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ABSTRACT

The objective of this program was to prove the feasibility of
using FEP Teflon(R) 3s a traasparent solder in high average power
disk lasers. This technique is aimed at reducing or eliminating the
two major residual sources of beam distortion in such “sliced” laser
configurations:

(a) Stresses in the disk, resulting from imperfect contact

with the disk holder; and

(b) Radial Heat Flcw by thermally insulating the edge of
the disk.

By developing a method for cladding the laser disks with FEP

Teflon(R) we have successfully shown that:

(a) Stresses in the disk can be completely eliminated; and,

(b) Radial Heat Flow and the resulting distortions can be
reduced by approximately a factor of five over typical
disk laser configurations.

To evaluate the effectiveness of this holding technique using
FEP Teflon(R), a Nd:Glass disk array, incorporating many of the good
features of current disk lasers has been built. Thermal, optical
and mechanical measurements have been performed on the individual

disks and on the array.
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We have also determinec that a CW No:YLF(l) disk laser similar
to the Nd:Glass device built on this program would have a threshold

of ZZH/cn3 and would produce 6"/cm3 of output power. Repetitively

Q switching at 50Hz would yield peak powers of 300MN/cm® (10 Joules

fn a 30ns wide pulse).




FORWARD

This program was carried out to determine the feasibility of a

new concept for holding laser disks. This concept, wheredby the c¢isks

are bonded into a disk holder with FEP Teflon(n). is based on an

original idea of Or. V. 0. Nicolai. The technique for actuzlly
bonding the disk into the holder was developed at Sanders under this

contract.

The author wishes to acknowledge the efforts of Dr. A. Linz of
the MIT Center for Materials Science and Engineering and Department
of Electrical Engineering to supply the Ho3+:YLF crystals. The
assistance and encouragement from both Dr. C. Naiman and D. S. Young

has been greatly appreciated.




Section 1

IKTRODUCT ION

Disk lasers have greatiy improved the average onutput power and
beam quality of glass and other low conductivity laser hosts. Ex-
isting devices can generate beams with two orders of magnitude im-
provement in beam quality over their solid rod counterparts. Ois-
tortion, thermal lens effect and stress birefringence are still
present and can be attributed %0 two sources - nonuniform pumping
and nonuniform cooling. The result of both of these nonuniformities
is heat flow in the radial direction. This, in turn, establishes
radial variations in the index of refraction producing thermal lens-
ing and stress inside the disk.

Nonunitorm pumping can be easily corrected by well known pro-
cedures(2'3) which will not be discussed further here. Nonuniform
cooling and its reduction or elimination, however, is one of the
objectives of this program. Nonuniform cooling can produce beam
walkoff, non-spherical thermal lens cffects(q's) and the associated
stresses in the disks(G). Beam walkoff occurs when the flow direction
is the same across all the disks. The temperature at the inlet side
of the disk is lower than at the outlet side of the disk and a tem-
perature gradient and an optical wedge are established along the flow
direction. Thi- optical wedge is easily prevented‘q) by alternating
the flow direction from disk to disk (see Figure 1). Normally, a
series/parallel flow path is employed to reduce the pressures
necessary to produce the required flow rate.

Another form of nonuniform cooling occurs near the edge of the
disk. If the coolant comes in contact with the edge of the disk,
heat will flow radially outward. Sush radial heat flow will produce
edge effects similar to those produced throughout a solid rod. In
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order to minimize beam distortion from these effects one can simply
restrict the beam to the center of the disk(4). The device efficiency,
;. however, will suffer. These edge distortions, and they aren't really
! | very large, can be tolerated for some app]icatioﬁs. H-at flow in the ]
radial direction can be reduced considerably by cladding the disk 1
{ | with a low thermal conductivity material. Conventional cladding
e techniques, however, themselves introduce stresses into the disk,

and are not completely effective in eliminating radial heat flow 4'6).

Good cavity design can reduce all of the sources of radial heat
flow to tolerable limits except that at the edge of the disk. Other
researchers have experimented with various cladding techniques.

Their approach was to cast the laser disk in a transparent medium 6).
UV Plexiglas had the required transmivsion and resistance to UV
1 radiation, but was too rigid and stressed the disk. They were unable
L to solve this problem and decided to tolerate the edge effects.

; A new approach to this problem h2s produced promising results

" which could reduce beam distortions resulting frcm these edge effects
by a factor of five(7). This new technique involves bonding the laser
disk into a disk holder with FEP Teflon‘®). rEp Teflon(R) is idealny
suited for this purpose. Its transmission is flat (at over 90%) from

{ about 20003 to nearly 4u: It is flexible at room temperature so that it
will not allow stresses to be established in the laser disk as a

result of the bonding process. Fabrication costs should be less than
A those for glass clad disks since small mismatches between the disk

to cladding surfaces caii be accommodated by the Tefion(R).

e aisis S S T I
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: A program has been carried out whose-dual purpose was to in-
8 vestigate the possibility of using:

1) FEP Teflon(R) as a transparent solder to hold the
laser disk; and,

2) YLF doped with Ho®* in a sliced laser configuration to

obtain high average power at two microns.
The results of this program are summarized in the two sections which
follow. The design of the disk laser and fabrication and testing
of the laser are presented in that order.
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Section 2

DESIGX OF THE DISK LASER

2.0 INTRODUCTION

The design phase of this program indicates that a CH HoS':YLF

laser fs a feasible approach to high average powers at 2u. The CW
threshold of the Ho:YLF disk laser was computed to be about 22 N/cn3
(about ten times that of usual XKd:YAG laser device(lo)). CW output
powers of about 6 watts/c-3 are theoretically possible at a pumping
rage of 34 uatts/cns'. Repetitively Q switching at 50Hz yfelds
predicted peak powers of BOOH#/c-3 (10 Joules, 30ns).

Two approaches for generating high CW powers at 2u have been
investigated and evaluated. A CW room temperature Ho:YLF disk laser
fs discussed first. Pumping rates, fracture limits, oscillation
thresholds and laser outputs are computed for this device. An am-
plitier for a low power CW laser is then discussed as an alternative
approach to room temperature generation cf a high power, CW, 2u,
laser beam. FBoth single stage and multistage amplifiers are discussed
for both CW and pulsed amplifiers.

2.1 CHARACTERISTICS OF A CW ROOM TEMPERATURE Ho:YLF DISK LASER

Since the threshoid of a quasi threc 1suel device will be high,
an analysis was undartaken first to determine whether it was possible
to reach threshold with currently available pump lamps. We must,
therefore, determine the pumping rate available at the disk and com-
pare it with the pumping rate required for threshold. The disk
geometry must be capable of handling the expected power levels with-
out fracturing. Since it will be shown that the pumping rate exceeds
threshold, laser sutput can be generated and estimates are made.

s
The pumping rate 1s the rate at which fons are befing added to the
excited state times the energy of the laser transition. See also
reference (8).

1
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2.1.1 Pump Power Density At The Disk

The power density at the disk is determined by the geometry
of the pump cavity. The volume of the arc will be magnified by its
envelope by an amount ("ze/"cav)z(g) where Me and N.ay 3T the in-
dices of refraction of the envelope and the medium filling the pump
cavity (water). The elliptical pump cavity images this magnified
arc into an oblung transverse to the major axis of the ellipse. Its
dimensions are, roughly, {[(a +¢c)/(a - c)]2rte} by [2rl‘] ere a
and ¢ are the usuval ellipse parameters and oe is the magnitied
radfus of the pump lamp. Given the power density inside the lamp
(Pz/vz) and the rraction of this power density which could become

:1?8rescence, "power' then the power density at the disk, UL", wild
e
_ \ @
(o)) romeen ()
poweﬁ :
a+c Nye VL

Typical values for the parameters are:

a = 2.0wm
c = 0.77¢m
Pump CavityE = 0.74

Efficiency
Neay ° 1.33 (water)
Nee = 1.47 (quartz)

0.06

Npower
PV, 2000 W/cm® (EGSG arc lamp Mode) #FX111C - 3.0)

We find, therefore, that

L = 3
Uz = 34 W/em”.




2.1.2 CMW, Room Temperature Ho:YLF Threshold

The threshold, uth’ for this laser is determined from (8)
: E (B no + A“th)".
th B, + B
7 8
where

87 and 88 are the fractiona) populations of the
upper and lower laser levels;

A"th is the population inversion required
to overcome laser cavity losses;
W= %lL- is power associated with a spontaneously
SP decaying laser photon; and,
No is the active ion doping level.

Since neither the doping level nor the threshold is known we
cannot procede without determining one or the other. An upper
limit cn the doping level can be found by setting the threshold
equal to the pumping rate

Ugh = Up"

and noting that,

] an(1 - to)
BNyp = 4o - o

AN, = 4.73 x 10" /end,
where
0.05/cm = o is the loss coefficient in the laser medium;
1.2x107%m = o s the cross section for stimulated emission

at the laser line peak;
0.1 =t is the output coupling; and,

: 7.5¢m = 2 is the length of the laser medium.




A minimum value of N is the population inversion required to over-
come cavity losses, ANth. An analysis of this sort (in Appendix A)

indicates that the doping level must lie in the range

19

0.0473 x 10'9 < n, < 2.6 x 10

19 ions/cm3 has been selected as a suitable com-

promise and will require a pumping rate 22 W/cm3 at threshold. This
value of the threshold, incidentally,is about ten times that of
Nd: YAG 1asers(]0).

A value of n, = 10

2.1.3 Thermal Fracture Considerations

An analysis of fracture limits for solid rods and disks in-
dicates that this pumping rate can be (see ref. 5) sustained in a
Ho:YLF disk whose dimensions are:

diameter 10mm

[

1 thickness 3.17mm

An inter-disk spacing of 0.3mm will assure adequate flow rates and
] _ a low pressure drop across the disk assembly.

2.1.4 Ho:YLF Disk Laser Qutput

The laser output for any type of laser system (four level,
quasi three level or three level, arc lamp or flashlamp pumped) can
be predicted by the following equation 8):

u, = u (1 1 )2
0 eff WF'

o ff is the effective pumping rate of the
upper laser level; and,

¢ 1is the threshold ratio.

e o 4 ttme  v mpE ET e n




The threshold ratio is simply the ratio of the effective pumping
rate to the pumping rate at threshold (zero output coup]ing)(8 A
The effective pumping rate is the actual pumping rate less that re-
quired to equalize the populations of the two laser levels. In the
special case of a four level laser the effective pumping rate is
the actual pumping rate. For the Ho:YLF laser under consideration

U," = 34 Wemd

and so,

Therefore

U, = 6 Wend.

If this laser were repetitively Q switched at f = fl_ = bQHz
the predicted peak power will be around 326 MW/cm3(8). P This
number, of course, seems rather large. The pulse width predicted
for this pulse is about 30ns(1]) corresponding to a pulse energy of
10J/cm3. The small signal gain coefficient for the threshold ratio
of 7.5 15(8)

9o = @ \N¢ = 0.137/cm.

2.2 CW, ROOM TEMPERATURE Ho:YLF DISK AMPLIFIER

An alternative approach for generating a high power CW 2p beam
is to amplify the output of a low power laser. We shall review,
briefly, the pertinent equations for laser amplifiers as derived
in(]z). Both single and multistage amplifiers will then be dis-
cussed whose operational parameters are the same as those of the




laser considered in Section 2.1. As with a laser, we can optimize
the operation of an amplifier. The design parameters of such an
optimized amplifier are, therefore, computed. It will be seen that
a CW amplifier is not a very efficient way to generate high CW power
levels., It is, however, an accepted technique for amplifying the
output of a flashlamp pumped laser to high energy levels.

2.2.1 Amplifier Equations

The amplifier equations for a homogeneously broadened gain
curve which are pertinent to our discussion of Ho:YLF amplifiers
are:

1) The relationship between the input and output and the

gains and losses is expressed by(]z)
B .9 -g
99 2 99 a | T P2
(e 1)x e anl32) - (2) sn |2
- T8
where
I
By 5 = —%Lg is the normalized input (1) and output (2)

3 beam intensity;
1 is the saturation intensity;

g, 1s the small signal gain coefficient (cm']); and,
a is the loss coefficient (cm']).

2) The maximum beam intensity which can be generated
by an amplifier is

g
a 20 .
Bnax = & e

The intensity cannot increase beyond this value
since scattering losses, absorption, etc. consume
all the additional flux generated in the amplifier.




2.2.2 Single Stage CW Amplifier

The equation in 1), above, allows us to design a single stage
amplifier which will increase the power in the beam by an amount’
AP, where,

AP = SISA
where
I I
2 ]
6:6-6 S| =8 o
2 1 IS IS
If
[ 8 8
g e g << 1
B] B2 Bm

then the trancendental equation in 1) relating & and 81 takes the
much simpler form:

(@%84)(B, - B
(;¥ T ]) ]) . (8<<1)

§ can be maximized with respect to B] and we find that 6 is maximum
when

g,

= =\[-0 _
8 = Bopt -d o "

The maximum value of 6 is

" 2
S max 481 opt

For gy ¢ 0.137cm and o = 0.05/cm we find that

By opt 0.655.

If the disk assembly for the CW laser described in Section 2.1 and
shown in Figure 2 is now used as a single amplifier stage then

£ = 5.7cm
10




and so
Gmax = 0.122.
Gm X Gmax
Since Ba » R << 1, our simple equation for § will accurately
m 1
predict & given B]. For Gmax = 0.122, the maximum power increase
will be
Apmax = 2.87 watts
for an input power of
P, = 8 Imr,? = 14.5 watts
in 1 opt "s"'d ; )

Letting p be the ratio of the power out to the power in

.t
P1n Apmax

Pin

then

for this CW amplifier.
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2.2.3 Multistage CW Amplifier

Long amplifiers are not efficient due to saturation effects.
Further amplification is possible, however, if the beam is expanded
prior to a second amplifier stage and so on. If each disk of the
assembly described above is an amplifier stage, then reducing the
beam intensity to By opt prior to entry into each disk will allow
a maximum gain per stage. This reduction in intensity can be easily
effected by expanding the beam.

Again using the approximate equation for the power increase

Smax aze% opt
we find that
Spax = 6:78 x 1073
per disk for
= 0.655.

B] opt

In this calculation the following parameters of the disk laser are
used

2 = 0.317cm
9o * .137/cm
o = .05/cm.

Since the increase in beam intensity from each disk is

- -3
Gmax = 6.78 x 10

the total increase by the 18 disks will be

A = 18 Gmax = 0.122.




The maximum power gain is given by

APmax = AISA

AP

o 2.875 watts

when the diameter of the last disk is one centimeter. Again we see
that the power gain is small.

2.2.4 Pulsed Amplifier

The amplifiers described above wmake poor CW amplifiers simply
vecause the gain is so lTow that the beam intensity never even approaches
the saturation valus. A pulsed amplifier, however, can produce much
larger small signal gain coefficients. We shall repeat the calcula-
tions above for the single and multistage puised amplifiers with
small signal gain of

9, * 1.0/cm.
Let us first examine a single stage amplifier identical to the
one described in Section (2.2.2) except that 9 ° 1.0 instead of
0.137. It is important to determine whether we must use the exact
(trancendental) equation relating § and B] or whether the approximate
equation for 6ma can be used. The simplified equations for Bo

y % pt
and Gmax yield

Bopt = 3.47
and
Gmax = 3.44,
and so
Gmax ‘
B] = 1.3 |

14




! :
\ for Gmax’ we find that

| B] opt = 2.40

: and that

' Gmax = 3.37.
{ Thus

[' APmax = 7.95 watts

for
& | Pin = 5.65 watts

where we are now referring to watts for average power.

of power out to power in is

Pin i APmax

p »
' Pin
. 13.60
P 5.65
p = 2.4,

| For a multistage pulsed amplifier similar in design to the CW

amplifier of Section 2.2.3 we now have

| 90 ° 1.0/cm
and so
B] opt = 3.47
i and, from the approximate equation for §a
ffj Spay = 0.19.

15

Certainly this ratio is not much less than unity, so that the exact
equation must be used. khen this trancendental equation is solved

x,

The ratio, p,



Therefore

Gmx

<< 1,
81 opt

and the simplified equation for Gnax can be used for each stage with
little error.

The increase in the flux from disk-to-disk will reycire that
the beam be expanded in order that the input to each disk remain
at 8] opt" The area increase per section fis

6 \
(B_Ilm_) Ag ® oA
1 opt

where Ad 1s the area of the disk the beam has Just left.

The total area increase of the beam will be

<Af1na1 ) i (1 . Smax )13

initial By opt

A
final 18
= (1 + aeg - 2.61.

initial ( 1 °p‘)

The total average power increase, &, for the 18 amplifier
stages is

- (Bopt ¥ 6max)(Afinal \
Bopt Afnitial/

= (1 + uRB]opt)lg
p 2.72.

The multistage amplifier results in a higher power increase ratio
mainly due to expansion of the beam through the assembly.

16




2.2.5 Summary of Wo:YLF Amplifier

Flashlamp pumped amplifiers are more efficient théin CN amplifiers
because of the large gain coefficients which can be produced. Further-
more, the disk amplifier lends itself quite naturaily to high gain
devices where the buam nust be expanded to prevent saturation.
fFigure 3 shows that the diameter of successive disks can be easily
increased to match the expanding beam envelope as 1t passes through
the device. The doping level in each disk can be adjusted to op-
timize the pumping rate. Furthermore, it wil) be shown in Section 3
that tapering the circumference of each disk not only allows an even
closer match between the disk and beam envelopes but 'so provides
3 means for mounting the disks inside the disk holde...
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Section 3

FABRICATION AND TESTING

3.0 INTRODUCTION

A disk laser similar to the one described above has been built

and tested. Both fabrication and testing have two major subdivisions.

The initial effort in the fabrication phace of this program was to
find a practical method to bond the laser disks into the holders.
Once this was done the remainder of the laser could be built. The
individual clad disks were tested for stresses introluced by the
cladding process by observing them througkr crossed polari.=ars.
Thermal lensing and stresses due to pumping were measured for the
disk assembly. Because of time limitations, evaluation of the com-
pleted laser head involved only non-lasing experiments.

The significant results of this phase of the program can be
summarized as follows:

1) A technique for bonding the laser disks into the disk
holders with FEP Tef]on(R) has been developed whereby their con-
tacting surfaces have complementary tapers. A laser head incorpora-
ting many of the good features of current disk lasers has been built.

2) Measurements of the stresses have shown that the cladding
causes no stress in the laser disk even when it is clamped in a
vice. Pumping Produces stresses near the edge of the disk from
the radial heat flow there. Induced optical power has been measured
and is about 50% less than that of a comparable disk laser built by
other researchers.

3) The performance of Ho:YLF, in an identical configuration,
will be better than that of the ED-2 laser glass disks tested. Since
Ho:YLF is five times more resistant to thermal fracture than ED-2

19

;
T e s s = ,LA&J




o T T D TR MR o s e ORI (T e e

laser glass, pumping rates of 7KW per inch can be sustained by the
YLF disks. Optical distortions less than one fifth those in ED-2
laser disks are to be expected in Ho:YLF due to its higher thermal
conductivity. Furthermore, if a thick teflon section is used to

3 hold the YLF disk in place, an order of magnitude improvement over
E glass can be expected in beam quality.

A major change in the program plan was made when it was learned
that suitable quantities of Ho:YLF material would not be available
in time for their use on this program. In order to obtain some
] meaningful results, Nd:Glass was substituted as the laser medium.
The characteristics of the bonded glass disks could be evaluated
and the performance of the Ho:YLF could be, at least, estimated.
Because of this delay active laser oxperiments could not be carried
out on the program.

T, (WD L RN S ey e

3.1 FABRICATION OF THE BOND:D DISKS

e

A detailed discussion of the bonding technique was the topic
of the semi-annual report for this program y . The major results
t of this report are summarized below.

Because of the high temperatures and external forces required
to bond with FEP Tef]on(R), a novel approach for inserting the disk
in the disk holder was required*. Experiments showed that a satis-
factory bond could be achieved if both the disk and holder were
tapersd on their contacting surfaces. Twenty two disks and disk
holders were fabricated in this manner - twenty with Nd:Glass disks
and two with Ho:YLF disks.

3.1.1 Fabrication of The Laser Head

Many good features of other disk lasers have been incorporated
into this device. The pump cavity is a dual Tamp clamshell configura-
tion allowing easy access to the ¢ sk tray and other cavity components.

%*
A patent disclosure has been submitted for this technique.

20




The two cavity halves are flooded with water for both lamp and
cavity cooling. The disk tray is a sealed unit permitting coolants
other than water to be used without contamination. The coolant flow
direction alternates from flow channel to flow channel to eliminate
beam walkoff. Furthermore all flow channels for flow in one direc-
tion are connected in parallel to keep the system pressures low and
the flow rates high. Typical flow parameters are:

Total flow--=--=ccce cccccmaao.. 2-1/2gpm
Flow per channel----ececaca_____ 0.13 gpm
Total pressure drop-------ccc---- 12 psi

(including lines to
laser head)

The total temperature rise across the disk assembly was about 3°C
for 4KW average power into the 18 Nd:Glass disks. Photos of the

laser head are shown in Figure 4.

3.2 TESTING - NON-LASING

Non-lasing erperiments with the laser head included observations
of the induced stresses and measurements of the induced optical power
in the disks.

3.2.1 Cladding Induced Stresses

The major drawback of conventional cladding techniques - stress
in the clad disk - is eliminated by bonding the disk in the cladding
material with teflon. No stresses could be observed in the disk even
when ' the disk holder was clamped in a vise (see photos, Figs. 5 and 6).

3.2.2 Induced Effects Due to Pumping - Stress

Two induced effects - stresses and thermal lensing - result
from pumping. Both are due to heat flowing radially in the disk.

If the pumped disks are observed through crossed polarizers
stress is observed near the circumference of the disk (see Pig: 7))
These stresses are similar to those observed in solid rods.

21




Figure 4a. COMPLETE DISK LASER HEAD
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3.2.3 Induced Effects Due to Pumping - Thermal Lensing

A comparison of the induced thermal lensing of the S/A disk
laser with that reported in reference (6) is given by the graph in
Figure 9. It can be shown (Appendix B) that if the ratio of the
measured optical powers is

cav &
rdﬁ SA
cav &
rdE )(E}

then the two lasers have equivalent induced thermal lensing properties.
If this ratio of observed thermal lensing is less than 1.377, then

the S/A disk laser has less induced lensing than does the disk laser
of reference (6). The induced thermal lensino measured for both

lasers is plotted in Figure 9 along with the ratio

f
flsa

Fl
o s

) observed

At high pumping rates this ratio approaches 0.622. Since this ratio
is about half that predicted for equivalent induced lensing, it must
be concluded that the S/A disk laser has approximately half the in-
duced lensing of the laser of reference (6).

The larger thermal lensing of reference (6) can be uttributed,
at jeast in part, to heat flowing radially near the circumference
of the disk. The Nd:Glass core of this laser was clad with a samarium
doped glass. The thermal properties of the cladding are, most likely,
the same as those of the laser alass to eliminate stress problems.
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The Nd:Glass disks in the S/A laser, howcver, were bonded into
holders whose thermal conductivity is less than that of the laser
disk. Consequently there will be less radial heat flow in our
disk laser than in that of reference (6). An analysis of the heat
flow near the edge of the disk (see Appendix C) indicates that the
ratfio of radial heat flow in the S/A disk laser to that of reference
(6) is:

R=s 0.71.

Better ayreement between this ratio and the observed ratio of thermal
lensing (= 0.5) for the two l2sers is not possible as the detaiis of
the holding technique for the laser of (6) are not known.




Section 4

RECOMMENDATIONS FOR DISn LASER DESIGN

The brightness of disk lasers can be improved by mounting the
disk in a holder whose thermal conductivity is much less than that
of the disk itself. The use of FEP Tef]on(R) to bond the laser disk
into the disk holder allows a wide choice of disk holding materials.
By selecting a holder material whose thermal conductivity is much
lTower than that of the disk, a much higher thermal isolation of the
edge can be achieved than is now possible.

T
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Section 5

SUMMARY AND CONCLUSIONS

This bonding technique presents a wider choice of cladding
materials to the disk lazer designer. It will allow, perhaps, a
factor of five reduction in beam distortions over conventional glass
disk lasers. It allows even high thermal conductivity laser materials
to be clad safely withkout inducing stresses in the laser disk.

Furthermore, the CW room temperature Ho:YLF disk laser is a
possibility. High CW powers and high peak powers and pulse energies
are predicted. The quasi three level nature of Ho:YLF, however, re-
quires pumping rates nearly ten times that of Nd:YAG just to reach
threshold. Improvements in beam quality of an order of magnitude
can be expected over current Nd:Glass disk lasers.

e ekt et T
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APPENDIX A

DETERMINATION OF THE ACTIVE ION DENSITY

The active ion density, Ny must be determined before calcula-
tions of the threshold can be made. The equation for the CW output
power(A])

U = U2 - U

0 th

and the CW thresho]d(a)

u . ( gMo * ANth> W
th B, + Bg

allow the maximum active ion density to be computed given Uo’ ANth’
U7 and the temperature. We can combine these equations in the form:

L
n = UII = U B7 * 88 - ANth
0 max ( L o) WB8 88 I
to give the maximum active ion density as a function of the laser

parameters.

The largest value of n, occurs when U0 = 0, i.e., when the maximum
pumping rate is the threshold pumping rate.

Thus

Ug(By + Bg) ANy
WB

0 max 8 88

(A1) A. Yariv & J.P. Gordon, Proc. IEEE, p. 4, Jan. 1963.

34




The minimum ion density will be many times the population in-

version required for threshold. If it happened that the Ho3+ ion
density were the critical inversion density then 100% of the available
jons would have to be inverted just to reach threshold. Since, in

Ho3+, the ions in the upper laser level represent about E__%—F—': %
7 8
h

of those in the excited state manifold (corresponding to 100% of the
active ions in the excited state manifold at threshold) will be

= g ° 64Ny (at room temperature).

n .

o min B7 + 88 h
A suitable value of Ny must be much larger than = 6ANth = 0.25 x
10]9/cm3 yet less than n An ion density satisfying both of

these conditions is

0 max’

_ 19 3
n, 10 " /cm™.

This value will be used for all calculations where n, is required. A

plot of Ny max VS t0 is given in Figure Al.

35




3
\\
s 2
mA
E
(&
~
(=)
'—O
x
>
©
E
co
1
0 ]
0 -] |2 .3 C‘
t,* .
Figure A.1. MAXIMUM ACTIVE IQON CONCENTRATION FOR Ho3*:vLF

Vs. OUTPUT COUPLING.

35




APPENDIX B

COMPARISON OF DISK LASERS

In order to compare our measurements of the induced lensing with
that of other researchers, we must first normalize our results to
account for different pumping rates, disk geometries etc. If we
assume uniform thermal loading, then the temperature a=d, hence,
the thermal lensing will be proportional to the thermal loading
(W/cm3). Furthermore, since the induced lensing effects are small,
the paraxial ray approximation applies and we can write the effect
of N disks as N times that of each disk. Whereas the diameter of the
probe beam linearly affects its divergence after passing through the
disk assembly, the focal length (and lens power) is independent of
the beam diameter. Disk thickness has a large effect on the optical
power. Indications are(4) that optical effects depend quadratically
on the disk thickness. We, therefore, can summarize the dependence
of optical power on the system variables as

2
1 2 _ assy , _
3 Ule U2 2 2 UR zassyz
The pumping rate, UR’ is computed from
U N ncavpﬂ,
é mr 22
d “assy
where !
P2 is the total lamp power;
Neay 18 the efficiency of the pump cavity, s = 3/4
for a single elliptical pump cavity, Wery = 2/3

for a dual lamp cavity, L 1/2 for a four lamp
cavity;

37




-

up is the disk radius; and,

zassy is the total length of the disk assembly including
~ the coolant passages.

Furthermore, the number of disks, N, is found from
')
- ass
X

where
d is the thickness of the coolant channel.

Usually
= 0.1.

*la

or less and we can write

)
x _assy
N z .

Consequently,

Neavle®

1
Fe Y
d

An optical power reported by reference (6) would have to be multiplied
by the factor

<"cavpzz>
- 7
"d /sA
Ncavig®

r

d (6)

to compare it with the data taken for our disk laser. The Nd:Glass
laser reported in(6)

1/2 (4 lamps)

Neav ~
£ = 1.0cm
rg = 0.9¢m
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Thus, at equal pumping rates, the ratio of optical powers should be

n %

cayv
<
"4 KA
L e s = ].377

Meay*
( o’ 25)

If the ratio of the measured optical powers is less than this value,
then the difference represents an improvement in induced thermal
lensing by the S/A disk laser.
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APPENDIX C

RADIAL HEAT FLOW

Some radial heat flow will occur near the circumference of the
disk even though it is in contact with a disk holder of low thermal
conductivity since it is not the absolute thermal conductivity of
the holder which is important but rather its magnitude with respect
to that of the disk. Estimates of the relative thermal impedance of
the two paths - one from the center of the disk (at the edge) to the
coolant (AB) and the other from the same point in the disk through
the disk/holder interface and then to the conlant (ACD) Gee Fig. C1A)
can be easily made. The path through the disk ho'der for the bonded
disk has 3 higher thermal impedance due to the presence of the bonding
agent. Thus, all other things being equal, the impedance ATCTD™ is
greater than the impedance of ACD.

The thermal impedance along rods and through the walls of thin
*
cylinders can be approximated by

where

AL is the length of thickness;
is the area of the rod or cylinder surface; and,
k 1is the thermal conductivity of the material.

The thermal resistance of AB is approximately

_ %2
"B W

*Condon and Odishaw, Handbook of Physics, McGraw Hill,
1958, pp 65-66.
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: where

A = andx is a small annular area near the edge of the disk
whose width is the same as the thickness of the
disk.

Similarly we can find the impedances of CD, ATB' and C'D'. The
impedance of A'C' is approximately

R S
AT ZTrRK

The relative heat flow along the two paths AB and ACD is

p X
7 " (Z"rarkdisk) i (kholdeﬁ>
Romrer X K.
ACD ( ) disk
2mrdrky o1 der

and along the two paths A'B' and A'C'D' is

X
REET (Z"XEdisk)

RC'D (rmiyreer) )
21Terho]der 2"”kteflon

REsr Kdisk :
RevrirT 1 t
T ) * o)
kho1der XKteflon
Since
= 0.317cnm
2.05 x 10'4cm
- -3 cal cm
kdisk *~ 3.01 x 10 cm? sec °C
k 3 Zhe x g mdalueii, ..
glass h ) cm? sec °C
holder : :
- -4 cal cm
ktef]on = 4.65x 10 cm? sec °C
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then

] = 450 cm® - sec - °C 2 . sec - °C

K al << —r—k-—"1.70 8 -
holder a% *Kteflon ca

and it is apparent that the Tef]on(R) really provides little thermal
insulation, mainly due to its tiny thickness.

The ratio of disk/holder thermal conductivities allow the
thermally induced lensing to be estimated if one compares this ratio
with that of a disk laser whose lensing characteristics are known.
The thermally induced lensing will be, roughly, proportional to the
ratio of thermal conductivities for the disk/holder assembly

(RADBI/RAICIDI)'
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