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Measurements were made of the equilibrium charge distributions, the specific energy losses 
and the angles of the resultant deviation of lithium particles after passing through celluloid 
and carbon films. The values of the total transmission of a beam of lithium ions were also 
determined, allowing for the angular distribution. The measurements were carried out in 
the energy range from 20 to 145 keV. 

1. INTRODUCTION 

MEASUREMENTS of the equilibrium distribu
tions of charge in lithium ion beams which had 
passed through hydrogen, helium, and nitrogen, 
were carried out by Allison et al., [t] in the energy 
range 10-475 keV. Leviant et al. [ 2] investigated 
the equilibrium fractions in 80-250 keV lithium 
and sodium beams interacting with air molecules. 
Measurements of the equilibrium fractions for 
lithium ions passing through organic films were 
carried out by Bethge and Fabricius [ 3], in the 
energy range 3-10 keV, and by Teplova et al. [ 4] 

in the energy range 0.5-5 MeV. 
The present work reports the results of meas

urements, in the energy range 20-145 keV, of the 
charged components of an equilibrium beam of ion 
particles which have passed through celluloid and 
carbon films. In addition to the measurement of 
the charged components of the beam, the angular 
distribution of the particles emerging from the 
target was also determined. The angular distri
bution measurements make it possible, first, to 
determine the value of the total transmission of a 
particle beam, i.e., the relative fraction of the 
incident particle flux which passes through the 
target at all angles and, secondly, to compare 
with theoretical calculations the angle of the re
sultant deviation after multiple scattering. 

We also measured the specific energy losses of 
lithium ions passing through celluloid and carbon 
films. 

2. EXPERIMENTAL APPARATUS AND MEAS
UREMENT METHOD 

The apparatus is shown schematically in Fig. 1. 
A beam of positive lithium ions was generated by a 
thermionic source 2. Lithium ions were evapora-

ted from the lithium aluminosilicate surface, 
which had been deposited on the tantalum ribbon 
( 0.1 mm thick and 1.5 mm wide). The ends of the 
tantalum ribbon were attached by screws to thick 
molybdenum terminals used for supplying the heat
ing current to the ribbon. The ions evaporated 
from the aluminosilicate surface were accelerated 
by a small potential difference (established by a 
dry battery) and entered the magnetic mass 
analyzer 3, in which they were rotated by 90°. 
The beam of Li ions selected by the mass 
analyzer passed through the analyzer chamber 5 
to the end of which the 3 mm diameter diaphragm 
6 was attached. The use of the mass analyzer 3, 
placed under a high-voltage conductor 4, was nec
essary because the lithium aluminosilicates usually 
contained other alkali metals as chemical impu
rities. 

The lithium ions, having entered the accelera
ting tube 9, were accelerated and formed by the 
diaphragms 6, 7 and 8, into an ion beam, 1.5 mm 
in diameter and having an angle of ~ 0.25° at the 
exit of the tube. Immediately next to the exit of 
the accelerating tube, was the cylinder 10 with 
penpheral rings, to which the investigated films 
were attached. 

By rotating the cylinder, we could place a film 
in the path of the beam without disturbing the 
vacuum, or remove the film after the tests. The 
beam which had traversed the film was separated 
into its charged components by the electric field 
of a capacitor 12. The beam intensity was meas
ured with scintillation counters, consisting of Csl 
crystals and FEU-38 photomultipliers (14). These 
counters were developed and their counting effi
ciency studied in our earlier work. [S] In accord
ance with the latter, the upper parts of the photo
multipliers were placed in vacuum and the scintil-
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lators 16 in direct contact with the photocathode. 
Narrow vertical slits, measuring 0. 7 x 3 mm, were 
made in the middle of the aluminum reflectors 13. 
The particles were counted by means of an elec
tronic circuit, consisting of an amplifier, a dis
criminator, and a scaler. The apparatus was 
pumped with an oil diffusion pump M-100 (17). 
During the measurements, the pressure in the 
apparatus never exceeded 10-5 mm Hg. 

The celluloid films were prepared by spreading 
a solution of celluloid in butyl acetate on the sur
face of distilled water. The film thickness could 
be varied by varying the percentage content of 
celluloid in the solution. The carbon films were 
made by vacuum evaporation of carbon onto a 
glass plate; they were separated from the glass 
in water. The thickness of the celluloid films was 
determined from the content of celluloid in solu
tion and from the area of the surface on which they 
had spread; it was checked against the value of the 
transmission of the ion beam. The thickness of 
the carbon films was measured using lines of 
equal chromatic order. 

To determine the electrostatic analyzer con
stant, we recorded the dependence of the primary 
ion beam energy (the intensity maximum was 
found with the counter II placed at a distance of 
100 mm from the central counter I) on the value 
of the deflecting voltage across the plates of the 
capacitor 12 ( Fig. 1). These measurements 
showed that the experimental points fitted a 
straight line to within± 2.5%. In measurements 
on celluloid films the capacitor 12 was placed 
350 mm from the cylinder 10. In measurements 
on carbon films the capacitor 12 was placed 40 
mm from the cylinder 10. 

First of all we investigated the distribution of 
particles, reaching the counter II, as a function of 
the voltage across the electrostatic analyzer for 
given energies of Li+ ions. Figure 2 gives the 
characteristic curves for Lt ions, which have 
not passed through a film, and for those which 

FIG. 1. Schematic representation of 
the apparatus. 

have passed through a celluloid film of thickness 
d = 6 Jlg/ em 2. The distribution curves for Li 2+ 

ions formed on passage through the film were 
identical, within the experimental error, with the 
curves showing the distribution of Li+ ions for the 
same values of the ion energy and film thickness. 
The distribution curves of this type were recorded 
for various values of the energy of Lt ions inci
dent on celluloid films 2 and 6 J.tg/cm 2 thick and on 
carbon films 17 J.tg/ cm 2 thick. 

The practically symmetrical nature of the dis
tribution curves of particles which have passed 
through films made it possible to determine the 
angles of the resultant deviations after multiple 
scattering. From the displacement of the maxima 
of these curves with respect to the undisplaced 
maxima we could determine the value of the energy 
loss. 

Random experimental errors in the values of 
the charged fractions did not exceed ±5%. The 
errors in measurements of the values of the spec
ific energy loss were of the order of ±15-20%. 
The errors in the determination of the resultant 
deviation angle were ±3-8%. 
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FIG. 2. Distribution of particles in a beam as a function of 
the voltage across the electrostatic analyzer: • - in the ab
sence of a film; o - after passing through a film. 
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3. RESULTS OF MEASUREMENTS 

In all the measurements described below we 
used a beam of ( Li 1 t ions, celluloid films of 2 
and 6 J,Lg/cm 2 thickness and carbon films of 17 
J,Lg/cm 2 thickness. 

Measurements of the charge distribution in 
equilibrium beams showed that the equilibrium 
was reached in practice in a celluloid film 
d""' 2J.Lg/cm 2 thick. The relative contents of the 
Fooo• Ftoo• and Fzoo components of the beam were 
measured. The components Li+ and Li2+ were 
separated by the electrostatic analyzer and their 
intensities were measured with the counter II. 
The intensity of the Li0 beam was measured with 
the counter I. The latter counter was used also to 
measure the total intensity of the beam before its 
separation into the charged components. Owing to 
this check we were able to avoid errors due to in
accurate determination of the maximum beam in
tensity, since in each measurement we checked 
th2: equality N° + W + N2+ = N0, where N°, W, and 
N represent the number of particles with the 
indicated charge, and N0 is the total number of 
particles in the unresolved beam. The results of 
measurements of the equilibrium distribution are 
shown in Fig. 3. 

The same figure includes, for comparison, the 
data taken from the work of Allis on et al. [ 1] for 
L ·O L·+ d L" 2+ . . 1 , 1 an 1 1n nttrogen. 

It is evident from Fig. 3 that the maximum in
tensity of the neutral component of the beam which 
has passed through a celluloid film was reached at 

FIG. 3. Dependence of the equilibrium charged fractions on 
the energy of Li+ions; &, o, o- Fo00 , Ftco• F 2co, respectively, 
for a celluloid film; 6 - Foco for a carbon film. Curves 1, 2, 
and 3 represent Foco, F leo and F 2co for gaseous nitrogen, taken 
from[ 1]. 

20-30 keV and fell relatively rapidly on further 
increase of the ion energy. In the case of carbon 
films the maximum value of the fraction Fooo was 
somewhat greater than for celluloid films, and 
displaced toward higher energies. We must bear 
in mind that owing to the considerably higher 
energy losses in carbon films the results obtained 
for such films should be ascribed to energies 
which are lower by lOo/c than those given in Fig. 3, 
since in that figure the energies of the incident ion 
beam are quoted. Comparison of our results with 
the data of Allison et al. [ 1] showed that the neutral 
particle content in the transmitted beam was 
2-2.5 times greater for solid films than for gas 
targets (hydrogen, helium, nitrogen), and the 
maxima were reached at correspondingly lower 
energies of lithium ions. Moreover, the content 
of the doubly charged lithium ions in the beam 
was considerably higher for condensed targets and 
the rate of rise of F 2oo increased correspondingly 
with increase of the ion energy. 

Figure 4 shows the dependence of the average 
charge Ton the velocity of lithium ions passing 
through celluloid films. For comparison we give 
also the data for a nitrogen gas target taken from 
the work of Allison et al. [ t] In contrast to high 
velocities, the average charge in the condensed 
target is lower than in the gas one, which contra
dicts the assumption that in a dense medium Tis 
higher than in gas. 

As mentioned earlier, the angles of the resul
tant deviation and the energy losses of lithium ions 
were found from the curves of the distribution of 
the number of particles N = f( U) plotted as a 
function of the voltage across the electrostatic 
analyzer (Fig. 2). Since the angular distributions 
were Gaussian in type, the relative error in the 
determination of the angle of the resultant devia
tion e r was less than the experimental error in 
the determination of the number of particles cor
responding to e r· 
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FIG. 4. Dependence of the degree of ionization on the 
velocity of Li+ ions: •- for a celluloid film; continuous 
curve - for gaseous nitrogen, taken from(!]. 
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FIG. 5. Dependence of the angle of the resultant devia
tion on the energy of Li+ ions: •- in a celluloid film 2 p.g/cm2 

thick; o - in a celluloid film 6 p.g/cm2 thick; o- in a carbon 
film 17 p.g/cm2 thick; continuous curve represents the data 
from[•]. 

Figure 5 shows the variation of the angle of 
the resultant deviation in celluloid and carbon 
films as a function of the energy of ions in the 
incident beam. Due to the relatively high energy 
losses in carbon films, the angles of scattering in 
such films should be ascribed to energies lower by 
10% than those quoted in Fig. 5. The same figure 
gives the angles of the resultant deviation in a 
carbon film, calculated using an approximate 
formula due to Fermi. [s] It is evident that the 
dependence of e r on the energy is in qualitative 
agreement with the multiple scattering theory. 
The scattering angles are approximately inversely 
proportional to the energy and directly proportional 
to ..fd (where d is the film thickness), as is evi
dent for celluloid films. The measured angles of 
the resultant deviation in carbon films are system
atically lower than the calculated ones by 10-16%. 
If we allow for the displacement of the curve toward 
lower energies (by~ 10%), then this difference be
comes somewhat greater. 

The energy losses and the corresponding speci
fic energy losses were found from the displacement 
of the maxima of the N = f ( U) curves for beams 
which have passed through films. The results of 
measurements of the specific energy losses in 
celluloid and carbon targets are shown in Fig. 6. 
In the investigated range of energies the specific 
energy losses are proportional to the ion velocity. 
The extrapolation of the results obtained for a 
celloloid film to high velocities (from 2 to 3 x 108 

em/sec) gives good agreement with the data ob
tained by Teplova et al. [ 7] Linear increase of the 
specific energy losses with the ion velocity at low 
energies is in qualitative agreement with the theo
retical calculations of Fermi and Teller .C 8J 

Figure 7 shows the dependences of the beam 
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FIG. 6, Dependence of the specific energy loss on the ve
locity of Li+ ions: •- in a celluloid target; o- in a carbon 
target. 

transmission on the ion energy. The transmission 
D is defined as the ratio of the total flux of parti
cles which have crossed the film to the flux of 
primary particles incident on that film. The inten
sity of the transmitted particle flux was determined 
with allowance for angular dispersion; for this pur
pose the results were integrated over the deviation 
angles. 

Since it is evident that ln D is a linear function 
of the ion energy, we can easily estimate the ener
gies at which the transmission becomes close to 
unity. 

In conclusion it is worth noting some informa
tion that we obtained on the stability of films 
through which lithium particles were transmitted. 
Measurements were carried out on films deposited 
across apertures of 10 mm diameter. For thin 
celluloid films the energy losses and the scattering 
angles were small and the transmission corre
spondingly high. 
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FIG. 7, Dependence of the transmission of the beam on the 
energy of the Li+ ions: e, o - for celluloid films 2 and 6 
p.g/cm2 thick, respectively; o- for a carbon film 17 p.g/cm2 

thick. 
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However, the practical value of thin celluloid 
films was found to be small since they were 
rapidly destroyed by currents of densities less 
than 1 JJA/cm2. Carbon films were much more 
stable. For example, at current densities of 
25-30 JJA/cm 2 and ion energies of 130 keV a 
carbon film of 17 JJ-g/cm 2 thickness was not 
affected by a bombardment for 10 hours. This 
shows that carbon films can be used successfully 
to transform lithium ions in the investigated range 
of energies, producing intensities sufficient for 
many experimental studies. 

In conclusion, it is our pleasant duty to thank 
Professor A. K. Val'ter for his interest in this 
work. 
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