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Abstract

The development of a detuning system for the precision control of electron energy is a major challenge when electron targets
are used in ion-storage rings. Thus, a high-precision, high-voltage, detuning system was developed for the electron target
of a high-intensity heavy-ion accelerator facility-spectrometer ring (HIAF-SRing) to produce accurate electron—ion relative
energies during experiments. The system consists of auxiliary, and high-voltage detuning power supplies. The front stage
of the auxiliary power supply adopts an LCC resonant converter operating in the soft-switching state and an LC filter for
a sinusoidal waveform output in the post-stage. The detuning power supply is a high-voltage pulse amplifier (HVPA) con-
nected with a high-voltage DC (HVDC) module in series. In this paper, the design and development of the detuning system
are described in detail, and the test bench is presented. The test results demonstrated that the detuning system conforms to
the technical specifications of the dielectronic recombination (DR) experiment. Finally, a Fe!>* DR spectrum was measured
using the detuning system. The experimental data demonstrated a good experimental resolution and verified the reliability

and feasibility of the design.

Keywords Detuning system - Storage ring - Dielectronic recombination

1 Introduction

More than 95% of the visible matter in the universe is in
the plasma state; controllable nuclear fusion, which is a
clean energy source contributing to the future of mankind,
also occurs in the plasma environment. Therefore, under-
standing the properties and behavior of plasma is criti-
cal. Dielectronic recombination (DR) is one of the most
fundamental electron—ion recombination mechanisms in
various plasmas, which significantly affects the ionization
balance and population levels therein. The recombination
rate coefficient obtained in DR experiments can also be
used to evaluate the environmental parameters (e.g., tem-
perature and density) of plasmas and as benchmark data to
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test relevant theoretical methods and codes [1, 2]. In addi-
tion, DR plays an important role in fundamental research
and has been used to study the Quantum Electrodynamics
(QED) effects on few-electron ions [3, 4], isotope shifts
[5], hyperfine quenching [6], and hyperfine splitting [7].
In recent decades, a series of DR experiments with High
Charge Ions (HCIs) have been conducted at various storage
rings, such as the test storage ring (TSR) at Max Planck
Institute for Nuclear Physics (MPIK) in Heidelberg [8], the
experimental storage ring (ESR) at GSI in Darmstadt [9],
and the CRYRING at Manne Siegbahn Laboratory (MSL)
in Stockholm [10]; the CRYRING has recently been relo-
cated to GSI, and the CRYRING@ESR has served as a
high-resolution DR experimental spectrometer. Currently,
DR experiments in storage rings are performed using the
electron beam provided by the electron cooler as the tar-
get. This method requires periodic detuning of the elec-
tron beam energy to obtain the expected relative energy
between the electron and ion beams in the center-of-mass
(cm) frame. During the detuning interval, the electron
energy must return to the cooling point to maintain the

@ Springer


https://orcid.org/0000-0003-0666-824X
https://orcid.org/0000-0001-5113-5122
https://orcid.org/0000-0002-0023-8217
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-023-01214-2&domain=pdf

75 Page2of14

K.-M.Yan et al.

quality of the stored ion beams. The problems associated
with this method include the fact that the duty cycle for
the detuning process in the measurement cycles is approx-
imately 1/10'"", which significantly reduce the efficiency
of the experiment; therefore, the method is only suitable
for DR measurements in the low-energy range. Currently,
a new project, the high-intensity heavy-ion accelera-
tor facility (HIAF), is under construction in China. The
HIAF program aims to expand nuclear physics and related
cutting-edge research into new areas. It comprises the
following five components: a superconducting electron-
cyclotron-resonance ion source (SECR), superconduct-
ing ion linac accelerator (iLinac), booster ring (BRing),
high-energy fragment separator (HFRS), and spectrometer
ring (SRing) [11]. The SRing at the HIAF can provide the
experimental platform for atomic and nuclear physics [12,
13]. The SRing is equipped with an electron cooler and
an individual electron target, which allows for performing
precision DR spectroscopy for highly charged ions in a
large energy range. The electron target is operated at an
arbitrary energy level while the ion beam is continuously
cooled by the electron cooler. Thus, SRing significantly
improves the efficiency of the experimental measurements.
Simultaneously, by changing the working point HV of the
electron target, a significantly broader scan range of the
electron energy can be available, thus achieving precise
DR spectroscopy measurements in a higher energy range.
The schematics of the HIAF-SRing construction and the
working method of the DR experiment are shown in Fig. 1.
The electron cooling area and target are located in the long
and short straight sections of the SRing, respectively. The
operation of the electron target in the DR experiments can
be described as follows: Initially, the working energy of
the electron target is set to coincide with the energy of
the electron cooling point. Energy scans are performed

Fig.1 (Color online) Schematic
diagram of the HIAF-SRing
construction and working
method of the DR experiment

to measure the DR process at low collision-energy levels.
The working energy is then changed step-by-step to meas-
ure the DR process at high CM collision energy levels.
Furthermore, the deceleration of highly charged ions is
possible in the SRing, which is beneficial for DR measure-
ments over a large CM collision energy range.

The key technology required for an electron target is
the development of a fast electron energy detuning system,
which is used to produce accurate electron—ion relative ener-
gies in experiments. To verify the DR experimental scheme
of the SRing, a high-precision, high-voltage detuning sys-
tem is designed and developed for the electron target of the
SRing; it can output adjustable millisecond pulses that float
at a high DC voltage, as shown in Fig. 2. A bias voltage of
up to —10 kV is provided by a high-voltage DC (HVDC)
module. This was used to set the working energies, as shown
in Fig. 1. A high-voltage pulse amplifier (HVPA) connected
in series to the HVDC module can provide a precise detun-
ing voltage. The maximum detuning voltage is 1 kV with
a minimum voltage step of 1 V. The ripple of the detuning
voltage is required to be less than 100 ppm to obtain an accu-
rate electron—ion relative energy for detuning. The rise/fall
times must be less than 500 ps for a 1 kV detuning voltage
to avoid changing the ion energy owing to the cooling drag
force. The pulse width is in the range of 5-20 ms, depending
on the recombination rate. A demonstration experiment was
conducted with a detuning system in a cooling storage ring
(CSR), a heavy ion accelerator, at the Institute of Modern
Physics. This study describes the development, character-
istics, and performance of a high-precision high-voltage
detuning system. In addition, good experimental test results
were obtained, which substantiated the accuracy of the pro-
posed detuning system technology scheme and provided
a reliable technical solution for the HIAF electron target
detuning system.
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Fig.2 The DR experiment
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Fig.3 Connection scheme between the gun and detuning system

2 Structure and connection of detuning
system

The electron gun of the target (ET gun) was connected
to a detuning system, which also represents a significant
capacitive load. The ET gun consists of a cathode, grid,
anode, and filament, as shown in Fig. 3. Electrodes were
used to extract electrons from the thermionic cathode.
The cathode was directly connected to the output of the
detuning system. The other electrodes were connected to
three individual DC power supplies, which floated on the
detuning system. The main parameters of all the power
supplies used for the Fe!>* demonstration experiment are
listed in Table 1.

system

The use of a low-frequency isolation power supply pro-
duces low-frequency conduction and radiation interfer-
ence, which are difficult to eradicate or shield. This will
significantly affect the control setting, which needs to
reach the reference voltage on a microvolt scale, and the
overall detuning system, which needs to limit the ripple
voltage level to below 100 ppm. Switching noise can be
minimized by using the soft-switching state in the dis-
continuous conduction mode (DCM), whereas the high-
frequency sinusoidal waveform can provide low-harmonic
power transmission. Therefore, the main auxiliary power
supply incorporated the front-stage LCC resonant con-
verter operating in the soft-switching state and the LC
filter used in the post-stage for providing a high-frequency
sinusoidal power transmission. This power supply struc-
ture, in addition to providing a low-switching noise and
low-harmonic high-frequency isolation voltage for all the
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power supplies of the ET-gun, also provides an effective
resistance when the system power supply is rapidly ener-
gized (equivalent open circuit), or the electron beam tra-
jectory distortion (equivalent short circuit).

Including the HVPA and HVDC modules in the detuning
system is the key to producing a detuning waveform. The
detuning power supply of this system adopted the structure
of the HVPA and HVDC modules in series. The unique
properties of the HVPA allow it to drive the four-quadrant
voltage and current required by the capacitive load of the
ET gun, whereas the mature HVDC module can ensure a
constant output of the DC high-voltage power for electron
cooling. An overview of the high-precision high-voltage
detuning system is presented in Fig. 4. In this section, the
design process of the main auxiliary power supply and high-
voltage detuning power supply of the high-precision, high-
voltage detuning system is introduced in detail.

3.1 Main auxiliary power supply

capacitor determined by the detuning load characteristics,
the main auxiliary power supply can output a high-frequency
sinusoidal waveform with a constant-amplitude voltage. The
structures of the front-stage resonance converter and the post-
stage filter are shown in Fig. 4.

A transfer function was established for the front-stage
LCC resonance converter and post-stage filter. The double-
resonance frequency point can be obtained by assuming that
the imaginary part of the transfer function is zero. According
to the structure of the front-stage resonance converter and the
post-stage filter shown in Fig. 4, the imaginary part transfer
function of Eq. (1) is as follows:

(JW6

ey

The parameters a, c, and e are described in the appendix.

The filter resonant frequency f; and DCM resonant fre-
quency f, can be obtained by solving (1). Equations (2) and
(3) are the approximate solutions:

—cwt +ew? =1.

1 1 (C,C3+ GG+ CCy
The zero-current soft-switching states of insulated gate bipolar hi = 2\ C,C5C, ’ 2
. . 2 203
transistors (IGBTs) can be achieved when the LCC converter
operates in the DCM, which effectively reduces the interfer- 5,4
ence noise caused by the hard-switching process. The switch-
ing frequency of IGBTs must be less than 2 times the resonant 1 Li+L,+Ly; C,+C,
- fHh=5= (3
frequency [14]. The LCC resonant square-wave voltage qutput 2 \| L, + Ly) C,C,
uses an LC filter to form a double-resonant frequency point on
the logarithmic frequency curve. By designing the appropri-
ate resonance and filter parameters and the voltage clamping
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Fig.4 An overview of the high-precision, high-voltage detuning system
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Simplifying the post-stage filter and load of the main aux-
iliary power supply facilitates the analysis of the complex
structure of the main auxiliary power supply. The post-stage
filter and load are equivalent to the impedance Z,_,,, and
the load current is equivalent to a constant in the switching
period [15, 16]. Under steady-state conditions, a closed-form
solution can be deduced from the state equations by analyz-
ing the resonance converter and filter structure using the
state-space method [16].

The converter is determined to operate in state 1 by
assessing the same polarity of the parallel resonant capaci-
tor voltage V. and the supply voltage V,p; otherwise, the
converter operates in state 2. The angle of state 1 is set as
0,, and the angle of state 2 is set as 6,. When the next switch
is triggered, state 1 ends and the output capacitor voltageV,
changes its polarity, converting it to state 2. Consequently,
the end of one state is the beginning of another state, and the
switching of states continuously results in the change of the
polarity of the capacitor voltage V... The two different state
relationships between V., and Vg in the DCM are shown in
Fig. 5. Based on the aforementioned analysis, the voltage of
the parallel resonant capacitor is zero when the state polar-
ity is switched, which can be expressed by Egs. (4), (5), and
(6) as follows:

0, = wot, = woTs — 0y, “4)

wo = 1/(L(C,//C)'?,
T, = 1/2f,, ®)
fs = IGBTs Gating signal,

and
N o, 6 6

Vg I‘

Ve /\

3 / \

; NN\ NN\

4

Ves A /\ /

"

State 2 State 1 State 2

Fig.5 Relationship between Vi, and V,g in the DCM for the two
different states

ch (6) =J;(i0’ Veios Veso) = 0. (©6)

The state equation can be used to solve the 8, value of
state 2 in the V., polarity switching process, as shown in Eqs.
(7) and (8), where ¢; and ¢, are the durations of states 1 and
2, respectively, and A and B are the coefficient matrices of
the resonance converter and filter structure [14]. Matrix A
describes the internal behavior of the resonance converter and
filter structure. Matrix B represents the relationship between
the external condition, resonance converter, and filter structure.

x(ty) = [A][x(0)] + [B][u] @)
and
x(ty) = [Al[x(5y)] + [B][u]. 8)

By combining (7) and (8), we can obtain (9):
x(ty) = [AI[A]x(0)] + [B][u]] + [B][u]. )
In steady-state conditions, the following can be expressed:
x(0) = —x(T). (10)

Next, the following equation can be obtained by substitut-
ing iy, Vi, and Vs, from (9) and (10) into (6):

92=[ﬂ_ (wl N +¢§>)] [+ tan” (¢3/01)]-
an

The formulas for calculating ¢, ¢, and ¢; are shown in
the appendix.

The turn-off time range of the switch and the time of the
LCC resonant current passing 0 V need to be further calculated
using the 6,.

Using the formula above, an LCC high-frequency
series—parallel resonant sinusoidal power supply with a switch-
ing frequency of 22 kHz was designed. The design parameters
of the LCC series—parallel resonant sinusoidal power supply
are summarized in Table 2. Figure 6 presents the logarith-
mic frequency curves of the double-resonant frequency point
obtained with the designed converter under different equiva-
lent system loads. Figure 6 reveals that the voltage decay fac-
tor of the third-harmonic wave, or any harmonic above the
third wave, remains unchanged in the process of different load
changes of the designed converter, which maintains the sinu-
soidal output of the power supply within a certain load range.

3.2 High-voltage detuning power supply
The high-voltage-detuning power supply was an HVPA

connected in series to an HVDC module, which uses a spe-
cial control method. The overall structure of the detuning
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Table 2 Design parameters and specifications of the LCC resonant
sinusoidal power supply

Parameters Value
Input DC bus voltage (V) 250
Equivalent detuning PS load, R (€2) 100-1000
Turn-off time n/6
Harmonic proportion <15%
Filter resonance frequency, f; (kHz) 22
DCM resonance frequency, f, (kHz) 55.8
Series resonant inductance, L; (uH) 350
Parallel resonant inductance, L; (mH) 1.35
Series resonant capacitor, C; (nF) 30
Parallel resonant capacitor, C; (nF) 150
Filter inductor, L, (mH) 1
Filter capacitor, C, (nF) 100
Clamping capacitor, C (nF) 200
1
— R =1000Q
ol R = 6000 J
A R, = 3000
‘ — g, = 1000

(66k , -38.5dB)

-40

Voltage gain (dB)

(110k , -62.9dB)

60

-80 i L
10¢ 10

Frequency (Hz)

Fig.6 (Color online) Logarithmic-frequency curves of the double
resonance points for the different equivalent loads

power supply and its feedback control methods are illus-
trated in Fig. 7. The external extended high-precision
24-bit DAC controlled by the Zynq FPGA (Field Program-
mable Gate Array) controller provides a reference voltage
(Viet mvpa T Vier nvpe) to the A; shown in Fig. 7. This ref-
erence voltage is compared with the overall feedback volt-
age measured by the high-precision high-voltage divider
so that PI feedback control of the entire detuning power
supply is achieved through a loop control. The control set-
ting (Ve gv_pc) of the HVDC module was achieved using
a separate photoelectric conversion control. The advantage
of the detuning power supply control method is that the
voltage of the ET-gun load can be quickly and dynamically
compensated by the HVPA four-quadrant output. The load
voltage can accurately return to the high-voltage DC initial
value set by the HVDC module after the end of each detun-
ing pulse despite being affected by the parasitic parameters

@ Springer

in the system and the capacitive load characteristics of the
ET gun.

The series structure of the detuning power supply
causes the output pulse current of the HVDC module to
be consistent with that of the HVPA during the detun-
ing process. Therefore, a parallel pulse capacitor between
the HVDC module output terminal and the HVPA output
terminal as a current bypass is necessary. This structure
effectively protects the HVDC and filters the output volt-
age of the HVDC module to reduce the overall output rip-
ple of the detuning power supply.

HVPA uses multiple MOSFET (Metal Oxide Semicon-
ductor Field Effect Transistor) and Darlington transistors
in series to achieve positive and negative symmetrical
cascade structures [17]. The multiple-MOSFET improved
the overall withstanding voltage. A strict high-voltage
equalization protection circuit must be designed for each
MOSFET. The special structural design of the symmetrical
cascade can rapidly drive the capacitive load of the ET
gun to the falling edge of the end of the positive pulse or
to the rising edge of the end of the negative pulse. In the
static state, the symmetrical cascade assumes the function
of high-voltage equalization, whereas in the dynamic state,
the symmetrical cascade must be used as an AC circuit
for a high-voltage linear output. Therefore, it is necessary
to supply each MOSFET device with a sufficient driving
voltage and establish the correct working state to ensure
the stability of symmetrical cascades in static and dynamic
operations. The load capacitance and ET structure capaci-
tance are equivalent to 5 nF, and the instantaneous driv-
ing current of the 1 kV high-voltage output may rise as
high as 10 mA, In which case the instantaneous driving
current needs to be achieved by designing reasonable Cy
and C; front-stage energy storage capacitors for the front-
stage +2 kV high-voltage power supply at the ends of the
symmetrical cascade.

A linear optocoupler was used to isolate the high-voltage
potential between the weak current control voltage and the
Darlington transistor base electrode, which not only pro-
duces a linear transmission of the weak current control
signal but also safely drives the Darlington transistor base
electrode to operate in the linear amplification range. A cur-
rent-series negative feedback circuit was designed between
the error output and the optocoupler input to increase the
optocoupler input impedance and stabilize the drive cur-
rent. A voltage parallel negative feedback circuit is designed
between the optocoupler output and the Darlington transistor
base electrode, which performs the I-V conversion on the
drive signal output by the linear optocoupler while further
regulating the output current in the cascade amplifying loop,
and eventually stabilizes the detuning voltage of the ET-gun
load. The design process of the double-inner-loop feedback
based on Fig. 7 is as follows.



High-precision high-voltage detuning system for HIAF-SRing electron target

Page7of 14 75

+2000V |
—

. Mos ¢
. (‘ascade:

HVDC + HVPA
(0~-10kV ) £ (0~£1KkV )

AN s 1
1 .
Linearity ( | )
Optocoupler } 3
R b
X b
il
42_
Linearity
Optocoupler
N X
P b bl
-
" v Detuing wave .
R"Ij X $ L . J oy Gr== .
. + MOS
mww% HVDC I + Cascade;
RLG 1

Divide
1:10000

Zynq 7015+
E-Analog board

Optical Fiber

24 bit_DA Ceiitiol

i *
i rl\e_’@‘

Isolate HVPA
Voltage

——

Li

Fig. 7 Overall structure of the detuning power supply and its feedback control method

In the current series negative-feedback circuit, the
mutual inductance gain of the peripheral circuit composed
of operational amplifier A; is set as Ay, the input volt-
age as V, the input voltage of the operational amplifier in
the same direction as V;, and the closed-loop gain as Agf;
the open-loop gain of the operational amplifier is nearly
infinite, whereas the closed-loop input resistance is set as
R;;, and the optocoupler drive current is set as i,; and the
feedback coefficient as F,. Therefore, the conditions for
achieving deep negative feedback are as follows:

io1 Vi
sz%i=A

i

Rif

SR +R (2

Because the R;; is significantly higher than Ry,

1
Agsf ~ Agf ~ F,
T
(13)

_Vf_’olRf_R
— = =Lk
l l

ol ol

In the voltage-parallel negative feedback circuit, the
closed-loop mutual resistance gain of the operational
amplifiers A, and Aj is set as A,;, the optocoupler output
to the operational amplifier current as iy, the feedback cur-
rent as i, the feedback impedance as Z;, and the feedback
coefficient as F o Therefore, the conditions for achieving
deep negative feedback are as follows:
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. P _v()
ld ~ lf = Zf N

i 11 (14)
For—=—=->=-— —jwC,.

f Vo Z; R,

To improve the relative stability of HVPA, deep feedback
should be utilized to achieve the state of |1+ AFI>> 1[18].
Thus, the Darlington transistor with a large beta was selected
to improve the open-loop gain. Based on the presented analy-
sis, the slew rate of the output voltage of the HVPA in the
load of the fixed capacitive ET gun primarily depends on
F,F o and KlD :Rp / R;, whereas the rapid stability mainly
depends on G, in F, and K;=1/(R;C;) in the feedback control.

Assuming that the optocoupler output resistance is Rp,
since the feedback resistance R, is generally less than Ry,
the zero frequency of the voltage-parallel negative feedback
circuit can be concluded to be always lower than the pole
frequency. Furthermore, the optimal pole frequency setting
based on the system stability was achieved when the relative
frequency was located on an open-loop gain curve. The pole
frequency f=1/(27zR,C,) indicates that the high-frequency
asymptotic line of the noise gain is only determined by the
C, value. The open-loop gain of this system can be simpli-
fied as follows [19]:

C,+C
Aa= =g
g 15)

cBw G+ Gy (

B G

The C, value can be obtained by solving (16):

C, = ;[1 + V(T +82R, CoGBW) |

2 47TR1GBW =D ’ (16)

The C,4 is the linear optocoupler output inherent capaci-
tance, Cy, is the op-amp differential capacitance, C,, is the
op-amp common-mode capacitance, and GBW is the gain
bandwidth product of the operational amplifier A,.

To facilitate further analysis of the influence of various
parameters of the series structure of the HVPA and high-
voltage DC on the detuning waveform, the overall transfer
function model of an equivalent detuning power supply with
nonzero initial conditions was established in this study. This
was achieved by simplifying the MOSFET, Darlington tran-
sistor, and external driving excitation source, as described
by the formula below.

G6s) Ais*+Bs8* +C,s> +Dis+E,
5) =
Ay +B,s* + Cy53 + D,s? + E,s
< B
RiR (1 + D(roeRyRs + 1o R3Rs + R3RyRs + RyR4Rs + RyR4Rs B)
a7
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Table3 Summary of specifications and design parameters of the
detuning power supply prototype

Parameters Value
Maximum detuning pulse voltage (V) + 1000
Maximum Electron cooling DC voltage (kV) -10
Detuning pulse frequency (Hz) 2.5
Maximum detuning pulse rise/fall time (ps) <500
Detuning Vpp ripple (HVDC +HVPA) (ppm) <100
Minimum detuning voltage step (V) 1
Maximum detuning current (mA) >10
Voltage parallel negative feedback, R, (k€2) 40
Voltage parallel negative feedback, C, (pF) 20
Current series negative feedback, R, (€2) 430
Darlington transistor input resistor, R; (€2) 100
Darlington transistor clamp resistor, R, (€2) 1000
Darlington transistor FB resistor, R, (kQ) 10
Darlington transistor emitter resistor, Ry (€2) 150
Pulse current bypass capacitor, Cy (nF) 20
Energy storage capacitor, C; and Cy (nF) 200
Equivalent load, C, (nF) 5
High voltage divider resistor, Ry (MQ) 300
High voltage sensing resistor, R; (kQ) 30

The f value is the amplification factor of the Darlington
transistor, and A is the ratio of the gate current to the drain
current of the MOSFET in the symmetrical cascade. The
formulae for calculating A, A,, B, B,, C,, C,, D, D,, E|,
and E, are shown in the appendix.

The main decisive factors influencing the ability of the
detuning power supply to achieve the pulse within a rise/fall
time of 500 ps are the load capacity of the ET-gun and the
K., F,, F, of the deep negative feedback formula analyzed
above. The peak-to-peak voltage of the HVPA output ripple
is primarily related to the steady-state performance of the
design parameters. Hence, the parameters of the detuning
power supply are optimized and simulated under ideal condi-
tions using the transfer function in Eq. (17), which provides
a powerful rationale for the prototype design in Sect. IV.
The specifications and prototype parameters of the detuning
power supply are listed in Table 3. Figure 8a presents the
simulation of the optimized overshoot and oscillation of the
output waveform of the detuning power supply by adjusting
the parameters K, F,, and F,. Because F, and F| can be eas-
ily determined by designing the component parameters of
the required circuit, we first fixed the F, and F, parameters
and optimized the waveform by changing K. If changing K,
causes the system to attain the expected rise time when the
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Fig.8 (Color online) Results of the HVPA output simulation. a Simulated comparison of the detuning power supply with the optimized and
unoptimized parameters. b Bode diagram of the detuning power supply after parameter optimization

flat-top oscillations cannot be eliminated by adjusting Kj,
it is necessary to further fine-tune F, and F, and combine
K, for optimization. The optimized rise time is controlled
within 500 ps, and the overshoot and oscillation of the rising
edge are well-improved. The Bode diagram in Fig. 8b shows
the passband of the optimized detuning power supply reach-
ing 10 kHz, which satisfies the response-time requirement
of the DR detuning waveform.

4 Experimental results

A prototype of the detuning system is developed using the
design parameters verified by the simulation described in
Sect. 3. The main auxiliary power supply in the system can

Fig.9 (Color online) The sinu-
soidal waveform output by the
LCC series—parallel resonant
converter and the current of the

£z

2217 e

produce soft-switching zero-current sinusoidal waveform
outputs at 22 kHz with less than 15% of harmonic compo-
nents. Figure 9 presents the sinusoidal voltage waveform of
the measured LCC series—parallel resonant converter out-
put and the current of the converter in the soft-switching
state. The yellow C1 and orange C3 lines represent the gate
drive signals of the IGBT. The green C2 line represents
the resonant current. The resonant current achieved a soft-
switching zero-current working state during the dead time
of the IGBT gate-drive signal. The blue C4 line represents
a high-frequency resonant sine waveform, and its harmonic
proportion is less than 15%.

The high-precision setting of the DR waveform and the
timing of the detuning power supply were managed by the
developed controller. The maximum output voltage test of
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Fig. 10 (Color online) Detuning power supply and its test results of
the complete DR scanning period

the 5 nF load was conducted by using a 1:10,000 high-pre-
cision high-voltage divider. The DC ripple, pulse top ripple,
and pulse rise/fall edge times satisfied all the design require-
ments. The detuning power supply and test results for the
complete DR sweeping period are shown in Fig. 10. The
oscilloscope displays the DR sweep voltage of 0 to +1000 V
with an offset of —10 kV. The designed high-voltage divider
adopts a two-way voltage output, one of which is used as the

input of comparator A, shown in Fig. 7, and the other is used
for voltage monitoring.

The test result of the + 1 kV pulse voltage floating above
the —10 kV DC voltage is shown in Fig. 11. The rise/fall
time of the pulse are both less than 500 us. The front-stage
energy storage capacitors (200 nF) assist in reducing the
front-stage +2 kV high-voltage power supply output instan-
taneous current despite them operating with the maximum
output detuning voltage at an equivalent ET gun load (5 nF).
The rise time of the 1 kV pulse is 180.3 ps, and the fall time
is 323.7 ps. The rise/fall times satisfied the design require-
ments. The difference between the rise/fall times arises from
the different F, parameters between the positive and negative
symmetrical cascades. Different F, parameters can prevent
positive and negative symmetrical cascades from simultane-
ously turning on during the power-on process. The rise time
of the simulation detuning pulse shown in Fig. 8a is 230 ps;
the trend of the rise time of the pulse shown in Fig. 11 is
faster than the simulated rise time. This is mainly because
the use of the same simulation parameters on the positive
and negative symmetrical cascades will lead to the problem
of turning on both sides simultaneously; the positive pulse
parameters are adjusted based on the simulation. In addi-
tion, the rise time of the detuning pulse is affected by the

Fig. 11 (Color online) Maxi- TeksStop [ —1 |
mum output voltage test. The : b : (2]
bright blue line is the overall o ‘ 8 ’
output of the detuning power Pulse 1kV
supply. (=10 k VAC +1000 V
DC). The pulse rise time ' : ]
measured by the oscilloscope is R 7 v S bt ]
180.3 ps. The green line is the / Offset -10 kV /N"
output current of the front-stage 2 i i ; = R i
positive power supply in HVPA. O :
The pink line is the output cur- T
rent of the front-stage negative
power supply in HVPA
' \ ; ][I0.0ms. “T.00Ms/s Y ]
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Fig. 12 (Color online) The ripple test for the output maximum detun-
ing voltage. The test uses a C-R circuit (C=20 nF, R=100 MQ) to
indirectly measure the ripple of the detuning voltage under the condi-
tion of long pulse widths. a The blue line is the overall ripple volt-
age of the HVDC output ranging from 1 to 10 kV, measured with the
HVPA output maximum of 1000 V. b The red line is the ripple of
the HVPA output at 1 kV. The blue line is the ripple at the top of the
overall output detuning voltage (—10 kV +1000 V). ¢ The waveform
is the FFT of the middle two ripples

drive of the multiple MOSs, and active components such
as multiple MOSs are idealized and replaced in the simula-
tion. As shown in Fig. 12a, the ripple in the HVDC output at
1000 V exceeds 100 ppm. However, within the normal DR
experimental range, HVDC output ripples of greater than
2000 V can be limited to the 100 ppm range. The HVDC
cannot meet the specifications at low voltages owing to the
background noise. Figure 12b and ¢ also demonstrate the
ripple waveform and ripple FFT, respectively, at the maxi-
mum output. The main ripple harmonic components were
22 kHz and were high-order harmonics. This is because the
system adopts a floating and in-series structure, which dis-
turbs the power-supply ripple owing to the isolated power
supply. The ripple of the detuning power supply is subject
to the conducted and radiated interference from the isolated
power supply. A greater output power of the isolated power
supply results in stronger interference. In addition, an effec-
tive solution is to maintain the high-frequency source distant

from the experimental equipment, use the relevant electro-
magnetic shielding, and suppress the related common-mode
interference.

To understand the performance of the developed
electron-energy fast detuning system, we first installed
the prototype on a CSRm electron cooler [20] and tested
it with an online DR experiment for Li-like Fe'>* ions.
In the experiment, the Li-like Fe'>* ions were produced
from an ECR ion source and accelerated to a beam energy
of 4.35 MeV/u by a sector-focused cyclotron and then
injected into the cooler storage ring CSRm [21]. The elec-
tron cooling HV was set at —2368.5 V, and the electron
current was 46 mA, under which the electron and ion beam
are velocity-matched, that is, the electron and ion beams
have the same mean velocity in the longitudinal direction
and the relative energy between these two beams is zero.
The main parameters of all the power supplies for the elec-
tron gun are listed in Table 1.

After the electron cooling was done for several sec-
onds, the momentum spread (Ap/p) of the injected ion
beam was reduced to approximately 1.75 X 10™*. In the
DR measurement, the electron energy was scanned from
0 to+360 V in the entire measurement cycle. For each
detuning voltage point, the electron energy was detuned
for 20 ms and set to the cooling point (E,; = 0) for 180 ms
to maintain a good ion beam quality. The relative energy
between the electron and ion beams at the cm frame was
calculated using the following formula:

E.= \/mgc4 + mizc4 + 2memiyeyic4(l — B.p, cos 0) —myc? — mc?,
(18)
where m, and m; are the electron- and ion-resting masses,
respectively; c is the speed of light, y, and y; denote the
Lorentz factors of the electron and ion beams, respectively.
v, = fp.c and v;,, = fc are the velocities of the electron and
ion beams. The angle 6 between the electron and ion beam
was safely assumed to be zero in the current experiment.
The space-charge effects were carefully considered, and
the drag-force effects were found to be negligible. For elec-
tron—ion recombination experiments at heavy ion storage
rings, the recombination rate coefficient a can be deduced
from the recombination counting rate R at a relative energy
E,., between the electron and ion by the following [22]:

R(E)

o(E) = Nine(l—ﬂiﬂe)%’ (19)

where N, is the number of stored ions, n, is the density of
the electron beam, L is the length of the effective interaction
section, and C is the circumference of the storage ring.
According to Egs. (18) and (19), the obtained elec-
tron—ion recombination spectra are shown in Fig. 13. The
recombination spectra measured under the positive and
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Fig. 13 (Color online) Result of the DR demonstration experiment. a
Comparison of the measured DR spectrum with the TSR; the abscissa
is expressed by the voltage value. b Fitting of the longitudinal tem-
perature to the broadening of the DR resonance peak between 1 and
25eV

negative detuning voltages are represented by the solid red
and blue curves, respectively. The spectra cover an elec-
tron—ion collision energy of 0-15 eV, encompassing part
of the DR resonances owing to the 3 s — 3p and 3d core
excitations. The strong peak at O eV clearly indicates the
contribution of the radiative recombination (RR) process.
The resonant positions in Fig. 13a and the corresponding
detuning voltages are shown in the lower panel. We also
compared the measured DR spectra with the experimen-
tal results from the TSR measurement in detail [23]; the
resulting resonant parameters were in good agreement.
The ripple of the power supply affected the longitudinal
temperature of the electron beam, and the change in the
longitudinal temperature was reflected in the broaden-
ing of the DR resonance peak. By fitting the longitudinal
temperature to the broadening of the DR resonance peak
shown in Fig. 13b between 1.0 and 2.5 eV and using the
constant parameter (C=2) to calculate Eq. (23) [24, 25,
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26], the results demonstrate that the ripple of the power
supply was approximately 116 ppm. The main reason for
the difference between the theoretical calculation and
power supply test results is that the theoretical longitu-
dinal temperature is affected by many factors, such as the
space charge effect, longitudinal-longitudinal relaxation,
and cathode temperature. Although the calculated results
are not consistent with the measured results, it is highly
likely that the broadening of the DR resonance peak is
compatible with the ripple measurement.

5 Conclusion

In this study, the analysis and design of the main auxiliary
power supply with an LCC series—parallel resonant con-
verter in the front stage and an LC filter structure in the post-
stage are introduced, which can provide power transmission
with low harmonics and low switching noise and protect
the system in extreme cases. Based on the DR experimental
waveform requirements and ET-gun load characteristics, a
high-voltage detuning power supply with HVPA and HVDC
modules in series was designed. The implementation and
practical considerations of the overall structure of the detun-
ing power supply were described. The proposed method
achieves a large instantaneous current of the HVPA output
and solves the simultaneous conduction of the positive and
negative symmetric cascades of the HVPA.

The designed auxiliary power supply was used to provide
a high-frequency isolated power transmission for detuning
the power supply. The O to + 1 kV detuning pulses floating
above 0 to —10 kV DC were achieved on an equivalent ET
gun load (5 nF) using the designed special detuning power
supply. The pulse ripple was less than 100 ppm, and the
rising or falling edge was less than 500 us, which met the
requirements of the DR experiment. According to the DR
experimental parameters of the experimental ion Fe'>™, the 0
to +360 V pulses floating above the high voltage —2368.5 V
DC output of the system were used for the DR test. The reso-
nant parameters of the experimental results were consistent
with those of the DR test of the TSR, which verified that the
detuning system achieved the proposed technical indicators.

The presented results demonstrate the reliability and
feasibility of this newly designed electron energy detuning
system, which also provides an early technical reserve and
paves the way for the future contraction of the detuning sys-
tem for the SRing electron target. In addition, the designed
detuning power supply provides an applicable technical solu-
tion for driving capacitive loads, such as electron guns, to
achieve fast rising or falling edges and low top-ripple linear
high-voltage pulses.
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Appendix

The components a, ¢, and e used in the imaginary transfer
function calculation described in Eq. (1) were obtained using
the following formula:

a= L1L2L3 Cl C2C3

¢ =L,L;C,Cs5 + C,C3L Ly + C,C, (L Ly + L,Ly + L, L,)

(20)

The components ¢, ¢, and ¢; used in formula (11) can be
obtained by the following:
@, = U;sinw,T,

(P2+(C1//C3)\/L_lsinw0TS \/EiL 2D
GV G /]G 2C,4/C,//C;

The components A,A,,B,,B,,C,,C,,D,,D,,E,, and
E, in the transfer function of the equivalent detuning power
supply described in Eq. (17) are obtained by the following
formula:

P3 =

A, =R,R,R,R;C,CyL,C;
B, =(R,R,R, + RyR,Rs — R, R3R5)C5L;C;
+ R \R,R,RsC,Cy(RyC; + LyR))
=R, R,R,RsCy(CzRzR, + C)) + (CyRzC; + CzLgR,)
(R,RyR, + RyR,Rs — R,R;R;)
D, =R,R,R,RsC,R, + (R\R,R, + RyR,Rs — R R;R5)
(CgRgR, + C)
E, =(R,R,R, + R,R,Rs — R|R:R5)R,
A, =R,C,CyLsC,C, Ry,
B, =R,C,(C; + C,)CyRy + Cy3LyC,C Ry
C, =(C. + C)CyLy + R C,Ry(C,Cp + (Cp + C,)Cp)
Dy =R,Cy(Cp + C,) + C,C Ry + (C + C,)CyRy
E,=C,+C,

—_

0

(22)

(kT,)? e 1 Eg, (AU

KT = — 4 (22
W= 2E,, ~ dne, © y+1< U 23)
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