particle multiplicity (n) and the mean transverse momentum (p). Our 
T 

two beam energies span one unit of In(s). 

Center of mass angles for fast particles can be obtained rather well 

from their lab. angles without knowledge of their momenta: for forward and 

9
transverse particles in the center of mass, a good approximation is that

ok 
log tan 9 = log tan (9/2) - log yo. 

The bubble chamber measurements alone are useful for this determination, 

which relates to questions such as pionization. 

2. Diffraction dissociation, missing mass spectroscopy. 

* oJ(Processes of the form a + b ~ a + b or ~ a + b , where no exchange of 

Isotopic spin, charge, baryon number, G parity, or strangeness occurs, appear 

to be increasing or constant with beam energy at a level of roughly 0.5 mb each. 
6 

Will these processes still be large at 130 to 500 GeV? Double diffractive dis

"1< * sociation a + b ~ a + b is small or absent at present accelerator energies. 

"1< oJ(
If a and b both have masses typical of single D.D., the relatively large 

minimum momentum transfer at existing energies tends to suppress the process. 

Will the rate of double D.D. become equal to that predicted by factorization, 
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when this restriction is removed at high energies? 

In terms of studying resonances, a general feature which we expect is 

the opening up of very low momentum transfers to higher mass boson and nucleon 

resonances. Even for masses of several GeV, the minimum momentum transfer is 

very low, at 130 GeV, t. = .01 (GeV/c)2, well within the range where
ml.n 

diffractive mechanisms are thought to be important. Since the cross section 

for Pomeron exchange tends to be constant, while meson exchange processes 

decrease as some inverse power of the beam momentum, diffractive production 

mechanisms may be relatively important at these energies. 

Target proton dissociation can be studied in considerable detail: the 

decay products will be slow in the laboratory and therefore well measured. 

In addition, the beam pion will prefer small momentum transfer and will go 

through the downstream spectrometer where its momentum will be well measured. 

By measuring the intermediate-range stopping recoil protons in the 

bubble chamber, beam pion dissociation into boson states of mass M can be 

studied with mass resolution7: 

M = 0.26/M (GeV) 

for 130 GeV incident energy. This is useful for higher masses, and even 

allows a very crude sorting of events below 2 GeV into the general Al region 

or into higher broad mass regions. 

A substantial class of events in general will have the leading proton 

identifiable by ionization, including also elastic ev.ents, but not including 

8 very high multiplicity events. 

3. Strange Particle Estimates 

Slow strange particles will be produced form target dissociation into 

YK for example. From whatever source, if they go backward in the center of 

mass they will be slow in the lab. and will tend to decay in the bubble 

chamber, allowing an estimate of the amount of strange particle production. 

------------_._.__ .



-5

Cosmic ray studies indicate a Kin ratio approaching 25%, but possibly 

concentrated in the proton jet, with low mass K pairs preferred9 We 

can check this, and check for anomalous N* states involving K's or ~IS. 

The high Kin ratio gives us further confidence in our estimate of 5% K

in the 130 GeV beam, based on extrapolation of measurements made at Serpukhov. 

See the next section and Appendix. 

4. p and K admixtures in the 130 GeV beam 

If primary protons of 500 GeV/c are available, we anticipate having the 

first look at 7000 pp interactions and more than 2000 K-p interactions at 

130 GeV (see Appendix), as a byproduct of the main experiment. We therefore 

feel that mass and position tagging is very important at this energy. We 

will be able to obtain good quantitative information about charged particle 

multiplicities and inclusive distributions, and compare with the n- data. We 

will be able to measure pp and K p absolute cross sections free of ~ con

tamination. Finally, the hypercharge of both systems is Y = 0, which suggests 

the possibility of producing a wider range of strange particles than with n

and may increase the chance that something unusual will appear. Perhaps it 

is worth noting that the CERN ISR cannot study n-p or K-p interactions above 

30 GeV. 

We are submitting a separate proposal for a later experiment, with enrich

ment triggering of the bubble chamber flash and the fast beam kicker, when a 

pp or K p interaction occurs. If fluxes are as expected, the present experiment 

will lay the groundwork for the final design of the triggered experiment. 

5. New, unexpected, or sought-for phenomena 

The bubble chamber with its visible volume and good spatial resolution is 

an unrivalled tool for revealing a wide class of unanticipated phenomena. We 
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are in an unexplored energy range where particles with a mass of 10 or 20 GeV 

can be produced. Heavy or backward center of mass metastable particles would 

have moderate or small y factors. If the lifetimes are comparable to the 

known hyperons they would tend to decay within the visible volume. Their 

decay products would tend to be well measurable. 

Produced quarks with fractional charge would be faintly ionizing re

lative to the incoming beam. At least two quarks must appear in any pro

duction event. Non-observation of this pattern at 500 GeV would imply either 

31 2 a cross section upper limit of ~ 5 x 10- cm for quarks of mass less than 

14 GeV; or else integral quark charge. If exactly two quarks were produced and 

if the q q system had a net charge of ± 1, the event would also contain an 

odd number of charged secondaries and the two faint tracks would have 

different ionizing powers, 1/9 and 4/9 minimum. All these configurations 

would be rather convincing. 

Magnetic momopoles with the Dirac or Schwinger values of magnetic charge 

would be extremely heavily ionizing and would necessarily occur in pairs. 

lO
If monopoles manifest themselves only via Ruderman-Zwanziger soft photon showers

an external photon detector would be needed. 

We do not intend discussion of the above points to delimit the possibilities 

of what might be easily noticed in scanning the bubble chamber photographs. 

Such a scan will have our highest priority as soon as bubble chamber photographs 

are obtained. 

III. Event Rates and Analysis Capability 

Assuming ten tracks per picture and a IS" measuring fiducial volume starting 

at the chamber entry window, we arrive at 67,000 events per 200K pictures, or 

2.7 events/~b. An equal number of events will occur in the liquid beyond the 

fiducial volume and a comparable number in the entrance or exit windows of the 

bubble chamber. Some of the non-fiducial hydrogen events whould be useful in 

extending the microbarn equivalent in the search for unusual phenomena. 

--------~ .--.-~~ .... 
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The distribution of events among various charged prong multiplicities is 

11 
shown in Table I, based upon the 200 GeV pp results from Echo Lake. The 

exposure at maximum available energy will be similar except that the number 

of 14 and 16 pronged events has doubled. We have not taken account of possible 

differences in multiplicities when the beam is a pion. 

TABLE I 

Number of Charged Prongs 2 4 6 8 10 12 14 16 


Number of Events 11K 17K 17K 13K 6K 3K 1.4K .6K 


Purdue will soon have an automatic measuring machine of POLLY design, 

capable of measuring 4000 events per week. Automatic scanning of simple event 

types is an early goal. We also have 7 scanning machines in operation at Purdue 

in Lafayette and 2 scanning machines at Purdue in Indianapolis. The group at 

Indianapolis has been in active collaboration with us for the past two years. 

The Purdue High Energy Group consists of Professors V. E. Barnes, D. D. 

Carmony, R. S. Christian. E. C. Fowler, J. A. Gaidos, A. F. Garfinkel, L. J. 

Gutay, S. Lichtman, F. J. Loeffler, R. L. McIlwain, D. H. Miller, T. R. Palfrey, 

Jr., R. B. Willmann, Doctors D. Cords, J. Lamsa, K. Paler, L. Rangan, J. H. 

Scharenguivel and several students. In addition Professors F. T. Meiere 

and W. L. Yen at the Purdue-Indianapolis campus collaborate with the group. 

------.-.~-.-.--.---------------------



IV. Experimental Arrangement for the Proposed 30-inch 

Bubble 	Chamber - Optical Spark Chamber 

Hybrid System 

The main components of the proposed detector system are shown in 

Figure 1. These include: 

(1) The 30-inch hydrogen bubble chamber. for observation of the inter

action vertex and analysis of all low energy charged particles with momenta 

below ~20 GeV/c. 

(2) An upstream beam diagnostic system for providing precise measure

ments of beam particles. 

(3) A wide gap optical spark chamber spectrometer situated downstream 

for providing important additional data on energetic secondary charged 

particles with momenta above approximately 20 GeV/c. 

(4) A shower spark chamber system situated behind the spectrometer 

for information on very energetic gamma rays. 

While the arrangement is similar in some respects to the bubble chamber 

spark chamber detector system described in the Aspen study of Fields. et al. 
1 

, 

it is not required for the present initial experiment to have the very high 

accuracy requirements for final state fitting which was of primary interest 

in the latter study. 

These components are matched to the kinematic requirements. as discussed 

below, in such a way that they provide relatively complete examination of 

individual multiparticle interactions in the 100 GeV/c region arid above. 

The most noticeable feature of multi particle interactions as presently known 

is the tendency for the emitted particles to be produced with relatively small 

transverse momenta. Those going backwards in the cm system with large 10ng1



tudinal momenta then appear in the laboratory system with low momenta 

and large angles. Particles with small longitudinal momenta can appear in 

the lab at intermediate momenta and angles, while the forward particles in 

the cm appear as highly collimated, energetic components of a forward jet. 

Examples of kinematically allowed regions for transverse and longitudinal 

cm momenta are shown in the Peyrou plot of Figure 2 for the case of 500 GeV/c 

"p interactions. Superposed are the expected contours for laboratory angles 

and momenta of outgoing pions, showing the characteristics described above. 

For greater detail, the region of small transverse momenta is shown in 

Figure 3. Backward pions in the cm with transverse momenta below 1 GeV/c 

are seen to have laboratory momenta of less than ~20 GeV/c, and can appear 

at angles even beyond 90°. 

Similar behavior is illustrated for secondary protons from 200 GeV/c 

pp interactions in Figure 4, except that the allowed maximum laboratory angle 

here must be less than 90°. On the other hand, those particles produced 

with small or forward longitudinal momenta P , and transverse momenta
L 

PT~ 1 GeV/c, are seen to have laboratory momenta above approximately 20 GeV/c 

and are confined to a forward cone of less than approximately ±4° opening angle. 

1. Bubble Chamber 

The main bubble chamber requirements here are good track resolution, 

angular precision ~ 1 mrad, good momentum accuracy up to the 20 GeV/c region. 

and provision of suitable exit windows and magnet apertures for the forward 

secondaries. The 30-inch bubble chamber is eminently suitable, without re

quiring any significant modifications. 

The gross chamber features illustrated 1n Figure 1 are those of the 30

inch. whose characteristics include high resolution dark field optics. a 



magnetic field of 32 KG. multi pulsing capabilities of ~ five expansions per 

0.5 seconds, and a maximum detectable momentum of over 1000 GeV/c. In the 

configuration shown in Figure 1, the beam is brought in through a small 

window which is currently in use as an exit window for a neutral hadron 

hybrid spectrometer at ANL. The limiting exit angle allowed by the magnet 

structure in the horizontal plane is confined to approximately ±3.5°, which 

corresponds to allowing all secondary particles above ~20 GeV/c to enter the 

downstream spark chamber spectrometer. In the vertical plane the magnet 

iron and beam exit windows allow particles at angles up to approximately ±lOo. 

Thus, it is obvious that the analysis of tracks below ~20 GeV/c will neces~ 
< <

sarily be performed in the bubble chamber, where Ap/p - 10% and AS - 1 mrad. 

This, in our opinion, is a satisfactory level of performance for this parti

cular group of produced particles. 

2. Bubble Chamber Beam 

Since the spectrometer facility is planned to be of general use, a 

comprehensive beam system is required. This section discusses beam charac

teristics and beam defining eqUipment which we regard as necessary to do a 

variety of experiments in the 30-inch bubble chamber with the associated 

downstream spectrometer. It is assumed that the beam, as described in the 
2

Lach-Pruss report, will be constructed, including a secondary hadron target. 

It is also assumed that fluxes of at least 10
10 

protons will be available at 

the secondary hadron target, with a spill time between 60 and 200 ~ sec. Two 

or three such spills per accelerator pulse would be highly desirable for 

bubble chamber multi-pulsing. In addition, it is assumed that beam tuning 

detectors (scintillators or wire proportional chambers) will exist, and also 

at least one Cerenkov counter to determine relative fractions of ~, Kand p. 



In addition, 

A) it is felt that a flux-limiting fast kicker will permit much more 

efficient use of the bubble chamber, giving cleaner pictures and avoiding 

unusable pictures; 

B) a Cerenkov counter which can efficiently tag ~IS vs. (K and p) up 

to 200 GeV/c is desirable for beam purity in view of possible significant 
2 3 

fractions of K- and p t i 

C) a second Cerenkov counter which can tag (~-, K-) vs. p will permit 

studies of K- and p interactions as a by-product of a n- experiment. Eventu

ally K- and p enrichment triggering might be done. If K+/p and ~+/p ratios 

are good, similar arguments will apply for positive beams; 

D) position tagging of each beam track in the chamber, in time correla

tion with the above Cerenkov signals, will be necessary. 

E) external determination of beam momentum and angles will be mandatory 

in most cases. Five small proportional wire chambers can do this job and 

also tag all beam tracks in {D}. 

We now discuss items (A) - (E) in greater detail. 

A} Fast Flux limiting Beam Kicker 

A 1-2 ~ sec. kicker with integral Bd1~ one Kg-m would kick the 5mm high 

target image upward by 0.065 mrad, or by 13 rnm with a 200 meter lever arm. 

The kicker should be located 1000 feet from the chamber. However, the beam 

track counter should be placed at the chamber entry window to avoid uncer

tainty in n. The signal propagation delay (~2 ~ sec.) is comparable to the 

rise time, plus there are logiC and ignition delays. Given a total delay of 

4 to 7 ~ sec., n =10 tracks/picture, and 100 ~ sec. spill time, one could 

control the flux to 10%, which is excellent. This is enormously better than 



the typical fluctuations without a kicker, and should eliminate a source of 

wasted bubble chamber photographs and wasted accelerator pulses. 

Band C} Cerenkov Tagging of n, Kand p 

Extrapolations 
3 

of Serpukhov data indicate that 500 GeV/c protons on a 

target will produce a rich ratio of K-/n- and p/n- at 100 GeV/c -- 5% and 15% 

respectively, 1 km. away at the bubble chamber. The need for n- tagging in 

this case is obvious, and the opportunity to study tagged K- and p inter

actions early is attractive. In secondary positive beams, p and w+ and 

probably K+ will all be present in significant amounts at some energies, and 

will require tagging. 

S. Pruss (NAL) has suggested a differential Cerenkov design, an out
1+

growth of ideas he presented at the 1970 Summer Study. Small angle light 

is directed to one phototube and light between this angle and a larger angle 

is directed to a second phototube. For Cerenkov angles ~5 mrad, the angular 

separation of w's from K's at 200 GeV/c is several times the natural beam 

divergence of 10-l+mrad , or the chromatic ae. Good photon fluxes at these 

angles should permit efficient tagging at p ~ 200-250 GeV/c or beyond. A 

second Cerenkov counter of identical design would then permit separation of 

p from K and w. 

The design involves 40m of Helium-filled pipe at ~.2 to 1 atmosphere 

absolute, downstream diameter 12" to 18", a 100" focal length spherical mirror, 

and the above-mentioned phototube array. Hi gh count; ng effi ci enci es can be 

obtained even beyond 200 GeV/c in the differential mode of operation with this 

length. Beam divergence must be ~ 0.1 mrad, close to what is achievable in 

the existing beam design. 
2 

Pressure must be monitored to 10 ITITI of mercury 

and average temperatures to 5°C. 



D) Position Tagging of Tracks to Correlate with Cerenkov Information 

Minimal position tagging could be accomplished with a crossed pair of 

picket fence scintillator arrays. This means a non-negligible number of 

photomultiplier tubes, since the number, m, of x-y resolution elements 

should be many times greater than the number, n, of beam tracks to reduce the 

probability of two tracks in one hodoscope location. Moreover, one must 

record the bubble chamber frame number and x-y for each beam track. Thus, 

a fast parallel shift register is needed to absorb information during the 

beam spill and later pass it on to a computer or per.haps directly to an 

incremental tape unit. 

With this in mind, we suggest the use of small proportional wire arrays 

of 50 to 100 wires, read out as above. One gets greater x-y resolution at 

somewhat less cost and can also achieve the purposes of item (E). Such a 

system is illustrated in Figure 5. 

E) Angle and Momentum Tagging. 

To use the 30" bubble chamber efficiently, one should start the fiducial 

volume immediately at the beginning of the liquid. Hence, one must know p 

and e of the beam externally. In any case, one can do better externally than 

by measuring short beam tracks in the liquid. From beam optics one will have 

o a ~ 10-~ rad and op/p = 0.066%.2 However, in flux-limited situations one 

may want to increase the momentum bite to 1%. Then it pays to replace the 

momentum slit with a proportional wire array and win back the op/p inherent 

in the target size. This corresponds to a wire spacing of 2mm. A more 

refined system can be made with 1 mm. wire spacing, but several such chambers 

would be required to determine orbits better. In effect, the equivalent of 

a second plane near the target is needed to reduce the "target size". In 



this case one also improves upon thl;! .066% which can be achieved with momen

tum slits. 
9 2

The phase space of the beam as designed is 10- inch -steradian. With 

a reasonable beam size in the chamber, for example ~ 0.5 x 3.0 inches, either, 

the beam is parallel to 10-4 rad or its angle can be determined to 10-4 by 

. . t· . th h b Thi s matches < 10-4 from themeasurlng POSl 10n ln e c am ers. oecoulomb 

entry windows, and also matches for beam up to 500 GeV/c with the transverse 

momentum accuracy one obtains from measuring outgoing tracks in the last half 

of the bubble chamber or better still in the wide gap optical chambers. 

To survey the proportional chambers, a well measured non-interacting 

track in the bubble chamber determines e to 0.5x10-4 in y, and 1.5 xlO-4 in 

z, while oa(cou10mb)~10-4 from the entry windows. At a distance of 13 m, the 

wire location is known to 1.5 and 2.4 mm respectively in y and z, from a 

single track. 

We propose to use an existing, tested design of Charpak chamber
5 

with 

good space resolution and immunity to spark chamber noise, compact and with 

a relatively small number of wires in total. We could certainly put the 

information onto magnetic tape, together with Cerenkov counter signals, for 

each beam track into the bubble chamber. Frame numbers would also be written 

onto the tape between beam pulses. A small computer would be the most 

flexible readout device. A fast parallel shift register or equivalent will 

be needed to interface the proportional wire and Cerenkov signals. The com

puter could in principle be dispensed with and the information written dir

ectly from the shift register by an incremental tape unit, but with the loss 

of online diagnostiC capabilities. Given a computer with a fast printer, the 

track tagging information could be printed out frame by frame for each roll, 



avoiding magnetic tape and associated format problems for the users. 

3. Spark Chamber Spectrometer 

Although many of the salient features of multi particle interactions will 

be obtained from the analysis of only the low energy particles seen in the 

bubble chamber, as illustrated in the previous discussion, we believe that 

additional insight can be provided by supplementary information on the more 

energetic downstream components of the same events. The following deals 

with four important aspects of the system: 

(A) spectrometer resolution, 

(B) spark chamber optics, 

(C) gamma-ray detection and, 

(0) trigger schemes. 

(A) Spark Chamber Spectrometer Resolution 

The apparatus, as shown in Figure 1, includes no external magnetic field 

other than that of the bubble chamber itself. Calculations show that utili

zing (a) the event vertex location in the bubble chamber (b) the chamber's 

fringing field and (c) track locations in the wide gap chambers a typical 

6p/p accuracy of ±5-10% or less is readily obtainable for fast secondaries 

produced in a 200 GeV/c collision on hydrogen. It is clear, however, that 

considerable additional accuracy is available on the very small angle fast 

secondaries with the addition of a magnet downstream. Preliminary considera

tions for such a system are also presented. 

In the initial scheme, two spark chamber units are utilized, one immedi

ately behind the bubble chamber magnet with four gaps of active volume 36 11 

wide by 48" high by 8" deep and the other unit 4.5 meters downstream, against 



the far wall of the bubble chamber building, with the same dimensions. The 

downstream 3611 dimension subtends a ±3.5° angle from the bubble chamber. 

Assuming the following parameters: (1) ±500 ~ on each point measured in the 

spark chambers (2) eight points measured per spark chamber unit (3) ±50 ~ 

on the vertex in the bubble chamber and (4) 872 KG-in of integral Bdl in 

the bubble chamber fringing field we find that ±6p/p (%) ~ 0.07 p (GeV/c). 

T~king into account the following sources of error due to multiple coulomb 

scattering: (1) 15" of LH (2) 0.12" of Fe (B.C. window) (3) 0.2511 of Al 
2 

(vacuum tank windows) and (4) 0.5 cm of counters and other smaller sources 

(air, chamber walls), the resultant ±6p/p(%) has been determined and is 

shown in Figure 6. With the exception of the fastest secondaries produced 

at the highest momenta proposed, the calculations show that the downstream 

spectrometer will provide data comparable in accuracy to that of the bubble 

chamber at lower secondary momenta and permit a complete study, in conjunc

tion with the bubble chamber, of all interesting production angles. 

The necessary and straight forward extension of the apparatus to yield 

more precision in the momentum determination of fast forward particles re

quires an additional spark chamber module plus a magnet. This would involve 

a large aperature magnet (e.g., an ANL type BM 109 with a 8" x 2411 X 72" 

aperature and maximum integral Bdl of 1366 KG-in) placed immediately down

stream of the second spark chamber module followed by a third spark chamber 

module 5 meters from the magnet. All tracks with lab momentum ~ 100 GeV/c 

and with transverse momentum ~ 1 GeV/c will be transmitted through the apera

ture of the magnet and will be recorded in the third spark chamber module. 

The deflection in the magnet, coupled with the long lever arm, provides a 

±6p/p ~ .012 p (%). Thus, 6-7% ±6p/p or less can be achieved for all tracks 

of interest without altering the initial setup of the experiment. 



(B) 	 Spark Chamber Optics 

The wide gap chambers have an active volume 8" deep x 48" high x 36" wide 

per cell. Each chamber consists of 2 cells and each module consists of 2 

chambers, as seen in Figure 7. The chambers are mounted on a precision plat

form which has three primary functions: 1) Providing a means of determining 

the relative locations of the two chamber modules and the bubble chamber, 2) 

Providing a means of maintaining a continuous check on these positions and 

3) Providing a simple means of re-installing the apparatus in the beam line 

after removal. Measuring of apparatus locations is done by means of two 

theodolites, one to determine and monitor bubble chamber-spark chamber plat

form positions and the second to determine and monitor spark chamber-spark 

chamber platform positions. Leveling legs on the chambers, top, bottom, 

front, and rear fiducials on the chamber frame and fiducials on the precision 

platform serve to position the chambers in a known orientation. Front and 

top fiducials also appear on each film frame to orient the chambers on the 

film. Rear and bottom fiducials on periodically run fiducial runs serve to 

complete a three dimensional co-ordinate system for track reconstruction 

independent of knowledge of camera position. Additional platform fiducials 

in view of the camera can serve as an extra check on spark chamber-platform 

orientati ons • 

The chamber separation is variable within and between modules. Within 

the module a maximum separation of 32" is allowed. As seen in Figure 8, 

this maximum separation still permits viewing both chambers in a module with 

one 35 mm. camera at a demagnification of 64:1. This demagnification is an 

upper limit permitted by the intrinsic resolution of a film such as Kodak 

Shellburst for a real space position accuracy of 0.1 nm. With a 411 lens 



the camera can be located at 20 ft. from the center of the chambers. The 

chambers are inclined 6° relative to the beam line to permit a direct view 

in each chamber, thereby eliminating lenses and mirrors in that view (see 

Figure 9). The chamber windows are made of 10 mil. clear Mylar to elimin

ate distortions there. One precision mirror is used in the 90° stereo view 

to bring that view to the same camera. A fiducial plane with many fiducials 

is located at the bottom of the spark chamber to permit corrections due to 

any distortions in the mirror. 90° stereo is used for maximum accuracy in 

reconstruction. The direct view is the view of the plane of bend for maxi

mum accuracy in momentum determination. A strip mirror subtending ~ 1/3 

of the gap in the direct view provides 10° stereo for resolving ambiguities 

in track reconstruction. The mirror subtends only part of one gap in each 

chamber to eliminate confusion between the direct and 10° stereo tracks. A 

dark room under slight over pressure surrounds each assembly for photographic 

and hydrogen safety reasons. 

(C) Gamma-Ray Detection 

The insertion of several radiation lengths of material between the second 

and third gaps of the spark chamber units will provide an effective converter 

for gamma-rays from fast, forward ~OIS. From the point of interaction, pro
~bably measureable to < 5 mm, both the frequency and direction of fast ~OIS 

can be inferred. To our knowledge, the only previous measurement of ~o fre
6 

quency is that of Elbert et ale at 25 GeV/c for ~-p in a hydrogen bubble 

chamber with plates. Their results, although somewhat weak statistically. 

are in rather strong disagreement with the multiperipheral model. Clearly, 

more precise measurements at NAL energies will be very valuable in our pro

posed studies. 



(D) Trigger 5chemes 

The trigger arrangement will be designed such that the spark chambers 

fire on virtually all interactions, there being nearly one per beam burst. 

A picture of the bubble chamber will be taken for each expansion. Two 

simple and flexible schemes have been devised: 

(1) Energy-Loss Trigger: Referring to Figure 1, mu1tipartic1e-charge

particle secondaries would be selected by pulse-height criteria in the 

counters 53 54 55. More than one particle will, on the average, give a greater 

pulse height than that for a single beam particle. Although one might consi

der almost any type of counter which gives signals proportional to the number 

of particles which transverse it, e.g. Cerenkov, scintillation, etc., the 

most simple to utilize is the scintillation counter and it also turns out to 
2

result in the thinnest detector (in g/cm). A single scintillation counter 

when traversed by a high energy particle will give a Landau pulse-height 

distribution. This distribution, with its long tail at high pulse heights, 

cannot be avoided in the present application. A pulse height of 2 times the 

minimum value will occur on traversal by a single minimum ionizing particle 

~5% of the time. This can be greatly improved, however, if two or more 

counters 51' 52; 53 S4e!.Snare utilized and the minimum pulse height appear

ing is considered. In this case, the width of the distribution will be 

decreased by liin and even for n = 3, the tail has all but vanished. If 

this signal is to be used to trigger the downstream chambers, the minimum 

pulse height must be determined in «1 ~ sec. 

With this method, it is to be noted that the downstream counters should 

be thin in order that nuclear interactions in them do not occur frequently. 

Such interactions are no different in character from those in the chamber and 



walls and triggers due to them would certainly result. The number of these 

should be much smaller than those which occur in the chamber. In 1 mm of 

plastic scintillator a minimum ionizing particle produces ~103 photons. With 

an efficient photo cathode (~25%) and a light collection efficiency of ~20%, 

50 photo-electrons could result. This number is sufficient to assure that 

statistical fluxtuations will be relatively small. The five counters, 51' 

5 , 5 , 5 , and 5 , would represent a total thickness of 0.5 cm which is
2 3 It 5 

0.5cm/52cm = 1/100 of a geometrical-mean-free-path. Thus, with 6 particles 

per picture and with the counters described, in ~ 6% of the pulses would the 

spark chamber system have recorded interactions occuring in the triggering 

counters 5152535ltand 55" 

For reasons of efficient and uniform light collection the size of these 

counters probably should not exceed 8" x 811 This presents some minor limi• 

tations in the detection of secondaries as they must appear within a cone of 

±3° if placed at a distance of ~2 meters from the interaction. It may be 

possible to locate counters nearer the chamber 'inside the iron yoke, and if 

so the acceptance angle would be increased. This setup is very inefficient 

for elastic scattering and processes of the type pp+ppn(1TO), when the struck 

proton is slow and at a large angle, thus missing 5351t5 * However, an s 
alternate scheme, discussed next, would resolve this shortcoming. Also, with 

this arrangment one also might consider triggering on events with no charged 

secondary within the angular acceptance of S3Sltand S5' This alternate 

trigger could be tried with parallel logic and could be easily included or 

not as a parallel trigger. 

(2) Beam-Deflection Trigger: The trigger consists of a 3.0 inch dia

meter scintillator 53 located in the beam 125 feet downstream from the 



bUbble chamber (see Figure 1). Wh 
. en this sCintillator fails to record a 

partlcle previously observed by counters S 
l' S2 in the beam upstream of

the bubble chamber, it . 
1S considered to have interacted. 

, S4 
~~--------~----~~--__________~~Sl 

S,S.1. 

For the purposes of investigating the properties of the trigger we 

assume a 2.0" diameter beam in the bubble chamber. This allows a beam spread 

which does not diverge after leaving the chamber except for multiple Coulomb 

scattering. For beam momenta between 100 and 500 GeV/c the beam size at the 

downstream scintillator should not exceed 2.25 inches due to multiple 

scattering. 

This trigger fails most frequently in detecting elastic scatters. 

Table II below lists the average minimum scatter angle and recoil range for 

elastic events which will actuate the trigger. 

TABLE II - Minimum Angle and Recoil Range For Elastic Events 

Beam Momentum Minimum Scatter Angle Mi ni mum Reco 11 Range
GeV/c mr. cm 

100 1 0.3 
200 1 3.5 
300 1 15.0 
500 1 100 

There is considerable flexibility here. For example, by moving S3 to 

200 feet downstream of the bubble chamber and using a diameter of 2.5 11 



ins tead of 3. a", one ach1 eves 
a minimum angle of 0.5 mr. and a minimum range.

of 8.0 cm at 500 GeV/c. 

Some fraction of the' 1lne astic events might also b 
particle' e expected to put a 

~hroUgh S3' lnvalidating the trigger. Scaling 25 GeV/cevents to 
NAL energles indicates this is not ver . . . 

y lmportant, 1n part because the bubbl 
chamber field im t e 

par s transverse momentum to a track Whl'ch . . 
1 S severa 1 t lmes 


that of the minimum detectable elastic scatter. 

For example at 200 GeV/c 


this trigger fails on 4.5% of the 2-prongs, 3% of the 4-prongs, 1% of the 


6-prongs and 0.3% of the 8-prongs. 


This small loss of inelastic events can be reduced somewhat by sur

rounding 53 with a larger counter S4' A hole in S4 passes beam particles 

on to 53' A multiparticle accidental through S3 is likely to be accompanied 

by one or more particles through S4' Hence one would trigger on (S ,S .S " 
123 

54)' (Sl,S2"S;·s;:1, (S1"S2·53,S4)· One can reduce the loss rate arbitrarily 

by increasing the size of S4 or moving it closer to the bubble chamber. 

S3 was not placed more than 125 feet downstream of the bubble chamber so 

that transit time of the particles and signals would be short enough to allow 

adequate 'time to perform logical operations and apply spark chamber voltages 

in less than 500 ns, This restriction is probably too strict by at least a 

factor of two and can probably be relaxed to observe smaller angle elastic 

scatters. Some groups will probably prefer a beam profile in the chamber 

more like 5" x 1/2". In this case 53 would be about 6.5" x 1". This has 

approximately the same solid angle as the circular counter discussed above 

and presents no focusing problems for the presently planned beam. 

Finally, it is emphasized that both these triggers are flexible and 

most certainly can be studied quickly and efficiently under test beam condi



tions. It would be our intention to do so before proceeding with "production" 

data-taking. 

\, 
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FI GURE CAPT! ONS 

Fig. 1 Components of the proposed hybrid system. 

Fi g. 2 Contours of laboratory angle and momentum on the Peyrou Plot for 

the 1f in tile reaction p + P+1f+ + ••• at 500 GeV/c. 

Fig. 3 Shows more detail of Fig. 2. 

Fig. 4 Detail of contours of laboratory angle an d momentum on the Peyrou 

Plot for the proton in the reaction p + p+p+ ••• at 200 GeV/c. 

Fi g. 5 Upstream proportional wire spectrometer. 

Fig. 6 Calculated momentum resolution for the apparatus of Fi g. l. 

Fi g. 7 Wide gap optical spark chamber (one of two such chambers). 

Fi g. 8 Wide gap optical spark chambers and camera positioning. 

Fig. 9 Format of images on 35 mm film. 
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HIGH ENERGY PHYSICS NOTES 313 1I I 
SIJ'SJECT NAME Virgil E. BarnesK- and p Fluxes in the 1000 Meter Hadron Beam and 


Event Rates in the 30" Bubble Chamber. 
 DATE Apri 1 21, 1971 

APPENDIX I. 

Serpukhov data published in Physics Letters indicate that p and K ~ 

fraction of rr- are increasing with bombarding energy,l at a fixed value of 

p /p where p is the outgoing K- or P laboratory momentum and p is roughly
- max - max 

the bombarding momentum. Also, these fractions increase as p /p becomes
2 . - ~x 

smaller. More recent Serpukhov data at 70 GeV, which go to lower values of 

P /p show that the richest ratios occur for p /p = 0.2. The table on the 
- max' - max 

following page is for p /p = 0.2 and 0.4. Due to substantial K- decay over - max 
the 1000 meter beam length, the ratio R(K-) is roughly a constant 5% over this 

range of pIp , when the bombarding energy is 500 GeV. 
max 

For out choice of a 130 GeV secondary beam (p/Pmax = 0.26) using the methods 

outlined on the next page we have at the bubble chamber: 3 

Pprimary proton 500 GeV 200 GeV 

K-/rr  4.7% 1.4% 

p/rr 6.7% 0.4% 

We base our event rates on a 15" fiducial volume, 10 Hadron tracks per 

picture, and a 200,000 picture exposure, giving 2.74 events/~b. We estimate 

~(rr-p) = 24.5 mb, ~(K-P) = 21 mb, and ~(pp) = 42 mb above 100 GeV, 

equal to the measured Serpukhov cross sections at around 60 GeV. 

130 GeV/c Interactions P = 500 GeV/c P == 200 GeV/ proton proton 

-
rr p 61,000 events 67,000 events 

K p 2,400 800 
-
P p 6,800 460 

We expect K and p to be negligible when the momentum is near p • 
~x 

REFERENCES 

1. F. Binon et al., Phys. Lett. 30B, 506 (1969). 

2. Yu M. Antipov et a1., Phys. Lett. 34B, 164 (1971) 

3. The ';d.".~ contamination is expected to be s~ll. See Appendix II. 

AC_7 ." .... 
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HIGH ENERGY PHYSICS NOTES 313 2I I 
~BJECT NAME V. E. Barnes 

DATE April 1, 1971 

APPENDIX 

Extrapolated Ratios of K- and p to "-, from High Energy Protons on Aluminum, 

measured at Serpukhov. 

Figure 1 suggests that R(K-) and R(p), defined as fractions of outgoing" , 

increase with proton bombarding energy from 19 to 78 GeV for a fixed value of P -/p
K max 

or p-;;/p •,; max 

Figure 2 shows this variation, for p-/p • 0.4. Both R's seem to increase max 
logarithmically with Pi ' and have been so extrapolated. Similar trends obtain nco 

for p-/p • 0.5 and 0.6. 


max 

Figure 3 extends the tluniversal" shape of Figure 1 down to p~/p .• 0.1 and max 
shows that the R's peak when p-/p - 0.2. R(K-) increases by a factor -1.8 and 

max 
R(p) increases by a factor -6 when p-/p goes from 0.4 to 0.2 (at Pi • 70 Gev/c).

max nco 
.. 

" We thus estimate the following ratios. Decays of 
- and K over a 1,000 meter" 

I
beam length are taken from Table I. R(K-) suffers; but R(p) improves from decay of "-. 

500 GeV 2 on'A1. 

% of " 100Om, 1.. of n 

100 CeV. 

200 GeV 

..
K .. 
K 

18% 

81.. 

5.61.. 

4.51. 

100 GeV p 13% 15.5% 

200 GeV p ZIt 2.ZIt 

200 GeV 

1.. of n-
p on Al 

100Om, % of " 
40 Gev. 

80 Gev. 

-K ..
K 

141.. 

81.. 

0.771.. 

1.851.. 

60 GeV, p len. 15.60% 

80 CeV p ZIt 2.50% 

1j;wedorn-Ranft calclJ.l:~tions nIno indicate ratios about like this at 
production angles of 5 to 10 mrad, while at 0 0 production the Ha~edorn
Hanft ratios are considerably smaller, as in the figures of the NAL report 
on Hadron Beams to the Bubt)le ChamberR, by J. Lach "in:i S. Pruss, TM-?8'5 

2?54. noo 

.. 




II P'EN'DIX % 

TABLE I 

1000 Meter Beam, K and ~ Decays 

f- (GeV/c) 30 40 SO 80 100 120 150 200 300 400 500 

K-, % Remaining 1.1 3.5 7.3 18.5 26 32 41 51 64 72 77 

tT, % Remaining 55 
-" 

64 70 80 
-

84 90 91 91.5 94 95.5 97.S 

L-~ decay ratio K-/n 0.02 
-

0.055 
-

0.104 0.23 0.31 0.36 
____ I ........ 

0.45 0.56 0.68 0.76 0.79 

Sy :. p/m 

N :. N e-(L/8yc~) 
o 

L = 1000 m 

N/N = e-L/7.4p _ -135cT - = 3.7 m S~CT = p(GeV) x 7.4 o - e K p 

NINO = e-L I SS •8P :. e -;8cT - = 7.81 m eYCT_= p(GeV) x 55.8 
IT 

http:e-L/7.4p
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i"ig.3. Production ratios R as a function.of 
P/Pmax. The broken curves refer to p-p 

collisions (4) at 19.2 GeV. 

is observed for the ratio R(K-) but it is some
what less pronounced. 

The differential cross -sections for the pro
duction of particles were obtained by a method 
already described [1]. The computed beam lumi

'" '" 

nosHy bSl . bp was used for their evaluation. The 
computed value of bP, the momentum accep
tance, has been checked in a measurement made 
with the differential terenkov counter. The rela
tive flux of protons hitting the aluminium target 
was deduced from the measurement of the in
duced 22Na activity. Absolute values of the cross
sections have been obtained by normalizing the 
data with the 40 GeV / c value [1) . 

The differential cross-sections for 7r- produc
tion in aluminium by 70 GeV / c protons are given 
in Inble 1. The flux of 1f- keeps increasing quick
ly as momentum decreases down to 25 GeV/c. It 
is multiplied by a factor of 3 by going from 40 
GeV/c to 25 GeV/c. 

In the region of low momentum at the lliEP 
synchrotron, it should be possible to obtain in
tense beams of antiprotons. Already, at a mo
mentum of 25 GeV / c, for a 1 GeV / c momentum 
bite, the flux of antiprotons is larger than 104 
per burst, 
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(d2(]K-/dndP)/ (d2(]rr-/dOdP) and analogous great. In the present paper the measurements 
values for antiprotons (Rp) and antideuterons were made at angles 0 different from O. As it 
(Pa) are presented in table 1. Corrections, that was noted earlier [2-3] the relative yields R 
take into account particle decay and their inter depend weakly on IJ. So, at P = 39 GeV / e the 
action with the matter in the beam path, were ratio Ro increases by (35± 4)% with the increase 
wtroduced into the measured values. Due to a of the square transferred momentum t"" p2 (12 
very big length of the beam channel ("" 120 m) from 0 to 0.7 (GeV I c)2. If we approximate this 
the correction for kaon decay was '" 400%. In dependence with the experimental Rp (t) "" 
order to check whether this correction had been exp( -at), and assume that it is valid in the region
defined properly, the relative ammount of kaons of small momenta P, then the difference between 
in the beam was measured at two points at the 
end and in the middle of the beam. at a '" 80 m 
distance from the target. The values obtained 
for RK- coincided with an· accuracy of 3% for 
P =h) GeV/e and of 2% for P=13.3 GeV/e. 

As becomes obviOus from table 1, the rela
tive yield of heavy particles R from the Al 
target is somewhat heigher than from the Be 
target, h~wever this dlff.faence is not very 

, ,()~10 GW 
IO"~'.'."",,"-,j. K-/n:-:"

R j 
I .~ 

.1 .~ 

\ . 

.~ \o'In-' 

) i \~ . 

60 

\ 
\ 

I \ 
t. 

I : \ 

: 
I 

t, 

the relative antiproton yields at (I::: 0 and 47 mrad 
and P=l3.3GeVIe will be 15%, and for P= 10 
GeV / c and ()::: 0, Rp practically coincides with 
the value, measured at () 27 mrad. 

The measured values R are presented in 
fig. 1 together with the data, obtained at larger 
momenta [2,3J. From this figure it can be seen, 
that the ratio Rp for small angles () goes through 
the maximum Rp max::: 3 x 10-2 at P= 13 GeV / e. 

10'" 

... 

~ .,... ~ 

ole:\... '0 
'00 

'0 

w" 

wlO ~-
lIT" 

... " ~ •
\ 
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~·ig. 1. Relative yields R of kaons. antiprotons ·Fig. 2. Differential cross-sections for pion. kaon. anti
and antideuterons. produced in p-AI and p-Be proton and antideuteron production with momentum P in 
collisions at E = 70 GeV. P equals the momen p-AI collisions at Eo 70 GeV. Dark points are cros",
tum of the secgndaries. Dark pions are the re sections, measured at () 00 . Light points were oht'llned 
sults of the present paper. Ught points are the by crnstl-section eJ(trapolation to 8 = 00 (see the tex "1 h, 

data 11-3). The curves were drawn by hand. curves were drawn by hand. 
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The ratio of muons to pions (~) has been calculated for the hadron 

beams which will service the NAL 15 ft. bubble chamber and the ANL 30 inch 

bubble chamber. The source of muons is from the decay of pions in the hadron 

beam lines. We consider later an additional source of muons which would 

result if a hadron target is not used. The properties of these hadron beams 

are described by J. Lach and S. Pruss, National Accelerator Laboratory, 

TM-285 (1971). 

The Monte Carlo beam program LLURCH by D. H. Stork, U.C.L.A. and J. L. 

Lloyd, Oxford, has been used to calculate the ~ ratios. The positions,
Tl 

dimensions and fields of the beam elements set up in the program are those des

cribed in TM-285. LLURCH operates in the following way: particles are 

started from the hadron target and traced from element to element until they 

are lost from the beam or reach the end. A particle may be lost from the beam 

by striking a magnet or by decay. Scattering and losses in slits are also 

accounted for. For details see the LLURCH write-up. 

The muons considered in calculating the ~ ratio in the case of the 15 ft. 
Tl 

chamber, are those which fall within a 12 ft. diameter circle on a plane 

perpendicular to the beam line at the position of the chamber. For the 30 inch 

chamber, which has a depth of 15 in., a 30 in. x 15 in. rectangle was used. The 

number of muons at the 15 ft. chamber includes those which strike a quadrupole 

after the last bend in the beam. Because of the angles and distance involved 

these muons also enter the bubble chamber. This procedure was not used for the 

beam to the 30 inch chamber since there are no elements after the last bend. 

LLURCH was run both with and without magnetized slits. The slits, made 

of iron, were 10 ft. long with a field of 10 kG. The effect of the magnetized 

slits was to reduce the ~ ratio by a factor of only 0.8 to 0.9. This was true 
Tl 

for both beams and had little dependence on momentum. The effect of the 

greater bending power in the slits at lower momentum is compensated by the fact 

that at lower momentum more of the muons that get to the chamber come from 

decays occuring after the last bend in the beam (and after the slits). 



The spacial distribution of the muons in the bubble chambers will be 

more dispersed than that of the pions which form a small image of the target. 

Approximately 1/3 of the muons in the 15 ft. chamber will overlap with the 

pi on image of the target. For the 30 inch chamber the overlap is less than 

5 percent. The ~ ratio for all muons in the chamber has been calculated for 
TT 

both beams with l1nmagnetized slits at the following momenta: 30, 50, 100, 


200, and 400 GeV/c. The results are presented in Fig. 1. 


We now consider an additional source of muons which would result if the 

hadron target is not used and the source of pions is from the neutrino tunnel. 

Particles coming through an aperture in the shield will be steered over to the 

hadron beam. Pions decaying in the neutrino tunnel (1337 ft. long) create a 

spectrum (in momentum) of muons. For a given decay distance, the momentum 

spectrum of the pions will determine the momentum spectrum of the muons. The 

transformation can be made simply by using the fact that decay pions of energy 

Eo will yield a uniform energy spectrum of muons from 0.57 E to E • We will 
o 0 

make the calculation for both 200 GeV/c and 500 GeV/c incident protons. 

We have used the Hagedorn-Ranft calculation of forward production of 

negative pions~s given in TM-285. The approximation that the average decay 

angle of a pion with a particular momentum is small compared with the width 

of the angular distribution of pions at that momentum is made. (The average 

pion decay angle is rOughlYl~ the width of the production angular distributions.) 

Given the pion momentum distribution the muon momentum distribution is cal

culated. The muon spectrum is normalized according to the probability for 

pion decay in neutrino tunnel and the pion spectrum according to decay in the 

entire beam length, neutrino target to bubble chamber. We have normalized for 

pion decay only in the neutrino tunnel rather than all the way up to the first 

momentum slit because studies with LLURCH showed that a negligible number of 

muons would reach the bubble chambers from pion decays in the region from the 

end of the tunnel to the first slit. The pion and muon spectra yield directly 

for any momentum the ~ ratio (for muons produced in the tunnel) in the bubble 
TT 

chamber for the same momentum bite of both particles. The results are shown in 

Fig. 2. Because the slits are somewhat transparent to muons the beam will 

transmit a larger equivalent momentum bite for muons. This effect, however, 

turns out to be negligible at momenta less than 100 GeV/c, only at 400 GeV/c 

would it as much as double the number of muons predicted and here the number is 

very small anyway. Without the use of a hadron target the ~ ratio in the bubble 
TT 

chamber will be the sum of ratios from Figs. 1 and 2. Unlike the muons which result 



from pion decay in the hadron beam lines, the muons coming from the neutrino 

tunnel will focus to an image of the target just as do the pions. 

We wish to thank S. Pruss for the several useful suggestions concerning 

this work. 



MUONS FROM PION DECAYS IN THE HADRON BEAM LINES 
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MUONS FROM PION DECAYS IN THE NEUTRINO TUNNEL 
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