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In collisions of 0.2-3.0-MeV Na® with thick targets of Ti through Zn, relatively flat molecular-orbital
continua are observed that extend from the characteristic separated-atom lines to the united-atom L-shell
limits. The broadening of these continua beyond their respective united-atom limits is essentially target
independent and can, to a good approximation, be fitted with half-Gaussians characterized by widths
proportional to E'"¢, where E is the energy of the incident ion. Similar continua are observed for Na*-target
combinations that have as their limit the united-atom M shell.

I. INTRODUCTION

In collisions of heavy ions wherein both target
and projectile have inner electronic shells that
interpenetrate, numerous phenomena have been
explained through the proposal' that during the
collision atomic orbitals of the separated atoms
transform through molecular orbitals into atomic
orbitals of a united atom. The occurrence of con-
tinuum radiation extending to energies well beyond
characteristic lines, and not explainable as brems-
strahlung, is generally attributed to the filling of
vacancies in these molecular orbitals.* In this
paper we are concerned with two features of this
molecular-orbital continuum: (1) the existence
and location of a united-atom limit and (2) the
characteristics of the spectral broadening beyond
this limit. First we discuss previous work on
continua originating from molecular orbitals ex-
tending to the united-atom K shell (K-band con-
tinua), L shell (L band), and M shell (M band).

The initial expectation® that K-band spectra
would show distinct limits given by Ka, 8 transi-
tion energies of the united atoms has not yet been
realized. This is not to imply that K-band con-
tinua are not at least partially of molecular orig-
in.* Part of the evidence for this is to be found
in theoretical predictions for the shapes of the
K-band continua.®®” However, although these
predictions tend to fit experimental spectra rea-
sonably well, there have been papers recently
presented on coincidence spectra® and on primary
bremsstrahlung processes,® which in certain
cases have raised doubts as to the conclusive-
ness of this agreement between theory and experi-
ment.

Just as with K-band spectra, L-band spectra
previously reported'®~'* have not exhibited distinct
limits. Although these limits may well have been
present, they have been obscured by rather severe
attenuation or efficiency problems,!® by the pre-
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sence of characteristic lines from projectile, tar-
get, or impurities,'' and by the possibility of a
contribution from primary bremsstrahlung in high-
energy, heavy-ion bombardment.'?'?

Only for M-band continua have united-atom lim-
its definitely been observed.'*~'* These continua,
resulting from bombardment of high-Z targets
(Sn, Yb, Ta, Au, Pb, Bi, Th, U) with equally
heavy projectives (Xe, I, Au), show distinct peak-
ing at energies corresponding to Ma, 3 transitions
in the united atoms. However, this peaking,
which is a distinctive feature of the united-atom
limit in these spectra, disappears with increasing
ion energy until near 0.3 MeV/amu these M-band
continua have the same exponential shape as K-
band continua. Coincidence experiments in this
region'® show the M-band continuum to have the
same shape in the coincidence as in the singles
spectrum, a condition not consistent with theo-
retical concepts developed for K-band continua.®:®
A further complication arises at ion energies
above the threshold for production of character-
istic L x rays from the heavy collision partner,
as these lines obscure the shape of the contin-
uum.

Investigations of the characteristics of the spec-
tral broadening beyond the united-atom limit have
not been carried out for the L-band, and only lim-
ited characteristics can be inferred from M-band
spectra previously reported.'*~'* Specifically, the
broadening increases with increasing projectile
velocity'* and appears insensitive to changes in
target. The velocity dependence is similar to ob-
servations of K-band continua, but the target de-
pendence is considerably less.

Theoretical predictions of the shape of this
broadening beyond the limit have only been made
for K-band continua.’'®* These calculations attri-
bute the shape entirely to the rapid energy varia-
tion of the molecular orbitals during the collision
and result in an exponential shape for the broad-
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ened spectra. A simple formula, derived from
these theoretical calculations, gives the velocity
and Z dependence of the half-width of this expo-
nential as'7+!®

1 ( I _IH )1/2
== ) 1
H 3 \hl RH+RL ’ ( )

where v is the incident-ion velocity, I, (I,) is the
binding energy of the more tightly bound level of
the x-ray transition in the united atom (heavy col-
lision partner), and Ry (R,) is the hydrogenic
radius of the heavy (light) collision partner. Con-
sidering the assumptions in this formula it is re-
markable that it predicts within 25% the half-
widths of most available K-band continua and is
only off by 35% in the few other cases'” (cf. Table
I). These data represent half-widths ranging from
50 eV to over 6 keV, from C+C toI+I. Varia-
tions of this formula have met with similar suc-
cess over a more limited range of data.’''® Were
it not for some troubling assumptions in the deri-

vation and the lack of consideration for primary
bremsstrahlung processes,® the success of these
simple formulas would seem to uphold the validity
of the underlying assumptions of the theoretical
treatments from which they are derived.®® An
analysis of these assumptions is not within the
scope of this paper, but we shall present data that
will indicate that another approach may be in or-
der.

II. EXPERIMENT

We accelerated beams of Na* from the Carnegie
Van de Graaff onto thick targets using techniques
described elsewhere.'! Changes in the original
apparatus were a Si(Li) detector with a 0.008-mm
beryllium window and an amplifier with pileup re-
jection and baseline restoration. The only x-ray
attenuation was by the Be window and a 7.6-pg/
cm® gold contact layer; attenuation by the Si dead
layer was insignificant.

TABLE I. Exponential half-widths for K-band continua read primarily from published experimental spectra (H .y, and
half-widths calculated using Eq. (1) in the text (H). The projectile (target) is Z(Z,) and E, is the projectile energy.

E, Hexpt H E, Hexvt H
Z, Z, (MeV) (keV) (keV) Ref. Zy Z, (MeV) (keV) (keV) Ref.
53 53 82 10 7.3 a 13 13 5 0.50 0.54
36 40 200 5.6 5.6 b 2.5 0.38 0.46
35 40 60 5.8 4.1 a,c 16 10 48 0.84 0.82 i
35 35 60 4.6 3.7 a,c 10 14 1.9 0.55 0.38 j
32 32 81 4.6 3.6 d 0.9 0.43 0.31
35 28 57 3.1 3.0 c 0.7 0.38 0.29
35 26 30 2.6 2.4 a 0.5 0.35 0.27
28 28 95 2.7 3.2 e 0.3 0.29 0.24
70 2.5 2.9 9 12 40 0.74 0.68 k
40 2.1 2.5 20 0.55 0.57
20 1.6 2.1 10 0.42 0.48
35 22 60 3.0 2.4 a 6 0.40 0.42
16 13 95 1.1 1.2 f 4 0.33 0.38
90 1.1 1.2 3 0.33 0.35
55 0.96 1.1 2 0.28 0.32
32 0.74 0.95 8 13 8 0.43 0.44 h
16 0.71 0.80 16 6 32 0.50 0.46 f
7 0.55 0.65 16 0.45 0.38
14 14 2 0.66 0.48 g 6 6 0.22 0.099 0.089 1
13 13 20 0.82 0.77 h 0.050 0.073 0.062
10 0.68 0.65 0.019 0.050 0.048
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Spectra of thick-target absolute yields for 1-
MeV Na* on Ti, Fe, and Zn (L band) and on Pb
and Sn (M band) are shown in Fig. 1. Both groups
of spectra have been normalized to the yields at
their respective united-atom limits. The L-band
spectra are shown with the united-atom limits in-
dicated by vertical arrows. The Z dependence is
clear, as the positions of the shoulders of the
continua follow the united-atom limits precisely.
This is in contrast to K-band continua, which
show only an exponential decrease in intensity
(cf. Ref. 18), and is similar to the Z dependence
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FIG. 1. Target Z dependence of the molecular-orbital
continuum. All spectra are efficiency-corrected thick-
target yields produced by 1-MeV Na* and observed with
a Si(Li) detector having a 0.008-mm beryllium window.
The upper three spectra are from Ti, Fe, and Zn.
United-atom L -shell limits (2s united-atom binding en-
ergies) are indicated by vertical arrows and the three
spectra are normalized to the yields at these photon
energies. The lower two are from Pd and Sn; the united-
atom M-shell limits (3s united-atom binding energies)
are shown as a vertical arrow with the Pd spectrum
shifted 285 eV so that the two limits coincide. Normali-
zation at this point shows the two spectra are identical
beyond their limits except for their characteristic
separated-atom lines. Counting rates were held below
100/sec, but pileup is still observed for Fe at A and Zn
at B, owing to the high intensity of their L lines.

observed for M-band continua'?® although without
the peaking near the limit that characterizes these
continua at the lowest projectile energies.'®

The M-band spectra in Fig. 1 are presented with
the Pd spectrum shifted 285 eV so that the united-
atom limits of the two continua coincide. This
method of presentation is used in order to illus-
trate the Z dependence of the broadening beyond
the limit. It is observed that for a given projec-
tile energy the shapes of the two continua beyond
their united-atom limits are identical. This same
procedure yields identical results when applied to
the L-band continua in Fig. 1. One must then con-
clude that, within the statistics of the data, there
is no Z dependence of the broadening for this ser-
ies of projectile-target combinations. This is the
same dependence observed for superheavy M -band
continua'?®''® and is in opposition to both theory and
experiment for K-band continua.

It is appropriate at this point to discuss the
meaning of the term united-atom limit as used in
Fig. 1. The exact location of this limit is uncer-
tain because of three circumstances: (1) There
are several L x-ray lines that span a range of
energies. (2) This range may be extended owing
to the presence of multiple vacancies. (3) The
possible changes in populations and methods of
depopulating levels due to molecular effects can
shift the centroid of the L x-ray distribution. We
have determined experimentally that the position
we choose for the limit does not affect the results
of this experiment as long as it is chosen between
the La(3d-2p) transition energy and the 2s bind-
ing energy in the united atom. The 2s binding en-
ergies are chosen for convenience as upper limits
for the united-atom limits in Fig. 1. Likewise,
the 3s binding energies are used as limits for the
M -band data in Fig. 1.

The continuum observed from Na*+Ni has the
largest cross section in the range of this experi-
ment and it has no complicating structure from
characteristic lines near its shoulder. For these
reasons it was chosen for a detailed study of the
velocity dependence of the broadening beyond the
limit. Figure 2 shows spectra from Na* incident
on Ni at 0.5, 1.5, and 2.5 MeV. Since it is quite
obvious from Figs. 1 and 2 that the shape of the
spectra beyond the united-atom limit is not expo-
nential, as proposed in theoretical predictions for
K-band continua,®'® we have chosen to fit this
broadened part of the continuum with half of a
Gaussian. This choice is somewhat arbitrary,
but a consideration of the broadening from the
point of view of the uncertainty principle makes
Gaussian broadening at least plausible, if not
mandatory, particularly as opposed to the use of
exponential broadening. To take into account the
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FIG. 2. Velocity dependence of the broadening beyond
the united-atom limit for 0.5-, 1.5-, and 2.5-MeV Na*
incident on thick Ni targets. The dashed and solid curves
were calculated from Eq. (2) in the text using yield values
given in Fig. 3 and by curves B and C in Fig. 4.

complications of the detector resolution, we as-
sume that for photons of energy € greater than the
united-atom limit, €,, the width of the Gaussian
spectrum at a given projectile energy is W?
=W3+W2,, where W, is the detector width (FWHM
=2.355W,) and W72, is the Gaussian width of the broad-
ening beyond the limit. The detector width for our
system is W, =66.4[1.0+0.120e(keV)]. The shape
of the thick-target spectrum beyond the limit €,
for a projectile of energy E, is assumed approxi-
mated by

S a
Y EN = 35 }: (Y(E,) -Y(E;_)]
—(6_60)2
Xexp(Wz(ET), (2)

where Y(E;) is the measured thick-target yield
for a small portion of the continuum at photon en-
ergies just below €,. We take Y(E,) =0, where E,
(<200 keV) is the threshold energy for the contin-
uum. Measurements of Y(E;) in 0.1-MeV steps
are shown in Fig. 3 along with the cross sections
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FIG. 3. Thick-target yields of the continuum at the
united-atom limit for Na* incident on Ni, and the cross
sections derived from these yields, plotted as functions
of the projectile energy.

deduced from these yields.

Having decided on the functional form for fitting
the broadening beyond the limit, we must choose
the exact position of the united-atom limit. The
dots in Fig. 4 are two plots of W(Ey) obtained from
the data, each for an assumed value of €,. The
values of W(Ey) were adjusted until the calculated
values of Y(e, Ey) gave the best fit by eye to the
data. Width parameters for energies below 0.5
MeV were erratic owing to the nature of the analy-
sis (Eq. 2), poor statistics, and the proximity of
threshold and are not plotted in Fig. 4. In Fig. 2
the 2s energy of the united atom Z, + Z, has been
indicated, and it is this limit to which the lower
curve of points in Fig. 4 corresponds. Transitions
3d-2p (La) are the most probable for a normal
atom, and one can fit half-Gaussians to the data
nearly as well using this limit; the upper curve
of points in Fig. 4 corresponds to this 3d-2p lim-
it, which is also noted in Fig. 2. Curves B and C
in Fig. 4 correspond to parametrizations of the
dotted curves by functions proportional to EY*4,
chosen when an E/2 dependence clearly failed,
as shown by curve A in Fig. 4. This is not to
suggest that other parametrizations would not
fit as well (e.g., a form such as « +bEY?) but
only that EY* was the simplest form and one sug-
gested by the success of the EY* dependence of
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FIG. 4. Gaussian widths of the broadening beyond the
united-atom limits for Na™ + Ni as functions of projectile
energy. The dotted curves result from best fits by eye
to the continua obtained by varying the width parameters
in Eq. 1 in the text. The solid curves B and C, which
are proportional to E¥, were adjusted to give reason-
ably close fits to the dotted curves. Curve A is repre-
sentative of fits proportional to E V2,

K-band continua.

The widths W given by curves B and C in Fig. 4
are used in Eq. 1 to obtain the dashed and solid
curves in Fig. 2. The half-Gaussians using the
2s limit (solid curves) fit better at lower projec-
tile energies and those using the 3d-2p limit
(dashed curves) fit better at higher energies. The

worst fits are at low energies using the 3d-2p lim-
it. These results show that considerable improve-
ment in fit would result if a limit were assumed
that tended toward lower photon energies with in-
creasing projectile energy.

I1I. CONCLUSIONS

We have observed continuum radiation that we
believe to be the clearest evidence yet reported
for being characteristic of the formation of the
united atom itself. We have shown that the united-
atom limit, though ill defined, does exist and is
roughly bounded by the 3d-2p transition energy on
the low-energy side and the 2s binding energy on
the high side. We have demonstrated that the
broadening beyond the united-atom limit is clear-
ly not exponential and can be represented by half
of a Gaussian having a width proportional to EY/*.
We have also determined, within the projectile-
target limits of this experiment, that the broaden-
ing beyond the united-atom limit is not a function
of Z.

What is needed now is a correlation of the char-
acteristics of the various continua under one co-
gent treatment of quasimolecules formed during
heavy-ion collisions. Failing this, the next step
would seem at least a resolution of the contradic-
tion between exponential broadening for K-band
continua and Gaussian broadening for L- and M-
band continua.
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