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Optimal two-mirror system for laser radiation focusing

A.V. Gitin

Abstract. An optical system for laser radiation focusing, which
consists of parabolic and elliptic mirrors, is considered. It is
shown by the method of elementary reflections that the
maximum concentration of laser radiation on the target can
be achieved at a certain position of these mirrors.
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1. Introduction

An urgent problem in modern studies of the interaction of
laser radiation with matter is the development of an optical
system focusing extremely high-power ultrashort pulses into
a spot of minimal diameter. At present, such pulsed radiation
is focused by a high-aperture off-axis parabolic mirror and
the concentration of radiation in the laser spot is increased
by using an electronic adaptive system controlled by a
deformable mirror [1-3]. Note that upon focusing ultra-
short pulses (of duration less than 100 fs), an electronic
adaptive system cannot principally operate in the real-time
regime because it only selects, by the ‘reference’ pulse, the
shape of a deformable mirror at which the energy con-
centration in the light spot is maximal.

Investigations by the method of elementary reflections
showed [4] that the size of a light spot in the focus of a
parabolic mirror depends on the region of incidence of the
light beam on the mirror. As a result, the radiation intensity
distribution in the light spot in the focus of the off-axis
parabolic mirror is asymmetric even in the case of the
uniform divergence of the incident laser beam. It was pointed
out in [5] that asymmetry in the radiation distribution in the
light spot produced by one off-axis mirror can be compen-
sated for by another off-axis mirror. Of course, the shape of
this additional mirror can be selected by using an electronic
adaptive system with a deformable mirror but it can also be
calculated analytically.

In this paper, we propose to supplement the main
parabolic off-axis mirror with an additional elliptic off-
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axis mirror to achieve the maximum concentration of laser
radiation on the target, and to optimise their mutual posi-
tion by using the quasi-axial-symmetry criterion with the
help of the method of elementary reflections.

2. Method of elementary reflections

It is known that an ideal lens not only collects all light rays
coming from a point A on the optical axis to an optically
conjugate point A’, but also maps a flat object to a flat
image with the same lateral magnification m for central and
peripheral rays of a thin light beam producing the image
(Fig. 1a). An elliptic reflector also collects all light rays
coming from the first focus of the ellipse (point O) in its
second focus (point O'), but the magnification of this
reflector depends on the propagation direction of a thin
light beam (Fig. 1b).

It was shown in [4] that it is much simpler to study
analytically this specific feature of mirror reflectors by the
method of elementary reflections. In this method, each point
P, for example, of an elliptic reflector is treated as a centre of
two elementary homocentric light beams: incident from a
‘spherical’ source placed in the front focus O and producing

Figure 1. Lateral magnification for an ideal lens (a) and for an elliptic
reflector (b) in the case of a thin beam of light rays propagating through
the centre and along the periphery of the optical system.
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Figure 2. Method of elementary reflections for elliptic (a) and parabolic
(b) reflectors.

its ‘spherical’ image in the vicinity of the back focus O’
(Fig. 2a). According to the reflection law, the solid angles of
these homocentric beams are equal; as a result, the diameter
of the ‘spherical’ source image depends on the ratio of
distances |OP| = || = a(1 —&?)/(1 +ecos @) and [PO’| =
= |ry] = 2a — |ry|. Here, a is the major semiaxis of the ellipse,
¢ 1s its eccentricity (¢ < 1), and ¢ is the angle under which
the point P is seen from the front focus O. Note that because
the method of elementary reflections uses reflection from a
‘spherical’ source, the focusing power of the reflector is
conveniently characterised by the ‘spherical’ local magnifica-
tion m.(¢),which in the case of the elliptic reflector (Fig. 2a)
is described by the expresion
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me(¢)

(1+ecosep) — 1. (1

When the eccentricity ¢ tends to unity, the ellipse dege-
nerates to a parabola. A parabolic reflector transforms a
thin beam with the angular divergence @ incident on the
parabolic reflector in the vicinity of point P(6) to the focal
circular spot (Fig. 2b) with diameter

d(0) = m,(0)0, 2

i.e. the ‘spherical local magnification’ of the parabolic
reflector is [4]
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where 6 is the angle under which the point P is seen from
the front focus and f'is the distance between the focus and
the top of the parabolic reflector.

3. Two-mirror focusing system and a lens system
equivalent to it

Because an additional reflector should transfer without
aberration the image from the point O to the point O, it is

reasonable that this reflector should have the shape of an
ellipse with the foci at points O and O’. Consider a two-
mirror focusing system consisting of parabolic and elliptic
off-axis reflectors, the focus of the parabolic reflector
coinciding with the first focus of the ellipsoid (Fig. 3a). In
this optical system, a thin beam with the angular divergence
0O, after reflecting from the parabolic mirror in the vicinity
of point P(6), passes through the first focus O of the elliptic
reflector, reflects from this mirror in the vicinity of point Q,
is focused at the optically conjugate point P’ and produces a
circular spot of diameter d(0) in the vicinity of the second
focus O’ of the ellipse. Here, 0 is the inclination angle of
axis of the beam reflected from the parabolic mirror in
the vicinity of point P. One can see from Fig. 3a that this
optical focusing system has only one degree of freedom: a
compensating ellipsoid reflector with the eccentricity ¢ can
be inclined at an arbitrary angle 4 to the perpendicular to
the optical axis of the paraboloid. Thus, the angles of reflec-
tion of the light beam in the ellipsoid (¢) and paraboloid ()
are related by the expression

Let us find the ‘spherical local magnification’ myx(6,4) of the

two-mirror focusing system, i.e. the proportionality coeffi-
cient between the divergence @ of the incident beam of rays

Parabolic
reflector

Elliptic
reflector

Figure 3. Parabolic—elliptic mirror focusing system (a) and a lens focusing
system equivalent to it (b).
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and the diameter d of the light spot produced by this
system:

d = ms(0,4)0. (5)

It is often more convenient to replace in theory the mirror
optical system by a similar lens optical system and to use
the conclusions drawn for the lens system for the mirror
system. The described mirror focusing system with a broken
optical axis POQP’'O’ (Fig. 3a) is equivalent to the lens
focusing system with the direct optical axis POP’O’ (Fig. 3b)
producing a circular spot of diameter d in the vicinity of
point O,

Points P’ and O are optically conjugate with points P and
O, respectively, and the distances between them [P'O'| =z’
and |[PO| = z are related by the Maxwell formula [6]

z' = mm,z, (©)

where m, is the magnification for the optically conjugate
points O and O’ and m — for optically conjugate points P
and P’. Because the condition of Abbe sines
(msin®' =sin O©) is fulfilled at points P and P’ of the
lens system, we have in the small-angle approximation

0’ ~6/m. (7)

A light beam with the angular divergence & coming from
point P and propagating through this focusing system is
collected in the optically conjugate point P’ to produce in the
vicinity of point O’ a light spot of diameter d (Fig. 3b):

d=:'0". (8)

By substituting expressions (6) and (7) into expression (8),
we obtain

d=(zm,)0O, ©))

where zm,, is the ‘spherical total magnification’ of the lens
focusing system.

Because the conditions z = m(0) and m, = m(¢p) are
fulfilled for the lens focusing system and its analogous two-
mirror focusing system, the comparison of expressions (5) and
(9) indicates that the ‘spherical local magnification’ of the
two-mirror focusing system my is equal to the product of
‘spherical local magnifications’ of parabolic [m, (3)] and
elliptic [m, (1)] reflectors, i.e. taking (4) into account, we have

my(0,4) = m,(0) me(4 4 1/2 4 0)

2f
1 +cosf’

:{1_282[1_ssin(0+4)]—1} (10)

Thus, the ‘spherical local magnification’ of the two-mirror
focusing system under study and, hence, the illumination
distribution in the light spot being produced depend on the
angles 4 and 0 and on the eccentricity ¢ of the ellipsoid
reflector.

4. Optimisation of a two-mirror focusing system
by the quasi-axial-symmetry criterion

For different points P(f), a parabolic reflector focuses
diverging laser radiation into light spots of different diam-

eters, the light spot produced by the parabolic reflector
being the larger, the greater is the displacement of point
P(0) from the optical axis of the reflector. Thus, in the case
of the off-axis incidence of a light beam, an asymmetric
light spot (Fig. 4a) is produced in the focus of the parabolic
reflector (Fig. 2b).
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Figure 4. Dependences of the light spot diameter d on the angle 6 in the
vicinity of the angle 6" for the off-axis (a), isoplanar (b), and quasi-
axially-symmetric (c) focusing systems.

Of course, only an isoplanar focusing system, i.e. a
system invariant to the displacement of point P(0) (Fig. 4b)
— can concentrate uniformly the energy in the light spot [7].
However, to provide the the maximum energy concentration
in the light spot, it is important first of all to obtain the
minimal spot diameter rather than the uniform illumination
distribution. The light spot diameter is proportional to the
focal distance of the system and it is technologically chal-
lenging to fabricate a short-focus isoplanar mirror system.

As shown above, the possible compromise between a
rather easily fabricated short-focus off-axis parabolic reflector
producing an asymmetric light spot, and a technologically
unavailable short-focus isoplanar reflector producing a uni-
form illumination distribution in the light spot is a two-
mirror focusing parabolic—elliptic reflector system. In this
system, the change in the ‘spherical magnification’ of the
first off-axis reflector is compensated for by a change in the
‘spherical magnification’ of the second off-axis reflector
ensuring, thereby, the quasi-axially-symmetric illumination
distribution in the light spot can be achieved, when the light
spot diameter first decreases and then increases (Fig. 4c)
upon the monotonic displacement of the centre P(f) of an
elementary light beam along the parabolic reflector of the
two-mirror focusing system (Fig. 3).

Let the symmetry axis of the laser beam intersect the
parabolic reflector at an angle 6 = 6" corresponding to the
formation of the light spot of minimal diameter. In this case,
because the radiation energy of the Gaussian laser beam is
maximal at its axis, the resultant quasi-axially-symmetric
focusing system concentrates the radiation energy in the
light spot better than the off-axis parabolic mirror (but worse,
however, than am imaginary isoplanar focusing system).

We propose to optimise the above-described two-mirror
focusing system by the quasi-axial-symmetry criterion. Taking
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into account the proportionality of the light spot diameter d
to the ‘spherical magnification” of the two-mirror focusing
system ms (60, A) [see (5)], in the case of arbitrary divergence
O of an incident light beam, the quasi-axial-symmetry criterion
can be formally written in the form

dmz(Q, A)
0 =0. (1
Let the light beam axis intersect the parabolic reflector at

point P(6*). Then, according to criterion (11), the param-
eters of the optimal two-mirror system focusing a diverging
light beam into a light spot with a quasi-axially-symmetric
illumination distribution can be determined by differentiating
expression (10), i.e. by solving the equation

dms(0,4) d
=0

1
—2esin(0+ 4)]—— =0 12
ssin(0+ Moo | (12)
Thus, at an angle of inclination of an auxiliary elliptic mirror
i 1422 0\ 0
A=4"= arccos( P sm?> -5 (13)

the two-mirror system focuses the diverging light beam in a
spot with a quasi-axially-symmetric illumination distribution.

Compared to the conventional off-axis parabolic reflec-
tor, the advantage of the quasi-axially-symmetric two-mirror
focusing system optimised for the angle 0" is manifested if
the angle 0 lies inside the interval 0° + A0 (see Fig. 4) upon
displacement of the beam axis along the surface of the
parabolic reflector.

5. Conclusions

(1) Super-high-peak-power ultrashort pulses can be focused
by using a two-mirror system consisting of parabolic and
elliptic off-axis reflectors.

(ii) The spherical local magnification of this two-mirror
focusing system (7) is equal to the product of spherical local
magnifications of parabolic (3) and elliptic (1) reflectors.

(iii) The shape of the illumination distribution in the
light spot being produced depends on the angle 4 (the angle
between the optical axis of the ellipsoid reflector and the
perpendiculat to the optical axis of the parabolic reflector)
and on the eccentricity ¢ of the ellipsoid reflector.

(iv) The two-mirror focusing system can be optimised by
using quasi-axial-symmetric criterion (11). The laser radi-
ation energy is better concentrated in the light spot of the
quasi-axially-symmetric focusing system than in the light
spot of the off-axis focusing system but worse than in the
light spot of the isoplanar focusing system.

(v) Expression (13) allows one, at a specified displace-
ment P(6") of the incident beam axis with respect to the
symmetry axis of the parabolic reflector and a at given
eccentricity ¢ of the ellipsoid reflector, to determine the angle
A" at which the illumination distribution is quasi-axially-
symmetric in the light spot being produced.
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