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ABSTRACT 

We have demonstrated that minimum ionizing tracks at near-normal 

incidence to an emulsion plate can be found rapidly and with near ..., 100% effi-

ciency with the aid of high resolution optical spark chambers. The mean dis-

tance between predicted and found track locations was 150 fJ.In. The mean 

difference between angles predicted by the spark chambers and measured in the 

double -sided emulsion plate was 1.4 mrad. We discuss the implications of 

these results for use in emulsion-magnetic spectrographs with maximum detect-
. . 4 

a ble momenta gr ea te r than 10 Ge V / c • 
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I .. INTRODUCTION 

In the measurement of particle momenta by magnetic deflection, the 

use of nuclear emulsion plates at near -normal incidence is sometimes the most 

appropriate method for defining the trajectory. The extremely high spatial 

accuracy (;S 1l-1m)of emulsion is particularly needed in cosmic ray experiments 

involving high particle rigidities, limited magnetic field integrals, and limited 

space and weight for the apparatus. The emulsion spectrograph technique 1 

may also be applicable at future high energy accelerators. Fig.·1 shows a 

configuration which is appropriate for cosmic rays. 

In experiments which measure relativistic .g = 1 particles incident on 

large areasC»100 cm 2) of emulsion it is generally necessary to have accurate 

location of the track prior to scanning. This follows from the difficulty of 

recognizing minimum ionizing tracks and from the usually low ratio of useful 

events to background tracks. In addition, accurate knowledge of the angle of 

the trajectory at its intersection with the emulsion is necessary for the re-

jection of spurious background tracks. These requirements are satisfied 

for a wide range of possible experiments by an arrangement (e. g., Fig. 1) 

including spark chambers (optical or wire readout) and double -sided emulsion 

. plates poured on glass. The use of double-sided plates several millimeters 

thick provides a "single plate angular determination" accurate to 1- 2 mrad 

which, combined with the better than 1 mrad resolution of the spark chambers, 

gives excellent background rejection. 

The use of emulsions with spark cha~bers and a magnet to measure 

momentum was suggested by Daton and Volynskii
2 

and by Alvarez and Humphrey. 3 

v 4 
Daion et al. used a single-gap "spark counter'l in a run with a single-sided 
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em.ulsion plate and were able to find 7 of 12 COSm.lC ray tracks at near-norm.al 

incidence to the plate, whereas 14 random searches yielded no candidates 

within their criteria. 
·5· 

Several other workers have successfully used spark 

chambers with emulsion stacks in which the trajectories were nearly parallel 

to the em.ulsions. The low track-finding efficiencies in these early applications 

as well as the $ 80% effiCiency achieved in our own early runs with conventional 

m.ulti-gap sp~rk chambers gave rise to some question as to the practicability 

of the technique. Recently Cowsik et ale 6 have described a spectrograph in-

cluding em.ulsions, wide gap spark chambers, and a permanent magnet; the 

accuracy of prediction was quoted as being within an area of 1 X 1 mm.. 

We have carried out a test to demonstrate that minimum ionizing tracks 

at near-norm.al incidence to an emuls,ion plate can be found rapidly and effi-

ciently with the aid of high resolution optical spark chambers. We describe 

the apparatus and procedure used in sections II and III below and present re

sults in IV. Our conclusions and some discussion of po~sible applications of 

the method are given in section V. 

II. APPARATUS 

The apparatus used for our track-finding runs is shown" in Fig. 2. In 

order}o eliminate difficu~!ies due to scattering in the apparatus, we defined a 

hard muon beam by means of a Cetenkov threshold counter and 15 cm of lead 

absorber. The Cerenkov counter, using air at 1 atln. as the radiator, set a 

threshold of 4 GeV for the incident muons. The rms multiple coulomb scatter-

ing angle of a 4 GeV muon passing through the emulsion plate is 0.7 mrad. The 

m.axin1um angle of acceptance of the arrangement was about 15 deg. 

Two identical spark chambers were used, one above and one below 

the emulsion plate. Each chamber contained four plates; the center plates were 

, .. i 
I 
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tied together and pulsed with high voltage. The plates were spaced to fonn two 

5 cm sparks whose centers were 15 cm apart. , 
Each plate con~>isted of two sheets of 33!J.In-thick aluminum foil stretched 

'. and glued to both sides of an aiuminum ring 1 meter in diameter and 1.6 cm thick. 

The four plates were supported at three equidistant points inside a rectangular 

magnesium box. All sides of the chambers had glass windows made of 0.63 cm-

thick paralleloplate with fiducial marks etched acros s the inside surface for 

optical calibration purposes. The top and bottom of the box were covered with 

75 !J.In-thick alumin~ foil plus a 250fJIU thick l\Aylar sheet. The chambers were 

filled with the usual 90% - 10% neon-helium mL-cture. 

Each chamber was driven by its own Jour-stage Marx generator, 

mounted directly on the chamber box. The high voltage leads were brought 

through the sides of the box midway between the plates in a completely symmetric 
I- ! 

way in order to obtain equal spark intensities. The pulse applied to the spark 

chamber plates was typically about +45 kV. 

The emulsion plates were poured speCially for us by the Eastman 

Kodak Company on both sides of 0.225 X 20 X 20 cm glass, using NTB 3 emulsioh. 

Relativistic tracks (1 Ge V pions) produced 17 grains/100 f1.m of undeveloped 

elnulsion. The emulsion thickness prior to processing wa~ about 200p.1n .and 

the shrinkage factor in processing was ::::1. 7. The plate was glued with R TV 

(room temperature vulcanizing) cement to a stainless steel holder and luade 

;" light-tight. Eight small fiducial lights (four for each view) were mounted at 

'. the corners of this holder. These lights had::::i200 p.m-thick transparent crosses 

illuminated from behind with tiny incandescent bulbs. The crosses were placed 

obliquely so that the lights could be measured from above or photographed from 

the front. 
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The spark chaITlbers and fiducial lights were viewed in 90 deg stereo 

by two 35 ITlITl caITleras with 135 ITlITl focal length lenses locat~d 3.6 ITl froITl the 

eITlulsion plate. In order to ITliniITlize the length of spark obscured by the front 

edges of the spark chaITlber plates, it was necessary to tilt each chaITlber 

slightly (Fig. 1) so that each caITlera lens lay in the central plane of both chaITlbers. 

The average deITlagnification frOITl real space to filITl was 25. 

III. PROCED URE 

Two runs were ITlade under siITlilar conditions. The eITlulsion was 

processed in its holder. After it was processed, a pair of fine (:::: 10fllll) ortho-

gonal scratches was scribed in the eITlulsion surface., Their intersection, de-

fined as the origin of coordinates, was ITleasured with respect to each of the 

eight fiducial crosses •. Then the eITlulsion plate was reITloved frOITl its holder. 

In preparation for scanning, the scratches in the eITlulsion were aligned with 

the ways of the ITlicroscope stage and the scanner was given the coordinates 

and angles of the tracks to be found. 

The track predictions were generated as described below. The filITl 

was ITleasured on an LRL-SCAMP digitized ITleasuring projector with 1 fllll 

least count. In order to ITliniITlize ina.ccuracies due to operator setting error, 
i 

each eITlulsion fidudal light was encoded four tiITles and:::: 15 points were encoded 

along each of the four sparks in each view. 

The observed sparks are displaced froITl a straight-line trajectory be-

cause in each gap the priITlary ionization electrons drift toward the positive 

plate during the NiO nsec rise time ,of the high voltage pulse. (There was no DC 

clearing voltage on the chaITlbers.) Thus, there is a systeITlatic shift of the 

observed spark locations proportional to the sine of the angle between the 

trajectory and the norITlal to the spark ch~ITlber plates. However, this shift 

, 

I' 
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is equal and opposite in the two gaps of our cham.bers. Taking advantage of 

this sym.m.etry, we averaged all the m.easured points for a cham.ber to define 

a tlcentral pointtl along the projected trajectory. The inters.ection with the 

em.ulsion plane of a line joining the tlcentral points!! for the two cham.bers was 

the center of the search area. 

As shown in Fig. 2, we photographed four fiducial lights in each view, 

each located at one corner of the em.ulsion plate. These lights were used to 

reconstruct the angle m.ade by the cam.era axis with the em.ulsion plate. The 

intersection points of the projected trajectory with the lines joining the front 

and rear pairs of lights define a straight line in the em.ulsion plane for each view; 

the intersection of these latter lines in the em.ulsion scratch coordinate system. 

is the point of inter section of the true trajectory with the plane of the fiducial 

lights. From. this point and the m.easured projected angles of the track in 

each view, the predicted track location is calculated in the top layer of em.ul

sion. Given the (m.easured) thickness of the em.ulsion plate glass at that loca

tion, and allowing for a 4 f-lIll average gap between the last grain in the em.ul-

sion and the glass" it is possible to com.pute the projected deviations of the 

track between the em.ulsion layers. By the projected deviations of the track 

we m.ean the orthogonal horizontal com.ponents of the unobserved section of 

. track as it traverses the glass. 
'I} 

An analysis of a large number of spark cham.ber pictures yielded O. 1 

(j m.rad as the rm.s uncertainty in the angle of each track. The uncertainty in 

location of a single spark is 70 fl.lTI and the total calculated position uncertainty 

of the projected particle trajectory at the em.ulsion plane is 52 f-lIll. The latter 

figure includes random. errors in m.easurem.ent of the fiducials on the film. but 
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does not include a possible systematic discrepancy between the centers of the 

fiducial crosses as seen by the measuring microscope and their apparent centers ~, 

as seen (with back illumination) on the film. 

The tracks were found in the top emulsion layer in "rectangular spiral" 

scans originating at the predicted track location. The average search required 

only 5-10 minutes. However, the maximum 1 mm
2 

scan took an hour or more. 

Roughly 90% of the candidates were found on the first attempt; the others were 

found in rescans or in scans of the bottom layer by using the 30 X, 3 mm work

ing distance Koritska objective. Remeasurement of the spark chamber film 

was necessary in a few cases due to unusually large operator errors. Upon 

finding a candidate in one layer of emulsion (the criteria for a candidate were 

very loose), the scanner verified that the track went through to the other emul

sion layer. She then carefully measured the projected deviations of the track 

between the layers; the distances measured were from the last grain in the top 

emulsion to the first grain in the bottom emulsion. The measurements were 

made on a Brower precision measuring microscope. Our preliminary criterion 

for acceptance of a track as "found" was that the X and Y projected deviations 

so measured each agreed with the predictions from the spark chambers to 

within 20 f.LITI. This distance corresponds to 9 mrad agreement in angle. 

IV. RESULTS 

We were successful in finding all 93 tracks searched for in one run. 

In another run, 64 out of 65 tracks were found. 

Figure 3b, c shows distributions of the differences between the pre

dicted and found track locations for the 93 tracks of our principal run. The X 

and Y differences are plotted versus each other in Fig. 3a. The predicted 

locations include 0-80 jJ.m corrections for refraction in the spark chamber 

u 
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glass. Both the X and Y distributions are shifted slightly (by mean values of 

35 and 60 jJ.ffi respectively) from zero. We believe the shifts to be due mainly 

to the systematic uncertainties in measuring the fiducial lights mentioned above 

and to systematic errors in the refraction correction arising from uncertainty 

in the angles between the camera axes and the chamber glass. 

The distributions are too flat to be well represented by a Gaus sian 

curve. In addition the characteristic widths (±95 fJ.m mean deviation from the 
f 

mean) are about double what is expected from random errors associated with 

the spark measurements. We do not fully understand this discrepancy, but 

there are a number of small systematic errors which can contribute - micro-

scope measuring errors, thermal expansion of the emulsion plate, shrinkage 

of the film, lens distortions, etc. (A 50 fJ.m error in real space corresponds 

to only 2 jJ.ffi on the film.) In any case, we note that >90% of the tracks were 

found within a rectangular box 400 jJ.ffi on a side. After correction for the ob-

served systematic shifts, the mean distance between predicted and found track 

locations is ~ 150 jJ.ffi. 

In Fig. 4 we show distributions of the difference between predicted 

and measured deviations of the tracks between emulsion layers. An angle of 

1 mrad corresponds to 2. 25 jJ.ffi deviation. The mean departure from zero 

(prefect agreement between prediction and measurement) in Fig. 4 is 3. 2 jJ.ffi 

for both X and Y, corresponding to a mean difference between angles predicted 

by the spark chambers and measured by the double-sided emulsion plate of 

1. 4 mrad. Uncertainty in the predicted angle of the track due to spark jitter 

plus spark and fiducial measurement error contribute .sO. 5 fJ.ffi in Fig. 4. 

Additional contributions of ~ 1 jJ.ffi corne from jitter in the actual location of the 

grains and random errors in the measurement of these grains. (These errors 
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could be reduced by fitting the tracks in the emulsion to a curved trajectory. ) 

We believe that the remaining width of the distributions is due to systematic 

microscope measuring errors and small errors in relating the sparks to the 

emulsion coordinates, but we cannot rule out shifts of :52 I-Lm due to local dis-

tortion of the emulsion. However, we have no reason to suppose such shifts 

actually occur. We also note that >90% of the tracks lie within ± 8 I-Lm in 

Fig. 4 (a) and (b) (±3. 5 mrad in angle). The small width of the distributions 

in Fig. 4 in comparison to the possible spread of about ±100 !J.m allowed by the 

scanning criteria constitutes in itself conclusive evidence that we have found 

the right tracks and that there is no significant background. 

V. CONCLUSIONS AND APPLICATION 

In an actual experiment using the emulsion-spark chamber technique, 

one would adjust the size of the search area and the angle criteria in accordance 

with the random track background in the emulsion. For example, a 10 hr high 

altitude balloon flight plus 2 weeks of exposure to ground level cosmic rays 

would put 160 particles per steradian in the vertical direction into 1 mm
2 

of .. 

emulsion. (only -40 of these are due to the flight). With a ±4 mrad angle 

criterion and a o. 6 X 0.6 mm scan area, the probability of a scanning ambiguity7 

-3 
would be 3 X 10 per track. For our test run the probability of an ambiguity 

was about half this value. 

However, it would be very difficult to maintain our spark chamber 

resolution with a compact optical system using mirrors such as would be 

suitable for a flight experiment. In addition, the track-finding accuracy for 

the setup of Fig. 1 would be somewhat worse that that of the test, being limited 

for the first plate scanned by the -1 mrad angular resolution of a single chamber. 

u 
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On the other hand, the development and use of liquid or solid state particle 

detectors 8 with spatial resolution of order 10 - 20 J.lITl would lead to a back-

ground-rejection improvement for the emulsion technique of several orders of 

magnitude (the background rejection varies as the fourth power of the spark 

chamber resolution for a fixed spacing between sparks). This improvement 

would be useful for extended exposures in satellite-borne cosmic rayexperi-

9 
ments. 

We conclude that minimum-ionizing tracks at near -normal incidence 

can be found rapidly and with near-perfect efficiency in emulsion plates with 
i 

the aid of optical spark chambers. The use of high resolution wide-gap chambers 

and emulsion poured on both sides of glas s plates permits specification of the 

angle of incidence to within a few milliradians. This technique provides adequate 

rejection against background tracks to permit the use of emulsion-magnetic 

h OOd f 10 
0 1,6 spectrograp s 1n a W1 e rang e 0 app 1catlons. 

As an illustration of the potential of the emulsion spectrograph technique 

-we shall discuss the arta~gement of Fig. 1 (most of which is _built), which has 

the ability-to detect momenta ~104 GeV/c. A superconducting magnet with a 

clear cylindrical core of 1 m and a field'integral of ~10 kG-m is used. 10 
i 

The four emulsion plates are supported in pairs by a lattice-type structure 

and contained in a temperature:"controlled box. The spark chambers described 

above are mounted above and below the emulsion support structure. 

Alignment could be carried out by optical metrology techniques. For 

-5 
example, the angles between plates can be measured to better than 5 X 10 

rad (10 arc-sec) by autocollimation. Measurements of relative positions of 

the two plates held by one end-frame can be made to several !-Lm with a large 

granite stage built by our UCBSSL-LRL group. This stage, which is also used 

for ~canning and track lneasuremcnt on large emulsion plates, has a O. 5X O. 5 

-. 
- " 
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m travel and laser interferometer readout to an accuracy <1 p..m. A subsequent 

publication will describe the stage, associated optics and electronics, and 

its operation under computer control. 

We have conservatively estimated the maximum detectable momentum 

(100% resolution) for the spectrograph shown in Fig. 1 to be 6000 GeV / c if 

. only the deflection angle is used to estimate the momentum. This estimate 

is based on 5 p..m rms uncertainty in the relative position of points in adjacent 

plates. (The adjacent plates of each pair are 20 cm apart.) Fitting the tra-

jectory through four plates with a gap of 2 m· between pairs and position 

measurements of the pairs to <25 p..m would increase the maximum detectable 

4 
momentum to,~10 GeV/c. The thermal and mechanical stability of the system 

must be maintained or monitored such that the above tolerances are held. Pre-

liminary work with the elements of the spectrograph described here has indi-

cated that such a device can be made to work without any additional major techni-

cal developments. 

The speed of track-finding might be increased greatly with the follow-

ing two innovations. Use of an objective lens vibrating vertically faster than 

the persistence of vision (at 60 Hz) can reduce the finding time for tracks with

in a few -degrees of vertical--by-a £ac-tor-5. 1,.~ i-Automation of the microscope 

stage motion plus putting the data input and output under control of a small 

digital computer reduces the tasks of the scanner to the actual recognitiono£ 

tracks and the recording of points. With these improvements. times of s~veral 

minutes per track per plate are possible. and experiments involving thousands 

of events become practical. 

\1 
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Figure Captions 

Emulsion spectrograph for measuring cosmic ray particle momenta 

up to 10
4 

GeV / c. The trajectory is first reconstructed from the spark 

chamber photographs ;:.the ;:resultant information is used to find the 

particle track in each of the four glass -backed double -sided emulsion 

plates. A much more accurate trajectory is then obtained. 

Apparatus used for track-finding test as seen in either orthogonal 

stereo view (not to scale). Back-illuminated fiducial crosses are 

mounted at the corners of the emulsion plate holder and photographed 

with the sparks. 

(a) Scatter plot of differ~nces in orthogonal coordinates between spark 

chamber predictions and measurements in the emulsion for 93 cosmic 

ray muon tracks. (b) and (c) show the,distributions of these differences 

projected onto the X and y,axes of the emUlsion plate. 

Distributions of differences between spark chamber predicted and 

measured deviations of the track from top to bottom of the double

sided emulsion plate. The tracks were projected onto the emulsion 

plane and then reprojected onto orthogonal axes X and Y. These 

distributions are centered at zero because systematic errors have 

been corrected. An angle of 1 mrad corresponds to 2. 25 f.1lTI in these 

plots. 

\.1 

v 
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