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Laser pointing stability measured by an oblique-incidence optical
transmittance difference technique
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We describe an oblique-incidence optical transmittance technique for determining the pointing
stability of a laser. In this technique, we follow the angular drift of a monochromatic laser beam by
measuring the relative changes in transmittance through a parallel fused quartz windoamndi
polarized components of the beam in response to the drift. This method is shown in the present
experiment to have the sensitivity to detect angular changes in the range rofa@ians

(1 u radian= 10 ®radian). To demonstrate this technique, we measured the angular drifts of two
commercial intensity-stabilized He—Ne lasers. 2001 American Institute of Physics.
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I. INTRODUCTION relative intensity noise instead of the absolute intensity
noise® 1% This enables us to detect the angular drift with a
The beam pointing stability is one of the important char-sensitivity of 1.7u radians.
acteristics of a laser. The angular drift of a laser beam is of
particular concern in applications such as laser-based metrol-
ogy (from long-distance guiding systems to short-distancd!- OBLIQUE-INCIDENCE TRANSMITTANCE
scanning microscopgsand laser-based material processingalgggsgg\cﬂEJECHNlQUE FOR ANGULAR DRIFT
(from optical lithography, laser machining, to optical ma-
nipulation of DNA molecules The beam pointing stability In Fig. 1, we show the sketch of the measurement setup
of a laser system and how it is actively compensated for in dor the oblique-incidence transmittance difference technique.
given application is often the main factor that limits the We alternate the polarization of a test laser beam from origi-
achievable precision of the application. nally s polarization (transverse electricto p polarization
The pointing stability of a laser system is typically de- (transverse magnelievith a photoelastic modulator at a fre-
termined from the displacement of the beam position at the€juencyQ) =50 kHz. The polarization modulated beam passes
focal plane of a suitable lens systéni.The beam displace- through a parallel fused quartz window at close to the Brew-
ment (positional stability is measured with a position sensi- ster angled,,. The transmitted beam then passes through an
tive detector. The angular drift is obtained by dividing the analyzing polarizer before it is detected with a photodiode
appropriate focal length from the displacement. Dependingletector. The transmitted laser intendithas terms that vary
upon how such a measurement is implemented, particularlgt various harmonics of the modulation frequeriey We
the mechanical stability of the measurement systemmeasure the magnitude of the second harmonig2(
this technique can detect angular drifts ranging from=2100 kHz), with a Stanford Research SR830 digital lock-in
milliradians (10 %radians) to less than 1u radian amplifier.
(108 radians)? Let « be the angle between trgepolarization and the
In this article, we describe an alternative method for detransmission axis of the analyzing polarizer. It is easily
termine the laser pointing stability. This technique is a varia-shown that®
tion of (_)ptlcal ellipsometry and is configured such that the |t(29)=(32(77)/2)|mc[Tf,( Bmc)(sina)z—Tg( Oi)
sensitivity to the angular drift of a laser beam is
maximized® It is equally as sensitive as the position sen- X (cosa)?]. (1)
sitive techniques under comparable mechanical e”VirO”Here,I

inc IS the intensity of the incidence lasét,, is the
ments.

incidence angle with respect to the fused silica window.

The essence of this alternative technique is that we Mear (g ) andT (o) are the transmittance through one air-
sure the difference in relative transmittance change betweglsoq silica interface fos and p polarization, respectively.

s.a.mdp polarization for a Iase_r b_eam through a parallel fgsedjz(x) is the Bessel function of the second kind, ahd)

silica window at an oblique incidence angle. Such a differ-_ 4g¢.

ence is sensitive to the change in incidence angle and thus 14 key to this technique is that we initially nullify

can be used to.monltor. the peam po!ntmg _stablllty. A key|t(29) by adjusting « such that Tg(eimo)(cosd)z

advantage of this technique is that it is subject to only the:Tz(a,nco)(sina)z The subsequent change li{2() is di-
o(Gnc, .

rectly proportional to the angular drik6 of the laser beam,

3Electronic mail: xdzhu@physics.ucdavis.edu and the signal is only subject to the relative intensity noise
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FIG. 1. Optical setup of an oblique-incidence transmittance difference tech- =
nique for measuring the angular drift of a laser beam is shown. Photolumi- >
nescence: Glan—Thompson polarizers; PEM: photoelastic modgHituts 3 0 - e
Instruments, OR QW: parallel fused quartz window; and PD: biased sili- &
con photodiode. g
c -0.01 - -
©
instead of the absolute intensity nofsé? The drift in the 2 0.02
pointing direction of the laser leads to the same change in & Tl ]
incidence angleg;,c= Oinc o+ A 6. This causes the transmit- S o ‘02 ' : ‘ ‘

-0.01 0 0.01 0.02

tance to change such that
set angular deviation einc - eb (radians)

To( ainc) =Tg( ainc,o) + ATS( ainc) =Tg( einc,o)[l + A(ST)] ) (23)

Tp( einc) = Tp( ainc,o) + ATp( ainc) = Tp( ainc,o)[l + A(pT)] i (Zb)

FIG. 2. Measured angular deviatid¥ [computed from Eq(7)] vs the set
incidence angle change,.— 6, over a range of 40 milliradians is shown.
The dotted line is fit to a linear function with a slope of 0.9968.
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Ill. EXPERIMENTAL RESULTS

Here, ASP=[T,(6in) = Tp(6incd / Tp(fincd  and AL
=[Ts(binc) — Ts(bincd 1/ Ts(binc0 are the relative transmit-
tance change in response to the angular driftAs a result,

the second harmonics in the transmitted intensity are reduced
to

3
Ng

(ng—1)?

$i(2Q)

AO= S(do -

()

11(20) =3o(m)linc T Binc ) (sin@) A7 = AT (3)
We performed two experiments to demonstrate the
Let ny be the refractive index of the fused silica. By choos-oblique-incidence transmittance difference technique. In the
ing the initial incidence angle to be the Brewster anglefirst experiment, we verify Eq4) through Eq.(7) by mea-
Oinc.0=0b To(Oincd=T5(0p) =1, and T5(0incd=T5(6)  suring AL"—A(D as a function of known incidence angle
=4/(1+ng )2, And the d|fference in relative transmittance and companng the measuréd to the known variation of
change betweee andp polarization is simplified, the incidence angle. In the second experiment, we monitor

) angular drifts of two commercial He—Ne lasers over 24 h
(ng— using this technique and compare the measurement with
available specifications of these two lasers.

1)2
ng

(T

S

AP — (4)
Experimentally, we can also measurg.T (6t,nco)(sma)2
=li(sina)? in Eq. (3) directly by turning off the photoelas-
tic modulator and mechanically chopping the laser beam.
The modulated laser intensity is of square wave form. Unde:
the conditions of 6= Hb and Tﬁ(@,nco)(COSOz)2
=T3(nc,0 (SiNa)? or 4/(1+ng)?(cosa)’=(sina)?, the am-

A. Calibration of optical transmittance difference
versus set change in incidence angle

We use a 1 mWSpectra-Physics 117A He—Ne laser at a
wavelength of 632.8 nm. The laser is linearly polarized and
can be operated in either intensity stabilization mode or fre-
quency stabilization mode. The parallel fused silica window

pI|tude of the mechanically modulated laser beam at the firshas a refractive index afiy=1.456 74 at the He—Ne wave-

harmonics of the chopping frequency is given by

l(do)= |nc(sma)2 5

I:(dc) andl(2Q)) are detected with the same phase-sensitiv
detection system. LetS(2Q)=7l;(2Q)) and S,(dc)

= nly(dc) be the output voltages of the phase-sensitive de-
tection stem in response tg(2Q)) andl(dc), respectively.

st

By combining Eqs(4) and(6), we find the angular drifA ¢
from S;(2Q)) and S,(dc) as

2
m,()

1,(29)
l(do)

2
mJo( )

$i(2Q)
Si(de)

A(T)

S

T _
A
(6)
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length. From Eq(4), we expect

ALV —AN=0.4070. ®

We mount a parallel fused quartz window on a rotation stage
so that the window can be rotated about the vertical axis. In

F’Ehis way, we can change the incidence angjlg in a pre-

scribed fashion. Starting from the Brewster angle at each
set incidence anglé,,., we measur&,(2Q) = »l(2Q) and
Si(dc)= nl(dc) and compute an angular deviatiam. We
then compare the computéd with 6;,.— 6, . The result is
displayed in Fig. 2. The incidence angle is varied from
—0.02 radians tod,+ 0.02radians with a step size of 8.5
wradians. Over a range of 40 milliradians, the measured an-
gular deviation follows the set change in incidence angle
extremely closely. In fact by fitting the measured values to a
linear function of the set angleshown in dashed line we
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obtain a slope of 0.9968. This shows that the oblique- 0
incidence optical transmittance difference technique can in-
deed be used to determine the laser beam pointing stability.
Subsequently, we measured the beam pointing stability
of two low-power commercial He—Ne lasers with this tech-
nigue. One is a 10 mW LASOS LGK7654-7 He—Ne laser.
The other is the 1 mW Spectra-Physics 117A intensity stabi-
lized He—Ne laser. The test laser is mounted on a thick alu-
minum block that is bolted on a research-grade TMC optical
table made by Technical Manufacturing Corp. The latter is
not floated during the test. All other optics are mounted on (a)
New Focus mirror mounts that are also bolted on the TMC 200 : J
optical table. The temperature near the optical setup is moni- 0 30000 60000 90000
tored simultaneously with a Typge thermocouple. The latter .
has a reference in liquid nitrogen. The ambient temperature Time (seconds)
varies in a range of approximately 1 °C.

-100 | 4

150 |- .

Angular drift (uradians)

B. Pointing stability of a 10 mW LASOS LGK7854-7
He—Ne laser

According to the specification, the pointing direction of
a LASOS LGK7654-7 He—Ne laser is expected to drift up to
100 p radians during the first 20 min of the warm up. After-
wards, the range of the drift is to be limited to 2dadians.
In Fig. 3@, we plot the angular drift for a LASOS
LGK7654-7 He—Ne laser measured over a 24 h period with
the oblique-incidence transmittance difference technique as 80 - )
shown in Fig. 1. The measurement begins immediately after ! ! !
the laser is turned on. The drift during the first 20 min of 0 300 600 900 1200
warm up is shown in an expanded scale in Figp) 3As one
can see, during the warm up, theeanpointing direction of
the laser indeed drifts downward by %fradians. In addi-  FiG. 3. (a) Measured angular drift of a 10 mW LASOS LGK7854-7 He—Ne
tion, theinstantaneougointing direction oscillates about the laser over 24 h starting immediately when the laser is turned on is shown.
mean direction. The oscillation initially has a peak-to-peakThe drift angle is determined from E7). The scale is inu radians.(b)

. . . Measured angular drift of the 10 mW LASOS LGK7854-7 He—Ne laser

amplitude of 20x radians and a period of 20 s. Toward the

e during the first 20 min of warm up is presented.
end of the warm up, the oscillation has a peak-to-peak am-

plitude of roughly 50uradians and a period progre;siyely to-peak amplitude of 15 milliradians and a time period of 20
s’Fretched to 100.5. Aftel h of warm up, the mean pointing ¢ once the intensity stabilization is established, the change
direction only dr|ft§ slowly, by_?% r_ad@ns over 24 h'_ On in the pointing direction slows down and yet remains oscil-
to_p of the mean drift, the pomtmg dlrectlpn slowly oscillates latory. Most noticeable is that the amplitude and the time
with a peak-to-peak amplitude of 30radians and an aver- ,oiq4 of the oscillation seem to be very sensitive to the
aged perlod.of 3000 s. These .results show that other thant@mperature drift over just 1 °C. During the fi& h and the
long-term drift over a time period of 12 to 24 h, @ LASOS |55t '6 h of ourmeasurement when the ambient temperature

LGK7654-7 He-Ne laser has the angular stability fairly .panges by 1°C, the pointing direction oscillates with a
close to the specification. It is noteworthy that the pointing

OOV " S eak-to-peak amplitude of 1.5 milliradians and a time period
direction is not sensitive to the temperature variation over %arying in the range of 1200 to 2400 s. Only during a time
range of 1°C. )

interval d 4 h when the temperature is stable within a stan-
dard deviation of 0.023 °C, the change in the pointing direc-
C. Pointing stability of a 1 mW Spectra-Physics 117A tion is within a range of+0.2 milliradians(i.e., 200 radi-
Intensity stabilized He—Ne laser ang with a peak-to-peak change of 0.8 milliradiais., 800

In comparison, the beam pointing stability of the pradiang. Roughly speaking, the beam pointing stability of
Spectra-Physics 117A He—Ne laser in the intensity stabilize@ SPectra-Physics 117A He—Ne laser is worse by a factor of
mode is very poor, and has a large temperature dependendd0 than that of a LASOS LGK7854-7 He—Ne laser.

In Fig. 4(a), we display the measured change in the pointing o ) o )

direction of the Spectra-Physics 117A laser over 24 h, toD: Sensitivity of an oblique-incidence transmittance

gether with the temperature of the ambient. In Figh)awe  difference technique to laser beam pointing

show the drift during the first 500 s. In the first 200 s, thed|rect|on

SP117A laser is in the process of establishing the intensity To determine the sensitivity of our optical transmittance
stabilization, the pointing direction is oscillatory with a peak- difference technique, we examine the “quiet” regions of the

Angular drift (uradians)

Time (seconds)
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FIG. 5. Measured angular drift of the 10 mW LASOS LGK7854-7 He—Ne
'\ laser over a time period of 6000 s, after the laser has been on for 24 h is
1 shown. The data in the quiet regions centered around 1500 s and 4400 s are
/ used to estimate the sensitivity of the oblique-incidence transmittance dif-
ference technique for angular drift measurement.

| sensitive method for characterization of a laser beam point-
0L » | ing stability. A sensitivity to angular drift of 1.Zradians is

achieved in the present study. The technique is easily ex-

(b) tended to measure angular drifts in both the horizontal plane

-15 * : | ‘ (as we reported hereand in the vertical plane.
0 100 200 300 400 500

Angular drift (milli-radians)
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FIG. 4. (a) Measured angular driftsolid line) of a 1 mW $ectra-Physics
117A He—Ne laser in the intensity stabilized mode and the ambient temperdACKNOWLEDGMENTS
ture (crosseps over 24 h, starting immediately after the laser is turned on.

;Ee S_Ca"leliiAi”Hmi”i,:lad:anf(b? 'Vt'ﬁas_uied ?tf;g“t'at;_l‘_’”“éw 1di§ SPGCttrﬁ' . One of the authoréX.D.Z.) acknowledges the support of

YSICS e—Ne laser In the Intensity-stabilized mode during the first, . . . .

500 s is shown. The intensity stabilization takes 200 s to complete. I[hls research by the National Science Fogndatlon under
Grant No. DMR-9818483, and the support in part by the

o o donors of the Petroleum Research Fund, administered by
pointing direction for the LASOS LGK7654-7 He—Ne laser pocg.
where there are no oscillations. In Fig. 5, we show a mea-
surement of the angular drift of over 6000 s after the laser
has been on for 24 h. There are two quiet sections: one from
1000 to 2000 s, and the other from 3800 to 4800 s. The
iati i i i !Lasers and Laser-Related Equipment, Test Methods for Laser Beam Pa-
standard deviations in these two regions are jAradians 1e ment, 1€s for !
. . . rameters, Beam Positional Stabilifinternational Organization for Stan-
and 2.0u radians, respectively. If we use the standard devia- . - =000 2" Syitzerland 199850 11670
tion of the data in these quiet regions as a measure of theér. maestle, W. Plass, J. Chen, C. Hembd-Soeliner, A. Giesen, H. Tiziani,
sensitivity of our technique, we can conclude that our currentsand H. Hugel, Proc. SPIE87Q 319 (1996, and references therein.
transmittance difference measurement setup can detect angu¥- -evesque, A. Mailloux, M. Morin, P. Galameau, Y. Champagne, O.
. . . . . . Plomteux, and M. Tiedtke, Proc. SPEB7Q 216 (1996.
lar drifts as small as 1.4 radians with a signal-to-noise ratio sg Qian and P. Takacs, Proc. SFIE73 158 (1999,
of 1-to-1. Such a high sensitivity is achieved because thetr. M. A. Azzam and N. M. Basharé&llipsometry and Polarized Light

angular drift measurement is subject to only the relativee(North—Holland,Amsterdam, 1977
; ; ; ; ; ; A. Wong and X. D. Zhu, Appl. Phys. A: Mater. Sci. Proce83, 1 (1996.
noise in the Intensity, as Is evident from EQ) ’X. D. Zhu, H. B. Lu, G.-Z. Yang, Z.-Y. Li, B.-Y. Gu, and D.-Z. Zhang,
Phys. Rev. B57, 2514(1998.
IV. DISCUSSION 8X. D. Zhu and E. Nabighian, Appl. Phys. Left3, 2736(1998.
. L. . 9X. D. Zhu, W. Si, X. X. Xi, Q. Li, Q. D. Jiang, and M. G. Medici, Appl.
We have shown here that an oblique-incidence transmit- ppys. Lett.74, 3540(1999. Qe g PP

tance difference technique is a relatively simple and yet very®X. D. zhu, W. Si, X. X. Xi, and Q. Jiang, Appl. Phys. Le8, 460(2001.

Downloaded 23 Oct 2003 to 169.237.43.223. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



