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The equilibrium distribution of ionic charges of light elements with atomic numbers Z be-
tween 5 and 10 was studied after passage of the ions through hydrogen, air, argon, and cellu-
loid film with velocities ranging from 3.5 to 8 —11 X 108 cm/sec. The mean ionic charge 1
was found to be from 10 to 30% larger after passage through the film than after passage
through air. The values of 1 in gases were found to differ by 10 —20%. The distribution of
the ions in a beam with respect to 1 is approximately Gaussian.

1. INTRODUCTION

IT is well known that when accelerated multiply charged ions pass through matter, the exchange of elec-
trons between the ions and the atoms of the medium results in the establishment of an equilibrium distri-
bution of charges which is dependent on the velocity of the particles. The study of the equilibrium distri-
bution of charges is of considerable interest both for practical purposes and for the purpose of improving
our understanding of the processes which occur when ions pass through matter in the region for which
there is no rigorous theory. The results of such investigations can be used in the study of problems as-
sociated with the production of multiply charged ions at high energies, in determining the nature of the
particles generated in nuclear reactions, etc.

Thus far only very incomplete experimental data have been available regarding the distribution of the
ionic charges of light elements. The most systematic results have been obtained at energies ranging
from 20 — 40 to 200 kev.!"? For ions with nuclear charge 7Z 2 5 this energy region corresponds to ve-
locities v < vo = e?/h, at which the mean ionic charge 1 is many times smaller than Z. For higher
energies data on the charge distribution exist for helium jons!s3:4 passing through various substances, for
lithium® and nitrogens"' ions after passage through organic films and for individual energies of nitrogen
ions in nitrogen,® of oxygen and neon ions in argon’ and of nitrogen, oxygen, and fluorine ions after pas-
sage through organic films.! Theoretical calculations of the charge distributions and mean charges for
ions with Z > 2 (Refs. 11 —15) are approximate and are in need of experimental verification.

In the present work we have determined the equilibrium distribution of the ionic charges of light ele-
ments with atomic numbers Z from 5 to 10 after their passage through hydrogen, air, argon, and cellu-
loid film with velocities ranging from 3.5 to 8 —11 X 10 cm/sec, i.e., for v~ 1.5—5 V.

2. EXPERIMENTAL METHOD

The source of fast particles was a 72-centimeter cyclotron. In this work we used the following accel-
erated ions:

1BR+1.+2.43; 13C+2.+3; M4N+2.+3; 160Q+2+3 apnd 20Net+2+3

A narrow ion beam extracted from the cyclotron and passing through slit 1 (Fig. 1) was deflected in the
magnetic field H; and passed through the entrance channel 2, of cross section 1 X 0.1 cm? and length

3 cm, into the charge-exchange chamber of about 4.8 m length. Exit channel 3 had a length of 3 cm and
cross section 0.5 X 0.1 cm?, The particles passing through the chamber were analyzed by magnet H,
and were then registered by counters 5, which were described in Ref. 7. The pressure in the charge-ex-
change chamber during measurements of the equilibrium charge distribution was approximately 70 times
greater than the pressure in adjacent portions of the vacuum system and was varied from 5 X 1073 to 8

X 1072 mm Hg.
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In the majority of cases the charge of the
accelerated ions was smaller than the mean
charge 1 of the equilibrium distribution.
Therefore, when the pressure was increased,
the mean charge at first increased and then
began to decrease because the particles were
decelerated by the gas. The maximum mean
charge corresponded to the pressure at which
0 20 3% 400 09 mm the velocity loss of the particles passing

through the charge-exchange chamber was

about 2%. At this and higher pressures, the

charges had practically an equilibrium distri-
FIG. 1. Diagram of the apparatus bution. The relative intensity &; of any indi-
vidual charge group in the ionic charge distri-
bution (i) was determined by the velocity of the ions and varied little with the pressure. In most in-
stances the error in values of &; (Table I) was the possible result of ion scattering in the gas. The mag-
nitude of this error was estimated from the variations of &; with pressure. The statistical error was
important only for ¢; = 0.02. Errors due to other causes were insignificant.

In order to determine the equilibrium charge distribution after the passage of ions through an organic
film, film 4 of thickness ~ 10pug/cm? was placed in the path of the beam, 2 c¢m in front of channel 3. After

passage through this film the ions had an equilibrium distribution, as was shown

TABLE I. Relative errors by measurements with a film of twice the thickness. During the measurements
of experimental values with the film the pressure along the entire trajectory of the beamwas ~ 1 —2
of & X107 mm Hg. The width of channel 3 remained 1 mm, as during the determi-
nation of charge distribution in gases. Insome instances the distributions were
@ ' 0.4 ’ 0.1 | 0.02}0,003 compared as the width of the channel was varied from 0.3 to 3 mm. The varia-
tion of the relative intensities of individual charge groups then did not exceed in
AD/D I 0.02 t 0.04 | 0,010 0.20 absolute value the variations which resulted from a 1% change of velocity.
| The velocity of the particles was calculated from the field strength of

the deflecting magnet, which was calibrated with deuterons of known en-
ergy, making allowance for energy losses in the gases and film. The error in the velocity determinations
was due mainly to inaccuracy in the calibration of the magnet and amounted to ~ 2%. The error in the ve-
locity ratio did not exceed 1% and resulted from variation of the ion trajectories in the magnetic field of
the cyclotron and from errors in determining the field of the deflecting magnet. In’each individual exper-
iment the velocity spread of the ions traversing channel 2 into the charge exchange chamber did not ex-
ceed 0.5%.

3. EXPERIMENTAL RESULTS

The measurements of the equilibrium distribution of boron, nitrogen, and neon ion charges are repre-
sented in Figs. 2 —4. The values of &; between the experimental points were taken from curves repre-
~ senting the dependence of log( ®i4;/®j) on log v, which were plotted from the experimental values of
®i4+1/®i; this is simpler than the dependence of ®; on v and permits more reliable interpolation. As
an example Fig. 5 gives curves showing the dependence of log( ®;;;/®;) on log v for oxygen ions. In
order to obtain the dependence of &; on v at low velocities for nitrogen and neon ions we used the ex-
perimental values of @i in Ref. 2. For nitrogen, oxygen, and neon ions the error in the values of &; be-
tween our experimental points does not exceed the errors in the measurements of &; which were men-
tioned above. For boron ions, and also for nitrogen and neon ions at low velocities, the mterpolatlon is
less reliable and the error is apparently 2 — 3 times greater.

The velocity dependence of the degree of ionization i/Z in the different media is given in Fig. 6. The
error in i/Z is about 1%.

In addition to the results already mentioned, we obtained the equilibrium distribution of helium ion
charges at three dlfferent velocities, after passage through a celluloid film. These results are given in
Table 1I.

Figures 2 —4 show that the charge distribution in an ionic beam generally differs after passage through
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FIG. 2. Equilibrium distribution of boron ion charges after
passage through a: ®—air, O—celluloid film; b: ®—argon,
O—hydrogen
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FIG. 3. Equilibrium distribution of nitrogen ion charges after
passage through a: air; b: ®—argon, O—hydrogen. The heav-
ier lines at low velocities represent results taken from Ref. 2
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FIG. 4. Equilibrium distribution of neon ion charges after pas-
sage through a: ®—air, O—celluloid film; b: ®—argon, O—
hydrogen. The heavier lines at low velocities represent results
taken from Ref. 2

where

Ig=1 +%. In(®;41/D;—y).

different media. There is a strik-
ing difference in the character of
the velocity dependence of ®i,4/®;
after passage of the ions through
solid and gaseous matter (Fig. 5).
When boron and oxygen ions pass
through a celluloid film, just as for
ions of helium,* lithium,? and nitro-
gen," the values of

L dlog(®; /D)
= dlog v

vary little for velocities from 4 to
8 X 10% cm/sec, so that ®;,,/®;
shows a nearly power-law depend-
ence on the velocity (®j4/®; ~

_ Civki). For all of the indicated

ions ky~ 2.5—3; for i~ Z/2
the value of k; is close to 4 and
k,_4 is around 4.5 —5. When
boron, nitrogen, and oxygen ions
pass through gases the values of
ki in the same velocity range are
greatly increased. For example,
in the case of oxygen in argon ky,
ks, and k; increased from 3 —4
to 6 — 7, which is almost double,
At high velocities k; is again re-
duced, as is shown by the data for
boron ions.

Log(®i+1/®i) has different
values for different gases at the
same ion velocity, but in most
cases the differences log( ®;i/®j-1)
— log( ®;41/®;) = 0.434/0f are
identical within the limits of error.
oj does not change greatly as the
charge and velocity are varied.
The dependence of ¢; on v and
i is found to be especially slight
for i < Z—~2 in the case of ni-
trogen and oxygen ions. In the ve-
locity range from 3.5 to 8 x 10®
cm/sec the variation of o; for
these ions is + 7—10%. For o;
=0 = const we have the relation

O; = Aexp[— (i —iy)*24?%],

For not very small values of the mean charge i the value of A is close to 1/0v2m, while i, is close
to i [when i >1.5 and o =~ 0.7, we have |1 —1i,] < 0.003 and |(1/0V2r) — A| < 0.002]. Therefore
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FIG. 5. Dependence of log( ®i4+;/®j) on log v for oxygen ions after
passage through hydrogen (dots), air (dots and dashes), argon (dashes
and open circles), celluloid film ( solid lines and heavy dots).

our values of & can be represented approximately by the Gaussian
function

O —i)y~D(i —i) =

1 [ —i)p
oVin exp [—( 202) ] )

For boron, nitrogen, oxygen, and neon ions o is 0.65, 0.80, 0.83,
and 0.76, respectively. For nitrogen and oxygen ions with velocities
from 3.5 to 7.5 x 10% cm/sec, the experimental values of &;(i - 1) do
not differ from <I>°( i =1) by more than 5% when ®; = 0.2 (Fig. 7);
when @i~ 0.1 the difference is not greater than 15% and for &; ~ 0,02
it is about 30%. For boron ions in the velocity range 3.5 — 11 X 10 cm/sec the corresponding dlfference
is 1.5 —2 times greater and for neon ions it is 3 times greater than for oxygen ions. The values of &;,
after passage through a celluloid film, can also be represented approximately by a Gaussian function with
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FIG. 6. The velocity dependence of the degree of ionization i/Z after the passage of
ions through a —hydrogen, b—air, ¢ —argon, d—celluloid film. The solid lines at low
velocities represent results taken from Ref. 2

the same values of o as for the passage of the ions through gases (for carbon ions o x 0.73). But the
difference between &;(i —1) and #%(i =) in this case is 1.5 —2 times greater than for the passage
of the same ions through gases.
The following characteristics of 1/Z can be noted for the passage of ions through different media:
1. For values of i/Z from 0.2 to 0.6 the mean charge in argon, for all of the ions investigated, is
greater than the mean charge in hydrogen ( by about 10 —20%). The mean charge in air depends less
strongly on velocity than the mean charge in hydrogen and argon. When 1/Z ~ 0.3 it is close to the
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2 TABLE IL. & and 1 for
Q helium ions passing through

celluloid film ~ 20 pg/cm?
thick

” ”,4' "“

air

. v-10~¢ -
cm/sec CI)0 (Dl CD!
02
/ ™ 6.0 | 0.017 |0.368]0.615| 1.60
/ o 8.0 0.002 |0.145]0.853| 1.85
AM/; N 18.3 {~0.0001 [0,005!0.995]| 1,995
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FIG. 7. Dependence of ®; on i —~1 for oxygen ions: O—in mean charge in argon, but when :{_/Z
hydrogen, O —in air, A —in argon, and X —in celluloid film. The ~ 0,5 it approacheg_ the value of i
solid line is a Gaussian curve with o = 0.83 in hydrogen. For i/Z ~ 0.8, the

mean charge of boron ions is great-
est in hydrogen, and smallest in argon. In hydrogen i is 10% greater than in air and 13% greater than in
argon. .

2. The mean charge of ions after passage through celluloid film in a broad range of velocities is
greater than the mean charge of the ions in gases, and with increasing nuclear charge Z of the ions the
excess of the mean ionic charge after passage through the film over the mean charge in air increases
quite rapidly. While for boron ions with i/Z ~ 0.4 this excess is ~ 15%, for neon ions it is ~ 30%. For
the light group of uranium fission fragments (Z = 38) this difference is known!® to be 40% and for the
heavy fragments (Z = 54) it is 50%. Only at relatively high velocities with i/Z ~ 0.8, for which data on
boron ions are available, is the mean charge after passage through the film found to be 4% smaller than
the mean charge in hydrogen.

3. The degree of ionization of the investigated ions in air, hydrogen, and argon can be represented
within the range 1/Z ~ 0.2 —0.6 as a different function of the parameter v/v(Z?® with a ~ 0.4 for each
gas. When i/Z is represented in the same form for the passage of ions through a celluloid film, the ex-
ponent ¢ is not even approximately constant: for Z ~ 5 —6 the value of « is close to 0,35, while for
Z ~8~10 we have a ~ 0.

4. DISCUSSION OF RESULTS

Our values for the mean charge of ions which have traversed a celluloid film are in good agreement
with the mean charge of nitrogen ions given in Refs. 6 and 7,

The distributions of nitrogen and oxygen ion charges which are given by Stephens and Walker!? can be
compared with the corresponding distributions in the present work and in Refs. 6 and 7 if the ion veloci-
ties given in Ref. 10 are reduced by 8%. In view of this discrepancy, Reynolds et al. checked their ion
velocity measurements by measuring the energy of recoil protons. In the present work and in Ref. 7, ion
velocities were determined from the curvatures of particle trajectories in the magnetic field as calibrated
with deuterons, and they cannot contain such a large error. In Ref, 10 the velocities were calculated from
the frequency of the accelerating electric field between the dees and from the final trajectory radius, and
may therefore be too high.

The mean charge of oxygen and neon ions in argon, as given in Ref. 9, is 5 — 7% below the mean charge
of these ions in argon as shown in Fig. 6¢, and is about 7% greater than the mean charge in hydrogen. In
Ref. 9 no essential difference was found in the values of i for different gases, but the authors do not ex-
clude the possibility of a difference on the order of 10%. Within this limit of accuracy, the results of Ref.
9 agree with ours.

The article by Korsunskii et al.® gives the charge distribution only for the charge portion of a beam of
nitrogen ions passing through nitrogen. Since the values of &, are not given, it is best to compare values
of &i,4/®;. The values of ®,/®; for ion energies of 0.8 —1,0 Mev, are approximately 1.5 times lower
than in our present work. This discrepancy may possibly result from the fact that in Ref. 8 the beam
passed through a layer of gas only about one tenth as thick as ours. Under such conditions the charge dis-
tribution can differ appreciably from equilibrium, as shown by our measurements. The values of &3/®,
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and &,/®, agree with ours; the explanation for this may be that for charges which differ more from the
mean charge the equilibrium value of &;,;/®; is reached in a thinner layer of gas. In both investigations
the values of ®;/®, are apparently not very accurate, but agree in order of magnitude.

Existing theoretical calculations of the equilibrium distribution and mean charge yield values of &;
and i which differ considerably from the experimental results. Calculations of the equilibrium charge
distribution in Refs. 11 and 12 give lower values of k; (around 3). The calculated values of &; are at the
maximum ~ 20% below experimental values. The mean charge as calculated in Refs. 11 — 14 differs by
10 —30% from experiment, and none of the methods used agrees better than the others with experiment.
Bohr’s formula 1 = z!/ 3v/vy in Ref. 17 gives values of 1 which are 1.5 —2 times higher than experiment.

Brunings, Knipp, and Teller,’ in attempting to improve Bohr’s approximate formula, assumed that an
ion traversing matter retains electrons with orbital velocities that satisfy ve > yv. For the calculation
of ve, they used the statistical model of the atom; in one calculation they separated from the electronic
cloud of the ion the energetically most easily removable electron, and in another calculation they sepa-
rated the outermost electron. The two different calculations are represented by the coefficients y; and
Yss respectively. For. y; = const the dependence of i/Z on v in the interval i/Z ~ 0.3 —0.6 is
stronger, and for v, = const it is weaker than the experimental dependence for all of the substances in-
vestigated. With increasing velocity, the experimental coefficient y; is reduced by 10 — 30% while 7,
increases by 10 —30%. According to Ref. 15, the degree of ionization i/Z in the same range must be a
function of v/vyZ®, where for Z ~ 6—10 with vy, = const o ~ 0.55 and with v, = const « = 0.33. Ex-
periments show that for ions passing through gases 1/Z actually can be represented as a function of
v/vyZ%, and although the form of the function differs with the substance we have the approximately con-
stant value @ » 0.4 within the indicated limits. Bohr’s formula gives o =2%;. Thus the consistent use
by Brunings et al. of the statistical atomic model gives a more nearly correct relation between i/Z and
Z than does Bohr’s formula.

The method of Brunings, Knipp, and Teller does not permit us to draw any conclusions regarding the
different values of 1 in various media. Livesey’s calculation!® of the mean charge of nitrogen ions in
air and solid matter does not give the correct ratio between the values of i in these media. According
to these calculations, the mean charge in a solid is smaller than the mean charge in air. A qualitatively
correct ratio between the values of the mean charge in different gases with i/Z ~ 0.5 was obtained by
Gluckstern,!! who calculated 1 from the cross sections for electron loss and capture. However, the ab-
solute values which he obtained for 1 are 20 — 30% below the experimental values.

Our relations between the values of the mean ionic charge in different media reflect the behavior of
the cross sections for electron capture o, and loss op in these substances. Thf cross sections 0,
and oy increase with the atomic number Z,, of the medium. Larger values of i in heavier gases for
i/Z ~0.3—0.5 (v~ 4—17x%10% cm/sec) show that oy increases with Z,, by a higher power than o,
and this is a qualitative confirmation of the approximate determination of oy, and o, based on the sta-
tistical model. According to these calculations!?»18 oy is proportional to st and 0, is proportional
to Z;r/x:" At high velocities 0y must be proportional to Z?n and 0, must be proportional to Zgn, so
that in the lightest elements the mean charge must be larger. We obtained the corresponding ratio be-
tween the values of i in gases for boron ions with v ~ 11 X 108 cm/sec. The relative increase of the
mean ionic charge in air compared with hydrogen and argon for v < 4 X 10% cm/sec cannot be explained
by the Thomas-Fermi statistical model and is apparently associated with the structural characteristics
of atoms with unfilled shells, especially in the case of relatively large atomic dimensions, which must re-
sult in some increase of oy.

The large value of i in solid matter compared with its values in gases for uranium fission fragments
has been attributed by Bohr and Lindhard®® to changes in 0y and 0, resulting from ionic excitation. An
analogous difference between values of 1 for lighter elements evidently has the same causes. A reduc-
tion of the mean electronic binding energy in an ion traversing solid substances must result not only in
an increase of oy but also evidently in a shift of the maximum of oy as a function of v at low velocities.
Since the cross sections for the simultaneous loss and capture of two electrons are considerably smaller
than the corresponding cross sections for a single electron!®?’, for the most intense charge groups, at
least, ®j4,/®j ~ 0p(i)/0c(i+ 1), where oy(i) and o,(i+ 1) are the single-electron loss and capture
cross sections for ions with charges i and i+ 1, respectively. Thus
dlog (D, ,/D;)
Tl

e ==

= k(1) —ke(i -+ 1),
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where
ky (i) =dlogs (i)/dlogv, kc(i+ 1) =dlogs (i + 1)/dlogv.

The shift of the maximum of Y] towards lower velocities when ions pass through solids must lead to a
reduction of ky and consequently of kj; this is observed experimentally. Thus the difference in the equi-
librium charge distribution after ion passage through gases and film can be explained qualitatively by ex-
citation of the ions. A more thorough discussion of this question requires more complete information con-
cerning the cross sections for electron loss and capture.

In conclusion we consider it our duty to thank S. S. Vasil’ev for his comments during the discussion of
our results, and to the cyclotron crew, especially G. V. Kosheliaev, A. A. Danilov, and V. P. Khlapov, for
their assistance in the experimental work.
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