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This study elucidates the role played by implanted argon in the production of AI. &-, non-
characteristic, and Si E. x rays during 270-keV argon bombardment of silicon carbide.

Recent observations' " of noncharacteristic x
rays produced during bombardment of solids by
energetic heavy ions have been interpreted' as
being due to inner-shell transitions during the
lifetime of the pseudomolecule formed during an
atomic collision. In this paper we present a study
of the phenomenon, in which the relationship be-
tween characteristic and noncharacteristic x rays
is clarified. The system studied is Ar+ Si, since
three groups of x rays arise, which can be easily
resolved; namely Ar l. (-220 eV), noncharacter-
istic (whose distribution appea. rs to peak at 1 keV
because of the strong attentuation exhibited by the
detector window for the lower energy components),
and Si K (-1800 eV).

The Fano-Lichten model' ' of heavy-ion x-ray
production predicts that no Si K x rays are pro-
duced in a single collision between argon and sili-
con atoms, because the 1s electrons of silicon
would have to be promoted to the argon 2p, which
is already full. The fact that Si g x rays are
generated was explained by Macek, Cairns, and
Briggs'0 as arising from a double scattering in
which an argon 2p vacancy created in a prior col-
lision is carried into a subsequent Ar-Si colli-
sion, thereby permitting Si K-electron promo-
tion. The production of noncharacteristic x rays
is thought to be an alternative process during the
same collision. It thus becomes apparent that all
three x-ray yields, viz. Ar I., noncharacteristic,
and Si K, are interrelated.

The x- ray yields measured in our experiment
are shown in Fig. 1. Targets of silicon and sili-

1o
o oo oaaaoa o~a

IAr-L-c-K I nI)
tjl ll

53-
8 [ SILIC0N

J
~ '

Ar-L Ix 2 )

LU NON—

CHARACTERISTI C
aooao oo

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ooo oo o~
~ ~ ~ ~ o oaoaoaaoo

~ ~ 8 0
a ~ a ~ ~ a ~ a S' KI

~ ~ ~ "' NON-
~ ~ ~ ~

a

Ar ION DOSE I x10 / cm I
$61 2

Sl LI CON

CARBI DE

C HAR ACT ERI ST I 6

5 10 5 10

I'IG. 1. The yields of Ar L (220 eV), noncharacteris-
tic {band), ancl Si A'. (1739 eV) x rays under 270-keV
Ar++ bombardment as argon dose is increased. The
yields of all three x rays are higher in the case of SiC
targets.

con carbide were bombarded with 270-keV Ar"
ions. The x rays emitted were detected with an
end-window proportional counter" and single-
channel-analyzers were used to obtain the yields
of the three x rays. The yields are not corrected
for absorption in the counter window. However,
the rate of buildup of the x-ray yields shown in
Fig. 1, expressed as a fraction of their initial
yields extrapolated to zero dose, can be correct-
ly determined from the data, as can differences
in intensity between silicon and silicon-carbide
targets.

In their original study of this system, Saris,
van der Weg, and Tawara' observed that the non-
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characteristic x-ray yield increased with argon
projectile dose. This led them to postulate that
these x rays were due to Ar-Ar collisions. How-

ever, we see from Fig. 1(a) that not only does
the noncharacteristic x-ray yield increase with

dose, but so also does the Ar L, yield and the Si
K yield. We may explain this within the double-
collision model by demonstrating that the accumu-
lation of argon within the target, which tends to
enhance the probability of Ar 2p vacancy produc-
tion, will in turn increase the likelihood of gen-
erating both noncharacteristic x rays and Si K
x rays. Therefore it would appear more likely
that the noncharacteristic x rays arise from Ar-
Si collisions, rather than from Ar-Ar collisions.
At larger argon doses than we have reached, Ar-
Ar noncharacteristic x rays are expected to ap-
pear, as Bissinger and Feldman' have confirmed.

We may note at this point that an alternative
method of producing Si K x rays may be thought
to arise from the interaction of an argon projec-
tile and a silicon target atom, resulting in the
latter recoiling with sufficient energy to produce
a Si K x ray on a subsequent Si-Si collision. "
Since the recoiling silicon could quickly obtain a
2p vacancy, the production of noncharacteristic
x rays can arise during the Si-Si collisions. The
upper energy limit for such x rays according to
the current model' would be 850 eV (Ni Q and
thus most would be absorbed in the window of the
counter. No buildup of silicon recoil noncharac-
teristic x rays is expected, but a small fraction
of the noncharacteristic x rays observed may be
due to this process. In addition we shall see that
our results indicate that a fraction of the ob-
served Si R yield is due to silicon recoils.

Again referring to Fig. 1(a), we note the fol-
lowing:

(i) All the x-ray yields build up approximately
linearly. This indicates that the yields depend
linearly on argon concentration. In particular,
the linear increase in the noncharacteristic x
rays favors the interpretation that these arise
from Ar-Si collisions, rather than from Ar-Ar
collisions, which would cause them to build up
quad ratically.

(ii) The rate of buildup of Ar f. intensity, rela-
tive to its initial value, is nearly twice the rate
of buildup of the noncharacteristic x ray. This
is because the Ar I. yield comes from vacancies
in both projectile and implanted Ar atoms, but
only the former —half the total —can subsequent-
ly induce a noncharacteristic x ray. (For exam-
ple, the cross section for 2p vacancy production
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FIG. 2. The spectrum of the low-energy x rays emit-
ted during Ar bombardment of Si and SiC. Note the
presence of Ar L "normal" line (220 eU) and in the
case of SiC, the C A. (277 eU). Low dose, about 10'
ions cm ""; high dose, about 5X 10' ions cm ".

in an Ar-Ar collision is 100 times larger than
that for production of an argon recoil with energy
greater than one quarter of the incident ion ener-
gy. ) The anomalous behavior of the Si K yield,
which increases at only a quarter of the rate of
the noncharacteristic x rays, is probably a con-
sequence of a contribution from Si+Si recoil col-
lisions, as pointed out by Taulbjerg, Fastrup,
and Laegsgaard. " This contribution should be
rather insensitive to Ar dose, If, in qualitative
agreement with the measurement of Taulbjerg,
Fastrup, and Laegsgaard, one allows 75% of the
initial Si K yield to be due to recoils, then the
discrepancy in buildup rates of Si E and nonchar-
acteristic x rays can be accounted for.

As a further demonstration of the buildup ef-
fect, we may now examine a complementary sys-
tem. Thus Fig. 1(b) shows the effect of increas-
ing argon dose during 270-keV argon bombard-
ment of silicon carbide. In this system the pro-
duction of argon 2p vacancies in Ar+C collisions
should considerably increase the proportion of
Ar projectiles having 2p vacancies. The result-
ing increase in Ar L, x-ray production is demon-
strated in the high-resolution data described be-
low (Fig. 2). A further consequence of increased
Ar 2p vacancy production is that the yields of
both noncharacteristic and Si & x rays are higher
in SiC than in Si. Both x rays also exhibit an in-
crease in yield with increasing argon dose.

We have determined that the increased yield of
noncharacteristic x rays observed with an SiC
target is not due to recoil C+C molecular x
rays, ' by measuring the yield of noncharacteris-
tic x rays in the bombardment of SiC by carbon

l I l I I I I [ I i

LOW DOSE Hi GH DOSE

510



VoLUME $2, NUMBER 10 PHYSICAL RE VIE%' LETTERS 1 1 MARCH ] 974

ions at different energies. By integration of the
resulting yield-energy curve with the Ar-C elas-
tic scattering cross section, " the recoil-molecu-
lar cross section and hence yield was calculated,
and found to be negligible.

Qne interesting feature of the SiC system shown
in Fig. 1(b) is that the "Ar L" yield is much high-
er than for Ar-Si collisions at the same energy,
and shoms a quite different dose dependence. We
may explain this by the observation that during
Ar-SiC collisions, many more C K than Ar I. x
rays are produced (this will be verified by x-ray
spectral measurements reported below); hence
the apparent absence of Ar I. buildup. [Note that
Ar L (220 eV) and C R (277 eV) x rays are too
similar in energy to be resolved by a proportion-
s.l counter. ]

Thus, this system proves that the important
condition for the production of both noncharac-
teristic x rays and Si g x rays is the prior pro-
duction of Ar 2P vacancies. Note how the non-
characteristic x-ray yield is higher than in the
Ar-Si system right from the start, before there
could be any substantial buildup of argon. Also,
mhile the Si K yield is initially similar to that
in Ar-Si, its rate of buildup is now the same as
that of the noncharacteristic x rays. This can be
explained by the lomer Si K yield expected from
Si recoils in SiC, because of the presence of car-
bon, which attenuates the collision cascades.
Thus almost the entire Si K yield seems to be
due to the enhanced Ar 2p vacancy production and
the buildup rates of both noncharacteristic and
Si K yields are controlled by Ar 2P vacancy pro-
duction.

An additional insight into these processes is
obtained by examining the degree of excitation
of the argon projectile during the collisions.
This was done by using a grating spectrometer, "
incorporating a new lom-noise proportional coun-
ter." The resolution of the spectrometer was
3.5 A. Figure 2 shows the Ar L, spectra obtained
from Ar-Si bombardment at 270 keV, before and
after argon dose buildup, and also shoms those
obtained from Ar-SiC collisions under similar
conditions. In examining spectra such as Fig. 2,
one must keep in mind that the intensity above
the C K edge (284 eV) is strongly attenuated by
absorption in the counter windom. Note horn the
Ar-SiC spectra are dominated by C K x rays
(2'77 eV) as mentioned above, while the Ar L,

(220 eV), although building up, is relatively
small. Note also the increased yield of Ar I. in
the case of SiC. The C K yield does not, of

course, build up with argon dose. In addition to
the normal Ar I. line at 220 eV, both sets of
spectra contain an additional satellite line at
250 eV. This line most likely arises from an
argon ion with one 2p vacancy and several outer-
shell vacancies.

Furthermore, the Ar-Si spectra shorn another
satellite at 270 eV. This line may also arise
from an argon ion with one 2p vacancy and sev-
eral outer-shell vacancies, or from an argon
ion with two 2p vacancies. Qne can see from the
figure that it builds up more quickly than the 250-
eV line. Naturally this effect is obscured in the
Ar-SiC case by the presence of the C K line.

In summary, these observations are generally
consistent with the idea originally postulated by
Saris and co-workers as to the origin of the non-
characteristic x rays which arise during argon-
ion bombardment of silicon, although they point
to Ar-Si collisions as being the dominant mecha-
nism. The purpose of this work has been to es-
tablish more precisely the role played by the pro-
jectile in these processes, and to show how this
in turn is related to the yields of characteristic
x rays from both the target and the projectile.

Qur thanks are due to Peter Chandler for his
help in taking data.
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Observation of the High-Resolution Mossbauer Resonance in "Ge

R. S. Raghavan and Loren Pfeiffer
Bel/ Laborafories, Murray Hill, Ken' Jersey 07974

{Beceived 14 January 1974)

The high-resolution Mossbauer effect of the 13.3-kev transition (T =4.B psec) in ~Ge

has been observed in transmission experiments at room temperature. The recoilless p-
ray source was carrier-free ~As diffused into a single crystal of elemental germanium;
the absorber was a thin single-crystal layer of enriched Ge epitaxially grown on a sili-
con substrate. The resonance absorption line, recorded with an electromechanical veloc-
ity spectrometer, has a corrected depth of - 2.0/f', and a (full width at half-maximum}
linewidth 2I of 47(7) pm /sec, which is —7 times the natural linewidth. Despite the
broadening this is the narrowest Mossbauer resonance observed so far at room tempera-
ture.

Since the early days of the Mossbauer effect,
the 13.3-keV transition in "Ge has been one of
the most attractive candidates for high-resolu-
tion experiments, because of the extreme sharp-
ness of the resonance (E/I', =10"), the conven-
iently long lifetime of the parent nuclide "As
(T~, = 80 days), and the low energy of the y ray
which assures a high probability for recoilless
transitions even at room temperature. Observa-
tion of this resonance, with a potential 28-fold
improvement in E/I', over the well-known 14.4-
keV transition in "Fe, would constitute a major
advance in the search for a high-resolution tool
of this type for use in solid-state and general
physics experiments. In this Letter we report
the discovery of the resonance. At this prelim-
inary stage the width of the absorption line is
about 7 times the natural linewidth; despite this
broadening, however, it is already the narrowest
Mossbauer line observed so far at room temper-
ature.

The nuclear spectroscopic information on the
electron-capture decay of "As -"Ge was not
clarified until recently, when several groups
were able to do so using high-resolution Si(i.i)
detectors. ' The currently accepted level param-
eters are summarized in the decay-scheme in
the inset of Fig. 1. The main difficulties in the
observation of the 13.3-keV resonance in "Ge
arise from (a) the high tota, l internal conversion
coefficient of the y ray (nr= 1100), (b) the close
proximity of its energy to the I|-absorption edge
of Ge (11.1 keV), and (c) the low natural abun-

dance of "Ge (7.76~(0). Because of (a) and (b) the
resonance cross section is smaller than the non-
resonant electronic absorption cross section in
Ge at 13.3 keV (0„,/0', 1= 0.5), a situation unusual
in a Mossbauer experiment. In practice this
forces the choice of either using a thin absorber
and thus reducing the potential r esonance effeet,
or having to contend with a severe reduction in
the spectral quality of the detected 13.3-keV

106,

10'

104

,GeK, (e.ss)
+ GeKp (110) 3

T =111/73
100% ECF

--~66.7; T = 0.72 sec
53.4; M2; aT=B

13.3; ~ =4.3p.sec
9/2~1133; E2; &T='l100—0

73
~~Ge

13.3y
X- RAY

SUM PEAKS

SnKcf(25. 2)

53.4y' ..

10
10 20 30 40 50

ENERGY (KeV)

FIG, 1. Energy spectrum of 'As source in the Moss-
bauer geometry (see text} with 10-mg/cm 3Ge absorb-
er, recorded with a Si(Li) detector. The energies of
the lines are in keX'. Inset, decay scheme of 7~As

3Ge; 7 is the mean life.
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