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Abstract. A method is proposed for measuring the velocity of a moving
plasma in an electrodynamic railgun in the part of internal ballistics. The
achieved result is to provide a measurement of instantaneous velocity and
an increase of the safety level for operation of measuring devices.

The method is based on the excitation of the rail system of railgun high
frequency electric oscillations during in due motion of plasma and creates
current resonance. Then is continuously measured cyclic resonance
frequency, and the instantaneous velocity of the plasma is determined by a
formula, that consist of the current time, the cyclic resonance frequency,
equivalent inductance of the power supply of railgun, linear inductance
and rail length, and as well used as a model of measurement measure
capacitance of capacitor, connected in parallel to rail of railgun grounded
from one side. Application of plasma velocity measuring method is
suitable for the highly-accurate control of plasma acceleration and pushed
it to the railgun bodies with controlled acceleration, requiring measurement
during movement of the plasma instantaneous values of velocity.

1 Introducing

There are a number of applications of a special class of electrophysical equipments, called
"Electrodynamic Magnetoplasma Accelerator" (EMA) or else the "railgun" [1-7]. Most of
these applications at the stage of experimental studies require the measurement of the
average velocity at the base interval path, which does not pose any difficulties, because
they use a simple so-called "time-of-flight method" of measurement. The essence of this
method is to measure the average velocity as the ratio of the base path interval between a
pair of neighboring induction sensors to the time of passage by the plasma clot of this path
interval.

However, there is a special application of EMA, it is necessary to measure not the
average but instantaneous, or at least quasi-instantaneous velocity of the plasma in railgun
on the area of the internal ballistics. Such a problem arises, for example, if it is necessary to
include into the control system of the EMA a correction circuit of the plasma velocity in
the area of internal ballistics to provide a given output velocity in the EMA.
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2 High-frequency method of measurement

To solve this problem, for example, can be used a way of measuring the velocity of moving
plasma in EMA [7, 8], based on excitation in a rail system of EMA high-frequency electric
oscillations during the motion of the plasma in the area of the internal ballistics. In this case
the oscillation frequency is set fixed, and the velocity of the plasma is defined as the
quotient of half the wavelength of the excited electric oscillations on the time interval
between the neighboring amplitudes bursts of the excited electric oscillations.

As follows from the above method [1-7], it also applies the time-of-flight measurement
method, but as the base distance is not used the path interval between neighboring induction
sensors on the trajectory of motion, but half the wavelength of excited electrical
oscillations, which is thousands of times less than the path interval between neighboring
induction sensors. Thus, it can be argued that such a drastic reduction in the base path
interval leads to the measurement of the quasi-instantaneous plasma velocity in the EMA .

The disadvantages of the described method [9] include the need for physical connection
of the output of the measuring device simultaneously to two rails of the EMA, the potential
difference between which in the process of operation of the accelerator reaches 100-200
kV, and as a consequence — there is an increased risk of its failure and damage to the
operator by electric current, as well as the inability to measure instantaneous speed, which
would improve the accuracy of measuring the plasma movement and control of the EMA.

3 Theoretical basis of the resonance method for
velocity’s measuring

The technical result of the solution proposed in this article is to provide instantaneous
velocity measurement and increase the level of safety of the measuring devices
implemented on its basis. The task is achieved by the fact that in the above method of
measuring the velocity of the moving plasma in the EMA [10], based on the excitation in
the rail system of high-frequency electrical oscillations during the movement of the plasma,
on the site of the internal ballistics in the rail system of the accelerator create a current

resonance, continuously measure the cyclic resonance frequency () , and the plasma
velocity is determined by the formula:

-2 {w(t) WO (v + 1)

dt b

1

t)=b-l-———— . .
vt o(t)>C » L — equivalent inductance of the power supply for

where: ¢ — time,
the accelerator, b — linear inductance of the rail, / — rail length, C — used as a model measure
of measuring the capacitance of the capacitor connected in parallel to the grounded one end
of the rail [18].

The proposed technical solution is illustrated in Fig. 1-3.

For Fig. 1 in a simplified form shows the structure of the EMA powered by a capacitor
bank and its equivalent electrical circuit. The EMA consists of a power supply 1, a plasma
clot (armature) 2, an accelerated body 3 and a rails 4, one of which (lower in Fig. 1) is
grounded. In the wiring diagram: C5 and C6 — respectively equivalent capacity and
inductance of the power supply, L7 and L8 — components of the distributed inductance of
the rails until the current position of the plasma armature (PA), R9 — equivalent electrical
resistance of the PA, L/0 and L1/ — components of the distributed inductance of the rails
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after the current position of the PA. The points 12 and 13 of the electrical circuit correspond
to the input ends of the rails (the place of the beginning of the PA), 14 and 15 — to the
current position of the PA, 16 and 17 — to the output ends of the rails (the place of the PA
exit from the channel of EMA).

Plasma clot 2

Accelerated body 3

Power supply 1 B4 v
0 7 N Rails 4
* YY) T .
12 L7 14 L10 16

13 I8 15 L1 17

Fig. 1. Structure of the EMA powered by a capacitor bank and its equivalent electrical circuit.

It is obvious that the parameters L7, L8, L10 and LI] are linear functions of the PA
coordinate x(z) and in the case of an identical geometric design of the rails and the uniform
distribution of the linear inductance b will be observed L7 = L8; L10 = L11. For example,
typical values for rails of length /=1 mare L7 + L8 + L10 + L11 = 0,12 pH, which
corresponds to the linear inductance of the rails » = 0,06 pH/m. The values of the
parameters C5 and L6 are determined exclusively by the electromechanical design of the
EMA (typical values are the C5~400 yF and L6~02 pH) and remain unchanged
throughout the acceleration period. The value of the parameter R9 in the acceleration
process varies in accordance with the variations in the width of the PA (typical value
R9=~0,1 Ohms), but the amplitude of its changes is insignificant and does not significantly
affect the frequency characteristics of the electrical circuit shown in Fig.1.

The resonant cyclic frequency o) of the oscillatory circuit formed by the elements ,
C5, L6, L7, L8 and RY in the process of motion of the PA is a function of the PA’s

coordinate *(*) and is determined by the ratio:

1

J(2bx(1)+16)-C5

For the above typical circuit parameters, the frequency range is 14.0 — 17.8 kHz.
Therefore, for the total acceleration time (typical value of about 400 ps), the possible
number of frequency measurements (and hence the velocity of PA) will be on average no
more than 12 (by the number of full half-cycles of current/voltage, within the total
acceleration time), which is very small, as it can provide a measurement of not
instantaneous (or, more precisely, quasi-instantaneous), but only the average velocity of
PA on a very small number of parts of the internal trajectory.

To move to the measurement of instantaneous velocity, it is necessary to significantly
increase the resonance frequency of the oscillating circuit, which includes areas of variable
inductance, linearly dependent on the coordinates of the PA. To do this in the diagram
between points 13 and 17 in Fig. 1 (i.e. parallel to the EMA grounded rail, which is

o(t)=
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advisable from the point of view of the plant operation safety), it is proposed to include an
additional small known capacity in the form of a model capacitor (about several
hundre pF).

In Fig. 2 shows the equivalent electrical circuit of the power part of the EMA,
illustrating the proposed method of velocity measurement. Compared to the diagram
shown in Fig. 1, it additionally contains the capacitance of the sample capacitor C/8 and
the generator 19. The capacitance of the sample capacitor C/8 is included in the
frequency-setting circuit of the generator.
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Accelerated body 3

Power supply 1 V)
Rails 4
Y Y
l 12 L7 14 L10 16
Cc5
ro]
L6
13 L8 15 L11 17
4 228" Y'Y
C18
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I frequency-determining ;

} circuit | (,O(l‘)
—

Generator 19

Fig.2. Equivalent electrical circuit of the power part of the EMA.

Exciting the oscillating circuit formed by the elements C18, C5, L6, L7, L8, L11 and R9
at the upper resonant frequency:

1

m(t)=7ﬁm T (1)

L6+bx(1)

where Le =bl+bx( f)'( L6+2bx(1) j, use the frequency ©() as an informative

parameter to determine the coordinates x(1) of the PA by the formula obtained from the

formula (2):
() () (y(1)+ L6)
x(t)=
b , (2)
wit)=b-1-
where o(t)*C18.
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The motion’s velocity of PA is determined by the formula (3) using differentiation (2)
as a derivative of the time from the coordinate () of PA:

_d [\um AW (1) + L6)}

() dt b

(3)
By entering the notation € =C18 and L = L6 finally get:

v(t) = d{“’(’) +A W (@) - (y() +L)}
dt

b

>

1
o)’ C -

Curve 20 in Fig3 shows the dependence of the measured frequency on the coordinate
x(1) for the above typical values of the circuit parameters.

The dependence of the measured frequency on the coordinate X(f), as seen from the

graph in Fig. 3, has the character close to linear, which simplifies the construction of
devices that implement the described method of measurement.

where vty =b-1-
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Fig.3. Graf of the dependence “measured frequency on the coordinate x(7) «.

The range of the measured frequency is 46 — 49 MHz, which will allow to carry out in
the process of acceleration up to 19 thousand samples of the PA coordinate (by the number
of full half-cycles of current/voltage, within the total acceleration time) and therefore to
provide measurement of almost instantaneous velocity at any point of the internal ballistics
trajectory.

4 Conclusion

Thus, the proposed method [10] allows to measure the instantaneous velocity of the moving
plasma in the EMA and to increase the level of safety of the measuring devices
implemented on its basis.

It is most advisable to use it in electrophysics for high-precision control of the
acceleration of the plasma and the bodies pushed by it in the EMA with controlled
acceleration, requiring measurement during the movement of the plasma, not average, but
instantaneous values of velocity to control the acceleration process according to the results
of continuous velocity measurement.
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