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Abstract. Middle infrared high-power stable-operating He-SrBr2 laser IC-

excited in nanosecond pulsed longitudinal discharge, was developed and stud-

ied. An active volume scaling in bore and length of this laser was carried out.

The optimal temperature regime was found for laser oscillation at several dif-

ferent Sr atom and ion lines. Optimal discharge conditions, such as active zone

diameter, vapour pressure, buffer-gas pressure, electrical excitation scheme pa-

rameters, average input power, pulse repetition frequency, were found. At mul-

tiline operation the highest average output power of 4.30 W for strontium lasers,

oscillating in the middle infrared spectral range was obtained. More than 90% of

this power was concentrated on the 6.45 µm Sr atom line The radial distribution

of the laser intensity was detected to be a high-beam-quality Gaussian profile.

The laser pulse duration (FWHM) for the He-SrBr2 laser was about 150 ns. This

laser equipped with optical system for control of laser radiation parameters, such

as laser beam divergence, laser intensity distribution, etc. could be successfully

used in a large variety of applications, such as precise ablation or modification of

soft and hard biological tissues, determination of optical properties of different

materials newly developed instead of free electron lasers.

PACS codes: 42.55.Lt, 42.60.By

1 Introduction

The ultimate aim of medical laser ablation is to remove efficiently a defined

amount of material with the least amount of collateral damage and smear layer.

Till now, lasers, oscillating in the ultraviolet and the middle infrared (MIR) spec-

tral ranges, have been studied, since their radiation is highly absorbed in water

and thus tissue. Due to the absence of mutagenic risk, lasers in the MIR hold

special promise for medical applications. Thermal damage associated with con-

ventional laser sources, such as Ho:YAG (2.1 µm), Er:YAG (2.94 µm), and CO2

(10.6 µm), which have been traditionally used for IR tissue ablation, has been

quite significant, since conditions of thermal confinement and optical penetra-

tion depth are not met.
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Recently, by means of a free electron laser (FEL) with variable wavelength be-

tween 3 and 20 µm, it has been found in [1,2] that the laser radiation at 6.45 µm

is the most effective tool for soft tissue and bone ablation with minimal ther-

mal damage and smear layer. The efficiency of the 6.45 µm laser radiation as a

medical tool could be attributed to its coincidence with one of the vibronic ab-

sorption bands of the water molecule (1594.78 cm−1), but also with the strong

amide-II mode (6.45 µm) of the tissue proteins. It has been shown that proteins

do not only increase the absorption coefficient as an additional absorber, but also

change significantly the following ablation parameters: reduction in the ablation

threshold and the size of the ejected particles, increase in the ablation mass, etc.

[2]. At 6.45 µm, energy is coupled into the protein matrix, as well as the bound

and unbound water within the tissue. That results in modification of the tissue

collagen, weakening of the collagen matrix, and finally in more effective abla-

tion with less collateral damage in comparison to the case when the water is the

only absorber (2.95 and 6.1 µm – water vibrational modes, and above 10.5 µm

– water rotational modes). Moreover, the penetration depth at 6.45 µm is on the

order of several micrometers, which is comparable to the cell size, and is there-

fore close to being optimum. That is why, laser radiation at 6.45 µm provides

more predictable and controllable ablation rate, as well as smoother cut surface,

which is favoured for surgical application. Furthermore, ablation at 6.45 µm is

less forceful than at other wavelengths with higher absorption (2.95, 6.1, and

above 10.5 µm). Based on these findings, the FEL has been applied successfully

in medicine and biology. While the use of the FEL has shown much promise for

surgical applications in viable clinical systems, further advances are inhibited by

its size, cost, and considerable overheads. Further investigation and widespread

clinical use of 6.45-µm radiation requires the development of an alternative laser

source, delivering 6.45 µm radiation with output parameters capable of soft tis-

sue and bone ablation and having much greater clinical relevance. Besides the

wavelength, another critical parameter that needs to be specified in the devel-

opment of an alternative laser source is the pulse duration. The effect of pulse

duration on ablation efficiency and thermal damage on porcine cornea has been

compared in [3] for a Mark-III FEL and an Er:YAG pumped ZGP-OPO with

pulse duration of 5 µs and 100 ns, respectively. Despite the considerably lower

laser pulse energy (∼ 250 µJ), the ZGP-OPO has shown significantly higher

ablation rates with consistently less thermal damage when compared with the

FEL with pulse energy of about 0.1 J [3]. For a given pulse fluence, the rate

of temperature rise will be greater for the shorter pulse, which might influence

collateral damage. In addition, absorption and scattering in the plume will be

greater for the longer FEL pulse, which might influence the ablation efficiency.

It is also possible that the wider bandwidth of the FEL plays a role in both pa-

rameters as well as due to the small variations in the absorption associated with

the wider bandwidth. However, any difference associated with the bandwidth

would be small in comparison to differences resulting from the pulse durations.

166



High-Power SrBr2 Vapour Laser

Strontium vapour laser, which operates on the 6.45 µm self-terminating atom

transition with multi-Watt laser oscillation, could be also applied as a bench-top

laser instead of the FEL. Multi-Watt pulsed laser oscillation of different pumping

mechanisms has been obtained at several strontium atom (2.06, 2.20, 2.69, 2.92,

3.01, 3.07, and 6.45 µm) and univalent ion (1.03 µm and 1.09 µm) lines through

a pulsed longitudinal discharge in helium or neon buffer gas [4,5]. A strontium

vapour laser, operating at the 6.45 µm laser line, has been first described in [4]

with a relatively high average output power of 1.2 W. Further increase in the

output parameters of the Sr atom laser has been carried out through an active

volume scaling. A sealed-off strontium vapour laser for medical application

has been presented in [5] with an average output power of 2 W. An additional

advantage of the strontium vapour laser is the possibility to have laser oscilla-

tion at several laser lines, which coincide with absorption maximum of different

absorbers. However, the use of metal strontium as an active medium causes

certain difficulties due to the high chemical activity of strontium, resulting in

intense chemical reaction between strontium and quartz or ceramic tubes under

discharge conditions of high operating temperature and hence in discharge tube

deterioration. That reduces the laser tube lifetime to several tens of hours [6]

and limits the further development of this perspective laser.

Following the successful experience of pure copper replaced by copper bromide

as an active medium in the copper vapour laser, in [7] strontium dibromide

(SrBr2) has been adopted as a lasing medium to replace the metal strontium.

The difficulty of laser tube cracking due to the sharp chemical reaction of metal

strontium with the discharge tube has been overcome. It is well-known that the

main advantage of using copper bromide as a substitute for pure copper is to

reduce the operation temperature from 1600◦C to 500◦C. However, when metal

strontium is replaced by strontium dibromide, the operation temperature has to

be increased from 650◦C to 1100◦C [7]. So, ceramic tube has to be used be-

cause of the higher operation temperature. A multiline average output power of

60 mW has been reported in [7], 30% of which has been concentrated on the

atomic lines.

In this paper an active volume scaling in bore and length of a Sr atom laser ex-

cited in a nanosecond pulsed longitudinal He-SrBr2 discharge is summarized.

The laser operated at two Sr+ (1.03 and 1.09 µm) and several MIR Sr atom

lines. The optimal temperature regime was found for laser oscillation on sev-

eral different Sr atom and ion transitions. The optimal discharge conditions for

achieving of a maximal multiline average output power, such as helium buffer-

gas pressure, average input power, and excitation scheme parameters, were also

found. The laser was excited by the electrical scheme with interacting circuits

(IC scheme), which allowed to obtain maximal output laser parameters by op-

timization of the electrical energy deposition into the gas-discharge plasma. A

record total average laser power of 4.30 W was measured at multiline output,

above 90 % of which was concentrated at the 6.45 µm Sr atom laser line. Several
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methods for future development of this perspective laser source for application

in medicine are proposed.

2 Experimental Technique

Schematic diagram of the discharge tubes used for the MIR He-SrBr2 laser is

shown in Figure 1. The basic tube with an inside diameter of 40 mm and 41 mm,

an outside diameter of 45 mm and 47 mm and a length of 125 cm and 200 cm for

the first (T1) and second discharge (T2) tubes, respectively, was made of fused

quartz. A ceramic insert, confining the active zone, with an inside diameter of

18 mm and 19.8 mm, an outside diameter of 22 mm and 25.5 mm and a length

of 70.5 cm and 98 cm for T1 and T2 discharge tubes, respectively, was coaxially

sleeved in the basic tube. The SrBr2 powder was placed inside the ceramic tube

along its length. The necessary vapour pressure for laser oscillation was obtained

by discharge heating; i.e. the laser operated in a self-heating regime. The laser

tube was wrapped by a layer of fibrous insulation and its thickness depended

on the power input in the discharge. The temperature at the quartz tube surface

was measured by a thermocouple. CaF2 windows were stuck to the end of the

discharge tube. The electrodes were made of porous copper with a special design

preventing them from contamination by SrBr2 and Br2. The laser optical cavity

consisted of a gold-coated flat mirror and a CaF2 flat output coupler. The cavity

length was 1.50 and 2.30 m for the first and second discharge tubes, respectively.

The investigated SrBr2 vapour laser is excited by an electrical scheme with in-

teracting circuits (IC scheme). The IC excitation of the CuBr lasers, operating

on the self-terminating copper atom transitions, has been described in details

in [8,9]. The pulsed excitation scheme could deliver voltage and current pulses

with an amplitude up to 20 kV and 500 A, respectively, an excitation pulse dura-

tion of 50–300 ns, and a pulse repetition frequency of 5–30 kHz. Varying the IC

scheme parameters, the amplitude, waveform and duration of the pulses of the

discharge current and the tube voltage, as well as the phase shift between them,

could be manageably changed and controlled.

Figure 1. Tube construction for MIR He-SrBr2 laser.
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The average output power was measured by a calorimetric Scientech Vector

S310 power–energy meter with a sensitivity range from 200 nm to 10 µm. The

spectral selection is made via CaF2 prism and also via glass and quartz filters,

which have high transmission in different spectral ranges and high absorption at

6.45 µm.

3 Experimental Results and Discussion

Stable multiline laser operation was obtained at two Sr+ (1.03 and 1.09 µm) and

several Sr atom lines in a nanosecond pulsed longitudinal He-SrBr2 discharge.

Spectral selection made through CaF2 prism and filters allowed us to separate

laser radiation in three different spectral regions, as follows: 1.03–1.09 µm,

2.06–3.07 µm, and 6.45 µm. Unfortunately, better spectral selection was impos-

sible to achieve without spectrometer, due to the fixed transmission and absorp-

tion spectral intervals of the filters and low refractive index in the MIR region.

A sufficiently fair agreement was observed between average output power mea-

sured by prism and filter selection in each spectral range.

For the metal and metal halide vapour lasers the thermal mode, as well as the

radial temperature distribution, are of great importance for the stability of the

laser operation and for the achievement of high output characteristics as well.

That is why the radial gas temperature profile was calculated for different wall

temperatures of the quartz tube, which were experimentally measured. In order

to obtain the gas temperature distribution in the discharge zone, the following

steady-state heat conduction equation was solved, considering an uniform power

input

div (kgradTg) + qv = 0, (1)

where k is the thermal conductivity, Tg is the gas temperature, and qv is the

power deposited into the discharge per unit volume. The thickness of the ceramic

and quartz tube walls was not considered. Assuming that the gas temperature

varies only in the radial direction, (4) is transformed to the following form [10]:

1

r

d

dr

(

rk
dTg

dr

)

+ qv = 0 . (2)

The dependence of the thermal conductivity k of helium or neon is given in [10]

as

k = B T a
g , (3)

where B and a are constants (within a certain temperature range), which are

specific for each gas. These constants were obtained by fitting the correspond-

ing experimental data [11]. For helium B and a are 29.7 × 10−4 and 0.691,

respectively.

Following [10], in Figure 2 the radial profiles of the gas temperature are shown

for T1 (a) and T2 (b) discharge tubes, respectively, for different quartz tube wall
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Figure 2. Radial distribution of the gas temperature for T1 (a) and T2 (b) discharge tubes,

respectively.

temperatures measured by the thermocouple. The change in the gas temperature

distribution, caused by the use of a ceramic insert made of Al2O3, was estimated.

The factual discrepancy was less than 10÷15 K.

It is well-known that a ceramic tube heated to a temperature above 1000◦C be-

comes a source of intense thermal radiation. The ranges of CaF2 transmission,

as well as the power-meter sensitivity, are up to 10 µm. In order to exclude the

part of the radiation due to the tube heating, the discharge was switched off at

the optimal temperature and the radiance power was measured. For example,

at the optimal temperature its value was about 0.12 W. The radiance power was

subtracted from each measured output power value.

Considering the ceramic inserts as grey body, as well as measuring power flux

(irradiance) with discharge switched off and using data for alumina emissiv-

ity taken from [12], one can obtain the ceramic tube temperature, derived from
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Figure 3. Average output power as a function of the ceramic tube wall temperature for

multiline output and for the three different spectral ranges for T1 (a) and T2 (b) discharge

tubes, respectively.

Stephan-Boltzmann law. A comparison between ceramic tube temperatures ob-

tained theoretically by solution of the steady-state heat conduction equation and

experimentally through irradiance measurements was made. The discrepancy

varied from 1 to 25 K, depending on the quartz tube wall temperature. Such

a good agreement between theoretically and experimentally obtained ceramic

tube temperature shows that the found solution of the steady-state heat conduc-

tion equation, though found approximately, reflects sufficiently well the physical

reality.

Using the results presented in Figure 2, the average laser power as a function of

the ceramic tube wall temperature is shown in Figure 3 for T1 (a) and T2 (b) dis-
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Figure 4. Dependence of multiline average output power on He buffer-gas pressure for

T1 (a) and T2 (b) discharge tubes, respectively.

charge tubes, respectively, for multiline operation and for three different spectral

ranges. It was measured (Figure 3a) that more than 80% of the laser power was

concentrated at the 6.45 µm atom line at optimal temperature of 1190◦C with re-

gard to the maximal multiline power achievement. As can be seen in Figure 3b,

the optimal temperature for Sr ion lines and Sr atom lines in the 2–3 µm spectral

region was about 1225◦C and 1275◦C, respectively. The total average output

power started slightly decreasing above 1300◦C, while there was no saturation

of the laser power at the 6.45 µm laser line with the increase in the input power

up to the limit of stable power-supply operation. At optimal temperature for

multiline operation, more than 90% of the laser power was concentrated at the

6.45 µm atom line.
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Figure 5. Dependence of multiline average output power on average input power (from

HV rectifier) for T1 (a) and T2 (b) discharge tubes, respectively.

The dependence of the multiline average output power on the He buffer-gas pres-

sure is presented in Figure 4 for T1 (a) and T2 (b) discharge tubes, respectively.

For the second discharge tube three different capacitor bank (CB) were studied.

It can be seen that the optimal He pressure varied considerably. Highest output

laser power was obtained at optimal He pressure of about 30 Torr and 45 Torr

for T1 (a) and T2 (b) discharge tubes, respectively.

The dependence of the multiline average output power on the average input

power determined from the HV rectifier is shown in Figure 5 for T1 (a) and

T2 (b) discharge tubes, respectively, studying three different CBs. For each CB

the He pressure was optimal. A monotonic growth of the output power was ob-

served for the three CBs, when the electrical input power was increased up to

the limit of stable power-supply operation.
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Figure 6. Multiline average output power as a function of pulse repetition frequency for

T1 discharge tube.

The multiline average output power as a function of the pulse repetition fre-

quency is shown in Figure 6 for the first discharge tube. A monotonic growth of

the output power was observed, when the frequency was increased up to 22 kHz.

For the second discharge tube pulse repetition frequency of 19 kHz was maximal

due to higher input power and power-supply limitation.

The optimization of the discharge conditions, as well as the obtained output laser

parameters are summarized in Table 1. The laser efficiency is the ratio of the

average output power to the average input power considering the 65% electrical

efficiency of the excitation scheme. As can be seen the optimal helium pressure

Table 1. da – active zone diameter; la – active zone length; Va – active volume; C0 –

hot-value of the storage capacitor bank; pHe – optimal helium pressure; Pmax
in – maximal

average input power; fmax – maximal pulse repetition frequency; Pout – average output

power; Ep – energy at the 6.45 µm laser line; η – efficiency

Discharge da, la, Va, CBi C0, Tc, pHe, Pmax
in , fmax, Pout, Ep, η,

tube mm cm cm3 pF ◦C Torr kW kHz W J %

First tube 18 70.5 180 CB1 700 1190 30 1.9 20 1.72 69 0.14

First tube 18 70.5 180 CB2 870 1190 30 1.9 20 2.18 87 0.18

First tube 18 70.5 180 CB3 970 1190 30 1.9 20 2.34 94 0.19

First tube 18 70.5 180 CB4 1065 1190 30 1.9 20 2.40 96 0.20

First tube 18 70.5 180 CB5 1230 1190 30 1.9 20 2.37 95 0.19

First tube 18 70.5 180 CB6 1350 1190 30 1.9 20 2.05 82 0.16

Second tube 19.8 98 300 CB1 1230 1300 45 2.2 19 4.30 204 0.30

Second tube 19.8 98 300 CB2 1065 1300 42 2.2 19 4.19 198 0.29

Second tube 19.8 98 300 CB3 1350 1300 49 2.2 19 3.83 181 0.27
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Figure 7. Radial distribution of laser intensity.

increased with the increase in both the active zone diameter and the total CB

capacitance.

The radial distribution of the laser intensity was detected by a polymer dispersed

cholesteric liquid crystal thermofoil. The image of the laser spot was processed

with standard computer programs and fitted with Gaussian profile. The results

are presented in Figure 7. As could be seen, there was sufficiently fair agree-

ment between experimental points and fitting curve. It is well-known in laser

physics that Gaussian beam is characterized with the highest beam quality, i.e.

lowest beam divergence, and is most suitable for material processing, including

biological tissue.

Waveform of the laser pulse at the 6.45 µm line has been presented in [5] with

pulse duration (FWHM) of about 75 ns, which is typical pulse duration for laser

oscillation on self-terminating atom transitions. Our preliminary study on the

laser pulse with photon drag detector showed that laser pulse duration (FWHM)

for the He-SrBr2 laser was about 150 ns, which was close to the value given

in [3] for the optical parametric oscillator. It is well-known, that replacement

of pure copper by copper bromide in Cu atom lasers leads to an increase in the

laser pulse duration from 50 ns to 100 ns [13].

4 Conclusion

At average input power of 2.2 kW and pulse repetition frequency of 19 kHz

with CB1, an average output power of 4.30 W, more than 90% of which was

concentrated on the 6.45 µm laser line, was obtained. At this line the pulse

energy was about 225 µJ. The results obtained are more than two times higher
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than those obtained in [5] with metal strontium as an active medium. The active

volume was enhanced from 180 cm3 to 300 cm3 (67%). That led to an increase

in the output laser characteristics as follows: multiline average output power –

from 2.4 W to 4.30 W (80%); laser efficiency at maximal laser output parameters

– from 0.13% to 0.20% (54%); average output power at the 6.45 µm line – from

1.9 W to 3.9 W (two times); laser pulse energy at the 6.45 µm line – from

0.1 mJ to 0.2 mJ (two times). It should be noted that for the CuBr vapour laser,

oscillating on the self-terminating transitions, three-time active volume scaling

in bore from 20 mm to 40 mm and in length from 50 cm to 120 cm led to an

increase in the laser efficiency from 1.8% to 2.2% (22%) and in the average

output power from 24 W to 58 W (2.4 times) [14]. This fact shows that Sr atom

laser is more sensitive to the active volume scaling than copper atom laser. On

this basis it could be concluded that further enhancement of the active volume, as

it was demonstrated for the CuBr vapour laser in [13], will result in achievement

of laser pulse energy of about 1–2 mJ, which is required for photoablation of

soft tissue and bones in medicine.

The influence of pulse duration on thermal damage and efficiency of soft tissue

ablation presented in [3] shows that a He-SrBr2 laser, delivering 6.45 µm laser

radiation with 200-µJ pulse energy and 100–150 ns pulse duration, could be

successfully used for precise soft tissue ablation instead of FEL. Application of

the He-SrBr2 laser in laboratory conditions for soft tissue ablation is in progress,

using optic-mechanical system, which comprise of prism, lenses made of CaF2,

for separating, leading, collimating and focusing the laser beam on the target

mounted on a XYZ table.

On the ground of our experience with CuBr vapour laser further increase in the

output parameters could be obtained through the following methods: exploring

the influence of some admixtures to the buffer gas on the laser power [15,16];

further active volume scaling, using a new laser tube construction, which will

also provide an increase in the laser tube lifetime that is of great importance for

future application of this perspective laser for photoablation of soft tissue and

bones in medicine instead of FEL. Such investigations are also in progress.
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