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In this paper we will describe the characterisation of a rf amplification chain based on a travelling wave
parametric amplifier (TWPA). The detection chain is meant to be used for dark matter axion searches and thus
it is mounted coupled to a high Q microwave resonant cavity. A system noise temperature Tsys = (3.3± 0.1)
K has been measured at a frequency of 10.77 GHz, using a novel scheme allowing measurement of Tsys exactly
at the cavity output port.

I. INTRODUCTION

A. Axions and haloscopes

In the attempt to solve the so called strong CP problem
of quantum chromodynamics (QCD), in the seventies a
new hypothetical particle came into play: the axion1–3.
The axion is an extremely light weakly interacting pseu-
doscalar boson, described by two main classes of models:
KSVZ4,5 and DFSZ6,7, generically indicated as QCD-
axion models. It was soon realized that the axion could
be the main component of galactic dark matter halos, an
hypothesis supported by the presence of various mech-
anisms for axion production in the early Universe8–11.
Astrophysical and cosmological constraints12,13, as well
as lattice QCD calculations of the DM density14–16, pro-
vide a preferred axion mass window around tens of µeV.

Experimental searches of the axion are carried out in
a wide variety of experiments17, among which the most
sensitive ones are the haloscopes: apparata trying to de-
tect the axion forming the Milky Way halo. The detec-
tion principle was outlined by Sikivie in 198318: axion
induced microwave photons are produced in a resonant
cavity immersed in a static magnetic field through the
inverse Primakoff effect. Ultra low noise microwave de-
tection chains then look for excess radio frequency power.
Sikivie’s type haloscopes allowed to exclude QCD-axions
as the main DM component for axion masses ma between
1.91 and 4.2 µeV19–22, and, together with helioscopes23,
are the only experiments which reached the QCD-axion
parameter space.

In a standard haloscope the detector is composed by
a high quality factor Q0 resonant cavity immersed in a
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static magnetic field B0. The signal is the power collected
by an antenna coupled to a specific cavity mode with
coupling β. The expected axion power would be (for an
antenna coupling β = 2):

Pa = 1.48 · 10−24 W
(

V×Cmnl

2.85·10−5 m3

) (
B0

10T

)2 × (1)(
gγ
−0.97

)2 (
ρa

0.45GeV cm−3

) (
νc

10GHz

) (
Q0

100 000

)
.

where ρa = 0.45 GeV/cm3 is the local DM density, gγ
is a model dependent parameter equal to −0.97 (0.36) in
the KSVZ (DFSZ) axion model, Cmnl ' O(1) is a geo-
metrical factor, depending on the cavity mode, V is the
volume of the cavity and νc its resonance frequency. A
measurement at a fixed cavity frequency would be able to
probe axions with masses mac

2 ' h̄νc, and thus it is nec-
essary to tune the cavity frequency to search for different
mass values. A practical parameter to characterize this
system is the scanning speed, i.e. the mass range that
can be explored within a certain amount of time.

The sensitivity of axion search experiments is deter-
mined by the signal to noise ratio SNR ≡ Pa/δPnoise.
Following Ref. [24] the expected noise is

δPnoise = kBTsys

√
∆νa
∆t

(2)

where Tsys is the equivalent system noise temperature, ∆t
is the integration time and kB is the Boltzmann constant.
∆νa ' νc/Qa is the intrinsic width of the axion signal,
it is due to the velocity spread of dark matter particles
in the halo and it can be shown that for the isothermal
model an axion ”quality factor” Qa = 1× 106 should be
used25. The general form of the scanning rate is derived
as26

dν

dt
=

1

SNR2

(
βPa
kBTsys

)2
1

(1 + β)Q0
. (3)
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It is then evident that reducing the system noise tem-
perature is a main challenge for this type of experiments.

B. Amplification chains

The choice of the amplification chain is closely related
to the frequency at which the search for dark matter ax-
ion is conducted. A thorough discussion can be found
in [24]. Most of running experiments are using a hetero-
dyne or super-heterodyne detection chain with a linear
amplifier as first stage. The linear amplifier is directly
sensing the output of the antenna coupled to the cavity
mode. Recently a more advanced detection scheme has
been used to take advantage of squeezing27.

The experiment QUAX28 is focusing its search efforts
in a region around 10 GHz. In such a band commercially
available amplifiers are based on High Electron Mobil-
ity Transistor (HEMT) with MMIC technology (mono-
lithic microwave integrated circuits) showing an equiva-
lent noise temperature of the order of 3.5 K29,30 at the
temperature of 4.5 K. The system noise temperature is
normally the sum of amplifier equivalent noise temper-
ature and ambient temperature. Ambient temperature
can be reduced by placing the apparatus inside an ultra
cryogenic environment, however HEMTs equivalent noise
temperature does not decrease significantly and they are
normally not suitable to be used in such environments
due to their large power dissipation. Another solution
for the first stage amplification is the use of Josephson
Parametric Amplifiers (JPA)31, that can be operated at
much lower temperature and indeed have already been
used in haloscopes22,32,33. JPAs are quantum limited
amplifiers, having the drawback of being resonant sys-
tems working only in a small frequency region and with
little tuning: a 10 MHz gain profile can normally be
tuned over a few hundreds of MHz34. This limitation has
been overcome by Travelling Wave Parametric Amplifiers
(TWPAs) consisting of nonresonant nonlinear transmis-
sion lines exhibiting amplification bandwidth up to few
GHz35,36. Recently such amplifiers have been used also
for dark matter searches37.

In this paper we will describe an experimental test
conducted on a haloscope amplification chain based on
a TWPA realized using a reversed Kerr phase match-
ing mechanism38. The TWPA will be reading the power
delivered by a microwave cavity, resonating at frequen-
cies typical for the QUAX axion haloscope. The test has
been conducted in the absence of the strong magnetic
field which is used in axion searches, however the set-
up is already equipped with a magnetic shielding and it
will be soon incorporated in a complete haloscope. The
present test is used to define the base working properties
of the detection chain.

The precise measurement of the system noise temper-
ature is of paramount importance in the assessment of
the results for an haloscope. The standard Y-factor
method39 normally uses a variable temperature source

accessed by means of switches. Here we give details of a
novel method that we introduced previously33, with the
advantage of avoiding the need for switches and capable
of measuring the noise temperature exactly at the point
of interest, namely at the haloscope cavity output.

II. EXPERIMENTAL APPARATUS

The schematic of the apparatus is reported in Fig. 1.
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FIG. 1. Layout of cryogenic apparatus. Green cables are
superconducting (NbTi). The point A1 is the reference point
for the measurement of the system noise temperature. The
connections between the TWPA and the two circulators C1
and C2 are done with direct SMA male to male adaptors.

The element to be read by the TWPA is a cylin-
drical copper cavity of radius 12.88 mm and length 50
mm. Readout is performed by means of a dipole antenna
whose coupling can be manually controlled with a me-
chanical feedthrough. The cavity relevant modes that
have been used are the following: TM010 with resonant
frequency f010 = 8.91 GHz, TM011 at f011 = 9.42 GHz
and TM012 at f012 = 10.77 GHz. The antenna out-
put is fed onto a circulator (C1) using a superconducting
NbTi cable. C1 is directly connected to the input of
the TWPA, which serves as pre-amplifier of the system
detection chain under test. Further amplification at a
cryogenic stage is done using a low noise HEMT ampli-
fier (Low Noise Factory model LNA4-16). In order to
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avoid back action noise from the HEMT, a pair of iso-
lators (C2 and C3) and a 8 GHz High Pass filter are
inserted between the TWPA and the HEMT. The out-
put of the cryogenic HEMT is then delivered to the room
temperature electronics (RTE) described in figure 2: we
refer to this line as L4. Access to the microwave cav-
ity is also possible by using a weakly coupled antenna,
connected to the room temperature electronics through
line L1. This line employs a 12 dB attenuator to avoid
contribution of thermal inputs; moreover, the last part
of the line is done using a cryogenic cable having low
transmission (insertion loss about 16 dB) and low heat
conductance. An auxiliary line, L3 in figure, is used for
calibrations and to connect the RTE directly to the cav-
ity tunable antenna by means of circulator C1. Again,
line L1 is equipped with attenuators to avoid thermal in-
puts from stages at temperatures above the system base
temperature. Finally, a dc current source is connected to
a superconducting coil used to bias the TWPA.

PUMP

VNA
OUT IN

P3 P5

YL-74

L3

HEMT

L4

Room temperature

Macom
1147

SA

P4

L1

SG

P1

FIG. 2. Principle scheme of the room temperature radio fre-
quency instrumentation. The points Pn are the reference
points used in the measurements. SG = Signal generator;
VNA = Vector Network Analyser; PUMP = Signal generator
used as TWPA pump; SA = Spectrum Analyser. YL-74 and
Macom 1147 are power splitters/combiners. L1, L3 and L4
are connected to the corresponding points of Figure 1.

The room temperature electronics employs two sig-
nal generators: following figure 2, SG is used to provide
known signal as input to the system, PUMP is used to
provide the pump signal to the parametric amplifier. Its
output is summed up with the output of a VNA, which is
used to produce transmissions spectra of the system. The
output line L4 is amplified using a HEMT amplifier and
can be read simultaneously by the VNA and by a spec-
trum analyser (SA). In Figure 2 we labelled the points
P1, P3, P4 and P5, which are used in the calibration

procedure described below.
Since we plan to use this system inside an haloscope, it

is necessary to shield the electronics from the presence of
stray fields. In our haloscope28, an 8 T magnetic field is
acting on a microwave cavity, and a counterbias solenoid
is used to reduce the field on the detection electronics.
We have estimated a residual stray field of about 10 mT.
To shield such field a hybrid box is encapsulating the two
circulators C1 and C2 and the TWPA. This hybrid box
is constituted by an external box of lead and an internal
one of cryoperm. The box dimension is 35 × 65 × 210
mm3, with one small base opened to allow cabling, and
is thermally anchored to the dilution unit (DU) mixing
chamber.

The cryogenic and vacuum system is composed of a
cryostat and a 3He–4He wet dilution refrigerator. The
cryostat is a cylindrical vessel of height 2300 mm, outer
diameter 800 mm, inner diameter 500 mm (made by Pre-
cision Cryogenics System Inc). The dilution refrigerator
is a refurbished unit (made by Leiden Cryogenics Inc.)
previously installed in the gravitational wave bar antenna
Auriga test facility40. Such dilution unit has a base tem-
perature of 70 mK and cooling power of 1 mW at 120
mK. The DU is decoupled from the gas handling system
through a large concrete block sitting on the laboratory
ground via a Sylomer carpet where the Still pumping
line is passing. This assembly minimizes the acoustic
vibration induced on the TWPA, which is rigidly con-
nected to the mixing chamber. Once the Helium cryo-
stat has been filled up with liquid helium the DU column
undergo a fast pre-cooling down to liquid-helium tem-
peratures via helium gas exchange on the Inner Vacuum
Chamber (IVC). This cooling down operation take al-
most 4 hours. When a temperature of 4 K has been
reached, the pre-cooling phase ends, the inner space of
the IVC is evacuated. From that point on the dilution
refrigerator takes over and the final cooling temperature
of around 80 mK is attained after about 5 hours. No
charcoal pump was present in the DU cooled system. A
pressure of around 10−7 mbar was monitored without
pumping on the IVC room temperature side through all
the experimental run. Temperatures are measured with
a set of different thermometers. Most of them are used
to monitor the behaviour of the dilution unit. A RuO
thermometer is used to monitor the cavity temperature.
It is to be noted that the 20 dB attenuator close to C1
is thermally anchored to the mixing chamber.

III. MEASUREMENTS

A. General parameters

The first measurements to be performed are related
to the optimisation of the TWPA working parameters38.
This correspond to the choice of the bias current driv-
ing the superconducting coil and of the pump frequency
and amplitude. By measuring with the VNA the trans-
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mission spectra P3 -> P5 while varying the dc current
IDC , it is possible to identify the working point of the
TWPA as this where the S parameter S53 has a local
minimum. Indeed, minima are found with a periodicity
of about 4 mA. They are not symmetric around zero due
to the presence of the magnetic field of the circulators
C1 and C3, which are located close to the TWPA. Our
minimum currrent working point have been selected as
IDC = {−1.2, 2.7} mA. The behaviour of the TWPA for
either one of the two values of IDC is equal.

Once the correct magnetic flux on the TWPA has been
selected, the amplifier can be driven with a pump. Im-
portantly, the TWPA used in this work does not rely
on a dispersive feature for phase matching and can then
be pumped at any desired frequency. Then the choice of
the pump frequency and power is directly connected with
the frequency of the signal we want to study. Among the
available cavity resonances, we have selected the mode
TM012 at f012 = 10.77 GHz. The antenna has been al-
most critically coupled to this mode, resulting in a mode
width of about 1 MHz, with a corresponding loaded qual-
ity factor of about 10 000. For this signal frequency a
suitable pump frequency has been found as fP = 9.965
GHz, with IDC = 2.7 mA. Figure 3 shows the gain profile
obtained with a power of −24.3 dBm delivered from the
signal generator PUMP. The actual gain of the TWPA
is estimated by dividing the S53 spectra obtained with
the generator PUMP on and off. It has to be noted that
this is an upper limit for the gain, since the real gain
would be measured with respect to the situation where
the TWPA is removed from the system and substituted
with a quasi-lossless line. We could not do this in our
set-up, since this would need the presence of a pair of
switches, not available at the moment. The pump power
level has been chosen by reducing of some fraction of a
dB the value showing a saturation in the gain profile.
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FIG. 3. Gain profile for the TWPA operated with a pump
at the frequency of fP = 9.965 GHz, with a biasing magnetic
field produced by the current IDC = 2.7 mA. A rough esti-
mate of the gain is simply obtained by subtracting the S53
measure with pump OFF from that with pump ON.

B. Lines gains and Noise Temperature

With the TWPA correctly in operation, it is then pos-
sible to complete the characterisation of the system by
measuring the effective gain and noise temperature of
the overall detection chain from the cavity output to the
point P4. To this end, calibrated signal are injected and
read along the different lines L1, L3 and L4, to allow
the measurement of the transmission characteristic of all
lines down to the common reference point given by the
tunable antenna (point A1 of Figure 1). We can define
the following frequency dependent line gains:

g1(f): from the point P1 to antenna A1 - bidirectional

g3(f): from the point P3 to antenna A1 - bidirectional

g4(f): from antenna A1 to the point P4 (Complete de-
tection chain)

Measurements are performed only at a cavity reso-
nance, with the tunable antenna almost critically cou-
pled. Only for g3 a slightly detuned frequency is used,
just off the cavity resonance.

We then measure the following three transmission
power spectra:

• S41: From P1 to P4

• S43: From P3 to P4

• S13: From P3 to P1

A calibrated signal generator provides as input a pure
tone of different power levels Pi and the output power
levels Po are obtained with a spectrum analyser set to a
specific resolution bandwidth B.

P xyo = Pn + Pi ×Gxy, (xy) = {41, 43, 13} (4)

where Pn is the noise power at the spectrum analyser
and Gxy = gx × gy. The spectra S41 and S43 are those
carrying the information on the noise level in the system:

Pn = g4kBTsysB + PnSA (5)

with kB the Boltzmann constant, Tsys the system noise
temperature of the detection chain measured at the an-
tenna point A1, and PnSA the noise floor of the spectrum
analyser.

A linear fit of the measured values for the three equa-
tions (4), i.e. with (xy) = {41, 43, 13} allows to obtain
the three line gains Gxy and Pn. The value of g4, to-
gether with g1 and g3, is then directly derived from Gxy
and using equation (5) the resulting value of Tsys is cal-
culated, characterising the noise performance of the de-
tection chain.
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1. Systematics

It is assumed that the cavity output line transmissiv-
ity shows no variation, due to non correct impedance
matching, between the cavity mode frequency and the
frequency at which S43 is measured. This is in general
true for the slight shift used (order of a few MHz). For
this reason the spectra S43 are measured in two posi-
tions, one above and one below the cavity resonance fre-
quency. Another possible source of error is the leakage
of circulator C1 from line L3 directly to line L4. From
the specifications of the device and our measurements at
room temperature we expect this leakage of the order of
a percent. A more important source of error is the cali-
bration of the generator providing the power input. We
have checked the nominal power level of the instrument
by comparison with other rf devices present in our lab-
oratory: differences were below 0.1 dB, namely again at
the percent level.

2. Results

Figure 4a shows the measurement fo the quantities S43
and S41, having a resolution bandwidth B = 1 MHz.
The noise of the spectrum analyser has been previously
measured as PnSA = 2 pW. For S43 two measurements
have been done at two frequencies outside the cavity
peak: each of them shifted 1.5 MHz above and below
the cavity resonance value, respectively. For the case os
S43 the obtained values are the average values of the two
fits. Figure 4b shows the measurement for the quantity
S31, in this case two smaller bandwidth values (30 kHz
and 300 kHz) have been used since the output power level
to be measured was very weak. Results of the fits are re-
ported in the left column of Table I. The errors are those
obtained from the fit, each measured point has its own
error given essentially by the number of averages taken
for each point. The right column of the table shows the
values of the parameters calculated using the definition
of Gxy and Equation (5).

TABLE I. Results from the fits of Figure 4 and calculated
values for the measurement parameters.

Parameters from fits Calculated parameters

G41 = 141 ± 1 g1 = (9.8 ± 0.7) × 10−6

G43 = 78 ± 2 g3 = (5.4 ± 0.4) × 10−6

G13 = (5.3 ± 0.2) × 10−11 g4 = (1.44 ± 0.07) × 107

P 43
n = (6.9 ± 0.5) × 10−10 W T 43

sys = 3.5 ± 0.3 K

P 41
n = (6.7 ± 0.2) × 10−10 W T 41

sys = 3.4 ± 0.2 K

We have studied the variation of the system noise tem-
perature for different gains of the TWPA, obtained by
varying the pump power level at the frequency fP =

9.965 GHz. Results are shown in Figure 5. For this mea-
surement we have assumed that the line gains g1 and g3
are not changed, while g4 is obtained by repeating the
procedure described before, i.e. by a measurement of
S41, for each value of the pump power level.

The system noise temperature can be described by the
following model

Tsys ≈ Tc + Λ1TTWPA +
Λ2Λ1

GTWPA
THEMT (6)

where Tc ' 100 mK is the cavity temperature (the
antenna is critically coupled), TTWPA and GTWPA are
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FIG. 4. (a) Measurements with different input powers for
S43 and S41. The resolution bandwidth is B = 1 MHz. The
S43 measurements have been done at two frequencies, shifted
+1.5 MHz and −1.5 MHz from the resonance of the cavity.
(b) Measurement for the quantity S13, performed with two
bandwidths of 30 kHz and 300 kHz. For both panels least
squares linear fits to the experimental points are shown.
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FIG. 5. System noise temperature and TWPA gain for differ-
ent values of the pump power level. The pump frequency is
fP = 9.965 GHz, with a biasing magnetic field produced by
the current IDC = 2.7 mA.

the noise temperature and gain of the TWPA, Λ1 are
the insertion losses of the chain from point A1 to the
TWPA input, Λ2 are the insertion losses of the chain
from the TWPA to the HEMT, and THEMT is the effec-
tive noise temperature of the HEMT. We have measured
THEMT = 4.5±0.5 K on a different set-up at the frequency
of 10.5 GHz, while the two losses have been measured at
room temperature, at least for the non superconducting
cabling. An estimate for the losses at cryogenic tempera-
ture gives Λ1 = 0.3 dB and Λ2 = 0.7 dB. Such low losses
allowed us to neglect noise contributions from the losses
in Equation (6). If we look at the plot of Tsys in Fig-
ure 5, we see that there is no variation even in the pres-
ence of an increasing gain of the TWPA for pump levels
above −24.8 dBm. This indicates that the contribution
of THEMT is negligible. If we consider the weighted aver-
age of the system noise temperatures, excluding the one
at the smallest pump value, we obtain T avg

sys = 3.3 ± 0.1
K. We can then estimate TTWPA = 3.0 ± 0.1 K at the
operating frequency of 10.77 GHz.

From Table I follows that the output line has a total
gain of g4(dB)' 71.6 dB. The nominal gains of the two
HEMTs are 37 dB and 35 dB for the cryogenic and room
temperature ones, respectively. We estimate a total lines
loss of 20 dB, thus resulting in an estimated gain of the
parametric amplifier GTWPA ' 20 dB. This value is com-
patible with the results showed in Figure 3, where the
gain has been estimated only by switching the pump off.
A precise measurement of GTWPA is not in general nec-
essary, since it is the total line gain which characterises
the signal strength. A gain large enough to avoid contri-
bution of the noise from the HEMT (see Equation (6)) is
what is truly important.

IV. CONCLUSIONS

We have operated and characterized an amplification
chain to be used for the search of dark matter axions.
It is based on a reversed Kerr travelling wave paramet-
ric amplifier and mounted to read the power delivered
by a microwave resonant cavity. The amplification chain
will be the core of the experiment QUAX, designed to
operate an axion haloscope in a wide bandwidth around
10 GHz41. A system noise temperature of (3.3 ± 0.1) K
has been measured at a frequency of 10.77 GHz. This
is a record low value for a wide band amplifier, and im-
proves over commercially available HEMTs that have an
internal noise contribution already above the value ob-
tained here. A dedicated procedure has been devised to
precisely measure the noise characteristic at the relevant
measurement point, i.e. the cavity output.
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