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1 Introduction

Laser beams are used in various measuring, infmmadnd industrial applications. It is
often required that the intensity and thus optmalver of the beam remains unchanged in

time. But the perfectly stable optical source doaisexist.

There are various factors that add noise to theaignal. Some of these factors depend
on the laser signal generation. The low frequeragenis often caused by a temperature de-
pendence of the laser generation. It is interestingt even spatial fluctuation of the beam

caused by instabilities of optical components dbates to optical power fluctuations.

We ideally want to supress the noise in the whidguency spectrum. This is technically
impossible due to a finite response time of théiktation device. Therefore, we need to
make a compromise between stabilization speed aradiditional noise that the stabilization
adds by compensating the fluctuations faster tteaown response time. In the result, the sta-
bilization always reduces the noise with frequesidmver than its own response frequency,
but adds additional noise to the frequencies higimer even comparable to its response fre-

quency.

The feasible way how to control a stabilizationgadure to the experimental device is to
use a personal computer or a microchip as a regalaontroller. It is also advantageous to
regulate the optical signal after it leaves thedaurce. This will make the procedure inde-

pendent on the design of the particular laser sourc

The proposed stabilization scheme is used to s#alddser signal in various physical ex-
periments. The demands are to provide a stableadsource in the range of tens of seconds

and more. Examples of applications can be fourjé]iand [9].

The theoretical analysis in Chapter 2 discussaswsiattributes of noise and the theoreti-
cal design of stabilization device. The experimes¢dup is presented in Chapter 3. Chapter 4
explains the computer algorithm controlling thebdtaation device. In Chapter 5 the stabili-
zation is applied to different optical outputs d@hd results are discussed. Finally, a possible

improvement of the device is proposed in Chapter 6.



2 Theoretical approach

Purpose of this chapter is to describe a noisy laswer output and to develop a method
to compare a noise for different laser sources. gdwer output is generally random time-
dependent signal with complex properties. We begih characterizing the noise in the fre-
quency spectra and then we will try to mathemdgiaalaluate the amount of noise in the sys-

tem. Finally, the theoretical model of stabilizatidevice will be presented.

2.1 Frequency spectrum of noise

The frequency spectrum represents an importanttgudlnoisy signal. We can character-
ize particular types of noise according to theegirency behavior. Important noise is the
white noise which is characterized by the flat s@¢@ower density. The noises whose inten-
sity spectrum follows the

1
fa

(1)

dependence witla as the parameter are also significant. Some of themalso known as
flickering noise (1/f) and random-walk noise ¢U/in a long period of time the non-stationary
drift is the most significant contribution to theusce noise. Different types of noise spectral

power density are plotted in Fig.1.
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Figure 1: Example of noise spectra. The 10Hz vafusabilization response and 50Hz value

of detector response are chosen only for demoitsirptirposes.



When considering stabilization of any signal we trkeep in mind that it is technically
impossible to stabilize the source in the wholecspen. This is due to the finite response
time of the stabilization device or the used deteas can be seen in Fig.1. Actually, the sig-
nal acquisition response (detector response) amdttbilization response are generally dif-
ferent. Thus the stabilization device can detegttélations that cannot be stabilized. The dif-
ference between stabilization response and regalaéisponse could cause serious problem
in real stabilization scheme which leads to resboanillations in the stabilized output. For-

tunately, it can be compensated by the regulatigoristhm.

2.2 Time domain characterization of noise

An example of an output power time evolution ofypi¢al unstabilized laser is shown in
Fig.2. The evaluation of the power time evolutismeeded to determine how much noise is
in the source and eventually how much the appliabilszation device improves the stability
of the source. To compare different stabilizatippraaches we need a mathematical descrip-

tion with simple results.

956 T T T T T

855

854

853

output power [

852

851

850 | | | |
0 20 40 B0 80 100 120

time [min]

Figure 2: Unstabilized laser power output. The damgps 1 sample/s. Output is measured



directly from laser with no optical components lire tway. The power drift is approximately

0.5% per hour.
To describe fluctuations of the measured power segefallowing properties.

Standard deviation

The standard deviation, defined as

e (2)

wheren is the number of sampleB; is the power value of i-th sample al is the mean
power of whole set, gives us some basic undersignoi the power output fluctuations.
However, the deviation defined as (2) does not ideus with the time characteristics of the
fluctuations. For example, take the standard dewiadf the two sine waves with different
frequencies. The standard deviations of both wavesqual, but the waves aren’t the same.
Thus we may choose a floating window in which wenpate the standard deviation. There-
fore, we divide the measured dependence into wisd&wr each window we compute the
standard deviation and as a result we take the maae of these standard deviations. This

results in the definition of deviation as

iR 2

L)

Ak,abs = n ! (3)

wheren is the number of sampldsis the size of windowp,; is the power value of i-th sample
andP; is the mean value of power in the j-th window.f&iént sources will be compared, so

the deviation in (3) must be taken relatively, thrtans

A abs
Ak,rel = k_F’)b ! (4)

where P is the mean power value of the whole measuredhanise

For the measured power output shown in Fig.2 theaton (4) gives the value of
Do =2.1x10° or Ay, =3.4x10° for floating window set to 10 samples (secondsj®r
samples (seconds), respectively.

There arises a problem what is the best windowtsiz#hoose. Fortunately, there is a bet-
ter method designed for characterizing noise aablilgl in clock systems, called Allan vari-

ance and it could be easily adapted for any oy of time evolving quality we are inter-
4



ested in.

Allan Variance

The Allan variance (AVAR) is a method of analyzeg@ime sequence to pull out the intrin-
sic noise in the system as a function of the awegatyme. The equation for the two sample

variance may be written as follows

n-1

> (P(r) - P() )

1 %
0% anslT) = 5 = 1 ’ (5)

whereP(z); is the power mean value of the i-th window.

We explain the idea of the AVAR in the following walhe long time sequence of data is
divided into windows, based on an averaging tim€he data in each window are averaged.
Then the difference in average between successivdows is squared. Now we hamel
values, wherea is the number of windows. We average this set bfes divide it by two and
as a result we get an Allan variance. This candreedor various averaging time The coef-

ficient 1/2 adjusts Allan variance to the same disiens as a classical variance.

We need to compare different sources, thereforecaretake the AVAR relatively to the

mean power

== (6)
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Figure 3: Allan variance of the time sequence dpotupower plotted in Fig.1. The variance

reaches its minimun, ., (7)=14x10" fort=5s.

It can be seen from Fig.3 that the AVAR of unstabil source reveals the minimum vari-
ance for a certain window size. At short averadiinges the high-frequency white noise
dominates in the sensor and in the source. Thanegidecreases while averaging over longer
times. For a certain averaging time the drift n@téhe source prevails and the variance starts

to increase. The more detailed explanation cambed in [2].

Both the minimum AVAR valueg,, ., and the size of the time windoi, corresponding

to this minimum describe the source precisely. filme window corresponding to the mini-
mum variance can be interpreted as a time peri@gvéatest stability of the source (it repre-
sents average time of the smallest power deviatibhg¢ value of the AVAR describes the
magnitude of fluctuations. This provides us a gtma for evaluating and comparing differ-

ent sources and stabilization approaches.

2.3 Model of stabilization device

The effort is to stabilize any optical source. fere the stabilization design must be in-



dependent on the laser beam generation. We willyapp stabilization to the laser beam us-
ing optical components right after the beam leaheslaser. To achieve this we will use a

simple feedback stabilization technique that casdsn in Fig.4.

Power
attenuator
Input Cutput
l_‘
REG | D Power
- detector
Regulator

Figure 4: Schematic design of feedback noise-réatuct

We deal with the optical beam thus we need an algbiewer attenuator. Optical power at-

tenuation can be feasible realized by means ofigat#on filtering.

——|HWP}—>| POL |—>

f

Figure 5: Realization of power attenuation by meafrsolarization filtering. The angke of

halfwave plate rotation represents the actuatisamater.

The scheme of polarization attenuation can be seEig. 5. The polarization of incoming

beam can be characterized by Jones vector [4]

Mln:(:aJ' (7)

The beam then propagates through a rotated haléwkate. The half-wave plate can be char-
acterized by
1 0
M = 8
HWP (O _ J ( )
matrix in Jones calculus. The half-wave plate tatexd by angle which serves as an actua-
tion parameter. The rotation can be described imatix
cosp -—sing

= ( j : 9)

rot

sing cosg

By passing through the rotated HWP the polarizatibthe beam is changed. In the case of
the linearly polarized incoming beam, the plan¢hefpolarization is simply rotated@he out-
put beam with rotated polarization then passeautiir@ linear polarizator with fixed orienta-

7



tion. The polarizator can be characterized by aimat

[ cos@ sinfcosd
|\/lPOL

= 10
sindcosd  sin*@ (10)
wheref is the angle of the fixed linear polarization. Thegoing beam can be then character-

ized as

o
Mou = : (11)

With Jones matrices defined for all optical compueeave can evaluate the polarization of the

outgoing beam matrix using equation

|leut zl\/lPOLDMl_lDM'HWF‘DMI

rot

™,. (12)

rot

In the realized setup the incoming beam is poldrizgtically and the polarizator POL is also

set to vertical polarization which yields the paedens

I,=0, 1,=1 =2 (13)
2
and the output polarization state given by equatl@) yields
0
v 2] "
—C0S2¢

The power transmittance of the polarization attémuia then defined as

2 2
I:)Out - IOut — Oa +Ob -

T2 2
I:)In II Ia+|b

cos’ 24 . (15)

By varying the rotation angle of HWP the incoming optical power can be attendiaidne
relation (15) can also be measured and the measateesult shown in Fig.6 corresponds to

the theoretical prediction.
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Figure 6: Measured dependence of power transmétamcHWP rotation angle. There are

also two possible working points marked.

The power attenuator is controlled by regulatorahbsets the initial working point of the
attenuator (from now on, the reference to workingla means the angle of working point
and the reference to working power means the pofverorking point). The regulator deter-
mines the working point in such way that the devicable react to both power increase and
decrease. The value of working power depends dicpkar stabilization requirements. It can
be seen from Fig.6 that the working angle choick mesult in different attenuation depend-
ence. In the case of the working poi; the attenuation raises with decrease of the rotatio
angleg but in the case of the working poijthe attenuation raises with increase of the ro-

tation anglep. This must be considered when designing the stabon algorithm.

We will use a digital computer as a regulator dreldttenuation dependence on Fig.6 must
be scanned to the computer. Scanning can be doneehguring a few points in the attenua-

tion dependence and then fitting the equation ({it6)the data.
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Figure 7: Example of linear interpolation in thgithlized attenuation dependence. Hgis

the working pointP; andP;.; are the successive points in the scanned depeadeis the

required interpolated point. T andare the transmittance and rotation angle for tivergi
point, respectively.

There is also a second solution closer to thealigature of the regulator. The attenuation
dependence can be scanned by computer. After glalsenworking point, the computer can
scan proximity of the working angle in predefineshge by constant angle steps. However,
the regulator should evaluate the response angletlgxfor the accurate response to the at-
tenuator. Therefore we can linearly interpolate Wlatues between adjacent points in the
scanned region. The scheme of linear interpolat@m be seen in Fig.7 and it is given by
equation

Pa =9 _(P_PA)B%' (16)

| P-R.
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3 Experimental setup

Our approach is suitable for stabilizing any laseurce. The intensity and thus power of
the laser beam is regulated in the free spaceeldrerthe input to the regulator must be ad-

justed according to type of the stabilized laser.

3.1 Continuous-wave diode laser with fiber output

The diode laser FOSS-01-3S-5/125-810-S-1 (OZ OP)J'@th fiber output emitting near
infrared beam with typically 8QW power at wavelength of 813nm. For the layouths t
setup see Fig.8. As was said before, the regulationeeds after the beam leaves the laser
cavity. This laser has a fiber output, thereforenged to collimate the guided beam to free
space. The single-mode fiber (SMF) is used to gthédebeam to collimator (output coupler).
The beam at laser output is linearly polarized thet guidance through a single-mode fiber
changes polarization, and we need the regulateth bede polarized vertically. Therefore the
polarization controller is inserted. For properusting of the incoming beam polarization we
insert a horizontally set polarizator into the wafythe incoming beam and we measure the
beam intensity behind the polarizator. Then we stdjlae polarization controller. The polari-
zation of the incoming beam is vertical, when theasured intensity is minimal. In our case
we measured minimum intensity 0.p14 and maximum intensity 51,8V with background
noise (169 + 2) nW. This results in visibility 98Avhich is sufficient for our purpose.

s IRIS A2 POL IRIS BS
polarization
controller J_ J_
LASER coupler 4
SMF T T
UNIX PC DET

motor control

FM detector

Figure 8: Scheme of stabilization setup in the cdsbode laser.

The vertically polarized beam then passes throbghris diaphragm. Diaphragms are use-
ful for verifying the beam position during the setaugments. The combination of motor con-
trolled half-wave plate (HWP) and the polarizat@LPrepresents the regulation actuator. We
used a 800 nm HWP mounted in a SR50CC rotation (ldet)v The rotation is controlled by
SMC100CC driver (Newport). After passing througke tiotated HWP, the beam propagates

11



through calibrated polarizator POL fixed to vertipalarization. The intensity of the outgoing

beam is then splitted by beam splitter BS. The umein splitter (BS) is the 3mm fused silica
plate tilted by a small angle from the perpendicudligection of the outgoing beam. Because
the reflection occurs on both plate surfaces, apprately 6% of the beam power is reflected
to the detector (DET). As the detector we usedetdMaster GS power meter with 50mwW

LM-2 silicon detection head (Coherent). Controtled FieldMaster detector and SMC100CC
driver is done by a personal computer.

3.2 Pulse DPSS laser

We used the DPSS (diode pumped solid-state) tiausiapphire laser MIRA 900 (Coher-
ent). This laser can work in CW (continuous-wavejell as in pulse regime. In pulse regime
it provides femtosecond pulses which are tunalae ffOO0 nm to 980 nm with repetition rate
of 76 MHz. MIRA laser is pumped by Verdi V-8 CW gbsétate diode-pumped laser that emits
light at wavelength of 532 nm. The beam from MIR&dr can reach average power up to 1
W and peak power of generated pulses up to setrerasands of kilo watts. The wavelength

used for stabilization experiment was 800 nm.

The MIRA output is a free space propagating beam.gide the beam from MIRA to
about 5 meters distant stabilization setup locateanother table. Thus the beam is coupled
into the single-mode fiber HP780 (Nufern) and gdide the collimator in the stabilization
setup. The 800 mW MIRA power output is reduced blapzation attenuator to the 10 mwW

which represents the fiber coupler input poRer The adjustment of the coupling setup re-
sults in the output powel,, = 6.3 MW entering the stabilization device. The couplinfi- ef
ciency given byn =P, /P, is then 63%. The coupling efficiency should be tie€oally in-

creased to 85%. For purposes of testing the stabin device, the coupling efficiency is not
a crucial parameter and further improvement is oeseary. For additional explanation of

MIRA laser beam coupling see [3].

12



4 Computer implementation

Both a sensor and a regulation device are contrdliethe personal computer with Linux
operating system. The stabilization program istemiin ANSI C programming language and
compiled by GNU C compiler (gcc 3.4.6). The prograas two input/output data ports, these
are the power meter (FieldMaster GS with 50mW LMHiton detection head), further re-
ferred as meter, and the motor controller (NewS&MC100CC), further referred as motor. By
reading the measured power value the program eeal@aproper response, which is send to
the motor. Both communication lines with the maoadod the meter are provided by RS-232
interface, therefore, we used a Linux core libsaroetl.h and termios.h.Compared to more
common technique of using standard C I/O functiscenf() and printf() this gives a better
control over the port hardware and data transmsdibe program is designed to output the
measured power and a response to the screen arfdedor developing purposes. For under-
standing the program function, more detailed dpsion of the important functions follows.

4.1 Main program function

Because the program is written in C language, tlaénn function is

called right after the program is executed. Thealzation is done by func-

init() tion init() that disables the line-buffering on rediard output (this has to be
; done because of the progress bar functioning pgpand prints the wel-
init_meter() come message.
- # Functions init_meter() and init_motor() prepare theter and motor de-
Imt_rlomro vices for operation. Function scan_reg retrievesrégulation dependence
ccan.reql) and sets the motor device to the working point. Turection regulation()
‘ performs the desired stabilization. All these fims are described in fur-
e ther details in next paragraphs.

b In this program the main() function does never mreta value (because
the regulation proceeds in an infinite loop), se pmogram termination can

be done by the SIGINT system call (CTRL+C).

13



4.2 Meter initialization

init_meter()

Is meter
present?

+
Print
meter OK

Measurement device initialization begins with tegti
the meter presence. Request to send identificatramy is
sent via serial port to meter, then the serial inpuead
and received string is compared with the one wriite
program. If the strings differ, then the messageristen
to standard error output (on screen) and the pnogsa

terminated. Otherwise, program writes confirmatioas-

Set proper exit(0) > sage that meter is found and finally it sets théemsensi-

wavelength

tivity to proper wavelength.

4.3 Motor initialization

init_motor()

Is motor
present?

Print
motor OK
Reset motor exit(0)

+

Get Move to
motor status home

yr—a

Get
motor status

A 4

return O

14

Motor initialization begins by testing
the motor presence in the same way as

the meter presence was tested.

When it is confirmed that the motor is
present, the RESET command is sent to
the driver. In the following loop program
sends a status request to driver, reads the
received status string and compares it
with the “ready from RESET” string. If
they differ the program writes dot on the
screen progress bar and waits a constant

time.

Eventually the strings finally match
and the homing command is sent, setting
the motor to initial position. The waiting
loop works just as the previous one. As
the motor is set to HOME, the function

ends with return O.



4.4 Scan of the regulation dependence

Initially, the matrix for
storing the measured power

Set step&range i
for initial scan on angle dependence is cre-

ated, also with theange and

+ step variables. The maxi-

Motor out
of range?

mum range is set to one step

Y more than 90 degrees, be-
Sem'rcm cause we are using the
Check A2 plate as regulator, and in

Set working angle

power max&min

this range we will surely find

Set step&range of the

working angle both maximum and mini-

proximity scan

Enough
Values measured
and power max
found?

mum transmittance (Fig.6).

Move motor to
upper border In order to proceed fast, the

big steps are used. In our

Move motor
by step

Motor out

case the big step was 5 de-

of range?
grees.
3 , :
— D The first scanning loop
the working point

v v scans the dependence to de-
Read power B ( rewmo ) termine the optimal working

Y point placement. It starts by

Save mean value of A&B
to the regulation table .

: reading the power value at
Evaluate the actual the initial angle, then the
the regulation table . .

value is compared with so
Move motor .
far measured maximum and

minimum values, eventually
stored as one. This is just an ordinary searchmfaximum and minimum. For time-saving
purposes, if the maximum value has been alreadyuned and at least three measurements
proceed, the program quits the loop. If not, theéanis turned one step further. The loop quits

eventually if the whole matrix was measured.

After quitting the loop, the direction of dependewlirectionis determined and stored, be-
cause with rise of angle the power either decreasegreases (further explanation in Section

2.3, Fig.6 and below). Also the working point isalated.

14



Next scan is done in order to measure the proxigfitworking point, so that the program
should know how to regulate. The size of the scdrarea is given relatively from the work-
ing angle by the constants defining its upper bofdepower increase and lower border for
power decrease. In our cas@per_border= 7°, lower_border= 3°. The regulation depend-
ence is saved to global variablg_tab (regulation table), which is array of structurébe
individual structure contains angle position an@rapriate power value. The size of this ar-
ray is evaluated from

sizereq_tab) = Iower_borde;:elgpper_border’ (17)

wherestepvariable is step of the scan in degrees. In ose,step= 0.2°.

Because the scanning of this dependence is edstemtstabilization, the range and step
must be set accordingly to provide good performaligaust be considered, that the scanning
takes some time and the power we are trying talg@bs fluctuating. Either the measure-
ment should be as fast as possible or the regulatiove for the particular regulator (half-
wave plate) should be measured using very stables@nd stored for example to file. How-
ever, in our case the program and setup is medrd tmiversal and to stabilize long-time dis-

tortions, so the first solution is chosen.

First, the motor is set to the upper border, begdtuis closer from the last motor position
(due to the design of the first scan, the last mpésition is most likely near the transmission
maximum). The loop starts by measuring the powduevéwo times and then their mean
value is saved to regulation table. This has todree in order to diminish the effect of fluc-
tuations on the measured regulation dependenceadtual motor position is saved to the
regulation table together with power,. Motor isimoved by step towards the lower border.
The loop ends while the whole regulation table weeasured. After that, the motor is set to

the working point.
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4.5 Stabilization loop

This function is essential to the stabilization qass itself. It begins with setting the de-
sired sustained power valgeb_pwr which is chosen to be the power value of the wgrk
angle set in the regulation table. Also the initable position and other initial variables are

set.

Regulation loop is infinite, because we do not needuit the stabilization in other way
than by terminating the program. It starts by adggithe power valuact_pwr If the power
value seems to be misread (the communication welldaster GS meter lacks any kind of
transmission error check and it sends sometimdava falue with +/- 1e-06 error for un-
known reason) or if the fast peak of power is rgad device is unable to stabilize such short
bursts), the power value is read again. This igrde@hed by evaluating the absolute differ-
ence between actual power read and the desireairsetpower value and comparing the re-
sult with fixed number, which is determined emgifig. In our case the program evaluates
inequation

|act_ pwr —stab_pwr| > 0.08e-05 (18)

Speed of stabilization is slowed down a little bitit if we did not insert this condition, the

stabilization will suffer from occasional oscillatis due to errors in power reading.

After the power is read, the acquired power vatusted to be in the non regulation level.

This is done according to inequation

lact_ pwr - stab_ pwr| < non_reg_level(stab_ pwr, (19)

wherenon_reg_levels the non regulation level constant. If the instpn is true, then the

program leaves the position of motor as it is.

For the best performance of the stabilization itviportant to set theon_reg_leveivhich
means the percentage sthb_pwrvalue in which the stabilization device will n@use any
action to stabilized output. It has to be doneabise stabilization device isn’t able to stabilize
short-time fluctuations and without this settingnill create additional noise. Magnitude of
this level depends on particular stabilized souResult of the different nomeg_levelsetting
can be seen in Fig.9. We empirically determined_reg_levelalue to be 0.0008 (0.08% of
stabilized power) for OZ OPTICS diode laser andd010(0.11% of stabilized power) for
MIRA laser.

16



regulation()

Set sustained power
value and set |
values to variables

regulation
loop

Possible
flaw value?,

Is the
power difference

in non_reg
level?

Out of range
i table
location?

in

table diff

>
(pwr diff)/step,

Out of range
in minimum table
location

v A 4
Set act_loc at Set act_loc at
minimum power maximum power
Store actual power
set in table

Interpolate using actual
and previous table value
and store to act_loc

Store actual power
set in table

Store actual power
set in table

Y

Power
continues to
incerase/
decrease?

Y Y

step=1 ‘ ‘ step++ ‘ ‘ step++ ‘

step++ ‘ ‘ step=1

-

Save actual power
as prev_pwr
Move motor
to act_loc

17



w10 non_reg_level =0 i no regulation level = 0.125%
2.809 T T T T T 3244 T T

2808 1 32431

- =
| WAY | | VN“ HWM VA w ‘““f” SR = I! m,whhlﬂ ) “!'“M

w
[
=

o
=
[

power output[Vy]

power output|
SIS
us]
=
=N
e

2801 q 3236

28F q 32351

2.799 * ' ' ' ' 3.234 ' : : : :
0 20 0 50 80 100 120 320 340 30 360 400 420 440

time[s] time(s]

Figure 9: Differentnon_reg_levekettings for OZ OPTICS diode laser. The red |img-i
cates the sustained power value and green lingh@twoundaries of the no regulation area. If
non_reg_levels set to 0%, then the regulator adds unnecessasg o the output. On the
opposite, ifnon_reg_levels set to 0.125%, then the regulation didn’t takace and the

power oscillates between no regulation area borders

The program continues in going through the regoatable. The purpose is to find an ap-
propriate response in regulation table to actualgradeviation from sustained power value
stab_pwr First thing in the loop is to check if we run lwiable index out of maximum range.
If we do, there are two options considered, eitbegxtrapolate the regulation table depend-
ence to desired point or to simply set the maxipmaler output. The second possibility was
chosen, because we generally won't deal with flatbtuns that big and because the speed of
motor is very slow and it will take a long timenwve the motor to compensate such power

deviation. However, the program version with extdapion was also created.

Next statement is essential for the cycle. It cketle variable table position according to
inequation

reg_tali].power-set_thl _pwr > - act_ pwrS;es;ab_ T : (20)

the reg_tabli].powerstands for the power selected by cydet_tbl_pwris the table power
corresponding to actual motor position. The cyales variabla in the way that the value in
reg_tabl[i].poweris increasing. The inequation compares the chantgiblg power difference
with the negative power difference on the powempatudivided by variabletep explained

below.

If the statement (20) gets to be true, it meanstti@response to the measured power fluc-
tuation should be found in regulation table in piosition between (i-1)and I items. At first
the program checks if the variahblésn’t O (that means the table minimum), if it ieen the

table is either extrapolated or the minimum outpet. We choose the second solution, simi-
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larly as in previous case of getting out of tableximum. Generally, when the statement (20)
Is true, it doesn't mean that the actual resposgha table value (this is further discussed in
chapter 2.3). For the higher accuracy the prograeatly interpolates the needed response
position value from (i-1) and " table item using the equation

reg_tali].loc — reg_tali —1].loc

act_loc=reg_tali]loc — diff _pwr [ _ - , (21)
reg_talfi].power — reg_tali —1]. power
where theiff_pwris the table quantization step.
diff _ pwr =(reg_tali].power — set_tbl _pwr) - (— act_ pwr;stab_ pwrj' (22)
step

This causes the regulation to act very quicklyhte power fluctuations; stabilized power

level is often achieved in 1 or 2 stabilizationpste

The variablestepin (20) is important, because it prevents stafiion procedure from os-
cillating (mentioned in Section 2.1). It works likas: If the measured power continues to in-
crease or decrease, the value ofdfepis set to 1. Otherwise, if the power decreases #ie
previous increase and vice versa, stepvalue is increased, so the response is lowertti@an
actual fluctuation. This solution prevents the tagian from oscillation, because the eventual
resonant feedback response is diminished quickimitomum. Also the existence of the non
regulation level helps in this case, but the ostdh prevention works even with the
non_reg_leveset to zero.

After the response is calculated, table power spoading to the response position
act_locis stored teset_tbl_pwr although this doesn’t mean that the power vaduene of the
table values. Corresponding table power valuevedaccording to equation

set_tbl _pwr=reg_tali].power—diff _ pwr. (23)
Then it is determined, if the power continued tor@ase/decrease and the variaépis set
accordingly.

Now the program has found the proper response watilen, so the actual power in
act_pwris stored to variablprev_pwrand finally the motor is given the command to mtwve

act_locto compensate the power change.
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5 Stabilization performance

A stabilization device is characterized by a tinedagl between two reactions. The pre-
sented device is characterized by the minimum dbktyween detection of variation in the
input signal and the responggi, = (187.9 £ 0.3) ms. This time delay is caused iyey the
long waiting time of the data transfer from mefére empiric value of communication time-
out with meter is 90ms. The average delay depends on the size of the compensation step,
on the setting ofhon_reg_levelariable and on the particular stabilization. Tékday is addi-
tionally caused by the motor reaction and the motmtroller transfer delay. The empiric
value of communication timeout with motor is 30nife average regulation delay will be
evaluated individually for each output as a medoevaf response times in one hour of meas-
ured data. The value of no regulation level rougldtermines the size of the stabilized output

fluctuations.

5.1 Continuous-wave diode laser

We applied the presented device to stabilize aallader (OZ OPTICS). The unstabilized
power time evolution of this laser was measureditisdshown in Fig.2. The effect of stabili-
zation of the power output of the laser and Allamiance of power time evolution is shown in

Fig.10. The sustained power valudjs, =3151/W, that is 76.3% of maximum power. No

regulation level is set to 0.08% Bf,s: In each of the following graphs of power evolatibe
approximately 6% of total power is measured by aeteDET (Fig. 8).
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Figure 10: Stabilized OZ OPTICS diode laser sopm&er output and its Allan variance. The

green lines specify the no regulation interval. Tioeizontal line ato, ,, =14x10™° repre-

sents the minimum AVAR value of the unstabilizedrse (compare with Fig.3).

When comparing Fig.2, Fig. 3 and Fig.10 we cantbay the stabilization proceeds suc-

cessfully within the time range we are interestedn the short times the stabilization device
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adds a small amount of noise to the power outpartidhger times the AVAR of the stabilized
source is always smaller than the minimum AVAR foé unstabilized source. The average

regulation delay was measured toThg = (220 + 70) ms.

5.2 DPSS laser in pulse regime

We stabilized the output of MIRA 900 laser at 800 im pulse regime with repetition rate
76 MHz. MIRA was started approximately 7 hours befthe measurement. The sustained
power value i$sysi= 89.26uW that is 79% of maximum power. The no-regulatievel is set
to 0.11% ofPsus: The average regulation delay was measured Ta.ge (250 + 110) ms.
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5.3 DPSS laser in pulse regime with temperature variations

The laser MIRA 900 in the same regime as in chap@mwas stabilized. The temperature
in the laboratory was lowered by 3 degrees prighéofirst measurement start. The laser was
running approx. 5 hours before the measurementstib&ined power Bs,s= 255uW, that
is 84.7% of maximum power. The no-regulation legedet to 0.13% of sustained power. The
average regulation delay was measured td.ag= (580 + 250) ms. This is caused mainly by
large fluctuations of source and it results in mlarfger motor movement to compensate.
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Figure 13: Unstabilized output of MIRA 900 laseraits AVAR. The power drift is about
7.3% per hour. The minimum AVAR valug, .., =82x107is att =20.7 s.

The output power of laser in environment with chaggemperature tends more to fluctuate.
The fluctuations increased in both short and langes, see Fig.13. Although the time of

AVAR minimum raised fromt = 4 s for normal environment 0=20.7 s for environment

with varying temperature, the minimum AVAR valuecieased fromo, ., =34x10™ to
Opmn =82[107°, respectively. This means that the relative sizdluetuations increased

more than 2 times.
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6 Possible improvement

The problematic serial communication with FieldMaigiower meter and the long time de-
lay in communication was discussed in Chaptersdd5ari-urther, the motor and meter needs
to be connected to and controlled by a personalpcten The stabilization program is far
from using all the computer performance and it peesi the computer which can be used to

another purposes.

polarization IRIS A2 IRIS BS

POL
controller
LASER coupler |+ q 1 ouT
S T T

( motor control
uPC

Figure 15: Stabilization device controlled by mugp. The Si PIN photodiode S3883

(Hamamatsu) is used as a detector.

The idea is to replace the FieldMaster power migetector) and eventually both the de-
tector and the computer (detector + regulator) waithelectronic circuit controlled by a micro-
controller (Fig. 15). The layout of the designectuait is shown in Appendix A. The micro-
controller PIC18F1230 (Microchip) is chosen. PIC1880 is equipped with USART module.
The USART provides resources to communicate witleloRS-232 devices; these are the per-
sonal computer and eventually motor controller.tiven, PIC18F1230 contains 10-bit A/D
converter, which is used to convert the signal i88883 PIN photodiode (Hamamatsu) to a
digital representation. Additionally, the 8kB flast,emory of PIC18F1230 is sufficient for
storing the code of the stabilization program. Mor®rmation can be found in manufac-

turer’s datasheet [5].

The S3883 PIN photodiode current must be convedewltage and amplified prior to en-
tering the microcontroller's A/D converter. There wse the transimpedance amplifier previ-
ously assembled in the laboratory (see AppendiarBHe schematic of the amplifier).

The developed microcontroller circuit is shown ipp&ndix C. The circuit can work either
as a detector with computer connected to RS-23Baamd or as a detector and a regulator

connected to motor controller. The difference isyam the microcontroller control software.
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The circuit was designed and mounted and basicaosftware was written, but in the

time of writing this thesis it is not properly tedt

7 Conclusion

The working stabilization device is presented is thesis. The performance of the stabili-
zation is sufficient for stabilizing all tested éassources. The minimal response time that the
device needs to regulate the power outpiitijs= (187.9 £ 0.3) ms. The stabilization is effec-
tive in the range of seconds and more. The typisal of the developed device is to stabilize
laser sources for the optical experiments. Occasioscillations of the stabilization are suc-
cessfully reduced by a control algorithm and thgmitade of oscillations is in the range of

unstabilized noise.

The Allan variance is presented as a powerful tobkcharacterizing both the magnitude
and the optimal measurement time of the opticalgrgavoise. The optical power stability im-
provement caused by the stabilization can be de=mtrby comparing the minimum Allan
variance in the required time window (e.g. the miae of measurement in the experiment).

For the demonstrating purposes we take the timke sxfa30 s. The output of DPSS laser
measured in Section 5.2 improved from relative Miariance valug86x10™ for unstabi-

lized source to valuet.8x10™ for stabilized source. The average size of fludtus in the
time range of 30 s was reduced 18 times. The medsasults confirm the feasibility of Allan

variance for describing the signal noise and mewgel ldrift.

The proposed scheme can be improved by replacengitidMaster GS power meter and
eventually the personal computer with microcon&mottircuit which results in much shorter

response timé&min.
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Microcontroller board schematic

Appendix A:
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Appendix B: PIN voltage amplifier schematic
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Appendix C: Layout of the mounted microcontroller board
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