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Influence of Energy-Transfer Upconversion on the
Performance of High-Power Diode-End-Pumped
CW Lasers

Y. F. Chen Associate Member, IEEF. P. Lan, and S. C. Wandlember, IEEE

Abstract—The influence of energy-transfer upconversion that ETU processes lead to an increase in threshold as well as
(ETU) on the performance of diode-end-pumped lasers is studied the reduction of output power, especially at high-output mirror
by including ETU effects into the space-dependent rate equations. yansmjission. We carried out laser experiments for Nd : YAG
The dependence of ETU rates on the mode-to-pump size ratio dNd YV tals t iy th fthe th tical
and on the output mirror transmission is derived. Experiments an 1 YVQ, crystals to verify the aCC”raCY ofthe theoretica .
for Nd: YAG and Nd:YVO ., crystals are performed to validate Model. It was found that the ETU process increases the sensi-
the present model. It is found that the ETU process increases the tivity of the output power to the output mirror transmission but

sensitivity of the output power to the output mirror transmission  has a rather weak influence on the output power for low output
but its influence on the output power is not significant for low  .onsmission

output transmission.

Index Terms—biode-pumped, energy-transfer upconversion, II. THEORETICAL CONSIDERATIONS
Nd-doped crystal, rate equation.
We used a space-dependent rate-equation analysis to take into

account the influence of ETU. Considering a single transverse
mode and an ideal four-level laser, the rate equations can be
IODE-PUMPED solid-state lasers offer high effi-written as [11], [12]
ciency, high reliability, compactness, and high beamdN(z 2)
quality, especially in an end-pumping configuration [1], [2]. v\ ¥ 2) =Rry(x,y, z) — coN(z, y, 2)Pd,(x, y, 2)
Neodymium-doped (Nd-doped) crystals such as, Nd:YAG, dt
Nd:YLF, and Nd:YVQ, have been identified as promising — w
materials for diode-pumped lasers. Researchers have worked to T
scale the output power of diode-end-pumped Nd-doped lasers
to higher powers because of many potential applications [3], AP P
[4]. i CU<I>/ N(z,y, 2)¢o(x,y, 2)dV — - (2)
Several works [5]-[10] recently showed that energy-transfer rod ¢
upconversion (ETU) may be a detrimental effect in Nd-dopeghere V is the upper state population densityjs the stimu-
lasers, especially in high-gain small-signal amplifiersated emission cross sectianis the speed of light in medium,

@-switched lasers, and CW lasers with higher output trang-is the cavity photon number,is the upper state lifetime, is
mission. The ETU process involves two nearby ions in th@ie upconversion rate, and
metastable levetFs/;. One ion returns to thély s, *I;1/s,
4113/2, and4115/2 levels and higher lying levels by transferring r. = Ql_eff 1 3)
its energy to the other ion that is, in turn, brought into a higher ¢ L+In[1/(1-1)]
excited state. Consequently, the ETU process results in the i _ : :
reduction of the inversion density, hence degrading the la %Fh?hphf:r? n Ilfetlmet,o\}vherl@ﬁ;h— Il Ca"'i{rsnf_tt)l 'Is the eﬁe_ct|_ve
performance. So far, most studies on ETU effects concentra gath of the resonatol., 1S the length ot the aser cavityjs
on the measurement of upconversion rates and ETU indu | CWS“?" lengthy is th_e index of r_efract|0n atthe Iase_r wave-
heat generation [5]-[10]. The influence of ETU on end-pump ar_lgth,L IS the_ round-trip Io_ss,_ariﬂ IS the output transmission.
laser performance has not yet been considered. [tis the pumping rate and is given By/= Papshvy, wherelsp,
éhe absorbed pump power akgl, is the pump photon energy.

In this work, we first used space-dependent rate equati ' e . .
to consider the influence of the ETU process on the perfob '€ Main difference between our theoretical model and previous

. o
f diode-end- d CW | Th lvsis shawadels [11], [12]is that we added the teq¥ (2, y, z)” in (1)
mance ot dlode-end-pumpe asers © anaysis s to take into account ETU effects. The functiop$z, y, =) and

$o(x, y, z) describe the spatial variation of the pump beam and

Manuscript received October 19, 1999; revised January 24, 2000. fundamental laser cavity mode, respectively. These terms are
Y. F. Chen is with the Department of Electrophysics, National Chiao Tunﬁ lized h that
University, Hsinchu, Taiwan, R.O.C. ormalized suc a
Y.P.Lanand S. C. Wang are with the Institute of Electro-Optical Engineering,
v/rod

|. INTRODUCTION

- ’)/N(I, Y, Z)Z (1)

National Chiao Tung University, Hsinchu, Taiwan, R.O.C.

dv = oz, y, 2)dV =1. (4
Publisher Item Identifier S 0018-9197(00)03538-7. (9, 2) / Po(®, 9, 2) )

cavity

0018-9197/00$10.00 © 2000 IEEE



616 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 36, NO. 5, MAY 2000

With the same approach as in [11], the input—output charactefere, P, is the threshold pump power without ETU effects
istic for the steady-state condition is given by (5), shown at th&2], [13]. Equation (8) indicates that ETU processes increase
bottom of the page. Here the relationship between the outgié threshold pump power by the factar— 3)~*. The param-

power P, and the cavity photon numbér is given by eter/ is a measure of the magnitude of the effect of upconver-

wherehy; is the energy of the laser photon.
It can be easily found that, f = 0, (5) becomes the con-

sion, being proportional to the terfrr?. In addition, the influ-

Py = ¢ ®hy In ( 1 ) (6) ence of ETU depends on _thethreshold pump powglbeca_use
2ep -7 the ETU rates are proportional to the square of the inversion den-
sity and the inversion density is clamped at the threshold value
for CW lasers above threshold. In view of this dependence, if
an output coupler of higher transmission is used, consequently

ventional formula used in the foregoing investigation [11], [1%]1creasing the threshold, then ETU may become an important

without ETU effects. In the limit ofP,,; — 0, from (5), the

factor.
equation for the threshold pump power is given by With the distributions of, (z, y, =) andé,(x, y, #), numer-
Tt vp W[1/(1—T)]+ L ical analysis of (5) can be performed to yield a plot of power
Py = T L 2 output versus absorbed pump power. In addition, the depen-
et ¥ _ dence of the3 parameter on the spatial variation of both the
pump beam and the cavity field can be explicitly expressed in
20Ty (10). For a top-hat pump distribution and a TEMaser mode
/rod P dv (7) [14], [15], one obtains
1+ 1+ w 9
hv, g=1T Lsar vp o
hvp, 2 v 1 —exp(—2w?/w?)
For more intuitive knowledge, we used the first-order approxi- ] — e-2ad 1
mation to develop (7) as A=y []n(l =7 + L] : (11)
Py, Lat vp In[1/(1-T)]+L 1 Equation (11) clearly shows the dependencegofon the
leg v 2 borp dV mode-to-pump size ratio. As mentioned abo¥és a measure
od of the magnitude of the influence of ETU effects on laser
/ $or2dV performance. Therefore, it is of practical interest to find the
14 Y72 Pin Jooa T relatipnship betweepd and th_e m(_)de-to pump size ratio. From
hv,, / by dV (11), it can be found t_hz-ﬁ rap|dl_y increases dgp/wo)z — 0.
g O F On the other hand, if the ratiw, /w,)? is slightly greater
Pg than unity, thers is nearly independent of the mode-to-pump
= 1-3 ()  size ratio. This independence comes from the fact that a larger
pump spot size leads to a higher threshold, hence the inversion
where density above threshold being nearly unchanged. When scaling
end-pumped lasers to higher power [14], the condition of
9 = Infl/(A =)+ 1L vy Teat ! (9) (wp/w,)? < 1usually needs to be satisfied in order to avoid the
2er 17 / ¢orpdV thermally induced diffraction loss. However, (11) indicates that
rod it is generally no use to eliminate ETU effects in high-power
and end-pumped lasers by means of further expanding the pump
spot size.
/ $or2dV It is worth mentioning that a simila# parameter was derived
5= (77-2P;’h) od P (10) by Hardmanet al. [10]. However, theird parameter was de-
- hu, / bor dV. rived under nonlasing conditions, thus without including stim-
g ulated emission and the effect of spatial overlap between pump
Isar vp In[1/(1-T)]+ L
Pops = -
leff 144 2
-1
x / 2007 av 5)
rod

2leffPout¢o QleffPoutqso : 4"Y7-2Pabs7ap
[1 T i1 - T)]] + ﬂl Ty —1 T\
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and mode distribution. Their work focused on ETU induced heat
generation under nonlasing conditions, while our work concen-
trates on the influence of ETU on laser performance. Nd:YAG

I1l. L ASER EXPERIMENT AND DISCUSSION

A concave-flat cavity was adopted to perform Nd : : YAG and
Nd:YVO, laser experiments. The Nd concentrations of the
Nd: YAG and Nd : YVQ, crystals are 1.0 at.% and 0.3 at.%, re-
spectively. The lengths of the Nd : YAG and Nd: YY®©rystals
are 10 and 8 mm, respectively. The laser crystal was wrapped
with indium foil and was press fitted into a water-cooled copper
housing. The water temperature was held af €7 The laser
crystal was singly end-pumped by a fiber-coupled laser diode
through a concave high-reflection mirror. The output coupler is
a flat mirror and its reflectivity covered the range 50%—-98%. 00 01 02 0.3 0.4 05
By changing the resonator length and the radius of curvature of
the input mirror, the waist at the input mirror could be varied
approximately between 0.15-0.45 mm. The fibers were drawy ;. A piot of the variation of the threshold pump power with the output
into round bundles of 0.8 mm in diameter and a numericauirror transmission in Nd : : YAG under the condition®@f = 0.25 mm and
aperture of 0.16. The focus pUMP-spot fadius was arougg 70,20 I Sverments fesuls (abol) ng feortcal et i
0.24-0.25 mm.

It is important to note that an end-pump-induced thermal 16 , , , 1
lens is not a perfect lens, but a lens with aberration. In our
previous study [14], we found that, for mode-to-pump ratios
greater than unity, the thermally induced diffraction loss is a
rapidly increasing function of mode-to-pump ratio at a given
pump power. In practice, the optimum mode-to-pump ratio is
in the range of about 0.8—-1.0 when the absorbed pump power
is greater than 3 W. Under optimum pump conditions, the
fiber-coupled diode-end-pumped Nd::YAG and Nd:Y)¥O
experiments were performed in the linear standing-wave cavity
mentioned above. An aperture was inserted into the cavity to
monitor the laser in the TEM mode.

Figs. 1 and 2 show the variations of the threshold pump power
and the slope efficiency with the output mirror transmission,
respectively. The theoretical results (solid lines) are calculated

Threshold pump power (W)

Output coupler transmission

Output power (W)
> S

©

from (5) and (7) by using the following parameters;; = 4 l L ! L
2.9 kWlem? [7], v = 2.8 x 10718 cn?/s [5], @ = 8 cm™, 0.0 0.1 02 03 0.4 05
wp = 0.25 mm,w, = 0.20mm, L = 0.01, andr = 250 us. For Output coupler transmission

comparison, the calculation results without ETU effects are also o _ _
shown in Figs. 1.and 2. The value bfs obtained by adjusting 19,2, 2 o lhe e, of e oot poer vt e oot i
the theoretical results for best fit to the experimental slope effi-" — .20 mm: experimental results (symbols) and theoretical results with
ciency in the region of ' — 0. It can be seen that the theoretETU effects (solid line) and without ETU effects (dashed line).
ical results including ETU effects agree very well with exper-
imental data. As expected, ETU effects enhance the threshsjibt size tas, = 0.34 mm. The cavity mode size was changed
pump power and reduce the output power more significantly @tw, = 0.26 mm for optimum mode-to-pump size ratio [14].
higher output mirror transmissions. Fig. 5 shows the experimental and theoretical results for output
Similar plots of the variation of the threshold and the outpygtower as a function of the output mirror transmission when
power with the output mirror transmission in Nd: YY@rys- w, = 0.34 mm andw, = 0.26 mm. Compared with Fig. 4,
tals are shown in Figs. 3 and 4. The theoretical results are dakan be seen that the influence of ETU was essentially not re-
culated by using the following parametefs;; = 2.2 kW/cn?, duced by means of expanding the pump spot size.
v = 15x 1071 cn?/s [16], 0 = 8 e, w, = 0.24 mm, Finally, it is worth while noting that the ETU effect in-
w, = 0.20 mm, L = 0.015, andr = 100 us. Here again the creases the sensitivity of the output power to the output mirror
present results including ETU effects agree closely with expgransmission, as seen in Figs. 2, 3, and 5. Even so, Figs. 2, 3,
imental data. The good agreement between experimental data 5 also indicate that the influence of ETU on the output
and theoretical predictions confirms the present analysis. To power is not significant for output transmissions lower than
vestigate the influence of pump size, we expanded the pu@@%. The experimental and theoretical results show that the
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Fig. 3. A plot of the variation of the threshold pump power with the outputig. 5. A plot of the variation of the output power with the output mirror

mirror transmission in Nd : YV@under the condition af, = 0.24 mm and
Wo =

ETU effects (solid line) and without ETU effects (dashed line).
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16

transmission in Nd:YVQ under the condition ofv, = 0.34 mm and

0.20 mm: experimental results (symbols) and theoretical results with, = 0.26 mm: experimental results (symbols) and theoretical results with

ETU effects (solid line) and without ETU effects (dashed line).

scaling diode-end-pumped lasers to higher power. Experiments
with Nd:YAG and Nd:YVOQ, crystals were performed to
confirm the accuracy of the theoretical model. The good agree-
ment between experimental data and theoretical predictions
confirms the present analysis and validates our space-depen
dent rate-equation model. It is found that ETU effects increase
the sensitivity of the output power to the output transmission.
However, the ETU process has a rather weak influence on the
output power for low transmission of the output coupler.

Output power (W)

(1]

(2]

8 1 t 1 I

0.1 0.2 0.3 04 0.5

Output coupler transmission

(3]

Fig. 4. A plot of the variation of the output power with the output mirror
transmission in Nd:YVQ under the condition ofv, = 0.24 mm and [4]
w, = 0.20 mm: experimental results (symbols) and theoretical results with
ETU effects (solid line) and without ETU effects (dashed line).

(5]
optimum output transmission initially increases with increasing
the absorbed pump power but its increase becomes rather slow
for absorbed pump powers higher than 10 W. The optimuml6]
output transmissions are found to be around 10% and 15%
for Nd: YAG and Nd:YVQ, lasers in high-power operation, [7]
respectively. Therefore, the influence of ETU on the output
power is not significant when the transmission is optimum. (8]
[V. CONCLUSIONS 9]

We have included ETU effects into the space-dependent
rate-equation analysis to investigate the influence of ETU on
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