Appl. Phys. B 71, 2731 (2000) / Digital Object Identifier (DOI) 10.1007/s003400000248

Applied Physics B
Lasers
and Optics

Repetition-rate dependence of thermal loading in diode-end-pumped
Q-switched lasers: influence of energy-transfer upconversion

Y.P. Lan?, Y.F. Chen!-2* S.C. Wand

Linstitute of Electro-Optical Engineering, National Chiao Tung University Hsinchu, Taiwan, Republic of China
2Department of Electrophysics, National Chiao Tung University Hsinchu, Taiwan, Republic of China

Received: 16 November 198Revised version: 4 January 20®ublished online: 24 March 20003 Springer-Verlag 2000

Abstract. The fractional thermal loading in diode-end-  In this work, we studied the thermal effects in diode-end-
pumped Q-switched lasers was estimated from the theopumped Q-switched lasers. We first measured the fractional
of cavity stability. The experimental results show that thethermal loading in a diode-end-pumped Q-switchietlYAG
thermal loading depends on the pulse-repetition rate. Thiser from the theory of cavity stability. The fractional ther-
dependence is attributed to the effect of energy-transfer upnal loading represents the fraction of the absorbed pump
conversion (ETU). A theoretical model including the ETU power that is converted to heat during the laser process. The
effect was developed to analyze the fractional thermal loadingxperimental results later described show that the thermal
in end-pumped Q-switched lasers. The theoretical predictiorlsading depends on the pulse-repetition rate and increases
were found to be in good agreement with the experimentakith decreasing pulse-repetition rates. To explain this depen-
data. dence, we developed a theoretical model to analyze the ther-
mal loading in an end-pumped Q-switched laser. We included
the ETU effect in the rate equations to derive the dependence
of thermal loading on the repetition rate. It was found that
the experimental data could be explained very well with the
developed model.
Diode-end-pumped solid-state lasers have the main advan-
tage of achieving high conversion efficiencies for funda-
mental mode operation. However, power scaling of thesé¢ Experiment
lasers is usually hindered by the thermal effect in the gain
medium due to the small volume of the pumping profile.To study the thermal effect, we set up a diode-end-pumped
The thermally induced lensing behavior may cause the re€Q-switched laser, as shown in Fig. 1. The input mirror was
onator to be unstable [1-3]. Moreover, the thermal loada concave mirror with radius of curvature &fm, anti-
ing may be so large that the laser crystal is fractured [4reflection coated aB08nm on the entrance face, high-
5]. Therefore, the thermal effect must be thoroughly underreflectance coated 4064 nmand high-transmittance coated
stood and characterized for the optimization of the resonatat 808 nmon the other face. The output coupler was a plane
design. mirror with 20% transmission al064 nm The total cavity
Recently, Hardman et al. [6] measured thermal lens-
ing in end-pumpedNd:YLF crystals under lasing and non-
lasing conditions. They found that the energy-transfer up
conversion (ETU) process leads to a significant differenc
in thermal lensing between lasing and nonlasing condi
tions, with a much stronger lens power under nonlasing
conditions. This result indicates may result in extra hea
generation in Q-switched operation or operation as al
amplifier.
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length was aroun®.0cm The laser crystal was &mm- 10 T | | T |
diameter10-mm-long Nd:YAG rod with Nd®*+ concentration
of 1.0 at%. The laser crystal was wrapped with indium foil Nd:YAG
and was press-fitted into a water-cooled copper housing )
The water temperature was held2&t°C. The crystal of the
acousto-optic (AO) Q-switcher was made of fused silica, anig
was driven at &0.68 MHz center frequency witl3.0 W of <
rf power. The pumping source was a fiber-coupled diod¢%
laser that delivered a maximum output power3ffW at 2
the fiber-bundle end. The output beam from the fiber-bundl=
end was0.8 mm in diameter and 0.18 in numerical aper-
ture, and was focused into the laser crystal with a focusinq% 4l
lens of 0.5 magnification. The average spot size was abol g
0.26 mm >

The thermal lens of a laser crystal always affects the ste
bility of a resonator, only sometimes it is crucial to alignment 2
pump power. For a laser, pumped by a fiber-coupled diode
the focal length of the thermal len&;,, is given by [4, 7]:
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Fig. 2. Experimentally measured variation of the average output power as
. . . . a function of the absorbed pump power for different pulse-repetition rates;
where& is the fractional thermal loadingPaps is the ab-  he arrows indicating the critical pump power

sorbed pump power; is the thermal conductivityn, is
the refractive index of the laser crystadin,/dT is the
thermal-optic coefficients ofi,, v is Poisson’s ratiog is

the thermal expansion coefficien; is the photo-elastic co- shown in Fig. 2 represent the positions of the critical pump

efficient, andwy, is the averaged pump size in the activePOWVers: It can be found that the critical pump power de-
pends on the pulse-repetition raté, and decreases with

medium. . . . .
For the present cavity with a fixed cavity length, there ex_decreasmgf. The right-hand side of (5) is nearly constant

ists a critical pump power at which thermally induced Iensincggr a fixed cavity length. Therefore, it can be concluded

will cause the laser cavity to be unstable. From the standa crz:[a\stir:]e ftﬁgt'Oﬂié.trgergiﬁg#O?Stlgq}&smgirfciss?egvg&gvev" the
ABCD matrix approach, the critical thermal lens correspond- 9 P P : Lot
ing to the critical pump power is given by [8] dependence of the thermal loading on the repetition rate

may arise from the effect of energy-transfer upconversion

(i) 11 @ (ETU).
fin critical d>2k 01— '

2 Modeling and discussion

dy = dz+1(1/Mo— D) +lo(/ng—1). @ The ETU process involves two nearby ions in the up-
per laser level*F3, [9-11]. One ion returns to the lower
Jevel Hg/2, H11/2, Or %1132 and transfers its energy to the
other excited ion which is thereby raised to a higher ex-
ited state from which the excited ion relaxes down to the
evel F3/, mostly via multi-phonon emission. Consequently,
ETU processes not only reduce the population inversion

wherep; is the radius of curvature of the input mirrds, and
d, are the distances between the mirrors and the incident e
of the laser crystah, andng are, respectively, the refractive
indices of the laser crystal and the Q-switch crystal for th
output laser beam, aricandlq are, respectively, the lengths
of the laser crystal and the Q-switch crystal. The derivatio
of (2) was based on the fact that the effective thermal len
in end-pumped lasers is close to the surface of the pumpi
end.

From (1) and (2), the critical pump powékitical, IS given

ut also increase the thermal loading in the laser mate-
l
Since the Q-switched laser output pulses are much
shorter than both spontaneous lifetime and the pump period
(time between output pulses), spontaneous relaxation and

by pumping can be safely neglected during the development
1 1 of the output pulse. Therefore, the rapidly Q-switched
§Pcritica|=[§— d } problem for a four-level laser reduces to the simultan-
2 @1~ eous solution of two coupled differential equations for

y ZJTchﬁ @ the photon densityp and the population inversion density
[dne/dT + (No — )(1+ Vot +n3arCl n[12]:

With this fact, we measured the critical power for differ- d¢ = 2onlp ¢ (5)
ent pulse repetition-rates, as shown in Fig. 2. The arrowsdt ty te
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and to have the inversion return to its original value after each
dn Q-switching cycle. The value af; andnnax are determined
— = —oCgn. (6)  from solving the simultaneous (8) and (15). Without ETU ef-
dt fects, i.e.y =0, the solution of the population density in (15)
o is the emission cross sectidris the crystal lengthg is the IS simplified as
speed of light, and is the roundtrip transit time in the laser 1
resonator of length. The quantityt; is the photon decay time n§ . = Ry — (Ryr — ny) exp(——> . (16)
defined by i

t, This result is the same as the previous analysis of Chesler et
te= /R TL] (7)  al. [13]. With (15) and (16), the fractional reduction of the

inversion density due to ETU is then given by
where R is the output mirror reflectivity, and. is the o

roundtrip dissipated optical loss. With (5) and (6), the rela-Fer( f, Py = Mmax — Nmax

tionship between the initial inversion densityax, and the max

final inversion densitiesy, is given by the usual transcenden- The parameteffery is a function of the absorbed pump

tal equation: power and the pulse-repetition rate, being a measure of the

(17)

Nimax magnitude of the effect of upconversion. Sirfegry repre-
Nmax— N = M In o (8)  sents the fraction of the ions in the metastable letfe);,
via ETU process, the fraction of excitét®t ions via the
where the inversion density at threshaig,is given by fluorescence process is given by Fety.
1 1 With (8), (15), and (17), the parametéizry can be
N =— [m <_> + L} . (9) numerically calculated. Figure 3 shows the dependence of
20l R Feru on the frequency-repetition ratd,, for several ab-

; ; sorbed pump powers. The parameters used in the calculation
To take ETU effects into account, the rate equation for popu re as follows:z — 250ps [14], | = 10 mm w, = 260,

lation inversion density during the low-Q segment of the cyclea = 1 - 6
is given by [13]: o =7cm !, andy = 0.5x 10" cm?/s[11]. It can be found

that the fraction of excitedNd®** ions involving the ETU

dn n 2 processeskety, substantially increases with decreasing the
gt Ry — T m-, (10) repetition rate in the range d~10kHz For a fixed pump
i o power, Fey is nearly constant as the repetition rate below
where the average pump intensi, is expressed as 1kHz, because the spontaneous emission leads to the satu-
= 1 ration of the inversion density. In addition, the ETU effect
Ry = abS_Z, (11) is also more significant for higher pump power. Therefore,
hvp el the influence of ETU is greatly crucial at high pump pow-
. . - i ers and low frequency-repetition rates in the Q-switched
and vy is the pump frequency; is the emission lifetime, operation.

and y is the upconversion rate. Here we neglect the self-
quenching effect, i.e. the cross relaxation, which could be
significant at a high doping level [11]. Since the laser g

medium studied here was 1.0 at¥d:YAG crystal, the o o
cross relaxation is negligible. The solution of (10) is given
by i ]
0.15 P =20W
_1[,A+Bn+A)+(1+Bry— A exp(—At/r) 1
" B| (14 Brg+A) — (1+ Brs— A) exp(—At/1) ’ 012 i
(12) ~
3
< 0.09 =
A=, /14+412yR,, (13) E
R
B=2ty, (14) 0.06 |
wheret = 0in (12) corresponds to the time when the laser gi-
ant pulse occurred. For Q-switching at a repetition rigteve 0.03 I
require that
1 A(1+an+A)+(1+an—A)exp(—§> . 0'000_1 — 1 — ""“10 ""1'00
Nmax= 5 - ..
B (1+ B+ A) — (1+Bns— A exp(—%) Repetition rate (kHz)

Fig. 3. A plot of the dependence dfety on the frequency-repetition rate
for several absorbed pump powers
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From the known Stark-level splitting [14], the pos- ton. On the other hand, the fraction-IFeTy of excitedNd*
sible ETU processes in Nd:YAdF3/2 — 2K15/2+ 2D3/2, ions that decay via the fluorescence process results in the ther-
‘F32 — 4Ggj2 + G112, and “Fsp — “G72+ 2Kiz2+  malloading equal to the quantum defect. Hence the fractional
%Gz, which arise from the down-conversion transitionsthermal loading can be expressed as [6]:
4F3/2 — 4|9/2, 4F3/2 — 4|11/2, and 4F3/2—> 4|13/2, respec-
tively. The heat generated from ETU processes is due t0 thg f p, o — Fery(f, Pand 4+ [1— Feru( f, Pand] ( - E) i
multiphonon relaxation from the excited level back to the up- At
per laser level. Since the energy of the multiphonon relaxation (18)

is equal to the energy of the correlated down-conversion tran- is th . | h h f
sitions, all the possible ETU processes emitted the same hel{fi€r€*p is the pumping wavelength and the average fluo-

; ; escence wavelength is given by /A f(A)dx / [ f(1)dA,
that is equivalent to the energy of an absorbed pump phq/vheref()\) is the relative fluorescence spectrum. With the flu-

orescence spectra, was found to béd.038 nmfor Nd: YAG.

From the results in Fig. 3 and (18), the dependence of the
thermal loading on the pulse repetition rate was calculated
and shown in Fig. 4. It can be seen that the fractional thermal
loading is more significant at low repetition rates and at high
pump powers because of ETU effects.

From (4) and (18), the critical pump power for the cav-
ity shown in Fig. 1 can be determined as a function of the
repetition rate by solving the following equation:

0.36 Ty ———rr

0.33

0.30

1 1
&( f, Periticat) Peritical = I:d_>2k - 01— d1j|

27K erz)

X .
[dno/dT + (N — 1) (14 v)at + Nt Cr]

&S Py)

0.27

(19)

Figure 5 shows the calculation results for the critical pump
power as a function of the repetition rate. The values of
the parameters used for calculation arfg= 182, o =
7/cm, Ke =0.13W/Kem, o = 7.8 x 1076 /K, dno/dT =

0.21 Y B R e 7.3x107%/K, v=0.28,C, = 0.017,d; = 0.2 cm andd} =

0.1 1 10 100 8cm For comparison, the experimental data were also plot-
Repetition rate (kHz) ted in the same figure. It is seen that the experimental results
Fig. 4. The dependence of the fractional thermal loading on the pulse-Carl be well described by the mOd.eI by including the I.ETU
repetition rate for several absorbed pump powers effect. The good agreement obtained between experimen-
tal data and theoretical calculation confirms our physical
analysis.

24 P e s Finally, it is worthwhile noting that (2) was derived
from the ABCD matrix approach. Therefore, results are only
valid for TEMgy modes. With a change in pump power, the
value of the thermal lens changes and so should the laser
mode size inside the gain medium. This changes the over-
lap of pump and laser mode and possibly the transvers mode
distribution.

0.24

22 +

20 )
3 Conclusion

We have investigated the thermal loading in the diode-end-
pumped Q-switched Nd:YAG laser. Experimental results
show that the fractional thermal loading significantly in-
creases with decreasing the pulse repetition rate in the range
of 1-10kHz The enhancement of the fractional thermal
loading at low repetition rate arises from ETU effect. We
have developed a theoretical model by taking into account
ETU effect in analysis. Experimental results have shown
a fairly good agreement with the theoretical predictions. We
Repetition rate (kHz) believe that the present model can provide a useful guideline

Fig. 5. A plot of the critical pump power as a function of the repetition rate. {0 the design of high-power diode-end-pumped Q-switched
Solid line calculation resultssymbols experimental data lasers.

Critical pump power (W)
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