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Purpose of the experiment

Investigate transformation of the laser Gaussian beam during propagation in free space
and when passing focusing optical elements. Measure parameters of the Gaussian beam.

Experiment tasks

. Align propagation of the He-Ne laser beam along the optical rail.

. Investigate propagation of the He-Ne laser beam in free space.

. Measure M 2 parameter of the He-Ne laser beam.

. Align propagation of the laser diode module beam along the optical rail.

. Investigate propagation of the laser diode module beam in free space.
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. Measure M 2 parameter of the laser diode module beam.

Theoretical topics

. Laser Gaussian beams.

. Parameters which characterize laser Gaussian beams.
. Near field and far field zones.

. Complex Gaussian beam parameters.

. Gaussian beam divergence.
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. Transformation of the Gaussian beam when passing a lens.

Equipment and materials
1. He-Ne laser Thorlabs HNLO20L, 2 mW, A =632 nm.
2. A laser diode module, A =650 nm.

3. A 1/1.8“ CCD camera Spiricon SP620U (matrix size: 7.1 mm x 5.4 mm, pixel size: 4.4 um
X 4.4 um).

. Aluminium mirrors.

. Alens, f=20cm

. Optical rail and mounts.
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. A measuring tape.



METHODICAL INSTRUCTIONS
The ideal Gaussian beam complex amplitude when propagating along the z direction is

described as follows:

w

U(T, Z) = AO
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where Ao is a amplitude, wo — the beam waist radius, k = 2 /A — the wavenumber, zg — the

Rayleigh length — distance at which w(zg) = V2w, the Gaussian beam radius w(z) along the

z direction changes as:

w(z) =wy [1+ (i)z, 2
the wavefront radius changes as:
R(z) =z [1 + (%R)Z], €))
where the Rayleigh length is equal to:
7 ="2 @

the divergence angle far from the beam waist is:
2
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Fig. 1: Optical Gaussian beam.

Experimentally registered field intensity I(r, z) = |U(r, 2)|? is:

2 2
. Wo _ 2r
I(r,z) =1 (W(z)) exp ( Wz(z))' ©)
The beam radius is usually measured at 1/e? ~ 13.5% intensity level. Another common

beam diameter measurement is at the half intensity level (FWHM — full width at half

maximum) which is 1.18 times less than the Gaussian beam radius at 1/e? intensity level.
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Fig. 2: Gaussian beam intensity distribution.

Real laser beams are not the ideal Gaussian beams. To estimate the deviations the real beam
from the ideal Gaussian beam, a non-dimensional beam quality parameter M? has been
introduced. It is a ratio of the real beam radius in waist (w,z) and the divergence angle (6,z) to

the ideal Gaussian beam radius in waist (w,) and divergence angle (6,):

M2 — worOor (7)

wobo ’
For the ideal Gaussian beam M? = 1. He-Ne laser generating TEMg, transverse mode
M? < 1.1. For multimode lasers which generate high power beams parameters M2 can be 10
or more.

For the real optical beams:

M22 > i’ (8)

Worbor = - -

the beam radius for real beams at 1/e? intensity level at z position from the beam waist is:

wa@) = o |1+ (222)' ©

the wavefront radius changes accordingly:

Re(z) = 2|1 + (2En)’ 10
R(Z) =z + ZAM?2 ' ( )
The Rayleigh length is:
TTWZ
ZR = MZO;_?’ (11)

According to 1SO 11146 standard, the beam propagation parameter M? is described as

follows:
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where A is the wavelength, d,, — the beam waist diameter, 8, — the full beam divergence

M? = , (12)

angle.

Fig. 3: Propagation of real beam.

The beam diameter at z position is calculated using the square root of second momentum of

laser beam power density:

dcrx,y (Z) = 40x,y(z)1 (13)
Beam power density second momentum o, (z) is described as follows:
+00 400 _
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o) = S vy (142)
400 r+00 . _. o
05 (Z) — oo oo O=2E(x,y,z)dxdy (14b)
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where (x — %) and (y — ¥) are distances from the beam centroid (%, ¥), E(x,y, z) — the beam

power density distribution. The position of the centroid is calculated as:

_ R Y xE(xy,z)dxdy

X = T e axdy (15a)
and

_ S [ yE(x,y,z)dxdy

Y = S e dxdy (15b)

The beam divergence angle 6, is the angle of the cone which represents the laser beam radius

or the diameter increasing when it propagated further away from the waist:

dg
0, = Tf (16)

where d, is the diameter of the laser beam measured at the focal position of the focusing



element’s rear plane, f —the focal length of the focusing element.

BEAMSTAR SOFTWARE METHODICAL INSTRUCTIONS

The software is launched by double clicking the E icon on the desktop. If the camera

is connected, the view depicted in Fig. 4 should be visible when the software is launched.

[

Fle Sousce  Topk Wodow M

o
oo -EHEED

Fig. 4: Main window of BeamStar software.

In the main window the Control Panel, 2D Display 1, profile (Profile Graph 1 and Profile

Graph 2) display windows should be visible together with Numerical Values 1 window. In

addition, 1D Gaussian Fit, 1D Top Hat Fit and other windows
can also be opened. The number of the displayed windows can
be changed as the user wishes. Additional windows can be
added by clicking Add in the Control Panel. Tabs opened in
the Control Panel window are used to control camera and the
opened windows. When any of the windows is closed, the

corresponding tab closes as well. The measurement is started by

clicking Start in the control panel window or lil in the main

Fig. 5: Window where
additional display
windows can be selected.

window and be stopped by clicking Stop or L—'—[ in the same windows.

The Video Format, dynamic range (Bits), Frame rate and Trigger options are set in the
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Fig. 6: Camera format
settings tab.

Camera Format tab. When a beam expander or objective is
used, the Optical Scaling Factor is set not equal to 1. In this
case (no expander or objective) it needs to be set to 1. The video
format must be selected to be 1600x1200 1/1.8%, dynamic range

— 12 bit and appropriate frame rate.

In the Camera Exposure tab T S e

exposure (Electronic Shutter),
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amplification (Preamp Gain)
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(Dark Level) can be set. In this
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Fig. 8: Signal/noise
settings tab.

tab allows selecting the method to determine XY cursor

position:

mathematical centroid position estimation (Centroid). Clicking
Freeze/Unfreeze stops/launches view refreshing in 2D display
window. Clicking Save saves data displayed in the window

using the selected format.

Fig. 7: Camera temporal

Frames tab set 5 — 10 frame X
settings tab.

averaging.

In the 2D display window intensity distribution in the XY plane
is depicted. In the Control Panel window’s Zoom tab it is also
possible to set the depicted view resolution and size, select
cursors (XY cursors). In the Ceelisndtamesuieiie = & sl
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Fig. 9: Intensity profile
display settings tab.

In the Numerical Values window beam mathematical

characterization results are displayed. The displayed quantities are selected in the Control

Panel window tab. Clicking Freeze/Unfreeze stops/starts refreshing of Numerical Values

window.
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Clicking Freeze/Unfreeze stops/starts refreshing data in the %isplay settingslzab.

Profile Graph window. Clicking Save saves the displayed

data using the selected format.

Before measurements set the coordinate axis directions along x and y. By Clicking ﬂ or
selecting from menu Tools>Options the Axis Alignment Control window opens where it is

necessary to select Default XY.

Aws Algnment . 3 | >
v digs 3l Daglays 1o
0 xXr Fsarn Ax
K | Camce

Fig. 12: Beam measurement axis settings window.
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For more accurate selection of the camera position and

accurate measurement of the distance to the lens and the 11.65

H H 11.65 6

distance between the lens and the CCD camera, it is

necessary to take into account the positions of the front

principal plane H, the rear principal plane A ‘and the CCD )

camera position. The arrow on the lens marks propagation

cJ
direction of the beam. The front principal plane H is 11.65 \H/ \H\/

mm distance from the left edge of the optical mount. The ,_ O ¢

?
5 |

rear principal plane H‘ is within 11.65 mm distance
P pal b Fig. 13: a) The lens front (H) and rear (H")

from the right edge of the optical mount. The CCD principal plane position with respect to the

. edges of the lens optical mount. b) the CCD
matrix is 6 mm from the left edge of the CCD camera | .+rix position with respect to the edge of the

optical mount. camera optical mount.



Experiment procedure

. Alignment of the He-Ne laser beam along the optical rail.
The CCD camera must be used together with all 3 included filters. Connect the CCD
camera to the computer and turn the computer on.
Make sure that the laser power supply is connected to the electric socket and to the
He-Ne laser head. Turn on He-Ne laser by turning the key in the power supply
clockwise.
Move the CCD camera (CCD) towards the left edge of the optical rail.

Place and fasten with screws the alignment mirrors DV1 and DV2.

Top view =012 LD module

8 He-Ne
B_'LE laser

DV2 &

Side view
He-Ne

ccb
DV1, DV2 laser
ﬁ "J-L ﬁ
|

Fig. 14: Experimental setup. He-Ne laser, LD module — laser diode module, DV1 and DV2 —

alignment mirrors, CCD — CCD camera.

Using mirror DV1 align the laser beam to match the center of the CCD camera.

Move the CCD camera towards the other end of the optical rail. Using mirror DV2
align the laser beam to match the center of the CCD camera.

Move the CCD camera towards (0) position on the optical rail. Repeat alignment of
mirror DV1.

Repeat alignment procedures until the beam propagates along the optical rail.
Investigation of He-Ne laser beam propagation in free space.

Move the CCD camera towards (0) position on the optical rail. The center of the laser
beam must match the center of the CCD camera matrix.

Measure the distance between the laser output coupler and the camera.



Make sure that Peak(+) position matches or is close to the Centroid(x) position. If there
is a large mismatch, cover the laser beam and click Zero the Background which
subtracts the background. Alternatively, in the Noise Control tab measure the reference
intensity distribution when laser beam is covered and subtract it.

Record the beam intensity distribution and estimate the beam diameter d,; < at level 1/e?
(13.5%) and the beam diameter d, = 40 at X and Y axes.

Measure the beam diameters d,3s 1/e2(13.5%) and d, = 40 at X and Y axes
dependences on position z, when the CCD camera is moving along the optical rail
towards its other end with 50 mm steps,

Graphically depict d,5 5(z), and d, (z) dependence on z.

From part of the graph d(z) = f(z) which can be approximated linearly, determine

beam divergence angle:

0; = 2 -arctan (M), (17)
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and waist position z,; with reference to (0) position on the optical rail. Here i are
indices of x ory.

Measurement of He-Ne laser beam M? parameter.

Move the CCD camera towards the right end of the optical rail.

Place a lens L at (0) position on the optical rail. Adjust the height of the lens optical

mount so that the centre of the laser beam would match the center of the CCD matrix.

He-Ne

DV1, DV2 laser

CCD
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Fig. 15: Experimental setup for measurement of M ? parameter. He-Ne laser, DV1 and DV2 —

alignment mirrors, L — lens, CCD — CCD camera.

While moving the CCD camera along the optical rail, determine position of beam
waist z, (where d,o = 40, along X and Y axes is minimal).

While moving the CCD camera along the optical rail, determine position z._, before
beam waist and z.,, after beam waist where beam diameter is d,g = V2d,,, along X

and Y axes.

Measure laser beam diameters d,, = 40, and dg;, = 40y, at 6 or more different



positions between z_) and z(,,. At least 3 measurements must be at positions before
beam waist and at least 3 after beam waist.

Measure laser beam diameters d, = 40, and d,,, = 40, at 3 or more positions before
beam waist z, when distance is greater than 2|z, — z(_,| from the beam waist.
Measure laser beam diameters d,, = 40, and d,, = 40, at 3 or more positions after

beam waist z, when distance is greater than 2|z(+) — zo|from the beam waist.
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Fig. 16: Positions where beam diameter measurements should be performed.

Approximate the measured beam diameter d;,(z) and d,,, (z) dependence on position

z using hyperbolic function:

dgx(2) = \Jayx + byz + cx22, (18a)

and

doy(2) = Jay, + byz + ¢, z2. (18b)
Parameters a,, by, c, and a,, by, c, are calculated using digital curve approximation
methods.
Graphically depict measured diameter dependence on position z and respective
approximation curves.

Using parameters ay, by, ¢, and a,, by, c,, calculate beam propagation parameters:

Zyp = Z_Ci’ (19)
dyio = — |4a;c; — b? (20)
ai0 2\/3, it i
6,; = Ve, (21)
1
Zpi = ; 4-aicl- - blz, (22)

i

M} =— /4aici — b?, (23)

where i are indices of x or y, 1 — laser wavelength.

Calculate astigmatic beam waist difference Az, :



Az, = |ZOx - zoy|, (24)

Calculate laser beam waist position with respect to lens front principal surface H at X

axis:

ZBfore = Vix, + f, (25)
where

x, = 2pghm — f, (26)

and

v=—L_, (27)

,z}%x+x§

where f is focal length of the lens, zEe""d — Jaser beam waist position with respect to

lens rear principal surface H‘ which is calculate using formula (19), zz, — beam
Rayleigh length after lens which is calculated using formula (22).
Calculate beam waist diameter before the lens:

doso’™® = Vdgsg™. (28)
Calculate beam Rayleigh length before the lens:

before _ y7/2,behind
ZRy = Vezpethe, (29)

Calculated beam divergence angle before the lens:

e}c)ehind

Hgchefore — ’ (30)
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Using formulae (25) — (30) calculate laser beam parameters before the lens along the

Y axis.

Compare beam waist positions and divergence angles calculated form formula (25)
and (30) with measured values (task 2).

Alignment of the laser diode module beam propagation along the optical rail.

Turn on the laser diode module.

zi,: LD module

He-Ne
laser

H

Fig. 17: Experimental setup. LD module — laser diode module, He-Ne laser, DV1 and DV2 —

alignment mirrors, CCD — CCD camera.



Replace and fasten with screws the alignment mirrors DV1 and DV2.

Using instructions described in the task 1 align the experimental setup.

Investigation of laser diode module beam propagation in free space.
Using instructions described in the task 2 measure the laser diode beam divergence
angles 6, and 6,, and the position of the beam waist.

Compare the results with He-Ne laser beam parameters.

Measurement of laser diode module beam M 2 parameter.
Using instructions described in the task 3 measure the laser diode beam propagation
parameters.

Compare the results with He-Ne laser beam parameters.
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