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Abstract. Pulsed laser-assisted removal of particulates from substrates has decided advantages over the conventional methods of cleaning. Experiments conducted with loose
contamination on metal and transparent dielectric surfaces proved conclusively the dominant role played by the absorption of the incident radiation by the surface towards the
generation of the cleaning force as against the absorption in the particulates alone. Further, the presence of transparent/semi-transparent particulates on a metal surface was
found to result in an increased absorption of the incident radiation by the substrate. This
effect, identified as field-enhanced surface absorption was found to increase with reduction
in the average particulate size.
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1. Introduction
Surface contamination can be generally categorized into two types: loose and fixed.
In loose contamination, the contaminant particulates are attached to the substrate
surface by means of short-range attractive forces, e.g., Van der Waal’s force. In
fixed contamination, a chemical bond generally exists between the substrate and
the contamination. Cleaning of contamination of both loose and fixed types can
be accomplished by using a laser. Whereas the generation of thermal stress by
choosing appropriate laser parameters is the mechanism of cleaning in the former
case, ablation is primarily responsible for cleaning the fixed contamination. We
present here a detailed report of work carried out by us in the area of laser-assisted
cleaning of loose contamination. Our interest in this area stems from the fact
that the surface of nuclear fuel elements gets contaminated with loose powdery
radio-toxic particulates during pellet loading operation and has to be thoroughly
cleaned before they can be further handled. The conventional techniques used for
the cleaning of the fuel element surfaces have a general disadvantage because of the
possibility of exposure to personnel and generation of large volume of secondary
radioactive waste. Pulsed laser-assisted removal of loose radioactive particulates
from the surface of both metallic [1–7] and dielectric [4,6,7] substrates is gaining
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popularity as it has decided advantages over the conventional methods of cleaning.
First, the volume of the secondary waste generated can be reduced to a significant
extent here as an appropriate selection of the laser parameters such as its fluence
and pulse duration can confine the interaction of the laser with the substrate to a
restricted volume [3,4,8]. Secondly, as the laser beam can be transported to the job
either with the help of beam steering optics or by an optical fibre, the entire process
can be executed in a remote manner minimizing thereby the chance of exposure to
the personnel [9]. Although we have been able to employ laser cleaning technique to
satisfactorily remove the powdery loose contamination off the nuclear fuel element
surface, in this paper we shall restrict ourselves to describing the work that enabled
us to obtain a deeper insight into the mechanism of laser-assisted cleaning of both
metallic and dielectric surfaces.
2. Experimental methods
To establish the efficacy of laser-assisted cleaning in our laboratory we carried out
a detailed decontamination study as a function of both fluence and wavelength of
the incident laser as well as the number of exposures. The samples were prepared
by simulating radioactive cesium contamination (β − , t1/2 = 30.17 yr), the daughter
product of which is γ-active, on commonly used nuclear fuel element-clad surfaces,
e.g., zircaloy and stainless steel (SS). The samples were generally in the form of
circular discs of diameter ∼10 mm and thickness 1 mm, with a central region of
∼4 mm diameter containing the Cs contamination. The preparation of the sample
involved depositing aq. cesium nitrate on the substrate surface and evaporating
it off to dryness. The experimental system consisted of a Perspex chamber, the
two ends of which were vacuum-sealed by the sample holder at one end and a
transmitting window on the other end. A rotary pump connected to the chamber
through a stack of filter paper was kept on during the experiment to ensure that no
airborne activity contaminated the working area. In the first set of experiments,
the coherent light was derived from an indigenously-made He-free TEA CO2 laser
capable of delivering ∼700 mJ per pulse with a pulse duration of ∼850 ns. The
schematic diagram of the experimental set-up is shown in figure 1. A ZnSe focussing
lens was used whenever necessary to increase the fluence to the desired level at the
sample plane. The γ activity of the sample was monitored using a high-purity Ge
detector before and after its exposure to the laser pulse. This enabled us to estimate
the extent of cleaning of the surface achieved due to laser irradiation.
3. Result and discussion
When irradiated by a single laser pulse of fluence ∼2.2 J/cm2 at 10.6 µm, the particulates were completely removed, as can be seen from the SEM photomicrographs of
the sample taken before and after laser exposure (figure 2). We then systematically
studied the decontamination factor (DF), defined as the ratio of initial activity to
the final activity and is thus a measure of cleaning efficiency, as a function of the
laser fluence for three kinds of commonly used clad surfaces, viz., plain zircaloy,
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Figure 1. Schematic diagram of the decontamination experimental set-up.

Figure 2. SEM photomicrographs (at 40×) of the sample surface before and
after CO2 laser irradiation. The removal of the particulates is clearly evident
after laser exposure.

autoclaved zircaloy and SS and this dependence is shown in figure 3. It can be
seen that the DF exhibits a maximal behaviour with respect to the laser fluence.
The initial rise in DF with increasing fluence can be explained as follows. The
cleaning force generated increases with increasing fluence and the particulates that
are bound by a stronger force with the substrate and cannot be expelled at lower
fluence can undergo larger thermal stress enabling their ejection at higher fluence.
We have attributed the fall in the DF with increase in fluence beyond the optimum
value to the reduction in the energy coupled from the laser beam into the substrate
due to the onset of surface-assisted optical breakdown. Higher is the fluence more
pronounced is this effect resulting in further reduced coupling and hence continued
fall in the DF. To substantiate this explanation in a qualitative sense, we performed
the same experiment in helium environment where helium, being an inert gas, undergoes largely elastic collisions with the electrons. This, therefore, should result in
a reduction in the threshold fluence at which optical breakdown sets in [10]. Optimal DF in helium environment was indeed obtained for lower threshold fluence as
compared to when the experiment was conducted in rotary vacuum.
We next studied the decontamination efficiency as a function of the wavelength
of the incident coherent light. The experimental set-up was as before except that
the laser used here was an electro-optically Q-switched Nd:YAG laser capable of
Pramana – J. Phys., Vol. 75, No. 6, December 2010
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Figure 3. DF as a function of the laser fluence for three kinds of clad surfaces,
viz., SS, autoclaved zircaloy and plain zircaloy.

Figure 4. The dependence of DF on the number of laser exposures for four
wavelengths, viz., 1064, 532, 355 and 266 nm, when the contamination is on
metal substrate.

operating on four wavelengths, viz., 1064, 532, 355 and 266 nm delivering a pulse
of ∼8 ns duration. The fluence was maintained at ∼500 mJ/cm2 on all the four
wavelengths for this study. The DF was studied as a function of the number of
laser exposures for all the four wavelengths and is shown in figure 4. It would be
seen that initially the best cleaning was obtained with 1064 nm radiation and the
1090
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Figure 5. The dependence of DF on the number of laser exposures for three
wavelengths, viz., 1064, 532 and 355 nm, when the contamination is on transparent LiF substrate.

Figure 6. The experimental scheme for direct absorption measurement of
the incident radiation in the particulates.

cleaning efficiency was saturated here after about 8 to 10 exposures. It is, however,
more interesting to note that shorter is the wavelength, better is the cleaning with
increasing number of exposures. It is well known that the contribution towards
generation of cleaning force can come from the absorption of radiation by both
particulates as well as the substrate. To decouple these two effects, we conducted
our next experiment by simulating the cesium contamination on LiF substrate that
is transparent to all the wavelengths used here. The cleaning force, therefore, is
generated now only due to absorption in the particulate. The DF was studied again
as a function of the number of exposures for the three wavelengths, viz., 1064, 532
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Figure 7. A typical SEM photomicrograph of the sample surface showing
∼20% of its area covered by the particulates.

Figure 8. Illustration of optical field enhancement due to the presence of a
transparent particulate on the substrate surface.

and 355 nm and is shown in figure 5. As would be seen here, there is hardly any
cleaning with 1064 nm radiation while at shorter wavelengths although there is
some cleaning, the maximum DF that could be obtained is much less as against
cleaning of the contamination off metal substrate. Further, a saturation in the DF
was clearly evident for all the wavelengths.
To understand this behaviour we undertook the direct absorption measurement
of the radiation in the particulates. The absorption of 1064 and 532 nm in the
particulates was estimated by measuring their transmission through an LiF plate
with and without contamination on it (figure 6). The results are summarized in
table 1. As can be seen from this table, in LiF with contamination, 1064 nm showed
∼91% transmission while 532 nm exhibited ∼82% transmission. After accounting
for the Fresnel reflection loss of 4% from each interface, and estimating that ∼20%
of the substrate surface is covered by the particulates (figure 7), it would be readily
seen that while 1064 nm radiation did not suffer any absorption in the particulates,
532 nm radiation exhibited ∼50% absorption. This explains the negligible cleaning
obtained with 1064 nm radiation in the case of contamination on the transparent
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Figure 9. Optical photomicrographs of sample 1 (containing predominantly
smaller particulates) and sample 2 (containing predominantly larger particulates) before laser exposure.

Figure 10. Optical photomicrographs of samples 1 and 2 after laser exposure.
The smaller particulates are removed while the larger ones remain behind.

LiF substrate. In the light of these observations, it is worthwhile to revisit figure 4
showing the wavelength-dependent decontamination in SS substrate. Although the
particulates are totally transparent to 1064 nm radiation, the cleaning efficiency
is highest for it initially, whereas in spite of 50% absorption in the particulates,
532 nm radiation showed much less cleaning. This clearly points to the fact that
absorption in the substrate plays a more dominant role towards generation of the
cleaning force compared to the absorption in the particulates.
An explanation of this calls for the measurement of energy absorbed by a metal
substrate with and without contamination on it. Usage of a total integrating sphere
made such absorption measurements with an opaque substrate like metal possible.
The intensity of the incident radiation during these absorption measurements was
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Figure 11. Optical photomicrographs bearing evidence of particle disintegration after exposure to a single pulse of 355 nm radiation. (a) Loose particulate contamination on SS surface, (b) loose particulate contamination on
LiF substrate.
Table 1. Measurements of transmission of 1064 and 532 nm through bare
LiF and LiF with contamination.
% Transmission of laser
Sample
LiF
LiF with contamination

1064 nm

532 nm

∼ 92%
∼ 91%

∼ 92%
∼ 81.7%

kept well within the small signal regime to ensure that the absorption properties
of the sample remain unaffected. The absorption of the incident radiation at 1064
nm was found to be much larger for the metal sample with particulates as against
bare metal sample even though the particulates are themselves transparent at this
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Table 2. Small signal absorption measurements with integrating sphere for
samples 1 and 2 at 1064 and 532 nm.
Sample No. 1, activity
70 cps (small particulate)

Sample No. 2, activity
106 cps (large particulate)

Absorption
Absorption
Absorption
in SS with
Absorption
in SS with
Absorption
in blank
contamination
due to
contamination
due to
Wavelength
SS w.r.t.
w.r.t.
contamination
w.r.t.
contamination
(nm)
calibrator (%) calibrator (%)
(%)
calibrator (%)
(%)
1064
532

16.6
25.0

50.6
70.3

34
45.3

29.9
61.9

13.3
36.9

wavelength. The increase in the absorption by the substrate as a result of the
mere presence of the transparent particulates on it is intriguing and can be understood by referring to figure 8. A transparent or semi-transparent particulate
behaves like a lens and therefore can focus a beam of light passing through it [11].
This, in turn, increases the intensity of radiation on the substrate surface just underneath the particulate. It is well known that absorption of radiation at 1064 nm
wavelength occurs predominantly by multiphoton absorption processes [12,13]. Understandably, the probability of such a process increases with increasing intensity
[13,14]. The presence of transparent particulates, thus, can enhance the absorption of radiation by the substrate, an effect observed by us for the first time and
termed field-enhanced surface absorption. This effect should be more pronounced
for smaller particulates as the focussing is expected to be tighter in this case. To
verify this we performed the next set of experiments with two types of samples; one
containing predominantly smaller particulates as compared to the other, with the
substrate being SS in both the cases. It can be seen from the optical photomicrographs of figure 9 that while sample 1 contained largely particulates within ∼10 µm
size, sample 2 contained particulates exceeding even 50 µm. Next we performed
the small signal absorption measurement for these two samples at 1064 and 532 nm
wavelengths and the results, that clearly showed increased field-enhanced surface
absorption for smaller particulates, are summarized in table 2. Further, this effect
is more pronounced at 1064 nm compared to 532 nm because the lensing effect is
much stronger for 1064 nm radiation as the particulates are totally transparent to
it. Laser cleaning thus would become more effective with 1064 nm radiation for
smaller particulates. To experimentally verify this, we irradiated both the samples
with a single pulse of 1064 nm wavelength of appropriate fluence. The DF was
observed to be significantly higher for sample 1. As can be seen from the optical
photomicrographs of samples 1 and 2 captured after their exposure to the laser
pulse (figure 10), most of the smaller particulates were removed, while the larger
ones were practically remained behind.
Results obtained from these studies on laser–surface interaction with transparent/semi-transparent particulates on it has helped us offer an explanation to
the dependence of decontamination efficiency on wavelength of cleaning radiation
as well as the number of exposures in both metallic and dielectric substrates (figures
Pramana – J. Phys., Vol. 75, No. 6, December 2010
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4 and 5). In contamination on metal substrate, the field-enhanced surface absorption is highest for 1064 nm radiation as the particulates are totally transparent at
this wavelength. Hence this gives the best cleaning initially. At a given fluence of
the incident radiation, only those particulates can be removed for which the bonding force with the substrate is less than the generated cleaning force. Another pulse
at the same fluence is not expected to cause any further removal. A fraction of the
ejected particulates however, can be re-deposited [15] on the substrate surface and
hence the DF rises with increasing number of shots until the contribution from
such re-deposition disappears resulting in the observed saturation of DF in this
case. In the case of shorter wavelengths with contamination on SS substrate, the
DF exhibits a monotonous rise with the number of exposures. Observation of the
post-irradiated samples on both metallic and transparent substrates has provided
a clear evidence of disintegration of large particles into smaller ones after absorbing
energy at the shorter wavelengths (figure 11). In metal substrate, such disintegration leads to tighter focussing causing enhancement of field on the substrate surface
resulting in the generation of a larger cleaning force. This effect would occur shot
after shot and thus explains the monotonous rise of DF with increasing number of
exposures for contamination on metal surface in the case of shorter wavelengths.
For LiF substrate, although the particulates undergo disintegration (figure 11b), it
does not result in any improvement in the cleaning as the transparent LiF cannot
derive any advantage from the tighter focussing of the beam. The DF, therefore,
shows a saturation behaviour here with the number of exposures for the same reason
as in the case of 1064 nm for contamination on metal surface.
4. Conclusion
In conclusion, experiments carried out with semi-transparent particulates have established the dominant role played by the absorption of the incident radiation in
the substrate towards the generation of the cleaning force. Subsequent experiments
point to field-enhanced surface absorption as a possible mechanism for this behaviour. This has been further substantiated experimentally by obtaining higher
cleaning efficiency for smaller particulates.
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