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Abstract

Dynamic characteristics of vibrating wire monitors
(VWM) strongly depend on the media where the wire
oscillates, and also on the geometry and materials of the
wire and VWM housing. On the basis of a one-
dimensional model of heat transfer along the wire, the
time characteristics of transition processes of thermal
equilibrium profiles are defined for wires of different
materials and geometry. To decrease the response time of
the VWM, a new scheme of measurement with constant
mean temperature is suggested. In addition to the flux of
particles/radiation deposited on the wire, the additional
DC current maintains a constant wire oscillation
frequency. The value of DC current serves as measure of
particles/radiation flux.

INTRODUCTION

The first measurements of a hard X-ray undulator beam
at the APS with a Vibrating Wire Monitor (VWM) [1]
showed that the VWM is well-suited to neutral beams
such as x-rays. Here we discuss the dynamic
characteristics of the VWM depending on wire and
housing materials. The measurements of convection heat
sink parameters in air and hydrogen at different pressures
are done. A new modification of the VWM with Tungsten
wires and enlarged aperture is presented.

VWM DYNAMIC CHARACTERISTICS

In case of permanent photon flux falling on the wire, the
equilibrium temperature profile along the wire is
determined by the balance between the heat deposited on
the wire and heat dissipation occurring in three ways:
thermal conductivity along the wire, heat radiation and
convective heatsink (in gas media). A change in mean
wire temperature results in a change of wire strain, which
is registered by measurement of the wire’s natural
oscillation frequency.

The temperature distribution 7(¢,z) along the wire is
determined by the heat conductivity equation:
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Here c¢ is the coefficient of heat capacity, p is the
density, and A is the coefficient of heat conductivity of the
wire material, ¢ is the Stefan-Boltzman constant, q is the
density of the deposited heat from all sources,
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housing temperature. The power flux deposited on the
wire is set P =P, exp(— z’ /265), where o is the
width of the bunch. In this case q=2A(z)P/7r,
(A(z) is equal 1 in VWM aperture and 0 elsewhere). If
through the wire passes currenta 1, a term I;Q/z’r}

must be added to the g (€2 is the wire resistivity).
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Fig. 1. Temperature profile along the wire for Stainless
Steel and Tungsten in vacuum and air.

Results of calculations are presented in Fig. 1 (profiles
for Stainless Steel and Tungsten in vacuum and air with
heat sink factor o =380 W/m/K, O, =5mm,

Py =1 mW/mm’, VWM aperture 5 mm). It is seen that
without convective heat dissipation the profiles are almost

triangular. The largest overheating is revealed for
Stainless Steel in vacuum.
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Fig. 2. Dynamic characteristics of temperature profile
stabilization. Temperature in the center of the wire is
presented.
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Fig. 2. represents the graphs of temperature dynamics in
the wire center. For Stainless Steel in vacuum, due to a
small coefficient of thermal conductivity (16.3 W/m/K)
the temperature stabilization time is a few minutes (with
accuracy of about 0.001 °C).
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Fig. 3. Parameters of VWM with Stainless Steel wire in
air and vacuum.
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Fig. 4. Parameters of VWM with Tungsten wire in air
and vacuum.
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For practical applications it is important to determine
dependence of wire mean temperature on the deposited
power and dependence of the wire oscillation frequency
on its temperature. The temperature profiles of Stainless
Steel and Tungsten wires are calculated for different
levels of power deposited on the wire. Results for
Stainless Steel are presented in Fig. 3 and for Tungsten in
Fig. 4.

For comparison, the graphs of linear dependence are
calculated for a triangular model of temperature and
linear approximation of radiation heatsink. A difference
from linear dependence occurs owing to the fact that heat
radiation is proportional to the fourth power of
temperature, so that the portion of thermal loss due to
radiation increases at high temperatures.

Summary characteristics of Stainless Steel (A316) and
Tungsten wires are presented in Table 1.

Table 1

Material A316 A316 | Tungsten | Tungsten

Vacuum | Air Vacuum | Air
ATea/AQ, | 19.4 0.23 3.0 0.23
K/mW
AF/AT pean, | 40.2 40.2 8.8 8.8
Hz/K at Fy=
4200 Hz
AF/AQ, 779.6 9.3 26.4 2.0
Hz/mW
response 20.2 0.26 1.8 0.15
time, s

We present useful formulas for the calculation of wire
maximal overheat temperature A7),,, and response time
7 assuming a trianglular profile at room temperature.
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Fig. 5. VWM with tungsten wires and enlarged aperture.

In Fig.5 a new modification of VWM with two
Tungsten wires and enlarged 8§ mm aperture is presented.
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The housing is made from AIN ceramic with a high value
of thermal conductivity. This modification has a shorter
response time and can be used both in vacuum and air. In
the APS experiment [1], a VWM with two Stainless Steel
wires and a 5 mm aperture was used.

CONSTANT TEMPERATURE VWM

Response of the VWM can be accelerated if instead of a
"cold" wire a preheated wire is used. Such preheating can
be done with an additional DC current [2]. As the photon
beam heating varies, the DC current can be varied in
order to maintain a constant frequency. This current is
then used as a measure of photon beam heating. Note that
such a procedure is used in so-called Constant
Temperature Anemometers, see e.g. [3].

Let the Stainless Steel wire be heated by a current
I1=20 mA (wire overheating is 19.1702 K). In this case, if
the photon beam deposits Py=0.7 mW/mm? onto the wire,
the DC current [ = 12.2033 mA results in the same mean
wire temperature (see Fig. 6).
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Fig. 6. Deposited power (J(z) (DC current 12.2 mA

and photon flux with P4=0.7 mW/mm?) and temperature
profiles at DC currents 20 mA and 12.2 mA with photon
flux.

In Fig. 7 we present the wire mean temperature
dynamics from preheated state (DC current 20 mA) to the
step photon flux 0.7 mW/mm* and DC current 12.2 mA
(blue diamands). To compare we also present the
dynamics from step photon flux 1.116207 mW/mm? that
leads to the same temperature increment 19.1702 K. As
one can see the same level of temperature close to the
final increament is reached faster for preheated wire. E.g.
the level 19.100 K is reached at 42th second for preheated
wire and at 102th second for cold wire.
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Fig. 7. Dynamics of wire mean temperature from
preheated state (Tmean 1) and from cold state (Tmean 2).
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CONVECTION FACTOR FOR VWM

Measurements of the convection factor for vibrating
wires were performed at different pressures for air and
hydrogen. This factor is determined by the properties of
the heat sink surface, its location, the temperatures of the
surface and surrounding media, and its consistency (see,
e.g. [4]). For a vibrating wire the relative motion of the
wire with respect to the media must also be taken into
account. Experimental results are shown in Fig. 8.
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Fig. 8. Summary of convection factors for vibrating
wires in air and hydrogen at different pressures.

The convective factor decreases sharply as the pressure
is reduced below 1 mbar for air, and 10 mbar for
hydrogen.. For hydrogen at normal pressure, this
parameter is nearly an order magnitude larger than for air.

DISCUSSION

The response time of the VWM can be decreased in
vacuum by using wires with a high thermal conductivity.
Additional reductions in response time can be achieved
by using the VWM in a gas media. As a consequence,
however, the sensitivity of the VWM is decreased. Some
decreasing of response time can be done also by constant
temperature method. New modifications of the VWM
with enlarged aperture and an AIN ceramic housing
allows for more stable thermal conditions. This type of
VWM can be further improved by using four wires. (two
horizontal and two vertical).
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