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An important task in the development of electric propulsion devices is ground-based testing.

of merit and have to be well-known and understood. We present an appro
DC ion beam currents generated by electric thrusters by means of an i

In order to characterize electric thrusters, their generated ion beams are g%ﬁims figures

to measure
t-current

uctive di
current transformer. In contrast to commonly used devices like Faradaycups, this device can

measure the beam current non-intrusively by means of magnetic
charge collection. The paper shows the development of a prototype sen:
currents in the typical range for electric thrusters with hig

d coupling rather than
- whieh can measure
1d satisfactorily

resolution

accuracy. A detailed SPICE model to assist during hardware develdpment is also introduced

and verified by test case measurements. The prototype hgs been
Its readout shows very good agje ent to the output of
an analytical model which computes a Gaussian—sha&gl‘ io

a radio-frequency ion thruster.

experimental input data.
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L
\\Qﬁ 1 10cm, as suggested by Ref. 3. Even so, in the

I. INTRODUCTION

ted and validated with

ecam/in the far-field based on

extreme far-field of a thruster, a situation as depicted in

Generally, the current is averaged along its path d

The motivation of having alternative methods tﬁ‘ﬁ{iig. 1 (b) will be evident.
ter:

the beam with Faraday cups.
Faraday cups are susceptible to gener
due to secondary electrons that are emitt
lector material by high energy ion bombar
issue is, however, greatly reducgd

sing electron re-
pelling measures in front of the egllectory Mainly due to
their easy handling, Faradayfcups are well established in

ground-based electric propulsion’ facilities. More infor-
mation on Faraday cup%)jr eleetric Ffopulsion testing is
given in Refs. 1 and 2.

To overcome the ig associated with Faraday cups—
most prominently eui‘lglausive character—we propose a
different methodfof aequiring the ion beam current by
p sensor. In particle physics,

referred to as Direct-Current
CCT). The sensor is based on

nt. This

ed in the Tnear-field. Likewise, the far-field cur-
ld be monitored locally. Those two setups are

ig. 1 (a) and (b), respectively. Fortunately,
can easily be scaled to bigger dimensions by
using\wider cores and more powerful supplies or a higher
numberyof coil windings, respectively. The cores used
for this work are available in different sizes, going up to
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through the sensor according to

Iz(ll/od(//AJdA>dz, (1)

with J denoting the current density, A = nA the oriented
cross section area, with n being the surface normal of A,
and z the major axis of the sensor. Strictly under far-
field conditions, some thruster outlet radii downstream of
its exit plane where the ion trajectories can be assumed
parallel?, Eq. (1) simplifies to

7TR2 d

I
d Jo

Jdz, (2)

with the sensor cross section area R2. In the near-field
where the upper assumptions do not hold, the current
density’s radial distribution has to be taken into account
and the current is given by

o rd (R
I:—T[/ / Jrdrdz. (3)
d Jo Jo

In the further course, the current density is evaluated
on the beam axis normal to the thruster grid. Typically,
current sensing mechanisms are focused on the pivot of
the thruster exit but are not necessarily located on the
beam axis!.

Under far-field conditions, the variation of the current
density along the major axis z is given by

R2
J (Z) = J0720, (4)

with the thruster outlet radius Ry and the current density
at the outlet Jo = I,,/tR3, where I;, denotes the total
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(a)

FIG. 1. a) Integral measurement of total current in the near-field. b) Logal measdrement of current distribution in the far-field.
The effective measurement volume (solid red outline) is confined by.the teroidal magnetic cores.

extracted beam current. In the far-field, where d < z is
satisfied, the influence of the axial length of the sensor i§
assumed negligible because JoR2/ (z + d)* ~ JoR2 /7%

In the upper paragraphs, the existence of electrons in
the beam was neglected. This is, however, not valid for
the beams produced by electric thrusters singe the ien
beam is neutralized by electrons. The remainder-ef this
document will focus on a proof of principlesof a pure'ion
beam incident to the sensor. This is a geod, approxi-
mation, if electron repelling measures are used te_filter
incoming electrons. Such measures could take the form
of grids which are typically attached to Faraday cups.
In a final version of the proposedssensor, an appropriate
measure to deal with the beam €lectrons will be used for
the DCCT as well. Sect. V givessa brief overview of a
likely realization.

A. Direct-Current Current Transformers

The concept @¢f DCGI's has been extensively studied
by particle physicistg and engineers and it has been used
mainly at particlesacceleftators, with CERN leading the
way. In thé early 1980s, Unser published a pioneer work
on DCCTsYor ion Beam measurement®. The idea of this
researgh-was Seized/by many more researchers of numer-
ous institutions over the last decades; some of those works
are shown in Refs. 6-14. Thorough overviews of the
DCET techmology among other beam profiling method-
ologies and, their application at particle accelerators, are
given'in Refs. 3 and 15. The DCCT methodology is based
on the fluxgate magnetometer technique which has been
in use for several decades; an extensive review on the
subject is given in Ref. 16. Fluxgate magnetometers have
commonly been used to accurately determine the Earth’s
magnetic field over long duration.

The DCCT technology delivers very accurate current
measurements at particle accelerators due to the narrow
beam width of the ion beams which is due to high ki-

netic energy (typically in the MeV range). With this con-
straint, the beam is sharply localized in the measurement
devide, as suggested by Fig. 1 (a). However, ion beam
energies in electric thrusters are some orders of magni-
tude smaller (typically in the single-digit keV range) and
thus, those beams are considerably broader because space
charge effects are more pronounced. That could lead to
unintended heating of the sensor due to particle fluxes
to its structure. Additionally, the effect of secondary
electrons, which may be set free by ion bombardment of
the sensor’s inner channel surface, could lead to wrong
readouts. Although, due to short channel length and nar-
row angles of incident ions with respect to the channel
surface, this effect is believed to be of minor importance.
Still, it might be necessary to design appropriate counter-
measures which compensate for those upper mentioned
effects.

The fundamental functionality of DCCTs is given by
the nonlinear magnetization of ferromagnetic materials.
This otherwise unwanted phenomenon is used for DC cur-
rent determination. A DCCT is constituted by two mag-
netic cores that are magnetized by a modulation signal;
in this case either a sine or a square wave. As shown
in Fig. 2, the modulation windings are reversed in order
to achieve a phase shift of 7 between the two windings
wrapped around the respective cores. The modulation
signal amplitude and the number of windings are chosen
to sufficiently saturate the cores. The magnetic fluxes in
the respective cores also show a phase shift of 7, leading
to minimum induced voltage across the sense winding
which is wrapped around both cores in a straight way.
The net induced voltage would ideally become zero if the
magnetic circuits (constituted by the cores and windings)
would be identical. However, in reality small variations of
the cores’ characteristics (permeability in the linear oper-
ation mode, temperature effects, etc.) lead to a mismatch
that causes the induced voltage being greater than zero.
If a DC (beam) current offsets both cores simultaneously,
the magnetic hystereses of both cores are shifted towards
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FIG. 2. Conceptual design of a DCCT (reproduced from

P. Forck, Lecture Notes on Beam Instrumentation and Di-
agnostics, Gesellschaft fr Schwerionenforschung (GSI), Joint
University Accelerator School (Darmstadt, Germany, 2011),
Copyright 2011 P. Forck). The red circuit indicates the modu-
lation branch with the modulation current Iy,04, the blue ci

is compensated by the compensation current /comp show

cuit corresponds to the sensing branch. The positive ion beiril\
n

3
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FIG. 3. Overview of the system in closed-loop mode. The
integrator voltage Vintdis“proportional the the beam current
Iy, and is used as th conMariable. It is compared to a
set point value Vi and“then comtrolled by a PID controller
which digitally triggers the compensation current Icomp.

Figure gi\%an ovegyview of the proposed DCCT, con-
sisting of odulator stage, demodulator/integrator
stage, factuator«or the compensation current, and a mi-
crocongroller. 5

ILDEﬁjN OF THE DCCT

! -
e in-house DCCT should be used with a variety

of elgctric thrusters, hence it should cover a high mea-

the green branch. The compensation current is gener. ed\aK ment range. Here, we aspire a working range from
ac

a function of the induced current [;,q in the sensing b
and is controlled with a microcontroller.

the positive or negative saturation limits, ndi
the phase of the modulation signal. Thus, the magnetic

fluxes do not cancel each other exactly induced
voltage is observable across the sense win S.
The series circuit of sense wi s can be' changed

to a parallel one, with a symmegtric common ground to
both windings. In a parallelfset a differential am-
plifier can be used to me induced voltage
without loading the c;y ate‘\;? representation is

chosen, the net induce tage form shows a fairly
high bandwidth due to ?(}Nxeir effects caused by the
magnetic hysteresesg! Ilﬁuis work, with fundamental fre-
quency of 5kHz und harmonics ranging to several
i citation and several MHz with
. Since the second harmonic shows
peak?, which is caused by two sat-

transitions per period, an electrical filter is
ed to suppress higher harmonics and thus

commonly

increage SNR l-to-noise-ratio).
Théinduced, voltage is the figure of merit for the de-
dula which is in turn used to generate a set point

%ﬁr the controller which triggers a compensation
1that is driven through both cores to balance the
rrent. The compensation current is, therefore, a
measure' for the beam current:

Iy = Ieomp = AT (5)

The error AT is mainly caused by mismatch of the cores
but also by the noise level of the electrical circuitry. It can
be decreased by calibration of the system and adequate
filtering of the induced signal.

10 pA — 10 mA; i.e., 4 orders of magnitude.

The circuit diagram of the proposed sensor is shown
in Fig. 4. The op-amps used exhibit low-noise and high
gain-bandwidth product.

As described above, the secondary transformer wind-
ings are symmetrical to ground which results in the need
of taking a difference rather than a sum of the induced
voltages. Here, a differential amplifier is used to demodu-
late the high bandwidth burst signal which is induced at
the transformer secondary. The advantage of using a dif-
ferential amplifier is that the transformer is not loaded as
the op-amp’s input impedance is very high. Additionally,
filtering for the second harmonic is performed directly at
the differential amplifier. Here, the bandwidth of the re-
sulting signal is filtered with a symmetrical low-pass filter
to significantly reduce emc related issues.

The most important parts of the sensor are, of course,
the magnetic cores used for the nonlinear signal gener-
ation. It is crucial that the magnetic characteristics of
the cores used are very similar; exact at best. Prior to
assembly, all available cores were characterized using a
test circuit shown in Fig. 5 to determine the correlation
of the B — H curves of the cores. Under consideration of
Ampre’s and Faraday’s laws, the magnetic field H and
magnetic induction B can be derived as functions of the
circuit elements (in this case for toroidal magnetic cores):

H () = pvm, () )
B() = —vo (1) (7)

In these equations, N1 and N> denote the transformer’s
number of primary and secondary windings, respectively,
I the mean length for magnetic field lines inside the
toroidal core with rectangular cross section, and Ag, the
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FIG. 4. Simplified circuit diagram of the proposed sensor system h1s
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SPICE model, which will be discussed in Sect. III.
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characteristics of the used cores. With thi

curve can be obtained.

ircuit, the B— H

area the magnetic ﬁe;défnes S .

ues can be obtained by“measurement or taken from data

sheets. The voltagesfareiacquired with an oscilloscope in
1‘(B:$Vlsuahzatlon of the hysteresis.

curves of three different cores

ated well enough to not load the
ymmetrically. Evidently, the cores
ow-Coercivity, around 5 Am™1!, and fairly
ux density (= 0.6T). This leads to
neability in linear mode and low driving current
s the choice of components as well as ther-
agement considerably. Those characteristics are
by amorphous Co-based nanocrystalline ferro-
stacked strips and a corresponding specialized
manufacturing process, resulting in a soft-magnetic alloy
with rectangular hysteresis loop. More information can
be found in a technical note from the manufacturer!”.
The loop is closed via a feedback current through the
cores, in opposite direction to the (positive) ion beam
current. When the magnetic cores exhibit net magnetic
flux due to DC beam current, the induced voltage is

N
/ M‘r\ol | er

‘--..._‘ ADC

..&s

ram is furthermore the base for a more complex

AN ORI
L RIS R R i

FIG. 6. B — H curves of three different cores. The curves are

correlated almost perfectly.

integrated with a small time constant. The integrated
stable voltage Vi is converted to a digital signal by
a 12bit analog-digital-converter (ADC). The microcon-
troller then compares this value, which is proportional
to the net magnetic flux through both cores, with a set
point voltage Ve, which is typically around but not ex-
actly 0V to account for biasing effects which occur at
the PCB layer. The set point voltage can be set to
any value up to 3.3V. The difference of the signals is
fed to a proportional-integral-differential (PID) controller
which outputs a digital compensation signal. This sig-
nal is transformed to an analog voltage Vpac within a
12 bit digital-analog-converter (DAC). The analog volt-
age is used to trigger the actuator stage. The actuator
is basically a switchable current source based on a low
noise, high speed operational amplifier and a shunt resis-
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The compensation current is thus given by:

Vpac
oo = ®

The PID controlling scheme is implemented digitally
and needs the controller gains as inputs. Those gains
can be passed to the program using a serial interface
and a LabView™ GUIL The controller algorithm is imple-
mented in parallel form and fully recursively to inhibit
the wind-up effect caused by the integral part and to gen-
erally enhance control performance'®. The integration is
performed using the trapezoidal rule and the differenti-
ation is approximated by the backward Euler method.
The careful choice of the absolute gain values is shown
in Sect. ITA. With the discrete time t [kT.] = t*, where
Ts denotes the sampling time, the controller algorithm
reads:

VSAC—VAC+(KP+ 5 T T

Kq  Kily\ 4
—<Kp+2n_2> ek 1+

KT, Kd> .
e

de:Q

T @

~

dlfferenmal gains, respectively, and e® = — Vk

step response of the system in open-loop mode.
Ata isfitted by a first order exponential func-

3

system 77 is obtained by setting ¢t =71 =

A

nt 0

p ugging it in the exponential form:
T
Here, K}, Kj, and K4 denote proportlonal 1nteg1ral7 ?@d\ 1 — exp 77 =1—exp(—1)=0.632 (11)
k

notes the error at discrete time ¢*.
can be derived from the Laplace transform of the cen-
troller transfer function and by substituting rrln

differentials by their respective difference q otlen 5 again,
following the backward (implicit) Euler méthed!?.

A. System ldentification and Controller Sek

Before the SPICE model is fresented in Sect. III, a
system identification and, based ongthat/ the derivation
of optimal control parametgrs arg pre ted because the
sensor has been simulated in“elosed-loop mode.

The system behavioz/ identifiéd by evaluating the
open-loop step resp seWon rolled variable Viy.
With the actuator, VO%O Vbae a digitally controlled
i following Eq. (8) to generate
op mode, this branch is used
to set the com tiongcurrent. The data logging of
the sensor was.sam edfélth T = 5ms and triggered by
the step,

-loop system is shown in Fig. 7.

nse has been fitted by a stan-
or exponential decay function of form
ydt Aexp (—t/7), with coefficient of determina-
= (0.99314. Thus, the plant is very accurately
mated by a first order lag element with A = K,
and yg%= 0. The corresponding transfer function in the
s domain reads:

Ky
Tis+1

G(s) = (10)
The open-loop gain K| is found by following the response
until it has stabilized, resulting in Ky = 0.19908. With
the time constant 7 of a decaying exponential, the time

The recursi fw other words,

the time constant is given by
h(Ty) = 0.632 h (c0) = 0.632 K, with the step response
being the inverse Laplace transform of the plant transfer
function times the transfer function of the unit step 1/s;
i.e., h(t) = L71{G (s) /s}. Following this procedure, the
time constant is found to be 77 = 11.6 ms.

After the system has been identified and all the rele-
vant parameters to describe the plant have been found,
the controller gains could be found empirically with help
of an automated model. The constraints of the algorithm
to find the gains are a) high control performance; i.e.,
minimum settling time, and b) negligible steady-state
error lim;_,, e = 0. With this configuration, the con-
trolling scheme shown in Eq. (9) essentially reduces to a
proportional-integral one, resulting in dropping of all the
K4 terms.

The behavior of the controlled signal in closed-loop
mode is shown in Fig. 8, with gains K, = 0.06 and
K; =14.23 (and K4 = 0), as suggested by the empiri-
cal model mentioned in the last paragraph.

As can be seen in the figure, the controller permits
an overshoot of approx. 10 %, resulting in high control
performance. Furthermore, there is no observable steady-
state error as long as [, > 10pA. There will be more
information on that subject in the next section.

I1l.  SPICE SIMULATION

This section shows some details of the SPICE model
which has been used to assist during hardware devel-
opment and to validate the controller settings. The
simulated circuit is based on the one shown in Fig. 4.
The SPICE circuit consists mainly of the upper men-
tioned modular functions; i.e., modulator, nonlinear
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FIG. 8. Closed-loop behavior of the compensation current
with K, = 0.06, K; = 14.23, and Kq = 0.

transformer, demodulator, and the feedback system in-
cluding the controller. For the simulations, libraries of
the actual operational amplifiers used in the hardware
version have been compiled and parameterized. Further-

Ref. 20 has been incorporated into the transformer md

NN

amicirange and accuracy of the proposed DCCT.
afge;“an error of roughly 3pA is predicted by

om 1011 10mA, of beam current can be measured

ith " thes"DCCT. The model predicts stable and accu-

‘ate og tion of the sensor down to some 10 pA. How-
ng to even lower currents, the sensor exhibits

more, a nonlinear inductor model introduced by Chan i © goms .
a nom-negligible error caused by offsets in the op-amps

|
in order to correctly account for hysteresis effectss The
important thing is to take the mutual interconnect
primary (modulator) and secondary (demodulator) c
cuit into account. This implies that the driving, v (

at the DCCT induces magnetic flux with seyeral harmon-
ics, depending on the input current. This Eu\(it‘ nly

have an effect on the induced voltag t also he
is roblem

driving voltage itself, making it a self-co
according to the transformer equation?!:

(% L1 171
= . 12
()-Cipny @
In this equation, v; and s cré)te ?e voltages at the
primary coil with indu the secondary coil

nce
with inductance Lo, respectively. “Furthermore, M de-
notes the mutual i dlfﬁnce = (v/L1Ls, with cou-

ichds assumed to be near unity due
e magnetic cores. Additionally,

10del is parameterized with the ear-
es from the hysteresis loop of the mag-
., coercivity H. (the intersection of the
p of the hysteresis curve with the positive H
%ﬁjm flux density B, (the intersection of the

r loopwvith the positive B axis), and the saturation
nsity Bs (the limit of the magnetic flux density
according to limyg_ oo B &~ poH + Bs).

The SPICE analysis has been used to determine the
necessary amplification factors, protective circuits, filter-
ing stages, etc. Furthermore, the performance of the sys-
tem in closed-loop mode and its accuracy are evaluated
by the model. The latter is shown in Fig. 9.

The range of operation is shown in the figure. As
can be seen, roughly four orders of magnitude, ranging

imbalances of the magnetic cores used. The model is

\ONcBapable of reflecting this sophisticated level of accuracy

ecause all its components have been parameterized by
measured values or, in the case of the op-amps used, by
data sheet entries.

A. Model Validation

The SPICE model has been validated before it has
been used to assist during hardware development. The
most crucial and complex part of the model is comprised
by the nonlinear transformer model as mentioned in the
last section. Therefore, the validation was chosen care-
fully to specifically show the correct behavior of this cru-
cial part. Figure 10 shows the simulated and measured
voltage at the transformer primary, with a purely sinu-
soidal excitation signal.

As can be seen in the figure, simulation and exper-
iment agree extremely well. Higher harmonics, which
occur due to the nonlinear effects of the magnetic cores
and are coupled back to the primary circuit by the mutual
inductance; i.e., v1 = jw (i1L1 + io M), which directly fol-
lows from Eq. (12), with jw = d/d¢, are correctly taken
into account by the Chan model. Both, simulation and
experiment used a sine voltage with 5kHz driving fre-
quency.

IV. EXPERIMENTAL RESULTS

This section shows the experimental results obtained
by the proposed sensor. First, a proof of principle under
laboratory conditions is shown in Sect. IV A, followed by
a test in vacuo with an electric radio-frequency (RF) ion
thruster in Sect. IV B.
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FIG. 10. Validation of the SPICE model. The voltage at the
transformer primary is shown. Due to nonlinear effects caused
by the magnetic hysteresis, the driving sinusoidal signal gets
distorted by higher harmonics. The agreement of simulation
and experiment is nearly perfect which gives credit to the
Chan model used.

A. Proof of Principle

To proof the principle function of the DCCT, af wire-
bound current is fed through the sensor, as showngin
Fig. 11. As can be seen, the actual sensor, comprised of
the two magnetic cores, is here attached near tosthe i
cuit board. However, due to low driving frequency, the
cable length could exceed at least a few meterg wlhichthas
been tested successfully. Furthermore {the cores are not
shielded in this setup. It was found out“ghat*shielding
against electromagnetic interference is not ofwunajor im-
portance, because only current pdssingsthrough the aper-
ture of the sensor will cause a mgasurable effect. How-
ever, in the final version the sires of'each/coil are twisted
to lessen magnetic interferémnce afid shielded to suppress
capacitive coupling which could bothfoccur due to their
lengths.

The simulated ion/eam wasigenerated by a calibrated
A current source #hich was manually switched on and
off. The measufed values can be seen in Fig. 12, to-
gether with thé abselute™walues of current drawn from
the source. The“gurrentf going through the cores adds
to a certaif level of"hias current, inherent to the PCB
layout withyall of ifs components, linearly. Thus, a sim-
ple differencesis taken to obtain the correct value; this
procedure is here Teferred to as A measurement.

As can be seén in the figure, the bias level shifts slightly
upwards withoincreasing time. That effect is believed to
be sauseduby thermal effects. It will be assessed in more
detailin Sect. IV B.

The érror of the sensor, which can be evaluated from
the data of Fig. 12, is depicted in Fig. 13.

The error lies in the single percentage area down to
several hundred pA. Going to even lower currents, the
error increases to roughly 25% in the vicinity of 50 pA.
Given the resolution of the sensor in its current version;
i.e., 2.37pA, the error lies within this order of magnitude
which limits the sensor’s capabilities for even lower cur-

FIG. 11, DCCT hardware with the sensor board. A current-
carrying wire isdised to simulate the ion beam for the proof of
principle. The compensation current is oriented in opposite
direction t@ the simulated ion beam current.

FIG. 12. Measurement results of the sensor in laboratory
setup. The current was stepped from 5mA down to 50 pA.
The measured current has to be corrected by subtracting the
bias current prior to or after a measurement; this procedure
is called A measurement. A slight increase of the bias level is
observable.

rents. The increasing error is based on the SNR which
decreases with decreasing current to be measured due to
biasing effects of the electronic components used. Fur-
thermore, the Barkhausen effect, which can be under-
stood as magnetic noise, leads to an intrinsic mismatch
of the cores used??. This effect is less pronounced when
the cores are saturated strongly; i.e., when higher cur-
rents are measured—and vice versa.

B. Test with RF lon Thruster RIT-10/37

To proof the correct functionality of the proposed
DCCT with an electric thruster, the sensing cores have
been installed within a vacuum chamber, decoupled from
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r 7 TABLE 1. Overview of the operating conditions of the RF
PUbI|Sh|ng 1 ion thruster RIT-10/37 for the test of the DCCT. Xenon has
3 8 been used as propellant.

m /scem Vier /V Vaee /V Par /W Poc /W I, / mA
1 1,800 —300 22,7 45.6 12.6

FIG. 13. Relative error of the sensor. The error increases with
decreasing current, attributed to the bias currents which lie
in the area of several pA as well as imbalances of the magnetic
cores.

L
FIGN15. Measured current for the in vacuo experiment with
\ he RIT-10/37. The ion beam current through the sensor

is evaluated by a A measurement. The bias level oscillates
\\Qightly due to thermal effects and magnetic noise.

\ . having the same diameter as the magnetic cores to cut

off all the particles beyond this region. Following this
procedure, a situation shown in Fig. 1 (a) is constructed,

\ with » = R. In a future version, a housing will fixate
the sensor and the cables to shield them against incident
ions and prevent the system from overheating.

A radio-frequency ion thruster (RIT) with 10 cm diam-
eter plasma chamber and 37 extraction apertures, called
y RIT-10/37, has been used for the test of the sensor. The
/ / thruster has been mounted 20 cm away from the sensor in
axial z direction. Due to the fact that only a small frac-
\ tion of the extraction grid is used to expel ions, with the
5 effective extraction radius Reg, a far-field situation after
Ref. 4 is created with z/Reg = 6.7. Given this condition,

Eq. (4) holds true.
£ The operating conditions of the xenon-driven thruster

/ are summarized in Tab. I.

The measured current signal is shown in Fig. 15 and
extracted from that, by evaluating each A, Tab. II lists
the actual captured beam currents. Evidently, the first
“beam off” event shows a glitch, most likely caused by
insufficient duration between this event and the following
“beam on” event. Therefore, this value is discarded from

-

SBC rototype installed in a vacuum chamber.
hainderof the extracted ion beam, which is not mea-
sured bythe DCCT, is collected in the plane of the sensor by
al min late and shorted to ground. This procedure
is mere safety measure to prevent the sensor and cables -
from ‘gverheating or being destroyed by ion sputtering. further evaluation.

the electronics, in contrast to the setup in Fig. 11. The TABLE IE A measurement .reS‘ﬂt.S- Each “beam on” and
electronics could be placed outside the vacuum chamber beam oft” event shown in Fig. 15 is evaluated.

due to low driving frequency (which facilitates longer ca- Event 1 Event 2 Event 3
bles). The setup is shown in Fig. 14. Beam On: 208.56 pA 177.75 pA 203.82 pA
The aluminum plate was used to prevent the sensor Beam Off: 111.39 pA 196.71 pA 213.30 pA

and its cables from overheating. There is a small orifice
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FIG. 16. Measured current profile of the RIT-10/37 with
Gaussian fit. The divergence angle is about 8°. The data has
been obtained in the extreme far-field with z/Reg = 23.5 but
is still considered to be representative for the arrangement
depicted in Fig. 14. The offset is due to electronic noise.

In the configuration from Tab. I, the thruster exhibits
an extremely low divergence angle of roughly 8° (cf.
Fig. 16)

. The characteristics of this thruster are ver P
well known from simulations®*?* and experimental ¢b- 2%

servations; the far-field current density distribution h\

lows a symmetrical 2D Gaussian shape?>26 (the
sits at r = 0):

Iy,
J(r,z) = mexp (—

The double divergence angle is here de

95 % of the total beam current which 1

electric propulsion community. For a sy

Gaussian distribution, this result§«m_ a standard devia-

tion of 2.4477c; i.e., 0.9514, is ¢ "mthin +2.44770
a

asured profile,

Under far-field conditidns,
proximated by a plane e: i.e
can be evaluated as funNhe axial distance z and
the divergence ang a%@ simple trigonometric relation:

(14)

tan o

To evaluate the_currént obtained by the proposed
DCCT Eqf. (13) andy(14) are used to build up a model
onds“to the setup shown in Fig. 14. The
s thé current density at the sensor plane,

I;. Since the sensor is situated in the far-field and due to
negligibly small axial thickness, no variation of the cur-
rent density along the sensor axis is assumed. With this,
the current is obtained by a simplified version of Eq. (2):

IS:Qﬂ/ Jrdr
0

vl

(15)

The computation yields a result of Iy = 197.78 pA which
agrees nicely and conclusively with the measured values
shown in Fig. 15 and Tab. II. Assuming the computed
value correct, the mean error of the sensor values from
Tab. II (disregarding the outlier) is 5.4 %. Despite the
sign this value agrees well with the findings from Fig. 13.

nerated by electric thrusters. The
as been extensively used at parti-
st decades, so it is believed that
ethod should be applied to elec-
a@;e as well. The advantages of the

n worked out in the course of the paper
d here briefly again: robustness, scal-
and a@uracy Additionally, it is beheved that

combination’ of Faraday cups and the proposed type
%ﬁns may get rid of issues with unknown transmis-
sion of the cups which ultimately leads to wrong current
douts: A DCCT might be placed right in front of a
ay cup to have an in situ method to evaluate the

tegral transparency function of the Faraday cup.

The challenge of making a DCCT suitable for electric

opulsion purposes lies in the low energies typically used
for those thrusters. This and the fact that the current
is typically collected in the far-field—which leads to very
low local current density—still is regarded as very cum-
bersome to handle.

We have shown the principle functionality of an in-
house DCCT for electric propulsion testing and we have
disclosed the complete development process, consisting
of both hardware and software analyses. However, there
are still some open points to address in order to make the
sensor better suited for continuous operation. Especially
the thermal management has to be optimized; e.g. by
designing an appropriate housing which may also shield
against electromagnetic radiation (emission and immis-
sion). Furthermore, the sensor has yet to be tested with a
neutralized ion beam. However, a basic electron repelling
ring could be used as a filter in front of the sensor ori-
fice. This would not lessen the transmission of ions while
beam electrons could be suppressed to a great extent.

The most important work to be done is to reduce the
error in the low-current range which is right now about
25% for currents in the double-digit pA range. It is
believed, and suggested by literature, that the driving
electronics exhibit offsets and bias currents that limit
accuracy for lower currents. This will be addressed by
a hardware redesign of the PCB and by re-evaluating
the components used. Additionally, the mismatch of the
magnetic cores cause an inherent error. This effect can
be addressed by either generating a bigger database of
correlation between certain cores or by actively compen-
sating those mismatches using elaborate circuitry.

Currently, an automated procedure to evaluate the A
values online is implemented. Those have, so far, been
obtained by manual evaluation of the data. Those values
are supposed to show on a display attached to the sensor

V. CONCLUSION /
We have present %Ntive approach to measure
. oe
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‘ s I(<P the LabView™ software).
W

e hope that other research groups will catch up on

PUb“&bs' Q’grk and we believe that the DCCT technology can

ultimately be used to overcome the issues associated with
Faraday cups.
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