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Generation of 243 nm laser light for ATHENA

Contents

1 Introduction 2

2 SHG generation 2

3 SHG with Gaussian beams 4

4 Resonators 6

4.1 Resonator layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
4.1.1 Steinbach design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
4.1.2 Nielsen design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.1.3 Sandberg design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4.1.4 Madsen design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.1.5 Bode design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4.1.6 Cavity discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.2 Power buildup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

5 SHG cavity for ATHENA 19

5.1 Choice of crystal cut . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
5.2 Cavity selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

5.2.1 Scan range of the cavity . . . . . . . . . . . . . . . . . . . . . . . . 21
5.2.2 Force requirements for the piezo . . . . . . . . . . . . . . . . . . . . 21
5.2.3 Choice of piezo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5.2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

6 Conclusions 23

A BBO Crystals 25

A.1 BBO Crystal Suppliers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
A.2 BBO Crystal geometry and NL-coefficient . . . . . . . . . . . . . . . . . . 25

B Components and Alternatives 26

1



1 Introduction

The ATHENA1 experiment aims to create, trap and study atomic anti Hydrogen (H̄). The
present plan for study of H̄ is to carry out precision CPT test by doing 1s-2s two photon
spectroscopy. The laser light needed for this has a wavelength of 243 nm. Generation of
this light will be done following the same lines as in Ref. [14] and Ref. []. A krypton-ion
laser will pump a ring-dye laser (Coherent 899 with Coumarin 102 dye) to generate 486nm
blue laser light. This light will the be coupled into an external frequency doubling cavity
for generation of second harmonic light at 243 nm. This note describes the considerations
behind and the design of the SHG system to be implemented.

2 SHG generation

When a material is exposed to electromagnetic waves one may observe (depending on the
structure of the medium) second order effects in the sense that the response of the electrons
in the medium is no longer only linear. This second order process may be described by
second order polarization of the medium

P = d ·E2 (1)

where E is the amplitude of the imposed electric field, P is the amplitude of the polarization
at the second harmonic frequency, and d represents a tensor property of the medium.

If the imposed electric field has a well defined linear polarization the second order
susceptibility may be reduced to a scalar know as the effective second harmonic coefficient
:

P = deff ·E2 (2)

where the calculation of deff depends on the geometry of the chosen material (crystal) as
well as the chosen direction of propagation.

From the Maxwell equations one may derive that the generated power at the double
frequency due to a plane wave in a non-linear medium is given by

P2ω = 2
[

µ0

ε0

]3/2 ω2d2
effL

2

n3

P 2
ω

A

sin2(1

2
∆kL)

(1

2
∆kL)2

(3)

where ω is the frequency of the fundamental light beam, Pω the incident power of the
fundamental beam, L the length of the crystal, A the area of the incident beam, n the
refractive index of the crystal, µ0 the vacuum permeability, ε0 the vacuum permittivity,
and ∆k = k2 − 2k1 is the phase mismatch between the second harmonic beam and the
fundamental beam, where ki = 2πni/λi are the wave numbers of the fundamental and
second harmonic beam respectively and ni the corresponding index of refraction.

To maximize the second harmonic output we must minimize ∆k, which amounts to
minimizing the difference in the indices of refraction at the fundamental and the second
harmonic frequencies. Dispersion means that the typical index of refraction difference
n2ω−nω is 10−2 which limits the interaction length to ∼100 µm. Various possibilities exist
to overcome this, the most commonplace technique is to use a birefringent crystal which

1AnTiHydrogENApparatus

2



has different indices of refraction for different polarizations and directions of propagation.

c,z
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Figure 1: Illustration of the relevant direction in a uniaxial crystal. c, z is the optical
axis. k is the propagation vector. o, e are the polarization directions of the ordinary and
extraordinary waves respectively.

In the UV regime where we intend to work the most promising crystals (i.e. having the
largest deff) are uniaxial. In a uniaxial crystal (see Figure 1) a wave with a polarization
perpendicular to the so-called optical axis c, z will have a fixed index of refraction indepen-
dent of the direction of propagation. This type of wave is called an ordinary wave. Waves
with a polarization in the plane spanned by the optical axis and the propagation vector
k are called extraordinary waves. Extraordinary waves have an index of refraction which
depends on the angle of propagation to the optical axis

n2

e,ω(θ) =

[

cos2 θ

n2
o,ω

+
sin2 θ

n2
e,ω

]

−1

(4)

where negative uniaxial crystals have ne,ω < no,ω. BBO is an example of a negative
uniaxial crystal and the indices of refraction at 25◦C are approximately given by (Sellmeier
equations) [13]

n2

o = 2.7405 + 0.0184
λ2

−0.0179
− 0.0155λ2 (5)

n2

e = 2.3730 + 0.0128
λ2

−0.0156
− 0.0044λ2 (6)

where the temperature dependences in the region 400-100 nm and 20-80◦C are

dno

dT
= −16.6× 10−6/◦C (7)

dne

dT
= −9.3× 10−6/◦C (8)

If the fundamental beam is chosen as the ordinary wave and the second harmonic as
the extraordinary the correct choice of angle θm gives

no,ω = ne,2ω(θm) (9)

which is called Type I phase matching. The phase matching angle is given by combining
equations (4) and (9)

θm = sin−1

√

√

√

√

n−2
o,ω − n−2

o,2ω

n−2
e,2ω − n−2

o,2ω

(10)
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Figure 2: The phase-matching angle as a function of fundamental wavelength for BBO at
25◦C [13]. For λ = 486 nm the angle is θm =54.8◦. Note that phase-matching of type I is
not possible below 410 nm.

which has been shown for BBO in Figure 2. It may be shown that for any direction of
phase propagation the direction of energy propagation (Poynting vector) is at an angle
(which may be zero) ρ given by

d(∆k)

dθ

∣

∣

∣

∣

∣

θ=θm

= 2k1 tan ρ (11)

where the double refraction angle (or walk-off) is

ρ = tan−1

(

1

2
n2

o,ω sin 2θm

[

n−2

e,2ω − n−2

o,2ω

]

)

(12)

Thus when θm = 90◦ the double refraction angle is zero, which means that the second
harmonic light emerges parallel to the fundamental, and that the angle sensitivity is small.
This type of phase matching is called non-critical and would in our case lead to a very nice
mode. This type of phase matching is only obtained at a certain wavelength for constant
temperature, but the temperature dependence of the refractive indices may increase the
range of wavelengths where this is possible. We have however not been able to find any
crystals where this is possible for λ = 483 nm and will thus be using type I phase matching.

The results given thus far indicates that a long crystal and a small cross section funda-
mental beam (high intensity) are the best choices. However, a small cross section leads to
large divergence, and with ρ > 0 complete phase-matching will not be achieved throughout
the crystal. Furthermore does ρ > 0 imply that the second harmonic will diverge from
the fundamental, and the longer the crystal the more pronounced this effect. Thus for a
given crystal length there will be a given optimum beam waist. A more elaborate theory
is needed for this calculation as will be discussed in the next section.

3 SHG with Gaussian beams

The more detailed theory consists basically of integrating over the full crystal and add all
the sources of second harmonic beam together in the far field outside the crystal in order
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to calculate the generated power. The fundamental beam is assumed Gaussian in these
calculations. Boyd and Kleinman find [5]

P2ω = KP 2

ω lkωe−α′Lh(σ, β, κ, ξ, µ) (13)

where

K =
2

π

ω3

ε3
0c

3n3
d2

eff [si-units] (14)

is a constant for a given crystal and frequency of the fundamental beam, l = nL us the
optical length of the crystal, kω = ωn/c = 2πn/λ is the wave number of the fundamental
(note that n = nω = n2ω as phase-matching is assumed), and α′ = αω + 1

2
α2ω, where

αω and α2ω are the absorption coefficients of the fundamental and second harmonic beam
respectively. The loss term e−α′L is generally not very important and may be ignored for
most purposes (which is probably why there is some doubt as to whether it should be l or
L is the term). α2ω is generally larger than αω and the values vary between manufacturers
depending on the quality of the crystals.

l
crystal

Gaussian beam
optical axis

θ
m

f ρ

δ
0

beam axisz
x

Figure 3: The diagram shows a Gaussian beam focused in a crystal at x = y = 0 and
z = f . The divergence δ0 is greatly exaggerated for clarity. The diagram also shows the
walk-off angle ρ and the phase-matching angle θm.

The function h(σ, β, κ, ξ, µ) contains the entire dependence of P2ω on optimizable pa-
rameters σ, µ and ξ. The parameter ξ = l/b = l/2z0 = L/2nz0 is called the focusing
parameter and represents the strength of the focusing in the crystal in terms of the length
of the crystal to the length of the focus2. b = 2z0 is the confocal parameter and z0

is the Rayleigh length (the distance in which the waist-radius w0 increases to
√

2w0).
µ = (l−2f)/l is the normalized position of the focus (beam waist) in the crystal and f the
distance (optical length) of the focus from the input to the crystal. When absorption in the
crystal is ignored the optimum µ is zero. The analysis in Ref. [5] assumes low absorption
and set µ = 0, and we will do the same here.

The quantity σ = 1/2b∆k represents the phase-mismatch, and it’s optimum value
depends on ξ and B, where

B =
1

2
ρ
√

lkω (15)

2Note the n in the denominator. There seems to be some disagreement in the literature as to how to
interpret the results of Boyd and Kleinman. Note that if a laser beam travels the distance L in a medium
with index of refraction n the size of the beam will develop as if the distance L/n had been traversed in
air whereas the phase will develop as if the distance nL had been traversed in air
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is called the double refraction parameter of the crystal. It is found that this is not zero
when the walk-off is not zero. Optimizing the various parameters Boyd and Kleinman find
that the optimum of the focusing parameter ξm(B) lies in the range

1.293 ≤ ξm(B) ≤ 2.84 (16)

which for large values of B result in the approximations

hmm(B) = 0.714
B

, B > 2 (17)

ξm(B) = 1.392 , B > 6 (18)

For all relevant crystal lengths (more than a 1 mm) B is larger than 6 and the approx-
imations above may be used. This results in the following expression for the generated
power at optimum focusing :

P2ω = 16.156 · π
√

π
d2

eff

√
Le−

3

2
αωL

λ2
√

λε3
0cn

2ρ
P 2

ω (19)

With a typical power of Pω = 600 mW, length of L = 1 cm, we find for λ = 486 nm
that deff = 0.9281 pm/V and thus a second harmonic power of 28 µW. It it thus obviously
necessary to increase the primary power Pω manyfold, something that may be done in an
external resonator. The alternative is to increase the crystal length - but the increase in
SHG power goes only with the square root - thus with the pricing of crystals this seems
and irrelevant option.

4 Resonators

As the second harmonic generation efficiency scales with the light intensity, it is important
to have as much fundamental light as possible for efficient SHG. This may either be done
as in pulsed lasers, where the intensity is high, but for a very short time, and thus the
SHG efficiency can get very close to 100%. In CW the intensity is much lower, but we
can increase it by either inserting the non-linear crystal into the laser cavity generating
the fundamental or in an external cavity. We have decided to use an external cavity as
that separates the question of stabilizing the dye laser from the alignment and tuning of
the second harmonic light. The powers achieved in an external cavity setup furthermore
exceeds those achieved in an insertion setup.

Before going into the details of various resonator designs we first solve the simple and
very useful problem of finding the positioning of a lens with relation to one beam waist to
give a waist at another position. Figure 4 illustrates the problem. To calculate the change
of a Gaussian beam moving along this system we use the ABCD matrix formalism. The
q-parameter of a Gaussian beam at its waist is entirely imaginary and given by

q̂0 = iz0 = i
πw2

0

π
(20)

where w0 is the waist of the beam, λ the wavelength and z0 the confocal parameter.
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Figure 4: Simple optical setup which represents well many of the cavity situations to be
investigated.

The resulting q parameter of Gaussian beam transfered through a linear optical system
may be calculated from the geometrical optics transfer matrix of the system given by

MT =

[

A B
C D

]

(21)

as

q̂out =
Aq̂in + B

Cq̂in + D
(22)

thus for the system shown in Figure 4 the matrix is given by

[

A B
C D

]

=

[

1 l1
0 1

] [

1 0
−1/f 1

] [

1 l2
0 1

]

(23)

At a beam waist the real part of qout (q1) must be zero. This results in the following
relations :

l1 = f − f 2(f − l2)

(f − l2)2 + z2
2

(24)

l2 = f − f 2

2(f − l1)
±

√

√

√

√

(

f 2

2(f − l1)

)2

− z2
2 (25)

and when the distances have been found the beam waist at focus w1 is given by

w1 = w2

f
√

(f − l2)2 + z2
2

(26)

We observe from the above relations that when the waist w2 is given we can either choose
l1 and calculate l2 (which then has to possibilities) and w1 or choose l2 and calculate l1
and w1. In all this f is assumed given.

A second general comment regarding resonators is the question of crystal cut. We will
here discuss two different cuts. The simplest is the normal-cut crystal where the beam
when incident normally on the crystal in the foreseen direction of propagation is at an
angle θm to the optical axis. The second type of cut we will investigate is the brewster cut,
where the geometry is as depicted in Figure 5. In this case the crystal has been cut such
that when the incident ray is a brewsters angle to the entry-surface the ray will propagate
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Figure 5: Zoom on the brewster cut end of a crystal. The optical axis of the crystal is
in the plane perpendicular to the figure as the light must be polarized in the plane of the
figure for the brewster angle.

through the crystal in the foreseen direction of propagation again at an angle θm to the
optical axis.

The angles of relevance in the brewster cut case are shown in Figure 5 and for BBO
at 486 nm they are given in Table 1. The advantages of a brewster cut crystal is the low
reflection and the possibility to compensate astigmatism and in some cases coma introduced
by of axis mirrors in the cavity. The disadvantages are the exit-losses of the SHG generated
beam, and the astigmatism introduced by the screw surfaces.

Description Definition Value
Brewster’s angle θB = tan−1 n 59.23◦

Transmitted brewsters angle φ = sin−1(sin θB/n) 30.78◦

Beam out vs. in crystal angle α = θB − φ 28.45◦

Crystal cut angle ρ = 90◦ − φ 59.22◦

Table 1: Various angles of relevance for BBO crystals exposed to light at 486 nm.

4.1 Resonator layout

There are several possible way to design the external resonator, each with advantages and
disadvantages. We have looked at a range of different ring cavities. A ring cavity is a cavity
where the light propagates in one direction only (as opposed to a linear cavity). The ring
cavities have the advantage that we only generate second harmonic light in one direction,
and therefore potentially can recuperate all the generated second harmonic light. As the
future may bring about the need for more such cavities we discuss in the following the
various designs in some detail.

All the designs discussed here use brewster cut crystals (in two different configurations)
as they offer the smallest inter cavity losses as compared to normal cut crystals with anti-
reflection coatings. When using brewster cut crystals it is possible to configure the cavity
such that the astigmatism and coma introduced by the off-axis spherical mirrors can be
completely or partially compensated by the diffraction on the crystal surfaces. The different
designs investigate these possibilities.
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To compensate for astigmatism two spherical mirrors are needed with identical radii of
curvature Rand distance (optical) from the entry/exit surfaces of the crystal3. The angle
of incidence I of the light on these spherical mirrors must fulfill the following condition [6]

sin I tan I =
(n2 − 1)L

Rn3
(27)

where L is the physical path length of the light though the crystal and n the index of
refraction of the crystal (of the fundamental).

The simultaneous compensation of both astigmatism and coma imposes the following
restrictions on the angle of incidence I on the focusing mirrors and on their radius of
curvature R [6].

I = tan−1

(

1

2

n3

n2 + 1

)

(28)

R =
2L(n4 − 1)

sin(I)n6
(29)

In the case of a BBO crystal (n=1.6792 at 486.1 nm [13]) the angle is I = 31.79◦ and
the radius of curvature R = 1.177×L. The equivalent focal length of the spherical mirrors
is f = R/2.

Furthermore the discussion of the resonators in this section will always assume that
we aim for optimum focusing in the crystal. From the discussion on second harmonic
generation with Gaussian beams we found that the optimum beam confocal parameter z0c
in the crystal was given by (for crystals with L > 3 mm)

z0c =
L

2 · n · 1.392
(30)

This parameter was called z2 in eqs. (24) and (25).
Finally all designs are assumed to have a focus external to the crystal at the distance l1

from each of the two spherical mirrors always present, as in the calculation in beginning of
this chapter. The optical length from the center of the crystal to each of the two spherical
mirrors was earlier called l2, and we will adopt the distance measure lm for the distance
between a crystal end surface and the first spherical mirror arrived at though air from this
surface, such that

l2 = lm + L/2n (31)

which thus imposes the condition that lm > (R− L/n)/2 as l2 > R/2.

4.1.1 Steinbach design

The design shown in Figure 6 was used by Steinbach et al. [16] to frequency-double light at
515 nm in BBO, and later by Schramm [15] to double light of 257 nm in BBO. The design
will, if a proper combination of radius of curvature of the spherical mirrors and the angle
I may be chosen, compensate for both coma and astigmatism. In the implementation by
Steinbach this was apparently not possible thus R was considered a free parameter, and I
chosen to compensate for astigmatism.

3In a linear cavity the condition for astigmatism compensation may be slightly different [6]
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Figure 6: Steinbach cavity layout [16]. This cavity can potentially compensate for both
astigmatism and coma.

Considering the layout in Figure 6 we find that the following equation must be fulfilled
for the distance l1 defined in equation (24)

l1 = lc + lh

(

1

tanβ
+ sin β

)

(32)

where the angle β is indicated in the figure as well as the dimensions lc and lh which are
given by

lc = 2lm cos(2I) + L cos(2I − α)

lh = 2lm sin(2I) + L sin(2I − α)

where lm is the equivalent to l2. Equation (32) may be solved by choosing either β or lm.
The limitations are that R/2 < lm and that the angle β must be such that we can chose
an asymmetry in the cavity such that the light beam not passing through the crystal does
not hit it. A extreme condition for the angle is β < 180◦ − tan−1(lh/lc).

If we wish to compensate both astigmatism and coma we must also fulfill the criteria
for this. This means that R and I are given as stated in the beginning of this section,
i.e. that I must fulfill the standard criterion and that R = 1.177× L. This results in the
present design in angles β in the range between 130◦ and 152◦ for crystal lengths of a few
millimeters. Furthermore the values of lm become quite small (due to the small R, less
than a centimeter, which makes the proposed design impossible for simultaneous correction
of both coma and astigmatism. We will address this problem again with a modified design
in the next sub section.

Table 2 shows some examples of possible layouts in the case of a setup where only
astigmatism is compensated. The calculations were done with a crystal length of 10 mm.
For each choice of R there is a minimum angle β which may be chosen. In the table the
values have been calculated in the case of the minimum angle βmin.

The calculations in Table 2 show that if a reasonably large radius of curvature is chosen
the angle β can be kept small. The advantage of a small angle β is that it makes it easier
to couple light into the cavity, and the mirror sizes can be kept small. For the very large
β angles there will furthermore be problems with the passage of the light past the crystal
and the holding structure for the crystal.
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R I βmin lm lc lh l◦
[mm] [mm] [mm] [mm] [cm]

11.8 31.8◦ 125◦ 4.9 12.6 14.6 4.4
20 24.7◦ 102◦ 8.9 21.0 17.2 9.0
30 20.2◦ 40.0◦ 14.1 31.2 20.3 16.9
40 17.6◦ 19.6◦ 19.1 41.1 23.2 27.1
50 15.7◦ 12.6◦ 24.1 51.2 25.6 39.6
60 14.4◦ 9.1◦ 29.1 61.1 28.1 54.5
70 13.4◦ 7.1◦ 34 71 31 72

100 11.2◦ 3.9◦ 49 100 36 137

Table 2: Cavity geometry calculations for various choices of the radius of curvature R for
the cavity layout in Figure 6. The crystal length was 10 mm.

It should be noted that even though the large R does not compensate for coma, the
design still reduces coma somewhat as compared with the Sandberg design to be bespoken
later.

4.1.2 Nielsen design

The design shown in Figure 7 was first used by Nielsen [12] to double light of 556 nm
in KDP, and later by Bhawalkar et al. [3] to frequency double light of 780 nm in BBO.
The design allows for compensation of both coma and astigmatism at the same time as
it provides for a possibly very short path length in the cavity - allowing a large free
spectral range. In both possibles implementations both coma and astigmatism could be
compensated. It is thus a possible solution to the dilemmas encountered in the Steinbach
design, and furthermore it is a simplification of the setup.

β

I

α
lm

ls

L

Figure 7: Nielsen cavity layout [12]. This cavity can potentially compensate for both
astigmatism and coma.

From geometrical considerations on the cavity layout we find that β = 90◦ − 2I + α =
54.87◦ and

l1 = ls =
1

2
L + lm cos α

cos(2I − α)
(33)
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which means that the only free parameter left is the length of the crystal L in the case
where we wish to compensate for both astigmatism and coma.

We may determine the unique solution by equating eqn. (33) with the relationship
between l1, l2 and lm earlier given in equations (25) and (31). The resulting problem may
be solved numerically [12].

Table 3 shows the resulting dimensions for a coma and astigmatism compensating setup
for various choices of the crystal length under the condition of optimum focusing.

L R lm ls l◦
[mm] [mm] [mm] [mm] [mm]

7 8.2 3.9 7.8 27.0
8 9.4 5.2 10.4 36.0
9 10.6 5.8 11.7 40.5

10 11.8 6.5 13.0 45.0
11 13.0 7.1 14.3 49.5
18 21.2 11.7 23.5 80.9

Table 3: Cavity geometry calculations for various choices of the crystal length L for the
cavity layout in Figure 7. The parameters I = 31.8◦ and R were chosen to compensate for
both astigmatism and coma.

The most striking feature of the dimensions calculated in Table 3 is their size. Roundtrip
lengths of less than 10 cm in all cases. This makes for an extremely tight design, and
therefore extremely small mirrors and mounts. As the relevant crystal lengths are of order
10 mm this is not a feasible solution in practice. The example with a crystal of 18 mm is
given for comparison with the calculations in Ref. [3].

4.1.3 Sandberg design

The design shown in Figure 8 was used by Sandberg [14] to frequency double light at
486 nm. The design has been used by many authors and may compensate for astigmatism
but not for coma.

The design does not allow for coma compensation and thus is rather unrestricted.
The angle I and the radius of curvature R must be chosen to fulfill the astigmatism
compensation criterion. Once those have been chosen the only limitations is of course that
lm > R/2. The distance l1 in equation (24) (half the optical distance between the spherical
mirrors on the path that is exterior to the crystal) is in this design given by

l1 =
1

cos 2I

[

2lm + L cos α− L sin α

tan 2I

]

+
L sin α

sin 2I
+ lf

(

1 +
2

cos 2I

)

(34)

and as lf may be chosen freely (but should be larger than zero), we find by combining this
expression with equation (24) and numerically solving the thus arisen non-linear equation
for lm. The criteria that lf > 0 gives bounds on the choice of d for any given choice of R.
The range of possible d values increases with increasing R, the lower bound being Rmin =
18 mm.
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Figure 8: Design used by Sandberg [14]. This cavity can potentially compensate for
astigmatism but not coma. Note that the coma contributions from the crystal and the
off-axis mirrors actually add [6].

R I lmin
m lmax

m l0m lf lfc l◦
[mm] [mm] [mm] [mm] [mm] [mm] [cm]

30 20.2◦ 12.6 17.0 13.5 4.7 7.4 16.1
40 17.6◦ 17.4 24.6 18.8 16.1 8.4 26.8
50 15.7◦ 22.3 32.1 24.0 31.1 9.1 39.5
70 13.4◦ 32.2 46.6 34.1 72.5 10.3 71.7

100 11.2◦ 47.1 69.4 49.1 163.7 11.5 137.2

Table 4: Cavity geometry calculations for various choices of the radius of curvature R for
the cavity layout in Figure 8. The crystal length was 10 mm. The chosen value for lm,
called l0m is the value for which lf is maximized

Table 4 shows the results of a numerical solution of eqn. (34) for a range of possible
values of R. The vary small values of lf for small values of R are clearly impractical in a
real design, but otherwise the setup is easily realizable. The only unavoidable feature of
this setup is the inherent rather large optical path length of the cavity, and the somewhat
delicate setup with 4 mirrors. However, alignment should be reasonably easy as two of the
axis in the cavity are parallel.

4.1.4 Madsen design

This design is proposed by the present author as a solution to several issues risen above.
The design does not allow for compensation of coma, but may compensate for astigmatism.
The design allows for an extremely short optical path length, and more importantly is
extremely simple in it’s optical layout - and therefore potentially very easy to align and
more stable that other designs due to the few components comprising the design. The very
low number of surfaces should provide for a potentially very low loss cavity.

This design leaves no degrees of freedom, apart of course from the length of the crystal
to be used. The angle I is given by the geometry to be equal to α/2 which therefore defines
R from the astigmatism compensation criterion. The resulting angle is I = 14.23◦ and the
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I = α/2

α
lm

L

la

l
c

Figure 9: This authors cavity layout. This cavity can potentially compensate for astigma-
tism but not coma.

thus imposed radius of curvatureR = 6.17 × L, with L given in mm. With both R and
I defined the condition that we must have a waist in the middle between the spherical
mirrors means that lm must be chosen such that the following condition is fulfilled

1

2
L + lm cos α =

1

2
lc ⇒

1

2
L + lm cos α =

R

2
− 1

4

R2(R/2− lm)

(R/2− lm)2 − z2
2

(35)

which may be solved numerically.

L R lm lc la l◦
[mm] [mm] [mm] [mm] [cm]

6 36.9 37.0 59.0 14.6 12.3
7 43.0 43.2 82.6 20.5 17.3
8 49.1 49.4 94.4 23.4 19.7
9 55.3 55.5 106 26.3 22.2

10 61.4 61.7 118 32.2 24.7
11 67.5 67.8 130 32.2 27.1

Table 5: Cavity geometry calculations for various crystal lengths for the cavity layout in
Figure 9.

Table 5 lists the results of numerical calculations for various choices of the crystal
length L. In order to be able to chose this design is it necessary to have both the two
mirrors mounted on a mount which allows the light to pass through, which implies that
the cavity length adjusting piezo must have a hole in it. Otherwise the cavity offers extreme
simplicity and easily adjustable beam sizes as well as good stability due to the few involved
components.

4.1.5 Bode design

Before we go to the final discussion there is one intriguing design using a normal cut crystal
which is worth a closer look. The design was first implemented by Bode et al. [4] and
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is extremely simple as Figure 10 showing the setup demonstrates. The setup was used
for doubling of 946 nm light in a KNbO3 crystal. The setup is extremely simple and
completely avoids problems with astigmatism, coma and so forth. It does however require
rather efficient coatings, and a somewhat more tricky locking scheme than that which can
be used for ring cavities. Furthermore it requires that the pump laser be isolated from the
cavity to avoid destructive feedback, a standard, and solvable, problem in cavities with
normal cut crystals.

L

Figure 10: Drawing of the external cavity used by Bode et al. [4]. The crystal has been
AR coated on the surface inside the cavity and HR coated for both the fundamental and
the second harmonic on the other surface. The input coupling obviously requires a ring
piezo.

However, as these restrictions does not seem to be too severe it is worth to take a closer
look. We set l1=l2=lm + L/n in equation (24) and find

lm =
R

2
−
√

(

R

2

)2

− z2
2 −

L

n

=
R

2
−

√

√

√

√

(

R

2

)2

−
(

L

2nξ

)2

− L

n
(36)

which imposes the following requirements on R

R > 2L/n (37)

R > L/nξ (38)

R <
L

n

(

1 +
1

4ξ2

)

(39)

which amounts to the criterion that ξ < 1

2
. The optimum values of the confocal parameter

ξ lies according to Boyd and Kleinmann between 1.392 and 2.84 depending on the length
of the crystal. For practical lengths the optimum is ξm= 1.392. The decrease in conversion
efficiency with a reduction of ξ to 0.5 can be estimated from Figure 2 in Ref. [5] to be ∼
30%. This reduction should be compared to the loss of SH light due to the brewster angle
in the brewster-cut based designs previously discussed of 20% and the reduction in power
buildup in the Bode design compared to the low-loss brewster-cut designs.

4.1.6 Cavity discussion

We saw in the previous calculations of various cavity layouts that it seems unlikely that we
can compensate for both coma and astigmatism simultaneously with the chosen crystal and
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wavelength. The problem which arose was that the dimensions quickly became too small
for practical purposes. It would of course be possible to build the mounts from scratch,
but the expense both in time and money would not be worth the effort as cavities that
only compensate for astigmatism have proved adequate.

The second best solution would be to have a layout that at least allows some compen-
sation for coma, i.e. where the coma contributions from the crystal and the off-axis mirrors
do not add. This is possible in the Steinbach, Nielsen and Madsen designs discussed. The
Steinbach has been implemented with success, but is somewhat more tricky to handle and
set up as the beam external to the crystal must pass the center of the cavity. The Nielsen
design has the disadvantage of a rather large impact angle on the flat mirror, which make
incoupling more difficult, but more importantly, as the angle is close to the brewster angle,
requires a rather thick dielectric coating which cause losses. Finally does the last design,
proposed here, solve the same problems at the same time as offering an extremely simple
setup. However, the two mirrors must be mounted such that light can pass through them.
It it therefore necessary to mount the piezo mounted mirror on a piezo with a hole in the
middle. This has however already been done by Bode et al. [4].

As a final comment it should be mentioned that one may suggest to use a rhomb
crystal with the cavity design by Sandberg. This however turns out to impose too long
path lengths and does not work in the present case. Another option all together is the use
of normal cut crystals, but as we shall see in the next section reducing the losses inside the
cavity is of crucial importance, another argument for reducing the number of components
to a minimum. The Bode design previously discussed reduced the number of compenents
to a minimum but imposed a very non-optimal focusing in the crystal and is therefore not
desirable in our situation, but might be in a situation where an extremely simple setup and
a Gaussian mode was more important the power. Nice Gaussian modes can however also
be obtained by using an extremely flat bow-tie cavity with a normal-cut crystal - however
the power-buildup reduction is significant in such designs [10].

4.2 Power buildup

The purpose of building a cavity in the first place was to enhance the conversion efficiency
by making the original laser power recirculate to generate a strong traveling wave field in
the crystal. To be able to choose a cavity design it is of course also necessary to study
what influence the various designs have on the potential power build up.

The enhancement factor of a resonator is given by [2]

Pc

Pi

=
1−R1

(1−
√

R1Rm)2
(40)

where Pc is the circulating power in the cavity, Pi is the input power, R1 is the reflection
coefficient (power) for the input mirror, and Rm is the fraction of the power that survives
one cavity round trip. The maximum power build-up (Pc) is obtained when R1 = Rm, in
which case the cavity is said to be impedance matched. The reflectance parameter for the
round-trip may be expressed by

Rm = R0(1− αωL)(1− P2ω(Pc)/Pc) (41)
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where R0 is the reflectance parameter for surfaces and mirrors in the cavity, and the first
parentheses expresses the linear loss in the crystal, and the second the non-linear loss due
to second harmonic generation. Defining

η2nd = P2ω(Pω)/P 2

ω = 16.156 · π
√

π
d2

eff

√
Le−

3

2
αωL

λ2
√

λε3
0cn

2ρ
(42)

we find that the total power build up in an impedance matched (R1 = Rm) cavity with a
non-linear crystal is given by

Pc =
R0(1− αωL)− 1 +

√

(1−R0(1− αL))2 + 4PiR0(1− αωL)η2nd

2R0(1− αωL)η2nd
(43)

where Table 6 gives some examples of values of R0 and R0(1 − αωL). It is clear from
the table that crystal losses are important and it will therefore be important to find the
manufacturer with the least absorbing crystals.

Cavity Surfaces R0 R0(1− αωL)
Steinbach 3×mirror+2×brewster 99.68% 99.18%
Nielsen 2×mirror+2×brewster 99.78% 99.28%
Sandberg 3×mirror+2×brewster 99.68% 99.18%
Madsen 1×mirror+2×brewster 99.88% 99.38%
Bode 0×mirror+2×AR+1×HR 99.40% 98.90%

Table 6: Reflection coefficient expected for various cavity designs. Rmirror = 99.9%5,
Rbrewster = 99.99%, RAR = RHR = 99.8%, α = 0.5 %/cm and L = 10 mm.

The generated second harmonic power is given by

P2ω = η2ωPc (44)

which should further be reduced with possible exit losses from the crystal (and possibly
the mirror the light has to pass before escaping the cavity). The Fresnell losses of 243 nm
light exiting a surface with an angle of incidence either normal or φ are TBBO

243nm(0◦) = 94.2◦

and TBBO
243nm(30.8◦) = 80.9%. This means that without coating about 14% more second

harmonic light should be generated with a brewster cut crystal to reach the same level of
second harmonic out of the cavity. Figure 11 shows the SHG power generated as a function
of crystal length for various values of R0.

The real cavity will not be perfectly impedance matched as the generation of second
harmonic light depletes the fundamental. To see to what extent this influences the calcu-
lation we have calculated the deviation from P2ω in equation (44) of a cavity where the
matching has been done to the power independent losses, i.e. R1 = R0(1 − αωL). This
problem may be solved numerically and the result is shown in Figure 12.

As Figure 12 shows the influence is more pronounced in for a cavity with low ’static’
loss. The situation may be improved a bit if the actual operating conditions are know, as

5The mirror reflectivity obtainable depends on the angle. R >99.8% is for angles around 30◦ (source:
LaserOptik GmbH)
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Figure 11: Second harmonic power generated with 600 mW of fundamental input at 486 nm
into an impedance matched cavity with a roundtrip reflection coefficient of R0. The crystal
absorption coefficient of BBO was set to 0.5%/cm.
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Figure 12: Deviation of the actual SHG generated from a cavity where R1 = R0(1− αωL)
from the ideal case of an always impedance matched cavity. A fundamental input of
600 mW at 486 nm was used. The crystal absorption coefficient of BBO was set to 0.5%/cm.

it will be possible to chose the input mirror best matching the conditions. However, the
deterioration is even for the very low loss of R0 = 99.5% only up to ∼5%. Thus the error
of the analytic calculation is small.

In order to decide a cavity design it is interesting to know how the generated second
harmonic power depends on the losses. This may be calculated, by for each R0 to calculate
the maximum power. That is the maxima of the curves in Figure 11. Figure 13 shows the
maximum power possible and the optimal crystal length of a cavity with round-trip loss
R0 as given, and partially impedance matched to have R1 = R0(1− αωL).

Another factor in the considerations is the quality of the crystal. It is interesting to see
to what extent this plays a role for the final power than may be obtained. Figure 14 shows
the calculation of the optimum crystal length and the corresponding second harmonic
power for a cavity with fixed R0 assuming that R1 = R0(1 − αωL) as a function of the
absorption coefficient of the crystal.
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Figure 13: Optimum crystal length and corresponding generated second harmonic power
for a fundamental input of 600 mW at 486nm. Partial impedance matching of R1 =
R0(1 − αωL) is assumed. The calculation was done for two different crystal absorption
coefficients of BBO (α).

The calculations in Figure 14 for R0 = 99% shows a variation of the power with the
absorption coefficient which is something to consider - a factor 4 in absorption reduction
increases the power with a factor 2, and at the same time requires a crystal that is 4 times
longer, with thus increased non-Gaussian output. The benefit of a very good crystal is
therefore not necessarily entirely exploitable as longer crystals may generate worse modes.

5 SHG cavity for ATHENA

5.1 Choice of crystal cut

The question of whether to choose a brewster cut or a normal cut crystal is an intricate
one and is up for discussion for almost all cavity designs found in the literature. The pros
and cons may be summarized as follows

Brewster-cut: Offers in principle the lowest losses at the fundamental frequency, and
therefore the possibility to obtain lower losses in the cavity as a whole and therefore
higher power buildup - and thus increased second harmonic generation. With an an-
gle precision of ± 0.5◦ the reflection of the surfaces (Fresnell-relations) of the crystal
will be < 0.004%. The typical crystal losses for a 10 mm crystal are ∼0.5%. The
disadvantage of using brewster-cut crystals are that the some part of the generated
second harmonic light will be lost on the surface. The loss of 243 nm light exiting
a BBO crystal brewster-cut to 486 nm is ∼ 19.2%. A further disadvantage is the
fact that the brewster cut introduces astigmatism in the cavity which will have to be
compensated by the cavity design. A good cavity design may however only compen-
sate this to some extent. Experimentally it has been found that about 90% of the
light actually exiting a cavity with a brewster cut crystal is in a TEM00 Gaussian
mode [14].
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Figure 14: Optimum crystal length and corresponding generated second harmonic power
for a fundamental input of 600 mW at 486nm. Partial impedance matching of R1 =
R0(1− αωL) is assumed. The calculation was done for two different round-trip reflection
coefficient R0.

Normal cut: The normal cut crystals must be coated. It is difficult to coat a crystal
such that the AR coating is efficient at two different wavelengths. A coating only
for the fundamental may be expected to have R < 0.1%, whereas for dual band the
upper limit lies between 0.2% and 0.5% depending on the manufacturer. However
the normal cut alone reduces the losses of the second harmonic to about 5.8%. Thus
already that is an improvement. The risk here is the durability of the coating. The
advantage of a normal-cut crystal on the other hand is a simpler cavity design, and
lower astigmatism giving rise to a very good SHG beam. The Bode configuration
mentioned in the previous chapter offers a nice design with a normal cut crystal.
However, the locking system that must be employed is not a good as the one that
can be employed if the reflected light of the cavity can be separated from the incident
light. And, more important, the design imposes a non-ideal focussing that reduced
the conversion efficiency by 30% or more.

When studying the second harmonic output estimates calculated in the previous chapter
we see that in the range of reflection coefficients from 98.5% to 99.5% the improvement from
just 0.5% change in R0 in the output power can be up to 70%. For the best performance
in terms of power it therefore seems reasonable to choose a design with as little losses
as possible, as even a small change in the losses leads to considerable changes in the
output. Thus even though the normal cut crystals increase the percentage of generated
light that may be extracted by around 14% the extra losses of order 0.5% introduced by
the introduction of non-Brewster surfaces does not seem worth the investment. Thus with
the current quality of coatings the choice seems to fall on a Brewster cut crystal.

5.2 Cavity selection

Having selected the crystal cut we need to consider the options regarding cavities. We
have already discussed in some detail various designs based on Brewster cut crystals. We
can immediately exclude the Nielsen design as it will become too small for practicality,
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and does also have extra losses due to the difficult coating of the flat mirror with the large
angles of incidence. The Steinbach and Sandberg cavities have similar setups, and may
use exactly the same components once a cavity size has been determined and we therefore
consider them as a whole. These both offer proven workability, and the Steinbach design
has the advantage of some compensation for coma. However, the last design suggested in
this note also offers compensation for coma, and furthermore the lowest inter cavity losses
amongst all. Furthermore the Madsen design offers very simple alignment and setup, and
potentially very large free spectral range, something that may be an advantage for the
locking system.

The disadvantage of the Madsen design is mainly technical, as we need to one of the
mirrors, though both of which we need light to pass, on a piezo. Like in the Bode design we
therefore need a ring/tube piezo, but in contrast to the Bode case we need a rather large
tube, as the light must be able to pass with an angle of around 14.2◦ to normal incidence
though the mirror and the piezo and whatever mounts will be needed for the lot.

In order to choose a cavity we must therefore investigate our needs and the availability
of potential piezo crystals.

5.2.1 Scan range of the cavity

The necessary scan range can be calculated as follows. If we call the cavity length (optical)
corresponding to the design wavelength λ0 = 486.2 nm for L0 we have that

nλ0 = L0 (45)

where n is a positive integer. The free spectral range is given as the distance (in frequency)
between two resonant modes of the (ring) cavity

νFSR = νn+1 − νn =
c

L0

(46)

An adjustment of the frequency ∆ν will require an adjustment of the cavity length ∆L
to keep the cavity on resonance

∆ν = ν ′

0 − ν0 = cn
(

1

L0

− 1

L0 + ∆L

)

⇒
∆ν

ν0

=
∆L

L0 + ∆L
∼ ∆L

L0

(47)

Thus with a typical scan width of ±2 GHz we need a piezo with a range of order ±3 µm
for a cavity length of 1 m.

5.2.2 Force requirements for the piezo

In an earlier study, which resulted in a successful implementation, Nielsen used a piezo
with a 20 kHz resonance frequency for locking a frequency doubling cavity [11]. In this
case the piezo was quite small and had a very small mirror mounted (0.1 g) in order to
keep the resonance frequency high. These values may thus be used a reference.
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Assuming we need a mirror with a travel of A 6 µm, a resonance frequency about ν
20 kHz, and a size of, say, ø12.5 mm×3mm we have that the maximum force needed to
achieve this is

Fmax = mamax = V · ρA(2πν)2 = 85N (48)

where V = πr2t is the mirror volume and ρ ∼ 2.5 g/cm3 is the specific mass of a typical
(BK7) mirror material. We have for simplicity assumed a harmonic oscillation. We thus
need a piezo which can at least deliver the above force, something that should be rather
easy to obtain.

5.2.3 Choice of piezo

We have still not decided whether we need a hollow piezo of a normal one. But assuming
that it is harder to find a hollow one we investigate one we have found with Piezomekanik
GmbH. The piezo HPSt 500/15-8/5 is cylindrical with an inner diameter of 7 mm and an
outer diameter of 18 mm. Furthermore it has a length of 9 mm and a maximum length
change of 7 or 12 µm depending on the configuration (electrical). The resonance frequency
is stated to be 40 kHz, enough for our purpose and the maximum force 5500 N. Thus the
specifications are so far fulfilled easily.

Figure 15: Picture and schematic drawing of the HPSt piezo from Piezomechanik GmbH.

In order to construct the Madsen cavity we the light must pass at an angle of 14.2◦

which over the distance of the length of the piezo and the thickness of the mirror (3 mm)
amount to a radial distance of 3.0 mm - smaller than the maximum of 3.5 mm - but still
rather close considering beam sizes of ∼0.2 mm diameter. Thus perhaps a slightly thinner
mirror should be chosen to allow for some margin. Otherwise the piezo seems to fulfill the
conditions - and can even be used for a Bode type cavity.

5.2.4 Discussion

The Madsen type cavity seems to be feasible. Thus we may consider the exact imple-
mentation. Figure 11 showed the power generated as a function of crystal length. The
optimum crystal length with an absorption coefficient of 1.0%/cm and a roundtrip loss of
R0 = 99.4% would be 2 mm (Figure 13). However experience shows that the losses usually
are larger, and increasing the crystal length with a few millimeters would not reduce the
power with more than a few percent. Furthermore, as we saw in Table 5 the dimensions
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get very small when a short crystal is selected. We therefore select a crystal of 8.1 mm
as a reasonable compromise, the last digit chosen to make the radius of curvature of the
mirrors confirm to standard mirrors. Using this value we get the specifications shown in
Table 7.

Parameter Symbol Value Unit
Physical crystal length L 8.1 mm
Waist size in crystal w2 20.1 µm
Mirror angle of incidence I 14.23 ◦

Mirror radii of curvature R 50.00 mm
Crystal to mirror distance lm 49.40 mm
Mirror to mirror distance lc 94.98 mm
External waist w1 18.7 µm
Optical cavity length l◦ 19.86 cm
Static roundtrip losses R0(1− αL) 99.1 %
Incoupling mirror R1 99.1 %
Typical input power at 486 nm Pω 500 mW
Expected second harmonic power P2ω 140 mW

Table 7: Choices and calculation of the chosen cavity design. Note that the focus in the
crystal has been chosen to be weaker that the Boyd and Kleinman optimum of 16.3 µm to
avoid thermal lensing [15]. The absorption coefficient of the crystal was α = 1.0%/cm.

The dimensions calculated in Table 7 give a cavity layout as that shown in Figure 16,
where we have included possible optomechanical components from New Focus. The output
power of 140 mW is an upper estimate, but we have adjusted the value taking into account
the slightly non-optimal focusing by assuming (from the calculations in Ref. [5]) a 5%
reduction in the second harmonic output. Including the Fresnell loss of 20% at the surface
of the crystal we arrive at a final power of 115 mW.

6 Conclusions

We have made a design study of an external cavity for frequency doubling of 486.2 nm
light to 243.1 nm for spectroscopy of anti-Hydrogen in the ATHENA experiment. We have
discussed the pros and cons of using brewster-cut and normal-cut non-linear crystals for
this purpose. The need for high power in this spectroscopy application has prompted us
to choose a brewster-cut crystal as this option offers the lowest possible inter cavity losses.
The chosen design is a novel one. The choice of design was based on the wish for simplicity
and at the same time the lack of possibility of full simultaneous coma and astigmatic
compensation. The design offers full astigmatic compensation and some reduction of coma.
We have also estimated the output that may be expected from the cavity, approximately
144 mW for 500 mW pump, which would satisfy the demand. Finally we have made
a quick survey of the major components needed and from a real-sized layout drawing
including these we find that the layout is feasible.
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Figure 16: Layout of the design calculated in Table 7. Components from New Focus and
Thorlabs have been included to study the practicality of the implementation.

We have not discussed the actual mount for the crystal, not the locking mechanism to
be employed. The crystal mount should include a heating mechanism to keep the crystal
on a constant temperature (f.ex. 30 degrees) - this mount needs to be fabricated in our
workshop. The locking may be done by the polarization technique developed by Hänsch
and Couillaud [9] also used by Sandberg [14].
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A BBO Crystals

The only viable crystal for generation of 243 nm light is BBO. In order to decide which
manufacturer to use, as well as the exact geometry of the crystal a small survey of various
aspects of BBO crystals is given.

A.1 BBO Crystal Suppliers

The following table show a comparison of the promises of various BBO suppliers with
regards to quality of the crystal as well as their AR coatings

Manufacturer Absorption AR Coatings Distortion
CASTECH < 0.1%/cm @ 1064nm R < 0.4% @ 532nm λ/8 @ 633nm
Cleveland Crystals < 4%/cm @ 266nm
Eksma Co., 3%/cm @ 486nm (?) Rω < 0.5%, R2ω < 1.5%
GOT < 0.1%/cm @ 1064nm Rω < 0.2%, R2ω < 0.4% λ/4 @ 633nm
Gsänger ∼ 0.5%/cm
Raicol Crystals < 1%/cm [0.2-3.5µm] Dual band, Rω < 0.2% λ/5 @ 633nm
Quantum Tech. < 0.3%/cm @ 486nm

Table 8: Overview of available non-linear crystals for SHG.

The cavity performance depends critically on the losses in the cavity and it is therefore
important to choose a manufacturer with low absorption coefficient as well as good AR
coatings (if the choice falls on normal cut surfaces).

A.2 BBO Crystal geometry and NL-coefficient

Figure 17 shows the two different crystal coordinate systems adopted for BBO (point
symmetry group 3m) crystals throughout the literature. As specified by Nikogosyan [13]
this changes the equation used for calculating the effective second order coefficient deff .

The effective non-linear coefficients that may be calculated from these geometries are

deff = d15 sin θ − d22 cos θ sin 3φ ; a) Z ‖ c , m ⊥ X (49)

deff = d15 sin θ − d11 cos θ cos 3φ ; b) Z ‖ c , m ‖ X (50)

where symmetry considerations give that all other coefficients are zero.
Various values of the coefficients are stated in literature and by manufacturers. The

values for d22 (d11) vary between 1.78(9) pm/V and 2.3 pm/V. According to Ref. [13]
the most recent (1991) refereed value is 2.22(9) pm/V, and we are thus using this value
throughout the text.

The dependence on the non-linear coefficient on the manufacturing process does not
seem to be great when scanning through the literature. However, the absorption coefficient
varies significantly with manufacturer, and has decreased over the years [11]. As the
seconds harmonic generation efficiency depends significantly on the crystal losses of the
fundamental, as these usually are higher than mirror and surface losses a critical survey
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Figure 17: BBO crystal coordinate system definitions. We have adopted the drawing-style
of Ref. [1]. BBO has point symmetry group 3m. This means that there is a 3-fold rotation
symmetry around the z(c)-axis - which is the optical axis of the crystal and that there
is one (times the number imposed by the rotation symmetry) mirror plane. The lack of
mirror plane en the plane perpendicular to the optical axis has been indicated by shading
part of the drawing.

of the performance of each supplier regarding the crystal quality has therefore been done.
Table 8 in the previous subsection shows amongst others the absorption coefficients claimed
by the suppliers.

B Components and Alternatives

Opto-mechanical components and especially mirrors are rather expensive. The expensive
part of mirrors is usually the coating process, and as this process can often coat rather a
lot of mirrors simultaneously it is worthwhile to consider what other mirrors we may be
interested in apart from the ones adapted to the specifications in Table 7. Table 9 shows
a list of what is needed for the chosen cavity with the properties in Table 7.

For the chosen cavity the angle of incidence on the mirrors will always be 14.2◦, and
the radius of curvature is thus defined by the length of the crystal. If eventually other
crystal lengths turn out to be of interest - which may easily be the case if a better crystal
quality is available - it would be practical to have a range of mirrors with different radii -
as the coating runs are the same the only cost increase is due to the substrate which isn’t
very expensive. Table 10 gives the crystal lengths corresponding to various standard radii
of curvature.

Finally we see from Table 2 and 4 that a radius of curvature of 60 mm requires an
angle of incidence of 14.4◦ which is within the uncertainty of the angle specification by the
manufacturer - implying that such mirrors may be used in both cavity types - thus offering
us large flexibility. The calculations of correspondence between radius of curvature and
crystal length in Table 10 for I=14.2◦ are thus equally valid for those cavity types (it is
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Component Manufacturer Pcs. Price/Pcs. Price

Breadboard 30x30cm Mellesgriot 1 USD 500.00 EUR 570
Gimbal Mirror Mounts Thorlabs 2 USD 239.00 EUR 545
Kinematic Stage New Focus 1 USD 687.50 EUR 784
Misc. Pedestals New Focus 1 USD 100.00 EUR 114
8.1 mm BBO Crystal Gsänger 1 EUR 3672.00 EUR 3672
Cylinder piezo PiezoMechanik 1 EUR 240.00 EUR 240
99% R @486nm, 14.2◦ coat. LaserOptik 1 EUR 770.00 EUR 770
HR@486 nm, HT@243 nm, 14.2◦ LaserOptik 1 EUR 770.00 EUR 770.
AR@486 nm, 14.2◦ coat. LaserOptik 1 EUR 420.00 EUR 420
AR@243 nm, 14.2◦ coat. LaserOptik 1 EUR 420.00 EUR 420
0.5”x2mm, R = 50 mm BK7 substr. LaserOptik 1 EUR 50.00 EUR 50
1”x6.35mm, R = 50 mm FS substr. LaserOptik 1 EUR 50.00 EUR 50

Total EUR 8405

Table 9: List of optical and optomechanical components and prices (sometimes estimated)
for the chosen cavity design.

R L lm lc la l◦
[mm] [mm] [mm] [mm] [cm]

35 5.67 34.83 66.91 16.59 14.0
40 6.48 39.80 76.47 18.96 16.0
45 7.29 44.78 86.03 21.33 18.0
50 8.10 49.75 95.59 23.70 20.0
55 8.92 54.73 105.15 26.07 22.0
60 9.73 59.70 114.71 28.44 24.0
65 10.54 64.68 124.27 30.81 26.0
70 11.35 69.65 133.83 33.18 28.0

Table 10: Cavity geometry calculations for various choices of the radius of curvature for
the cavity layout in Figure 9. ξ = 0.9213 to avoid thermal lensing in the crystal.

the same astigmatism compensation criteria that must be fulfilled!).
The discussion here has omitted various electrical components and the locking system

for the cavity. These components include electronics to control the piezo and the feedback,
photodiodes, and wave plates for the polarization lock, temperature control and holder
for the crystal itself, and a holder for mounting the piezo mounted mirror in the gimbal
mount. These components are common for all the discussed designs.
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