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ABSTRACT

We have devised an experimental method and apparatus for the simultaneous nondestructive determination of the absolute ion number, ion
kinetic energy, and length of bunches of charged particles. We have built and operated a corresponding electronic detector that is based on
induced charges and their subsequent low-noise amplification at cryogenic temperatures. We have performed measurements with bunches
of low-energy highly charged ions from an electron-beam ion source that show the capability of the methods and their implementation. We
discuss requirements for, and applications of, such detectors with a particular view on the obtainable information and their sensitivity.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5110988

I. INTRODUCTION

There is substantial interest in particle beam diagnostics that
does not destruct or change the properties of the beam in ques-
tion. This is true, in particular, for experiments with rare species,
when duty cycles are low or when the properties of subsequent parti-
cle bunches need to be known individually. In storage-ring physics,
Schottky-type electronic pick-ups have been brought forward that
make use of the large number of equally spaced signals induced
by a particle bunch which revolves at high rates in the ring. This
allows sensitivities on the level of single particles and constitutes
valuable diagnostics of beam contents and their mass-changing or
charge-changing reactions.'~ The same is true for particles confined
in Penning traps, where again the large number of orbital or oscil-
latory motions at fixed frequencies allows single-particle sensitivity
and high-precision measurements of motional frequencies,” °* often
used for high-precision mass spectrometry.””

The underlying mechanism of all such detectors is described by
the Shockley-Ramo theorem, which makes quantitative statements
about the electrical currents induced in conductors by charged par-
ticles moving above their surface.”'’ To facilitate particle detection,
these signals are picked up by a suited electrode and amplified.

In single-pass situations, repeated signals as discussed above
are unavailable and are replaced by a single signal that rises and
falls again on the time scale of the particle passing. For small par-
ticle numbers, this poses a serious challenge for the amplification
stage of any such detector and requires low-noise electronic han-
dling of the initial signal. Devices for nondestructive single-pass
detection of charged particles have been used, for example, in the
specific context of ion trap experiments'' and ion implantation,'’
mainly to provide timing information and determine ion currents.
The methods presented here allow a simultaneous and nondestruc-
tive determination of absolute ion number, bunch length, and parti-
cle kinetic energy of an ion bunch from a single-pass measurement.
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We demonstrate the capability and applicability of these meth-
ods with low-energy bunches of highly charged ions of a single
ion species and discuss the obtainable sensitivity of corresponding
devices.

1. DETECTION PRINCIPLES

Charged particles above conducting surfaces create induced
charges in the conductor, and the amount of charge can be calcu-
lated by the standard method of images within electrostatics."’ For
a number of simple geometries, analytic expressions can be found."*
In general, the fraction of the original charge that becomes induced
in an insulated electrode increases with overall electrode area and
its proximity to the original charge. Hollow cylinders with a large
ratio Z/R of length to radius around the particle trajectory are hence
a good choice. When a charged particle passes by the electrode, the
induced signal is hence a time-dependent charge signal, changing
continuously from zero to a maximum value when the particle is in
the electrode centre and back to zero, on the time scale of the passing.
This signal can be translated into a voltage that can be amplified and
evaluated in order to obtain various information about the passing
particles.

A. Induced signal

Nondestructive ion detection is based on the principle of mir-
ror charges induced by a charged particle in a nearby conductive
electrode. The magnitude of the induced charge Q;,; depends on the
ion charge g, the geometry of the pick-up electrode, as well as the ion
position relative to the electrode. For single-pass ion detection, the
use of a conductive hollow cylinder characterized by its inner radius
Rand length Z is well suited; see the illustration in Fig. 1. The charge
induced by a single ion located at (r1, z1) can be expressed by the
product of the particle charge g and the so-called geometry function

=, ie.,
Qina = —q-E(r1,21). (1)

This geometry function includes all spatial dependences of the
device, including the shape of the pick-up electrode and the ion
position. The geometry function of an arbitrary electrode geom-
etry has the same shape as the electric potential of that very
electrode normalized to unity at the electrode surface.” We have
calculated the potential and hence the geometry function with

P

z

FIG. 1. Detection principle of the single-pass nondestructive charge counter.
Charges induced by the passing particles create a corresponding voltage that is
amplified by a two-stage amplifier.
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the COMSOL Multiphysics™ software.”” Presently, there is no
azimuthal dependency due to the rotational symmetry of the cylin-
der in use. The geometry function reaches its maximum in the mid-
dle of the cylinder at z = 0. The value at the maximum depends on
the ratio of Z and R. Referring to Fig. 2, there is a minimum elec-
trode length Z for each radius R such that the geometry function
takes a value of nearly unity. In particular, increasing the length, a
plateau is formed. The voltage U,,,; induced in the pick-up electrode
is connected to its capacitance C by
Qind

Uina = ol (2)
This voltage is usually amplified for signal processing by an overall
voltage gain of |a| > 1. The measured voltage is thus given by

o Qing
U=——F—. 3
C 3)
Let us define the sensitivity S = —a/C so that we obtain
U=S-q-E(r,z1). (4)

The sensitivity is a characteristic property of the charge-counter
device including the pick-up electrode and the amplifiers.

For a single ion passing by with a kinetic energy E and corre-
sponding velocity v = \/2E/m, a time-dependent voltage is induced
in the pick-up electrode. Figure 3(a) shows the signal of a single ion
passing an electrode which is placed at z® = 2 m from the position
of ion release. The ion has example kinetic energies per charge of
100 eV and 1000 eV, respectively. For a single ion, the induced volt-
age as a function of time has the same shape as the geometry func-
tion, where only the axis is scaled and shifted depending on the ion
velocity. Obviously, the induced signal for high energies is located
earlier in time and the temporal width is smaller. The amplitude of
the signal is independent of the kinetic energy.

geometry function for R=14mm
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FIG. 2. Dependency of the geometry function £ on the geometrical properties
of the electrode. (a) Z-dependence for constant radius R = 14 mm and (b) R-
dependence for constant length Z = 70 mm. Both diagrams show E along the
z-axis for ry = 0.
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FIG. 3. Output signal of (a) a single passing ion (g = 13e) with different kinetic ener-
gies and (b) a bunch of 10 000 ions with different bunch lengths. The sensitivity for
the detection system is assumed to be 1 uV/e.

Multiple ions from a pulsed ion source typically have a bunched
structure with a certain spatial and hence temporal extent. Here, the
induced voltage is the sum of the induced voltages of the individual
ions located at positions z;. The measured signal of a single-species
ion bunch of N ions with individual charge q is

N
Upunen(£) = 8- ¢ 3 E(wi -t = 2). (5)

i=1

The signals of long ion bunches show an increased rise time and
a decreased length of the plateau [Fig. 3(b)]. For ion bunches
longer than the plateau of the geometry function, the plateau in
the signal even vanishes completely and the magnitude of the signal
decreases. We will use this behavior to estimate the length of the ion
bunches.

B. Determination of ion bunch properties from
induced signal

The single-pass charge counter is a useful instrument to char-
acterize the most important properties of an ion bunch, namely, its
ion number, ion kinetic energy, and the bunch length.

1. lon number

From the area Q) below the measured voltage curve U(t), the
ion number N can be deduced by use of '

v v
= U(r)de = Q, 6
q-L-S[ () q-L-S (©)
where L = /7, E(z)dz is a characteristic length of the pick-up elec-

trode. For ion bunches shorter than the length of the charge-counter
plateau, the ion signal will also establish a plateau, as depicted in
Fig. 4. In this case, the geometry function E(ri, z;) of all ions is
equal to unity. Using this assumption, the number of particles can

ARTICLE scitation.orgljournal/rsi
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FIG. 4. Simulated signal induced by an ion bunch. The characteristic measures are
shown to determine the ion number, the ion velocity, and the bunch length from a
single-pass ion signal.

be deduced by rearranging Eq. (5) such that we obtain

Uy,
plat
Sy 7
S 7)
This approach to calculate ion numbers has the advantage that
knowledge of the ion velocity v is not required.

2. lon kinetic energy

Equating expressions (6) and (7), one obtains an equation
for the ion kinetic energy that is independent from the device’s
sensitivity,

2
1 2 Uplat
Eyjp=~=-m-L .
kin 2 02
To calculate the kinetic energy, the mass m of the ion species must
be known.

3. lon bunch length

®)

As mentioned above, the slope of the leading edge & is a mea-
sure for the bunch length J,, as depicted in Fig. 4. Assuming an ion
bunch with uniformly distributed ions within the bunch of length [,
the slope of the ion signal can be calculated by

TN [ h) -5 -1/2)) O

t Iy

Here, z; is the time-dependent axial position of the ion bunch centre.
In the region where the normalized signal has values between 0.1 and
0.9 (marked by the dashed vertical lines), the slope is nearly constant.
If the bunch length is shorter than the rising edge of the geome-
try function, the slope is independent of the bunch length. This is
a lower bound for the bunch length determination. If the bunch is
longer, the leading part of the bunch has a geometry function value
of unity and the last part has zero. In this case, using h = dU/dt and
Egs. (6) and (7), the bunch length is given by

U;lat L
Q-h
Note that Eq. (7) can only be applied when the signal has a plateau.

Therefore, the plateau length is an upper limit to measure J;,. If the
velocity v is known from another measurement device, the bunch

I, = (10)
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length I, can be calculated also in the absence of a plateau and
without an upper limitation. In this case, I, is given by

v Q
I, = . 11
b=y (11)

C. Detection electronics

In order to nondestructively detect passing particles, an
induced charge is picked up by a suited electrode, and the corre-
sponding voltage U, as given by Eq. (2) is amplified and read out
by an oscilloscope. To this end, the detection electrode is connected
to a low-noise amplifier. The overall capacitance C in Eq. (2) then
consists of the capacitance Cpict,p of the pick-up electrode itself, the
capacitance C,y of the connecting cable, and the capacitance Cinpur
of the amplifier’s input; hence, we have C = Cyicxyp + Ceapie + Cinput.
Since any excessive capacitance decreases the signal of interest [see
Eq. (2)], care has to be taken in order to minimize the individual
contributions to C. Regarding the pick-up electrode, it is advisable
to avoid large-surface contacts of the electrode to insulating spacers.
Cables need to be kept as short as possible or left away completely, if
mounting of the amplifier directly to the pick-up electrode is possi-
ble. This may increase the complexity of the mechanical setup but is
an inevitable step if highest sensitivity is required. Note that wiring
in a vacuum setup with typical line lengths of few meters gravely
contributes to the total capacitance since Cegpie > Cpickyp in most
common cases. Thus, the presence of a cable often limits the achiev-
able sensitivity. Finally, the design of the amplifier should support
low input capacitance in order not to dominate the resulting value
of C.

In general, amplifiers possess three main properties, which are
of relevance here:

o the overall voltage gain «
o the intrinsic noise of the amplifier
o the frequency bandwidth f},,, of the amplifier.

The time structure of the induced ion signal determines the
required bandwidth of the amplifier, i.e., the spectral amplifica-
tion behavior must be chosen in such a way that the Fourier
transform of the induced signal falls within the range of sufficient
amplification.

The induced voltage U, is typically of the order of nano-
volts, whereas further processing by standard data acquisition sys-
tems requires levels of millivolts and above. Hence, amplification
by around five to six orders of magnitude is required. The ampli-
fier’s intrinsic noise competes with the charge-induced signal, and
thus, it is a great challenge if detection of few or even a single par-
ticle is envisaged. There are two main contributions to the ampli-
fier’s input noise, namely, the amplifier’s input voltage noise density
ena and the electrical current density ina.'® These two noise sources
can be represented as shown in Fig. 5. Note that i, is a quan-
tity resulting from electrical leakage currents inside the amplifier
and also originating from dissipative effects in isolators and at the
amplifier input. Both contributions show certain frequency depen-
dences,'® which have to be taken into account for more detailed
considerations.

ing is a real (measurable) electrical AC current which creates an
unwanted voltage noise on the total input capacitance C given by

ARTICLE scitation.orgljournal/rsi

FIG. 5. Schematic of the effective noise source consisting of the two main con-
tributions to the amplifier’s input noise, the amplifier’s input voltage noise density
ena, and the electrical current density ing.

Ohm’s law,

ina(f)
2nf - C’

una(f) =

(12)

The input voltage noise density eqq(f), on the other hand, is a virtual
quantity, being derived by dividing the amplifier’s output noise den-
sity (disregarding in,) by its voltage gain. In good approximation,
both contributions are statistically independent; thus, the resulting
noise density at the amplifier’s input uy. is given by W = Ul + .
FET (field-effect-transistor) based amplifier technology is the pri-
mary choice for charge amplifiers since FET elements are capable
of maintaining both small input currents i, as well as small voltage
noise ey, at moderate input capacitances C,-nput.””“

Figure 6 depicts the internal structure of the developed ampli-
fier. A special customized GaAs (gallium arsenide) FET'®" is used
as the front-end stage, which is thermalized to the ambient tem-
perature. The FET converts the pickup electrode AC voltage to an
output current AC component, and the latter is converted in a room
temperature amplifier to voltages again, using a feedback resistor Ry.
A u-controller-regulated PID loop (proportional-integral-derivative
loop'®) keeps the cryogenic FET at a stable operating condition.
Cold and warm parts together form a self-calibrating system (CX-
4 amplifier), which requires almost no adjustments. In contrast to
commercial off-the-shelf GaAs transistors, the FET used here has
been especially developed for the purpose of deep-cryogenic oper-
ation and very low input voltage and current noise density with
ena ~ 310 pV/v/Hzat f = 1 MHz and in, ~ 17 fA/v/Hz at f = 100 kHz
and Cipu = 4.2 pF at a temperature of 4 K. This noise figure
is expected to increase with increasing temperature,” indicating
optimal use at deep-cryogenic temperatures above carrier-freezeout
temperature. It is furthermore designed to require very little operat-
ing power of approximately 320 W, which is quite advantageous in
cryogenic systems. This requires a very small bias voltage of about

L cold part |

_roomtemperature part
t — L 1

pick-up
electrode

input
[protection

output

PID
regulation
loop

FIG. 6. Internal structure of the developed amplifier. The input side is the pick-up
electrode in the cryogenic part of the setup, and the amplified output on the right
at room temperature is read by an oscilloscope.
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inner tube

pulsed drift tube ~ Ccharge counter

—_—
charge counter

FIG. 7. Section view of the setup inside the magnet bore. lons from the external source to the left are decelerated in the pulsed drift tube before they pass by the first charge
counter and enter the trap. Upon leaving the trap to the detector on the right, the ions pass by the second charge counter which has been used for the below measurements.

0.2 V. For higher temperatures, the AC-resistance of the FET drain-
source decreases, which induces a shift of the working point. In the
region from 4 K to 300 K, this shift can significantly reduce the total
amplification factor for a constant bias voltage.

lll. SETUP

The present measurements have been performed in the frame-
work of the HILITE experiment’' currently operated at GSI,
Germany. It features an open-endcap mechanically compensated
cylindrical Penning trap placed in the centre of a 6 T supercon-
ducting magnet and is cooled to liquid-helium temperature. Adja-
cent to the trap on either side, a single-pass nondestructive charge
counter is installed to detect charged particles entering and leaving
the trap, respectively; see central and right-hand side of Fig. 7. The
setup is equipped with a dedicated ion source, a commercial EBIT
(electron-beam ion trap)** placed about 2 m upstream the beam-
line, which allows us to produce highly charged ions up to Xe***. A
subsequent velocity filter (Wien filter) facilitates selection of a single
ion species, i.e., a single charge state. The number of extracted ions
is tuned by variation of EBIT parameters such as charge-breeding
time and electron energy. The extracted ions’ kinetic energy can
be tuned by the acceleration voltage U, at the EBIT and is typ-
ically between 1000 V and 2500 V. To perform dynamic ion cap-
ture of extracted ions in the trap,25 the ions are decelerated to an
energy of the order of several tens of electronvolts. To that end, a
deceleration stage is placed upstream of the trap inside the magnet;
see the left-hand side of Fig. 7. It operates as a pulsed drift tube,
where the initially positive voltage is switched to negative polarity
while the ion bunch is inside the tube. By use of this technique,
one can decrease the velocity of the ions significantly. For subse-
quent axial confinement of the ion bunch, we use the first elec-
trode of the trap (capture electrode). Its initially positive voltage
is switched to zero when the long ion bunch approaches. So pre-
dominantly, the leading ions are decelerated while the later ions
are less affected. Corresponding measurements will be presented
in Sec. I'V.

IV. MEASUREMENTS AND RESULTS

The present measurements focus on the charge counter to the
right-hand side of the trap. This charge counter provides a geom-
etry function with a sufficient plateau which allows application of

the presented methods. In order to examine the functionality and
possibilities of nondestructive ion detection, bunches of Ar'** ions
have been used. The induced ion signal is amplified by the presented
two-stage amplifier and recorded by an oscilloscope. An example of
a measured signal is shown in Fig. 8 to introduce the quantities used
in signal evaluation.

As shown in Sec. II B, an ion bunch of sufficiently small axial
extent shows an approximately linear rising edge, a constant plateau
with zero slope, and a linear falling edge. We approximate this shape
by a trapeze with a base parallel to the time axis. Such a shape is
characterized by six numbers. These six parameters are the baseline
voltage Uy, the plateau voltage Up,, and the four points (A, B,
C, D) where the trapeze changes from constant to linear increase or
decrease and vice versa. Figure 8 presents the method of this fit and
the resulting trapeze for an example signal. The key parameters of
interest are extracted from the fit result. The baseline signal Uy, and
the plateau voltage U, are directly given by the fit. However, using
the top of the trapeze to determine U, tends to underestimate the
plateau voltage. Therefore, the plateau voltage is determined with the
acquired width At = (tc — tp) of the top of the trapeze as a reference.
Uplar is the mean of the signal Uyg,q(t) in a region with a width of
60% of At around the centre of the trapeze. This reduces the errors
caused by the rounded corners of the signal at C and D. Following
Eq. (8), for the determination of the kinetic energy, the area Q is
calculated by numerical integration of the acquired signal Usg,q(?)

D C

=20

£

E

& 10

n

g

9.5 10 10.5 11

time [us]

FIG. 8. Charge-counter signal Usigna(f) of an Ar'3* ion bunch with an acceleration
voltage of 984 V with 64 averages. One bunch consists of about 3200 ions. To
analyze the signal, a trapeze is fitted to the trace. It is shown in orange. The four
yellow points define the trapeze. The marked area of the signal is determined by
numerical integration from A to B.
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between times A and B,

tg
Q= [ (Usignal(t) - Ubase)dt'
A

A high signal-to-noise ratio is crucial to detect small numbers of
ions. For repeatable measurements, averaging is an expedient solu-
tion. This technique reduces the noise proportionally to the square
root of the number of averages.

For single-pass experiments with nonconstant operation condi-
tions, this is not a feasible option. Instead, the noise can be reduced
by use of a software-based low-pass filter, considering that the filter’s
cut-off frequency does not affect the important parts of the signal.
When an upper limit of the velocity is known, Eq. (5) can be used to
calculate the expected spectrum of an ion bunch, as obtained by the
Fourier transform of the time-dependent ion signal. For the present
evaluation, the cut-off frequency of the filter was set to f..; =4 MHz.
Figure 9 compares the effects of averaging and the low-pass filter.
Obviously, both strategies have a similar effect. As the computational
effort for signal filtering is moderate, this technique will be preferred
here.

A. Nondestructive energy measurement

With the presented signal analysis method, the kinetic energy of
an ion bunch can be directly determined from an acquired charge-
counter signal. To test this method, bunches of Ar'® and ArP*
ions have been used. The kinetic energy of each bunch can be var-
ied by changing the acceleration voltage (Uy,.) of the EBIT. We
have acquired the charge-counter signals for acceleration voltages
between 1000 V and 2200 V. The measured signals are single-pass
traces of one ion bunch without averaging and with a digital filter
as described above. Figure 10 shows the result of this measurement
with a comparison to the expected value. The uncertainty of the
kinetic energy is deduced from the uncertainty of the trapeze fit.
Obviously, the experimentally determined energy values are in good
agreement with the expected energies.

B. lon number calibration measurement

For a determination of absolute ion numbers by use of Eq. (6)
or Eq. (7), the sensitivity S of the detection system needs to be known

_30¢ input
> average
i 20 t low-pass
&=
510
n
g0
10t : : J
9 9.5 10 10.5 11
time [us]

FIG. 9. Possible methods to reduce the noise in a charge counter signal. The
diagram shows the signal of Ar'** at 984 V acceleration voltages. One can see
that both averaging and filtering reduce the noise. The signal was filtered with a
fourth-order digital low-pass filter with f,; = 4 MHz.

ARTICLE scitation.orgljournal/rsi

= 2250 : ¥
~ — — —theory -
7 2000 | T data g
¥3

£ 1750 Lz
g 1
= 1500 | l/
.© 1250 1 :|:E
33} ¥
= 1000 [~
= ' ‘ ‘

1000 1500 2000

acceleration voltage [V]

= 2250 |7 : ' 1
= — — —theory _ /f
z 2000 | T data {[/I 1
55 1750 | £
2 ¥
g 1500 A
@ “*
.9 1250 1 i
Z T
= 1000 »/z/f
4 N N L

1000 1500 2000

acceleration voltage [V]

FIG. 10. Nondestructive single-pass kinetic energy measurement of Ar'%* (top) and
Ar'* (bottom) ion bunches using a charge counter. Each data point corresponds to
the filtered signal of a single ion bunch. The x-axis shows the applied acceleration
voltage Uacc, and the y-axis is the measured energy per charge. The dashed line
shows the theoretical kinetic energy that corresponds to the acceleration voltage of
the EBIT. The errors are calculated based on the errors estimated at the trapeze-fit
procedure.

for the actual experimental conditions. We have chosen two differ-
ent approaches to determine the sensitivity of our charge counter—a
calibration evaluating the plateau voltage (Up,) and a calibration
using the area Q) under the ion signal. The calibration measurements
have been performed with a Faraday cup as a reference ion-counting
detector. An ion bunch impacting the Faraday cup causes a current
Irc(t) from the Faraday cup. The current is amplified using a cur-
rent amplifier with a voltage gain of arc = (1.00 + 0.01) V/pA. The
resulting voltage signal of the Faraday cup Upc(t) is recorded with
an oscilloscope. From this signal, the number of ions Nrc can be
deduced by use of

1
Npc = —— f Urc(t)dt, (13)
q-arc

where g is the charge of the ion species. The area of the recorded
Faraday cup signal is determined by numeric integration. The inte-
gration bounds are set where the signal falls to 3% of the maximum
value.

For calibration measurements, we have chosen Ar ions
because it is the highest argon charge state that can be produced
in sufficient amounts. To calibrate the detector, ion bunches with
different total numbers of ions have been used. This has been accom-
plished by variation of the breeding time of the EBIT. The corre-
sponding charge-counter signals have been analyzed with the pre-
sented method to extract the area and the plateau signal. Figure 11
shows the result of this calibration measurement. Using Egs. (6), (7),
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FIG. 11. Results of the calibration measurement of the charge counter with the
Faraday cup. To produce ion bunches with different ion numbers, the breeding time
was varied between 1000 ms (minimum number of ions) and 4000 ms (maximum
number of ions). Each data point results from the averaged signal of 32 measured
ion bunches. The upper diagram shows the area Q of the charge counter signal
over the measured ion number of the Faraday cup using Eq. (13). The slope of the
linear fit is Marea = (5.08 + 0.15) x 10~'2 Vsfion. The lower diagram shows the
plateau voltage of the charge counter signal over the ion number from the FC. The
slope of the linear fit here is mpj¢ = (7.82 + 0.22) uViion.

and (13), two expressions for the sensitivity can be extracted. One
for both linear slopes #14rea and my,, in Fig. 11,

v 1
S= ﬁmurem S= —Mplgt-

The resulting calibrated sensitivities S = —a/C are shown in
Table I. For comparison, the capacitance C and the total volt-
age gain o have been measured at room temperature, resulting in
C=(116.1+0.1) pF and @ = -329(1) + 1, leading to a sensitivity of S
= (455.9 £ 0.57) nV/e, slightly below the measured sensitivity at
100 K. A measurement at a temperature of 4 K yields a voltage gain
of @ = —2400 and a corresponding sensitivity of S = 3326 nV/e. A
temperature dependence of the electronic noise and hence of the

TABLE |. Calibration results of the charge counter at a temperature of 100 K. The
sensitivity S = —a/C is given in units of e to illustrate the output signal voltage at the
oscilloscope per elementary charge. Both results are in good agreement.

Measurement S (nV/e)
From area 524 + 15
From plateau 521 +15
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detector sensitivity can be expected™’ as it was mentioned already in
Sec. I C.

C. lon deceleration and ion bunching

As discussed above, the ions from the EBIT ion source have
initial kinetic energies of the order of kiloelectronvolt. Therefore,
the ions need to be decelerated before they can be captured in the
trap. In addition, we use one electrode to compress the ion bunch in
the axial direction by applying a positive voltage which is switched
zero when the ions approach the electrode. The properties of the
ion bunches (ion number, kinetic energy, and bunch-length) are
again determined by use of the charge counter. Ion bunches with
a length of less than 150 mm can be fully characterized with respect
to the number of ions, kinetic ion energy, and bunch length by use
of the charge counter. This is true since only in this case a plateau
in the signal occurs, which is necessary for the described evaluation
techniques.

For the present deceleration measurements, Ar'®* ions with a
kinetic energy of 979 eV (as controlled by the velocity filter) have
been used. We have recorded the charge counter ion signal; see
Fig. 12(a). The presented evaluation of the signal gives a kinetic
energy of Ey;, = (968 + 30) eV as expected and an ion number of
N =3400 + 30. For deceleration, we have set our pulsed drift tube to a
potential of +400 V and switched it to —400 V when the ion bunch is
located inside of the electrode. The charge counter signal of the thus

+

3ns

<=

10 12 14 16 18
time [ps]

FIG. 12. lon bunch properties of (a) an undecelerated ion bunch with a kinetic
energy of E = 979 eV, (b) a bunch decelerated by a pulsed-drift tube with AUppr
=800V, and (c) a compressed ion bunch after deceleration with a remaining kinetic
energy of 87 eV. The length of the ion bunch is at the lower detection limit.
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decelerated ions is shown in Fig. 12(b), where the time shift of about
3 ps indicates the deceleration. The signal also is broadened, which
is caused by the ion deceleration. As the plateau is not pronounced
clearly, a quantitative evaluation of the ions’ kinetic energy, num-
ber, and bunch-length could not be performed. The short plateau is
a strong indicator for an ion bunch with an axial extend of about
150 mm, which is the upper detectable limit.

To axially compress the ion bunches, we use the first trap elec-
trode along the direction of the ion motion. This electrode is set to
95 V and switched to 0 V within about 270 ns, when the ion bunch
approaches the electrode. In this case, the first faster ions are deceler-
ated, while the slower ions behind are affected less by the electrode’s
potential resulting in a compression of the ion bunch. This process
can be verified by the recorded ion signal in Fig. 12(c). Here, the
plateau again is well pronounced with a sufficient length. From this,
the ion energy and the ion number are determined to be (87 + 5) eV
and N = (2500 + 70), respectively. From the slope of the leading edge
of the signal, we find the bunch length to be about 50 mm or less as
50 mm is the minimum detectable limit.

D. Detection limit

The minimum number of detectable ions is determined by the
noise level and the signal voltage. For N ions with charge g, the
maximum signal voltage is given by

Unax =q-N-S.

The signal-to-noise ratio # is given by the maximum signal ampli-
tude divided by the noise amplitude. Based on this definition, for a
chosen value of #, the minimum number of detectable ions can be
estimated in terms of the input noise density ey,

-C
Npin = ’77 “€na * \/fband-

At a frequency of 1 MHz and a temperature of 100 K, the measured
input noise density is ey = 1450 pV/\/Hz. Together with the band-
width of the amplifier of f},,s = 4 MHz, the minimum number of
detectable Ar'®" ions for 7 = 3 is

Numin = 480.

In contrast, at cryogenic temperatures of T' = 4 K and without an
external magnetic field, the input noise density has been measured
to be enq = 310 pV/+/Hz. This results in a detection limit of

Nmin =95

ions of Ar'**. The higher value of Nyi» = 480 above is mainly
attributed to thermal noise effects at the current experiment temper-
ature of about 100 K. A possible influence of the external magnetic
field in the experiment requires closer investigation. For a detection
electrode with an optimized capacitance which is equal to the input
capacitance of the amplifier (C = 2 Ciypur = 8.4 pF), the detection
limit at a temperature of 4 K is given by

Numin =7

ions of Ar'**, This means that with the current amplifier and an opti-
mized detection electrode, 91 elementary charges could be detected
with a signal-to-noise ratio of # = 3. Hence, single-pass detection of
single bare uranium ions may become possible.

ARTICLE scitation.orgljournal/rsi

V. SUMMARY AND OUTLOOK

We have presented the concept, implementation, and char-
acterizing measurements with a single-pass nondestructive ion
counter, which is capable of measuring ion kinetic energy, ion num-
ber, and the length of ion bunches from a single-pass signal. By a
calibration of the sensitivity of the device, absolute ion numbers can
be determined. The analysis procedure does not require high com-
putational effort to infer the desired ion bunch parameters from the
acquired signal. The accuracy of the measurement of ion number
and ion energy is limited by the experimental conditions of the setup.
In the present configuration, at a temperature of 100 K, the mini-
mum detectable number of Ar'** ions in a bunch is about 480, as
follows from the measured input noise density e,,. At a tempera-
ture of 4 K, this figure is about 95. These numbers result from the
capacitance of the pick-up electrode, the input voltage noise density,
and the amplification bandwidth. We intend to optimize this kind of
device with respect to the minimum number of detectable charges by
areduction in the capacitance via an optimized geometry. Addition-
ally, a new generation of cryocooled radio-frequency amplifiers with
reduced input noise is being developed with the aim of achieving
single-charge sensitivity.
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