
2010

BARC/2010/E/004
B

A
R

C
/2010/E

/004

LASER ASSISTED DECONTAMINATION OF NUCLEAR FUEL ELEMENTS
by

J. Padma Nilaya and Dhruba J. Biswas
Laser & Plasma Technology Division

and
Aniruddha Kumar

AFFF, BARC, Tarapur



BARC/2010/E/004
BA

RC
/2

01
0/

E/
00

4

GOVERNMENT  OF  INDIA
ATOMIC  ENERGY  COMMISSION

BHABHA  ATOMIC  RESEARCH  CENTRE
MUMBAI, INDIA

2010

LASER ASSISTED DECONTAMINATION OF NUCLEAR FUEL ELEMENTS
by

J. Padma Nilaya and Dhruba J. Biswas
Laser & Plasma Technology Division

and
Aniruddha Kumar

AFFF, BARC, Tarapur



BIBLIOGRAPHIC   DESCRIPTION   SHEET   FOR   TECHNICAL  REPORT
(as  per  IS : 9400 - 1980)

01 Security classification : Unclassified

02 Distribution : External

03 Report status : New

04 Series : BARC External

05 Report type : Technical Report

06 Report No. : BARC/2010/E/004

07 Part No. or Volume No. :

08 Contract No. :

10 Title and subtitle : Laser assisted decontamination of nuclear fuel elements

11 Collation : 33 p., 14 figs., 2 tabs.

13 Project No. :

20 Personal author(s) : 1)    J. Padma Nilaya; Dhruba J. Biswas
2)    Aniruddha Kumar

21 Affiliation of author(s) : 1)    Laser and Plasma Technology Division, Bhabha Atomic Research
       Centre, Mumbai
2)    AFFF, BARC, Tarapur

22 Corporate author(s) : Bhabha Atomic Research Centre,
Mumbai - 400 085

23 Originating unit : Laser and Plasma Technology Division,
BARC, Mumbai

24 Sponsor(s) Name : Department of  Atomic Energy

Type : Government

 Contd...

            BARC/2010/E/004



BARC/2010/E/004

 30 Date of submission : March 2010

 31 Publication/Issue date : April    2010

40 Publisher/Distributor : Head,  Scientific Information Resource Division,
Bhabha Atomic Research Centre, Mumbai

42 Form of distribution : Hard copy

50 Language of text : English

51 Language of summary : English, Hindi

52 No. of references : 7 refs.

53 Gives data on :

60

70 Keywords/Descriptors :       FUEL   ELEMENTS;     DECONTAMINATION;    URANIUM  OXIDES;
MIXED  OXIDE  FUELS;     NEODYMIUM  LASERS;        URANIUM  233;          ZIRCALOY

71  INIS Subject Category : S11

99 Supplementary  elements :

Abstract :              Laser assisted removal of loosely bound fuel particulates from the clad surface following
the process of pellet loading has decided advantages over conventional methods. It is a dry and non-
contact process that generates very little secondary waste and can occur inside a glove box without any
manual interference minimizing the possibility of exposure to personnel. The rapid rise of the substrate/
particulate temperature owing to the absorption of energy from the incident laser pulse results in a variety
of processes that may lead to the expulsion of the particulates. As a precursor to the cleaning of the fuel
elements, initial experiments were carried out on contamination simulated on commonly used clad surfaces
to gain a first hand experience on the various laser parameters for which as efficient cleaning can be
obtained without altering the properties of the clad surface. The cleaning of a dummy fuel element was
subsequently achieved in the laboratory by integrating the laser with a work station that imparted
simultaneous rotational and linear motion to the fuel element.



 1

LASER ASSISTED DECONTAMINATION OF 
NUCLEAR FUEL ELEMENTS 

 
J. Padma Nilaya, Aniruddha Kumar*, Dhruba J. Biswas 

Laser & Plasma Technology Division 
Bhabha Atomic Research Centre 

Trombay, Mumbai – 400085 
* AFFF, BARC, Tarapur 

 
ABSTRACT 

 
Laser assisted removal of loosely bound fuel particulates from the clad surface 

following the process of pellet loading has decided advantages over conventional 

methods.    It is a dry and non-contact process that generates very little secondary 

waste and can occur inside a glove box without any manual interference minimizing 

the possibility of exposure to personnel.  The rapid rise of the substrate/particulate 

temperature owing to the absorption of energy from the incident laser pulse results in 

a variety of processes that may lead to the expulsion of the particulates.  As a 

precursor to the cleaning of the fuel elements, initial experiments were carried out on 

contamination simulated on commonly used clad surfaces to gain a first hand 

experience on the various laser parameters for which an efficient cleaning can be 

obtained without altering the properties of the clad surface.   The cleaning of a dummy 

fuel element was subsequently achieved in the laboratory by integrating the laser with 

a work station that imparted simultaneous rotational and linear motion to the fuel 

element.   
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1.    INTRODUCTION 

There is an ever-growing demand of plutonium bearing fuels mainly in the form of 

mixed oxide (MOX) in nuclear industry.  MOX fuels (UO2 + PuO2) are being 

used successfully in several BWRs and PWRs world wide.  India too has irradiated 

several bundles of MOX fuel successfully in BWRs (Tarapur) as a substitute for the 

existing enriched fuel and also at PHWRs in Kakrapara to increase the burn up of the 

fuel.    Few sub assemblies of MOX fuel have been used in the FBTR core along with 

mixed carbide (MC) fuel. The second stage of India's nuclear energy programme 

relies on Fast Breeder Reactors that will utilise MOX fuels with high plutonium 

content. AHWR will also utilise plutonium bearing MOX fuel along with Thoria- 

Urania fuel. Table 1 shows the typical fuel utilized by different reactors. 

TABLE 1 

 

Reactor Type 

 

Fuel used 

PHWR Nat UO2 and exptl MOX (U, Pu) 

BWR Enriched UO2 and exptl MOX (U, Pu) 

FBTR MC (U, Pu), and MOX (U, Pu) 

PFBR MOX (U, Pu) 

AHWR MOX (Th, U233 , Pu &Th) 

A fuel element consists of a thin walled tube loaded with cylindrical pellets and 

welded at both ends 

by end plugs.  The 

pellet loading 

operation, that 
 V Block 

Pellet Side Element Side 

Fig 1: Typical pellet loading set-up 
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involves pushing the fuel pellets placed on a “V” block literally into the element 

through the water-tight seal that links two glove boxes (see fig.1), leads to the 

presence of loose contamination on the tube surface in general and the tube ends in 

particular. The loaded fuel tube is taken out of the glove box for inspection and 

assembly.  The high radio toxicity associated with Plutonium and hard γ activity 

associated with the daughter products of U232 makes the handling of fuel elements 

highly hazardous and the need for remote method of decontamination arises.   The 

loose contamination from Uranyl nitrate, the basic feed material for pebble bed 

modular reactor [1], is also of concern. 

 

Some of the commonly followed methods of decontamination used in nuclear industry 

cannot be applied to the fuel elements due to the possibility of clad damage.  For 

instance, the mechanical methods viz., abrasive cleaning, grinding, milling, high 

pressure water jetting etc lead to the erosion of the base material while the use of 

strong mineral acids leads to chemical attacks on the clad surface.   

 

The most common method of decontaminating the fuel elements until recently has 

been to clean the elements inside the glove box with soft wet cloth and repeat the 

procedure after their removal from the glove box through a transfer port.  This process 

leads to undue exposure of the individuals, generates large secondary waste, may 

release air borne activity in the working area in addition to being  time consuming.  Of 

late, ultrasonic cleaning has been found effective for this application.  This process, 

that requires the fuel elements to be submerged in specially designed ultra-sonic tanks 

with fume hoods, generates large liquid waste necessitating an additional step of 

treating the active liquid before its disposal.   

 



 4

The use of lasers to decontaminate radioactive metal surfaces has generated 

considerable interest in the recent years as it has two major advantages over the 

conventional methods [2].  First of all it is a dry process generating very little 

secondary waste and secondly it is a non-contact process, which can occur inside the 

glove box without any manual interference as the laser beam can be transported into 

the box either through transmittive optics or by optical fibre.  Motivated by these 

facts, we have now attempted to employ laser as a decontamination tool for cleaning 

of nuclear fuel elements in our laboratory.   

 

The loosely bound particulates are attached to the substrate predominantly by Van-

der-Waal`s forces [3], the removal of which can be achieved at a laser intensity much 

lower than that required for surface melting/vapourisation.  The absorption of the 

incident energy by the substrate and /or the particulates causes rapid rise in the local 

temperature leading to their sudden expansion. If the resulting force exceeds the Van-

der-Waal`s force, the particulates can be dislodged.     The laser parameters that play a 

major role in the cleaning process are the fluence, pulse duration, and its wavelength 

[3].   We carried out initial cleaning experiments with suitable contamination 

simulated on samples made out of commonly used clad materials to have a rough 

estimate of the laser parameters appropriate for cleaning before attempting to 

decontaminate the dummy fuel elements. 

 

2.  WORK PLAN 

In order to gain a first hand experience in the area of laser assisted cleaning of metallic 

surfaces we, as a precursor to using laser to decontaminate fuel pins, carried out a 

number of preliminary experiments wherein a variety of clad samples, on the surface 

of which the contamination was simulated, were exposed to the laser pulses of varying 

wavelength, fluence and pulse duration.  The samples comprised of both UO2 (alpha, 
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beta) as well as 137Cs (beta; t1/2=30.17 yrs) contamination on small planchettes made 

of various clad materials such as SS, zircaloy, autoclaved zircaloy etc.  These initial 

experiments allowed us to ascertain the laser parameters that would result in an 

efficient cleaning of the clad surface without modifying its surface in anyway.  

Subsequent to this, the work of laser assisted cleaning of fuel pins was undertaken.  A 

workstation capable of imparting simultaneous rotational and translational motion to 

the fuel rod was fabricated. A beam delivery system comprising of a number of 

strategically placed steering optics transported the laser beam onto the fuel pin.  It was 

always possible to expose the entire surface area of the fuel rod by suitably adjusting 

the repetition rate of the laser and the pitch of rotation of the fuel pin.   The following 

sections provide a detailed description of the work carried out and the important 

findings from these experiments. 

 

3.1 Preliminary experiments with contamination simulated on clad samples: 

An electro-optically Q switched Nd-YAG laser (model NL313, Ekspla make) 

capable of delivering a maximum energy of 1.6 J, 800 mJ, 500 mJ, and 180 mJ on 

1064 nm, 532 nm, 355 nm and 266 nm respectively over a pulse duration of 8 ns 

and an indigenously developed TEA CO2 laser capable of delivering ~   mJ/pulse 

at 10.6 micron wavelength over a duration of ~200 nsec were used as the coherent 

sources in the cleaning experiments.  

 

Schematic of the experimental setup is shown in fig 2.  Two ends of a Perspex  

 

 

 

 

 
Fig2:  Schematic of the experimental set-up 
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cylindrical tube of length 10 cm and internal diameter 5 cm were vacuum-sealed 

with the sample holder on one side and a LiF (in case of Nd-YAG laser and the 

harmonics)/ZnSe (in case of CO2 laser) Brewster window on the other. The 

polarized output from the Nd-YAG laser at all the wavelengths could be coupled 

onto the sample through the same Brewster plate as LiF offers high transmission 

over this wavelength range.   Whenever needed, focusing lens, anti-reflection 

coated at the required wavelength, was made use of to maintain the same fluence 

condition on the sample plane for all the wavelengths studied.  The area of 

contamination was such that the laser beam intercepted it entirely thus avoiding the 

necessity of any scanning.  The rotary pump, connected to the chamber through a 

HEPA filter, was continuously kept on during the experiment to avoid any air-

borne activity being released in to the working area.   The gamma (in case of 

cesium contamination)/alpha (in case of UO2 contamination) activity of the 

samples was monitored before and after laser irradiation with the help of a high 

purity Ge detector (for gamma activity)/ ZnS gross alpha counter.    

 

3.1.1 Preparation of samples 
137Cs (β-, t1/2 = 30.17 yrs; γ=661 keV), one of the test contaminants used here, was 

deposited as aq. CsNO3 within a diameter of ~3mm on stainless 

steel/zircaloy/autoclaved zircaloy substrates and then evaporated off to dryness 

under an IR lamp.   The UO2 powder taken along with a small quantity of acetone 

was smeared onto the substrate surface within ~ 5mm diameter.  Usage of acetone 

allowed transfer of sufficient activity minimizing, thereby, the error in counting.    

The contamination so deposited is loosely bound to the substrate and well 

represents the clad contamination of the fuel element during pellet loading 

operation.    
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3.1.2 Fluence dependence of decontamination factor (DF) [4] 

In the first set of experiments we used a coherent source operating on 10.6 micron 

for the decontamination study.  Availability of an indigenously made TEA CO2 

laser prompted us to carry out the initial experiments at this wavelength.   The DF, 

defined as the ratio of the initial to final activity, was studied as a function of laser 

fluence for all the three kinds of substrates viz., plain zircaloy, autoclaved zircaloy, 

and SS and the dependence is shown in fig 3.  The data for all the points in this 

figure has been generated by 

taking a fresh sample every 

time and irradiating it with a 

single laser pulse of varying 

fluence.   It can be seen that the 

DF exhibits a maximal 

behaviour with the laser 

fluence and its maximum value 

occurs at different values of the 

laser         fluence for the three 

substrates studied.   

 

We have attributed the fall in the DF with increase in the fluence beyond the 

optimum value to the reduction in coupling of energy from the laser beam to the 

substrate due to the onset of surface assisted optical breakdown.  Higher is the laser 

fluence more pronounced is this effect, thus resulting in further reduction in the 

energy coupling.  This leads to continued fall in the DF with fluence as observed. 

The highest DF for Autoclaved Zircaloy occurs at a higher fluence as compared to 

plain Zircaloy. The presence of oxide layer on the surface of autoclaved Zircaloy 

perhaps increases the threshold fluence required for the onset of optical breakdown. 

Fig 3: Decontamination factor as a function of the fluence 
(J/cm2)  of the incident laser pulse 
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To substantiate the reason offered for the optimal behaviour of the DF with fluence, 

at least in a qualitative sense, we repeated the same experiment in a helium 

environment.  Helium, being an inert atomic gas, undergoes mostly elastic 

 

 

 

 

 

 

 

 

 

 

 

 

collisions with electrons resulting in a reduction of the threshold fluence for the 

onset of optical breakdown [5].  The optimal DF occurred here for a fluence which 

is less than that observed when laser exposure took place in rotary vacuum.  

Although similar observations were made for all the three types of substrates, the 

variation of DF with fluence for autoclaved Zircaloy in helium environment as well 

as in rotary vacuum is shown in fig 4.   

  

3.1.2.1: Dependence on number of exposures: In the next set of experiments, the 

fluence was set to the optimum value for each type of the substrates and the 

samples were then irradiated by the laser. The activity was measured after every 

exposure until the residual activity stabilised.  The DF showed a rapid rise initially 

0
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.

Fluence ( J/cm2 )

DF in Vaccum

DF in He

Fig 4: DF as a function of fluence in       vacuum,     helium environments 
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and appeared to saturate with 

increasing number of exposures 

(fig 5).   This behaviour can be 

understood in the following 

manner.  Depending on the 

penetration depth of the laser 

pulse into the deposited 

contamination, a part of it gets 

expelled from the surface with 

each exposure, increasing the DF initially with number of exposures. The 

saturation observed thereafter indicates that the bond strength between the 

substrate and the residual contaminants is high enough to be broken by the force 

generated due to the absorption of the laser photons at the fluence being used.  Any 

further increase in the fluence, however, triggers the onset of optical break down 

resulting in a reduced coupling of energy from the laser beam to the substrate.   

The maximum DFs obtained is different for different substrates indicating the 

varying nature of the bond-strength between the contaminants and the substrates 

used.  It may be worthwhile to mention here that much lower DFs were obtained 

for samples where the contamination after deposition was heat-treated in a flame.  

The heat treatment caused a stronger bonding between the host and the deposited 

particulates resulting in the observed lower DF. 

 

It was found that after every laser exposure, manual swiping of the area 

surrounding the contaminated zone reduced the measured activity. This is due to 

the re-deposition of the expelled particulates. Such re-deposition can be reduced by 

the usage of a cylindrical focusing lens [3] and a properly designed suction 

mechanism.  In addition, rectangular beam geometry instead of Gaussian beam 
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Fig 5: DF as a function of number of exposures  
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results in uniform surface cleaning besides increasing the coverage area [3].  A 

low-pressure gas jet, coaxial to the laser beam can also be used to direct the ejected 

particulates towards the suction and thereby improve the removal efficiency.   

3.1.3 Wavelength dependence [6] 

The fluence dependent decontamination study clearly established the fact that there 

exists a maximum fluence for a given substrate beyond which laser assisted optical 

breakdown limits the transport of energy from the laser beam into the substrate.  

Reduction in the duration of the laser pulse will reduce the possibility of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

such a breakdown allowing thereby better coupling of the laser beam.  For our next 

study on the dependence of the decontamination factor on wavelength, we made 

use of an Nd-YAG laser capable of delivering 1.6 J of energy over 1064 nm along 

with higher harmonics (532 nm;800 mJ, 355 nm; 400 mJ, 266 nm, 180 mJ).  

Fig 6: DF as a function of number of exposures for a: 1064 nm, b: 532 nm, 
c: 355 nm, and d: 266 nm 
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Further the   pulse duration of 8 ns allowed better coupling of the laser energy on 

to the sample.     Here the DF was studied as a function of the number of exposures 

for a fixed laser fluence of ~500 mJ/cm2 for all the four wavelengths viz., a) 

1064nm, b) 532nm, c) 355 nm and d) 266 nm and the dependence is shown in fig 

6.    To be noted here that only those samples which showed similar activity and 

had a homogeneous distribution of contaminants were chosen for this study.  It can 

be seen that DF as high as ~36 is reached within the first four exposures with 1064 

nm.    Four more exposures lead to the saturation of the cleaning process. The 

fluence used was presumably inadequate to allow the residual particulates to 

overcome their relatively stronger bonding with the substrate and get dislodged.     

It was seen that the residual activity could be made gradually smaller by increasing 

the laser fluence.  Fig 6 also shows that for initial exposures (up to ~14 shots) the 

DF is always lower for smaller wavelengths as compared to 1064 nm.  However, 

with increasing number of exposures, the trend reverses and the coherent radiation 

with shortest wavelength eventually exhibits the highest decontamination 

efficiency.   A residual activity measuring ~ 4.7cps, obtained with 8 exposures of 

1064 nm, could be obtained only after at least 14 exposures with any of the shorter 

wavelengths.   

  

To ascertain the contribution of the particulates in the observed cleaning process 

here, we performed the next set of experiments wherein the metal substrate was 

replaced by an optical grade Lithium Fluoride slab with no absorption over the 

entire range of wavelengths used in this study.  The Cesium contamination was 

deposited on LiF substrate following the same procedure as before.  Samples with 

similar initial activity were exposed to 1064 nm, 532 nm and 355nm maintaining 

the same laser fluence as before (~500 mJ/cm2).  The DF as a function of the 

number of exposures obtained here is as depicted in fig 7.  As would be seen, the 
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behaviour here with regard to 1064 nm is in total contrast to that when the 

contamination was simulated on metal surface. Irradiation by this wavelength 

resulted in almost no cleaning even with multiple exposures while a single pulse at 

the same fluence resulted in a DF as high as  ~ 20   in case of metal substrate with 

the value saturating at >40 with increasing exposures.   

 

Irradiation with 532 nm, on the other hand, yielded a DF of ~ 1.7 after one 

exposure that eventually saturated to ~2.5 after 14 shots.  These values in case of 

SS substrate were ~9 and ~37 respectively although no saturation behaviour was 

observed even after 24 exposures.  Exposure to 355nm yielded a similar behaviour 

as that with 

532 nm 

except that 

the DF was 

slightly 

higher.  It 

is therefore 

apparent 

that the 

cleaning 

efficiency 

arising out 

of the 

absorption 

in the 

particulates alone is significantly smaller compared to that originating due to the 

absorption in the substrate.    

 

0
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Fig 7: DF as a function of number of exposures for different wavelengths in 
case of LiF substrate 
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In the above experiment, the substrate, being transparent to 355 nm, 532 nm and 

1064 nm, does not play any role in the cleaning process.  The insignificant 

cleaning efficiency obtained with 1064 nm thus indicates that the particulates do 

not absorb this radiation either.  Cleaning, although less, obtained with 532 nm and 

355 nm irradiation points to the absorption of these wavelengths by the particulates 

here.  This conjecture was corroborated by the actual absorption measurements 

through the contamination.  The absorption of 1064 nm and 532 nm radiation in 

the contamination was estimated by comparing the transmission of the laser beam 

through bare LiF and LiF with contamination for both the wavelengths.   While 

1064 nm did not show any absorption, the 532 nm radiation exhibited absorption 

of nearly 50 %.     The higher DF obtained with 355 nm points to still larger value 

of absorption in the particulates for this wavelength. 

 

In the light of the above observations pertaining to wavelength dependent cleaning 

of contamination simulated on dielectric, we are now in a position to offer an 

explanation, albeit qualitatively, of the mechanism of cleaning of contamination on 

metal substrate.  The very high decontamination obtained with 1064 nm (see fig 

6a) points to the fact that it is the absorption in the substrate alone that is 

responsible for the generation of the cleaning force required to expel the 

particulates as the experiments with LiF substrate conclusively establish that the 

particulates do not contribute to the process of cleaning at this wavelength. The 

local focusing of the laser beam by virtue of the lensing effect caused by the near-

transparent particulates [7] leads to the enhancement of the cleaning force resulting 

in an improved decontamination of the metal surface.  Although similar focusing 

effect should take place in case of LiF as well, but in the absence of any absorption 

of radiation in it, no cleaning force is generated.   Owing to the re-deposition of a 
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fraction of the expelled particulates, improvement in cleaning is observed with 

multiple exposures until this contribution becomes negligible and the DF exhibits 

saturation (Fig 6a).  Beyond this, understandably therefore, the cleaning efficiency 

was found to improve further by increasing the laser fluence.   

 

In case of irradiation with 532 nm, the cleaning efficiency has been observed to be 

lower initially compared to that obtainable with longer wavelength (fig 6b) even 

though absorption in both particulates as well as substrate contributes to the 

process of cleaning here.  Particulate absorption tends to reduce the local field 

enhancement on the surface and may, therefore, result in lowering the contribution 

of the substrate towards cleaning.    With regard to continuously increasing DF 

with increasing number of exposures, it should be noted that it takes more laser 

exposures to ablate larger particles than the smaller ones.   With decreasing 

wavelength the dominant decontamination process initially is the partial ablation 

of the particulates. In the absence of significant contribution from the surface the 

net DF for shorter wavelengths is therefore initially lower. Owing to the partial 

ablation of the particulates with increasing number of exposures, the unabsorbed 

component of the incident radiation at shorter wavelengths reaching the substrate 

surface gradually increases.    As the cleaning efficiency arising out of the 

absorption in the particulates is significantly smaller compared to that originating 

due to the absorption in the substrate (fig 7), the DF obtained for shorter 

wavelengths eventually takes over that due to the longer wavelengths with 

increasing number of exposures (Fig. 6).   The near-transparent nature of the 

particulates to 1064 nm radiation ensures the total coupling of the incident energy 

to the substrate even in their presence. The DF therefore does not exhibit a 

monotonous rise in this case with increasing number of shots (Fig 6a).   
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The next set of experiments was conducted with two types of samples, one with 

smaller initial activity, and the other with larger initial activity.  For both types of 

samples, however, the activity was spread over the same area.  The SEM scans 

revealed a homogeneous distribution of particulates in both the cases.  The residual 

activity as a function of the number of laser exposures (of fluence ~500 mJ/cm2) in 

the two cases for a given wavelength was studied and is as depicted in figs 8A, B, 

and C for 266 nm, 532 nm, and 1064 nm respectively.  It can be seen that the 

residual activity after the first laser exposure in case of 1064 nm is nearly the same 

for both kinds of samples (traces a & b in fig 8C). This is because as seen before, 

1064 nm does not undergo any significant absorption in the particulates. The 

residual activity understandably, therefore, is independent of the initial 

concentration of the particulates.   On the other hand, as can be seen from figs 8A 

and 8B, there is a marked disparity in the residual activity in case of the two kinds 

of samples on their exposure to a single shot of 532 nm or 266 nm, the disparity 

increasing with reducing wavelength.  For 266 nm, the activity that remains on the 

substrate after the first exposure of the sample with larger initial particulate density 

is 2.8 times that of the one with lower initial particulate density.  As stated before, 

the increased absorption in the particulates with reducing wavelength results in 

reduced coupling of energy with the substrate.  This effect is more pronounced in 

case of samples with higher particulate density resulting in a larger residual 

activity when such a sample is exposed to a single pulse of shorter wavelength. 
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 The residual activity obtained after a number of laser exposures, however, is lowest 

for 266 nm and highest for 1064 nm.     

 

3.1.4. Experiments with UO2 contamination: 

Although the previous experiments with Cesium contamination provided us with a 

general idea with regard to the laser parameters required for cleaning of 

contaminated metal substrates, we extended this work further to include smeared 

UO2 contamination on metal substrates (section 3.1.1) as this would resemble more 

closely the situation of contaminated fuel elements.   

 

  

The general observations here with regard to the dependence of laser assisted 

cleaning on fluence and the wavelength of 

the laser are similar to that obtained in case 

of cesium contamination except that the 

fluence requirement here is generally lower 

(table 2).  This is understandable as the mere 

smearing of UO2 particulates resulted in 

rendering the bonding between the 

particulates and the surface weaker as 

compared to that in case of cesium 

Substrate wavelength Contamination Fluence 
Decontamination 

Factor (DF) 

SS 532 nm UO2 0.7 J/cm2 28 

SS 532 nm Cs 0.7 J/cm2    3.6 

Table 2: DF for UO2 and Cs contamination on SS for the same laser fluence 

Fig 9: Optical microscopic view of UO2 
particulates at 200X 
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contamination the deposition of which, as described in section 3.1.1, involved some 

amount of heating. Fig 9 shows the magnified optical microscope image of UO2 

particulates on SS.  Figs 10 a & b show the optical microscopic view of the surface 

before and after laser irradiation. The efficacy of the laser in cleaning the 

contaminated surface is clearly evident from these figures.  The fine structure seen 

on the cleaned SS surface (fig 10 b) was originally present as can be seen in fig 10 a 

as well and not caused due to the laser treatment. 

 

3.1.5 Summary of the results on preliminary experiments: 

The DF has been studied as a function of laser fluence and the number of pulses for 

three kinds of clad surfaces viz., plain zircaloy, autoclaved zircaloy, and SS at 10.6 

micron wavelength. The maximal behaviour that the DF exhibits with laser fluence 

is attributed to reduced coupling of energy from the laser beam to the substrate as a 

result of the initiation of surface-assisted optical breakdown.  Further experiments 

carried out in helium environment qualitatively support this explanation. The 

decontamination factor understandably rises with the number of laser pulse 

Fig 10: Optical microscopic images (100X) of  UO2 contamination on SS substrate a: before 
laser exposure and b: after laser exposure.   

a b 



 19

exposures before attaining a saturation which is indicative of the fact that the laser 

fluence is now insufficient to dislodge the particulates from the surface any further.   

 

In respect to wavelength dependent study, 1064 nm radiation has been found to be 

most effective, in the initial exposures, in the cleaning of dielectric contamination 

from a metal surface followed by its harmonics viz., 532 nm, 355nm, and 266 nm 

respectively.  With increasing number of exposures, the radiation with reducing 

wavelength assumes a more important role as a cleaning agent.  Similar experiments 

when performed with a non-absorbing substrate viz., LiF, reveal that contaminants 

are non-absorbing for the longer wavelength (1064 nm), with the absorption 

increasing, in general, with reducing wavelength. The transparent particulates further 

enhance the fluence of the 1064nm radiation reaching the substrate due to the 

lensing effect resulting in the generation of a large expelling force leading to 

efficient cleaning.  With reducing wavelength, the increased particulate absorption 

partially screens the surface from the incident radiation with the result that the 

cleaning efficiency stays low for the initial exposures.  With partial ablation of the 

particulates from the surface owing to multiple laser exposures, the coupling of the 

energy into the substrate gradually increases for the shorter wavelengths resulting in 

the observed enhancement of the DF.  This also explains the early saturation of the 

decontamination in the case of 1064 nm.    

 

3.2   Experiments with fuel elements: 

 

The exploratory studies described in previous sections provided information with 

regard to the appropriate choice of laser parameters such as its fluence, 

wavelength, and pulse duration etc for obtaining optimum cleaning of various 

contaminated surfaces.  Based on this data we next attempted the decontamination 
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of the surface of nuclear fuel elements. The demonstration experiments to this end 

were carried out on dummy elements made of SS/autoclaved and plain Zircaloy, 

of length 50 cm, O.D. 14.3 mm and contaminated on the outer surface.  A work 

station (refer to section 3.2.1) capable of providing simultaneous rotational and 

translational motion to the fuel rod has been fabricated, installed and integrated 

with the Nd-YAG laser system in our laboratory.  This, along with judicious 

choice of the repetition rate of the laser and the pitch of rotation of the fuel rod, 

allowed the irradiation of the entire surface area of the element by the laser beam. 

To be noted here that owing to the circular shape of the laser beam, some amount 

of overlap between the successive exposures was essential in order to expose the 

entire area. 

 

3.2.1 Work station and the beam delivery arrangement 

 

The workstation comprised of three compartments.  The contaminated fuel rod 

enters the workstation in the first compartment.  The rod is guided by a motor 

through a water tight seal into the decontamination head that is housed in the 

second chamber.  The laser beam, steered into the decontamination head by means 

of appropriately arranged mirrors, irradiates the fuel rod here and the ejected 

particulates are sucked into the HEPA filter.  Usage of an inert purge gas facilitates 

the efficient arresting of the contamination in the filter.  The cleaned rod now is 

guided into the third chamber, with the help of a second motor that works in unison 

with the first one, from where it is eventually removed.  The photograph of the 

decontamination head together with the guiding motors and an engaged fuel rod is 

shown in fig 11.   
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 1 2  3 

Fig 11: The work station showing the guiding motors (in compartments 1 and 3) and the decontamination 
head (compartment 2).  As seen the fuel rod enters the decontamination head through compartment 1. 
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The beam delivery system comprised of three dielectric coated high reflectivity 

mirrors placed at appropriate angles and locations to guide the laser beam to fall 

perpendicularly onto the moving fuel rod through the aperture provided on the 

decontamination head.  The   apertures provided at the input and exit ends of the 

decontamination head are sealed with transmitting optics anti-reflection coated at 

the wavelength of the coherent radiation being used.  The 532 nm green radiation 

(2nd harmonic of the Nd-YAG output) shows the trajectory of the beam from the 

laser up to the entry point to the decontamination head (fig12).    

  

 

 

 

Fig 12: Work station along with the Nd-YAG laser and the beam delivery arrangement 
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3.2.2 Experiments, Results, and Discussion 

Working with activity would lead to the contamination of the work station various 

sections of which needed to be accessed during the initial stages of experimentation.  

This gives rise to the possibility of leakage of activity into the working area. We 

preferred to perform the trial experiments by contaminating the surface of the fuel rod 

with a non-radioactive substance.  For a fair demonstration, however, the threshold 

fluence necessary for cleaning the surface off this contamination must be more than 

that which would be required for cleaning the surface contaminated with UO2 

particulates.  Of the various 

alternatives tried out, we concluded 

that inking the fuel surface with a 

water proof permanent pen is clearly 

the best solution as the threshold 

fluence (930 mJ/cm2) required for its 

cleaning is significantly higher than  

the minimum fluence (730 mJ/cm2) 

required for cleaning UO2 

contamination.  Fig 13 shows a 

microscopic view of an inked SS 

substrate, a portion of which has 

been exposed to the laser beam and 

can be seen to be totally devoid of 

the presence of any ink.  The unexposed portion, however, retains the original ink 

mark.  The Laser cleaning of the inked fuel rod would thus in a way confirm the 

ability of the said laser to clean the fuel surface contaminated with UO2 powder as 

well.   

 

Fig 13: Microscopic view (100 X) of inked SS 
substrate.  The laser irradiated region shows the 
removal of ink.  
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For the actual experiment, we inked three dummy fuel elements viz., autoclaved 

zircaloy, plain zircaloy, and SS.  Satisfactory cleaning of SS and plain zircaloy was 

observed when the pitch of rotation (6 mm) and the repetition rate of the laser (10/3 

Hz) were appropriately chosen so as to expose the entire tube surface to the laser  

radiation.   

 

In case of autoclaved zircaloy, however, laser exposure resulted in the 

removal/modification of the autoclave layer (fig14).  This we attribute to the excessive 

penetration of the laser energy into the autoclaved layer for the laser pulse of 8 nsec 

duration used in this experiment.  That the metallic zircaloy surface is visible in the 

region irradiated by the laser beam bears testimony to this fact.  Usage of a laser pulse 

of much shorter duration should prevent such modification of the surface layer by way 

of restricting the excessive penetration of energy into the autoclaved layer. 

 

3.2.3 Conclusion 

Laser assisted surface cleaning of a SS dummy fuel element measuring 50 cm length 

and 14.3 mm dia has been accomplished satisfactorily by making use of coherent 

radiation of 532 nm wavelength maintaining a fluence of ~0.9 J/cm2 over an area of a 

circle of ~1 cm diameter. The integration of the laser with a work station capable of 

providing simultaneous rotational and translational motion to the rod has made this 

exposed unexposed 

Fig 14: Photograph of a partly laser irradiated Autoclaved Zircaloy fuel element.  The 
exposed region clearly reveals the   damage to the autoclaved layer due to laser treatment.   
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possible.  Under optimized conditions (pitch 6mm and repetition rate 10/3 Hz), 

cleaning of the entire rod can be achieved in ~220 sec.  Increase of the repetition rate 

of the laser in conjunction with a corresponding increase in the rotational speed 

imparted to the rod by the motor will bring down the cleaning time.  To be noted here 

that in case of fuel element made of autoclaved zircaloy, laser exposure resulted in the 

removal/modification of the autoclave layer.   
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Appendix: 

 

Adhesion forces: 

 

Several important forces cause the adherence of tiny particulates onto a solid surface.  

These include Van der waal`s force, electrostatic double layer force, and capillary 

force.  Van der Waal`s force, generated due to the interaction between an 

instantaneous dipole in a body and the induced dipole in an adjacent body, is typically 

the predominant force for particles typically less than few microns in size. This force 

per unit area between two flat and parallel surfaces separated by a distance z is given 

by 

Fv = h/8π2z3 

where h is the material dependent Lifshitz-Van der waal`s constant.   

For a spherical particle of diameter d separated by a microscopic distance z from a flat 

surface, the Van der waal`s attractive force in the viscinity of the contact point region 

can be derived by integrating the above equation as 

Fv = hd/16πz2 

 

The second significant adhesion force for tiny particles on the surface is due to 

capillary condensation, whereby a thin layer of liquid, typically atmospheric moisture, 

is condensed at the tiny gap between the particle and the substrate.  This force is given 

by  

Fc = 2πγd  

where γ is the liquid surface energy per unit area of the liquid.   
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The third prominent adhesion force that may be operative is due to a contact potential 

difference of magnitude U2 produced when the particle touches the substrate causing a 

charge transfer and hence  a double layer of charges of opposite sign.  This is given by  

Fe =  πεU2d/2z 

where εis the permittivity of free space. 

 

 

 

 

 
 

 

 

These  forces are diagrammatically indicated in the above figures.  The equations indicate 

that these forces are huge when compared to the gravitational forces.  The van der waal`s 

force itself can be 107 times more than gravitational force for a 1 micron sized particle.  Also 

it can be clearly seen from the equations that smaller is the particle, larger is the acceleration 

required to dislodge it. 

 

Cleaning Model 

 

Surface clearance force:  When a pulsed laser irradiates particles, they absorb energy and 

their temperature increases non-uniformly.  After laser irradiation, the particles cool 

down in a very short time.  The change in temperature causes the particles restrained on 

the substrate surface to expand and contract very rapidly producing thermal stress in the 

particulates.  If the particles are to be detached from the substrate surface, the surface of 

 d 

 z 
Van der Waal`s force Capillary force 

  

Electrostatic force 
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the particulate at the interface must experience a real displacement.  Going by the relation 

between stress and strain, the cleaning condition can be given as 

 

 σ(d, t)/E + γ∆T(d, t) = ε(d, t) > 0 

where γ and E are the linear thermal expansion coefficient and the elastic modulus of the 

particle respectively.  σ(d, t) and ε(d, t) are the thermal stress and the displacement strain 

of the particle surface at the particle-substrate interface at time t respectively.  ∆T(d, t) is 

the temperature rise of the particle at the interface and is given by 

∆T(d, t) = T(d, t)- T0  

  where T0 is the initial temeprature distribution of the particle at the interface. 

 

Since the particle is restrained by the adhesion force, the thermal stress σ(d, t) is given by 

σ(d, t) = -F 

the cleaning force per unit area f  is given as 

f = γE∆T(d,t) 

 

Therefore the cleaning condition is  

f  > F 

  
 

Temperature distribution 

 

When a laser with uniform energy distribution irradiates a semi-infinite substrate, the 

temperature distribution can be described by the 1-dim heat equation.  The temperature at 

any point inside the substrate T(x, t) is a function of the depth below the substrate x and time 

t, and is governed by the 1 dimensional heat equation: 
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ρc   T(x, t)  = κ  T(x, t)  + (1-R) α I0 exp (-αx) 

where ρ, c, κ, R, α and I0 are density, specific heat, thermal conductivity, reflectivity, 

absorption coefficient of the substrate material and laser fluence on the substrate surface 

respectively.   

 

The initial temperature distribution T0 in the substrate is assumed to be the same as the 

ambient temperature.  The laser fluence  I0 is approximated to be a constant value throughout 

the pulse duration and zero after the pulse.  Substituting the values of the parameters in the 

above equation for the substrate under consideration, the temperature distribution in it can be 

obtained by numerical simulation.    

 
 

 

 
    


