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Abstract:

The passively Q-switching method has been useth&®chromic solid-state lasers such
as ( Ruby , Alexandrite , Cr:LiCAF , Cr:LiSAF ) ks with CF":Y,SiOs solid-state crystal.
We have studied the saturable absorber crystalpepties which are used in passive Q-
switching all these lasers . The molar extincioefficient € ) , coupling coefficient of the
saturable absorber ( Ka ) , the optical density (dhe ground-state absorption cross-section
(0a) of Cr*":Y,SiOs , and the Q-switching efficiencyn() of the chromic solid-state lasers is
calculated first, when the pumping rate ( Rp ) wasiable and other parameters (as
reflectivity of output coupler ( R') and the numlzé molecules in the ground-state £&,N
were constant) and secondn | is calculated when ( R ) was variable and ogf@ameters
were constant . The results of €rY,SiOs crystal which is used with all these lasers are
compared each others , and the behaviot pfgnd ( Ka ) had been interpreted according to (
), and (d ), respectively . The €rY,SiOs Q-Switched Cr:LiSAF laser has a better passive
Q-Switching performance than other used laser systeThe main conclusion in this research
is that the molecular weight of the chromic ionthaser crystal acts as an important role in
Q-Switching efficiency where it is directly progimnal with the Q-switching efficiency.

Introduction:
A big technical commotion had been occurred byl#ser discovering in 1960 [1],
because of its utility in many different applicait#o[2,3].

The short duration , and the hegjheower of output laser pulse are the main
requirements for several domains such as rande+f] remote sensing[5] surgery [6], ......
etc ;Therefore, many efforts had been directed technique that will be able to converse
output laser pulse to " giant pulse " which hagtstiaration and high power . This technique
was named as " Q-Switching " [7] .

A Q-Switching technique may be acb@by an optical —Shutter inserted inside the
cavity which prevents a laser oscillation by thptical losses increasing inside the resonator
for a short period limited by the optical shuttetuation , and the maximum population
inversion reaching time . After that, the upperitxt state decay suddenly and giant laser
pulse can be generated.

The Q-switching technique is achteither , mechanically by the Rotating- mirror
[8] , or electro-optically by Bockl's cell [9,10] or acousto-optically by (RF) oscillator
[11].These active methods of a large size any itbquire an outside trigger circuit which
are dependent on the time . So that , a passi®vizhing technique is more benefit for
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operation in the laser systems [12] by situating ¢ell containing the saturable absorber
inside the cavity .

The saturable absorbers may be liquids [13,14¢lids[15] , semi-conductors[16] , or
gases[17] .
Passive Q-Switching of solid-state lasers withdsoditate saturable absorbers have received
much attention in the past years, and several -stditt passive Q-Switches have been
developed for the solid — state lasers operatinguadus wavelengths [18].

The CF:Y ,SiOs crystal was demonstrated to be an effective shkeir@sorber Q-

Switch for the Cr:LiSAF laser( at 880nm) [19] , Be:BeALO, laser( at 750 nm ) [20] , the
Cr:LICAF laser ( near 780 nm) [21], and theyudser( at 694.3 nm ) [22] .

Theoretical expressions of importantapagters such as the laser population inversion
in different time periods , the peak photon numibeide the laser resonator , the output
energy and the pulse duration of the Q-Switcheerlgmilses are derived , and used to
evaluate the characteristics of the CiY,SiOs Q-Switched Cr: BeAD; laser [18] , Ruby
laser [22] , Cr:LiISAF [19], and then Cr:LiCAF lasg/stems [21,23].

In this paper, the behavior of Or “*Y,Si0s molar extinction coefficients, and
coupling coefficients as functions of the pumpingate, and the reflectivity of the output
coupler will be studied.

Characteristics of the used lasers:

The Ruby (Cr:AlO; ) laser was the first working laser which wasdduiced by
Theodore H.Maiman in 1960 [1]. The ruby laser itheee-level laser; that is, a photon is
created when two inverted populations are foumdhe laser crystal where the lower laser
level is the ground- laser level [12] . It is chfgaof generating high-energy , visible and red
pulses , which is powerful tool for the removaltattoos and disfiguring pigmented lesions
from the skin , and can also generates high-enguiges from a compact package , which
makes the ruby laser a valuable tool for hologi@pmon _ destructive testing , double —
pulse holography , and plasma diagnostics [23] .

Alexandrite (Cr:BeAd,; ) , which is biaxial with emitted light polarized
parallel to the b(axis) , can act either as a thrdevel laser system or as a four — level
vibronic laser system [20,24] . It is highly efécit , and has important applications in medical
surgery , water — vapor , temperature differemtiedorption lidar , solid- state laser pumping ,
and generation of ultraviolet laser radiation beseaiti can be tuned at least from (700 nm ) to
(818 nm ) [18].Since Cr:BeAD, has a broad absorption band in the visible speeinge , it
can be efficiently pumped with flash lamps [25].@e other hand , a compact Cr:Bgdd
laser system may be pumped by the laser diode [25]

The Cr:LICAF (Cr:LiCaAlg)solid-state laser was developed by Payne et 4988 [21]
.Laser diode pumping of the Cr:LICAF laser has &lsen demonstrated in 1991 and ; hence ,
a compact Cr":Y,SiOs Q-Switched Cr:LICAF laser system is feasible [22{s a transition —
metal vibronic laser the Cr:LICAF has a broad emisspectrum , long lifetime of the upper
laser level , low nonlinear refractive index , ldhermal lensing , and low excited state
absorption that make it a unique source for tunabkhort pulse lasers [21].

The Cr:LiSAF (Cr:LiSrAl§) solid-state laser , discovered by Payne el al989 is
widely tunable from (780 nm) to (920 nm) [19].ThelGSAF has similar Cr:LICAF crystal
properties explain as below that make it an imgrdrtunable and pulsed laser source [19] .
The material properties of four lasers aboveisied in table.1.
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Table (1):Characteristics of the chromic lasers.

Lasers Ruby Alexandrite Cr:LiCAF Cr:LiSAF
[22] [18,20,23-25] [21,23] [19]

Characteristics

Fluorescence life tin 3 msec 260 usec 170 pse 67 usec

Laser wave leng 694.3nm (70C-818)nm (725-840nm (78C-920)nm
peak(750 nm) peak(780nm) peak(850nm)

Stimulated emission crc- | (2.5x1¢%%) cn? (7.0x1¢%Y cn? (1.3x1Ccn? ~(4.8x1(®)cn?
section at (694.3 )nm at ( 750 )nm at (780)nm

Chemical formul Cr:Al,O3 Cr:BeALO, Cr:LiCaAlFg Cr:LiSrAlFg

Molecular weigk 51 71.9¢ 100.9¢ 148.5.

Characteristics of theCr** :Y,SiOs Crystal:

The (Cf*:Y,SiOs) is a pure tetravalent chromium system . It istelin color and is a
biaxial solid-state crystal [22].Some of its im@ot material parameters are as follow : It has
a melting point as high as (2070 °C ) , Cr atom#&nie as (9.7x18 atom/cni) , density as
(4.6 gm/cm) , refractive index as (1.8) , and the damagesttotel as high as (30 J /&m
[23,25] .

Spectroscopic studies of thé'C¥,SiOs , and the observation of laser action from
(77) up to (257°K) was reported by Deka et al. 992 [18] . Room-temperature laser
operation of the  ¢F:Y,SiOs was reported subsequently by Koetke et al . [18] .

It has four absorption bands peaked (820nm),(595nm),(695nm),and (750nm)[23]
as shown in fig.(1). & absorption spectrum covers the visible , and mdeared spectral
region and , hence , can be used as a saturalebab®)-Switch for the ruby , alexandrite ,
Cr:LICAF , and Cr:LiSAF lasers [19,23] .

This Q-Switch crystal has an emission lifediof (0.7 psec) at room temperature [23]
which is long compared to the duration of the QiBwad laser pulses . Therefore , Cr
4*1Y,SiOs can be classified as a slow-relaxing saturablerdles [23] .

The CF*:Y,SiOs crystal has many absorption cross-sections atvadféferent wave
lengths for several Solid-state lasers as explaimeable (2).

o~ 16107 |

= _} Rubylaser  Alexandrte |aser

= 1210%F at B04.3nm  tunable 700 - 815 nm

;i- Absorption i
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£ 40t /
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?- l:l-uuluuuuluu--I---|I-|||I|---I----I----I----

400 300 600 700 BOO 900 1000 1100 1200

Wavelength (nm)

Fig. (1) :Cr *":Y,SiOs absorption spectrum [23] .
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Table (2):Cr **:Y ;SiOs absorption cross-section at the used lasers wavetghs
[22,19-21,24,25]

State of crystal G- Wavelengtt Absorption cross
switch section of the Q-
switch

Polarization alon Ruby 694.3 nn 9.9x1(" cm*

(np)axis .

Polarization along b) Ruby 694.3 nn 7.0x1C% cm?
and (n) axes.

Polarization along () Alexandrite 680.4 nm 9.2x10% cn?
axis .

Polarizatior along (1,) Alexandrite 680.4 nn 6.5x1( cm?
and (n) axes .

For all three principz Alexandrite 750 nn 7.2x1C% cm?
axes (g, and B).

Alexandrite 694 nn 7x1C%em?

Cr:LiCAF 745 nn 7.3x1(% e?

Cr:LiCAF 840 nn 2.7x1%em?

CriLiSAF 850 nm 1.67x10% cn?

Calculations and results:
The transmitted radiation power through*CY ,SiOs crystal is calculated as below :

P (watt) = Q-switched laser pulse energy (mJ)/Q-swhed laser pulse duration
(nsec) (1)

We are depended on the experimentaltsesf energy and duration of the Q-switched
laser pulse , in Q-switched laser pulse power @Rjutation. The data of the Q-switched laser
pulse energy and duration are functions of pumpatg (Rp) and reflectivity of output
coupler(R) which are shown in fi@9, 15-19 4-5, 3-5) in references18,19,21 and 22],
respectively .

Appendix 1 (a,b) shows The energy andatiom values of the C:Y ;SiOs Q-switched
lasers which we are depended on them in this samdy( P ) results which are calculated
from eq.(1) The Cf :Y,SiOs molar extinction coefficients] at variable (Rp ) and ( R ) can
be calculated by substituting ( P ) values in teerBLambert law as below [26]:

£= [1/CL] 10Gio (P/P) e, )

Where Pis the incident radiation power of ( 733 , 6001,8x10° , 78x10° ) watt for
ruby , alexandrite , Cr:LICAF , and Cr.LISAF lasersespectively [22,19,23,27]t. is the
Cr**:Y, Si0Os thickness of (Imm) for all used lasers . C is ni@lar concentration of the
Cr*":Y,SiOs saturable absorber which may be calculated bygusi.(3) [28]:

Nao = molar concentration x Avogadro's number........ (3)

Where N, is the initial ground-state population of the sahle absorber of ( 1x19
4x107 | 4x10° , and 2.3x18) Molecule.' used with ruby , alexandrite , Cr:LiCAF , and
Cr:LiSAF lasers , respectively [22,19,23,27] angbgadrcs number is equal to 6.022XF0
Molecule.mof".
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The C¥:Y,SiOs saturable absorber coupling coefficient (Ka) iswated at different
(Rp) in one time , and in different (R ) in anothéne for each ( Ruby ,Alexandrite ,
Cr:LICAF and Cr:LiSAF ) lasers as below [28]:
Ka=20gsal tr Aa R )

Whereog s 4 iS the ground-state absorption cross-section @f@h*Y ,SiOs saturable
absorber which can be calculated by substitutihgeallted ¢ values from eq.(2) in eq (5)
[28] :

Og.s.a =3.85 xlel € . (5)
1, IS the cavity round —trip transit time which isa#hted as below :
w=2L/c (6)

Where c is the light velocity and L is the optida&tance between the reflectors of 30 cm , 30
cm , 34 cm , and 42 cm for the ruby , alexandrit€r:LiCAF and Cr.LiSAF lasers ,
respectively [22,23,19,21] .

And A is the effective laser spot area on thé©f,SiOs crystal because it has circular
shape ,Acan be calculated as below :
Aa=mr® . (7)
Where r is the radius of the laser beam of 2mmm2m2mm and 0.5mm for ruby ,
alexandrite , Cr:.LICAF and Cr:LiSAF lasers , respesly [22,23,19,21] .

We are shown the P,Ka andf the Cr**:Y,SiOs at different values of (R) inone
time and (Rp) in another time , as shown in figg@q fig (3) , respectively.

Fig ( 4) shows the ground-state absorptiomss-section of the C¥:Y ,SiOs as a
function of ( R) and ( Rp), in order to interpriétvariation ok with variation of ( R ) and (
Rp).

The Cf*:Y,SiOs Q-switch optical density ( d ) may be calculateditferent values of (
R ) and ( Rp) by substituting allvalues which are resulted from eq.(2) in eq.(8fjpdswing
[28] :

d=¢CC¢ (8)

For interpretation thesKehavior with ( R) and ( Rp ) variation , we draW( d )
results as functions of ( R) and ( Rp) as showfgi(5) .

To specify the best solid-state laser@ehing with Cr**:Y,Si0s , the Q-switching
efficiency of the used lasers can be determinedifing the following relationship [20]:

The values of the output Q-switched laser eneyg

Q-switching efficiency (n ) % =
free-running energy ... 9)

The values of free-running energy of 110 mJ , 80,80 mJ , and 98 mJ , for ruby ,

alexandrite , Cr:LICAF ,and Cr.LiSAF lasers , regpely [22,19,23,27] .The results are
listed in table.3 .
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Table.3:The Q-switching efficiency of the chromic-slid state lasers by Ct*:Y ,SiOs .
_a_

Alexandrite % Cr.LICAF % CrLISAF %
1.71 0.9€ 14.2
1.72 0.9¢ 13.2
1.7¢ 0.9¢ 12.2
1.6¢ 0.9€ 9.6
1.62 0.95 7.6
1.5€ 0.92 6.5
1.42 0.8¢ 6.1
1.2t 0.7¢ 4.0¢
1.12 0.71 3.0€

0.3t -

Ruby % Alexandrite % Cr.LICAF % Cr.LiISAF %
0.17 1.2¢ 0.7: 5.3t
0.17 1.32 0.7¢ 5.5¢€
0.17 1.4z 0.8¢ 6.0Z
0.1¢ 1.51 0.9¢
0.1¢ 1.5¢ 1.08
0.1¢ 1.61 1.0¢
0.1¢ 1.62 1.11
0.1¢ 1.6€ 1.1¢
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Fig.(2):The Cr **:Y ,SiOs saturable absorber coupling coefficients (Ka) , ahmolar
extinction coefficientsg) as a function of pumping rate (Rp) at the wavelegth of :
(A)-Ruby laser. (B)-Alexandrite laser. ( C )- CrLiCAF laser . (D)-Cr:LiSAF laser.
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Fig.(3):The behavior of the Cr**":Y ,SiOs Q-switch coupling coefficients(Ka),and molar
extinction coefficients €) ,at different values of reflectivity of output caipler when it used with:
(A)-Ruby . (B)é&xandrite laser.
(C)-Cr.LiCAF laser. (D)- Cr:LiSAF laser.
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Fig.(4): The variation ofhe ground-state
absorption cross-sectiohthe saturable
absorber used to Q-switch ahmic solid state

lasers, with variation of :
(A) — pumping rate ( Rp).
(B) — reflectivity of output coupler .
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Fig.(5): The optical density of the Cr*":Y ,SiOs crystal used for Q-Switching the solid
state lasers , as a function of:
(A) — Pumping rate . (B) — reflectivity of out putcoupler .
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Discussion :

It is obvious from the fig.2 that thigh values ofd) , (Ka),power , andn) may be
obtained with a higher pumping rate .As indicatedig.3 , when that the output coupler
reflectivity increasing , the molar extinction ch&ént , coupling coefficient , the output laser
power , and the Q-switching efficiency decreasingxcept when used CY:Y,SiOs with
Cr:LiCAF , and alexandrite lasers , where theseamaters initially increasing and finally
decreasing , that may be interpreted that initiallyeasing of reflecting didn’t affect the total
optical resonator losses .The €rY,SiOs Q-switched Cr:LiCAF laser has higher value of
molar extinction coefficiente] than for other chromic-lasers , because it hgkehivalue of
absorption cross-section , as shown in fig.4, dmsl rneans that hurriedly excitation , and
faster decay of the saturable absorber after tpelpton inversion reaches maximum , may
occur . The highest coupling coefficient (Ka) o tBr**":Y ;SiOs is obtained with Cr:LiSAF
laser and less values of ( Ka) for Cr:LiCARiby, and alexandrite , respectively, due to it
has optical density toward Cr:LiSAF laser wavetan@e. it has higher absorptivity at the
wavelength of the Cr:LiISAF laser ) more thdmeo lasers as shown in fig.5 .

The Cr:LiISAF has better passive Q-duiitg efficiency because of chromic ion host
laser crystal has highest molecular weight , witikeruby has less efficiency , and that results
from its lowest molecular weight , shown in table.3

We must note that the previous expenial, and theoretical researches are restricted
this study to limited values of (Rp) , ( R) , amdiy for different lasers .

Conclusion:

We can conclude that the high molar eximctoefficient , and coupling coefficients of
the Cr:YSO crystal as a saturable absorber foclinemic —solid state lasers may be obtained
using a high pumping rate , and low output coupédtectivity at the same number of
saturable absorber molecules in the ground-stated, that will cause a better passive Q-
switching performance ( highest power , shortedsguwluration ) . It is obvious that the
Cr:YSO is a more effective solid-state saturablsoaber Q-switch for the Cr:LISAF laser at
(850 nm) than with other lasers , due to the highredecular weight of the chromic-ion host
Cr:LiISAF laser crystal than other lasers , andoiesl not need a pumping rate more than half
of needing for other lasers .
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Appendix 1 :
The energy , duration and power of the Q-switchedalser pulse at different :
(d) - (R) values.
(b) - (Rp x1(F'sec") values .

lasers Ruby [22] Alexandrite [18] Cr.LiCAF [21] Cr.LiSAF [19]
E i P E Tp P E Tp P E TP P
R (mJ) (nsec) | (Mwatt) (mJ) | (nsec) | (Mwatt) (mJ) | (nsec) ] (Mwatt) (mJ) (nsec) | (Mwa
tt)
0.3 - - - 137 57 2.40: 58 15(C 0.38¢ 14 21 0.66¢€
0.4 - - - 13¢ 5€ 2.46¢ 5¢ 14C 0.42] 13 20.t 0.63¢
0.5 - - - 13¢ 55 2.52i 5¢ 132 0.44¢ 12 20.2 0.59¢
0.€ 44 20 2.2 13t 54 2.5C 58 12C 0.48: 9.5 19.¢ 0.47¢
0.7 38 22 1.72 13C 5€ 2.32] 57 113 0.50¢ 7.5 19.5 0.38¢
0.7€ 34 22 1.54 12F 57 2.19: 5€ 10¢ 0.52; 6.5 19.4 0.33¢
0.8 32 22 1.45 11F 5¢ 1.94¢ 53 10€ 0.52¢ 6 19.2 0.31(
0.8¢€ 2€ 22 1.1¢ 10C 6C 1.66¢ 47 112 0.41¢ 4 19.1 0.20¢
0.S 22 23 0.95 9C 62 1.45] 43 11€ 0.36¢ 3 1¢ 0.15
@)
lasers Ruby [22] Alexandrite [18] Cr:LICAF [21] Cr:LiSAF [19]
E Tp P E Tp P E Tp P E Tp P
Rp (mJ) (nsec) (Mwatt) (mJ) (nsec) (Mwatt) (mJ) (nsec) (Mwatt) (mJ) (nsec) | (Mwatt)
3.8 - - - - - - - - - 5.2 6.0F 0.85¢
4 19.1 23 0.82¢ 102 65 1.58¢ 44 91 0.48: 5.2t 5.¢ 0.88¢
5 19.2 22.¢ 0.83¢ 10€ 63 1.68: 47 8¢ 0.52¢ 5.4¢ 5.8 0.93¢
6 - - - - - - - - - 5.55 5.7 0.973
7 - - - - - - - - - 5.6¢ 5.5¢E 1.01¢
8 - - - - - - - - - 5.7¢ 5.4F 1.05¢
9 - - - - - - - - - 5.8¢ 5.4 1.08:
1C 19.€ 22.4 0.87¢ 114 57 2 53 7€ 0.697 5.¢ 5.3 1.11:
11 - - - - - - - - - 5.9t 5.2F 1.13:
12 - - - - - - - - - 6 5.2 1.15:
1t 20.2 21.¢ 0.92¢ 121 54 2.24( 58 7C 0.82¢ - - -
2C 20.€ 21.F 0.9¢ 127 52 2.44; 63 6€ 0.95¢ - - -
23 21 21.2 0.9¢ 12¢ 51.t 2.50¢ 65 64 1.01f - - -
25 21.2 21.1 1.00¢ 13C 51 2.54¢ 67 63 1.06: - - -
3C 21.4 20.7 1.0¢ 13¢ 5C 2.6€ 68 62 1.09¢ - - -
(b)

Where " E is the energy of the Cr:-YSO Q- switched chromisolid-state laser pulses
measured in (mJ).
Tp is the duration of the Cr:YSO Q- switched chromt solid-state laser pulses
“measured in ( nsec) .
P is the power of the Cr:YSO Q- switched chromicalid-state laser pulses measured in

™ (Mwatt).
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