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Raising the Surface Démage Threshold of
Heutral Solution Processed BK-7 by Pulse-Laser Irradiationt

J. €. Swain, W, H. Lowdermilk and D. Milam

Lawrence Livermore Kational Laboratory
Livermore, CA 94550

Gradient-index antireflecting surfaces can be produted by neutral solution
processing of bare polished surfaces on borosilicate glasses, These processed surfaces
have a median surface damage thresholo of 12 J/cmé for l-ns, 1064-nm puises. The
surface damage thresholds can be increased to fluences as large as 25 J/cn? by
irradiating the surface with 1064-nm wavelength puises at fluences below the initial
threshold of 12 J/cnd, For surfaces in their initial state, or surfaces subjected to
repetitive laser irradiation, surface damage thresholds increased as the square root of
pulse duration over the range of pulse durations feom 1-20 ns.

Key words: neutral solution processing, laser gamage, laser conditioning, antireflection
films.

Schott Optical Glass Inc. recently developed a process for producing gradient-index
anti-reflecting (AR) surfaces on borgsilicate glass by leaching the glass in g nearly neutral
solution of NagHasDg in water [1). This “neutral solution process” {NSP) was used to produce
AR surfaces on BK-7 borosilicate crown glass, wnich is widely used for optical components of
visible and near-infrared lasers. These NSP AR surfaces exhibited a median oamage threshold of 12
J/em? for 1-ns, 10B4-nm pulses, which is more than twice the 5 J/cmé median threshold of
silica-titania multilayer AR coatings [2]. Figqure | compares these data. Recently we founa that
the damage threshold of NSP AR surfaces could be increased by as mucn as a factor of two by
irradia%ing the surface with laser pulses at fluence levels slightly below the initja) 12 J/em?
threshold.

Qur experimental procedure for measuring laser damage thresholds has been described [3]). The
procedure consists of irradiating a site on the surface of a sample with a pulsed Nd-glass laser
beam approximately 2.5 mm in diameter. We examine the irradiated site, both befare end after the
laser shot, using a Nomarski microscope with magnification of 100, The sample is moved after each
shot so that each site is irradiated only once. The fluence of the laser pulse is increased with
each shot until damage occurs. The occurrence of damage is identified by a permanent change in
the surface morphology observed using the Nomarski microscope. This measurement technique, in
which each site on the surface is irradiated only ance, is commonly called a *1-on-1" measurement.

The occurrence of damage in 1-gn-1 tests of NSP AR surfaces was always accompanied by
laser-induced emission of light. This light is probably recombination radiation from the plasma
generated at the surface by the intense laser irradiation. Light emission from NSP AR surfaces
was also frequently observed in the 1-on-1 tests at fluence levels slightly below those required
to produce damage visible by microscopic examination. If, rather than moving the sample after
each shot, we continueg to irradiate the same surface area at fluence levels below the 1-gn-1
threshold, light emission ceased after a small number of shots. The required number of shots was
typically 1-8 and depended on the laser pulse duration. We founa that after such treatment, the
laser fluence could be raised to a level well awove the 1-on-1 threshold before light emission or
damage occurred. The threshold for damage determined by this procedure is called the "n-on-1"
damage threshold.

We have measured 1-on-1 and n-on-1 thresholds for NSP AR surfaces using 1063-nm pulses at
five pulse durations: 1,3,6,9 and 20 ns. Thresholds for a particular sample are shown in figure
2. Threshalds, either n-on-1 or 1-on-1 were defined to be the average of the least fluence that
caused damage and the greatest fluence that caused no damage. The uncertainty depended on tne
separation of the two fluences which defined threshold, and on the uncertainty in fluence
measurements themselves, + 5%. In 1-on-] measurements, front and rear surface damage thresholds
were the same, as expected for a substrate with AR films on both surfaces. In the n-on-l
measurements with 6,3 and 20-ns pulses, rear-surface thresholds were less than front-surface
thresholds, an apservation for which we vurrently have no satifactory explanation. The

*Work pertormed under the auspices of the U.S. Department of Energy by the Lawrence Livermore
Kational Laboratory under contract W-7405-ENG-48,
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two straight Tines drawn through the data have slope one-half. Therefore, ove- the range of pulse' ’
durations from | to 20 ns, thresholds of NSP surfaces .scale in proportion to tne square-root of
pulse duration,
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Figure 1. The median one-on-one surface damage threshoid of neutral solution processed BK-7 is a
factor of two higher than that of electron beam deposited dielectric AR coatings.
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A possible mechanism for the increase in damage threshold measured {n the n-on-] tests i< tne
removal of absorbing impurities from the surface by subthreshold.irradiation. We believe
absorption of energy from the laser pulse by particulate impurities is a common cause of demage to
optical surfaces of transparent dielectric materials irraoiatea by laser pulses with near-ir or
shorter wavelengtns (4], When irradiated initially at high fluence, as in the 1-on-1 tests, these
particulates absorb laser energy and can reacn temperatures above 10000K, which is sufficient to
induce surface damage by stress fracture or melting. When irradiated at lower fluence, the
particles reach lower temperatures, which may be sufficient to promote desorption, but
insufficient to produce damage. In some photographs of NSP AR surfaces taken with a scanning
electron microscope, particles are visible in areas that were not subjected to n-on-] irradiation,
but absent from irradiated areas.

Another possibie mechanism for removing particulates by low fluence irradiation is the
emission of electrons or ions from the surface [8]. The quantity of charge emitted may be
sufficient to substantially alter the static electric forces which normally bind particulate
impurities to the surface. '

The heating and desorption mechanism is, however, more consistent with our observation that
"laser cleaning” is more easily accomplished using pulses of longer duration. When surfaces were

frradiated with 20-ns pulses at subtnreshold fluence, light emission usually ceased after one o
shot. Using pulses of snorter duration, more shots were required to "clean” the surface . :
sufficiently that lignt emissicn ceased. At the shortest pulse duration used {1-ns), €-8 shots H

were usually requires. The maximum fiuence at which the "cleaning® can be performe js tmat just
below the 1-on-1 damage threshold, which, as shown in figure 1, increases as the square root of
the pulse duration. Consequently, these results indicate that the total fluence accumulated uver
a1l the shots required to “clean" the surface ana affect an increase in threshold is roughly
constant.
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In conclusion, we have found that the damage threshald of gradient-index AR surfaces of
neutral-solution~processeo BK-7 glass can be increased by as much a: a factor of two by pulsed
laser irradiation at fluence levels just below the J-on-i damage threshola. Damage thresholds of
these AR surfaces increase with the square root of the laser pulse for pulse durations in the
range from 1 to 20 ns, and the improvement in threshold due to “Taser ¢leaning® occurs over this
entire range of pulse duration.

We are grateful for technical assistance by S. E. Peluso and fﬁr assistance by Treva Janssen
and Dfane Kelly in preparing the manuscript.
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Figure 2. Pulse duration dependence of damage thresholds measured with 1064-nm laser pulses on
the front surface ano rear surface of a window with NSP AR surfaces. The straignt
1ines are square-root functions, “Laser cleaning" produced n-on-1 thresnolds that
were nearly twice as large as J-on-1 thresholds.
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