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1. Rationale

The MOTion trap experiment incorporates a combined linear radio-frequency (RF)
trap with a time-of-�ight (TOF) mass spectrometer (MS). Once trapped, the ions
can be cooled and manipulated and, subsequently, kicked out radially into the TOF
MS. The ions-of-choice are Yb+ and Ba+ /BaCl + .

The RF trap consists of four rods which are all segmented into three segments.
The trap has a �eld radius R0 = 6:85 mm, a rod diameter of r = 9:02 mm and a
distance Z0 = 10:67 mm from the center of the trap to an outer segment. The RF
trap is operated asymmetrically, i.e.two opposing rods are driven by an RF voltage
and the other two rods are at RF ground (GND). We aim for a Mathieu parameter
q < 0:2 and choose an RF drive frequency of 
 = 2� � 1:8 MHz for normal trap
operation and 
 alt = 700 kHz as alternative RF drive frequency. The maximum RF
voltage is VRF = 750 V. Additionally, each segment allows for adding an indepen-
dent (positive) DC voltage Un � 15 V to provide the axial con�nement of the ions,
an optional Mathieu a parameter, and micromotion/stray �eld compensation.

For the TOF operation, the RF drive voltage is turned o� within half a cycle of 
 .
Afterwards, DC high voltages (HVs) of up to 1:5 kV are applied to each segment of
the RF trap with a rise time of THV � 250 ns(10 % to 90 %). Here, the rods closest
to the TOF MS have a slightly lower voltage HV < than the far rods with HV > .

We choose a design with an individual drive electronics for each of the 12 seg-
ments of the RF trap. Thus, we have a �ne-grained control over the individual
RF/DC voltages and HVs. These 12 drive electronics (see Sec.?? are controlled
from a control unit (see Sec. 2) that provides 16 synchronized RF sources plus trig-
ger and timing circuitry for RF shut-down and activation of the HV pulses. The
control unit is con�gured by a PC using a serial communication over USB.



2. Control Unit
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Figure 1: Block diagram of the control unit. See text for explanation.

The control unit (see Fig. 1 for a schematic overview) consists of multiple printed-
circuit boards:

� four Analog Devices AD9959 quad-DDS evaluation boards providing in to-
tal 16 RF outputs (Sec.2.1),

� a microcontroller board with synchronization ciruitry; it allows to program
the DDS boards from a PC via a serial communication and perform real-



time tasks such as turning o� all RF outputs upon external trigger signals
(Sec.2.2),

� a 500 MHz clock source with four outputs, one for each DDS board (Sec. 2.3),
� two zero-crossing D-type �ip-�op boards; these boards make it possible

to generate from an (unsynchronized) input TTL signal (seven bu�ered)
output TTL signals whose rising edge is aligned with the zero-crossing of a
reference RF signal (Sec.2.4),

� and a power supply providing various supply voltages ( 1:8 V, 3:3 V, and
5:0 V) for the di�erent parts of the boards (not shown in Fig. 1).

The individual components will be described in more detail in the following.

2.1. DDS Boards

For general information about the DDS evaluation boards (AD9959/PCBZ) and
the DDS chip itself (AD9959) the reader is referred to the datasheets on the Analog
Devices Website. A brief description follows below.

2.1.1. Description

For the generation of the RF we choose Analog Devices AD9959 evaluation boards,
which feature four DDS channels each with individual frequency, phase, and am-
plitude control.

Basically, each DDS core has a 32-bit phase accumulator, which is incremented by
the frequency tuning word (FTW) during each cycle of the system clock (SYSCLK).
The value of the phase accumulator 2 [0;232 � 1] corresponds to the phase of the
output cosine wave 2 [0;2� ). A phase-to-amplitude converter translates the phase
value to an amplitude, which is output with a 10-bit digital-to-analog converter
(DAC). Hence, the output frequency is

fout =
fSYSCLK � FTW

232
:

Additionally, each core allows to add a constant phase o�set (phase o�set word
(POW), 14 bits) and scale the output amplitude (amplitude scale factor, 10 bits).

The boards are con�gured via an Serial Peripheral Interface (SPI) interface (the
onboard USB interface is not being used). The reader is referred to the datasheet
for a more detailled description of all the features.

http://www.analog.com/
http://www.analog.com/


2.1.2. Synchronization

All four DDS evaluation boards are synchronized. The basics for understanding
the requirements for the synchronization and its implementation in the control unit
are brie�y discussed below. The reader is referred to the datasheets of the AD9959
for details on the used synchronization mode (automatic mode synchronization).

Each DDS board derives various internal clock signals from the externally pro-
vided reference clock (REFCLK). For successful synchronization of all four DDS
boards, the REFCLK signals for all boards should have as little mutual phase dif-
ference as possible. This is achieved with the clock source (see Sec.2.3) and the
use of SMA cables of equal length (12 in) to connect each DDS board to the clock
source.

The SYSCLK is derived from the REFCLK by multiplying it with a software-
con�gurable phase-locked loop (PLL) divider ratio ( M). A higher REFCLK fre-
quency provides better phase-noise characteristics. We use the maximal REFCLK
frequency of 500 MHz, which requires a PPL divider ratio of M = 1, such that
REFCLK and SYSCLK rates are identical.

The synchronization clock (SYNC_CLK) runs at one-forth of the SYSCLK and
determines the speed of the serial interface. Upon reset, the DDS boards have
random mutual SYNC_CLK phase di�erences of about 0 � , 90� , 180� , or 270� .
To synchronize them, the SYNC_CLK of a master DDS board is connected to the
SYNC_IN of the slave boards. Master/slave and the synchronization mode are
con�gured in software via the serial interface.

Connecting the SYNC_CLK output of the master board directly to the slave
boards deteriorated the signal too much and required individual bu�ering, which
is part of the synchronization circuit on the microcontroller board (see red parts in
Fig. 1 and Sec.2.2). The bu�er outputs are connected to the slave DDS boards with
SMA cables of identical length ( 12 in).

Finally, a potential (now deterministic!) phase di�erence between the master and
slave boards due to a signal propagation delay of the SYNC_CLK can be adjusted
in software. 1

Lastly, the I/O_UPDATE transfers data from the serial I/O bu�er of a DDS
chip to the active registers of the DDS cores. All four DDS boards must receive
coincident I/O_UPDATE rising edges for being synchronized. Otherwise, one
DDS board might run one or more SYSCLK cycles earlier at a di�erent frequency
than the other DDS boards leading to a phase di�erence of the output RF signals.

1 It turned out to be zero in our box.



The clock of the microcontroller and, thus, its digital signals are not phase-
locked to the SYNC_CLK of the DDS boards. Even coincident I/O_UPDATEs
from the microcontroller can destroy the synchronization, because small phase
di�erences between the SYNC_CLKs can with a small probability result in some
DDS boards to update the active registers one SYSCLK cycle before the others. As
a solution, the I/O_UPDATE signal from the microcontroller is passed through an
edge-triggered D-type �ip-�op, which transfers the signal to its output upon the
rising edge of the master's SYNC_CLK (see red parts in Fig. 1 and Sec.2.2).

There is an individual bu�er for the I/O_UPDATE for each DDS board to en-
sure a good signal quality and again cables with same length (twisted-pair cables,
preferably short) are used to connect each board.

The length of the SMA cable from the master's SYNC_CLK output to the mi-
crocontroller board can be used to shift the rising edges of the I/O_UPDATE and
SYNC_CLK su�ciently apart. 2

2 A 12 in SMA cable did the trick by chance. The length required for a shift of 180� would be about
80 cm.



2.2. Microcontroller Board

2.2.1. Description

The microcontroller board is based on an Atmel ATmega2560 microcontroller with
an FTDI FT232RL USB-to-serial converter (see green parts in Fig.1 and sheets 1
and 2 of the schematics). The USB-to-serial converter and the microcontroller itself
are powered via USB from the connected PC (resulting in 5 V logic levels). The
microcontroller is largely compatible with the Arduino Mega2560 board. For ex-
ample, the Arduino bootloader has been programmed to the microcontroller such
that the main �rmware can now be �ashed over the USB port (just as with the
Arduino board) instead of �ashing it using Atmel's in-system programmer (ISP)
interface.

Expect for the USB connection, all the other digital connections from/to the
microcontroller are lead through digital isolators and are powered from the power
supply of the control unit. Hence, both the digital inputs/outputs and the RF
outputs of the control unit are galvanically decoupled from the PC protecting it
and preventing ground loops. In addition, the isolators bu�er the inputs/outputs
of the microcontroller and interface 5 V and 3:3 V logic.

2.2.2. Serial Interface for the DDS

Connector X7 of the microcontroller board provides the serial interface to the DDS
boards. It has 4 inputs and 12 outputs with 3:3 V logic levels (see red parts in Fig. 1
and sheet 4 of the schematics). It contains all the non-timing-critical signals and
is optimized for the single-bit 3-wire SPI mode of the AD9959 (see datasheet for
details): Registers are written to the DDS chip over a serial-data-in (SDI) wire and
read over a serial-data-out (SDO) wire with a common serial clock (SCLK) wire.

All DDS chips share (= are connected in parallel to) reset (RESET), serial clock
(SCLK), serial data in (SDI), sync I/O (SYNC_I/O), and pro�le pins (P0 to P3 en-
abling fast switching between certain register values). However, separate outputs
for the chip select (CS) and separate inputs for the serial data out (SDO) of each
DDS chip are provided (see Tab. 1 for the pin mappings).

To facilitate the wiring, passive DDS chain boards adapt connectors U2 and U13
of the AD9959 DDS evaluation boards to a single ribbon cable connector with the
same pin assignments as X7 on the microcontroller board (see Tab.1). These DDS
chain boards also provide con�guration options to connect the proper SDO x and
CSx of X7 to the SDO and CS of the x-th DDS board, respectively. A single ribbon



cable interconnects the serial interfaces of the microcontroller and all DDS chain
boards.

Optionally, if the DDS boards do not require synchronization, connector X7 can
also provide a shared I/O_UPDATE. The DDS chain boards can be con�gured to
use this I/O_UPDATE, not requiring to wire up the individually bu�ered, syn-
chronized I/O_UPDATEs from connector X2 to each DDS chain board.

2.2.3. Synchronization Circuit for the DDS

For the details on how the synchronization of the DDS boards works see also
Sec.2.1.2and the datasheet of the AD9959. The circuit can be found on sheet 3 of
the schematics.

Initially, two options for synchronizing I/O_UPDATE with the SYNC_CLK of
the DDS chips were considered:

A. using a quartz oscillator as clock for the microcontroller and syncronizing
I/O_UPDATE with an edge-triggered D-type �ip-�op, which is sketched in
Fig. 1 and described in Sec.2.1.2, or

B. dividing the SYNC_CLK from the DDS by eight and using it as clock for
the microcontroller, such that any microcontroller signal is automatically
phase-aligned with the SYNC_CLK.

Option A works and is used in the control unit. Option B does not work, because
resetting the DDS boards turns o� their SYNC_CLK pin and, thus, the clock for
the microcontroller, which stalls the system. Still, option B might be useful in a
di�erent scenario with a di�erent, where the external clock is not derived from the
DDS board. See Tab.6 for the jumper settings of the microcontroller board.

The cables from the SYNC_CLK_OUT connectors to the slave DDS boards' SYNC_
IN connectors must have the same length (12 in). The length of the cable from the
master's SYNC_CLK to the SYNC_CLK_IN of the microcontroller board can be
used to tune the phase di�erence between SYNC_CLKs and I/O_UPDATEs. Here,
a 12 in cable turned out to be �ne.

Caveat:Note that the master's SYNC_CLK has to be used on connector X3,not
the SYNC_OUT signal. The clock signal must be available right after turn-on of
the box to be able to generate I/O_UPDATE signals via the edge-triggered D-
type �ip-�op for software-con�guring the DDS chips. The SYNC_CLK is available
upon turn-on, while the SYNC_OUT will only be available after con�guring the
corresponding board as the master board (which will not be possible, because
there will be no I/O_UPDATE).



Connector X2 is described in Tab. 3. The I/O_UPDATE signals must be con-
nected to the DDS boards (more precisely, the chain boards) with twisted-pair
cables (one I/O_UPDATE and one GND1 per pair) of identical lengths.

2.2.4. External Digital I/O

The external digital I/O connector X9 is accessible from the front of the box and
provides 4 interrupt capable inputs and 4 outputs ( 5 V TTL levels; blue parts in
Fig. 1). Two of the interrupts are edge-triggered (INT x) and two are triggered
upon (any) pin change (PCINT x).

Caveat 1:Each input/output has a resistor in series, to prevent damage from
(small) voltages applied to outputs or (slight) over-voltages applied to inputs. If the
externally connected device has an input with comparatively low input impedance
(smaller than several kW), the outputs on connector X9 might not be able to reach
the logic-high level.

Caveat 2:(Only for older microcontroller board revisions before �rev20150217�.)
If input pins are not used, they must be (externally) connected to ground, e.g. with
pull-down resistors or shorts. Otherwise, the high impedance of the input pins can
lead to spurious trigger events on unconnected pins, if a close-by pin experiences
a level change.

To work around caveat 2 and for easy-of-use, an extra PCB has been made, which
adapts the signals on X9 to SMA connectors and provides pull-down resistors for
the 4 inputs (see Sec.A.3).

The pin mappings are given in Tab. 4.

2.2.5. Optional Digital Interface

The microcontroller board provides an additional, currently unused, digital inter-
face with 8 inputs and 8 outputs (not shown in Fig. 1). It provides 3:3 V logic levels
by default, which can be changed by substituting IC19 with a 5 V regulator. For
completeness, the pin mappings are given in Tab. 5.

2.2.6. Jumper Settings

The jumper settings for the microcontroller board are given in Tab. 6.



ATmega2560 schematics pin of X7 AD9959 software

� VCC1 1 � �
� VCC1 2 � �
PD7 DI3 5 SDO3 SDO3
PD6 DI2 7 SDO2 SDO2
PD5 DI1 9 SDO1 SDO1
PD4 DI0 11 SDO0 SDO0
PD3 DO11 13 SYNC_I/O SYNCIO
PD2 DO10 15 RESET RESET
PD1 DO9 17 SCLK SCLK
PD0 DO8 19 SDI SDI
PL7 DO7 21 CS3 NCS3
PL6 DO6 23 CS2 NCS2
PL5 DO5 25 CS1 NCS1
PL4 DO4 27 CS0 NCS0
PL3 DO3 29 P3 P3
PL2 DO2 31 P2 P2
PL1 DO1 33 P1 P1
PL0 DO0 35 P0 P0
PG3 IOUPDATE 37 (optional!) I/O_UPDATE IOUPDATE

Table 1: Pin mappings for microcontroller ATmega2560 (IC2) pins to signal names in
schematics, to pins of ribbon cable connector (X7), to pins of DDS chip AD9959, to macro
names in the software (see Sec.??). The indeces of SDO andCS, respectively, in the column
labelled AD9959 denotes the DDS board number it will be connected to. Signals DI x de-
note input signals of the ATmega2560, while DO x denote outputs. Note that I/O_UPDATE
on pin 37 of X7 is optional (pin is ground by default!) and only useful, if the DDS boards
do not require synchronization. All other pins of connector X7 not mentioned above are
held at ground GND1.

connector signal connected to

X3 SYNC_CLK_IN SYNC_CLK of master DDS board
X4 SYNC_CLK_OUT SYNC_IN of �rst slave DDS board
X5 SYNC_CLK_OUT SYNC_IN of second slave DDS board
X6 SYNC_CLK_OUT SYNC_IN of third slave DDS board

Table 2: SYNC_CLK input and outputs.



pin signal

1 VCC1
3 I/O_UPDATE
5 I/O_UPDATE
7 I/O_UPDATE
9 I/O_UPDATE

Table 3: Pin mappings of connector X2. All other pins are ground GND1.

ATmega2560 schematics pin of X9 special function

� VCC3 1 �
PE5 XI3 3 INT5
PE4 XI2 5 INT4
PK0 XI0 7 PCINT16
PK1 XI1 9 PCINT17
PK4 XO0 11 �
PK5 XO1 13 �
PK6 XO2 15 �
PK7 XO3 17 �

Table 4: Pin mappings for microcontroller ATmega2560 (IC2) pins to signal names in
schematics, to pins of ribbon cable connector (X9), and special function for interrupt ca-
pable pins (see Sec.??). Signals XIx denote input signals of the ATmega2560, while XO x
denote outputs. All other pins of connector X9 not mentioned above are held at ground
GND3.



ATmega2560 schematics pin of X8

� VCC2 1
� VCC2 2
PJ7 AO7 5
PJ6 AO6 7
PJ5 AO5 9
PJ4 AO4 11
PJ3 AO3 13
PJ2 AO2 15
PJ1 AO1 17
PJ0 AO0 19
PC7 AI7 21
PC6 AI6 23
PC5 AI5 25
PC4 AI4 27
PC3 AI3 29
PC2 AI2 31
PC1 AI1 33
PC0 AI0 35

Table 5: Pin mappings for microcontroller ATmega2560 (IC2) pins to signal names in
schematics, to pins of ribbon cable connector (X8). Signals AIx denote input signals of the
ATmega2560, while AOx denote outputs. All other pins of connector X8 not mentioned
above are held at ground GND2.



jumper description

JP1 closed (default): microcontroller reset upon initialization of USB-to-
serial interface
open: otherwise

JP2 1-2 and 3-4 closed, 5-6 open (default): quartz oscillator used as clock
of microcontroller
1-2 and 3-4 open, 5-6 closed: external clock used for microcontroller

JP3 Atmel ISP interface for (initially) �ashing the bootloader to the mi-
crocontroller and changing the so-called fuse settings; do not add any
jumpers!

JP4 1-2 open, 3-4 closed (default): I/O_UPDATE is synchronized by D-
type �ip-�op
1-2 closed, 3-4 open: I/O_UPDATE is either unsynchronized or the
clock of the microcontroller must be synchronized to SYNC_CLK

JP5 1-2 open, 3-4 closed (default): SYNC_CLK passed to D-type �ip-�op
for synchronization
1-2 closed, 3-4 open: SYNC_CLK passed to clock divider IC7; see its
datasheet for setting the appropriate clock divider ration using solder
jumpers SJ1 and SJ2

JP6 1-2 open, 3-4 closed (default): connector X7 does not provide an I/O_
UPDATE signal
1-2 closed, 3-4 open: connector X7 provides I/O_UPDATE (see Tab.1);
use only for unsynchronized DDS boards!

JP7 closed (default): provide power of DDS serial interface and syn-
cronization circuit from microcontroller board; VCC1 pins of connec-
tor X7 provide that voltage for externally connected devices
open: sub-circuit powered down or powered (externally) from VCC1
pins of connector X7

JP8 closed (default): provide power of optional digital interface from mi-
crocontroller board; VCC2 pins of connector X8 provide that voltage
for externally connected devices
open: sub-circuit powered down or powered (externally) from VCC2
pins of connector X8

JP9 closed (default): provide power of external digital interface from mi-
crocontroller board; VCC3 pins of connector X9 provide that voltage
for externally connected devices
open: sub-circuit powered down or powered (externally) from VCC3
pin of connector X9

Table 6: Jumper settings of the microcontroller board.



2.3. Reference Clock Board

2.3.1. Description

The reference clock board provides 4 REFCLK signals (500 MHz, � 8 dBm each)
with same phase�one for each of the 4 DDS boards (see Fig. 1). The REFCLKs
are to be connected to the DDS boards with cables of identical length (12 in were
chosen here). The components are listed in Tab.7.

oscillator Crystek RFPRO33-500.00
ampli�er Mini-Circuits ZX60-33LN-S+
attenuator Mini-Circuits VAT- x+
power splitter Mini-Circuits ZB4PD1-500+

Table 7: Components of the reference clock board.

The attenuation value has been chosen such that the power of the REFCLK sig-
nals has the desired value. It must be adapted, if any of the RF components is
replaced (even with same model) or substituted by another model.



2.4. Zero-Crossing D-Type Flip-Flop Boards

2.4.1. Description

These boards pass changes of an input TTL signal TTL_IN to 7 bu�ered outputs
TTL_OUT upon zero-crossing (from negative to positive) of an analog RF reference
signal REF (see Fig.1, orange circuit). REF is (by default) an RF input with 50W
impedance and TTL_IN (TTL_OUT) are 5 V TTL inputs (outputs).

The boards are used to generate trigger signals for the HV pulsing which are
phase-stable with respect to the RF voltage. This is important, because the perfor-
mance of the damping of the trap RF voltage and the shape of the subsequent HV
pulses depends strongly on the RF phase at which it has been initiated.

Two DDS channels running at the currently used RF drive frequency are used
as references REF1/2 for both �ip-�op boards. One of the �ip-�op boards receives
an external, uncorrelated trigger signal for the HV pulsing. Its outputs are used to
trigger the HV pulsing of the drive boards tuned to 1:8 MHz resonant frequency
and the second �ip-�op board. The other �ip-�op board then triggers the drive
boards tuned to 0:7 MHz resonant frequency. By changing the phase ' 1=2 between
REF1/2 and the DDS channels used for the RF drive electronics, the timing of the
RF pulsing can be optimized.

Note: The input trigger for the second �ip-�op board must be provided by
the �rst �ip-�op board. If the same (uncorrelated) external trigger was used by
both �ip-�op boards, the �ip-�op board with reference dragging behind ( ' x > ' y)
would sometimes be triggered one RF drive period before the other �ip-�op board
and the HV pulses would not coincide.

Caveat:There is still a small window around a certain phase di�erence ' 1 � ' 2,
at which TTL_OUT from the �rst �ip-�op board is detected by the second �ip-
�op board at about the same time as the zero-crossing of REF2 occurs. In that
case, there will still be sometimes jumps (by one period of the drive RF) of the HV
pulses of the 0:7 MHz boards. As a solution, the trigger delay of the 0:7 MHz drive
boards can be changed or slightly di�erent phases ' 1=2 be used.

Caveat:The jitter in the detection of the zero-crossing of the REF signals increases
with decreasing amplitude of the REF signal. In addition, due a small hysteresis
voltages in detecting the zero-crossing, TTL_OUT will be slightly shifted for de-
creasing amplitudes of REF. For lowest jitter (typically < 5 ns for our RF frequen-
cies) and shift, it is strongly recommended to operate the REF DDS channels at
their maximal amplitude ( � 350 Vpp ). (The maximal amplitude for REF should not
exceed5 Vpp .)



2.4.2. Jumper Settings

The jumper settings for the zero-crossing D-type �ip-�op boards are given in
Tab. 8.

jumper description

JP1 closed (default): power enabled
open: powered down

JP2 internal connector for TTL_IN (actually not a jumper)
JP3 internal connector for TTL_OUT (actually not a jumper)
JP4 1-2 open, 3-4 closed (default): TTL_OUT is synchronized by D-type

�ip-�op to zero-crossing of REF
1-2 closed, 3-4 open: TTL_OUT is not synchronized to REF (= simple
bu�ering of TTL_IN)

JP5/JP6 1-2 closed (default): REF input is a 50Wanalog RF input; synchroniza-
tion to zero-crossing
2-3 closed: REF is a5 V TTL input; synchronization to rising edge
Important: JP5 and JP6 must have the same con�guration!

Table 8: Jumper settings of the zero-crossing D-type �ip-�op board.



A. Schematics and PCB Layouts

A.1. Microcontroller Board

























A.2. DDS Chain Board













A.3. External I/O Breakout Board













A.4. Zero-Crossing D-Type Flip-Flop













A.5. Power Supply Board













B. Photographs

B.1. DDS Boards











B.2. Microcontroller Board







B.3. DDS Chain Board







B.4. Clock Board





B.5. Zero-Crossing D-Type Flip-Flop





B.6. Power Supply Board





B.7. Complete Control Unit













B.8. Front Panel






