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'ABSTRACT.

We have demohétrated that minimum ionizing tracks at near-normal
incidence ‘to an emulsion plate can be found rapidly and with near - 100% effi-
ciency Wifh the aid of high reéolution optical spark.cha.mbers. ‘Thé mean dis -
tance between.predicted and found track locations was 150 pm. Thé mean
difference between angles predicted by the spark chambers and‘measu:.red in the-
double -sided emulsion plate was 1.4 mrad; We discuss the implicatidns_of
thésg results fbr. use in exﬁuléion—magnetic "s;pe'(.:trogra_;phvs with maxim.urn detect-

able momenta gréater than 104AGeV/c.
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L. INTRODUCTION

In the .fheasurement of paréi'cle mome_ﬁta by magnetic déflection, -fhe.
use of nuclear emulsion plates at néar—ndrmal inc>ivd‘erice is sometimes the most
apprdpriaté mefbhcbn:d‘vf.or_ definihg the tr.aje.,ctory. ’I‘hé extremely high spatial
accuracy (< 1v|¢m).of emulsion is particularly needed in cosmic ray experiments
involving high part_icie -rigidities, limited magnetic field integrals, ‘and limited
s’paée and weight for the apparatus. The emulsion spectrograph ’cechniquef'l
may also be applicable at future high energy acc.el.evrat'ors. Fig. "1 shows a
corifiguration whic;h is appropriate for cosmic rays.

In experirrients which measure rélativistic -Z. = 1‘ particlés incident on
large areas®>>100 ;:mz-).of enﬁulsion it ié geﬁe.r.allyiﬁecessary to have accurate
1§¢ation of the track prior ‘_co. éc_anning. This follows from the difficulty of
recognizing mlmmum ionizing tracks and from the usually low ratio of useful
events to backg'found'frack_s. In addition, a_écurate kno&ledgé of fhe é,ngle of
the trajectory at its intersection with the emulsion is ne'cessary for the re-
jection of spuric;us background tracks. These requirements are satisfied
for a wide r’ange of possib'le experiments by an arrangerﬁen’c (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 miliimeters

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 chambers and-a magnet to measure

v :
momentum was suggested by Daion and Voly—nskii2 and by Alvarez and Humphrey.

. _ _
Daion et al. 4 used a single-gap ''spark counter'" in a run with a single-sided
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emﬁlsion plate and were able to find 7 of 12 cosmic ray tracks at near-normal
incidence to _the.pléte, whereas 14 random s_ebarches yié_lded no candidates
within their critéria. Se\/.‘eral other workérs5 have successfuliy used spark
chambers with emulsion stacks in which the trajectories were nearly. parallel

" to the emulsions. The low track-finding efficiencies in fhese early applicétions
as well as the <80% efﬁéiér}cy achieved in our éwn eai‘ly runs with conventional
multi-gap spark chambers gave rise to some qﬁéstion as to the practicability
of the techrﬁque. " Recently Cowsik et al. 6 have fdescribéd a spectrograph in-
cluding emulsions, wide gap spark chamb'er‘s, a;ld a perménent magnet; the
acc.uracy of prediction was quoted as being within an area of 4 X 1 mm,

We have Vcarried out a test to demonstrate that_mihimum ionizing tracks
at near-normal incidence to an emulsion pléte can' be found rapidly and effi-
ciently with the.aid .of high resolution bptical spark chambers. We describe
the apparatus and procedure used in sections II and III below and present re-
sults in IV, Our conclusions and ‘lsomevdiscussion of poésible applications of

‘the method are givgn in section V.
II.  APPARATUS

The apparatus used for our track-finding runs is shown’ in Fig. 2. In
order_’to eliminate difficulties due to scattering in-the apparatus, we defined a
hard‘ muon beam by means of a Cerenkov threshold counter and 15 cm of lead
absorber. The Cerenkov counter, using air at 1 atm. as the radiator; set a
threshold of 4 GeV for the incident muons. The.rms muitiple coulomb scatter-
ing angle of a 4 GeV muon passing through the emulsion plate is 0.7 mrad. The
maximum angle of acéeptance_ of the arrangement was about 15 deg.

Two identical spark chambers were uéed, one _abovle and one below

the emulsion plate. Each chamber contained four plates; the center plates were
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tied together and pulsed with high voltage. The plates were spaced to form two
5 cm sparks whose centers were 15 cm apart.

Each plate consisted of two sheets of 33prn.v—thick aluminum foil stretched

and glued to both sides of an aluminum 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 hacll glass windows made of 0.63 cm-
thick paralleloplafe with fidﬁcialimarks etelled acros s the inside vsurface for
optical calibration purposes. The top and bott(;m of the box were covered with
75 pm-thick alumlnurn foil plus a 250pm thick Mylar sheet The chambers were
filled with the usual 90% - 10% neon-helium mixture.

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

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

through the sides of the box midway between th':e plates ina completely symmetric
way in order to obtain equal spark intensities. The pulse applied to tl;e spark
chamber plates was ty'pically about +45 kV,- |

The emqlsion plates were pourred speeially for us by the Eastman
Kodak .Cornpany' on both sides of 0.225 X 20 X 20 cm glass, using NTB 3 emulsion.
Relat1v1st1c tracks (1 GeV pions) produced 17 gra1ns/100 pm of undeveloped
emulsion., The emulsion thlckness prior to processing was about 200|m dnd
the shrinkage factor in processing was =4, 7., The plate was glued with RTV

(room temperature vulcanizing) cement to a stainles’s steel holder and made

- light-tight. Elght small fiducial lights (four for each wew) were mounted at

Vthe corners of this holcler These lights had= 200 pm-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 chambers and fiducial lights were viewed in 90 deg stereo
by two 35 mm cameras with 135 mm focal length: lenses located 3.6 m from the -
emulsion plate. In order to minimize the length of sp_ark:obscured by the front

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

slightly (Fig. 1) so that each camera lens lay in the central plane of both chambers,

/
- The average demagnification from real space to film was 25.

11 PROCEDURE

Two i'uns were made under similar conditions. The emulsion was
processed in its holder;, . After it was pi‘ocessed, a pair of fine (® 10|;LIT1)‘OI"thO"». ‘
gonal scratches was scribed in the emulsion surface.. Their intersection, de-
fined as the origin of 'coordiné.tes, ‘was measured with respect to each of the
eight fiducial crosses. Then the emulsion plate was removed from its holaer;
In preparatiori for scanning, the scratches in the emulsion were aligned with
the Ways of thevmic'roscope sta.ge and the ééanner was given the coordinates
and angles of the tracks to be found. |

The tfack predictions were gen.eratéd as described below. -vTheb_film
was measured:o.n ari LRL—SCAMP digitized measuring' project'or‘ with 1 pm
least count. In order to minimize 'inaccqraéies due to operator setting error,
each emulsion_fiducifal light was encoded four times and 515 points were encoded
along each of i:he four sparks in each view.

The observed sparks aré displaced from a straight-line trajectory be—;'
cause in eac.hvgaip the primary ionization electrons drift téward t_.he.positii}e
plate 'duil'ing the ~10 nsec ris.e time-of the high volt_avge pulse. (Thei‘ve was ‘no DC
cleéring vqitage on the ch‘émbers, ) Thus, there is a systematic shift cif- the
. 6bserved spark'lc“)c_atio'nvs prof)ortional to the sine of the angle b‘etweeh the

trajectory and the normal to the épark chambe'rrplates. 'However, this shift

v ]
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is equal and opp'osvii;,evin the two gaps of our'charnvbers. | r].?aking advantage of
this symmetry, we averaged all the measured poinfs for a chamber to define
a "ceﬁtrél point' .alon.g' the projected tr'aj,éc.tory. The intefsection With the
émulsion plane 6f a line joining the ”Céntral points"* .for:the two chambers was
the kcenter of t_hé search area. |

As shovwn in Fig. 2, we photograi)hed fourb fiducial 1ights in each %fiew,
each lécated at onie corner of the emulsion plate. These lighfé were used to
reconstruct the‘éngle made by the camera axis with thé emﬁlsion plafe. The
intersection p‘oint»s‘ of the projected trajectory with the lines joining the front
and rear pairs of lights define a straight line in the emulsion pl.aﬁe.for each view;
the intersectivébn of these latter lines in the emulsion scratch coordinafe system
is the };oint of intersection of the 'trué trajectory with the pvlane‘ of the fid_uc;-ialv
lights. From this pﬁint and the measui‘éd projected'anbgles of fhe track in

each view, the predicted track location is calculated in the top layer of emul-

"sion. Given the (rheasured) thickness of the emulsion plate glass at that loca-

tion, and allowing for a 4 pm averagé gap between the last grain in the emul-
sion and the glass,. it is possible t_o' compute the projected deviations of the
track between the emulsion layers. By the projected deviations of the track

we mean the orthogonal horizontal components of the unobserved section of

track as it traverses the glass.

An anéleis of a large nurﬁ‘ber éf spark chambér pict‘ures:yievlded 0.1
mrad as the rms uncertainty in the angle of each track. The uncertainty in -
location of a single spark is 70 pm and the total Cv,alc'ulated pésition uncertainty
of the projected particle trajectory at th;e emulsion plane is 52 pm. _’I-‘he latter "

figure includes random errors in measurement of the fiducials on the film but
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" does not include a bossible sjstematic disci‘epancy between the ce_ntei's’of the -

fiducial crosses as seen by the measuring microscope and their apparent centers ">

as seen (with back illuminatién) on the film.

The tracks were found in the top emuléion layer in "rectangulai spiral"
scans originating at the prediéted track location. The a{rerage search required
only 5-10 minu‘;es. However, fhe maximufn 1 mrn2 scan took an. hoﬁr or more.
Roughly 90% of the ca.ndidatesvwere foﬁnd on the first attempt; the others W.e..i:e
found in rescans 61’ in scans of the bottom 1.ayert by using the 30 X, 3 mm work-
ing distance Koritska objective. Remeasurement of the spark chamber filfn
was necessary 1n a few caées due to unusual'ly large operator errors. Upon
finding a candidéte vin‘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 léyer, Shé then carefully measured'the. projected deviatiorw:s of the track
betWeen the layebrs; tile diéténces measured.were vfrom the last gréin in the top.
emulsion to thél fir’st grain in the bottorﬁ emulsién. The measurements were
‘made on a Brower pre'cision measuring rﬁicroscope. Our preliminary criterion
for acceptanée..df a ffack as ”‘,foﬁvnd"v Was. thaf the X and Y projected deviations
'sQ measﬁfed ééch~agreed with thé predictions from the spark chambers to
within 20 pm. Th1s distance corresponds to 9 mrad agreement in angle.

IVv.  RESULTS

vWe were successful in finding all 93 tracks searched for in one run. v
In another run, 64 out of 65 tracks were found.

Figure 3b, ¢ 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 F1g 3a. The predicted

locations i_nclude"O-SO pm corrections for refraction in the spark chamber
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glass. Both the X aﬁd Y distributions are shifted slightly' (by mean values of

35 and 60 pm reépe’cti\}ely) from zero. We believe the shifts to be due mainly

 to the systematic uncertainties in measuring the fiducial lights mentioned above

and to systematié errors in the refraction correction afi_sing from uncertainty
in the angles between the camera axes and the cbhambebr. glé.ss'.

The distribﬁfions are too flat to bé Well represeh’céd by a Gaussian
curve. In addition the characteristic widths (£95 um mean deviation from the
mean) are aboﬁt doublé what is expected from r.andom ‘errors associated with
the spark measurements. We do not fully understand this discrepanéy, but
there are a number of sﬁall systematic errors er.lichvcan contribute — mici‘o—
scope meésurihg érrors, thermal expaﬁsi'oﬁ of thé emul‘sio.n plate, shrinkage
of the filrnv,‘ 1eﬁs distortions, etc. (A 50 um error in real space co'fresponds
to only 2 pxn .on. the film.) In any case, | we note that >90% of the tracks were
found within a récténgular box 400 um on a side. After correctioﬁ for the ob-

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

" locations is 150 }.Lm

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 um deviation. - The mean departure from zero

(prefect agrveement between prediction and measurement) in Fig. 4 is 3.2 um

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 <0. 5 pm in Fig. 4.
Additional contributions of =1 um come from jitter in the actual location of the

grains and random errors in the measurement of these grains. (These errors
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éould be reduced by fitting the tracks in the emulsion to a curved frajectory. ).
We believe thvat: the ‘rémaining width of the distributions is due to systematic

microscope meé.sﬁring errors and‘ small errors in relating the sparks to the »
emulsion coordinates, but we cannot rule oﬁt shifts of $2 pm due to locél dis - v

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 pm in ,
Fig. 4 (a) and (b) (£3. 5 mrad in angle). ’The small widthv'olf therdistributions _ o l
in Fig. 4 in cofripa‘rison‘ to the possible spread.of about 100 pm allowed by the |
scanning criteria constitutes in itself conclusive evidence that we have found
the right tracks and that there is no sigﬁiiiéaht background.

v. _CONCLUSIONS AND APPLICATION

In an actual expériment using the emulsi.on—spark chamber technique,
one would adjust the size of the search_:érea and the angle criteria in accordance
with the random tréckvbackground in the emulsion. For.example, a 10 hr high
alti‘cude'.Balloonj flight plﬁs 2 weeks of exposure to ground ‘l_evel cosmic; rays
would put 160 f)éfticies per steradian in the ;rerti'cal. direction into 1 mmz of
emulsion. (only 440 of these are ciue to the flight)., With a +4 mrad angle
criterion and a 0. 6 X 0. 6 mm scan area, the probability of a scanning arnbiguity7
would be 3 X 10_:_)) Aper track. For our test run the probability of an ambiguity B
was about half this value.

Hov%/ever, it would be very difficult to maintain our spark chamber
resolution with a compact optical system using mirrors such as woul‘d 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.



&

f.i/‘

-9- o UCRL-19444
On the other hand, the develbpment and use of liquid or_.solid state particle
detector58 with spafial.resoluti:dn of order 1.0 - 20 pm Would leavd to a back- :
ground-rejectidn improvement for the ermlllsrion techhique of éeveral orders of

magnitude (the vbé.ckground rejection varies as the fourth power of the spark

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

wouid be usefui -f‘br_ extended exposures in satellite -borﬂne cosmié ray experi-
ments. |

We conclude that minimum—'iohizing tracks af neér—normal incidence
can be found rapidly and with near—pérfect ef?icien'cy 1n emulsion plates with
the aid of optiéal spark chambers. The use of high resolution w-id.e—gap chambers
and emulsion poured on both sides of giaéé plates perrriits specificatioﬁ of th:e
aﬁgle of incidence to within a few lnilliradiéﬁs. This techrﬁque provides adequate
rejection againsi.:v'backgroﬁbnd tracks to éermi’c the use of erﬁulsion—rﬁagnetic
spectrographs in va wide range of applications. 1,6

As an illustration of the potential of the emulsion spectrographtechnique

-we shall discuss the arrangement of Fig. 1 (most of which is built), which has

the ability-to detect momenta 2104 GeV/c. A superconducting magnet with a

clear cylindrical core of 1m and a fieldlinté.gral of ~10 kG-m is used.

The four emuision platies are supported in pair‘é by a lattice-type structure

and contained in a temperature-controlled box. The spark chambers describedt
above aré mo.unted above and below the emulsion sﬁpport structux_'e.'

Alignmenf could be carried out byv optical metrology techniques. For
example, the angles between plates can be .m'eas.'ured to better than 5 X 10_5
rad (10 arc-sec) by autocollimation. Measurements of relative positions of.
the two plates held by one end-frame can be made to several pm with a large
granite stage buiit by our'UCBSSL-L‘RL group. This sfage, which is also used

for scanning and track measuremeoent on large emulsion plates, has'a 0. 5x 0.5
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m travel and laser interferometer readout to an accuracy <1 pm. A subsequent

g. B .

‘pubvlication \ﬁll descbribe the étagé, associafed optics and .electronics, and
its operation under computer cdntrol. ‘ |

We have .conservafively estiﬁaﬁed the ma};imum détectable mémevntum v
(100% fesolu’cion) for the spectrograph shown in fig. 1 to be 6000 GeV/c if'i
“only the deflectioﬁ angle is used to estimate the momentum. This estimate
is 1tsa.sed on 5 pnd rms uncerta.inty:in the relative _position 6f pbints 1n adjac‘_ent
plates. (The adjacen’c plates of each pair afé 20‘ cfn apart. )_. Fitting thé' tra-
jector‘y throﬁgh four plates with a gap of 2 m. bétween pairs and position
measurements of the paii‘s to <25 p.m would increase the maximum defectable
momentum ’co_',,z'lo4 GeV/c. | The ’cherrﬁal and mechanical stability of the sgrst‘em
must be maint‘ained or monitored such thét 'fhe above télefances are held..‘ Pre-
liminary work v?ith the elerheﬁté of thé'spectrogréph described heré has indi-
cated that such a deirice can be made to work without any -additional.'majo‘x“ techni-
cal developmeﬁts.

The speed of track—fiﬁding migh;c be increased greatly with the follow-
ing two innovations. Use of an objective lens vibrating vértically faster than
_the persiétence of vision {(at 60 Hz) can reduce the finding time for tracks with-
in a few-degrees of vertical-by-a —f—ac;tor ~5. 1’—1~17-AAu’corna’cion of the rhicroscope
.stage motion plus Vpu’ctihg the data input and output undéf control of a small
digi’cai coméuter reduces the tasks of the scanner to the actual recognition of
tracks and the recording of points. With these improvements, times of s'e.veral
-minutés per tr'ac‘k per plate are possible, ;nd experiments involvihg thousands

of events become practical.
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Figure Captions

Emulsion spectrograph for measuring cosmic ray particle momenta

»

up toﬂ. 104 GeV/c'.' The tréjectofy is fil"vst.re'cb'ns_vti'ucted fi‘om- thé é.park
chamber'rphotographs‘;ithe ire sulvtant information is used to fin’d the v
parficlé irack in each of the foyir 'glass—backed double-sided emulsion

plates. A much more accﬁrate trajectory is then obtained.

Appai‘afus used for track—ﬁriding test as seen in either or_thogonal

stereb viev;r (not‘to scale). Back—illuminéted fiducial éf;)sses are

mou‘ntevd at the corners of the emulsion plété holder ahd photégraphed

with thé sparks. |

(a) SCatfér plot of differences in 6rfhog6nai éodrdinates bvetweven‘ spark
chamber pvredictions and measurements in thé emulsion for 93 cosmic |

ray muon tracks. (b) and (c) show theadi:stributio_né of these differences'_
projected onto the X and Y-axes of the emulsion p‘la.te.

Distributions of differences between spark éhamber predicted arﬁi

measured deviatioﬁs of the track from top to bottom of the doublé—

sided emulsion plate, The tracks were projected onto the emulsion |

plane and then reprojected onto orthogonal axés X a-nd Y.‘ These

distributions are centered at zero because systematic errors have

~been corrected. An angle of 1 mrad corresponds to 2. 25 pm in these

plots.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission"”’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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