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 A B S T R A C T

We present a new design of an X-band EPR cryoprobe based on a fast microwave switch and a cryogenic low-
noise microwave amplifier that are placed close to the sample in the same cryostat. The probehead supports 
high-power (100 W) pulsed EPR experiments and is compatible with standard EPR resonators and samples. 
In contrast to the directional coupler design of the EPR cryoprobe reported previously, the fast microwave 
switch fully isolates the microwave amplifier from input thermal noise without microwave power suppression 
allowing us to approach the sensitivity limit of cryoprobes for pulsed EPR experiments. We benchmark the 
performance of our cryoprobe setup against a standard commercial EPR instrument revealing a significant 
sensitivity improvement, which reduces the measurement time by a factor of about 250× at 6 K sample 
temperature. We also show that the sensitivity of our new X-band cryoprobe design matches that of a standard 
Q-band setup for double electron–electron resonance experiments.
1. Introduction

Inspired by the success of NMR cryoprobes [1–4] and previous 
efforts toward EPR cryoprobes [5–8], we have recently reported a boost 
in X- and Q-band EPR sensitivity using EPR cryoprobes containing 
cryogenic microwave low noise amplifiers (LNAs) [9,10]. In our setups, 
the LNA and its protection circuit were placed close to the sample in 
the same cryostat, while maintaining compatibility with commercial 
spectrometers and typical samples. For high-power pulsed EPR exper-
iments, the X-band EPR cryoprobe provided a significant sensitivity 
improvement compared to a commercial spectrometer exceeding a fac-
tor of 7× in voltage signal-to-noise ratio (SNR) at temperatures below 
10 K, which gradually diminished to about 2× at room temperature [9]. 
The sensitivity improvement offered by the more complex Q-band EPR 
cryoprobe was about 6× below 10 K [10]. The sensitivity enhance-
ment provided by the cryoprobes has already enabled important EPR 
studies of some intricate spin systems that would otherwise be nearly 
impossible [11–13].

The obtained sensitivity gain in the aforementioned EPR cryoprobe 
designs mostly originates from three factors. First of all, thermal mi-
crowave noise generated by the microwave components is substantially 
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lower, as they are cooled down together with the sample, while the em-
ployed cryogenic LNAs have better noise characteristics than ordinary 
LNAs. Secondly, the microwave circuits dedicated to guide microwaves 
and protect the LNA proved to be less lossy compared to the commer-
cial spectrometers, partly due to the significantly shorter microwave 
path between the resonator and the LNA. Lastly, the cryoprobes also 
suppress input thermal noise, which propagates from outside of the 
cryostat down to the LNA via the input microwave path. A suppression 
of input thermal noise is necessary to achieve a significant sensitivity 
improvement, as evident from our recent study of an external EPR 
cryoprobe, where minimal suppression was realized and thus only mod-
erate sensitivity gains were observed [14]. A partial suppression of the 
input thermal noise in our previous X- and Q-band cryoprobe designs 
was enabled by directional couplers, which were also used to guide the 
microwave signals to and from the resonator (see Fig.  1a) [9,10]. The 
directional coupler approach was also recently implemented in a W-
band cryoprobe by Blank’s group [15]. However, in addition to input 
thermal noise, the directional coupler also significantly reduces the 
power of microwave excitation. For example, a full suppression of input 
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U. Tarvydytė et al. Journal of Magnetic Resonance Open 23 (2025) 100196 
thermal noise would be achieved using a 20 dB coupler, which would 
increase the duration of the 𝜋-pulse by a factor of 10. For standard EPR 
cavities, such a highly limited excitation bandwidth would eliminate 
the sensitivity gain provided by the cryoprobe. Thus, an alternative mi-
crowave circuit that could simultaneously fully suppress input thermal 
noise, minimally reduce excitation power and protect the LNA is highly 
desirable, as it would allow to approach the sensitivity limit of EPR 
cryoprobes.

A single-pole double-throw (SPDT) microwave switch, with the 
common port connected to a microwave resonator, satisfies these 
requirements for pulsed EPR experiments (see Fig.  1), as has been 
demonstrated in specialized cryostats in the field of quantum technolo-
gies [16]. In such a configuration, the switch is switched to the input 
path, when high-power microwave pulses are expected (Fig.  1b). After 
the spin system is excited, the switch is switched to the cryogenic LNA 
path resulting in the echo amplification (Fig.  1c,d). Simultaneously, the 
LNA is isolated from the input path resulting in suppression of the input 
thermal noise. However, for such a cryoprobe design to be compatible 
with the state-of-the-art EPR experiments, the switch must satisfy sev-
eral technical requirements that are difficult to meet in practise. First 
of all, the switch must function at cryogenic temperatures, which poses 
a significant challenge for some semiconductor platforms. In addition, 
it must be sufficiently fast (switching time of tens of ns) to avoid 
prolongation of the undesirable spectrometer deadtime. The switch 
must also handle high microwave power to enable high-bandwidth 
excitation of the spin system. Lastly, it should have low microwave loss 
and high isolation essential to ensure a sufficient protection of the LNA 
and suppression of the input thermal noise.

Here, we report design, construction and benchmarking of an X-
band EPR cryoprobe based on a fast SPDT microwave switch, a cryo-
genic LNA and a commercial split ring resonator. In addition to stan-
dard sample access and resonator coupling capabilities, the cryoprobe 
provides a full suppression of the input thermal noise, while permitting 
excitation pulse powers up to 100 W. We demonstrate the performance 
of our setup by performing pulsed EPR experiments including double 
electron–electron resonance (DEER) of ordinary samples. Our new 
design approaches the sensitivity limit of EPR cryoprobes providing 
a highly significant voltage SNR improvement of 16× at 6 K, which 
gradually approaches 2.5× at room temperature.

2. Probehead design

Our cryoprobe is based on a Qorvo TGS2352-2-SM SPDT fast mi-
crowave switch, which is sufficiently fast (< 35 ns switching time) and 
operates at temperatures even below 10 K, while maintaining low loss 
and sufficiently high isolation (see Figure S1). The switch is controlled 
using a signal from the ‘‘Receiver Protection 2’’ channel in the Bruker 
console, converted to the required control logic (0 V/−40 V) using a 
home-built logic board based on a Monzite MDI2354Q switch driver. 
The specified continuous-wave microwave power for this switch is 
20 W, while the peak power is about 100 W, as determined by our 
pulsed EPR experiments using a pulse of 40 ns duration and a shot 
repetition time of 1 ms. Around this power level, we observed that 
the switch starts to operate in the compression mode, while at even 
higher power levels it exhibits signs of degradation. Note that we did 
not observe any switch degradation effects at 100 W power. To achieve 
sufficiently short 𝜋-pulse durations (32 ns or shorter) at such limited 
power levels, we used a Bruker MS-3 split ring X-band microwave 
resonator, which has a high conversion factor and is compatible with 
3 mm outer-diameter EPR tubes.

The microwave circuit of our cryoprobe is presented in Fig.  2, and 
its working principle is based on the design illustrated in Fig.  1. At the 
heart of the cryoprobe there is a cryogenic LNC4_16B LNA from Low 
Noise Factory (36 dB gain, 4 K noise temperature at 4 K and 9.5 GHz). 
For additional protection of the LNA from microwave power leakage 
through the switch, we used a Narda-MITEQ LIM301 limiter (500 W 
2 
Fig. 1. Schematic representations of the low-temperature operation of the EPR cry-
oprobes based on (a) a 6 dB directional coupler and (b,c) a fast SPDT microwave 
switch. (b,d) The switch is switched to the input path (room temperature thermal 
noise), when high power microwave pulses are expected. (c,d) After the last pulse, 
the switch is switched to the cryogenic LNA path ensuring echo amplification and low 
temperature noise. A switch with strong isolation offers significantly greater suppression 
of input thermal noise compared to a 6 dB directional coupler.

peak power, 130 mW flat leakage, < 200 ns recovery time, 0.1% duty 
cycle, ∼ 1 dB insertion loss). Our cryoprobe fits inside typical EPR 
cryostats (Oxford CF935, and Cryogenic EPR system), while retaining 
conventional sample access and resonator coupling capabilities. The 
LNA is thermalized to the temperature of the sample via a C110 copper 
bracket extending below the resonator to the bottom of the cryostat. A 
photograph of our probehead is given in Figure S2.

We note that the cryoprobe operates in a quasi transmission mode, 
as it has input and output microwave ports that must be connected 
to the EPR bridge, while typical EPR spectrometers are designed to 
operate only in reflection and thus have only one port. As in our 
previous works [9,10,14], we address this problem through a simple 
modification of the microwave bridge in which we bypass the internal 
circulator.

3. Experimental and calculation details

3.1. Benchmark of sensitivity improvement

To benchmark the sensitivity improvement provided by our setup, 
we performed pulsed EPR experiments using a Bruker ELEXSYS E580 
spectrometer equipped with a 1 kW traveling-wave tube (TWT) ampli-
fier. For these experiments, we placed a small amount of the Bruker 
DEER test sample (E3005315) in a 3 mm outer diameter EPR tube. The 
SNR improvement was characterized using a Hahn echo pulse sequence 
(𝜋∕2-𝜏-𝜋-𝜏-echo) with two-step phase cycling. A typical 𝜋-pulse dura-
tion in our experiments was 32 ns, which was readily achieved using 
the overcoupled Bruker MS-3 resonator (Q-factor ∼ 100, conversion 
factor ∼ 2 G/

√

W).
To avoid saturation of the digitizer, the interpulse delay 𝜏 was 

adjusted to produce a sufficiently weak echo signal. Depending on 



U. Tarvydytė et al. Journal of Magnetic Resonance Open 23 (2025) 100196 
Fig. 2. Schematic of the microwave circuit within our X-band EPR cryoprobe based on 
a fast microwave switch. The probehead is connected to the microwave bridge using 
two microwave ports. In practice, all microwave components are closely packed close 
to the resonator.

the sample temperature, the shot repetition time was chosen to be 
sufficiently long to allow full recovery of the signal.

The SNR and its uncertainty were determined using 10 separate 
measurements of the Hahn echo. The traces were corrected by sub-
tracting constant backgrounds, which proved to be almost negligible. 
The intensity of the spin signal was taken as a maximum of the echo 
obtained by fitting a Gaussian peak function, while noise was calculated 
as the standard deviation of the signal far away from the echo (at least 
500 data points were used for noise calculation).

The SNR improvement provided by our cryoprobe was bench-
marked against the standard reflection probehead. The resonator cou-
pling arm was tightly fixed to avoid potential variations during switch-
ing between both setups. All parameters, except for the microwave 
power and tiny changes in the microwave frequency and magnetic field, 
were kept constant in both measurements. The microwave power was 
adjusted to yield the same duration of the 𝜋-pulse in both cases, and 
the field position was verified by the echo-detected field sweep (EDFS) 
experiments obtained using the same Hahn echo pulse sequence.

3.2. DEER experiments

We also compared the DEER sensitivity of our X-band cryoprobe 
with that of a standard Q-band setup. The DEER experiments of the 
Bruker DEER sample were performed at 50 K using the four-pulse DEER 
sequence (𝜋∕2-𝜏1-𝜋-𝑡1-𝜋pump-(𝜏1+𝜏2−𝑡1)-𝜋-𝜏2-echo) [17]. Measurements 
at X-band were performed using the cryoprobe with the overcoupled 
Bruker MS-3 resonator, while Q-band experiments were carried out 
using a 3 mm dual mode resonator (QT-IIW) and a Bruker ELEXSYS 
580 FT spectrometer equipped with a 300 W TWT. The DEER traces 
were acquired using 𝜏1 = 130 ns, 𝜏2 = 5 μgreeks, and the initial value 
of 𝑡 = 80 ns.
1

3 
For X-band experiments, the microwave power was optimized to 
yield 32 ns duration for all pump and observer pulses. The traces were 
collected using 55 MHz frequency difference between the observer and 
pump pulses, and seven-step nuclear modulation averaging with an 
averaging time step of 10 ns. For Q-band measurements, the duration of 
all observer pulses was set 32 ns, while the pump pulse was 28 ns. No 
nuclear modulation averaging was applied. The frequency separation 
between the observer and pump pulses was 60 MHz. In both cases, a 
two-step phase cycling, an 8 ns increment of the time-domain traces, 
and 3 ms shot repetition time were used.

The data analysis was performed using user-independent data pro-
cessing with the ComparativeDEERAnalyzer version 2.0 with DEERNet 
Spinach SVN Rev 5662 [18] and DeerLab 0.9.1 [19].

3.3. Calculation of sensitivity improvement

The SNR improvement factor was calculated using the approach 
developed in our previous works [10,14], which is based on the ef-
fective noise temperature formalism [5]. We define the sensitivity 
improvement provided by the cryoprobe as the output voltage SNR 
ratio between the cryoprobe (C) and unmodified (U) setups: 

SNRCout
SNRUout

=

√

√

√

√

𝐹U

𝐹 C
𝑇Uin
𝑇 Cin

. (1)

Here, 𝐹  and 𝑇in denote the noise factor of the microwave circuit and 
the noise temperature at its input, respectively. The noise factor can be 
calculated from the total effective noise temperature 𝑇e as 

𝐹 = 1 +
𝑇e
𝑇in

, (2)

where 𝑇e can be obtained using the Friis equation [10,14,20].
In our calculations, we assume 𝑇Uin = 294 K, independent of the sam-

ple temperature, since, in a standard setup, the resonator is not isolated 
from room temperature thermal noise. In contrast, a fast microwave 
switch used on our cryoprobe has a sufficiently high isolation (see 
Figure S1) providing a full suppression of the input thermal noise at 
temperatures typically used in EPR spectroscopy. Thus, we set 𝑇 Cin = 𝑇𝑆 , 
where 𝑇𝑆 is sample temperature.

To calculate the noise factors, we measured microwave losses of 
our setup using a Copper Mountain S5243 vector network analyzer 
(VNA). The gain and noise temperature of the cryogenic LNA was 
taken from the manufacturer specifications, while, as in our previous 
work, the noise temperature of the bridge amplifier was assumed to be 
250 K [14].

4. Results and discussion

The performance of our new cryoprobe was investigated by mea-
suring the Hahn echo of the Bruker DEER sample and comparing it to 
the unmodified setup. A comparison of the echoes obtained at 6 K are 
presented in Fig.  3a revealing that our cryoprobe provides a significant 
voltage SNR improvement by a factor of about 16×, which translates to 
a measurement time reduction by a factor of 250× at this temperature.

To study the temperature dependence of the SNR improvement, we 
performed Hahn echo experiments at different sample temperatures 
ranging from 6 K up to room temperature (see Fig.  4). Since the 
cryoprobe warms up with the sample, the sensitivity improvement 
gradually decreases reaching a value of about 2.4× at room temperature 
(Fig.  3b). As also observed for our previous cryoprobe designs [9,10,
14], the remaining improvement originates from less lossy microwave 
circuit and lower noise temperature of the LNA compared to the Bruker 
setup.

We measured the microwave losses of our cryoprobe and unmod-
ified setups using a VNA (Figure S3) allowing us to compare the 
experimentally obtained temperature dependence of the sensitivity 
improvement with the theoretical model given by Eq. (1). Provided 
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a full suppression of the input thermal noise (𝑇 Cin = 𝑇𝑆 ), our calcu-
lations show a good agreement with the experimental results (Fig.  4) 
indicating the validity of our assumptions regarding the origin of the 
sensitivity improvement. A small discrepancy may originate from the 
unaccounted sources of uncertainty, which are difficult to quantify in 
practise (e.g. temperature gradients, changes of microwave loss with 
temperature).

Our model also allows us to predict the sensitivity limit for almost 
ideal EPR cryoprobe having a lossless LNA protection circuit, where 
the noise factor is determined solely by the noise temperature of the 
currently employed LNA. At 6 K, such a cryoprobe would provide the 
SNR improvement factor of 20.8× showing that our current cryoprobe 
design is close to the theoretical sensitivity limit.

Note that despite microwave power limitation imposed by the fast 
microwave switch (see Probehead design), the Hahn echo experiments 
were performed using a 𝜋-pulse of 32 ns duration, which was facil-
itated by the high conversion factor Bruker MS-3 resonator. At the 
maximum appropriate power level, we managed to obtain an even 
shorter 𝜋-pulse duration approaching 20 ns. These results demonstrate 
that our new design can reach significant sensitivity improvement of 
pulsed EPR experiments, while sustaining high-bandwidth excitation. 
For comparison, the shortest 𝜋-pulse duration using a lower conversion 
factor Bruker MD-5 resonator was about 40 ns.

For comparison, we also performed measurements and calculations 
of the sensitivity improvement provided by the cryoprobe based on a 
6 dB directional coupler and the Bruker MD-5 resonator. The results 
are also presented in Fig.  4 revealing that the SNR enhancement factor 
ranges from 1.2× at room temperature to 6.5× at 10 K in a good 
agreement with our previous study [9]. These findings demonstrate 
that the new cryoprobe based on a fast microwave switch significantly 
outperforms the 6 dB directional coupler design by a factor of about 
2×.

For a fairer comparison between the directional coupler and switch 
cryoprobe setups, we also calculated the sensitivity improvement ex-
pected for a cryoprobe based on a 10 dB directional coupler (see Fig. 
4). In this case, the maximum microwave power is the same as for 
the switch design (100 W), while the suppression of input thermal 
noise is slightly greater (𝑇 Cin ≥ 30 K) compared to the 6 dB coupler 
case (𝑇 Cin ≥ 75 K). Our calculations show that in this case the switch 
cryoprobe still outperforms the 10 dB coupler design by a significant 
factor of about 1.5×.

We also compared the sensitivity of our switch cryoprobe design 
with a standard commercial Q-band TWT setup for DEER experiments 
at 50 K. In both cases, the same Bruker DEER sample (3 mm outer 
diameter EPR tube) fully filling both resonators, identical measure-
ment times, and optimized conditions for each setup were used. The 
measured primary DEER data are presented in Figure S5, while the 
corresponding background-corrected form factors are shown in Fig. 
5a revealing similar traces. In both cases, the corresponding distance 
distributions (Fig.  5b) exhibit a clear peak at 2 nm, where a slightly 
greater broadening is observed for the X-band cryoprobe data. The 
SNR comparison, based on the modulation depths and fit residuals 
of the time-domain data (inset in Fig.  5a), yielded a voltage SNR 
ratio of about 1.2 slightly favoring the Q-band setup. Note that the 
more sensitive state-of-the-art home-built Q-band setup would provide 
a slightly greater sensitivity difference [21]. Overall, our measurements 
demonstrate that the performance of our X-band cryoprobe for DEER 
experiments at 50 K becomes comparable to that of the significantly 
more expensive Q-band setups.

The limited microwave power of the cryoprobe setup prevented 
us from using shorter than 32 ns pump pulses for the DEER experi-
ments. Our theoretical predictions of the DEER sensitivity indicate that 
using the 12 ns pump pulse achievable with the unmodified X-band 
probeheads [21] would provide about 1.6× higher DEER sensitivity 
compared to the 32 ns pump pulse. This effectively reduces the DEER 
SNR improvement provided by our cryoprobe to about 5.6× instead of 
4 
Fig. 3. Hahn echoes of the Bruker DEER sample obtained at (a) 6 K and (b) room 
temperature with and without the cryoprobe with the corresponding voltage SNR 
improvements of (a) 16× and (b) 2.4×. The echoes are normalized to the noise 
level. Experimental parameters: (a) 𝜏 = 5 μgreeks, 4 averages, 𝑡𝜋 = 32 ns, and (b) 
𝜏 = 0.5 μgreeks, 10 averages, 𝑡𝜋 = 32 ns.

Fig. 4. SNR improvement vs. sample (cryoprobe) temperature measured using Hahn 
echo experiments for the switch and 6 dB coupler cryoprobes. The solid curves show the 
calculated SNR improvements for the switch (𝑇 Cin = 𝑇𝑆 ), 6 dB coupler (𝑇 Cin ≥ 75 K) and 
10 dB coupler (𝑇 Cin ≥ 30 K) cryoprobes based on the microwave losses of the cryoprobe 
and Bruker setups. The gray region marks SNR improvement less than one. If not 
indicated, the error bar is smaller than the size of the data point. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version 
of this article.)

9× at 50 K. By taking the bandwidth limitations into account, the state-
of-the-art home-built Q-band setup [21] would outperform our X-band 
cryoprobe by a factor of about 3×.

Further improvements of the new cryoprobe design are possible and 
are directly related to the properties of the fast microwave switch. 
A switch having a better isolation would allow removal of the lim-
iter from the LNA protection circuit further boosting the sensitivity 
improvement by about 10% provided the microwave losses of the 
switch remain the same. In addition, a switch capable of higher power 
handling is also desirable, as it would enable pulsed EPR experiments 
with high-bandwidth pulses using dielectric ring and other resonators 
that have relatively low conversion factors.

5. Conclusions

In this work, we constructed and tested a new design of X-band EPR 
cryoprobe based on a fast SPDT microwave switch and a cryogenic 
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Fig. 5. (a) Normalized DEER time-domain traces of the Bruker DEER sample obtained 
at 50 K using the X-band EPR cryoprobe and the Q-band setups. The Q-band trace 
is shifted by 0.05. (b) The corresponding distance distributions obtained by Tikhonov 
regularization. The gray curves in (a) are fits to the time-domain data. The obtained 
modulation depths 𝛥 are indicated in the legend. Inset shows the time-domain residual, 
which is used to compare the sensitivity between both setups. The shaded regions in 
(b) mark the uncertainty estimate of the distance distributions. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version 
of this article.)

low-noise microwave preamplifier. The new cryoprobe is compatible 
with commercial microwave resonators and conventional samples. In 
contrast to cryoprobes based on directional coupler, the new design 
fully suppresses input thermal noise while maintaining high-power up 
to 100 W pulse excitation. This allows us to approach the sensitivity 
limit of EPR cryoprobes using short 𝜋-pulse durations.

Measurements of the Hahn echo experiments demonstrated a highly 
significant SNR improvement by a factor of 16× at 6 K, which grad-
ually decayed to about 2.5× at room temperature. As discussed in 
our previous works, the observed decrease in sensitivity enhancement 
with increasing sample temperature could be partially eliminated by 
separately cooling the LNA and the sample. We also demonstrated that 
the enhanced sensitivity of our new X-band cryoprobe closely rivals 
that of the considerably more expensive Q-band TWT setups for DEER 
experiments conducted at 50 K.

In principle, the presented cryoprobe design is also compatible with 
other frequency bands provided that suitable switches are available. 
Note that the previously reported Q-band cryoprobe based on a 10 dB 
directional coupler prevented us from reaching state-of-the-art pulse 
durations with a 10 W solid-state amplifier [10]. This limitation can be 
resolved using the fast switch design. The switch approach is also fully 
compatible with EPR microresonators, where significantly lower pow-
ers are used eliminating the need for high-power handling capabilities 
of the switch.

In general, the obtained sensitivity gains can be used to reduce both 
spin concentration and sample volumes, thereby enabling advanced X-
band EPR experiments (such as hyperfine [22] and dipolar [17,23–25] 
spectroscopies) with significantly improved sensitivity.
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[9] M. Šimėnas, J. O’Sullivan, C.W. Zollitsch, O. Kennedy, M. Seif-Eddine, I. Ritsch, 
M. Hülsmann, M. Qi, A. Godt, M.M. Roessler, G. Jeschke, J.J. Morton, A 
sensitivity leap for X-band EPR using a probehead with a cryogenic preamplifier, 
J. Magn. Reson. 322 (2021) 106876.

[10] V. Kalendra, J. Turčak, G. Usevičius, H. Karas, M. Hülsmann, A. Godt, G. Jeschke, 
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Abdurakhimov, S. Withington, J.J. Morton, Spin-resonance linewidths of bismuth 
donors in silicon coupled to planar microresonators, Phys. Rev. Appl. 14 (2020) 
064050.
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