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Diamond/Sapphire gain element for Modelocked Backbone Laser
ABSTRACT

An integrated diamond sapphire laser design was explored using analytical expressions, computer based simulation, and experimentation.
The analytical expressions and computer based simulation predicted a solid state laser gain medium composed of diamond for removing
heat and Ti:sapphire for gain could access the high average power densities required for high energy lasers satisfying requirements of the
JTO program. The experimental efforts indicated that single crystal diamond could be fabricated with the required surface properties for
implementation of the basic diamond/Ti:sapphire component. The task of experimentally measuring thermally induced refractive index
change was found to call for parallelepiped shaped samples. Given the expense of procuring diamond in the required shape and size the
experimental investigation was performed with Ti:sapphire as the gain material and undoped sapphire as the cooling material. The
experimental study demonstrated that the most important physical requirement, heat removal across the interface between the gain sample
and the cooling sample with a negligible temperature change across the interface could be obtained by proper preparation of the interface
surfaces. A means of optically measuring the dynamics of the thermally induced temperature change, including the change across the
interface was developed.
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Statement of the Problem Studied

The problem studied was that of using integrated gain and cooling materials to remove waste
heat from a solid state laser gain medium so as limit optical distortion and stress to the degree
necessary to allow scaling of solid state lasers to the average power, e.g., > 100 kW, needed for
the Joint Technical Office program. Diamond and Ti:sapphire were chosen respectively, as the
candidate cooling and gain materials. The focus area was the interface between the gain material
and cooling material and the degree to which heat flow across that interface could approach the
rate of heat flow within intrinsic material. Computer simulations and analytical expressions were
developed demonstrating that this quality of heat flow across the interface was of major
importance in achieving the goal of high average power and acceptably small optical distortion
and stress.

Summary of Most Important Results

1.0 Experiments addressing heat flow across the interface between amplifying and cooling
elements

We developed a solid state laser design based on the combination of gain and cooling elements
designed to achieve high average power >100 kW from a solid state laser and also a method for
measuring the performance of rate of heat flow across the interface between such solid state gain
and cooling elements. We found that, provided the surfaces of the materials at the interface are
prepared with maximum achievable precision, i.e. flat to tenth wave (optical contact quality), the
heat flow across the interface is comparable to heat flow in continuous material, i.e. no
discernable abrupt change in temperature is observable at the interface.

We included in this investigation diamond and sapphire materials and operation of the
materials at temperatures as low as 40k where sapphire has thermal properties similar to those of
diamond. In particular, we have calculated that composite structures of sapphire and diamond, or
doped gain material and a cooling material such as sapphire at low temperatures can access the
performance required to achieve >100 kW of average power from a solid state laser given the
interface performance which we have observed.

1.1 Experimental measurement techniques



A necessary tool was an experimental means of measuring the heat flow across the interface
between the gain and cooling elements. No such experimental device appeared to be available.
We consequently developed a dynamical interferometric method of measuring the time
dependant heat flow in the materials and across the interface. We used both Mach-Zehnder and
Michelson configuration interferometers to record the dynamics of heat flow in terms of the
thermo-optically induced change in optical delay in the materials following excitation of the gain
medium by a an energetic short optical pulse.

1.2 Sample configuration

We found in the course of the experimental work that it was necessary, given the samples and
laser intensities available, to orient the pair of elements being studied , one for gain and one for
cooling, so that the probe optical field propagated parallel to the interface between the two
elements. This permitted accumulation of a net induced optical phase shift in the optical fields
sufficient to read out the temperature variation in the samples and also across the interface with
adequate precision at all successive delays of the probe measurement relative to the exciting
pulse. These measurements provided data on the dynamics of the heat flow through sequences of
observations at successive time delays after the initial excitation.

1.3 Influence of sample configuration on the choice of materials

The need to propagate the optical probe field parallel to the interface between samples strongly
favors the use of materials that do not alter the optical field wavefront of curvature as the optical
field propagates through the pair of samples. This calls for flat parallel surfaces on the entrance
and exit surfaces that intersect, and are normal to, the surfaces used for the interface. This has the
consequence that the preferred samples have the form of parallelepipeds.

The two crystalline diamond samples which we had available were in the form of circular
disks. While these samples, on loan from the organization C6 through Dr. Butler, were high
quality and had adequately smooth surfaces, the round nature of disk boundary precluded the use
of our interferometric method for measuring the properties of the diamond samples. We also
investigated polycrystalline diamond samples which might have been configured in
parallelepiped form, but found the optical scattering to be unacceptably large.

We did find that we could obtain at reasonable cost samples of Ti:sapphire and undoped
sapphire that had the required dimensions, intrinsic optical quality and surface quality to
perform the experimental measurements. Since undoped sapphire has comparable heat removal
properties to diamond at low temperature, and the obtaining of a diamond sample of adequate
dimensions and shape appeared outside the scope of this particular effort, we proceeded with the
Ti:sapphire sample as the gain material and a cooling element composed of undoped sapphire.

1.4 Cryogenic measurements

We included in this study, an examination of the performance of the gain and cooling elements
as a function of temperature. We accessed the temperature regime, 40K, where the undoped
sapphire has thermal properties similar to those of diamond. Data was recorded for the gain/cool
samples down to a temperature of 40K. An extensive description of the resulting data is given in
the doctoral thesis of Wesley Walker which is currently in preparation. The essence of the
findings was that the rate of removal of heat from the gain material into the cooling material
improves as predicted by thoery given the improved thermal transport properties of sapphire at
lower temperature.

1.5 Influence of surface quality of experimental samples



The first pair of Ti:sapphire and undoped sapphire samples that we investigated were given a
*good” surface polish. We found a significant abrupt change in temperature across the interface
during heat flow. This indicated thermal impedance at the interface that was significantly larger
than the heat flow across a comparable region of continuous material having no interface. A
second pair of Ti:sapphire and undoped sapphire samples was investigated. This second pair was
prepared with the surfaces having the best obtainable surface flatness, essentially “laser quality”
surfaces of tenth wave flatness from Crystal Systems, Inc.

No abrupt change in temperature of the media was observed in this second pair of samples
that had the superior surface quality. These samples also exhibited good optical contact. That is,
the transmission through the sample pair changed noticeably on placing the samples in contact
and exerting a slight pressure forcing the two materials in close contact. This indicated that
“adhesive free bonding”, as through introduction of VVan der Waals forces was present.

1.6 Dynamics of the heat flow

The dynamics of the heat flow were measured following excitation of the sample with a “burst”
of laser pulses during a time short compared to the millisecond time constant that characterized
the rate of heat removal from the samples. The rate of heat removal was found to be that
expected given the thermal properties of the intrinsic material at a given temperature and the
absence of significant thermal impedance at the interface between the two materials.

2.0 Calculational and analytical characterization of heat flow in the gain/cool element

We also performed analytical calculations and computer simulations characterizing the heat flow
in the gain/cool element. In general, where comparisons could be made between experiment and
theory, for the pair of gain/cool samples having the “laser quality” interface described above,
there was good agreement between the analytical and computer based simulation predictions and
the experimental results.

2.1Analytical equations describing heat flow and temperature variation in gain/cool element

Analytical equations were developed that describe the heat flow and temperature variation with
time and position in the gain/cool sample. One system of equations that characterized a
Ti:sapphire/diamond interface with a thermal impedance that was radially independent was
published in the reported peer reviewed publication 1. A second system of equations that
addressed the case of an interface thermal impedance that was radially dependent was published
in a second reported peer reviewed publication 2. (some of the material for these two
publications was also supported under a separate ARO grant for the Surface High Energy Laser).
The later radially dependent thermal impedance offers more options in minimizing the net
thermally induced optical distortion, including in particular, undoped sapphire as the cooling
element.

2.2 Computer based simulations describing heat flow and temperature variation in gain/cool
element

Computer based simulations were also performed that described the heat flow and temperature
variations in the gain/cool element. These simulations provided a degree of detail that is difficult
to describe analytically. Where comparisons could be made between computer based
simulations, the analytical expressions, and the experimental results, agreement was found. The
computer based simulations included simulation of a composite multi-element gain/cool element
that could not be easily represented analytically and could not be experimentally addressed
within the scope of this effort. The prediction of this computer based simulation was that a



composite multi-element gain/cool material could be realized that would produce the average
power of 100 kW or greater, as sought for JTO purposes.

3.0 Conclusions

We conclude from our analytical expressions, computer simulations, and experimental
observations that the gain/cool strategy developed in this and a related effort supported by ARO,
offers a means of constructing a solid state laser that can access the high average power, e.g., >
100 kW, sought for JTO applications. We give here some additional observations.

3.1Cost and uniformity issues related to diamond

We greatly appreciate the polycrystalline and single crystal diamond samples made available by
Dr. Butler of NRL. Use of diamond will need to address the need for lower optical scattering
from the polycrystalline samples and, preferably, reduced position dependent birefringence in the
single crystal diamond. The single crystal diamond samples we received appeared adequate for
experimental measurements. The key problem in using these disks was the round geometry and
thin dimension normal to the plane of the disk. The minimum needed thickness, for this
measurement technique that required an optical probe field propagating order of half a
centimeter parallel to the interface, was ~ 4 millimeters. The parallelepiped geometry and
additional thickness is simple and comparatively inexpensive to achieve with sapphire, but tends
to be costly for diamond.

3.2 Cost, internal uniformity, flatness and effect of compression of sapphire

The cost of sapphire is well known and appears acceptable for design of larger systems. The
flatness of the interface surfaces needed to be tenth wave of visible light to achieve a thermal
impedance so small as to shown no measurable temperature change at the interface. This flatness
is achievable in the best surface quality sapphire. The internal uniformity of commercial sapphire
was excellent; however, under compression some of the sapphire samples exhibited a position
dependent variation in optical delay path. We did not extensively explore this position and
compression dependent optical distortion; however, further studies of the suitability of sapphire
for a laser medium, where the sapphire experiences significant compressive force, a torque of a
few foot-pounds applied to the clamping screws, should be considered.

3.3 Role of material temperature

As predicted from material properties operation of the gain/cool element at reduced temperature
resulted in more rapid removal of heat with less thermally induced distortion. Reduction of
temperature of the laser medium offers a desirable and valuable improvement in removal of
waste heat while minimizing the thermally induced stress and optical distortion. In particular,
many of the advantages of diamond appear to be susceptible of exploration by using sapphire at
reduced temperature.

3.4 Method for measuring the dynamics of heat flow in laser materials

A method for measuring the dynamics of heat flow and the related optical changes in laser
materials used both for gain and for cooling was developed. This method should be valuable for
investigation of heat flow dynamics and the associated optical distortion which are critical to
development of high power lasers. To the best of our knowledge this method is original. We
have measured heat flow and the associated optical changes with the precision needed for
evaluating application of this technology to laser systems at temperatures ranging from 40K to
300K.



3.5 Role of material interfaces

We have found that material interfaces can be made sufficiently uniform, tenth wave flatness for
our sapphire materials, to provide thermal impedance comparable to a similar thickness of
continuous material. In our samples temperature cycling does not appear to be a problem. We did
not investigate possible changes in materials that are in optical contact over extended periods of
time, as, e.g., many months.

3.6 Feasibility of gain/cool element based solid state laser operating at >100 kW.

Within the framework of the investigations carried out here a high average power solid state
laser based on the gain/cool strategy we have outlined in the peer reviewed publication
referenced here appears feasible. Some issues that should be addressed in further work are the
effects of compression on the optical quality of the laser materials, the ability to produce a
prescribed radial variation of the heat transfer coefficient at an interface, and the tolerance for
long term temperature cycling of the structures.

3.7 Additional reference material:

Considerable additional material will be generally available within order of a month or so in the
doctoral dissertation of Wesley Walker.

Bibliography

Wesley W. Walker, " ANALYSIS AND EVALUATION OF THERMAL PROPERTIES OF A
MULTILAYER LASER GAIN ELEMENT USING TIME-RESOLVED
INTERFEROMETRIC METHODS," Doctoral Dissertation, University of Alabama in
Huntsville, available through UAH library (http://www.uah.edu/library) 2006.

W. Koechner, Solid-State Laser Engineering, 2nd Edition, Springer Series in Optical Sciences,
Springer-Verlag, New York, (1988).

R. L. Fork, W. Walker, R. L. Laycock, J. J. A. Green, S. T. Cole, “Integrated Diamond Sapphire
Laser,” Optics Express, vol. 11, no. 20, p.2532, (2003).

H. P. Chou, Y. L. Wang, V. Hasson, “Compact and Efficient DPSS Laser using Diamond-
Cooled Technology,” High Power Laser Ablation V, Proceedings of SPIE 5448, p.550,
(2004)

Y. Tzuk, A. Tal, S. Goldberg, Y. Glick, E. Lebiush, G. Kaufman, R. Levi, “Diamond Cooling of
High-Power Diode-Pumped Solid-State Lasers,” IEEE Journal of Quantum Electronics, vol.
40, no. 3, p. 262, March (2004).

V. Hasson, H. P. Chou, United States Patent Publication No: US2003/0063638A1, “Cooling of
high Power Laser Systems,”April 3, (2003).

R. L. Fork, R. L. Laycock, W. W. Walker, S. T. Cole, S. D. Moultrie, D. J. Phillips, J. C.
Reinhardt, “Surface High-Energy Laser”, Proceedings of the IEEE vol. 93, no. 10, p.1,
October (2005).



R. D. Abelson, M. A. Abdou, “Experimental Evaluation of the Interface Heat Conductance
between Roughened Beryllium and Stainless Steel Surfaces,” Journal of Nuclear Materials,
233-237, p. 847, (1996).

F. Nitsche, B. Schumann, “Heat Transfer Between Sapphire and Lead,” Journal of Low
Temperature Physics, vol. 39, nos. %%, p. 119, (1980).

J. Didierjean, S. Forget, S. Chenais, F. Druon, F. Balembois, P. Georges, K. Altman, C. Pflaum,
“High Resolution Absolute Temperature Mapping of Laser Crystals in Diode-End-Pumped
Configuration,” Solid State Lasers XIV: Technology and Devices, SPIE vol. 5707, p. 370,
April (2005).

X. Kexin, C. Lincai, S. Lixin, “New Development in Measuring Large Gradient Temperature
Field with Optical Interference,” Internatinal Conference on Optoelectronic Science and
Engineering, SPIE vol. 1230, p. 170, (1990).

X. Zheng, D. G. Cahill, J. C. Zhao, “Thermal Conductivity Imaging of Thermal Barrier
Coatings,” Advanced Engineering Materials vol. 7, p. 622, (2005).

Crystal Systems Website, online at: http://www.crystalsystems.com/proptable.html

F. Schmid, H. H. Rogers, C. P. Khattak, D. M. Felt, “Growth of Very Large Sapphire Crystals
for Optical Applications,” Conference on Inorganic Optical Materials, SPIE vol. 3424, San
Diego, CA, p. 37, July (1998).

D. C. Brown, “Ultrahigh-Average-Power Diode-Pumped Nd:YAG and Yb:YAG Lasers,” IEEE
Journal of Quantum Electronics, vol. 33, no. 5, p.861, May (1997).

Y. S. Touloukian et al, Thermal Conductivity of Nonmetallic Solids, Thermo Physical Properties
of Matter, TPRC Data Series Vol. 2, p. 93, (1970).

Y. S. Touloukian et al, Thermal Conductivity of Nonmetallic Solids, Thermo Physical Properties
of Matter, TPRC Data Series Vol. 2, p. 3, (1970).

Y. S. Touloukian et al, Thermal Expansion of Nonmetallic Solids, Thermo Physical Properties of
Matter TPRC Data Series Vol. 13, p. 176, (1970).

C. T. Taylor, M. Notcutt, E. K. Wong, A. G. Mann, D. G. Blair, “Measurement of the Thermal
Expansion of an All-Sapphire Optical Cavity,” IEEE Transactions of Instrumentation and
Measurement, vol. 46, no. 2, p. 183, April (1997).

A. C. DeFranzo, B. G. Pazol, “Index of Refraction Measurement on Sapphire at Low
Temperatures and Visible Wavelengths,” Applied Optics, vol. 32, no. 13, p. 2236, May 1,
(1993).

T. Y. Fan, J. L. Daneu, “Thermal Coefficients of the Optical Path Length and Refractive Index in
YAG,” Applied Optics, vol. 37, no. 9, p.1635, March 20, (1998).



H. Kogelnik, “Imaging of Optical Modes — Resonators with Internal Lenses,” Bell System
Technical Journal, vol. 44, p. 455, March (1965).

W. Koechner, D. K. Rice, “Birefringence of YAG: Nd Laser Rods as a Function of Growth
Direction,” Journal of the Optical Society of America, vol. 61, no. 6, p.758, June (1971).

W. C. Scott, M. deWit, “Birefringence Compensation and TEM00 Mode Enhancement in a
Nd:YAG Laser,” Applied Physics Letters, vol. 18, no. 1, p.3, January 1, (1971).

W. A. Clarkson, N. S. Felgate, D.C. Hanna, “Simple Method for Reducing the Depolarization
Loss Resulting from Thermally Induced Birefringence in Solid-State Lasers,” Optics Letters,
vol. 24, no. 12, p.820, June 15, (1999).

J. D. Foster, L. M. Osterink, “Thermal Effects in a Nd:YAG Laser,” Journal of Applied Physics,
vol. 41, no. 9, p.3656, August (1970).

F. Benabid, M. Notcutt, L. Ju, D. G. Blair, “Birefringence Measurements of Sapphire Test
Masses for Laser Interferometer Gravitational Wave Detector,” Physics Letters A 237, p.337,
January 19, (1998).

G. T. Furukawa, T. B. Douglas, R. E. McCoskey, D. C. Ginnings, “Thermal Properties of
Aluminum Oxide from 0 to 1,200 K,” Journal of Research of the National Bureau of
Standards, vol. 57, no. 2, p.67, August (1956).

See, e.g., the Encyclopedia of Laser Physics and Technology, online: http://www.rp-
photonics.com/encyclopedia_g.html#k_quantum_defect

J. T. Verdeyen, Laser Electronics, 3rd Edition, Prentice-Hall, Englewood Cliffs, (1995).

W. Winkler, A. Rudiger, R. Schilling, K. A. Strain, K. Danzmann, “Birefringence-Induced
Losses in Interferometers,” Optics Communications 112, p. 245, December 1, (1994).

P. Heydt, C. Luo, D. R. Clarke, “Crystallographic Texture and Thermal Conductivity of Zirconia
Thermal Barrier Coatings Deposited on Different Substrates,” Journal of the American
Ceramic Society, vol. 84, no. 7, p. 1539, July (2001).

D. H. Kuo, C. H. Chien, “Growth and Properties of Sputtered Zirconia and Zirconia-Silica Thin
Films,” Thin Solid Films, vol. 429, no. 1, p.40, April 1, (2003).

K. J. Kuhn, Laser Engineering, Prentice Hall, Upper Saddle River, NJ, (1998).

D. Pitts, L. Sissom, Heat Transfer, 2nd Edition, Schaum’s Outline Series, McGraw-Hill, New
York, (1998).

P. J. Schneider, Conduction Heat Transfer, Addison-Wesley, Reading, MA, (1955).

F. P. Incropera, D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 4th Edition, John Wiley
and Sons, New York, (1996).



M. L. Boas, Mathematical Methods in the Physical Sciences, 2nd Edition, John Wiley and Sons,
New York, (1983).



