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Units, constants and abbreviations 

Units 

Dalton (Da) : commonly used unit in mass spectrometry, equivalent to 1/16' of 
the mass of a 16O atom, that is about the mass of a proton. 

Constants 

h : h = 6.6262-10'34 Js Planck's constant 

Abbreviations 

GMU 
PSI 
NIST 
LLNL 
IPH 

MS 
ToF 
MALDI 

SEM 
MCP 

STJ 
SIS 
NIS 
TES 

PCB 
ADR 
MBE 
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Mass Spectrometry 
Time-of-Flight 
Matrix-Assisted Laser Desorption I Ionization 

Secondary Electron Multiplier 
MicroChannel Plate 

Superconducting Tunnel Junction 
Superconductor - Insulator - Superconductor 
Normal conductor - Insulator - Superconductor 
Transition Edge Sensor 

Printed Circuit Board 
Adiabatic Demagnetization Refrigerator 
Molecular Beam Epitaxy 
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Introduction 

Biochemistry and molecular biology are sciences which are experiencing a rapid 
growth in terms of discoveries and markets. At the same time, instruments and 
techniques intended for this research are undergoing a fast development. Among 
those instruments, mass spectrometers play an important role and the last 
generation profiles itself with a huge potential for the future. 

Mass spectrometry is a very powerful tool to determine the masses of molecules by 
analyzing their movement in an electrical or/and magnetic field. Several kinds of 
spectrometers exist : for instance Time-of-Flight (ToF), Fourier Transform (FT) or 
Quadrupole mass analyzer. They all are composed of : 

1. an ion source, 

2. a mass analyzer, 

3. an ion detector. 

The role of the ion source is to vaporize and ionize the molecules. In the seventies, 
electron impact (EI) and chemical ionization (CI) were used. Unfortunately the 
molecular weight was limited to about 800 Da. Later on, different techniques were 
developed, either liquid-phase ion sources (Electrospray Ionization (ESI), 
Thermospray (TS), etc), or solid-state ion sources (Field Desorption (FD), 
Fast Atom Bombardment (FAB), etc), pushing the limit up to 50 kDa. In 1987, a 
major advance was made by Karas, Hillenkamp et al. [ I ] : they successfully 
desorbed molecules weighing more than 500 kDa by diluting them into a matrix 
absorbing laser light which ionizes them. This technique was called MALDI 
(Matrix-Assisted Laser Desorption / Ionization). Both solid or liquid MALDl are 
used. 

The ions are then analyzed in the mass analyzer according to different principles. 
One can mention quadrupole mass analyzers, Fourier Transform or magnetic sector 
mass analyzers. Time-of-Flight are also widely used. In this case, the ions being 
desorbed are accelerated with an electrical field and « fly » through the 
spectrometer until they hit a detector. The time-of-flight is easily converted to 
mass. More information is found in chapter 1. 
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The final step consists of detecting the ions. Classical detectors are usually based 
on the secondary electron emission followed by a cascade of electrons providing a 
gain of 104 to 108. The basic operation principles are identical for many ions 
detectors, except for a few details. This is explained in chapter 1. The major 
problem of these devices is their loss of sensitivity for massive macromolecules 
which decreases with the speed of the incoming particle. For a given acceleration 
voltage, heavy molecules travel slower, inducing a lower signal. Molecules heavier 
than 50 kDa are not detected anymore, so that the study of biomolecules like DNA 
or oligonucleotides cannot be performed. 

To solve this problem, Twerenbold proposed, in 1995, the use of cryogenic 
detectors, previously developed for particle physics and astrophysical applications 
[2]. The detection mechanism is radically different, based on the variation of the 
internal energy upon impact leading to a 100% detection efficiency; this 
hypothesis has been verified [3, 4, 5]. One year later, the first experiment, proving 
the above-mentioned proposition, was performed by a Neuchâtel / GMU / PSI 
collaboration. For the first time ever, Lyzozyme proteins were detected with a 
cryogenic detector, in that case with tin superconducting tunnel junctions [6], 

Shortly after, a second experiment was performed by a NIST / Neuchâtel / GMU 
collaboration where another type of cryogenic detector was tested with Lyzozyme, 
BSA (Bovine Serum Albumin) and IgG (Immunoglobulin G) : a hot-electron 
microcalorimeter. The same results were obtained and charge state separation was 
clearly seen. Results were published in Nature [7] and presented at the LTD-7 
Conference in Munich [8], 

Continuing that way, new photolithographic techniques were used to improve tin 
STJ, a new ion optics and a delayed extraction were installed to improve the 
performance of the mass spectrometer, especially by permitting discrimination 
between singly and doubly charged ions. Results have been presented at LTD-7 in 
Munich [9]1. 

It is now well established in mass spectrometry that the best results for heavy 
molecules can be obtained with a MALDI ion source and a cryogenic detector. 
Other groups also came to that conclusion [10]. The mass analyzer can be a linear 
one but one can improve the resolution by using a reflectron. 

We built two new linear mass spectrometers, one for solid MALDI using a UV 
laser, and ä second one for liquid MALDI with an IR laser. We fabricated and 
tested several kinds of STJ on different substrates and cooled them down in a 
dilution refrigerator and in two cryostats, a 3HeZ1He and an ADR. 

1 All details of the history can be found in [I I]. 
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We developed arrays of 16 aluminum superconducting tunnel junctions with 
different photolithographic techniques (lift-off and wet-etching) on three different 
substrates : glass, polyimide and GaAs/ALAs stack. Several kinds of 
macromolecules were measured with our different arrays, using either solid or 
liquid MALDI. 

Chapter 1 presents generalities on mass spectrometry and on MALDI technique 
(solid and liquid). At the end of this section, a few spectra of macromolecules are 
shown : they were captured using our previous array of Al junctions on a glass 
substrate (5 times 100 urn, diamond-shaped, in-line STJ). A quick overview of 
superconductivity and a little review on cryogenic detectors, including STJ, are 
given in chapters 2 and 3, respectively. Fabrication of the arrays of STJ, cryogenics 
and the experimental setup are described in chapter 4. Results are presented in 
chapter 5 and are divided in two parts : firstly results with polyimide substrates are 
described by comparing them with those on glass substrates ; secondly, a 
qualitative study of the energy deposited by X-rays and macromolecules in Al and 
Ta STJ is presented. 

An article presenting the importance of mass spectrometry for macromolecules can 
be found in [12]. 
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Chapter 1 

Mass Spectrometry 

A mass spectrometer is an apparatus used to determine the mass-to-charge ratio of 
molecules by analyzing their movement in an electrical and/or magnetic field. 
According to Newton's law, we have : 

F = nu = q(Ë + XAË) (1.1) 

where È and B are the electrical and magnetic fields respectively. Thus a charged 
ion can be accelerated by the former and deflected by the latter. The ratio mlq 
becomes important because those movements are mass and charge dependent. 

As said in the introduction, many types of spectrometry exist, but we are going to 
restrict this chapter to the technique we work with, namely time-of-flight. A mass 
spectrometer can be described in three parts : the ion source, described in section 
1.2., the mass analyzer, in section 1.1. and the detector in section 1.3. 

1.1. Time-of-Flight mass spectrometer2 

A ToF mass spectrometer is an instrument that measures the time needed by 
molecules, after acceleration in an electrical field, to reach the detector. According 
to the energy conservation law, E = qU = mv7 /2 where U is the acceleration 
voltage, q the charge of the ion3, m its mass and v its velocity. 

2 A detailed review on Time-of-Flight mass spectrometry is given in [13]. 
1 More precisely, a molecule is neutral. If it is charged, one speaks of an ion. 
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If the ions have to travel a distance d, the time-of-flight is : 

. m 1 

'«"''IT™ 
(1.2) 

Therefore their time-of-flight is proportionat to -JmTq and l/Vt/ and their energy 
to q and U. A sketch of a ToF mass spectrometer is shown in figure 1.1. 

Acceleration 
Free flight 

Ionization Detection 

Fig. 1.1 : scheme of a ToF mass spectrometer showing the three steps of operation. 

1.2. MALDI technique 

Before 1987, techniques did not permit the desorption of molecules heavier than a 
few hundred kDa, because of fragmentation. That year, a major step forward was 
made when Karas and Hillenkamp's group announced a new desorption method : 
MALDI, for Matrix Assisted Laser Desorption I Ionization [I]. The molecules are 
dissolved in a matrix, either solid or liquid and placed in the spectrometer at high 
voltage. A short laser pulse gives the energy to desorb the molecules which can 
then be accelerated into the tube. Both solid and liquid phases of MALDI are 
treated in the next two sections. 

The molecules to be analyzed are dissolved and mixed to a matrix, then dried and 
placed on a conducting sample holder and introduced into the spectrometer. A high 
voltage is applied to the sample holder and a short laser pulse desorbs the analyte. 
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Usually, a UV4 laser, exciting the electronic states of the molecules, is used for 
solid MALDI. 

The role of the matrix is to absorb the laser energy that leads to desorption. In this 
process the molecules are ejected with little aggregation and ionized. 

1.2.1.SoHdMALDI 

We used different matrices for our samples, for example sinapinic acid for proteins, 
2.5-dihydroxybenzoic acid for PEG samples and dithranol for polystyrene. The 
samples were previously dissolved in TFA, water and THF respectively, in a range 
of concentrations (for exact data, see [5]). 

The applied voltages depended on the kind of detector, but were typically between 
3 and 16 kV. More details can be found in [5]. 

1.2.2. Liquid MALDI 

In contrast to solid MALDI, the molecules and the matrix are in a liquid phase. An 
IR laser5, exciting the vibrational states of the matrix, gently desorbs the molecules. 
Liquid MALDI has three main advantages : 

• the molecules are launched more gently with less heat-up and a narrower 
velocity distribution, leading to a better mass resolution ; 

• many molecules are already in a liquid state, so the drying operation is 
avoided, thus reducing the damage probability ; 

• the quantity of molecules and matrix supply, as well as the flow, can be 
precisely controlled from outside. 

* Nitrogen laser provided by Laser Science Inc. : wavelength : 337 nm, pulse duration : 3 ns, 
energy per pulse: 300 uJ, spot size : 100 jimx 100 urn. 

5 A COj laser from LSI : wavelength : 10.6 urn, pulse duration 150 ns, energy per pulse : 2OmJ, 
spot size : 200 um x 200 um. 
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In our setup, the analyte is introduced into the spectrometer via 96 micromachined 
nozzles 0 4 urn, fabricated out of a silicon membrane [14]. One of them is shown 
in figure 1.2. Two Teflon tubes connect the outside to a reservoir located just 
behind the nozzles while syringes are used to control the pressure and the supply of 
liquid. 

Fig. 1.2 : a SEM picture of one individual nozzle. The diameter of the aperture is 
4 firn (from [14]). 

One can easily control the quantity of liquid by imaging the droplet on a screen (a 
picture of the forming droplet is presented in figure 1.3). 

Fig. 1.3 : again SEM pictures of the formation of the droplet which has a maximum 
volume of 50OfI (from [14]). 



1.3. Detectors 

The last step consists of detecting the ions separated in time according to their m Iq 
ratio. In classical devices, the detection is realized by an ion detector based on 
secondary electron multiplication. A classical ion detector is composed of several 
dynodes, each with a different potential. When an ion strikes the detection surface, 
one or more electrons are ejected. They are then accelerated to the next dynode, 
generating more electrons and so on, resulting, at the end of the cascade, in a 
measurable gain of 104 to 108. The discrete dynode configuration can sometimes be 
replaced by a continuous dynode. They are robust and have a large detection 
surface but they exhibit a rapid loss of sensitivity with slow molecules. The heavier 
the molecules are, the slower they travel for a given acceleration voltage. Thus the 
detectors become ineffective with masses weighing more than a few hundreds kDa. 
Several kinds of detectors have been developed to overcome this problem, the most 
promising being the cryodetector with a mass independent detection efficiency 
(see figure 1.4 and chapter 3 for an overview of cryogenic detectors). 

tratteatt valocFty [KirVwK) 

Fig. 1.4 : comparison of the efficiency between classic ionization and cryogenic 
detectors versus the molecule velocity. As it decreases exponentially with 

decreasing velocity for an ionization detector, the efficiency of the cryodetectors 
remains constant. 

They were proposed for mass spectrometry in 1995 by Twerenbold [2]. Their 
detection mechanism is based on calorimetrie properties. 
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1.4. Our experimental setup 

As mentioned, we worked with both solid and liquid MALDI. The mass analyzer 
was a Time-of-Flight spectrometer and the detectors were superconducting tunnel 
junctions fabricated in our lab (see chapter 4). An overview of the whole setup is 
shown in figure 1.5. 

Hiflh voltages 

Signal proci » I ng 

M*» spectrometer Cryostat 

Figure 1.5 : schematic of the whole setup : at the left the ion source with the 
different devices, at the center the Time-of-Flight mass spectrometer and at the 

right the cryostat cooling the STJ down. 
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1.5. Spectra obtained with our previous array 
ofSTJ 

The goal of this work was to develop further cryodetectors. Here we show for 
illustration results obtained previously in our lab with Al STJ. There were 5 STJ 
in-line, 100 urn-edged, diamond-shaped. They were fabricated with home-made 
masks and lift-off technique, tested in a little 3HeZ4He cryostat and cooled down in 
our dilution refrigerator. Some spectra are shown hereafter. 

The first spectrum shown is that of insulin (m = 5733 Da) (figure 1.6), prepared 
with a solid matrix, desorbed with a UV laser (voltages : 16 and 14 kV). This 
sample was prepared according to the recipe given in section 5.1.3. Our 
home-made spectrometer was coupled to the dilution refrigerator and two STJ were 
recording the data in parallel. 

(D 

f 

140-

120 

100 

80 

60 

40 

2 0 -

0 -

UV laser 

matrix 4M+ 

fe v 
Wl ì 

m'-M-
-5M+ 

50 100 
I 

150 
—I r-
200 250 300 

time-of-flight [JJS] 

Fig. J .6 : scatter plot of an insulin sample with sinapinic acid as matrix. We used a 
UV laser. Only one charge state is clearly visible. 
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As the second example, a spectrum of Bovine Serum Albumin (m = 66 kDa) is 
shown in figure 1.7. We used the same recipe to prepare the sample, the same 
setup, voltages and junctions. 

160 

600 800 
time-of-flight [ps] 

Fig. 1.7 : scatter plot of a BSA sample. One can notice the great A*f+ peak : this 
molecule is known to produce a lot of doubly charged molecules (peak at 240 ps). 
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Chapter 2 

Superconductivity 

Superconductivity is one of the most surprising behaviors of materials in physics. 
The vanishing of the dc-resistance is the best known effect but several other 
properties are worthy of interest, as described in this chapter. 

2.1. Historical discoveries 

In 1911, in Leiden, H. Kamerlingh Onnes was the first to discover the loss of 
resistivity of a metal below a given temperature (critical temperature Tc), namely 
mercury, three years after he succeeded in liquefying helium [15]. A few years 
later, in 1933, Meissner and Ochsenfeld observed that the magnetic field is 
expelled from all but a thin penetration depth near the surface of a superconducting 
material (a discovery which is now called « Meissner-Ochsenfeld effect ») 
(figure 2.1) [16], As seen below, the flux lines of a magnetic field applied onto a 
superconductor are expelled outside. 

Dl 
(a) (b) 

Fig. 2.1 : above Tc (a), the magnetic field passes through the material, it is expelled 
below Tc (b). 
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Two years after, H. and F. London developed a phenomenological theory of the 
electromagnetic properties of a superconductor [17, 18]. In 1950, Fröhlich made an 
important step by working on the ground state of a superconductor [19]. The same 
year, two independent groups showed that there was a transition temperature 
dependence with the isotope mass like Tc oc \l4m [20, 21]. In 1953, Pippard 
introduced jthe « coherence length » (see 2.2.5.) and proposed a nonlocal 
generalization of the London equations [22], In 1956, Cooper showed that some 
electrons near the Fermi level bind to form pairs, now called Cooper pairs [23]. 
J. Bardeen, L.N. Cooper and J.R. Schrieffer combined the previous ideas of 
Fröhlich and Cooper and developed their famous work, known as the BCS theory 
[24], which explains very well most of the superconducting effects. 

2.2. BCS theory 

2.2.1. Cooper pairs 

In his model, Cooper explained that electrons in a pair have opposite wave vectors 
ïand spin and are held together by virtual phonons [23]. The highest possible 
energy of those phonons is given by the Debye energy {kB-9D *\0meV) and thus 
only the electrons near the Fermi surface can pair. The distance between them is 
called the "coherence length" (see 2.2.5.) and can be long. Because those pairs are 
bosons, hence do not suffer the Pauli exclusion principle, they obey Bose-Einstein 
statistics and thus are allowed to be in the same quantum state, which explains the 
zero dc-resistivity (the situation is different if an ac-current is applied). 

The orbital Cooper pair wavefunction, i.e. the lowest energy orbital with total 
momentum equal to zero, is 

V „ ( ^ ) = Xg (c" V-'*" (2.1) 

where g, are weighting coefficients. 
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2.2.2. BCS ground State 

According to BCS theory [24], Cooper pairs condense until an equilibrium point is 
reached, when the binding energy for supplementary pairs is zero. A gap of 
forbidden energy A is created around the Fermi energy EF. At T = 0, all and only 
the energy levels up to EF -A are filled (see figure 2.2). At T > 0, the thermal 
phonons can break Cooper pairs, resulting in the creation of excited electrons, 
called quasiparticles, which fill the energy levels higher than EF + A. 

The ground state of the BCS theory is 

W=l^; fC:,T |F) (2.2) 

where \F) represents the Fermi sea with all states filled until kF. 

(a) (b) 

Fig. 2.2 : energy versus density of states for a superconducting material One can 
note the gap A around the Fermi level and the thermally excited quasiparticles 
filling some of the energy levels above the gap. The Cooper pairs are on the 

Fermi level. 
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2.2.3. Determination of Tc 

When the temperature approaches Tc, the gap tends to zero. At T = 0, the gap is of 

order of kBTc, more precisely 

A(Q) 

k.L 
= 1.764 (2.3) 

2.2.4. Energy gap 

The dependence of the gap with the temperature is shown in figure 2.3. It is 
noteworthy to notice that up to T/Tc = 0.4, the gap is almost constant and suddenly 
drops to zero at Tc with a tangent given by 

^ ) , 1 . 7 4 , - 1 
A(O) I r 

(2.4) 

Fig. 2.3 : dependence of the gap with the temperature. The formula given in (2.4) is 
only valid when the curve drops to zero. 
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2.2.5. Coherence length 

The coherence length is typically the distance between the two electrons of a 
Cooper pair. It can be deduced from Heisenberg's uncertainty principle : 

^3Tt (Z5) 

2-A 

where vF is the Fermi velocity. 

2.3. Additional properties of superconducting 
materials 

London penetration depth 

As mentioned on page 13, when a magnetic field is applied onto a superconductor, 
the magnetic flux lines are expelled outside the material, apart from a thin layer 
which is called « London penetration depth » and is dependent on the temperature : 

*i«(l-fï'" (2.6) 

Note that the ratio between lL and £0 is called the Ginzburg-Landau parameter 

and defines the type of the superconductor (I or II) which behaves in a different 
way when a magnetic field is applied (see [25] for more details). 

Thermal properties 

Thermal properties of normal and superconducting materials are given in section 
3.1. 
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Tunneling effects 

In 1962, Josephson noticed that the Cooper pairs could tunnel through a thin 
insulating barrier leading to a supercurrent. Bardeen did not agree and this situation 
gave way to a debate, related in [26]. More about tunneling is given in section 3.4. 
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Chapter 3 

Cryogenic detectors 

In many astrophysics and particle physics experiments, high sensitivity and energy 
resolution are required. Cryogenic detectors have the potential to fulfill these needs. 
The eighties have seen a rapid development of these novel kinds of detectors based 
on phenomena occurring at low temperatures, permitting resolutions never 
imaginable before. The energy gap in a superconducting detector (- meV) is 
several hundred times smaller than in a semiconductor device : the charge induced 
by a particle of same energy is therefore hundreds of times greater. 

There are many possible applications for these devices, from X-ray spectroscopy, 
dark matter search, X-ray astrophysics to materials science and mass spectrometry 
of biomolecules. Besides superconducting types of detectors, other families of 
cryodetectors are being developed. For a complete review on cryogenic detectors, 
see [27, 28]. The proceedings of « Low Temperature Detectors (LTD) » 
conferences give a complete overview of the development of the cryogenic 
detectors from the beginning until the latest results [29-37]. 

The present chapter is dedicated to the presentation in detail of the most common 
cryogenic detectors, grouped in three major families, i.e. thermal and fast thermal 
detectors, "transition" detectors and superconducting tunnel junctions, with an 
emphasis on the latter. 

3.1. Thermal particle detectors 

A thermal particle detector is a device which detects a particle interaction by 
measuring the temperature rise produced by the deposited energy. In the most 
simple model, the absorbed energy is fully thermalized and distributed among all 
possible excitation modes, leading to a temperature rise AT [38,39], 
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More precisely the temperature rise A(f) is given by 

Ar = 
C(T) 

-e ' (3.1) 

where T = C(T)IG[T). G(T) is the thermal conductance between the absorber and 
the heat sink at temperature T0 (see figure 3.1) and C(T) is the heat capacity of the 
absorber. 

G(T) 

Temperature 
sensor 

Absorber 
C(T) 

Figure 3.1 : a particle depositing its energy in an absorber of heat capacity C(T) 
coupled by a weak thermal link of conductance G(T) to a heat sink at T0 produces 

a temperature rise of A(T) = T(t) - T0, measured with a temperature sensor 
(seep. 22). 

Thus it is important to find absorbers with the lowest heat capacity so as to 
maximize the temperature rise for a given energy. Both electronic and lattice 
vibrations contribute to the total heat capacity of a material. 

At low temperatures, the heat capacity of many materials becomes very small. This 
is especially true for pure dielectric crystals and superconductors, because their heat 
capacity decreases with the third power of the temperature, whereas it follows a 
proportional dependence in T for normal metals. 
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For a dielectric crystal, the heat capacity is dominated by the lattice specific heat : 

C _ - P ^ I (3.2) 

where ß = 1944, m is the mass of the absorber, M its molecular weight and Q>0 the 
Debye temperature of the crystal. For a normal metal, the specific heat is dominated 
at low temperature by the electronic contribution which has a linear dependence 
with the temperature : 

C , = 3 -
normal f - -

M 

L f + C . r (3.3) 

where c is a constant. For a superconductor, the lattice heat remains the same 
whereas the electronic contribution decays exponentially with the temperature due 
to the exponential decrease of the quasiparticle density : 

* • < 

where a and b are materials constants. 

- ^ l +«fw 'w (3.4) 

Thus we can see that either dielectric or superconducting absorbers are suitable for 
cryogenic applications, having a T3 temperature dependence. 
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Temperature sensors 

To read the temperature T, two types of temperature sensors are described below : 
thermistors, which are doped semiconductors, and magnetic thermometers. 

A thermistor is a heavily doped semiconductor which can either act itself as 
absorber, or be part of the absorber by doping a portion of it, or be a separate 
component glued onto the absorber. Doping can be achieved in several ways 
but the most common technique is neutron transmutation doping (NTD) : the 
semiconductor is exposed to a neutron flux, inducing transformation into isotopes 
of neighboring elements by neutron capture [40]. 

In general the resistivity vary as T'U2 in the region between 4 K and 10 mK. By 
measuring the resistance, one can have a precise value of the temperature. 

Magnetic thermometers could in principle also be used but they encounter a 
problem because of the slowness of the heat transfer between the lattice and the 
thermometer, more precisely the spin system. In summary, the deposited energy 
induces spin flips and causes a change in the magnetic moment, measured with a 
SQUID. 

3.1.1. Examples of thermal detectors 

A few groups use different thermal detectors. In particular one can mention the 
Milano group which has been working for several years with such devices and was 
the first to perform underground experiments with them. Their main experiment is 
now called CUORE (Cryogenic Underground Observatory for Rare Events) : 1020 
absorbers in Te02 5 x 5 x 5 cm will be assembled in 17 towers of 15 x 4 crystals 
each and cooled down to 10 mK. As temperature sensors, a NTD Ge thermistor 
will be glued on each crystal. One expects to improve the sensitivity to ßßOv and 
dark matter particles [41]. 
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3.1.1.1. Transition Edge Sensors (TES) 

Transition edge sensors differ somewhat in the concept. They were first developed 
by a Stanford group in 1990 [42]. A thin film of superconducting material 
(W, Ti, Al, etc) is deposited onto a substrate (typically a Si wafer). Then a meander 
is patterned whose continuous line is typically 2 urn wide, a few mm long and with 
5 u.m of pitch. The device is then current biased. When a particle interacts with the 
absorber, it creates phonons which drive a portion of the meander normal, 

" .1 io ri m (Jsec 

Tin« 

3.3 : pulses for 60 keV 
gamma rays. 

3.2. Fast thermal detectors 

Some small calorimeters are much more rapid than conventional thermal detectors, 
namely NIS junction detectors and electrothermal feedback TES. 

3.2.1. NIS junction detector 

A NIS junction is composed of a normal and a superconducting layers, separated 
by an insulation layer. The current is only flowing from the N part to the S part and 
is mainly dependent on the electron temperature of the N part6. When a particle 
interacts with the N absorber, the energy heats it up, producing a net current 
crossing the insulation barrier proportional to 1/7". By carefully selecting the 
voltage bias, one can assure that only the "hotter" electrons tunnel [43,44]. 

'Though NIS junction can be used as refrigerators (sec, for instance, [44]). 

producing a measurable voltage signal. 

S. 
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Figure 3:2 : TES fabricated by the 
Stanford group. 

Figu> 
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Figure 3.4 : biasedNIS junction. One can see that a current can only flow from 
N to S part. 

The NIST / Neuchâtel I GMU collaboration used a hot-electron microcalorimeter 
whose electron temperature sensor was a NIS junction [7], 
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Au abs5jSerR_-j. 

Al contacta 

Figure 3.5 : NIS junction as detector : electrical circuit (from[45J). 

3.2.2. Electrothermal feedback TES 

The second device to be discussed in this section is the ETF-TES. The TES as 
temperature sensor was already overviewed (3.1.1.1.). Now, if the TES is voltage 
biased (VB) and the temperature of the substrate is well below the transition 
temperature, the TES can self-regulate. After the hit of a particle, as the film cools 
down, its resistance drops to zero, thus increasing the Joule heating Al. Equilibrium 
is reached when Joule heating matches the heat loss into the substrate. The energy 
is thus given by 

E = -V8 \Mdt (3.5) 
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3.3. « Transition » detectors 

3.3.1. Superconducting Strip Detector 

This kind of detector was among the first to be used. The basic principle of 
operation is not complicated (see figure 3.6) : a thin and narrow strip of a 
superconducting material, deposited onto a substrate, is current biased just below 
its critical temperature. A particle hitting or passing through the strip leaves 
ionization energy creating a « hot spot » which turns a part of the strip normal 
producing a voltage signal. Thus there are some similarities with TES. 

Figure 3.6 : a particle passing through the strip creates a « hot spot » driving a 
part of the strip normal, inducing a signal (from [28]). 

3.3.2. Superconducting Superheated Granule Detector 

Already in 1967, a group from Orsay (France) used superconducting superheated 
granules to investigate properties of the Ginzburg-Landau theory [46]. This kind of 
detector exploits the Meissner effect, explained in section 2.1. : granules of type I 
superconducting material of a few microns in diameter (figure 3.8), are placed in a 
static magnetic field and kept at a temperature T1 slightly below their critical 
temperature : the magnetic field is thus expelled from the interior of the granule. 
When a particle interacts with the granule, the deposited energy E will produce a 
temperature rise A(T") proportional to E (eq. 3.1). If T1 is chosen sufficiently close 
to Te, the granule will be driven normal and the magnetic field will not be expelled 
anymore leading to a change of the configuration of the magnetic flux lines. 
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A pick-up loop surrounding the granule will feel a flux change A(0) and produce a 
signal given by 

where r is the flipping time between superconducting and normal state. Figure 3.7 
shows what happens before an interaction and just after. 

superconducting normclconducting 
granule granule 

Figure 3.7 : principle of operation of a SSG (from [27]). 

Figure 3.8 : picture of superconducting granules (from [47]). 

This type of detector is presently used in the ORPHEUS experiment [48]. 
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3.4. Superconducting Tunnel Junctions 

In its most simple expression, a superconducting tunnel junction (STJ) is made up 
of two superconducting layers, separated by an insulation layer, called a « barrier », 
which is typically 1 to 2 nm thick. This configuration is called "SIS" 
(Superconductor-Insulator-Superconductor). According to quantum mechanics, a 
particle has a non-zero probability to cross the barrier, even if its intrinsic energy is 
lower than the potential of the barrier. Already in 1932, experiments were 
performed with such devices but one had to wait until 1960 when Giaver published 
an important work on the current-voltage curve of a Al-AlOx-Pb STJ [49, 5O]. 
A few years later Sn/SnOi/Sn junctions were used for the first time as nuclear 
radiation detector [51] and, in 1986, Twerenbold and Zehnder successfully detected 
X-rays with such tin junctions [52, 53, 54]8. 

3.4.1. Tunneling processes 

3.4.1.1. Normal tunneling in thermal equilibrium 

An electron has a transmission probability to tunnel through a barrier of potential 
given by 

U K ' } 

where E1 = ti2k2/2m' is the kinetic energy of the electron, U the potential barrier 
height and I its width (see figure 3.9) [55]. Thus the tunnel rate is simply the 
number of hits against the barrier times the transmission probability : 

R-^P (3.8) 

where V1 is the electron-group velocity in the x-direction and rf, the thickness of 
the electrode 1. 

' More details on different types of STJ can be found in [56-63]. 
8 A complete description of the tunneling and its applications is given in [64]. 
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U(x) 

U 

Figure 3.9 : scheme of a simple potential barrier, comparable to a tunneling 
barrier. 

For low voltages, the tunneling current is described by 

1 = 2eN(Q)AdfV \[f(E) - /(E - eV)]dE (3.9) 

where A is the area of the barrier, N(O) the density of states at the Fermi level and 
P the voltage across the junction. 

3.4.1.2. Superconducting tunneling in thermal equilibrium 

W1(E) 

ì*_ 

+ 

e.U = â.,+A 

W11(E) 

Fig. 3.10 : density of states for two different biased superconductors forming a STJ. 
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When a SIS junction is cooled below its critical temperature (Tc), either 
Cooper pairs or quasi particles can tunnel, the former leading to a current, called 
"dc Josephson current" (see section 3.4.3.). At T = 0, the latter does not exist 
because the electrons are all condensed into Copper pairs. At T > 0, thermal 
phonons can break up pairs into quasiparticles, which can, in principle, tunnel if the 
two films are from different superconducting materials. If they are from the same 
metal, a voltage applied across the junction will allow quasiparticles to tunnel. Note 
that the population of thermal phonons, able to create quasiparticles, decreases 
exponentially with decreasing temperature, as shown in figure 3.11. 

Ihe'mol phonon poputetion 

'•5 hw fntV} 

Figure 3.11 : thermal phonon population versus energy for different temperatures 
(the minimum energy to break a Cooper pair in tin is 2 • ASJ (from [65]). 

There are four ways to transfer an electron charge from one film to another 
(see figure 3.12), each one creating a current. The back-tunneling can lead to an 
amplification mechanism called "Gray effect" [66]. 

^ = ¾ - - ^ 

tPaxxss 4 ö reverse effinxets 3) 

Figure 3.12 : the four tunneling processes (from [55]). 
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For a bias voltage -ä~ « V < — , the current resulting from the four processes is 
e e 

proportional toA^r^,, where N111 * 4T -e^1*'7 is the density of quasiparticles and 
rKn the tunneling time given by 

Tan=RNe2Nn(EF)Sd (3.10) 

where RN is the normal resistance of the junction (see section 3.4.2.), Na(EF) the 
density of states, 5 the area of overlap of the two films and d the thickness of the 
barrier. But not all the quasiparticles tunnel because some of them recombine into 
Cooper pairs with a rate of 

C=«Vr-e-
ù"'r (3.11) 

In this case, the STJ can be run as a temperature sensor, the tunnel current being 
proportional to T. 

3A2. Current-voltage curve characteristics 

One of the most important characteristics of a STJ is the current-voltage curve, 
named hereafter I-V curve. Figure 3.13 shows a typical curve for a Sn/SnOx/Sn 
junction. 

One can roughly distinguish two régions : the subgap region for V < 2Me and the 
normal region where V>2Ale. At T > 0, when a small bias is applied, the 
quasiparticles can tunnel. The current remains constant until breaches 2Me : then 
the two quasiparticles forming a Cooper pair can suddenly break up, leading to a 
very strong current. For higher voltages, the normal electrons can tunnel, giving 
rise to an ohmic slope. This phenomenon occurs at V = (A1 + A2)Ie for two different 
superconducting materials with gaps A1 and A2. 

Thus we can define two different resistances : RN, the normal resistance of the 
above-mentioned ohmic slope and R0 = dUtdl, the dynamical resistance measured 
at the bias point (<Sf of figure 3.13) (see section 3.4.4.). 
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Fig. 3.13 : typical I-V curve for a (in junction (from [27]). 

3.4.3. DC Josephson current9 

At any time, the Cooper pairs can tunnel. Because they are bosons, they encounter 
no resistance, hence leading to a vertical trace on the I-V curve [67], One can 
suppress it by applying a magnetic field orthogonally to the STJ (figure 3.14). 

T - L t K 
Siv$nO»-Sn 

- J O -.1.5 - . ' n - ; U 

MignaUc field [gxi») 

Fig. 3.14 : suppression of the DC Josephson current versus applied magnetic field. 

' AC Josephson effect also exists, see [68, 69], 
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3.4.4. STJ as particle or X-ray detectors 

This is the type of detector used in this work. When a photon or a particle interacts 
with one of the films, it produces phonons, via the photoelectric effect, which can 
break Cooper pairs, creating a quasiparticle excess. If they tunnel before 
recombining, they will produce a measurable signal, i.e. the collected charge will 
be: 

O011-Qo-
r ' + T " + T. 

(3.12) 

where ran and vrtc are the tunneling and recombination times seen in section 
3.4.1.2. and rmisc includes geometric effects and phonon losses in the substrate [70]. 

It is important that rlm « rrec ; therefore, one has to work at very low temperature 
(usually T=zTJ\.o), since the recombination time depends on the temperature 
(eq.3.11). 

We usually bias the junction at V = ale. RD measured at this point should be at 

least a few k£2 to match the impedance of the FET preamplifier, whereas RN should 

not be higher than a few Q, in order not to prevent the tunneling (eq. 3.10). 

As seen before, an X-ray or a particle can interact with either top or bottom film, 
leading surprisingly to a current with the same sign (see figure 3.15). 

insulator 

film 1 film 2 

insulator 

film 1 film 2 

th*mwlt|t » e l i t i 
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Ceopar poii 
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energ/ 

(«) absorbtîon in f i lm! (b) absorbtion in film2 

Fig. 3.15 : absorption processes into top and bottom films : both currents have the 
same sign (from [27]). 
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Chapter 4 

Experimental setup 

Our experimental apparatus consists of a MALDI-TOF mass spectrometer, coupled 
to a dilution refrigerator or an ADR containing the detectors, the STJ in this case. 
A base pressure of 10"7 mbar is maintained in the apparatus by a turbopump backed 
by a rotary pump. A schematic of the whole assembly is given in figure 4.1. The 
sample to be analyzed is introduced into the mass spectrometer either with a 
syringe (as in figure 4.1) or predeposited upon a sample holder. In the first case, the 
growth of the droplet is monitored by use of a camera. The molecules are then 
desorbed by a short laser pulse, accelerated towards the detector through the 
spectrometer, enter the dilution fridge through the side-access port and hit the 
detector, producing a current signal which is amplified and recorded. 

UV laser (337 nm) 
or 

IR laser (10.6 jim) --¾ cryostat (0.1 K) 

syringe wföi 
insufm/matrix solution 

silicon membrane injector 

)-SE 

î>-
cryodatecior 
signal -
molecule 
energy 
E = Q e U 

12 kV 1OkV OkV 

ion optics 

AI-STJ cryodetector 
(100 um K 100 um) 

Fig. 4.1 : schematic of our experiment, in this case using liquid MALDI technique 
(from [71]). 

Section 4.1. describes the fabrication of the STJ on different substrates while 
chapter 4.3. treats the subject of acquisition electronics. The cryogenics we use is 
described in section 4.2. and mass spectrometry in 4.4. 
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4.1. STJ fabrication 

My main fabrication task during this thesis was to develop an array of A1/AICVA1 
STJ detectors. We designed an array of 16 STJ in line (easy to fabricate with a 
shadow-mask technique), 100 \im side-length (good compromise between noise 
and surface detection), diamond-shaped (a simple and good design to suppress the 
Josephson current), separated by 72 ^m (owing to constraints on our deposition 
area). 

TMW 
72 /jn 

\ 7°o 
X ^ 

www 

Fig. 4.2 ; design of the 16 STJ array, divided in two groups of 8 junctions. Each 
group, separated by 160 firn, has its own common point. 

Two different processing routes (lift-ofTand etching) and three different substrate 
types were investigated. In general, the fabrication procedure was as follows : 

1) preparation of the substrate ; 

2) evaporation, photolithography (conversely for lift-off) and cleaning ; 

3) mounting and bonding. 

Those three stages are explained more in details in section 4.1.1. to 4.1.3. 
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4.1.1. Substrates 

I deposited the 16 STJ array onto three different substrate types : glass, polyimide 
and gallium arsenide. They all need different preparation, as described in the next 
sections. 

4.1.1.1. Glass substrate 

Glass is an amorphous material. One thus almost completely avoids the « substrate 
events » created by a phonon coming from the substrate, because the phonon 
propagation is strongly reduced in an amorphous structure. Glass was then the first 
material to be used for our experiments. It was 18 x 18 mm and 0.15 mm thick, 
supplied by Merck. 

Before evaporation, the substrate was cleaned in acetone with a cotton bud, rinsed 
with isopropyl alcohol and dried with pure nitrogen. 

4.1.1.2. Polyimide substrate 

The STJ are heated up by the laser pulse, thereby increasing the thermal subgap 
current and reducing the signal-to-noise ratio of the device. Glass has poor thermal 
conductivity, so I developed a substrate consisting of a copper disc on which a 
1.5 urn thick layer of dielectric polyimide was applied by spinning. This enables 
the junction to cool down more rapidly after the laser pulse, reducing the relaxation 
time of the device [72]. 

The copper disc was 0 25 mm and 1.5 mm thick. Both faces were diamond milled 
before being cleaned in an ultrasound bath containing first acetone then isopropyl 
alcohol. Then the upper face was optically polished and cleaned again with the 
same solvents. 

To increase the adherence of the polyimide film on the copper disc, an adherence 
promotor (HDMicrosystems VM-651) was dispensed on the substrate, spun and 
baked at 120° C for 1 minute. The liquid polyimide PI 2555 from HDMicrosystems 
was then dispensed with a pipette, spun at 5'0OO RPM and baked on a hotplate at 
120° C and 150° C, in each case for 30 seconds. Then it was cured in an oven, 
following a precise heating and cooling procedure : heating from room temperature 
to 200° C with a rate of 4° C per minute, 30 minutes at 200° C, again heating from 
200° to 300° C (rate : 2.5° CI min), 1 hour at 300° C and gradual cooling to room 
temperature. 
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4.1.1.3. GaAs substrate 

The idea of filtering the phonons is not new [73], but to use this technique to 
increase the signal-to-noise ratio of STJ acting as a macromolecule detectors is 
something which had not been undertaken yet. Our idea was to build a substrate 
which reflects the high-energy phonons created by the impact but which is 
transparent to the low-energetic thermal phonons. Thus we hoped to increase the 
gain by losing less phonons into the substrate. 

We deposited hundreds of GaAs/AlAs layers alternatively becoming thinner and 
thinner, acting as filter, on a 400 \im gallium arsenide wafer, then a 2 urn thick 
GaAs layer as dielectric. All those layers were grown in the MBE of Prof. Faist's 
group in Neuchâtel. The configuration of the sample is shown in figure 4.3. 

Fig. 4.3 : TEM (Transmission Electron Microscope) micrograph of one of our 
samples : one can see the alternation of GaAs and AlAs layers, being from 34 À to 

7 À thick. A dielectric layer of GaAs is then deposited onto the layer stack. 

Simulations of reflectivity versus energy of the phonon have been made for 
different angles, 90° being normal to the surface and 0° parallel. As shown in 
figure 4.4 (for an incident angle of 50°), reflectivity of phonons with an energy 
greater than 0.4 meV is excellent, for angles from 90° to 40°. Lower, the 
reflectivity fluctuates too much to consider the stack as a filter. 
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Fig. 4.4 : reflectivity of the phonons versus their energy for a incident angle of50c 

(90° being normal to the surface of the sample). 

Before evaporating the STJ, the substrate was cleaned with isopropyl alcohol and 
dried with pure nitrogen gas. 

4.1.2. Fabrication 

Two techniques have been used to fabricate the array, etching and lift-off10. 
However, the former proved to be more reproducible and all the detectors used for 
this work were fabricated by this method. The main advantage of etching is to 
oxidize the edges of the junctions, allowing them to have a longer life cycle without 
leaks. It is also easier than lift-off to remove the remanent metal because the film is 
not floating on a temporary layer. In both cases, the aluminum was deposited using 
the shadow-mask technique, explained in the captions of figures 4.5 and 4.6. Note 
that the maximum of the surface remains covered with the aluminum in order to 
have the maximal thermal reflectivity. 

The following codes are used to define the different layers in the two next pictures : 

Substra le Al film Oxide 
layer 

Overlap of 
the two 
films 

Resin Optical 
mask 

1 More deuils are given in reference [74]. 
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The first layer is evaporated and 
oxidized, then the mechanical mask is 
shifted and the second layer is 
evaporated. 

A cut of the two 
films. The overlap is 
where the STJ are 
going to be. 

A thin layer of resin is 
spun, then the STJ and 
pads are defined under 
UV light. 

The resin is now 
developed around 
the future junctions. 
Then the substrate 
is plunged into an 
acid bath and the 
metal which is not 
protected by the 
resin is dissolved. 

etching process we preformed. 
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The resin is spun 
onto the substrate 
and exposed under 
UV-light (a contact 
mask is used to 
define the structure). 

The resin is then 
developed and the 
irradiated parts are 
dissolved. 

The first layer of 
aluminum is then 
evaporated with the 
mask in position as on 
the left picture and 
oxidized. The mask is 
shifted as on the right 
and the second film 
deposited. 

Fig. 4.6 : schematic of the lift-off process. 
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4.1.2.1. Etching 

The process is illustrated in figure 4.5. The substrate is mounted, together with the 
shadow-mask in its first position, onto an appropriate sample holder and put into 
vacuum. After a few hours of pumping with a 1000 1/s turbomolecular pump, the 
pressure reaches 10"10 mbar; the first aluminum film (200 um) is then electron-
beam evaporated [75] with a rate of 10 AVs. Afterwards, the sample is transferred 
into the load-lock and kept under a pressure of 3 mbar of pure oxygen for 
30 minutes. This will create the AI2O3 insulation barrier, about 10 Â thick. Then the 
load-lock is pumped to a pressure of 510"7 mbar, the mask is mechanically shifted 
to the other side (without breaking vacuum) and the sample holder is brought back 
into the main chamber where the second film is evaporated, first at 2 AVs for 5 nm, 
in order not to risk damaging the fragile barrier, then 5 A/s until 15 nm and finally 
the rest at 10 AVs (total thickness 150 nm). 

The next step is to pattern the « sandwich » of aluminum films. A 3 urn photoresist 
layer (Shipley 3008) is spun onto the sample at 3'000 RPM for 40 s. The resin is 
then exposed under UV light (i-line 280 nm) for 7 seconds with the suitable mask 
and developed for 1 minute (Megaposit Developer 1 : 1 H2O deionized). After 
being dried with nitrogen, it is plunged into a mixture of acids (HNO31 : 8 H3PO4), 
heated at 50° C, for 25 s. Finally the sample was rinsed in analytic-grade acetone to 
remove the remanent photoresist. 

4.1.2.2. Lift-off 

Here the junction deposition process is the same but it takes place onto a substrate 
on which the photoresist is already patterned (see figure 4.6). Afterwards the 
photoresist is dissolved in acetone and undesired metal floats off. As for etching, a 
photomask and a mobile shadow-mask are required for junction definition. 

The sample is put on the sample holder and the shadow-mask, in its first position, is 
aligned with the photoresist pattern under a microscope. The sample holder is 
transferred into the evaporation chamber where the two films are deposited and 
oxidized, according to the recipe described in the previous section. Afterwards the 
sample is soaked in analytic-grade acetone to get rid of the resin and the undesired 
metal, rinsed in analytic-grade isopropyl alcohol and dried. 

The greatest problem with this technique is to have a very sharp-edged photoresist 
pattern, in order to make a clear separation between the metal deposited onto the 
substrate and onto the resin. Otherwise the layer is not discontinuous, leading to 
ripped junctions edges which can affect the resolution or even destroy the structure 
when removing the resin. 
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Fig. 4.7: 16 STJ on a polyimide substrate ready to be mounted. There is one 
common point per 8 STJ. 

4.1.3. Mounting 

The samples were then mounted on a copper sample holder and clamped in place 
with either a printed circuit board (PCB) or a copper piece. The pads were bonded 
to the PCB, on which a connector was soldered (see figure 4.8). 

Fig. 4.8 : picture of an array that we fabricated on a glass substrate. The 
90°-bent connectors at both sides are soldered onto the copper pads of the PCB. 

A 45 [xm Al wire connects the copper pads to the STJpads. The copper hexagonal 
screws hold the assembly and the thermal shield, which supports the 55Fe source. 
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4.2. Cryogenics 

Three cryostats were used in our research : a 3HeZ4He cryostat, made to test our 
junctions, a dilution refrigerator, equipped with a side-access arm, to make 
measurements with macromolecules and an ADR cryostat, also with a side-access 
tube. They are described in the three next sections. Complete methods and 
techniques used in cryogenics are well described in [76, 77]. 

4.2.1. 3He/4He cryostat 

We have at our disposal a custom-made 3HeZ4He cryostat, operating in the 
« single-shot » mode, with a base temperature of 300 mK. 

The insert is first cooled in liquid nitrogen, then with L4He, on which we pump 
afterwards to reach 1.2 K, below the liquefaction temperature Of3He. Pumping on 
the 3He permits us to cool down to 300 mK. The entire process takes only four 
hours. 

Five channels are available in this cryostat Each one possesses its own 
preamplifier (IcarusB) and can be individually biased. An electric shock can also 
be applied in order to eliminate the trapped magnetic flux. External Helmholtz coils 
produce the magnetic field to suppress the DC Josephson current. Details on 
electronics are given in section 4.3. 

From the I-V curve, one measures the values of the thermal plateau, the gap, the 
Josephson current, the dynamic and the normal resistances (Ro and RN) 
(see section 5.1.1.). Finally, an X-ray spectrum is recorded to check if the detectors 
work properly. The X-ray source is a Fe source". 

4.2.2. Dilution refrigerator 

The Oxford Instruments Kelvinox 25 dilution refrigerator has a cooling power of 
25 uW and a base temperature of 31 mK. This cryostat was modified by including 
a side-access arm, allowing the macromolecules to reach the detector. As a result of 
this, the base temperature of the mixing chamber degraded to 80 mK, due to the 
infrared radiation coming from the spectrometer. The side-access is made of three 
concentric copper shields to reduce thermal radiation. In addition, the apertures 

" The two main lines are Kn = 5.89 keV and K11 = 6.49 keV. 
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which allow the flight of the molecules through the system are only 5 mm in 
diameter. 

19 coaxial cables were used to connect the STJ to the preamplifier box. The exact 
connecting and amplifying schemes are explained in section 4.3. 

4.2.3. Adiabatic Demagnetization Refrigerator (ADR) 

The third cryostat is an ADR from Janis Research Instruments. The two stages with 
different salts (FAA et GGG) permit 80 mK to be reached. This cryostat is also 
equipped with a side-access arm. The magnetization process lasts about two hours 
(ramping from 0 to 9 amperes), whereas the ramping down takes one hour. One can 
work more than five hours before having to cycle again. Most of the results with 
STJ on polyimide substrate were obtained with this cryostat. 

4.3. Electronics 

This section describes the electronic circuit from the STJ to the personal computer 
and the analysis programs. 

4.3.1. General scheme 

The readout scheme is composed of three main parts : 

1) the wiring; 

2) the amplification stages ; 

3) the acquisition process. 
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Fig. 4.9 : schematic of the general electronic circuit, divided in three parts : the 
wiring from the STJ to the amplifiers, the amplification part and finally the 

acquisition system. 
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4.3.2. Wiring 

Our three cryostats were home-wired. For the dilution arid the ADR, we used 
phosphor bronze non-magnetic wire (NM-36 AWG 0 0.127 mm, supplied by 
LakeShore). The insulation is made of polyvinal formal (Formvar), a material with 
excellent mechanical properties, such as flexibility or abrasion resistance. The 
electrical conductivity of such a wire is 1.1510"7Om at 293 K. Before being 
installed, they were manually twisted in order to reduce the magnetic field effect. 
The 3HeZ4He cryostat is wired with Constantan. 

One wire of the twisted pair connects the signal from the STJ, the second is 
grounded. Each junction is connected to a common point wired by one twisted pair. 

4.3.3. Amplification stages 
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Fig. 4.10 : electronic scheme of the amplification stages. 
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The junctions are current-biased. The signal is amplified by a charge-sensitive 
preamplifier Totem 2.94 (Icarus_B) and by an operational amplifier AD848. 
A 50 Q active driver matches the impedance of the cables. All these components, 
as well as the current source, are enclosed in a metallic box. One can also apply a 
shock onto the junction (typically 5 mA) to remove the trapped magnetic flux. 

Connectors are generally made by Lemo12, except those for the dilution refrigerator 
where SMA connectors were used. 

4.3.4. Acquisition 

The acquisition is assured by a personal computer via Gage cards on which the 
sampling rate can be chosen between 1 to 20 MHz. The acquisition program 
records every event in energy versus time-of-flight. Number of acquired channels, 
pre-trigger and post-trigger times, trigger level, trigger slope and sample rate can be 
directly selected. When the acquisition is over, a home-made program searches for 
peaks and a third one is used to visualize either the scatter plot or the histogram. 

r___d 
Fno**rDT_W*.'0»- "-1'"' " ' 

Time-of-flight 

Amplitude 

Fig. 4.11 : a typical puise induced by a molecule and the two parameters extracted 
to create a scatter plot of energy versus time-of-flight. 

12 More informations on Lemo connectors on : « hWp://www.lemo.com ». 
13 All types described on : « http://www.hyperlinktech.com/web/connectors_sma.html ». 
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4.4. Mass spectrometry 

We manufactured two identical spectrometers, one for liquid and one for solid 
MALDl. The pressure inside reaches 5 107 mbar thanks to a turbomolecular pump 
and a liquid nitrogen trap. Two high-voltage supplies are used for the electrodes, an 
Einzellens is used to focus the beam and two deflection plates can deviate it or filter 
out undesired elements. 

A load-lock, evacuated by a separate pumping station, permits the sample to be 
introduced under vacuum. A CCD camera is used to monitor the position of the 
laser spot on the sample holder. The spot can be moved over the whole surface of 
the sample by slightly displacing the laser with high-precision micrometrie screws. 
An attenuator, a mirror and a lens, all on an optical bench, complete the set of tools 
we have to focus and adapt the beam. 

Fig. 4.12 : picture of one of our spectrometers, equipped with a UV laser (solid 
MALDI). The cryostat is located at the right side of the image. The load-lock used 
to introduce the sample with a rod is connected to the valve at the left part of the 

spectrometer. 
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For each of the macromolecules to be analyzed, the way of preparing the sample is 
different. Precise recipes are mentioned in the text for individual cases. However, 
the matrices we used are listed below. 

Solid : proteins 

Liquid : proteins 

We got them from : 

Insulin (5733 Da) 
Lyzozyme (14*300 Da) 
BSA (66'000 Da) 
IgG (130'000Da) 
Hpgk4 (9'695 Da) 

Insulin (5733 Da) 

Insulin 
Lyzozyme 
BSA (Bovine Serum Albumin) 
IgG (Immunoglobulin type G) 

Sinapinic acid 
Glycerol 

Dimethylsulfoxyde (DMSO) 
Tetrafluoracetic acid (TFA) 

Ethanol 
Water for chromatography 

Sigma 
Sigma 
Sigma 
Sigma 

Fluka 
Aldrich 

Aldrich 
Aldrich 

Merck 
Merck 

sinapinic acid 
sinapinic acid 
sinapinic acid 
sinapinic acid 
sinapinic acid 

glycerol 

1-5500 
L-7001 
B-2518 
M-8642 

85430 
19,161-2 

49,442-9 
29,953-7 

1.00983.1000 
1.15333.30064 
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Chapter 5 

Experimental results 

This section is divided into two parts : the first section describes the results 
obtained with STJ on polyimide substrates and the comparison between the latter 
and STJ on glass substrates. In the second part, we present some comments about 
energy transfer when an X-ray or a macromolecule interacts with a STJ (either with 
Ta or Al STJ). 

5.1. Results with polyimide substrates 

When using lasers with relatively high power, e.g. the 10 urn IR laser we used, the 
reflected light onto the sample holder heats the STJ. The pulse height distribution 
of the STJ signals shows a nonlinear increase for larger time-of-flight values owing 
to cooling of the STJ after the large heating effect of the laser. When the 
temperature decreases, the recombination rate also decreases and more charges will 
be collected, according to equations 3.11 and 3.12. The junction needs a certain 
time to cool down and to retrieve its full capability of detection. When using STJ as 
a detector, the signal of the molecules prior to the complete thermal recovery is 
smaller. This fact is clearly visible in the figure 5.10. 

The goal of using polyimide substrates was to increase the thermal recovery rate of 
the STJ after a laser pulse. By improving the thermal link between the junction and 
the cold finger, this effect is minimized. Thus the more the STJ are thermalized, the 
shorter the recovery time is. 

To increase the cooling rate after a heat pulse, we proposed depositing our array on 
a material with good thermal conductivity, e.g. on copper. To electrically insulate 
the junctions, a polyimide layer, 1.5 urn thick, was deposited onto the copper disc : 
this layer acts in fact as the substrate. 
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Al STJ were fabricated on a polyimide-coated copper disc, according to the 
procedures described in sections 4.1.2.1. (wet-etching technique). The disc was 
pinched between the sample holder and a squeezing piece, also in copper, as shown 
in figure 5.1. 

Polyimide film Cu substrate 

Printed Circuit Board 
Squeezing piece (Cu) 

Sample holder (Cu) 

Cold Finger (Cu) 

Fig. 5.1 : schematic of the assembly designed to be mounted in all our cryostats. 

This design was chosen in order to maximize the thermal link between the copper 
disc, i.e. the STJ, and the cold finger. 

5.1.1. I-V curves 

The STJ were cooled down in our ADR cryostat to 81 mK and the I-V curves were 
measured. A typical example is shown in figure 5.2. 

U[mV] 

Fig. 5.2 : I-V curve of our new Al STJ on polyimide substrate. 1 vertical division is 
1 /iA. 
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A plot of this curve is shown in figure 5.3. This is not to scale because the image 
was reduced. Note that there is a gain of 50 on the voltage. 

Fig. 5.3 .plot of the first I-V curve of figure 5.2 (not to scale). 

With increased current scale and no applied magnetic field, one can measure the 
normal conducting resistance (RN) and the Josephson current (//), as shown in 
figure 5.4 : 

l[mA] 

U[mVl 

Fig. 5.4 : I-V curve whose scale was increased, showing the normal conducting 
resistance of the junction and the Josephson current (vertical). 
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From these curves, we calculated and obtained the following values : 

= 0.6 Q 

= 1025 n 

= 750 nA 

Ij = 750 nA 

Therefore we can calculate three important parameters, knowing that the surface 
A of one junction is 10"4 cm2 : 

Normal resistance 

Dynamic resistance 

Thermal current 

Josephson current 

(**) 

(¾) 

('*) 

a) 

R 

Ä 

I, 

h 

Q *„ /*„= 1708 Quality factor (Q) 

Josephson current density Uj/A) Jj/A = 7.5 A cm'2 

Conductance (RN -A)A : (RSA)'1 = 1.6104Q1Cm"2 

5.1.2. X-rays detected with our STJ 

Before measuring macromolecules, we check the ability of our STJ to detect 
X-rays. We use a 55Fe source, supplied by Nycomed Amersham, whose main lines 
are Mn-K0= 5.89 keV and Mn-Kp = 6.49 keV. Its activity is 20 mCi (740 MBq) 
and it is deposited on a copper disc 0 12.5 mm and 3 mm thick, covered with a 
nickel coating. It is mounted below the thermal shield located just above the STJ, 
directly irradiating them. Data14 on the 55Fe source are given in table 5.1. 

A 

55 
55 
55 
55 
55 
55 
55 

Element 

FE 
FE 
FE 
FE 
FE 
FE 
FE 

2 

26 
26 
26 
26 
26 
26 
26 

Decay 
Mode 

EC 
EC 
EC 
EC 
EC 
EC 
EC 

Hair-life 

2.737 Y 0.011 
2.737 Y 0.011 
2.737 Y 0.0 U 
2.737 Y 0.011 
2.737 Y 0.011 
2.737 Y 0.011 
2.737 Y 0.011 

Rad. 
Type 

EAUL 
EAUK 
GXL 
GXK«2 
GXKaI 
GXKp 
G 

Radiation 
Energy 
(keV) 
0.6100 
5.190 

0.6400 
5.88765(3) 
5.89875(3) 

6.490 
126.00 0.10 

End-potnt 
Energy 
(keV) 
139. 
60.7 

0.421 
8.24 
16.28 
3.29 

0 

Radiali on 
Intensity 

% 
4 

0.7 
0.012 
0.09 
0.18 
0.08 

Dose 
(G.RAD/UC1-H) 

0.0018 
0.0067 

0 
0.0010 
0.0020 
0.0005 

0 

Table 5.1 : decay modes of the 55Fe isotope. 

14 To retrieve data on radiation parameters, see : « http://www.nndc.bnl.gov/nndc/nudat/radform.html ». 
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When our junctions are in the proper operating conditions, we collect 6 keV X-ray 
events which we can display in a pulse height to rise time scatter plot, as shown in 
figure 5.5. 
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Fig. 5.5 : X-ray spectrum obtained with our STJ on a polyimide substrate. One 
should note that both films of the STJ and the substrate can interact with photons. 
To study carefully the X-rays, our type of substrate would not be very appropriate 

because its structure allows the propagation of phonons produced indirectly by the 
interaction with the X-ray photon. 

From the above-spectrum, we obtain the following pulse height histogram : 
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Fig. 5.6 : pulse height histogram of 6 keV events. Our relatively poor resolution 
does not allow us to resolve Ka and Kß. 

53 



5.1.3. Measurements of macromolecules 

Before focusing on the comparison between different substrates, we measured 
several different types of macromolecule in order to calibrate and to run our new 
array. 

We used light molecules (insulin) as well as heavier ones, like BSA or IgG. 

The first spectrum, shown in figure 5.7, is a measurement of a Lyzozyme sample 
(MLy8= 14'3OO Da) desorbed in liquid phase (liquid MALDI) by our IR laser. 1 mg 
of Lyzozyme was dissolved in 1 ml of 0.1% TFA solution. To prepare the matrix, 
1 ml of sinapinic acid was dissolved in 0.6 ml of ethanol and 0.4 ml of deionized 
water. 0.5 ml of the Lyzozyme mixture was added to 1 ml of matrix and 100 JJ.1 of 
glycerol (final concentration : 21 pmol/iil), poured on the stainless steel sample 
holder and quickly put under vacuum. 

We applied 16 kV on the first electrode and 15 kV on the second and recorded 
about 1350 events. 

50 

50 100 150 200 

time-of-flight [ps] 

Charge 
state Q 

Q = 2 

Q = 1 

Fig. 5.7 : Lyzozyme spectrum obtained with our STJ on a polyimide substrate using 
an IR laser. The distance between the launch surface and the detectors was 80 cm. 
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The second example (figure 5.8) is a spectrum of Human Plasminogen Kringle 4 
molecules (M = 9.695 kDa), obtained with a 337 nm UV laser (solid MALDI). 

The mixture was prepared as follows : 1 mg of Hpgk4 was dissolved in 1 ml of 
deionized water : then 20 u.1 were mixed with 40 ul of matrix, previously prepared 
according to this recipe : 10 mg of sinapinic acid powder as matrix were dissolved 
in 0.6 ml of ethanol and 0.4 ml of deionized water. 5 u.1 of the « final » mixture 
(34 pmol/uJ) were dried on the sample holder and put under vacuum. 

The applied voltages were 16 kV and 11.1 kV (first and second electrode, 
respectively). 

^ 140-1 1 1 1 1 1 , 1 . f 

1 ' 1 ' 1 ' 1 « 1 « 
0 50 100 150 200 

time-of-flight [ps] 

Fig, 5.8 : pulse height versus time-of-flight scatter plot for Npgk4 molecules. Only 
the singly charged state was visible at this time, but the different masses are clearly 

separated. The fact that the doubly charged molecules produce the same pulse 
height as the singly charged molecules is an electronic artifact owing to the 

nonlinear response of the STJ-preamplifier system at the specific biasing condition. 
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5.1.4. Comparison between polyimide and glass 
substrates 

We took spectra of the pulse height versus time-of-flight for different molecules. 
As mentioned above, the pulse height distribution has a nonlinear increase due to 
the large heating effect of the laser, which decreases the intensity of the signals 
close to the laser absorption time. This non-linear distribution is shown below by a 
dashed line. Note that we did not use molecules to analyze them but as a tool to 
measure the state of the detectors. Because the effect occurs at short times, we put 
high voltages on the electrodes, even if the cryodetectors are sensitive to low 
energetic ions. 

Glass substrate 

In order to be able to compare our different types of substrates, we performed 
earlier experiments with detectors fabricated on a glass substrate, 0.15 mm thick. 
We used glass, an amorphous structure, to reduce substrate events. The design was 
as follows : the glass substrate was pinched between the sample holder in copper 
and a PCB. Apiezon® grease insured a rather good thermal link (figure 5.9). 

Apiezon® grease Glass substrate 

Fig. 5.9 : schematic of the assembly with glass substrate (not to scale). 

This first sample on glass substrate was cooled in our dilution refrigerator 
(Kelvinox 25 from Oxford Instruments). 



5.1.4.1. Results of the comparison with an IR laser (liquid MALDI) 

Glass substrate 

We used insulin molecules (M = 5734.6 Da) with glycerol as the matrix 
(liquid MALDI). The mixture was introduced into the spectrometer through an 
array of 96 micromachined nozzles (0nOn]es= 4 um) [14], The laser was an IR laser 
supplied by LSI. 

Figure 5.10 shows a pulse height versus time-of-flight scatter plot for STJ on a 
glass substrate. One can observe that for higher charged molecules, the decrease in 
pulse height for short time-of-flight values is more pronounced, leading to larger 
thermal recovery time. In this case, the detector has retrieved its full operational 
capability after 110 to 140 us for Q = 2 [from 71]. 

-1 1 1 i 1 1 r 
50 100 150 200 

time-of-flight [ îsec] 

Fig. 5.10 : pulse height versus time-of-flight scatter plot for insulin. Thepulse 
height distribution has a nonlinear increase due to the large heating effect of the 

IR laser. 
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Polvi mide substrate on copper disc 

We again used insulin molecules, launched from a liquid surface. We dissolved 
1 mg of insulin powder in 1 ml of DMSO (dimethylsulfoxide). We took 400 ul of 
this solution and added 600 ul of glycerol (matrix). 5 ul (69 pmol/ul) were then 
dispensed on the sample holder and put under vacuum. Acceleration voltages of 
12 and 11 kV were applied on the first and the second electrode, respectively. 

We obtained the following spectrum (figure 5.11) : 
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Fig. 5.11 ; scatter plot obtained with insulin molecules detected by STJ on a 
polyimide substrate. 

The peak at t = 0 is due to the reflexion of the IR pulse onto the detector 
(this reflection is used as a trigger). The matrix (glycerol (92 Da)) is detected after 
7 us. 

The heating effect is more important due to the higher laser power which was not 
attenuated. A detailed look at the spectrum shows one main improvement 
compared to STJ on glass substrate (figure 5.10) : the junction retrieves its full 
capacity more rapidly than before. For Q = 2, STJ on a glass substrate recovered in 
about 110 us (figure 5.10), whereas the recovery lasted only 60 us for STJ on a 
polyimide substrate (see figure 5.11). 
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5.1.4.2. Results of the comparison with a UV laser (solid MALDI) 

Glass substrate 

We used Human Plasminogen Kringle 4 molecules (M = 9.695 kDa). 20 |il of 
Hpgk4 were mixed with 40 (il of matrix, previously prepared according to this 
recipe : 10 mg of sinapinic acid powder as matrix were dissolved in 0.6 ml of 
ethanol and 0.4 ml of deionized water. 5 JJ.1 of this mixture (34 pmol/^1) were dried 
on the stainless steel sample holder and put under vacuum. The two electrodes were 
at 16 and 8.6 kV. A UV laser was used to desorb the solution. 

The recorded spectrum is shown in figure 5.12. 
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Fig. 5.12 : pulse height versus time-of-flight scatter plot ofHpgk4 molecules 
detected by STJ on a glass substrate. 
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Polyimide substrate on copper disc 

The same mixture was prepared and dried on the sample holder. In this case, the 
electrodes were at 16 and 11.1 kV. 1500 events were recorded and plotted, as 
shown in figure 5.13. 
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Fig. 5.13 .pulse height versus time-of-flight scatter plot ofHpgk4 molecules 
detected by STJ on a polyimide substrate. 

The first peak is due to the matrix (molecular mass of sinapinic acid ; M = 224 Da), 
which is detected after 14 us. One observes that the pulse height distribution is 
almost constant and that the junctions already exhibit their full detection capability 
at short times (< 50 us) : this is not the case for STJ on a glass substrate 
(figure 5.12) where the junctions have not recovered even after 150 us. 

Even if the UV laser is less powerful than the IR (see further), the local heating 
effect on the STJ is visible in figure 5.12, but not in the spectrum shown in 
figure 5.13. By using our new kind of substrate, the heating effect is reduced : the 
junctions have completely recovered when the first molecules arrive. 
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5.1.5. Conclusions 

Both lasers (337 nm UV and 10.6 ^m IR) locally heat the STJ, but the effect is 
much more pronounced for the IR laser, which is 60 times more powerful per laser 
shot. We can confirm that the recovery time of the STJ deposited on the polyimide 
layer is shorter and hence the pulse height of light or multicharged incoming 
molecules is less degraded. This is particularly important when the acceleration 
voltage is high, or when the flight distance is short. 

The following observations deserve to be mentioned : 

• the dispersion of the pulse height, especially for M+ : the absorption of the laser 
light by the mixture is not constant for each pulse, leading to different intensities 
of reflected light onto the STJ, thus inducing signals whose pulse heights can 
vary. 

• the shape of the STJ pulses : the signal is given by the collected charge Q which 
depends essentially on the tunneling time T111n and on the recombination time rr„ 
which relies particularly upon the gap A , the critical temperature Tc and the 
temperature T. Plotting those expressions leads to a curve which is clearly 
related to the behavior of our STJ. 

• difference of behavior between the charge states : some of the fastest molecules 
probably fragment and hence do not deposit their total initial energy. The heavier 
they are, the most probable and strong the process is, leading maybe to pulse 
shapes which are dependent on the mass of the molecules. 

• non-linear STJ-electronic response : for certain STJ detectors and particular 
biasing conditions, the signals may become so large that in the case of current 
biasing, the signal response becomes nonlinear. In some cases the pulse heights 
of double charged molecules are as large as single charged molecules. A solution 
to this is to use an active voltage biased preamplifier scheme. 

Future investigations will explain these effects in more detail. 

We demonstrated that good junctions can be fabricated on a polyimide substrate. 
With this novel substrate, the STJ cool faster after the absorption of the intense 
laser pulse. Improvements can be further made by directly depositing the array onto 
the cold finger and so reducing the number of interfaces. 
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5.2. Energy transfer between X-ray and STJI 
macromolecule and STJ 

5.2.1. Calibrations 

In this section we address the question how much of the absorbed molecule energy 
is converted into the STJ signal as compared to a 6 keV X-ray. The experiment was 
performed with Al STJ in the ADR and Ta STJ in the 3HeZ4He cryostat. In all 
experiments, a 6 keV X-ray source was continuously emitting X-rays. Whether our 
data acquisition collected events from X-rays or molecules depended on the 
specific trigger applied to the data acquisition card. When triggered on the UV laser 
event, virtually all signals were due to molecules. When turning off the laser and 
triggering on the pulses themselves, the events were always due to 6 keV X-rays. 

We first made measurements with insulin with an acceleration voltage of exactly 
6 kV, in order to transfer 6 keV to the molecules. The start signal was given by the 
external trigger of the laser. After a sufficient number of events, we only changed 
the trigger source to the acquisition channel in order to capture X-ray pulses, the 
setup remaining exactly the same. Results with Al STJ are given in section 5.2.1.1., 
whereas those for Ta STJ stand in section 5.2.1.2. Calibrations obtained in the past 
by other groups are discussed in section 5.2.1.3. 

1 6 kev" x-rays 
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Fig. 5.14 : example of calibration of Al STJ on a polyimide substrate. The X-ray 
events are at time equal to zero. About 80 % of the kinetic energy of the molecule 

seem to be transferred to the detector. 
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5.2.1.1. Calibration of the Al STJ 

The energy calibration of our Al STJ has been made in the manner as previously 
described. The results are shown in figure 5.15. 
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Fig. 5. 15 : left column : scatter plot (pulse height versus time-of-flight) and 
time-of-flight histogram of insulin molecules at 6keV ; right column : comparison 

of the energy deposited in the detector by 6 keVX-rays and 6 keV insulin 
molecules. 

We observe that we have a rather large dispersion in energy. However, the response 
of the detector to a 6 keV molecule seems to be 80% of the one for 
6 keV X-rays. 
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5.2.1.2. Calibration of Ta STJ 

For energy deposition calibration of a Ta STJ, we used our 3He^He cryostat, as 
well as our new time-of-flight mass spectrometer. The Ta STJ, fabricated at PSI, 
have the following design : 

SiO2 insulating layer 
Ta absorber 

Ta-Al-AlO11-Al STJ 
Nb contact pads 

Fig. 5.16 : schematic of the PSI Ta STJ : the Ta absorber acts also as bottom film, 
a silicon dioxide layer isolates the contact pad from the absorber film. 

Due to the fact that the surface of the absorber is large compared to the STJ, the 
probability for a X-ray photon to interact directly with the absorber is much greater. 
Thus there will be more events coming from the absorber than directly from the 
junction. However the absorber pulse heights will be smaller, because of the losses 
in it. This is shown in figure 5.17. An article on quasiparticle diffusion in tantalum 
can be found in [78], 

In figure 5.18 one can note that the energy deposited in a Ta junction by a 
6 keV X-ray and a 6 keV macromolecule is about the same. 

64 



PiiMhejgM 

Fig. 5.17 : pulse height histogram of the X-ray spectrum obtained with Ta STJ. 
Most events come from interaction with the absorber (low energy), whereas the less 
frequent events from direct interaction with the junction are more energetic. 
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Fig. 5. 18 : left column : scatter plot (pulse height versus time-offlight) and 
time-of-flight histogram of insulin molecules at 6 keV ; right column : comparison 
of the energy deposited in the detector by 6 keV X~rays and 6 keV insulin 
molecules. 
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5.2.1.3. Calibration of Sn, Nb and Al-AlOx-Ag STJ 

Similar X-ray/molecule comparisons have been made by us and other groups with 
other types of junctions : Sn STJ [IPH], Al-AlOx-Ag NIS junctions [NIST] and 
Nb STJ [LLNL]. Results are presented below. 
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Fig. 5.19 : time-of-flight and pulse height histograms ofIgG (135 kDa) at 6 kV 
acceleration voltage. Comparison of 6 keVpulse heights of ion impacts and X-ray 

hits (from [11]). 

We can also see that the signal given by the Sn STJ is the same for 6 keV 
molecules and 6 keV X-rays. 
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In our experiment, described in the 1998 Nature paper [7], ions were detected with 
a microcalorimeter, consisting of a 100 nm thick silver absorber. The temperature 
rise owing to the molecule impact was detected as a current pulse produced by a 
NIS junction, which consisted of a thinly oxidized Al electrode in contact with the 
absorber. The ions (BSA in this case, m = 66.4 kDa) were accelerated to 20 kV. 
The pulse height versus time-of-flight spectrum is shown below in figure 5.20. 
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Fig. 5.20 : scatter plot of the energy deposited in the Ag microcalorimeter versus 
time-of-flight for 20 keV BSA molecules. One can note that half of the molecule 

energy is transferred into the detector. 

The doubly charged molecules have, as expected, twice the energy of the singly 
charged ones. But only 50% of the kinetic energy is collected as inferred from 
calibrations with 6 keV X-rays. 
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This problem of different responses has already been discussed by Frank et ai [79]. 
They compared three kinds of cryogenic detectors regarding the pulse height signal 
for X-rays and molecules, as shown in the table below : 

Operating temperature 
Phonon threshold 
Signal height relative to X-rays 
Energy resolution for X-rays 
Extrapolated resolution for 
biomoleculcs 
Measured energy resolution for 
biomolecules 
Obtained charge resolution 
q/Aq 

NbSTJ 

- I .3K 
yes 

-0.2 
300 eV at 6 kcV 

~l.5keVfor30keV 
ions 

~l.5keVfor30keV 
ions 

-2 

SnSTJ 

-0.5 K 
yes, lower than Nb 

~1 
180eVat6keV 

18OeV for 6 keV ions 

~l.5keVfor6keV 
ions 

- 4 

Hot-electron 
Microcalori meter 

-O.IK 
no 

-0.6 
92 eV at 6 keV 

~215eVfor20keV 
ions 

1.7 keVfor20keV ions 

-10 

Table 5.2 : comparison of different types of cryogenic detectors used in mass 
spectrometry ofmacromolecules. Sn STJ results are from Gerber [11], Nb STJ 

results from Frank et ai [79] and « hot-electron microcalorimeter » results from 
Hilton et al. [7] (table from [79]). 

We can now add our Al STJ results (- 0.8) and Ta STJ results (~ 1) to this list : 

STJ 

Relative signal between 
X-rays and 
macromolecules 

Sn 

! - 1 
i 

Nb 

-0.2 

Al 

-0 .8 

Ta 

- 1 

Hot-electron 
microcalorimeter 

-0 .6 

Table 5.3 : results of calibrations between signals given by X-rays and molecules 
for different materials. 

The ratio is thus very different from one to another material, ranging from 20% to 
almost 100%. Possible explanations are given in the following section. 
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5.2.2. Energy transfer in a STJ detector 

The energy absorbed by an X-ray or a macromolecule hitting a STJ detector leads 
to different processes in the films of the STJ. An X-ray can penetrate and interact in 
both films, or even in the substrate whereas the macromolecules interact only on 
the surface of the top superconducting film. A good description of the interaction of 
an X-ray photon by the photoelectric effect is given in [52, 70]. One knows that for 
an X-ray about 60% of the energy is converted into excess quasiparticles, whereas 
the remaining energy is converted into phonons, according to distributions well 
described in [80], 

The case is different for macromolecules : when hitting the surface, 
macromolecules create high-energy phonons. One can distinguish two categories of 
phonons : those with an energy lower than twice the gap (Zw < 2 • A ) and those with 
a energy higher (hat > 2-A). The former will not be able to break Cooper pairs and 
thus do not create excess quasiparticles which produce the detector signal owing to 
the tunnel effect. 

One can question whether the relative signal between X-rays and molecules is 
dependent on the gap : values for the materials we are interested in are written in 
table 5.4. Superconducting materials with a gap smaller than 1 meV seem to have a 
signal ratio of 1. But this hypothesis was not confirmed by the hot-electron 
microcalori meter experiment for which there is no gap at all. 

Hilton et al. [7] discussed the possibility of breaking of molecular bonds upon 
impact and ejection of molecular fragments as effects to explain the reduced energy 
deposited into the microcalorimeter. But, there is no immediate reason to think this 
could not happen to other kinds of junctions. 

A possible explanation is the difference in the phonon spectra of the various metals 
and in the complicated energy and time dependent interactions between the 
phonons and electrons, notably for the strong non-equilibrium conditions directly 
following the energetic particle absorption event. This is an interesting topic for 
future investigations. 
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STJ 

Critical temperature [K] 

Energy gap (A) [meV] at 
T = OK 

Relative signal between 
X-rays and 
macromolecules 

Sn 

3.7 

0.59 

- 1 

Nb 

9.2 

1.47 

-0 .2 

Al 

1.2 

0.17 

-0 .8 

Ta 

4.5 

0.69 

- 1 

Hot-electron 
microcalorimeter15 

1.2 

non existing 

-0.6 

Table 5.4 : data for diffèrent materials and results of calibration. 

11 The critical temperature for the superconducting material of the NIS junction, aluminum in this case. 
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Conclusions 

In this work we developed a new kind of Al STJ array, deposited on different types 
of substrates, either glass or polyimide. The advantage of these arrays is that they 
are easy to fabricate. They were tested in our little 3HeZ4He cryostat and cooled 
down in our dilution refrigerator, 3HeT4He or ADR. 

We showed that 6 keV X-rays can be detected with the STJ on both polyimide and 
glass substrates, as well as several kinds of macromolecules (insulin, Lyzozyme, 
BSA, IgG, Hpgk4, etc). We demonstrated the ability of STJ on the polyimide 
substrate to recover more rapidly from the heat deposited by the laser pulse due to 
better thermalization. 

We proposed the following improvements for future work : 

- concerning the Al STJ : the photolithographic process can be improved, in 
order to increase the reproducibility of the junctions. A better choice of 
photoresist and a search for the optimum developing and etching baths 
could lead to a more precise structuring. The use of high-purity oxygen to 
create the oxide barrier as well as the optimization of the thickness of the 
Al layers have to be considered in the future. 

- concerning polyimide substrates : in order to prevent the thermal and 
mechanical « problems » when pinching the copper disc, a new kind of 
« substrate » is currently under construction. Combining the sample holder 
and the copper disc at the same time, it is shown in figure c.l. 

Gallium arsenide substrates have been fabricated with a MBE and prepared for the 
deposition. The aim of this substrate is to make a « phonon filter» which prevents 
the low-energy phonons to reach the STJ and retains those with a high energy. A 
better stability of the junctions is expected. In the future, STJ on such substrates 
will be tested and the stack of layers optimized for a maximum filtering capability. 
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Sample holder 
and disc 

36 x 28 x 4.5 mm 

Surface onto 
which one the 
polyimide will 
be deposited 

Fig. c. 1 : new kind of copper sample holder which can be self-mounted onto the 
cold fìnger, reducing the number of interfaces. The polyimide will be deposited on 
the central part and the STJ fabricated in the same way as before. A PCB will be 

screwed onto it in order to connect the junctions. 

Concerning the calibrations of the molecule signals with 6 keV X-rays, a more 
detailed study of the results obtained with Ta junctions should be made. It would be 
interesting to investigate the difference between Al-AlOx-Ag and Nb STJ and the 
other STJ to find out the reason(s) for the differences in deposited energy. This 
could be achieved by carefully trying to understand the exact mechanism of energy 
deposition from a macromolecule into a STJ. 
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