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Abstract
Objectives: During holmium:yttrium–aluminum–garnet (holmium:YAG)
laser lithotripsy to break urinary stones, urologists frequently see flashes of
light. As infrared laser pulses are invisible, what is the source of light? Here
we studied the origin, characteristics, and some effects of flashes of light in
laser lithotripsy.
Methods:Ultrahigh‐speed video‐microscopy was used to record single laser pulses
at 0.2–1.0 J energy lasered with 242 µm glass‐core‐diameter fibers in contact with
whole surgically retrieved urinary stones and hydroxyapatite (HA)‐coated glass
slides in air and water. Acoustic transients were measured with a hydrophone.
Visible‐light and infrared photodetectors resolved temporal profiles of visible‐
light emission and infrared‐laser pulses.
Results: Temporal profiles of laser pulses showed intensity spikes of various
duration and amplitude. The pulses were seen to produce dim light and bright
sparks with submicrosecond risetime. The spark produced by the intensity spike
at the beginning of laser pulse generated a shock wave in the surrounding liquid.
The subsequent sparks were in a vapor bubble and generated no shock waves.
Sparks enhanced absorption of laser radiation, indicative of plasma formation
and optical breakdown. The occurrence and number of sparks varied even with
the same urinary stone. Sparks were consistently observed at laser energy >0.5 J
with HA‐coated glass slides. The slides broke or cracked by cavitation with sparks
in 63 ± 15% of pulses (1.0 J, N= 60). No glass‐slide breakage occurred without
sparks (1.0 J, N= 500).
Conclusion: Unappreciated in previous studies, plasma formation with free‐
running long‐pulse holmium:YAG lasers can be an additional physical
mechanism of action in laser procedures.
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INTRODUCTION

Laser lithotripsy to break urinary stones routinely uses
free‐running holmium:yttrium–aluminum–garnet (hol-
mium:YAG) lasers that generate infrared laser pulses
invisible to the human eye. During laser procedures,
however, urologists frequently see flashes of light.1–3 The
origin and characteristics of visible light in infrared laser
lithotripsy have not been understood. Is it a technical
artifact, or does the infrared laser pulse generate visible
light? Are there single or multiple flashes? How long do
they last? When do they occur? And are they important
for lithotripsy?

Cecchetti et al. reported melting of basket wires
and thermocouples, accompanied by crackling noise,
and asserted formation of a plasma bubble.4 The
assertion of plasma formation, however, was ques-
tioned on the following grounds.5 First, the response
time of thermocouples was argued to be insufficient to
provide meaningful evidence of plasma formation,
raising the question: At what point during the long
laser pulse (>150 µs) would plasma formation occur?
Second, plasma formation with optical breakdown is
typically observed at laser intensities orders of
magnitude greater than that of the holmium laser
pulses. Visible light was argued to be not due to
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plasma formation but rather heat‐induced lumines-
cence, black‐body radiation, or artifacts of flashlamps
that pump holmium crystals. Third, no acoustic
transients and images of plasma formation were
shown.

Here we show evidence of plasma formation using
ultrahigh‐speed video‐microscopy,6,7 infrared‐ and
visible‐light photodetectors, and acoustic measurements.
Temporal profiles and timing of sparks are shown with
urinary calcium oxalate monohydrate (COM) and
cystine stones, as well as with microscope glass slides
coated with synthetic hydroxyapatite (HA). Also shown
are selected effects of plasma formation: enhanced
absorption of laser energy, supersonic expansion of
plasma products, breakage of glass slides with single
laser pulse, and acoustic transients with and without
sparks. These observations suggest that plasma forma-
tion can be an additional mechanism of action in laser
lithotripsy.

MATERIALS AND METHODS

Laser

This study was conducted using holmium:YAG laser
lithotripter (VersaPulse 100W; Lumenis). The laser
produces single laser pulses with energies ranging from
0.2 to 3.5 J/pulse, although the clinically relevant range for
laser lithotripsy is typically from 0.2 to 1.0 J (Figure 1).
The laser pulses can be administered at pulse repetition
frequencies from 5 to 50Hz depending on laser pulse
energy (not to exceed 100W average power). In this study,
we used single laser pulses administered minutes apart.

Each laser pulse consisted of a series of intensity
spikes, typical for free‐running spiking‐mode lasers
(Figure 1). The most prominent intensity spike was
usually observed at the very beginning of each laser pulse
(t= 0 µs, Figure 1). The amplitude of this first intensity
spike varied from pulse‐to‐pulse. Figure 1 illustrates this

(A)

(B)

FIGURE 1 Temporal profiles of laser pulses at laser energies from 0.2 to 1.0 J measured with infrared photodetector at the output of the laser.
(A) Entire pulses. (B) Enlargement showing the beginning of the laser pulses. Pulse‐to‐pulse variability is shown with two consecutive laser pulses at
0.6 and 1.0 J.
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variability by showing two consecutive laser pulses at
0.6 J (light and heavy red traces) and at 1.0 J (light and
heavy blue traces). Moreover, some laser pulses at 1.0 J
could have the first intensity spike smaller than that not
only at 0.8 J (green vs. light blue trace, Figure 1B) but
also smaller than that at 0.6 J (not shown).

Ultrahigh‐speed video microscopy

Lasering targets were positioned in a test tank with an
optical port (microscope‐glass slide 75 × 25 × 1mm) at
the bottom for imaging with an inverted microscope
(Eclipse TS100; Nikon).6,7 The tank was filled with
degassed water either above or below the lasering target.
Water absorbed infrared (2.1 µm) laser radiation block-
ing it from the objective of the microscope. In addition,
the laser radiation was blocked by a bandpass filter
(HQ535/50; Chroma Technology) mounted at the output
of the microscope to reduce chromatic aberrations.

Microscope images were captured with an ultrahigh‐
speed camera HPV‐X2 (Shimadzu). Optical magnifica-
tion was achieved with a ×1 objective (Nikon Plan UW
×1/0.04, WD 3.2), a ×2.5 projection lens (Nikon CF
PL×2.5), and a 19 cm extension tube (Thorlabs Inc.). The
microscope was modified to increase the working
distance from 3.2 to ~40mm. The field of view was
2.25 × 3.60 mm providing a spatial resolution of 9 μm/
pixel. Images were recorded at a frame rate typically
from 1–5 million frames/s with an image exposure from
700 to 100 ns, respectively. No external illumination was
used to record images of visible light emission during
infrared laser pulses. The visible light produced by the
exciter (pump) flashlamp of the laser was undetectable
with the ultrahigh‐speed camera settings used to collect
data for this manuscript.

Infrared and visible‐light photodetection

Temporal profiles and timing of infrared laser pulses
and flashes of visible light were resolved with infrared
and visible‐light photodetectors (Thorlabs photodiodes
FD05D and FDS100, respectively) with approximately
10 ns resolution. The photodetectors were positioned at
about 15 cm from the distal end of the optical fiber.
Selected experiments were conducted with an addi-
tional infrared photodetector (same model as the first
photodetector, FD05D; Thorlabs) that served as a
pick‐off reference to show temporal profiles of laser
pulses at the output of the laser (Figure 1). This
photodetector was measuring laser pulse before the
laser beam was focused into the proximal end of the
optical fiber. The photodiodes were loaded with 50‐Ω
terminators and connected via 50‐Ω coaxial cables to a
200‐MHz digital oscilloscope with a 12‐bit resolution
(Teledyne HDO4024; LeCroy).

Triggering

The oscilloscope was triggered using either the infrared
photodiode or a Rogowski coil wrapped around the
high‐voltage‐discharge cables of the laser. Before emit-
ting a laser pulse, the laser produced four internal pulses
detected by the Rogowski coil and counted by a qualified
trigger of the oscilloscope to trigger on the first laser
pulse emitted in the optical fiber.

Optical fiber

The optical fiber had a cladding diameter of approxi-
mately 0.28 mm with a glass‐core diameter of 242 µm
(Flexiva 200; Boston Scientific).8,9 The fiber was cleaved
using high‐precision optical fiber cleaver (CT08;
Fujikura) to start each series of experiments with an
undamaged flat fiber tip.

Lasering target

The fiber tip was positioned in contact with the lasering
target, as typically done in clinical practice. We used two
lasering targets: (1) whole surgically retrieved urinary
stones and (2) microscope‐glass slides coated with HA—

the predominant form of calcium phosphate reported in
38% of urinary stones.10 The HA‐coating of the glass
slide had thickness of 25 ± 5 µm (HA ~99.3%, crystallin-
ity > 63%; Himed). An assay of how stone composition
affects visible‐light emission was beyond the scope of this
report. Representative results are shown with a urinary
COM stone and a cystine stone (Figures 2–5 and 6,
respectively). The urinary COM stone contained 75% of
COM, 17% of calcium oxalate dihydrate (COD), and 8%
of protein. The fiber tip and the targets were positioned
at the focus of the microscope using manual XYZ‐
translation stages with standard micrometers engraved at
25.4 µm/division (Thorlabs). Single laser pulses were
applied to an intact surface of the target, repositioning
it for each laser pulse.

Acoustic measurements

Acoustic transients were measured using a needle hydro-
phone (HNR‐0500; Onda). Potential shielding by cavitation
bubbles was reduced by degassing the water with a pinhole
degasser.11 The gas content was measured with a dissolved
oxygen meter DO 6+ (OAKTON Instruments) and was
ranging from 1 to 4mg/L. The hydrophone was calibrated in
the frequency range of 1–20MHz and had the sensitivity
ranging from 95.6 to 212mV/MPa. The average sensitivity in
the range from 1 to 5MHz (163mV/MPa) was used to
convert hydrophone voltage to pressure. A more precise
conversion would require the deconvolution with the
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impulse response, unavailable for this hydrophone. To
reduce potential damage to the sensitive tip of the
hydrophone, it was positioned at 10–15mm from the fiber
tip. The time of flight was subtracted to show hydrophone
and photodiode traces on the same plots. Acoustic pressure

is shown at distance r=0.3mm from the origin of the wave,
assuming 1/r dependence due to the spherical divergence of
waves and neglecting nonlinear absorption and supersonic
velocity of shock waves. Descriptive statistics was used to
calculate the means and standard deviations.

(D)

(C)

(B)

(A)

FIGURE 2 Visible‐light emission with dry calcium oxalate monohydrate urinary stone in air at 1.0 J. (A) Photodiode traces showing temporal
profiles of infrared laser pulse (red) and visible light (blue). (B) Enlargement of the beginning of the laser pulse (red) with five prominent sparks
(blue). (C) High‐speed camera sequence of images showing the dynamics of the sparks at 1 million frames/s. Timing and 700 ns exposure of the
images are depicted by green lines on the time axis of photodiode traces. Fifteen frames between the first and the second sparks (black double‐headed
arrow) showed essentially no light and are omitted. (D) Enlarged images of the prominent sparks. The sparks were observed at the fiber tip
positioned in contact with stone. The boundary of the stone is marked by a dashed cyan line on the microscope image showing the stone and glass‐
fiber tip before the laser pulse (top‐right inset). Laser beam was coming from right to left in these images. Laser pulse consisted of many intensity
spikes with various amplitude and duration, ranging from ~10 ns (limited by the photodiode resolution) to 2 µs (A, B).
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RESULTS

Temporal profiles and timing of sparks

Light emission is demonstrated lasering a dry urinary
stone in air at 1.0 J (Figure 2). The laser pulse started at
227 µs producing an intensity spike with the greatest
amplitude (Figure 2A, infrared photodetector, red trace).
The duration of this laser spike (full width at half
maximum, FWHM) was 0.51 µs (Figure 2B). The spike
ignited a spark (0.12‐µs risetime, 0.25‐µs FWHM, visible‐
light photodetector, blue) that ended with the first laser
spike by 229 µs. The second spark was preceded with a
gradually increasing dim light (<5% of peak brightness of
sparks, ~239–245 µs, Figure 2B), culminated in exponen-
tially rising bright light suggestive of optical breakdown.
The second spark continued for 1.2 µs, reaching maxi-
mum at ~245.9 µs.

High‐speed images (Figure 2C,D) showed that the
sparks were ignited at the fiber tip in contact with the
stone (microscope image of the fiber and stone before the
laser pulse is shown in top‐right inset of Figure 2A). The

ignitions typically expanded into larger areas, expelling
light‐emitting products from the laser‐irradiated region.
Some dim light emission continued between the subse-
quent sparks (marked by vertical dashed lines in
Figure 2B), fading away approximately 90 µs after the
sparks (Figure 2A, 260–350 µs).

Light emission between sparks could vary from
undetectable (as between the first and second sparks,
Figure 2) to almost as bright as the sparks—making it
difficult to distinguish individual sparks (Figure 3). These
merged sparks could last for tens of microseconds
(Figure 3). In contrast, solitary sparks typically lasted
for a fraction of a microsecond (Figure 4). Dim light
after the spark could either fade away or evolve into
another spark (Figure 5).

Variability of light emission with urinary stones

The occurrence, timing, and number of sparks varied
even with the same urinary stone (Figures 2–5). This
stone (75% COM, 17% COD, and 8% protein) showed
light in 96% of pulses (65% sparks and 31% dim light
without sparks, 1.0 J, N= 20). Another stone (41%

(A)

(B)

FIGURE 3 Merged sparks (dry calcium oxalate monohydrate
urinary stone in air, 0.8 J). (A) Temporal profiles of infrared laser pulse
(red) and visible light (blue). (B) Enlargement of the sparks. Sparks
(crests, blue trace) coincided with a decrease of laser intensity detected
by the infrared photodiode (troughs, red trace, arrowheads 1–4),
indicating enhanced absorption of laser radiation. The first spark was
ignited at 248 µs (arrowhead 1). With this laser pulse, no spark was
ignited by the first intensity spike at the beginning of the laser pulse
(~235 µs).

(A)

(B)

FIGURE 4 Single spark (dry calcium oxalate monohydrate urinary
stone in air, 0.6 J) produced by the first intensity spike at the beginning
of laser pulse. (A) Temporal profiles of infrared laser pulse (red) and
visble light (blue). (B) Enlargement of the spark (clipping, blue trace).
The spark enhanced absorption of laser radiation, producing an
exponential decay of the infrared‐photodiode trace (red) starting from
the beginning of the spark (vertical dashed line) and indicating plasma
formation.
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COM, 45% COD, and 14% protein) showed light in
100% of pulses (60% sparks and 40% dim light without
sparks, 1.0 J, N= 20). Three trials with another stone
(76% COM, 14% COD, 10% uric acid) showed light in
100% of pulses with 67%, 100%, and 89% of sparks
during first 6–9 pulses until apparent fiber‐tip damage.
Damaged fibers produced mostly dim light (93%) with
occasional (7%) sparks (N= 13). Lasering a cystine stone
produced sparks in 67% of laser pulses (1.0 J, N= 30).
Uric acid was the only composition tested that did not
produce flashes of light (1.0 J, N= 10).

Enhanced absorption of laser radiation

Sparks (peaks, blue traces) were seen to coincide with
troughs in infrared‐photodiode traces (red), indicative
of enhanced absorption of laser radiation
(Figures 2–4). The enhanced absorption was observed
with both solitary sparks (e.g., Figure 4) and merged
sparks (Figure 3), starting from the beginning of the

first spark (dashed line, Figure 4). The absorption of
laser radiation is further demonstrated using two
infrared photodetectors showing laser pulse at the
pick‐off reference at the output of the laser before the
optical fiber (photodetector 1) and infrared radiation
scattered from the stone (photodetector 2, Figure 6).
Photodetector 2 showed an enhanced absorption of
laser radiation starting from the initiation of sparks
(vertical dashed lines at 0.1 and 2.7 µs, Figure 6B). The
enhanced absorption of laser radiation was indicative
of plasma formation.

Supersonic expansion of light‐emitting products

High‐speed camera images showed that the light‐emitting
products expanded supersonically pluming from the
irradiated region (Figure 7). The supersonic expansion
of sparks generated cracking sound in air and shock
waves in water.

HA‐coated glass slides (HA‐slides) in water

Generation of shock waves is demonstrated lasering HA‐
slides in water. Figure 8 shows the temporal profile of the
laser pulse measured with a pick‐off reference photo-
detector, visible‐light emission, and acoustic pressure.
Flashes of light (blue) were associated with the intensity
spikes in the temporal profile of the laser pulse (black),
producing the most intense spark at the very beginning of
the laser pulse. Only this first spark generated a shock
wave (dark red), whereas the subsequent sparks pro-
duced no shock waves.

No shock waves were observed from the second spark
even when it had similar risetime, duration, and
amplitude as that of the first spark (Figure 9B,
236.5 µs). Likewise, no shock waves were observed from
the subsequent sparks (Figure 9B). High‐speed images
showed that the first spark was surrounded by liquid,
whereas the subsequent sparks were in a vapor bubble
(Figures 8B and 9C,D).

Cavitation bubbles were formed at both the proximal
and distal surfaces of the slide. The bubbles collapsed
(706 and 951 µs, Figure 9A) and rebound (1.2 and 1.3 ms,
Figure 9A) generating shock waves hundreds of micro-
seconds after the end of the laser pulse. Peak pressure
from the collapsing bubbles reached 60MPa (Figure 9A,
inset, 951 µs).

Acoustic transients with and without sparks

Greatest peak pressure from sparks was 58 ± 5MPa
(mean ± SD, N= 5, 0.6 J). Such shock waves
(Figure 10A) were generated by the first spark produced
with the flat fiber tip in contact with the flat surface of

(A)

(B)

FIGURE 5 Two sparks interconnected by dim light (dry calcium
oxalate monohydrate urinary stone in air, 1.0 J). (A) Temporal profiles
of infrared laser pulse (red) and visible light (blue). (B) Enlargement of
the beginning of the laser pulse with sparks. The laser pulse (red)
started at 228.23 µs producing the first intensity spike with duration of
1.2 µs and maximum at 229 µs. The spike ignited the first spark (blue)
with maximum at 229.27 µs and duration of 0.29 µs (full width at half
maximum, spark duration at 10% of peak amplitude was 0.8 µs). The
second spark was ignited at ~252 µs and was connected with the first
spark by dim light. The dim light continued for ~150 µs. Total duration
of the laser pulse was ~265 µs.
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HA‐slides in water. Subsequent sparks were in expanding
bubbles and generated no shock waves (Figure 10A,
inset). Shock waves from the collapsing bubbles pro-
duced peak pressure of 51 ± 18MPa (N= 5, 0.6 J).

An increase of laser energy to 1.0 J did not show an
increase of peak pressure (48.4 ± 8.4MPa from sparks
and 59.2 ± 22.4MPa from bubbles, three trials with 20
pulses: N= 3 × 20). A decrease of laser energy to 0.5 J
made the first spark intermittent. Without the first spark,
pressure waves generated at the beginning of laser pulse
had amplitude ~50 times smaller than that with the first
spark and had no shock front (Figure 10B). The
subsequent light emission in a bubble generated no
shock waves (inset, 265–315 µs).

(C)

(B)

(A)

FIGURE 6 Sparks at the surface of a cystine stone during a laser pulse at 1.0 J in air. (A) Traces recorded with visible‐light (blue) and infrared
(black and red) photodetectors. (B) Time enlargement of the first intensity spike at the beginning of the laser pulse. Infrared radiation was measured
with two photodetectors: photodetector 1 (black trace) measured the laser pulse at the pick‐off reference at the output of the laser before the optical
fiber, while photodetector 2 (red trace) measured infrared radiation scattered from the stone. Photodetector 2 showed a reduction of the signal in
comparison with that of photodetector 1, starting from the initiation of sparks (vertical dashed lines at 0.1 and 2.7 µs, B). (C) High‐speed camera
images recorded with a 2 µs step between frames and showing the first two sparks. Left frame shows a microscope image of the fiber in contact with
the stone surface before the laser pulse. Laser beam was coming from left to right in these images.

FIGURE 7 High‐speed camera images of the first spark in
Figure 5. Images were recorded at 5 million frames/s with an exposure
of 100 ns. During the 200 ns interval between frames, light‐emitting
products expanded at 0.31 ± 0.06 mm, traveling supersonically with a
speed of 1.5 ± 0.3 mm/µs and producing cracking sound in air.
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No light was observed lasering uncoated glass slides
in water (Figure 10C). Similarly, no light was observed
lasering water with no target (Figure 10D). Without
sparks, peak pressure (produced during the laser pulse)
was one to two orders of magnitude smaller than that
with the spark (Figure 10).

Sparks with cavitation could break HA‐slides in
water by a single laser pulse (Figure 11). No slides were
broken by cavitation without sparks (water, 1.0 J,
N= 500) and by sparks without cavitation (air, 1.0 J,
N= 3 × 20). In contrast, sparks with cavitation broke or
cracked HA‐slides in 63 ± 15% of laser pulses
(1.0 J, N= 3 × 20).

DISCUSSION

This study shows evidence of plasma formation with a
conventional free‐running holmium laser. Temporal
profiles of laser pulses showed many intensity spikes of

various duration and amplitude (Figures 1–5) typical for
free‐running lasers.12–14 The intensity spike at the
beginning of laser pulse could produce a spark that
generated a shock wave in the surrounding liquid,
whereas the subsequent sparks in a vapor bubble
generated no shock waves in the liquid (Figure 9). This
is because the liquid‐confined plasma expansion during
the first spark could build up pressure pushing against
almost incompressible liquid, whereas plasma expansion
during the subsequent sparks was essentially unconfined
pushing against compressible gas in the expanding
bubble. Another factor was the mismatch of acoustic
impedances (~104) at the gas–water interface transmitting
through the bubble wall only a fraction of the acoustic
energy (~0.1%).

Water absorbs holmium:YAG laser energy decreas-
ing it exponentially with the distance by ~63% at
0.3–0.4 mm.14,15 In addition, the divergence of laser
beams decreases laser intensity with the distance from the
fiber tip.3 Therefore, the smaller the distance, the greater

(B)

(A)

FIGURE 8 Sparks and shock waves produced by a laser pulse at 0.6 J in water at the surface of hydroxyapatite (HA)‐slide. (A) Traces recorded
with the infrared photodetector at the pick‐off reference at the output of the laser (black), the visible‐light photodetector (blue), and the hydrophone
(dark red). (B) High‐speed camera images recorded at 2Mfps and showing the dynamics of the first two sparks. The first frame shows a microscope
image recorded before the laser pulse and showing the fiber tip positioned at a standoff distance of 0.13 mm from the surface of the HA‐slide. Laser
beam was coming from left to right in these images. The beginning and end of the high‐speed camera frames is depicted on the time axis by green
lines. The first spark was surrounded by liquid and produced a shock wave. The subsequent sparks were in a vapor bubble and produced no shock
waves. Hydrophone trace (dark red) was shifted forward to offset the travel time of acoustic wave from the fiber tip to the hydrophone.
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the laser intensity at the target and the likelihood of
optical breakdown.

Optical breakdown is a stochastic process that occurs
when laser radiation ionizes target material above some
critical value (>1018 electrons/cm3).15 Initially, free

electrons can be released by thermionic emission and,
accelerated by the electromagnetic field, ionize other
atoms, releasing more electrons. The avalanching prolif-
eration of free electrons can lead to optical breakdown
provided that laser intensity overcomes quenching losses

(D)

(C)

(B)

(A)

FIGURE 9 Sparks and shock waves in water produced by a laser pulse at 0.8 J. This laser pulse broke the hydroxyapatite‐coated glass slide as
shown in Figure 11. (A) Traces recorded with the visible‐light photodetector (blue) and the hydrophone (dark red). Top‐right inset shows an
enlargement of the strongest shock wave from the collapsing bubbles. (B) Enlargement of the initial portion of traces showing all seven sparks
produced by this laser pulse. (C) High‐speed camera images showing the dynamics of the sparks. Timing and 200 ns exposure of images are depicted
on the time axis by green lines and bars. (D) Enlarged images of the first (left), second (center), and seventh (right) sparks. The first spark was
surrounded by liquid, whereas the subsequent sparks were in a vapor bubble. The first spark produced a shock wave, whereas the subsequent sparks
produced no shock waves. Hydrophone trace (dark red) was shifted forward by 8.97 µs, offsetting the travel time of acoustic waves from the fiber tip
to the hydrophone (13.4 ± 0.1 mm).
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(mainly inelastic collisions and diffusion of free electrons
from irradiated regions).15

Unique and important feature of plasma formation is
an increase of absorption of laser radiation.15 Ionization
generates an electrically conductive plasma that readily
absorbs electromagnetic radiation creating hot spots in
otherwise not so absorptive regions. Without absorption
of laser energy, lithotripsy is impossible. Conversely,
plasma formation along the light path to the stone can
shield the transmission of laser radiation to the stone.15

Holmium:YAG laser lithotripsy was reported to be
due to laser‐induced heating and vaporization of stone
constituents and interstitial water.15–20 Plasma formation
enhances absorption of laser radiation promoting heat-
ing, melting, vaporization, chemical decomposition, and
microexplosions at the stone surface (not shown).

The role of cavitation has recently been reassessed
suggesting that the collapsing bubbles contribute to stone
breakage.13 We observed that plasma formation can
intensify cavitation effects to the level when sparks and

shock waves (Figure 9) break glass slides with a single
laser pulse (Figure 11).

Light emission varied even with the same urinary stone
(Figures 2–5). In general, light emission depended on stone‐
surface geometry, fiber‐to‐stone distance, fiber‐tip degrada-
tion, laser energy, and stone mineral composition—ranging
from frequent sparks with COM stones to no light emission
with uric acid stones (1.0 J, N= 10). Further studies are
needed to assess the extent of plasma formation with
urinary stones of various composition.

The flashes of light might be a mix of plasma
formation and chemical decomposition or combustion
of stone constituents. Previous studies with a pulsed dye
laser have shown that the spectral profile of the flash
accompanying the ablation of calculi differs with time
delay: spectra obtained early in the laser pulse consist of
an intense continuum with superimposed absorption
lines, whereas spectra obtained at a longer delay show
that the continuum has weakened, and calcium emission
lines have appeared.21,22 The present results suggest a
need for follow‐up studies to assess plasma generation
using light‐emission spectroscopy with a submicrosecond
time‐gate resolution.

(A)

(B)

(C)

(D)

FIGURE 10 Acoustic pressure in water with (A) and without
(B–D) sparks at the beginning of laser pulse. (A) Shock wave generated
by a spark at the surface of hydroxyapatite (HA)‐coated slide at 0.6 J.
Top‐right inset shows the first four sparks (blue trace) at the beginning
of the pulse (dotted‐line rectangle highlights the time span of the main
plot). The first spark (inset, ~236 µs) was ignited before the expansion
of a vapor bubble (high‐speed camera images are not shown) and
generated the shock wave (dark red). Subsequent sparks were in a
bubble (images not shown) and produced no shock waves. (B) Without
a spark at the beginning of laser pulse (HA‐slide, 0.5 J, inset, dotted‐line
rectangle), the pressure wave had amplitude of ~2MPa and no shock
front. The visible‐light photodetector showed no substantial light
emission until the dim light later during the laser pulse (inset, blue, 270–
310 µs). (C) Hydrophone signal recorded at laser energy of 0.6 J lasering
glass slide without HA coating and with no light emission observed. (D)
Hydrophone signal recorded at 0.6 J with no target in water. No light
emission was observed. Without sparks, the peak pressure of acoustic
transients was one order of magnitude smaller than that with sparks.

(A)

(B)

FIGURE 11 Hydroxyapatite (HA)‐coated glass slide broken with a
single laser pulse at 0.8 J in water. Light emission and shock waves
produced during this laser pulse are shown in Figure 9. (A) Microscope
images of the slide before (left) and after (right) the laser pulse. Before
the pulse, the fiber tip was in contact with the slide (a faintly visible
shadow was cast on the slide). After the pulse, the fiber is distinctly
visible over the broken edge of the slide. (B) Photograph of the
experimental setup showing the HA‐slide broken by the laser pulse. An
auxiliary red laser was used for aiming and was turned on for
visualization of the fiber tip in this image.
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This study has limitations due to its in vitro design
and homogeneity of synthetic targets. Most urinary
stones are heterogeneous,23 and there is no perfect stone
model for the present investigation.24,25 The surface
flatness of the synthetic targets was another idealization
allowing us to position the fiber tip in close contact with
the HA‐slides. Observations with the HA‐coated glass
slides were biased toward cavitation because bubbles
were formed on both the proximal and distal surfaces of
the slide. Another caveat of using HA as a model
material to infer laser interactions with urinary stones is
that stones of various chemical composition (COM,
COD, uric acid, cystine, etc.) may have different optical
properties.

Here we used the conventional gold‐standard hol-
mium:YAG laser lithotripter. Similar studies might be
relevant to the new thulium‐fiber laser that also was
observed to produce light emission with sparks, corre-
lated with stone ablation rates.26

CONCLUSION

Conventional free‐running holmium:YAG infrared lasers
can produce flashes of visible light with relatively dim
light and bright sparks. Sparks were seen to enhance
absorption of laser radiation, indicative of plasma
formation and optical breakdown. Sparks could produce
shock waves in water at the beginning of laser pulse.
These observations suggest that plasma formation can be
an additional mechanism of action in laser lithotripsy
and potentially in other procedures.
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