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The x-ray spectrum in the region from about 2 to 42 keV has been measured for 25-MeV iodine ions
incident on thick and thin gold targets, 37.8-MeV gold fons incident on thick tin targets, and 23.9-MeV
gold ions incident on thick gold targets. The spectra were obtained for several values of aluminum
absorbers inserted between the target and detector. The broad band of x-ray emission lying in energy
between about 6.5 and 9.5 keV observed by Mokler et al. is confirmed as is their suggestion that it
arises from M x rays from the quasiatom system of Z ~ 130. A search for L x rays from these

systems was inconclusive.

I. INTRODUCTION

There is considerable current interest in the
possibility of observing x rays from quasiatom
systems transiently formed when various heavy
ions are used to bombard targets of various atomic
number, particularly for superheavy quasiatoms
(Z>110). The first report of the observation of
x rays from such high-atomic-number systems was
made by Mokler etal.! in 1972. In these experi-
ments, thick targets of Au, Th, and U were bom-
barded with 10- to 60-MeV iodine ions. In addi-
tion to the L and M x rays from the target and the
L x rays from the iodine beam, they observed a
broad band of x-ray emission lying in energy be-
tween the target La line (approximately 10 keV)
and the iodine La line (approximately 4 keV). They
ascribed these x rays to molecular-orbit transi-
tions from the 4f to the 3d levels in the combined
quasiatom. Previous to this work, Saris etal.?
observed x rays which they ascribed to L x rays
from an argon-argon quasiatom (Z =36). In more
recent work, Macdonald et al.® have reported the
observation of K x rays from a carbon-carbon
quasiatom (Z =12) and Meyerhof etal.* have ob-
served K x rays from bromine-bromine collisions
(z =10).

In order to verify the results of Mokler etal.,
the x-ray spectrum has been measured in the en-
ergy range from about 2 to 42 keV from 25-MeV
iodine ions incident on thick and thin gold targets,
from 37.8-MeV gold ions incident on a thick Sn
target, and from 23.9-MeV gold ions incident on
a thick Au target. Spectra were obtained for sev-
eral values of aluminum-absorber thickness in-
serted between the target and detector.

II. EXPERIMENTAL METHOD
The experiments were performed using the mod-
el-MP tandem Van de' Graaf accelerator in this
laboratory. One novel feature involved the use of
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a beam of gold ions. The ion source® for such
beams. consisted of a standard duoplasmatron
source producing an intense beam of singly charged
positive helium ions, a cesium oven, and a conical
gold aperture. Cesium, heated in the oven, coats
the conical gold surface which, in turn, is bom-
barded with the low-energy helium beam. Gold
ions are sputtered through the cesium layer and a
small but appreciable fraction emerge with nega-
tive charge. These are extracted from the source
and are appropriately injected into the low-energy
end of the tandem. With a terminal voltage of
about 5 MV, both charge state 7* and 8* are rela-
tively abundant from the terminal gas stripper.
Gold beams in the energy range 20—-40 MeV of in-
tensity up to 100 nA were readily obtained. Iodine
beams were obtained by inserting a tube containing
iodine crystals in a Penning source.

The momentum-analyzed gold or iodine beams
were collimated by high-purity graphite apertures
before striking the target. Two blocks of poly-
ethylene interleaved between three permanent mag-
nets placed between the target and the 90° exit
window to the detector served to collimate the x
rays from the target and to attenuate x rays from
scattered beams striking the target-chamber sur-
faces. The magnets suppressed electrons from the
target. The 90°target-chamber exit window was
25-pum-thick beryllium, and a 3.3-mm-diam tanta-
lum collimator was placed between the target-
chamber exit window and the entrance window to
the detector.

The detector® was a 4-mm-diam 3-mm -thick
Si(Li) crystal cooled to liquid-nitrogen tempera-
tures. In this detector, pulsed optical coupling
was employed® between the Si(Li) diode and the
preamplifier to reduce the usual thermal noise
occurring with resistive coupling and to provide
dc restoration of the base line. The system also
employed pileup rejection.® Data access is inhibit-
ed during optical restoration of the base line which
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minimizes pileup and gain shift at high counting
rates. The resolution was about 180-eV full width
at half-maximum for 6.4-keV x rays. An 8.2-um
beryllium window separated the evacuated detec-
tor diode from atmosphere.

X-ray spectra were measured for 25-MeV iodine
beams incident on a thick gold target with only the
two beryllium windows (and an 18-mm path length
of air) between the target and detector and with 18
and 38 um of aluminum absorber inserted. The
combined attenuation of the two Be windows (thick-
ness 33 um) and the 18 mm of air varied from less
than 2% for 10-keV x rays to about 23% for 4-keV
x rays. Similar measurements were made with a
beam of 37.8-MeV gold ions incident on a thick tin
target. Tin was chosen because it is the most con-
venient target material with atomic number close
to iodine. The gold-beam energy of 37.8 MeV was
chosen because it corresponds to the same dis-
tance of closest approach for gold on tin as 25 MeV
does for iodine on gold. The same set of measure-
ments were made for 0, 18, and 38 um of alumi-
num absorber for 23.9-MeV gold ions on a thick
gold target. This energy was chosen because it
corresponds to the maximum energy of recoil of
gold nuclei when they are struck by 25-MeV iodine
ions.

Measurements were also made of the x-ray
spectra resulting from 25-MeV iodine bombard-
ment of gold targets of various thicknesses rang-
ing from 10 to 500 pg/cm?. In these experiments
the beam current passing through the target foil
was measured in a Faraday cup. Despite the fact
that the energy loss of 25-MeV iodine ions in 500
pg/cem? of gold is only about 3.5 MeV,? small-angle
scattering was sufficiently great that an accurate
measurement of beam current could not be made
for this thickness of target.

Finally, an attempt was made to measure x rays
of energy greater than that of the Au Ly x rays
(~14.2 keV) for both 25-MeV iodine ions on thick
gold and 37.8-MeV gold ions on thick tin. A com-
parison of these two spectra in this region of x-
ray energy is of interest with respect to the ques-
tion of the emission of L x rays from the combined
(Z =~ 130) quasiatom.

1. EXPERIMENTAL RESULTS

Figures 1-3 show the x-ray spectra measured
in the present experiments. In Fig. 1, the results
from 25-MeV iodine ions incident on a thick gold
target are displayed. Three spectra were mea-
sured with 38, 18, and0 um of an aluminum absorb-
er between the target and the detector. The prom-
inent features of the spectra are labeled. Figure
2 shows the results for 37.8-MeV gold ions in-
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FIG. 1. X-ray spectra from 25-MeV iodine ions inci-
dent on a thick gold target for the cases where 38, 18,
and 0 ym of aluminum absorber was inserted between
the target and detector.

cident on a thick tin target for absorber thickness
of 18- and 0-pym aluminum. Because tin has atom-
ic number 50 compared to 53 for iodine, the tin

L lines are both lower in energy and have different
relative intensity ratios for their components.
Figure 3 shows the results for the case where
23.85-MeV gold ions are incident on a thick gold
target, again with 38-, 18-, and 0-um thicknesses
of aluminum absorber.

In Fig. 4, the x-ray spectra for 25-MeV iodine
ions incident on a thick gold target and 37.8-MeV
gold ions incident on a thick tin target are com-
pared. The two spectra have been normalized to
the 9.8-keV Au La line (about channel 1180). As
mentioned above, the two energies correspond to
the same distance of closest approach for the
iodine-gold and gold-tin systems, -respectively.
The only absorbers between the target and detec-
tors were the two Be windows and 18 mm of air.
The gold La, L8, and Ly lines at energies of about
9.8, 11.65, and 14.2 keV, respectively, are prom-
inent features of the upper part of the spectrum.
The gold L, line at 8.6 keV is also seen weakly.

In the lower part of the spectra, the iodine La, ,,
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FIG. 2. X-ray spectra from 37.8-MeV gold ions inci-
dent on a thick tin target for the cases where 18 and 0 ym
of aluminum absorber was inserted between the target
and detector.

Lg,, LB,, and Ly, , lines are seen at about 4.1,
4.4, 4.9, and 5.4 keV, respectively (in the gold-
on-tin spectra, the equivalent lines from tin at
lower energies are seen). In addition, the peaks
at lowest energy are various M lines from gold
which are seen in both spectra. The broad x-ray
distribution lying between the iodine (or tin) L
lines and the gold L lines is the feature of the
spectra which has been interpreted by Mokler
etal.! as M x-rays from the Z ~ 130 quasiatom
system. Relative to the gold L« line, it is approx-
imately 30% higher in the iodine -on-gold spectrum
than the gold-on-~tin spectrum.

Figure 5 shows the same spectra with an 18um
aluminum absorber between the source and detec-
tor. The same features appear as in Fig. 4, ex-
cept that now there is a 60% or greater difference
between the two broad x-ray distributions and the
two gold La lines.

The same data are displayed in a somewhat dif-
ferent fashion in Figs. 6 and 7. Figure 6 shows
two curves from the 25-MeV iodine beam on thick
gold. The first (shown as open circles) is a portion
of the x-ray spectrum between about 4 and 12 keV
with 18 um of aluminum absorber inserted between
the target and detector. The second (shown as
closed circles) is the ratio of intensity of the spec-
trum with 18-pm aluminum absorber to that with
no aluminum absorber. The ratios of areas under
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FIG. 3. X-ray spectra from 23.85-MeV gold ions
incident on a thick gold target for the cases where 38,
18, and 0 um of aluminum absorber was inserted between
the target and detector.
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FIG. 4. Spectra of x rays from 25-MeV iodine ions
incident on a thick gold target and 37.8-MeV gold ions
incident on a thick tin target normalized to the 9.8-keV
gold L« line (channel 1180). The only absorber.between
the target and detector was 33 um of Be and 18 mm of
air.
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FIG. 5. Same as Fig. 1 with additional absorber con-
sisting of 18 um of aluminum inserted between the tar-
get and detector.

the 9.8-keV gold La line with and without 18 um
of aluminum absorber has been adjusted to the val-
ue of 0.875 corresponding to 1/p =28 for aluminum
at this energy.® The dashed line through the in-
tensity ratio or attenuation data is the expected
value® for an 18-pm-thick aluminum absorber.
The observed attenuation falls below this line in
the energy region from about 5.5 to 9.5 keV. It
agrees with the expected value for the various L-
line peaks of iodine and gold.

In Fig. 7 similar data are plotted for the case of
37.8-MeV gold ions incident on thick tin. Again
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the attenuation data are normalized to 0.875 at

9.8 keV. In this case the experimentally measured
attenuation falls below the value expected for an
aluminum-absorber thickness of 18 um in the en-
ergy range from about 4.6 to 9.0 keV. It should

be noted that the strong variation of the measured
attenuation across sharp peaks shown here, par-
ticularly for the 9.8-keV line, is merely due to a
small gain shift between the two spectra.

Figure 8 shows the attenuation data for 25-MeV
iodine ions incident on thick gold for an aluminum-
absorber thickness of 38 um. In this case, the
ratio of areas under the 9.8-keV peak is normal-
ized to the expected value of 0.75. The plotted
spectrum is that obtained when the 38-pm alumi-
num absorber is inserted. The results are simi-
lar to those displayed in Fig. 3 except that the at-
tenuation factors are smaller. Again the experi-
mentally observed intensity ratios fall below the
expected attentuation curve in the energy region
between 5.5 and 9.5 keV.

In order to eliminate the possibility that the
broad band of x rays centered at about 8 keV is
due to gold ions recoiling in the thick gold target
when they are struck by the incident iodine ions,
the x-ray spectrum from 23.85-MeV gold ions in-
cident on a thick gold target was measured. This
incident energy corresponds to the maximum en-
ergy of recoil of gold atoms when bombarded with
25-MeV iodine ions. The three spectra measured
with 38-, 18-, and 0-um thicknesses of aluminum
absorber are shown in Fig. 3. A new feature of
these spectra is the strong peak corresponding to

the gold L, line which is seen only weakly in the
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FIG. 6. Lower curve
(open circles connected by
a solid line), x-ray spec-
trum for 25-MeV iodine
ions incident on a thick gold
target with an 18-y m ab~
sorber inserted between the
target and detector. The
right-hand scale giving
counts per 160 eV applies
to the spectral plot. Closed
circles with error bars,
ratios of counts in each
160-eV bin of the spectrum
with an 18-y m aluminum
absorber to that with no
aluminum absorber nor-
malized so that the ratio
of areas under the gold
La line at 9.8 MeV is 0.875.
Dashed curve, expected at-
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iodine-on-gold and gold-on-tin spectra.

Figure 9 compares the x-ray spectra for 25-MeV
iodine ions incident on thick gold and 23.85-MeV
gold ions incident on thick gold for the case when
38-um aluminum absorber is inserted between the
target and detector. The two spectra have been
normalized to the intensity of the gold L« line.
Clearly, gold recoils are contributing negligibly
to the broad x-ray band centered at 8 keV observed
in the iodine-on-gold spectrum.

The attenuation data for the gold ions incident on

a thick gold target is shown in Fig. 10. These
curves are similar to those of Figs. 6-8. The
solid curve connecting open circles is the x-ray
spectrum from 23.9-MeV gold ions incident on a
thick gold target with 18-um-thick aluminum foil
inserted between the target and detector. The
closed circles are the ratio of the intensity of the
spectrum with an 18-um aluminum absorber to
that with no aluminum absorber. Again the ratio of
areas under the 9.8-keV gold La line has been ad-
justed to the value 0.875 expected® for this thick-
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FIG. 9. Spectra of x rays from 25-MeV iodine ions
incident on a thick gold target and 23.85-MeV gold ions
incident on a thick gold target normalized to the 9.8-keV
gold La line. A 38-4m aluminum absorber was inserted
between target and detector.

ness of absorber. The dashed curve again is the
expected attenuation ratio. Unlike the previous
plots of this kind shown in Figs. 6-8, the measured
attenuation ratio lies above the expected value for
all energies between 3.5 and 9.5 keV.

In order to determine whether the general shape
of the spectrum resulting from 25-MeV iodine ions
incident on gold (shown in Fig. 1) was dependent

on target thickness, the spectra were measured
for gold-target thicknesses of 10-, 30-, 50-, 100-,
and 500- pg/cm? gold evaporated on 40 pg/cm?®
carbon backings. Such variations in spectral shape
could result from processes having different de-
pendences on beam energy or from processes de-
pending on single versus multiple collisions. The
beam current was measured in a Faraday cup
biased to eliminate secondary electrons. The en-
ergy loss in gold for 25-MeV iodine ions is 6.42
MeV (mgcm?).” For the thickest target employed
(500 pg/cm?) it was found that the current reading
was unreliable (presumably owing to small-angle
scatter). The accuracy with which the various tar-
get thicknesses were known was estimated to be
about +5 pg/cm®. A spectrum was also measured
for 25-MeV iodine ions incident on a 40-ug/cm?
carbon foil so that corrections for the target back-
ing could be made. The results are summarized
in Fig. 11. The inset in Fig. 11 shows the counts
due to L x rays from iodine divided by the beam
charge and target thickness (R,) plotted as a func-
tion of target thickness. The error bars indicate
the principal uncertainty in the measurement—that
of target thickness. The main graph shows two
curves. The closed circles are the ratio of the
counts in the gold La line to the iodine L lines R,),
and the open circles are the ratio of the counts in
the broad x-ray band centered at 8 keV to the
iodine L lines (R,) as a function of target thickness.
These ratios have been corrected for x-ray self-
absorption to take into account the fact that the
absorption coefficient for iodine L x rays (~4.2
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FIG. 11. Yields and ratio of yields of various regions of the x-ray spectrum resulting from 25-MeV iodine ions inci-
dent on a gold target as a function of target thickness. The inset plots the intensity of the iodine L lines divided by total
beam charge and target thickness (R;) against target thickness (closed squares). The main graph shows the ratio of
counts in the gold Lo peak (R,, closed circles, right-hand scale) and the counts in the broad x-ray band centered at 8
keV (R, open circles, left-hand scale) to the counts in the iodine L lines as a function of target thichness. An 18-pm-
thick aluminum absorber was inserted between the target and the detector.

keV) is about ten times as great as for gold L x
rays (~9.8 keV) in the gold target. In calculating
these self-absorption corrections, it was assumed
that the cross section for production of x rays
throughout the energy spectrum is relatively con-
stant as a function of beam energy over the range
covered by energy loss in the target (i.e., 25-22
MeV for the 500-ug/cm?-thick target). The experi-
mental uncertainties in these two ratios, unless
indicated, are smaller than the diameter of the
points and are statistical in nature. To within the
experimental uncertainties, the yield of iodine L
X rays is proportional to target thickness, while
that of the gold La line and the broad 8-keV line
increases more rapidly than linearly with target
thickness.

As part of these thin-target-yield measurements,
the absolute cross section was obtained. The beam
current was measured in a biased Faraday cup,
and it was assumed that 25-MeV iodine ions have
a mean charge state® of about 14 after passing
through a 100-ug/cm? gold foil. In the region of
the spectrum from 6.3 to 9.4 keV, the measured
cross section was about 100 b (or approximately
32 b/keV). This is to be compared with the value
of 64 b/keV obtained by Stein.'°

An attempt was made to detect possible L x rays
from the combined gold-tin system. The maxi-
mum energy of such radiation is expected to be
about 30 keV, which is close to the Ka and K8
x-ray energies of approximately 25.2 and 28.5
keV, respectively, from tin. A comparison was

made between two spectra in the x-ray energy re-
gion from 5 to 45 keV. In the first case, a thick
gold target was bombarded with 25-MeV iodine
ions, and in the second, a thick tin target was
bombarded with 37.8-MeV gold ions. Because va-
cancies in the gold L shell are required in order
for the quasiatomic L x rays from the combined
system to occur, one would expect to produce such
x rays with higher probability when gold is em-
ployed as the projectile rather than the target. In
the energy region from 22 to 42 keV, the observed
intensity from gold on tin was about 8 +1 times
that from iodine on gold relative to the Au La line.
Although this is a significant difference and sug-
gests that quasiatomic L x rays are, in fact, being
observed, there are a number of residual uncer-
tainties discussed in Sec. IV which need further
experimental investigation before definite conclu-
sions can be drawn.

IV. DISCUSSION

The broad band of counts centered at 8 keV in
the x-ray spectrum was observed by Mokler et al!
and also observed in the present work when iodine
ions of various energies are incident on thick gold
targets and when 37.8-MeV gold ions are incident
on a thick tin target. This band could arise from
causes other than the quasiatom mechanism pro-
posed by Mokler. These are (i) pulse pileup effects
due to finite electronic resolving time and high
counting rates of low-energy x rays; (ii) target
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impurities; (iii) interactions between recoiling
and stationary target atoms; (iv) combination of
low-energy tails of intense higher monoenergetic
gold L x rays and high-energy tails of intense
lower monoenergetic iodine or tin L x rays; and
(v) electron bremsstrahlung, nuclear bremsstrah-
lung, or radiative electron capture. The present
experiments were designed to eliminate these pos-
sibilities.

Pileup effects are rendered negligible as a re-
sult of the pileup rejection® employed in the de-
tector circuitry. From the known counting rates
in the region of the spectrum corresponding to
iodine L x rays (4.02-5.30 keV), the pileup contri-
bution to the region of energy encompassing the
broad peak (6.5-9.5 keV) in the 25-MeV iodine on
thick gold runs (Fig. 1) was 5%, 0.2%, and 0.2%,
respectively, for the three cases of no absorber,
18-um aluminum absorber, and 38-um aluminum
absorber, respectively. This assumes a 1-usec
pileup rejection time, which is probably an upper
limit. It should be noted that when absorbers were
inserted, the beam current was increased to give
higher counting rates in the 8-keV region, so the
expected quadratic dependence of pileup on count-
ing rate does not apply.

The possibility that the 8-keV band is due to
target impurities is immediately eliminated by
essentially reversing the role of target and pro-
jectile as done in the present experiments—unless,
of course, the same impurity happened to be pres-
ent in both the thick gold and thick tin targets
which is unlikely. In any case, impurities would
give rise to lines in the spectrum, not to broad
bands. Figures 4 and 5 show that the spectra for
the two experiments are very similar. The fact
that when the two spectra (iodine ions on a thick
gold target and gold ions on a thick tin target) are
normalized to the gold La line, the broad x-ray
band at 8 keV is about 30% greater for iodine on
gold than gold on tin when no aluminum absorber
is inserted and about 60% greater when an 18-um-
thick aluminum absorber is inserted can be at-
tributed to the effects of the high-energy tails of
the intense L lines from iodine and tin. Because
the iodine L lines are higher in energy, they con-
tribute more counts under the broad peak than the
tin L lines. This difference is enhanced when an
aluminum absorber is added because this selec-
tively absorbs more of the tin L line. I could
also be due to a difference in the fluorescent yield
of the gold La line depending on whether gold is
the projectile or the target since, in the former

case, the radiating gold ion is more highly ionized.

Since one might expect the fluorescent yield to
increase with increased ionization, normalizing
the iodine-on-gold and gold-on-tin spectra to the

gold La line would make the 8-keV band appear
less intense when gold is the projectile than when
it is the target as observed. It could also, in part,
be due to the fact that the proposed molecular-or-
bit mechanism is different when the role of target
and projectile is interchanged. Both these latter
effects, of course, would be independent of the
absorber thickness. Finally, the fact that the in-
tensity of the broad 8-keV band increases faster
than linearly with respect to the iodine L lines as
the target thickness is increased also precludes
the possibility that it arises from a target contam-
inant.

In order to completely eliminate the possibility
that this broad 8-keV distribution, in the case of
iodine ions incident on gold, is not associated with
gold ions recoiling in gold (although this possibili-
ty is also eliminated by reversing the role of tar-
get and projectile), thick gold targets were bom-
barded with gold beams of energy 23.9 MeV. This
energy is equal to the maximum gold recoil energy
from 25-MeV iodine ions incident on gold. The re-
sults are shown in Fig. 3, and a comparison be-
tween the iodine-on-gold and gold-on-gold spectra
is shown in Fig. 9, with the two spectra again
normalized to the gold La line. Clearly the gold
recoil contribution to the broad 8-keV peak is neg-
ligible. Significant differences are apparent in
the gold L lines observed in the two cases. These
differences deserve further detailed study, but
were not pursued in the work reported here.

A detailed analysis has been carried out on the
spectra obtained with different thicknesses of ab-
sorber inserted between the target and detector.
The results are shown in Figs. 6-8 and 10. For
both the case of iodine incident on thick gold (Figs.
6 and 8) and gold incident on thick tin (Fig. 7) the
region of the spectrum between 6 and 9 keV con-
tains pulses due to x rays of lower energy (and
perhaps also of higher energy), whereas for gold
on gold (Fig. 10) the spectrum below 8 keV must
contain appreciable contributions from the tails
of the higher-energy gold L lines. For the iodine-
gold and gold-tin combinations, the question is
whether such high and low tails of lower- and high-
er-energy X rays can completely account for the
pulses observed in the spectrum in this region of
energy centered at about 8 keV.

In an attempt to answer this question, an analysis
was made of the spectrum shown in Fig. 8. The
portion of this spectrum between about 5.5 and
12.5 keV was plotted linearly and is shown in Fig.
12. A plausible high-energy tail was drawn, the
intensity of which was assumed to be entirely due
to 5.65-keV x rays, and a low-energy tail was con-
structed, the intensity of which was assumed to
be entirely due to 9.8-keV x rays. The energy of
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FIG. 12. Linear plot of the x-ray spectrum from 25-
MeV iodine ions incident on a thick gold target with 38
#m of aluminum absorber between the target and de-
tector. Plausible high-energy tails on the iodine L
x rays and low-energy tails on the gold La x rays are
shown. The expected attenuation using this spectral de~,
composition (closed squares) is compared with the mea-
sured attentuation (open circles).

5.65 keV is higher than the highest L line from

iodine (Ly,), which has an energy of about 5.4 MeV.

It corresponds, however, to a slight shoulder on
the high-energy side of the iodine L spectrum
(see, for example, Fig. 8) and is most likely due
to x rays from radiative electron capture, as dis-
cussed below. The difference between these as-
sumed tails and the measured spectrum is shown
as a broad dashed peak. No acceptable combina-
tion of high and low tails can be constructed to
eliminate this peak. Furthermore, the attenuation
of such a composite spectrum when 38 pm of alu-
minum absorber is inserted (shown as the closed
squares in Fig. 12) agrees reasonably well with
the measured attenuation (shown as open circles)
and differs appropriately from the calculated at-
tenuation (shown as the solid line). Thus, there
is no question that a broad band of x radiation
centered at 8 keV is observed when iodine ions are
incident on gold (and when gold ions are incident
on tin). Furthermore, it is interesting to note
that the shape of this broad band cannot differ sub-
stantially from that shown by the dashed line in
Fig. 12. In particular, it must be almost zero at
some energy between 6 and 7 keV (and inferential-
ly at all energies below this as well) or the ob-
served attenuation in this region would not be ac-

curately reproduced.

Finally, the question remains as to whether
there are known interaction mechanisms which
could produce this broad band of radiation for the
iodine-gold and gold-tin systems other than that
proposed by Mokler et al.! Such mechanisms
would include electron bremsstrahlung, nuclear
bremsstrahlung, and radiative electron capture.

The first possibility can be eliminated in part
because the maximum energy of the electron-
bremsstrahlung spectrum corresponds to the max-
imum energy imparted to an unbound electron by
a head-on collision between the incident heavy
ions (iodine, for example) and an electron at rest.
For 25-MeV iodine ions, this corresponds to 0.4
keV.

Beyond this upper limit on the bremsstrahlung
energy owing to iodine collisions with unbound
electrons, however, there will be a monotonically
decreasing contribution to the bremsstrahlung
spectrum from collisions involving bound electrons.
This phenomenon has been investigated recently
for protons in the MeV range by Folkmann et al.!!
in connection with their work on trace-element
analysis. In these studies it was found that the ul-
timate limitation on the sensitivity for detection
of trace elements from their characteristic x-ray
emission under proton bombardment was due to
the bremsstrahlung spectrum from electrons eject-
ed by the bombardment from bound orbits in the
atoms ‘constituting the matrix of the sample. Folk-
mann'® has carried out a preliminary calculation
for the case of 25-MeV iodine ions incident on gold.
In this calculation he has assumed a binary en-
counter or plane-wave Born approximation, al-
though he states that the validity of this approxima-
tion is uncertain for such low-energy heavy ions.
The advantage of the approximation, however, is
that a simple scaling relation can be employed
which relates the cross section for production of
secondary electrons in the target for a projectile
characterized by Z,, A,, and E, to that for incident
protons on the same target of energy E,/A,. This
relation states that the cross section for the form-
er is a factor of Z? higher than for the latter. He
finds that the largest contribution to secondary
electrons whose energies lie in the region from 4
to 10 keV arises from those ejected from the gold
M and N shells when gold is bombarded with 0.197-
MeV protons (E,/A,=25/127=0.197 MeV). The
total bremsstrahlung cross section in the region
from 6.3 to 9.4 keV from all bound electrons
ejected from gold atoms when bombarded with 25-
MeV iodine ions calculated in this way (including
the Z? factor) is approximately 72 mb. In the cor-
responding energy region, the results presented
here yield a cross section of approximately 100 b.
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In addition, of course, one must consider the
bremsstrahlung due to bound electrons ejected
from the M and N shells of the incident iodine atoms
by the gold-target nuclei. _This is equivalent to
38.8-MeV gold ions incident on iodine and E,/A,
=0.197 MeV as before. The cross section will be
higher for this process by a factor of about 2 be-
cause of the Z? factor and will also differ because
of the different electron binding energies involved.
The cross section for this wasnot calculated, but
it is highly unlikely that including it can account
for the observed cross section of 100 b.

In the case of nuclear bremsstrahlung, the maxi-
mum bremsstrahlung energy corresponds to the
maximum heavy-ion energy, so the spectrum in-
cludes the region of interest around 8 keV. It is
therefore again necessary to compare the measured
absolute cross section in this region of the spec-
trum with that predieted for nuclear bremsstrah-
lung. An expression for the latter has been given
by Alder et al.'® for dipole radiation. For an en-
ergy interval of 3 keV centered at 8 keV, this ex-
pression yields a cross section of about 1072 b for
25-MeV iodine ions. As discussed above, the
cross section measured in the present experiments
(again for a 3-keV energy interval centered at 8
keV) is approximately 100 b. Nuclear bremsstrah-
lung is thus five orders of magnitude lower in
cross section and cannot account for the observed
8-keV band.

Radiative electron capture (REC) is a process
in which electrons approximately at rest in the
target are captured into, in this case, an L-shell
vacancy in the moving incident iodine atom. The
energy of the radiation emitted in this process is
the binding energy of an electron in the appropriate
L shell (i.e., 2s,/,, 29,/,, or 2p,;,) for the particu-
lar charge state of the ion at the time the electron
capture takes place plus the kinetic energy of the
electron relative to the moving ion. For 25-MeV
iodine ions, the latter amounts to only 107 eV. The
L-shell binding energy depends on the number of
electrons which have been stripped from the mov-
ing ion and the orbits in which the remaining elec-
trons are distributed. A reasonable estimate of
the average charge state of 25-MeV iodine ions in
a solid target, which can be obtained from the re-
view article of Betz,® is g =14 (this is the value
that was used above to calculate the absolute cross
section). The binding energies of L-shell electrons
have been calculated' using the Hartree-Fock-
Slater method and including relativistic and spin-
orbit corrections according to the prescription of
Herman and Skillman.'® For a single electron va-
cancy in the 2s shell or the 2p shell or both, with
the remaining vacancies distributed among the
4d, 5s, and 5p, shells, the maximum L-shell

binding energy is about 5.7 keV, which would cor-
respond to an REC energy of 5.8 keV including the
kinetic-energy term. Values of binding energy up
to 6.5 keV are indicated for two vacancies in the
2s shell, but this is clearly unlikely to occur. Va-
cancies in the 1s shell are of negligible probability
since no iodine K x rays are observed (the K fluo-
rescent yield for iodine is about 0.9). The L-shell
binding energy is relatively independent of the va-
cancy distribution in the outer shells. It thus ap-
pears that the REC peak would be at about 5.8 keV,
which is substantially below the approximate 8-
keV centroid observed for the broad band. As
noted above, a slight shoulder is observed on the
high-energy side of the iodine L spectrum (Fig. 8)
at an energy of approximately 5.65 keV, and this
is most likely the REC contribution. Finally, it
should be recalled that in the work of Mokler

et al.’ the centroid of the broad band occurs at

8, 9.5, and 10 keV, respectively, for jodine ions
incident on Au, Th, and U. The spectral-distribu-
tion REC radiation would be essentially independent
of target Z.

Having exhausted all the known possible alterna-
tive explanations for the broad 8-keV radiation
band, one is led to the conclusion that the explana-
tion originally advanced by Mokler et al. is cor-
rect, namely, that it arises from M x-ray transi-
tions in the Z ~130 quasiatom transiently formed
in the present work when iodine ions are incident
on gold (or gold ions incident on tin). It should be
noted that the quasiatom transitions involved dif-
fer when the role of projectile and target is re-
versed, as will be discussed below.

There remains, however, one puzzle connected
with one of the experiments reported here. It has
been pointed out by Stein'® that one would not ex-
pect the ratio of the Au La line and the broad 8-
keV band to continue rising with respect tothe I L
lines for target thicknesses much beyond a few
pg/em®—certainly not up to thicknesses as great
as 500 pg/cm?® as observed here (Fig. 11). He
argues that since the production of both Au L radi-
ation and the 8-keV band depends on the existence
of a beam of iodine ions containing L vacancies,
one expects a variation with target thickness for

-these two processes compared to that for the io-

dine L x rays of the form 1 - e"’/-’, where ¢ is the
time taken for the iodine beam to pass through a
given target thickness and 7 is the lifetime of the
L vacancy in iodine. If the latter is taken to be
2x107'° sec, the 1-1/e thickness for 25-MeV io-
dine ions is 2.5 ug/cm?®. For the yield ratio to
continue to increase up to target thicknesses of
500 pg/cm?® implies that the L-vacancy lifetime in
iodine is about a factor of 100 longer than the
value assumed by Stein when as many as 14 elec-
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trons have been removed. This seems unlikely,
but no detailed explanation for the results dis-
played in Fig. 11 is presently available. It should
be emphasized that one might be inclined to ascribe
this particular feature of the data to some unknown
experimental error were it not for the fact that

one is comparing ratios of intensities of various
regions in an individual spectrum measured for

one target thickness to those same ratios measured
in another spectrum for a different target thick-
ness, and it is difficult to invent plausible reasons
for error. The spectra literally change their

shape as the target thickness is increased from

10 to 500 pg/cm?2.

Turning now to the attempt to observe L x rays
from the Z ~130 quasiatom systems under discus-
sion here, the results described above showed
that the intensity observed in the spectrum in the
region of 30 keV (the expected energy of such
quasiatom L x rays) relative to the Au La line was
approximately an order of magnitude higher for
gold ions incident on tin than for iodine ions inci-
dent on gold. In neither case was there any evi-
dence for characteristic tin or iodine K x rays
which would also occur in this region of energy.
This enhanced intensity is what one might expect
for quasiatom L x rays because vacancies in the
gold L shell which can be carried by the gold pro-
jectile into a second collision are a prerequisite
for the production of such quasiatom L x rays.
There are, however, two other reasons why one
might expect to observe more counts above the
Au L lines for gold on tin as opposed to iodine on
gold relative to the Au La line. In the first place,
the Au L3 and Ly lines are less intense relative
to the La line for iodine incident on gold, as can
be seen from Fig. 5; hence the contribution from
high-energy tails of these lines will make less of
a contribution. Second, there is the possibility
that the Compton tail from 77-keV vy rays arising
from the Coulomb excitation of the first excited
state in *"Au contributes counts to this region of
energy. The cross section for this reaction is ex-
ceedingly small, however, at the energies in-
volved, but a rough estimate indicates that it is a
factor of 2 higher for 37.8-MeV gold ions incident
on a thick tin target than it is for 25-MeV iodine
ions incident on thick gold. Since both effects are
in the direction of increasing the counts in the
region of energy where one expects the quasiatom-
ic L band to occur for gold on tin over that for io-
dine on gold, the observation of increased counts
is not, at present, conclusive evidence that such
X rays are observed.

The mechanism suggested by Mokler et al.' to
explain the broad 8-keV band is based on the mo-
lecular-orbit-level diagram proposed by Fano and

Lichten'® and developed by Lichten.!” A highly
simplified version of the diagram exhibited by
Mokler et al.! for the iodine-gold system is shown
in Fig. 13. It contrasts the mechanism for pro-
ducing Au L x rays and quasiatom M x rays for the
case of iodine incident on gold and gold incident on
iodine (tin in the present work).

For the case when iodine is the projectile and
gold the target the suggested explanation is as fol-
lows.

(1) The gold M lines arise from a single collision
promoting an electron into the continuum via the
strongly rising 3d level in gold. This occurs in a
single collision.

(ii) The iodine L lines also occur as a result of
a single collision in which electrons in the 2p orbit
of iodine are promoted via the 4f quasiatom level
to a region where they are readily ionized. On
separation, these vacancies can be transferred
back to all levels in the iodine L shell.

(iii) Two collisions are required to produce the
gold-target L x rays. The vacancy in the iodine
2p level created in the first collision as described
above may still exist when a second collision oc-
curs. It can then be transferred via the 3d united
atom levels to the 2p level in the separated gold
target. L x rays from gold are then emitted as
shown by the vertical arrow on the right-hand side
of the figure.

(iv) This same two-step mechanism can also
give rise to the quasiatom x ray transitions. In
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FIG. 13. Highly simplified molecular-orbit diagram
for the iodine plus gold system showing the level shifts
and transitions observed in the present experiments.
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particular, the 4f to 3d transition shown by the
vertical arrow on the left-hand side of the diagram
can occur during the second collision before the
vacancy in the incident-iodine-ion L shell can be
transferred to the gold-target L shell.

The question then arises as to what mechanism
applies when the role of target and projectile are
reversed. Obviously both one-step processes dis-
cussed above are independent of which is the pro-
jectile and which the target. Clearly the produc-
tion of gold L x rays when gold is the projectile
cannot be a two-collision process involving the
production of holes in the iodine-target L shell in
the first collision. Referring again to Fig. 13,
the following is a possible mechanism. In the first
collision, a hole in the 3d shell in gold is created
by the sharply rising 3d level in gold. This vacan-
cy can then be transferred to the 2p shell in gold
in the second collision via the 3d level in the com-
bined atom. This same mechanism can give rise
to the quasiatom x rays. This is the first example
in which this particular mechanism occurs. Since
in both target-projectile situations the same pro-
cess gives rise to both the gold Lo lines and the
molecular-orbital x rays, although the atomic and
molecular orbits involved differ depending on

which is the projectile and which the target, one
expects the ratio to be almost the same-—as it is.

V. CONCLUSIONS

A number of experiments involving gold and io-
dine projectiles and gold and tin targets have been
carried out which verify the conclusion of Mokler
et al.' that the broad band of radiation centered
at about 8 keV when the combined Z of the projec-
tile-target system is about 130 arises from M
x rays of the quasiatom system.
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