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Energy-Transfer Upconversion and Thermal Lensing
In High-Power End-Pumped Nd: YLF Laser Crystals

P. J. Hardman, W. A. Clarkson, G. J. Friel, M. Pollnau, and D. C. Hanna

Abstract—Thermal lensing in an end-pumped Nd:YLF rod, defect implies that the minimum amount of heat produced
under lasing and nonlasing conditions, has been investigated. js ~.24% of the absorbed pump energy. Removal of this
Under lasing conditions, a weak thermal lens, with dioptric 0q¢ requires a nonuniform temperature distribution within the
power varying linearly with pump power, was observed. Under . .
nonlasing conditions, where higher inversion densities were in- Iase_r medium .and’ consequently, leads t9 a thermal!y induced
volved, hence relevant toQ-switched operation or operation as IenSIng behavior. Three processes contribute to this thermal
an amplifier, a much stronger thermal lens was measured, whose lens: a change in the refractive index with temperature, stress-

power increased nonlinearly with pump power. This difference jnduced changes in the refractive index, and bulging of the
has been attributed to the increased heat deposition due to end faces via differential expansion.

the subsequent multiphonon decay following various interionic . . . .
upconversion processes, which increase strongly under nonlas- ©One€ attractive feature of Nd:YLF, which was recognized

ing conditions, and is further exacerbated by the unfavorable early in its development [4], [5], is its weaker thermal lens
temperature dependencies of heat conductivity and the rate of compared to Nd: YAG for the same pumping conditions. This
change of the refractive index with temperature. A strategy js a consequence of YLF showing a decrease of refractive
{/Sirthf&ug;ng%alé?ﬁg T;seéf'ggr%?% ;tr]scgszog'gids ;gg.rmal l0ading, jngex with ingreasing temperature, creat.ipg a negative thermal
_ B lens, which is partly offset by the positive lens due to the
la;g?iﬁ;%gsagé?ge'ﬁggsﬂu'r‘";‘l?sgﬁa_ngé %@g:g'efbcgﬁ%i bulging of the rod end faces. The degree of compensation of
sion. ' ' ' these opposite contributions to thermal lensing is particularly
evident for theo-polarization (corresponding to 1.053n
operation), where the net thermal lensing-i$7 times weaker
. INTRODUCTION than for a comparable 1.064n Nd:YAG laser [6]. Other
OWER-SCALING of diode-end-pumped solid-state lase@dvantages of Nd: YLF include its natural birefringence and
to multiwatt output power, while retaining the high efits long fluorescence lifetime. The latter feature is of interest
ficiency and diffraction-limited beam quality that have beef®r high-power @-switched operation. In practice, however,
characteristic of operation at low powers, is attracting growirighas been noted that it is difficult, with end-pumped lasers,
attention [1], [2] due to the numerous potential applicatiorf§ realize this supposed benefit f@F-switching, and recent
of such sources. However, progress has been hinderedresearch [7], [8] indicates that possible reasons are to be
two main problems. Firstly, the highly elliptical nature of thdound in the detrimental effect of energy-transfer upconversion
output beams from high-power diode bars, and, secondly, tfeTU). ETU is a process in which one excited ion, in the
onset of strong thermal effects which result from the highFs,2 upper laser level, relaxes down to a lower lying level
thermal loading density in end-pumped lasers. With the intrénd transfers its energy to a neighboring excited ion, also in
duction of effective beam-shaping schemes [3], enabling tHe *F5/> level, which is thereby raised (upconverted) to a
equalization of beam quality factors in orthogonal planes ahigher level. Hence, ETU reduces the population of the upper
hence focusing to high-intensity beams, thermal effects hakeser level, effectively shortening its lifetime.
become the major limitation. Generation of heat in the laser Thermal lensing is a critical factor for resonator design
medium is a fundamental problem which ultimately sets limitgnd must be thoroughly understood and characterized if an
on the maximum operating power. For many laser transitiorgptimum design for efficient operation is to be achieved. In
the energy difference (quantum defect) between pump phottis paper, we describe the measurement of thermal lensing
and laser photon energy establishes a minimum heat ingotend-pumped Nd: YLF crystals under lasing and nonlasing
Thus, in a Nd : YLF system, operating at a wavelength of 10%®nditions. Both sets of measurements were taken, since
nm, pumped by a diode laser operating at 797 nm, the quantam well as designing CW lasers we wished to extend the
design to@-switched lasers, for which the excitation density
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additional heat generation, via subsequent multiphonon decay, Power Meter

and hence stronger thermal lensing. A simple analytical model _

has been develgped to test this (gxplanati%n and%s described 2Pl RoLomm o Coupler

in Section Ill. The full analysis is confined to the appendix. o 0

With this better understanding of the thermal lensing behaviorﬁm> YLFrod 1!

in diode-pumped Nd: YLF, it appears that this material now PBS £=300mm .
has very good prospects for further power scaling in spite of it -— oy Master
having a low fracture limit, which is-5 times lower than that 136 mm

for Nd: YAG. Using the appropriate design strategy, it shoulelg. 1. Experimental setup used for measuring the power of the thermal
be possible to scale diode-end-pumped Nd:YLF lasers wifs under lasing conditions.
TEMgo output to powers well in excess of 10 W.

Measurements of the thermal lens under lasing conditions
were initially made. The basic procedure involved constructing
a simple end-pumped laser resonator with a plane output

Several different techniques have been used for measurgmpler and measuring the TEM mode waist size on the
thermally induced lensing in laser media [6], [9], [10]-[12]plane output coupler. With a knowledge of the resonator
and measurements of thermal lensing behavior in Nd: YLFarameters, except for the thermal lens focal length, it was
have been previously made [5], [6], [9], [10], [12], [13]. How-possible to calculate the latter through the ABCD matrix
ever, most of the work has been carried out on lamp-pumpfatmalism for Gaussian beams. Thus, the cavity needed to
lasers, involving a more or less uniform heat depositiobe kept simple to allow accurate modeling and chosen to
whereas, by contrast, end-pumped lasers typically experiemze a large change in spot size on the output coupler for
an essentially Gaussian transverse heat deposition. In additichange in thermal lens so as to increase the sensitivity of
a direct comparison between lensing behavior for lasing atite measurement. The cavity design chosen (Fig. 1) was a
nonlasing conditions for varying pump power has not y&imple two-mirror resonator, close to half-confocal, with a
been reported in the literature. In this section, we describe th80-mm radius-of-curvature mirror and a plane output coupler
measurement of thermal lensing under lasing and nonlasifig = 90%), separated by 136 mm and the Nd: YLF rod placed
conditions within a Nd: YLF system end-pumped by a diod&0 mm away from the curved mirror. The laser typically had
bar. a threshold of~700 mW and an output power ef2.7 W

In our measurements, the pump characteristics were kepttbe ~8.5 W of incident pump power. The output from the
same under both lasing and nonlasing conditions. The putiager was collimated by a lens of focal length= 300 mm,
was provided by a 20-W diode bar whose output beam wpesitioned~300 mm from the output coupler, and was then
reconfigured by a two-mirror beam shaper, described in detmitident on a Coherent Modemaster. The latter was used to
in [3]. Application of this beam shaper has allowed effectivmeasure thel/? beam propagation factor and the collimated
pumping for various lasers [14], [15]. In this experimeniwaist sizew- after lensf;. The waist radiugv; on the output
the focusing optics were configured to produce a beam edupler could then be simply calculated from
waist radii 340;:mx 220 xm with correspondingy/? values M2
of 79 and 63. The rod was oriented with itsaxis parallel wy = I i (1)
to the resonator plane, and, in order to reduce the risk w2
of thermally induced fracture, the diode wavelength wabhe accuracy of this technique was limited by the uncertainty
temperature detuned from the absorption peak; 287 nm, to in the measurement of the cavity length (estimated to be
longer wavelengths until an absorption length~gf mm was +1 mm) and by the uncertainty in the focal length of the
obtained in the Nd: YLF. The 6-mm-long 4-mm-diameter collimating lens (stated by the manufacturer to42%). The
Nd:YLF rod (1.15 at% doping) was mounted in a watercombined effect of these uncertainties resulted in a systematic
cooled copper heat sink, which provided side-cooling of therror for the calculated values of thermal lens focal length
rod. The temperature of the cooling water was held at 288rsus pump power typically within the range80%.

K. The pump was always operated at maximum power andThe thermal lens was also measured under nonlasing
attenuated by using a half-wave plate and polarizing beamanditions, in which there is a much larger population in
splitter to allow the pump power to be varied without alteringhe upper laser level, corresponding to typical conditions of
the pump geometry inside the rod. low-repetition-rate@-switching. Under these conditions, the

Nd:YLF is a uniaxial birefringent crystal with significantNd: YLF is more susceptible to processes such as energy-
anisotropy in a number of its properties, in particular exhibitinggansfer upconversion [7], [8] involving closely neighboring
a change in refractive index with temperatuié:/d7T) of ions both in the upper laser level. Since we were primarily
—4.3x10°% K~! for w-polarization E-field vector parallel concerned with obtaining focal length values for the thermal
to the ¢ axis) and—2.0x10~¢ K~ for s-polarization §- lens and less interested in any spherical aberration of the
field vector perpendicular to theaxis) [4], [6]. Thus, to fully lens, a probe-beam technique was used in which the probe
characterize the thermal lens, four measurements need tobbam size was chosen to be significantly smaller than the
taken, i.e., for lensing in the two orthogonal planes of thgump beam size (in this case, approximately half the pump
crystal and for bothr- and o-polarizations. beam size), thus sampling the maximum on-axis value of

Il. EXPERIMENTAL
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Fig. 2. Experimental setup used for measuring the power of the thermal 0 5 4 8 8 10 12
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3. Measurements of thermal lens power, for both polarizations (squares
the thermal lens. The probe beam was provided by a led@'-—r -polarization, circles foro-polarization), under lasing (open symbols)

pumped Nd:YAG laser operating at 1064 nm, as shown #nd nonlasing (solid symbols) conditions for the direction perpendicular to
Fig. 2. The linearly polarized output of the Nd:YAG lasef™ ¢ &S
was collimated by a lens of focal length 250 mm and focused
by a lens of focal length 200 mm to produce a beam waist gfpically within the range+30%. This was confirmed by
150-:m radius close to the pump input face of the Nd: YLkeplacing the rod by lenses of known focal length.
rod. The probe light was then reflected to pass through theFig. 3 gives the results of measuring the thermal lens under
Nd: YLF rod for a second time by a highly reflecting mirromoth lasing and nonlasing conditions. Dioptric power of the
positioned at the probe beam waist. The high reflector wighs is plotted against incident pump power. Only results for
tilted slightly away from normal incidence to avoid feedinghe direction perpendicular to theaxis are given because, in
back the probe light to the Nd: YAG probe laser. Finally, thehe direction parallel to the axis, the lens was too weak
probe beam was focused by a lens of focal length 300 mm  for accurate measurement. This is believed to be due to
located at a distance equal to its focal Iength (i.e., 300 ml’!ﬁe elliptical pump beam profile which was larger in the
from the pump input face of the Nd: YLF rod, and the waisirection, thus reducing the corresponding lens power. The
location was determined with a Coherent Modemaster. Usifgkults under lasing conditions are indicated as open symbols.
the ABCD matrix formalism, a relationship can be derive¢hese results show a linear variation of dioptric power of
between the waist distaneefrom the final focusing lens and the thermal lens with incident pump power, as would be
the focal lengthf;,, of the thermal lens. If the separation of thesxpected from a model which ignores ETU [6], [16]. For
Nd:YLF rod and high reflector is much shorter than bfth  the »-polarization (corresponding to lasing at 1047 nm), the
and the Rayleigh range (as was the case in our experimeRg@lmally induced lens is negative. This is due to the strong
arrangement), then the expression for simplifies to negative contribution fromin/dT’, dominating the positive
—2f2 contribution from the bulging of the end faces. However, for
(2) theo-polarization (corresponding to lasing at 1053 nm), which
Ar has a smaller negativén/dT, it is the lens created by the
where Az is the difference between final waist positions wittpulging of the end faces which dominates and overall leads to
and without the thermal lens. Thus, by measurihg, the @ positive lens. For both polarizations, the overall lens is of
thermal lens can easily be determined. A half-wave plaweaker power, compared to that observed in Nd: YAG under
was added to the setup when the orthogonal polarization wagilar pump conditions [17].
required. The probe beam was carefully aligned along theThe results under nonlasing conditions are given by the solid
pump axis, using two steering mirrors, to obtain good overlapymbols. Each polarization demonstrates the same sign of lens
The alignment was aided by blocking the pump and themder lasing and nonlasing conditions. However, there are
observing how the probe was displaced when the pump ws significant differences between the lens observed under
unblocked. A perfectly aligned beam was simply expanded dasing and nonlasing conditions. Under nonlasing conditions,
undisplaced. The final alignment was carried out quantitativeiye lens is significantly stronger and has a nonlinear variation
by measuring the thermal lens and adjusting the probe positigith pump power. At the maximum pump power of 12 W
until the strongest thermal lens was obtained. The accurdogident on the crystal, the dioptric power measured under
of this technique was limited by the uncertainty in the focalonlasing conditions is a factor6 times larger than the
length of the lens and the uncertainty of the measurementwsflue measured for lasing conditions, for both the and
the waist location (stated to he(8%|Zy| + 4 cm), whereZ, -polarizations. However, this measured difference in the
is the distance from the front bezel plane reference on ttleermal lensing for nonlasing and lasing conditions is slightly
ModeMaster Scan Head to the beam waist. The combinexaggerated since different experimental conditions were used
effect of these uncertainties resulted in a systematic erfor the different measurement techniques. Under nonlasing

fth
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conditions, the probe beam had a spot radius of A5
whereas under lasing conditions the spot radius was;300

Since the pump beam has a “Gaussian-like” intensity profile, ‘G, :
the thermal lens is highly aberrated and can be thought of ‘G 1\=
as a lens whose focal length varies radially, decreasing in , " P
strength (dioptric power) as radial separatiofnom the center Gis n:

of the pumped region increases. Thus, both of our techniques EI I
for measuring the thermal lens focal length (dioptric power) l l l
yield average values which depend on the probe beam/laser ‘s o T— "1'V"|'V"|'V

mode size. For a pump beam with a Gaussian intensity profile,
it can be shown, by simply calculating a weighted average
dioptric power over the probe beam/laser mode sizes, that the
net result is that the ratio of the dioptric powers measured
under nonlasing and lasing conditions is exaggerated by a
factor of ~1.2. Thus, in reality, the ratio of the dioptric powers
at the maximum available pump power~%. Since this large :
difference was at first considered surprising, a second set of o1
measurements was taken, giving similar results, as shown in mii——
Fig. 3 by the pairs of points at the various pump powers. (b)
Also, as a further eXpe”mental check, V\_Ie Comp'_a_red dlre_C%' 4. Energy-level scheme of Nd:YLF. All dashed lines indicate heat
the thermal lens under lasing and nonlasing conditions usingenerating processes. (a) Without ETU. (b) With ETU.

single-pass He—Ne beam to probe the thermal lens. By viewing

the alteration of the beam size after passing through the rod

we were again able to confirm directly the large difference ﬂate after each of the fOL." qu'oresc.en'ce processes, shown in
ff=l9. 4. The dashed lines in Fig. 4 indicate the relevant heat

the thermal lensing between lasing and nonlasing conditions. X _ . T
generating processes. Under lasing conditions, significant heat
is generated only by multiphonon decay from the pump band

IIl. ANALYSIS AND DISCUSSION to the upper laser level'Fs,;» — *F35) and from the lower
We have developed an approximate analytical model of thaser level to the ground statél;;,» — *Iy/,). Hence, the
thermal lensing behavior to provide a quantitative guide feaction p;, of the absorbed pump converted to heat-B4%.

the expected lensing power. For simplicity, the model cotlowever, under nonlasing conditions, the upper laser level

siders only contributions to thermal lensing arising from theecays via all the four fluorescent processes, i.e., emitting at

temperature dependence of the refractive index. In Nd: YLES30 nm(4F3/2 — 411;,/2), at 1330 nm(4F3/2 — 4113/2),

other contributions to thermal lensing, most notably enét 1050 nm(*F;,, — *I1,5), at 900 nm and(*Fs,, —

face curvature, make a significant contribution to the néfg/Q), as well as via multiphonon decay on the transition

thermal lens. This is particularly so on the 1053-nm transitioi¥s> — *I15/2. This gives the respective branching ratios

(o-polarization) and less so on the 1047-nm transitign 343 = 0.04 (86% of which is due to nonradiative decay),

polarization) for whichdn/dT is greater. However, assuming3s2 = 0.115,34 = 0.523, and 34 = 0.322 [19]. Hence,

that the contribution of end-face bulge to the thermal lengder nonlasing conditions, the fractipp;, of the absorbed

has the same pump power dependence as the lensing puep converted to heat i8-25%. The dioptric power is

to dn/dT [18], one can then compare the relative strenggépproximately proportional to the fractional heating. Thus, if

of thermal lensing under lasing and nonlasing conditions iblge effect of upconversion is neglected, the induced thermal

considering just that part of the lensing which arises frofens, for nonlasing conditions, would be ondy; /pr, ~ 1.05

dn/dT. All measurements were taken with fixed pump sizéimes stronger than for lasing conditions. This small additional

fixed absorption length, and fixed output mirror transmissidreat loading under nonlasing conditions does not account for

(hence fixed threshold), so that the relative contribution of ttilee increases in the thermal lens observed in the experiment.

end-face curvature and internal lensing remained fixed.

To determine the dioptric power of thermally induced lenss. Thermal Lensing with Upconversion
ing, we must first identify the dominant processes which create . . . .
. . To explain the observed difference in thermal lensing under

heat in the crystal. Fig. 4 shows the energy-level scheme of. : I

Nd : YLF with all the major processes identified. lasing and nonlasing con_dmons, we must also _take .account
of the effect of upconversion. ETU is a process in which one

excited ion, in the*F3,, upper laser level, relaxes down to

a lower lying level and transfers the corresponding energy to

We first consider the situation without upconversion. Pumg neighboring excited ion which is upconverted to an upper
radiation is absorbed from the ground stafdg/Q) to the level. There are three dominant upconversion mechanisms
pump level (4F5/2) from where it relaxes, via multiphonon[19] shown in Fig. 4 as ETU1-ETU3. In ETUL, relaxation
emission, to the upper laser level, thereby generating heaft.an ion in the upper laser Ievé1‘F3/2) to the lower level

Heat is also generated via the mutiphonon decay to the grou*dgs/Q results in an excitation of a neighboring ion in the

e

A. Thermal Lensing Without Upconversion
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upper laser level to théG;)/Q level. Similarly, in ETU2, whereR is the pumping rate per unit volumé& = (R(r, z) =
relaxation to the lower levetl s/, results in an excitation «,I,(r,z)/hv,)) and N is the upper laser level population.
to the*G, level, and in ETU3 relaxation down to the lower Then, from (6), one obtains the following expression for
level 4_711/2 results in an excitation to th”&lg/Q level. These steady-state inversion density:

three processes have a direct spectral overlap and hence do not " 9 1/2
themselves create heat. However, heat is generated through N, = T+ (T +4AWE) . (7)
the subsequent multiphonon relaxation from the excited level 2w

back to the upper laser level and from the lower level down to Hence, the fractiomy(r, z) of excited Nd* ions which
the ground state, as shown in Fig. 4 by the dashed lines. 8cay via the fluorescence processes is given by

three ETU processes emit the same heat which is equivalent . 2 AW R Y2

to a complete nonradiative relaxation of one ion from the Y 2) = — tr o+ (r, 7)) ) (8)
upper laser level down to the ground state (i.e., 92% of 2WrR(r,z)

the energy of an absorbed pump photon). Thus, the reIative]—hUS’ by substituting (8) into (5), one can determine the
contributions to thermal loading under nonlasing conditiong¢fect of ETU on the thermal loading density. Clearly, the
including the effect of upconversion, can be deduced @fect of upconversion will be most pronounced at the center
follows. Multiphonon relaxation from the pump level to theys the pumped regiogr = 0) where the pump rate is largest.
upper laser level converts 0.08 of the absorbed pump to h&ggyation (8), fory(r, 2), is only strictly valid under nonlasing
For the fractiony of excited Nd™* ions in the upper-laser level .gngitions. However, an approximate value fgfr, z) and
which decay via the fluorescence processes, the contributigthce the thermal loading density, under lasing conditions, can
to thgrr_nal loading |$).317fy_ of the ab_sorbed pump power. '_I'heOe obtained by replacing(r, z) in (8) by the threshold pump
remaining (1 — ) Nd®* ions contribute to thermal loading rate density, since, under lasing conditiofi, =) would be

via one of the three ETU processes, resulting in a fractlor@hmped at the threshold value.

heating 0f0.92(1—+). Hence for a pump beam with a Gaussian \wjith a knowledge of thermal loading densi€)(r, =), we

intensity profile can now derive an expression for the thermal lens dioptric
I ) = 2P, 272 3 power, at the center of the pumped regign= 0), taking
p(r,2) = w? P Twl p? (3 into account the influence of ETU. To simplify the analysis,

we have assumed that the rod is side-cooled with heat flowing
only radially from the pumped region and that the pump beam
radius is approximately constant over the Nd:YLF crystal
Q(r,z) =[0.08 + 0.17~(r, z) length. We have also assumed that the rod is long enough
+0.92(1 — y(r, 2))]apLp(r, 2) @) SO that all of_the pump is absorbe_d and_ the_lt there is no _grour_1d
state bleaching. The details of this derivation are described in
where B, is the incident pump powery, is the 1/¢* beam the appendix; here, we merely quote the resulting expression
radius, andey, is the absorption coefficient for the pumpsor dioptric power D, namely
We have assumed here, as appropriate for th&rNdn, that
the pumping quantum efficiency is 1, i.e., each pump photon D IDmaX{l _ 21 - p) {2(\/@ —1)
produces a Nt ion in the *F), state. &)

the net thermal loading density(r, ) under nonlasing con-
ditions can be expressed in the form

Equation (4) can be generalized for both lasing and nonlas- 4 J1+p8-1
. " +In|l- *—— 9)
ing conditions by 8 VI+3+1
Q(r,z) = [1 = (1 = p)v(r, )]|aplp(r, 2) (5) where 3 is a measure of the magnitude of the effect of

where p is the fraction of the absorbed pump converted t%pconversi_on on the _overall decay rate from the upper laser
heat in the absence of upconversion. Thus, if upconversiyel, 5 being proportional to the pump power absorbed per
dominates (i.e.y — 0), then all the pump power could peunit volume and the upconversion rdté. 3 is given by

converted to heat, and, if there was no upconversion (i.e., SWP. .72

. ; f=——rr (10)
~v — 1), then the fractiorp of the pump power is converted Tw2hy
to heat. P

One can calculatey by using a simple rate-equation apand Dy,.x is the maximum dioptric power under operating
proach. Since the decay rate, via multiphonon processesnditions where upconversion is very strong (i o),
is fast compared to the fluorescence lifetimeit can be so that all of the absorbed pump is converted to heat. If we
shown [8], [19] that the combined effect of the differentonsider only the contribution to thermal lensing which arises
upconversion processes can be expressed by a single fum the temperature dependence of the refractive index, then
parameterW = 1.7 x 10~'6 c¢cm®/s and, finally, that the Dy.x is given by the approximate expression

net effect is the removal of only one excitation fro"rﬂg/Q
: : . . P,dn/dT
by each upconversion process, since the upconverted ion will Dy = ik (12)
decay rapidly back to the upper laser level. Thus, one obtains TWpte
dN _ R N W2 (6) where K. is the thermal conductivity and/dT is the change

dt T in refractive index with temperature.
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The contribution to thermal lensing by end-face bulge &t the center of the pumped region. At the maximum pump
assumed to have the same dependence on absorbed p@eerer, the average temperature, over an absorption length, was
as the internaldn/dT) lensing, thus the net lensing powercalculated to be~337 K under lasing conditions and434
should have essentially the same dependence on the degra¢ ahder nonlasing conditions at a heat sink temperature of
ETU as observed by the right-hand side of (9). It can be se288 K. This results in thermal conductivities under lasing and
from (9) that, when3 — 0 (i.e., the effect of upconversion nonlasing conditions of 5.3 and 4.1 th- K—1, respectively.
is negligible), thenD — D,...p as expected. The valueThis leads to a further increase in the ratio of the thermal lens
for 4 defined in (10) applies to nonlasing conditions. Underowers to~3.5.

CW lasing conditions, the inversion density and hence ETU This result still remains smaller than the ratio of lens pow-
rates are clamped at the threshold value. Hence, the diopgis measured experimentally, although within experimental
power under lasing condition®,s is given by the modified uncertainties, which were rather large for the measurement
expression techniques used, as explained in Section Il. This approximate
model still excludes contributions to lensing which may arise
(L = Ppt;‘)p dn/dT (12) due to the variation with temperature df,/dT and of the
rwp e expansion coefficient. Also, the model does not include the
where P, is the threshold pump power atd,y, is the diop- Stronger absorption in the wings of the diode spectrum (the
tric power at threshold, given by (9) witR, = F,,. Hence, diode was offset from the absorption peak), which will increase
under CW lasing conditions, the influence of upconversion 8¢ upconversion at the front end of the rod. The model also
generally much smaller than under nonlasing conditions. assumes an average temperature distribution throughout the
The following parameters used in our experiment, describ&f, whereas, in fact, the change in thermal conductivity will

in Section 11, are substituted into (9) for thepolarization and & more marked at the front of the rod. Incorporating all of
perpendicular to the axis: 7 = 520 s, ap = 333 M=%, \, = these effects into the model would lead to a further increase

797 nm, dn/dT = —4.3 x 10-¢ K=1, W = 17 x 10-2> m3.  in the predicted ratio of dioptric power under nonlasing and
s1 K, =625 Wm ! K™ (at 288 K), andw, = 235 zm lasing conditions. Regardless of these details, this approx-

(which is the average spot size weighted to the absorption di@ate analytical model clearly demonstrates the important
tribution). Then, evaluating the dioptric powers for nonlasingP!e ©of ETU and its associated multiphonon relaxation in
and lasing conditions, we can calculate that the effect of t§gnerating additional heat in Nd:YLF under typical end-
extra heat generated as a result of upconversion is to increBYE1PING conditions, leading to a marked increase in thermal
the dioptric power under nonlasing conditions by a factor dgns power, p_artlcularlyiat the high inversion densities present
~2.7 (from lasing conditions) at the maximum pump power dfnder nonlasing conditions.

~12 W incident on the Nd: YLF rod. Under lasing conditions,

we estimate that the influence of upconversion is to increaSe Strategy for Reducing Upconversion

the strength of thermal lensing by a factor-of.03 compared | general, it would be advantageous to reduce the influence
to the situation without upconversion. However, it should bgf ypconversion without significantly reducing the overall laser
noted that, if an output coupler of higher transmission is usegfficiency. This is particularly important fap-switched lasers
hence increasing the threshold, then upconversion may becqspehigh-gain amplifiers, where the increase in thermal lens
an important consideration. power density due to ETU would, for example, make stable
The calculated ratio~2.7) of dioptric powers under non-yesonator designs more difficult to realize and would probably
lasing and lasing conditions due to the influence of upcopsad to a degradation in laser beam quality due to the highly
version is significant but still does not fully account forperrated nature of the lens. From (9), we obtain the following

our experimental measurements, which suggest a ratio fpression for the ratio of thermal lens powers with and
dioptric powers of-5. However, a further increase in dioptricyithout ETU, under nonlasing conditions:

power arises from the fact that the thermal conductivity

Dlas = Dth +

anddn/dT are themse_l\_/es temperature-dependent, particularl_y Lupeon = 1 {1 _ 2(1 - p) [2(\/@ —1)
under nonlasing conditions. Thus, the elevated temperature in I5]
the pumped region results in a decrease in thermal conductivity 4 (VI+B-1
and an increase ifdn/dT|. The temperature dependence of + <[—3 <m))}} (14)
thermal conductivity [6] is approximately given by
T The above expression can be used as a guide to the
K({T)=K,- 70 (13) magnitude of the effect of ETU and hence develop a strategy

for reducing its influence. This equation can be used for
where T is the absolute temperature aid, is the thermal other laser transitions in Nd:YLF or, indeed, for other Nd-
conductivity at a characteristic temperatdiie For Nd: YLF, doped materials with similar upconversion processes, provided
Ko =6Wm™! K™t at 7Ty = 300 K. that the corresponding upconversion paraméteis known.

We have estimated the additional contribution to therm&ig. 5 shows the variation df,,con With the dimensionless
lensing due to the decrease in thermal conductivity with terparameter3. From Fig. 5, it can be seen that in order to
perature, using an approximate numerical model to calculatnder the effect of ETU on thermal lensing negligible it is
the average temperature along the axis of the Nd:YLF raogcessary to design the laser system so that very small.
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2.6
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2.2
g 20+
13
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1.4
12 Side View End View
10 : : : : . : : : Fig. 6. Heat sink mounting for an edge-cooled rod of ragiusind length.

B relaxation following ETU processes. The strength of the
thermal lensing is further compounded by the unfavorable
temperature dependence of crystal properties such as heat
conductivity anddr/dT. The result is that, at some pump
For example, to ensure that the increase in dioptric poweewer level, there is a rather rapid onset of steeply worsening
due to ETU is less than 30%, then the upper limit @ris thermal effects as pump power is further increased. In turn,
~1.3. However, it should be noted that (14) only applies to tibe increase in thermal lens power can give rise to a rather
center of the pumped region, and, since ETU is smaller in thgonounced deterioration in laser performance at high pump
wings of the pumped region, this upper limit can be somewhiatensities, and careful design is needed to avoid such problems
increased. For four-level laser operatiomdt xm, a reduction if successful scaling up of Nd:YLF performance is to be
in 3 can be achieved without compromising laser efficiengchieved, whether in CWR-switched, or amplifier schemes.
by decreasing’ (by decreasing the dopant concentratioA simple analytical model for thermal lensing which takes
and thus decreasing energy migration within the upper lageto account the influence of ETU has been presented, and
level). In Nd:YAG, the upconversion parametdf varies a strategy for power scaling by reducing its effect has been
linearly with Nd concentration [20], and we would tentativelyiscussed. With the appropriate precautions (e.g., reduction of
assume a similar relationship in Nd:YLF. Alternativelg, dopant concentration) to reduce the role of ETU, further power
can be reduced by decreasing the absorption coefficient @galing should indeed be possible without compromising laser
detuning the temperature of the diode or decreasing the dopeifficiency or beam quality.

concentration). Clearly, adopting these measures requires a

pump beam with adequate beam quality so that there is little APPENDIX A

diffraction spreading of the pump beam over the longer length THERMAL LENSING WITHOUT UPCONVERSION

of the laser rod required for efficient pump absorption. . . .
For the conditions used in the experiment, described inWe consider a side-cooled rod of radiug and lengthi

Section Il, we obtain & value of ~34 (giving al'ypcon Of mounteq as ;hown in Fig. 6 and end-pumped by a diode
X Iy . .. laser with incident powetP,. The heat fluxh(r, z) under

~2.7) under nonlasing conditions. Obviously, alow-repetmor)s-t ady-state conditions must satisfy the general equation

rate Q-switched laser system based on the design described: Y 9 q

in Section Il would clearly suffer from a reduced gain and V- h(r,z) = Q(r, z) (A1)

increased thermal lensing due to ETU. However, by incorpo-

rating the measures outlined above, it should be possiblewbereQ(r, z) is the power per unit volume deposited as heat in

design aQ-switched laser system that avoids the detrimenttiie laser medium. The heat flux is related to the corresponding

influence of upconversion. temperature distribution within the crystal by

Fig. 5. The dimensionless paramef&f,con against3 for p = 0.25.

hir,z) = —K.VT(r,2) (A2)
V. SUMMARY

We have characterized the thermal lensing in a diode-B4pere . is the thermal conductivity of the laser material.
end-pumped Nd:YLF laser rod under lasing and nonlasing'fwe now assume that heat flow is ra_dlal with the tempera-
conditions. Under lasing conditions, a weak thermal len&Ir® at the rod edge equal to the heat-sink temperafure),
which varied linearly with pump power, was observed. Unddp€n. from (A1), we can deduce the net radial heat flow from
nonlasing conditions, a much stronger thermal lens was méthin disc of radius- and thicknessAz at axial positionz
sured, the power of which increased nonlinearly with punﬁ?y [16]
power. At maximum incident pump power, a difference of Az pr
a factor of ~5 in thermal lens power between lasing and 277Azh(r, z) =/ / QUr', 2 )2mr" dr' d2 (A3)
nonlasing conditions was observed. This difference has been # 0
explained by the additional heat generated via multiphonevhereh(r, z) is now the radial heat flux.



654 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 35, NO. 4, APRIL 1999

If we make the simplifying assumptions that the groundt the center of the pumped regi¢n= 0) is given by
state is not significantly depleted and that the pump beam has

a Gaussian intensity profile with pump beam radiyswhich D(0) = dn/dT p_Pf; (A11)
does not vary significantly over the length of the pumped Ke  mwp
region in the rod, ther)(r, ») can be written as
APPENDIX B
Qr2) = poplp(r, 2) (A4) THERMAL LENSING WITH UPCONVERSION
where If we restrict our considerations to the center of the pumped

region where the thermal lens is strongest, then the pump
) intensity becomes
Ip(T’ 2’) = W exXp [? — CYPZ:| (A5 2P
p
I(z) = W_Il:% exp(—w,2). (A12)
is the pump intensityy is the fraction of absorbed pump power ) N
converted to heatw, is the 1/¢? radius of the pump beam, Including the additional heat generated due to ETU, the
o, is the absorption coefficient, an, is the incident pump Power per unit volume deposited as hext:) can be written
power. as

Thus, by substituting (A4) into (A3), we can obtain an

expression for the radial heat fluxr, ) Q(z) = aplp(2)[1 = (1 = p)y(2)] (A13)
appPy 1-— exp(—27’2/w]2)) wherep is the fraction of absorbed pump power converted to
hr,z) = o -exp(—apz) r : heat without upconversion ang is the fraction of excited

A6 Nd3t ions in the upper laser level which decay via the
(AB) fluorescence processes.

The distribution of temperature differenc®7” inside the W€ can calculatey by using a s_imple rate-equation_ap-
crystal (AT(r, z) = T(r, z) — T(rq, z)) can be calculated by proach. Since decay via the multiphonon processes is fast

substituting (A6) into (A2), i.e., compared withr, the combined effect of the different up-
) conversion processes can be expressed by a single parameter
AT(r,z) = 1 /1" h(r,z) dr. (A7) W, and the effect is for only one excitation to be removed
K. J, from the4F3/2 level by each upconversion process, since the

The resulting radial variation in optical path differenc&/Pconverted io_n will decay rapidly to the upper laser level.
(OPD) created by this temperature distribution can be calcli?us: We obtain

fated using l Cil—jj =R—7"'N-WN? (A14)
OPD(r) = dn / AT (r, z) dz (A8)
dr’ Jo where R(z) is the pumping rate per unit volume

wheredn /dT is the change in refractive index with temper{=cpIp(2)/h1p), 7 is the fluorescence lifetime, and’
ature. is the upper laser level population.

Now, for a thin thermal lens, with a given radially varying From (A14), we obtain the following expression for steady-
OPD, an approximate expression for the thermal lens powd@te inversion density:

D(r) can be derived from simple geometrical considerations
(7) ple g _7__1 +(7'_2+4WR)1/2

) pdn(r)  dOPD(r) Ny = s : (A15)
N — __dr _ dr
D(r) = fr) 7,7 = 7,7 : (A9) Hence, the fraction of excited ions which decay by fluores-

cence processes is given by
From (A9), it can be seen that ®PD(r) « 2, then the

dioptric power is independent ef i.e., the lens has no phase —77 L 4 (772 4+ AW R(2))/?

aberration and hence will not degrade the beam quality. v(2) = 2WTR(z) (A16)
Thus, an expression for the distributed thermal lens can be
written as So, substituting (A16) into (A13) gives
(1 — exp( 1))<1 <_27’2>> (1—phe [ 1 [1
—exp(—« —exp —p)he
K. 27 72
(A10) (A17)

If we assume that the rod is long compared to the absorptionBy substituting (A17) into (A3), we can obtain an expression
length so thal —exp(—«y,-I) ~ 1, then the thermal lens powerfor the radial heat flux and, substituting this into (A7)-(A9),
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we obtain an equation for dioptric power of the thermal leng7]
at the center of the rod

1 dn | P, —ayty (L= p)hiy 8]
D (0) = K. dr Lrw% (1=e™) AW T
o 1
: / —=+4/ 5 +4WR(2) | d=|. [l
0 T T
(A18) [10]
Now 1]
A 1
/ —= 41/ t4WR(z) | dz
0 T T [12]
l 2 2
-2 __~n 3 —apll/2 - n 3 1/2
Oép’l'[ +he +ocp7[ 7] [13]
+ ot arctanh [(1 4 Se%rH)L/2] [14]
— arctanh[(1 + )Y/?] (A19)
oo, T (5]

where 3 is a dimensionless parameter, which provides a

measure of the contribution from the ETU processes and['i%]

given by

_ 8W Pyar, 72
mwihy,

3 [17]

(A20)

Expression (A20) applies for nonlasing conditions; for Ia§18
ing conditions, where the inversion density is clamped, the
pump powerP, should be replaced by the threshold pumf-!
power.

Expression (Al18) forDgry can be simplified if it is [20]
assumed that all the pump is absorbed, i.e., the rod is long com-
pared to the absorption coefficient. So, with this assumption,
the final expression for dioptric power is given by

_ P,dn/dT 2(1 - p)
o L R A

NHC==)
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