
Nuclear Instruments and Methods 211 (1983) 343-351 343 
North-Holland Publishing Company 

O N  T H E  M E A S U R E M E N T  O F  T H E  M O M E N T U M  O F  19 G e V / c  E L E C T R O N S  

I N  A H E A V Y  L I Q U I D  B U B B L E  C H A M B E R  

G .  H A R I G E L  

CERN, Geneva, Switzerland and Columbia University Nevis Laboratories, Irvington, N Y  10533, USA 

C. B A L T A Y  a n d  M.  H I B B S  

Columbia University Nevis Laboratories, Irvington, NY  10533, USA 

Received 27 October 1982 

The Fermilab 15-ft bubble chamber was exposed to an electron beam of 19 GeV/c  momentum. The chamber was filled with a 
heavy neon-hydrogen mixture (64% atomic Ne, 36% atomic H) and operated with a magnetic field of 3 T. The momentum of the 
electrons was determined from the bubble chamber pictures using two methods: (a) the measurement of the curvature of the electrons 
and their shower products, and (b) the measurement of the total track length of the electron and its shower. The momentum, as 
determined from curvature measurement of the primary electron and the e +e-  pairs from the radiated gammas was 19.1 _+ 7.6 GeV/c. 

1. Introduction 2.1. Method (a) 

The knowledge of the electron m o m e n t u m  is of 
interest  in many  experiments,  bo th  in had ron  and  neu- 
t r ino exposures of heavy liquid bubb le  chambers .  The 
aim of the present  s tudy is to de termine  the m o m e n t u m  
of fast electrons f rom informat ion  conta ined  in the 
b u b b l e  chamber  picture, when the electromagnetic  
shower is (essentially) conta ined inside the chamber ,  to 
compare  various methods  to achieve this goal, and  to 
est imate their errors. The proposed procedures  are suited 
for non-au tomat ic  measur ing machines  with off-line 
geometry, such as the tables used at Columbia ' s  Nevis 
Laboratories.  

Dur ing a cal ibrat ion run  in an "enr i ched"  electron 
beam of the Fermi lab  15-ft bubble  chamber  when filled 
with a heavy n e o n - h y d r o g e n  mixture (64% atomic Ne, 
36% atomic H, densi ty 0.76 g /cm3) ,  1400 three-view 
pictures were taken. Dur ing  the exposure, the beam was 
tuned  to give on the average one 19 G e V / c  electron per  
pulse. There was a con tamina t ion  of this electron beam 
by about  three to four times as many  ~r-, which were 
used to determine the m o m e n t u m  and angles of the 
incident  beam. 

2. Possible methods of momentum measurement 

Three methods  should allow the de terminat ion  of the 
m o m e n t u m  of electrons f rom bubb le  chamber  pictures. 
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Measurement  of the momen ta  of the pr imary elec- 
t ron track and  the e+e  - pairs f rom radiate gammas  
f rom curvature,  with correction for energy lost to soft 
b remss t rah lung  [1]. This method  does not  require that  
the electromagnetic  shower is completely conta ined  
within the bubb le  chamber .  It is generally used in 
exper iments  with heavy liquid bubb le  chambers ,  bu t  its 
precision has not  yet been determined for electrons in 
the G e V / c  m o m e n t u m  range. 

M a n y  versions of this method exist, which try in one 
way or another  to take into account  mult iple scattering 
and  soft and  hard  bremss t rah lung  losses. Here, we limit 
ourselves to a short  descript ion of T V G P  *. The length 
of the pr imary  track to be  measured is de termined by 
the scanner:  the track ends at the onset of the first 
clearly visible change in curvature of the electron. The 
reconst ruct ion in T V G P  is done as follows. The spec- 
t rum of pho tons  radiated by a fast electron is integrated 
over  the " so f t  p h o t o n "  region, where "sof t  pho tons"  
means  pho tons  whose energies are small  enough so that  
there is no  visible, sharp change in curvature of the 
radia t ing  electron track. The  cut-off  is taken such that  
an  electron on  the average gives up 39% of its energy in 
traversing one radia t ion  length of material.  This radia- 
ted energy loss is included in the energy loss calculated 

* Present Nevis version. 
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by the range-energy subroutines in TVGP. Each elec- 
tron track is measured with 20-30 points per view and 
reconstructed the r.m.s, deviations of the measured 
points from the fit calculated. The track is then cut back 
10% in length (internally in TVGP) and reconstructed 
again. This is done up to ten times so that a table of 
lengths and r.m.s, is obtained. The iteration used for the 
final electron track parameters uses the longest length 
with an r.m.s, less than 1.2 times the minimum r.m.s. In 
other words, we pick the length of the electron track 
that gives the best fit to the model that the electron 
loses 39% of its energy in one radiation length. 

With increasing momentum of the primary electron, 
it becomes more difficult to detect visually and/or  by 
fitting methods small changes of curvature, which 
(mainly in the early part of the track) are due to a loss 
of a "hard photon". The method described above does 
not take into account such extreme cases. It is therefore 
interesting to compare results of the momentum mea- 
surements of the primary electron, which include only 
soft gammas, with the measurements including all con- 
verted primary high energetic gammas. This can be 
done in our calibration experiment, because we know 
the energy of the incoming electron. We are then able to 
establish criteria for the selection of the "correct" con- 
verted primary gammas. This is crucial in order to 
obtain good results: double counting of momenta can 
occur as well as gammas can be obscured and missed in 
very dense showers. A careful analysis of the measure- 
ments, in particular the azimuthal and dip angle of the 
pairs with respect to the direction of the primary elec- 
tron, can help to solve most of the ambiguities related 
to double counting. The majority of secondary gammas 
will not be tangential to the primary electron. 

2.2. Method (b) 

the electromagnetic shower. Moreover, for large bubble 
chambers with bright-field illumination, this technique 
requires the subtraction of background originating from 
parasitic bubbles, Scotchlite imperfections, non-homo- 
geneous illumination, etc. Also, a correction for the 
depth of the event in the chamber (change of optical 
magnification) must be done. All these factors together 
limit the precision and applicability of the automatic 
track length measurement. To our knowledge, automatic 
measurements of this kind have not yet been tried on a 
systematic basis. 

2.3. Method (c) 

Determination of the shower maximum in longitudi- 
nal direction (highest number of secondary tracks cross- 
ing a plane perpendicular to the direction of the primary 
electron). This method requires that an appreciable part 
of the shower beyond its maximum is visible on the 
photograph, and necessitates a comparison with a Monte 
Carlo calculation of the electron showers, which takes 
into account the influence of the magnetic field [3]. 

This method may provide an estimate for the 
momentum when the two other methods are not appli- 
cable. This may be the case if too little absorption 
length is available for method (a), or when the shower is 
not completely contained inside the chamber to get 
reliable results from method (b). The longitudinal shower 
maximum varies slowly with the momentum of the 
primary electron. The sensitivity of the method can be 
estimated from the well known calculations when no 
magnetic field is present, as described in ref. [4]. 

Some graphic results obtained by a Monte Carlo 
calculation [3], adapted to the magnetic field of the 15-ft 
chamber and the mixture used in our experiment, are 
enclosed in this report. 

Measurement of the total track length (TTL) of all 
electrons and positrons belonging to the electromag- 
netic shower [2]. This method is based on the relation 
between ionization loss and track length and requires 
that at least the hard component of the shower is 
completely contained inside the bubble chamber. The 
method reduces uncertainties due to the loss of hard 
bremsstrahlung, but has its limitation because of un- 
measurably small or escaping low energy gammas. It 
was used successfully during the first neutrino experi- 
ment in the 1 m heavy liquid bubble chamber at the 
CERN PS [2]. Its accuracy is highly dependent upon the 
space in the chamber left for measurement. 

In principle, this time-consuming TTL measurement 
of path lengths including all curvatures can be done by 
an automatic measuring machine. A fine-grid large area 
scan over the shower can establish the ratio of track to 
background surface. This method is only applicable 
when there are no hadron interactions in the region of 

3. Selection of electrons for the measurement 

We required that the following criteria were fulfilled 
during the scanning of the film: 
a) Only one electron/picture should enter the bubble 

chamber. 
b) No converted high energy gamma (with an estimated 

momentum > 1 GeV/c)  is allowed, which may point 
to an origin other than the primary electron or its 
shower products. 

c) No hadron interaction should be present, creating an 
electromagnetic shower, which cannot be separated 
easily from the primary electron and its shower 
products. 

d) The estimated azimuthal angle of incidence of the 
primary electron (in the plane perpendicular to the 
magnetic field) should coincide with the angle of the 
beam within about + 1 °. 
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Fol lowing the above scanning procedures, 33 pic- 
tures with one electron each were retained for further 
investigation. 

the setting of  the beam transport elements,  and that 
they have 0.7 G e V / c  r.m.s, variations. 

4.1. Results of method (a) 

4. Results of  the measurements 

Measurements  were made on - 7 0  non-interacting 
hadron tracks to verify beam direction and momentum.  
The results of  measurements show, that the mean value 
of  the momenta  is slightly higher than calculated from 

4.1.1. Measurement of the primary electron 
The measurement of  the momentum of  the primary 

electron was done according to the standard procedures 
at Nevis  and using the T V G P  program. Fig. la  shows 
the distribution of  the measured momentum of  the 
primary electrons. The histogram is fairly wide and the 

I0 - -  

~8 

o 6 

4 
"6 
~2 

z 
0 

(.9 
GJ 8 

6 
g 

4 "6 

E 

~ 1 0 ~  

c~ 8 

4 
% 

~2 
E 

I r 

I0 
i I [ q  

20 50  

E lec t ron  m o m e n t u m  

] [ 

IO 

I 
, I I - I F ]  

20  30  
Electron m o m e n t u m  

I [ I 

_ _  VIi 
l 
I0 20 30  

Elect ron m o m e n t u m  

I I 

r0 

Average measurement ~ 8 
error :< 

a) ~ e) 

I z _ _ 1  I L I [ 
4 0  GeV/c I0 20 30 4 0  GeV/c 

E lec t ron  momen tum 

[ ~ 10 I [ - -  I 

8 ~a 

~ 6  

I z I r ~  
40  GeV/c i0 20  30 40  GeV/¢ 

E lec l ron  m o m e n t u m  

(D ~8 
~6 

c) ~ q) 

40  GeV/c I0 20  30 40  GeV/c 
E lec t ron  m o m e n t u m  

[ C -  I 10 I ~ I [ I I 

cxJ 8 ~ 8 

86 

~ L-~ L 
I0 20  50 40  GeVA I0 20  30 40  GeV/ 

E lect ron m o m e n t u m  E lec t ron  momen tum 

Fig. 1. (a) Measurement of the momentum from the curvature of the primary electron only. (b) Measurement of the momentum from 
the curvature of the primary electron, momenta of pairs emitted into an azimuthal angle of + 0.3 ° added. (c) As (b) but azimuthal 
angle increased to +0.6 °. (d) As (b) but azimuthal angle increased to +0.9 °. (e) As (b) but azimuthal angle increased to + 1.2 °. (f) As 
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mean  value is only about  half  the known beam momen-  
tum: P (p r imary  electron) = (9.42 + 6.88) G e V / c .  This 
result is unsat isfactory and  demonstra tes  the well known 
fact that  energetic electrons lose in a statistical way 
large amounts  of their energy by bremsstrahlung.  To 
improve the result, one must  add converted gammas 
point ing tangential  to the early par t  of the track to the 
measured m o m e n t u m  of the pr imary electron. 

4.1.2. Scanning for pairs 
All those e l ec t ron /pos i t ron  pairs or Compton  elec- 

t rons  were retained which were tangential  to the early 
par t  of the pr imary electron (prior to a visible change in 
curvature) and  which had an est imated energy of more 
than  0.6 GeV. They were sketched on a scan sheet 
together with the pr imary electron in order to facilitate 
the measurements  and  the final evaluat ion with the help 
of the computer  output.  

On the average, four pairs were traced together with 
each pr imary electron. The time needed for selecting 
and  tracing the gammas was 20 m i n / e v e n t .  

4.1.3. Measurement of  the pair momentum and direction 
The measurement  of pairs follows the same pat tern  

as used for pr imary  electrons. The time needed is 90 
min per  complete event. 

The line of flight of a gamma has to be determined 
from the direct ion of the two pair  electrons at their 
vertex. In general the angle of each pair  was taken as 
the mean of the angles of the electron and  the posi t ron 
track. Exceptions were made  in the case of very asym- 
metric pairs: when the computed  m o m e n t u m  of the two 
particles differed by more than a factor of 2 and simul- 
taneously one of the par tners  had  less than 1 GeV 
energy or the error on the angle of the low energy 
par tner  was > 1.5 ° , then the direction of the high 
energy par tner  was taken as gamma direction. 

The average measurement  errors of the azimuthal  
angle of all individual  electrons and positrons,  as given 
by  the geometry output,  was a PHI  (electron, posi tron)  
= (1.12 + 1.40) °. When  we applied the above conven- 
t ion to find the gamma direction, this error was notice- 
ably reduced to A PHI  (gamma) = (0.75 + 0.56) °. 

The measured azimuthal  angle of flight of gammas 
was used to keep only those pairs which can, with good 
confidence, be regarded as primary. The mean  azimuthal  
angle of the electrons entering the bubble  chamber  
liquid varies by +0.55  ° , its mean  angle at the cutoff  
poin t  is de termined by the measured length as accepted 
by the geometry program ( L =  85 cm), the average 
magnet ic  field s t rength over this length (1.5 T) * and, if 
there were no  large energy losses, would give a maxi- 

* The magnetic field at the entrance of the particles into the 
chamber in the nose cone is almost zero, and it reaches 3 T 
after about one radiation length. 
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Fig. 2. Summry of figs. la-h:  measurement of the momentum 
from curvature of the primary electron, momenta of pairs 
added and plotted as function of the angular cut on pairs; thin 
bars: mean value of 33 electrons and its standard deviaton; 
thick bars: average error from geometry output, errors from all 
tracks are added arithemetically. 

m u m  deflection of 1.1 °. The value of the latter can vary 
substantially.  Therefore, we introduce only small addi- 
t ional  uncertaint ies when we apply symmetrical  cuts on 
the direction of flight of gammas in respect to the angle 
of electrons at their entrance into the chamber  liquid. 

Results, disregarding all gammas, and with various 
cuts and no cuts at all on scanned and measured gam- 
mas, are shown in fig. 1. The mean  values of these 
his torgrams are shown in fig. 2, the larger error bars 
indicate  the s tandard  deviat ion from the mean  value of 
the sample, the smaller bars the measurement  errors as 
given by the geometry output.  F rom this figure we can 
est imate an op t imum cut angle of + 1.2 °. With  this cut 
the mean value for the measured m o m e n t u m  is closest 
to the known beam m o m e n t u m  of 19 G e V / c .  

The applicat ion of this method is simple, and gamma 
selection can be done reliably by scanners without  spe- 
cial supervision by physicists. 

4.1.4. Further tests o f  the validity of  our gamma selection 
In what  follows, we try to check on the validity of 

the azimuthal  angular  cuts on gammas,  their conversion 
points  in electron posi t ron pairs, their energy distri- 
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bution as function of their distance from the entrance 
piont of the primary electron into the chamber, and 
finally to compare the experimental results with some 
theoretical estimates. In the following figures we aver- 
aged over all 33 events and normalized the results to 
one event. We measure the penetration depth of the 
primary electron and of the gammas in units of radia- 
tion length (X  0 = 40 cm for our mixture). The entrance 
point of the electron beam into the bubble chamber 
liquid is at x = - 2 6 5  cm (counted from the centre of 
the bubble chamber). 

In fig. 3, we plot the number of pair vertices in beam 
direction (x-direction) per radiation length. The outer 
envelope of the histogram contains all pairs as selected 
during the scan, the inner heavy curve shows the pairs 
retained after the + 1.2 ° cut. As expected, a relatively 
large number of pairs downstream of the shower is 
rejected by this cut. 

A plot of the momenta  of gammas as function of 
their conversion point gives a more direct access to a 
comparison with theoretical estimates. In fig. 4 this 
distribution is given again with subdivision for various 
angular cuts. Here it is even more apparent that the 
rejection of gammas at large angles affects the final 
momentum determination insignificantly. Furthermore, 

- 80% of the total gamma energy is already converted 
into pairs during the first four radiation lengths. 
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Figs. 5a and 5b show the number and moments of 
gammas in various azimuthal angle intervals, split into 
those going into the "correct"  direction, i.e. following 
the curvature of the primary electron, and those going 
into the "wrong"  direction. More than 70% of the 
energy of gammas is captured in the + 1.2 ° interval. 

Fig. 6 gives the gamma momenta  integrated over 
angular intervals, and fig. 7 integrated over penetration 
depth, with angular cuts as parameter. 

Now a crude comparison of these results with theo- 
retical estimates can be done. We fold the probabilities 
of radiated energy, originating from the primary elec- 
tron, with its absorption, and plot the result as function 
of traversed matter (fig. 8). In this plot, we give also the 
breakdown of the results obtained by considering only 
differential radiation losses, which occur in the first, the 
first two, etc. radiation lengths of the liquid. To esti- 
mate from which part of the primary electron track our 
gammas originated, and how much of and where this 
gamma energy is absorbed, we replot the curve for the 
energy of gammas converted as a function of position 
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4.2. Results o f  method (b) 

4.2.1. Measurement procedure at Nevis  and error esti- 

mates 
The measurement  of the total t rack length (TTL) was 

done  in low magnif icat ion (beam plane c h a m b e r / f i l m  
- 55 /1 ,  f i l m / s c a n  table - 1 /13)  and  in one view only. 
All four events were first traced on the scanning table 
on  paper. These event sheets could then be measured at 
daylight.  The track lengths were measured with a 
cal ibrated curve meter,  each individual  length was re- 
corded and  the track on the sheet was marked. 

The measurements  with the curve meter  were repro- 
ducible on almost  straight tracks; however, the mea- 
sured length came out  too small when the tracks 
te rminated  in t ight spirals of less than 1 cm diameter.  
Therefore,  we disregarded dur ing the measurements  such 
small  spirals at the end of the track and  also gammas of 
this size, which correspond to momen ta  15 M e V / c .  The 
overall reproducibil i ty with our device is about  _+ 10%. 
Tracing and measuring of an event required between 2.5 
and  3 h. 
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Fig. 8. Calculated energy of the primary electron as function of 
penetration depth, assuming only radiation losses. The total 
energy of the emitted photons is the mirror symmetric curve. 
The asorption of these photons as function of traversed material 
is given for photons created in the first 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 
and 3.5 radiation lengths, considering only absorption by pair 
creation. The dashed curve is the experimental result with all 
gammas within a _+ 1.2 ° azimuthal angle. 

a long the electron track from fig. 7 (the fourth  curve 
from the top for gammas within _+ 1.2 °) as dashed line 
in fig. 8. The shape of the measured curve agrees well 
with  those of the theoretical  curves, and interpola t ing 
between the curves labelled 0.5 and  1.0 radia t ion length, 
we est imate that  the gammas we select are radiated 
within the first 0.7 radia t ion  length of the electron track. 
Looking at the curve labelled "e lec t ron"  in fig. 8, we see 
tha t  on the average the electron still has 9.5 GeV at 0.7 
radia t ion length. This is consistent  with the result [sect. 
4.1 (a)] that  the measurement  of the m o m e n t u m  of the 
pr imary  electron only gives 9.42 _+ 6.88 GeV, and  that  
the remaining 9.5 GeV is radiated into gammas,  as seen 
from the exper imental  points  plot ted in fig. 8. 

4.2.2. Interpretation o f  the measurements and conclusions 
In order to t ranslate  the track lengths found on the 

scanning table into  energies, we have to take into account  
the magnif icat ion scan table to bubb le  chamber  (1 : 3.5), 
the dip angle of electrons out  of the beam plane (projec- 
t ion factor - 1.1), and the collisions loss of electrons 
per  unit  pa th  length. For  the latter we chose somewhat  
arbi trar i ly for an average electron energy of 50 MeV the 
value of 1.77 MeV g l cm 2, because it is close to the 
track momen ta  that  we disregarded during the measure- 
men t  of spirals and  delta-electrons. We obta in  then for 
the electron m o m e n t u m  the values given in column 1 of 
table  1. These values are considerably smaller than  the 
measured m o m e n t u m  from method (a) (column 6) and  
the known beam momentum.  To account  for the miss- 
ing energy, we tentatively add the following amounts :  

(a) At  the end of each spiral - 3 cm track length (on 
the scan table) because we do not  measure the length 
correctly due to the insufficiency of our curve meter. 
The  result for the given number  of electrons (column 2) 
is shown in column 3. 

(b) Each measured pair  may have produced either 
one - 40 MeV gamma or several less energetic gammas 
with a total energy of 40 MeV. We miss all gammas 
with energies smaller than about  40 MeV for two tea- 
sons: 

(1) 

(2) 

the cross section for pair  product ion  is down by 
a factor of - 4 in respect to the one at 1 GeV, 
and therefore most  of these gammas escape, and 
we are unable  to measure small pairs on the scan 
table in low magnificat ion,  which have a radius 
< 0.5 cm (for symmetric pairs  this corresponds 
to 30 MeV). Wi th  the above assumpt ion we 
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Table 1 
Summary of results from method (b) 

G. Harigel et al. / Measurement of momentum 

Momentum from Number of Corrections (GeV/c) for Total momentum 
measured track measured from TTL with 
lengths (GeV/c) tracks losses by lost low energy corrections 

roller meter gammas (GeV/c) 
at end of 
tracks 

Total momentum from method (a) 
with _+ 1.2 ° cut (GeV/c) 

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 

10.73 155 2. I 1 6.26 19.04 23.14 + 4.94 
10.98 162 2.21 6.48 19.67 18.89 _+ 0.67 
9,38 160 2.18 6,40 17.90 18,16_+5.79 

12.32 149 2.03 5.96 20.31 20.17 + 5.34 

10.83+ 1,23 156+6 2.13+0.08 6,26+0.23 19.23+ 1.03 20.09_+2.20 4.18_+2.37 

c o  

o )  

obtain the values of column 4 in table 1. 
Assumption (a) accounts for some 25%, and assump- 

tion (2) for 75% of the momentum difference between 
column 1 and the nominal beam momentum. 

4.2.3. Conclusions from method (b) 
Method (b) may be made to work, but needs techni- 

cal improvements and confirmation of various assump- 
tions. The method is only applicable in cases when the 
total shower (or at least all energetic gammas) is con- 
tained inside the bubble chamber liquid. The depth of 
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the shower (distance from the optics) must be known to 
determine the demagnification factor• A better estimate 
for escaping or unmeasurably small pairs must be avail- 
able to apply corrections for missing energy. The method 
is very labor expensive, and any automatic measure- 
ments  of TTL (e.g. on an HPD or ERASME need a 
considerable programming effort. 
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Fig. 9. (a, b) Monte Carlo produced electron showers in the 
heavy neon/hydrogen mixture used in the present experiment. 
Initial energy of the electron 19 GeV. Magnetic field 3 T. 
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4.3. Method (c) 

4.3.1. Proposed measurement procedure 
The direction of the primary electron has to be 

determined on the scan table. Then, equidistant planes 
perpendicular to this initial direction can be defined, 
separated for example by 0.15 radiation lengths. The 
distance of the event plane from the optics must be 
taken into account individually. 

The procedure to determine the shower maximum in 
longitudinal direction would be to count the number of 
electron and positron tracks crossing the lines men- 
tioned above. 

We measured for the TTL method about 150 elec- 
tron tracks per event with an estimated energy larger 
than 15 MeV, a number which should be sufficient for 
the present method to obtain the shower maximum. In 
order to evaluate the total shower over a distance of 10 
radiation lengths (total length of the 15-ft bubble cham- 
ber's fiducial volume used for neutrino experiments), 
about 70 slices, each about 6 cm in real space, would be 
needed. 

0 I I i 
0 I 2 

Meters 

Fig. 10. Monte Carlo produced electron shower in heavy 
neon/hydrogen mixture used in the present experiment. Initial 
energy of the electron 50 GeV. Magnetic field 3 T. 

4. 3.2. Monte Carlo calculations 
Grant [3] ran his Monte Carlo program for electron 

shower development for two electron momenta  (19 
G e V / c  and 50 G e V / c )  using the chamber conditions of 
the calibration run. Figs. 9a and 9b display the graphic 
results for 19 G e V / c ,  and fig. 10 for a 50 G e V / c  
electron. 

Fig. 9 demonstrates that for our experiment most of 
the hard component  of the electromagnetic shower is 
materialized and contained inside the bubble chamber. 

It is possible to adjust the computer  program such 
that it gives the number of electrons (positrons) travers- 
ing predetermined planes, as described in sect. 4.3.1, 
and hence to find the longitudinal shower maximum. 

5. Comparison of the three methods 

Quantitative results from measurements are obtained 
until now only from the first two methods. Clear prefer- 
ence has to be given to method (a), both from the view 
of applicability for actual neutrino events occurring 
everywhere in the chamber, and from the view of preci- 
sion and time requirement. Method (b) could become 
interesting for fully automatic measuring machines. 

This experiment would not have been possible 
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ment at Fermilab, the dedicated efforts of the operation 
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and operators of the beam, in particular, L. Stutte and 
G. Kuozomi. The painstaking and patient work of the 
scanners at Nevis Laboratories is gratefully acknowl- 
edged. We are very grateful to A. Grant  from CERN,  
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