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The phase conjugation between the deformable mirror and the wavefront sensor in the aberration correction of

a terawatt Ti:sapphire laser is studied experimentally and theoretically in this paper. At varying values of phase-

conjugation precision, we focus the corresponding beams into spots of the same size of 5.1 µm × 5.3 µm with a f/4

parabola in the 32 TW/36 fs Ti:sapphire laser system. The results show that the precision of conjugation can induce

an intensity modulation but does not significantly affect the wavefront correction.
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1. Introduction

The chirped-pulse-amplification (CPA) technol-
ogy has led to the improvement of tabletop lasers
from terawatt (TW) to petawatt level with a pulse
duration of a few tens of fs and even sub-10 fs.[1−3]

These types of lasers are widely used to investigate
high field laser–matter interactions, such as the gen-
eration of ultrafast X-ray radiation,[4,5] the high-order
harmonic generation,[6−8] the laser wake field parti-
cle acceleration,[9] the laser-induced nuclear photo-
physics, and the fast ignition of laser fusion.[10,11] For
most applications in ultrahigh field laser–matter in-
teraction research, the intensity at focus is a key fac-
tor in addition to the peak power. Recent advances
in fs laser sources are able to generate intensities ap-
proaching ∼ 1022 W/cm2,[12,13] so the quality of the
beam corresponding to a diffraction-limited spot size
becomes crucial. With the terawatt laser, the intensity
can also be improved to 1018–1021 W/cm2 by using a
different focal mirror based on the wavefront active
correction technology.[14,15]

The active correction of wavefront is a power-
ful method to reshape an irregular wavefront into a

flat one, yielding a smaller focal spot after being fo-
cused by a lens. Recent studies have reported that
a diffraction limitation (DL) focal spot with a full-
width at half-maximum (FWHM) of 0.8 µm can be
obtained with an f/0.6 off-axis parabola (OAP) and
the adaptive optics wavefront correction on a 45-TW
laser system.[16]

The adaptive optics system[17] (AOS) has two
components: a correction device (usually a deformable
mirror (DM))[18] and a wavefront sensor (a four-
wave lateral shearing interferometer (SID4, PHASICS,
France)). Normally, the conjugation between the de-
formable mirror and the sensor is crucial and should
receive great attention. However, for most large laser
systems, this is difficult to ensure because of the space
limitations and the optic device sizes. In the present
study, we investigate the requirements for the conjuga-
tion precision theoretically and experimentally based
on our TW-fs laser system. The rest of this paper is
organized as follows. In Section 2, we introduce the
experimental setup, which is very different from the
active wavefront correction system that is convention-
ally used. Theoretical simulations of the wavefront
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distribution and the intensity modulation away from
the conjugated plane are presented in Section 3. Sec-
tion 4 is devoted to the experimental studies of the
wavefront corrections for two cases: one with strict
phase conjugation and the other with phase conjuga-
tions at different precisions. Finally, the conclusions
drawn from the present study are given in Section 5.

2. Experimental scheme

The TW laser system is characterized by a typi-
cal CPA configuration based on a Ti:sapphire crystal,
which can deliver a pulse with a peak power of 32 TW
and duration of 36 fs at the 10 Hz operation.[19] It con-
sists of an oscillator, a pulse stretcher, a regenerative
amplifier, two stages of multi-pass amplifiers, and a
pulse compressor in a vacuum chamber. The focus
optics is an f/4 OAP with a clear aperture (50 mm)
matching the beam size.

The experimental setup of the active wavefront
correction system is shown in Fig. 1. In the experi-
ment, we explore a new scheme, where the AO loop

is constructed by placing a SID4 directly behind the
focus of the OAP on the direct beam line. Therefore,
no additional aberration from the collimated optics
and the alignment is introduced, and the measured
values can reveal the phase near the focus more accu-
rately. To measure the wavefront and the focal spot
simultaneously, we use a beam splitter to divide the
beam into two parts. One part is sent to the SID4 for
the wavefront measurement, and the other is sent to
a charge couple device (CCD) for the focus size mea-
surement. Since the SID4 is placed directly behind
the focus of the OAP the defocus results in a diver-
gent wavefront that cannot be directly compared with
a flat one. To obtain the real wavefront, the defocus
is subtracted, and the wavefront is compared with a
flat one to generate an error signal. The AO loop soft-
ware is used to convert the wavefront error signal into
voltages that control the shape of the deformable mir-
ror. After being corrected by the deformable mirror,
the wavefront turns approximately flat, and a nearly
diffraction-limited focal spot will be obtained after be-
ing focused by the OAP.
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Fig. 1. Exprimental setup of wavefront correction on the Ti:sapphire CPA laser.

3. Theoretical simulation of

wavefront distribution and in-

tensity modulation at conju-

gated plane

Figure 2 can be used to analyse the cases of dif-
ferent values of phase-conjugation precision. We use

an equivalent lens with a clear aperture (D) of 50 mm
and a focal length (f) of 200 mm to represent the
OAP. For effective comparison, the diameter of the
SID4 entrance pupil is kept at a constant, and the
distance between the lens and the sensor is fixed in
the practical application.

When the DM and the wavefront sensor are
phase-conjugated, they can be described by the fol-
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lowing formulas of geometrical optics:
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where u is the objective distance, v is the image dis-
tance, and d = 3.5 mm is the diameter of the SID4
entrance pupil. When f = 200 mm and D = 50 mm,
the solutions of the above equations are u0 = 3057 mm
and v0 = 214 mm, corresponding to the phase-
conjugated planes.

fDu Dv

vu

Fig. 2. Schematic diagram used for analyzing differ-

ent values of phase-conjugation precision, parameters are

specified in the main text.

When the SID4 is moved by ∆v from v0, equa-
tion (2) can be expressed as

v

u
= β =

v0 + ∆v − f

f
, (3)

where β is the amplification factor, ∆u is the distance
between the DM and the plane of u0, and ∆v is the
distance between the sensor and the plane of v0. For
∆u and ∆v, positive values represent moving away
from the lens, and negative values represent moving
towards the lens. To maintain the phase-conjugation,
the objective distance is

u = f +
f2

v0 + ∆v − f
. (4)

For instance, when the SID4 is moved by 1 mm toward
the right and away from v0 (∆v = 1 mm), then ∆u

must be −190 mm to obtain the phase conjugation.
Likewise, if ∆v = −1 mm, ∆u should be 220 mm.
In other words, when the SID4 is moved toward the
right (left) by 1 mm, the DM should be moved toward
the right (left) by 190 mm (220 mm) to guarantee the
phase conjugation. Similarly, when the DM is moved
toward the right (left) by 190 mm (220 mm), the SID4
should be moved toward the right (left) only by 1 mm.

We find that a very fine displacement of the sensor
corresponds to a nearly 200-fold displacement of the
DM.

Then, we study the evolutions of the wavefront
and the intensity after passing through the phase-
conjugation plane. We use an advanced physical op-
tics analysis code GLAD to model this process. The
code is designed to analyse beam trains and laser
devices, including the effects of diffraction, active
medium, lens and mirror, and aberration. The ini-
tial wavefront and the initial intensity distribution are
measured with the sensor fixed at v0 = 214 mm when
the phase conjugation between the DM and the sen-
sor is maintained. The model reveals the evolutions
of the wavefront and the intensity profiles after 1 mm,
2 mm, and 4 mm of free propagation from the plane
of v0 (Fig. 3). The peak-to-valley (PTV) value of the
initial wavefront is 1.485λ. It turns to 1.492λ after
1 mm, 1.490λ after 2 mm, and 1.502λ after 4 mm of
free propagation. The PTV values and the wavefront
shapes (Fig. 3) demonstrate that the wavefront distri-
butions at different values of phase-conjugation preci-
sion remain almost the same. However, the variations
in the intensity modulation are very significant. The
simulation results show that the intensity modulation
depth is about 15% at the initial position (Fig. 3(a))
and reaches 35% after 4 mm of free space propaga-
tion (Fig. 3(d)). The intensity modulation is enhanced
with the increase of distance of free propagation from
the conjugated plane, whereas the wavefront distri-
bution is almost unchanged, remaining in the range
of effective correction. The intensity modulation is
very harmful to sensitive optic elements, the precision
of phase conjugation should be controlled to regulate
the depth of the intensity modulation within a safe
range. In addition, we are also concerned about the
wavefront correction results at different values of pre-
cision of phase-conjugation. These are experimentally
studied in the next section.

Equation (4) shows that when the sensor is moved
toward the right by 1 mm, the DM should be moved
by 190 mm to guarantee the phase conjugation. This
indicates that when the sensor is fixed at v0, the loca-
tion of the DM may be in a very wide range, and the
effectiveness of correction is not disturbed. Therefore,
the position of the DM is not critical for our experi-
mental scheme, which is very convenient for practical
applications.
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Fig. 3. (colour online) Intensity and wavefront profiles modeled by the GLAD when beam is allowed 0 mm ((a) and

(e)), 1 mm ((b) and (f)), 2 mm ((c) and (g)), and 4 mm ((d) and (h)) of free space propagation from the conjugated

plane. The upper panels show the intensity distributions, while the lower panels show the wavefront profiles.

4. Experimental study of wave-

front correction

4.1.Wavefront correction when phase

between DM and sensor is conju-

gated

The wavefront and the focal spot when the DM is
conjugated with the sensor are measured. Figure 4(a)
is a three-dimensional (3D) view of the wavefront be-
fore the correction, which has a PTV value of 1.485λ
and an RMS value of 0.186λ. The aberrations with-
out correction are mainly from the astigmatism at 45◦

with a coefficient value of −0.145λ and the coma at
the x axis with a coefficient of 0.069λ, thus inducing a
high PTV value. The Strehl ratio of the focal spot is
0.3. The focal spot after a 200-mm focal length OAP
mirror is recorded with a CCD camera. Figure 4(b)

shows the focal spot before the correction, which has
a size of 8.9 µm× 9.6 µm at FWHM and is 2.3-fold of
the diffraction limitation. Figure 4(c) illustrates the
focal spot lineouts along the x and the y axes.

After the correction, the coefficient of the astig-
matism at 45◦ decreases to −0.012λ, and the coma
at the x axis decreases to 0.001λ. The 3D view of
the wavefront after the correction, with a PTV value
of 0.472λ and an RMS value of 0.047λ, is shown in
Fig. 5(a). The focal spot after a 200-mm focal length
OAP with a focal spot size of 5.1 µm × 5.3 µm is
1.36-fold of the diffraction limitation (Fig. 5(b)). The
results indicate that the wavefront correction improves
the peak intensity in the focal plane by a factor greater
than 2.5. The shape of the focus becomes more sym-
metrical, which is very important for some physics ex-
periments. Figure 5(c) shows the focal spot lineouts
along the x and the y axes.
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Fig. 4. (colour online) (a) The 3D view of wavefront before the correction. The PTV value is up to 1.485λ, and the

RMS is 0.186λ. (b) Laser focal spot after a 200-mm focal length OAP. Spot size is 8.9 µm × 9.6 µm at FWHM, and

the Strehl ratio is 0.3. (c) Focal spot lineouts along the x and the y axes.
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Fig. 5. (colour online) (a) The 3D view of wavefront after the correction. The PTV value is 0.472λ, and the RMS is

0.047λ. (b) Laser focal spot after a 200-mm focal length OAP with a spot size of 5.1 µm × 5.3 µm at FWHM. The

Strehl ratio is 0.91. (c) Focal spot lineouts along the x and the y axes.

4.2.Wavefront correction when phase

conjugation between DM and sen-

sor is at different precisions

In Section 3, we conclude that the wavefront is
almost unchanged while the intensity is modulated
when the beam is away from the conjugation plane.
We perform the following experiments to identify the
effect on the wavefront correction when the precise
phase conjugation is not maintained. Although the
intensity modulation is very harmful to some sensi-
tive optical elements, the depth of modulation can be
maintained below the damage threshold of the sensor.
In this study, we correct the wavefront and activate
the active loop when the sensor is fixed while the DM
deviates from the conjugated plane.

To match the beam size with the sensor pupil, the
sensor is fixed at v0 = 214 mm. The DM is located
respectively at three different positions, i.e., 2867 mm,
2700 mm, and 2420 mm, which are away from the con-
jugated plane of the sensor by distances of 190 mm,
357 mm, and 637 mm, respectively. From Eqs. (1)
and (3), we find that the three positions selected cor-
respond to the conjugated planes of v = 215 mm,
v = 216 mm, and v = 218 mm, respectively. Results
of the correction are shown in Fig. 6. Corrected wave-
fronts have almost similar RMS values ranging from

0.047λ to 0.050λ, whereas the focal spot size is main-
tained at ∼ 5.3 µm × 5.3 µm. Table 1 presents the
measured results after the correction. The distribu-
tions of the wavefront and the focal spots are not dis-
turbed when the phase-conjugation between the DM
and the sensor have different values of precision.

Figure 6 demonstrates that the focal spot sizes
and the wavefronts after the correction are almost the
same even the DM is placed at different positions, in-
dicating insignificant differences in the range of the
pulse fluctuation. However, the measured intensities
show a notable modulation with the deviation of the
phase conjugation. We use the sensor to measure the
normalized intensity profiles along the x axis when
the DM is placed at different locations (Fig. 7). The
initial normalized intensity profile with the phase con-
jugation has a modulation depth of about 18%, and
it increases to 25% and 35% when the DM deviates
from the conjugated plane by 190 mm and 357 mm,
respectively. The largest modulation (about 50%) is
obtained when the DM deviates from the conjugated
plane by 637 mm. The findings suggest that the inten-
sity modulation increases as the DM deviation from
the conjugated plane increases. The escalation of the
intensity modulation will increase the risk of damage
to the sensor.

Table 1. Results of active correction when the DM is at different positions.

DM position/mm PTV/λ RMS/λ
Size of focal Depth of intensity

spot/µm2 modulation

No correction 1.485 0.186 8.9×9.6

3057 0.472 0.047 5.1×5.3 18%

2867 0.498 0.048 5.2×5.4 25%

2700 0.485 0.050 5.3×5.4 35%

2420 0.522 0.047 5.3×5.3 50%
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Fig. 6. (colour online) Wavefronts (upper) and corrected focal spot distributions (bottom) measured when the DM is

placed at the planes of ((a) and (d)) u = 2867 mm, ((b) and (e)) u = 2700 mm, and ((c) and (f)) u = 2420 mm.
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Fig. 7. Normalized intensity profiles along the x axis when DM deviates (a) 0 mm, (b) 190 mm, (c) 357 mm,

and (d) 637 mm away from the conjugated plane. Intensity modulation has a depth ranging from 18% to 50%.

014201-6



Chin. Phys. B Vol. 21, No. 1 (2012) 014201

The results shown in Table 1 reveal that the cor-
rected wavefronts and the focal spots with the preci-
sion of the phase conjugation at different values are
almost the same as those with the strict phase conju-
gation. Our results indicate that the requirement for
precision of conjugation in the wavefront correction is
not very strict. The findings suggest that in order to
prevent damage to the optic element by regulating the
intensity modulation, we have a large range of loca-
tions for the DM without disturbing the effectiveness
of correction. This is very convenient for practical ap-
plications.

5. Conclusion

In this study, we investigate the phase conjuga-
tion between the deformable mirror and the sensor in
the wavefront correction of a TW laser system. The
results show that the wavefront distribution is almost
unchanged while the intensity is modulated when the
phase conjugation has different precision values. The
wavefront correction is not affected by a slight uncon-
jugation between the DM and the wavefront sensor.
When the DM deviation is within 637 mm, no evident
change in the focal spots can be detected, and the
size (5.3 µm × 5.3 µm) is 1.36-fold of the diffraction
limitation after the correction. However, the inten-
sity modulation is very sensitive to the change in the
DM position, so the precision of the phase conjugation
should be controlled to maintain the intensity modu-
lation below the damage threshold of the sensor. The
findings of this study are conducible to the construc-
tion of a convenient and effective adaptive loop for
practical applications.
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