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Abstract. Carbonization-free ablation of bone tissue with
400-ns pulses from a Q-switchedCO2 laser using a minia-
ture water spray is demonstrated. An ablation threshold of
1.4 J/cm2, an optimal energy density of9–10 J/cm2, and
a corresponding specific ablation energy of25–30 J/mm3 are
found for pig thighbonecompactaatλ= 9.57µm and a beam
waist diameter of0.5 mm. The water spray alleviates tissue
carbonization even at high laser pulse repetition rates and in-
creases ablation efficiency.

PACS: 46.62; 79.20.D; 87.50.H

CO2 lasers are widely used for ablation of soft biological
tissues. The process is based on the fast, explosive evapora-
tion of intracellular and interstitial water. A moderate ther-
mal effect outside the ablation zone causes a therapeutically
useful sealing of small capillaries. In contrast,CO2 laser me-
diated ablation of bone tissue usually leads to the formation
of a charring (carbonization) layer, which significantly de-
lays healing [1–3]. A hard cortical bone (compacta) contains
only 12–15 wt.% of H2O and 55-60 wt.% of hydroxyapatite
crystallites (the rest is collagen) [4]. The absorption coeffi-
cientα of the pure hydroxyapatite atCO2 laser wavelengths
ranges from 3500 to5500 cm−1 [5], which is 4−9 times
higher than that forH2O [6]. Thus, the mineral bone com-
ponent absorbs most of the laser energy and may become
very hot (Tmelt= 1280◦C [7]). Since the heat diffuses very
quickly out of the initial absorption volume, thermal damage
of surrounding tissue results and the efficiency of ablation is
reduced. Using known thermal [4] and optical [5, 6, 8] con-
stants of the tissue components we can estimate the thermal
relaxation time,τ = 1/4δα2 (δ is a thermal diffusivity). For
λ= 9.6µm, the τ value is only20µs for the compacta, as
compared to600µs for a soft muscle tissue.

It has been reported, however, that very short (τ ≤ 1µs)
and intense pulses from a TEACO2 laser produce uncar-
bonized ablation craters in bone, at least when a few pulses
and a low repetition rate of0.5 Hz are used [9]. The very fast
energy deposition in an absorption layer only a fewµm thick
leads to an immense pressure of evaporated bone water and

collagen fragments. The resulting vapor outbreak destroys the
solid structure although the temperature is far belowTmelt.
The importance of such a water microexplosion mechanism
in the ablation of bone and tooth atλ≈ 3µm (H2O absorption
maximum) has been postulated in [10–12] and confirmed by
analysis of debris particles [13], temperature [14], and micro-
morphology [14, 15] of the ablation site.

We will show in this report that a high water content in
bone tissue is a main prerequisite for avoiding carboniza-
tion during ablation with sub-µs CO2 laser pulses. The “wet”
ablation technique we describe here makes high ablation effi-
ciency feasible, while avoiding tissue carbonization even for
relatively deep cuts and high laser pulse repetition rates.

1 Experimental arrangement and qualitative results

Fresh animal bone samples were irradiated in vitro with
pulses of a mechanically Q-switchedCO2 laser [16]. The sys-
tem is based on a highly reliable industrial cwCO2 laser,
modified with a rotating chopper disk, which periodically in-
terrupts the focal line within a conical mirror telescope. The
resulting laser pulses are of400–450 nsduration (FWHM).
The pulse repetition ratef could be adjusted by the number
of the chopper slits up to several tens of kHz. The pulse en-
ergy E is 80 mJat f = 300 Hz andλ = 9.6µm. The beam
was focused on the sample surface down to a spot diameter of
2w= 490µm (1/e2 intensity level). The corresponding focus
(Rayleigh) length is18 mm.

Our initial qualitative results can be summarized as fol-
lows. The bone ablation is always accompanied by visible
glowing of the ejected debris, even if the ablation crater is not
thermally damaged. This indicates a partial absorption of the
laser light in the debris. Only the first few laser pulses pro-
duce a clean ablation without carbonizing. When the crater
depth reaches several hundredµm, the efficiency of the abla-
tion drops quickly and visible thermal damage appears even
at the low repetition ratef ≈ 20 Hz. Prolonged irradiation
and/or higher repetition rates lead to a pronounced melting
structure and finally to a black carbonization pattern sur-
rounded by a white recrystallization rim. Fast laser beam
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scanning across the bone permits higherf values, neverthe-
less clean ablation is still limited to a depth of a few hundred
µm. An auxiliary gas jet, if applied for several tens of sec-
onds, promotes drying of the bone tissue and only aggravates
the damage.

The interpretation of these results is relatively straight-
forward. Every laser pulse reduces the water content in the
vicinity of the ablated volume. After some time it drops to
such an extent that water no longer participates in the abla-
tion process. Subsequent laser pulses will melt and burn the
solid bone components. The reduction of the ablation rate due
to the parching of bone tissue has also been noticed in experi-
ments withEr:YAG lasers (2.94µm) [11, 17].

2 Wet ablation

In a second series of experiments we tried to prevent bone
parching by using a miniature water spray (∼ 2–3 ml/min).
The application of a “cooling” water spray (usually in combi-
nation with anEr:YAG laser) is known in dentistry (see [15,
17–20] and references therein). Despite the term, the direct
cooling of the tooth tissue by the spray may be of only sec-
ondary importance. According to the mechanism discussed
above the participation of water in the ablation process would
seem to be more important. A direct liquid-mediated cooling
may be effective if one uses wavelengths that are relatively
weakly absorbed by water (e.g.Nd:YAG laser [21]).

The bone sample (a piece of hard pig thighbonecom-
pactaor porous pig ribspongiosa) was put on a rotating plate
(v= 20–55 cm/s). During each turn the sample was sprayed
shortly before it was exposed to the laser beam. After irradi-
ation the bone sample was cut perpendicular to the ablation
groove and examined under a microscope to reveal traces of
carbonization and melting. The pictures of the groove pro-
files were taken with a CCD camera and processed using
a PC. The groove depthD, cross-sectionA, and effective
widthweff = A/D were determined as a function of the equiv-
alent pulse numberNeq, the energy density in the focusΦ =
E/πw2, and the pulse overlap factorn. The equivalent pulse
number shows how many laser pulses act effectively at each
groove location: Neq = (number of the ablation pulses)×
(weff/cut length). The overlap factorn is the ratio of the beam
radius to the distance the sample travels between two laser
pulses. Using the water spray (“wet” process), ablation of the
compactawithout carbonization was possible up ton= 2−5
and a groove depthD ≥ 10weff. No cracking of the bone
material was observed within the range of the experimental
parameters.

In Fig. 1 cut depth is plotted againstNeq; the cut depth
without water spray (“dry” ablation) is shown for compar-
ison. The difference between these two cases is obvious at
high Neq (deep cuts), where the “dry” ablation is much less
effective and is accompanied by carbonization and melting
even atn< 0.5 (non-overlapping laser pulses). The measured
effective cut width was250±50µm in both cases and seems
to be independent ofNeq. The relatively large scatter of the
experimental values is presumably due to variations in the tis-
sue properties within the bone.

The slowing-down of ablation observed at highNeq can
be explained by considering the geometry of the cut groove.
When it is produced with a Gaussian laser beam profile, the

Fig. 1. Dependence of the cut depthD in pig thighbonecompacta(∇,∆)
and pig ribspongiosa(�) on the equivalent pulse numberNeq for the case
of “wet” and “dry” (no water spray) ablation with400 ns CO2 laser pulses.
Experimental conditions:λ= 9.57µm, Φ = 7.9 J/cm2, w= 0.25 mm, f =
327(∇), 977(∆,�)Hz, n= 0.2(∇), 0.5(∆,�)

groove is U-shaped after a few pulses, V-shaped ifD >weff,
and reveals irregularities ifD� weff. The inner surface of
the groove grows with depth. While that does not change the
actual volume of the absorbing layer and the specific rate of
energy deposition (J/mm3/s), it does increase the undesir-
able diffusion of heat out of the absorption volume. Perhaps
even more detrimental is the fact that ablation products can-
not escape from the deep cut quickly enough and hence they
absorb much of the light. AtD�weff the asymmetry of the
cut also reduces the light energy reaching the lowest part of
the groove. It is also conceivable that the water is unfavor-
ably distributed within the deep groove. The tissue parching
discussed above is another important factor reducing ablation
efficiency at highNeq without the water spray.

From the measured dependencies ofD and A on Neq we
can find the single pulse ablation characteristics: an ablation
depthδD= dD/dNeq, an ablation volumeδV and a specific
ablation energyE/δV per pulse. Under the experimental con-
ditions of Fig. 1 (Φ = 7.9 J/cm2), δD is 7.5µm/pulseat the
beginning of the wet ablation, and drops to1µm/pulseat
D = 2.4 mm (Neq= 900). The corresponding specific abla-
tion energy increases from 30 to220 J/mm3.

Both δD andweff depend on the light energy density in
the focus. We investigated this dependence for pig thigh-
bonecompactaby varying the laser pulse energyE at fixed
focus diameter and practically unchanged pulse duration.
The measured ablation thresholdΦth = Eth/πw

2 is about
1.4 J/cm2 for both wet and dry processes. This value agrees
quite well with the value of1±0.15 J/cm2 reported in [9]
(9.6µm, 900 nspulses). Above the threshold the ablation
depth initially grows quickly withΦ, but the growth slows
down noticeably atΦ> 10 J/cm2. The effective cut width ex-
hibits similar behavior. In the case of wet ablation, it can be
described to a rough approximation by

weff = w
√

ln(Φ/Φth)/2 , (1)

which arises from the Gaussian light intensity distribution,
φ(r) = 2E/πw2 exp(−2r 2/w2), when supposing thatΦth
does not change with the cut depth, neglecting the heat
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Fig. 2. Specific ablation energy as a function of laser pulse energy densityΦ

in the focus. Thetriangles represent our measurements with a Q-switched
CO2 laser at pig thighbonecompacta: λ = 9.57µm, τ = 400–450 ns,
w = 0.25 mm, f = 977(∇), 4900(∆)Hz, n= 0.4(∇),2.2(∆). The dotted
curvedepicts the specific energy for anEr:YAG laser, recalculated from the
experimental data of [3] (human femurcompacta, λ= 2.94µm, τ = 180µs,
f = 5 Hz, w= 0.3 mm, ablation crater width is approximated with equa-
tion (1),Φth = 8 J/cm2)

transfer and absorption by debris. Disagreement between the
experimental values and equation (1) is observed at highΦth,
which is especially noticeable in the case of dry ablation
(smallerweff values).

Calculated from the measured values ofD andweff (or
A), the average specific ablation energy (total irradiation
energy/cut volume) is a strong function ofΦ (Fig. 2). It has
a minimum at9–10 J/cm2 for the wet and7–8 J/cm2 for the
dry process. The corresponding minimal ablation energies are
about 50 and85 J/mm3, respectively. These values are aver-
aged over the cut depth of1.7 mm(Neq= 285) for the wet and
0.9 mm(Neq= 210) for the dry process. The average specific
energy at the start of the ablation process is much smaller and
obviously coincides withE/δV at Neq→ 1. We measured the
value of 25–30 J/mm3 for the wet process atΦ = 9 J/cm2

andNeq= 20. The existence of an optimal energy density can
be explained by two competing mechanisms. The pulse in-
tensity grows withΦ, and leads to faster energy deposition
and more efficient ablation. On the other hand, the volume of
ejected vapor and ablation debris also increases withΦ, first
absorbing and, after ionization, reflecting and scattering more
and more light.

Such mechanisms are not specific toCO2 laser ablation.
The saturation of the ablation depth with increasing energy
density or the existence of an optimalΦ value have also been
reported in [3, 11, 13, 17, 19] for ablation of bone and tooth
tissues with anEr:YAG laser. To illustrate this we recalcu-
late the specific ablation energy from the data on ablation
depths reported in [3] for180µspulses from anEr:YAG laser.
The effective crater width is approximated with (1). The re-

sulting specific ablation energy (dotted curve in Fig. 2) has
a minimum at considerably higherΦ values (70–80 J/cm2),
as compared with the Q-switchCO2 laser. We attribute this
difference mainly to the 400 times longer pulse and corre-
spondingly smaller peak pulse intensity of theEr:YAG laser.

3 Conclusion

The bone ablation technique using short (400–500 ns) CO2
laser pulses and water spray provides cuts with no visible
carbonization even at high pulse repetition rates and spatial
pulse overlap factors (n≤ 5). Moving the beam at a velocity
of 30 cm/s we can use our Q-switchCO2 laser (f = 5 kHz,
E= 17 mJ) to produce clean cuts of30–40µm depth per pass
in hard pig thighbonecompacta. The maximum depth is so
far limited to severalmmbecause of the reduction of the abla-
tion efficiency for deeper cuts. We found for thecompactaan
ablation threshold of1.4 J/cm2, an optimal energy density of
9–10 J/cm2, and a corresponding specific ablation energy of
25–30 J/mm3 atλ= 9.57µm. Preliminary experiments show
that other hard biological tissues (tooth, wood) could also be
ablated very cleanly using this technique.
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