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Experiments demonstrating the role of cluster formation on multiphoton-induced x-ray emission and
the scaling of this phenomenon into the kilovolt range have been performed on Kr. For the Kr M shell,
augmentation of Kr, formation leads to a large increase in Kr®* (4p— 3d) emission (~100 A) and the
appearance of a strong band at ~90 A. The observation of L-shell transitions (~5-7.5 A) demon-
strates the scaling of this phenomenon into the kilovolt region and leads to the conclusion that the in-
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teraction produces direct inner-shell excitation with the emission of prompt x rays.

PACS numbers: 32.80.Wr, 32.30.Rj

It has been postulated [1] that a unified picture of
high-intensity short-pulse multiphoton processes, embrac-
ing atoms, molecules, and solids, appears possible through
the study of atomic and molecular clusters. Of particular
significance in this analysis are intracluster processes in-
volving inelastic electron collisions of the form

Oei

e +X—e +e +(XH)* )

that can lead to the production of inner-shell excited
species capable of prompt x-ray emission.

Essential predictions of the proposed model have been
explicitly tested in new experimental studies involving five
atomic shells [Kr(M), Kr(L), Xe(N), Xe(M), and
Xe(L)]. This Letter establishes the crucial role of cluster
formation in the generation of the anomalous emissions
previously observed [2-4] from the Kr M shell (~110
eV) and demonstrates the scaling of this new phenome-
non into the kilovolt range (~800-2100 eV) through
measurements of Kr L-shell radiation.

The detection of intense Kr®* (4p— 3d) emission at
~100 A in earlier spectroscopic studies [2,3] using
pulsed-gas targets presented an obvious paradox. Mea-
surements of ion production [5] using tenuous gas targets,
conducted under identical conditions of irradiation, had
demonstrated that no production of Kr®* was possible
from free Kr atoms. Hence, the identification [6,7] of the
Kr?* emissions, produced by either a prompt or a de-
layed mechanism, was fully anomalous. However, if
sufficient cluster formation were produced in the hydro-
dynamic flow of the jet furnishing the target [2-4], the
cluster model showed that this paradox could be entirely
resolved; the anomalous emissions found a simple ex-
planation which applied generally to all cases considered
(1l

The multiphoton-induced production of prompt short
wavelength radiation from clusters requires that certain
conditions be met [1]. These requirements establish rela-
tionships between the intensity of irradiation (/) and the
cluster size (n) which define allowed zones for the emis-

sion to occur. Such emission can only take place if
sufficient kinetic energy is possessed by the colliding elec-
tron in reaction (1) to excite an inner electron. This con-
dition, based on a simple formulation of the work done by
the external field on a free electron in the cluster, leads to
the specification of two limiting intensities given by
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in which e, ro, @, A, m, X, and ¢ denote the inner-shell
binding energy [8], the interatomic spacing, the fine
structure constant, the wavelength of irradiation, the
electron mass, the electron Compton wavelength, and the
speed of light, respectively. Hence, an inner-shell j—1
electron with binding energy €. can be ionized if the in-
tensity exceeds a lower bound given by either I or I,(1),
whichever is greatest. In addition to the production of a
vacancy in the j —1 shell, prompt j— j—1 emission re-
quires the retention of at least one electron in the outer j
shell during the course of irradiation. This determines an
upper bound on the intensity which, with the use of the
tunneling ionization model [9], leads to a limiting intensi-
ty Imax(j) given by

Imax(j) =cEF(j)/1287e%Z2 (3)

where E,(j) is the ionization potential of the most tightly
bound j-shell electron, Z the resulting ionic charge, and e
the electronic charge. Hence, the allowed zones for
prompt x-ray emission from atoms of a homonuclear clus-
ter generally appear in the form shown for the Kr M and
L shells in Fig. 1.

This picture leads to the prediction that an increase in
the cluster density and average cluster size should lead
to both a corresponding intensification and a spectral
modification of the detected emission. Since Kr, cluster
formation can be strongly augmented by cooling the flow
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in the jet [10,11], in light of the form of the allowed zone
for the M shell in Fig. 1, a comparison of spectra ob-
served at comparable pressures (densities) and substan-
tially different temperatures should indicate the impor-
tance of the role of cluster species in the production of the
radiating ions.

The experimental apparatus used has been described
elsewhere [3]. The laser [12] employed in the present
study, which had a wavelength of 248 nm, a pulse width
of ~300 fs, and a power of ~0.7 TW, was focused with
an f/10 CaF; lens into the gas target and provided a
maximum focal intensity of (0.5-1.0)x10'” W/cm?2, con-
ditions essentially the same as in the previous work [2-4].
The gas target was produced by a high-pressure pulsed
valve fitted with a circular sonic nozzle having a diameter
of 0.5 mm. The gas flow was cooled with free-flowing dry
nitrogen which had passed through a liquid nitrogen bath.
A thermocouple attached to the valve body measured the
temperature of the gas and a grazing incidence spectrom-
eter was used to record the spectra [2-4].

The relevant spectral comparison for Kr in the 72-112
A region is presented in Fig. 2. The Kr spectrum illus-
trated in Fig. 2(a) was obtained with a stagnation pres-
sure of 115 psia at 293 K, conditions very similar to those
of the earlier work [2,3]. Figure 2(b) presents the Kr
spectrum corresponding to a significantly reduced nozzle
temperature (238 K) and a stagnation pressure (130
psia), nearly the same as that pertaining to the data in
Fig. 2(a).

Three principal differences distinguish the spectra
shown in Figs. 2(a) and 2(b). They are (1) a large in-
crease in the observed Kr’* (4p— 3d) signal upon
reduction of the temperature (e.g., from ~30 to ~450 at
~103 A), (2) the appearance of a strong highly struc-
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FIG. 1. Representation of the allowed zones for production

of prompt Kr M- and L-shell emission from Kr clusters as a
function of the intensity of 248 nm irradiation and cluster size.
The boundaries outlining the allowed region are defined in the
text. The maximum experimental intensities used for the M-
shell and L-shell studies correspond to 1.0%10' W/cm? and
~8x 10" W/cm?, respectively.

tured band at 90 A at the lower temperature, and (3) the
large relative reduction in Fig. 2(b) of the narrow
features appearing in the 72-83 A region of Fig. 2(a).
Spectral data [6,7] indicate that the features observed in
Fig. 2(b) in the 86-97 A region arise from Kr'®*
(4p— 3d) transitions in the ~86-91 A range and Kr’*
(454p— 453d) lines in the ~90-97 A interval. A con-
tribution from 3p excitation in both Kr®* and Kr'®* may
occur in this same region. The spectrum also gives evi-
dence for the presence of a broad unresolved band in the
~76-85 A region composed of dense arrays [6] originat-
ing from Kr'®* (454p— 453d) and Kr''* (4p— 3d)
transitions.

These two signatures, a sharply increased signal
strength and the appearance of new categories of transi-
tions and higher charge states, are precisely the outcomes
anticipated from enhanced cluster formation [1]. One
expects that a higher cluster (Kr,) density for fixed n
would cause a corresponding increase in the emission and
that the formation of larger clusters would lead to a fur-
ther intensification of the emission and to new stages of
ionization and classes of transitions. Since the 90 A band
only appeared in the cooled spectrum, we believe that it is
mainly associated with the formation of the larger clus-
ters produced at the lower temperature (238 K).

Figure 2(a) also exhibits the clear visibility of relative-
ly weak narrow transitions in the ~72-83 A region
which can be associated with 4f— 34 transitions [7] in
Kr®*. In distinct contrast to the lines in the 85-104 A
range, these features do not grow dramatically as the
temperature is decreased. They remain weak and become
relatively insignificant as the temperature is reduced.
This sharply contrasting behavior indicates the action of
a different mechanism for their excitation. Since the two
spectra shown in Fig. 2 were generated under essentially
the same average plasma conditions, conventional col-
lisional mechanisms, such as recombination, should occur
in largely the same fashion in both cases. This expecta-
tion matches the observed behavior of the transitions as-
sociated with 4f orbital excitation and we attribute those
weak features to recombination.

The cluster model predicts the existence of large al-
lowed regions associated with level structures in the kilo-
volt range, a property manifest in Fig. 1 through compar-
ison of the zones associated with the M and L shells.
Specifically, the model [1] predicts that the irradiation of
Kr clusters with intensities above ~10'® W/cm?2, for
nearly an arbitrary cluster distribution, should result in
emission of prompt x rays from L-shell transitions [7,
13,14] in Kr ions (~7 A).

Experiments testing this scaling behavior have been
conducted with a peak intensity of ~8x10'® W/cm?2. In
this case, the focusing was provided by an f/3 off-axis
parabolic mirror and a crystal spectrometer, using Kodak
Industrex film and PET for the 4.5-7.5 range, was used.

The L-shell emission spectrum of Kr shown in Fig. 3,
which involves transitions [7,13,14] from Kr?* (¢ =24-

1811



VOLUME 72, NUMBER 12

PHYSICAL REVIEW LETTERS

21 MARCH 1994

—
o
-~

Krypton
Kro+ (4p->3d)
33 B Kro+ (3dB4s4p->3d94s)
Kr10+ (4p >3d) A

Counts/shot

®) Krypton

R kro+ (4p>3d)

BB Kro+ (3dB4sap $3d94s)
LI Kr1o+ (4p=>3d)

shot
&

Kr8+ (4f->3d)

Coths/

Wovelength ?A)

FIG. 2. Comparison of Kr spectra in the 72-112 A region
produced at different temperatures by multiphoton excitation
with subpicosecond irradiation at 248 nm with a maximum in-
tensity of (0.5-1.0)x10'" W/cm?2 The vertical scales in both
spectra are absolute values giving a valid measure of the com-
parative signal strengths. The spectral resolution is 0.9 £0.1 A.
(a) Nozzle temperature 293 K and stagnation pressure 115
psia. UI designates unidentified transitions. The base line cor-
responds to ~17 counts/shot. (b) Nozzle temperature 238 K
and stagnation pressure 130 psia. Unresolved arrays from
Kr'®* and Kr''* may contribute to the signal in the ~76-85 A
region.

27) in the 4.5-7.5 A region, was recorded with 720 laser
pulses. This spectrum exhibits several salient properties:
(1) a group of strong 3/— 2/’ lines in the 6.3-7.7 A re-
gion, (2) a small set of far weaker 4/,5/— 2p transitions
in the 4.8-5.6 A region, (3) lines with significant strength
having 2s excitation (e.g., F), and (4) a substantial num-
ber of transitions involving satellite lines [14] [e.g.,
Rk (V/2p3131'— 2p33d3131') and Kr?*(U/2p°3I
«— 2p33d3l) shown in the inset].

Several considerations bear directly on the interpreta-
tion of these data. First, the radiating charge states are
anomalous. In analogy with the Kr®* transitions dis-
cussed above, the presence of lines from Kr?%(g
=24-27) is equally anomalous, since the tunneling ion-
ization picture [5,9] predicts no charge states higher than
Kr22*, Second, the radiative transitions are fast. The
lifetimes [15] of the 3s— 2p, 3d— 2p, and 3p— 2s
transitions occurring in the ~6-7 A region fall largely in
the 10-1000 fs range and the 2p — 25(~200 eV) transi-
tion [7] has a lifetime [16,17] less than 10 ps. Third,
recombination and plasma collisional processes are rela-
tively slow. Considering the properties of the flow, the
relative positions of the focal zone and the nozzle, and the
level of ionization (Z=25), the maximum average elec-
tron density [4] is ~5%10%° cm ~3. This gives a rate less
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FIG. 3. Kr L-shell emission spectrum produced by multipho-
ton excitation with 248 nm radiation at a peak intensity of
~8x10'® W/cm2 The stagnation pressure of the pulsed jet
was 115 psia and the gas temperature was 243 K. Transitions
from Kr9% (g=24-27) are identified. The inset, presenting
data from another exposure, details the 6.5-7.0 A region and
shows the prominent Kr?** (V) and Kr?**(U) satellite lines ob-
served in these experiments.
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than 10'® s ™! for both recombination [18] and 2s — 2p
collisional excitation [16].

In light of these considerations, the experimental obser-
vations lead to the following interpretations. The five
weak transitions (4-E) associated with Kr?®* all involve
transitions of the form n/ — 2p with n= 4. Since the /V-
shell limit [ m.x (V)] falls entirely below the allowed L-
shell zone in Fig. 1, the postulated cluster mechanism
cannot account for the presence of these lines. In analogy
with the weak 4f— 3d features occurring in Fig. 2(a),
these lines are attributed to recombination from Kr?'*, a
species identified by transitions (H,/,J,N,0).

The strong lines observed in the 6.3-7.7 A region uni-
formly involve transitions with 3s, 3p, or 3d electrons.
Using the most weakly bound of these (34), and combin-
ing the information in Fig. 1 with the conditions for tun-
neling ionization [1,9], we can estimate the minimum
cluster size necessary to observe L-shell ionization and
still retain a 3d electron. Since the maximum intensity
consistent with the retention of a 3d electron is ~2x10'®
W/cm?, the L-shell zone indicates that clusters with
n= 3 would suffice. Evidence [10,11] on Kr, formation
indicates that an appreciable density with sizes at least as
large as n~10 is formed under our experimental condi-
tions.

Lines F and G involve 2s excitation in Kr?®*. Since
2p— 2s radiative decay is fast and electron collisional
communication between the 2s and 2p states is slow, the
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formation of Kr2®* 252p%3p levels by recombination
from excited 2s2p® Kr?'* ions would have to be rapid.
However, since the plasma conditions cannot support a
recombination rate comparable to the radiative decay, it
follows that the Kr2®* excited states are directly pro-
duced in the excitation of the cluster. The same reason-
ing and conclusion hold in relation to the 3d — 2p satel-
lite lines [e.g., Kr2** (V) and Kr®*(U)].

The comparison of the spectrum illustrated in Fig. 3
with corresponding data obtained with a Z pinch [13] re-
veals a relative abundance of satellite lines in the multi-
photon spectrum and significant reversals in relative line
intensities. Both observations are in natural accord with
the cluster model. The strong appearance of satellite
transitions in the multiphoton spectrum [e.g., Kr®#* (1)1,
at the relatively low average electron density characteris-
tic of this experiment, is again indicative of a direct
mechanism of production [1] in the cluster which can be
associated with the existence of the allowed L-shell re-
gion. In the 6.3-7.7 A region, the multiphoton (my)
3s— 2p transitions consistently exhibit the anomalous
property of having a greater intensity than the corre-
sponding 3d— 2p lines, while the reverse holds for
the Z-pinch (Z) spectrum [13]. Specifically, for Kr26*
R>L (my), R<L (Z) and for Kr¥’* N>J (my),
N < J (Z). Recombining collisionally dominated optical-
ly thin plasmas characteristically produce emission with
nd— 2p transitions dominating [19] the corresponding
ns — 2p lines.

The anomalous strength of the 3s transitions congenial-
ly matches the expectations of the cluster picture. FElec-
tron loss can occur by tunneling ionization and intraclus-
ter inelastic electron collisions. With a maximum intensi-
ty of 8x10'® W/cm?, 3s electrons cannot be removed by
the tunneling process [9], although the full 3d shell is ion-
ized for intensities > 2x10'® W/cm2. Collisionally, since
the 3d ionization cross section [20,21] is approximately
tenfold the value for the 3s level, retention of the 3s elec-
tron is again favored. It follows that in the region corre-
sponding to L-shell excitation, particularly for intensities
above ~10'® W/cm?, a higher probability exists for re-
tention of 3s electrons than for 3d. This tendency should
also be enhanced for the higher charge states seen, as-
suming a greater intensity for their production. Namely,
the 3s/3d ratio should be greater for Kr?’* than for
Kr2*, a feature that is reflected in the multiphoton data
(N/J > R/L).

In summary, experimental studies of multiphoton-
induced emissions in the 5-7.5 A region from Kr have es-
tablished that the cluster mechanism demonstrated in the
~80-110 eV range scales into the kilovolt zone. The ex-
perimental evidence supports the conclusion that multi-
photon coupling to clusters can directly generate inner-
shell vacancies and the production of prompt x rays. Fi-
nally, recent measurements [22] demonstrating the multi-
photon production of Xe(L) emission further corroborate
this conclusion.
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FIG. 2. Comparison of Kr spectra in the 72-112 A region
produced at different temperatures by multiphoton excitation
with subpicosecond irradiation at 248 nm with a maximum in-
tensity of (0.5-1.0)x10' W/cm? The vertical scales in both
spectra are absolute values giving a valid measure of the com-
parative signal strengths. The spectral resolution is 0.9+ 0.1 A.
(a) Nozzle temperature 293 K and stagnation pressure 115
psia. UI designates unidentified transitions. The base line cor-
responds to ~17 counts/shot. (b) Nozzle temperature 238 K
and stagnation pressure 130 psia. Unresolved arrays from

Kr'®* and Kr''"* may contribute to the signal in the ~76-85 A
region.



