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Figure 3.3 Raman line width (Av,) as a function of pressure for (a) T=77 K,
(b) T=200 K and (c) T=300 K

The Raman line width was calculated for the input values shown in Table 3.1 In equation
(3.7) Av, is a function of pressure and temperature which is incorporated by the unit amagat.
Using the following relationship [9]

P
p(amagat) = W 3.8)
the line width as a function of pressure P can be calculated at different temperatures as shown
in Figure 3.3. Of interest for the CO, Raman work are the low pressures (P<200 kPa)
because of the fact that scattering of CO, radiation in hydrogen can be important at pressures

higher than 200 kPa.

From equations (3.7) and (3.8)

avy-4L 4 B2 (3.9)
P T
-7 2
where 4 = 2.23x107" Dy vg and B=—FCY
c? 3.622x107®

From equations (3.4), (3.5) and (3.9) the ratio AN/Av; as a fun?tion of temperature and

pressure is given by
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-1
AN _ P AZ + Bf_) A . (3.10)
Av, PkT\ P T

At low pressures the line width Avy is roughly a constant (Figure 3.3). From equation (3.5)
the densities N and AN increase as the pressure increases and thus the gain increases
(Figure 3.4). At higher pressures (> 50 kPa) both the Raman line width and the number

density increase linearly with pressure and the gain remains essentially constant.

o 2¢ 3
! 102¢ .
g : E
(7)) N i
'g 2 (a) ]
1L 3

= 10 :
- - ]
g 0 :_
% 100} (b) :
- /(©) ]

N..
w F
A

100 2 34 101 2 3 4 102
PRESSURE (kPa)

Figure 3.4  Ratio AN/Avy as a function of pressure for (a) T=77 K,
(b) T=200 K and (c) T=300 K

3.4 DIFFERENTIAL SCATTERING CROSS SECTION
do/dQQ AND POLARIZATION EFFECTS

We now discuss the spontaneous Raman cross section of the S(0) transition for linearly
polarized radiation. In a diatomic gas, the stimulated Raman scattering has an intensity
proportional to 7Y,® - the square of the anisotropic part of the molecular
polarizability [10,11,12]. The cross section is also a function of the rotational Raman

transition [11].
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Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



The angular dependence of the differential scattering cross section for the rotational lines and

polarized incident light is given by [11]

da 8z 10
where 6 is the angle between the observation direction (propagation direction of the Raman

do _ 3, [6+sin’6], (3.11)

shifted radiation) and the incident pump laser polarization vector. The total cross section o,
is given by [11]

128 n°

3
) )

where A, is the wavelength of the incident radiation, A the wavelength of the Raman line, v,

0y(J) = C(J) Y5 » (3.12)

the anisotropic polarizability of the initial and final states in the ground vibrational state. The

. . _ _(J+)(I#2) . . .
coefficient C(J) is given by C(J) WD) for the Stokes lines (the lines of interest for

this work) with J the initial rotational state.

There seems to be a J dependence of y,, for values presented in the literature [11]. This is
not a problem as J=0 for the parahydrogen transition of interest for this calculation. The
numerical value Y5, =0.3013%10*° m® can be used [2,11]. For scattering collinear with the

—9(° : do _ 21
pump, 6=90°, equation (3.11) becomes 0 0%

For spontaneous rotational Raman scattering, the scattered Stokes light is strongly depolarized.
The ratio of Stokes light with polarization components parallel and perpendicular to pump

polarization is 4/3. Two separate cross sections can then be defined with

do _dol do* (3.13)
dQ aq dQ
I N
where d_o_ = i00 and -‘-10— = i00.
dQ 207 an 80~

From equation (3.1) it is clear that Gocdo/dQ2 and therefore the gain for light with parallel
polarization is 4/3 times higher. These calculations were done for linear polarized light. It
was shown by Minck er al. [10] that for pure rotational transitions the largest nonlinear
polarization of the hydrogen molecules, and hence the largest gain, results from counter
rotating circularly polarized pump and Raman beams. This gives a gain 3/2 times larger than
linearly polarized beams. Thus if the pump beam is right hand circularly polarized the

resultant Stokes beam will be left hand circularly polarized. Another advantage of using
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circularly polarized pump beams is that no anti-Stokes is expected since the nonlinear

polarization for anti-Stokes is zero for circularly polarized beams [10].

The rotational Raman cross section for the Sy(0) transition is then

2
49 - 1385 p, . (3.14)
dQ )'P As

Here B, is the scattering enhancement due to the polarization. Thus B,=1 for linearly

polarized light and B,=3/2 for circularly polarized light.

3.5 GAIN CALCULATIONS

An expression in terms of the experimental conditions must be found for the gain coefficient
G shown in equation (3.1). The pump intensity I, will generally be depleted. We now
discuss [in equation (3.1)] the plane wave gain coefficient g. The population density
difference AN is treated as a variable in Chapter 4. For the sake of comparison with
published data, we here treat AN as a constant, thus assuming no medium depletion.
Equations (3.1b), (3.10) and (3.14) give the small signal gain coefficient as

PA -1
g = kPePAD( T pPYT (3.15)
Th, \ P T
88.2 vy,
where K = ——% .
Benhk

This formula gives results (see Table 3.2) in general agreement with those of Carlsten ez al.
[2]. The plane wave gain coefficient is shown in Figure 3.5 as a function of pressure for the
three temperatures which are of interest to this work. In conclusion, it is clear that the
experimental conditions in terms of temperature and pressure will be prescribed by the

conditions for optimum gain.
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77 1.1x1012 1.1x10" 1.1x101? 1.1x10*2

200 7.06x10™" 7.2x107" 7.3x10" 7.35x10"
300 4.16x10™ 4.45x10" 4.61x10" 4.7x10"

Table 3.2 Plane wave gain coefficient (m/W) for a circularly polarized pump beam for
specific temperature and pressure conditions
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Figure 3.5 g as a function of pressure for Bp=1 (a)77 K, (b)200 K, (c)300 K and
Bp=1.5 (d)77 K, (e) 200 K, ()300 K
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LIST OF SYMBOLS: CHAPTER 3

Qrot

para
rot

So(0)=S(0)

Se(1)=8(1)

Be

Yoo

do
dQ

: speed of light

: optical diffusion coefficient

: steady state plane wave gain coefficient

: Raman gain per unit length

: Planck's constant

: pump beam power density (W/m?)

: the initial rotation level

: Boltzman's constant

: degeneracy of the lower rotational level

: degeneracy of the final rotational level

: refractive index of the Raman medium at the Stokes wavelength
: population density of the lower rotational level

: total number density of the molecules in a unit volume
: number density of molecules in the J rotational level

: population density of the final rotational level

: Stokes output power

: Stokes input power (background noise signal)

: pressure

: rotational partition function for hydrogen
: rotational partition function for parahydrogen

: the Stokes transition from J=0 to J=2 for the ground vibrational state in

parahydrogen

: the Stokes transition from J=1 to J=3 for the ground vibrational state in

orthohydrogen

: vibrational quantum number

: line width narrowing coefficient

: polarization gain enhancement factor
: collisional broaden coefficient

: anisotropic part of the molecular polarizability of the initial and final Stokes

in the ground vibrational state

. differential cross section for the Stokes transition
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| . .
do : parallel component of the scattering cross section

dQ

‘;‘g : perpendicular component of the scattering cross section

AN : molecular number density difference between the J and J+2 rotational
levels in the ground vibrational state

A=AN/N : normalised population difference density

AVy : Raman transition line width (Hz)

AV, : spontaneous Raman line width (Hz)

0 : angle of observation (or pump beam propagation direction) relative to the
incident beam polarization

Ag : Stokes beam wavelength

Ap : pump beam wavelength

p : density of the Raman medium measured in amagat (<P/T)

Oy : total cross section

Op : pump laser frequency

Og : Raman transition frequency

g : Stokes frequency

O as : anti-Stokes frequency

e’ : total Sy(0) power gain factor
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4. THEORETICAL ANALYSIS OF
STIMULATED ROTATIONAL
RAMAN CONVERSION

4.1 INTRODUCTION

Stimulated Raman scattering for wavelength conversion of high-power laser radiation to longer
wavelengths is drawing increasing attention for obtaining wavelengths that are not readily
available. In December 1964 [1] and later in 1970 [2] Bloembergen et al. published papers
on Raman conversion that started this new field of nonlinear optics. Numerous papers have
been published on this subject since 1964. For these wavelengths there are many applications,
of which isotope separation is but one. Other applications are in resonance laser
photochemistry where the use of multifrequency radiation can ensure efficient excitation of
atoms and molecules with a high selectivity. Various schemes using combinations of pulses

of different frequencies are used increasingly in nonlinear spectroscopy [3,4,5,6,7,8].

This chapter will deal with Raman conversion in parahydrogen with a CO, laser as the pump.
Extensive work was done on 10.6 um conversion in parahydrogen by Byer and Trutna [9,10]
and other researchers working in the same field [11,12,13,14,15,16,17] in the late 1970's and
1980's. A few papers [18,19,20] deal with Raman conversion in fibres and waveguides, with

the waveguides filled with hydrogen as the Raman medium [21,22].

The parameters that affect this wavelength conversion can be grouped under three categories:

. the stimulated Raman gain which includes the molecular density in the ground state,

= pump and Stokes beam intensities and the losses for the pump and Stokes wavelengths,
and

. Raman cell design.

All three the groups must be considered to optimize the process. We present here a rate
equation model based on the work by E. Margalith and G.W. Sutton [23]. Their model is
based on the conservation of photons. An analytical solution for the Raman conversion was

also found by Cotter and Hanna [24] using a number of simplifications.

4.1
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Rabinowitz et al. [21] used a 1.064 um Nd:YAG laser with a hydrogen-filled waveguide
Raman cell. For isotope separation, Kurnit ef al. [22] used a 10.6 pum CO, laser for the

conversion of the wavelengths in a hollow dielectric waveguide filled with parahydrogen .

4.2 THEORETICAL MODEL

The model was developed to establish the waveguide Raman cell parameters for useful 16 um
output. This application of the model will be verified using results obtained from a multipass
Raman cell. We include the effect of temperature and pressure on the Raman gain (which
was dealt with in Chapter 3) and most of the losses.[15,25,26].

The following assumptions are made:
. All the molecules are initially in the ground state (for the cold cell).
. The spontaneous lifetime of the final state is much longer than the pulse duration.

This means that each molecule can contribute only once to the conversion process.

" All the loss processes - absorption, scattering, waveguide and reflection losses - are
linear.
= The power gain for stimulated Raman conversion is given by [23]:

I,. @.1)

- kg
G=a|N, - ?f N,
Here a is the small signal gain coefficient per molecule, N, and N; are the molecular
population densities, where g and f denote the ground and final states respectively, and k; is

the degeneracy of the i-th state. I, and I are the power densities of the pump and first Stokes

respectively.

The equations describing the change in the pump and Stokes photon number density are [23],
[24]:

0 10

(_ + _c._]Ns = GNg - 8;Ng , 4.2)
0 10

(_az + —c'—at)lvp = -les - GPIVP . (4'3)

N; and N; are the number densities of pump and first Stokes photons respectively, with ¢ the
speed of light, and §; (i=P,S) the linear loss coefficients. The depletion of the ground state

molecules equals the conversion rate, thus
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oN

=% = <GN;. (.4)
Neglecting terms of order 1/c and using the relations
AN=N-(§]Nf N=N—Nf=( 8 ]N+( i ]AN 4.5)
8 ’ 4 0 ’
ks ’ kg + ks ke + ks
equations (4.2) to (4.4) can be rewritten as
ONg
_5 = GNg - 8;Ng, (4.6)
ON,
a_z = _GNS - ﬁPNP ’ (4°7)
k +k
O(AN) _ _ (%™ cGN; . 4.8)

Boundary and initial conditions for Ny(z,t), Ng(z,t) and N(z,t):

. Np(0,t) =Np(t): input pump photon density (the actual pulse shape).

= N;(0,t) =N (t): input Stokes seed. In the model the input Stokes is taken as thermal
background radiation. The Stokes initial condition will be discussed further in
Section 4.3.2.

. N,(z,0)=N, : initial molecular density.

A better way of constructing a useful and flexible model is to introduce normalised variables
[3,15,23]. Introducing degeneracy (k; = 2J+1) of the ground and final states for the
hydrogen molecule (i.e. v=0: J=0 and J=2, k,=1 and k;=5) equation (4.8) becomes

BN - -2eon;, “.9)

Using the relations I; = chv;N,; i =P,§ and I,, = chv,Np = E[(A,;T, ) where E

is the energy of the pulse, Ty is the pulse length and A is the input beam area (the area on
entering the optical system). The area A ; is calculated with the beam radius at z=0 defined

as the radius at 1/e* of the peak intensity radius. By using normalised variables
A = AN/N,, K, = I/I,, (i = P,§) and rewriting the gain [equation (4.1)] as
G =yaAN I, (4.10)

where v is the excitation lag factor for the polarization of the molecule, equations (4.6), (4.7)

and (4.9) can be written as:

4.3
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— =y, K, K, A - 85K, (4.11)
dz

dK R

d—z” = -y(vs]anPKsA 8, K, , (4.12)
L - 4K KA, (4.13)

where ®, = aN,I, = aN,E[(A,;Tp) and %, = 6 E*/(5 A} To  hvg). As a first

order approximation y can be written as y = 1 - exp(-t2/T'*)where t is time and T the

excitation lag time, which is related to the Raman line width as I'=1/Avy.

The set of coupled differential equations (4.11) - (4.13) must be solved under the following

conditions:
. The input and output power are normalised with respect to the input pulse I,.
u The undepleted normalised population difference at t=0 as a function of pressure and

temperature (see Section 3.2) between the levels J=0 and J=2 will be used, i.e.
A,=AN//N,.

4.3 MODEL FOR RAMAN CONVERSION IN A
MULTIPASS RAMAN CELL

The model will be verified using results [\, irror MIRROR
obtained for the Raman conversion of the R R

10R18 CO, laser line in parahydrogen in a | % 7 2
25 passes multipass Raman amplifier. With % Z
the knowledge that the output from the Z|=o L |
model corresponds to the experiment, the I |

design criteria for the waveguide Raman cell Figure 4.1  Symmetric  resonator  with
applicableresonatorparameters

in terms of waveguide length and initial laser shown

input power can then be specified.

The multipass Raman cell can be seen as a symmetric confocal resonator with the beam waist

W, is at the centre (see Figure 4.1). The waist W, for this resonator is given by (see

4.4
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Chapter 5):

2
W’ = Mn)“” , ' %(R—L/2) , 4.14)

with

W - M?), L 2 R2
12 2n \ LR -L/2)

the spot size on the concave mirrors and M? the beam quality parameter (see Chapter 5).

The spot size in the cavity, at any given propagation position z, is given by

2
M?2p(z-L[2)

T W,

W@=w+[

Thus, the cross sectional area A(z) at a given distance is then A(z) = n W2(z). The initial

beam cross section A; is larger than the minimum spot size at the centre of the Raman cell.

As the pump beam propagates towards the waist, it becomes more intense. This enhances

the gain by a factor 1(z) = 4,/A(2).

For the Raman cell, A, is given by

A ] ‘ItWZ = Mz)‘PL 2R2
i 12 2 L(R-L]2) °

Thus
i M2, L 2 R?
n@ = 2 - 2n '\ L(R-L/z)2 _ .15
W (Z) W2+ M2 A’P (z—L/2)
0 n W,

Using equation (4.15) as a modification of the normalised gain [k;,' = n(z) k; where i=1,2],
equations (4.11)-(4.13) can be solved for a multipass Raman cell. It is clear from Figure 4.2
that the maximum gain is achieved at the focus of the beam. Furthermore, the enhancement
n(z) is independent of M? (see equations (4.14) and (4.15)). The Raman process is an
intensity driven process. Clearly the largest intensities are in the central portion of the Raman
cell - within the Rayleigh range z; (see Figure 4.2) from the centre. Thus most of the Raman

conversion takes place in this region.
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Figure 4.2  Gain enhancement in the Raman cell due to focusing of the pump beam
(multipass cell parameters: L=3.77Im, R=2m and A=10.2pm)

4.3.1 GAIN ENHANCEMENT DUE TO RAY CROSSINGS IN THE
MULTIPASS CELL

A multipass cell has an important property, which it owes to its uniqueness of design: the
crossing of the beams in the active volume. A result of these crossings is the compression
of the Stokes output pulses. It is therefore possible to get a Stokes pulse with higher peak
power than the input pulse [27].

In regions of beam intersection, the Stokes wave can experience increased gain and extract
energy from both intersecting parts of a pump pulse. Only the resultant intensity of the
intersecting pump waves contribute to the Stokes gain[27]. The intersecting regions are short
compared to L. The additional gain produced at an intersection is a small fraction of the

forward gain per pass.

Equation (4.10) can be rewritten as G = G,+AG = y« ANIP(I +AIP/IP) where Al, is the
increase in the pump power due to crossings. In this section a first-order expression will be

derived for Al,/I,, which is an enhancement of the gain coefficient. No interference

4.6
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contributions are expected as the coherence length I, = ¢/ Av = 3m which is close to the

length of the multipass Raman cell. An empirical lower estimate for the average number of
crossings in a pulse of length cTp_ is given by

2
| Ln c? Ty,

m = -1
CTpL 2L2n

for 2¢ Tp,;<Ln where L is the length of the cell, n the number of passes and Ty, the pulse

length. Assume a pump pulse of rectangular shape with a power density I, and width Ty, .

Then the average intensity enhancement within the time of the pulse can be expressed as

Al/I, =mA,[A,, where A, and A, are the intersected and total areas respectively.

Assume two parallel beams crossing, as
shown in Figure 4.3, the ratio of the

intersected area to the total area is given by D
wr = DI (Lsin®). LetD = 22 W, » HE

be the diameter of the beam (beam diameter

1

=7

A, lA

at the Rayleigh range). For most of the

Figure 4.3  Two parallel beams crossing in

1ti 1Is 6=1.6° i ed. Th i
multipass cells 1S us © gam the centre of a multipass cell

enhancement is then given by

(o-1) = 'Z" = 2&:‘; - (4.16)
and is shown in Table 4.1.
Passes 20 25 36
m 2.39 2.7 3.1
AL/I, 0.1 0.11 0.12

(q'his compares with an estimate of 10%, published by ;erry et al. [27])

Table 4.1 Gain enhancement (c-1) estimates for an multipass cell of L=3.77 m and
W,=1.5 mm (W,= M ©,) as a function of number of passes (n) and
Ty, =100 ns
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4.3.2 CALCULATION OF THE STOKES SEED

The input Stokes is taken as the background™ radiation in a specific solid angle and direction.

From Planck's law the total black-body radiation is given by[28]

-1
M, =2nhc? A° [exp( he J -1]

A kT
into 4~ steradian, with the units of M, =W/m?. The radiation in a specific direction and solid

angle d€2 is given by

AT

s

-1
My o = %ehc? A [cxp( he ] -1] ia . @.17)

Let dA be the area on a sphere of radius r
(Figure 4.4), with the centre in the middle
of the Raman cell, then the solid angle is
defined as dQ = dA/r>.  For these r
calculations an input beam diameter of
10 mm (dA~8x%10° m?) and r=L/2 ~1.9 m
is assumed. These values result in a solid
angle dQ=2.2x107,

Figure 4.4  Solid-angle definition

Assuming a narrow CO, line width of Av, the power radiated into a line width of Av at
A,=16 um can then be calculated. Also assume that only 50% of the photons have the correct
polarization. Consequently equation (4.17) can be rewritten as

-1

4.18)

-2
P, = L1x10% Av A7 [p(lﬂ]l

s

The Stokes seed as a function of temperature T is shown in Figure 4.5 and Table 4.2.

The Stokes seed reported in Table 4.2 at 77 K does not take into account the seeding from the
room temperature laboratory. Stokes seed photons of the correct polarization and solid angle

can enter the Raman cell via the input and output windows. ZnSe is used as the input and

(1 The spontaneous Raman noise in a single polarization and single spatial mode within the

Raman linewidth is given by Pg, = h vg Avg ~ 102 W/m? [29]. This seeding is considerably
smaller than the black-body radiation seeding through the Raman cell windows.
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output windows (3 input or output windows with a window thickness of 5 mm). These
windows introduce reflection (~17% /surface) and absorbtion (~20% /cm) 16 um seed losses.
With these losses included the 16 um seeding through the Raman cell windows for a 77 K
Raman cell is” Pg, = 1.4X10°x%(0.83)°%(0.9)*~ 3.3 10" W/m?.

1 5 N I v T Y T

12

8 (x 10-9 W/m2)

"l/

O50 | 160 1‘.I50 200 2‘:30 360 350
TEMPERATURE (K)

Figure 4.5  Stokes seed: (a) broad-band (Av~1 GHz) and (b) narrow-band (Av~100 MH?z)
laser emission at 16 pm ( dQ0~2.2x10°7 steradian)

1 GHz
" 100 MHz 2.3x101 3.1x101° 1.4x10° “

Table 4.2 Stokes seed (\,=16 pm) for broad band (Av=1 GHz) and narrow band
(Av=100 MHz) CO, laser emission

Due to multiple (to and fro) reflections the actual transmission will be a few percent higher
than this value. This has a minimal effect of G; and B in equation (3.6).
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4.3.3 CALCULATIONS OF RAMAN CONVERSION IN A MULTIPASS
CELL

With the focusing and crossing enhancements n(z) and o, equations (4.11)-(4.13) become:

dK

Es = nyYyox, AK, K; - 6,K,

dK A

;P = ‘ﬂYO"l(A_s)AKPKs - 8, K, (“.19)
P

-%?— = -nyox, AK, K

where n, v, O, , and x, are defined in previous sections of this chapter. We now solve these

differential equations for the input values in Table 4.3.

The input pump pulse is an actual CO, pulse measured with a photon drag detector on input
to the multipass cell. The pulse was digitized using a 1 GHz sampling oscilloscope and
transferred to an input data file via GPIB interface for an IBM compatible computer (see
Figure 4.6).

> 1.0 [ I 1 I 1 ) I I ) I 1 T v 1 1 |
=
P
‘2 0.8 | -
=
0.6 | -
Z
< -
2
< 02} ]
=
M o.o i 1 1 1 1 1 1 1 i | 1 1 1 1 " ] 1 L L 1 N [l N | 1 ] ]
0 40 80 120 160 200 240
TIME (ns)

Figure 4.6  Normalised input pump pulse (actual photon drag signal)
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Cell temp —
Constants and
Input values 1

Warm cell

(300 K)

Cold cell
(77 K)

Ap Ag (um) 10.2, 16 10.2, 16
Plane gain coefficient - g 4.7x101 1.1x1012
(Chapter 3)
P, (W/m’) at 1.4x10° 3.3x10°
Av=100 MHz
o5 (/m) 0.002 0.002
Op (/m) 0.002 0.002
A, (/m’) 0.43 0.99
I (s) 5x10° 30x107
c 1.11 1.11
Ty, (ns) 60 60
L (m) 3.77 3.77
R,, (mirror reflectivity) 0.985 0.985
Input energy (J) A number of input energy values were used.
Hydrogen pressure (kPa) 150 50

Table 4.3 Input/Initial values for Raman conversion in an multipass cell

The scheme used for solving the equations is as follows (see Figure 4.7):
u First pass (through the multipass Raman cell):
. Segment both pump pulse and Stokes seed (< 500).
. Segment medium (<1000) (for a single pass through the multipass cell).

. Initialize the pump, Stokes and medium arrays with the appropriate initial
conditions.
. Solve equations using the fourth order Runge-Kutta for a single pass by

allowing each element of the pump and Stokes pulse to propagate through the
medium (see Figure 4.7).

u Subsequent passes:
. Multiply pump and Stokes pulses with the reflectivity (R,) of mirrors.
. Initialize medium array with initial conditions A,.
. Initialize pump and Stokes array with the result from the previous pass.
. Solve equations again for a single pass.

By following this scheme the buildup of the Stokes pulse and depletion of the pump pulse can
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Figure 4.7  Computing scheme

By following this scheme the buildup of the Stokes pulse and depletion of the pump pulse can
be calculated and followed for each pass through the multipass cell. The code for solving the
equations was written in TURBO PASCAL on a 486 IBM compatible computer (see
Appendix 4.A). A single run on the computer takes about 18 minutes. A typical output is

shown in Figure 4.8.

4.3.4 DISCUSSION OF MULTIPASS CELL CALCULATION RESULTS

Comparing the results obtained from the model with the experimental results is always the
final check needed to verify the assumptions made while deriving the equations. In Figure 4.9
the measured output for a 1.2 J CO, pulse in a cold (77 K) multipass Raman cell of 25 passes

is compared with a modeled output.

The results reported in Figure 4.9a have no sharp edges comparing to Figure 4.9b. This is
due to the finite time resolution of the detector (photon drag) and the oscilloscope. The
combined measuring time resolution is less than 4.5 ns comparing to a step size of less than

1 ns for the model calculations. Furthermore, it is difficult to compare absolute energy values
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Figure 4.8 A typical result with the input pump pulse (solid), the depleted pump pulse
(dashed) and the output Stokes pulse (dot-dashed) after several passes

as detector calibrations are seldom better than 10%. In most cases the detectors are used
above the specified surface energy densities. This has an influence on the energy measuring

accuracy.

With these limitations in mind, one can say that the model predictions are in agreement with
the measured Raman output. The larger Stokes onset time (asymmetric Stokes output with
respect to the peak pump intensity position) in Figure 4.9a comparing to Figure 4.9b indicates
that the definition of y is probably not 100% correct. The difference in energy output
predictions is probably due to the exit window losses (reflection and absorption) and larger
linear Raman cell losses. From Figure 4.9a a lagtime (difference between the pump peak
intensity and the centre of the Stokes pulse) of I'~30 ns is measured. This means that the
Raman line width Avy=1/T" for the S(0) transition is about 35 MHz. This value is of the
correct order (see Figure 3.3) and is a useful indirect measurement of the S(0) line width in

cold parahydrogen.

The second important verification of the model is to compare the experimental Raman
threshold with that predicted by the model. Figure 4.10 shows the calculated threshold for
a multipass cell filled with 50 kPa parahydrogen at 77 K. Evidently, the model predicts a
value of 10 MW that is much smaller than the experimental value of 14 MW. This is due

to an imperfect pump beam (see Section 5.10 ).
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Figure 4.9 (a) Experimental and (b) model results for an input pulse of 1.2 J in 60 ns
Sor a 25 passes multipass Raman cell and M*=1.3
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Figure 4.10 Stokes output for the 10R18 CO, line for a 25 passes parahydrogen Raman
cell at (a) P=50 kPa, T=77K and (b) P=150 kPa, T=300 K

Finally, to conclude the results from the model, it is useful to know the Stokes growth as a
function of the number of passes in the multipass cell. From Figure 4.11 it is evident that
only the last third of the passes are used for the conversion of the 10 um beam to a red-shifted
16 um beam. It is therefore apparent that if this relationship between the 16 um output and
number of passes is known, a multipass cell can be designed for maximum output and

minimum passes.

However, an advantage of an oversupply of passes is that a larger tolerance on the
parahydrogen : orthohydrogen ratio in the multipass cell can be allowed before a significant

drop in 16 um output is experienced.
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Figure 4.11 Stokes output (a) and Stokes pulse length (b) as a function of the number of
passes (T=77 K, E=50 kPa, E=1.2 J, M’=1.3)

4.4 MODEL FOR WAVEGUIDE RAMAN CELL

The waveguide Raman cell consists of a hollow nickel pipe with a germanium layer on the
inner surface of the guide. The guide (2a=2.3 mm) contains the parahydrogen for the
conversion of the wavelength. Using a waveguide simplifies the equations derived in Section
4.2 considerably due to the constant area A; . This area corresponds to the area of the HE,,
mode in the waveguide. Furthermore, it is a single-pass system which means that there is no
gain enhancement due to beam crossings. Keeping this in mind equations (4.11)-(4.13) can

be rewritten as follows:

aKs AK K. - 8K

—— = 'K -

&z YK, p Rs sBs

dK, Ag

= —yxl(A—P]A K. K, - §,K, (4.20)
dA

i Y%, AK, K

with k, and x, defined in Section 4.2. The constants 3, and 55 now consist mainly of losses
due to waveguide transmission. Input values are shown in Table 4.3 except for R,, which

is a now a waveguide loss. A number of different values for &, and &4 are used.
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Designing an optimum waveguide Raman cell the length of the cell must be optimized with
respect to the available CO, laser power. As a first-order approximation for the model
calculations, assume a system with no pump and medium depletion that is with K, and A

constant. The Stokes equation in equation (4.20) can then be written as

dK

E‘ = x, K, K, A (4.21)
for no losses in the waveguide and no excitation lag time, thus y = 1. Then

K(L) d L

[ ?S = [x,K,Adz and K(L) = K,e®" ",

K, 5 o

where L is the length of the waveguide Raman cell. For a single-pass output of I(L) = & I,

and no depletion of the pump power it follows that

5 = &e"le“‘ . (4.22)
Ip,
| VARIABLE | NUMERICAL VALUE
E(J) 1.5
Waveguide diameter - D (m) 2.3%10?
Ay,=7 D4 (m?) 4.16x10
g=aN, (m/W) 1.1x101?
Ty, (5) 60 % 10°
Lo =E/(Ty, Ag) (W/m?) 6.01 X 101
I, (W/m?) 5% 1012

Table 4.4 Input values for L, calculations

From this equation a minimum waveguide length L_;, can be calculated for an expected Stokes
output. Using the definition for k, and remember that K, ~ 1 and A ~ 1, equation (4.22) can

rewritten as

31,
L. I, (4.24)
e gIPo .

For the variable values given in Table 4.4, the minimum waveguide length is calculated as a
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function of 6. Table 4.5 shows the approximate waveguide lengths for values of §.

| 5 | L, (m)
0.001 7.3
0.01 7.7
0.05 7.9
0.1 8.0

Table 4.5 L,,., calculations as a function of expected Stokes output

The lengths predicted in Table 4.5 are much longer than the waveguides that were
manufactured (see Chapter 2). However, before the waveguide length can be specified

equations (4.19) must be solved numerically with all possible losses included.

4.4.1 DISCUSSION OF CALCULATION RESULTS

The pump laser specification was fixed at 1.5 J in 60 ns with circular polarization input into
the waveguide Raman cell. This specification was used as this is the system available for

plant operation at high repetition rates (> 1 kHz).

Furthermore, a cold parahydrogen waveguide Raman cell at 50 kPa was used for the
calculations. These conditions, with the polarization, meant that maximum Raman gain may
be achieved in the waveguide Raman cell. Figure 4.12 shows the calculated Raman output
for the S(0) transition in parahydrogen as a function of waveguide length for a number of
waveguide transmission loss values. Clearly the losses introduced have a serious effect on the
Raman threshold. This means that waveguides of extended lengths are needed for sufficient

Raman output.

It is clear from Chapter 2 that it is technically very difficult to manufacture a waveguide of
these lengths. However, it is possible to use the available waveguides as Raman amplifiers.
Figure 4.13 shows the Raman output that can be expected for several different Stokes seed

contributions for a 2.2 m nickel-germanium waveguide with a 2.3 mm bore.
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Figure 4.13 Waveguide Raman amplifier output: (a) thermal noise, (b) 1 uJ, (c) 100 pJ
and (d) 1 mJ Stokes seed (L= 2.2 m, T=77K, CO, pulse of 60 ns)
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4.4.2 EXPERIMENTAL RESULTS

An experiment was designed, using a 2.2 m waveguide and a 2.2 J in 60 ns input at 10 um
(see Figure 4.14). The aim was to measure a small amount of Raman conversion in cold
parahydrogen. No output was measured at 16 um even with the use of a cryogenic cooled
MCT (Hg-CdTe) detector optimized for the 10 um to 16 um range. A 1 m monochromator
employing a 60 lines/mm grating was used for the 16 um wavelength detection. This result
confirmed the predicted Stokes output from the model. As no seed was available, the Raman

amplifier scheme was never tested.

FRESNEL
LUMONICS 820 RHOMB AMPLIFIER
1
/ N—~F S —— ! b
NSN17 41 i
P N &
GRATING GAIN CELL o/c

WAVEGUIDE RAMAN CELL

SCATTERER R GIRE—

MCT [ N—

DETECTOR R ¥ 8 A 8 bR X

@ T | O | 500 mm
” N ZnSe LENS
VACUUM = LIQUID NITROGEN
PARAHYDROGEN
MONOCHROMATOR

Figure 4.14 Experimental layout for waveguide Raman cell measurements
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APPENDIX 4.A: MULTIPASS RAMAN CELL AND
WAVEGUIDE RAMAN CELL TURBO
PASCAL CODE

4.A.1 MULTIPASS RAMAN CELL CODE

{This program is the modelling of the Raman process. The model is }
{ based on the theory developed by E Margalith & GW Sutton }
{ ProgramName: MPCNOISE.PAS }
{ DataFile  : co2.dta }
{ FileWrite : co2dep.dta }
{ : co216.dta }
{ : thres.dta }

program raman_MPC;

{$N+}

{$M 65500,0, 655360}
uses crt,stdhdr, segraph, worlddr;

const
namel ='c:co2.dta';
name2="c:co2depl3.dta’;
name3='c:co21613.dta';
named4 ='c:thres13.dta';
lag=30e-9;
N = 250;
aantal =500;
SPL = 2.998E+0008;
PLANCK = 6.626E-0034;
boltz = 1.38e-23;
PI = 3.1415927,
SIR_LIN = 1.5;

type
matr_m=array[0.. AANTAL] of real;
matr_n=array[0..N,1..2] of real;
vekt=array[0.. AANTAL] of real;
kvek=array[1..4] of real;
vekx =array[0..N] of real;

var
X,y : VeryLongVector;
i,j,M,maxX,maxY,passes, NUMpasses :integer;
leng,plen,tlen,seed,k1,k2,neta,
beta,lamst,lamp,energie, w0, ref,
pressure,temperatuur, ht,medium,
RamTrans,area,hstreep,Na,gamma,
alfa,alfa_pw,I po,hx,deltaP,
deltaS,RM,M2,Z7ZR,w12,wz :real;
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npomp,stok :“matr_m;
med :“matr_n;
tyd,treal,pp,ss1,ssO,pp0,mm :vekt;
pos,preal :vekx;
files,f1 :text;
int_pp0,int_ss1,tot_ppO0,tot_ss1,

FWHM _ssl,factor :real;
fileExt,Enstr,tStr :string;

{

{ Function to calculate pump D.E.

{

function pump(p,sl,m :real) :real;
begin

pump: =-beta*neta*gamma*k1*(lamst/lamp)*p*s1*m-deltaP*p;
end;

{

{ Function to calculate stokes 1 D.E.

{

function stol(p,sl,m :real) :real;
begin

stol: =beta*neta*gamma*k1*p*s1*m-deltaS*sl;
end;

{

{ Function to calculate medium D.E.

{

function medu(p,sl,m :real) :real;
begin

medu; =-k2*beta*neta*gamma*p*sl*m;
end;

{

{ Solve of the pump equation

{

function pump_oplos(p,sl,m :real):real;
var kp,ap :kvek;
begin
ap[1]:=p;
ap[2]: =sl;
ap[4]: =m;
kp[1]: =hx*pump(ap[1],ap[2],ap[4]);
ap[1]: =p+kp[11/2;
ap[2]: =s1+kp[1]/2;
ap[4]: =m+kp[1}/2;
kp[2]: =hx*pump(ap[1],ap[2],ap[4]);
ap[1]: =p-+kp[2)/2;

Nt gt Nt

(S

N’ Nyt Nt

Nt Nt Nt

4.25

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



ap[2]: =s1 +kp[2)/2;

ap[4]: =m+kp[2]/2;

kp[3]: =hx*pump(ap[1],ap[2],ap[4]);

ap[1]: =p+kp[3];

ap[2]:=s1+kp[3];

ap[4]: =m+kp[3];

kp[4]: =hx*pump(ap[1],ap[2],ap[4]);

pump_oplos: =p+(kp[1]+2*kp[2]+2*kp[3]+kp[4])/6;
end;

{
{ Solve of the STOKES1 equation

{

function stokl oplos(p,sl,m :real):real;
var kp,ap :kvek;
begin
ap[1]: =p;
ap[2]:=sl;
ap[4]: =m;
kp[1]: =hx*stol(ap[1],ap[2],ap[4]);
ap[1]:=p+kp[1)/2;
ap[2]: =s1+kp[1)/2;
ap[4]: =m+kp[1]/2;
kp[2]: =hx*sto1(ap[1],ap[2],ap[4]);
ap[1]: =p+kp[2)/2;
ap[2]: =s1+kp[2])/2;
ap[4]: =m+kp[2]/2;
kp[3]: =hx*stol(ap[1],ap[2],ap[4]);
ap[1]: =p+kp([3];
ap[2]: =s1+kp[3];
ap[4]: =m+kp[3];
kp[4]: =hx*stol(ap[1],ap([2],ap[4]);
stokl_oplos: =s1+(kp[1]+2*kp[2]+2*kp[3]+kp[4])/6;
end;

{
{ Solve of the MEDIUM equation

{
function med_oplos(p,sl,m :real):real;
var kp,ap :kvek;
begin
ap[1]:=p;
ap[2]: =sl;
ap[4]: =m;
kp[1]: =ht*medu(ap[1],ap[2],ap[4]);
ap[1]: =p+kp[11/2;
ap[2]: =s1+kp[11/2;
ap[4]: =m+kp[1]/2;
kp[2]: =ht*medu(ap[1],ap[2],ap[4]);
ap[1]: =p+kp[2])/2;
ap[2]: =s1+kp[2)/2;

Nt Nyt Nt
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ap[4): =m+kp[2}/2;

kp[3]: =ht*medu(ap[1],ap[2],ap[4]);

ap[1]: =p+kp[3];

ap[2]: =s1+kp[3];

ap[4]): =m+kp[3];

kp[4]: =ht*medu(ap[1],ap[2],ap[4]);

med_oplos: =m+ (kp[1]+2*kp[2]+2*kp[3]+kp[4])/6;
end;

{ Read Input pulse }

procedure input_pulse(var treal :vekt;
var pp0: vekt;
var ht :real;
var M :integer);
var i :integer;
files :text;
begin
i:=1;
assign(files,namel);
reset(files);
repeat
readIn(files, treal[i],ppO[il);
treal[i]: =treal[i]*1e-9;
ii=i+1;
until eof(files);
M: =i-1;
ht: =(treal[M]-treal[1])/M;
close(files);
end;

{
{ FWHM FOR STOKES & PUMP

{

procedure halfwydte(ss,tt  :vekt;
var FWHM :real);

Nt g N

var i,kk :integer;
1k,rk,beg,half :real;
begin

beg: =ss[1];
for i:=2 to M do
begin
if ss[i] > =beg then
begin
beg: =ss[i];
kk: =i;
end;
end;
half: =beg/2.0;
for i:=1 to kk do
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begin
if ss[i] < =half then lk: =tt[i];
end;
for i:=kk to M do
begin
if ss[i]> =half then rk: =tt[i];
end;
FWHM: =rk-1k;
end;

{

{ Procedure calculating the gain enhancement

{

procedure enhanceNums(R,L,lamda,MM:real;
var wo,wm,zr:real);
var z,a :real;
i :integer;
begin
wo: =(MM*lamda/pi)*sqrt((L/2)*(R-L/2));
wm: =(MM*lamda*L)/(2*pi)*sqrt((2*R*R)/(L*(R-L/2)));
zr: =pi*wo/(MM*lamda);
wo: =sqrt(wo);
wm: =sqrt(wm);
end;

{

{ Main programs

{

begin

clrscr;

write('Enter Number of Passes: ');readln(NUMpasses);
write('Enter Input enegy: ');readln(energie);
assign(fl,name4);

rewrite(f1);

new(npomp);

new(stok);

new(med);

input_pulse(treal,pp0,ht,M);
halfwydte(pp0,treal,plen);

writeln('plen=",plen);

tlen: =treal[M];

leng:=3.771; {Lengte van Raman Cell (m)}

Nt Nt N

Ref:=0.985; {Reflection losses for both pump & stokes/reflection}

lamp: =10.2E-6; {Golflengte van Inset laserpulse (m)}

RamTrans: =354; {Raman Oorgang (/cm)}
pressure: =0.5; {Druk van p-H2 (atm)}
temperatuur: =77.0; {Temperatuur van p-H2 (K)}
beta:=1.11; {Gain enhancement due to crossings}

RM: =2; {Radius of curvature of Raman cell mirrors}
M2:=1.45; {Beam characterization factor M-square}
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deltaP: =0.002; {Pump beam linear losses /m}

deltaS: =0.002; {Stokes beam linear losses /m}
pos[0]: =0.0;
if temperatuur="77 then
begin
medium: =0.99;
alfa_pw:=7.3e-13;
seed: =3.3e-10;
end
else
begin
medium: =0.43;
alfa_pw:=2.77e-13;
seed: =1.4e-9;
end;
for j:=0to N do
begin
med " [j,1]: =medium;
end;

enhanceNums(RM,leng,lamp,M2,w0,w12,ZZR);
area: =PI*SQR(w12);
writeln('area=",area);
lamst: =1/(100*(1/(1amp*100)-ramtrans));
hstreep: =planck/(2*PI);
na: = 101e3*pressure/(boltz*temperatuur);
writeln('na=",na);
alfa_pw:=SIR_LIN*alfa_pw;
kl:=alfa pw*energie/(plen*area*medium);
writeln('k1=",k1);
writeln('alfa_pw=",alfa_pw);
I_po:=energie/(plen*area);
writeln('I_po=",1 po);
alfa: =alfa_pw/(na*medium);
k2: =6*alfa*SQR(energie)*lamst/(5*SQR(area)*SQR(plen) *planck*spl);
writeln('k2=",k2);
hx: =leng/n;
for j:=0 to n do

begin

pos[j]: =hx*j;

end;
writeln('Enter to continue....");
readln;

{ Integrate Pump }

int_pp0:=0.0;
for i:= 1 to M-1 do
begin
int_pp0: =int_ppO+ (treal[i+ 1]-treal[i])*ppOl[il;
end;
factor: =energie/int_pp0;
tot_pp0: =energie/plen;
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writeln(f1,0,' ',energie,"' ',tot_pp0,' ',plen*1e9);

{ Solve the four D.E. }
fori:=1to M do

begin

ssO[i]: =seed/I_po;

end;
for passes: =1 to NumPasses do
begin
clrscr;

gotoxy(1,1);writeln('Energie: =',energie);
pos[0]: =0.0;

for i:=1 to M do
begin
npomp” [i]: =ppOl[i];
stok “[i]: =ssO[i];
end;
for i:=1 to M do
begin
gamma: = 1-exp(-treal[i] *treal [i]/SQR(lag));
for j:=1to N do
begin
wz: =SQR(wW0)*(1+SQR((pos[j]-leng/2)/ZZR));
neta: =SQR(w12)/wz;
npomp“[i]: =pump_oplos(npomp“[i],stok " [i],med " [j, 1]);
stok " [i]: =stok1_oplos(npomp " [i],stok"[i],med"[j,1]);
med"[j,2]: =med_oplos(npomp”[i],stok"[i],med " [j, 11);
end;
for j:=1to N do
begin
med"[j,1]: =med"[j,2];
end;
gotoxy(16,3);writeln(i," ',passes);
gotoxy(15,4);writeln(npomp " [i]);
gotoxy(15,5);writeln(stok " [i]);
gotoxy(15,7);writeln(med"[N,2]);
ppli]: =npomp”[i];
ss1[i]: =stok"[i];
mm[i]: =med"[N,2];
end;

{ Integrate Stokesl }

int_ss1:=0.0;
fori:=1to M do
begin
int_ssl:=int_ss1+(treal[i+ 1]-treal[i])*ss1[i];
end;
int_ssl:=factor*int_ssl;
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halfwydte(ss1,treal, FWHM_ssl);
tot_ssl:=int_ss1/(FWHM_ssl);
writeln(f1,passes,’ ',int_ss1,' ',tot_ssl,' ', FWHM_ ssl);
for i:=1 to M do
begin
ppO[i]: =ref*ppl[i];
ssO[i]: =ref*ss1[i];
end;
for j:=0to N do
begin
med"[j,1]: =medium;
end;
end;
dispose(npomp);
dispose(stok);
dispose(med);

assign(files,name2);
rewrite(files);
for i:=1 to m do
begin
writeln(files, treal[i],pp[il);
end;
close(files);
assign(files,name3);
rewrite(files);
for i:=1 to m do
begin
writeln(files, treal[i],ss1[i]);
end;
close(files);
input_pulse(treal,pp0,ht,M);

InitSEGraphics('c:\tp7\bgi');
GetMaxCoords(maxX,maxY);
DefGraphWindow(0,0,maxX,maxy, 1);
SetWin2PlotRatio(1, 0.2,0.14,0.05,0.14 );
SetCurrentWindow(1);
clearWindow;
SetLineStyleXX(0,0,3);
BorderCurrentWindow(15);
for i:=1 to m do
begin
x[i-1]: =treal[i];
y[i-1]: =ppOL[il;
end;
AutoAxes(x,y,M,1);
LinePlotData(x, y, M,12,0);
SelectColor(3);
TitleWindow('RAMAN CONVERSION");
TitleXAxis('Time (ns)');
TitleY Axis('Normalised Output');
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for i:=1 to m do y[i-1]: =pplil;
LinePlotData(x, y, M, 14,0);
for i:=1 to m do y[i-1]: =ss1[i];
LinePlotData(x, y, M, 15,0);
str((int_ss1*1000):5:2,Enstr);
stt((FWHM_ss1*1e9):5:2,tStr);
labelGraphWindow(250,850,'S0 Output: '+Enstr+' mJ in
'+tStr+'ns',0,0);
readin;
closeSegraphics;

close(f1);

end.

4.A.2 WAVEGUIDE RAMAN CELL CODE

This code is similar to the multipass Raman cell code in 4.A.1. The following changes are

in the waveguide Raman conversion code:

. enhancements due to beam crossings and beam focusing are not included,
= it is a single pass system,
u the length L is now the waveguide length, and

u the area of the pump beam is the HE,; area and is a constant through the waveguide.
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LIST OF SYMBOLS: CHAPTER 4

a : waveguide radius

A, : transverse area of the pump beam on entering the Raman amplifier system
A : area of a beam crossing (Figure 4.3)

A . total beam area (Figure 4.3)

A(z) : beam area at any z position along the propagation axis
c : speed of light (c=3%10® m/s)

E : energy of the pump pulse in joule (J)

G : Raman gain coefficient

h : Planck's constant (h=6.64 X103 J s)

Ipo : initial or input pump power density (W/m?)

I : pump power density (W/m?)

Ig : Stokes power density (W/m?)

J : rotational level

k : Boltzman's constant

k, : degeneracy of the ground state

k¢ : degeneracy of the final state

Kp : normalised pump power density

Ky : normalised Stokes power density

I : coherence length (m)

L : length of the multipass Raman cell or waveguide Raman cell
Lo : minimum length of a waveguide Raman cell

: average number of crossings per pass

M? : laser beam quality parameter

M,, : Black-body radiation at the Stokes wavelength

n : number of passes through the multipass Raman cell

N, : ground state molecular number density

N¢ : final state molecular number density

N, : pump photon number density

Ng : Stokes photon number density

No : total molecular number density ( Ng=N,+N; )

Ny, : initial or input pump photon number density

N, : initial Stokes photon number density as a seed for the stimulated Raman

conversion process
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: thermal noise Stokes seed (initial Stokes)

: radius of curvature of the multipass Raman cell mirrors

: reflection of Raman cell mirrors

: time

: temperature (K)

: pulse length of the input pump pulse

: actual beam radius at any z position along the propagation axis

: actual waist of the injected laser beam in the Raman cell

: actual beam radius on the concave Raman cell mirrors

: position along the propagation axis

: small signal gain per molecule

: excitation lag term for the molecule polarization

: excitation lag time (I'=1/Avy)

: the ratio of the pump power to the Stokes output power

: linear losses for the pump wavelength

: linear losses for the Stokes wavelength

: normalised population difference

: initial normalised population difference

: fractional increase in the pump intensity at beam crossings

: population difference number density

: initial population difference

: Raman transition [S(0)] line width

: pump (CO,) laser bandwidth (FWHM)

: gain enhancement owing to focusing characteristic of the Raman cell
: the intersecting angle between two crossing beams in a multipass Raman cell
: normalised Raman gain coefficients

: pump laser wavelength

: pump photon frequency

: Stokes photon frequency

: gain enhancement owing to the beam crossings in the Raman cell

: one of the stronger CO, laser lines in the 10 um band for the R18 rotational

transition: AJ=-1 for R transitions, and AJ=+1 for P transitions. J=18 is the

initial rotational level
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5. LASER BEAM PROPAGATION

5.1 INTRODUCTION

In Section 4.3.4 (Figure 4.10) it was shown that the theoretical model does not agree with the
measured Raman threshold values for the cold 25 passes Raman cell. An investigation into
these discrepancies showed that the beam quality has a key influence on the Raman cell

performance. A detailed investigation of laser beam propagation is thus needed.

The popular view that a laser beam is a bundle of parallel rays that obey geometrical optics
is an over simplification. In the case of Gaussian beams they obey a hyperbolic propagation
law for a fundamental smallest beam radius o, at a position z,. For a simple Gaussian-like
beam a further beam parameter is introduced - the M? parameter [1,2]. In general at least
ten beam parameters are needed to fully describe a general astigmatic beam [3]. The M?
parameter is a measure of the influence that the higher order modes, imbedded in the lowest

order TEM,, laser mode, have on the propagation of a laser beam.

In this chapter the propagation of ideal Gaussian beams, simple stigmatic beams and simple
astigmatic beams will be discussed. The propagation equations for free space and thin lenses
will also be derived. These expressions are important for maximum amplifier extraction and

Raman cell transmission.

5.2 RESONATORS AND MODES

To sustain laser oscillation an optical feedback must be provided. This is normally
accomplished with an optical resonator consisting of a pair of spherical mirrors facing each

other (see Figure 5.1)

These structures can sustain oscillation of electromagnetic waves as well-defined axial
resonance frequencies, which are referred to as axial modes. The amplitude or intensity
variations, in the plane perpendicular to the propagation direction, are referred to as the

transverse modes.
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5.2.1 STABLE RESONATOR GEOMETRY

Figure 5.1 shows a cross-sectional view of
an optical resonator. The mirror spacing is
L and the radii of curvature of the mirrors is

R, and R,. For stable resonators the energy

is extracted by using a partially transmitting
mirror. The resonator parameters for a

resonator are defined as

L L
8 < I_E y & < I_E ’ 5.1) %A‘ L >/,

with the radius of curvature R, (i = 1,2) Figure 5.1  General resonator description

defined as positive if the mirror is concave

with respect to the resonator interior and negative if the mirror is convex. In Figure 5.1 both

R, and R, are positive. A resonator is defined as stable if 0 < g,g, < 1 is satisfied. A

stability diagram using this inequality can be drawn and is shown in Figure 5.2 [4]. A
resonator is stable if the g,g, point falls within the shaded region.

g5=1-L/R o

confocal

concentric

g, 8251

Figure 5.2  Stability diagram with the shaded areas defining the stable resonator regions
[4,5]
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From this diagram four resonator types can be distinguished.

a.  NEAR-PLANE PARALLEL RESONATORS (g,g,~1)

%&\/Re/»%

This resonator has the largest mode volume

but is relatively difficult to keep in % E
alignment due to the fact that g,g, ~ 1 which o Ml Ve
implies a near unstable configuration. A <5
further problem experienced with this 1] % z

resonator is its diffraction losses. Due to

—

fairly high cavity losses and marginal

Figure 5.3  Near-plane parallel resonator

stability, this resonator is difficult to use
(8:8:~1)

with a low-gain laser (see Figure 5.3).

b. SYMMETRIC CONFOCAL RESONATOR (g,g,=0)

The spot sizes at the mirrors have the 7 e

smallest value of any stable symmetric " L

resonator.  Since the diffraction losses =
. ) .  pra7)

depend on the ratio of the (1/e°) beam radius P

®,, on the mirror to the mirror radius a

(2a=mirror diameter), these losses will be

Figure 5.4  Symmetric confocal resonator

smaller than for any other stable resonator. €8 =1)

c.  NEAR-CONCENTRIC RESONATOR (g,g; ~ 1)

This resonator type is on the symmetric laser

Ry
diagonal and is basically an unstable

. . . % an_] |- Z
resonator in the ideal concentric My Mg

configuration. The minimum spot size 7

possible with this resonator is much smaller | v, W//@u 5 %
than achieved with any other resonator type. ' '
For this resonator R,=Ry~L/2. This

resonator is exceptionally stable for

R =Ru<L12 (s Figure 5.5, Figure 5.5 Conceniic resonair (gg;=1
1—6277
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d.  NEAR-HEMISPHERICAL RESONATOR (g,g,~1)

This is the most widely used resonator for

M;

gas lasers and is relatively simple to align ﬁ

and to keep in alignment, if L is selected as é M=

slightly smaller than the radius of curvature
of the mirror.  This resonator can be a % M

problem for a high-power laser as the

smallest spot is situated on the flat (R—o0)

mirror (see Figure 5.6).

Figure 5.6 Hemispherical resonator
(8:8:=1)

5.2.2 TRANSVERSE MODES

Solving Maxwell's equation in cartesian coordinates (rectangular geometry) the transverse field
distribution of a TEM,,, mode is given by [6]

2% n
() = E H (\/;z)) (f(z);] [ o ] , where H (x) = (-1)e® %e""

N -
S “\‘\\‘“ : 000 \\\\ uu\

Figure 5.7  Hermite-Gaussian modes: (a) and (b) are pure modes and (c) the doughnut
mixed mode, TEM*,
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which is the Hermite polynomial of order n. These modes are normally referred to as the
Hermite-Gaussian modes. In practice these modes can be mixed which will, for example,
result in the TEM";; mode that is a linear sum of the TEM,, and TEM,, modes and has a
doughnut-like intensity distribution (see Figure 5.7). In cylindrical coordinates, the following

solutions of Maxwell's equations (called Laguerre-Gaussian modes TEM*,, ) exist:

! 2\ [—=si -1
E, (r6) = Eo(ﬁr Lp' 2r e[ w’(z)] Smle} , where Lp’(x) =X d—p(e'xx”‘”’).
i ®(2) w2(2) cos p! dx?

5.3 THE PARAXIAL WAVE EQUATION AND THE
COMPLEX BEAM PARAMETER

For the purpose of beam propagation only stable laser modes will be considered. Laser
beams produced by unstable resonators or light diffracted by hard and soft apertures will not
be considered. The radiation generated by lasers normally appears as a beam whose

transverse dimensions extent is large compared to the wavelength.

The propagation of beams in free space is given by the wave equation [7],

vig - L ZE o, 5.2
c? ot?

where E is the scalar electric field and k=2n/A the wave vector. There is an infinite number
of possible solutions to this equation, depending on the boundary conditions that are imposed.
Stable resonators require light to oscillate with minimal divergence along the axis connecting
two (in general) spherical mirrors. Such a light beam can be described by a complex
amplitude E that varies across the x-y plane to account for the spatial variation of the
irradiance and the deviations in phase corresponding to the non-planar wave fronts. Using

the paraxial approximation! the spatial dependence of the electric field can be written as

E(xy,z)=e(x,y)e ‘orrikz (5.3)

where @ =kc .

(1 This approximation holds if the angular deviation from the propagation axis (z) is small

enough that the sine and tangent of the angle can be approximated by the angle itself or
z»(x? +y?)* [B].
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Substituting this relation in equation (5.2) and using the slowly varying envelope

2
approximation el 2k2 it gives
9z?2 0z
2 2
0% , 0%t L%t g, (5.4)
dx?  0z? 0z

Equation (5.4) is known as the paraxial wave equation and is still valid for light beams with

half cone-angles up to 30° [4] from the propagation axis.

Using the boundary conditions:

a. the waves resonating within the laser cavity must be spherical (to match the mirror
curvature of reflection), and

b. the lowest-order low-divergence mode is favoured,

The solution of equation (5.4) for the complex amplitude, €(x,y,z), corresponds to a Gaussian

beam of the form

. . kr?
. z(¢(z) » (z)) (5.5)

€ = ’
where r?=x>+y%  ¢(z) and q(z) are determined by substituting equation (5.5) in equation

(5.4). Thus

2,2 ; 2,2

k(x7+y7) 28, 00R) _ k(x"+y) 94R) _ ¢ (5.6)
7’ 9@ o q*x) 0z

which must be valid for any value of x. This requirement leads to two first-order differential

equations,

4@ _ | @ . __i 5.7
0z 0z q()

The z-dependence of the parameter q known as the complex beam parameter, is given by
q(z) = g, *+ (2-2) (5.8

In equation (5.5) the complex beam parameter was introduced as 1/q(z). Expand 1/q(z) in
real and imaginary parts as follows [8]:
1 _ 1 _ iA
q@) R@) 1 w¥)

(5.9

where R(z) and ©(z) are real parameters. Substituting equation (5.9) in equation (5.5),
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_: . kr2 _ r?
e l(d)(z) 2R(z))e 02(2) . (5.10)

8:

Here the real exponential describes the Gaussian amplitude distribution, with ©(z) the spot
radius at 1/e of the maximum field [1/€? of the intensity] (see Figure 5.8). The (oscillatory)
imaginary exponential (equation 5.10) has two terms in the exponent. These describe

deviations in the phase from the ideal plane wave solution.

AN
~

WAIST
(z=0)

Figure 5.8  Gaussian beam radius propagation

The second describes the transverse deviation which corresponds to a spherical wave front of
radius R(z), that shows the spherical wave nature of this solution. The other (longitudinal)
phase term ¢(z) corresponds to a small on-axis phase-shift between this Gaussian beam
solution and the infinite plane wave. At z = z,, where the wave fronts are plane
(R(zy) = ), equation (5.9) gives

. 2
IT Wy (5.11)
A

where ©,=w0(z;) is the waist radius.

q0) = q, =
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5.4 GAUSSIAN BEAM PROPAGATION

The lowest-order mode TEM,, has a Gaussian amplitude distribution, which means that the

field amplitude varies in the xy plane as

r?

_2
e(x) = gge ©@

where r’=x?+y%. Therefore the irradiance distribution will vary as

2r2

1x2) = le@P =L e ©@,

where the peak irradiance is related to the total power P in the beam by 1, = 2P/(=n »3(2)).

As discussed in the previous section, there is always a position along the propagation path
where the wave fronts become plane waves. This position is defined as the waist o, of a
beam at position z = z,, with z measured from some arbitrary reference plane (see
Figure 5.9). The propagation is given by a hyperbolic equation and can be written as
[4,5,6,7]

w0Xz) = wg(u(z‘%]z] , (5.12)

2R
where z;=mw,*/A is known as the Rayleigh range of the beam. At the Rayleigh range
®?%(zg )=2m,2. At this propagation position the area of the laser beam doubles. The region

-Zy t0 Z; shown in Figure 5.9 is known as the confocal parameter, b=2z;. In this region the

beam is assumed to be collimated.

/

-

<
~.
&/’ <L

Z=0

Figure 5.9  Gaussian propagation through free space
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The change of the wave front radius along the propagation path can be written in terms of the

Rayleigh range

% Y . (5.13)
7%

Three deductions can be made from this equation:

R(z) = (z-zo)(l +(

o for |z-zg|<zp
R(2) = |22z for [2-2y|=2 .
272y for |2-zo|>2¢

For z—z, the radius of curvature R—o0 which is consistent with the plane wave front at the
waist position. For z-zy»z, the radius of curvature R(z) ~z-z, corresponds to a spherical wave
diverging from a point source at z = z,. From this the far-field half angle can then be
defined in the paraxial approximation as

g. = L@ _ A

77 2 ey (2-29>2) - (5.14)

5.5 GAUSSIAN BEAM PROPAGATION THROUGH A
THIN-LENS SYSTEM

Consider a Gaussian beam propagating

through an optical system consisting of a

single thin lens (see Figure 5.10). The effect _WAIST NEW WAIST
. ) o F F 002
of a lens on the radius of curvature is to
transform the complex curvature from R, to | ~ | ‘\\J/
f

R, according to [4,7] (see Figure 5.11)

f

1.1.2 (5.15) i =

R, R f Figure 5.10 Gaussian beam propagation
where f is the focal length of the lens. through a thin-lens system

An incoming beam with a specific transverse mode remains in this mode after passing through
the lens system. The lens will change the beam parameters w(z) and R(z). As shown in
equation (5.15) and Figure 5.11 the incoming beam parameters are labelled as 1 and the

corresponding outgoing parameters 2. The radius of curvature is taken to be positive if the
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wave front is convex as viewed from z = oo, PHASE FRONTS

The transformation of the complex phase 2, ,,fi

front q is exactly the same as described by | .~ 1BA!
equation (5.15). As 0, = 0, immediately \ /‘ z

before and after the lens, the transformed q-

parameter is given by f
1 _1_1 Figure 5.11 Thin-lens transformation for a
9 a f’ spherical beam [4]

where the q's are the phase fronts before and
after the lens. Using the ABCD-law [4,5,9,10]
_Ag, + B

Cq, +D’

where A,B,C and D are the matrix elements of the transfer matrix for the optical system.

9,

Using the variables as defined in Figure 5.12 , q, can be written as (see Appendix 5.A)

(1—%](11 +2, +2 - ZT
a4 = . (5.16)

The radius of curvature of a spherical wave R follows this law and the transformed radius can
also be given by equation (5.16) replacing the complex curvature q by the curvature R. The

procedure described in Appendix 5.A can be used for more complicated optical structures.

Using the parameters shown in Figure 5.12 the size and location of the transformed beam

waist can be written as [6]

1. L(l - ﬁ)z . i(“’l)z (5.17)
©0; o VR SRR
and
_ (Zl _f)f2
L =f e (5.18)
@) + (’“"‘]
! A

A useful approximation arises from equation (5.17) if z, » f. In this case
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A

T W,

(o2=f(

where 0;=A/w, is the far-field half angle divergence of the incident laser beam.

] - f6,. (5.19)

5.6 MODE MATCHING OF GAUSSIAN BEAMS

In many practical cases a laser beam travels over extensive distances, and usually the beam
has to travel through finite apertures. This is the case for a CO, laser chain with the
oscillator generating a near Gaussian beam that is subsequently amplified by a number of
amplifiers. To optimise the propagation through the chain the Gaussian beam must be
matched to the prescribed geometrical limitations in terms of apertures, the length of the
apertures (for example the electrode structure) and the distances between amplifier systems.
Furthermore, these beams are often injected into another optical system with its own set of

beam parameters. These systems are multireflection cells (Raman amplifiers) or waveguides.

The transformation of a beam with one set of 2, oz,

beam parameters ®, and z, to a prescribed /

set of parameters ®, and z, is normally lo, /\ Wt
accomplished using a thin lens. More \/ .
elaborate optical systems can also be used. q ' dy

For this discussion only thin-lens mode Figure 5.12 Gaussian beam mode matching
matching will be considered (see

Figure 5.12). This mode-matching analysis is adopted from Kogelnik and Li [9]. The size
and location of the waists of both the incident and transformed beams are known or can be
computed by using equations (5.17) and (5.18). In order to match a beam to a set of
prescribed parameters a suitable lens of focal length f > f is used. The variable f, is the
minimum focal length needed for the transformation and is defined by the parameters of the
two beams. With known lens focal length and beam waists, the distances between the two

waists have to be calculated according to the procedure and equations described below.

The two beam waists are assumed to be located at positions z, and z, from the lens
respectively. The complex beam parameters at the waists are then given by equation (5.11)
as

where ®, and ®, are the beam radii of the beams at the waist positions z, and z,. By
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. R 2
> 2T

substituting equation (5.20) in equation (5.16) the real and imaginary parts of this equation

q, =

give[9],
5~f o
@NCN =LAf s == (5.21)
1 2 0 zz_f (.)i
with f, = w):%.

It is then obvious that the minimum focal length f, is defined by the waist sizes of the
matching beams. Any lens with a focal length f > f, can therefore be used for the mode-
matching transformation. Once a focal length f is chosen the distances z; and z, have to be

adjusted to satisfy the matching conditions in equation (5.21) rewritten as [4]

z, =fi%‘/f2—fo2, 2, =f:t%\/f2—f02. (5.22)
2 1

Either the plus or the minus signs can be used (never combine the signs). These two
equations are of extreme importance for the transportation of a beam through a master
oscillator power amplifier chain and injecting the beam into a Raman cell or a waveguide for

maximum transmission.

5.7 BEAM PARAMETERS OF NON-IDEAL LASER
BEAMS

In practice all laser beams are non-ideal as no Gaussian beams exist. In this section the
relationship between pure Gaussian beams and actual beams will be discussed. The aim is to
use all the Gaussian beam propagation equations (that were discussed in the previous sections)
to describe the propagation of actual beams as this theory is well understood. In this section
a quality factor is introduced that is the measure of the beam as a function of pure Gaussian

properties.

Consider a monochromatic beam propagating within the paraxial approximation. In general
this beam is non-Gaussian, non-spherical, non-collimated, nor is it diffraction-limited. This
means that the wave front can be curved or wrinkled and the amplitude profile of the beam

of light can be complicated and irregular. The aim is then to extract an average radius of
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Figure 5.13 The propagation of an arbitrary wave front from z= z, towards a waist at
z=z, [11]

curvature R(z) for such a beam at a position z along the propagation axis (see Figure 5.13).

Let E(x,z) be the complex amplitude profile and P(s,z) the related complex amplitude in the
spatial frequency domain. The expressions for E(x,z) and P(s,z) can be written as a Fourier

transform pair given by [11,12]

E(x,z) = fP(s,z)e"““ds and P(s,2) = fE(x,z)eiz“sxdx,

The spatial frequency variable s is related to the angular direction 6 of a corresponding plane

wave component of the beam by s = S—‘;—Q = % in the paraxial approximation.

Defining the beam variances in x,s as [12,13,14]

2 1 y

0xd) = 7. f,, =) |EGx2)P dx (5.23)
and

2 1 p

0.@) = 7 fm (s-5)* |P(s,9)F ds (5.24)

o« -]

with P, = f |Ex2)fP dx, P, = f |P(s2)f ds, and the means of E(x,z) and P(s,z) are

-0 -0

x:

1 .
c= )3 |E(x2)P dx and s, = s |P(sR)f* ds respectively.
X

Sg
18

1
PS

It can be shown that [11,12,16]
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1
owoszZ; (5.25)

where G, is the minimum beam variance and is related to the real beam waist W, by [15]
W, =20,.
For an ideal Gaussian (TEM,, ) beam, the inequality changes to

o%0f - L (5.26)
47

Using equations (5.25) and (5.26) a beam propagation factor can now be defined as [11,16]
0095
LLH
Using equation (5.27) the generalised Rayleigh range of a non-ideal laser beam can be written
as [11,17]

M? = =4nag,0, 2 1. (5.27)

2
7 =_E£_=.£(2°w) _ W (5.28)

where W, is the actual beam waist.

The propagation of the spatial variance along the optical axis is given by [11,12,16,17,18],

2.2
A“ag

2
(%)

oi(z) = oi, 1+

z-z)*| . (5.29)

Using the relationship for the Rayleigh range in equation (5.28) and W(z)=20,(z), the

propagation equation can be rewritten as

W) = W02(1 + (z;“}z] . (5.30)

R

Comparing equation (5.30) and equation (5.12) it is clear that a non-ideal beam propagates
exactly as an ideal Gaussian beam, with the exception that the beam radius W(z) is the real
beam radius is now the actual beam radius defined as W(z)=20,(z) and the new Rayleigh
range is given by equation (5.28). Using the non-ideal beam Rayleigh range an effective

radius of curvature can be defined as

RQ = @z|1+{-2 2
2) = (2-2) (z—zo]

(5.31)

The M? factor can thus be seen as a modification of the wavelength A to a wavelength
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A' =M?\. All the equations derived for Gaussian beams are applicable if this modified

wavelength and actual beam sizes are used.

5.8 BEAM PARAMETER MEASUREMENTS

The usefulness of the propagation law [equations (5.29) or (5.30)] as a way of extracting the
beam parameters is quite obvious [19]. From the measured beam radii W®, at positions z®

along the propagation axis, estimations for z,, W, and M? can be extracted (see Figure 5.14).

W (1) W ) W S W

L0 0 Z(s) Zy Z(n)

Figure 5.14 Measured radii W at different positions Z® along the propagation path

A minimum of three measurements is needed, with one in the far field and the remaining
measurements around the beam focus. In practice it was found that at least 12 to 16 beam
measurements along the propagation path are needed to obtain accurate estimations for z, , W,
and M?>. A second-order least-squares fit was used to estimate the parameters in the

propagation equations (5.29) and (5.30) (see Appendix 5.B).

A second method described by the International Standardization Organization (ISO) [20]
requires a laser beam being passed through an on-axis focusing lens. By taking 5 beam-width

measurements along the beam path (Figure 5.15) the beam parameters can be calculated.

The measurement procedure is as follows:

] one beam width measurement at the lens focal plane (to determine the laser divergence
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directly - equation (5.32)),

= three other beam width measurements in the vicinity of the minimum beam diameter,
u the fifth beam width measurement is used to verify the calculations,
= distances from the lens for each width measurement are also needed and lastly

u the positions 1 and 2 (Figure 5.15) should be selected where D(1) =D(2).

f
Do DLl pipDf Do Do
LASER J’
SOURCE | waisT :
A
Z
(@) Ll
Z REFERENCE Is
Lz )
—7Z O 7+

_—\N\/
ESWATAN 3

Figure 5.15 Experimental setup used for the ISO standard [20]

The last requirement can have an effect on the measuring time. Searching for the positions
1 and 2 for which D(1)=D(2) will probably be an iterative process as they are on either side
of the focus position. For CW laser characterization it is possible to identify this position
using real-time CCD cameras which allow easy and quick measurements. For most high-
power CO, systems, pulsed or CW, useful two-dimensional devices are extremely expensive
and difficult to obtain. This forces the user to use scanning methods (see Section 5.9) for the
measurement of beam widths. The latter is an useful technique for a quick and accurate

estimation of the beam parameters.

Once the data have been gathered the divergence (half angle) can be calculated from

g = =f (5.32)
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The divergence is thus found by measuring the beam width at the geometrical focal distance
from the lens and dividing it by the geometrical focal length of the lens. This is true for all
laser modes and an useful way of checking the propagation law method. The beam quality
propagation parameter is given by

%

2 2
nDy | D

M? =
2@, -L)| D},

Eleven algebraic steps are needed for the calculation of W, (D, = 2W,), z, and M2, If the

beam is non-circular the major and minor symmetric axis must be located and two sets of

measurements have to be made with the same calculations for the two axes. The procedure

and equations are copies from the ISO publication [20]. The calculations are:

. Distance from Dy, to lens
-L
L= GL)
2
] Beam width at the lens
4AM2L, Y
D, =D, |1+ — 3 (5.33)
4 DOZL
u Radius of curvature on the measurement side of the lens
2
T D2
R, = Lj|1+ %
412 M 2L3
u Radius of curvature on the source side of the lens
1 _1_1
Rs f RL
u Calculation of laser beam width minimum
nD2 2\
D, = 2W, = D, |1+———
4\M 2Rs
= Calculation of minimum beam width (waist) location
2\ %
4AM?R,
Zg = R |1+ 5
nD;
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u Confirming the calculation: calculate D; at lens using the numbers for Dy, z,

2 2
4AM7z (5.34)
T Dg

D, (check) = DO\J 1+

L] Compare D, , calculated in equation (5.33), with the value above in equation (5.34).

These values should agree exactly!

5.9 BEAM-WIDTH MEASUREMENT METHODS

In this section procedures will be described for the measurement of beam widths using four
different techniques: scanning slit, scanning knife edge, variable aperture and two dimensional
scanning pinhole or two dimensional detectors. Here we assume that the irradiance profile

has a best-fit Gaussian profile given by

I(x,y) = I, JQ%)

where I, =P/nW2, and P the total power of the beam. The radius W is the 1/€? radius at
which I(x,y) falls to 1/e* of I,.

A fifth technique is a one dimensional scanning pinhole, but it is not an approved ISO method

and will not be discussed. An accurate location of the centre of the profile is required, which

makes this technique prone to large location errors resulting in diameter errors.

5.9.1 SCANNING SLIT METHOD

It can be shown (see Appendix 5.C) that for
sufficiently small slit widths, d, a scanned PHOTOCELL
profile (Figure 5.16) will reproduce the
TRANSLATION

original irradiance profile within acceptable 9“3‘& SRS STAGE
errors of less than 1%.  The ISO standard

[20] for the maximum slit width 1S Fygyure 5.16 Scanning slit method [20]
d/D<1/20 - measuring error less than

0.17 %.
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The 1/e? radius error as a function of slit

width and beam size is given by

(Appendix 5.C and [22]): sol
2 d 2 S0}

A W = —(—] prys
3\D

where d is the slit width and D=2W, the

1/02 RADIUS ERROR (%)

beam diameter. Figure 5.17 shows the

measurement error as a function of slit width 00 Ol 02 03 04 05 05 07 O0F 09 10
oD

d normalised with the beam diameter

D = 2W. Evidently, significant errors can Figure 5.17 The 1/¢’ radius error as a
1l it wi D
occur at slit widths of the order of the beam Junction of slit width (d/D)

radius.

5.9.2 SCANNING KNIFE EDGE

A simple and widely used measurement KNIFE—EDGE

TRANSLATION DETECTOR

technique is the knife-edge method. This
method consists of an opaque knife-edge
scanning transversely across a beam profile
(see Figure 5.18). The signal obtained by
this method is in fact the integrated intensity

profile in the x and y axis given in equation

(5.35). Using the integrated information the Figure 5.18  Scanning knife-edge method

beam diameter can be calculated for

conveniently specified clip levels (see Appendix 5.D). The clip level width D, for the beam
in either direction is defined as the width between points in the beam where the transmitted
intensity passing the knife-edge rises from a low clip level €P, to an upper clip level (1-€)P,
where P, is the total power/energy in the beam. It can be shown for a Gaussian-like intensity

profile that (Appendix 5.D)

D
1-2¢) = ¢ (5.35)
(-2e) e'f(ﬁW)

where W is the real beam radius. The clip levels 10% and 90% are convenient and thus most
commonly used - 2W = 1.561D,. Using clip levels 2.3% and 97.7% the beam radius is
measured directly. It is clear that for these clip levels no scale factor is needed. The 10%-
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90% levels produce better results as the intensity variations are more manageable. This
implies smaller measuring errors. Siegman et al. [23] describe a number of other types of
beams that can be measured using this method with all the related clip level relationships
given. For the purpose of this work, only Gaussian-like beams are of interest and the other

clip level relationships will not be discussed.

It is then clear that the user should know something of the beam shape in order to use this
method. Furthermore, care should be taken that the total power of the beam is measured.
Using this method with a pulsed CO, laser can be problematic, as the pulse-to-pulse variations
of 10% are well within laser output specifications. In order to obtain reasonable results

averages should be taken, which may be time consuming.

5.9.3 VARIABLE-APERTURE METHOD

This method uses the ratio of power enclosed VARIABLE

DIAPHRAGM

.

DETECTOR
|-=-|

BEAM

in a radius r, to the total beam power for
calculating the 1/e? beam radius (see
Figure 5.19). Using a scaling factor, the real

beam radius can be calculated. The power

content for an aperture of radius r, is given

; ¥ ;
by (see Appendix 5.E): Figure 5.19 Variable-aperture method

From a power content value € = 0.865 the beam radius is measured directly. The following
criteria have to be satisfied:

] The beam must be circular within 1.15:1 [20].

= The variable aperture must be aligned relative to the beam centre to within 10 % of

the beam diameter.

These criteria limit the usefulness of the method to such an extent that it is not supported by
the ISO as a way of measuring general laser beams. This, however, does not imply that this
method is useless. It is accurate for symmetric Gaussian-like beams, which are exactly the

type of beams needed for maximum transmission through a Raman amplifier.
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5.9.4 BEAM-WIDTH MEASUREMENT USING THE BEAM VARIANCES
THEORY (W=2c,)

This is by far the most accurate method and in many cases free from large errors. There is

one exception. The second moment [18]

[ =x )1y dx
== (5.36)

}I(x) dx

g

2
x

for hard diffracted beams has an infinite

moment but this lacks physical meaning. The

definition (equation (5.36)) of the second

u +
moment clearly shows a large weighted 05
contribution due to the energy in the side E 04r
lobes away for the centroid x. of the beam. E !
00}
These parts of the beam are not useful and 1ol
have no real use in practice. It was shown E osl
WINDOWED
by Loosen et al. [21] that a (software) é os| IRRADIANCE
Gaussian window function (see Figure 5.20) 04r
can be used to suppress the effect of the bl |
M L
power in the side lobes of the diffracted 10 e
o DIFFERENCE
beam. From this figure it is clear that the | © os
error introduced by this window function is E /\/\/\/\/\/V\/\/\/\
w®
less than 1% for a window function with a 0.0% 3 1 1 3 rl
POSITION (ARBITRARY UNITS)

1/€? radius of about four times that of the

86% power content radius of the measured Figure 5.20 Simulated diffraction intensity

beam. Using a window function Loosen et distribution vs the Gaussian-
al. [21] showed that the output of an unstable windowed diffraction intensity

resonator follows the propagation law
(equation (5.29)).

From equation (5.36) it is evident that one needs the actual intensity distribution of the beam.
For a symmetrical beam a slit scan, following the real profile in one dimension, can be used.
However, for a more general beam the full two-dimensional intensity distribution has to be

obtained. The following two techniques are usually followed:
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5.9.4.1 SCANNING PINHOLE DEVICES

The principle of this method is shown in Figure 5.21. Two ways of scanning the beam are:
(a) scan the detector across the stationary intensity distribution and (b) scan the beam across
the stationary detector system. In most cases option (a) is preferred as it limits the aberration
introduced due to possible non-perfect optical elements. This scanning method is most often

used in the industry for high-power CW laser beams.

(a)
PINHOLE
DETECTOR
fa)
AV,
SCAN
[&DIRECTION
TICAL
EMENT
DETECTOR
n @
v
HORISONTAL PINHOLE
MOVEMENT

Figure 5.21 Layout of pinhole devices (a) scanning pinhole or (b) the scanning beam

5.9.4.2 SINGLE-SHOT DEVICES

Here Si-CCD's and pyro-electric vidicon detectors are used. These detectors are widely used
in the visible and the near-infrared. There are discrete-element pyro-electric detectors
available on the market but they are expensive. With the aid of these devices intensity
variations of a pulsed laser beam can be analyzed in a single shot. From this data a number
of methods can be employed to obtain the beam radius. They are:

. a software knife edge

. a software variable aperture, and

= the ISO-approved moment calculation (equation (5.36)).
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5.10 RAMAN THRESHOLD IN COLD PARA-
HYDROGEN FOR NON-IDEAL GAUSSIAN
BEAMS

In Chapter 4 (Section 4.3.4) the Raman threshold for a 25 passes multipass Raman cell was
calculated. It was shown (Figure 4.10) that the measured threshold pump intensity is
considerably larger than the calculated threshold for an ideal Gaussian pump beam. The
assumption that the input beam is an ideal Gaussian beam is thus an over-simplification. In
this section the threshold power as a function of M? is calculated for a cold 25 passes Raman

amplifier.

The non-dimensional gain x, (Section 4.2) is inversely proportional to A ; the initial beam
area and A ; is directly proportional to M? (Section 4.2). Clearly a much smaller power density
is achieved with a M> > 1. It was also shown that the gain enhancement n(z) is independent
of the beam quality factor (equation (4.15)). Thus for M2 > 1 the initial area A ; implies a
smaller power density. The required power for achieving Raman threshold is then

proportional to M? for the same Raman cell parameters.

250 — 1 T T T T T T T T T

E 200 .
-
E 150 .
=
)
O 100} |
7p)]
2 sof _
o
=
w2 ot R

s 7 9 11 13 15 17 19 21 23 25

INPUT PUMP (MW)

Figure 5.22 Stokes output calculations as a function of M for a 25 passes cold multipass
Raman cell
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Figure 5.22 shows the Stokes output calculations for a few M? input values. From beam
quality measurements (Section 5.11) it is shown that 1.1 < M? < 1.5 owing to aberrations
introduced to the beam by propagation through finite apertures, imperfect transmission and

reflection optics.

Figure 5.22 shows that M? should be minimised for optimum output from the Raman
amplifier. The threshold measurement for a (35 passes) Raman amplifier (Section 6.2.3) is
in agreement with the non-ideal laser beam calculation. Similar agreement with theory was
reported by Van den Heuvel ef al. [24] for the Raman conversion of a Nd: YAG laser pump
beam. Most of the threshold measurements were performed for a 35 passes multipass Raman

cell designed for high repetition rate operation (see Chapter 6).

5.11 CHARACTERIZATION OF THE CO, BEAM FOR
OPTIMUM RAMAN OUTPUT

As the input laser beam quality (small M?) is so important for the optimization of the Raman
conversion, it was necessary to characterize the output beam from the master oscillator power

amplifier chain.

The high repetition rate laser chain, pumping a 35 passes cold Raman cell, was used for this

investigation. The output quality of the beam depends on a number of laser parameters. They

are:

u oscillator alignment, intracavity aperture size and the position for the selection of the
TEM,, mode,

. chain alignment to minimise beam aberrations due to gain saturation and diffraction
effects, and

u laser discharge dynamics at high repetition rates and the effect of discharge instabilities

on output beam quality.

The beam quality of a locally developed high repetition rate TEA-CO, laser chain was
investigated. The chain consists of an oscillator and three amplifiers with a total optical path
of approximately 45 m. The output from the chain varies from 1.6 J in 60 ns to 2.1 J in

80 ns on the stronger lines in the 10 um R-branch.
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This master oscillator power amplifier chain (Figure 5.23) was developed to pump a high
repetition rate multipass Raman cell. The path is long and the output beam must be mode-
matched into the Raman cell. It is therefore necessary to know the M? value, the beam waist
and the position of the beam waist of the amplified output beam. These values are mainly

determined by the oscillator and were thus measured as a function of different oscillator

variables.
=3

a ﬂ AMP. 1

=

3]

m

OSCILLATOR AMP. 2 AMP. 3
5] ¥ ™~ —— = . 1
g [ [ ﬁi
T i | \%

MASTER
CONTROL

Figure 5.23 Experimental layout of MOPA chain with optical path shown

Measurements of the beam quality after each amplifier are shown in Table 5.1. It is very
difficult to quantify these values as a slight misalignment through the amplifiers has a
detrimental effect on M? due to diffraction effects. Efficient amplification is needed as high
repetition operation of the lasers (> 1.5 kHz) is less problematic at a minimal electrical input
to the discharge. Obviously, the area of the beam has to be as large as possible on
propagation through the amplifiers for optimum amplification. This condition requires small

tolerances on the alignment through the amplifiers.

The TEA-CO, oscillator has an active volume of 15x15x600 mm?* (Figure 5.24) and can be
operated up to repetition rates of 2 kHz. Single longitudinal-mode operation, on the required
rotational line, was obtained using injection seeding through transverse polarization
coupling [25,26]. Line selection was ensured by using a 150 lines/mm flat grating in a Littrow
configuration. The output coupler is a curved mirror, 10 m radius, with a 60 % reflectivity
at 10.2 um. The total resonator length is 1432 mm, which implies that the intracavity aperture
should be approximately 7.5 mm in diameter for the Fresnel number, N~1 (see page 12
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in [8]).

Path Position: After M?
Oscillator 1.173
Amplifier 1 - second pass 1.193
Amplifier 2 1.416
Amplifier 3 1.449

Table 5.1 M’ measurements after propagation of the amplifiers in the MOPA chain

1432

75 ileleSOD i l—ﬂ‘
—1| [ ERRRRRRRRRRRR] | IIL
\I | KRR N

O G ® @ ©®

Figure 5.24 Resonator layout with (1) the grating, (2) aperture position A, (3) discharge
volume, (4) aperture position B and (5) output coupler

The beam-quality factor was measured using the propagation equation (5.30) as described in
the second paragraph of Section 5.8 and a scanning slit for measuring the beam profiles. A
software knife-edge was employed to calculate the beam radii at the scan positions as shown
in Figure 5.14. The beam parameters were calculated using the procedure described in

Appendix 5.B.

The measurement setup for the beam radius consisted of a f = 2.5 m focusing optic and a
scanning slit with a pulsed energy meter or a CW power meter (Figure 5.25). The pulsed
energy meter was used at repetition rates up to 300 Hz, which is the repetition rate limit for
the detector. A CW power meter was used for measurements at repetition rates higher than
300 Hz. In all the beam width measurements the average beam profiles were measured. The
slit size could be varied between 0.3 mm and 0.6 mm, which allowed the measurement to stay

within the limit of 1/10 of the 1/e-beam radius for the slit size (see Appendix 5.C and [20]).
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Figure 5.27 Measured M’ (m) and output energy (4) as a function of gas deterioration

rate dependence of M? (Figure 5.28). Laser beam degradation at repetition rates exceeding
300 Hz caused a drastic drop in output performance from the Raman cell. Similar results
were reported, for Nd:YAG as the pump laser, by Van den Heuvel et al. [24]. A visual
inspection showed discharge instabilities and arcing between 350 Hz and 500 Hz. A remedy
for this problem is an increase in the gas flow velocity. However, this generates its own
problems because of the high input power needed to circulate the heavy gas at a total pressure
of 750 mBar. The output from the lean mix was about 25% lower than that of the rich mix,
but is still useful as oscillator output as the amplifiers can still be saturated. From this figure
it is clear that a gas mix can be selected which will be slightly off the optimum with respect
to output performance but will allow 2 kHz repetition rates with a high-quality output beam.
A useful output beam, at 1.8 kHz, was obtained even though no shock-wave prevention
techniques were used. With the aid of shock-wave suppressors, 1.2 kHz operation in similar
lasers was achieved for the rich mix. At higher repetition rates discharge wandering,
streamers and arcing were detected. The lean mix does not show any visible discharge

degradation at repetition rates of up to 2 kHz in these lasers.

In conclusion, the resonator design and laser condition have an influence on the output beam
quality of the oscillator. Furthermore it was shown experimentally that this parameter must

be known for optimum transmission and energy extraction from the amplifier chain, and an

5.29

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



efficient Raman conversion in the Raman cell (see Section 5.22).
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Figure 5.28 M’ (W) for the rich (solid line) and the lean (broken line) mixtures with the
average output power (4) for the lean mix shown
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APPENDIX 5.A: ABCD MATRIX METHOD FOR BEAM
PROPAGATION THROUGH AN OPTICAL SYSTEM

The basic tools for analysing all possible elementary forms of paraxial optical systems are
supplied by the paraxial optical ray matrices or the ABCD matrices. This is a very powerful
technique of examining most of the optical systems. For example, an easy stability calculation
is possible for a complex resonator. The total transformation of the optical ray coordinates
through any cascaded multielement paraxial optical system can be calculated by elementary
matrix multiplication. This matrix is then expressed in the ABCD-matrix for the optical
system. A very important property of this matrix is that all ray matrices have unity

determinant

AC -BC =1

For astigmatic systems the 2x2

matrices are complicated by matrices ;
for the x and y directions. For simple t /\

0y

astigmatic systems, i.e. the major and

minor axes can be identified, the

matrices in the two directions are not 9

coupled. However, for more general Figure A.1  Thin-lens system
astigmatic beams there is coupling

between these matrices.

Consider, for example, an optical ray that passes through a thin lens from a reference q, at
a distance z, from a lens of focal length f. Then the transformation of the complex radius of

curvature is given by™

Aq,+B
q2 = ql ’ (A'I)
Cq,+D
B . . . .
where T = D] is the transformation matrix for the optical systems shown in Figure A.1.

The ray matrices for the free space propagation and lens transformation is shown in Figure
A.2.B

(21 Laser beams and Resonators, H. Kogelnik, T. Li, Appl Optics 5(510),1550, (Oct 1966)

(31 Quantum Electronics 3rd ed, A. Yariv, John Wiley and Sons, New York, 1988
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(1) Homogeneous
Medium:
Length d

(2) Thin Lens:
Focal length f
(f>0,converging;
f<0,diverging)

(3) Dielectric Interface:
Refractive indices
n;.ng

(4) Spherical Dielectric
Interface:
Radius R

(5) Spherical Mirror:
Radius of
curvature R

Figure A.2  Ray matrices for some common optical elements and media

It is important to note that the ray matrices must be cascaded in reverse order to the order in
which the individual paraxial elements are encountered. Using the matrices in Figure A.2, the
transmission matrix for the optical system depicted in Figure A.1 can be written as

T = T, T, T, which is

o lez.

0 1-—= 2, +5,-—

1z [1 Zl] 0 “ f (A.3)
1

A B
01 I 01 K

CcD

1

| S
Using these expression for the ABCD elements, equation (A.1) can be written as

(l—ﬁ)ql +2, v - ﬁ
g, = I f (A.4)
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APPENDIX 5.B: SECOND-ORDER LEAST-SQUARES FIT
FOR THE EXTRACTION OF PROPAGATION PARA-
METERS

2
Equations (5.29) and (5.30) can be written as ¥ = Y q,z!, where Y = W%z) = 4 03(z). Using
i=0

a second-order least-squares fit"! the matrix equation below follows for a set of measurements
(Zl ’ W])’ (ZZ ’ WZ) °°°° (Zn ’ Wn)

[ n ‘Zz,. Z_:z,z ';Yi.
‘Zzi 23:2 zi:z,-a a,| = Z';Z.-Y.- .
DL D Mt R MR

Solving the three equations for a,, a, and a,, the beam parameters W,, z, and M? can be

calculated from the following relationships:

Wo _ (ao - alz)’ Z = _lﬂ, M2 - ﬂ_g_

4a, 2a, A

/2 -

APPENDIX 5.C: ERROR CALCULATION FOR SCANNING
SLIT METHOD

Assume a slit width d at a position x' on the irradiance profile. At this position the power

transmitted by the slit is given by

24
2 L,
P(x') =”I£I°W [e Pax. (C.1)
2 od
2
Using the substitutions r = % , V= % , A= §d7 , dx = rdv equation (C.1) can be written as
2

(4] Numerical Analysis 2nd Edition, R.L. Burden, J.D. Faires, A.C. Reynolds,

Prindle, Weber & Schmidt, Boston, Massachusetts, 1981
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v/+a
P(rv') =l r? [ e™dv. (C.2)

v/-a

This is exactly the equation used by McCally® to calculate the error for a slit d at a position
v' on the irradiance profile. Note that r is the 1/e radius of the intensity whereas W is the 1/¢?
radius of the intensity. It is shown by McCally (see footnote 5) that the deviation from the true
Gaussian radius is given by

aw - A2 Z(i)" , (C.3)

3 3\D

where D=2W. Clearly for d/D <1/10, the measuring error on the true Gaussian radius is less
than 0.67 %.

APPENDIX 5.D: CLIP LEVEL CALCULATION FOR THE
KNIFE-EDGE METHOD

Assuming an intensity profile given by I(x,y), then the clip width in the x-direction for a given
level € is given by D.=x,-x; where x, and x, are the positions along the x-axis at which

X

%
eP, = f f Ixy)dydx, (1-e)P, = f f Ixy)dydx , (D.1)

-0 —00 ~00 —00

where P, = f f I(x,y)dydx is the total power of the beam.

-0 =00

The knife-edge integrates over the y-variation automatically as the knife-edge moves in the
x-direction. For a Gaussian beam (TEM,, beam) I(x,y) is separable in the form
I(x,y)=L(x) L(y). In this case the y-variation can be dropped from the evaluation of the clip
levels. Consider only symmetric beam profiles with -x,=x,=D/2 then the clip level ¢ is

related to the clip diameter by'™

(51 Measurement of Gaussian beam parameter, R.L. McCally

App! Optics 24(14), 2227, (July 1984)

[l Choice of Clip levels for Beam Width Measurements using Knife-Edge Techniques.

A.E. Siegman, M.W, Sasnett and T.F. Johnston, Jr.
IEEE J Quantum Electron 27(4),1098, April 1991
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I(x)

Figure D.1 Beam width calculation with symmetric clip positions for the knife-edge
method

D2 w

(1-2e)py = [ [ K&y dydx. (D.3)

The intensity profile of the lowest-order Hermite-Gaussian mode is given by

2&2)

Ixy) =1, e w?

Then the clip level equation (D.3) can be written as

&y i
(1-2¢) P, = Iowzg [edu - [edu, 0.4
0 0

D 2
where u=y22; u=—=5; P0=IonW.
W ﬁw 2

Using the definition for the error function ™

erfix) = e” 2dy

Bk
O — &

equation (D.4) can be rewritten as

D
(1-2¢) = erf( < (D.5)
\/fW]

7 Mathematical Handbook of Formulas and Tables

M.R. Spiegel
Schaum's QOutline Series in Mathematics, McGraw-Hill Book Company, New York, 1968
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This is exactly the result obtained by Siegman et al. (see footnote 6) for a TEM,, beam. For

D
a 10%-90% clip level, i.e. ¢ = 0.1, it can be shown that ‘/_—C = 0.906, which means that
2W

the scale factor for a 10%-90% clip level is given by 2W=1.561D(. . It can also be shown that
for Dc=2W the clip level is given by € = 0.023 ¥ which is the 2.3%-97.7% clip level.
Clearly for these clip levels the scale factor is equal to unity.

APPENDIX 5.E: POWER CONTENT CALCULATIONS
FOR THE VARIABLE-APERTURE METHOD

The relationship between the real beam width and the power enclosed in a radius r will be

found. Using a scaling factor, in analogy to knife-edge scaling factor, the beam width can

2
Y
be calculated. Assuming a Gaussian intensity profile in polar coordinates I(r,0) = I,e w2

P
with I,=2 ﬁ , where Py is the total power of the beam. The power content enclosed in the
T

radius, rc, is then given by

2

Tc 2n el
= = w?
P =e¢Py=1I [ [e "ordr.
00
2
2fc
. . . o 2
Performing the integration the power content is givenby ¢ =1 - ¢ ¥

(8] Handbook of Mathematical functions:ninth printing

M. Abramowitz, |.A. Stegun
Dover Publications Inc, New York, Dec 1972 (error function tables)
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LIST OF SYMBOLS: CHAPTER 5

c . speed of light

d . slit width

D : beam diameter

D, : clip level width of the beam

E . electric field distribution as a function of x, y, z and t
f : focal length of a thin lens

g, & . resonator parameters

I, : peak irradiance of a beam

I(x,z) : irradiance distribution of a beam

k : propagation constant

L : length of the resonator

M? : laser beam quality parameter

P : total power in a beam

q(2) : complex beam parameter

I, : clip radius

R(z) : radius of curvature of the beam

R, : radius of curvature of resonator mirror 1 or radius of curvature of a beam
R, : radius of curvature of resonator mirror 2 or radius of curvature of a beam
S. : angular beam centroid position

T : transformation matrix

W, : minimum radius of a general beam

w : beam radius of a general beam

X, : spatial beam centroid position

Zx : Rayleigh range of an ideal Gaussian beam

Z, : position of the minimum radius o, or W,

A : position of the beam radius W,

zZ, : position of the beam radius W,

Zy : Rayleigh range of a general beam

AW : error on beam radius measurement using a finite slit width
€ : clip level

6¢ : far-field half-angle divergence of a beam

A : free space wavelength

O : minimum spatial beam variance
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(LK)

»

©(z)

spatial beam variance

angular beam variance

phase term

minimum beam radius of an ideal Gaussian beam
beam radius on resonator mirror 1

beam radius on resonator mirror 2

beam radius on the mirrors of a symmetric resonator

beam radius as a function of the propagation distance
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6. RAMAN CONVERSION RESULTS AND
CONCLUSIONS

6.1 INTRODUCTION

In this chapter most of the experimental results are reported. The results were obtained on
the high repetition rate Raman cell pumped with a CO, master oscillator power amplifier
(MOPA) chain. This multipass cell consists of 34 individual 2 m mirrors, arranged in such

a way that a transverse flow of the parahydrogen can be achieved (see Figure 6.1).

FRONT VIEW

SCHEMATIC VIEW
PARAHYDROGEN

|oooooooo7; Q000000009

§

——LIQUID NITROGEN

ELECTROSTATIC
I PRECIPITATOR

IN % § % >0UT

VACUUM

Figure 6.1 High repetition rate multipass Raman cell

The parameters for the Raman conversion in this cell were measured. Although most of the
measurements were performed at repetition rates lower than 300 Hz, outputs were measured
up to 1000 Hz. For most of the tests the 10R18 CO, line was used. Single longitudinal

mode operation was ensured using a low-pressure CO, seed laser.

The characterization of the Raman output for the 35 pass Raman cell includes the following:

= Raman threshold measurements as a function of parahydrogen content,

= Raman line-width measurement employing a wedge etalon and

= Raman output as a function of parahydrogen pressure for a constant CO, laser input.
6.1
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6.1.1 MASTER OSCILLATOR POWER AMPLIFIER CHAIN
DESCRIPTION

As discussed in Section 5.11, the chain consists of an oscillator and three power amplifiers
with a total optical path of approximately 45 m. Most of the measurements were carried out
using a pulse of 1.5 Jin 60 ns or 1.8 - 2.1 J in 80 ns. Typical multimode and single-mode

pulses are shown in Figure 6.2.

0.39 T 1 v 1 T 1 o 1 M 1
70ns
0.31 |+ (b) i

T

0.23

0.15

(a)
0.07

T

RELATIVE INTENSITY

—-0.01 . _ _ ' .

1 n 1 1

10.30 10.41 10.52 10.63 10.74 10.85
TIME (us)

Figure 6.2  Typical input CO, pulse shapes with (a) the single-mode and (b) the
multimode pulses. Note the difference in the pulse onset time.

The master-oscillator-power-amplifier chain (Figure 6.5) was characterized with respect to the
output beam quality (Section 5.11) and the output temporal quality of the pulses (Figures 6.2
and 6.3). The temporal quality characterization includes the development of a system that
uses an active feedback to ensure single longitudinal mode operation from the oscillator. This
system is depicted in Figure 6.3 and uses a fast pyroelectric detector as the optical feedback
(see Section 6.1.3). It operates on the principle that the onset time for the single-mode pulse
is much shorter than that of the multimode pulse [1] (see Figure 6.2). Figure 6.3(b) shows
the operational result of the mode-locking device (procedure shown in Figure 6.3a). The
vertical axis is the time delay from the discharge, which is detected using a fast Si-pin
detector, to the optical output. The low-pressure seeding of the TEA laser is shown in Figure

6.4. This technique was thoroughly investigated by Rohwer [2].
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GRATING PIEZOCRYSTAL
X LASER B \\  OPTICAL
< >
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COUPLER
OPTICAL ELTEC 420
FIBRE OPTICAL
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POWER SUPPLY {7
A DISCHARGE
SINGLE-MODE
FEEDBACK SYSTEM [ | oo oo e oN
SINGLE-MODE <+ c‘::mnr.
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a
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Figure 6.3 (a) Schematic of the active single-mode system and (b) the minimum delayed
position that will ensure single-mode operation
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Figure 6.4 (a) Oscillator layout with CW seeding for single mode operation and (b)
principle of operation

The amplifier chain consists of three amplifiers with a double pass through the first amplifier
(see Figure 6.5). The double pass had to employ a cross alignment as shown in Figure 6.5.
Using this alignment procedure we were able to misalign any parasitic resonator and so avoid
parasitic output. The remaining amplifiers are used as single-pass systems. The unsaturated

single-pass amplification for each of the amplifiers is shown in Table 6.1.

Amplifier no Small signal single-pass
amplification
1 3.0
2 3.3
3 3.4

Table 6.1 Amplifier single-pass unsaturated amplification

The saturable gain from the amplifiers is a function of the mode-matching through the
amplifiers. It is obvious that optimum amplification can be achieved if the gain volume is
fully utilized. This can only be possible if the oscillator output beam parameters are known.
The parameters were measured using the procedures described in Section 5.11. All the lasers

in the chain can run at pulse rates up to 1 kHz from an electrical point of view. However,
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this limit cannot be reached if a rich gas mixture (CO, > 40%) is used. It was shown that
the limit could be achieved if leaner gas mixtures (CO, < 20%) were used. The higher
repetition rate can be achieved if a reduction of 25% in chain output energy is tolerated due

to the leaner gas mixture.

In conclusion, Figure 6.6 is a photograph of the master-oscillator-power-amplifier chain which

emphasizes the path-length problem in achieving optimum beam propagation and amplifier

extraction.
\
RAMAN
iP 1 CELL
OSCILLATOR AMP 2 AMP 3
- (A A

=

Gt

WINDOW

ELECTRODE
v

\

APERTURE

Figure 6.5  Master-oscillator-power-amplifier chainlayout with double-pass configuration
shown
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Figure 6.6 High repetition rate master-oscillator-power-amplifier chain [6]
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6.1.2 WAVELENGTH CALIBRATION

Due to the Raman conversion a number of wavelengths can emerge from the Raman cell. For
measuring the 16 um output (354 cm? shift of 10.2 um in parahydrogen) an 0.5 m
monochromator, employing a 90 lines/mm grating, was used. The monochromator was
originally calibrated for use in the visible part of the EM spectrum using a 1200 lines/mm
grating. It was then recalibrated for the 90 lines/mm (Figure 6.7). Figure 6.8 shows the

experimental layout on the exit aperture of the Raman cell, utilizing the 0.5 m

monochromator.
4000 T T T T r , v r
ReadOut=M*WAVELENGTH(um)+C
C=-56331.13
3560 | M=836.05 n
S 3120+ =
o
3
2 2680} .
2240 | -
1800 N 1 N 1 " 1 N L M
8.50 9.00 9.50 10.00 10.50 11.00
WAVELENGTH (um)

Figure 6.7  Calibration of the 0.5 m monochromator employing a 90 lines/mm grating

A second technique used for the 10.2 um and 16 um wavelength separation is a set of two
band-pass filters. The optics have two specifically designed coatings, (a) a 16 um reflection
layer on one surface and (b) 10.2 um anti-reflection coatings on both surfaces.  The
advantage of this method is that simultaneous measurements can be made of the 16 um and
the depleted 10.2 um. The band-pass method is shown in Figure 6.9. This is also the

technique used for the high repetition rate, pulse-to-pulse characterization of the 16 pm output.
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Figure 6.8 Monochromator configuration for wavelength measurement
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Figure 6.9  Band-pass filter configuration
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6.1.3 DETECTORS

Detectors designed for high-repetition rate (> 1 kHz) laser operation, at 10 um, are
nonexistent, especially detectors that can follow the CO, pulse in time (i.e. photon-drag
detectors). At low repetition rates a germanium photon drag detector is used for a time-
resolved laser pulse. This detector cannot be used at high repetition because of the thermal
run-away effect that takes place in germanium. This happens due to increased absorption as

the temperature increases in the germanium material.

The only useful IR (10 um) detectors are pyro-electric and MCT (Hg-CdTe) detectors.
Figure 6.10 shows the detector sensitivity as a function of wavelength. The cryogenically
cooled MCT detectors are extremely sensitive. However, these detectors are too slow to

resolve the CO, pulse in time (time response < 1 MHz).
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Figure 6.10 Detector sensitivity as a function of wavelength

At low repetition rates two types of detectors were used: large surface pyro-electric detectors
for energy measurements, and a germanium photon drag detector for peak power
measurements (pulse shape). The detector selected for high repetition characterization is the
ELTEC 420 [3] pyroelectric detector. This detector comes in two models, the 420 and 420-
M3. The model 420 can be used as photon drag detector as shown in Figure 6.11. It is
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clear that this detector will follow the CO, pulse. The only disadvantage is the slightly
slower decay visible in the tail of the pulse. For the characterization of the beam this error

can be tolerated as long as a calibration standard is used.

1.0

0.8

04

RELATIVE POWER

02

1
1

0.0
-200 —-80 40 160 280 400
TIME (ns)

Figure 6.11 Germanium photon drag (solid) trace vs 420 detector (dashed) (R,=50 Q)

The 420 detector was used in the voltage oPtioNsL awPLIER
output mode (Figure 6.12). For the LS e “f:::
appropriate load resistor R; =500 the mme o i i_ﬂm
detector has a time response of less than %.,e

2 ns. In this mode it is quite clear that the T 0 T
detector will temporally resolve any pulse i

Figure 6.12 The 420 detector in voltage

longer than 4 ns. Indeed this detector can output mode

resolve the mode beating for a multi-mode

pulse which is clearly seen in Figure 6.11. A drawback of the 420 detector in the "photon
drag" mode, is reduced sensitivity. It is thus necessary to expose the detector to large peak
power. At high repetition rates the average power will then exceed the 5 W average power

damage threshold for the detector.

A costly room temperature MCT detector can also be used. It is less sensitive than the

cryogenic version, but better than the model 420. Its time response is below 1 ns [4].

6.10
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The advantage of the model 420 is its usefulness as an energy detector - the mode in which
it was used. With R, >1 MQ the detector will integrate the incoming CO, laser pulse with
an output signal FWHM in the order of 40 us. In this mode the 0.1% reflection off an
AR/AR coated ZnSe window is sufficient for signal detection, with a signal-to-noise ratio of
better than 100:1.

AR/AR COATED ZnSe WINDOW

€05 BEAM = ISP D
\
- /‘
—

420 DETECTOR

Figure 6.13 The 420 detector in a relative energy output mode (R, >1MQ) )

For the configuration shown in Figure 6.13, it is extremely difficult to calibrate the output
signal for an absolute energy measurement due to the spatial wandering of the beam across
the small detector area. Using focusing optics the average power exceeds the detector damage

threshold. An integrating sphere (Figure 6.14) can be used to solve this problem.

INTEGRATING

SPHERE DETECTOR

COz BEAM

~ N
. [/ !

ARZ/AR COATED ZnSe WINDOW

Figure 6.14 Absolute energy measurement using the 420 detectors in energy mode
(R, > IMQ ) employing an integrating sphere
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To conclude, the evaluation and integration of detectors in a high repetition rate laser chain
needs more investigation. This will allow real-time characterization of the beam on a pulse-

to-pulse basis.

6.2 RESULTS

The Raman output characterization includes the 16 um bandwidth and output energy
measurement. The Raman output is measured as a function of input power and parahydrogen

pressure (for a constant CO, laser input).

6.2.1 BANDWIDTH MEASUREMENT

The aim of this measurement is to establish the relationship between single longitudinal mode
input bandwidth and the 16 um output bandwidth. This aim is clear from the flow-cooled
UF, spectra (Figure 6.15) [5]. If the bandwidth of the selective excitation step is not narrow
enough, non-selective excitation of the R(6) Z*UF, line occurs which lies close (< 0.8 GHz)
to the Q-Branch of the 2** UF,,.

A wedge etalon used in conjunction with a pyroelectric linear array detector provides an
effective method of measuring the line width of a high repetition rate CO, laser on a shot-to-
shot basis [5]. The limitation of this method is the low resolution of the linear array detector
(128 elements in 50 mm) and the wedge etalon. The wedge-etalon system fulfils the
requirements necessary to determine the bandwidth of the CO, lasers and 16 um output for
the molecular laser isotope separation (MLIS) process. This system was chosen owing to its
ease of use which is an improvement on the conventional scanning Fabry-Perot interferometer.
Although the Fabry-Perot has a very high resolution it is an averaging method and a large
number of shots are needed to analyze the bandwidth structure. Furthermore, it is extremely

difficult to align.

The wedge etalon is shown in Figure 6.16.  When the etalon is illuminated by a
monochromatic plane wave, the light transmitted through the etalon consists of a set of plane
waves propagating in different directions as a result of multiple reflections at the surface.

If a wave is approaching the surface at an angle 0 the n-th order of the transmitted waves
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Figure 6.15 Calculated high resolution infrared spectrum of flow-cooled UF

emerges at an angle Oy , using Snell's law

n,sin, = nsin[0 +2(N-1)«],

where n and n, are the refractive index of the etalon and surrounding medium respectively.

The total path difference Ay is then given by [5]

sin(N-1)«

Ay = 2ndcosb; an
o

[cos(N—l)oc -tanf, sin(N—l)a] ,

where d = x tanao (see Figure 6.16) is the thickness of the etalon at point P.

0, = 0° ( normal incidence) the phase difference can be written as
5, = 4—;nxsin[(N—1)a] cos[(N-1)a] + 2(N-1)¢,

where ¢ is the phase difference introduced at each reflection.

The transmittance of the wedge etalon with absorption v is given by[5]

2n 2

© 2
T = (1-R)? ([ R¥'cosd, exp(—M Ox )] +
1

This equation is used to calculate the etalon bandwidth.

6.13
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t°rea®)
tt'rA®)
Figure 6.16 Optical path through a wedge etalon of width d
The actual instrument bandwidth is, however, (a)
a
a convolution of the wedge etalon bandwidth ul N g y ; ]
(determined with the aid of equation 6.1) and osf
the detector resolution. The finesse F of the d§
os}
wedge-etalon/linear-array system is given by E ol
Av E o
F=—, o . : ) .
dv, 0 10 20 30 © 50
DISTANCE (mes)
where Av is the free spectral range of the ()

etalon and S8v; the FWHM of the total 1o
instrument function. The free spectral range
is determined in the same manner as that of

a conventional Fabry-Perot interferometer.

RELATIVE INTENSITY
g &

This is possible since the thickness of the

o 10 2 %0 4 %0

etalon does not change appreciably owing to DISTANCE (ma)

the small wedge, thus Av = ¢/ (2nd). Figure 6.17 Computed transmission for (a)

germanium 10 mm etalon at
10.2 pym and (b) CdTe 15 mm
etalon at 16 pm
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Figure 6.17 shows the calculated transmittance function for the Ge and CdTe wedge etalons,
which are the etalons used for 10.2 um and 16 um measurements respectively. From this

figure (for 8 = 0° ) the FWHM of the etalon can be determined and is given in Table 6.2.

The bandwidth of the TEA lasers is expected to be in the range of 80 MHz to 250 MHz,
which is the single longitudinal mode width and multi-mode (three mode competition) width
respectively. These values are clearly much smaller than the total instrument function dv; in
Table 6.2. The measured function (8v,,) will be a convolution of the wedge-etalon bandwidth

(8v), the laser bandwidth (dv,) and obviously the linear array resolution function (6vp).

Assuming that the three functions can be approximated by a Gaussian profile, the convolution
is given by

(8v,)? = (Sv 2+ (v +(3vp)? = (Bv)?+(8v,)7, (6.2)
where Bvy)? = (6v)? + (Bvp)*.

MATERIAL WAVELENGTH d a n Av ov
(um) (mm) (GHz) (MHz)

Ge 10.2 10 20" 4 3.75 408

CdTe 16 15 20" 2.67 3.74 330

Table 6.2 Wedge-etalon parameters for 10.2 pm and 16 pm bandwidth measurements

From this relationship the laser line width

dv, can be calculated, if the detector
resolution function is known. The detector

resolution function can be determined from

the interference fringe spacing A/2nd and if

180000-

Figure 6.18 Determination of the array
profile for a linear array
detector consisting of 128
elements with a length of

it is assumed that at least three elements are D
necessary to resolve a fringe (see Figure SLETTS
6.18).

The finesse of this linear array can then be

written as 50 mm
_ A
b sanl’

where a and n are etalon parameters previously defined. Taking into consideration that the
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free spectral range of a wedge etalon is given by Av = ¢/2nd, the FWHM of the linear array

is given by
By = Av _ Sanl Av
vp = = .
F, A

The FWHM for the two etalons under consideration (Table 6.2) is given in Table 6.3. The

detector used in this case is a 50 mm array as shown in Figure 6.18.

MATERIAL o n l Av A dv,
{mm) (GHz) {um) (MHz)
Ge 20" 4 0.2 3.75 10.2 285
CdTe 20" 2.67 0.2 3.74 16 121
Table 6.3 Detector bandwidth (Ovp)

Figures 6.19 and 6.20 show the pump CO, laser bandwidth measurements. In Figure 6.19
a typical measurement is shown and in Figure 6.20 the bandwidth distribution of 128
sequential pulses is shown. For this analysis a rich CO, mixture (CO, > 40%) was used at
a total pressure of 750 mBar. The measurements were taken at a low repetition rate of 5 Hz.

For this measurement no beam wandering was experienced.

A slightly different picture is shown for the 16 um bandwidth analysis shown in Figures 6.21
and 6.22. For this analysis a lean CO, mixture (CO, < 20%), at a total pressure of
1050 mBar, was used for the pump laser system. The first reaction analysing the data shown
in Figure 6.22b, is to assume that more than four longitudinal modes can exist in the cavity.
This is not true as only three to four modes (without mode seeding) are possible for this

cavity.

In the multimode case a much larger bandwidth spread is measured. The measurements were
taken at a higher repetition rate (>20 Hz). In this case a larger beam wandering was
experienced due to the long path length in the Raman cell and heating effects in the
parahydrogen as a static parahydrogen gas fill was used. Figure 6.23 shows the fringe
structure for a number of different incidence angles 6; . It is clear that for small deviation

from normal incidence the instrument bandwidth increases dramatically. This is most
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probably the reason for these exceptionally larger v, measurements. The single longitudinal
mode pump appears to be much more favourable from a beam pointing stability point of view
as very little beam wandering was experienced in this case. This is also confirmed by Figure
6.22(a). However, some beam wandering was experienced, which is shown as a larger
variation in the single mode bandwidth distribution compared to the CO, bandwidth

measurements.

The single longitudinal mode distribution compares well with the single longitudinal mode CO,
bandwidth measurements. This result confirms the expected 16 um bandwidth, which is the
convolution of the CO, bandwidth and the Raman transition. In the cold Raman cell,

Avg~50 MHz with the result that dvys ,, the is of the order of ;g ..

CO, pump 16 pm Output
(A=10.2 pm)
Single mode Multimode Single mode Multimode
(MH?) (MHz) (MH?) (MH?z)
40150 130+50 90+150 3834150
Table 6.4 Bandwidth comparisons for 10.2 pm and 16 pm measurements with

8v;=408 MHz for the Ge etalon and 5v;=399 MHz for the CdTe etalon with
an angle of incidence variation of one degree for the 16 pm bandwidth
measurement

Table 6.4 shows the comparison in bandwidth measurements. The results were deconvoluted,
using the relationship in equation (6.2) and the measured instrument (8v) and detector (8vy, )
bandwidths. For the 16 um measurement an angle of incidence of one degree was used for
calculating the 16 um measurement bandwidth. This instrument has a minimum standard
deviation of approximately 100 MHz for no beam wandering on the wedge etalon. However,
if beam wandering occurs (as is the case with the 16 pum bandwidth measurements) the
minimum standard deviation is the sum of the detector standard deviation and the bandwidth
error caused by the pulse-to-pulse variation. In the case of the 16 pm bandwidth measurement
a standard deviation of approximately 300 MHz was calculated. For this reason accurate
single longitudinal mode bandwidth measurements cannot be made. This instrument is
however still capable of discriminating between single mode and various multimode behaviour.
It is also clear that the bandwidth of the 16 um output is well within the accepted range for

the selective excitation of 2’UF, (see Figure 6.15).
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Figure 6.19 Typical CO, output fringes produced by a 10 mm Ge etalon for (a) single
longitudinal mode and (b) multimode laser operation
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Figure 6.20 Bandwidth distribution for 128 sequential CO, pulses for (a) single
longitudinal mode and (b) multimode laser operation
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Figure 6.21 Typical 16 pm output fringes produced by a 15 mm CdTe etalon for (a)
single longitudinal mode and (b) multimode laser operation

6.20

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022



w L L | | L] L) |
0
&
O
Z 4} J
3
(a1
5
o *r I
O
o
Fx, X .
o 20
o
R
% 10} -
0 (3.@ .320:3401360-.-3& 400-420 440-460.480:“.
oy, (MHz)
)
5
3)
Z
=)
(a4
[a
fon
O
O
o
Fx,
o
[0 1
=
m
E
<400 450-500 550-850 700-750 > 800
oy, (MHz)

Figure 6.22 Bandwidth distribution for 128 sequential 16 pm pulses for (a) single
longitudinal mode and (b) multimode laser operation
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Figure 6.23 Calculated CdTe etalon transmission function for a number of angles of
incidence 6,

6.2.2 RAMAN THRESHOLD MEASUREMENTS

For these measurement the scheme shown in Figure 6.8 was used. Two sets of threshold
measurements were performed, using a 60 ns pulse on the 10R18 line and a 67 ns pulse on
the 10P20 line. Figure 6.24 shows the threshold measurements. These threshold

measurements compare well with values published in the literature [7].

Figure 6.25 shows the Raman threshold calculation versus the Raman threshold measurement.
In this case an M? =1.45 (Section 5.11) was measured for the input CO, beam with the
parahydrogen/orthohydrogen ratio of 70:30. It is clear from the figure that the modelled

threshold compares well with the measured value.
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Figure 6.24 Output Stokes measurements for a cold 35 passes Raman cell for the 10P20
and 10R18 lines with a 70% parahydrogen content
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Figure 6.25 Output Stokes calculation compares to the output Stokes measurement for a
cold 35 passes Raman cell (M*=1.45 and 70% parahydrogen)
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6.2.3 RAMAN OUTPUT AS A FUNCTION OF PARAHYDROGEN
PRESSURE

With reference to Figure 3.5, the aim of this measurement was to establish the pressure above
which the Raman output is a constant for a constant CO, laser input. It was found that the
minimum pressure is ~30 kPa as shown in Figure 6.26. At this value the Raman output
ceases to increase with an increase in parahydrogen pressure. Again referring to Figure 3.5,
this suggests a Raman cell at a temperature of 200 K for 100% parahydrogen. In reality the
temperature of the cell was kept at a constant 77 K with the aid of a liquid nitrogen jacket (see
Figure 6.1) around the Raman amplifier. By comparison with Figure 3.2, this then suggests
that the parahydrogen content deteriorated to about 68 % for this Raman experiment. This

value is consistent with the measured parahydrogen content of 70 %.

60 1 ' 1 ' I v I ' ! M 1 v 1
E
> 50| -
=
)
o
g 40 | .
3
©
«{
m 30} -
2,
g
= 20 .
"
10 1 1 L 1 1 i 1 1 1 A 1 " 1
20 29 30 35 40 45 20
PRESSURE (kPa)

Figure 6.26 Output Stokes as a function of the parahydrogen pressure for CO, laser on
the 10R18 line. ( Input: 1.3 J in 60 ns)

It is advantageous to operate the Raman cell at 30 kPa, because a much higher gas breakdown
threshold [9] is expected for this pressure condition. The parahydrogen density is about half
that of the 50 kPa gas fill. This means that the gas breakdown threshold can be minimized.
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6.3 CONCLUSIONS AND FUTURE PROJECTS

The aim of the dissertation was the characterization of the Raman conversion in parahydrogen
with a CO, laser as the pump. To achieve high power (> 150 mJ in 40 ns pulsed), high
repetition rate (> 1 kHz) 16 um output, two beam confinement schemes filled with cold
(77 K) parahydrogen were investigated: A novel multimirror multipass (35 passes) Raman
cell and a hollow metal waveguide. A rate equation model was developed and verified using

experimental results obtained from the conventional multipass (25 passes) Raman experiments.

In Chapter 2 a number waveguide parameters were investigated. Hollow metal waveguides
with an inner germanium layer showed very promising theoretical results. However, some
manufacturing difficulties have to be solved before these waveguides can be used as Raman
amplifiers. An optimal o,/a=0.644 ratio was calculated for the effective coupling of the free
space laser mode (TEM,,) to the minimum loss HE,, waveguide mode. This ratio was
experimentally verified with a 13% discrepancy in the measured spot size probably due to the
Gaussian approximation used for the measurement. It is clear from the results in Chapter 2
that a waveguide can be used as a Raman cell for the Raman conversion. However, a number

of technical difficulties still exist, namely:

= manufacture of long (> 10 m) waveguides,
u uniform Ge-plating, and

= the lack of optical finish.

The idea of waveguides filled with parahydrogen as Raman converters can still be used as long

as these technical difficulties are solved.

Comparing the measured Raman output with the calculated Raman output the validity of the
laser beam quality parameter (M? ) included in the rate equation model is demonstrated. It
was shown that the beam propagation parameters are the most important information needed
for optimum laser-beam propagation and amplifier extraction. The increased Raman
thresholds, measured for the multipass Raman cell, can also be linked to this parameter. It
was also shown in Chapter 5 that laser beam quality parameter (M?) is a function of the size

and position of the intracavity aperture, gas lifetime and high pulse rates.

The characterization of the laser beam is a time-consuming and error-prone exercise owing
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to the detectors available and the electromagnetic noise (EMI) generated by the lasers during
operation. Using single-shot detectors (infrared vidicons and two-dimensional pyroelectric
array detectors) this measurement can be extremely fast. A problem in using these detectors
is their high sensitivity which is influenced by the EMI. Better screening techniques are

needed in order to use these detectors to their full capabilities.

Beam characterization of the CO, laser beam and 16 um output at high repetition rates is a
problem that needs some in-depth investigations. A number of sampling schemes (i.e.
synchronized rotating mirrors)[8] can be used. With these techniques the detectors currently
available can be used as a low effective repetition rate can be generated. This is probably
sufficient for the plant operation of the CO, pump Raman amplifier (multipass cell).
However, for the initial investigation a pulse-to-pulse characterization is needed which

emphasises the need for detectors that can operate at high power high repetition rates.

Finally, it was shown that the output frequency bandwidth of the 16 um compares reasonably
well with the measured CO, laser bandwidths. It is also important to note that even in
multimode the output bandwidth is still within the limits of the 2’UF; selective excitation
limits [5]. It was found that single longitudinal mode operation is needed for a higher gas-
breakdown threshold if no or very little cleaning of the parahydrogen gas is performed, using
electrostatic precipitators (ESP's) [9].
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LIST OF SYMBOLS: CHAPTER 6

=

- " Z P

>

: speed of light

: thickness of the wedge etalon

: wedge etalon finesse

: linear array detector finesse

: full width at half the maximum

: detector element size and interelement spacing
: refractive index of the wedge etalon

: refractive index of the medium surrounding the wedge etalon
: number of passes through the wedge etalon

: reflectivity of the wedge etalon

: transmittance of the wedge etalon

: lateral distance between the apex of the wedge and the point where d is equal to

the width of the etalon

: the wedge angle

: absorption of the wedge etalon material

: the total path length of a ray travelling through a wedge etalon
: total phase difference

: FWHM of the total instrument function (etalon bandwidth and detector resolution

width)

: etalon bandwidth

: measured bandwidth

: laser bandwidth

: detector bandwidth

: free spectral range of the wedge etalon

. angle of incidence

: exit angle of the N-th order of the transmitted waves
: free space wavelength

: phase difference introduced at a reflection
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