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The energy dependence of probable ionizations produced by protons, pions, and positrons is- investigated. 
The particle Lorentz factors varied from 2 to 5200. Proportional counters filled with Ar (or Xe) and 5% 
CH. were used. The gas pressure in the counters was 750 mm Hg. The ionization was measured for 
particle paths of 5 and 17 cm. The relativistic ionization increase is foun4 to be lower than that predicted 
by the Bethe-Bloch theory with corrections for the density effect calculated by the Sternheimer formulae. 
The ionization loss fluctuations are measured as functions of the gas-layer thickness. In this case the 
counter gas pressure was varied between 2.5 and 0.1 atm. abs. 

PACS numbers: 29.70.Gn 

1. INTRODUCTION 

In connection with the problem of particle identifica­
tion by means of the relativistic increase of ionization 
losses, interest in the dependence of the ionization 
losses on the energy has greatly increased of late. [1-6) 
Furthermore, indications have appeared(a.5.6) that the 
increase of the probable ionization with increasing Lo­
rentz factor of the particle ')1(')1= 1//1- {3a, (3= vic, 
where v is the particle velocity and c is the speed of 
light in vacuum) proceeds more slowly than predicted 
by the ionization-loss theory developed in Sternheimer's 
papers. (7) 

It should also be noted that the question of fluctuations 
of the ionization losses of charged particles and of the 
ionization effect produced by these particles has not yet 
been sufficiently well studied. Although there are many 
experimental data, the results of different authors dif­
fer quite strongly from one another. At the same time, 
the calculation of the fluctuations of the ionization effect 
is a very complicated problem, not yet solved in gener­
al form, in spite of the large number of theoretical pa­
pers devoted to it (e.g., [8-13)). It is therefore of con­
siderable interest to obtain new data on the magnitude 
of the fluctuations of the ionization effect, especially at 
very small thicknesses of the material (.::; 10-3 g/cma ). 

We have investigated in the present study the energy 
dependence of the probable ionizations produced by pos­
itrons, pions, and protons, and also the dependence of 
the fluctuations of the ionization effect on the thickness 
of the gas layer in which the measurements were car­
ried out. The investigations were carried out with the 
Serpukhov accelerator of the Institute of High Energy 
Physics, with the aid of proportional counters filled 
with argon (or xenon) to which 5% methane has been 
added. Measurements were made at a particle path 
length in the counter equal to 5 and 17 cm at a gas pres­
sure in the counter from 0.1 to 2.5 atm. 

The dependence of the obtained probable ionizations 
E.xp on the Lorentz factor was compared with the prob­
able ionization losses ttheor calculated by Sternheimer's 
formulas, [7) and the dependence of the width of the dis­
tribution of the ionizations on the gas-layer thickness 
was compared with the predictions Of[9.11.121. 
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2. EXPERIMENTAL CONDITIONS 

The experimental setup is shown in Fig. 1. The par­
ticle source was the internal aluminum target T of the 
accelerator. The particles travel to the recording sys­
tem through an analyzing magnet M, a first iron colli­
mator KI of 5.4 m length and 120 mm diameter, and a 
second iron collimator Ka, inserted in the first, of 
length 1 m and diameter 30 mm. The scintillation 
counters SI' Sa, S3 were connected for COincidences, 
while Al and Aa (with center holes of 30 mm diameter) 
were connected for anticoincidence and served to sepa­
rate particles in a given solid angle and to cut off the 
particles with accompaniment. The guarding scintilla­
tion counters Al and A2 w.ere not used in the investiga­
tion of the fluctuations of the ionization effect. 

The air-filled threshold Cerenkov counter <\ regis­
tered only pOSitrons, while counter (:2 was filled with 
freon and registered pOSitrons and pions. By intercon­
necting these counters into coincidence and anticoinci­
dence channels it was possible to separate definite par­
ticles. 

By varying the current in the analyzing magnet, we 
selected the momentum of the registered particles. 
When working with protons, we registered effectively 
the {3y region ({3y= p/moc, where p is the momentum and 
mo is the mass of the particle) in the range from 2.2 to 
6.0, the corresponding ranges with pions and positrons 
were from 15 to 39 and from 780 to 5200, respectively. 

FlG. 1. Experimental setup. T-internal aluminum target of 
accelerator; M-analyzing magnet; Kj and K2 -iron collima­
tors; 810 ~, ~-scintillation counters; Alo A2-guvardtng 
scintillation counters; PC-proportional counter; Cj , C2-
Cerenkov counters. 
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In the investigation of the dependence of the probable 
ionization Eexp on f3y, we passed through the entire dis­
crete series of f3y at our disposal in each experimental 
run by measuring in succession the ionizations due to 
protons, pions, and positrons, The measurements 
were performed under conditions when the number of 
coincidences of the type (818283) did not exceed 3-5 per 
millisecond. 

The ionization spectra from the proportional counter 
were registered by a standard AI-128 pulse-height ana­
lyzer and consisted of 3000 to 20,000 measurements, 

The random-coincidence background was measured 
by delaying the control signal by 20 /1sec, We chose 
the initial operating conditions such that the random­
coincidence background could be disregarded, 

3. MEASUREMENT ERRORS 

The relative error in the determination of the par­
ticle momentum was ± 10%. This estimate agrees well 
with the data of Belousov, Blik, and Kut'in. [14] The 
nonlinearity of the spectrometer channel did not exceed 
the errors of the voltage on the control generator 
(1-2%) and was therefore disregarded, The operating 
instability of the spectrometer setup over several days 
was ± 1-2%, The errors due to the instability were de­
creased by carrying out short-duration (approximately 
one hour) cycles of measurements with protons, pions, 
and positrons with a new value of particle momentum in 
each set of measurements, Thus, each measurement 
cycle had its own normalization point relative to the 
protons, The total background of random coincidences 
for all the measurements was less than 1% of the sum of 
all the registered events in a given measurement, 

The accuracy with which the probable value of the 
ionization £exp was determined by computer reduction of 
the spectra by the maximum likelihood method (with al­
lowance for the methodological errors of the calculation 
program) was not worse than ± 1-2%, and in the case of 
visual reduction of the ionization spectra it could reach 
± 4-5%. The effective counter length was estimated at 
I" 17 ± 1 cm, when the particles move along the filament, 
and at I" 5. 0 ± 3 cm when the particles move across the 
filament, When comparing the experimental results 
with the theory, the errors of eexp included the errors 
(± 1-3%) in the determination of the probable ionization 
of the normalization pOints, and the error (± 1%) in the 
theoretical values of the probable ioniza:tion losses 
Etheor> calculated with 8ternheimer's formulas, [7] It 

was assumed here, naturally, that e exp '" e theor at the 
normalization points. Hence, the total error in the de­
termination of the probable value of the ionizations £exp 

for the remaining points amounts to ± 2-4%. 

In addition, when comparing the theory with experi­
ment it is necessary to take into account one more 
source of errors due to the fact that in the experiment 
one measures not the energy lost by the particle, but 
the ionization produced by the particle, The difference 
between these two quantities consists, first, in that not 
all the energy lost by the particle goes to ionization­
part of it goes to excitation of the atoms; second, the 
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energy transferred to the high-energy Ii electrons leads 
to a redistribution of the ionization among the layers of 
matter. The part of the energy transferred to the Ii 
electrons in the interior of the counter is carried out 
of tile counter, On the other hand, Ii electrons gener­
ated by the particle in the walls of the counter enter in­
to the volume of the counter together with the particle, 

The fact that part of the energy lost by the particle is 
consumed in excitation of atoms leads only to a 
change in the coefficient of proportionality between the 
lost energy and the number of produced ion pairs. The 
energy carried away from the volume of the counter 
influences only the average value of the ionization, and 
for the most probable value this effect is inessential. 
Indeed, the only Ii electrons that can leave the counter 
are those with energy exceeding the probable losses by 
tens of times. This cuts off the tail of the excitation, 
and nothing else. The most essential cause of the dif­
ference between the theory of ionization losses and the 
experimental investigations of the ionization effect may 
be the Ii electrons that fall into the interior of the coun­
ter from its walls, The number of these Ii electrons, 
however, can be relatively easily estimated, 

In our experiment, when the beam of particles 
crossed the working region of the counter perpendicular 
to the filament, the thickness of the stainless-steel 
walls was 1 g/cm2, and when the particles moved paral­
lel to the filament their path went through a porcelain 
insulator 5 g/cm2 thick in the form of a ring covering 
6% of the beam area, and through a wall 2 g/cm2 thick. 
Calculations show that in this case a Ii electron should 
accompany the particle in approximately 10% of the 
cases, 80me 90% of these Ii electrons have an energy 
that exceeds 500 keV, i. e., they produce the same ion­
ization in the counter as the particle itself. Therefore 
their influence reduces to the appearance of an addition­
al "hump" in the distribution near double the value of 
the ionizations. By starting from the form of the dis­
tribution of the ionizations we can estimate that these 
electrons shift the maximum of the distribution by not 
more than 0.1%, so that the error introduced by them 
in the measurement of the most probable value of the 
ionization is much less than all the other experimental 
errors. 

4. RESULTS OF MEASUREMENTS OF THE 
IONIZING ASI LlTY 

The ionization spectra obtained at different values of 
f3y and in different measurement runs were reduced by 
the maximum-likelihood method and the most probable 
ionization was determined for each spectrum, The re­
duction was by means of a special program with the 
BESM-4M computer, 

Figures 2 and 3 show plots of e exp against f3y as mea­
sured with a proportional counter. Results were ob­
tained for two different gas mixtures filling identical 
counters. Figures 2 and 3 show only the results of an 
experiment with a counter filled with 95% Ar+ 5% CH4• 
The solid curves are the result of the calculation of 
Etheor' The theory and experiment were normalized to 
the values of the ionization losses at the minimum. 
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FIG. 2. Dependence of the probable ionization Epl'Ob in a pro­
portional counter on the value of /3'Y of the particle. Solid 
curve-calculation by Sternheimer's formulas. [7J Points with 
like symbols denote the values obtained during a single run 
(1-2 hours). The points for which the errors are not indi­
cated are normalization pOints. The path length of the par­
ticle in the counter is 5 cm. The counter is filled with a mix­
ture of 95% Ar+5% CH4• 

From a comparison of the experimental results with 
those calculated by the Sternheimer formulas[7] (with 
allowance for the density effect) it can be seen that the 
relativistic growth of the ionization is lower in the ex­
periment, and the difference between the theory and 
experiment is larger for thicker layers (5 em). 

The results of measurements with another gas mix­
ture (95% Xe + 5% CH4) are analogous to those given 
above, the only difference being that the discrepancy 
between theory and experiment is still larger here (for 
Ar the theoretical value of the relativistic growth 
R= Cplateaulcmin= 1. 69 for 1=5 cm and 10 61 for 1= 17 cm, 
while the experimental values are respectively 1. 54 and 
1. 47; for Xe, Rtheor is equal to 1. 82 and 1. 71, and Rexp 

is equal to 10 5 and 1. 6, respectively). 

One of the possible explanations of the observed ef­
fect is proposed by Garibyan and Ispiryan. [15] They 
suggest that the possible cause of the slowing down of 
the increase of the ionization may be transition effects 
(on the boundary between the metallic wall and the 
counter gas) connected with distortion of the electro­
magnetic field of the particle. The field of a particle 
entering the gas of the counter returns after a certain 
time to the value corresponding to the given gas, and 
the ionization of the particle in the gas should ultimately 
approach the calculated ionization energy losses. 

Another explanation was proposed by Merzon and co­
workers. [16] They state that correct allowance of the 
connection between the atomic electrons leads to a de­
crease of the relativistic growth of the ionization in thin 
layers of matter. The relativistic growth of the ioniza­
tion calculated by them on the basis of this hypotheSiS 
agrees well with our experimental data. 

5. FLUCTUATIONS OF THE IONIZATION EFFECT 

The statistical character of the ionization losses was 
noted already by Bohr. [8] He has shown that distribu­
tion of the ionization losses in thick absorbers, in 
which many collision acts as well as different energy 
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transfers to the atomic electrons average out, is 
Gaussian, and he calculated the variance of the distri­
bution of the ionization losses. 

In experiment, however, this is a very rare case for 
relativistic electrons. Usually one deals only with thin 
absorbers. For these, Landau[9] derived in 1944 the 
ionization-loss distribution function and obtained an ex­
pression for the most probable losses. These results 
were obtained, however, under certain simplifying as­
sumptions, namely, that the observed energy losses in 
a layer x of matter should be sufficiently large in com­
parison with the average binding energy of the atomic 
electrons, and sufficiently small in comparison with 
the maximum possible energy transfer to the electron. 

An experimental verification of the Landau distribu­
tion, carried out in a large number of studies, has 
shown that the theory does not always agree satisfac­
torily with experiment. It turns out that the experimen­
tal half-widths greatly exceed the half-width given by 
the Landau theory (the term "half-width" is used here 
to denote the width of the distribution at half height). 
In subsequent theoretical studies, attempts were made 
to improve the agreement between the theory and ex­
periment. Thus, Blunck and Leisegang[1I,12] refined 
the Landau solution by taking into account the next term 
of the expansion in the calculation of the distribution 
function. They obtained a broader distribution, which, 
in accordance with their recommendation, should be 
used if the parameter 

0.02 (keV) .,1 (keV) ·Z·;' 
b' = -""":"'-:-;:-':---'-::--'---

1;2 (keV) , 

introduced by them has a value b2 ;:: 3, where A is the 
average energy loss in a layer of thickness x(g/cm2) 

154l;Z, 

'(keV)=--' -x. 
~ ~'~A, 

The parameter b2 is inversely proportional to the ab­
sorber thickness and is equal to zero for large thick­
nesses. In this case the Landau distribution can be 
used. 

It should be noted, however, that the difference be­
tween the ionization losses and the ionization effect 
noted above can lead to a larger disparity between 
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FIG. 3. The same as in Fig. 2, but the particle path length 
in the counter is 17 em. 
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theory and experiment when it comes to determining the 
distribution width than when it comes to determining the 
most probable ionization. An essential role may be as­
sumed here, for example, by the redistribution of the 
losses among the ionization and excitation of the atoms 
of the medium. This question has not yet been suffi­
ciently resolved theoretically, so that the experiments 
usually compare the results of an investigation of the 
fluctuations of the ionization effect when the theories 
developed for fluctuations of the ionization losses by 
Landau, (9) Vavilov, (10) and Blunck and Leisegang. [11,12] 

It is obvious that observation of good agreement of 
these theories with experiment would make it possible 
to state that the difference between the ionization effect 
and the ionization losses is immaterial in this case. 

We have investigated the fluctuations of the ionization 
in thin layers of gas. To this end, we used proportional 
counters filled with argon or xenon with 5% methane 
added. The pressure in the counters ranged from 2. 5 
to 0.1 atm. 

Figure 4 shows a typical ionization spectrum obtained 
in our experiment. The statistics of the counts were 
sufficiently large (the number of measurements in one 
spectrum fluctuated from 3000 to 10,000). Figures 5-7 
show the dependences of the half-widths of the distribu­
tions on the quantity Pl (atm-cm), where P is the gas 
pressure in the counter and l is the effective length of 
the particle path in the counter gas. The same figures 
show, parallel to the Pl axis also an axis representing 
one of the parameters, HkeV), of the Landau theory. (9) 

Landau believed that his theory should agree with ex­
periment in those cases when ~ is much less than the 
average binding energy of the atomic electrons. The 
solid lines in the figures give the corresponding Landau 
curves (marked L) and the curve of Blunck and Leise­
gang (curve B). 

Figures 5, 6, and 7, respectively, show the results of 
an experimental study of the fluctuations of ionization 
from protons, pions, and positrons with momenta 2. 65 

260 

200 

!l 160 

~ 
'0 120 

.8 
E 
i 60 

.: 

20 "0 

'. 

, . 
.' 

60 60 100 120 
Channel No. 

FIG. 4. Typical ionization spectrum obtained by bpmbarding 
a proportional counter with 2.65 -GeV Ic protons. The particle 
path encounter was 17 cm, the gas pressure was 1. 5 atm. 
abs., and the gas composition 95% Ar +5% CH4• 
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FIG. 5. Half-width (J of the ionization spectra of protons with 
momenta 2.65 GeV Isec vs. the thickness Pl of the gas layer. 
Smooth curves--calculation in accordance with Landau (curve 
L) and in accordance with Blunck and Leisegang (curve B). 
The counter is filled with a mixture 95% Ar + 5% CH4• o-l 
=5 cm, e-l =17 cm. 
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FIG. 6. The same as in Fig. 5, but for pions with momentum 
2.65 GeV/sec. 
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FIG. 7. The same as in Fig. 5, but for positrons with mo­
mentum 2. 65 Ge V / sec. 

GeV /sec, in a proportional counter filled with 95% Ar 
+ 5% CH{, at a temperature 20°C and effective particle 
path lengths in the counter 5 and 17 cm. We note that 
in argon the average binding energy of the atomic elec­
trons is EO'" 200 eV. The results for a counter filled 
with 95% Xe + 5% CH4 are analogous. 

The degree of agreement between the half widths of 
the experimental distributions of the ionization from 
protons, pions, and pOSitrons with the calculated cor-
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responding half-widths of the distribution of the ion 
losses after Landau and after Blunck and Leisegang can 
be seen from the figures. We note that the conditions 
under which the experiment was performed go beyond 
the region of applicability of the Landau theory (the L 
curve is drawn dashed in this case). 
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