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INSTRUMENTATION AND MEASUREMENT
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A robust pre-emptive kill switch for cold atom experiments is introduced to significantly reduce costly system re-
assembly or replacement. The design incorporates upper (alarm) and lower (evaporation) event detection mechanisms
based on predefined thresholds. Meanwhile, a duty cycle timing methodology is employed to prevent unintentional activa-
tion of the dispenser when pulse signals occur. The circuit employs generic components, a modular design, and formalized
logic, ensuring cost-effectiveness and making the design suitable for school laboratories and other research environments.
This design is highly versatile and can be applied to other sensitive devices beyond dispensers, such as heating filaments,
titanium sublimation pumps, tungsten lamps, and comparable systems.

Keywords: cold atom experiment, alkali metal dispenser, dispenser protection mechanism, vacuum
technology

PACS: 37.10.De, 07.30.Kf, 07.77.Gx, 84.30.–r

DOI: 10.1088/1674-1056/ae577f CSTR: 32038.14.CPB.ae577f

1. Introduction
Alkali metal vapors are a vital resource for numer-

ous emerging chip-scale quantum technologies, such as
atomic clocks,[1,2] quantum gravimeters,[3,4] and quantum
computers,[5,6] which are increasingly attractive for the im-
plementation of new quantum device architectures.[7,8] The
sharp resonances of alkali atoms find applications in atom
cooling, precision spectroscopy, and the frequency stabiliza-
tion of lasers on atomic transitions.[9,10] A source of (warm)
alkali atoms is required in all cold-atom systems to provide an
appropriate atom density for forming the magneto-optic trap
(MOT),[11–15] as the appropriate atom density significantly de-
termines the characteristics of the MOT, such as the load rate,
loading time, loss rate, and cooling beam intensity. However,
an inappropriate density may even destroy MOT trapping.[16]

Light-induced atom desorption (LIAD) from cell surfaces has
been investigated to modulate atom density.[9,17–22] Although
it performs well in some experiments, reproducibility issues
may occur, and such methods have yet to be miniaturized to
facilitate portability and microfabrication.[23,24]

There exists a wide range of methods to produce di-
lute atomic gases for alkaline, alkaline earth, rare earth, and

other metals with low or moderate melting points.[25–29] It is
even possible to prepare vapors of more exotic metals that
are particularly difficult to evaporate, such as Zr, Nb, Mo,
Ta, and W, by the dissociation of chemical compounds con-
taining these metal atoms.[30] Commercial alkali-metal dis-
pensers (e.g., Li, Na, K, Rb, Cs) have been widely used in
laboratory-based cold-atom experiments for decades because
they keep the background pressure low while providing many
atoms for trapping.[31,32] Another advantage of using a metal
dispenser over more traditional atom sources in cold-atom ex-
periments is that the dispenser can be used directly in an ul-
trahigh vacuum (UHV) environment.[33] Typically, the dis-
penser produces a controllable source of alkali-metal atom va-
por emission into the UHV through evaporation during ohmic
heating. The operation of the heater with a current in the range
of 3–7 A heats the dispenser to a temperature range of 400–
800 ◦C.[25,28,34] We do not directly measure the dispenser tem-
perature, even though such measurements are tempting and we
indeed have a thermocouple directly attached to the dispenser
in situ, because temperature measurements are typically com-
pleted on the scale of the critical reaction time or slower, mak-
ing such metrology inadequate for failure prevention. In con-
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trast, electrical current measurements are instantaneous. If the
dispenser exposure is limited to a capped current over a speci-
fied time, the maximal energy allowed to be dissipated by the
dispenser in a single run is effectively limited to Tmax · I2 ·Rd,
where I is the current, Rd is the dispenser resistance, and Tmax

is the longest allowed operation duration.[35] The dissipated
power is monotonically related to the temperature, providing a
way to exploit instantaneous current measurements to estimate
the temperature dynamics with sufficient accuracy for regula-
tory purposes.

However, dispenser systems are characterized by com-
plex nonlinear dynamics as a result of their open dissipative
nature, making them vulnerable to instabilities that may in-
duce hazardous conditions or equipment malfunctions. One
such instability is exponential thermal runaway, which can re-
sult in dispenser burnout, a prevalent failure mechanism in tita-
nium sublimation pumps and vacuum gauges, ultimately lead-
ing to significant system failures. Therefore, the development
of a robust kill switch for these sensitive devices is imperative
to minimize the expensive system reassembly or replacement
that often causes substantial time losses.

Although traditional proportional-integral-derivative
(PID) regulators, based on the principle of proportional-
integral-derivative control, are widely used to achieve contin-
uous regulation, they have shown deficiencies when dealing
with sudden transitions (such as power transistor failures),
which may put the system in a dangerous state. Furthermore,
improper adjustment of PID parameters can exacerbate insta-
bility and cause the system to deviate further from the safe
state. Therefore, using PID control alone cannot ensure reli-
able protection for these sensitive components. For example,
similar mechanisms have been applied in modern battery sys-
tems, such as those in mobile phones, to prevent overcharging
and extend battery life. These systems sometimes limit a full
charge and stop at the 80% level, then continue charging after
a while. The prohibition of secondary activation under such
conditions demonstrates an overcharge prevention approach
that aligns conceptually with our design. Moreover, battery
management systems employ battery negative current (BNC)
and battery minus current (BMC) modules to monitor and dis-
connect current through battery terminals when a threshold
is exceeded, preventing the risk of overcurrent.[36–39] Con-
sequently, an auxiliary protection mechanism is necessary to
bridge this gap and ensure that the system transitions to an
unequivocally safe state under all conditions.

In this study, we developed a reliable kill switch utiliz-
ing LTspice simulation, which was subsequently corroborated
by building a physical prototype. The design ensures that the
active state of the dispenser is safeguarded by implementing
current limiters to maintain operation within the prescribed
current range. Meanwhile, we devised a duty cycle timing

strategy to prevent the dispenser from accidentally starting af-
ter receiving a pulse signal. This circuit serves as a quasi-DC
safety mechanism, continuously monitoring the current and
cutting off the current when it exceeds the set power-loss pa-
rameters (including the maximum current and specific operat-
ing time limit). This method effectively limits the total power
loss, thereby avoiding serious faults such as thermal runaway.

2. Design overview
This pre-emptive parametric kill switch was designed to

regulate the alkali metal dispenser exposure through current
limitation and ensure precise activation timing. As shown in
Fig. 1, the operational condition of the load is governed by two
control loops: PID CONTROL LOOP and PROTECTOR CON-
TROL LOOP. The first control loop is responsible for man-
aging the current supplied to the transistor. This loop can-
not address potential discontinuous state transitions and fails
to guarantee a safe operating condition. In contrast, the sec-
ondary loop addresses these critical issues.

PID

Load protector

Kill switch

PID Control Loop

Protector control loop

S
en

so
r

L
o
ad

PC

(LabVIEW)
Experimental

contour

Transistor

Fig. 1. Generic experiment control.

As illustrated in Fig. 2, the load current is maintained
within the specified range Ia–Ib, and its activation time is ac-
curately regulated by the duty cycle associated with the EMIS-
SION and PROHIBITION periods. Following the EMISSION pe-
riod, there exists a potential for the dispenser to be reactivated.
The introduction of the PROHIBITION period eliminates this
risk. It achieves this by preventing the automatic device from
restarting prematurely, thereby keeping the average dissipated
energy within an acceptable threshold range and ensuring sys-
tem safety. To achieve a balance between heating and cool-
ing, the working cycle needs to be adjusted according to the
specific dynamics of the experiment. During the EMISSION

stage, the following principles should be followed to optimize
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the emission cycle: it should be consistent with the ideal heat-
ing and cooling times of the experiment, enabling rapid cy-
cling without sacrificing the safety of the dispenser. The PRO-
HIBITION period, activated sequentially after the EMISSION

period, should be optional via a switch. The likely pulse oper-
ation involves a single chamber that must be cleared of gases
before loading a new MOT. In our setup, the dispenser cools
faster than the cycle time because of heat conduction through
massive copper wires. Note that this may not be applicable to
other configurations.

Ib

Ia

 t t t
c

Fig. 2. Phase diagram of the evaporation range of Rb-dispenser.

Table 1 details the logical interconnections and opera-
tional parameters of the system shown in Fig. 2. The experi-
mental protocol begins with the In1 Reset signal, which func-
tions to reset all system variables and states, thereby ensuring a
clearly defined initial condition. Subsequently, the start of the
EMISSION state is indicated by the In2 EvapSt signal at time
t0, during which the load current is maintained within a desig-
nated safety threshold. It should be noted that t0 experiences a
delay, which is attributed to the thermal delay associated with
heating the dispenser before the release of atoms. The EMIS-
SION state represents the active period of atomic evaporation.
At the end of this stage, the In3 Prohib signal terminates the
EMISSION state and initiates the PROHIBITION state, thereby
enabling precise adjustment of the duty cycle. Throughout the
process, the In4 Fail signal continuously monitors the load
current; if the current exceeds the preset threshold Ib, the sys-
tem enters the HAZARD state as a protective measure. This
logic output exhibits remarkable logical accuracy.

Specifically, the condition for the activation of the Out1
Alarm output is governed by the conjunction of the In4 Fail
signal and the signal In1 Reset being false, as indicated by
Reset. This interrelationship is formally articulated as

Alarm = Fail ·Reset. (1)

The design logic substantially improves the reliability and
safety of the system by ensuring that the alarm is activated
exclusively upon the identification of a fault condition (Fail),

contingent upon the system not being in a reset state (Reset).
This alarm remains activated until manually deactivated, en-
suring that unnoticed faults are avoided and reducing the risk
of undetected system failures during operation.

The activation of Out2 Evap is dependent upon more rig-
orous conditions, which involve the logical integration of four
input signals. The corresponding expression is formulated as
follows:

Evap = Fail ·Reset ·EvapSt(t =−∆t1) ·Prohib(t =−∆t2) ,

(2)

where Evap signifies the initiation of the evaporation process.
The EvapSt signal delineates the beginning of the EMISSION

zone as depicted in Fig. 2, where its evaluation at t =−∆t1 de-
termines its duration. Analogously, Prohib marks the begin-
ning of the PROHIBITION zone, with the term t =−∆t2 deter-
mining its length. Therefore, the activation of the evaporation
process is contingent upon: (i) the absence of any failure or
reset, (ii) the prior initiation of the evaporation process at ∆t1,
and (iii) the non-activation of the prohibition condition for ∆t2.
This logical framework enforces strict conditions for initiating
the evaporation process, ensuring compliance with safety and
operational constraints.

Based on the logical framework of Table 1 and the dy-
namic time-electricity characteristics shown in Fig. 2, we
present in Fig. 3 the functional representation of the opera-
tional behavior of the system. This figure provides the foun-
dation for the actual implementation of the kill switch circuit
system. The next section elaborates on the design and im-
plementation of the circuits that execute the specified logical
functions. We also emphasize the importance of selecting ap-
propriate logic gates and optimizing their arrangement to en-
sure reliable performance and resource efficiency.

Table 1. Rb-dispenser protection circuit truth table.

Scenario In4 In3 In2 In1 Out1 Out2
No Fail Prohib EvapSt Reset Alarm Evap

1 0 0 0 0 0 0
2 0 0 0 1 0 0
3 0 0 1 0 0 1
4 0 0 1 1 0 0
5 0 1 0 0 0 0
6 0 1 0 1 0 0
7 0 1 1 0 0 0
8 0 1 1 1 0 0
9 1 0 0 0 1 0

10 1 0 0 1 0 0
11 1 0 1 0 1 0
12 1 0 1 1 0 0
13 1 1 0 0 1 0
14 1 1 0 1 0 0
15 1 1 1 0 1 0
16 1 1 1 1 0 0
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Fig. 3. Functional solution diagram. The light green background area cor-
responds to the LOAD PROTECTOR in Fig. 1. The LEDs are color-coded
identically to the phase diagram in Fig. 2.

3. Circuit design

The detailed circuit schematic is shown in Fig. 4. Figure 5
shows the PCB (192 mm × 154 mm) designed with LTspice,
housed in the aluminum enclosure shown in Fig. 6. The front
panel has apertures for four LEDs and a reset function, while
the rear panel contains power terminals, a ground port, and
five adjustment holes for calibrating the PCB potentiometers,
as shown in Fig. 7. The circuit bill of materials is listed in Ta-
ble 2. The blue LED lights up, indicating that the PCB is pow-
ered on. The Reset signal originates from PWL (Piecewise
Linear) high-level pulses controlled by LabVIEW. The SW 1
switch is used for manual reset. U1 inverts the Reset signal
to create the not reset signal, serving as an active-low reset
for subsequent circuits. The sensor signal is transmitted to the
preamplifier U2 through the potentiometer R1, which func-
tions to optimize the operational range of the sensor. Upon
integration of an INPUT, the circuit functions in two distinct
modes as described below, where this parallel configuration ef-
fectively prevents potential competition or interference among
signals.

Fig. 4. The design circuit of the pre-emptive parametric kill switch.
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Fig. 5. PCB with dimensions of 192 mm × 154 mm, designed and veri-
fied in LTspice.

Fig. 6. Aluminum alloy enclosure (1.5 mm thickness, dimensions:
160 mm (L) × 192.6 mm (W) × 80 mm (H)) designed to house the PCB
shown in Fig. 5, the front panel includes openings for four LED indicator
lights and a reset button.

Fig. 7. Rear cover of the aluminum alloy enclosure in Fig. 6, featuring
power input terminals, a ground port, and potentiometer adjustment holes.

One of the operation modes has an overcurrent alarm
function. When the detected current exceeds the set upper
limit Ib, the circuit issues an alarm to indicate that the current
has risen abnormally. In this regard, the comparator U3 han-
dles this task, with its reference level adjusted through the po-
tentiometer R6. The output of U3, named not failure, is then
shaped by U4 together with the resistors R39–R42, which
help to clean up the transitions and reduce the signal sensitiv-
ity to noise. The next stage, U5, simply inverts the logic and
produces the active failure signal.

After that, U6 works as an AND gate, combining both
failure and not reset. The resulting signal passes through ca-
pacitor C1, which smooths it and eliminates bounce or short
spikes, providing the final Alarm output as shown in Eq. (1).
The Alarm signal acts as the clock input for D trigger1.

Meanwhile, the external reset line passes through the Zener
diode D1, forming the internal node reset1. This node con-
nects to the reset terminal of D trigger1 and to the RC branch
composed of C2 and R8, which performs the power reset. The
diode D1 isolates the RC path, preventing stored charge from
leaking back, while allowing the external reset function to op-
erate normally.

The output from D trigger1, named beep, passes
through U8, which provides sufficient output current to re-
liably power both the buzzer and the red LED indicator
(LEDred). Another part of the circuit processes the beep sig-
nal. Here, U7 performs the logical combination of beep and
not reset to generate the set input of D trigger1, following:

S = beep ·Reset.

Consequently, this arrangement ensures that when the input
voltage crosses the set limit, the alarm remains active until the
system is manually reset. In this way, the circuit does not au-
tomatically recover when a fault occurs.

To prevent the dispenser from being mistakenly activated
for an extended period due to faults or unexpected current fluc-
tuations, the pre-emptive kill switch system incorporates a pro-
tection mechanism based on activation duration. This mecha-
nism uses two internal timers to monitor the activation dura-
tion of the dispenser.

Specifically, the branch circuit incorporates a comparator
U9 to detect the crossing of a predefined lower threshold Ia

(the evaporation threshold). The reference voltage for U9 is
established using the potentiometer R15. The U9 output sig-
nal is filtered by an RC circuit (R59, C3) to suppress noise
and eliminate signal bounce, and is then compared with a 0 V
reference by the comparator U10 to convert it into a stable
digital logic signal.

This signal is input into the Timer1 module to set the dis-
penser activation duration (∆T1), where

∆T1 ≈ 1.1×C4×R23.

The R23 potentiometer provides a variable resistance to ad-
just the time constant. Module U11 modifies the beep signal
to generate the beep1 signal, while module U12 combines
beep1 with the not reset signal to generate a stable control
level, thereby driving the RESET pin of Timer1 and determin-
ing whether the timer operates or remains in the reset state.
The Timer1 output is designated as evapstart.

To avoid the risk of unintended dispenser activation
caused by transient pulse currents, the evapstart signal is split
into two paths. The first path is processed by U13, which
is configured with the same RC network components as U10
(R27–R29, R67, and C7), and then feeds Timer2, which sets
the duration

∆T2 ≈ 1.1×C8×R16,
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where R16 is implemented as a potentiometer. Its output, des-
ignated as prohibition, is inverted and shaped by U14 with
peripheral resistors R70 and R71 to generate a stable NOT-
prohibition signal. The second path routes the evapstart sig-
nal through U15 for signal conditioning and then combines it
with prohibition in U16 before sending it to D trigger2. This
triggers U17, a buffer amplifier. The output activates LEDyel-
low, indicating that Timer2 is active.

This setup prevents prolonged activation states, thereby
enhancing dispenser performance and extending its service
life.

The final configuration of this circuit includes a four-input

logic AND gate U18, which integrates the control signals

evapstart, not prohibition, not failure, and not reset to ac-

tivate LEDgreen and the relay. The working principle of this

gate is explained mathematically in Eq. (2). This method elim-

inates the need for additional driver chips, reduces the number

of components, and decreases circuit board complexity while

maintaining full functionality.

For gradual development convenience, one spare (un-

used) op-amp was retained in each dual-opamp chip.

Table 2. Bill of materials.

No Part name Manufacturer Model ID Tag Characteristics Packaging/Technology Qty USD/unit

1 Relay Omron G2R-1 DC5 - 5 V(DC), 10 A SPDT 1 3.430

2 D-trigger Texas Instruments CD4013BE Dtrigger 45 ns, 12 MHz, 3 V–18 V, 6.8 mA PDIP-14 2 0.530

3 Timer Texas Instruments TLC555 Timer1, Timer2 5 V–15 V PDIP-8 2 0.300

4 Operational Amplifier Analog Devices LT1413CN8#PBF U1-19 950 kHz, 0.4 V/µs, ±2 V–±18 V PDIP-8, 2 channels 17 6.420

5 Operational Amplifier Analog Devices LT1210CT7#PBF U20 8 V–36 V, ±5 V–±15 V , 350 mA TO-220, 1 channel 1 7.950

6 Beeper Multicomp Pro ABT-414-RC beeper 3–8 V, 40 mA, 85 dB – 1 1.050

7 LED Broadcom HLMP-3301 LEDRed Red, 2.0–2.2 V, 20 mA – 1 0.128

8 LED Broadcom HLMP-3401 LEDYellow Yellow, 2.0–2.2 V, 20 mA – 1 0.128

9 LED Broadcom HLMP-3507 LEDGreen Green, 2.0–2.2 V,20 mA – 1 0.128

10 LED Broadcom HLMP-LB65-RU0DD LEDBlue Blue, 3.0–3.2 V, 20 mA – 1 0.497

11 Resistor TE Connectivity 1622829-1 R2-5 10 kΩ, 50 V, 0.1 W Surface Mount 4 0.007

12 Resistor TE Connectivity CRGCQ0402F2K7 R7,8 2.7 kΩ, 0.063 W Surface Mount 2 0.007

13 Resistor TE Connectivity CRG0402F36K R9,10 36 kΩ, 0.063 W Surface Mount 2 0.007

14 Resistor TE Connectivity CRG0402F330K R11,12 330 kΩ, 0.063 W Surface Mount 2 0.007

15 Resistor TE Connectivity CRG0402F680K R13,14 680 kΩ, 0.063 W Surface Mount 2 0.004

16 Resistor TE Connectivity 1-1622826-8 R17 1 kΩ, 0.5 W Surface Mount 1 0.006

17 Resistor TE Connectivity CRGH2512J22K R18 22 kΩ, 2 W, 200 V Surface Mount 1 0.013

18 Resistor Vishay PNM0805E5002BST5 R19,20 50 kΩ, 0.2 W Surface Mount 2 0.446

19 Resistor TE Connectivity AMP 1614911-6 R21 25 kΩ, 0.1 W Surface Mount 1 0.129

20 Resistor TE Connectivity CRGCQ0402F1K5 R22 1.5 kΩ, 0.063 W Surface Mount 1 0.006

21 Resistor TE Connectivity CRG0402F200K R24-29 200 kΩ, 0.063 W Surface Mount 4 0.003

22 Resistor TE Connectivity CRG0402F150K R30-37 150 kΩ, 0.063 W Surface Mount 5 0.006

23 Resistor TE Connectivity CRG0402F100K R38-85 100 kΩ, 0.063 W Surface Mount 11 0.007

24 Cermet trimmer potentiometer Bournes 3296W-1-103LF R1 10 kΩ, 0.5 W 25 turns, Cermet, THT 1 1.238

25 Cermet trimmer potentiometer Bournes 3296W-1-204LF R6 200 kΩ, 0.5 W 25 turns, Cermet, THT 1 1.192

26 Cermet trimmer potentiometer Bournes 3296W-1-503LF R15 50 kΩ, 0.5 W 25 turns, Cermet, THT 1 1.145

27 Cermet trimmer potentiometer Bournes 3296W-1-205LF R16 2 MΩ, 0.5 W 25 turns, Cermet, THT 1 1.190

28 Cermet trimmer potentiometer Bournes 3299Y-1-203LF R23 20 kΩ, 0.5 W 25 turns, Cermet, THT 1 1.470

29 Silicon Rectifier Diode NTE Electronics NTE507 D1 1 A, 50 V Through Hole 1 0.675

30 Multilayer Ceramic Capacitor Vishay K103K15X7RH53L2 C5,C9 10 nF, 100 V Radial Leaded 2 0.079

31 Plastic Film Capacitor Panasonic ECWFD2W335 C2 3.3 µF, 400 V Radial Leaded 1 0.399

32 Multilayer Ceramic Capacitor Vishay K104K20X7RH5TL2 C1,C6 100 nF, 100 V Radial Leaded 2 0.137

33 Aluminum Electrolytic Capacitor Panasonic EEUTA1C471 C4,C8 470 µF Radial Leaded 2 0.484

34 Aluminum Electrolytic Capacitor Panasonic ECA2DHG470 C3,C7 47 µF Radial Leaded 2 0.024

35 DIP Socket TE Connectivity 1-2199298-2 – 1 A,250 V 8P 19 0.103

36 DIP Socket SparkFun Electronics PRT-07939 – – 14P 3 0.600

37 Banana Jack Cinch Connectivity Solutions 108-0903-001 – 15 A, 7 kVDC Female 3 0.710

38 Pushbutton Adam Tech SW-PB1-1DZ-A-P1-A SW 1 3 A, 250 V solder type 1 0.235

39 PCB Phoenix Contact UM-BASIC 108/32 DEV-PCB – 10 cm × 7 cm – 1 0.505

40 PCB-mounting screws – – – L = 25 mm, D = 3.2 mm – 4 0.150

41 Aluminum alloy enclosure – – – 160 mm×192.6 mm×80 mm 1.5 mm thickness 1 18.860

Total 160.18

To verify the fabricated board, we conducted bench-top

functional tests on the fabricated circuit using a 1 Ω cement

resistor as a substitute load instead of the dispenser. The ex-

perimental results confirmed the correct implementation of the

primary board-level logic, including power status indication,

initiation of the evaporation sequence, enforcement of prohi-

bition timing, alarm activation, and manual reset functionality.

At this stage, the results should be regarded as a board-level
functional demonstration rather than a long-term validation in
a fully integrated vacuum experimental system.

4. Summary and conclusions
In this work, we developed a protection circuit that proved

reliable in practical operation, particularly for cold-atom ex-
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periments. The primary purpose was to maintain the dispenser
current within a safe region (Ia–Ib) and prevent accidental trig-
gering caused by noise or sudden pulses. To achieve this, the
circuit uses duty-cycle timing control: it only allows emis-
sion during ∆T1 and automatically cuts off the current during
the subsequent period ∆T2. This simple modification makes
the whole setup much safer by preventing overheating and ex-
tending the lifetime of the dispenser. Instead of using digital
logic or a controller, we kept the entire design analog. While
this may seem “old-fashioned”, it eliminates potential fail-
ures associated with complex protection schemes in computer-
or controller-based implementations, which may suffer from
hanging or glitches caused by signal races. All components
of the circuit are standard and inexpensive, making it easy to
reproduce or repair. This makes the design highly practical for
university laboratories or other small experimental setups. Our
design may be applied to many other devices that share similar
thermal or current-safety concerns — such as heater filaments,
titanium sublimation pumps, or tungsten lamps. With a few
adjustments, this protection logic could even be scaled up to
larger applications, such as battery modules or high-power re-
actors, where early system shutdown can prevent much more
serious failures.

Data availability
The circuit design files and the demonstration video can

be obtained from GitHub repository.
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