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Vidmantas Kalendra a,b, Justinas Turčak a, J�uras Banys a, John J.L. Morton c,d, Mantas Šimėnas a,⇑
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Inspired by the success of NMR cryoprobes, we recently reported a leap in X-band EPR sensitivity by
equipping an ordinary EPR probehead with a cryogenic low-noise microwave amplifier placed closed
to the sample in the same cryostat [Šimėnas et al. J. Magn. Reson. 322, 106876 (2021)]. Here, we explore,
theoretically and experimentally, a more general approach, where the amplifier temperature is indepen-
dent of the sample temperature. This approach brings a number of important advantages, enabling sen-
sitivity improvement irrespective of sample temperature, as well as making it more practical to combine
with ENDOR and Q-band resonators, where space in the sample cryostat is often limited. Our experimen-
tal realisation places the cryogenic preamplifier within an external closed-cycle cryostat, and we show
CW and pulsed EPR and ENDOR sensitivity improvements at both X- and Q-bands with negligible depen-
dence on sample temperature. The cryoprobe delivers signal-to-noise ratio enhancements that reduce the
equivalent pulsed EPR measurement time by 16� at X-band and close to 5� at Q-band. Using the theo-
retical framework we discuss further improvements of this approach which could be used to achieve
even greater sensitivity.

� 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Cryogenically cooled NMR cryoprobes containing cryogenic
preamplifiers are frequently used to significantly enhance NMR
sensitivity [1–4]. In these probeheads, the thermal noise is sub-
stantially reduced by simultaneous cooling of the NMR coils and
low noise preamplifier, independently of the sample temperature.
Despite several studies reporting promising EPR sensitivity
improvements [5–11], signal preamplification with cryogenic
microwave amplifiers has not yet been widely adopted in the
EPR community mainly due to poor compatibility with commercial
spectrometers, typical samples and high power pulsed EPR
experiments.

Recently, we designed and tested an X-band EPR cryoprobe,
which meets these criteria, by placing a cryogenic low noise ampli-
fier (LNA) close to the sample on a commercially available EPR
probehead [12]. To protect the LNA from high power microwave
pulses employed in pulsed EPR, we incorporated a protection cir-
cuit consisting of a limiter and a fast microwave switch. The micro-
waves were guided to and from the resonator using a directional
coupler, which also acted as partial suppressor of the input thermal
noise at the expense of the excitation power. The probehead pro-
vided a significant voltage signal-to-noise ratio (SNR) improve-
ment close to 10� below 10 K (100� reduction in the
measurement time) already rendering some EPR experiments fea-
sible that would otherwise have been impossible in a reasonable
amount of time [13–15].

Here, we take further inspiration from the NMR cryoprobe and
consider a more general approach, where the cryogenic LNA and its
protection circuit is kept at a different temperature to that of the
sample (for example, using a separate cryostat). This method has
a number of potential advantages over our previous demonstration
[12], the most significant being that the sensitivity gain is practi-
cally independent of the sample temperature. In addition, integrat-
ing an LNA together with its protection circuit in a limited space
close to the resonator can pose practical challenges in typical cryo-
stats, especially for ENDOR and Q-band probeheads. Using a sepa-
rate cryostat outside the magnetic field applied to the sample also
enables the use of microwave components such as ferrite circula-
tors, which bring potential gains in sensitivity [12].
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We use the effective noise temperature formalism to discuss
the feasibility of such a cryoprobe setup, which is then realised
experimentally. The constructed cryoprobe is fully compatible
with the commercial and homebuilt EPR spectrometers and, in
addition to ordinary pulsed EPR probeheads, it can be easily used
with high-Q CW, ENDOR and Q-band resonators. Our new setup
shows about 4� voltage SNR improvement at X-band, while for
measurements at Q-band, the enhancement is slightly above 2�
with prospects for further improvement. In both cases, the
obtained sensitivity gain is practically independent of the sample
temperature.
2. Calculation of sensitivity improvement

First, we develop a theoretical framework for prediction of the
sensitivity improvement provided by a generalized EPR cryoprobe
with decoupled sample and cryogenic LNA temperatures. Fig. 1
shows a detection path of such a cryoprobe design, where the
amplifier is held at low temperature TLNA independent of the sam-
ple temperature TS. The losses of the microwave paths and compo-
nents prior and after the LNA are summarized as attenuators
L1; L2; L3, and L4. The temperature of L2 and L3 is expected to be
the same as that of the LNA, while L4 is at room temperature.
The attenuator L1 reflects the interface connecting the resonator
and the LNA part, and its temperature can vary depending on an
exact design. The output of the external LNA is connected to a stan-
Fig. 1. Detection microwave paths of the cryoprobe (left) and standard unmodified
(right) EPR setups. All lossy microwave components and cables are represented as
effective attenuators Liði ¼ 1 . . .5Þ. In the cryoprobe setup, the L1 attenuator
corresponds to an interface between the resonator (R) and the LNA circuit. In the
standard setup, L1 þ L4 denotes the losses between the resonator and the
microwave bridge. The temperature of the sample and microwave resonator is TS,
while the LNA is at TLNA. T

C
in and TU

in denote the input noise temperatures of both
setups.
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dard commercial EPR microwave bridge having a microwave
amplifier placed at room temperature. The losses inside the bridge
prior to this amplifier are summarized as L5. The detection path of a
standard EPR spectrometer is presented in Fig. 1, where we assume
that the losses prior the microwave bridge correspond to L1 þ L4 of
the cryoprobe setup.

The SNR improvement obtained by such a cryoprobe design
compared to a standard setup can be predicted using the effective
noise temperature Te formalism, which was previously success-
fully used to calculate sensitivity of EPR setups with cryogenic
LNAs [7]. The noise temperature of an LNA is typically specified
by the manufacturers, while Te of a passive microwave component
(e.g. attenuator) depends on a physical device temperature Ta and
can be expressed as

Te ¼ Ta
1
G
� 1

� �
; ð1Þ

where G is the gain associated with the device. For passive lossy
components, G ¼ 1=L.

The total effective noise temperature of a cascaded linear
microwave circuit can be expressed using the Friis equation as [16]

Te ¼ T1 þ T2

G1
þ T3

G1G2
þ T4

G1G2G3
þ . . . ð2Þ

Here, Ti and Gi correspond to the effective noise temperature and
gain of an i-th device in a linear cascade, respectively.

The degradation of power SNR caused by a microwave circuit is
characterized by the noise factor F defined as the ratio of the input
SNR to output SNR:

F ¼ SNRin

SNRout
: ð3Þ

The noise factor can be calculated from the total effective noise
temperature using

F ¼ 1þ Te

T in
; ð4Þ

where T in denotes the noise temperature at the input of the micro-
wave circuit.

We define the sensitivity improvement provided by the cry-
oprobe as the ratio of the output voltage SNR between both setups:

SNRC
out

SNRU
out

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
FC

FU

TC
in

TU
in

s
; ð5Þ

where the subscripts C and U correspond to the cryoprobe and
unmodified setups, respectively. Here, we also took into account
that SNRin � 1=T in. In our calculations, we take TU

in ¼ 294 K indepen-
dent of the temperature of the sample, as in a standard setup the
sample is not isolated from room temperature noise. In contrast,
as demonstrated in our previous work [12], EPR cryoprobes may
provide this isolation, and thus TC

in may be significantly lower than
room temperature.

We calculated how the sensitivity improvement depends on the
sample temperature TS for three distinct designs derived from the
generalized EPR cryoprobe. For calculations, we chose typical
losses of the microwave components [12] (L1 ¼ 1 dB, L2 ¼ 3 dB,
L3 ¼ 1 dB, L4 ¼ 1 dB, and L5 ¼ 7 dB), while the noise temperature
of the bridge amplifier was set to 250 K. The cryogenic LNA was
assumed to have typical gain (36 dB) and noise temperature
(4.5 K and 50 K at 7 K and 294 K, respectively) (see below). The first
design (Fig. 2b) corresponds to our previous work [12], where the
LNA was placed close to the resonator meaning that
TLNA ¼ TL1 ¼ TS. Here, we also assume a partial suppression of the
input thermal noise, which was achieved using a 6 dB directional



Fig. 2. (a) Sample temperature dependence of the SNR improvement provided by
(b-d) three distinct EPR cryoprobe setups.

Fig. 3. (a) Block diagram of our cryoprobe EPR setup with an externally cooled
cryogenic LNA. (b) Schematic of the microwave circuit within the external cryostat,
which is connected to the microwave bridge and EPR probehead. In practice, all
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coupler, providing TC
in ¼ 75 K for TS < 75 K, and TC

in ¼ TS for TS > 75
K. The calculated behaviour of the voltage SNR improvement for
this setup is presented in Fig. 2a showing a significant decay from
about 6:7� to 2:2� with increasing sample temperature.

In the second design (Fig. 2c), the sample and the cryogenic LNA
are kept in separate cryostats allowing to keep the temperature of
the LNA fixed (TLNA ¼ 7 K) and independent of the sample temper-
ature. As both cryostats are interfaced by a room temperature
microwave path L1 (TL1 ¼ 294 K), we assume no suppression of

the input thermal noise (TC
in ¼ 294 K), which corresponds to the

lowest bound of the sensitivity gain. This still results in a signifi-
cant SNR improvement by 3:3�, which is independent of TS

(Fig. 2a). In addition, a comparison with the first design shows a
crossover point at about 130 K, where the sensitivity of the exter-
nal cryostat setup becomes higher.

We also explored a third design (Fig. 2d), where the sample and
the LNA are kept in different regions of the same cryostat unit
allowing to decouple their temperatures. Experimental realization
of such a setup may be feasible in closed cycle He cryostats having
a variable temperature insert (sample space), which is separated
from a cold pulse tube (LNA space). In our calculations for this
design, we consider that the LNA and its protection circuit are kept
at TLNA ¼ 7 K, while the losses associated with the interface L1 are
at the sample temperature (TL1 ¼ TS). We also assume the same
level of suppression of the input thermal noise as for the first
design (TC

in P 75 K). Our calculations reveal that this setup would
have the highest sensitivity gain with a less pronounced tempera-
ture dependence compared to the first design (Fig. 2a). However,
the experimental realisation of such a cryoprobe solution is likely
to require significant modifications of a closed cycle cryostat, or
indeed a bespoke design.

Note, that in our analysis we ignored the resonator coupling
effects on the input thermal noise [7]. A fully overcoupled res-
onator used in pulsed EPR should reflect the majority of input ther-
mal noise to the detection circuit, which corresponds to the
situation described in our analysis. In contrast, a critically coupled
resonator employed, for example, in CW EPR would absorb all
input thermal noise, and in this case TC

in would match the temper-
ature of the resonator given absence of other noise sources.

In our calculations we used typical values of microwave losses
and suppression of input thermal noise. In reality, these numbers
may differ resulting in different (potentially higher) sensitivity
gains, although the qualitative behaviour of all three setups should
remain. In the following, we demonstrate experimental implemen-
tation and testing of the second cryoprobe design for X- and Q-
band EPR based on a separate cryostat for the LNA.
3

3. Setup details

3.1. X-band

The block diagram of our setup based on an externally cooled
LNA is presented in Fig. 3a (photo of the setup is given in Figure S1).
The LNA is contained in a commercially available closed-cycle He
cryostat (Advanced Research Systems DE-204PE), which allows
cooling and maintaining the LNA at about 7 K. The temperature
of the amplifier is measured using a silicon diode temperature sen-
sor. The cryogenic LNA is a high electron mobility transistor
(HEMT) amplifier LNC4_16B from Low Noise Factory (see Table 1
for details). Our setup is simultaneously connected to a standard
microwave bridge (Bruker ELEXSYS E580/IF-Q, recently confirmed
to be within the expected specifications by Bruker) and EPR probe-
head. Depending on the experiment, we use standard Bruker
ER4118X-MD5 (pulsed EPR), EN4118X-MD4 (pulsed ENDOR) and
high-Q ER4102ST (CW) resonators. The temperature of the sample
is independently maintained using other He cryostats (Oxford
Instruments CF935 and ESR900) connected to a Stinger Cryogen-
Free variable temperature system.

The microwave circuit inside the external cryostat is shown in
Fig. 3b. The microwave pulses coming from the EPR bridge are
directed to the EPR probehead via a three-port circulator (Table 1)
placed within the external cryostat. The same circulator is used to
route the microwave signals from the resonator to the LNA path,
where a high-power Narda LIM-301 limiter (Table 1) protects the
LNA from high power microwave pulses produced by a 1 kW
traveling-wave tube (TWT) amplifier that are reflected from the
resonator. A much weaker spin signal passes through the limiter
and after amplification by the LNA leaves the external cryostat
and travels to the EPR bridge for detection. We also tested our X-
band setup using a four-port circulator with the additional port
terminated by a 50 X load, but observed no significant differences
in the performance.

In our previous study, when placing the LNA and its protection
circuit directly on an EPR probehead, we employed a directional
coupler instead of a circulator, as circulators degrade their proper-
ties in the magnetic field [12]. Using a circulator instead of a direc-
tional coupler is advantageous, as practically all of the spin signal is
directed to the LNA path, which is in contrast to a directional cou-
microwave components are closely packed on a cold finger of the cryostat.



Table 1
Microwave components used for X- and Q-band EPR cryoprobes.

Component X-band Q-band

LNA LNF LNC4_16B (36 dB gain, 4 K noise temperature at 4 K and 9.5 GHz) LNF LNC28_52WB (34 dB gain, 9 K noise temperature at 4 K and 34 GHz)
Limiter Narda-MITEQ LIM301 (500 W peak power, 130 mW flat leakage, < 200 ns

recovery time, 0.1% duty cycle)
Pasternack PE80L2002 (20 W peak power, 63 mW flat leakage, 10 ns
recovery time, 0.1% duty cycle)

Circulator Pasternack PE83CR000 Pasternack PE83CR1032
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pler, where a fraction of signal power (25% for a 6 dB coupling) is
lost to the coupled port. In addition, a circulator does not suppress
the input microwave power allowing higher bandwidth pulses.
However, as demonstrated in our previous work and in the theo-
retical analysis presented above, attenuation at the input is actu-
ally necessary to obtain the best SNR, as it also suppresses the
thermal noise from the source [12]. In the current setup, to test
the suppression of this noise, we use easily-interchangeable cryo-
genic attenuators attached to the input port of the circulator
(Fig. 3b).

In contrast to our previous design [12], here we also no longer
use a fast microwave switch to additionally protect the LNA, as
our testing showed that the LNA is capable of handling flat leakage
power of the limiter making the switch redundant although a slow
degradation of the performance may still occur. Absence of the
microwave switch also makes the CW operation and tuning of
the resonator easily accessible.

We also note that the external cryostat has input and output
ports that should be connected to the EPR bridge, while typical
commercial X-band spectrometers are designed to operate only
in the reflection mode and thus have only one microwave port.
We solve this problem by bypassing the internal circulator in the
microwave bridge, which is a simple modification. A more elegant
solution would be to exploit the intermediate frequency (IF) mode,
which is available on X-band Bruker spectrometers having an IF
extension, although we have not thoroughly tested this approach.
3.2. Q-band

We use the same setup design at Q-band, which is based on a
high-frequency LowNoise Factory LNC28_52WB amplifier (Table 1)
placed in the external cryostat together with its protection circuit
(Fig. 3). The amplifier is protected by a fast Pasternack PE80L2002
limiter (Table 1) from high power pulses originating from a 10 W
solid state amplifier. The components are interconnected by low
loss 2.92 mm type coaxial cables, while we use coaxial-to-
waveguide WR-28 adapters (Pastnernack PE9826) to interconnect
cables and waveguides. The cryoprobe is connected to a Q-band
EPR probehead (EN5107D2) placed in an Oxford Instruments
CF935 cryostat, which allows us to perform the CW and pulsed
EPR/ENDOR experiments at different sample temperature. The out-
put of the cryoprobe is directly connected to the detection path of
the IF-Q module of our microwave bridge bypassing the internal
circulator.
4. Experimental details

4.1. Pulsed EPR experiments

To benchmark our setup at X-band, we used a standard coal
sample placed in a 4 mm outer diameter EPR tube, which was
inserted into the fully overcoupled ER4118X-MD5 resonator. The
SNR improvement was characterized using a Hahn echo pulse
sequence (p=2� s� p� s� echo) with two-step phase cycling.
The echo was integrated to obtain the echo-detected field sweep
(EDFS) spectra and echo decay curves of the same sample. For mea-
4

surements using no additional input attenuation, the duration of
the p pulse was 40 ns, while for attenuation of 20 dB, the pulse
length was increased to 160 ns. To avoid saturation of the digitizer,
the interpulse delay s was adjusted to produce a sufficiently weak
echo signal. Depending on the sample temperature, the shot repe-
tition time was chosen sufficiently long to avoid saturation of the
signal.

The SNR improvement and its uncertainty were determined
using at least 10 separate measurements of the Hahn echo. The
traces were corrected by subtracting 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).

Pulsed EPR experiments at Q-band were performed using the
IF-Q option of our spectrometer equipped with the fully overcou-
pled EN5107D2 Q-band probehead and 10 W AmpQ-10 solid state
amplifier. For these experiments, we placed a small amount of the
coal sample in a 1.6 mm outer diameter EPR tube, and the SNR
improvement was quantified following the same procedure as
described above. The p pulse duration was 40 ns for 0 dB input
attenuation, while it was increased to 100 ns for 18 dB attenuation.

During all experiments, the sample position and resonator cou-
pling were tightly fixed to avoid potential variations when switch-
ing between both setups. All parameters, except for the microwave
power and negligible changes in the microwave frequency and
magnetic field, were kept constant in both measurements. The
microwave power from the bridge was adjusted to yield the same
duration of the p pulse in both setups, i.e. to achieve the same
microwave power at the EPR resonator.
4.2. Pulsed ENDOR experiments

We performed Pulsed ENDOR experiments using a Bruker DICE
ENDOR system equipped with a 150 W radiofrequency amplifier.
Measurements at X- and Q-band were performed on the same coal
sample placed in 4 mm and 1.6 mm outer diameter EPR tubes,
which were inserted into the fully overcoupled EN4118X-MD4
and EN5107D2 EPR probeheads, respectively. We used the Mims
pulse sequence [17] with the microwave pulse length of p=2 =
20 ns, while the radiofrequency p pulse was set to 10 ls. The inter-
pulse delay s between the microwave pulses was adjusted to yield
a weak echo signal and was 306 ns (X-band) and 1.5 ls (Q-band).
For SNR improvement calculation, the ENDOR spectra were base-
line corrected and normalized to the spin signal, while noise was
determined by calculating the standard deviation of signal far
away from the ENDOR lines.
4.3. CW experiments

We used the same coal samples to benchmark the SNR
improvement for the CW EPR experiments at both frequency
bands. For measurements at X-band, the high-Q ER4102ST res-
onator was used with the modulation field of 2 G and 100 kHz.
The Q-band CW EPR experiments were performed using the



Fig. 5. SNR improvement provided by our X- and Q-band cryoprobes for different
(a) sample and (b) LNA temperatures. The dashed curves show calculated SNR
improvement using Eq. 5. In all cases, the attenuator on the input path was absent
(0 dB).

Fig. 6. Normalized EDFS spectra of the coal sample obtained at (a) X- and (b) Q-
band setups with and without the cryoprobe with the corresponding voltage SNR
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EN5107D2 resonator and 2 G and 50 kHz modulation field. The res-
onators were critically coupled for the CW EPR measurements. The
SNR improvement was calculated by comparing the noise levels
after baseline correction and normalization of the spectra.

5. Results and discussion

5.1. SNR improvement at different temperature

We investigated the performance of our setups by measuring
the Hahn echo of the standard coal sample and comparing it to
the unmodified spectrometer. Fig. 4 shows the comparison of the
echoes obtained with the cryoprobes and unmodified setups, when
the samples were held at TS ¼ 10 K temperature. At X-band, the
sensitivity improvement can be observed with a corresponding
increase of voltage SNR close to 4�. Due to the additional noise
and losses of the current setup, the sensitivity gain is about two
times lower compared to the previous design at TS ¼ 10 K, where
the microwave components were placed directly on the EPR probe-
head [12]. The voltage SNR improvement at Q-band is lower com-
pared to the X-band setup, but still reaches a significant factor of
about 2:2�.

We investigated how the sample temperature affects the sensi-
tivity improvement provided by our setups by performing the
same type of Hahn echo experiments on the coal sample. The
obtained results are presented in Fig. 5a demonstrating sensitivity
gain independent of TS for both frequency bands in sharp contrast
to our previous setup [12], where the SNR improvement gradually
diminished with increasing sample/LNA temperature. For compar-
ison, the current X-band setup enhances SNR by 3:7� at TS ¼ 294
K, while the previous cryoprobe resulted in substantially lower
improvement of about 2� at the same sample temperature.

We also measured the echo-detected field sweep (EDFS) spectra
of the same samples at room temperature by integrating the Hahn
echo. The obtained spectra at each band are presented in Fig. 6
revealing similar SNR improvements as obtained from the Hahn
echo experiments (Fig. 5a). More importantly, these experiments
show that the lineshapes are not affected by our cryoprobe setups
indicating no saturation effects for signals of moderate intensity.

We also investigated the SNR improvement at different LNA
(cryoprobe) temperatures TLNA, when the sample was kept at room
Fig. 4. Hahn echoes of the coal sample obtained at 10 K using (a) X- and (b) Q-band
setups with and without the cryoprobe with the corresponding voltage SNR
improvements of (a) 3:7� and (b) 2:2�. The echoes are normalized to the noise
level. The LNAs were cooled down to the lowest accessible temperatures.
Experimental parameters: (a) s ¼ 2 ls, 4 averages, tp ¼ 40 ns, and (b) s ¼ 5 ls, 1
average, tp ¼ 40 ns. In both cases, the attenuator on the input path was absent
(0 dB).

improvements of (a) 3:7� and (b) 2:2�. The sample temperature was 296 K.
Experimental parameters: (a) s ¼ 0:5 ls, 4 averages, tp ¼ 40 ns, and (b) s ¼ 2:5 ls,
2 averages, tp ¼ 40 ns. In both cases, the attenuator on the input path was absent
(0 dB). The arrows indicate the fields, at which the Hahn echo experiments were
performed.

5

temperature. The obtained results are presented in Fig. 5b reveal-
ing a decrease of the SNR gain at both frequency bands as the cry-
oprobe temperature is increased to room temperature. At X-band,
the decrease is from 3:7� to 2:3�, while Q-band experiments show
a loss of the SNR improvement from 2:2� to about 1�. Such a
degradation of sensitivity mainly occurs due to a significant
increase of the noise temperatures of the amplifiers and other
microwave components. For example, the X-band LNA at 4 K and
294 K has noise temperature of 4 K and 50 K, respectively, while
the Q-band amplifier has higher noise temperatures (9 K and
125 K).

We note that even with the LNA at room temperature, a signif-
icant SNR gain of 2:3� can be achieved at X-band, which can be
attributed to lower losses in our microwave circuit and better noise
characteristics of the LNA compared to the unmodified Bruker
spectrometer. We observed a similar enhancement using our pre-
vious setup at room temperature [12] suggesting that higher
microwave losses inevitably introduced by much longer micro-
wave path of the current setup are compensated by the absence



Fig. 8. Normalized 1H Mims ENDOR spectra of the coal sample obtained at (a) X-
and (b) Q-band setups with and without the cryoprobe with the corresponding
voltage SNR improvements of (a) 3:9� and (b) 2:1�. The sample temperature was
296 K. Experimental parameters: (a) s ¼ 306 ns, 10 averages, tp ¼ 40 ns, trf ¼ 10 ls,
and (b) s ¼ 1:5 ls, 1 average, tp ¼ 40 ns, trf ¼ 8 ls. In both cases, the attenuator on
the input path was absent (0 dB).
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of the microwave switch and employment of a circulator instead of
a directional coupler. Cooling the LNA in our current setup
enhances the SNR by a further factor of 1:7�.

Wemeasured themicrowave losses of our setups (see Figure S2)
and used Eq. 5 to compare the experimentally obtained SNR
improvement with our theoretical model. Assuming no suppres-
sion of the input thermal noise (TC

in ¼ 294 K), the calculated
improvements are about 10% lower than the experimental values
(3:3� (X-band) and 2:0� (Q-band)) showing a good agreement
with the experiment (see Fig. 5a). A small discrepancy may origi-
nate from uncertainties in the measurements of the microwave
losses or from a slight suppression of the input thermal noise by
cold circulators and microwave cables in the cryoprobe, which
does not fully recover in the room temperature microwave path
interfacing the cryoprobe and the EPR resonator. By assuming
TC
in � 220 K, we recover a good agreement with the experimental

results for both frequency bands.
Our theoretical framework also allow us to estimate how the

SNR improvement is affected by the temperature of the cryoprobe
at both frequency bands. For our calculations, we assumed that the
LNA noise temperature depends linearly on the physical tempera-
ture of the amplifier TLNA. The obtained results are presented in
Fig. 5b demonstrating a good agreement with the experimental
data.

We investigated the effect of the input thermal noise suppres-
sion on the SNR improvement in more detail by placing different
cryogenic attenuators on the input path (see Fig. 3b), while keeping
the sample at room temperature. We observed that at X-band the
SNR improvement increased from 3:7� to about 4:4� for 5 dB
input attenuation and then saturated for higher levels of attenua-
tion (see Fig. 7). For Q-band setup, the increase was marginal from
2:2� (0 dB) to about 2:4� (18 dB). These results indicate a partial
suppression of the input thermal noise (lowering of TC

in), even
when the sample is held at room temperature, although rather
small improvements suggest that the input thermal noise cannot
be fully suppressed in both systems due to the presence of the
microwave paths at room temperature after the cryoattenuators.

5.2. Pulsed ENDOR

In contrast to our previous design [12], the current cryoprobe
poses no restrictions to utilize more bulky ENDOR probeheads
allowing us to characterize the SNR improvement for X- and Q-
band ENDOR experiments. Fig. 8 shows the room temperature
Fig. 7. SNR improvement vs. input attenuation provided by our X- and Q-band
cryoprobes. The sample temperature was 294 K, while the LNAs were cooled down
to the lowest accessible temperatures.
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ENDOR spectra of the same coal samples obtained using our cry-
oprobe with 0 dB input attenuation together with the spectra mea-
sured using unmodified spectrometers. The obtained voltage SNR
improvement is 3:9� (X-band) and 2:1� (Q-band) in a good agree-
ment with the Hahn echo and EDFS experiments indicating full
compatibility of our current design with the ENDOR experiments.
5.3. CW

We also tested the performance of our setups for the CW EPR
experiments at both frequency bands. Fig. 9 shows the room tem-
perature CW EPR spectra of the coal samples obtained with and
without the cryoprobe. The determined SNR enhancement is
3:2� and 2:0� at X- and Q-band, respectively, demonstrating com-
patibility of our setups with the CW EPR experiments despite a
slightly worse performance compared with the pulsed EPR results.
A lower value of the SNR improvement may result from additional
noise introduced by the microwave source, which is present during
Fig. 9. Normalized CW EPR spectra of the coal sample obtained at (a) X- and (b) Q-
band with and without the cryoprobe with the corresponding voltage SNR
improvements of (a) 3:2� and (b) 2:0�. The sample temperature was 296 K.
Experimental parameters: (a) 0.15 lW, 1 average, modulation field: 2 G and
100 kHz, and (b) 0.016 lW, 1 average, modulation field: 2 G and 50 kHz. In both
cases, the attenuator on the input path was absent (0 dB).
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the signal acquisition [8]. We note that here the experiments at X-
band were performed using a high-Q TE102 rectangular cavity,
which cannot be directly equipped with a cryogenically cooled
LNA, as the sample cryostat is placed within the resonator itself,
making our current cryoprobe design the only feasible solution
for such EPR resonators.
5.4. Limitations and further improvements

Our calculations show that to further improve the performance
of our setups it is essential to minimize losses of the room temper-
ature microwave path joining the cryoprobe and EPR probehead.
Cooling this interface would be also beneficial, as, in addition to
smaller noise temperature, this would provide a better suppression
of the input thermal noise. Such a setup would correspond to the
third cryoprobe design presented in Fig. 2d, which, however, is
much more difficult to realise in practise. We note that reduction
of the microwave losses of the cold components prior the LNA
would also increase the sensitivity of our cryoprobe, although the
effect would be rather small, as the highest contributors to the
effective noise temperature are the room temperature microwave
paths.

As a shortcoming of both our cryoprobe setups, we observed a
deviation of the signal from the expected exponential decay during
a Hahn echo decay experiment at short values of s (K180 ns) (Fig-
ure S3), which may be critical for very fast relaxing spin species.
Observation of this effect at both frequency bands suggests that
it is not related to the recovery of the limiters, as the Q-band lim-
iter has very fast recovery time of 10 ns. A plausible explanation for
this discrepancy might be saturation of the LNAs by leaking micro-
wave pulses, as the flat leakage of the limiters is higher than the
maximum specified CW power of the LNAs. We also tested differ-
ent configurations of the protection circuit of the X-band setup, for
example, by replacing the circulator with a directional coupler, but
the issue remained, although we observed that the discrepancy is
somewhat sensitive to different assemblies and in some cases it
is very small.

Other limitations of the X-band setup related to the limiter
recovery and LNA saturation by strong spin signals are described
in our previous work [12], therefore here we concentrate on the
Q-band case. The 1 dB compression point (CW) of the employed
Q-band LNA is 0.1 mW meaning that it may saturate for very
strong signals. Indeed, we observed some clipping of the echoes,
but only when the signal amplitude was close to saturation of
the digitizer. This shows that the dynamic range of the Q-band
setup is wide enough for the majority of EPR samples. The satura-
tion of the LNA also puts a limit to the microwave power used dur-
ing mode tuning and CW EPR experiments, and care should be
taken not to exceed this power level to avoid damaging of the
amplifier.

Another limitation of the Q-band setup is the peak power of the
used limiter, which is only 20 W (Table 1). Such power levels are
fully compatible with our solid state amplifier, but not with the
state-of-the-art Q-band TWTs (� 200 W), which are becoming
more popular in the community [18]. This issue can be solved by
replacing the limiter or using a fast switch to protect the LNA as
mentioned in Ref. [18]. We also note that the used Q-band limiter
has a duty cycle of 0.1% meaning that the shot repetition time
should be carefully adjusted when using sequences with long
microwave pulses.
6. Conclusions

In this work, we theoretically and experimentally explored a
more general approach to the EPR cryoprobe, where the micro-
7

wave amplifier temperature is decoupled from the sample temper-
ature. Our experimental realisation of such X- and Q-band
cryoprobe is based on a cryogenically cooled LNA situated in a sep-
arately cooled closed cycle He cryostat. In contrast to our previous
design [12], this approach provides a moderate sensitivity gain
even for room temperature experiments and is fully compatible
with all CW and pulsed EPR/ENDOR resonators. The obtained gains
in SNR can be used to reduce the spin concentration or sample vol-
ume allowing more advanced X- and Q-band EPR experiments (e.g.
hyperfine [19] and dipolar [20–23], spectroscopies) with increased
sensitivity.

We also discussed prospects of further sensitivity improvement
of cryoprobe setup based on reduction of the microwave losses and
suppression of the input thermal noise. Our simulations show that
for the best performance it is essential to minimize the losses and
cool down the microwave lines interfacing the resonator and the
LNA. This should be feasible in closed cycle He cryostats, where a
variable temperature insert (sample region) and a pulse tube
(LNA region) are integrated into a single unit providing the ulti-
mate EPR cryoprobe solution.
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