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Multiphoton-induced directional emission of halogen atoms and ions from fee KC1, KBr,
and NaCl single crystals has been observed in the [110] and [211] direction during inter-
action of the crystals with strong ruby laser pulses. Nonradiative decay of self-trapped
excitons and subsequent replacement collision chains seem to account for this effect.
Some difficulties remain with the mechanism for the previously unobserved [211] emis-

sion.

We wish to report the observation of direction-

al emission of lattice constituents from alkali hal-

ides that are exposed to intense fluxes of photons
from the visible spectrum. This phenomenon is
distinctly different from the ablation of surfaces
due to the characteristic hot plasma formed dur-
ing optical surface breakdown. It was detected at
photon fluxes one order of magnitude below. the
intrinsic surface breakdown threshold. It is
clearly a multiphoton effect, while laser damage
at the ruby frequency was found to be avalanche

ionization assisted by multiphoton carrier genera-

tion!*?; and, finally, it is characterized by a
strictly directional emission of the halogens pre-
dominantly in the form of halogen atoms. Nega-
tive ions were detected with high-gain detectors
only and no positive ions were found.

The following experimental procedures were
used. A well-defined pulse from a ruby laser
(TEM,, mode, 30 nsec full width at half-maxi-
mum) was focused onto the transparent sample.
Care was taken to avoid self-focusing at the high-
er fluxes. The sample was mounted on a temper-
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ature-controlled sample holder inside a liquid-
nitrogen-trapped, oil-pumped, high-vacuum sys-
tem (<2X107° Torr) and oriented perpendicular
to the direction of the laser beam (Fig. 1). High-
gain microchannel plates were used for the de-
tection of charged particles with high spatial re-
solution. They were arranged with respect to
the sample surface so that they were facing in
the crystallographic [110] and [211] directions.
During and immediately after interaction of the
laser pulse with the sample, well-localized emis-
sion of negative ions was observed with the de-
tectors from KBr and KC1 with a narrow angular
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FIG. 1. Schematic of experimental arrangement,
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distribution around these directions. The ionic
character of the emission was established by
means of conventional separation of electrons
and ions in a magnetic field and by utilizing dif-
ferences in the quantum yield of the microchan-
nel plates for electrons and ions at selected kine-
tic energies.

Neutral species were measured with a modified
miniature Mattauch-Herzog mass spectrometer.?
Its ion source was positioned so that one of the
[110] directions was intercepted (Fig. 1). A set
of oppositely biased grids prevented any charged
species from entering the source. In this way
strong emission of neutral halogen atoms was
found from KCl, KBr, and NaCl, but not from
LiF, and it was established that the emission
was not the result of removal of surface contami-
nants. In the case of KCI the chlorine emission
intensity recorded by the mass spectrometer fol-
lows a fourth-order dependence on the laser peak
flux indicating that a four-photon absorption pro-
cess is required to trigger the emission (Fig. 2).
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FIG, 2. (110) Cl-emission intensity from KCl versus
ruby laser peak flux.

Similar curves were measured for KBr and NaCl.
Close to the damage threshold about 10 halogen
atoms were removed per shot from the surfaces
of the three alkali halides investigated. All ex-
periments were performed at room temperature.

The directional character of the halogen emis-
sion is demonstrated in Fig. 3. A specially modi~
fied detector having a small hole for the passage
of the laser beam was mounted 0.30 in. in front
of and parallel to the (100) plane of the sample.
The emission pattern consists of eight clearly
visible spots representing four [211] and the four
[110] directions of the sample. Because of the
limited size of the detector eight additional [211]
directions [63.4 deg away from the normal to the
(100) plane] could not be observed. Similar pat-
terns were found from KBr and NaCl.

No measurable alkali signals were observed
with the mass spectrometer from any sample.
This emission is not expected to occur in pre-
ferred directions and, therefore, the number of
alkali atoms entering the ion source is consider-
ably smaller than that of the halogen atoms. Any
alkali signal was buried in the laser-induced elec-
tromagnetic noise.

The results described resemble in several as-
pects the observation of preferential ejection of
halogen atoms from NaCl during sputtering by
low-energy electrons at temperatures above
250°C by Townsend and Elliott.*®* A peak in the
sputtering yield at 45° away from the normal to
the (100) plane, measured by these authors, is
taken as an indication for the occurrence of a
[110] halogen atom replacement sequence, the
Pooley-Hersh mechanism of defect formation.®™®
Our measurements provide direct experimental
evidence that atom collision chains propagate not
only in [110] but also in [211] directions of fcc al-
kali halides.

The source of energy for this process is the

FIG., 3. Cl-emission pattern obtained from KCI dur-
ing exposure to intense pulse from a @-switched ruby
laser.
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nonradiative recombination of an electron with a
self-trapped hole (V, center).’’® The alternative
possibility of initiating a halogen Zon replacement
sequence is small.’® The threshold energies for
the latter process are considerably higher than
the energies available from V,-center—electron
recombination. For example, in KCl it would re-
quire 12-15 eV in kinetic energy to launch a CI1~
collision chain.’ This is in agreement with two
of our observations: (i) Four-photon absorption
provides only 7.12 eV at the ruby frequency, and
(ii) only a very small fraction of the ejected halo-
gens are negative ions.

In the bulk the halogen replacement chain leads
to the formation of separated F and H centers.®™®
If the chain is launched within a few layers from
the surface (a condition readily achieved with the
laser excitation in transparent crystals, see Fig.
1), it will cause the ejection of halogen atoms in
the direction of chain propagation. This accounts
for the four [110] spots shown in Fig. 3. The ob-
servation of four equally intense [211] spots is
somewhat unexpected. Apparently, the possibil-
ity of initiating a halogen-atom collision chain in
these directions has not been considered previ~
ously. Clearly, the only possible low-index di-
rections in an fcc alkali halide lattice additional
to the [110] direction for the propagation of a hal-
ogen replacement sequence is [211]. The mecha-
nism of energy transfer to the halogens in [211]
directions is presently not well understood. Ac-
cording to Smoluchowski et al.’ the Cl,” molecu-
lar ion vibrates as a whole around its ideal posi~
tion. However, the maximum angle it forms with
the [110] direction is about 5 deg. It is likely to
be off its ideal position when the recombination
occurs but not sufficiently to impart the kinetic
energy in the [211] direction.

Once a [110] collision chain is launched it may
lead to emission away from this direction through
distortions of the last few outermost layers of a
(100) face. Benson and Claxton!! have calculated
displacements of the ions from the unperturbed
position in the last five layers. In all the crys-
tals considered here these displacements appear
to be too small to account for the spots we ob-
served in addition to the [110] emission.

Finally, one might speculate that a different de-
fect center may be responsible for the [211] emis-
sion. It must involve more than two halogens in
order to allow for bonding and vibration in the
[211] directions. An excited Cl,” molecule-ion
should be considered as one of the possible con-
figurations. Halogen complexes of this type are
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responsible for the V, and V; bands observed at
low temperatures in alkali halides.'? Nonradia-
tive decay of a (halogen),” molecule-ion may con-
ceivably supply sufficient energy to launch a hal-
ogen-atom replacement sequence in a [211] di-
rection in analogy to the Pooley-Hersh [110] re-
placement chain involving an excited (halogen),”
molecular ion.

The formation of excited halogen molecular
ions in alkali halides by absorption of ruby pho-
tons is due to a multiphoton process. From opti-
cal absorption experiments®*® involving one-pho-
ton absorption, the energies required to form an
exciton at liquid helium temperature are known
to be 7.96 eV for NaCl, 7.76 eV for KC1, and
6.89 eV for KBr. As predicted by Wood,'* these
excitons relax promptly into a self-trapped state
of v, type. Four-photon absorption at the ruby
frequency provides sufficient energy to generate
V, centers in KBr. In NaCl and KCl1 four-photon
absorption appears to involve impurity states in
the forbidden gap. Even though the experiments
were performed at rms optical fields of 0.65 to
1.5 MV/cm, Stark shift and lifetime broadening
are not expected to shift the exciton levels suffi-
ciently to facilitate direct four-photon exciton
generation.

Fluorine replacement chains in LiF were not
observed because a multiphoton absorption pro-
cess of order N >4 would be necessary to gener-
ate excitons and V, centers. The cross section
becomes too small to produce detectable halogen
emission at photon fluxes below the avalanche-
dominated breakdown threshold.

The cross sections for four-photon exciton gen-
eration in KC1, NaCl, and KBr are not known
with sufficient accuracy. From measurements
performed by Aseev, Kats, and Nikolskii'® we de-
duce for KC1 0 <1071 ¢m'® sec™ which is a sur-
prisingly high value'® compared to results report-
ed by Catalano, Cingolani, and Minafra'” for pho-
tocarrier generation. At the upper limit (damage
threshold) of the photon flux (~ 3x 1028 photons
cm™? sec™!) this corresponds to a total generation
rate of up to 10%° excitons per cubic centimeter
per laser shot. However, as high as this value
for exciton generation seems to be, the emission
of up to 10'® halogen atoms at the maximal flux
from a focal waist of 5X107® cm? cross sectional
area indicates that many monolayers of the crys-
tal are abladed per laser shot and that the mecha-
nism of halogen ejection is very efficient. This
in turn can be interpreted as an indication that
the probability for launching a collision chain
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once the V, center is formed is very high, too.

The authors want to thank J. P. Carrico and
J. Rice who made the mass spectrometer avail-
able for this work.
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The emission of neutral halogen atoms from alkali halide crystals in [211] directions
is explained in terms of defocusing of the usual [110] momentum produced by ionization
and a short sequence of momentum transfers to a surface halogen, No replacement se-

quences are involved in the process.

The usual mechanism of F and H center forma-
tion by ionizing radiation in alkali halides is
based on the recombination of a self-trapped hole
with an electron and the ensuing dynamic replace-
ment sequence of a neutral crowdion configura-
tion in the halogen sublattice in the [110] direc-
tion.»2 If this dynamic crowdion orginates near
the surface then a neutral halogen may be eject-
ed in the [110] direction from the crystal. This
has indeed been observed by Elliott and Town-
send® using low-energy electrons and quite re-
cently by Schmid, Braunlich, and Rol* using mul-
tiphonon ruby laser excitation at room tempera-
ture. The latter authors also observed, however,
a strong halogen atom emission in the [211] di-
rection. This new phenomenon requires an ex-
planation.

As pointed out by Schmid, Braunlich, and Rol,
the usual equilibrium distortion of an alkali hal-
ide lattice near its surface is not sufficient to ac-

count for a 30° change from a [110] to a [211] di-
rection. The possibility of nonradiative decay of
a Cl,” configuration, if it exists at all, is too
speculative at the present time. It remains to
consider the behavior of a dynamic replacement
sequence near a surface. First of all, as dis-
cussed by Dienes and Smoluchowski,® the range
of a dynamic sequence near room temperature is
at best a few lattice constants, which shortens
drastically the operation of the usual focusing
mechanism.® This conclusion is in agreement
with the observation that the emerging beam of
atoms is perhaps as much as 30 deg wide. Also
the vibrational amplitude of surface atoms could
be as much as 100% higher than in the bulk” so
that a similar spread around the [211] direction
would be sufficient to permit bridging the 30° gap
between the [110] and [211] directions.

Another, more likely, possibility is that the
transfer of momentum from the usual [110] direc-
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FIG, 3. Cl-emission pattern obtained from KCI dur-
ing exposure to intense pulse from a @-switched ruby
laser,



