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§ 1. Introduction.

he phenomena connected with the penetration of high speed

particles through matter have been a most important source
of information about atomic processes. The discovery of nuclear
fission, which made it possible to study the behaviour of swift
ions with great masses and charges, has in this respect revealed
many new interesting features, especially as regards the capture
and loss of electrons by such ions. Capture and loss phenomena
were, as is well known, first observed for ee-rays, and have recently
received renewed attention through the study of the tracks in
photographic emulsions of highly charged ions of cosmic origin,
penetrating into the upper regions of the atmosphere. Still, experi-
~ments on the stopping and ionizing effects of fission ions, and
especially direct measurements of the charge of the ions during
their passage through gases and solids, offer so far the most
detailed and varied evidence as regards electron loss and capture
by heavy ions.

In a previous treatise!, a general survey of the theoretical
interpretation of the effects accompanying the penetration of
atomic particles through matter has been given. In particular,
it was attempted to account for the peculiar law which governs
the energy loss of fission ions along their path by estimating the
ion charge which, on account of the displacement of the balance
between electron capture and loss, diminishes gradually with
decreasing velocity. While the stopping and ionization effects in
the beginning of the path depend primarily on collisions with
the electrons in the atoms of the medium penetrated, nuclear
collisions become of decisive importance at the end of the path.
On the assumption that, irrespective of the substance through

! N. Bowr (1948). This paper, in which also a survey of the earlier literature
is given, will in the following be referred to as L.

1*
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which it passed, the number of clectrons carried by a fission ion
of given nuclear charge was simply related to its velocity, it
seemed possible to account approximately for the experimental
evidence then available.

In recent years, however, imporlant new information as
regards the charge of fission ions in different materials has been
obtained by the continued thorough investigations of N. O. Las-
SEN'. Thus, the measurements of deflections of ion beams in
magnetic flelds disclosed not only a systematic deviation from the
charge values previously estimated from stopping and ionization
effects in gases (LassEnN, 1949), but revealed an unsuspected large
difference between the average charge of fission ions when emerg-
ing from solids and the charge of the ions of the same velocily
when passing through gases. In gases, the magnetic deflections
of the ion beams also exhibited a smaller, but distinct increase
in the average charge with gas pressure. The detailed study of the
gradual adjustment of the charge of the ions emerging from solids
into rarefied gases allows, moreover, as shown by Lassen, fo
derive direct estimates of the cross sections for electron capture
in collisions with the gas aloms.

The variation of ion charge with the density of the penetrated
material permits several conclusions as to the mechanism of the
collision processes determining the balance charge. Thus, the
dependence of the average charge of swiftly moving heavy ions
on the pressure of the gas through which they pass shows clearly
that in the balance between loss and capture we may not, as in
Pprevious discussions, consider only processes by which electrons
arc removed from or captured in the ground stale of the ions,
but also processes involving excited states of a lifetime compar-
able with the intervals belween successive collisions with the gas
atoms. The remarkable difference between the average ion charge
in gases and solids further indicates the occurrence of adjustment
processes in excited ion states, of lifetimes essentially shorter
than those of the radiative transitions.

In the present paper, it is attempted on the basis of simple
arguments to give a comprehensive interpretation of the pheno-

L A survey of the results of these investigations is given in a dissertation:

N. O. Lassen, On the total charges and the ionizing power of fission fragments,
Copenhagen 1952. ‘
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mena associated with the passage through matter of highly
charged ions. To this purpose, we consider first, in § 2, some
general features of the balance between the loss and capture
processes, with special reference to the fluctuations in ion charge,
and the gradual adjustment of the average charge of ions emerg-
ing from solids into gases. On the basis of a simplified statistical
description of the constitution of ions carrying many electrons
we discuss, in § 3, some immediate conclusions to be drawn
from the measurements of average ion charge and from stopping
and ionization effects. In § 4, main features of the mechanism of
clectron loss and capture by heavy ions in collisions with atoms
are considered, and it is attempted to derive approximate estim-
ates for the cross sections of such processes, especially as regards
dependence on ion charge and velocity, and the atomic number
of the substance penetrated. On the basis of these estimates, a
comparison with experimental evidence as regards the charge of
fission ions in gases at low pressures is given in § 5. Finally, in
§ 6, the effect of the residual ion execitation is considered in
connection with the observations on the variation of the ion charge
with gas pressure, and its abnormally high value in solids.

On the publication of this paper, which due to various cir-
cumstances has been delayed, but parts of which have been
reported at various conferences in the last years, we want to
acknowledge our indebtedness to Dr. N. O. Lassen for many
illuminating discussions during progressive stages of his experi-
mental researches and of our theoretical considerations. We are
also indebted to Dr. G.I. BELL, who before publication kindly
made the results of his interesting studies of the loss and capture
mechanism available to us.

§ 2. General features of the balance between loss and capture
by heavy ions.

The problem of electron capture and loss by heavy ions
presents features essentially different from those exhibited by
swift «-particles or protons where, due to the smallness of the
ratio between the cross section for capture by the bare nucleus and
the loss cross section for an electron attached to it, the nucleus
will carry an electron only during intermediate short intervals
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which, together, amount to a small fraction of the path. In the
case of heavy ions like fission fragments, however, the nucleus
will along the whole path carry a large number of electrons
which, due to continual capture and loss, {luctuales around an
average value determined by the velocity and nuclear charge of
the ion and the properties of the medium.

Let us, for simplicity, consider a beam of ions penetrating
through a gaseous medium of a density so low that the ions
between collisions will practically all have returned to their ground
state. The state of the beam as regards the effects of the collisions
is therefore fully specified by the number N (7) of ions carrying
v clectrons. Disregarding, for the moment, loss and capture pro-
cesses in which more than one electron is involved, we find thus,
for the rate of change of N (7), within an interval of the path
where the velocity may be regarded as constant,

dN(r) co -
. {]\ (t—1)-0.(v—1)

FNE D0 (t+ 1)~ N(@ (0, () + a ()},

(2.1)

where g is the number of gas atoms per unit volume, o, (7) the
cross section for capture of an electron by an ion carrying =
electrons before the collision, and o (7) is the cross section for
loss of an electron by such an ion. For the rate of change of the
average number of electrons, 7 = 7 (x), carried by the ions, we
get from (2.1) by simple summation

% - dci- ’Z’%(I) N 2N (@ (0, (D) = (7). (2:2)

where N is the total number of ions in the beam.

In a beam of heavy ions carrying many electrons the dis-
tribution of 7 around the mean value will extend over several
units and, therefore, a strict application of (2.2) demands a
detailed knowledge of the dependence of the cross sections on
the number of electrons in the ion. However, the summation in
(2.2) is easily performed on the assumption that, in the interval
in question, both ¢; and o, vary slowly and linearly with z. We
may then write '



Nr. 7 7
0 (1) = 2-(1+ o, (v— o)), ]
(2.3)
0 (1) = Q-1+ @ (r—w)), J
where «, and «; are constants small compared with unity, and
w is the value of 7 for which the capture and loss cross sections
have equal magnitude, £2. Introducing the expressions (2.3) into
(2.2) we thus get
dv -
= =002 () (), 29

and by integration
T () = o+ (T(x,) —w)- exp (—f2- (e — ) (x—x,)) (2.5)

for the average electron number 7 (x) at the point x in a beam
with a given value for 7 at the point a,.
In a corresponding way, we derive from (2.1) and (2.3)

1

Otl_

A7? () =

c. o

— 1
At? (x) —
o +{ (,) } (2.6)
exp (—202-(a;— o) (x—x,))

for the average square fluctuation of the electron number at the
point x. For large values of (x —x,), where the second term in
(2.6) vanishes, the fluctuations will thus depend only on &, — «,
and the distribution around the average will be Gaussian with
a width at half maximum equal to 2.35-(0@——6&0)7%’.

In these simple calculations it is assumed that in every cap-
ture and loss process only one electron is removed from or
transferred to the ion. Still, in the actual cases, especially in en-
counters with heavy atoms, there is a considerable probability that
several electrons are lost or captured by the ion. However,
such effects can easily be included in the above descriplion by
introducing in (2.1) further terms corresponding to cross sections
or (7) and o, (7) for collisions by which the electron number 7
is changed by n units. Writing thus, with the same approxima-
tion as in (2.3),



0 (1) = 2y (1 + o (v —y)),
op () = Qn (1 + ap - (v—wp)),

we find by the same procedure formulas for the average charge

and for the fluctuations corresponding to (2.5) and (2.6) if only

Q, 2-(ey—e;), and 2-(¢;—a,) @ are replaced by >'Q,-n?
n

>'Qnn-(a) —op), and > Q.- n- (a] — 6y )+ 0y, respectively. Thus,
n n

collisions involving a change of the electron number by several
units may in particular influence the fluctuations, but as long as
the value of n in the frequent collisions remains small compared
with the average fluctuations, the equilibrium distribution will
still be of approximately Gaussian type.

When considering the balance and fluctuations of the ion
charge in media of greater density, where a considerable part of
the ions, if not all, will remain in excited states between collisions,
further considerations are necessary, since the cross sections for
loss and capture may to a considerable extent depend on the
excitation of the ion. Reckoning with suitably defined mean
values for the loss and capture cross sections, depending on the
actual degree of excitation of the ions, it is possible, however,
to treat the problem in the same simple manner as above. The
question of excited jon states may even have to be taken into
account as regards balance between loss and capture for e-rays,
but in this case the effect will in general be of minor importance
due to the small electron binding in excited states, contrasling
with the. properties of ions carrying many electrons, where the
excitation potentials may be several times smaller than the ioniza-
tion potentials.

For fission ions escaping into vacuum from a solid surface,
magnetic deflections permit measurements of the charge of the in-
dividual ions at a definite point of the path. In a gaseous medium,
however, the continual change of ion charge, due to electron loss
and capture, allows only to determine the average charge over a
considerable part of the path. Still, by varying the gas pressure in
the deflection chamber, LassEN was able to study in detail the
gradual decline in average ion charge from the values in solids
until balance in the gas is reached. The decline in charge is



Nr. 7 9

at first very rapid, showing a preponderance of electron capture
over loss, but diminishes gradually and, in agreement with ex-
pectations, the average ion charge approaches a flat minimum
through an approximately exponential slope (cf. Lassen, 1950,
fig. 2). The experiments on ion deflection in vacuum give not
only values of the average charge higher than in gases, but ex-
hibit characteristic charge fluctuations with approximate Gaussian
distribution (cf. Lassen, 1950, fig.1). Notwithstanding the differ-
ent conditions for the ions passing through solids, these flue-
tuations give, as we shall see, information about the dependence
of the capture and loss cross sections onion charge, supplementing
the deductions which can be drawn from the gradual adjustment
of the average charge of the ions emerging into gases.

§ 3. Approximate description of ion constitution.

A rigorous treatment of the collisions between highly charged
ions and atoms presents us with complicated problems. An
approximate account of the collision effects may, however, be
obtained by means of a simplified description of atomic consti-
tution (cf. I, § 3.5), in which the binding of the electrons is
defined by the simple concepts of orbital extensions and velo-
cities, using as a measure

h2
g =— and v, = —, 3.1
°  me? ° h (5.1)
representing the “radius” and “‘velocity’”’ of the electron in the
ground state of the hydrogen atom. For an electron in an ion or
atom we introduce in a similar way a radius @, characterizing
the extension of the orbital region, and a velocity v, defined by

mo?, (3.2)

where I is the binding energy. For an atom or ion with nuclear
charge Z we thus write

a == da,-

, (3.3)

AN
S]
|
&
< [N
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where » may be interpreted as the effective quantum number of
the binding state, and Z—n is the number of electrons with
orbital radius smaller than ¢ and, consequently, velocities larger
than v.

For the ground state of an atom, » will increase from a value
close to unity for the most firmly bound electrons to a broad maxi-
mum and, finally, for the outermost atomic electrons, decline
again to values of the order 1. For atoms containing many elec-
trons, the maximum of » will with close approximation be equal

to Z%, and from (3.3) we therefore get

dn = 7zt L (3.4)

Y

as an approximate expression for the velocity distribution of the
larger part of the electrons bound in the ground state of a heavy
atom. The excitation of the atom demands the transfer of one
or more electrons from the normally occupied states into un-
occupied higher energy states. In the neutral atom such processes
will for every electron require an energy exchange of the same
order as the binding energy I, though in the case of inner clec-
trons, part of this energy may be released in subsequent readjust-
ment processes resulting in the excitation of other electrons and
even in their ejection from the atom. In actual collision processes,
a separation in well-defined stages is, however, limited and de-
mands a closer comparison of the effective duration of the en-
counter and the times involved in the dynamics of the atomic
processes.

The simplilied description applies also approximately to the
ground state of heavy ions of a total charge Z*, corresponding
to a considerable fraction of the nuclear charge. Still, since the
maximum value of ¥ is not reached until Z—n exceeds Z/2, it is
essential for the applicability of formula (3.4) that Z* is some-
what smaller than half the nuclear charge. As regards the excited
states of highly charged ions, the situation is, moreover, in several
respects different from that of neutral atoms, due to the prescnce
of numerous unocccupied quantum states with comparatively
strong binding. In fact, if by »* we denote the eflective quantum
number for the most loosely bound electrons in the ground state
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of the ion, with ionization potential I¥, the energy required for a
larger part of the possible excitation processes will only be of
the same order as I*/v¥.

FFor heavy ions we must in general reckon with a distribution
of-the excitation over several electrons. Not only will in actual
collision processes often more than one electron be initially ex-
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Fig. 1. (Lassex, 1951a, fig. 12). Average balance charge of fission ions with
initial velocities, in solids and in gases at low pressures. The full circles refer to
the heavy fragment group (Z = 54, V = 4 p/), and the open circles to the light

group (Z = 38, V= 60,).

cited, but redistributions of the excitation over the electrons can
even in the case of less violent encounters take place in immediate
succession of the collisions. If the total surplus energy of the ion
exceeds [*, the result will be electron ejection within an interval
very short compared with the limitation of the lifetime due to
radiation processes. Also for the estimation of the lifetime of the
excited ions and their properties, it is essential to bear in mind
that an excitation energy below I¥ will ordinarily be distributed
over several electrons.

For orientation as regards the values of Z* of swift heavy
ions, a survey of LasseEN’s measurements of the charge of fission
ions at the beginning of the path in solid materials and in gases
at low pressurcs is given in Fig. 1. It is seen that, apart from some
interesting anomalies in the lightest gases, the ion charge is nearly
independent of the atomic number of the gas for both groups of
fission ions. The same applies to the ion charge in solids, not-
withstanding the remarkable difference from gases as regards
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absolute values, and the peculiar inversion of the relative charge
values of the two groups of fission ions.

The explanation of such specific features will of course de-
mand a closer examination of the collision processes between the
ions and the atoms of the penetrated substances and, in partic-
ular, of the state of the ions at the beginning of the encounters.
For a preliminary discussion it may, however, be reminded that
cursory considerations of the competition between electron cap-
ture and loss by ions in their ground state lead to the conclusion
that, in balance, the velocity v* of the most loosely bound elec-
frons in this state of the ion should be nearly equal to the ion
velocity V. According to (3.4), this gives

zv =78V (3.5)

<
©

as a rough estimate of the ion charge in balance (ef. I, § 4.4).

This estimate actually coincides closely with Lassen’s direct
measurements of the average charge in gases at low pressures,
for the heavier group of fission ions. In fact, for V=4, and
Z = 54, we get from (3.5) the value Z* = 15. For the light
group of fission ions (V==6uv,, Z= 38), however, we would
from (3.5) get Z* = 20, while the measured value for the average
charge is about 16. Quite apart from the question of the basis
for a comparison of absolute charge values, the apparent dis-
crepancy in the relative values is easily explained by remember-
ing that (3.4) is applicable only in cases where Z* is somewhat
smaller than Z/2. This condition is amply fulfilled for the heavier
ion group, but not for the lighter fission ions, with the consequence
that Z* in (3.5) must be replaced by a somewhat smaller
value of ».

Such a difference between the two ion groups is also clearly
revealed by the stopping and ionization effects of fission ions
penetrating through gases. In Fig. 2 are, as an illustration, repro-
duced LasseN’s results as regards the energy loss along the path
in argon for the two groups. As will be seen, the curves are
composed of two parts, corresponding to ion velocities large and
small compared with v,, and in which the stopping effects are
due mainly to electronic and nuclear collisions, respectively. For
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the heavier ion group, the energy loss decreases linearly in the
first part of the range. But for the lighter group, anomalies
are exhibited at the beginning of the path, and the linear descent
appears only after the velocity and the ion charge have decreased
considerably from their initial values. As mentioned in I (§ 5.3),
it follows from simple theory of energy loss by charged particles!
that, in heavier gases, a linear decrease in energy along the path
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Fig. 2. (LassEN, 1949, fig. 23). Energy loss along the path of fission ions in argon.
In the last part of the path, beyond the minimum, the energy loss by nuclear
collisions is dominating. The magnitude of the separate contributions (a and b)
{rom nuclear and electronic collisions is indicated by the dotted lines.

implies a proportionality between Z* and V, corresponding to
(3.5). While, for the heavier group of fission ions, this relation
apparently applies for a large part of the range, Z% must
for the lighter ion group evidently be replaced by a factor which

1 This theory is especially developed in the case of particle charges and velo-
cities for which quantum mechanical perturbation methods apply with high approx-
imation. Recently, it has been shown (cf. LiNDHARD and ScHARFF, 1953) that
it is possible, by means of a simple statistical treatment of atomic structures, on
this basis to account for the stopping power over a wide region of atomic numbers
and particle velocities. As discussed in I, special considerations are necessary in
the case of highly charged particles where the conditions of perturbation theory are
not fulfiiled. The estimate given in I (§ 3.5) of the stopping power of a heavy atom
necds, however, a certain correction. In fact, if in this estimate the dynamics of
the electron binding is taken into account on the lines used by LiNDHARD and
ScHARFF, the resulting stopping power will, like for «-rays in the same velocity
region, not only be approximately proportional to the square of the ion charge
and inversely proportional to ion veloeity, but will also vary closely as the square
root of the atomic number of the penetrated material.
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in the beginning increases significantly with decreasing particle
velocity.

As regards more quantitative estimates of the average ion
charge from stopping and ionization effects of heavy ions, various
complications have to be taken into account. Actually, earlier
estimates of the ion charge from ionization in gases, based on
the penetration theory of point charges, led to results almost as
high as those obtained by direct charge measurements of the ions
emerging from solids into vacuum. To explain this discrepancy,
it is necessary to take the complex structure of the ion into
account. In fact, in close collisions the atomic electrons will
penelrate into the interior of the ion, where the effective nuclear
charge is considerably higher than Z* The correction was in I
(8 4.4 and §5.3) deemed to be insignificant because the collision
diameter b, which in the stopping formula appears as an effective
minimum impact parameter, is just equal to the diameter of the
ion. However, the contribution of close collisions to the stopping
effect is relatively large for fission ions, since the semi-adiabatic
limit to the impact parameter in more distant encounters is only
a few times larger than b. This circumstance makes an accurate
evaluation of the stopping power difficult, but a simple calcula-
tion shows the correction due to ion structure to be of the order
of magnitude required to explain the differences between the ear-
lier estimates of the charge of fission ions in gases and the direct
charge measurements.

§ 4. Mechanism of electron loss and capture.

In encounters between highly charged ions and neutral atoms,
considerable changes in electron binding may take place particul-
arly in the atom, where the more loosely bound atomic electrons
at an early stage of the collision will be greatly influenced by the
strong field around the ion. The transfer of energy accompanying
the excitation and ionization of the atoms will, in fact, be the
main source of energy loss of the ions. In the collisions, however,
also processes can take place resulting in an excitation of the ion,
or a change of ion charge due to electron capture and loss. A
rigorous treatment of these processes presents a problem of great
complication, but, due to the circumstance that the binding states
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in the ion involved in clectron loss and capture are specified by
high quantum numbers, simple mechanical considerations can be
used in approximate treatments, and especially for the survey of
the essential features of the mechanism of the different processes.

In the loss process, it is a question of a transfer of energy to
ion electrons in the collision sufficient for electron escape. Due to
the smallness of the forces acting between neighbouring electrons
in the ion compared with the total ion field, we may, in consider-
ing such energy transfer, in first’ approximation examine sepa-
rately the influence on the binding of individual electrons under
the action of the forces to which they are exposed during en-
counters with atoms. In estimating these forces, however, we may
only for light atoms compare the collision with separate impacts
of the nucleus and the atomic electrons. For heavier aloms,
where the orbital velocities of part of the electrons are larger than
the particle velocity V, we must take into account that the
charges of these electrons during the collision will effectively
screen the charge ze of the nucleus, together with which they will
act as an atomic core of a total charge number z*, approximately
equal to z* = z& (V/[y,), corresponding to (3.5). Since the elec-
trons more loosely bound to the atomic nucleus, due to their
small charge and mass, are not able individually to transfer
energy to the ion of the magnitude required, the main contribution
to the loss process arises from the direct action of the bare nucleus
in light atoms, and the atomic core in heavier atoms.

In order to estimate the loss cross section, we recall that the
cross section for energy transfer greater than 7 in a collision
between a free electron at rest and a heavy particle with charge
z¥e and velocily V is given by the well-known formula (cf. I,

§ 3.1)

o o g (U0>2 (mvg mv§> (‘4 5
o= 2ma z**|—] - — . .
° Vv T T s

where T, = 2mV? is the upper limit for energy transfer in such
a collision.

" Introducing for each ion electron T = mv?*/2, and summing by
means of formula (3.4), we get from (4.1) as a [irst estimate of
the loss cross section
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‘U 3
oy = nai-z*z-Zé-<—°_) , (4.2)

where z* stands for the atomic number z, or core charge, for
light and heavy gases, respectively, and where the binding of the
most loosely bound electron in the ground state of the ion is cha-
racterized by the velocity v*, close to V.
, Such cursory consideration needs, however, essential correc-
tions of different kind. In fact, the neglect of the effect of the
electron binding during the encounter is not justifiable, as the
orbital velocities are of the same order as V, and especially since
the duration of the encounter is comparable with the orbital
{requencies. Due to these circumstances, the estimate (4.2) of the
cross section for direct removal of the ion electrons is somewhat
too large, but in the estimation of the loss cross section it must
be taken into consideration that, due to subsequent readjustment
of the electron binding in the ion, electron escape will take place
if only the total energy transfer to the ion in the encounter exceeds
the binding energy I* of the most loosely bound electron in the
ground state. Still, the corrections due to these various effects, which
arc not strictly separable, may be expected largely to cancel,
and it is in this respect interesting that the estimate of the
loss cross section for fission ions in several gases, obtained by
Berr (1953) by numerical computation, based on a somewhat dif-
ferent simplifying procedure, agrees approximately with the more
comprehensive formula (4.2). We may therefore use this formula
as a guide in the analysis of the experiments, and especially in
the estimation of the variation of the loss cross section with ion
charge. , ’
Besides electron loss, the encounters with the atoms will result
in excitation of the ion. An estimate based on the simple formula
(4.1) gives in fact a cross section for excitation by direct impact
of the same order of magnitude as the loss cross section. Even
if part of the excitation energy by subsequent readjustment will
be spent in electron escape, we must therefore reckon that the
collisions will result in excitation of the ion, amounting on the
average to about I*/2. In gases al low pressures, this excitation
will be dissipated by radiation between collisions, but at higher
pressures we have to take into account initial ion excitation in
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the encounters, with the result that the total loss cross section is
increased. Thus, by a simple estimate based on (4.1), we obtain
for an average residiial excitation ¢ I* at the beginning of the en-
counter a relative increase ¢ in the loss cross section.

An estimate of the cross section for electron capture by the
ion demands a somewhat more detailed consideration of the
course of the encounter between the atom and the ion. In fact,
the possibility of capture of an electron by the ion will largely
depend on the circumstances under which it is released from the
atom. Let us consider an atomic electron with orbital velocity v
and radius a, as given by (3.3). During the approach of the highly
charged ion, the electron will be exposed to a strong field of force,
giving rise to an increasing polarization of the binding, which
may subsequently lead to its rupture, In order to estimate when
electron release takes place, we note that, at a distance R between
the two systems given by

VAT my?
oy - (4.3)

the force from the ion and the atomic binding force are approx-
imately equal. Still, it has to be taken into account that the
possibility for electron release is not only determined by a com-
parison between the forces, but that the completion of the process
will require a time of the order afv, and that therefore, especially
in the case of the more loosely bound atomic electrons, the ion
may have travelled a distance comparable with R before thc
electron is liberated from the atomic field.

After the release from the atom, the electron will be captured
if its total energy relative to the ion has a negative value. In his
estimate of capture cross sections, on similar lines as followed
here, BELL (1953) assumes that an atomic electron is released at
a distance R from the ion with velocities corresponding to the
momentum distribution in its original binding state. It must, how-
ever, be taken into consideration that, under the combined action
of the atom and ion fields, the electron velocity distribution will
have changed considerably from that in the isolated atom, and
that we must expect the velocity of the electron to be largely
reduced during the gradual loosening of the atomic binding. At

Dan. Mat. Fys. Medd. 28, no.7. 2
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the completion of the release process, we may thus in first ap-
proximation assume that the velocity of the electron relative to
the ion will not differ essentially from the ion velocity. On such
assumptions, the condition for capture is that the process of elec-
tron release is effectively completed at a distance from the ion
smaller than R’, determined by

£
ZR? = ész. (4.4)

Assuming, in first approximation, that the release takes place at
the distance R, we find that, if R<Z R’, capture occurs with a
cross section = R?, while for R > R’ there will be no capture.
According to (4.3) and (4.4), it is seen that on this assumption
only strongly bound atomic electrons can conlribute to capture.
Actually, in a heavy atom, the confribution will arise mainly from
a comparatively narrow region of orbital velocilies around V/2.
Summing over the electrons in the atom, we obtain by means of
formula (3.3) the approximate estimate

1

3
D
0, = naﬁz*z-zs-<°) (4.5)

for the total capture cross section for atoms in which a consider-
able part of the electrons have velocities comparable with V.

Notwithstanding the cursory character of the description of
the capture process, the formula (4.5) may be expected not fo
be far in error, because the uncertainties introduced by the esti-
mates of R and R’ will be largely eliminated by the summation
over the atomic clecirons. This circumstance was also noted by
BeLL (1953) in his numerical computation of capture cross sections
. in several gases by fission ions of various charges and velocities.
In spite of the different assumptions used by BeLL as regards the
kinetic energy of the released electrons, his results for heavier
gases also agree approximately with formula (4.5). Moreover, it
must be noted that the formulas (4.2) and (4.5) imply that, in a
close encounter with a heavy atom, several electrons will be lost
and captured by the ion, and that due to subsequent readjustment
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of ion excitation the various processes are not strictly separable
in the resulting effects.

As regards capture in the lightest gases, we meet with an
essentially different situation. In fact, for ions of high charge and
velocity, the calculations leading to the capture cross section (4.5)
would give no confribution for electrons bound in the lightest
atoms, because for these the distance of release, R, would be larger
than R’, the limit where capture becomes possible. In order to
explain the occurrence of capture, we must take into account that
the release is a gradual process and, although R may represent
the average release distance, escape will take place only with a
probability per unit time comparable with (v/a), and thus over a
considerable path. Accordingly, there is a small probability that
a loosely bound electron will remain with the atom until the dis-
tance from the ion is so small that capture can take place.

The detailed analysis of the process presents, of course, a
complicated problem, but by an estimate relying on simple
mechanical concepts, and assuming that the probability of elec-
tron release from the atom within a distance from the ion smaller
than R’ is of the order (R'/V)(v/a), we get

o = maize () 2 (4.6)

v

v )'7 11,2

V

as a cursory estimate of the capture cross section for a very loosely
bound atomic electron, with a binding characterized by a sereened
nuclear charge n’e and an effective quantum number »’.

For the discussion of residual ion excitation, we must take
into consideration that the electrons will in general be cap-
tured in highly excited states. In fact, for heavy atoms to which
formula (4.5) applies, the average excitation of an electron after
capture by an ion in the ground state will be about £ I* while,
in the case considered in (4.6), the excitation will in general be
still higher and closely approach I*. As regards the examination
in § 6 of the cffect of residual excitation on the balance at higher
pressures, we further note that, in contrast to the increase in the
Ioss cross section due to residual excitation, discussed above, we
must expect a decrease in capture cross section due o subsequent
readjustment of the electron binding. Thus, an average residual

Q%
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excitation at the beginning of the encounter, amounting to & I'*,
will give rise to a relative decrease in the estimate (4.5) of mag-
nitude § ¢ and even more in the estimate (4.6).

§ 5. Discussion of experimental evidence on capture and
loss by fission ions in gases at low pressures.

In order to ascertain how far the approximate estimates of
loss and capture cross sections, given in § 4, may be used as a
guidance for discussion of the experimental evidence, it may be
recalled that, while the estimate (4.2), with proper definition of
z*%, applies 1o electron loss in both light and heavy gases, we
have as regards the capture problem in the two cases to do with
essentially different mechanisms, leading to the estimates (4.5)
and (4.6), respectively. In the comparison with the experimental
evidence, we shall therefore treat the two cases separately.

In the case of the heavy gases, in which the binding of a
major part of the atomic electrons is characterized by orbital
velocities comparable with or exceeding the ion velocity V, the
formulas (4.2) and (4.5) give simple variations of the capture
and loss cross section with ion charge, and in opposite directions.
In fact, the capture estimate (4.5) is proportional to Z*2, while
the loss cross section (4.2) is inversely proportional to »#2 and there-
fore varies approximately as Z# 2, In particular, we note that the
two expressions in all heavier gases become equal for a value of
the velocity of the most loosely bound ion electrons closely given
by v* = V, in agreement with the cursory estimate of the balance
charge used in the discussion in § 3. :

From (4.2) and (4.5) we get, with the notation of § 2,

(&

</

1
0 — WQEZQ.Z .

(5.1
for the equal loss and capture cross section in balance. As regards
the estimates of the mean free path between collisions involving
clectron capture and loss, and determining for the dependence
of balance charge on gas pressure (ef. § 6), it must, however,
be taken into consideration that just in heavier gases scveral
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electrons will in general be exchanged in the encounters, and that
we must therefore reckon with a somewhat larger value for the
mean free path than would correspond to (5.1).

At low pressures, the experimental results, given in Fig. 1,
show that the balance charge in heavier gases is nearly independ-
ent of atomic number, as also corresponds to the theoretical
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Fig. 3. Capture and loss cross sections for the heavier group of fission ions with
initial velocities in argon at low pressures, as functions of ion charge Z*, Comparison
with the average effective caplure cross section estimated by LAssex.

expectations. However, it is to be kept in mind that, for such
comparison, we are in the first place only dealing with the ratio
between the loss and capture cross sections, and that the rapid
and opposite variation of the cross sections implies that the bal-
ance charge is not very sensitive to this ratio. It is therefore im-
portant that an approximate fest of the numerical values of the
expressions (4.2) and (4.5) can be obtained from LaSSEN’s
studies of the transitional effects observed for ions emerging from
solids into gases.

For the heavy group of fission ions with initial velocities in
argon at low pressures, the theoretical estimates o, and o, as
functions of Z* are represented by the two curves in Fig. 3. The
interseclion point of the curves, corresponding to the balance
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charge, agrees closely with the experimental value. The dotted
curve in the figure represents the difference between the capture
and loss cross section for ion charge higher than the balance
value. Further is on the figure indicated LasseN’s estimate of
the effective capture cross sections for the average ion charge of
the heavy fission fragments emitted from a solid surface. As

ZX

£ j .
74 16 18 20 22 24

Fig. 4. Capture and loss cross sections for the lighter group of fission ions with
initial wvelocities in argon at low pressures.

mentioned in § 2, this estimate was deduced from the rate of
decline in charge for ions emerging into the gas chamber, and
it was, for simplicity, assumed that in these cffects electron loss
could be neglected and the capture cross section considered as
constant over the charge interval in question. Considering that,
in the transitional effects, we have to do with an averaging over
the difference betwcen the capture and loss cross sections within
an interval between the charge of the emerging ions and the bal-
ance charge in the gas, it is seen that LasseN’s estimate is
in quite satisfactory agreement with the cross section curves in
Fig. 3.

In a similar way, the curves in Fig. 4 represent theoretical
estimates for o;, 0., and o,— ¢; for the light ion group in argon.
Still, in conformity with the considerations in § 3, we have in
formula (4.2) introduced, instead of Z%, a somewhat smaller
value of the effective quantum number, so as to obtain coincid-
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ence between the intersection point of the curves and the meas-
ured balance charge. It will be seen that Lassen’s estimate for
the effective capture cross section of light fission ions emerging
from a solid surface into the gas is also consistent with the theo-
retical expectations when considering the run of the curves within
the charge region of the transitional effects.

As shown in § 2, the rates of variation with ion charge of the
cross sections for loss and capture are determining for the charge
fluctuations of the ions along their path. The formulas (4.2) and
(4.5) lead to the value 1/(e;—a,) = Z%[5 in heavier gases at low
pressures. While the charge [luctuations in a gas escape direct
measurements, it is interesting that this estimate of the average
square fluctuation corresponds approximately to the observation
of the charge fluctuations of fission ions emerging from solids
(Lassen 1950, 1951a). ‘

As regards the competition between loss and capture in
lighter gases, it is seen that, while the capture cross section for
fission fragments in air should be approximately given by the
formula (4.5), the charge of the atomic core entering in the loss
" cross seclion (4.2) will be somewhat smaller than the value
25 (V/v,) holding for heavy substances. Thus, the balance charge
may be expected to be slightly lower in air than in argon, as was
also found by Lassen (cf. Fig. 1). The anomalies in average
ion charge in the lightest gases like helium and hydrogen are,
however, of particular interest. Especially the comparatively
high value of the ion charge in hydrogen points to a decrease in
the capture cross section even more rapid than the decreaseinloss
cross section, which for the lightest elements is proportional to z2.

Although the estimate (4.6) may not give accurate numerical
results, the relative variations with atomic number, ionic charge
and velocity are expected not to be far in error. Such dependence
is brought out by comparing (4.6) with the loss cross section
(4.2) for the light and heavy fission groups with initial velocities
in H, and He. The measurements show here that for both groups
of fission ions the average charge in He is about 109/, lower
than in H,;. This circumstance is readily explained from (4.2)
and (4.6), since o7 varies as z®, while o, is nearly proportional
to z® and, accordingly, the charge must remain slightly smaller
in He.
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For a more quantitative comparison with (4.2) and (4.6),
we calculate o, 07, and the balance charge for the two groups of
fission ions in H, and He. In order to compute o; as a function
of Z*, one must know the value of the effective quantum number,
v¥, for the most loosely bound ion electrons. For the heavy group

of fission ions, we may put ¥ equal to Z¥, while for the light
group we can take the somewhat lower value given by the
measured balance charge in argon at low pressures, assuming
that the velocity of the most loosely bound ion electrons is
v* = V. The theoretical estimates of the balance charges are
given in Table 1, together with the measured balance charges,
and it is seen that the agreement is quite cloge. In the table is
also given the effective capture cross section calculated by LassEn
from the transitional effects for ions emerging into gases from
solids. The comparison with the difference of the theoretical
estimates of ¢, and o; for the charge value of the emerging ions
shows agreement, at any rate as regards order of magnitude.
Also the measurements of the balance charge of fission ions
with lower velocities (LasseN, 1951a) bring out a difference
between heavy and light gases, which seems to be in approximate
agreement with the theoretical estimates. Thus, the observation
that for argon Z*% is closely proportional to V for the heavier ion
group, while for the lighter group Z* varies more slowly with ion
velocity, is in conformity with the assumption that in both cases
the velocity v* of the most loosely bound ion electrons is closely
equal to V. In the lightest gases, however, an approximate pro-

TasrLE 1.

Balance charge and effective capture cross section (in units of ma]) of

fission ions with initial velocities in H, and He. Comparison between

measurements on the ions emerging from uranium (Lassen, 1951 a, 1954)
and theoretical estimates based on (4.2) and (4.6).

H, J He
heavy - light J heavy f light
Zp g (eXp) 12.7 15.8 l 11.6 | 14.1
Zpa (Eh) oo 12.2 15.7 10.9 14
o (expy. oo 0.9 0.025 3.2 0.3
Op— Gy (AR 0.9 | 0.02 (7.5) 0.2
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portionality between Z* and V was found both for the heavy
and light ion group, corresponding to a different connection be-
tween v* and V, as is also borne out by a comparison between
(4.2) and (4.6). ’

§ 6. Dependence of average ion charge on density
of material.

Even if collisions with atoms will generally leave the ion in
an excited state, we may in gases at low pressures assume that
such excitation will be dissipated by radiation between successive
collisions, and that the average charge of the ions simply depends
on the cross sections for capture and loss by the ion in the ground
state. In gases at higher pressures, or in solid materials, we must,
however, take into account that the ions to a greater or smaller
extent will remain in an excited state, and for an estimation of
the average ion charge the influence of the residual excitation on
the balance between loss and capture must be considered.

As already menticned, the excitation of the ion produced
directly by the collisions with the atoms will in general be shared
among the ion electrons and, if larger than the minimum ioniza-
tion potential I* = mp**/2, give rise to subsequent clectron ejec-
tion. While in solids such adjustment may not be completed
between successive encounters with the atoms, we may in gases,
even at comparatively high pressures, assume that the ions at
the beginning of each collision have a more or less distributed
excitation, never exceeding I*. In heavier gases, the average
cxcitation after a collision will be about I#/2, but in the lightest
gases like hydrogen, and especially for swiftly moving ions,
capture will result in a very loose electron binding, and the
average excitation may be somewhat higher.

In order to estimate how large a part of the excitation of the
ion will remain between collisions in the gas, we shall assume
that its dissipation by radiation is characterized by a mean life-
time, 7, corresponding to an ion path V. Reckoning with a
mean free path 4 of the ion between collisions, we get therefore,
in a well-known manner, that the fraction of the ions which
on the average have retained the excitation between collisions
will be given by tV/(vV 4 1). Assuming that the collisions only
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involve capture or loss of a single electron, we may, with the
notation of § 2, write 2 = 1/(2 £ p), and we get thus for the ratio
£ between the average residual excitation and I* '

Ve
5TV +1

&= (6.1)
In the case of heavy gases, where the relatively large probabil-
ity for loss and eapture of several electrons in close collisions may
necessitate the use in (6.1) of a value somewhat smaller than £ gi-
ven by (5.1). For the lightest gases, however, due to the considerable
probability of collisions giving rise to excitation without electron
loss or capture, the value £ in (6.1) should be replaced by a
somewhat larger cross section.

In order to estimate the influence of the residual exeitation
on the balance between loss and capture, we shall, in direct
generalization of (2.3), write -

O = Q-(l—\ﬁcg—f—ac-(’r~a})),

} (6.2)
o =814 fe+ea(t—o)),

where £ and @ as well as the constants «, and «; refer to the
ground state, while f,¢ and f§;e are the relative variations in the
cross sections for excitation eI*,

In the absence of excitation, the balance charge of the ion
is Z—om, and the equations (6.1) and (6.2) thus imply a shift in
balance charge, of magnitude

_ /jl_{_ﬁc_é.:ﬁl—i_ﬁc TV‘QQ
o

Azt al——ac'QTV.QQ—}-I' (6.3)

oy

For low densities the shift 4Z#% is proportional to g, while for
high densities it reaches a maximum value, (§; -+ £,)/2 (e; — a,).
Introducing for «; — e, values corresponding to (4.2), (4.5) and
(4.6), and for f; + f, the estimates in & 4, we get for the maximum
value of 4 Z* about Z*/5 in heavy, and slightly more in light
materials. This result is in good agreement with the experiments
by Lassex (1951b), where the average charge with increasing
pressure seems to reach a constant value about 3 units higher
than at the lowest pressures.
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While the constant charge value at higher pressures is inde-
pendent of the emission of radiation, the initial increase in ion
charge at low pressures is a direct consequence of the competi-
tion between collisions with gas atoms and dissipation of excita-
tion by radiation. The above simple description of the radiative

TaBLE 2.

Measured values of p,, for the two groups of fission ions in various
gases (LAssEN 1951 a, b) and the corresponding lifetimes. The uncert-
ainty in p, may be a factor ~ 2,

Heavy group Light group
H, \ He ’ A H, He A
Prmm.......ia... 11 12 4 30 15 5
T-10%sec.. .......... 2.7 1.2 0.2 4 3.5 0.4

decay by an effective lifetime 7 is in agreement with the observed
approximative linear increase in ion charge with gas pressure.
In Table 2, the values of p; represent the pressure for which
the average ion charge has increased by one unit, estimated from
the slope of LasseEN’s curves in various gases. The table also gives
the corresponding values for the radiative lifetime 7, deduced
from (6.3).

As a simple estimate of the radiative lifetime = of an excited
electron state, we may write

7, = 0.9-10" " sec, (6.4)

where Z* is the charge of the ion, and » an effective quantum
number somewhat higher than, but comparable with the quantum
numbers of the most loosely bound electrons in the ground state
of the ion. The radiative lifetimes to be expected from (6.4) are
of the same order of magnitude as those derived from (6.3) and
given in Table 2. Moreover, the larger values for v in hydrogen
and helium, compared with argon, may perhaps be explained
by the smaller ion charge and the higher excitation states of ion
electrons to be expected in the lighter gases. Still, such closer
comparison contains much uncertainty, especially in the estimate
of £, which quantity, as already mentioned, may have to be
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considerably increased in the lighter gases, in a way which may
at any rate partially account for the larger estimate of 7 in hydrogen
and helium compared with argon. ‘

While in gases at comparatively low pressures, the time be-
tween collisions can, as we have seen, be of the order of the
radiative lifetimes of excited electron states on the ion, the passage
of ioms through solids implies an extremely rapid succession of
collisions and, as in gases at high pressures, the dissipation of
ion excitation by radiation can be neglected. However, even in
solids, the collision frequency, V/4, will remain smaller than the
revolution frequency, @ = v/a, for the orbital motion of the ion
electrons. In fact, since the orbital velocities of the ion electrons
are comparable with V, the two mentioned frequencies will, for
heavier atoms, approximately have the same ralio as the ion
radius to the spacing of atoms in the solid, and have an even
smaller ratio for lighter atoms. As regards the initial stages, ithe
mechanism of the individual capture and loss processes should
thus not differ essentially for gases and solids, and the marked
difference in balance charge in the two cases therefore points
directly to the importance of subsequent readjustment of the di-
stribution of ion excitation. '

Just as regards such readjustment, the rapid succession of
the collision processes in solids will restrict the possibility of
sharing excitation between electrons on the ion. In fact, the time,
Tais, Necessary for distribution over several electrons of an excita-
tion initially confined to one, will be long compared to the revo-
lution frequency, and we may reckon that the time between colli-
sions in solids is shorter than 7y,. The competition between
collisions and distribution of energy between ion clectrons may
thus allow the excitation of the ion to exceed the minimum energy
for ionization, I*. The description of the ion state in balance be-
comes particularly simple if it may be assumed that there is
not sufficient time for redistribution of ion excitations. In this
case, an electron captured in an excited state will be lost from
the same state, so that for each single electron state there is a
direct competition between capture and loss.

Due to the very rapid increase of the cross section for elec-
tron loss with decreasing binding energy, the balance between
capture and loss will therefore be cssentially shifted by suppres-
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sion of readjustment of ion excitation, in spite of the circumstance
that such readjustment in itself may lead to electron release from
the ion. In fact, in collisions with atoms, ion electrons can be re-
moved from states with binding velocity nearly as large as 2V,
and we may reckon that even in solids more strongly bound
electron states on the ion are occupied, while in higher states only
a few electrons will remain, due to the competition between
capture and loss. In a rough estimate on such lines we find that
the ion charge will be about (3/2) (V/v,) », where » is the quan-
tum number of ion electrons with orbital velocity - between V
and 2V. ‘

In Figure 1 was shown the measured balance charge of fission
ions in various solids and in gases at low pressurcs. It is seen
that, for the heavier group of fission ions, the charge in solids
approximately corresponds to the above estimate, since the
effective quantum number is » ~ Z3. For the light group, how-
ever, we found that already for the charge values in gases, »
was somewhat lower than Z3, and for the high stripping in solids
vy must have decreased even further. This circumstance accounts
for the result that the charge of the light group in solids becomes
slightly lower than that of the heavy group, opposile to what is
the case in gases. FFigure 1 also shows a small but marked decrcase
of ion charge with increasing atomic number of the solid substance
penetrated. This effect points to a gradual minor change in the
balance between capture and loss, probably connected with the
greater average binding of electrons captured in heavier sub-
stances and thus reducing the probability for subsequent loss.

Although it thus appears that many of the characleristic
features of the difference between average ion charge in dense
and dilute materials may be explained by simple mechanical
arguments, it must be stressed that we are dealing with a highly
complicated problem, the detailed treatment of which needs fur-
ther experimental and theoretical investigation. In a eloser com-
parison with the empirical results, it must thus be taken into
consideration that the high excitation of the ions in dense materials
may result in a subsequent emission of electrons from the ions
immediately after their escape into vacuum and thus, to a certain
extent, increase the measured charge values. It may also be re-
marked that, in a comparison between the stopping power for
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ions in dense and dilute materials, attention must be paid pri-
marily to the considerable difference in the two cases of the charge
of ions with given velocity.

Such problems must also be taken into account in comparisons
between the phenomena accompanying the penetration of swift
heavy ions through gaseous media and the remarkable observa-
tion of tracks of highly charged cosmic ions in photographic
emulsions (cf., e. g., BrapT and Perers, 1950). The rich ma-
terial with which we in such observations are concerned extends,
however, over a far wider energy region than the experiments
with fission ions. Estimates of cross sections for electron capture
and loss, determining for the balance charge of such rapid cosmic
ions and its variation on their path through the photographic
emulsion, therefore obviously demand considerations beyond the
scope of the discussion in this paper.

Insltilule for Theoretical Physics,
University of Copenhagen.
December 1953.
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