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This paper proposes a method of adjusting off-axis parabolic mirrors, based on the minimization
of beam-quality parametév?. This method requires no additional adjustment elements

and possesses adequate accuracy: 1% for the angular orientation of the mirror and 2.3% for the
rms deviation of theM? value. An experimental technique is given for measuring and

correcting the aberrations of strongly focusing off-axis optical elements. The technique is based
on measuring the wave front by the Shack—Hartmann method. The aberrations were

corrected using a controllable flexible mirror in the manual and automatic regimes by the aperture-
probing and phase-conjugation methods, respectively2005 Optical Society of America

INTRODUCTION to the axis of rotation of the parabola. Therefore, one way to
Powerful terawatt devices that make it possible to obtair][adJUSt Itis to set the back facg of the mirror pe_zrpendlcgl_ar to
o . ) . > he optical axis. However, this method requires additional
laser radiation with an intensity of the order of?1@v/cn? ; : .
adjustment elements to be introduced into the system, and

and femtosecond pulse widths are currently being used tQ . .
; . . . . L is is not always convenient. We propose to use a method of
study the interaction of light with matter in the relativistic _ > ~. . S . . -
adjusting off-axis parabolic mirrors in which the minimum

regime, as well as to create x-ray sources, to accelerate elec- R . . .
. . value of parametel“ will be considered the alignment cri-
trons, and for experiments on nonlinear quantum electrody- .
i L . “terion of the system.
namics, the initiation of photonuclear reactions, and rapi . . L o
. . . : The physical meaning of parameté? is simple—it is
triggering of thermonuclear reactions. In particular, appara- . . .
. ) the ratio of the divergence anghy of a Gaussian beam and
tus created at Livermore National LaboratgkySA) makes . ) o .
. : . L K he divergence anglé of an arbitrary beantwith identical
it possible to obtain laser radiation pulses with an energy o : ) ! > 3
. . . eam diameters in the near figld“= 6/ 6,.> This formula
660 J and a pulse width of 440 fs, which gives a peak POWer e rewritten as followsM2=d. /d where
of the order of 1 PW and, with focusing of the beam, a : f - i(Gaussy

radiation intensity greater than #0W/cn?. The ATLAS di(causs) S the diameter of a Gaussian beam in the focal

8-TW titanium—sapphire laser system at the Max Planck In_plane of a converging lens with focal length If the spatial

. ; . : . . transverse intensity distribution has the form of a circle, pa-

stitute (Germany also makes it possible to achieve high in- 5
" : ; e rameterM? can also be computed frém

tensities by focusing a 150-fs pulSeSuch intensities are
achieved with rigorous focusing of the radiation, accom-  M2=7dd,/(4\f), (1)
plished by an off-axis parabolic mirrérUnlike ordinary ' ' . o
lenses, an ideal parabolic mirror makes it possible to solvévhered, is the beam diameter in the near field,is the
the problems associated with the distortion of laser radiatiolpeam diameter at the focdsof the lens, and is the wave-
caused by spherical aberration and by spreading of the las&ngth of the laser radiation. In the case of a beam whose
pulse. However, like any optical element, a parabolic mirrorspgnal transverse intensity d|str;but|on is in the form of an
in reality introduces aberrations into the wave front, and thisllipse, two valuezs of parametdt< are rzneasurechlong the
reduces the possibility of rigorous focusing of the laser rax andy axes: My=md,doy/(4\f), My=md,do, /(4\F),
diation. This article proposes techniques for measuring an#heredo, anddo, are the beam diameters in the near field
correcting aberrations that can be used not only for shortalong thex andy coordinates, respectively, ant} andd,
focus parabolic mirrors, but also for other cases—for ex-are the beam diameters at the fodusf the lens.

ample, for correcting aberrations associated with atmo- An optical element that is not aligned accurately enough
spheric turbulence. will introduce distortions into the wave front of the recorded

beam, and this will increase the size of the focal spot and

increase parametévi?> by comparison with its value for a

correctly aligned element. Thus, the quality of the adjustment

itself can be judged by tracking the value M during the
Before proceeding to measure the aberrations of an omdjustment.

tical element, it is necessary to align it correctly. In an off- To determine the angle of best position of an off-axis

axis parabolic mirror, the back face is usually perpendiculaparabolic mirror relative to the incident radiation, the layout

A METHOD OF ADJUSTING PARABOLIC MIRRORS USING
THE M? PARAMETER
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FIG. 1. Finding angle of the best position of a parabf@ Layout of the experimental apparatds-LGN-303 laser2—microscope objective (20, focal
length 8.55 mmy 3—20-um stop,4—Ilens with 45-mm focal lengtthb—lens with 300-mm focal lengtl§—off-axis parabolic mirror/—CV-M50 8-bit CCD
camerag8—personal computef, and8—M? sensorib)—(d) dependences of parameddr on angle of rotation of parabolic mirror. See text for explanation.

shown in Fig. 1a was assembled for the experimental appder the second 360.1 for an angle of rotation of 20.8°
ratus. The radiation from an LGN-303 helium—-neon laser+0.2° (Fig. 1d).

was used(a stabilized single-mode, single-frequency laser  The quality of the parabolic mirror can be judged from
with a wavelength of 0.63m and a power of 1 m\y col-  the minimum values obtained for parameldf. It can be
limated by lense&, 4, and5 and having a quality parameter seen from Fig. 1c thaM? is close to unity for the second
of M?=1.1-1.2. The radiation was directed toward para-mirror, with a beam diameter of 4 mnM?=1.2), and this
bolic mirror 6 of interest, was reflected from it, and was indicates that its surface quality is very good on the area
focused onto CCD camefa The CV-M50 8-bit CCD cam- occupied by the beam.

era that was used had a &4.8-mm exit window, a spatial As a result of these measurements, the position corre-
resolution of 75X 582 points, SNRS/N>59 dB, and spec- sponding to the correct alignment was found for each of the
tral range 350—1100 nm. The analog signal from the CCDoff-axis parabolic mirrors investigated here.

camera went to a computer. Thé? sensor consists of ele-

ments7 and8 in Fig. 1a.
Measurements were made for off-axis parabolic mirrors> 1 YPY OF THE SURFACE QUALITY OF OFF-AXIS
IRRORS, USING A SHACK-HARTMANN WAVE-FRONT

with focal lengths 150 and 50 mm and apertures 50 and 2
. . ) ; ENSOR

mm, respectively. The beam diameter in the near field on the
parabolic mirrors(at the 1¢? level) was 9 mm for the first There are various methods of measuring wave-front
mirror and 11 mm for the second. The measurements of thaberrationg; for example, the interferometric methodhe
beam diameter in the far fielgh the focal plane of the para- Foucault knife-edge methodthe Zernike filtering method,
bolic mirror), and consequently the measurementsMVdf, and so on. For measurements in real time, it seems most
were carried out for each rotation of the mirror by a definitesuitable to us to use a Hartmann sersor.
angle« in the xy plane(Fig. 1a. A photograph of the sensor, its optical layout, and the

The minimum value oM? for the first mirror was 7.6  operating principle are shown in Figs. 2a, 2b, and 2c, respec-
+0.2 for an angle of rotation of 20.1#°0.2° (Fig. 1b, and tively. The main elements of the sensor are a lens raster and
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TABLE I. Main parameters of the Shack—Hartmann wave-front sensor.

Parameter Value
Spectral range, nm 350-1100
Dynamic range more than 15
of phase measurementm
Measurement accuraggalculatedl 0.08
for P—V=15um, um
Response rate, Hz about 12
Input beam diameter, mm 20-40
Photo input Matrox Meteor Il

In order to avoid losses in the accuracy of the wave-front
reconstruction, it is necessary for the Hartmannog(&ig.
3b) to have the same number of focal spots for the reference
and measured beams. It is fairly difficult to experimentally
achieve such coincidence, and therefore Hartmannograms
were determined for various diameters of the reference
beam. To do this, parabolic mirrérwas eliminated from the
layout of the experimental apparat(i§g. 39, a collimated
=) 5=/, 29 beam was formed by displacing lensésind 5, and a stop
1 ox having its diameter was placed in front of the Shack—
9 p
Hartmann sensor. In analyzing the distortions introduced into
the wave front by the mirrors of interest, a reference beam
with exactly the same number of points as the measurement
beam was generated by means of a special program.

The Shack—Hartmann wave-front sensor and the pro-
cessing program that we used allow us to simultaneously
observe(in real time the calculated interferogram of the

@ beam(an analog of a Fizeau interferograand the values of
the coefficients of the Zernike polynomidkBigs. 3c and 3d
The software that we created can be switched to different
viewing regimes;(1) a two-dimensional image of the inter-
ferogram of the beam, the amplitudes of the wave-front ab-
errations[the differences of the maximum and minimum
phase distortions, denoted belowRs V (peak-to-valley],
and the intensity(2) a three-dimensional image of the phase
and the intensity, with the possibility of rotating the image.
FIG. 2. Shack—Hartmann wave-front sensay. Photograph of sensofp) | h€ rms errors of the measurements is also shown. The val-
layout of sensor:1—laser radiation, 2—scaling lens {=250 mm),  ues of either all the Zernike coefficients or some of them,
3—microlens raste—CCD camera(c) operating principle of sensofiens  chosen in a definite way, may be viewed during the measure-
is_the focus of thg r_nicrolen_§ is the displacement of the focal spot of the \\ants. Eor instance, it is possible in our case to neglect the
microlens;(d) varieties of microlens rasters. .. . . .
coefficients of the polynomials corresponding to tilt and de-
focusing, since it is easy to compensate such distortions by
tilting the CCD camera and by displacing it along the propa-
a CV-M50 CCD camera. The microlens rastEig. 2d con-  gation axis of the radiation.
sisted of 1% 15 microlenses and had the following param- For the off-axis parabolic mirror with focal length 150
eters: size 4.54.5 mm, focal length of the microlenses 8 mm and aperture diameter 50 mmith a beam diameter at
mm, and aperture of the microlenses 0.3 mm. A supplemerthe mirror of 11 mn), the measured amplitude of the wave-
tary focusing lens f(=250 mm, diameter 50 mhwas used front aberrations wa$?—V=2.94+0.52 um. The largest
to match the entrance aperture of the sensor with the apertuoentribution to the wave-front distortions is from astigma-
of the CCD camera. Table | shows the main parameters dfsm along thex axis (0.64-0.11 xm) and coma along thg
the Shack—Hartmann wave-front sensor. When it is used taxis (0.97-0.17 um) (Fig. 30.
make measurements, the radiation of an LGN-303 helium— For the off-axis parabolic mirror with focal length 50
neon laser, passing through a system of lenses, was expandedh and aperture diameter 20 mm, when the beam diameter
so that, after being reflected from the parabolic mirror, aat the mirror was 6 mm, the amplitude of the wave-front
collimated beam was formed that covers virtually the entireaberrations wa® —V=1.79+0.29 um. The contribution to
effective diameter of the mirror. the wave-front distortions is from astigmatism along the
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FIG. 3. Study of the aberrations of a parabola with a Shack—Hartmann séastayout of experimental apparatué:—He—Ne laser2—microscope
objective,3—10-um stop,4—Ilens with focal length 45 mnb—lens with 300-mm focal lengtt—off-axis parabolic mirror/—Shack—Hartmann sensor,
8—personal computefp) Hartmannogram(c) results of measurements for the parabola 150 mm;(d) results of measurements for the parabola with
f=50 mm.

axis (0.33:0.05um) and along they axis (0.51 \oltages with a step of- 1V were successively applied to a
+0.08um) as well as coma along th& axis (0.37 chosen electrode of the mirror, while tRe-V amplitude of
+0.06 um) (Fig. 30. the wave-front aberrations was recorded. If fhe V value
decreased, the voltage continued to be applied in the chosen
CORRECTING DISTORTIONS BY MEANS OF A ELEXIBLE direction, but, if theP—V value increased, the Step of the
CONTROLLABLE BIMORPH MIRROR voltage increment was reverséd —1 V). Thus, the voltage
. that corresponded to the minimuf—V amplitude of the
Thg presence Of the detected and megsured. SmOOthaberrations was first found by controlling a single electrode,
aberrations(astigmatism and comanakes it impossible 10,4 then the control process was repeated for the next elec-
achieve rigorous focusing of the laser radla_tlon on the targehode, and so on, until the smalleBt—\/ parameter was
Therefore, the next problem that faces us is to correct thesr%ached.
d!stortlons.' It |§_rlr;ost suitable to use a gontrollable flexible The method of coordinate descent was used to correct
bimorph mirror. = The Iayou_,lt of '_[he fI_eX|bIe Corr_7ec_t02r _that the aberrations introduced into the wave front by both mir-
we use_d, a so-calleq Semipassive p|morph mitfor,” is rors investigated here. The flexible mirror was corrected and
;hown_ in Fig. 4a._A b_|morph mirror with the ele_f:trode €O the wave front was monitored using the software that we
f!gurat|on shown in Fig. 4b was_used. The radii of the Sec'created, which made it possible to observe the following:
tioned electrodes equal, respectively, 12 and 26 mm, the ap-
erture of the entire mirror is 33 mm, the thickness is 3 mm,¢ a calculated interferogram of the beam corresponding to a
and the maximum deformation amplitude of the mirror is 7 Fizeau interferogram,
um. For effective correction, it is necessary that the beam filb a calculated intensity distribution in the far field,
at least 90% of the mirror’s surface. * the applied voltages,
To correct the aberrations of the parabolic mirror in thee the P—V amplitude of the aberrations and the rms error of
manual regime, we implemented the method of coordinate the measurements,
descent, which we chose because it is easy to implement.the coefficients of the Zernike polynomials.
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FIG. 4. (a) layout of a flexible semipassive bimorph mirrdr—reflective
coating, 2—qglass substrate3—piezoceramic disks4—controlling elec-
trodes,5—common ground electrodéh) configuration of the mirror elec-
trodes. Numberl denotes the common solid electrode, which is located
between the glass substrate and the second piezoceramic disk.

(a)

A schematic diagram of an experimental apparatus for
compensating the aberrations of an off-axis parabolic mirror
is shown in Fig. 5a. In the process of correction, the V
value was minimized while simultaneously recording the cal-
culated interference pattern and the calculated intensity dis-
tribution in the far field.

For the mirror with a focal length of =150 mm, the
P—V value before correction was 3.3%.49 um (Fig. 5b).

The diameter of the laser beam at the parabolic mirror was
11 mm(at the 1é? level), with a mirror diameter of 50 mm.

It can be seen from the values of the Zernike coefficients that
the main contribution to the wave-front distortion is from
astigmatism along th& axis (—1.02+0.15um) and coma
along they axis (0.66-0.10 um). After carrying out the
correction in the manual regime by the aperture-probing
method, it was possible to reduce the aberration amplitude to
1.30+0.18 um. The calculated interferograms, the intensity
distributions in the far field, and also the Zernike coefficients
and the voltage values before and after correction are shown
in Figs. 5b and 5c. It can be seen that correcting the aberra-
tions with a flexible bimorph mirror made it possible to re-
duce theP—V value by a factor of 3.

Next the aberrations of the off-axis parabolic mirror with
focal length 50 mm and mirror aperture 20 mm were mea-
sured and corrected. The diameter of the expanded beam of
laser radiation in the plane of the parabolic mirror was 30
mm. The defocusing acquired during the expansion of the
beam was compensated by applying a voltage-®80 V to
the first electrode of the adaptive mirror.

The amplitude of the aberrations introduced by the para-
bolic mirror into the beam, as shown by the measurements,
was 1.810.25 um. It can be seen from the table of Zernike

FIG. 5. Corrections of wave-front distortions by the method of coordinate dedegrschematic diagram of experimental apparafissiradiation source
(lase), 2—scaling optics 3—parabola,4—flexible bimorph mirror,5—control unit for flexible bimorph mirror6—Shack—Hartmann wave-front sensor,
7—personal computeip) before correctiorifor the first (f =150 mm) and the second £50 mm) parabolic mirrors (c) after correction.
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TABLE Il. Comparison of the effectiveness of the aperture-probing and phase-conjugation methods fm).

Parabola ( =150 mm) Parabola ( f=50 mm)
Methods - - - -
before correctloni after correction before correction | after correction
Aperture-probing method 1.30+0.18 0.750 £ 0.11
. ) 3.35+0.49 1.81+0.25
Phase-conjungtion method 1.50 £ 0.21 0.62+0.08

coefficients that the main contribution to the wave-front dis-(1) For the parabolic mirror with focal length 150 mm, the

tortion is from astigmatism along they axis, 0.51 amplitude of the wave-front aberrations decreased from
+0.07 um. After making a correction by the aperture- 3.35£0.49 um to 1.5+0.21 um when the beam diam-
probing method in the manual regime, tRe-V value de- eter is 11 mm.

creased from 1.810.25um to 0.75-0.11 um (Fig. 50. (2) For the parabolic mirror with focal length of 50 m, the

It can be seen from these data that this correction im- amplitude of the wave-front aberrations decreased from
proved the intensity distribution of the beam in the far field, 1.81+0.25 um to 0.62+0.08 um when the beam diam-
as well as reducing the amplitude of the wave-front aberra- eter is 6 mm.
tions by a factor of 2. In this case, the amplitude of the
individual aberrations, for example, astigmatism alongythe The results of the correction obtained using the phase-

axis, was reduced by about a factor of 10 when the secongPnjugation method and the aperture-probing method are
parabolic mirror was used. shown in Table II. It can be seen that the two correction

algorithms give results that approximately coincidaking
into account the degree of accuracyhis indicates that both

COMPARISON OF THE APERTURE-PROBING METHOD algorithms can be used with approximately equal effective-
AND THE PHASE-CONJUGATION METHOD ness to solve such problems as correcting slowly varying
large-scale aberrations. However, the phase-conjugation al-

It is well known that the phase-conjugation method isgorithm is preferable if high response rate is required in the
fast but not always effective, since an adaptive mirror reprosystem.

duces a wave front with a certain error. It was therefore
decided to compare it with the aperture-probing method:-oncLusions

which is inferior in response rate but gives an advantage in o o
effectivenes<3 An original method has been proposed for adjusting

The basic operating principle of the phase-conjugatiorParabolic mirrors, based on minimizing the beam-quality pa-
method is as follows: The measured wave front is expandefmeterMZ. This method requires no additional adjustment
in the response functions of the wave-front corrector. Thefléments and possesses a fair amount of accu(aog
weighting factors of the expansion are determined by mini£Tor=2.3%). An experimental technique is described for
mizing the residual error of the expansion, for example, byneéasuring the surface distortions of short-focus off-axis
the method of least squares. The resulting coefficients are tHrabolic mirrors, tested on two samples mirrors with focal
voltages that are applied to the flexible mirror. Thus, wherlengths of 150 and 50 mm and apertures of 50 and 20 mm,
these voltages are supplied, the adaptive mirror reproducd§SPectively. The technique is based on measuring the wave
the wave front with the minimum rms error. front by the Shack—Hartmann method. The measured aber-

The response functions of the mirror were measured be2tion amplitudes wer® —V=2.94+0.52 um for the first
fore beginning the correction and then used as expansiofi'or (f=150 mm) and®—V=1.79+0.29 um for the sec-
functions for the wave front. Each response function deond (f=50 mm). The measured aberrations were corrected
scribes the mirror's surface deformati¢expressed in mi- Py means of a flexible bimorph mirror. The adaptive mirror
crometers when unit voltage is applied to one chosen elec-Was controlled by two different methods: phase conjugation
trode. and aperture probing. The two algorithms under the condi-

The layout of the experimental apparatus of the adaptivéions of thg experiments gave similar results—they reduced
optical system that compensates the phase distortions of tf{g€ aberrations of the optical elements by a factor of 2-3.
parabolic mirror (using the phase-conjugation method
similar to the layout of Fig. 5a, but with the difference that Email: cherezova@mail.ru
feedback is formed in this cagelementsé and 7 are con-
nected. The flexible mirror is controlled in the automatic 1H. Baumhaker, K. J. Witte, and H. Stehbeck, “Use of deformable mirrors
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results of correcting the aberrations by the two methods: Karsch, A. Kudryashov, V. Samarkin, and A. Rukosuev, “Correction of
; : ; wavefront distortions and fluence profile modulation by closed-loop adap-

phase ConJUQa.tlon and aperture problng. tive optics in a multi-stage TiS laser,” Opt. Le7, 1570(2002.

The following values of theP—V parameter are ob- 3|5 (nternational Standards OrganizatidiTest methods for laser beam
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