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Abstract. A method to enlarge the dynamic range of a CCD-based laser
beam profiler is presented. The method is based on extended-image-
range techniques. The algorithm that generates the extended-irradiance-
range image is described in detail. An equivalent dynamic range and
number of bits are defined and computed for the new profiling system. To
test the method, experimental measurements of the principal widths of
the output beam from a single-mode optical fiber have been made, as
well as the Fraunhofer diffraction pattern of a 200-mm pinhole back-
illuminated by a HeNe laser. © 2005 Society of Photo-Optical Instrumentation En-
gineers. [DOI: 10.1117/1.1840931]
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1 Introduction

Laser applications cover a wide range of fields. In particu
lar there are many scientific and technological application
where the spatial irradiance distribution of a laser beam
profile must be measured, for example, inertial fusion, lase
machining, and medical uses of lasers such as LASIK
surgery.1 Complete beam characterization—both beam
propagation and beam profile—requires the computation o
the second and higher moments of the transverse irradian
distribution, which are very sensitive to the details of the
beam tails and the noise of the acquired irradiance map. Fo
this reason, large dynamic range of the measuring system
essential for the beam characterization.

Commercial setups2 are mainly based on electronic de-
tection of light. Among them we can distinguish between
two philosophies: mechanical scanning instruments an
camera-based systems. The first ones usually consist of
rotating drum containing a knife-edge, slit, or pinhole that
moves in front of a single wide-area detector. On the othe
hand, camera-based profilers acquire a 2-D image corre
sponding to the spatial irradiance distribution that reache
the detector without mechanical scanning devices. Th
most frequently used cameras are silicon-based one
Among them, due to their high quality, CCD-based camera
are the first choice in laser beam profiling applications.

The main drawback of CCD-based beam profilers is
their limited dynamic range. For this reason, if we use a
standard CCD with an 8-bit digitizer, even if there is an
electronic shutter to control the integration time, it is nec-
essary to use neutral filters in order to attenuate the bea
until the maximum irradiance is below the saturation level
of the CCD. However, the necessary attenuation means th
some parts of the irradiance distribution decrease below th
threshold level, possibly losing the information associated
with the laser beam tails. If we wish to measure the first
moments of the laser beam, this loss will be of minor im-
portance, because the tails make a negligible contributio
to the first moments. However, if the second moments an
above are the parameters to be measured, the tails of t
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laser beam are of great importance. In consequence,
small-dynamic-range systems it is not possible to capt
the complete relevant irradiance distribution.

In a different context the dynamic range problem a
appears in imaging systems where the scene has
contrast.3 To solve this problem several methods have be
proposed.3–5 Mainly they consist in combining images o
the same scene captured with different exposure times.
technique is known as extended-intensity-range imagin3

In this work we propose the application of an extende
range imaging technique to improve the laser beam pro
ing with a CCD-based setup. In particular we show how
dynamic range affects the measurement of the second
ment and how we solve this problem by using extend
range imaging. Also we estimate the equivalent dynam
range achievable with a standard measurement system

This work is organized as follows. In Sec. 2 we briefl
describe the extended-intensity-range imaging algorit
and explicitly compute the equivalent dynamic range a
the equivalent number of bits as a function of the dynam
range of the CCD camera. In Sec. 3 we show the dep
dence of the principal widths of a laser beam as a funct
of the bit depth achieved with the extended dynamic ran
Conclusions are presented in Sec. 4.

2 Extended-Intensity-Range Algorithm.
Equivalent Number of Bits

For the sake of completeness we briefly introduce
extended-range image method. A CCD camera generat
voltage level proportional to the charge stored in ea
pixel. Following Holst,6 the saturation levelVS is the volt-
age level generated when the charge well of the MOS
pacitors saturates, and is proportional to the saturation
ergy densityES. On the other hand, the noise determin
the threshold levelVTH . Specifically, ifVnoise is the output
rms noise, thenVTH5Vnoise. The thresholdVTH is also pro-
portional to the minimum measurable energy density,ETH .
If we deal with uncooled cameras, this noise level is mai
determined by the thermal noise. For other kinds of d
vices, such as CMOS sensor imagers,VS andVTH are still
defined, but with a slightly different physical origin.
-1 February 2005/Vol. 44(2)
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The irradiance response of a CCD can be modeled
first approximation as

V~r !5aE~r !5aJ~r !T, ~1!

whereV is the generated voltage,E is the spatial energy
density,J is the incident irradiance distribution~r denotes
the spatial dependence of these quantities!, a is the average
responsivity~in this simple model we are not considerin
either spatial or integration-time dependence!, andT is the
integration time. This model is supported by the linearity
the CCD light detection physics. Afterwards, this volta
signal is digitized by the image-processing board, an
digital imageG(r ) is generated. In order to take full adva
tage of the digitizer’s dynamic range, its gain and offset
set so that the zero gray level is obtained for energy va
E<ETH , whereas the maximum gray level, 2N21 for an
N-bit digitizer, is obtained when the energy density reac
the saturation level,E5ES. With these settings, and as
suming valid the linear model~1!, the relationship between
energy density and gray level is given by

E~r !5
ES2ETH

2N21
G~r !1ETH , ~2!

that is,

G~r !5S@E~r !2ETH#, ~3!

where S5(2N21)/(ES2ETH) is the sensitivity, which is
the reciprocal of the energy density intervaldE correspond-
ing to each gray level. The dynamic range of the CCD
given by DR5ES/ETH @or 20 log10(ES/ETH), when ex-
pressed in decibels#. Equation~2! can be rewritten as

E~r !5
1

S
@G~r !1G0#, ~4!

whereG05(2N21)/(DR21) is the number of gray level
that would fit underETH , that is,ETH /dE.

For a given integration timeT, the irradiance can be
obtained from Eq.~4! as

J~r !5
1

ST
@G~r !1G0#. ~5!

However, Eq.~4! is only valid for irradiances within the
interval DJT5@ETH /T,ES/T#. Outside these limits the in
formation is lost. In case the irradiance distribution to
measured exceeds these limits, a single digital image
represent a truncated version of this distribution. If we
the integration time small enough so that the maxim
irradiance in the image equalsES/T, we will avoid CCD
saturation. However, all the information belowETH /T
~which corresponds with the zero gray level! will be lost.
With a fixed integration timeT, a similar effect can be
obtained by using neutral filters to reduce the maxim
irradiance to the valueES/T.
023602Optical Engineering
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The solution proposed in the literature for this proble3

is the acquisition of several digital images with differe
integration timesTi ( i 51,...,M ,Ti.Ti 11):

Ji~r !5
1

STi
@Gi~r !1G0#. ~6!

All these images describe the same irradiance distribut
but each one is valid within an intervalDJi with limits
given by ETH /Ti and ES/Ti . In the region whereJi and
Ji 11 overlap, they are identical. Also, the irradiance stepdJ
corresponding to a digitalization interval depends on
integration time, dJi5dE/Ti . The smallest step is
achieved with the longer integration time,T1 .

We use the letterJ to denote the irradiance values o
tained whendJ1 is used as the irradiance unit, so that w
have the equalities

Ji~r !5
Ji

dJ1
5

T1

Ti
@Gi~r !1G0#, ~7!

which are valid within the intervals

DJi5
DJi

dJ1
5

T1

Ti
@G0 ,G012N21#. ~8!

Taking these intervals into account, the images can be n
assembled into an extended-range image. The availabl
tegration times$Ti% can be obtained directly from the cam
era manufacturer. In the interest of precision, however
proposed in Ref. 3, an experimental calibration can be c
ried out by means of the acquisition of an irradiance dis
bution with two different integration times. A pixel with
positionrnm is represented as a point whose coordinates
the gray levels obtained with the integration timesTi and
Ti 21 , namely, (Gi(rnm),Gi 21(rnm)). The slopea i of the
line joining any two pixelsrnm and r nm is the quotient
between the integration times,Ti 21 /Ti . To take into ac-
count the number of pixels for which the two gray leve
are identical, a two-dimensional histogram can be crea
such as the one shown in Fig. 1. To accurately determ
a i , a linear fitting is made with all the pixels for which th
irradiance intervalsDJi 21 andDJi overlap, that is, for all
the pixels for which the energy density is aboveETH and
below ES for both integration times. Beginning with inte
gration timesT1 and T2 , the remaining quotients can b
obtained by repeating the method.

The overlapping of the irradiance intervalDJ is impor-
tant not only to calibrate the camera integration times,
also to create the extended-range image. To evaluate
admissible difference between consecutive images ta
with different integration times and minimize the numb
of images, we have quantified the overlapping by mean
a new parameter,b. This is defined as the common portio
of the irradiance intervals divided by the total irradian
range covered by them,
-2 February 2005/Vol. 44(2)
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b i5

ES

Ti 21
2

ETH

Ti

ES

Ti
2

ETH

Ti 21

5
DR2a i

a iDR21
. ~9!

Equation~8! indicates that low values ofa i imply large
overlap between the irradiance intervalsDJi 21 and DJi .
As an example, the available integration times, as wel
the slope and overlap resulting from them, are presente
Table 1 for the BeamStar CCD beam profiler system.7 The
overlap parameter varies in the rangeb i'40% to 80%,
which means that using all the integration times gives r
to a high level of redundancy. On the other hand, too f
~and too different! integration times can lead to negativ
values ofb. When that happens, the irradiance intervals
not overlap and there is a loss of information.

Once the imagesGi are obtained and the scaled irrad
anceJi for each integration time is computed from Eq.~7!,
the final extended range irradiance image can be comp
as

Fig. 1 Two-dimensional histogram for exposure times T151/50 s
and T251/125 s.

Table 1

i Ti (s) a i b i(%)

1 1/10

2 2/25 1.250 80

3 3/50 1.333 75

4 1/25 1.500 66

5 1/50 2.000 49

6 1/60 1.200 83

7 1/125 2.083 47

8 1/250 2.000 49

9 1/500 2.000 49

10 1/1000 2.000 49

11 1/2000 2.000 49

12 1/4000 2.000 49

13 1/10000 2.500 39
023602Optical Engineering
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JER~r !55
J1~r ! if J1~r !PFG0 ,

T1

T2
G0G ,

J2~r ! if J2~r !PFT1

T2
G0 ,

T1

T3
G0G ,

]

JM~r ! if JM~r !PF T1

TM
G0 ,

T1

TM
~G012N21!G .

~10!

In this formula, the extended scaled irradianceJER is
equated to the scaled irradiance distributionJi in the inter-
val from the left ofDJi to the left ofDJi 11 , except for the
last irradiance value,JM , which is equated toJER over the
whole intervalDJM . Possibly this is the simplest way t
assemble the extended irradiance image. More soph
cated methods can be used, with statistical methods~aver-
age, weighted average, or similar! to join the irradiance
maps in the overlapping regions.

The dynamic range of this extended range image, DRER,
can be calculated as a function of the dynamic range of
CCD camera and the linear relations between different s
sitivities. For the extended-range irradiance image, the
namic range is given by

DRER5
max~JM !

min~J1!
. ~11!

Substituting Eq.~7! into ~11!, we obtain

DRER5
T1

TM

~2N21!1G0

G0
5

T1

TM
~DR21!11'

T1

TM
DR.

~12!

When expressed in decibels, the extended-range techn
adds 20 log10(T1 /TM) to the standard dynamic range. F
example, if we use integration timesT151/50 s andTM

51/10,000 s, a CCD camera with a dynamic range of
dB will yield an extended-range irradiance image with 1
dB, a 46-dB increase.

Following Holst,6 the dynamic range can be express
in the form of the equivalent number of bits as

Neq5 log2

DRER

A12
, ~13!

where it is assumed that the system noise is smaller t
the least-significant bit of the analog-to-digital convert
Thus for the preceding example we haveNeq57 bits for
the 56-dB CCD camera andNeq515 bits for the extended
dynamic-range image. In consequence, a common low-
image acquisition system~CCD and framegrabber! of 7 bits
can be transformed in a 15-bit system using the exten
irradiance range imaging technique.

It is worth to mention that for the preceding examp
there is 0.3% overlap between the irradiancesJ1 andJM ,
so only two integration times~and therefore two digital
images! are sufficient for a 46-dB increment in the dynam
range. Such a small overlap can be interpreted as alm
perfect concatenation between the two irradiance ran
-3 February 2005/Vol. 44(2)
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represented by the digital images. However, due to pr
lems associated with high and low gray levels, such
blooming and nonlinearity of the irradiance response,
practical applications it is worthwhile to have some amo
of overlapping, which allows one to crop high and low gr
levels for each digital imageGi , and also gives more de
grees of freedom to assemble the extended-range irradi
imageJER.

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 enla
the dynamic range of a standard CCD laser beam pro
by merging images with different exposure times. In th
section we show how the extended-intensity-range imag
technique can improve the characterization of a laser be

One of the most important parameters for the charac
ization a laser beam is the beamwidth.8 There are different
criteria for the definition of this width, many of them bein
based on the fraction of energy contained within a cert
area, which are very convenient for cutting and weldi
applications. As a drawback, there are no propagation l
for the width defined by energy content criteria. It is t
beam characterization based on the first and second
ments of the transverse irradiance distribution that allo
one to model beam propagation through first-order~ABCD!
optical systems. The main quantity in this theory is t
width tensor,9,10 which is defined in terms of the secon
irradiance moments by

W254F S ^x2& ^xy&

^xy& ^y2&
D 2S ^x&

^y& D ~^x& ^y&!G , ~14!

where them1n’th moment of the irradiance distributio
J(x,y) is given by

^xmyn&5
*2`

` *2`
` xmynJ~x,y!dx dy

*2`
` *2`

` J~x,y!dx dy
. ~15!

The width tensor defined by Eq.~14! is referred to the
laboratory system. Following Ref. 11, the principal dire
tions are defined as those of the orientation that zeroes
nondiagonal elements of the tensorW2. If we rotate the
coordinate system to align the axes with the principal
rections, the width tensor becomes diagonal. The elem
of the diagonal are the squares of the so-called princ
widths. As the width tensor is nonnegative, the eigenval
will be the squares of principal widths and the eigenvect
will define the principal directions.

The experimental setup consists of a laser diode cou
into a single-mode optical fiber whose output is detected
a CCD camera. In this case, the output beam can be
approximated by a Gaussian distribution.12 The CCD cam-
era has a computer-controlled electronic shutter that
mits it to obtain images with different integration times.

Once we have acquired the set of images with differ
integration times and applied the extended-range algori
023602Optical Engineering
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to obtain the final spatial distribution of irradiance, we ca
culate the principal widths using a numerical approxim
tion of Eq. ~11! given by

^xmyn&5
( i , j xi , j

m yi , j
n Ji , j*

( i , jJi , j*
. ~16!

These sums are extended over all pixels of the matrix
detectors. Background subtraction in the irradiance m
~whether it is direct or extended-range! is very important
for the calculation of the spatial irradiance moments o
light beam.13–16 Most CCD cameras produce a smooth
structured background~also called offset!. For this reason,
we have fitted the background to a fourth-order polynom
surface. In Eq.~16! the asterisk means that we have su
tracted the background of the measured irradiance distr
tion.

There are in our system 13 available integration tim
~1/10,000, 1/4000, 1/2000, 1/1000, 1/500, 1/250, 1/1
1/60, 1/50, 1/25, 3/50, 2/25, and 1/10 s!. To show the im-
provement of the measurements of the second moments
have generated 12 extended-range images with increa
values of the total number of integration times,M.

Figure 2 shows the irradiance distribution obtained w
the smallest integration time, 1/10,000 s. A vertical stru
ture appears in the image, distorting the beam. This sm
is an artifact of our acquisition system, produced by inten
and concentrated sources, and will introduce a severe e
in the second moment if a single-exposure-time image
used. There are higher-quality CCD systems in which t
vertical blooming is greatly reduced. We show below th
the proposed technique will remove this artifact, allowi
the use of cheaper cameras.

In Fig. 3 we present the results of the measuremen
the principal widths as a function of the equivalent numb
of bits calculated with Eqs.~12! and~13!, where the crosses
and the dots represent the horizontal and vertical wid
respectively. The behavior of the measured principal wid
is different along the two principal directions. For the ho
zontal width, the increase of dynamic range produces

Fig. 2 A logarithmic representation of a single image with 1/10,000
s of integration time.
-4 February 2005/Vol. 44(2)
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increase of the measured value. This is expected, as
lack of dynamic range cuts off the beam’s tails, which ha
an important effect on the width. As the dynamic ran
increases, the tail of the beam emerges from the ba
ground noise~structured background has been removed!. In
other words, the use of longer integration times allows
irradiance at the beam tails to sensitize the pixels with
ergy densities larger thanETH . The extended-range tech
nique allows the use of large integration times, avoid
saturation of the central peak.

The vertical width behaves differently. The vertic
smear structure causes the width to be overestimated
this smear does not depend on the integration time, its
fect on the vertical width decreases as the dynamic rang
increased.

Fig. 3 Principal widths calculated from different sets of images with
increasing dynamic range. The dots represent the principal width in
the vertical direction, and the crosses in the horizontal direction.

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.
023602Optical Engineering
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We have also tried to eliminate the vertical structu
before application of the extended-range technique.
generated a horizontal profile as the mean of the rows in
upper and lower regions of the image with the short

Fig. 5 (a) Single digital image and (c) extended-irradiance-range
image obtained for the diffraction pattern of a pinhole with a diam-
eter of 200 mm. (b) and (d) show the corresponding profiles. All
these images and curves are on a logarithmic scale.
-5 February 2005/Vol. 44(2)
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integration time, where the irradiance from the beam
negligible. Then, this horizontal profile was subtract
from all the rows of this image. After that, the extend
range technique was applied once again. Figure 4 show
principal widths obtained with the vertical smear remov
as a function of the equivalent number of bits,Neq. The
dashed lines represent the asymptotic values obtained w
out removing the smear. It can be seen that the vert
width obtained with the second technique is slightly sma
~0.2%!. Our interpretation of this result is that th
extended-range technique greatly reduces the effect of
smear on the value of the vertical width, from 32% to 0.2
but it cannot completely avoid this effect.

To show the performance of the method with a mo
structured image, we have measured the Fraunhofer diff
tion pattern of a circular hole. Figure 5 shows the profile
the beam diffracted by a pinhole of 200-mm diameter back-
illuminated by a stabilized HeNe laser. The CCD cam
employed in this measurement was a progressive-s
black-and-white CCD camera, model JAI CV-M10, with
nominal dynamic range of 55 dB, equipped with electro
shutter with integration timesTi51/50, 1/125, 1/200,
1/500, 1/1000, 1/2000, 1/4000, and 1/10,000 s.

We observed the diffracted beam with a 50-mm obj
tive focused to infinity; thus the digital images obtain
correspond to the Fraunhofer diffraction pattern. Initia
we set the integration time to 1/10,000 s, and we attenu
the laser beam with a rotating polarizer until the digi
image observed presented no saturation. Figures 5~a! and
5~b! show the intensity distribution and its central horizo
tal profile, respectively, acquired for a single integrati
time of 1/10,000 s. The extended-range irradiance im
and its profile are shown in Figs. 5~c! and 5~d!. To get the
image of Fig. 5~c!, we used the full set of available inte
gration times. Secondary diffraction maxima are visible
to order 9. As we know that the observed diffraction patte
must correspond to the Airy distribution, we can estim
the dynamic range for this irradiance image as 10,000:1
80 dB, much higher than the available dynamic range of
image acquisition system.

4 Conclusions

We have shown in this work that the application of t
proposed extended-irradiance-range technique is a sim
and cheap way to improve the accuracy of an off-the-sh
CCD-camera profiling system. There are two main reas
for this improvement. The first and more important one
that the increase of the dynamic range allows the acqu
tion of small irradiance values that would be lost if w
acquired a single image. The second one is that
extended-irradiance-range images the background n
and the specific smear structures of each system lose
portance compared to the irradiance distribution of the la
beam.
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