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INNER-SHELL VACANCY PRODUCTION BY CHARGED PARTICLES

Eugen Merzbacher
Department of Physics and Astronomy

University of North Carolina, Chapel Hill, N. C. 27514

The purpose of this paper is to review briefly the theoretical

framework within which it has been found possible to interpret a

large number of observations on the production of inner-shell vacan-

cies as a result of collisions between ions and atoms. The central

doctrine on which most theoretical treatments have been based is that,

owing to the smaliness of the electron mass in comparison to the

nuclear masses (m « M), the nuclear scaffold can be satisfactorily

treated as a prescribed external classical source of momentum and

energy. As long as the relative velocity of the projectile-target

system is greater than about one percent of the orbital velocity

of the atomic inner-shell electrons, it is reasonable to assume that

any amount of momentum and energy can be transferred to the atomic

electrons, as required by the interaction, without having an

important effect on the motion of the heavy nuclei.

A further assumption, which has proved frequently useful in

describing the energetic ion-atom collisions in which inner-shell

vacancies are produced, is more debatable: that it is reasonable to

treat the atomic electrons, which initially occupy the inner shells

and which are being ejected from them, as independent, at least in

the sense that the dynamics of the vacancy production can be

analyzed without worrying about simultaneous dynamical processes

that might affect any of the other electrons present.

1 2)
The theoretical formalism is quite familiar, ' but I

recapitulate it here because it provides us with a common language

for much of the further discussion. At time t, let y(t) be the



Fig.l. Geometry of the collision. The deflection of projectile

Z, is shown schematically. The electron e is near the

target nucleus Z- and not necessarily in the plane con-

taining R and the z axis. The target-projectile system

center of mass is at C. The impact parameter of the

projectile with respect to the target nucleus is b; with

respect to the electron it is ?.
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state of the electron that is being removed from an inner shell in a

collision between an ion and an atom. The Hamiltonian of the electron

system in an inertial frame is

rel(t)

The nuclear motion is specified by the change in time of the inter-

nuclear vector R(t) which points from 2 (usually thought of as the

target nucleus) to 1 (usually the projectile). (See Figure 1.)

The theory is conveniently expressed in terms of the time

development of amplitudes a (t) which correspond to a suitably
n

chosen set of orthonormal basis states |n, R(t) ) . (Nonorthonormal,

"oblique", basis vectors are useful occasionally and require a slight

generalization of the equations.) One chooses, in addition, an

associated set of real phase functions $ (t) and then expresses the

state of the electron tentatively as
. -i<L(t)

f(t) - I |n,S(t)) e n an(t) (2)

n

If H(t) is the Hamiltonian operator, the equation of motion has the

form (1f = 1)

i^1- I {[<n,R(t)|H|k,R(t)>- i 6Rk]
k

It is convenient to think of the basis fk,R(t)} and the derivatives

|. = e (t) of the phases as eigenstates and eigenvalues of a

generally time-dependent Hamiltonian H (t). The equation of motion

is then represented by the coupled equations



da
j

dt

Ii[<n,R(t)|H-Ho|k,S(t))-i<n,R(t)|||7|k,it(t))] e
k

[en(t')-ek(tf)]dt'

(3)

In order to solve the equations of motion efficiently, the auxil-

iary Hamiltonlan H must be chosen with care. In practice, basis

states must be adapted to the init ial preparation and the final obser-

vation of the system, so that the amplitudes a (t) can be interpreted
n

more or less directly in terms of the initial and final conditions

appropriate to the collision process that is being described. On the

other hand, the matrix elements entering the equations of motion

should be calculable in a reasonable manner and, most importantly, the

basis should match whatever approximation scheme is eventually selec-

ted to solve the infinite set of coupled equations for the amplitudes.

The following two choices of H are particularly useful.

1) H » constant in time. Then the basis is time-independent*

and so are the eigenvalues e, . If V(t) - H(t) - H defines the

interaction operator V(t), the amplitudes satisfy the equation of

motion in the interaction (or Dirac) picture:

<n|v(t)|k)ak (4)

Standard time-dependent perturbation theory may be developed from

here, but i t i s also possible to choose a suitable set of basis

states that makes truncation of the equations reasonable and allows

i



accurate solution of the surviving equations. The use of a Sturmian

basis is an example of this to which we shall return.

2) H = H(t). This is the quasiadiabatic (or Born-Oppenheimer)

picture, giving the equation of motion

(5)
k

Again, these equations can be solved either by a perturbation method

or by truncation.

It is instructive to show.how in the case where the total

Hamiltonian H(t) is almost constant in time and changes slowly by a

small amount from an initial operator H(t ) to a final operator H(t.)

the quasiadiabatic picture becomes related to the interaction

picture. In the interval from t to t. let us set
o 1

H(t) = H Q + V(t) (6)

and denote by e and jn) the eigenvalues and eigenvectors of H .

For each value of t, the adiabatic basis, consisting of the eigen-

states of H(t), can be expanded according to Rayleigh-Schrodinger

perturbation theory to first order as

This shows that the vector -j—-|k,R(t) ) is of first order in V(t).

Hence, to first order, equation (5) may be written as



i(en -

or (8)

dt a k e
««„ -

These approximate equations of motion are solved subject to the initial

conditions, frequently given in terms of one of the adiabatic basis

states, as

a. (t ) « 1 , a (t ) * 0 (n*k) (9)

If, in the spirit of perturbation theory, we insert these initial

values on the right side of equation (8), and perform an integration

by parts, we obtain for t ) t and n*k,
o

a (t) - <n |k,5(t )
n o

- <n |k,

i ( En " f
Jt

<n |k,S(tf;
i(en - e.) t

1

dt' (10)

Since equation (7) gives the relation

(en - efc) <n|k,t(t)> - -<n|V(t)|k)

the expression (10) for the transition amplitude is in agreement

with the results of time-dependent perturbation theory:

20



i(en - e.) t i(e - e.) t
an(t) = <n|k,R(to)> e

 n k ° - <n |k,R(t) } e

(11)

i(e_ - e j t'
ft i(e - e. ) t'

- i <n|v(f)|k}e n k dt1

If H is chosen to be the final Hamiltonian, H « H(t-),

the amplitude takes (with t = 0 ) the simple form

• f 1 i (e - e.) t
a n ( t l } = <n,R(t1) |k,R(0)>- I <n|V(t) |k>e n * dt (12)

J 0

This expression is a superposition of the overlap integral familiar

from the theory of sudden perturbations and a perturbation correction

which is small if the Haailtonian changes rapidly.3

The general formula (11) can be adapted to many conditions and

provides the theoretical justification for a number of specific

approaches to the calculation of excitation and ionization prob-

abilities in inelastic ion-atom collisions. It also serves to

reinforce our appreciation of the underlying unity of various

calculational methods that are in current use.

A survey of these methods may be arranged according to

increasing collision velocity, as a projectile ion Z.. impinges on a

target atom Z_. If v -> 0, the motion is so slow that the tightly

bound inner-shell electrons continually and adiabatically adjust to

the changing positions of the nuclei. The changes that occur as the

nuclei come together toward, and subsequently recede from, the

distance of closest approach, are schematically summarized in the
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Pb-Pb system. The electronic energies in keV are plotted
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culation used the one-electron approximation assuming
point-like nuclei ( -e reference 16).
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familiar molecular orbital correlation diagrams in which the energy

of the relevant electronic molecular orbital states is plotted as

4
a function of the internuclear distance of the diatomic system. Two

examples are seen in Fig. 2. It is clear that the degeneracy or

near-degeneracy of some adiabatic energy levels at certain values of

R is a property of central importance for the dynamics of this system.

Symmetric systems (Z =Z_), for which all energy levels must be

doubly degenerate in the separated-a torn limit R •*••», obviously occupy

a special place in this kind of an analysis. The literature of

computations on the molecular spectroscopy (molecular orbital energy

eigenvalues and eigenfunctions in their dependence on R) for a

variety of complex diatomic systems is rapidly growing and becoming

quite sophisticated and more realistic, including the effects of

relativistic quantum mechanics for the case of high Z systems. The

role of the interactions among the atomic electrons in these

collisions has so far been only incompletely assessed. However, in

many instances, independent molecular orbital electron states in the

field of a two-center potential give an adequate description for

calculating probabilities of inner-shell vacancy production.

As the relative collision velocity v increases, the collision

is no longer completely adiabatic and electronic transitions become

possible, where they are not prohibited by the exclusion principle.

In this low-velocity regime, the quasiadiabatic picture, if

manageable, is evideniuly appropriate, since its transition amplitudes

vanish in the limit v •*• 0, whereas the amplitudes in the interaction

picture oscillate in time as V(t) approaches a constant value.

The key quantities of the quasiadiabatic picture are the matrix

elements <n ,S(t) | |-r—|k,]£(t) ) in equation (5). The interpretation as
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well as the explicit computation of the electronic transitions, which

these matrix elements describe, is often aided by noting some simple

transformations of the matrix elements. The identity

<n , (13)

follows immediately from the definition of the adiabatic basis states

and emphasizes the temporal change of the potentials acting on the

electron as the cause of the transitions.

The Hamiltonian H(t) varies with time because the framework of

projectile and target nuclei moves and the internuclear distance

R(t) and the angular orientation 6(t) of the line joining the nuclei

change in time. The partial time derivative in equations (5) or

(13) can thus be replaced by

a_
3t

(14)

a separation which has given rise to the terminology of "radial"

and "rotational" couplings. In practice, in favorable circumstances,

one or the other of these couplings dominates, and only two or a few

neighboring energy levels "interact", permitting effective truncation

of the equations of motion. Recently, a number of successful

applications of these concepts have been made to symmetric and

slightly asymmetric collisions.

Typically, rotational coupling can be effective in close

collisions (small impact parameter b) in which even at low velocities

the angular velocity of the internuclear axis can become enormous

and stimulate transitions between near-degenerate levels whose

magnetic quantum numbers with respect to the internuclear axis differ
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by unity. Radial couplings are strong if the molecular orbital wave

functions are sensitive to changes in the internuclear distance R.

Such couplings between two or a few levels are responsible for the

vacancy-sharing mechanism that has been invoked to account for much

of the experimental information on inner-shell vacancy production in

heavy ion-atom collisions.

When there are no strong interactions between appropriate levels,

inner-shell excitation probabilities are small at low velocities.

However, as the velocity increases, in relation to the orbital

electron velocities, an electron may be induced to make a transition

even though no strong interactions with nearby energy levels occur.

This can happen through weak interaction of the level to be vacated

with many, often quite distant, levels. Perturbation theory is then

appropriate for calculating the transition amplitudes, although its

applicability may be threatened by large values of Z. or Z-.

If the projectile charge Z. is low and the target charge Z.

comparatively large, the collisional production of a vacancy in an

inner shell of the target atom is well described by choosing the

electron energy eigenstates of the separated target atom as the

time-independent basis and treating the Coulomb potential due to the

passing projectile as the time-dependent transient perturbation.

Using the interaction picture and the initial conditions

ak(- ») - 1 , an(- ») - 0 (15)

which we insert on the right hand side of equation (4), we obtain the

usual first-order perturbation result (w , = e - e.)»
nK n K

. t
<n|v(t)|k>e dt (16)
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The Coulomb perturbation, expressed as

Z,e2 r iq.tf-SO:)]
(17)

j'ields upon substitution into equation (16) the compact formula for

the transition amplitude,

2 .-*• •+

f /- I -»i(l * r 11. \ J. i
(18)

z 2 ±J . £
X I yi i e

where the orbital Fourier integral I(u, q) is defined as

•F

K«.q) " f dt (19)

Here, K(t) is the prescribed time-dependent internuclear vector.

If a straight-line trajectory with impact parameters b and constant

velocity v is assumed, the orbital integral has the value

- 2ir e
-a* (20)

where qu is the component of q along the trajectory. The

integration over q in equation (18) can now be performed and gives

the formula

2 Z e 2 iq z

?)
2Z.e2

an(+ <n k> (21)

where ? and z are transverse and longitudinal electron coordinates.

Corresponding to a fixed energy transfer u> ,,

(22)
lad

is the "ainimum momentum transfer" or the reciprocal of the

"adiabatic distance" which determines the width of the monotonically

26
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decreasing function K (5 q ) and thus the range of the effective

interaction, as measured from the projectile trajectory. The value

of the transition amplitude from the initial state k to the final

state n - either in the unoccupied discrete or in the continuum part

of the spectrum - is controlled by the overlap of the interaction

operator with r.he initial and final atomic wave functions. As the

collision velocity increases, r , increases and the matrix element
ad

in (21) rises rapidly. In spite of the factor 1/v multiplying the

matrix element, the transition probability increases with v.

Eventually, at sufficiently high velocities, the interaction having

spread over the entire atom, the v in the denominator, which measures

the rapidity of the collision, dominates the value of the amplitude

and leads to a gentle asymptotic decrease of the transition

amplitude.

In the semiclassical approximation (SCA), which has been

described above, the total cross section for producing a vacancy

in the initial k state, is given by the formula

' aJ 2 b db (23)n
2ir f>f J>o n*k n

The semiclassical approximation permits a direct and complete

association of transition probabilities with specific collision

trajectories and thus with direct experimental tests in coincidence

experiments which preferentially select particular impact parameters.

If the order of integrations is reversed and integration over

b precedes integration over the variable q, the partial excitation

cross section a . can be shown to be expressible as

(2*)
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which is the form o , has in the first Born approximation (PWBA)

corresponding to a momentum transfer q from the heavy collision

partners to the electron. For computation, this form of the total

cross section is more manageable than the semiclassical impact-

q
parameter formulation. However, it lacks the flexibility of the

latter since, short of making quite complicated distorted wave -

calculations, it does not allow us to improve the basic approximation

by correcting the trajectories for close collisions or by modifying

the electronic wave functions just for taose phases of the collision

during which the electron orbits are appreciably perturbed. The

PWBA purchases its simplicity by using broadly extended wave

functions, which imply renunciation of a detailed impact-parameter

description, even when the collision can be legitimately treated by

classical means without violating the uncertainty principle.

In recent years, a number of physically motivated improvements

jf the semiclassical theory of atomic Coulomb excitation have been

developed, and it has been shown that in a number of cases all of

these corrections must be applied simultaneously before the exper-

imental data can be properly accounted for. The simple semi-

classical approximation embodied in equation (21) must be modified

to allow for several effects: The slowing down and deflection of the

projectile as it approaches the target nucleus; the recoil of the

target atom; and the distortion of the electron states by the

perturbing projectile. Generally, it is now recognized that in slow

collisions, which by equation (22) correspond to large minimum

momentum transfer and a short interaction range, the important con-

tributions to inner-shell vacancy production arise from close

encounters and parts of the trajectory near the classical turning
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X PWBABC
O PW8AC
A PWBAB
O PWBA
S7 BEA

200 400 600
E (keV)

800

Fig.3. K-shell ionization cross section for protons incident

on copper from 150 to 800 keV, from 0. Benka and M.

Geretschlager, University of Linz, preprint 1978.

The figure shows the ratio of measured cross sections to

theoretical values, using various corrections to the

plane wave Born approximation (PWBA). The effects of the

binding correction (PWBAB), the Coulomb deflection (PWBAC),

and of both corrections (PWBABC) are illustrated. The

binary encounter approximation (BEA) predictions are also

shown.
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Fig.4. Ionization cross section of the L_(2s) subshell as

a function of incident energy in scaled units. See

reference 9, and also S. Datz, J.L. Duggan, L.C.

Feldman, E. Laegsgaard, and J.U. Andersen, Phys.

Rev. A j>, 192 (1974) . The "knee" in the cross

section for producing a 2s vacancy can be traced

to the radial node in the 2s wave function.
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point. This doctrine has been put to use in designing improved

perturbation procedures (in the spirit of the perturbed stationary

state method) to include the most important low-energy corrections.

(See Fig. 3) Finally, it has become clear that, except for collisions

involving the lightest elements, the use of relativistic electron

wave functions is not just a luxury but mandatory for reliable

calculations of the atomic form factors, because at low collision

velocities the detailed behavior of the electron wave functions in the

12
vicinity of the target nucleus is important. For the same reason,

structural features of the inner-shell wave functions, such as the

radial node of the 2s state, show up in the dependence of the

inelastic cross section on v (through q ). (See Fig. 4)

In collisions between heavier ions and atoms, when Z., is no

longer much smaller than ."., the production of vacancies in inner

shells is often properly attributed to rotational or radial couplings

of a small number of strongly interacting molecular orbitals, at

least one of which carries a vacancy brought into the interaction

region by the adiabatic demotion of an initially vacant level.

Conversely, as the internuclear distance shrinks, the promotion of

an initially filled molecular orbital electron level can also lead

to interaction with nearby vacant levels, leaving an inner-shell

vacancy when the nuclei recede.

As more experimental material on inner-shell vacancies

accumulates it is becoming apparent that in many cases of practical

interest a particular initial molecular orbital loses its electron

predominantly through weak interaction with many distant levels,

justifying, and indeed necessitating, the use of perturbation theory

rather than close coupled equations of motion. The formalism
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summarized in equations (6) to (12) can be used to make a perturba-

tion calculation in which the unperturbed, although still time-

independent, basis states are not necessarily the energy eigenstates

of the separated-atom (SA) Hamiltonian but may instead be chosen

as the highly distorted molecular orbitals at or near the distance

of closest approach, depending on the dictates of physical insight

as to which phase of the collision is most important in inducing

transitions.

If H in equation (6) is chosen as the value of the Hamiltonian

for some suitable fixed nuclear configuration, such as the united

atom configuration, the perturbation V(t) will consist of two parts:

the full time-dependent potential due to both collision partners and

a time-independent potential appropriate to the fixed configuration:

V(t)
zl e Z2e

2

|aR(t)-r
(25)

Only the time-dependent part of this perturbation has Fourier

components that can cause permanent transitions; the rest gives

rise only to small oscillating contributions which may be neglected.

14

This kind cf an approach has recently been advocated and applied

to the transitions from a highly promoted molecular orbital in

collisions between partners for which the K shell of one approxi-

mately matches the L shell of the other.

If the electron orbits are strongly distorted during the

collision but an approximation like (7) la not appropriate over

any appreciable part of the interaction region, it is necessary to

resort directly to an approximate solution of equation (5),

employing the initial conditions (9) to obtain as a first approxima-

tion
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PL(C)

0.01
1.0

mE, /MI,
10.0

Fig.5. Probability PL(0) for producing a vacancy in an

L-subshell in zero-impact parameter collisions as

a function of incident energy E. for the case
Z]/Z2 = 0.5. A Sturmian basis was used with up to

sixteen basis vectors. IL: L-shell binding energy.

The Sturmian approach is described in M. Rotenberg,

Advances in Atomic and Molecular Physics j5, 233

(1970) .



20

1.0

0.5

PERT THEORY
STURMIAN

Fig.6. Magnitude of the transition amplitude for producing

L-subshell vacancies in zero-impact-parameter

collisions at fixed incident velocity as a function

First-order perturbation theory, in
2

of Z.,/Z2>

which PL(0) « Z^, differs from the Sturmian results

in qualitatively different ways for various subshells,

34
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-r dt'

dt (26)

Recently, such calculations have been performed to establish the

remarkable effectiveness of slow collisions between very heavy ions

and atoms in the velocity range of a few MeV/amu to produce vacancies

in the K shells of the collision partners by "direct" excitation to

the distant unoccupied levels and the continuum.

Although in many cases of experimental interest, the probability

of producing an inner-shell vacancy is numerically small, the

increasing use of slow heavy ions as projectiles has brought us face

to face with a collision regime where discrete bound levels (either

of the SA or MO type) interact strongly with the continuum

and render inapplicable simple first-order perturbation theory, which

assumes that the total transition probability is small. Even with

light ions as projectiles the vacancy production probabilities can be

close to unity, such as in selective zero-impact parameter collisions

on initial L-shell electrons. The probability P (b) for removing

an electron from the L shell of a target atom, or from one of its

substates, for impact parameter b=0 has recently been evaluated

using a Sturmian representation to simulate the continuum states and

18
replace them by a discrete basis that can be truncated. Sixteen

states were included in this calculation. Preliminary results show

that if the collision velocity is kept fixed, departures from the

2

Z. behavior of first-order perturbation theory differ character-

istically for the 2s and the 2p (m=0, - 1) substates, in contrast
m

to the more uniform effect of polarization which has been demon-

strated in distant collisions. (Figs. 5 and 6).
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We may confidently expect further advances in our understanding

of collisions in which inner-shell vacancies are produced. The

fundamental interest in such collisions stems from the possibility

of varying the collision velocity and the charges of the collision

partners over a wide range, thus letting the strength of the

relevant interaction vary dramatically over many orders of magnitude.

The preparation of this paper began in 1977 while I was a

recipient of a U. S. Senior Scientist Award from the Humboldt Founda-

tion, in residence at the University of Frankfurt. It was completed

at home under the auspices of a contract with the U. S. Department of

Energy. I acknowledge with gratitude the hospitality of Professor

Walter Greiuer, the assistance of James Feagin, discussions with

many colleagues, and the generous support of Professor Johannes M.

Hansteen and the organizers of the Nordic Spring Symposium on Atomic

Inner-shell Phenomena.
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EXPERIMENTS ON COULOMB IONIZATION BY CHARGED PARTICLES

J.U. Andersen, E. Laegsgaard, and M. Lund
Institute of Physics, University of Aarhus

DK-8000 Aarhus C, Denmark

Inner-shell ionization by light projectiles, i.e., in

very asymmetric collisions, is often denoted 'Coulomb

ionization1 because it is caused by the Coulomb interaction

between the electron and the projectile. Although with

little justification, the term is also used to distinguish

such processes, in which the projectile Coulomb field is a

small perturbation, from ionization in more violent, nearly

symmetric ion-atom collisions. In the talk, a discussion of

Coulomb ionization of atomic K shells was given, with empha-

sis on experimental methods and results. The discussion was

not intended as a review of the field but rather as a pro-

gress report on our own work on the subject. A more detailed

account was recently presented at the ICPEAC meeting in

Paris15.

Experimentally, K-shell ionization in ion-atom collisions

may be identified in two ways, either through the inelastic

energy loss of the projectile or through the emission of an

X-ray or an Auger electron from the atom. Sometimes a combi-

nation of the two techriques is advantageous, as illustrated

in Fig. 1, which shows the energy and time distribution of

6.9 MeV a particles scattered through 90 in a lead foil,
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Figure 1

in coincidence with Pb K X-rays. The elastic energy dis-

tribution, centered around 6.7 MeV, is independent of the

time difference between the two signals (accidental coinci-

dences) , while the inelastic distribution of real coinci-

dences is centered around zero time difference. This sepa-

ration in two dimensions allows a clean determination of

the number of real coincidences '.

Such refinements are not necessary if only the total

cross section for ionization is measured. However, much in-

formation and insight is gained by measuring the differen-

tial contributions from different impact parameters, as
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illustrated in Figs. 2a and 2b. The data in Fig. 2b were

obtained from coincidence measurements, the impact para-

meter p being defined through its classical relation to

the scattering angle. Also the distribution in final
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energy E f of the ejected electron may be measured, as

shown in Figs. 2c and 2d. The raw data of Fig. 2c were

obtained with a magnetic spectrometer. The experimental

points in Fig. 2d correspond to a fit to these data by an



29

10

10

•DID
0)

>- s

10

10

H on Rg

E - 2 .0 MeV

p - 0 . 5 pm - Tad

E B - 2 5 . 5 1 7

o o

a •

1.98 2.00t.88 I.90 I.92 1.94 1.96
E n e r g y ( M e V l

Figure 2c

exponential distribution in Ef , convoluted with the elas-

tic-energy distribution/ which represents energy-loss

straggling and resolution of the spectrometer (also shown

in Pig. 2c). Obviously, such detailed measurements provide



30

Q.90

0.8Q

0.70

0.20

0.10

.00

2 MeV H

' rad SCR
SCfl-B
SCfl-B-C
SCR-B-C-R

1S.0 18.000 3.00 6.00 9.00 12.0
Electron onorgy

Figure 2d

a much more thorough check of the theoretical description.

Let us now turn to some of the problems which have been

studied by this technique. At first, Coulomb ionization of

an atomic K-shell electron appears to be a very simple prob-
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lem. Owing to its large binding, a K electron may be re-

presented by a one-particle wavefunction, and the influence

of the other atomic electrons may be represented by an

average potential correction (screening). At distances

r ~ rR e*
 a
o/

Z2 ' *he screening potential is almost constant,

and the K-electron wavefunction is therefore to a good

approximation hydrogenic (a detailed discussion of screening

problems is given in Ref. 1). A calculation of ionization

due to the perturbation by the Coulomb potential of the inci-

dent ion is then a straightforward problem. The ion may be

represented by either a plane wave (PWBA) or a heavy particle

moving along a classical trajectory (SCA). Owing to its

large mass, its motion is hardly affected by the ionization

process and therefore may be approximated by a straight line

trajectory. The two formulations are then equivalent. In

the limit of low projectile velocities, v << vR s* Z2=- , one

obtains the simple result,

°ad

Here Ry denotes the Rydberg unit (13.6 eV), UR is the ex-

perimental K-shell binding energy, and the parameter £K

is defined as

VK
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Equation (1) expresses a simple scaling relation for

the total cross section, the important parameter being

£K which enters to a very high power. The condition for

the validity of Eg. (1) is more precisely £R << 1 . This

velocity region is often named the adiabatic region because

the collisions are so slow that the electron wavefunction

may adjust adiabatically to the time-varying potential and

the ionization probability is very small. For higher values

of £K , a simple analytical result does not obtain, but the

simple scaling with the parameter £R holds approximately

for £„ S. i f and the numerically calculated cross section

(SCA calculations by Hansteen et al., Ref. 3) may be repre-

sented very accurately for £„ < 6 by

a = a .(1+0.0563Cv+l.3805^+0.219154)"* , (3)

where the adiabatic cross section a - is given by Eq. (1).

Also for the differential ionization probability I(p) ,

where p is the impact parameter, simple scaling relations

4 5)are obtained in the adiabatic region * . The excitation

function I(p) has a maximum for p = 0 and width ~ r . ,

the adiabatic distance given by r , = fiv/U., . In the adia-
aci is.

batic region we have gR = r d/r K < 1 , and thus the excita-

tion function becomes much narrower than rR at low veloci-

ties. This result was first predicted by Bang and Han-
4)

steen and later verified experimentally by the coincidence
method discussed above
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The most important application of this method, however,

has been the study of corrections to the first Born approxi-

mation at low projectile velocities. There are three types

of major corrections. Firstly, at low projectile veloci-

ties, the perturbation of the state of the bound electron by

the Coulomb interaction with the projectile cannot always be

considered small. In the adiabatic limit, the transition

probabilities become small, not because the perturbation is

small, but because it is slowly varying, and an appropriate

description should therefore allow the electron wavefunction

to adjust nearly adiabatically to the presence of the projec-

tile. This leads to a change in binding energy, and the

correction is usually denoted the 'binding correction1 .

Also the modification of the wavefunction is important. It

may be described as a change of the characteristic distance

rv , which enters in Egs. (1) and (2) .

Secondly, deceleration and deflection of the projectile

by the Coulomb repulsion from the target nucleus may cause

a significant reduction of the ionization probability at

low velocities. Clearly, this effect will be most important

at small impact parameters, and information on the relative

contributions to the ionization from different impact para-

meters is crucial for evaluation of the correction to the

total cross section. A theoretical discussion of this effect

4)was given already in 1959 by Bang and Hansteen

Thirdly, relativistic effects on the electron wavefunc-

tions may be important, in particular of course for high
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target-atomic numbers. Mainly the high-momentum tail of

the wavefunction is affected by a relativistic description,

and since the minimum momentum transfer to the electron in

an ionization process increases with decreasing projectile

velocity, the correction will be most important at low

velocities, where the correction will be most important at

low velocities, where the ionization probability is en-

hanced, in particular at small impact parameters. A detailed

discussion of relativistic effects was given at this confe-

rence by P.A. Amundsen.

All of these effects can of course be incorporated in

the theoretical treatment but at a terrible price. The

simple scaling relations, as represented by Eqs. (1) - (3),

are lost. Obviously, it would be very desirable to be able

to estimate in a simple way the magnitude of the correspon-

ding corrections to the Born cross section. This turns out

to be possible if advantage is taken of the scaling rela-

tions which apparently are broken! In fact, the 'binding

effect1 as well as the effect of Coulomb repulsion may be

incorporated by a simple change of the parameter £„ de-

fined in Eq. (2). At low velocities (SR £. j) , the ioni-

zation takes place at such small internuclear distances that

the wavefunction and binding energy of the K-shell electrons

effectively correspond to the united atom. Thus, in Eq.(2),

U-, and iv should be evaluated for the united atom. The

effect of the reduction of the relative velocity due to

Coulomb repulsion between the two nuclei may be represented
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by an effective value of the velocity v in Eq. (2).

Since the main contributions to the cross section for K-

shell ionization come from impact parameters

p =* r , = hv/UK , one would expect this effective velocity

to be the relative velocity when the two nuclei are separa-

ted by a distance R ~ r , . These arguments are elabo-

rated in more detail in Ref. 1. As it turns out, the first

two effects, 'binding' and 'Coulomb repulsion1 , may be

represented quite accurately by such simple modifications

of the scaling parameter £„ .

An experimental test of the procedure is shown in

Fig. 3. By measuring the Ag K-shell ionization for H, D,

and He projectiles at the same velocity, one may isolate

the two corrections. Since He and D have the same

charge-to-mass ratio, the Coulomb repulsion will for the

same velocity and impact parameter lead to the same decele-

ration and deflection. The correction for Coulomb repulsion

should therefore be the same for the two projectiles, and

a deviation from scaling of the cross section with Z* ,

as obtained in first Born approximation, may be ascribed to

the 'binding effect' . Similarly, for H and D projec-

tiles, the 'binding1 correction is the same, and the dif-

ference in cross section must be due to the different effect

of Coulomb repulsion.

The realtivistic effect cannot be incorporated by a

modification of £K , basically because a relativistic Is
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electron wavefunction cannot be characterized by a single

parameter rR . Various simple suggestions for correc-

tions of the total cross section have been put forward by

Amundsen et al.9*. The simplest one, adopted in Ref. 1,
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is based on the fact that ionization at low projectile

velocities requires a very large momentum transfer

q > q = l/r
ad • (Note that £ << 1 implies

) • T n e relativistic enhancement of thefi >:> civ - l / r v
O i\ 1\

ionization is due to the increase in the high-momentum

tail of the wavefunction. It may be estimated by the

value of this increase at momentum q = q , which may

be expressed analytically as a function of two parameters

£„ and Y » where y is given by

Y = /i-a2Z2 , (4)

Z being the atomic number of the atom and a the fine-

structure constant, a ** 1/137 .

It was shown in Kef. 1 that the combined prescription

for the three corrections to first Born approximation give

remarkably accurate predictions of K-shell-ionization

cross sections, even when the corrections are very large.

An extreme case is shown in Fig. 4. The consecutive cor-

rections for 'binding' (SCA-B), 'Coulomb repulsion1

(SCA-B-C), and relativistic effects (SCA-B-C-R) strongly

modify the cross sections obtained in first Born approxi-

mation (SCA), as given by Eq. (3), but the final result is

close to the initial curve and in remarkable agreement with

experiment. This figure may also serve as a warning

against hasty conclusions drawn from comparisons with expe-
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riments. Just as in this case, the different corrections

almost cancel, errors in the different prescriptions in

some cases may cancel!

The prescriptions applied in the calculations in



Figs. 3 and 4 have been discussed qualitatively above.

A more detailed and quantitative discussion is given in

Ref. 1. Also for the differential contributions to the

cross section, or the ionization probability I(p) ,

simple estimates of the corrections to first Born results

may be developed. In fact, the simple prescriptions dis-

cussed above are based on a detailed study of the more

complicated corrections to the ionization probability and

its dependence on impact parameter.

We shall conclude this report by a brief discussion

of another aspect of differential measurements of K-shell

ionization. Although for many purposes, the total cross

sections for ionization is the main quantity of interest,

there is a special class of phenomena for which the ioni-

zation probability is directly relevant. In nuclear

reactions between charged particles or in decays by charged-

particle emission, the impact parameter is zero on an atomic

scale, and the ionization probability is related to I(p=0).

As an example, backscattering of He by 180° may be seen as

being composed of two a decays, one of them time-inverted.

We have recently studied this relation in collaboration with

L. Kocbach, who is presenting a special report on the

2)

subject at the conference-.- A peculiar effect of import-

ance in this connection is illustrated in Fig. 5. The

measurement indicates a steep increase by a factor of ~2

of the ionization probability at very small impact para-

meters. The effect may be explained as a dependence
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of I(p) on the scattering angle 6 rather than on impact

parameter. Total amplitudes for ionization may be divided

into contributions corresponding to the projectile tra-
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jectory before and after deflection, respectively. For

dipole amplitudes, the two contributions add as vectors,

and a term proportional to cos6 appears in the probability.

This effect is normally not of any importance for the

total cross section and can only be studied by differential

measurements. Such studies may contribute to the under-

standing of the special problems encountered in the theo-

retical description of ionization in nuclear decays. Also,

it may be noted that, as originally suggested by Chiocchetti

and Molinari , the effect in principle can be applied to

measure extremely short nuclear lifetimes. The increase

of I(p) at small p is die to the coherent superposition

of dipole ionization amplitudes corresponding to the in-

coming and outgoing projectile paths, respectively. If the

two are separated by a compound state with lifetime

T ~ h/Uv , the coherence is lost and the increase disappears.

Unfortunately, the experimental realization of this idea is

at best extremely difficult.
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"Relativistic Calculations of Coulomb Ionization"

P.A. Amundsen

Dept. of Physics, University of Bergen, Allegt. 55,

N-5014 Bergen-U, Norway.

Abstract.

In direct Coulomb ionization of the inner shells

of heavy atoms electronic relativistic effects can be

very large. The physical reasons for these effects are

discussed in some detail, together with their qualitative

behaviour and how to approximatively correct for them.
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That electronic relativistic effects are important in

inner shell processes of heavy atoms is immediately seen

from the fact that in a non-relativistic atom of charge-

number Z2 the inner-shell electrons will move with velo-

cities of the order cf

Vei Z*a 1

c n 137

where n is the main quantum number of the shell. In most

cases, however, non-relativistic calculations will give

reasonably accurate predictions, and the relativistic effects

will only enter as corrections. It may therefore be some-

what surprising that for direct Coulomb ionization of heavy

atoms by slow ions, non-relativistic calculations need not

even give the right order of magnitude of the cross section.

The first relativistic calculations of proton-induced

K-shell ionization were reported by Jamnik and Zupan&Lc in

1957. ' Already these first calculations, made in the frame-

work of the plane wave Born approximation (PWBA) , gave an

ionization cross section for 2 MeV protons incident on lead

five times the non-relativistic value. These calculations

have recently been extended to the superheavy region (Z2>92)

using relativistic Dirac-Pock-wavefunctions and a finite nu-

For a discussion of the various approaches to the calcu-
lation of inner shell vacancy production I refer to
Professor Merzbacher's talk at this symposium.2'
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clear size. In these calculations relativistic enhance-

ments up to a factor 107 are reported for Z2=170. The

PWBA-results are confirmed and extended by calculations in

the semiclassical approximation (SCA) including effects of

the Coulomb deflection of the projectile in the field of the

4-9)target atom. Although relativistic effects are much

smaller for L-shell ionization than for the K-shell, they

are quite important for the heaviest systems, and calcula-

tions have been reported both in the PWBA10) and the SCA11"12*.

Finally, calculations in the molecular orbital framework (MO)

for symmetric or nearly symmetric systems also show relati-

vistic effects of several orders of magnitude.

In view of the large magnitudes of the relativistic

effects, and because a detailed discussion of the calculations

necessarily must become rather technical, it is probably more

useful to discuss the physical reasons for the effects within

a simple framework. In the following I will therefore

mostly restrict myself to the calculations of total ionization

cross section using the PWBA or, equivalently, straight line

SCA. Except for the neglection of the influence of the tar-

get charge on the projectile motion, this is not a fundamen-

tal restriction, as the physical reasons for the effects are

independent of the approximations made in the calculations.

This does not preclude, of course, that technical and com-

putational aspects may be very different in the different

approaches.
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In the PWBA the cross section may be expressed as (in

atomic units, e^n=m=1, c= ̂  = 137):

CO

do_ = 8]1_ rd2- fa.
dE- V,2 J ~ f J s3

q

Here s can be interpreted as the magnitude of the momen-

tum transfer in the collision, q being the minimum momentum

transfer:

E +E
(3) q = -£—

with - E and E^ as the initial and final state energies of
B x

the electron (without the rest mass term), Vj the collision
A

velocity while k- is the direction vector of the ejected

electron. The transition matrix element Ff. is given by

-i s «r
Ff±(s) - <#f|e

where ip. and ip- are the initial and final state wave-
2

functions. Thus |Ff.(s)| is proportional to the genera-

lized oscillator strength. The dependence of Ffi on the

direction of the momentum transfer a is suppressed, as it is

completely determined by the definition of the scattering plane

and energy momentum conservation.

As often is the case when the generalized oscillator
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strength occur, it is useful to consider the process in

momentum space. With

(5) = (2TT)" 3 / 2/ d3r e"1

and similarly for <f>f (g) / one can write

(6) Ffi(s)

Thus the formfactor tells us the probability for an electron

of initial momentum £ to be found in a state <J>f after

a momentum transfer £ . If we oversimplify a little, and

assume our final states to be plane waves

(7)

we simply have

Ff. <S> =

Inserting this into the expression eq.2 we find

(9) do

dE.
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Thus the ionization cross section depends (almost) only on

the part of <(>. corresponding to a momentum s>q .

In general ((̂ (p) is peaked in momentum space at

|p| = Z2/n . From this we find two limiting cases for eq.9:

R 2

A) qo - -S « -i

7
1 2or as BD R*

B 2 n22 n2

do)

In this case most of the momentum space wavefunction, and in

particular its low momentum components contribute to a .

In addition to relativistic effects the electron - electron

interaction in the atom must be taken into account, and

one should use better wavefunctions than hydrogenic. Also,

because the projectile and the electrons have comparable veloci-

ties, a consistent theory should also describe the projectile

relativisticly16/17).

V, « £ . \\
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In this region only the high momentum tail of <)>. can

contribute enough momentum to make the ionization process

kinematically allowed. This is the part of the wavefunction

mostly affected by relativistic effects, while the electro-

nic interactions in the atom hardly influences it. Calcula-

tions with relativistic hydrogenic wavefunctions should

therefore be reasonably accurate, except for superheavy

systems where the high momentum cut-off in <J>. introduced

by the finite nuclear size cannot be neglected . The dis-

cussion in the following will be restricted to this low-

velocity region.

Z=79

4 5
Momentum

8 p

Fig. 1. Momentum space wavefunction for the gold K-shell

Full curve: Relativistic; dashed curve: non-

relativistic.
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In fig.l iit- shown the relativistic and non-relati-

vistic K-shell momentum space wavefunctions for gold. It

is evident thatrthe relativistic effects will increase

strongly with decreasing Vj (increasing q ). Although

this gives a gusiitatively right picture, eq.9 is based

on a too crude* approximation to be quantitatively valid.

As we are in a ̂ region where the cross section is essentially

determined by the difficulty of transferring enough momentum

to the electron, feo overcome the ionization potential, most

of the electrons wijll be ejected with little kinetic energy.

Thus they will strongly feel the nuclear potential also in

their final state, and the plane wave assumption (eq.7) is

not a very tenable onev This again means that relativistic

affects will also influence the final states.

It is at this po&nt convenient to perform a multipole
2

expansion of |Ff.| ..> If we are not interested in the

angular distribution of the secondary electrons, we can re-

place the integration over fc_ by a summation over the

total angular momenta J~ and parities P- of the final

states. If we also assume that the initial state is in a full

(sub-)shell and sum over the magnetic substates mi , we

find

m.

r 2-Jd ^ (2Jf+l)

fPf£

* I(1+<-" V £ > I H 0 /)! I rft«.,
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Here J. and P. is the total angular momentum and parity

of the initial state

element is given by

0

of the initial state, while the 2 pole transition matrix

oo

(13) F^fs) = / r2jft(sr)(g*(r)gi(r)+f*(r)fi(r) )dr

o

with g. and f. (g, and ff) being the large and small

components of the initial- (final-) state wavefunction and

j. a spherical Bessel function.

The usefulness of eg.12 comes from the fact that only

the first few multipole terms contribute significantly to

the cross section. Thus one only needs the relativistic

continuum wavefunction for the states of lowest angular mo-

mentum. Close to the nucleus these behave in the same way

as bound state wavefunctions of the same angular momentum.

For low-energy electrons this will be true for all r con-

tributing significantly to the transition matrix element.

The continuum waves are thus as important as the bound state

in producing relativistic effects.

In order to illustrate the similarity between the

bound and continuum wavefunctions close to the nucleus,

fig.2 shows relativistic and non-relativistic wavefunc-

tions for the gold K-shell (2a) and the E_= Z*/2 s-wave

final state (2b) at small r .



r2(f2+g2)
[arbitrary unit]

52 K-skell
Z2=79

Continuum state.
Z2=79

Fig. 2. Configuration space probability densities for gold

s-states. (a): K-shell; (b): Ef=^Z
2 continuum state.

Full curves: Relativistic; dashed curves: non-relativistic.
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For relativistic hydrogenic wavefunctions eq.13. can

be evaluated analytically, and the differential cross

section can be expressed as a series-expansion in q~

The results are somewhat involved, and the numerical com-

putations rather timeconsuming. Neither do the results have

the simple scaling properties of the non-relativistic

results. The latter arises because the hydrogenic Schro-

dinger equation, expressed in atomic units, has only one

parameter, namely Z2 . This can also be absorbed by a

simple re-definition of the units, so that the same form

factors can be used for any atom simply by choosing the

proper units. The Dirac-equation, however, contains an

additional dimensionless number, namely the fine-structure

constant a . The product Z2a gives an absolute measure

of the strength of the atomic field, and one cannot scale

wavefunctions from one atom to another.

This lack of scaling properties of the relativistic

calculations may make a method of correcting tabulated non-
18 19)

relativistic cross sections ' ' useful, and several have

been discussed in the literature ' ' . They are

all based on the same general idea, however. From the rela-

tivistic theory of the hydrogen atom ~ one finds that

the deviations from a non-relativistic system are determined

by the difference between

In practice this scaling is not exact, of course, since
experimental binding energies are used in all calculations.

67
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efficiently restrict the contribution to the integral to

a region where

Yjf -(16) gf(r) a r
 r

in the relativistic case, and a r in the non-rela-

tivistic case. Thus for the K-shell where 1=0 dominates:

sin(qr)e"Zrdr|

or

where some normalization factors have been taken care' of.

This is of course nothing but a generalization of what

would be expected from eq.(9), in the sense that an extra

Y—1

factor r1 has been introduced to take care of the

momentum distribution of the final states. In fig.3

results from eq.17 are compared to full SCA-calculations

and also more refined approximations based on eq.15.

Results of full SCA calculations are compared with experi-

mental cross section for gold K-shell ionization induced by
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Proton energy IMeV)

I I I I I I I I I

002 003 0-5
,-2

Fig. 3̂  Relativistic correction factors _ R, NR
°K /aK for target

charge numbers Z = 79, 47 and 29, as functions of

projectile energy E (upper scale) and the energy

scaling parameter qQ~
2 , (lower scale).

The heavy curve is from complete SCA calculations for

protons on gold. The dotted curve is based on eq. 15.

The full and the dashed curve for gold is from eqs. 4

and 6 of ref. 21 and from eq. 3.46 of ref. 20 ,

respectively.
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1 2 3 4 5 6 7 8 9 10 1 1 12 13 U 15 16 17 18 19 20
E, t MeV 1

Fig. 4. Total K-shell ionization cross section, o , for

gold bombarded by protons and ct-particlas, as a

function of proton energy E . Full curve:

relativistic wavefunctions, all final states;

dashed curve: non-relativistic wavefunctions, all

final states; dotted curve: relativistic wave-

functions, s, final states only. (From ref. 5,

where references to the experimental points are

given).
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protons and a-particles in fig.4.

The above discussion has been restricted to total

cross sections. As one moves to differential cross sec-

tions the calculations become more sensitive to the finer

details of the wavefunctions, and general results harder

to obtain. Also the influence of other effects, like

Coulomb deflection and contributions from higher order

terms in the interaction become more difficult to disen-

tangle. I will therefore restrict myself to some qualita-

tive remarks.

For the energy-spectrum of the ejected electrons, the

reiativistic effects are readily estimated from a formula

analogous to eq.15:

2

(18)
da /dE f

dcNR/dEf

fi (q)

This formula is incidentally valid even if q £ Z2 , as

long as one restricts oneself to the high energy tail of the

electron spectrum:

(19) Ef+EB » V 1Z 2 , E
f

Again B> is given by the dominating multiDnle component at

large q . It should be noted that in principle eq. (18)

implies that at sufficiently large E f the relativistic
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effects will be important for any target atom and projectile

velocity. This occurs because Ffi(<3) has an asymptotic

expansion in q with a leading term of (at least) one

power less than the non-relativistic form factor. The

coefficient of this term is of course small when

Z2 •+• 0 . it should be noted that this implies that the use

of plane waves for the final state is not a good approxima-

tion even at large E- because the interaction still takes

place close to the nucleus, where the Coulomb field is

always felt.

If one considers the ionization probability I. as a

function of impact parameter b , the situation is more in-

volved. For impact parameters b » q , which give the

main contribution to the cross section, the preceding dis-

cussion will be applicable. But for very small or very

large impact parameters this is not necessarily true. At

very small impact parameters it is meaningless to neglect

the Coulomb deflection of the projectile. This makes the

ionization probability much more sensitive to the details

7 9)of the wavefunctions ' . At large impact parameters the

higher multipole transitions will grow in importance and

the relativistic effects will be modified. For s initial

states, in particular, they are reduced with increasing H .

In fig.5 the ionization probability of the gold K-

shell for 2 MeV proton impact is compared with experiments.
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In order to illustrate the impact parameter dependence of

the relativistic effects, the non-relativistic calculation

scaled to agree with relativistic total cross section is

also shown.

In conclusion one sees that the large relativistic

effects in inner shell ionization induced by slow ions

are readily explained by considering that energy and momen-

tum conservation effectively restricts the projectile to

interact with the high momentum components of the electronic

wavefunctions. Equivalently one may look at this in confi-

guration space, remarking that the electronic motion becomes

increasingly relativistic with an increasing field, and that

the projectile only interacts appreciably with the electron

at distances closer to the nucleus than about q~

7-r

Fig. 5.

K-shell ionization proba-

bility I. as a function o

impact parameter b for

2 MeV protons on gold.

Full curve: relativistic

SCA; dashed curve: non-

relativistic SCAj dotted

curve: non-relativistic

calculation scaled to agree

with the relativistic total

cross section. Experimental

points from Lund et al.

(1974, 1977, unpublished).

400
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K-SHELL IONIZATION IN ALPHA DECAY

Ladislav Kocbach

Department of Physics,
University of Bergen, Allegt. 55, N-5014 Bergen-U., Norway

1. INTRODUCTION

In 1941 Migdal published a simple theoretical description

of inner shell ronization induced by nuclear decays. About

a decade later his theory was used to interpret experimental

results on the Pb X-ray emission from the Po210 alpha source.

Since then, the theory became a "solved problem" in

Landau and Lifschitz1 textbook on Quantum Mechanics (Lan58).

However, the theoretical and experimental work was slowly

going on for 25 years and no final textbook truth has been

reached. During the last years the interest in this problem

has suddenly increased, stimulated by the developments in the

studies of inner shell ionization by light ions.

The present review includes the following topics, each of

them defining a section:

- Comments on experimental work.

- Why the textbook was wrong.

- Inner shell ionization induced by alpha decay and alpha

impact.

- Survey of the SCA theory.

- Slow (adiabatic) shake-off mechanise (SSO).

- Dipole ionization amplitudes and the recoil of the

nucleus.

- Relativistic electronic motion and Coulomb repulsion

of the ionizing heavy particle.

- Discussion.- of new and old results.

In this paper we limit ourselves to the K-shell ionization.

••""?

•)

This work originates from a collaboration with J.U.

Andersen, E. Laegsgaard and M. Lund during the author's stay

at the University of Aarhus, 1976-77.
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2. COMMENTS ON EXPERIMENTAL WORK

The first idea of measurement of the ionization

probability per alpha decay is very simple. The number of

characteristic X-rays gives information about the number

of ejected inner shell electrons. The number of decays in

a source is given by its activity. Placing the X-ray

detector near the source and counting the characteristic

X-rays, we obtain the ionization probability as

47T N
I = — • C (1)

«x Na f

Here 8X is the solid angle of the detector, N the number

of registered X-rays, N the number of decays in the source,

f the fluorescence yield of the transition, with C including

all the necessary corrections for the experimental arrange-

ment.

The alpha source polonium 210 can be studied in the simple

way described above. The resulting nuclei are Pb206, which

are stable. Therefore there is no further activity in the

source. In about one of 105 decays, the daughter nuclei are

excited. This excited state has a coefficient of K-shell

internal conversion of the order of 10~s. Thus in about one

of 10B decays the K-shell vacancy is created by a process

other than the studied mechanism. The direct ionization by

the emerging alpha particle happens in about one out of 106

cases, so that the combination excited state-internal

conversion is a background of the order of one per cent.

There are not many cases where we are so lucky. Either

the source has a longer decay chain or the internal conversion

background is not negligible. Due to this simplicity the

Po2ic decay induced ionization has been studied for many

years. As a matter of fact, the whole field probably started

by finding the intensity of Pb K-X-rays from the Po210 source

to be much larger than could be explained by our background

process.
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Fig. 1. Decay chain from Th , containing the polonium
isotopes 216Po and 212Po .
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Spactrum of Bamma- and K-Shatl X-Raya from 228Th»Oaacar

Bi K

2 1 2
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Enargy (k*V)
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Energy S p e c t r u m of a'» f rom M8TI«tDeSCentlantS

B f
2 1 6Po

212i

Po

Enargy t MaV )

Fig. 2. Energy spectra of X-rays and a-particles
228

from °Th source (Lun 78).
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For other decays and sources the situation becomes

more complicated. For example, the decay energy dependence

of the process could in principle be studied if also other

isotopes of polonium were investigated. Polonium 212 and

216 occur in the decay chain of Th228 (fig. 1). This source

is not commercially available, but it can be obtained

(Lun77). To show the complexity of the measurement for a

source with a long decay chain, we show the alpha particle

and X-ray spectra (fig. 2). Obviously the simple counting

procedure decribed at the beginning of this section is

meaningless.

Combination of coincidence techniques and fine analysis

of the alpha spectra can be used to extract the desired

information. To show the principle of the method, we discuss

the two dimensional spectrum of fig. 3.

He on Pb
Fig# 3. Alpha energy versus

alpha-x-ray delay time plot

from a scattering induced

ionization experiment

(And78).

h*J ^'OQ

G.BO

cri«vl
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Applied to our case, we would measure coincidences between

Pb X-rays and alpha particles. The X-ray signal starts

the time-to-amplitude-converter circuit (TAC), the alpha

signal stops it. Both the time delay and alpha energy are

analysed and a couple of digits are stored in a memory of

a minicomputer. The real events are characterized by the

"zero" delay and by reduced energy of the alpha particle.

Considering this figure, we understand why and when this

method is necessary. Measuring only one of the parameters

would produce real peaks completely lost in the background.

The actual figure is taken from another measurement, but

in the Aarhus study of K-shell ionization in alpha decay of

polonium isotopes, one used a very similar method (Lun77,

Lun78).

This section should illustrate two points. First, why

the study has been limited to only one nucleus for such a

long time, and second, that sufficiently clever and difficult

experimental studies a n provide many new experimental data.

In the rest of the text we shall try to show that the

understanding of the mechanism of this process makes the

labour worth while.

3. WHY THE TEXTBOOK WAS WRONG

Both in the work of Migdal (Mig41) and in the quoted

textbook the ionization processes induced by beta decay and

alpha decay are discussed. For beta decay it is proposed

that the sudden change of nuclear charge is the cause of the

atomic electron ejection. The change of the field is central

and the excitation amplitudes are of monopole character.

For the alpha decay induced ionization, Migdal had shown

that the monopole amplitudes vanish due to adiabatic motion,

and that the amplitudes are of at least dipole character.

His proof of this theorem is, however, not correct. It can

be related to using asymptotic expansions in a wrong way.
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Fig. 4. Central atomic potential and centrifugal barrier

for JL=1,2. The radius p is measured in K-shell radii

(dashed line-Coulomb, full line-Hartree-Fock potential

for medium Z atom).
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This has been discussed in more detail in the work of

Ciocchetti and Molinari (Cio65a).

In the textbook of Landau and Lifshitz this wrong proof

is not quoted, the dominance of dipole type amplitudes

being assumed without a formal proof. I want to show why

such an assumption may be wrong, also without any formal

proof.

It is assumed that the ionization is caused by an effective

dipole field produced by the missing charge at the nucleus

and the escaping charge of the alpha particle. The effective

monopole term is neglected.

This assumption is potentially wrong, because the

electronic degree of freedom is not considered. The electrons

are ejected with relatively low energy. Electrons ejected

from the K-shell region have therefore most probably zero

angular momentum. This means that the transition must be

mostly of monopole character.

We thus understand that there are two competing factors.

The geometrical factor favours the dipole amplitudes, while

the centrifugal barrier for the electrons favours the

monopole transitions. Thus there are two different types of

smallness, and the textbook example does not apply to any

real situation because a wrong type of smallness has been

chosen. To illustrate the electronic centrifugal barrier, we

reprint a figure from our paper describing similar problems

(Aas77).

4. INNER SHELL IONIZATION INDUCED BY ALPHA DECAY AND

ALPHA IMPACT

The theoretical work on the ionization induced by alpha

decay may start by a simple question. What is the ratio of

ionization probabilities for an alpha decay induced process

to the process induced by backscattered alpha particles of

the same energy?
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From a classical point of view this ratio should be

two,independent of the energy of the alpha particles.

In a semiquantal description this ratio may become four

if the "in" and "out" amplitudes add coherently for the

backscattering induced process.

It is shown in the following text that the seaii-

classical description gives a theoretical ratio

impact (180°>

decay

dE,
(2)

This formula shows that the ratio of probabilities may

depend on the energy of the alpha particles, since the

relative importance of the amplitudes A and B may change

with particle velocity. In fig. 5 experimental ratios for

polonium isotopes are compared with the theory (Lun77,Koc77).

o

I2

Pb K-Shell lonization

« This work

& Bangerlelo).

- • -SCA Theory. S-Deeay

-o-SCA Theory, A-Decay

Fig. 5. The ratio of ionization

probabilities (eq. 2) for decay

and impact induced process.

The results are further discussed

in section 9.

7 8 9

Energy <MeV)

H)
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The agreement is not very impressive, but it definitely

shows the energy dependence. Thus the classical theories

are ruled out (i.e. theories of the BEA type, Han74).

5. SURVEY OF THE SCA THEORY

For inner shell ionization by impinging protons and

other light ions the method has been developed by Bang

and Hansteen (Ban59). In simple terms the theoretical

framework is based on ascribing classical trajectories to

the ionizing particles. The time dependent Coulomb inter-

action between the classical charged particle and the

electron is treated as a perturbation in a quantum mechanical

description of the electronic motion.

This simple theory proved to be rather successful in

explaining many features of the ionization process. Two

papers reviewing the field are included in this volume

(Mer78, And78).

R/r.

R/rk

Fig. 6. Typical functions

GL(R) defined in table 2.

Full line: nonrelativistic

wavefunctions; the other lines

show relativistic effects.
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TABLE 1. SCA THEORY OF IONIZATION BY HEAVY CHARGED

PARTICLES. Ref. Ban59, Koc76a, Mad75

ASSUMPTIONS.

1. CLASSICAL TRAJECTORY OF THE IONIZING PARTICLE

2. INDEPENDENT ELECTRON PICTURE

3. FIRST ORDER TIME DEPENDENT PERTURBATION THEORY

IONIZATION CROSS SECTION

D is the impact parameter of the classical
trajectories.

IONIZATION PROBABILITY

I ( p )

THE STATES |£ / OF THE CONTINUUM ARE NORMALIZED

ON THE ENERGY SCALE (see e.g. Koc76a)



TIME INTEGRALS MULTIPOLE EXPANSION OF Ir-Rl"1

ANGULAR INTEGRATION OVER Jd».

THE PLANE OF THE TRAJECTORY IS X-Y
THIS SIMPLIFIES THE ANGULAR PART
( 0 J / 2 ) Cf. FIG. 7

C I JA jlL, ̂ 4 ^ 2 ^ J ARE GEOMETRICAL FACTORS (CLEBSCH-GORDAN,^f >°) ETC. cf. Koc76a

THE FOURIER INTEGRALS MUST BE EVALUATED NUMERICALLY IN MOST CASES

THE TRAJECTORY IS REPRESENTED BY Rp(~0 AND C Cf. FIG.7

G-FUNCTIONS ALTERNATIVELY

W-f (.*")_, ARE RADIAL PARTS OF THE ELECTRONIC WAVEFUNCTIONS.

TABLE 2. Evaluation of matrix elements in the SCA.



OC -DECAY 0C -BACKSCATTERING

3 ^ t 4 #̂ 3
t%w « =̂—>

PERTURBATION THEORY ;^ Jj ^ _t COri t S „ | — E4 €L? | ; N.

PERTURBATION THEORY FOR Q P ) . ( 0 ) *.

0

The above expression for aJ°K°) is consistent with R s 0 . Alternative formulations lead to

Ro«R(T»0).The difference between the two results has been related to different types of

Coulomb barrier penetration; cf. caption to fig.9.

TABLE 3. Comparison of excitation amplitudes for alpha decay and alpha impact induced

processes. Only monopole amplitudes are shown. For the dipole amplitudes the

overlap initial condition is zero for the Is initial state.
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In this section the method is presented in three

tables. In table 1 basic definitions are given, especially

the notion of ionization probability. In the second table

the evaluation of matrix elements is illustrated. The

radial matrix elements or G-functions, used further in the

discussion, are introduced there. An alternative method

of evaluation has been often used, but the method chosen

here seems to display easier some of the features of the

process discussed (see Koc76a for discussion of the two

methods).

In table 3 the impact and decay induced electronic

excitations are compared in terms of quantities defined in

tables 1 and 2.

In table 2, we have replaced the time t by a length

variable

T = Vjt (3)

where v1 is the asymptotic value of the heavy particle

velocity. The frequency AE/n is replaced by a wave number

q, defining momentum transfer

flq = AE/Vj (4)

which has the meaning of minimvm momentum loss by the

heavy particle in order to transfer the energy AE. The

matrix elements of table 2 must be squared and multiplied

by

to give the probabilities. Here q corresponds to transfer

of the ideal K-shell energy Z*Ryd and a. is the Bohr radius

of the studied K-shell.
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6. THE SLOW (ADIABATIC) SHAKE-OFF MECHANISM (SSO)

The notion of electronic shake-off has been used for

description of ionization induced by beta decay (e.g.

Car68, and further as an example in the quoted textbook,

Lan58). It has also been used in describing multiple

ionization by. electron impact or multiple photoionization

(Car75). The interpretation of these processes assumes

that the ejection of an inner shell electron changes the

central field ve.ry fast and that this sudden change causes

ejection of other electrons. The idea of a very fast change

of the field suggests the name shake-off process.

The change in the central field connected with alpha

decay is rather slow compared to the inner shell electronic

motion. It is therefore natural to call the corresponding

mechanism adiabatic or slow shake-off (SSO). We shall try

to illustrate that it is possible to identify such a

mechanism.

The usual shake-off amplitude is obtained as an overlap

between the initial state in the initial field and a final

state in the rearranged field

so
fi

= < f ( Z + A Z ) | i ( Z ) > (6)

In table 3 this expression is an initial condition for the

differential equation defining the time development of the

excitation amplitude. The amplitude of table 3 is

.Sf° I < f | v ( t ) | i > s i n a ) f i t |
•b

. o o

| I <f |V ( t ) | i> cos<o f i t |

(7)

The second contribution is one fourth of the "impact"

amplitude, the first is a modification of the shake-off
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term. They do not interfere and we may assign them to

different mechanisms. It should be remarked that the

shake-off term itself would be about two orders of

magnitude larger than the "impact" contribution. The

slow shake-off term of the above expression is about of

the same order of magnitude as the "impact" contribution,

(cf. section 9).

The whole process discussed can also be described in

a fully guantal picture. Terms similar to those of eq. 6

can be identified (for monopole waves of the ionizing

particle it is very simple). This suggests that one should

consider this mechanism also in cases where the ionizing

particle is the "first ejected electron", mentioned at the

beginning of this section. The second term of eq. 7

corresponds to the "direct ionization" by the first ejected

electron while the first term is the shake-off contribution

corrected for finite speed of the central field change.

7. DIPOLE IONIZATION AMPLITUDES AND THE RECOIL OF THE

NUCLEUS

The K-shell ionization by protons scattered at large

angles has been described in (Cio65b, And76, Aas76). The

simplest argument for the angular dependence of the

ionization probability is given in (Aas76), where the G-

function formalism of section 5 is used.

To demonstrate angular dependence of the ionization

probability we used a model trajectory, consisting of two

straight parts at the given scattering angle (fig. 7).

Each of the dipole amplitudes for the two half lines

corresponds to an alpha decay dipole amplitude. For each

scattering angle the t-wo amplitudes add in different ways.

For a whole straight line, i.e. zero scattering angle, part

of the amplitudes are cancelled. With the definitions of
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2 X/r,.

2 -

2 X/r_

-.2 •

Fig. 7. Classical trajectories for 90 degrees scattering.

The trajectories are placed in the X-Y plane. Fig. (b) shows

the simplified (constant velocity) model.

table 2 the amplitude for a straight line trajectory

f'i,"J Gfi ( T )

becomes

2 I G^CTjsinqTdT

(8)

since J2T i s i^ T<0, and f^fOj for T>0

For backscattering the angle remains the same for both signs

of T and the amplitude contains only the "unnatural type"

of Fourier transform

21 G (T)cosqtdT
•In

(9)
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By "unnatural Fourier transform" we express the fact that

G1(R=O) is zero (cf. fig. 6).

For a general scattering angle both types of amplitudes

occur. Summing over the final magnetic substates we obtain

(Koc76a)

[l

on

, f ™ ' i 2 i f 1

-1) tt| G cosqTdT| + | G sinqTdT
J r\ 1o

\| G sinqTdT| - | G cosqTdT| ^ cos©
*• J O A J

> (10)

The cos0 dependence of the ionization probability is thus

demonstrated. Fran this discussion we easily conclude that

in this simple model the dipole contribution to the decay

induced ionization probability can be written as

(decay) =

The more realistic calculations must employ trajectories

with changing velocity. However, the character of the dis-

cussed quantities remains unchanged by such modifications.

The effect of nuclear recoil on the dipole amplitudes

has been discussed in many papers (e.g. Lev53, Cio65b, Law77)

The most detailed formal derivation of the corresponding

amplitude has recently been given by Amundsen (Amu78b).

In close collisions or during the decays, momentum is

transferred to the target or daughter nucleus and electrons

must adjust to the field of the moving charge. In most cases

the change is not sufficiently slow and a recoil shake-off

takes place. The recoil shake-off caused by a neutron

scattering is also a "solved problem" in the quoted textbook.

Of all the derivations and arguments possible, the

following seems most transparent. Consider the Schrodinger

equation for a moving potential well
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ift | ^ «|»(r,t) = {" | ^ Vr
2+ V{r-RQ(t))} *( r , t ) (12)

By changing the set of independent variables according to

( t , r ) •> (t ,s) } s = r-RQ(t) (13)

we arrive by simple manipulations at

f- £ V~2+ V(s) + in
s const ( 1 4 )

where l?(s,t) = 4>(r,t). Note that in the first equation an

index "r const" should have been used. For uniform motion

of the well, the Galilean transformed solution of the sta-

tionary well problem satisfies the first equation, as expected.

Separation of variables may be performed in the second

equation if we consider the last term to be a small pertur-

bation. The electronic matrix elements are of the type

<f|$|i>, i.e. dipole.

The recoil problem has always been discussed in terms of

a semiclassical picture. We were often asked where one can

find the analogue in the fully quantal picture. The answer

is simple.

Consider the three body problem of target nucleus (2),

impinging nucleus (1) and the electron (e) bound to nucleus

(2). The Hamiltonian is

2M2
 VR2 Wl V e

(15)

V(r -R,) + V(r -R2)

The transformation of variables shown below brings us to
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CM _.. 12 _.. 2e
2(M1+M2+me)

+ V(r - R" ) + V(r ) - §- V • V
e2 12 e2 M2 12

(16)

p = -i ?^—S • Ri2 Ri R2 ;

The last term is consistent with the above recoil term in

the semiclassical picture, if we replace -inV by y v .
12 12 1

8. RELATIVISTIC ELECTRONIC MOTION AND COULOMB REPULSION J

OF THE IONIZING HEAVY PARTICLE ' j

The standard theoretical cross sections for ionization 5

by impinging light ions were obtained by Merzbacher and

collaborators (Kha69) in PWBA or equivalently in SCA with

constant velocity straight line projectile trajectories

(Hans75). Two main deviations from these standard values are

connected with relativistic electronic motion and reduction

of the heavy particle velocity by Coulomb repulsion. For the

cross sections approximate multiplicative corrections have

been found (Koc76b, Amu76). The ionization cross section is

approximated by

/Z \ /Z,Z, \
() ( ) (18)

The two corrections are plotted in fig. 8 as functions of

the appropriate variables. The region of these variables

relevant for our problem is indicated in the figure (cf.

Koc76b, Amu76 for definition of the variables).
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Detailed investigations have shown that the factorization

of the corrections is not possible, but the factors still

give correct information about the importance of the two

effects.

Obviously, both effects are very important and must be

included in the description. The modifications required

in the discussed description are fortunately mostly of

technical character (cf. Aas76). A detailed discussion of

the nature of the effects is found in (Laeg77), in this

volume in the paper of Amundsen (Amu78).

9. DISCUSSION OF OLD AND NEW RESULTS

The observation of lead K-shell X-rays from the Po2 * °

source was motivated by studies of internal conversion of

the 803 keV gamma line from the excited state of ?bzo6, i.e.

the "background" process discussed in section 2. The observed

X-ray emission was found too high to be consistent with

independently known data on branching of the alpha decay to

the excited state and coefficient of K internal conversion

(Bar52, Rio52). The explanation of the X-ray production in

terms of the direct Coulomb ionization by the alpha particle

has been accepted and related to the theoretical paper of

Migdal (Mig41). From this moment a long history of measurements

and theory modifications started, all the time for the Po210

case. Most often quoted papers are those of Levinger (Lev53)

and Rubinstein (Rub63), who combined theoretical and experi-

mental aspects. In 1965 Ciocchetti and Molinary recognized the

basic inadequacy of Migdals work.

Both theoretical and experimental values of the ionization

probability in Po210 alpha decay grouped near 2«10~6 with up

to 50 per cent deviations. The theoretical work consisted

mostly in modifying the nonrelativistic, constant velocity

dipole amplitudes, with exception of (Cio65), who studied

also the monopole term. At the same time, however, the
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dominance of the monopole amplitudes in the related

particle induced ionization processes was well known

(Ban59).

New developments have started during the last five

years. The effects discussed in the previous section

finally have been taken into consideration by the theorists

(cf. Law77, Han74 and the comment at the end of section 4).

Many new measurements using improved techniques have been

reported (Bri74, Fis75, Rap75). Energy dependence of the

process has been found by studying decays of isotopes.

The results of the Aarhus group have been pres-

ented at the 10th ICPEAC (Lun77, Koc77). The main results

are summarized in fig. 9. The process was studied for three

isotopes of polonium, which have very different decay

energies. Ionization probabilities for alpha particles of

corresponding energies backscattered from lead have also

been measured. The calculations were based on the concepts

of sections 5-8, principal ideas of the experiment are

discussed in section 2.

The conclusions which can be drawn from this study are

listed below.

- The ratio *•„,„/*£ changes with alpha particle

energy.

- This ratio depends critically on the slow shake-off

contribution. The classical theories of BEA type

(Han74) are thus eliminated.

The monopole wave for ejected electrons dominates.

Strong correlations between alphas and ejected

electrons should not be expected for the high energy

electron tail (K-shell ejection).

The dipole contribution is reduced by nuclear recoil.

If the ejected heavy particle were a proton, the

dipole contribution would be reduced less strongly.

Discussion of nuclear recoil "scaling" may be found

in (And76).
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Fig. 9. Theoretical and experimental results

from ref. (Lun77, Koc77, Lun78). Probabilities of ionization

in the a-decay of Po (~ 5 MeV) Po (~ 7 MeV) and

Po (~ 9 MeV) and by backscattering of a-particles of

the same energy on lead. For decay, two sets of calculations

are included. They differ by the treatment of the SSO term.

This has been interpreted by (Law77) as an adiabatic or

sudden penetration of the Coulomb barrier. The large

difference is very surprising, and it might be that it shows

inadequacy of the simple description rather than a new

physical effect. The dashed line is a simple SCA scaling,

the dotted line shows BEA scaling (Han74, Lun78). Their

coincidence in the 5 MeV region explains the apparent success

of Hansens BEA calculations.
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- The calculations must use a trajectory with properly

varying velocity and the relativistic behaviour of

the electrons must be taken into account. If hydro-

genic Dirac functions are used, no variation of the

nuclear charge should be done. The same procedure as

used in the SCA calculations should be followed

(Aas77). The calculation of (Law77) cannot be correct

due to use of effective charges.

10. CONCLUSION

Surveying the main features and latest developments of

this field we have also tried to show its history. A natural

conclusion might thus be some comments on the future. We

list some questions which remain open.

The first is the problem of barrier penetration, mentioned

in connection with fig. 9. Is there really such an effect,

or is it only a defect of the present formulation? The second

is the nuclear recoil effect for relativistic electrons

(cf. Amu78b)• The third is the applicability of the SCA

picture, related also to the first question.

More detailed experimental studies, for example measure-

ments of ejected electrons (spectra and correlations, (Fis75)

will provide further tests of the theoretical framework. The

whole area of decay induced L-shell ionization has not been

discussed here. Here are indeed some serious questions to be

answered (Fis75, Law77, Dye76).
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In this lecture I would l ike to discuss the general theoretical

framework developed for the description of the formation of mesic atom

and the i n i t i a l part of atomic cascade. My talk and Dr.Schneuwly's

wi l l have a lot in common, but I hope they wi l l be complementary and

not contradictory.

Let me f i r s t make a l i s t of observable phenomena which are

affected by the interaction between the muon and the atomic electrons:

a) Distribution of muons between the different atoms of the

target material (so-called capture ratios). Theoretically we would

l ike to know how these ratios depend on the chemical and physical

properties of the target, such as charges, valency, structure (whether

sol id, l iquid or gas), type of crystal la t t ice, etc.

b) Distribution of captured muons on individual atomic levels

of the muonic atom. What are the principal quantum numbers and angular

momenta of the states directly populated from the continuum?

c) Degree of ionization of the atom at different stages of the

cascade. Atomic electrons partially screen the nuclear charge and thus

affect the muonic x-ray energies. Ejection of the electrons contributes

significantly to the muon transition rates and thus affects the x-ray

intensities. How big are these effects and what do they te l l us about

the degree of ionization?

d) Partially ionized electron shells produce substantial hyperfine

f ie lds, which may in turn depolarize the i n i t i a l l y polarized muon. Thus

we would l ike to know what is the muon polarization at different stages

of the cascade.
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In the following discussion I shall sl ight ly exceed the topic

covered in the t i t l e of my talk and say a few words about each of these

phenomena. Many of the original results I am going to report were

obtained at Caltech in collaboration with Aage Winther and Victor

Akylas.

In practice muons are produced by decaying pions with typical

energies of several MeV. The slowing down to velocities w a c , com-

parable to the velocities of the atomic electrons, is well understood.

One does not expect any capture in this part of the muon history lasting

some 10'10 sec.

However, the treatment of subsequent processes requires several

d i f f i cu l t decisions. Historically the development of the theory did

not follow any straight path, but rather a zig-zag pattern of mutually

exclusive models. As a theorist I cannot resist a remark that exper-

imentalists are not completely innocent, either. The measurements are

obviously hard, but the amount of irreproducible data is disturbing.

The f i r s t question one has to solve is whether i t is possible

to treat the target as a collection of individual atoms or ions and

treat the muon interaction with each of them separately, or whether we

have to treat the molecular or crystalline structure seriously. The

former approach, exemplified by the pioneering work of Fermi and Teller

[1] i s , of course, more appealing. I t is contradicted by the fact,

perhaps coincidental, that the Fermi-Teller "Z law" does not work too

wel l . The more serious objection is the finding that, for example,

x rays of Ti and Ti02 have different intensities [2 ] . Nevertheless, I
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shall throughout this lecture assume that a treatment based on the

muon interaction with individual atoms or ions can account for most of

the experimental facts.

The other extreme, in which muons interact with the whole molecule

at once, is exemplified by the "model of large mesic molecules" [3],

Such a model had some notable successes, for example, in describing the

rate of the TT~ + p -»• n + n° reaction in hydrogen containing compounds.

The basic problem, in my opinion, is the fact that radiative transitions

from the molecular orbits to the deep bound atomic states are rare (or

nonexistent) [4 j . Without them, and without convincing arguments

for formation of the molecular states, the model cannot be universally

accepted.

Next one has to decide what computational tool to use. The

straightforward quantum mechanics would be naturally, ideal. There are,

however, two serious obstacles. First, the de Broglie wavelength of

say, lRy = 13.6 eV

V
m

(1)

i . e . , i t is much shorter than the atomic dimensions. Thus, the muon

wave function oscillates rapidly and calculation becomes d i f f i cu l t , i f

not impossible. Second, the perturbation theory in lowest order is not

applicable, because the action integral of the interaction along the

muon trajectory is larger than n. (This fact is related to the long

range of the interaction)-
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On the other hand the short wa/elength suggests the use of the

classical or semi-classical approach where the muon coordinates are

treated as classical functions of time. The calculation in such a case

are further simplified by the inherent slowness of the muon, caused by

its large mass. Indeed, the ratio of the muon and electron velocities

is

(2)

Such adiabacity means that the electrons adjust to a large extent

to the presence of the muon. The electron density around the muon is

depleted and the interaction at large distances shielded (it is changed

from Coulomb to Yukawa-like). The shielding distance is of the order

: lan *c)
 = an (fr-) (3)

which is smaller (but unfortunately not much smaller) than the character-

istic atomic dimensions over most of the atomic volume. The rarefaction

and shielding diminish the nondiagonal matrix elements of the interaction

and one finds that on the average only one quantum is exchanged between the

muon and the electrons during the traversal of the atom. The shielding allows

us to use the local, constant electron density, instead of the true* radius

dependent density. Furthermore, the slow muon can in a single colission

lose at most the energy

AEMax = 2VF Vu ( t )> (4)
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which is only ^ 1/3 of the muon kinetic energy. (Actually, the most

probable energy loss is much smaller^ 1/10 E . . ) . Thus the muon

trajectory is not essentially modified by the energy loss (at least

during a single traversal of the atom) and one can simply use the elastic

trajectory.

The last quantity we have to know, and this is really the heart

of the matter, is the probability that the muon at the position r w i l l

transfer energy e = h"u> to the electrons during the time interval dt.

To calculate such a probability one assumes that the electrons in

vicini ty of "r form a homogeneous Fermi gas, with the maximal energy

Ep related to the local electron density by the usual relation

(5)

The response of the electrons to the muon is described by the

self-consistent time-dependent Hartree-Fock approximation (developed

by Lindhard [5]) and one obtains [6]

dp(o)) _
dwdt

CO

f
jh

dk Im
(k,<o) )

(6)

Here e (k.w) is the longitudinal part of the dielectric constant

of the medium (electron gas), which depends on the frequency to and

momentum transfer Ap = h*k. For the regime we are interested i n , v « Wp,



99

one can simplify (6) to

dwdt £ , dz
T2 , 2

(6')

where

JL
it

etc
(7J

i s the dimensionless quantity describing the medium. Note that x2 *s

small over most, of the atomic volume.

Figures 1 and 2 show examples of an elastic trajectory and a

trajectory ending by a capture. Figure 3 shows the dependence of the

probability (61) on the relative energy loss z/Efax> for three different

positions inside the atom. Note that the most probable energy loss is

quite small e^x ^Max* "JUt ^ e c u r v e 1S r a t n e r wide, falling as e"2 at

large e. Let us also note in passing that the total probability,

integrated over the elastic trajectory and all energy losses is typically

close to unity.

The probability p now depends on the tnuon position and velocity

and on the energy loss. In our previous work 17 J» (as well as others

IU» [8]) the complexity was reduced by replacing the energy loss

dependence by i t s average value. Thus one arrives at the stopping power
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Fig.l. Trajectory of a muon approaching the argon atom

with the energy 20eV and impact parameter

b=0.65A. The scale is in A.

1.00

0.50-

A

0.00-

-0.50-

-0.50 0.00
A

0.50

Fig.2. Inelastic trajectory of a muon captured on the
argon atom.
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in the form of the frictional force. Such a force correctly describes

the average energy losses of the muon. However, it cannot be used for

calculation of the capture. Whether the muon is captured or not is

not decided by the average energy loss, but by the condition that the

energy loss is larger than the muon kinetic energy minus the barrier

in the radial motion.

The situation is further complicated by the fact that the muon can

collide several times .during a single traversal of the atom. Thus we

have to know the "true" energy loss distribution P t U ) related to the

"bare" probability p (eq. 6) by the integro-differential equation

The eq. (7) causes actually less trouble than one might expect,

because multiple scattering effects are probable only for small energy

losses (see Fig. 3). For larger e the functions P and p have the same

shape, but P is shifted toward larger energy losses.

Having calculated the energy loss distribution for a given initial

energy and impact parameter, we may integrate now over the impact para-

meters and obtain the cross sections. To do that we have to remember

that the condition of capture is not enargy loss larger than kinetic

energy, but energy loss larger than kinetic energy minus the effective

potential barrier (Fig. 4). Thus we obtain the capture and inelastic

scattering cross sections in the form

°cap<E)=2lT(bdbf £ £ > * ,
E-E. (b)

(10)
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Z=25

Fig.3.

Probability of the energy

loss per unit length for

three positions inside the

atom. The curves are

labeled by the radius and

by the most probable energy

loss.

Fig.4.

The effective potential of

the neutral argon atom.
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da (E)
= 2TT Ibdb

de
(10')

Examples of the cross sections are shown In Figs. 5 and 6. Another

way of representing the capture Is shown In Fig. 7, which shows the L

dependence of the capture probability. The effect of the barrier is

clearly visible. Note, that in each atom there is a maximal angular

momentum for the bound muon, given approximately by

LMax (11)

There is no capture at larger L.

The last quantity we have to know is the muon energy spectrum.

The muon energy distribution results from the transport of muons from

high energies to low energies. The appropriate equation is the conti-

nuity equation for the flux along the energy axis.

da£(E+e)

de
P(E+e)de. (12)

o o

here the left-hand side describes the muons leaving the energy interval

E, E+de and the right-hand side describes the muons entering that

interval. The number of muons captured at energy E is then

N(E) = ocap(E) P(E) . (13)

Fig. 8 shows an example of the functions P(E) and N(E).

Seemingly we have now a complete and very satisfactory method,

which will make calculation of the capture ratios and angular momentum
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Fig.5. Capture cross section (10) in A , as a

function of the muon energy.

10'

d<rg(E)
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IO-8
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Fig.6. The inelastic scattering cross section (101) in

A/eV as a function of the energy loss E for

several muon energies E.
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Fig.8. The muon energy spectrum P{E) (12) for RbCl.

The energy distribution at capture N(E) (13)

is also shown.
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distribution at capture an easy matter. Actually, this is not quite

the case. At energies comparable to the chemical binding energies, or

binding energies of the outermost electrons,, or to the energy gap, etc. ,

(al l these quantities are of the order of a few eV) our approach is not

applicable. For example, the capture cross section is in such a case

simply the whole geometrical cross section. But how big the atom in

a compound really is? Obviously, one cannot predict what happens at

these low energies without solving the muon equations of motion in a

real ist ic potential which includes a l l the intricacies of the chemical

bond.

Thus we may conclude this chapter: The just explained theory is

believed to be accurate for energies above, say, 10 eV, where approxi-

mately 75% of the muons are captured. Such muons are distributed

approximately according to the Fermi-Teller Z-law (Zi /Z 2 ) and their

L-distribution is nearly s tat is t ica l . We know very l i t t l e about the

fate of the remaining 25%, but we suspect that they might be more evenly

distributed (al l atoms are basically of the same size) and that they

might enhance the low L part of the L-distribution.

Let us have a very brief look at experimental data on capture

ratios (Fig. 9). The Z-law clearly does not work, but our simple-

minded prescription (75%-Z-law, 25% evenly distributed) works very

well indeed. As mentioned above, the detailed calculations predict

basically stat ist ical ^-distribution

Until now we were dealing primarily with the classical description

of the muon-electron coll isions, valid at large quantum numbers (short

wave-length). On the other hand, at small quantum numbers the
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quantal description of the same process (now more appropriately called

Auger electron emission) is numerically manageable. There should be a

region of quantum numbers where both approaches are applicable and

where we may be able to test one against the other.

One such test is comparison of muon capture involving large energy

loss, i . e . , involving ejection of the inner shell electrons. The large

energy losses are possible only when the muon is deep inside the atom

(large Euax» eq. (4)). The potential there is Coulomb-like and the

muon trajectory is either an ellipse or a hyperbola. To obtain the

classical probability we simply integrate eq. (6) along the trajectory.

To obtain the semi-quantal result, we treat the muon classically, but

the electrons according to the quantum theory; we also restr ict

ourselves to the dipole part of the interaction. The results are

i l lustrated in Fig. 10. The agreement is very encouraging. Note,

that the probability of ejecting a K-electron is quite small ~10 - 10 .

Another similar test is shown in Fig.11 , where transitions between

bound states are compared. Exact quantum theory is used in this case.

Again the overall agreement is quite good, but differences up to factor

2 in individual rates are possible. The figure also shows how unimportant

radiation, which I did not mention until now, really i s . On the other

hand, radiation is almost the only thing one can observe experimentally.

Radiation is emitted in the last stage of muonic cascade, where quantum

theory is the only possible approach. Thus as a next step, we w i l l

discuss the quantal part of the cascade.
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Fig.10.
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We would like to know what is the relation between the observed

x-ray intensities and the quantities discussed so far, particularly the

init ial ^-distribution. First, we have to know the transition rates

between different muon bound states. Radiation is not a problem, and

the dipole one is by far the strongest, even though the electric quadrupole

has been observed for quite some time. The Auger rates are a bit more

complicated. Traditionally, in the so-called Hiifner program, which

i s the standard tool,- one used the dipole part, with a l i t t l e bit of

the monopole. Penetration was neglected.

Recently, Victor Akylas at Caltech wrote a new cascade code with

several improvements. Fig. 12 shows an example of the role of different

multipoles. The quadrupole Auger rates are certainly not negligible,

while the octupole ones are really very weak. The monopole transitions

were treated too crudely before, and are actually very important. The

penetration should be included, particularly for the s-electron emission.

Thus i t seems that one should not believe anything predicted by the old

program. That is not quite so, however. For low quantum numbers (n< 10)

the two programs are not very different. Moreover, by a strange conspiracy

the total width of the individual states i s changed much less than the

individual rates, because the new multipoles add to i t , while penetration

decreases i t . Therefore, the predicted x-ray intensities and ^-distri-

butions are not drastically different from the predictions of the old

program.

We have analyzed two atoms, It and Fe, in detail (Fig. 13). The

f i t , and the ^-distribution, for 11 are satisfactory. For Fe, with twice
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as many data and more than twice the accuracy the f i t is not very

good. Nevertheless, the £-distribution is determined very accurately

and there is no doubt that in Fe the muon ^-distribution is indeed

very flat . We do not have at the present time a satisfactory expla-

nation of this effect. Note, that the basic pattern of x-ray inten-

sities is predicted correctly. (Fig. 14).

The last point I want to discuss is the degree of ionization.

Clearly, many Auger electrons are ejected before the x-ray emission

takes over. How fast is the refilling of the electron vacancies?

The theoretical electron rates are typically somewhat faster than the

muonic rates. However, high degree of ionization will decrease the

electron refilling rate.

The muonic x-ray intensities depend on too many uncertain

parameters and do not offer yet a reliable way of determining the

degree of ionization. However, such a program is becoming realist ic .

For example, the LAMPF group observed differences in muonic nitrogen

x-ray intensities, compatible with higher ionization in gas than in

solid.

Indirectly, the degree of ionization can be determined from

energies of muonic and electronic x-rays. The muonic x-rays depend

on ionization through electron screening. Fig. 15 shows that a perfect

agreement may be achieved if one assumes no ionization at a l l . A

complementary experiment is the measurement of prompt electronic K

x rays, resulting from refilling of K-electron vacancies. These

x rays may be shifted either due to ionization or because the muon
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does not screen completely the nucleus [9]. The experimental results

in heavy atoms [10] strongly support the latter interpretation and

again point to low degree of ionization.

Finally, measurement of muon polarization is also relevant in

this context. Muons are born fully polarized and retain their

polarization during the atomic capture and early cascade. Later, the

spin-orbit interaction couples the muon spin to the total angular

momentum, and the polarization is decreased to

.2 .

z I2-J2 3 \ 21*1 I

\ The cascade time-scale 10" - 10"1" sec is much shorter than

the 10" - 10"7 sec time interval muon spends in the Is state. Hence,

any hyper fine field, for example, caused by a partial ionization, may

further depolarize the muon. The residual polarization is determined

by two methods. The standard one is measurement of the decay electron

asymmetry, and involves the long time-scale. One can also measure the

x-ray circular polarization [11], sensitive to the short time-scale.

Our calculations [12] account for most of the depolarization in solid

targets (Fig. is) suggesting again a relatively fast refilling.

To conclude: The interaction of muons with atomic electrons is a rich

source of new and often unexpected phenomena. Those involving the inner

shell electrons are rather well understood by now. We believe that

we also understand the basic physics determining the capture and initial

cascade, that is processes involving less tightly bound electrons. The

129



116

mesic chemistry is slowly but surely becoming a branch of science instead

of a collection of cute, but poorly understood curiosities.
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MUON-INDUCED FISSION

G. Tibell

CERN, Geneva, Switzerland

In an experiment recently carried out at the CERN Synchro-cyclotron

a collaboration of physicists from CERN, Dubna, and Oslo have studied the

fission of thorium and uranium induced by stopping muons in these materi-

als. I shall report briefly on the results obtained; more details will

be feiven in two papers to be published shortly .

Muon-induced fission as a field of study for getting information on

fission phenomena in a new way was introduced by Polikanov and his group

at JINR, Dubna . At CERN we have had the pleasure of collaborating with

the Dubna group in this experiment. I may remind you that we are cele-

brating this year the 40tn anniversary of the first experimental observa-

tion of fission in 1938. To commemorate this event the American Physical

Society awarded its Tom U. Bonner prize to S.M. Polikanov and

V.M. Strutinsky at its 1978 Spring Meeting ' in Washington D.C.

When a negative muon is captured in an orbit around a heavy nucleus

the last few transitions down to the lowest orbit (Is) can be radiation-

less, and if the transition energy is transferred to the nucleus, one of

the exit channels for de-exciting the nucleus may be fission. In both

nuclei which were studied in the CERN experiment fission was possible

energetically as a result of such radiationless transitions and was ob-

served in prompt coincidence with a stopping muon (prompt fission). By

recording also the electrons from the subsequent muon decay it was pos-

sible to determine the fate of the muon. In fact, in the asymmetric fis-

sion occurring in thorium and uranium the difference in disappearance
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rates for muons bound to light or heavy fragments is large enough to be

observable in our experiment.

A schematic view of the experimental equipment is seen in Fig. 1,

which shows the muon telescope (plastic scintillation counters 1, 2 and

3 and a plexiglas Cerenkov counter), the fission chamber containing the

target material and serving as a detector for fission events, and, sur-

rounding the fission chamber, the electron detector (a plastic scintilla-

tor in the form of a cylinder and a water Cerenkov counter).

Since we are interested in measuring the muon disappearance rate it

is essential to record the time differences between the three detected

events: i) stopping muon, ii) fission and iii) electron appearance. For

triple events, i.e. where a stopping muon was accompanied by both fission

and electron, these time differences were recorded on magnetic tape, event

by event. In this way it was possible in the off-line analysis to make

relevant correlation studies, e.g. in order to distinguish between prompt

fission and delayed fission events, relative to the stopping muons.

As indicated above, the prompt fission events are probably induced

by radiationless transitions in the final stages of the cascade of the

bound muon. Figure 2 shows the muon-electron time distribution which

yields one lifetime component which we can associate with the decay of

muons bound to heavy fragments: (134 ±3) nsec for uranium and (132 ± 7) nsec

for thorium. In addition, at least in the case of uranium, where the sta-

tistical accuracy was higher, we have indications of a relatively weak

long-lived component: (1.6 ± 0.4) usec. This latter is attributed to

events in which the muons are converted from the fragment where it was

originally captured and subsequently decays either as a free muon or bound

to some light nucleus in the target region.
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target material was deposited.

\03

X)1 -

10°-

k

Prompt coincidence (|T,f)
t (D=(134±3)nsec
t (2)= (1.6*0.4) (isec

-10 -0.5 05 10 15 20
Muon-electron time difference ((isec)

Fig. 2 Time distribution of events with the absolute value of t(u-f) less
than 5 nsec (prompt fission) projected onto the t(p-e) axis. The experi-
mental data, in this case 238U, were fitted with the sum of two exponen-
tials and a constant background.
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Most of the delayed fission events are not accompanied by electrons,

but are due to unions being captured by the nucleus in a process of electro-

magnetic origin. This type of double event was used to determine quite

accurately the muon disappearance rates in thorium and uranium (See Fig. 3):

(77.3 ± 0.3) nsec for thorium and (77.1 ± 0.2) nsec for uranium. The

theory for the muon disappearance rate, originally introduced by Frimakoff

and later refined by him in collaboration with Goulard predicts a dif-

ference of about 3% between the two nuclei under study here. However, it

is well known that this theory, while working very well in predicting the

trend for the muon disappearance rate over a large region of the periodic

table, does not pretend to give individual values to an accuracy of more

than a few per cent. Thus we feel confident in using the Goulard-Primakoff

prediction to distinguish between muons decaying from bound states in

light (T ̂  220 nsec) or heavy (T "*» 135 nsec) fission fragments. On the

other hand, the fact that we see almost identical disappearance rates for

the original target nuclei, thorium and uranium, cannot be said to be in

contradiction with Frimakoff theory in its original version or as modi-

fied later.

Finally, with regard to those triple events where we observe delayed

fission the analysis is still in progress. In this case the original hope

was for the experimental observation of isomeric fission of muonic atoms,

a process which was reported as a possible interpretation of results ob-

tained in an experiment performed at Dubna . We are at present trying

to find an explanation for those triple events where the decay electron

and the fission fragments appear in prompt coincidence but delayed with

respect to the stopping muon. Since fission is accompanied by, on the

average, about seven gamma quanta and we certainly have some sensitivity
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for gamma radiation in the electron detector, one has to consider care-

fully this type of background and use the time information provided in

our experiment to pin down a "real" effect, e.g. from fission isomers.

As you will hear from the next speaker, L. Westgaard, the group is

now undertaking a new experimental study of the possibility of nuclear

excitation induced by the beta decay of muons bound to heavy nuclei.
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Polnriznlzion of Atoms and Nuclei in Foil Collisions

B.I.Deutch

Institute of Physics, University of Aarhus

DK-8000 Aarhus C, Denmark

I. Introduction

In 1973, Fano and Macek predicted that if a beam of

ions passed through a tilted foil (see Fig.1), the resulting

additional electronic orbital angular momentum from interactions

with target atoms-would polarize the excited atoms of the beam.

For a free atom, a simple magnetic hyperfine interaction could

then cause the transfer of this polarization from the atom to

the nucleus. The equations calculated by Fano and Macek, which

described the transfer and consequent oscillation of atomic and

2)
nuclear polarization, agreed with earlier results of Alder (1952);

the latter actually derived in connection with a different problem,

namely, that of nuclear orientation. Atomic beam foil polarization

was first experimentally observed by Berry et al. in 1974 and

recently, the transfer of this polarization to the nucleus was

4)
demonstrated by AndrJi et al. . In the latter experiment, the

atoms in n 300-kV beam were first oriented by a grazing-incid-

ence collision with a copper plate rather than by transmission

through a tilted foil.

The following brief progress report discusses some pre-

liminary steps to produce a beam of polarized heavy nuclei at

Tandem accelerator energies (̂ 10 MeV) and currents ('x-Ô  iiamp.).

It is meant only as an introduction to the subject and

literature. Since in a Tandem accelerator, the beam normally

passes through a charge-exchange carbon foil (^lOug/cm ),the

method of ion beam collision through tilted foils is examined
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Fig.lA. Side view of an atomic beam passing through a tilted foil.
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as a possible means of beam polarization; however, at this

early stage, the main emphasis in this note will relate to atomic

polarization rather than the later transfer processes of this pol-

arization to the nucleus. Where not defined, standard nomencla-

ture and symbols of nuclear and atomic physics are used; for

the sake of brevity, the definitions of some quantities are often

left in the references.

II. Theoretical considerations

Ai_Whv_E>olarize_a_nucleus?

A simple general argument can be made. In n-p scattering,

analogous to other nuclear scattering processes, the differential

scattering cross section at a given energy

2«
max

A vAn Yn,0 (1)

has 2.? +1 terms. The scattering data at a given energy can not

yield oven for this simple case the A's and hence phase shifts and mixing

parameters. Polarization experiments yield additional information

for the determination of these parameters. Polarizing a beam

rather than a target could be cheaper, avoid contamination from

other elements, and avoid radiation damage. The possibility of

switching the polarization direction of the beam by a simple

flip of n polarizing foil offers possibilities for precision and

O r iMsl.iiinienL.il cn.1. ibroLion of a higher doqree thnn can be ob-

tained by the reversal of a polarized target.

Although the exact mechanism by which the final surface

interaction of a foil produces atomic alignment and polarization

in a beam is not yet understood, theoretical attempts have been
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made to understand this process (see refs.5 - 8). Let us just

accept for the present the experimental observation that a tilted

foil can produce alignment and the polarization of an atomic beam,

whereas a perpendicular foil can produce only alignment of a beam.

Since the nomenclature of atomic and nuclear physics is not con-

sistent, some terms must be defined. In particular, the usage of

"alignment" is the same in both atomic and nuclear physics. How-

ever, "orientation" is preferred in atomic physics to the term

"polarization" used in nuclear physics (Note that sometimes in

the literature, orientation means both alignment and polarization.)

Consider an isolated atomic system moving with the beam

with an electron angular momentum J and a nuclear angular momentum

I. The total angular momentum F is

F = I + J (2)

where F is a constant of motion, an invariant. In a magnetic

field the m sublevels of J or I would split (see fig.iB), (actu-

ally drawn for F in this figure). Alignment means an unequal but

symmetrical m sublevel population and corresponds to the spins J

or I lying somewhere in the plane perpendicular to the atomic

beam, where the beam axis is the quantization axis. More quantit-

atively, the alignment parameter is a tensor whose components have

the form <JX - J > .

Polarization results in an unequal balance of the positive

and negative m sublevels so that the electrons (or nuclei) have

a net spin in a particular direction. The orientation (or polar-

ization) vector is proportional to the average angular momentum

of the atom \J>, or for nuclear polarization, is proportional

to the average value of the angular momentum of the nucleus <^T>.
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Now, if as a result of the final surface interaction be-

tween Llio beam and the tilted foil the atomic shell has been or-

iented, in principle it is not a problem to polarize the nucleus

if it has a spin I 7* 0. Fano and Macek have shown for the isolated

atomic system (no external magnetic field present) for a hyperfine

interaction of simple magnetic form A T-J, that the average value of J

oscillates in time, that is, (see eq.37, ref.1):

(2F' + 1) (2F+1)
?2I+T$

f F' F kl
(j J 1//

x (Jll S ( k ) I! J) (3)

where the frequency a'ptp represents the hyperfine energy splitting

or beat frequency and will be more specifically defined later and

(J II S H J) is a time-independent electron matrix.elei..ent. The

modulation factor in the bracket of en.(3) equals unity at t = 0

and at all other times is no larger than unity.

Recalling that F = I + J is a constant of motion, while <J >

oscillates according to (3), then the periodic loss of electron

orientation represented by the oscillation of J must reappear

as a nuclear orientation I oscillating 180° out of phase with

J (sec eq.4). The initial polarization is conserved and could

be recovered completely by measuring both the nuclear spin pol-

arization and the electronic orientation. A similar conservation

rule hold for alignment which is represented by mean values of

second rank tensors. Its three terms: a purely electronic align-

ment, a purely nuclear alignment, and a term representing nuclear
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and electronic properties are correlated with the polarizations

of the electrons and nucleus so that the intensities of the obs-

erved polarizations may increase or decrease as the alignment

varies.

The deduced nuclear spin polarization by the hyperfine

interaction following the collision which polarizes (or aligns)

the electrons is

i>F'-F (2F'+1) (2F+1) fF« F k 1 fF« F k">

" ' —21+1 1 n f
^J-+l lj j j J lj j jJ

X cos(oF,pt];i II M ( k ) II I) (4)

where now the product of a nuclear reduced matrix element and

a modulation factor that vanishes at t = 0 for k ^ 0 replaces

the bracketed factor and the electronic matrix element in eq.(3).

Note that the nuclear modulation frequency «„, is the same as

the one that appeared from atomic polarization (see eq.3).

To be more specific, consider a beam of N in the +4

charge state passing through a tilted foil. The surface foil in-

teraction produces by its asymmetry a net orbital electron angular

momentum in the atoms of the beam. Let us assume that the trans-

fer of the polarization is made via a lithium-like state which is

the lowest atomic state having this orbital angular momentum. For

the free ion case, the eigenvalues Ep from magnetic I-J coupling

are

Ep = -1A [F(F+D - 1(1+1) - J(J+1)| . (5)

The beat frequency wpip is defined as

Xa>F<F = EF,- E p = | {p'tF'+D ~P(P +1)} (6)

where the spectroscopic factor
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A is related to magnetic field produced by the electrons

at the nucleus,

H(0) .
A = H ——1 (7)

1 I-J

— — (8)

(see Kopfermann rcf.9, eq.25.16 for definitions).

In general for heavier atoms like nitrogen, these formulas

are only approximate due to relativistic and other effects. The

lowest energy lithium-like transitions from an excited state

2 2 2
which correspond to 1s 2p P-i/2 3/7*^

s ^s ^si/2 t r a n siti o n s

are drawn in Fig.iB.

The transfer of energy between the hypcrfine states from

the alternately polarized atom or nucleus appears as a quantum

beating of the emitted circularly polarized light. The excited

beam atom emits light of a specific trequency for each m sub-

level of a given F , a frequency 2upip for J = 3/2 or u F' F for

J = 1/2. The allowed transitions if observed perpendicular to

the beam correspond to the selection rule Am = - 1 with a (+)

defined as the left handed circularly polarized light and o(-)

the right handed circularly polarized light. (The Am = 0 trans-

ition is along the z axis). Thus, the strength of the observed

beam foil light oscillates in time ( see Fig.2A,B) much like

the beating of a double pendulum connected by a spring. The nu-

clear spin also "beats" out of phase with the atom and can be

observed via its Yradiation. There is symmetry between the atom

and the nucleus. The angular correlation of the atom varies with

cos <>» , t whereas the angular correlation of the nucleus varies

with sin "> , t. After the foil collision, the atom is polarized
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Fig.2A. Energy levels of the 2P 3 / 2 and 2P 1 / 2 atomic states split

by a magnetic hyperfine interaction from a spin h nucleus.

The circularly polarized radiations illustrated can be

seen perpendicular to the beam axis from Am = ± 1,

allowed transitions.
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Fig.2B. Top. Circular polarized light intensity varying with

distance from foil along the beam axis. The a(+) repre-

sents left-handed circularly polarized light and the

a(-) represents right-handed circularly polarized light.

Bottom. The a{+) as in 2A but superimposed on the life-

time of the atomic state.
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but later transfers this polarization to the nucleus when w t

is 4j- at which time the atom's polarization becomes a minimum.

The roles of the atom and nucleus reverse after another period
ir

of — and continue to periodically vary in this fashion.

The percentage of polarization transfer is an experimental question

that has not yet been answered because it depends upon the densit-

ies and distribution of excited states at a given beam energy. How-

ever, in principle, this can be measured in the atom via the cir-

cular polarized light emitted perpendicular to the beam or from

the nucleus via the nuclear quantum beating via its emitted Y

radiation, for cxanrnlc, the latter in a plunger experiment.

Note several features: The use of nuclear spin I = 1/2 (by

15 13chosing either N or C for the experiment) results in only one

quantum beat frequency for a given J and simplifies experimental

interpretation. A determination of upip would yield an experimental

value of A , the spectroscopic factor. Despite oscillations in the

circular polarization, there will be a net o(-) or o(+) when the

emitted light is collected over distances large compared with the

oscillation minima; in some cases then average circular polariz-

ations need only be measured rather than the quantum beat frequency

itself, which takes more time to determine. The circular polariza-

tion is often defined in terms of a Stokes parameter (the para-

meter plotted in the figures of this paper).

y _ TKI!tr_[l.HC (9)

1 iRUC+1LlIC

(see Ref.10, for the definition of the other 3 Stokes parameters.).

All four Stokes parameters are necessary and sufficient to com-

pletely define alignment and polarization where I R H C or *LJJC is

the intensity of the right handed circularly polarized light or

the intensity of the loft handed circularly polarized light, re-

specti v1v.
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121 - 68

TILTED
FOIL

NORMALIZATION
'PHOTO TUBE

FARADAY CUP

MOVABLE
CARRIAGE

HANLE
DEPOLARIZER
ROTATING
PHASE PLATE

LINEAR
POLARIZER

Fig.3 Top view of an atomic beam passing through a tilted

foil. See text and Fig.4 for description of the appa-

ratus which is used to measure the emitted polarized

light.
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On-line
programming

unit

PHA

Fig.4 Schematic diagram of an experimental arrangement to measure

polarized light. The motion of the foil is achieved through

a precision screw, driven by a stepping motor, triggered by

the accumulation of a fixed number of counts from a monitor

phototube which views the beam from a fixed position from

the foil.
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III Observations

To observe atomic quantum beats (or polarization), one

measures the circular polarized light emitted perpendicular to

a beam that has passed through a tilted foil (see Figs.iA and 3).

The light from the foil is focused on the slit of a spectrometer,

passes through a Hanle depolarizer which compensates for the instrum-

ental polarization,then through a quarter wave plate which transforms

the circular polarized light into nlane polarized light. The plane

polarized light in turn passes through a linear polarimeter to

determine whether it was left or right handed Dolarized.In the

spectrometer (resolution about 2k) the light is counted via

standard single photon methods (see schematic diagrams in fig.4).

The beam must be normalized to account for beam fluctuations and

the standard practice is to measure the change of beam current

in a Faraday cup or to use a phototube which detects the total j

unpolarized emitted light from the beam simultaneously with a

determination of the circular polarized light intensity. Our

best normalization utilizes a phototube which detects a specific

transition (wave length light) from the excited atom via an inter-

ference filter mounted on the phototube. The normalization phototube

and the foil are both mounted on a movable carriage which auto-

matically changes the distance between the foil and the focal

point of the spectrometer.

Derry et al. (3) first observed that both alignment and

orientation vary with the tilt angle of the final surface of

the target foil with respect to the ion beam axis. They concluded

that the alignment and orientation depend upon the final surface

interaction of the ions that pass through the foil. Figure 5A is
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b) silver foil as a function of bombardement time (ref.13)
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an example of the increase of polarization with foil tilt
2

angle for a 4-MeV oxygen beam passing through 20 vq/cm carbon foil

( A 30° Stokes parameter S/I is equivalent to a 60° effect)
12)Our own measurements indicate that car-

2

bon foils (10 ug/cm ) are stable in time 'even at MeV beam ener-

gies. This observation is consistent with the results of Berry et

al- at lower energies. Their results with metallic foils (see

fig.5B) display smaller polarizations which after a period rise

to the stable carbon results as deposits on the foil built-up

from the vacuum system. Foils composed of SiO2 have given double the

polarization intensities of carbon foils (after the SiO2 films

have outgassed)but this polarization, too, returns to the lower

carbon value in time.

The variation of polarization with beam energy is less

•veil known. First it depends upon charge state production. Also

the polarization transfer to the nucleus may be a maximum when

the excited atom is in a P state for a Li-like nitrogen charge

state (between 1 and 10 MeV). For transitions in neon, the polar-

ization at 1 MeV is higher than in the 100-keV region, whereas
13)

for He II it is opposite . Our unpublished data of polariza-

tion as a function of excitation energy for nitrogen indic-

ate a polarization production threshold above 3 MeV for the

3482 A transition in N IV whereas the polarization decreases

to about a factor of two between 3 and 8 MeV for 4606 A (N IV) and

4940 A (N V),both latter transitions are between high spin states.

The polarization also decreases similarly in the same region for

the high-spin transition in oxygen (see table I). It is hoped

that polarization studies will lead to a better understanding
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Table I

4.5 MeV 60° Tilt

ALorn Kneryy A

N

N

N

0

0

IV

IV

V

IV

VI

3482

4606

4940

3737

3433

Transition

2s3s 3S - 2s3p3P
1 0 12

2s5g 3G - 2s 6h II

6f g h - 7 g h i

2p 3p ""D - 2p 3d "F

n = (6-7) (blend)

S/I

5

15

22

16

26

11)

11)

Table II (ref.15)

Li-like systems

Li

Be

,2+

,3+

,4 +

05+

,6+

A/g-j

P1/2

2p3/2

2P1/2

2p3/2

2pi/2

P3/2

2p1/2

2p3/2

2 P V 2

P3/2

P1/2

2p3/2

P1/2
2 P _

(MHz)n.m.)

Theory

20.8

-1.25

148.8

1.8

451 .9

26.3

987.7

86.4

1824

194.1

3004

357

4625

597

•

Exp.

21.2

-1.4

<0.8
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of the mechanism of polarization. It is intersting to speculate

that in the examples shown in Table 1, the high-spin states in

nitrogen and oxygen from the outer electron shells can be polar-

ized whereas the 3482 A transition from a deeper electronic shell

seems to be uneffected by the final foil surface interaction below

2 MeV. For this 3482 A transition, a transition from a 2s 3p Pn 1

state, the deeper shell seems to pick up an electron, interestingly

enough, at an energy for which the velocity of the ion in the beam

matches the velocity of an inner-shell P electron in the foil and

becomes polarized at beam energies greater than 3 MeV.

Figure 6 illustrates an atomic quantum beat with a single

14)

frequency. The determination by Astner et al. is for a transit-

ion in Hel at 130 keV. Our own attempts to observe atomic quantum

beats from the n=3 shell (the 4606 A, 3p-3s transition in N V)

has been masked (see fig.7) by the same energy but high-spin

transition in N IV (the 2s 5g fe -• 2s 6h H listed in Table I) .

Notice that the 3p state is very fast due to the 209 A branching

to the ground (2s) state. Therefore determinations on the 3p - 3s

transition must be made very close to the foil. Quantum beats

from the 2p state, with its emission in the vacuum ultra violet

region, would be easier to observe for there are no analogous

branchings from it so it has a longer lifetime. (For example,

the 2p - 2 S transition at 1238 A in
 15N or at 1540 A in 1 3 C ) .

A measurement of the quantum beat frequencies from n = 2 transitions

would test the recent calculations , (now corrected for relativ-

istic and other effects), of the spectroscopic factors for heavier

nuclei (see Table II).

With respect to the transfer of atomic polarization to the
4)nucleus, Andra et al. made a significant step forward in 1977.

They used a copper plate instead of an inclined foil and looked
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I (3889 A) 65855 MHz

LogI(5015A)

Vl(5015A) , .

0 20 40
DISTANCE FROM FOIL (mm)

Fig.6A. Example of a single frequency quantum beat from a 130 keV

He I 3889 A multiplet (ref.14), top curve.

16 18 I :x/v Ins)

Time resolved observation of S/I vs. time (distance) for

the 260-keV 1 4N II 5676 A multiplet from ref.(3) from

polarized nitrogen nuclei.

The soJid curve is fit to 4 hyperfine parameters.
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FIG.7. ENERGY LEVELS FOR SOME TRANSITIONS IN N V AND M IV,
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at surface scattered C and 4N (300 keV) after the atoms

passed throuc/h a later perpendicular carbon foil. Figure 6B

illustrates the quantum beat pattern observed by them of the

circularly polarized light (from the 2p 3s P - 2p 3p D mul-

tiplet of N II at 5676 A) due to nuclear .polarization of

N. Their preliminary results list nuclear polarizations of

14% for1/lN and 112 for13C at 260 keV and 0 for 12C (a spin

1 = 0 case). The complex curve shown is due to 6 hyperfine freauen-

cies entering the observed transitions; their fit is for 4

hypcrfine parameters.

15 13

We are attempting with N and C to extend such meas-

urements to the McV region . For this extension, a tilted carbon

foil is substituted for the copper slab but the perpendicular

(second) carbon foil is retained. The use of a tilted foil in-

stead of a slab seems more promising at these higher energies

because the hyperfine frequencies and velocities are greater.

At the higher energies the length of a slab would become too

lonq to define the beam and its timing. Also, the higher hyper-

fine frequencies may result in shorter nuclear transfer distan-

ces. In addition, a transmitted beam is much more intense than

a scattered beam. It is also natural; tandem accelerator strip-

per foils are placed at about MeV voltages as standard systems

for charge-state production.
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1. INTRODUCTION

When a negatively charged meson pene-

trates into matter, it is rapidly decelerated. When it reaches

a sufficiently low kinetic energy, it is captured by the Coulomb

field of a nucleus. From excited states it cascades down to lower

atomic states until it reaches the is state. Strong interacting

particles are generally absorbed by the nucleus before they reach

the is state. For the siowing-down and the cascade process a meson

needs less than about 10" sec in condensed matter, i.e. the

meson can be considered to be stable for the whole process. But the

particle, which is most interesting to follow with regard to che-

mical effects, remains the muon which undergoes the whole cascade

before it decays in the is state or is captured by the nucleus

through weak interaction.

The question whether the chemical or solid

state structure of a target, where an exotic particle comes to

rest, is important for the atomic capture mechanism or if it is

only a perturbation to the main process is still an open question.

My purpose is to show using a few examples

that in light elements the chemical structure plays an important

role in the capture mechanism i.e. in the initial distribution

over angular momentum states of the captured particle and in the

relative capture rates.
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2. MESIC X-RAY INTENSITIES

The first bound state of a meson in an

atom, molecule or solid is not known. One expects to have a distri-

bution over (n.x)-states for atoms. Whether molecular orbitals are

populated by mesons or not is still an open question. Only in hy-

drogen isotope mixtures mesomolecular orbitals have been evidenced.

If we assume the capture to take place

in some high n-state, e.g. in n = 30 with some distribution over

angular momentum, one has shown ' that this distribution remains

practically unaltered in a lower state, e.g. in n = 14, when the

meson cascades down. This means that from measured mesic X-ray

intensities one cannot - with the present experimental accuracy -

deduce the capture distribution over n-states. To learn something

about this n-distribution one should measure Auger electrons,

which is not an easy job.

But from the measured mesic X-ray intensi-

ties one can learn something about the initial ^-distribution.

From the level scheme one can see that mesons preferentially cap-

tured into high n-states give strong circular orbit transition

intensities. An interesting example in this connection are the

circular orbit transition intensities in kaonic atoms measured by

2)C.W. Wiegand and G.L. Godfrey ' for elements of the groups IV, V

and VI of the Periodic Table. A similar pattern is found for pionic

and muonic X-rays . One can imagine a correlation between these
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yields and the atomic radii '. But I prefer the correlation

to electron densities in the outer part of the atoms because one

knows the radiative atomic capture to be negligibly small compared

to the capture through Auger electron ejection . By comparison

one sees that to a decrease of the mesic X-ray yields corresponds

an increase of the electron density in the outer part of the target

atoms.

If one expects the electron distribution

in the outer part of the target atoms to have an influence on the

capture mechanism of negative mesons, one could expect the mesic

X-ray intensity pattern to be influenced by the solid state structure

of the target. Figs. 1 and 2 show what has been measured for the

muonic X-ray intensities in grey (metallic) and red (amorphous)

selenium '. No difference in the intensity pattern could be evi-

denced. Up to now no solid state effect on exotic X-ray intensities

has been measured.

The mesic X-ray intensity pattern of an

element can be affected by its neighbours in a chemical compound.

An example is the muonic Lyman-series in nitrogen ' when bound in

BN or in NaNO2 or NaN03 (Fig. 3). Assuming the capture level n

to be the same in nitrogen for all compounds, the observed diffe-

rence in the intensity pattern would lead to the interpretation

that in BN the higher i-states are more populated than in NaNOo

and NaNO3.
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From the comparison of these three

intensity patterns one might imagine at least three qualitative

explanations for such a behaviour. Let us assume that here is no

difference in the X-ray intensity structure in nitrogen between

NaN02 and NaNC^, which is probable.

In the targets NaN02 and NaNO3 the

same elements are present and the extraneous atoms, sodium and

oxygen, are both heavier than nitrogen. In BN the only extraneous

atom is boron, which is lighter than sodium and oxygen and consequent-

ly its electrons are less strongly bound. This difference in electron

binding energies might affect the energy spectrum of the muons just

before capture and thus give raise to a different (n,^-distribution

of the initial capture level in nitrogen.

A second reason may be the difference

of the formal valence states of nitrogen in the three compounds. In

NaN02 the formal valence state of nitrogen is N and in NaNC^ it

5+ 3-

is N . But in BN it is N . The difference between the two positive

valence states is maybe too small to give a measurable effect on

the cascade intensities, but the difference between positive and

negative valence states big enough to affect measurably the

^-distribution in the initial capture level.

A third reason might be invoked. The N-0

bonds in NaN02 and NaN03 are strongly covalent bonds. The B-N bond

is also strongly covalent, but the ionicity of this bond is considerably
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higher and can be estimated to be of the order of 20-30 %. Maybe

that with increasing ionicity of a bond the population of higher

estates is favoured.

The simplest assumptions about the Jt-distri-

bution in the capture level are the homogeneous [pop(ft) = const.] and

the statistical [pop(£) « (2i + 1)] distribution. Today one often

uses a modified statist ical distribution, pop(a) « (2i + l)exp(aa),

where a is an adjustable parameter sometimes useful to reproduce

observed intensities with a cascade calculation. As an example let

us try to find an ^-distribution in the n = 14 level for which a cas-

cade calculation would reproduce the measured intensities of the

muonic Lyman-series in sodium. Fig. 4 shows different attempts. Usual

i-distributions do not f i t the experimental data, but an exotic d ist r i

bution with a muon population of 10 % in the i. = 0 state and 80 % in

the i. = 10-13 states comes quite near. For a l l cascade calculations

i t has been assumed that a l l electrons are present during the whole

cascade process, i .e. very fast re f i l l i ng of the electron shells has

been assumed. Of course, to really draw some conclusion about the

in i t i a l j,-distribution from measured X-ray intensities, one needs

more experimental intensities even i f the Lyman-series is the most

sensitive to the in i t i a l distribution and a cascade program adapted

to such a problem ' .

I t is interesting to notice that the

experimental values in Fig. 4 are not data from a single measurement

8)
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10

ft M »

Figure 4.

Measured relative muonic X-ray K-series intensities in sodium and

comparison with cascade calculations

The experimental points represent the total spread of the measured

relative intensities in sodium in Name(., NaNO2> NaNO3, Na2S03> Na2S04,

Na2Se03, Na2Se04, Na2S, Na2Se, NaCI and NaBr.

The solid lines are results of cascade calculations assuming the

f i r s t capture level to be at n = 14 with different ^-distributions:

a) pop(«.) = const, (homogeneous)

b) pop(&) « (2* + 1) (stat ist ical)

c) pop(fc) <* (2e + l )exp(at) with a = 0.1 (modified stat ist ical)

d) pop(Jl) « (28. + l)'exp(aa) with a = 0.2 (modified statist ical)

e) pop(fc) <* (2n + l)#exp(a«.) with a = 0.5 (modified stat ist ical)

f) 90 % modified statistical (with « = 0.5) + 10 % homogeneous

g) pop(fc) <* {Zl + l)-exp(alt) with a = 0.5 for i / 0 and

pop(a = 0) = 10 % of the total population

h) pop(a) « (2l + l)*exp(a£) with a = 0.45 for s. t and

pop(e = 0) = 10 % of the total population
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or mean values from different measurements , but the total

spread observed for the muonic sodium K-series intensities in

Nam e t , NaNOo, NaNC,, 'ia^SQ,, NogSO^, iia^SeO.... .*!a?SeCL,. Na,.S, Ua^

NaCl snd NaBr. This .Titans that the muonic K-series i n t ens i f i e s

"in sodium, where the scaiunr, bot.d is s t ro r .g ] / - o r i c , ere nor rec-

surabl j ' d i f f e r e n t from each other snd are s i ' i n ia r to the fillerr,

observed ir; me ta l l i c sodium. A>: a consequence, *"ne only presence

of extraneous atoms in the target dees not s f fec i : the - ! j i ~ - ^ "

. - . -d is t r ibut ion of wucns in sodium nor the !''uonic cascsda. Thus,

the f i r s t o f the three possible arguments fo r the ot'scrvatior: o f

d i f f e r e n t ^ - d i s t r i b u t i o n s in a given eleTient cancels.

3. CAPTURE RATIOS IN COMPOUNDS

When a muon is decelerated in a

compound then, in some sense, it chooses the atom in which it is

finally captured. One might consider at first sight two extreme

possibilities which could guide this choice:

1. The capture probability does not depend on any characteristic of

the different atoms of the Periodic Table. This assumption leads

to the concentration law.

2. The capture probability depends on the charge number.
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a) P(Z) « Z (or Z2 / 3)

b) P(Z) « Z1/3-Jln(0.57-Z)

c) P(Z)

E. Fermi and E. Tel ler ] 1 )

H. Daniel 12^

V.I. Petrukhin and V.M. Suvorov

The formula given by H. Daniel ' iis a

11)calculation based on the paper by E. Fermi and E. Teller

The formula given by V.I. Petrukhin and V.M. Suvorov ' is a

semi-empirical formula. Each of these four approaches have had

some success.

The radiative capture into atomic orbits

is negligible compared to the capture where electrons are ejected.

The ejection probability is believed to be dependent on the electron

binding energy so that all electrons are a priori not equivalent

in the muon capture mechanism. This is certainly one of the reasons

why the simple Z-law does not reproduce the measured capture ratios.

The two other formulas containing the charge number give a better

but not satisfactory agreement with the experimental results available.

With their weaker Z-dependence they take into account that in heavy

atoms strongly bound electrons play a less important role in the

atomic capture even if the original papers do not give such an inter-

pretation of the obtained formulae.

Recent measurements of muonic capture

ratios ' have clearly shown that the capture ratios are signi-

ficantly influenced by the chemical structure. That this kind of



153

chemical effect exists is not new, but too many experimental

results were in contradiction with each other '.

These new experimental capture ratios

seem to reveal that the formal valence state of an element in-

fluences the capture rate. An element in a higher positive valence

state captures less muons than in a lower valence state. With

increasing charge number this effect diminishes (Table 1). This

shows clearly that "the capture rate is in close connection to

the electron density in the vicinity of the atom.

The chemical effect evidenced in the

nitrogen compounds NaNO2 and NaNCU and which amounts to roughly

20 % in the capture ratios is only a difference arising from different

chemical structures. The role played by the chemical structure itself

in the capture rates must evidently be much more important and

perhaps dominates the capture mechanism in light elements.

These results and other results conduced

to a new approach of the Coulomb capture mechanism of exotic particles

in compounds and mixtures of elements ' . The basic assumptions

of this model can be sketched in the following way: Mesons are

captured only via not too strongly electrons. If the capture takes

place via a core electron of atom Z, then this meson is captured

in this atom. If the capture takes place via valence electrons, the

mesons are distributed among the partners Z and Z1 according to the

spatial distribution of the valence electron cloud weighted with

the density of available mesoatomic states in the element Z (or Z 1},
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T A B L E 1

Ratios of relative muonic per atom capture rates in selected
nitrogen, sulphur and selenium compounds.

Nitrogen compounds

N/Na in NaNO2

N/Na in NaNO-

N/0 in NaN02

N/0 in NaN03

O/Na in NaN02

O/Na in NaNO-

Sulphur compounds

S/Na

S/Na

S/0

S/0

O/Na

in Na2S03

in Na2S04

in Na2SO3

in Na2S04

in Na2S03

O/Na in Na2S04

Selenium compounds

Se/Na

Se/Na

Se/O

Se/0

O/Na

in Na2Se03

in Na2Se04

in Na2Se03

in Na2Se04

in Na2SeO3

1.23 ± 0.04

1.25 ± 0.04

0.99 ± 0.04

1.08 ± 0.04

1.13 ± 0.04

0.96 ± 0.04

1.02 ± 0.04

1.01 ± 0.04

1.01 ± 0.04
O/Na in Na2Se04
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which is approximately proportional to Z (see also

ref. . Applying this model to oxides, for example,

the comparison to experimental capture ratios (Fig. 5)

is promising.

i .

A(Z/OJ

Daniel

x1

i x

x,n
Pelrukhin elal.

J_. Z
10 20 30 SO 60 to 80 90

Fig.5. Muonic per atom capture ratios A(Z/0) as a function of Z

in oxides Z 0 . The dotted-dashed line corresponds to
m n , 2 >

H. Daniel's formula , the dotted line to the formula

of V.I.Petrukhin and V.M.Suvorov

the model calculations

13) and the crosses to
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4. OUTLOOK

The atomic capture mechanism of exotic

particles is of special interest in hydrogen compounds and mixtures.

Because the hydrogen atom has one single electron, capture rates

in hydrogen, when bound to other elements, are extremely sensitive

to the valence electron distribution ' ' '.But there we have

an additional phenomenon, the transfer effect, which makes the

problem even more interesting, but also more complicated. There-

fore it is preferable to treat the problems where hydrogen is

involved more or less separately.

The Coulomb capture mechanism of exotic

19)
particles in compounds is a complicated theoretical problem '.

For the understanding of this mechanism extended experimental studies

of cascade intensity patterns and of relative capture rates are

necessary. Then one may hope to deduce from them a phenomenology

which might become the starting point for the interpretation of the

phenomenon. If one could find clear correlations to chemical para-

meters like, e.g., dipole moments of individual bonds, then one

could hope to deduce from experimental data at least one parameter

of the spatial distribution of valence electrons, which might be

of interest for chemists too.

Even if some recent experiments helped to

clarify a little bit the situation, more systematic measurements

must be performed to solve the puzzle of the atomic capture of

exotic particles.
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TESTS OF QUANTUM ELECTRODYNAMICS AND

INNER-SHELL PHENOMENA

J. Rafelski

.CERN, Geneva, Switzerland

ABSTRACT

Collisions between two heavy ions provide a unique means of extending
the experimentally accessible range of quantum eleccrodynamics (QED)
owing to formation of quasi-molecular electronic states. In this lecture
I will review the properties of electrons and pions in strong and super-
critical external Coulomb potentials with particular emphas-' n spon-
taneous positron production in heavy ion collisions.
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1. INTRODUCTION

A measure of the strength of the electromagnetic interaction between

electrons and nuclei in atoms is the energy necessary to remove an elec-

tron from its atomic orbit. This ionization energy E_ is, in the case of

a hydrogen atom, about 13.6 eV. This is a small amount of energy compared

with that of the electron mass. However, as the number Z of protons in

the nucleus increases, the ionization energy of the most tightly bound Is

electron increases initially as Z2, and then even faster owing to the

relativistic effects. Thus in the case of a heavy atom such as uranium,

the energy necessary to remove the most tightly bound Is electrom from

the orbit around the atomic nucleus is an appreciable fraction (about 20%)

of the rest mass. If the Is electron could be bound by the equivalent of,

or even more than its rest mass, it would mean that such a (superheavy)

nucleus would weigh the same or even less with an electron in the orbit.

Since the heaviest (radioactive) atomic nucleus artificially created

by man has about 106 protons, it would seem that an investigation of the

question, What happens if we win more energy than the electron's rest mass

by binding an electron to a sufficiently heavy superheavy nucleus? is

larg ly academic. Perhaps the belief that such superheavy nuclei could

not be made by man has delayed the development of the theory of strongly-

bound particles until now .

Two developments in the last decade have spurred interest in the sub-

ject of this paper. It has been suggested that radioactive superheavy

nuclei containing about 164 protons could be sufficiently stable to allow

study of the atomic properties. During the ensuing investigations of the

electromagnetic properties of such superheavy elements, it has been rea-

lized that in collisions of heavy ions, tightly bound electrons can feel

the combined attraction of both colliding nuclei. One can view this situa-

tion as if the electron would move in the combined Coulomb field corres-

ponding to a superheavy nucleus of charge 2Z. Considering, as an example,

the case of a uranium-uranium collision, we find that the electrons ex-

perience attractive forces similar to those of a superheavy nucleus with

184 protons. Thus it seems that we have to understand the physics of the

strong binding. The questions raised here are related to the Klein para-

dox. Shortly after the discovery of the Dirac equation, Klein noted

that a sufficiently high electromagnetic barrier showed abnormally large
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reflection coefficients; scattering charged particles, we seemingly get

i larger number of reflected particles than incidents. Only after solution

of the problem of supercritical binding can this seeming paradox be fully

explained; this we will do below.

Why do we call the Coulomb potential that is capable of binding an

electron by more than 2 y ' , overcritical? To answer this question let

us first consider the pair production process. The minimum energy required

in such a process is 2m . In the presence of a nucleus is it possible

that we do not require the full energy in order to make an electron, since

it can be bound to the nucleus, releasing the binding energy. Thus the

threshold for pair conversion of a y-ray to an e e pair in the presence

of a nucleus is really

where £ is the total energy of the electron (including its rest mass), pro-

vided that the electron is kept in the orbit with the energy e. This is

only possible if such a state has not been occupied by another electron.

From the above energy balance for the y conversion to e e pair we recog-
v

nize that when e approaches -m, the minimum energy E' required to create

an e e pair approaches zero. At this critical point the energy of the

ionized atom is equal to <.he energy cf the atom with a filled Is electron

state and a free positron. And for overcritical potentials we conclude

that the energy of an ionized atom (that is, without the Is electron) is

higher than the energy of an atom and a free positron. Thus an ionized

ovcrcritical atom cannot be a sickle ground state (vacuum) even if left

undisturbed without electrons to be captured; the overcritical atom will

.T •••:'::K\(.".'.sl:4 emit a positron, keeping in its vicinity the companion

negative charge which is often called the real vacuum polarization charge.

The 'empty' nucleus, often called neutral vacuum (vacuum for electrons,

positrons), is not a state cf lovest energy—the new state of lower energy,

of!.'."-:i called the charj;od vacuum, is the nucleus surrounded by the real

v.'iriiiim polarisation charge • In this paragraph we have used the word

'vacuum' in tho sense that Uie nur1 mis is a spectator, rather than a part

of the system we are investigating.

It has boon suggested that for a strong field with somewhat less

th.ir. the critical field strength, it should be possible to regard a vacancy
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in the Is state as a bound positron state. Taking this view, which is

most readily understood by a different choice of the Fermi energy, the

appearance of a positron at infinity when the potential V becomes over-

critical is viewed simply as the delocalization of a bound positron state.

Thus we are again led to t.he conclusion that when V is increased adiabati-

cally above V , spontaneous positron production will occur if the Is state

is empty.

The following experimentally observable effect emerges as a conse-

quence of the supercritical binding: in collisions of heavy ions an

empty lsC state can be bound by more than 2m c2. Subsequently, a positron

is emitted spontaneously; when the heavy ions separate again, the pre-

viously empty lsa state is occupied by an electron. Of course, the actual

physical situation is not that simple, since the heavy ion collision is a

time-dependent process; thus there may not always be enough time to emit

a positron. Furthermore, other QED processes may contribute. For example,

we may expect direct pair production by the time dependence of the electro-

magnetic potentials in the collision.

Let us now turn to the more academic question: What happens when

j the nuclear charge is further increased without bounds? Apparently, more

| and more bound orbits will become bound by more than 2m; the charge of

ths vacuum will increase rapidly. Will it perhaps grow faster than the

nuclear charge and screen it completely? Of course the answer must be

No. If the vacuum charge would increase faster than the nuclear charge,

the potential would soon become undercritical. In fact it can easily be

demonstrated (see Section 4) that the vacuum charge density will increase

at a pace roughly equal to the increase of the nuclear charge. Naturally

an equal number of positrons are emitted to infinity. This neutralization

of external (nuclear) charge distributions by 'sparking' of the vacuun

means that a giant nucleus would not have a 'giant' long-range Coulomb

field since most of it will be screened.

The intense study of the problem of electrons bound to strong poten-

tials has stimulated interest in the theory of bosons bound to strong

potentials . Clearly, the concepts here must be very different since it

was the Pauli exclusion principle that stabilized the charged vacuum in

the case of fermions in overcritical fields. Although the superbound

boson system is theoretically a very interesting problem, there does not
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seem to be any prospect of an experimental laboratory test in the near

future. It can be seen that we need an external potential V at a strength

comparable to the energy equivalent of the mass of the lightest meson,

the pion (m^ = 139.6 MeV), which requires a giant superheavy nucleus with

.3 charge of the order of Z * 1000. To stabilize the vacuum of the over-

critical bosons some new effect must be considered, since as V approaches

the critical potential V , the energy necessary to make a meson pair

vanishes allowing an infinite number of pairs to be produced. To stabilize

this situation, an interaction is needed that would stop the production

of the mesons when a certain meson density is reached. It is possible to

consider the charge of the mesons as the stabilizing mechanism. The

Coulomb repulsion which is .always present in any charge distribution is

sufficient to limit the number of mesons produced.

This paper is organized as follows. In the next section we will

discuss the properties of electrons in strong external potentials. In

Section 3 we then turn to the discussion of the spontaneous positron

production in heavy ion collisions and the associated phenomena. The

theory of electrons in arbitrarily strong external fields is completed

in Section 4, where we discuss the case of arbitrarily large nuclei.

Also the Klein paradox is resolved there. In Section 5 we turn to the

discussion of a Bose (pion) field in strong external potentials. In the

last section we give a short perspective concerning the current status

of QED in strong external fields.

ELECTRONS IN STRONG EXTERNAL POTENTIALS

Soon after the invention of quantum mechanics and the realization

that the introduction of electron spin was necessary to account for Che

observed lines in atomic spectra, Dirac appreciated that this concept

would enter the theory naturally if he sought to write the equation for

the wave function in a form consistent with the special theory of rela-

tivity. However, from Hits synthesis wnerned wave functions with four

components instead of the two that sufficed to describe the spin in earlier

work. The associated increased number of solutions of the wave equation

is a consequence of the fact that the relativistic relationship between

the energy and momentum of a free particle depends only on the squ.ire of
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the energy. Negative energy solutions must have seemed very mysterious

until the discovery of the positron, although Dirac had taken a major step

in interpreting the theory by proposing that the negative energy states

were filled with electrons; in accordance with the Pauli exclusion prin-

ciple, no transitions from positive frequency states could then occur.

Thus Dirac's theory became a many-particle theory in which positrons were

viewed as holes in the negative energy sea. The filled negative energy

sea is not an essential part of modern relativistic quantum mechanics,

but electrons and positrons must be treated simultaneously.

The Dirac equation for a free particle of mass m is

€V. (2.1)

Here a and 6 are the Dirac matrices. It is easily found that this equation

permits two sets of solutions:

, (2.2)

where p is the momentum of the particles. The energies of strongly bound

atomic electrons are computed with the help of the Dirac equation with

Coulomb potential V:

(2.3)

It is quite convenient to consider the potential V as the potential V of

a point nucleus:

vp Htrr •

*) We are careful to make the distinction between observable energies,
whicb emerge from the second quantized formulation and are always
bounded below, and the energy eigenvalues that emerge from the solu-
tion of the Dirac equation. These may assume arbitrarily large nega-
tive values. Perhaps a more appropriate description of the solutions
of the lower continuum would be negative frequency solutions.
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Then we find that the binding of the Is electron grows even faster than

the Z2 dependence that follows in the non-relativistic quantum mechanics.

The energy z of a Is electron (which includes the rest mass energy) is

(2.5)

where in the second part of the equation we have indicated the non-

relativistic limit for small nuclear charges Z.

positive energy continuum

2s

•-Z

1/2

negative energy
continuu.ri / \

resonance

. positron

width T

Fig. 2.1 Z dependence of the eigenvalues for electrons bound to a uni-
formly charged sphere. The dashed curves refer to results for a point
nucleus. Dash-dotted is the resonance in the negative energy continuum
with the indicated positron escape width.

Figure 2.1 (dashed curve) shows the binding energy described by

Eq. (2.5). We see that at Z * 137 the binding of the electron becomes

equal to its rest mass. Interestingly enough, no solution of the Dirac

equation with the potential V [JEq. (2.A)] is found beyond this point.

It has been determined that this difficulty is associated with the assump-

tion that the atomic nucleus is point-like. As is well known, nuclei have

a finite radius R. Assuming that the electric charge is evenly distributed

over the nucleus with the radius

« U ftn A*'* . (2.6)
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we can compute the associated potential V from the Coulomb equation

-A eV& = 6*3* , (2.7)

where p« is the charge distribution of the protons. We record that both

potentials differ only within the range of the nuclear charge distribution.

Since in light atoms the electrons move far away from the nuclei, the

effect of the finite nuclear size is hardly observable in the atomic spec-

tra. In the case of superheavy nuclei the attractive electromagnetic

forces have become so strong that some the electrons penetrate the nucleus.

Thus we expect that the binding energy of the Is electron will be affected

by the finite nuclear size of a superheavy nucleus.

It is possible to solve the Dirac equation with the potential

belonging to a finite size nucleus, and the results are shown by the full

lines in Fig. 2.1. We notice that at Z » 169 the Is energy becomes -m.

No eigenstate solution of the Dirac equation with the quantum numbers of

the Is state are found for Z > Z . The best current numerical value for
cr

Z is 173, which includes a number of smaller effects not discussed here:

virtual vacuum polarization, electron screening, electron self-energy.
We see that there are no bound Is electron states for Z > Z . Hov-er

ever, a resonance in the positron spectrum for Z > Z and e < -m has been

found. In Fig. 2.1 we show for Z > Z a dash-dotted line as a continua-

tion of the bound Is state into the continuum; this is the resonant energy

mentioned above. For each Z > Z the previously bound Is state is dis-

tributed over continuum states. Thus the positron scattering cross-section

on superheavy nuclei would reveal a narrow resonance around the centre of

the Is electron distribution in the positron continuum in Fig. 2.1.

We should be aware thac the energies of the electrons in superheavy

atoms are obtained employing great extrapolation of the present experimen-

tal knowledge. We have, among other things, assumed a detailed knowledge

of the electromagnetic forces in the vicinity of superheavy nuclei. Notably,

on the nuclear surface the electric field is of the order of 1019 V/cm,

some 12 orders of magnitude larger than the fields we are able to create

in laboratory. Secondly, the electromagnetic force confines the Is elec-

trons to a very small volume — the electron density is about 109 times
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higher than that of the Is electron in hydrogen. Several investigations

have been made in order to determine how changes in the basic equations

(Coulomb and Dirac) would affect the computation of binding energies of

electrons in supcrheavy atoms. Limits on new effects have been obtained

considering other experiments in atomic physics. It has been found that

while the actual value of the binding energy of electrons may be affected

by several percent, the qualitative feature — the steady increase of the

binding up to 2m cannot be prevented without generating an inconsistency

in other experimental data.

3. SPONTANEOUS POSITRON PRODUCTION
IN SUPERCRITICAL FIELDS

The investigation that led ultimately to the understanding of the

supercritical fields began with the work of Pieper and Greiner . They

considered in detail the solutions of the Dirac equation for an electron

bound to a uniformly charged sphere. Their results for the energy eigen-

values as functions of Z have been discussed in the preceding section.

They have conjectured that the correct physical interpretation of the

theory as Z becomes larger than Z is that a vacant Is state leads to the

spontaneous production of two positrons at infinity. In order to conserve

charge, the region surrounding the nucleus must carry the charge of two
7)

electrons. We have referred to this state as the charged vacuum . We

can characterize the positron production process as the spontaneous decay

of the neutral vacuum. This change of the ground state as a function of

the strength of the external potential can also be seen as a phase tran-

sition from neutral to charged electron vacuum. Only two positrons can

be emitted spontaneously when the Is state joins the lower continuum, be-

cause of the Pauli exclusion principle which prohibits more than two elec-

trons frorc occupying the Is state. More positrons can be emitted when

higher bound states, such as the 2p states, join the lower continuum, pro-

vided that these are not filled with electrons.

The charge density associated with the charged vacuum is mostly con-

fined to distances smaller than the electron's Compton wavelength from

the nucleus. To calculate this charge density, it is necessary to analyse

in some detail the group of states surrounding the resonance in the lower

continuum, which is the analytic continuation of the bound Is state. If
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Z is not much larger than Z , then the charge distribution does not differ

greatly from the charge distribution of the bound Is state in the under-

critical region.

There was a more or less simultaneous realization by Gershtein,

Zel'dovich and Popov that positrons would be produced spontaneously if

a vacant Is state joined the lower continuum. Much of their work was

based upon the effective potential approach, wheie the production process

is viewed as the penetration of a particle through a barrier.

We now return to the discussion of the experimental situation which

would allow a test of this theory. In heavy ion collisions the necessary

velocity which a projectile nucleus must achieve in order to come in con-

tact with the target is computed from the energy balance. In a central

collision the kinetic energy of the colliding nuclei must exceed or equal

the mutual Coulomb repulsion at the distance of closed approach. We then

find that the relative velocity of the nuclei at large distances must be

about 15% of the velocity of light.

Thus a fast-moving electron, if its ve1ocity is about that of light,

will not 'see' the motion of the nuclei, but behave largely as if the

nuclei were at rest, separated by a given distance D. Since D changes

(slowly) as a function of time, so does the total Coulomb potential of

the nuclei. As the projectile begins to penetrate the inner electronic

orbits we cannot distinguish to which nucleus the electron is bound. This

situation is very similar to the conventional molecular electron orbitals,

and therefore the electronic states formed in the collisions of heavy

nuclei are comnonly called quasimolecular orbits. In view of the tiraes

involved, the computation of the effects in heavy ion collisions can pro-

ceed in the adiabatic approximation: at each fixed distance D between

the ions we solve the two-centre Dirac equation

with the two-centre potential of two-point nuclei:
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The effects of non-adiabaticity are then taken into account in a pertur-

bation expansion. When writing down the two-centre potential, we have

chosen the line connecting both nuclei as the z-axis; p is the distance

from this axis in cylindrical coordinates. We further note that use of

the point nuclei (and the associated potentials) in Eq. (3.1) is allowed

here, since the singularity at the position of nuclei plays only a minor

role when considering the electronic motion around both nuclei. The re-

sults obtained solving Eq. (3.1) are shown in Figs. 3.1 and 3.2. They

100
10 10 10

Fig. 3.1 Qu.isimolecular correlation diagram for the Br-Br system.

relate to the question of the validity of the adiabatic approximation.

In the case of the Br-Br collision (Fig. 3,1), the fact that the eigen-

values change but little as D changes from 500 fm to the distance of

closest approach, promotes the conditions under which the adiabatic

approach is useful.

In the case of the high-Z collisions shown in Fig. 3.2, this feature

promoting the utility of the adiabatic method does not occur. The impli-

cation is that relativistic effects associated with the tendency of the

wave function to collapse, enhance the production of vacancies in the Is

state. It has been found that there is "^ 1% probability to have a hole

in the Is state at D , at which point the binding energy of the lsa state

exceeds 2m. We also note that for Cf-Cf collisions even the 2pi, O state

reaches its critical distance well ahead of the Coulomb barrier. Further,

we see th.it the finite nuclear size effect is small (of the order of 2 fin)

for the lso states and is not essential for the 2pi. o solutions.
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— POINT NUCLEI ©
© u-cf<z,*92,z..'98
® Cf-Cf(Z,= Z2 = 98J

Fig. 3.2 Most tightly bound quasimolecular spates in several supercritical
systems. Full curves: finite size nuclei; dashed curves: . point nuclei.

9)
Let us briefly mention the method used to solve Eq. (3.1). Upon

separation of the azimuthal coordinate, the two-centre Dirac equation

becomes a partial differential equation in the coordinates p, z. A solu-

tion ty of Eq. (3.1) has been considered as expanded in the spinor harmon-

j - Z. m (3.3)

We imply the standard representation of the Dirac matrices. Similarly,

the potential V is taken in the multipole expansion

(3.4)

Inserting Eqs. (3.3) and (3.4) into the Dirac equation (3.1) and projec-

ting with the spinors

(3.5)
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leads to an infinite set of coupled differential equations for the radial

functions fx, gx. The coupling between different functions is a consequence

of the multipole character of the potential V.

The numerical approach that has been chosen to solve the eigensystem

of the linear first-order differential equations reflects the desire to

obtain good eigenfunctions; the differential equations are integrated

from the origin to a large value of r, and it is then required that the

wave function falls off exponentially there.

There is one particular aspect of the solutions of the two-centre

problem which has the greatest impact on all calculations involving spon-

taneous positron production. We easily recognize as the characteristic

parameter the critical distance D between the heavy ions at which the

binding of the electron exceeds twice its mass. The precise values of R
1/3 C

for homogeneously charged nuclei with radii r • 1.2 A fm that follow
from the two-centre calculations are contained in Table 3.1:

Table 3.1

Critical distance in heavy ion collisions

U-U

U-Cf

Cf-Cf

R (lsO)

(fm)

34.7

47.7

61.1

Rc(2P l / 20)

(fm)

-

16.1

25.4

Clearly, the heavy ions must come closer than D in a head-on collision

if the spontaneous positron production should occur. We have used the

best available values of R to calculate the kinematic region of interest.

In Fig. 3.3ue show the dashed area of the kinetic energy of the projectile

ion as a function of its charge Z in a symmetric collision. To improve

the lower limit, the effects of electron screening on R have been esti-

mated — the dashed line resulting from actual calculations with bare-

point nuclei approaching each other. We recognize from Fig. 3.3 that, for

collisions such as U on U above 4-6 MeV/nucleon, the necessary conditions

that will allow us to study overcritical phenomena are fulfilled. These
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energies have just been reached with the new accelerator facility at the

Gesellschaft fur Schwerionen Forschung (GSI) in Wixhausen near Darmstadt,

Germany. „

SPONTANEOUS e <*//•
PRODUCTION POSSIBLE

I -
102

Fig. 3.3 Shaded the kinematic region |_kinetic energy (MeV/nucleon) versus
the nuclear charge ZJ in which spontaneous decay of the neutral vacuum in
symmetric heavy ion collisions may occur.

In the actual experimental situation, positrons also will be observed

that originate in the non-adiabaticity of the heavy ion collisions and in

the conversion of nuclear y~rays; even when the heavy ions stay below the

Coulomb barrier, the long-range Coulomb force leads to excitations in

the projectile and target nuclei. These nuclear positrons are emitted

after the heavy ion encounter. This nuclear background effect can, in

some instances, be determined from other experimental observations.

There are three sources of QED positrons in heavy ion collisions, il-

lustrated in Fig. 3.4. In process (a) we have the direct e e pair produc-

tion originating in the time dependence of the heavy ion collision. However,

unlike the case of a proton-proton collision, the strong electromagnetic

forces of relatively slowly moving nuclei have to be taken into account

in that the positive and negative frequency continuum states are computed

as solutions of the two-centre Dirac equation. In view of this necessary

distortion of the continua, this process has also been viewed as the shake-

off of the virtual vacuum polarization cloud. Process (b) can be viewed

as a second-order contribution to (a) with the intermediate state being

the lsa quasimolecular state; of course other intermediate states also

contribute, but not so strongly. The first step is the ionization of the
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(a) 0

(b) 0

(c) 0

\

Fig. 3.4 Sources of QED positrons in heavy ion collisions: a) direct
e+e~ pair production; b) induced positron production; and c) spontaneous
decay in a supercritical collision.

lsc state in the first part of the collision, while the positrons are

produced by the pair creation process with the electron going to the

(vacant) lsO state. This process has been called the induced positron

production. Both (a) and (b) are present in subcritical heavy ion colli-

sions. Only process (c), the spontaneous positron production, namely the

decay of the resonance in the negative frequency continuum, occurs ex-

clusively in supercritical fields. Thus, naively, it would seem that it

will be very easy to see the spontaneous positrons by passing from under-

critical to supercritical collisions. Unfortunately, the number of spon-

taneous positrons will be not very large. Namely, the width of the lso

resonance in, for example, a U-U collision at D ^ 15 fm corresponds to

a lifetime of about 10~20 sec, while the nuclear collision time vithin

the radius D is only of the order of 10~21 sec. Therefore only a frac-

tion (about 57.) of the possible spontaneous decays can occur, making the

observation of the vacuum decay very difficult. A lot could be gained if
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the heavy ions would stick together (for *v 10~20 sec), as is the case in

the light ion deep inelastic collisions.lt has therefore been proposed

to carry out the experimental test of the vacuum decay processes at ener-

gies equivalent to about 1.8-2 times the U-U Coulomb barrier. Then the

spontaneous positrons could be seen clearly, with the nuclear background

being not much worse than that already generated by Coulomb excitations

at sub-Coulomb barrier energies.

While the experimental work needed to test the ideas laid down in

this article will go on for some years, some information that is already

available is summarized in Fig. 3.5.

10'
U-U

(.5MeV)/MeV

£=(.5MeV)/MeV

J 5.9Mev/u

&
1

II

20 30 40 50

Fig. 3.5 The double differential positron production probability Po (6p)
versus the laboratory ion scattering angle 9p in U-Pb and U-U colli-
sions. The energy window for positrons 5s set at 500 ± 55 keV. In the
case of U-Pb, molecular (QED) P£+ probability is the theoretical predic-
tion of the Frankfurt School. The dashed curve for nuclear probability
P|+ is an estimate; in the case of U-U, the curve is an eyeball fit.

Here the double differential probability for production of nuclear (lower

index n) and molecular (lower index m) positrons (upper index e ) is

shown at the positron energy 0.5 MeV, per energy interval of 1 MeV as a

function of the ion scattering angle 0 . The projectile was 5.9 MeV

(lab./nucl.) uranium. In the case of U-Pb scattering, the curve drawn

for the molecular positron probability is the theoretical prediction.
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The good agreement for this undercritical collision system indicates that

the effects (a) and (b) mentioned above are well under control. In the

U-U supercritical system the dashed curve is an eyeball fit — the theore-

tical computation of the cross-sections have not yet achieved the required

degree of accuracy. However, the observed strong increase in the positron

production probability as we move to the overcritical domain is very en-

couraging.

Thus we can say that the first experiments have proved the possibility

of producing QED positrons in undercritical heavy ion collisions. The

goal of proving the spontaneous decay of the neutral ground state has not

yet been achieved.

SUPERCHARGED ELECTRON VACUUM AND KLEIN'S PARADOX

We have seen that in the vicinity of a sufficiently large assembly

of charged particles (held together in one place, for example, by the

strong interaction) the electron-positron field becomes overcritical.

Here the response of the overcritical electron field to an ever-increasing

strength of the external potential is described. In particular, we focus

on two gedankenexperiments. In the first one, we consider a spherically

symmetric external potential created by a large (nuclear) charge Z > Z .

Then we will turn to the discussion of Klein's paradox and its resolution

in the theory of supercritical fields.

The point at which the Is wave function joins the continuum solutions

of negative frequency has been determined to be about Z = 173, under

"realistic" assumptions and extrapolations of the known properties of

nuclear and electromagnetic interactions. Similarly, the next critical

point at which the 2p\, state is expected to join the continuum is about

Z • 183. At this point the charge of the vacuum becomes fouf". Soon, as

we increase the nuclear charge, higher angular momentum states will also

join the lower continuum, and the charge of the vacuum will rise even

faster. Thereafter, the self-interaction of the vacuum charge will become

an important aspect. In particular, wt can already foresee that the

vacuum charge may screen a substantial part of the nuclear charge and pre-

vent more states from joining '•.he lower continuum; or, from another point

of view, the repulsive interaction of an electron with the surrounding
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vacuum charge may become comparable with the attractive force of the

nuclear charge.

13)

It has been proposed to treat this complex situation by use of

the relativistic Thomas-Fermi approximation. The charge density of the

vacuum is equal to the charge density carried by all the states that have

joined the lower continuum. In the Thomas-Fermi model, this sum over all

these states is represented by an integral over all the momentum states

within the Fermi sphere of radius kp. The density of electrons is related

to the Fermi momentum kp(x) by

(4.1)

The effect of the spin degeneracy is included in Eq. (A.I). The relativi-

stic relation between the Fermi energy E and Fermi momentum is

(A.2)

The step function ensures that k* is a positive quantity.

From Eqs. (A.I) and (A.2) we now obtain for the charge density of

the ground state characterized by a choice of E :

(A.3)

Introducing the total charge density p_, which is composed of the external

"nuclear" part PN and the electronic part

(A.A)

and using Coulomb's law

(A.5)
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we find a self-consistent non-linear differential equation for the average

potential V, that depends on the choice of the parameter E :

(4.6)

As long as the nuclear system o., is isolated from external sources of

electrons, the proper choice of E is E - m. If this condition is re-

laxed and an inexhaustible supply of electrons is available, we must

account for only the kinetic energy of these electrons. Thus for neutral

atonic system we must take E = m, which gives the usual Thomas-Fermi

model, in the limit |-2mV| > |V2|. Equation (4.6) is very useful and may

be applied to describe many interesting problems in atomic physics.

We consider Eq. (4.6) with the Fermi energy fixed at E * -m. This

means that only the states accessible to spontaneous decay are filled.

Inserting E_ • -in into Eq. (4.6) yields

(4.7)

We now proceed to discuss the solution of Eq. (4.7). Since the charge

density of the vacuum must be confined to the vicinity of the external

charge, ve require a solution such that

(4.8)

(i is the fine structure constant). For every choice of Z, y is deter-

mined by the boundary condition on the electrostatic potential at the

origin

w - o. (4.9)

r«o
Equations (4.7) and (4.9) are therefore eigenvalue equations for y, the

unscreened part of the nuclear charge, and Z - y gives the charge of the

vacuum.
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Neglecting at first the inhomogeneity of the solution, we find that

V(0) » Vo is determined from the condition

(4.10)

in the limit of large Z, i.e. when the distribution of nuclear charge is

large compared with 1/m, then

(4.11)

Integration of Eq. (4.7) is straightforward. An equal number of

protons and neutrons and normal nuclear density have been assumed for the

nuclear charge distribution. The results for Y are plotted in Fig. 4.1.

10 -

Fig. 4.1 The unscreened charge Y and the total charge of the vacuum
(Z - Y) as a function of Z. The crosses denote points from single-
particle calculations. The dashed line denotes the nuclear charge Z.

From the figure, one can see that Y increases monotonically with Z, and

that Y/Z decreases as Z increases. In fact, from the requirement that

Vo remains constant with growing Zt at the surface of the nuclear charge

distribution we find

W)



179

and, since R(Z) ̂  Z13, we find

(4.12)

The single-particle results are denoted by crosses in Fig. A.I and agree

reasonably well with an extrapolation of the Thomas-Fermi results into

the realm of small values of Z - Y » 1. In Fig. 4.2 we consider the

approach to infinite nuclear matter. The potential approaches the limit

described by Eq. (4.11) as Z increases from 10* to 105. The radial total

charge density, calculated from the right-hand side of Eq. (4.7), is shown

in Fig. 4.3. The results are scaled with y so that each curve is norma-

lized to unity. We see that the charge densities become more and more

nearly those of a surface dipole with clearly defined regions of positive

and negative charge.

Or

-300
10 100

r [fm]
1000

Fig. 4.2 The solutions for the self-consistent potential V of the rela-
tivistic Thomas-Fermi equation for selected values of the nuclear charge
as a function of r. Curve 1, Z • 600; curve 2, 1000; curve 3, 2000;
curve 4, 5000; curve 5, 10,000; curve 6, 10s; curve 7, 106.

In accordance with our expectations, the charge generated by succes-

sive levels joining the lower continuum is sufficient to screen most of

the bare nuclear charge as it increases without bound. This property is

evident.from the fact that for Z > 10s the self-consistent potential does

not change within the nuclear matter distribution.
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Fig. 4.3 The total charge densities, scaled with Y- Same selected values
of nuclear charge as in Fig. 4.2.

We now turn to the discussion of Klein's paradox. Let us consider

an electron of momentum p and energy e + m2, with spin up, that is

incident from the left on an electrostatic square-well barrier Vc > 0.

The discontinuous form of the potential requires that region I outside

the potential well and region II inside the potential well be treated

separately. In region I the solution of the Dirac equation is

(z) = ae
* 1

0
P/(€*m)
. o J

m 1
0

-p/(e
. C

(4.13)

where the second part of the wave function describes the reflected wave.

The form of the wave function in region II depends upon the magnitude of

the potential strength. We first consider values of Vo that are not too

large. Then

0 (*.14)ce
)
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where p' * /m2 - (e - V 0 )
z - It is not necessary to add terms to Eqs. (4.13)

and (4.14) that describe particles with spin down, since there is no pro-

bability of a spin flip. Requiring that the wave function be continuous

at z • 0 leads to relations between the coefficients a, b, and c. The

ratios c/a and b/a take the form

(4.15a)

(4.15b)

where

(4.15c)

is real. The incident current may be calculated from j. * ij).a3<li., where

the subscript i denotes only the first part of the wave function of

Eq. (4.13). This current is equal to 2p|aJ2/(c + m ) . The ratio of the

reflected current to the incident current is |b|2/|a|2, which is equal

to one because of the form of Eq. (4.15b). The transmitted current is

equal to zero. Tnus all the incident current is reflected, and the situa-

tion is analogous to non-relativistic quantum mechanics.

Let us now consider what happens as Vo is increased beyond t + m.

The wave function must be written as:

1

0

whore p" • •(V'o - t) ? - m2. The continuity condition now leads to

f" (4.i7c)
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The transmitted current is equal to 2p'|d!2/(e + m - V o ) , which is nega-

tive, and the magnitude of the reflected current is larger than that of

the incident current. The transmission coefficient, which is the ratio

of the transmitted current to the incident current, is given by

(4.18)

We note that the transmitted current may be much larger than the

incident current. This paradox was first noted by Klein . Only in the

context of a single-particle interpretation does this appear paradoxical.

When one appreciates that electrons and positrons are inextricably connec-

ted in the Dirac theory, it is natural to identify the negative current

in region II with the appearance of positrons. The increase of the re-

flected current over the incident current is necessary to conserve charge.

The reflected current plus the transmitted current is always equal to the

incident current.

The results obtained above would imply that the scattering of elec-

trons of a strong potential barrier induces pair production. As we have

seen :'i the previous section, we have to consider ̂ :he spontaneous pair

production beforehand. It is quite possible that a saturation in the pair

production will occur.

In order to make a close connection between our investigation of

supercritical potentials and Klein's paradox, we redefine the reference

point of the energy: we consider the potential step to be strongly

attractive in region II (V • -Vo < 0). Then we expect that within the

range of this region (which may be infinite) all supercritical states

are spontaneously filled with 'electrons', while the positrons are emitted

to infinity. Now Klein's gedankenexperiment consists of scattering posi-

trons of the (filled) attractive potential well. Since no final states

are available for electrons within the well, we find that the transmission

coefficient vanishes -- no other particles can be transmitted into the

region of the potential. Strictly speaking, this result must be supple-

mented by a proper quantum field theoretic formulation; however, we will

not go into this now.
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5. BOSONS IN SUPERCRITICAL FIELDS

In this section we study the relativistic field theory of a charged

spin-zero boson field in the presence of the Coulomb field of a prescribed

(nuclear) charge distribution. We begin with the one-boson problem. It

is known that for a sufficiently large charge number Z • Z , the deepest

bound state reaches the top of the negative energy continuum just as in
*)

the case of electrons . Thus there is a solution of the Klein-Gordon equa-

tion

(5.1)

such that E crosses the point -in at the potential strength Vj and becomes

-in, at V (index e distinguishes the electron mass from the pion mass m ;

the reason why the point —m is of interest will become more apparent in

a moment).

For the norm of any given solution, we compute

(5.2)

Since V is everywhere negative, the norm (5.2) is certainly positive for

e > 0. On the other hand, for the negative energy continuum solutions

(for this discussion, the system enclosed in a box), the norm must be

negative, by analytic continuation from the limit V » 0. He see that, in

general the set of solutions- for given V divides into two subsets, <t and

$ , characterized by different normalization conditions:

> O

(5.3a)

(5.3b)

where

(5.3c)
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Thus again both particles and antiparticles are described by the same

equation, with the sign of the norm being associated with the charges of

TT and ii .

For a Coulomb potential such as that of a finite-size nucleus, the

deepest bound orbit behaves in a manner qualitatively similar to the spin

1/2 case. This bound orbit remains normalizable — with positive norr, —

down to and including the point e * -m^. In Fig. 5.1 the numerical solu-

tion of the Klein-Gordon equation for the lowest energy SL « 0 state is

shown. The Coulomb potential of a charged sphere of radius 10 m"1 has

been chosen, and the lowest eigenvalue is given as a function of the poten-

tial depth Vo » -V(0). We find that the discrete state joins the negative

energy continuum at Vo • 1986, with "nuclear" radius R « 10 m~: = 14.6 fm.

The value of Z increases to 3007 if we assume A « 2Z and normal nuclear
cr

density, where A is the number of nucleons. The insert in Fig. (5.1) is

an enlargement of the figure in the neighbourhood of the critical point.

The dashed line (an antiresonance in the continuum) was obtained from ac-

tual numerical integration of the Klein-Gordon equation. The dotted line

is the approximate behaviour of the solution after it is modified to in-

clude many-body effects, as discussed below.

•1.0

Fig. 5.1 Energy e of the lowest bound state of the Klein-Gordon equation
as a function of nuclear charge for finite size nuclei. The abscissa is
actually the strength of the potential at the origin. The inset magnifies
the neighbourhood of the critical point at which e reaches the top of the
negative energy continuum.
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As long as the potential strength is below Z , the single-particle

theory represents perfectly sensible one-particle quantum mechanics pro-

vided that we associate the indefinite metric with charge rather than with

probability. For a long-range potential, only negatively charged particles

are bound by a field generated by a positive charge, in contradistinction

to a short-range interaction where a "surprise" is found. Here we recall '

that for sufficiently strong interaction a positive pion can also be bound.

This is a purely relativistic effect which can be understood if we recall

that the charge density is not positive definite, but that for a r. it is

in fact nejuti'ie near the force centre, allowing an average attractive

interaction.

For Z > Z the single-particle theory becomes rstable. Unlike the

case of electrons, there is no Pauli principle that would limit tho number

of spontaneously created pions. The development of the subject which led

to the understanding of the supercritical state was initiated by Migdal ,

who was stimulated by the work, on the overcritical Dirac equation. He

recognized correctly that to stabilize the vacuum in the overcritical

case, some higher-order effect must be included in the Hamiltonian. He,

in particular, chose to consider a residual Â 1* term in the boson field*

Hamiltonian. His physical picture was based on the following considera-

tions: as V approaches V , the energy necessary to make a meson pair

vanishes, allowing an infinite number of pairs to be produced. To stabi-

lize this situation, a positive definite part in the Hamiltonian is needed

that would stop the production of the condensate when a certain meson
lu)

density is reached. In subsequent work it has been shown that it is pos-

sible to consider the charge of the mesons as the stabilizing mechanism.

This repulsion, which is always present in any charge distribution of the

ires on condensates, suffices to stabilize the condensate. Here we will

rely on this picture in order to derive the relevant equations. The total

Coulomb potential V is composed of two contributions:

vt - vN (5.4)

originating in the nuclear and condensed pion charges. With this potential

the Klein-Gordon equation (5.1) is solved
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(5.5)

where u is a given energy (chemical potential) of the condensate pion

field derived from the physical conditions. In the absence of any further

interactions P « -m^, at which point spontaneous pion production would

begin. Clearly there would be a solution of the above equation only when

the potential V has a suitable form derived from the Coulomb equation

(5.6)

where p is the nuclear charge. The condensate field <j> has an arbitrary

norm describing the charge of the condensate.

The coupled non-linear equations (5.5) and (5.6) can be solved
• , l s) ^iteratively for given y, p...

Considering the weak interactions, we recognize that the vacuum will

become unstable against the reaction

vac (5.7)

already at u - -m . Although this process is strongly suppressed because

of the Coulomb barrier faced by the e , both e and u can serve as sources

of IT . As will be discussed in Section 6, in reality at V » Vj the nucleus

will contain both e and p clouds, the former because we are so super-

critical with respect to electrons, the latter because when the lowest

bound orbit of a p in the effective supercritical field crosses zero

energy, the system can experience inverse U decay:

e* -» JJL + v + v . (5'8)

Thus we conclude that the proper choice for p is -m . For any given o^

associated with a. constant nuclear charge distribution, the system of

equations (5.5) and (5.6) can be solved. Two remarkable results are found:
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i) within the nuclear charge distribution, V is constant and equal to

eVfc * - m r , m c + 0 (•£) <5-9>

fthis result can be derived from Eq. (5.5) neglecting the 72# termjj

ii) the charge of the condensate becomes similar to that of £„; only a

small portion of the nuclear charge remains unscreened.

To illustrate (i), we show the numerical solution for the total potential

V , the Coulomb potential' of the nucleus V , and the condensate potential

V, for Z = 1800 in Fig. 5.2. We see that although the pion potential

reaches about -m_/2 in that case, the total potential remains at the

limiting value described by Eq. (5.9). The curve illustrating the neutra-

lization of nuclear matter is qualitatively similar to Fig. 4.1.

0.6

Fig. 5.2 Comparison of the total potential Vt, the condensate potential
V-, and the Coulomb potential of the nucleus VN for Z » 1800.

Apart from these numerical results, we have found in this section

that for a sufficiently intense field the ground state is unstable against

the formation of a Bose-Einstein condensate of negatively charged bosons,

the positively charged bosons escaping the system. When the effects of

weak interaction are included, the instability is accompanied by spontane-

ous; positron emission. A consistent description can be formulated after

the Coulomb interaction of the bosons is included.
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6. PERSPECTIVE

In all the above considerations it has been assumed that the more

conventional effects of QED are well under control — in particular that

they do not contribute so significantly, such as to change the picture that

emerges from the QED of supercritical external fields. Non-perturbative

calculations carried out at the critical point confirm the correctness of

this assumption. Furthermore, such calculations agree nicely with the

experimental information derived from:

i) self-energy corrections to the binding energies of inner-shell elec-

trons in very heavy atoms,

ii) the vacuum polarization corrections to the spectra of muonic high-Z

atoms.

In the case of heavy atoms the precise spectroscopic information

tests the QED self-energy correction,' since the IS electrons are rela-

tively far off the mass shell. For large-Z muonic atoms the self-energy

effect is reduced, since the muon is less off the mass shell owing to

finite nuclear size effect — furthermore, we are looking at states that

are less bound, such as the 5g-4f transition in Fb. However, since onions

move vxr.zh closer to nuclei, the change in the Coulomb law owing to the

polarization of the vacuum is tested to great accuracy.

The agreement between theory and experiments described above confirms

our belief in QED of strong undevcritioal fields and increases our con-

fidence in the theoretical predictions concerning the supercritical

phenomena, in particular the spontaneous neutral vacuum decay accompanied

by positron production. Experiments will test this new region of validity

of QED and further our understanding of the basic interactions.

In order to be able to compare the theory with experiments we have

to accomplish the formidable task of computing the behaviour of inner-

shell electrons in the quasi-molecular domain, i.e. when the electrons

are shared between the collision partners. It is, therefore, very im-

portant that the dynamics of the atomic collisions is understood and the

essential effects recognized. Of particular importance here are the

effects associated with the inner-shell ionization, since only the empty

orbits participate in the positron emission. Only a very careful com-

parison of the measured positron spectra with theoretical calculations

will provide us with the kind of information we seek.
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Our interest in supercritical meson fields is of a more theoretical

character, as is the problem of Klein's paradox. We have discussed both

these issues here and arrived at the interesting conclusion that there

is a limit to the possible potential rise over microscopic distances.

This has led us to the resolution of Klein's paradox — after the spon-

taneous particle emission saturates all the available states no induced

pair production can be expected; Klein's transmission coefficient thus

always vanishes and electrons are reflected on arbitrarily high potential

barriers. In macroscopic charge distributions, such as those generated

by Van de Graff generators, the barrier separating the particle and anti-

particle states may become much too wide to allow the spontaneous or in-

duced processes to proceed on the microscopic time scale.
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Positrons from Heavy Ion Collisions

H. Backe

Institut fur Kernphysik der Technischen Hochschule Darmstadt,

Darmstadt, Germany

Abstract: With the UNILAC heavy ion accelerator at the GSI
O "> Q O ̂  ft

in Darmstadt U ions can be made to approach U atoms

to distances of less than 2o fm. Thus, inner shell electrons

experience for a short time the Coulomb field of the combined

nuclear charge of 184. Strong relativistic effects are expect-

ed to occur in these superheavy quasimolecular systems.

Amongst these is a very strong localization of the 1s and

continuum wave functions with a high probability of inner

shell vacancy formation. In such circumstances the 1s state

is strongly bound and these inner shell vacancies can be

filled either by X-ray emission from bound orbitals, or with

electrons from the negative energy continuum. In the latter

case positrons are emitted. In a series of experiments posi-

tron creation has been investigated. Special care was taken

to eliminate background positrons from nuclear excitation.

It is established that a dominant fraction of the observed

positron yield arises from non nuclear origins.
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1. Introduction

There has been a longstanding interest in positron produc-

tion in time varying electric fields realized e.g. during

the Rutherford scattering process of nonrelativistic heavy

ions. Already in the early 3oth W. Heitler and L. Nordheim

[1] calculated the positron production cross section in the

Plane-Wave-Born-Approximation (PWBA). Experimentally when

• Tantalum was bombarded with 1.5 MeV protons [2] much

smaller cross sections were observed than expected from

those calculations. It was shown by J. Bang and J.M. Hansteen

[3] that in this case the PWBA calculation of W. Heitler and

L. Nordheim overestimates the positron production cross-

1 3section by at least a factor of 1o . Positrons would then

be unobservable,

This situation changed completely when heavy ion accelera-

tors came into consideration making possible close colli-

238 238
sions of very heavy ions (e.g. U+ U at distances of

closest approach of 2o fm or less). A .ot of theoretical

papers dealt with the question of what happens to an elec-

tron which experiences for a short time the two center

Coulomb field of the nearly combined U nuclei [see e.g.

4,5,6,7 and references cited therein]. Special features of

such a system are

(i) A strong time varying electric field given in an order

of magnitude estimate by

AE _ Ze/a2 _ 1.8.1o19V/cm

2.b.1O S
(1)

Here 2a is the distance of closest approach in a head



193

on collision

(2 a =
M1 + M2
M1M2

1.44 MeV fra (2)

for the 1s -state may exceed -2 m e

with Z.AfZ.fH, charge and mass numbers of the pro-

jectile and target respectively and E the projectile

energy).

(ii) A very strong relativistic enhancement of the electron

wave functions at the origin of the nearly combined

quasi-molecule with Z..+Z2 = 184.

(iii) A very strong binding of the lowest bound states which

-1.O22 MeV.

Because of features (i) and (ii) a strong inner shell ioni-

zation probability in close collisions is expected and be-

cause of (iii) bound states should contribute considerably

to the positron production cross-section. As illustrated in

Fig. 1 three different positron production processes are ex-

pected. These are (i) the "direct" transition frou the nega-

tive to the positive energy continuum, (ii) the "induced"

transition in a preionized bound state and (iii) the "spon-

taneous" transition if the binding energy of a bound state

exceeds -2m c . For the latter one no energy transfer

from the collision process is necessary, an effect

closely related to the very old Klein paradox [8]. In prin-

ciple, this effect could be observed in a stable atom sit-

uation with Z > Zcr?a 173 for which the Is state is dived. If

such an atom is totally ionized, this 1s state is spon-

taneously refilled with electrons from the negative energy



Positive Energy Continuum

-m

Fig.l. Dynamical processes connected with positron production

in overcritical heavy ion collisions, a, b: electron

excitation and ionization; c: spontaneous autoionization

of positrons; d,e: induced decay of the vacuum; f:

direct pair creation (taken from ref. [4]).

Beam

Fig.2. Magnetic field distribution for the solenoid-positron

transport system. The insert shows the positron detection

efficiency as a function of energy.
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continuum and positrons arc emitted.

Unfortunately, there exists a serious experimental problem

to observe the positrons associated to these "atomic" pro-

cesses. In the strong time varying Coulomb fields also

nuclear levels with transition energies greater than 2 m e

can be excited and they can decay by internal pair creation.

The main difficulty is therefore to determine these back-

ground positrons a's accurate as possible.

2. Experiments

To investigate that proposed positron emission two experi-

ments have been initiated at GSI in Darmstadt [9,1o,11,12].

One of these uses a solenoidal magnetic field to transport

the positrons from the target 55 cm away to a catcher (Fig. 2).

The arrival of a positron is detected via the annihilation

radiation in colinear coincidences by two pairs of 7.5 cm

x 7.5 cm Nal detectors. The principle features of this in-

strument are a large positron collection efficiency because

of the magnetic mirror effect and a broad energy band accep-

tance. Including the selection of only 511 JceV full energy

peaks in the coincident Nal counters, the total efficiency

attains an approximately constant value of 2.8% over a range

of positron energies of about 1 MeV. Because the positron

spectrum is expected to have only little intensity above

1 MeV, the total cross-section is measured by this method.

This way various target-projectile combinations as a func-

tion of beam energy have been investigated. A typical Nal-
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NaI1 coincidence spectrum
(511keV window on NaI2 and
time window between Nal 1

and Nal 2 set)

511 keV
peak
(134 events)

200 400 600 800 1000
Channel

Pig.3. A typical Nal coincidence spectrum.
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Fig.4. Arrangement of the Nal-, Ge(Li)- and surface

barrier detectors around the target position,

shown in a cut perpendicular to the solenoid axis.
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coincidence spectrum taken after the bombardment of a 2 mg/

cm U target with a ^JOU-beam of 4.7 MeV/u energy is

shown in Fig. 3. In the Nal single spectrum no 511 keV full

energy peak could be identified while in the coincidence

spectrum a 511 keV line with a good peak-to-background ratio

appears. The events in the full energy peak are correlated

to the number of emitted positrons. Total cross-sections for

positron creation were measured using an Si surface barrier

detector at 45° to the beam direction for normalization to

Rutherford scattering (see Fig. 4). The total cross section

is plotted as a function of the distance of closest approach

2a in a head on collision in Fig. 5. The following systems

have been investigated Pb + Pb, Pb + U, U + Pb and U + U.

The main features of these measurements are a steep exponen-

tial decrease of positron production with increasing 2a.

Another important feature is that the cross-section for

Pb + U changes by a factor of about 4 in comparison to

Pb +
ooo 238

to u + U. Because the background subtraction of posi-

Pb but changes only by a factor of 2 in comparison

238

trons from nuclear processes is expected to be more diffi-

cult for the 2 3 8U + 2 3 8U system than for the 2o8Pb + 2o8Pb

system, the latter one was investigated first in more de-

tail.

To keep the background as low as possible, positrons are

measured in coincidence to scattered particles. This offers

at the same time the possibility to measure the differential
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cross-section for positron production with respect to the

scattered ions. Scattered projectiles or recoils were de-

tected in a plastic scintillator counter (Fig. 6) at two

angles in the laboratory of (45 - 1o)° and (25.5 - 4.5)°.

The y-ray spectrum was also recorded in coincidence to the

plastic particle counter by an 7.5 cm x 7.5 cm Nal detec-

tor located near the target (see Fig. 4). From this spec-

trum the evaluation of the nuclear background positrons be-

comes particularly straight forward, because the principle

source of nuclear positrons in this case is the pair con-

version decay of the Coulomb excited 3~(2.614 MeV) state

2oft

in Pb. This state is also populated in the decay of
212

Pb. In Fig. 7 the in beam and source Y~*ay spectra are

compared, showing the similarity of spectra above 1 MeV.

Obtaining the ratio of positrons to 2.614 MeV gamma-rays
212emitted by the Pb source placed in the target position,

and multiplying this ratio by the intensity of 2.614 MeV

gamma rays observed in beam, directly yields the positron

intensity from the Coulomb excitation of the 3~state. The

determination of the background positron intensity from

such a direct comparison does not depend upon knowledge

of the essential experimental parameters such as the gamma-

ray and positron detection efficiencies and the internal

pair conversion coefficient, and includes contributions

from secondary processes such as external pair production.

The measured differential cross-sections are plotted in

Fig. 8 for a range of bombarding energies from 3.6 to
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5.6 MeV/u. The positron yields from the decay of the 3~-

state and a 2+-state at 4.o9 MeV are also shown in Fig. 8

together with Coulomb excitation calculations. For all

these measurements the contribution from nuclear Coulomb

excitation alone is only a fraction of the total positron

yield and this fraction is particularly small at the lowest

bombarding energies. It is also shown in the insert of

Fig. 8 that the differential cross-section, with respect

to 0 a , for the excess positron intensity over the Coulomb

excitation contribution possesses a more forward peaked

angular distribution than that for positrons from the de-

excitation of the 3 -state.

Calculations by Reinhardt et al. [13] for positron pro-

duction are also shown in Fig. 8. The general agreement

of the calculated cross-sections and projectile energy de-

pendences with the measurements suggests that the ob-

served positrons are associated with those processes in-

volving induced positron emission by the very strong time

varying electric fields present in the guasimolecular

collision system.

The ° Pb + ° Pb system is an undercritical system; the

1s state approaches the negative energy continuum but

never dives into it. The question is now: what happens

in an overcritical system like
O "3 D

U + U. To answer
238 238this question the U + U system was also investi-

238
gated in more detail. Because the U nucleus is well



204

= 45°±10°_

Fig.9. Positron production probability P + for

scattering angles between 35° and 55° in the

laboratory system as a function of the distance

of closest approach 2a in a head on collision.
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deformed, the nuclear Coulomb excitation background is ex-

,- pected to be much larger than in the double magic Pb

' nucleus and therefore more background positrons are expected.

In this case the determination of the background positrons

is not so straight forward as in the Pb case but is based on

a similar method. The number of nuclear positrons per y-xa.y

above 1.1 MeV is•determined from an in-beam background ex-

periment where "atomic" positron emission is expected to be

; of minor influence e.g. for 238U+154Sm or 238U+1o8Pd. Be-

cause the slopes of these y~ray spectra above 1 MeV are very

238 238
! similar in comparison to the U+ U system, the nuclear

I background of about 3o% can be subtracted with sufficient

accuracy. Background corrected positron emission probabili-

ties (per scattered particle) for scattering angles between

35° and 55° in the laboratory system are shown in Fig. 9

for the 2o8Pb+2o8Pb and the 238U+238U system again as a

function of 2a. If we compare these data for 2a = const.,

than this is r\one for identical Rutherford trajectories.

Though the charge numbers of the colliding particles are

changed only by 12% and the time scale by only 4.9%, the

positron emission probability changes dramatically by about

a factor of 7. What does that mean physically? Is the reason

for that factor 7 simply a relativistic enhancement effect

; or do we observe spontaneous positron emission? These ques-

J tions can not be answered conclusively at the moment. It

\: is expected that one gets more information from the analysis

of the positron spectra. These much more difficult experi-
i

: ments have been performed recently but no definite results
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are available yet.
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