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Xerox treated tracing paper as suitable and accessible material for development of
new laser beam—profiler technique
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On the base of systematic investigation, we have introduced as suitable and accessible material for the laser beam
profile study appropriately treated tracing paper by standard Xerox type copy machine. As we show, the whitening of
this material by laser illumination in combination with appropriate computer analysis can be a base for development of
very competitive non-electronic technique for complex laser spot energetic profile study. Such whitening of the
accidentally taken, non-defined, blacked materials and without any quantitative treatment, is used previously in the
literature and in the laboratory practice only for visual illustrative marking (including also successfully - for the
interesting cases) of laser spot. We have taken into account that the discussed registration presents, as a potential, some
essential advantages in competition with the modern electronic beam-profilers - the registration is in very wide spectral
range (from UV to IR - e.g. 0.3 - 3 um and longer), cannot be disturbed by the electromagnetic noise and such spot
visualization is extremely cheap and accessible. Via a complex investigation, we have developed a suitable technique
of noted above type for real laboratory and practical laser spot study applications. As first important point in this
development, we have found suitable, reproducible and widely accessible materials for spot registration that, in defined
range of illumination (sufficiently large), offer possibility by using a standard computer treatment to obtain a good
quantitative spot energetic parameters determination. The noted advantages of such type technique are shown in the
work.

Keywords: material for laser beam profile study; new non-electronic technique for energetically laser spot study;

registration in very large spectral range; non-disturbance by the electromagnetic noise.

INTRODUCTION

The work presents a systematic study of a
treated by standard Xerox type copy machine
tracing paper as a suitable and accessible material
for laser beam profile evaluation. We show that
this material combined with computer processing
can be a base for development of very competitive
apparatus  of  non-electronic ~ Thermo-Paper
Registration Approach (TePRA) for laser spot
profile study. The principle of the TePRA is the
whitening within the laser beam illuminated area of
the black thermo-sensitive material.  This
registration is used in the literature and in the
laboratory practice only for visual illustration of the
laser spot marking [1] on the randomly chosen
sensitive materials and without any quantitative
processing. However, looking in details, the TePRA
registration presents as a potential some essential
advantages in competition with the electronic
beam-profilers [2]. Firstly, as we have shown also
in our experiments including two-wavelength lasers
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[3], a correct registration is not spectrally sensitive
in a very wide range, for example - from UV to IR
(e.g. 0.3 - 3 um and longer). Secondly, this
registration cannot be disturbed by electromagnetic
noises and in addition such spot registration is
extremely cheap and accessible. The adaptation of
such laser spot marking as suitable technique for
real laboratory and practical applications needs
essential development. Important issues must be
solved as i) to find suitable, reproducible and
widely accessible materials for spot marking, ii) to
determine the range of variation of the illuminating
light intensity for correct and usable response of the
materials and iii) to develop convenient procedure
combined with standard computer processing of the
marked spot. This is the aim of the present work.

EXPERIMENTAL

There are many blackened paper-materials, on
which a laser beam makes a spot within the
illuminated area. As laser beam sources we used
pulsed Nd:YAG and Nd:Glass lasers. The laser
output energy in most of the experiments was equal
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to the energy of the beam, illuminating the studied
material, except the case where a fine plate filtes
was used. The energy was measured with
FIELDMAX energy meter, Coherent, USA and the
pulse duration - with a 250 MHz storage
oscilloscope. The study was performed at different
laser parameters, generally for the energy between
0.3 J to 10 J and pulse length from 100 ps to
3000 ps. This was obtained by the Nd:YAG free
mode of operation with spectrally and energetically
controlled output, variable from 0.3 J to 1.8 J,
repetition rate — single pulse to 1 Hz, and pulse
length of 150 ps to 350 ps; with tuned lines — at
1.06 pm and at 1.32 - 1.36 pm. The second
Nd:Glass laser in free lasing mode of operation
produced output energy up to 10 J at 1.06 pm with
pulse length from 2500 pus to 3000 ps. Also, we
have investigated the laser beam in a short pulse,
produced by passively Q-switched operation of the
Nd:YAG laser with pulse length of 1 ps and
energy of 0.4J to 0.9] at the line 1.06 um. The
lasers operated in a multimode regime.

Following the aim of the work, we performed a
sequence of related experiments.

We started with testing of different blackened
papers - conventional paper and blackened Xerox
copy paper, and observed a common effect. If such
paper is illuminated on the blackened side, the
produced white spot has “mustaches” and black
traces within the spot (Fig. 1a,b). We explain this
unfavorable fact with action of the light pressure on
the formed cloud of vaporized (generally — ablated)
micro-particles. The pressure returns back part of
the particles to the spots areca. Adhering of the
heated ablated micro-particle also contribute to the
noted undesired effect.

o b) 5

Fig. 1. Whitened by laser illumination materials: (a)
Usual black paper; (b) Xerox blackened tracing paper,
illuminated on the blackened side and (c) - illuminated
on the non-blackened side

Typical example of the described spot type is
shown in Fig. 1: (a) is in usual black paper; (b) is
made on the blackened side of Xerox- blackened
tracing-paper (one passing, copy of the black paper)
and (c) — at its opposite side.
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Thus, the suitable material must be transparent,
or partially transparent with a black layer on the
one side and the illumination must be done at the
non- blackened side. We have tested different paper
and plastic materials of this type. Our attention was
focused on paper-materials, which can be well
defined and easily accessible for a large number of
users. In summary, we found that most suitable for
application is the tracing paper, blackened at one
side by Xerox type copy machine. We have used
the widespread tracing paper A4 92 gr/m? from Sihl
Digital Imaging Company (the light transmission
measured with a bulb lamp of pure tracing sheet
gives = 55 %). Note that we have compared the
blackening, in a manner described below, for
several different type Xerox-machines: Konica
Minolta Dialfa Di 5510 — used basically in the
work, also as testing - Sharp-MX-3500; Toshiba
2500c with standard toner powder (such as Toner
Cartridge 360 for use in Konica digital copier,
India). We did not observe noticeable difference of
the blackened tracing-paper behavior. The same,
not critical difference was observed using spot
tracing with different scanners - BENQ S2W
3300u, CANON LIDE 25, Canon Pixma MX320.
Our test of scanning spots from the tracing paper
gives correct results when at the back side is placed
white sheet (non-black or coloured one). The
illumination of the blackened tracing paper by free-
lasing beams with the described above parameters,
made good white spot on the impact area, as a
typical one, shown in Fig. 1(c). Under other
conditions — Q-switching operation, noted above,
the formed spot has white-brown color. Firstly, we
tested the simplest procedure — to use transmission
through the white spots under illumination with a
low-power (~mW) homogeneous laser light (spot
by spot) to determine the incident spot energy
distribution. However, we found non-acceptable
difference of typically ~40% and more. The
tracing, point by point, along the diameter of the
white spots, of transmission with a system
composed from diaphragm-receiver-oscilloscope -
also gave non-acceptable results. We explain this
fact with appearance of white products due to the
burning of the black layer and remaining products
of the black layer, which combination leads to non-
proportionality to the transmitted incident light
intensity. The actual photograph of the part of
whitened by the laser illumination spot (on the
border with non-treated part black side) of the sheet
is shown in Fig. 2. The formation of the layer of
white burning products can be seen. Important for
the purpose of the work is that at large energy
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density range from = 0.5 J/cm? to = 4 J/em? the
whitening is proportional to the illuminating energy
density.

Fig. 2. Actual photograph of the part of whitened
paper within the laser illuminated spot.

From series of measurements, we obtained that
the whitening is proportional to the light energy
density in a wide range. To describe the whitening
we introduced the function W(x,y) whose value in
a given small area (dxdy) around the point (x,y) is
proportional to the illuminating energy density
WEe(x,y) in the considered area. The coefficient of
proportionality is denoted as k;. This schematically
is shown in Fig. 3.
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Fig. 3. To the analysis of the relation beam
illumination energy - volume of the spatial figure within
the whitening boundaries.

After the integration, we obtain:

V:J‘J.kl'WE(X’y)dey:kl'Ejb (D
Xy

Here V is the volume below the given surface by

the function ki Wg(x,y), Ejb is the illuminating
beam energy and k; is accepted to be constant.
Thus, if the whitening is proportional to the energy
density, the energy in the incident spot is
proportional to the volume under the laser spot
whitening envelope surface. This gives us good and
easy approach to determine the energy density
distribution in the marked laser spot (Fig. 4a) by
taking the 2D trace (the radial distribution-Fig. 4b)
and 3D volume envelope surface (the distribution in

the spot plane — Fig. 4c), built by computer
scanning of the whitening. The description can be
done in relative units or knowing one of the values
of Wy(x1,y1) preliminary obtained at a given point
X1,y1, to know the absolute value of energy density
distribution in the different point (x,y). The
correctness of the description can be verified taking
as measure the ratio R of computed volume V
versus illuminating pulse energy E or V/E =R. If R
is equal for the group of spots on the blackened
tracing paper with different energies, R can be
considered as a proof for correctness of using the
envelope surface (3D) and diametric lines (2D) for
description of energy density distribution by the
computer graphs. The correctness of whitening —
computer processed energy density-description is in
good agreement with the electronic technique of the
type point by point (ITBRO) by moving a
diaphragm within the spot on the paper and
receiver-oscilloscope registration [3]. The cross-
section lines of the volume envelope—2D image
give the energy distribution in the spot cross-
section, where the line is traced. If the 3D image
has radial symmetry (at good laser adjustment) the
tracing in the cross section across the peak gives the
energy intensity distribution along the spot
diameter (Fig. 3c).
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Fig. 4. (a) The spot on the tracing black paper and
the computer image from the computer processed spot:
(b) - the volume envelope (3D) and (c)-along the
diameter.

Important issue is how the blackness of the
tracing-paper impacts the whitening and the limits
of linear whitening versus illuminating energy
density. For this purpose, we prepared series of
Xerox- blackened tracing paper by most common
and widely accessible procedure.

The first three type sheets — the series A were
produced by: one time blackening, noted as 1x, two
times - 2x and three times - 3x, at “maximum”
blackening regime of the machine and completely
open shutter (day light illumination). For the
considered corresponding series we added the
notation of the series — A1x, A2x, A3x respectively.
Second series (B sheets) was blackened in the same
manner, but for operation regime ‘“normal”. Also,
we prepared the tracing-paper sheets, blackened by
one time copy (C1x) and two times copy (C2x) of
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black paper at “normal” operation (with closed
shutter). The corresponding measurements of the
transparency, as characterization of the paper, gave
for the transmissions: Alx — (10+1)%; for A2x-
(1£0.1)% and A3x = 0.1%; for Blx - (7£2)%, and
for the sheet Clx - (7+1.5)% and C2x - (4.4+1)%.
The observed fluctuations are related to
transmission variation from place to place at the
sheet, being practically negligible for A3x. In Fig. 5
are given the microscope photographs of pure parts
of the sheets A (1x, 2x and 3x), illuminated
underneath with the microscope bulb-lamp; the
shown spots are with ~ 1 mm diameter. In the same
figure, 2D and 3D images, corresponding to
marking spots computer processing for the sheets
Alx and A3x, are also shown. The pulsation of A3x
is negligible in comparison with the case when Alx
is used, where incompletely uniform blackening
and many transparent points are presented.

This was one of the reasons to prefer application
of A3x (or A2x - low pulsation as for A1x).

A3x

Alx

Alx A3x
Fig. 5. The microscope photographs of the non laser
light marked parts of the sheets with microscope bulb-
lamp illumination in transmission —top; he bottom
images correspond to marked spots 2D and 3D
processing for the sheets Alx and A3x.

Important for the purpose of the work is that at
large energy density range from = 0.5 J/cm? to = 4
Jicm? the whitening is proportional to the
illuminating energy density. Given limits are for the
sheet A3x, however they are not essentially
different for the other samples, noted above. We
have found these limits by studying the whitening
in the spots, formed by the laser beam at different
distances from the laser output, exploiting the beam
spot divergence, or the spots enlarging by the lens,
an example of the experiment that is given in Fig.
6. We studied correctness of registration thoroughly
for the noted series of papers — prepared in very
reproducible and widespread accessible manner.
Thus we prepared the samples of stacked with each
other pieces of the sheets Alx, A2x and A3x (Fig.
7a) and we formed the white spots with diameters
varying between 6 and 7 mm and for energy density
that is in range of 0.5 J/cm? and 4 J/cm? (Nd:YAG
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laser, multimode, near bell-like shape of energy
density distribution by combina-
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Fig. 6. Example - the enlargement of the spot of
whitening with a distance for energy density dependence
study.

tion of TEMogo +TEM ¢;" modes at 1.06 um and
1.36 um, and pulse length ~ 200 us). As a
quantitative measure of the suitability of the
corresponding sheet to give correct energy density,
we took, as stated above, the range of illuminating
density that conserved the value of K; constant,
given by the ratio V/E = R, where V is the
computed volume and E is the illuminating energy.
The plot of the parts of investigated sheets Alx—
A3x with registered spots is shown in Fig. 7(a). In
Fig. 7(b) are given the line of blackness for
corresponding sheets. The spots on the sheet A3x in
increased scale and their 2D and 3D computer
processing images are given in Fig. 7(c)-7(e).
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Fig. 7. (a) The plot of the parts of sheets under
investigation A1x—A3x with registered spots; (b) the line
of blackness for the different sheets; (¢) the spots on the
sheet A3x in increased scale and their (d) 2D and (e) 3D
computer processing obtained images.
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Processing of each sheet will be detailed on
example of A3x, for which best results are
obtained. After computer processing of the shown
five (1,2,3,4,5) spots and with known energy that
formed each of them, we obtained the average R,, =
(X Vi/ Ej) / N where sum is for i=1-5, V; and R; are
the volume and the energy of the spots numbered i
and N=5: R.,=(0.63/0.53 + 1.038/0.86 + 0.977/0.75
+ 0.888/0.78 + 0.595/0.51) / 5 = 1.2. We defined
the deviation (or error) AR; for each spot as AR; =
(Ri - Rav) and the relative average deviation for the
considered group spots of A3x sheets was AR.y = (|-
0.01] + 0.01 + 0.1 + |-0.06| + |-0.04])/ (5.Rav) =
0.036 = 4%. We calculated also the relative
maximal deviation ARmax = (Rmax = Rmin)/ {(Rmax
Rmin) / 2}, where Rmax and Rmin are maximal and
minimal deviation from Ra,, respectively for the
group, in practice a single case. For A3x we
obtained ARmax = (0.1 + [-0.06]) / {(1.3 + 1.14) / 2}
= 0.13 = 13%. Note that if we exclude the
exceptional case of deviation for the spots, in our
consideration, AR,y is = 2 % with ARmax = 6 %. In
the same manner we have treated the noted other
cases. The results are given in Table 1. The case B
is very close to the case A2x - A3x and case C2x is
better for the C type blackening. The investigations
show that more suitable for the aim of spot
registration is the tracing paper A3x (some
illustration — Table 1).

Table 1. The experimental results confirming the
correctness of the spots treatment (details in the text)

ARay

- ARmax % ARwecma
0,
Sheet ga.u.)J ARay % (single case) | x %
Alx |11 6 % 24% 18%
A2x |13 5,8 % 18% 16%
A3x |12 3,6 % 13% 5,8%
C2x 4,3% 13,7% -

Important experiment was to study the dependence
on the illuminating wavelength. Using our laser, we
obtained for the two wavelengths — 1.06 um and
1.36 um [3] no change of K. This is the case for all
considered in the work blackened tracing papers.
The example for the paper type A3x is shown in
Fig.8; (spots at 1.06 um and 1.36 um for 1.1 J and
0.5 J illuminating energy and pulses duration
250 us respectively). This can be expected for
general reasons (thermal and ablation effect). The
present results concern the investigation of the
illumination with pulse length in the range 100 —
3000 ps. This is very common case of laser use —
e.g. solid-state lasers in regime of free generation.

The effect of bleaching arises from combination of
material burning and ablation processes. The two
effects are evident — the burning from the
microscope photographs with shown typical case in
Fig. 2. The ablation is evident in the experiments by
formation
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Fig. 8. The 2D computer processing graphs of two

spots -at 1.06 and 1.36 um. The spots (in the inset) are
marked on the blackened tracing paper A3x type

of cloud after the shots of the laser pulse. It can be
noted that, for cw light illumination, the effects on
the studied material are quite different and not
suitable for the discussed treatment.

SUMARISING THE EXPERIMENTAL
RESULTS AND DISCUSSION

Summarizing the experimental results gives:

In summary, Xerox treated tracing paper in
combination with standard computer treatment can
be a base of development of advantageous
techniques for laser beam profile registration:

- this material has been selected experimentally
among a number of potential materials as most
suitable; this study gives optimal conditions how to
prepare and use the samples;

— applicability is shown for correct registration in a
large energy density and pulse lengths range of the
illuminated beam (0.3- 4 J/cm? ; 100-3000 us), that
is typical for the widely used laser -Nd:YAG,
ND:Glass; Ruby, Ho:YAG, Er:YAG; the typical
error is within the limits of 4-5 %, with maximal
value for a single case of ~ 13 % (for the shown in
the work optimal treatment tracing paper, as it is
shown in Table 1);

- the experiments confirm the expected no
dependence on the wavelength of the laser beam
under investigation;

- no noticeable dependence on the prepared samples
when using different standard and widely
accessible Xerox-type machine and tracing papers;
In addition, the prepared simples are very cheap
and accessible.
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CONCLUSION important possibility for energy distribution, the
shown dependence additionally gives also the
approach to determine the laser beam energy using
comparison of the calculated spot volume with this
of a given etalon spot on the same paper.

We presented in the work original technique for
laser beam-profiling and found a very suitable
material for its application. The technique is
competitive with the electronic beam-profiler with

the proposed and positively characterized by us REFERENCES

material for registration — the simplest suitably

Xerox-blackened tracing paper. As additional 1. R. Ifflander, Solid-State Lasers for Materials
advantage the technique is non-wavelength Processing, Springer-Verlag, Berlin, Heidelberg,

New York, series in Optical Sciences, 2001.

2. Carlos B. Roundy, Spiricon, Inc.,
http://aries.ucsd.edu/LMI/TUTORIALS/profile-
tutorial.pdf, Beam Profile Measurements and the

sensible, also cannot be disturbed by
electromagnetic noise.

We have shown its real and correct applicability
as a beam profiler for the laser pulses that is typical literature therein.
for the widely used lasers, such as Nd:YAG, 3. M. Deneva, M. Nenchev, E. Wintner, S. Topcu,
generating at different wavelengths, including the Opt. Quant. Electron., 47, 3253 (2015), and the
case of two-wavelength operation [3], Nd:Glass, literature therein.
the Yb:YAG, Ho:YAG, Er:YAG, flash lamp
pumped Dye, semiconductors etc. Except more

KCEPOKC TPETHUPAH ITAYC KATO ITIOAXO AN 1 AOCTBIIEH MATEPHAIJI 3A PASBUTUE HA
HOBA TEXHUKA 3A PETUCTPALIA HA TIPOOUIIA HA CEYEHUE HA JIASEPEH CHOII

B. Kazakos, M. JleneBa, M. Henues, H. KaiimakanoBa

Jlabopamopus ,, Keanmosa u onmoenrexkmponuxa”’, HUC, Texnuuecku ynusepcumem Coghus u Kameopa
,, Onmoenexmponna u nazepua mexuuxa’ — TY-D-n [1nogous

Hocrermna va 10 okTromBpu 2016 r.; kKopurupasa Ha 10 HoemBpH, 2016 T.

(Pesrome)

Ha Ga3ara Ha cucTeMaTH4YHO M3CJEBaHEe, HUE BbBEXKaMe KaTo IOIXOIII U JIOCThIIEH MaTepHall 3a U3Clie/IBaHe Ha
npoduia Ha Ja3epHUS CHOIl MOAXOJAANIO 0OpadOTeHa XapTHs OT CTaHJApTHAa KCEpOKC KomupHa MainuHa. Kakto
MOKa3Bame, MOOEeISIBAHETO HA TO3M MaTepuall MPU OCBETSBAHE C Ja3ep B KOMOHMHAIMS C MOIXOJAINA KOMIIOTHPHA
00paboTka Moxe J1a Ob/e 6a3a 3a pa3BUTHE HA MHOTO KOHKYPEHTHA HEeJICKTPOHHA TEXHUKA 32 KOMIUIEKCHO M3CIIEBaHE
Ha eHepreTHuyYHus npodui Ha Ja3epHOTO meTHO. TakoBa moOensBaHe Ha CiydaitHO u30paH, HeleQHUHUpaH, OYEPHEH
MaTepuan u 0Oe3 HIKaKkBa KOJHYECTBEHA 00paboTKa, € HM3IOJI3BAHO W MPEId B JMTEparypara M B JlabopaTopHara
MPAKTHKA, HO CAMO 3a BU3YaJHO HJIFOCTPATHBHO MapKUpPaHe Ha Ja3ePHOTO METHO (CHIUIO M YCIEIIHO 32 UITFOCTPAIUSI Ha
UHTECPECCHU cnyqan). Hue B3exme 101 BHUMAHHEC, 4C O6C’b)l(llaHOT0 perucTtpupane npeacTaBs, KaTro NOTCHIHUAJ, HAKOU
CBIIECTBEHH IMPEIUMCTBA B KOHKYPEHIIS C MOJIEPHHUS EJIEeKTPOHEH perucTpaTtop Ha mnpoduia Ha CHOTA.
PaspaboTBaHaTa OT HAC TEXHHKA € M3I0J3BaeMa B MHOTO IUPOK CIeKTpajeH auamna3oH (ot YB mo MY — mamp. 0.3 - 3
LM ¥ TIoBeYE), HE Ce BIMSAC OT €ICKTPOMATHUTHHUTE IIYMOBE U € H3KIFOUYUTEITHO €BTHHA U JOCTHITHA. Upe3 KOMIUIEKCHO
u3cjeaBaHe, HUE pa3pabOTHXME KOHKYPEHTHAa TEXHHKA OT OTOC/IsA3aHWs I0-TOPE BHJ 3a PEAJHH NPUIIOKEHHUS B
1a00paTOPHM W TMPAKTHYSCKH WM3CJCABAHUS Ha J1a3epHOTO MeTHO. Karo mbpBa BakHAa TOYKAa B TOBAa pPa3BHTHE, €
HaMEPEHUA NOAXOMAI, BB3IMPOU3ZBOAUM W IMHUPOKO JOCTBIICH MaT€pHal 3a PErucTpanusd Ha IETHOTO, KOWTO B
OIpeJieieH, AOCTAaThYHO IIMPOK JMANa30H Ha MapaMeTpy Ha JIa3epHOTO JIbYEHHE Ipe/iara Bb3MOXHOCT 4pe3
U3IONI3BaHE Ha CTaHJApTHA KOMIIIOTBPHa 00paboTKa Ja ce NOody4H J00pO KOJHYSCTBEHO OIpENeisiHe Ha
E€HepreTHYHUTE TapaMeTpH Ha 1eTHOTO. OTOCINsI3aHUTE IPETUMCTBA Ha TaKhB THIT TEXHHUKA ca MIOKa3aHH B paboraTa.
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