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Abstract—For measuring laser beam profiles, a vibrating wire monitor (VWM) has been introduced.
The measurements were carried out at different speeds of scan. Preliminary estimates were made for
the calculation of the VWM response times with respect to the thermal losses along the wire, and
radiative and convective losses. These estimates, however, do not determine the difference between
the beam profile and the frequency response of the VWM for a given scan rate. To evaluate the
reliability of the frequency response of the VWM, comparisons between forward and reverse beam
scans at different speeds have been used. The results of these scans are used to correct the thermal
inertia in the frequency response of the VWM.
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1. INTRODUCTION

The operating principle of vibrating wire monitor is based on the measurement of the change of the
frequency of a vibrating wire, which is stretched on a support, depending on the physical parameters of
the wire and environment in which oscillations take place [1-2].

The advantages of the vibrating wire monitors are their long-term stability, high accuracy and
resolution, good reproducibility, zero drift, minimal sensitivity change and small hysteresis. The
frequency signal is subject to external disturbances only slightly and can be transmitted over a long cable
without loss or degradation [3—6]. The change in the tension of the vibrating wire can occur due to a
change in the temperature of the wire, which leads to a shift in the frequency of oscillation of the wire.
This shift can be caused, in particular, by the passage of a beam of charged particles (radiation) through a
wire material and serves as a measure of the flux of particles scattered along the wire [7-9]. Thus, the
usable principle of operation is universal for beams of charged particles and for laser beams. We also note
the difference between the use of a vibrating wire and the conventional method of using thin wires as
targets. The signal for the vibrating wire is formed as a result of measuring the frequency of the vibrating
wire and does not require additional means for measuring the scattered charged particles (photons)
(compare, for example, with [10]).

The frequency of the vibrating wire monitors (VWM), depending on the initial tension of the string,
material and the size of the sensor, is in the range of 1-10 kHz. The typical range of the output signal —
frequency shift — is more than 0.01 (lower limit) and less than 1000 Hz (upper limit), that is, a relative
dynamic range of 1-10° is achievable. The monitor resolution is ~0.001 Hz, and the measurement
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accuracy is better than 0.01 Hz. Depending on the wire material and its geometric dimensions, this
accuracy corresponds to the accuracy of measuring the wire temperature variation (less than 1 mK). The
VWDMs were used to measure electron beams [§8], proton beams [9, 11-13], ion beams [14], X-ray beams
[15], and synchrotron radiation beams [16]. Special monitors with gadolinium-covering wire have been
proposed for thermal neutrons beams profiling [17].

Important parameters of the VWM are dynamic characteristics, which are determined by the geometry
and material of the monitor, the environment, and the scanning speed.

The aim of the present work is the investigation of the process of measuring the beam profile by the
VWM at different scan speeds. This investigation allows to estimate the accuracy of the scan depending
on the scan speed. In this work the method of direct and reverse scannings is applied, which allows the
correction of the thermal delay of the frequency response of the VWM with increasing the scan speed.

2. TIMING DIAGRAM AND DATA PROCESSING FOR FAST SCAN

The scan of any beam with VWM needs a set of frequency measurements in fixed positions of the
wire. The electronic board of the VWM for each wire consists of the two main units: wire oscillation
generator (StrinGen) and the frequency measurement unit. The core of this unit is microcontroller
PIC18F25xx series. The data transfer to computer is provided via RS232 or USB interface.

The measurement of the wire oscillations frequency F in the time frame g is done by counting of N,
precise quartz generator high frequency F, periods in N; numbers of the full wire frequency periods that
approximately cover the time gate g (Fig. 1). The wire oscillation periods are fixed precisely by usage of

zero-crossing mechanism. From the equality
& Nq (1)
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there an equation for the value of the frequency of the vibrating wire is found:
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Fig. 1. Principle of wire oscillation frequency measurement: solid line — quartz high frequency, diamonds are
frequency signal of the wire, vertical line — preliminary set gate g. In the insert the zoom around ¢ = 0.06 s is
presented.
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At the end of the time gate the crossing of high frequency can happen at any phase of quartz generator
period (see insert in Fig. 1), so the number of quartz periods can vary on one digit. The corresponding
accuracy of the method is presented by the following equation

AF 1 1
Sa—a— 3)
F Ny gh
Therefore, the relative accuracy of measurements at 1 s sampling and 1 MHz quartz is ~10°°.

At fast scan we should take into account detailed information of frequency measurement timing and
wire motion processes. Microcontroller PIC18F25xx provides the measurement process and the result is
sent to the computer as 4 bytes in floating point format. The computer time # pc at this information
receiving is saved in data file. Actually, this time does not correspond to the real measurement time ¢
that should be assigned to the middle point of the gate g: # =t pc —6.5ms—g /2. It is considered that
the delay between the edge of the gate and the end of the transmission time of the data packet to the
computer is ~ 6.5 ms. In the experiment, the value g = 180 ms was used and the gap of 20 ms between
the new measurement process start was set for data transfer to the computer (the total cycle time was thus
200 ms). For the RS232 interface, the 9600 Baud rate was used, which corresponds to ~1 ms for 1 byte
transfer (including start and stop bits).

The transmitting of the frequency data is followed by request of stepper motor position. Immediately
after sending the request, the time of computer is written in the data file, which practically corresponds to
the real time of position fg,, that will be received in a few ms later. These two columns (%, and stepper
motor positions) are used to calculate in linear approximation the position of motor at frequency
measurement time #; . The beam profile measurement is presented as pairs of wire frequency and stepper
motor position.

3. MEASUREMENT OF THE LASER BEAM PROFILE

During the experiment, the transverse profile of the laser beam was measured by measuring the
frequency of the wire at different positions relative to the beam. The profile of the laser beam was
investigated with VWM at different scan speeds. The energy transferred from the laser, heats up the wire,
and shifts the wire tension and therefore the frequency of the wire. The heating of the wire is a dynamic
process depending on the experiment conditions (the wire can be placed in air, in other atmosphere, or in
the vacuum), wire material, heat transfer mechanism from the measured beam to the wire etc. The
important parameter of the profiling process is the response time which depends of the parameters of the
VWM and parameters of the atmosphere.

For a triangular temperature profile in the wire, close to the real distribution, the sink of the deposited
power via thermal conductivity process is described by the formula:
W,=4T-T)AS/L, 4
where T is maximal temperature of the wire, T; is ambient temperature, A is coefficient of the thermal
conductivity, S and L are cross-section and length of the wire, respectively.

To increase the temperature of the wire by mean temperature (7 —7;) /2 we need energy
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Ir-T,

E= epLS, (5)

where ¢ is specific heat and pis density of wire material.
With the assumption that the sink of heat remains the same during the heating process, one can find
the time T, required for the transmission the energy to the wire in accordance with formula
cpl?
T, = p .
8L

(6)

In case if thermal sink is produced only by thermal radiation process we have the following formula
for radiation power:

Wrap = SGSTiBTI\A/}EANndL - SGSLBTOA‘TCC]L ~ 28(75137"03 (T -=Ty)mdL , (7)
where d is the wire diameter, ndL is the wire surface area, and Tyzay ~ (T +7T,)/2 is the wire mean

absolute temperature. It is assumed that the wire emissivity ¢ is the same for thermal emission and
deposition. Corresponding response time is obtained by the formula

cpd
Toap = ———————. 8
T = @®)
The same procedure was done for convective thermal sink
T-T
Weony = . OconvTdL , )
where acony 1S coefficient of the convective losses The corresponding response time is
cpd
Tconv = P . (10)
A conv
The final response time t of all sink mechanisms is obtained by formula
l/Tzl/‘C}L“‘l/TRAD‘i‘l/TCONv. (11)
As a result, we have
£ (12)

T= )
8(\/ * +2e0sr 15 / d + tcony / 2d)

For VWM with stainless steel wire of 0.1 mm diameter and 40 mm length, the convection coefficient
is 20 W/m’K, which gives for 1 ~3.9s (1, ®48.5 s, Trap ®#24.7 s, Tcony ©4.9 5).

To determine the parameter ocony We used equation for convection of cylinder moving with speed v
in air [18] as

vO.S

Ocow =413 (13)

4. EXPERIMENT

Figure 2 presents the experimental scheme, where for the precise feed of the VWM microscopic stage
with micrometric positioning knob was used. This knob was driven by a stepper motor through a belt
transmission from the axis of the stepper motor to the knob to reduce the mechanical impact of the stepper
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Fig. 2. Scheme of the experiment: / — laser, 2 — VWM, 3 — stage with micrometric positioning knob, 4 —
VWM electronics with RS232 interface, 5 — stepper motor coupled with stage micrometric positioning knob,
6 — stepper motor electronics with RS232 interface and 7 — computer.

motor bounce on the vibrating wire. The coefficient of steeper motor counts to real feed of VWM was
602 steps/mm. The system had some free running of ~10 pm, which corresponds to 6—7 motor steps.

The scan were prepared by the following scheme: initial 10 s pause, scan of 2000 steps forward at
fixed speeds, pause 10 s, and then backward scan to start position.

In this experiment a semiconductor continuous laser was used (Laser point JD-850), with wavelength
532 nm and power 100 mW.

Figure 3 presents the speed of scan is 0.0166 mm/s (10 steps/s). The primary results of the forward and
backward scans are presented in Fig. 3a. The gap between the curves is caused by thermal inertia of the
wire heating process and the free running in the change of stage movements direction. Figure 3b shows
the graphs of forward and backward scans shifted to each other. The value of both shifts is 0.017 mm (10
steps). After this operation the two graphs practically coincide and represent the true profile of the laser
beam. The accuracy of the profile recovery can be determined as the difference between the two curves in
Fig. 3b. Frequency drop caused by the wire heating is about 68 Hz. The full width at half maximum
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Fig. 3. Scan with the minimal speed of 10 steps/s (0.0166 mm/s): (a) — primary data, (b) — scan graphics are
shifted to each other by 10 steps. Curves / and 2 are forward and backward scans.
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Fig. 4. Scan with the speed of 50 steps/s (0.0830 mm/s): (a) — primary data, (b) — scan graphics are shifted to
each other by 34 steps. Curves / and 2 are forward and backward scans.

(FWHM) of forward scan is 334.7 steps (0.556 mm). The time of scan is 33.5 s.

Practically the same pattern we see for the speed of scan 0.0332 mm/s (20 steps/s). To overlap the
scans from primary data, 0.023 mm (14 steps) shifts were used for each scan. The drop of frequency is
63 Hz, which is less than in previous case. The FWHM of forward scan is 332.8 (0.553 mm) and the time
of scan is 16.6 s.

The scans with speed 0.0830 mm/s (50 steps/s) are presented in Fig. 4. Drop of the frequency is
~ 60 Hz. For overlapping of the backward scan with the forward one we used shifts of 0.056 mm
(34 steps) toward each other (Fig. 4b). The central parts of the profiles approximately coincide but a small
difference arises at the ‘tails’ of the profiles. This difference is explained by diversity of heating processes
at the entrance into the beam and cooling processes at the exit from the beam. The FWHM of forward
scan is 340.6 steps (0.566 mm). The time of scan is 6.8 s.

At the speed of scan 0.1661 mm/s (100 steps/s) the drop of frequency is 51 Hz (Fig. 5). The split
between the scans shifted by 0.086 mm (52 steps) (Fig. 5b) shows the definitive effect of thermal inertia.
The FWHM of forward scan is 362.2 steps (0.602 mm), and the time of scan is 3.6 s.
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Fig. 5. Scan with the speed of 100 steps/s (0.1661 mm/s): (a) — primary data, (b) — scan graphics are shifted
to each other by 52 steps. Curves / and 2 are forward and backward scans.
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Scan at the speed of 0.2491 mm/s (150 steps/s) with a frequency drop of ~50 Hz was performed. The
parameter for shifting the graphs is 0.123 mm (74 steps). The FWHM of forward scan is 398.3 steps
(0.622 mm) and the corresponding time is 2.6 s.

The maximal scan speed in the next experiment was 0.3322 mm/s (200 steps/s) with frequency drop of
45 Hz (Fig. 6). The corresponding shifted profiles (by 0.140 mm or 84 steps) coincide near the central
part of the profiles while the tail parts remain essentially different. The FWHM of forward scan is 430.2
steps (0.715 mm) and the corresponding time is 2.1 s.
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Fig. 6. Scan with the speed of 200 steps/s (0.3322 mm/s): (a) — primary data, (b) — scan graphics are shifted
to each other by 84 steps. Curves / and 2 are forward and backward scans.

As can be seen from the results of the experiments with increasing scan speed, the number of
experimental points on the graphs decreases, and the skewing of the curves relative to the symmetrical
profile of the laser beam increases. The VWM response time estimate of 3.9 s gives a qualitative
description of the experimental measurements. Indeed, for scan speeds of 0.0166, 0.0332 and 0.0830
mm/s (scan time of 33.5, 16.6, and 6.8 s), the results of forward and backward scans are practically the
same. At a speed of 0.1661 mm/s (3.6 s scan time), there is a noticeable diverging between the results of
forward and backward scans, which becomes significant at speed of 0.2491 and 0.3322 mm/s. The
obtained results suggest to use the comparison of the VWM frequency responses for forward and

Comparative characteristics of forward and backward beam scans at different speeds

Speed, FWHM, Time Number | Frequency | Coincidence Profile
mm/s mm FWHM, s | of points drop, Hz of the scans, | measurement
Hz accuracy, %
0.0166 0.556 33.5 987 68 0.11 0.16
0.0332 0.553 16.6 492 63 0.20 0.32
0.0830 0.566 6.8 194 60 0.42 0.70
0.1661 0.602 3.6 97 51 1.03 2.01
0.2491 0.622 2.6 63 50 2.45 4.89
0.3322 0.715 2.1 48 45 3.22 7.15
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backward scans as a measure of the correspondence between the VWM gaugings and real beam profile.
For such comparison, we use a simple algorithm based on the calculation of the sum of the absolute
distances between frequency data of the VWM, normalized to the number of experimental points.

Since the set of coordinates of the forward and backward scans data along the axis of displacement of
the scanner is different, a comparison is made between the chosen experimental point of reverse scan, and
the point of direct scan extrapolated linearly between the nearest experimental points of the corresponding
curve. The table shows the results of such a procedure performed for all used scan speeds.

The use of forward and backward scans also makes it possible for us to correct the frequency
responses of the VWM in order to obtain the real beam profile. Correction is performed by averaging the
profiles of forward and backward scans. Figure 7 shows the process of such averaging for the highest scan
speed of 0.3322 mm/s. For comparison, the beam profile based on the results of a slow scan is also
shown, which is accepted as a reference.
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[}
=
g 4360 -+200 Step/s, average
=
4350 =200 Step/s, forward
4340 —-200 Step/s, back
4330 ' '
700 900 1100 1300 1500 1700 1900

Steps

Fig. 7. Graph of averaging (triangles) of forward (squares) and backward (rhombus) scans for a speed of 200 steps/s.
The FWHM for this graph is 0.711 mm (428.1 steps). The solid line represents the reference profile, taken at speed of
10 steps/s (FWHM — 0.715 mm).

5. CONCLUSION

The profile of the laser beam was measured by the VWM at different scan speeds. Since the method of
the vibrating wire is based on the thermal impact of the beam on the wire, the monitor behaves differently
when the wire is heated and cooled, due to the thermal inertia of these processes. To distinguish this
difference, a combination of forward and backward scans was used. This method allows to estimate the
accuracy of conformity of the frequency signal of the monitor compared to the real beam profile even at
high scan speeds (the proper scan speed is determined by comparing the scan time with the characteristic
response time of the monitor). The difference between forward and backward scans determines the
accuracy of scan at a given speed. The results are used to correct the thermal delay of the frequency
response of the VWM.

These results are of interest when using the VWM over a wide range of applications (charged particle,
radiation), as they allow to determine the accuracy of the beam profiling and make correction by usage of
forward and backward scans at the same speed.
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