IMucem B DYAS. 2007. T.4, Ne 1(137). C.150-156

METOJUKA OU3NYECKOI'O 5KCIIEPUMEHTA

A STUDY OF AN AIR MEDIUM INFLUENCE ON THE
RECTILINEARITY OF LASER RAY PROLIFERATION
TOWARDS THE USING FOR LARGE DISTANCES
AND HIGH-PRECISION METROLOGY

V. Batusov®, J. Budagov®, J. C. Gaya’eb, J. Khubua®', C. Lasseur®,
M. Lyablin®, N. Russakovich®, A. Sissakian®, N. Topilin®

“Joint Institute for Nuclear Research, Dubna
PCERN, European Organization for Nuclear Research, Geneva, Switzerland

The influence of a turbulent air medium on a laser beam space localization precision was studied
experimentally. For a helium—neon one-mode laser LGN-302 and for a solid-state multimode laser
DS-670 the laser ray coordinate measurement uncertainties were determined with 1 m step for the
distances up to 9 m from the laser source. It was found that the o values at 9 m distance are equal to
o (DS-670) = 21 pm and o (LGN-302) = 12 pm.

To reduce the turbulent air medium influence on the laser ray space localization precision, the laser
beam was positioned inside a heat-isolating tube. Very significant decrease of o values was achieved at
9 m from the source: o™ (DS-670) = 2 pym and o (LGN-302) = 2.5 pm.

The work is made within a framework of a preparation to the creation of a high-precision large-
distance laser metrology to be possibly used for long linear collider component alignment.

DKCIEPUMEHT JIbHO U3YYEHO BIUSHHE TypOYJACHTHOCTH BO3IYLIHOM Cpedsl H TOYHOCTh JIOK JIM3 -
WU J1 3epHOTO JIyd B MpoCTp HcTBe. It OHOMOOOBOrO rejineBo-HeoHoBoro J1 3ep LGN-302 u mna
MHOTOMOZIOBOTO TBEPAOTENBHOrO 1 3ep DS-670 O6pu1H onpenesieHsl HETOYHOCTH U3MEPEHHS KOOPAUH ThI
JI 3epHOTO MyYK C Il TOM | M H P CCTOSHHH JIO 9 M OT JI 36pHOTO MCTOYHUK . BBUTH H HIEHBI 3H YeHHs
o H p ccrogund 9 M, p BHble 0 (DS-670) = 21 MM u ¢ (LGN-302) = 12 mxMm.

I yMeHbINeHUs] BIUSHUS TYypOYJCHTHOCTH BO3IYINHOW Cpeabl H TOYHOCTh JIOK JIM3 IUM JI 3€p-
HOTO JIyd JI 3epHBII My4OK ObUT IMOMEIIEH BHYTPh TEIUTOM3oupytoneil Tpyosl. CyliecTBeHHOE yMEHb-
HIEHWE 3H YeHUs ¢ ObUIO JOCTUTHYTO H P CCTOSHUH 9 M oT mcroynuk : o (DS-670) = 2 MKM u
o (LGN-302) = 2,5 MKM.

P 60T BhmMONHEH B p MK X MOATOTOBKU K CO3I HHUIO BBICOKOTOYHOM J1 3€pHOM METOAWKU H OOIb-
IIMX P CCTOSHHSX C BO3MOXHBIM HCIIOJIB30B HUEM JUIS IOCTUPOBKH KOMIIOHEHTOB JUIMHHOTO JIMHEWHOTO
KOJIIT MIep .

PACS: 29.17 4w

INTRODUCTION

In physics, technique and industry, numerous examples of the use of instruments with
a laser are known. These are in particular the laser levels, laser distance meters, etc. The
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laser measurement system (LMS) was successfully developed and applied in Dubna during
high-precision assembly of the ATLAS Hadron Calorimeter modules [1, 2].

In such instruments the laser ray is used as a reference coordinate axis relative to which
the position measurements of objects under study are undertaken.

When proliferating the laser irradiation interacts with a turbulent air medium and with an
increase of laser ray passed distance the degree of its distortion (perturbation) grows up and,
consequently, the LMS’s precision depends on a distance between the laser and a measurement
point.

We undertook an experimental determination of a ray position uncertainty as a function
of distance from a laser source and indicated possible ways to decrease this uncertainty.

This work may hopefully contribute to the future design of a LMS with higher metrology
parameters and an optimal structure. A new generation of long linear collider structure
elements with high-precision alignment may possibly be achieved with lasers «properly used».

The quantum-mechanic limitations on the laser position precision determination were
studied in [3-7] and are not considered in this work.

1. EXPERIMENTAL SETTING-UP

Experimental determinations of a laser ray localization uncertainty as a function of distance
were made for two laser sources:
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Fig. 1. The block-scheme of the experimental set-up

e Helium-neon, one-mode LGN-302 laser
(Russian production) and

e Solid state, multimode DS-670 laser (German
production).

Both laser beams were proliferating in an
air medium. The experimental set-up is shown
schematically in Fig. 1.

The duant-type photoreceiver PhR consisting of
two photosensors PhR1 and PhR2 was positioned
perpendicular to the laser beam. The sensitive base
was a quadrant photodiode (see Fig. 2) and its basic ~ Fig- 2. The view of a quadrant photodiode
parameters are given in [8].

Then, the PhR had been adjusted by micrometric screw to the position where signals
from both photosensors were about equal. The difference signal AV = Vppr1 — Vepre from

10 mm
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residual amplifier was sent onto 24 bits ADC and was recorded with 2.7 s interval for 5 min
period. The statistic analysis of the data accumulated was made and the RMS-value o (mV)
of signal was determined. The temperature of the room was about 20°C without special
temperature stabilization.

2. MEASUREMENT RESULTS

Figure 3,a, b represents AV signals recorded for DS-670 laser at different experimental
conditions (see also Figs. 4,5) and for the laser-off case (photodiode noise).
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Fig. 3. a) AV signal direct record for the DS-670 laser. b) AV signal direct record for the DS-670
laser (bottom line); the photodiode noise with laser-off (top line)
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Fig. 4. AV distribution for the DS-670 Fig. 5. AV distribution for the
laser (without isolating pipe) DS-670 laser (with isolating pipe)

To establish the correspondence between the noise origin laser beam displacement (mea-
sured in pum) and the PhR signal (measured in mV), the PhR was positioned so that the
differed amplifier signal was AV = 0. Afterwards, the PhR was displaced by the positioner
by A = 50 pum (with the accuracy of +4 pm) distance in the plane perpendicular to the laser
ray direction. And in this position the AV signal was measured. The ratio

K =A/AV 0

determines the calibration parameter K.

Such a consideration (linear approximation) is correct on condition that the calibration
displacement A is much smaller than the laser beam diameter d and, at the same time, is
significantly larger than the observed value of the o (d > A > o). For the lasers used
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Fig. 6. The calibration parameter K as a function of the L distance between the observation point and
a laser source
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in the experiments, the beam diameter waist d was 0.5 mm for LGN-302 laser and 3 mm
for DS-670 laser. The laser beam angular divergence was 1072 rad for LGN-302 laser and
0.5- 1072 rad for DS-670 laser. The laser beams were not collimated.

The AV value is proportional to the laser beam power density in the point of calibration.
So the K parameter reflects the laser beam power density variation as a function of distance
between the laser and the point of observation.

Figure 6 contains the K parameters for both laser sources.

In accordance with the K parameter value, one determines (using (1)) the values of ¢ in
micrometers.

The measurements described were executed for L = 1—9 m interval with a measurement
step of 1 m. Figures 7 and 8 contain the o (L) values of the beam displacement for the
helium—neon one-mode laser LGN-302 and for the solid-state multimode one DS-670.
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Fig. 7. The DS-670 laser: the o values as a function of distance L between the laser and the observation

point

81 Without pipe

g

s

U).\ \

= 61

a2

41 / Wlth pipe
» /.\ -

.?4. / \o

0 l 2 3 4 5

o4
(o]
o -

Fig. 8. The LGN-302 laser: the o values as a function of distance L between the laser and the

observation point



A Study of an Air Medium Influence on the Rectilinearity of Laser Ray 155

3. THE PROTECTION SCREEN EFFECT

As one can see from Figs. 7 and 8, the fast rise of o (L) is detected, which is a consequence
of an air turbulence influence on the laser beam. To reduce such an influence the laser beam
was positioned inside the thermoisolation tube. The necessary measurements were performed
following the above-described method.

Figures 7 and 8 also represent the o (L) values depending on the passed way of the laser
when proliferating inside a pipe.

Very efficient air turbulence neutralization for L > 2 m (both lasers) is observed. It is
well manifested by Fig.3, a containing time dependence of signals recorded for the fixed
distance L = 9 m: records are made when the air turbulence effect is present and when such
an effect has been suppressed by the isolating tube.

The least o value was observed for the DS-670 laser and found to be 0.6 ym in L = 2—6 m
interval of «laser—observation point» distances (Fig. 7).

The o (L) decrease for L = 2—5 m interval with DS-670 laser measurements can be
explained by the specificity of laser focusing used in this particular laser: at L = 3.5 m
the laser ray has a beam waist with a diameter = 3 mm. In this place, the laser power
density is increased and it leads to an increase of sensitivity of calibration K parameter and,
consequently, to a o(L) decrease.

Figure 3, b gives a record of a AV (¢) signal at L = 9 m for the case when laser beam is
proliferating inside a heat-isolating tube. Laser beam position «oscillations« are possibly due
to the slow varying air temperature gradients at different place of an air layer column inside
a tube. To equalize the air temperature gradients, one proposes to create and to support the
laminar air flux inside a tube. Such a temperature «smoothening» will lead to a more uniform
air index refraction distribution along a tube and, consequently, to a «more rectilinear» laser
ray proliferation in an air medium. Photodiode noise level is negligible and does not affect
measurement results (Fig. 3, b).

4. ON A LARGE DISTANCE METROLOGY

For the recent period a noticeable interest to the laser beam use as a reference line in
large distance metrology has appeared. One means here a possibility of the laser ray use in
the theodolites and a level not only for distances but also for angles measurements.

In order to get the necessary arguments for the laser beam use in the above-mentioned
directions we plan to execute the whole complex of research described in this work but at the
10-100 m distances.

Another research task will be the study of possibilities to increase the long-term stability
against temperature deformations of the optic elements forming the laser ray. This last factor
directly affects the long-term angular stability of a laser ray position when the ray is used as
a reference line.

In our next publication we will propose the measurement set-up for experimental deter-
mination of the laser ray positioning precision for large distances.
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CONCLUSION

The isolating tube significantly (by a factor of ~ 10 for DS-670 laser) decreases the laser
beam space localization uncertainty:

e The minimal detected DS-670 laser value of a noise laser displacement is found to be
o = 0.6 um for distances from 2 up to 6 m.

e A solid state laser is more preferable for use at distances above 1 m.
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