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Lamp-pumped laser performance of Nd  3*:Sr;(PO,)sF operating both
separately and simultaneously at 1.059 and 1.328 um

X. X. Zhang,® M. Bass, and B. H. T. Chai
CREOL-Center for Research and Education in Optics and Lasers, University of Central Florida, Orlando,
Florida 32826

P. J. Johnson and J. C. Oles
Lightning Optical Corporation, Tarpon Springs, Florida 34689

(Received 20 November 1995; accepted for publication 29 April 1996

Lamp-pumped laser performance of Netloped strontium fluorapatite, §8P0,)sF or S-FAP, has
been characterized and compared with that of'Ndoped yttrium aluminum garnéYAG) at both

1.06 and 1.3um. N&®":S-FAP was found to exhibit lower thresholds and lower slope efficiencies
than N&*:YAG. The former is attributed to the higher emission cross section, and the latter to lower
Nd®* concentration in S-FAP. The 1,an lasing of Nd":S-FAP is of particular interest because of

its high emission cross sectié®.4x 10" ° cn). Q-switched and dual-wavelength lasing operation
were also demonstrated in RdS-FAP. © 1996 American Institute of Physics.
[S0021-897€06)04915-9

I. INTRODUCTION fects of thermal lensing on laser performance are discussed.

) Comparisons were made with RIdYAG.
Apatite crystals were grown and demonstrated as prom-

ising laser hosts in the late 60's> However, due to their
poor thermomechanical propertfeand inadequate crystal
quality, the application of apatite crystals as laser hosts was The room-temperature absorption of Nd5-FAP is
neglected for many years. The use of diode lasers as pumgiven in Fig. 1 in comparison with that of N&:YAG. The
sources greatly reduces the size of the laser crystal requird@atures in the absorption spectrum of NiS-FAP are nar-
and the thermal load it must bear. As a result the materiafower than those of N :YAG. However, it is interesting to
strength requirements can be appreciably relaxed. Interest ifpte that the absorption cross section is in general higher in
apatite crystals has been renewed recéﬁ‘(ﬁ/in the search Nd3*:S-FAP than in N&":YAG. For example, the absorp-
for more efficient materials for diode laser pumping.tion cross section at-805 nm ¢! 2.26x107%° cn? in
Nd*"-doped apatite crystals are of special interest because ofd*:S-FAP, whereas it is only-1.5x10"*° cn? at ~809
the availability of large, high quality crystal&’* Strontium  nm in N&®*:YAG. It is important to note that the absorption
fluorapatite, SPO,)sF or S-FAP, has been shoWrt®to be  cross section at-805 nm in Nd*:S-FAP is comparable to
one of the best hosts for Rl doping among the apatite that of N&*:YVO, which makes both very attractive for
crystals as demonstrated by excellent laser-pumped laser pefiode laser pumping applications.
formance  resulting  from  superior  spectroscopic  The room-temperature-polarization emission spectrum
properties:*>*° Nd*"-doped S-FAP has also been of Nd®*:S-FAP is given in Fig. 2. For comparison, the emis-
demonstrated'®as an excellent 1.328m laser. Initial re-  sjon spectra of N :YVO, and N&*:YAG are also given in
sults have demonstrated promising laser perform&nice  the same figure. The emission of NdS-FAP is quite unique
Nd**-doped S-FAP at both 1.059 and 1.328) with pulsed  in two aspects. First of all, each set of transitions,
flashlamp pumping. It is of great interest to note thatr,,—4l,,,0r*Fz,—%l3,, is dominated by a single emis-
Nd**-doped S-FAP can potentially provide a 589 nm lasersion line. Second, the relative intensity of the L& emis-
source through the sum-frequency generation of its 1.058jon to the 1.06um emission is quite high compared to
and 1.328um lines. Nd**:YVO, or Nd**:YAG. In fact, the ratio is 0.37, 0.24,
Laser performance of Nd:S-FAP is reported in this and 0.18 for N&":S-FAP, Nd*:YVO,, and Nd*:YAG, re-
article with both cw and pulsed lamp pumping. The laserspectively. The high ratio is common in Riddoped apatite
threshold was studied as a function of the output couplingrystal$® which makes them very attractive as L lasers.
transmission. Information was obtained about the passive The emission cross section at 1.086 in Nd*":S-FAP
losses for both 1.059 and 1.328n and the ratio of emission has been estimatedto be 5.4<10°1° cm?. The radiative
cross sections of these two wavelengths. The resonator pgfetime of Nd®":S-FAP is approximately 30@s!! As a re-
rameters for dual-wavelength lasing were calculated basegult, N#":S-FAP has an emission cross-section lifetime
on this information. Simultaneous dual-wavelength lasing aproduct which is about 2.5 and 1.5 times greater than that of
1.059 and 1.328m was demonstratedQ-switched laser Nd®*":YAG and N&*:YVO,, respectively.
performance was studied with flashlamp pumping. The ef-  The apatite crystals are hexagonal havirga/m space
group!’ The spectroscopic properties of Ndons in apatite
9present address: MELLES GRIOT, 19 Midstate Drive, Suite 200, Auburn CyStals have been studied by several authdrs:1**The
MA 01501. apatites can be represented chemically by the general for-

IIl. SPECTROSCOPY
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FIG. 1. Room-temperature absorption spectra of>N8-FAP and
Nd®":YAG (in different arbitrary units

mula As(MO,)3X, where A is usually an alkaline earth ion,

M phosphorus, arsenic, or vanadiumgdax a halogen. N&"

ions substitute at the A sites in apatites. Each unit cell con- Jk
tains two molecules and two crystallographically inequiva-

lent A sites, A (40%, ninefold withC; symmetry and A,

(60%, sevenfold withC;, symmetry. Despite the fact that
there are two inequivalent sites for Ridsubstitution, earlier
spectroscopic work'®=?!on Ca(PQ,),F, or FAP, suggested
that N* ions enter only the A sites. Our recent high-
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FIG. 3. Low-temperature emission spectra of*N@*F3,—*l,1,) in FAP

resolution absorption and site selective spectroscopigng s-FAR(in different arbitrary units
studied®*3Pindicated that N&" ions enter both Aand A,
sites in most of apatites with the exception of S-FAP. This

was confirmed by direct measurements using X-ray microperatures only five lines are expected to result from this tran-

probe experiment&.

One of our reasons for developing NdS-FAP is that

sition for a single-site crystal. We can see that the spectrum
is much simpler in S-FAP than in FAP.

there are fewer different substitution sites in S-FAP than in

FAP. To illustrate the significance of the multisite substitu-|| _LASING PERFORMANCE AT 1.059 AND 1.328 um
tion, we present in Fig. 3 the emission spectra resulting fronsEPARATELY

the 4F3,— %14, transition, excited by a multiline Ar ion
laser, for Nd":FAP and Nd":S-FAP at 15 K. At low tem-
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FIG. 2. Room-temperature emission spectra of Nih S-FAP, YVQ,, and

YAG (in different arbitrary units
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A. Long-pulsed operation

An S-FAP rod(102 mm in length by 6.3 mm in diam-
etep containing 1.0 mol % N3 in the melt was fabricated
for laser testing. Since the distribution coefficient of°Nd
ions in S-FAP is 0.36Ref. 3 the actual Nd" concentration
was estimated to be 58L0'° Nd®* ions/cn?. Thec axis of
the crystal was perpendicular to the longitudinal axis of the
rod. Both ends of the rod were cut flat and parallel and were
antireflection coated at both 1.328 and 1.05® with the
coating optimized at the former wavelength. The rod was
placed inside a 4-in., close-coupled laser head and tested in a
Schwartz Electro-Optics Laser 1-2-3 system. A xenon
flashlamp was used as the pump source. The distance be-
tween the electrodes of the flashlamp was 85 mm and the
flashlamp discharge duration was300 us. The optical cav-
ity consisted of a curved high reflector and a flat output cou-
pler about 30 cm apart. The radius of curvature of the high
reflector was 50 cm for both wavelengths.

Output couplers with transmission ranging from 10% to
90% for 1.059um and from 10% to 48% for 1.328m were
used in the laser testing. The laser outputs at both wave-
lengths were linearly polarized along thexis of the crystal

Zhang et al. 1281
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efficiency was calculated from the linear part of the output-
vs-input curvé. It can be seen from the table that a slope
efficiency of 1.8% for 1.05%m and 1.3% for 1.32@&m has
been achieved and that the slope efficiency does not change
much with the output coupling transmission. The thresholds
are quite low for both wavelengths.

For comparison an Nid:YAG rod (101 mm in length by
6.3 mm in diametércontaining 1.1% N&", or 1.52<10%°
Nd®** ions/cn?, was also studied. The rod was cut and pol-
ished with flat and parallel end faces. These were antireflec-
tion coated at 1.0em. The Nd*:YAG rod was tested in the
same laser head using the same cavity as for S-FAP. The
laser outputs were not linearly polarized and lasing occurred
at 1.064 and 1.33@m. The typical laser output energy as a
function of the flashlamp energy is given in Figb# 1.064
pm lasing appeared when attempting 1.388 lasing above
a certain pump energy. For a 48% output coupler, this pump
energy was~120 J even though both mirrors hae90%
transmission at 1.064um. The laser thresholds and slope
efficiencies of Nd":YAG are listed in Table Il for the two
wavelengths as a function of the output coupling transmis-
sion.

Losses in the gain medium can be obtained from the
dependence of lasing threshol#,] on the output coupler
transmission (or reflectivity using the Findlay—Clay
analysis?® Assuming 100% reflectivity for the back mirror,
this gives

E,=Ey+ (Eq/26L)In(R™Y), (1)

whereR is the reflectivity of the output couples,is the total
internal loss coefficient. is the length of the rod, and is

the threshold energy for zero output coupling and can be
expressed as

Eo=8/Ac, )

whereo is the emission cross section for the laser transition
and A is a constant related to the pump efficiency and the
quantum efficiency.

The threshold energies are plotted in Fig. 5 as a function
of In(R™1) at both 1.059 and 1.32gm for Nd*":S-FAP.
One sees that the threshold energy is a linear function of

(7 polarization. The typical laser output energy as a func-In(R™!) as Eq.(1) predicts. From the slope and the inter-

tion of flashlamp energy is given in Fig(a for both wave-
lengths. 2.5 J at 1.05&m and 1.8 J at 1.32&m can be

cepts we foundg, and &, which are listed in Table IIl. Since
the constanA is the same for both 1.059 and 1.326, the

easily obtained with pump energy of 175 J into theratio of emission cross sections for these two wavelengths

flashlamp. Using a curved output coupldradius of

can be obtained using E) and theE, and é values. This

curvature=50 cm) resulted in an improvement of over 12% ratio was found to be approximately 2.2 for NdS-FAP.
in the output energies at high pump levels. The threshold3his ratio is very low compared to other known materials. It
and slope efficiencies are listed in Table | as a function of thés consistent with an earlier estimate based on spectroscopic

output coupler transmissions for both wavelendthe slope

results and laser-pumped laser performance datsing the

TABLE I. Laser thresholds and slope efficiencies for various output cogpl€?) transmissions for both 1.059

and 1.328um in Nd:S-FAP.

Wavelength(um) 1.059 1.328
O.C. transmissior%) 10.6 42.8 64.5 71.7 85.5 10.4 34 48
Threshold(J) 17 3.3 4.9 5.9 8.6 2.0 4.5 6.4
Slope efficiency(%) 15 1.7 1.8 1.8 1.7 1.1 1.3 1.3

1282 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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TABLE Il. Laser thresholds and slope efficiencies for various output co@e€,) transmissions for both
1.064 and 1.33&m in Nd:YAG.

Wavelength(um) 1.064 1.338
O.C. transmissioli%) 10.6 44 62 70.5 85.0 10.4 34 47.5
Threshold(J) 2.4 6.3 8.8 9.0 14.5 6.2 13.8 20.3
Slope efficiency(%) 2.1 2.7 2.7 2.7 2.7 15 2.0 2.0

emission cross section of 540 ° cn? for 1.059 um in  15x10'° ions/cn? for YAG), a factor of only 1.5 difference
S-FAP!! the emission cross section at 1.326 should be in absorption efficiency indicates that the overall absorption
approximately 2.&10 ° cn?. cross section in Nt :S-FAP is higher than in Nt:YAG.

In the same manner as discussed above, results have alSomparing the absorption spectra in Fig. 1, one realizes that
been obtained for NtI:YAG and are listed in Table lll. The the absorptions are in general narrower in S-FAP than in
emission cross-section ratio of the 1.064 and the 1,888 YAG. This implies that the absorption cross sections of cer-
was found to be 3.9. This ratio is consistent with the spectain individual lines are even higher in S-FAP than in YAG,
troscopic results. Using the emission cross section ofs mentioned in Sec. Il. Therefore better performance for
2.8x1071° cn? for Nd*":YAG,?* the emission cross section Nd®*":S-FAP can be expected from more concentration-
at 1.338um was found to be approximately 020 °  optimized crystals.
cn?. We notice that the losses atl.3 um are a factor of

Comparing the data in Table I to Table Il, we notice that~2.5 and~2 lower than that at-1.06 um in S-FAP and
the threshold energies of S-FAP are lower than those oYAG, respectively. The relatively high emission cross sec-
YAG for comparable conditions. The slope efficiencies aretion and low loss at 1.32@m makes it very easy to operate
however,~1.5 times lower in S-FAP than in YAG for both Nd®*':S-FAP at this wavelength. In fact, the fdS-FAP
wavelengths The constat (which is related to the pump lases at 1.32&m using a 48% output coupler even when the
efficiency and the quantum efficiencin Eq. (2) was also  back mirror has a high reflectivity coating for both 1.328 and
found to be a factor of-1.5 lower in S-FAP than in YAG. 1.059 um. With this resonator and N&:YAG, only 1.064
Since the quantum efficiency is about the same for both crysum lasing was detected.
tals, the difference i\ can be attributed to the difference in
pump efficiency or absorption efficiency in these two crys- . :
tals. The slope efficiency is dependent on the pump effi-B‘ Q-switched operation
ciency and quantum efficiency along with other spectro- Q-switched operation at both wavelengths was also
scopic parameters so that the differences in the sloptested. A KO'P Pockels cell and a Glan prism linear polar-
efficiency between these two crystals can be explained by thiger combination served as th@-switch. The Pockels cell
difference inA or the difference in absorption efficiency. was enclosed in a cell filled with index-matching fluid. The
However, considering that the Ridconcentration in S-FAP  windows were antireflection coated only at 1.06n. The
is 2.7 times lower than that of YA@.5x10'° for S-FAP vs  polarizer was not coated for either wavelength. The length of

the resonator in this case wasgl6 cm. High reflectors with a
radius of curvature of 50 and 100 cm were used for 1.059

10 s | ! | . | s and 1.328um, respectively. The results shown in Fig. 6 for
Nd®*:S-FAP were obtained with an output coupler having a
transmission of 94% for 1.052m and 48% for 1.32&m,

8 | 8 iggg nm - respectively. It can be seen that 150 mJ at 1,@68and 100
nm

- Nd:SFAP L

mJ at 1.328m have been obtained from RdS-FAP with
pump energies of 35 and 48 J, respectively. The pulse widths
~ were 16 ns for 1.05%m and 20 ns for 1.32&m.

Q-switched results for Nt :YAG at 1.064um are also
shown in Fig. 6 for comparison. The highest energy obtained
was about the same for both crystals-it.06 um. However,

threshold energy (J)

TABLE Ill. Comparisons of zero-output-coupling thresholds, passive
losses, and emission cross-section ratios fot N8FHFAP and Nd":YAG.

0 T T T T T T T S-FAP YAG
0.0 0.5 1.0 1.5 2.0 Crystal
’ ’ ’ ’ wavelength 1.059 um 1.328 um 1.064um 1.338um
LnR Eo () 12 1.1 16 3.2
&(cmh 0.0165 0.0067 0.0169 0.0084
FIG. 5. The laser threshold energy as a function of output coupler reflec- o1 g6 /1.3 um 2.2 3.9

tivity for 1.059 and 1.328um Nd®*:S-FAP lasers.

J. Appl. Phys., Vol. 80, No. 3, 1 August 1996 Zhang et al. 1283
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the threshold for YAG was substantially higher for similar
cavities tested. The&-switched pulse width was slightly the 3% T output coupler and 692 W for 4.2% T. However,
longer for YAG than for S-FAP. the maximum output obtained was grl W for 1.059 and

In preparing for the 1.3um Q-switched operation of 2.5 W for 1.328um with a pump level of~1.3 kW, above
Nd*":YAG, we noticed that 1.31%m appeared in addition Which the output power drops drastically to zero.
to the 1.338um line when either the Pockels cell or the =~ We noticed that the threshold was lower and the slope
polarizer was present inside the cavity and the pump energgfficiency was higher for the 1.328 than the 1.0@@. This
reached about 36 J in long-pulse operation. At this pumps probably due to the lower losses at the former wavelength
level, theQ-switched output was about 40 mJ and irregularas mentioned in Sec. Il A. The drop of the output power for
temporal pulse shapes were observed. Several pulses wedgmp powers greater than 1.3 kW is probably due to thermal
observed under higher pump levels and the output energgnsing. We measured the thermal gradient induced focal
was very unstable. Three wavelengths were observed in tHength of the rod as a function of pump power. The focal
red after the output was passed through a nonlinear cryst#ngth was determined, using simple geometric relations, by
indicating that the 1.319 and 1.338n lines did lase simul- measuring the spot sizes of a He-Ne laser beam at a fixed

taneously though the output was very unstable. distance after passing the pumped and unpumped rod. It was
found that the thermal lensing is negative in>NiS-FAP.
C. cw operation That is, the thermal focal length has a minus sign. The mea-

] o sured focal lengths are plotted in Fig. 7 as a function of
An S-FAP 1od(102 mm in length by 5 mm in diameer ,;mp power. It can be seen from the figure that the thermal
was used in the cw laser testm_g. The rod was cut from the, 4 length is of the order of-180 cm when the pump
same boule as the above mentioned one. It was cut and pQlyver reaches 1.3 kW. It is interesting to note that the ther-
ished with flat and parallel end faces. Both ends were ARy focal power is slightly different in different orientation.
coated at both 1.059 and 1.328n with the optimization at  The ¢ axis of the rod was vertical and the lamp was horizon-
the latter wavelength. A close-coupled laser head with a K'Eally next to the rod in the measurement. “Vertical” in the
lamp (arc length=85 mm was used. The laser head reflector g 7 therefore means the orientation that is parallel tacthe
was gold coated. The laser head was designed for Laser Phggis The figure indicates that the focal power is lower along

. n . .
tonics 100 W Nd “YAG lasers. The cooling was provided ihe ¢ axis (i.e., the He-Ne laser beam diverges less in the
by deionized flowing water with a flow rate of 2 gal/min. _5yis direction.

The resonator consisted of a high reflector with a radius of
curvature of 50 cm and a flat output coupler. The length of

the cavity was 30 cm. IV. DUAL-WAVELENGTH LASING PERFORMANCE
Lasing was achieved at both wavelengths. The laser out-
put was linearly polarized. For 1.05¢m, the threshold was As shown in Sec. Il A, the emission cross section at

938 and 987 W for 3.5% and 5% output coupler transmis-1.328 um is quite high in Nd":S-FAP. In addition, the loss
sion, respectively. For 1.328m, the threshold was 6260  at this wavelength is much smaller than at 10®. These

W (this threshold was too low to be measured directly and sare very favorable factors for the realization of simultaneous
was estimated by extrapolating the input/output curfee  lasing at both wavelengttfs.We have measured the laser
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FIG. 8. D(Esign curves for an output coupler enabling dual-wavelength lasg|G. 9. The laser output energies at each wavelength as a function of input
ing in N*:S-FAP and N&":YAG. energy for Nd*:S-FAP when operating simultaneously at 1.059 and 1.328

um.

threshold as a function of the output coupling transmission. . _ _ S
Assuming the condition for simultaneous lasing is that the=ig- 10. The simultaneity of both lasing wavelength is indi-

laser thresholds are the same for both wavelengths: cated in the figure. This was further confirmed by the obser-
vation of 589 nm laser emission when a sum-frequency non-

Ein(1.06 um)=E(1.3 um), )

and according to Eq1), we have the following relationships path.
for Nd**:S-FAP:
V. SUMMARIES AND CONCLUSIONS

Eth(106 /.Lm): 1.23-3.66 In R1.06 wms (4)
and In summary, we have characterized and compared the
laser performance of Nd:S-FAP to that of Nd":YAG in
Ein(1.3 um)=1.1-8.1InRy3 ;- (5 lamp-pumped operation. Long-puls&-switched, and cw

linear crystal was placed in the dual-wavelength output beam

Substituting Eqs(4) and (5) into Eq. (3) we obtain the fol- lasing have been studied. The thresholds were found to be

lowing: lower in S-FAP thanks to the higher product of radiative
lifetime and emission cross section. 2.5 J at 1.088 and
R1.06 um=€XP(0.0355+2.213 INRy 3 ,;m)- (6)

Assuming the back mirror has high reflectivity for both 1.06
and 1.3um, the reflectivity at 1.0:m is determined by Eq. ! ! L L ; L
(6) according to the chosen reflectivity at Judn in order to
achieve simultaneous lasing at both wavelengths. Similarly,
we obtain the condition for Nd:YAG:

Rl.06 ,um: eXF(_OSZl"_ 3928 |an_3 #m). (7)

Plots of Eqs(6) and(7) are given in Fig. 8. We can see from
the figure that there is a wide range of reflectivities for
Nd®*":S-FAP to lase simultaneously. We had two mirror
coatings prepared at Lightning Optical Corp. to test our pre-
dictions. One of them hasR;q,m,=31.6% and
Ri3 um=54.5%, and the other haR s ,m=35.5% and
Ry 3 ,m=55%. Simultaneous lasing was achieved for the first
coating and not for the second one. This is in good agree-
ment with our predictions. The output energies at each wave-
length as a function of pump energy are given in Fig. 9 when
simultaneous lasing occurred using the first mirror. It can be time (us)
seen that more timal J has been achieved for each wave-

length. The temporal waveforms for each lasing Wave_lengﬂ'#le. 10. The lasing temporal waveforms of NdS-FAP in long-pulse dual-
as well as the waveform of the flashlamp pulse are given invavelength operation.

(a) lamp

(b) 1328 nm

intensity (arb. unit)

(c¢) 1059 nm

400 600 800 1000 1200 1400
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