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Foreword to the Series 
 
This Note continues a Series of works aimed (i) to investigate the performance of the existing 
LTP instrument as well as (ii) to determine its potential capabilities, and (iii) to lay out the 
measures and means for improvement of surface slope measurement with the LTP.  
 
Preface to Part 5 
 
In Part 1 [1], the random noise of the LTP measurement and its dependence on the laboratory 
environmental factors were investigated. It was shown that in a quiet laboratory environment, 
the random-noise limited accuracy of LTP measurements is on the level of ~0.15 µrad. That 
is the level of an acceptable sensitivity for a future generation LTP instrument. It was also 
demonstrated that the real problems of the existing LTP relate to systematic errors, which 
exceed the random noise by more than an order of magnitude.  
 
In Part 2 [2], the problems of the LTP instrument related to the photo-detector were analyzed. 
It was found that a contribution in the detector systematic error of ≈ 0.6 µrad comes from the 
pixel-to-pixel photoresponse nonuniformity of the photo-diode array. A strong need was 
demonstrated for updating the LTP detector system with a system based on a CCD/PDA 
camera with higher pixel resolution. The update also should include a sophisticated 
calibration technique in order to gain maximum benefit from the new detector system.   
 
In Part 3 [3,4], the efficiency of the data acquisition method and relevant software developed 
for suppressing the LTP systematic error related to the ‘ghost’ effect was demonstrated. The 
‘ghost’ effect is an LTP systematic effect, arising due to partial superimposition of the 
reference and the sample light beams on the photo-detector. The effect is very pronounced 
when measuring the mirrors with relatively high sagittal curvature. 
 
In Part 4 [5], questions related to the LTP fitting procedure are considered based on linear 
regression analysis. The consideration has allowed the development of an optimal fitting 
strategy and provided an analytical basis for estimation of the LTP performance as a function 
of the main LTP parameters. 
 
In the present note, we describe the results of measuring pointing instability of different 
lasers. Included are an intensity stabilized He-Ne laser, a diode laser similar to one used in 
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the present version of the LTP, and a fiber coupled, temperature stabilized diode laser. The 
last laser in the list is been considering as a possible light source for the next generation of 
LTP instrument that is under development at the ALS OML. 
 
The investigation of the LTP performance is not finished with this Note, but it will be 
continued in the next publications of the Series.    
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1. Introduction 
 
The pointing instability of a laser is determined as a temporal angular drift of the beam 
direction. In order to specify pointing instability of a laser, usual practice is to provide a 
value of change of the beam direction upon certain change of the ambient temperature in the 
units of rad/°C. Such specification of the pointing stability does not provide a laser user with 
adequate information on the temporal beam direction stability one can achieve. More 
adequate presentation of the pointing stability could be via an angular noise spectrum, similar 
to a noise power spectrum [6,7] usually used in electronics [8] or a power spectral density 
distribution applied to the surface roughness measurements [9].    
 
In the case of a long trace profiler (LTP), such as one available at the ALS Optical Metrology 
Laboratory (OML) [1-5], rigorous information on the laser properties, is especially 
important. Indeed, the pointing instability of a light source used in the LTP directly 
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contributes into the instrumental noise of the slope trace measurements. Depending on the 
properties of the LTP detector (e.g., saturation intensity and related exposure time) and mode 
of the LTP measurement (e.g., possibility for multiple averaging of the interference features), 
different bandwidths of the laser angular noise spectrum contribute into the overall noise of 
the instrument. 
 
In order to quantify pointing instability, an LTP with an additional reference beam was 
developed [10]. In the optical schematic of this instrument, the reference slope signal from a 
stationary reference mirror is recorded simultaneously with the slope trace measurement of a 
mirror under investigation. Then, the reference trace is subtracted from the sample trace, 
providing data basically free of error due to pointing instability. A similar approach has been 
used in a Dual-beam laser deflection sensor described in Ref. [11].  
 
Unfortunately, the compensation of the laser pointing instability with a reference beam has 
some limitations. Indeed, the optical paths for the reference and the sample beams are 
significantly different. Moreover, the optical path for the reference beam is subject to change 
during the LTP measurement. As a result, the noise and systematic errors due to the 
imperfections of the LTP optics and convection of air along the optical paths are different for 
the reference and sample beams and can not be completely eliminated with the subtraction of 
the signals. 
 
In the current version of the ALS LTP, a diode laser without active temperature stabilization 
but with a stabilized current power supply is used. The pointing stability for the laser is not 
specified in the available data sheet [12].  
 
In the present report, we describe results of measuring the pointing instability of different 
lasers, including stabilized He-Ne laser [13], a diode laser, similar to one used in the present 
version of the LTP [12], and a fiber coupled, temperature stabilized diode laser (from Melles 
Griot Inc. [14 ]) being considered as a possible light source for the next generation of LTP 
instrument under development at the ALS OML.  
 
 

2. Measurements of pointing instability of different lasers  
 
The measurements were performed with a 
NanoScan sub-micron accuracy beam profiler 
(Photon Inc., [15]), when the instrument was 
demonstrated at the OML.  The profiler (Fig. 1) is 
based on the slit-scanning method. At 3.5 mm 
aperture, the profiler comes with the 1.8 µm slits 
that are significantly smaller than the typical size 
of a pixel of a CCD or CMOS camera. The small 
slit width combined with high precision of the slit 
rotation provides an accuracy of 0.1 µm specified 
for the beam position measurements.    

 
 

Figure 1: NanoScan beam profiler
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The pointing stability was measured by observing a temporal dependence of a laser beam 
position detected with the profiler placed at a known distance from the laser. At the distance 
of 1 m, and 0.1 µm accuracy of a position measurement, the sensitivity to laser beam 
deflection is about 0.1 µrad. That is the desired pointing stability for the LTP laser.   
 
 2.1. Fast measurements 
 
Figure 2 represents the temporal dependences of the beam position deviation from the 
averaged position for different lasers. All of the data in Fig. 2, except the profiler noise trace, 
were obtained at 1 m distance between a laser and the profiler. The sampling time for one 
point is 0.1 sec. The profiler noise was measured with the Melles Griot laser placed at the 
10 cm distance, where the beam position deviation due to the laser pointing instability is 
suppressed by factor of ten. However, the standard deviation σx from the mean position was 
found to be changed only by approximately 30%. This suggests the profiler noise trace is 
mainly due to instrumental noise. 
 

 
 

Figure 2: Temporal dependences of the beam position deviation from the averaged 
position for different lasers measured with sampling time of 0.1 sec. 
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The data shown in Fig. 2 were processed to get noise power density (NPD) spectra. The 
spectra presented in Fig. 3 have very similar behavior at frequencies from approximately 
0.5 Hz and higher, where the noise is mainly due to instrumental noise. In this range, the 
instrumental noise has a white spectrum, which is suppressed significantly by averaging over 
a few measurements (see Sec. 2.2).  

 

 
 

Figure 3: NPD spectra due to beam pointing instability for different lasers. 
 
 
 2.2. Measurement with averaging 
 
A temporal sequence of the LTP trace scan consists of a number of sequential measurements 
with ~1 sec interval. The overall time range can be up to few thousand seconds depending on 
the size of the mirror. In order to be in congruence with the LTP arrangement, the 
measurements of the temporal dependences of the beam position for different lasers were 
carried out for a longer time range, more than 1200 s, and with averaging over 10 position 
measurements [16]. Figure 4 shows the results. Similar to Fig. 2, all of the data in Fig. 4 were 
obtained at 1 m distance between a laser and the profiler, except for the profiler noise trace, 
measured with the Melles Griot laser placed at the 10 cm distance.  
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As it was mentioned in the previous section, the random profiler noise is significantly, by 
factor of ~6, suppressed by the averaging. The change in pointing stability (characterized 
with rms deviation) of the measured lasers is not so dramatic: ~60% decrease for the He-Ne 
laser, ~ 45% for the diode laser, and ~35-40% for the Melles Griot laser. Moreover, if one 
subtracts (using the quadratic subtraction usual for dispersions) the profiler rms noise for the 
measurements with the 0.1 s sampling time (0.25 µm) from the corresponding data for beam 
pointing instability (Fig. 2), the change will be even smaller: ~50% decrease for the He-Ne 
laser, ~ 25% for the diode laser, and almost no improvement for the Melles Griot laser. 
However, one could naively expect the suppression to be a factor of ~10 for the all the lasers 
(as it is shown below, the effective integration time for the measurement with averaging was 
10 sec).  
 

 
 

Figure 4: Temporal dependences of the beam position deviation from the averaged 
position for different lasers measured with averaging over 10 position measurements 
with time constant of 0.1 sec. 
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The NPD spectra (Fig. 5) transformed from the data in Fig. 4 help to resolve the problem. 
The spectra in Fig. 5 have very steep high frequency roll-offs. Due to the roll-off, the noise at 
frequencies, larger than ~ 0.1 Hz, does not contribute to the rms dispersion for the beam 
position.  At very lower frequencies (less than ~0.03 Hz, the spectra correspond to white 
(random) noise of slightly different magnitudes. Averaging does not significantly affect this 
frequency range and, therefore, the change of position dispersion is very small. The air 
convection inside the hutch, surrounding the set-up, can significantly contribute in the noise 
in this frequency range. 
 
There is a similarity in the high frequency spectra of Fig. 5. All of the spectra have 
characteristic, regularly displaced features. The similarity of the spectra can be thought as a 
manifestation of a characteristic instrumental function (analogous to the modulation transfer 
function used in optics) of the profiler, common for the measurements with averaging.  
 
 

 
 

Figure 5: NPD spectra due to beam pointing instability for different lasers measured 
with averaging over 10 position measurements, each with time constant of 0.1 sec. 
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Figure 6 reproduces in a linear frequency scale the noise power spectrum (dark-red-colored 
trace), shown in Fig. 5 and measured with the Melles Griot laser. The spectrum has a 
characteristic beat, corresponding to a characteristic time 100 =T sec. The bold light-red line 
fits the spectrum with averaging and corresponds to the function: 
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The first product in the first term is a power spectral transformation of a rectangular gate 
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The second product, )( fDfast , is the NPD distribution measured without averaging (the blue 
traces in Fig. 3 and in Fig. 6). Note that the NPD spectrum without averaging has no beats. 
The constant, const , is introduced to account for random noise. 
 
The irregularities of the fitted line (the bold light-red color in Fig. 6) are due to the spread of 
data of the fast measurement. But in any case, one can see a good agreement between the 
averaged measurement and the model given by (1) with 100 =T sec and 

5108 −⋅=const µm2/Hz.  
 

 
 

Figure 6: NPD spectra due to beam pointing instability for the Melles Griot laser: the 
red trace is measured with averaging over 10 position measurements, each with 
sampling time of 0.1 sec; the blue trace is the measurement without averaging; the red 
smooth line reproduces a fit of the averaged data to the function (1). 
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 2.3. Temperature dependence of pointing stability of Melles Griot laser  
 
The room temperature in the OML is controlled with a conditioner system, which provides 
temperature stability of ~ 0.2°C for a period of ~1 hours. However, right after switching the 
conditioner on or off, the room temperature  drifts significantly. For the present experiment, 
such a temperature drift was used in order to get an experimental limit on the temperature 
coefficient, ξT, for the pointing stability of the Melles Griot laser. The correlation between 
the beam position change and temperature drift measured by switching the air conditioner 
gives ξT = (20 ± 3) µrad/°C. This value significantly exceeds the temperature coefficient, ξT 
< 1 µrad/°C, specified for the pointing stability of the Melles Griot laser. 
 
Unfortunately, a sensor, which we used to monitor temperature inside the hutch, surrounding 
the set up, has a large mass and, therefore, a large time constant. A more sophisticated 
experiment should be carried out in order to get more reliable data on the temperature 
coefficient. 
 
 

3. Calculation of noise power density spectra due to laser pointing instability 
 
A measured temporal sequence )( rr tP  of N  points total is transformed into a noise power 
density spectrum )( ss fD  via discrete Fourier transformation: 
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where the same definition of discrete Fourier transformation as in MathematicaTM is used. 
The result of application of the transformation (3) to the data for the profile noise in Fig. 2 is 
shown in Fig. 7a. Due to the limit of the length of the temporal sequence measured, there is a 
large spread of data at higher frequencies. The limited sequence can be thought as a product 
of an unlimited sequence and a rectangular temporal window. Fourier transformation of a 
rectangular window gives the high frequency variations of a resulted noise power spectrum 
[17].  
 
One of the common ways to decrease the variations is to use a specially shaped window with 
smooth sides. This approach has a disadvantage of arbitrariness of the window shape. There 
are dozens of windows commonly used and none of them has any physical reason for priority 
(see also discussion in Ref. [18]). And in any case, windowing leads to a significant 
perturbation of the spectra, which is demonstrated with the data shown in Fig. 6. 
 
The amplitude of the variations can be statistically decreased by splitting an initial temporal 
sequence into two shorter sequences and averaging over two noise power spectra for each of 
the sequences. The efficiency of the procedure is illustrated in Fig. 7b. The cost of the 
averaging is the loss of the lowest frequency point of the initial spectrum. The initial 
sequence can be divided to larger number of subsequences providing more efficient 
averaging and leading to the loss of lower frequency points of the NPD spectra.   
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Figure 7: a – Noise power density spectrum obtained via discrete Fourier 
transformation (3) of the measured temporal sequence of the profiler position error 
(profiler noise); b – Noise power density spectrum averaged over two spectra, 
corresponding to two split sequences. 

 
 
Even stronger suppression of the high frequency variations can be obtained with a simple 
procedure described in Ref. [18]. The technique is to partition the initial measured data into 
K subsequences, each of M consecutive measured points. The subsequences can overlap 
and, in this sense, they are not independent. Each subsequence is separately transformed into 
a NPD spectrum (3). Finally, the K  spectra are averaged at each frequency to produce a 
spectrum with a reduction of the spread of high frequency data by factor of K .  
 
The described procedure with the parameters 2NKM == , where 4000≈N  is the length 
of the initial sequence that was applied to the profiler noise measurement shown in Fig. 2 and 
transformed into NPS presented in Fig. 7a. At the chosen parameters, the original data are 
partitioned into a set of subsequences sequentially shifted by one point as illustrated by 
Fig. 8.    
 

 

 
Figure 8: Illustration of the 
averaging procedure with 
partitioning into multiple 
dependent subsequences.
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Figure 9: a – Noise power density spectrum averaged over two spectra, corresponding 
to two split sequences; b – Noise power density spectrum obtained with multiple 
averaging over shifted spectra. 

 
 
The averaged spectrum is presented in Fig. 9b. The resulting variance at higher frequencies is 
even smaller than it is after averaging over two separated subsequences – Fig. 9a. the same 
averaging procedure was applied to the data shown in Figs. 3,5 and 6. 
 
 
4.  Conclusions  
 
The performed experiments have shown a high performance of the NanoScan beam profiler 
(Photon Inc., [15]) and ability to measure a laser beam position with accuracy of 

Hzmµ1.0~ . This allows one to investigate the pointing instability of a laser with 
accuracy of Hzradµ1.0~  at the baseline of 1 m. Based on the result of the demonstration 
at the OML, the profiler system was purchased from the Photon Inc.  
 
The profiler is useful for characterization of optical elements for metrology applications. For 
example, homogeneity of an optical element material (e.g., for beam splitters, etalon plates) 
can be verified by measuring the change of a laser beam position, while the element is 
accurately translated across the beam. The profiler can be used to investigate the effect of air 
convection along the optical path on the beam direction and to optimize the design of the 
optical path enclosure. 
 
The procedure, similar to one applied to decrease the high frequency variance of the 
measured noise power density spectra, can be easily extended to the two-dimensional (2D) 
power spectral density (PSD) measurement the Micromap-570 interferometric microscope. In 
this case, a measured 2D height distribution is partitioned into a number of the 
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subdistributions. After processing each subdistribution with the PSD software developed at 
the OML [19-23], the obtained 2D PSD distribution would be averaged to suppress the high 
frequency noise.  
 
The averaging procedure will save a significant amount of time, which we must spend on 
repeated measurements in order to provide the reliable 2D PSD data. The corresponding 
upgrade of the PSD software is planned.  
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