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1 Introduction laser beam are of great importance. In consequence, for
Laser applications cover a wide range of fields. In particu- SMall-dynamic-range systems it is not possible to capture

lar there are many scientific and technological applications thel comglf?te retlevar:t |rtrziﬁllar&ce distribution. b |
where the spatial irradiance distribution of a laser beam __'" @ difiérént context thé dynamic range probiem aiso

profile must be measured, for example, inertial fusion, laser appear% in imaging systems where the scene has high
machining, and medical uses of lasers such as LASIK contrast: To solve this problem several methods have been

surgery Complte_beam haracterization—boin beam P My ey conets i conbinn maces of
propagation and beam profile—requires the computation of technique is known as extended-intensity-range imagjing.

the second and higher moments of the transverse irradiance In this work we propose the application of an extended-
distribution, which are very sensitive to the details of the range imaging technique to improve the laser beam profil-
beam tails and the noise of the acquired irradiance map. Foring with a CCD-based setup. In particular we show how the
this reason, large dynamic range_of t_he measuring system iSdynamic range affects the rﬁeasurement of the second mo-
essential for the beam characterization. . ment and how we solve this problem by using extended-
Commercial setupsare mainly based on electronic de- range imaging. Also we estimate the equivalent dynamic
tection of light. Among them we can distinguish between 546 achievable with a standard measurement system.
two philosophies: mechanical. scanning instrument; and This work is organized as follows. In Sec. 2 we briefly
camgra-based systems. The .f'rSt ones L_lsually_con5|st of &escribe the extended-intensity-range imaging algorithm
rotating drum containing a knife-edge, slit, or pinhole that 54 expiicitly compute the equivalent dynamic range and
moves in front of a single wide-area detector. On the other o oqivalent number of bits as a function of the dynamic
hand, camera-based profilers acquire a 2-D image Corme- 346 of the CCD camera. In Sec. 3 we show the depen-
sponding to the spatial irradiance distribution that reaches yance of the principal widths of a laser beam as a function

the detector without mechanical scanning devices. The uf the it depth achieved with the extended dynamic range.
most frequently used cameras are silicon-based onescgnclusions are presented in Sec. 4.

Among them, due to their high quality, CCD-based cameras

are the first choice in laser beam profiling applications. . .
The main drawback of CCD-based beam profilers is 2 Extgndled—lrlltlensgty—R?rége Algorithm.

their limited dynamic range. For this reason, if we use a quivalent Number of Bits

standard CCD with an 8-bit digitizer, even if there is an For the sake of completeness we briefly introduce the

electronic shutter to control the integration time, it is nec- extended-range image method. A CCD camera generates a

essary to use neutral filters in order to attenuate the beamvoltage level proportional to the charge stored in each

until the maximum irradiance is below the saturation level pixel. Following Holst’ the saturation leveVs is the volt-

of the CCD. However, the necessary attenuation means thatge level generated when the charge well of the MOS ca-

some parts of the irradiance distribution decrease below thepacitors saturates, and is proportional to the saturation en-

threshold level, possibly losing the information associated ergy densityEs. On the other hand, the noise determines

with the laser beam tails. If we wish to measure the first the threshold leveV;. Specifically, ifV i iS the output

moments of the laser beam, this loss will be of minor im- rms noise, theW =V, ,pise. The threshold/, is also pro-

portance, because the tails make a negligible contribution portional to the minimum measurable energy density, .
to the first moments. However, if the second moments and |f \ve deal with uncooled cameras, this noise level is mainly

above are the parameters to be measured, the tails of thgjetermined by the thermal noise. For other kinds of de-
vices, such as CMOS sensor imagéfg,and Vy are still
defined, but with a slightly different physical origin.
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The irradiance response of a CCD can be modeled in  The solution proposed in the literature for this probfem
first approximation as is the acquisition of several digital images with different
integration timesT; (i=1,..M, T,>T;,1):
V(r)y=aE(r)=aJ(r)T, 1)

whereV is the generated voltagg, is the spatial energy  J;(r)= %[Gi(r)ﬂLGo]. (6)
density,J is the incident irradiance distributiom denotes i

the spatial dependence of these quaniitiess the average

responsivity(in this simple model we are not considering Al these images describe the same irradiance distribution,
gr:her s;_an?I or [lrﬂ:]ggratlgnit]me depet”?je)g@;‘]d-lli's th_? f but each one is valid within an intervalJ; with limits
Integration ime. 1his model s supported by the inearty ot gien by E;,, /T, and Es/T;. In the region whereJ; and
the CCD light detection physics. Afterwards, this voltage giﬂ oveyrlaE thley are i(sjenlticaI.AIso, tﬁe irradiance stp
5'.993' S d'g't'zed. by the image-processing board, and acorresponding to a digitalization interval depends on the
digital imageG(r) is generated. In order to take full advan- integration time, 8J,= SE/T,. The smallest step is
tage of the digitizer’s dynamic range, its gain and offset are achieved with thé Ior|1 or inté.ration HimiE

set so that the zero gray level is obtained for energy values We use the IetteU?o deno%e the irradignce values ob-

E<Eqy, whereas the maximum gray level21 for an . ; . . ;
N-bit digitizer, is obtained when the energy density reaches tained when&Jl_ IS used as the iradiance unit, so that we
have the equalities

the saturation levelE=Eg. With these settings, and as-
suming valid the linear modél), the relationship between

energy density and gray level is given by J T
Ji(r)zgz?[Gi(rHGo], (7)
1 i
E —
E()= ——"G(r)+Eqpy, ) . o
2°-1 which are valid within the intervals
hat |
e AJ, A Tl[G Go+2N—1] &)
i— 57— 7. 190,00 4l
G(r)=SE(r)—Eml, 3) ba) T,

where S=(2N—1)/(Es—Eqy) is the sensitivity, which is  Taking these intervals into account, the images can be now
the reciprocal of the energy density intengil correspond- assembled into an extended-range image. The available in-
ing to each gray level. The dynamic range of the CCD is tegration timegT;} can be obtained directly from the cam-
given by DR=Eg/Eqy [or 20logyEs/Ety), When ex- era manufacturer. In the interest of precision, however, as
pressed in decibelsEquation(2) can be rewritten as proposed in Ref. 3, an experimental calibration can be car-
ried out by means of the acquisition of an irradiance distri-

1 bution with two different integration times. A pixel with
E(r)=g[G(+Gol, (4) positionr ,,, is represented as a point whose coordinates are
the gray levels obtained with the integration timgsand
T,_1, namely, Gi(rnm),Gi_1(r,m)). The slopeq; of the
line joining any two pixelsr,, andr,, is the quotient
between the integration times; _,/T;. To take into ac-
count the number of pixels for which the two gray levels
are identical, a two-dimensional histogram can be created,
such as the one shown in Fig. 1. To accurately determine
J(r)= i[G(r) +Gg]. (5) ai, a Iinear fitting is made with all the pixels for. which the

ST irradiance intervald\J; _; and AJ; overlap, that is, for all

the pixels for which the energy density is abdkg, and

However, Eq.(4) is only valid for irradiances within the  below Eg for both integration times. Beginning with inte-
interval AJy=[Eq/T,Eg/T]. Outside these limits the in-  gration timesT; and T,, the remaining quotients can be
formation is lost. In case the irradiance distribution to be obtained by repeating the method.
measured exceeds these I.imits, a §ingle Qigipal image will  The overlapping of the irradiance intervAl is impor-
represent a'trun'cated version of this distribution. If we set tant not only to calibrate the camera integration times, but
the integration time small enough so that the maximum aiso to create the extended-range image. To evaluate the
irradiance in the image equalss/T, we will avoid CCD  admissible difference between consecutive images taken
saturation. However, all the information belot /T with different integration times and minimize the number
(which corresponds with the zero gray levalill be lost. of images, we have quantified the overlapping by means of
With a fixed integration timeT, a similar effect can be  a new parameteg. This is defined as the common portion
obtained by using neutral filters to reduce the maximum of the irradiance intervals divided by the total irradiance
irradiance to the valugg/T. range covered by them,

whereG,=(2V—1)/(DR-1) is the number of gray levels
that would fit undelEy, that is,Et/SE.

For a given integration timd, the irradiance can be
obtained from Eq(4) as
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250 ( T,
Go, _szGO ,

Ju(r) if Ji(r)e

T T,

To(1) if Jo(r)e T_;GO:TsGo},

Jer(r)=

150

GLi+1

Iu(r) if Ju(r)e

Ty Ty }

— Gy, =— (Go+2N-1)|.
\ T, 0 TM( 0 )
100 | (10)
In this formula, the extended scaled irradiangeg is
equated to the scaled irradiance distributi@rin the inter-
val from the left ofA 7, to the left ofA 7, 1, except for the

last irradiance valuey,, , which is equated tg/z over the

50 |

% 50 100 150 200 250 ° whole intervalA 7, . Possibly this is the simplest way to
e assemble the extended irradiance image. More sophisti-
Fig. 1 Two-dimensional histogram for exposure times T;=1/50's cated methods can be used, with statistical mettiadsr-
and T,=1/125s. age, weighted average, or simjlao join the irradiance
maps in the overlapping regions.
The dynamic range of this extended range imagez#&R
Es Em can be calculated as a function of the dynamic range of the
T, T, DR-q CCD camera and the linear relations between different sen-
" E- E-. aDR—1' 9 sitivities. For the extended-range irradiance image, the dy-
Es_EmHo @ namic range is given by
T T
max Ju)
Equation(8) indicates that low values af; imply large DRer= P RAR (11)
overlap between the irradiance intervald;,_; and AJ;. !
As an example, the available integration times, as well as Substituting Eq(7) into (11), we obtain
the slope and overlap resulting from them, are presented in
Table 1 for the BeamStar CCD beam profiler systefine T, (2N-1)+G, T, 1
overlap parameter varies in the range~40% to 80%, DRer=7-—5—— =7 (DR-1)+1~=DR.
which means that using all the integration times gives rise M 0 M M (12)

to a high level of redundancy. On the other hand, too few

(and too different integration times can lead to negative \when expressed in decibels, the extended-range technique
values ofg3. When that happens, the irradiance intervals do a4ds 20 logy(T,/Ty) to the standard dynamic range. For
not overlap and there is a loss of information. example, if we use integration timeg =1/50s andT,,

Once the image§; are obtained and the scaled irradi-  _ 1,10 000s. a CCD camera with a dynamic range of 56
anceJ; for each integration time is computed from Ed), dB will yield an extended-range irradiance image with 102
the final extended range irradiance image can be computedyg 5 46-dB increase.

as Following Holst® the dynamic range can be expressed
in the form of the equivalent number of bits as

Table 1
i T,(9) o gy Nea= 108 o0 a3
1 1/10 o L
where it is assumed that the system noise is smaller than
2 2125 1.250 80 e ; o
the least-significant bit of the analog-to-digital converter.
3 350 1.333 I Thus for the preceding example we haMg,=7 bits for
4 125 1.500 66 the 56-dB CCD camera arfd.,= 15 bits for the extended-
5 1/50 2.000 49 dynamic-range image. In consequence, a common low-cost
6 1/60 1.200 83 image acquisition systetCCD and framegrabbgof 7 bits
7 1125 2.083 47 can be transformed in a 15-bit system using the extended
8 17250 2.000 49 irradiance range imaging technique.
9 1/500 2.000 49 It is worth to mention that for the preceding example,
10 1/1000 2.000 49 there is 0.3% overlap between the irradianggsand 7y, ,
11 1/2000 2.000 49 so only two integration timegand therefore two digital
12 1/4000 2.000 49 images are sufficient for a 46-dB increment in the dynamic
13 1/10000 2500 39 range. Such a small overlap can be interpreted as almost
perfect concatenation between the two irradiance ranges
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represented by the digital images. However, due to prob-
lems associated with high and low gray levels, such as
blooming and nonlinearity of the irradiance response, in
practical applications it is worthwhile to have some amount
of overlapping, which allows one to crop high and low gray
levels for each digital imag&;, and also gives more de-
grees of freedom to assemble the extended-range irradiance
image Jeg-

3 Experimental Results. Measurement of the
Principal Widths of the Output Beam
from a Single-Mode Optical Fiber

In the previous section we have shown that we can enlarge
the dynamic range of a standard CCD laser beam profiler
by merging images with different exposure times. In this
section we show how the extended-intensity-range imaging
technique can improve the characterization of a laser beam.rig 2 A logarithmic representation of a single image with 1/10,000
One of the most important parameters for the character- s of integration time.
ization a laser beam is the beamwidtfhere are different
criteria for the definition of this width, many of them being
based on the fraction of energy contained within a certain
area, which are very convenient for cutting and welding culate the principal widths using a numerical approxima-
applications. As a drawback, there are no propagation laws, ' & = F:JL1 p b 9 PP
for the width defined by energy content criteria. It is the ion of Eq. (11) given by
beam characterization based on the first and second mo- mon
ments of the transverse irradiance distribution that allows , m o EiyJ‘Xi,ijin*,j
one to model beam propagation through first-o(@BCD) (XTy")= ORI
optical systems. The main quantity in this theory is the e

width tensor}'® which is defined in terms of the second These sums are extended over all pixels of the matrix of

iradiance moments by detectors. Background subtraction in the irradiance map
(whether it is direct or extended-range very important

<x2> (xy) (x) for the calculation of the spatial irradiance moments of a

( ) )—( (%) <y>)}, (14) light beam®3~16 Most CCD cameras produce a smoothly
xy) (v W) structured backgrounthlso called offset For this reason,

we have fitted the background to a fourth-order polynomial

where them+n’th moment of the irradiance distribution surface. In Eq(16) the asterisk means that we have sub-

to obtain the final spatial distribution of irradiance, we cal-

(16)

W2=4

J(x,y) is given by tracted the background of the measured irradiance distribu-
tion.
S There are in our system 13 available integration times
mom A 2o 2Ty (X, y) dx dy (1/10,000, 1/4000, 1/2000, 1/1000, 1/500, 1/250, 1/125,
(xTy") = I addy (15 1/60, 1/50, 1/25, 3/50, 2/25, and 1/10 o show the im-

provement of the measurements of the second moments, we
have generated 12 extended-range images with increasing

The width tensor defined by Eql14) is referred to the  values of the total number of integration timéé,
laboratory system. Following Ref. 11, the principal direc- Figure 2 shows the irradiance distribution obtained with
tions are defined as those of the orientation that zeroes thethe smallest integration time, 1/10,000 s. A vertical struc-
nondiagonal elements of the tensé. If we rotate the ture appears in the image, distorting the beam. This smear
coordinate system to align the axes with the principal di- is an artifact of our acquisition system, produced by intense
rections, the width tensor becomes diagonal. The elementsand concentrated sources, and will introduce a severe error
of the diagonal are the squares of the so-called principal in the second moment if a single-exposure-time image is
widths. As the width tensor is nonnegative, the eigenvalues used. There are higher-quality CCD systems in which this
will be the squares of principal widths and the eigenvectors vertical blooming is greatly reduced. We show below that
will define the principal directions. the proposed technique will remove this artifact, allowing

The experimental setup consists of a laser diode coupledthe use of cheaper cameras.
into a single-mode optical fiber whose output is detected by  In Fig. 3 we present the results of the measurement of
a CCD camera. In this case, the output beam can be wellthe principal widths as a function of the equivalent number
approximated by a Gaussian distributfdriThe CCD cam- of bits calculated with Eq€12) and(13), where the crosses
era has a computer-controlled electronic shutter that per-and the dots represent the horizontal and vertical widths,
mits it to obtain images with different integration times. respectively. The behavior of the measured principal widths

Once we have acquired the set of images with different is different along the two principal directions. For the hori-
integration times and applied the extended-range algorithmzontal width, the increase of dynamic range produces an

Optical Engineering 023602-4 February 2005/Vol. 44(2)
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Fig. 3 Principal widths calculated from different sets of images with 10° - - ‘ - - -
increasing dynamic range. The dots represent the principal width in 0 <0 100 150 29°| 250 S00 850 400
the vertical direction, and the crosses in the horizontal direction. X (pixel)
(b)

increase of the measured value. This is expected, as the
lack of dynamic range cuts off the beam’s tails, which have
an important effect on the width. As the dynamic range
increases, the tail of the beam emerges from the back-
ground noisdstructured background has been removéd
other words, the use of longer integration times allows the
irradiance at the beam tails to sensitize the pixels with en-
ergy densities larger thaBy. The extended-range tech- :
nique allows the use of large integration times, avoiding
saturation of the central peak.

The vertical width behaves differently. The vertical
smear structure causes the width to be overestimated. As
this smear does not depend on the integration time, its ef-
fect on the vertical width decreases as the dynamic range is

increased. o'l
72
10°} _
71.50 . . e I e e L R
. 3 jnm
. . S
4 . 1 T :
705} : i ol [\ R
g 7o, ’ 1 10 sk = z;z"z
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Fig. 5 (a) Single digital image and (c) extended-irradiance-range
68l ,+ . s s s ‘ ‘ ‘ ‘ image obtained for the diffraction pattern of a pinhole with a diam-
7 8 9 10 " 12 13 14 15 16 17 eter of 200 um. (b) and (d) show the corresponding profiles. All

N,q (it

Fig. 4 Evolution of the principal widths when the dynamic range is
increasing and the method to eliminate the spurious structure is
applied. The dots represent the principal width in the vertical direc-
tion, and the crosses in the horizontal direction. The horizontal
dashed lines describe the asymptotic behavior of the results shown
in Fig. 3.
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these images and curves are on a logarithmic scale.

We have also tried to eliminate the vertical structure
before application of the extended-range technique. We
generated a horizontal profile as the mean of the rows in the
upper and lower regions of the image with the shortest
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