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Ten years ago when we proposed an idea of spectro
meter, afterwards called a "Cherenkov mass-spectrome
ter", it was difficult to predict the future of this new 
technique /l-3/. 

The Cherenkov mass-spectrometer was proposed to 
investigate the resonances in the systems of electromag
netic particles! i.e., electron and positron or two and 
more y-quanta 4 •5/. 

The operating principle of the Cherenkov mass-spec
trometer is based on the possibility of measuring si
multaneously with high accuracy both the directions of 
particles (with spark chambers) and their energy (with 
total absorption Y -spectrometers). 

A mass-spectrometer of this type belongs to those 
devices which permit the effective resonance mass to 
be measured in a direct way. The last factor is of decisive 
importance in investigating the processes in which there 
is no recoil partie le, as in decay reactions of unstable 
particles, experiments on colliding beams, nucleon-anti
nucleon pair annihilation, etc. The possibility of identify
ing each event with the mass-spectrometer, similar to that 
which takes place in bubble chambers is of fundamental 
importance in investigations of rare processes. 

The second generation of the Cherenkov mass-spectro
meters, characteriz~d by increasing the number of spec
trometric channels more than 100 using filmless readout 
chambers and application of "on-line" computers, enables 
the possiQilities of the method to be extended conside
rably 6 - 8 /. 

However, these advantages couldnotgetridofa variety 
of essential defects. 
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In fact, in order to detect y-quanta by spark chambers, 
it is necessary to use converters whose total thicknes~ 
is limited by the requirement for high energy resolution 19 

For y -quanta with energies up to 10 GeV this thickness 
does not exceed one radiation unit. In this case the conver
sion efficiency of the mass-spectrometer is -(0.5t, where 
n is the number of y -quanta. Large errors in measuring 
the decay angles of y -quanta are due to bremsstrahlung 
of conversion pairs and multiple scattering. 

It should be noted that spark chambers in similar de
vices have large longitudinal dimensions (about 100 mand 
more) and dead time (of the order of tens ms) which signi
ficantly deteriorate the geometric efficiency and fast 
operation of the mass-spectrometer. 

These disadvantages make the problem ofconstruction 
of a y -mass-spectrometer without spark chambers of 
great interest. This problem is complicated because the 
corrdinates of particles should be measured with accuracy 
comparable to that achieved by means of modern chamber 
technique. 

In this paper we consider one of the possible solutions 
of this problem - a cell structure Y-spectrometer con
sisting of a large number of independent spectrometers
modules of small transverse dimensions. 

The first question which should be answered can be for
mulated as follows: what transverse dimensions must the 
module of the y-spectrometer have in order to measure 
the y-quantum coordinates with an accuracy of -1 mm? 

The experimental data on the transverse electromagne
tic shower development for electrons with the energy 
E=l GeviiO/ show that the radiusoftheshower is weakly 
dependent on the energy and is equal approximately to 
1 X~ , where X m is a Moliere unit. If the transverse 
dimensions of the spectrometer module satisfy the con
dition 

Dm/D 8 < 1, (1) 

-------------------------
* In the spectrometer 2 X m in diameter about 90% of 

the shower energy is absorbed. 
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where D~, and 0
8 

are correspondingly the module and elec
tromagnetic shower diameters, the shower energy will 
be distributed in the module group. The analysis of the 
energy distribution between the modules in the group 
permits, in principle, the y-quantum coordinate to be 
localized by measuring the shower center of gravity. How
ever, a detailed consideration of the problem indicates 
that in addition to condition (1) it is necessary to fulfil the 
second condition: The energy resolution of the spectrome
ter and hence of each module must be sufficiently high 
so that the energy difference in a module may exceed 
measurement errors due to small shifts of the shower 
axis. Figure 1 shows the energy distribution of the shower 
( E = 4 GeV) in the modules 1.2 r.l. in diameter for the 
diltances from the module center 6 mm and 9 mm, res
pectively * . 

The Monte-Carlo method was used for quantitative 
estimates. This method made it possible to determine 
errors in measuring the y -quantum coordinates (\X , ,\Y ) 
in the spectrometer versus 

1) the module size "Dm "; 
2) the coordinates "X, Y" of the y -quantum entry point 

on the spectrometer; 
3) the y -quantum incident angle "e " (angle between 

the y -quantum direction and the module axis); 
4) the energy resolution "L\E/E" of they -spectrometer. 
The Monte-Carlo calculations were made for the Y

spectrometer which comprises 45 modules of hexagonal 
shape (see jig. 1). 

The experimental data on the longitudinal and trans
verse energy distribution of the electromagnetic shower 
obtained in ref./ 10· for 1 GeV electrons were used in the 
Monte-Carlo calculations. The data on the radial and lon
gitudinal distribution of the shower energy for 11 values 
oft , where t is the matter thickness in radiation lengths 
along the y-quantum trajectory, were used in the program. 
The values of t used in the program are listed in the 
table. 

-------------------------* Here and then 1 r .1. = 25 mm. 
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Fig. 1. The scheme of the y -spectrometer. The energy 
distribution ot Y -quanta (MeV) in the modules (Ey == 
= 4000 MeV, D m = 1.2 r.l.) when a) the shower axis is 
shifted relative to the module axis (X axis) by 6 mm; 
b) the shower axis is shifted relative to the module axis 
by 9 mm. 
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Table 

t raa. 

1 h 0.43 0.87 1.74 2.61 3.47 4.34 5.21 6.95 8.68 10.42 13.90 
engt s 

Each radial curve is represented by 20 points with 
a 0.1 r .1. step in the interval of t R from 0 to 2 r .1. The 
energy Ei , absorbed by the shower in the module, is cal
culated by integration if the longitudinal and radial shower 
distributions are taken into account. Energy errors are 
introduced into the program by accidental numbers distri
buted by the Gaussian law with a mean value of Ei and 
dispersion (~E. )2 (L\ E. = const vfE 1· ).The partie le coordinates 

I I 

in the spectrometer are calculated by the formula 

. (X, Y) == ~ (X~ , Y~). wi , (2) 
I 

where X~ , Y~ are the center coordinates of an i - th 
module ( i == 1, 2, ... , 45). 

w. ==E./Et 
I I or (2a) 

w. == exp [ B ( E - E. ) IE l . E. I E 
I l I l I l 

(2b) 

and Et == ~ E i; " B " is a constant which depends on the 
module radius ( 1.5:::; B .:::; 1.7). 

By means of the described program we calculated 
errors in measuring the coordinates ~X , .1\ Y of the entry 
points of y-quanta on the spectrometer versus the energy 
resolution. Figure 2 gives these results for the modules 
1.2, 1.6 and 2.0 r.l: in diameter. As is seen from fig. 2, 
tlX,~Y have a minimum for the module 1.2 r.l. in t.liame-
ter and are equal to± 0.4 mm if ~E/E == 5%. 

The results in fig. 2 concern the case when the incident 
angle of y -quanta on the spectrometer surface is equal 
to zero, and the coordinate corresponds to X0 = Y0 = 0. 5 Rm 
where R m is the module radius. 
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Fig. 2. The errors in measuring the coordinates ~~x , :'. Y 
(HWHM of the distributions of the centers of gravity) 
calculated by formulae (2) and (2a) of the y -quantum 
entr)l_ point on the spectrometer vs the energy resolution 
~E/E for the modules 1.2, 1.6 and 2.0 r.l. in diameter; 
X0 =Y 0 = 0.5Rm, where Rmis the module radius. 

In jig. 3 the values of~X.~Y calculated for .1.E/E=3% vs 
the distance to the module center for three directions 
are given. One can see from fig. 3 that moving away from 
the module center the absolute values of ~X .~Y decrease 
due to the increase of the fraction of energy distributed 
between the neighbouring modules. Errors in measuring 
the coordinates increase with increasing the module 
diameter. 

Figure 4 illustrates the systematic errors, i.e., the 
shift of the distribution maximum of the shower gravity 
centers to the real shower center, arising in the calcu-
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Fig. 3. The errors in measuring the coordinates 1'1X ,-\ Y 
(HWHM of the distributions of the centers of gravity) 
calculated by formulae (2) and (2a) vs the y -quantum 
entry point on the spectrometer module a) along the "'X" 
axis, b) along the "'Y'' axis, and c) at an angle of 45" to 
the "X" axis; ilE/E = 3%. 
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lation by formulae (2), (2a) and (2), (2b) for the module 
1.6 r.l. in diameter. 

o.X,,AYt (mm) 

5,0 

3,0 

1.0 

-1,0 Q.2 0.4 

Fig. 4. The systematic errors calculated by formulae (2), 
(2a) and (2), (2b) versus the distance to the module center 
(D = 1.6 r.l., 1'\E/E .. J%). 

m 

The obtained distributions show that, if the coordinates 
are calculated by formula (2), (2a), there appear significant 
systematic errors. These errors are due to the nonlinear 
redistribution of the shower energy between the modules 
when the shower axis is shifted along the module radius. 
As is seen from fig. 4, formula (2), (2b), which has an 
exponential part, permits the systematic shift to be re
duced essentially. Yet the errors in measuring the coor
dinates calculated by formula (2), (2b) increase (see 
jigs. 5 and 6). Till now we have considered the errors in 
measuring the coordinates arising for particles incident 
perpendicular to the spectrometer surface. 

o.X,AY(mm) 

0.5f (2),(2b) 

-.--...-~ 
0.3 T~ '+ 

Cll[-+~~~ 
Cl20AO~ I' 

r/R Q.8 I.O .. 

~{0 

Fig. 5. The errors in measuring the coordinates L\X, L\Y 
vs the distance to the module center calculated by formu
lae (2), (2a) and (2), (2b); Dm = 1.6 r.l.,~EIE=3%. 
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Fig. 6. The dependence of the errors in measuring the 
'coordinates ilX , ~ Y on the energy resolution ojthe spec
trometer for Xp.= Y0 =0.5 Rm calculated by formulae (2), 
(2a) and (2), (2b), D m = 1.6 r.l. 

Figure 7 presents the systematic errors of measure
ment of the y -quantum coordinate "Y" versus the incident 
angle in the plane "YOZ' for the point coincident with the 
module center. The dependence of the systematic error 
on the distance to the module center (axis "Y ") is shown 
in jig. 8 for e = 3°. 

t::.Yc (mm) 

@
Y /z 
I / 

L6r:{-
--- -x 

3 6 9 12 IS 8° 

4.0! .,_~ 
8.0 ~2_!>)."' 12.0 . 

~0 • 
20.0 

Fig. 7. The systematic errors of measurement of the 
y-quantum coordinate "Y" vs the incident angle in the 
Plane YOZ jor the point coincident with the module center. 
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o.Yc (mm) 
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-3() 

-.w 

1.6{~~{3 
(2), (2a) 

·~ • 

1.0 r/Rm 

• 

Fig. 8. The dependence of the systematic errors on the 
distance to the module center (along the axis "Y "') when 
y-quanta are incident at an angle of 0 = 3°; Dm= 1.6 r.l., 
AEIE= 3%. 

Figures 7 and 8 show that there exists a strong depen
dence of the values of systematic errors both on the 
y -quantum incident angle and on the radius. 

In order to overcome the above difficulties, we have 
used the "matrix" method of calculating the coordinates. 
Using this method, the particle-coordinates are determined 
by comparing the "experimental" energy distribution in 
the modules with those obtained by calibration (for this 
purpose it is possible to use, e.g., the beam of monoener
getic electrons). In this paper the indicated distributions 
have been obtained by the program method. In the last 
case the energy information for the given values of energy, 
incident angle and particle coordinates, is given as a 
matrix. 

The calibration matrices were generated with a compu
ter over the whole surface (2 mm step) by the method si
milar to that used above. The calculations were performed 
for the modules 1.6 r.l. in diameter and AE!E=5% in the 
interval of y -quantum incident angles from 0° to 10° with 
a 2° step. 

In the program, the coordinates (X, y) of the y -quan
tum entry points on the_ spectrometer module were calcu
lated by minimizing the function 

12 
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~ 

E-~ Er 
F I - 1 

- ---• I -~ mtn, (3) 
EM E)' 

t t M 

where ErIE 
1 

and E ~IE~ are correspondingly the 
matrix and "experimental" ratios of energies in the i-th 
module to the total y -quantum energy. 

Figure 9 illustrates the errors in measuring the y -

quantum coordinates versus the incident angle and the 
entry point on the module calculated by the matrix method. 

y 
I 
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~t~~, 8oO' 
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"f..._+ 

0 -+---....-+-+-

0.1 0.3 0.5 0.7 0.9 r/Rm 

: I ~:-+:--+~:. 9 = 10° 

. 
0.1 Q.3 .0.5 0.7 0.9 r/Rm 

Fig. 9. The errors of measurement of the Y -quantum 
coordinates versus the incident angle and the entry Point 
on the module spectrometer calculated by the matrix 
method; Dm = 1.6 r.l., AEIE = 5%. 
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In the figure the systematic errors, which do not exceed 
1 mm in a wide range of angles e -anq r/Rm , depend only 
on the matrix step (2 mm). 

For experiment it is important to know how the value 
of systematic error in measuring the coordinates of 
y-quanta incident at angle ei depends when the experimen
tal matrices are compared with the calibration matrix 
measured for angle ¢ . These results for r I Rm =0.5 and 
¢= 10° and five values ofangle &i are presented in fig.lO. 
An evident minimum of the curve points to that, in prin
ciple, one can determine not only the coordinates of the 
enrty point on the module but also of the y -quantum in
cident angle. 

The dependence of the systematic errors on the energy 
resolution of the spectrometer is shown in fig. 11 for 
r/Rm= 0.5 and 0 = 10°. 

y 
I V~.x2+AY 2 

(mm) 

f~ osl--. 
1.6 r: __ L~s --x 

::\ j +/ 
'-/ 

8 9 10 II 12 
ai (deq) 

Fig. 10. The dePendence of the systematic errors in 
measuring the coordinates of y -quanta incident at 
angle ei when the exPerimental matrices are comJ;ared 
with the calibration matrix measured for¢=10° at the 
Point X0 = Y0 =0.5R m; AE/E = 5%. 
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Fig. 11. The dePendence of the systematic errors on the 
energy resolution of the spectrometer for the Point 
Xo=-Yo=0.5Rm and 0= 10°. 
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