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Abbreviations and Units 

Special units 

Dalton (Da) is a commonly used mass unit in the field of mass spectrom­
etry. 1 Da is equal to the one-sixteenth the mass of the atom oxygen of 
mass number 16. One Dalton corresponds approximatively to the mass of 
one proton. 

Kelvin (K) is the temperature scale were the absolute zero is taken as the 
starting point. OK = -273.15 0C 

Electronvolt (eV) is an energy unit: 1 eV is equal to the energy gained by 
an electron in passing a potential difference of one volt; IkeV = 1000 eV. 

Useful constants 

kB = 8.617 • 10"5 eV • K"1 

= 1.3S • 10-23J • K-1 

h = 6.5822 • 10- löeV • s 
mp = 1.6726 • 10"27Kg 
NA = 6.022 • lO^mol"1 

e = 1.60219 • 10"19 Coulomb 
c = 2.997925 • l08m • s"1 

IeV *-> 2.41796-1014Hz 
«-* 8.0655 103Cm-1 

*-* 1.1604-104K 

i l i 

Boltzmann's constant 

Planck's constant 
Proton rest mass 
Avogadro's constant 
Electron charge 
Speed of light 



Abbreviations 

NIST : National Institute of Standards and Technology; Boulder, 
Colorado, USA. 
George Mason University; Fairfax, Virginia, USA. 
Paul Scherrer Institut; Villigen, Switzerland. 

Mass spectrometry, mass spectrometer 
Time-of-Flight 
Matrix Assisted Laser Desorption/Ionization 
Electrospray ionization 
Ultraviolet; electromagnetic waves with a wavelength 
between 3 nm and 400 nm. 

MicroChannel Plate 
Secondary Electron Multiplier 

Pull-width at half maximum 

Superconducting Tunnel Junction 
Superconductor-Insulator-Superconductor 
Normal-Insulator-Superconductor 
quasiparticle 

Tin 
Niobium 
Silver 
Silicon 
Aluminium 

Bovine Serum Albumin, 66 kDa 
Immunoglobulin G, 130 kDa 
3-Hydroxypicolinic acid (matrix) 
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Introduction 

Mass spectrometry is a fast, accurate and sensitive analytical tool for obtain­
ing molecular weight information. Until 1987, the measurable mass range was 
limited by thermal instability of heavy biological molecules. New ion produc­
tion techniques had to be developed in order to vaporize and ionize efficiently 
massive macromolecules without fragmentation. In Section 1.1 of this thesis, 
we retrace the historic way leading to the two well-established ion sources 
meeting this requirements: the Matrix-Assisted Laser Desorption/Ionization 
(MALDI) and the Electrospray Ionization (ESI). 

Once the ion production problem solved, one realized (see Section 1.3) 
that the limiting factor was now the low detection efficiency of the state-
of-the-art ion detectors based on the secondary electron emission (e.g. mi-
crochannel plate MCP). 

As a way-out of this impasse, Twerenbold proposed [1] in 1995 the use 
of cryogenic particle detectors previously developed for applications such as 
X-ray spectroscopy and searches for nonbarionic dark matter. As shown 
in Chapter 2, these detectors are based on a radically different detection 
scheme: Upon impact, the (kinetic) energy of the particle is absorbed and 
transformed into a measured increase of the internal energy of the detector. 
In order to run these detectors properly, low temperatures - often below one 
Kelvin - are required. 

Owing to this calorimetrical detection scheme one can expect an impact 
detection efficiency for single macromolecules of 100%, independent of the 
mass. Furthermore, since the pulse height is proportional to the kinetic 
energy which itself depends linearly on the charge of the molecular ion, one 
can expect that it would even be possible to determine the charge state as 
well - a feature not covered by any conventional detector. 

Knowing the charge q will be very helpful to deconvolute mass spectra 
since mass analyzers give a measure of the mass-to-charge ratio m/q and not 
the mass m alone (see Section 1.2). 
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As Ph.D. thesis task I had the chance to take part on three experiments 
which have been performed to prove the above mentioned assumptions. 

Up to now, all the experiments which detected macromolecules with cryo­
genic detectors were performed with Matrix-Assisted Laser Desorption/Ion-
ization time-of-flight mass spectrometers (MALDI-TOF MS). Section 1.4 of 
this text defends this choice. 

The first experiment ever done in this field has been undertaken by the 
Neuchâtel/GMU/PSI collaboration at the Physics Institute of Neuchatel. 

As we intended in a first time just to observe if it is in principle possible 
to detect impacts of macromolecules with a cryogenic particle detector, a 
straightforward, home-built mass spectrometer was used. Some easily made 
shadow-mask SIS tin junctions were used as cryogenic detectors (see Section 
3.3.1). 

From obtained results, presented in Chapter 4 and in [2], we can affirm 
that we were detecting single macromolecule impacts of the protein lysozyme 
(molecular weight = 14'3OO Da1). A calibration with 6 keV X-rays suggested 
that a substantial part of the kinetic energy (10 keV) was absorbed in the 
detector. 

Additionally, an indication was found that the pulse height does, as pre­
dicted, depend on the charge state of the detected molecule. To further 
investigate this point, detectors with a better energy resolution had to be 
developed. This is why we decided to fabricate tin junctions using pho­
tolithographic techniques; the obtained devices are presented in Section 3.3.3. 

Meanwhile, we participated in the NIST/Neuchâtel/GMU collaboration. 
The measurements were performed at the National Institute of Standards 
and Technology in Boulder CO, USA. They provided the detector, a hot-
electron microcalorimeter (see Section 3.3.2), mounted on their adiabatìc de­
magnetisation refrigerator (ADR) while we provided a small home-fabricated 
MALDI-TOF mass spectrometer. 

Although the working principle of this microcalorimeter is significantly 
different, comparable results have been obtained, as reported in Chapter 5 
and in (3]. This underlines that the high-efficient detection of macromolecules 
is a generic attribute of cryogenic detectors. 

With this microcalorimeter, single impacts of the proteins immunoglob­
ulin G (IgG; 130 kDa), lysozyme and bovine serum albumin (BSA; 66kDa) 

1MaSS unit. 1 0 a = l/16 t h of the mass of a oxygen atom; essentially the mass of a 
proton. 
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have been detected. Due to the energy resolving capability of this detector, 
the charge state of the molecular ions could be clearly determined. 

It was found that the proteins deposit roughly 50% of their kinetic energy 
in this microcalorimeter and that the good energy resolution for 6 keV X-rays 
is considerably degraded for ion impacts. Finally, this experiment illustrated 
the need for a good vacuum in the mass spectrometer. 

After having succeeded in fabricating tin SIS junctions using photolitho­
graphic techniques (Section 3.3.3) we resumed the mass spectrometric work 
in Neuchâtel with an upgraded equipment. Notably an ion optic and two 
delayed extraction units have been incorporated. The energy resolution of 
these better tin tunnel junctions was sufficient to discriminate between singly 
and doubly charged ions. In Chapter 6 we present some results obtained with 
the proteins IgG and lysozyme showing time-of-flight spectra, the charge sep­
aration capability of our detectors and the interesting fact that we observe 
the same pulse height for 6 keV X-rays and ions with the same energy. 

And finally, we achieved getting time-of-flight spectra of DNA-oligonu-
cleotides with a length of up to 120 bases. The comparable peak heights 
of the 40-mer, 70-mer and 120-mer indicate that the launch, ionization and 
detection efficiencies are the same for the used oligonucleotides. 
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Chapter 1 

Mass spectrometry 

Mass spectrometry (MS) is a branch of science that determines masses by 
analysing the mass-dependent movement of charged molecules traversing elec­
tric and/or magnetic fields. In the past many techniques have been devel­
oped to extend the analyzable mass range to the field of macromolecules with 
masses above 100 kDa [7). 

Since the MS is restricted to the gas-phase ionized molecules, we will 
review the methods of vaporization and ionization of samples in the first 
section of this chapter. The second section deals with the mass analyzers 
and the third one with the ion detectors. The last one defends our choice of 
working with a MALDI-TOF mass spectrometer. 

1.1 Vaporization and ionization of the 
sample 

Until the early seventies, the mass spectrometry was governed by thermal 
evaporation and subsequent ionization by electron impact (EI)[8]) or chemi­
cal ionization (CI)[9]) of the analyte. Electron impact ionization is a widely 
used technique in MS: the neutral gas-phase analyte is ionized by impact of 
an electron usually emitted by a tungsten filament. In the case of chemical 
ionization, the volatilized molecules react with a reagent gas to form ions by 
either proton or hydride transfer. 

The molecular weight range of both techniques is limited to about 800 Da. 
This is caused by the fact that large molecules are thermolabile and their 
vapour pressure is low because of their weight and often polar nature; they 
thermally decompose a long time before an acceptable vapour pressure is 
reached. 
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Consequently, several new techniques had to be developed at the time in 
order to enable measuring the mass of large bioorganic molecules. Two dis­
tinct ways of filling up this require appeared [10]: the liquid-phase ion sources 
and the solid-state ion sources. 

In the first case, an analyte containing solution is continuously sprayed 
into the entry stage of the ion source, where a drying gas is at atmospheric 
pressure. There, the droplets are drying in order that the bare analyte ions 
can be transferred via some differential pumping stages into the high-vacuum 
part of the mass spectrometer, where the mass analyzer and ion detector are 
located. The ionization mechanism is a near-equilibrium, reversible process. 

For the solid-state ion sources a non-equilibrium, non-reversible process 
is needed for the volatilization of the solid sample. Based on the work of 
Beuhler et al. [11], a 'rapid heating' by a 'sudden energy' release of an en­
ergetic particle or a laser pulse will desorb the sample molecules so fast that 
they do not have the time to thermally disintegrate. 

1.1.1 Liquid-phase ion sources 

Nowadays there are three liquid-phase ion sources, slightly different each one. 
They are based on the electrospray ionization (ESI)[12, 13, 14], the atmo­
spheric pressure ion evaporation (APIE)[15] and on thermospray (TS)[IO]. 
They have in common - as already mentioned - that the solution containing 
the analyte is sprayed steadily into the drying-gas (nitrogen). 

Since we have not been using any liquid-phase ion source by now, but 
planed to do so in a near future with ESI, we will only present schematically 
the ion-production process in a ESI module. 

The electrosprayed droplets are charged by an electric field (see Figure 
1.1); the initial droplet diameters are 1-2/xm [15]. They undergo a drying-
and size-reduction scenario which was first described by M. Dole who pio­
neered the electrospray ionization in 1968: As these droplets are evaporating 
the solvent, the surface charge density is increasing until the electrostatic 
repulsion is equal to the surface tension (Rayleigh limit). The droplet is 
not stable anymore and undergoes the "Coulomb explosion" producing a few 
smaller droplets which will themselves explode until the analyte ion itself is 
electrostatically ejected [18]. The charge state of the ion reflects the number 
of charges it carried in the solution phase. For large macromolecules highly 
charged states can be obtained (few hundreds). This is beneficial if one wants 
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to investigate massive molecules using a mass spectrometer which is limited 
in m/q sensitivity. So it was possible to measure electrosprayed 200 kDa 
molecules using a quadrupole mass spectrometer limited in m/q to 2400 [17]. 

The bare ion is then moved to the mass analyzer through a differential 
pumping stage (nozzle and skimmer). 

Cylindrical 
electrode 

Liquid 
sample 

Quadrupole masa 
spectrometer 

\ 
* ! 

T 

2nd pumping 

Figure 1.1 : Illustration of an electrospray ion source coupled to a quadrupole 
mass spectrometer. The sample solution is introduced at a low flow rate ( a 
few /il/min) through a needle held at high potential (few kV) with respect to 
the cylindrical electrode. Its polarity selects if positive or negative ious are 
transferred to the high-vacuum part. Two pumping stages are used in this 
case. (Figure reproduced from [12]). 

An ESI spectrum can be difficult to understand - especially in the case 
of a mixture of analyte - since each analyte gives rise to many peaks due 
to multiple charging. However, an ESI ion source can be directly coupled to 
a Chromatograph, which turns out to decrease the complexity of the mass 
spectra in many cases. 
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1.1.2 Solid-state ion sources 

The first solid-state ion source was the field-desorption (FD), introduced by 
Beckey [19]. The diluted analyte is dipped on a metallic point and after the 
evaporation of the solvent, a strong electric field (> 109 V/cm) will bring the 
ionized sample to the gas-phase. But FD was too cumbersome to make a 
dent in the real-world mass spectrometric research. 

In 1974 Torgesson and Macfarlane invented the plasma-desorption (PD) 
[20])f where the sample is vaporized by high energy ions («100 MeV) pro­
duced through spontaneous fission of 252Cf. The radioactive decay of 252Cf 
produces two fission fragments flying apart in opposite direction. One frag­
ment hits the sample surface knocking out a few sample ions typically, the 
other one is detected in a scintillator triggering the data acquisition when 
measuring the time-of-flight. Biopolymers up to 45 kDa [21] could be suc­
cessfully volatilized with this method. Since the fission rate of a typical 252Cf 
source is limited to a few thousand Bq, the ion current is very small, so only 
time-of-flight (TOF) mass spectrometers couple efficiently with PD. Anyway, 
the Fourier-transform mass spectrometers have also been used. 

A similar approach developed approximately at the same time in Bennig-
hovens' group [22] was the secondary ionization mass spectrometry (SIMS) 
which consists of bombarding a surface containing the sample in solid form 
with an 10 keV ion beam (usually 3He+, 16O+ or 40Ar+). This primary ions 
sputter off material into the gas phase: about 1% of the ejected matter is 
ionized. In the beginning they worked with high beam currents which caused 
erosion and heating up of the sample layer destroying any thermally labile 
molecule. An ion source working with high primary ion currents is called 
dynamic as a contrary to static ones working with very weak currents which 
do not ravage the surface quickly. Static ion sources yield spectra similar to 
those from PD but suffer from rather weak analyte ion currents so that they 
can not be coupled to scanning instruments like quadrupole and magnetic 
sector mass spectrometers. 

The fast-atom bombardment (FAB1) invented by Barber et al. [23] cir­
cumvented the disadvantage of the dynamic secondary ion source by using a 
very viscous nonvolatile fluid doped with the analyte as the target instead of 
a solid one. Now very high primary ion/atom currents can be used because 
the destroyed surface is constantly removed by convection and diffusion. The 
beam consists of typically Ar or Xe, in form of atoms or ions. Owing to its 
high analyte ion current, a FAB ion source can be coupled to scanning mass 
spectrometers like sector instruments giving a good mass resolution. The 
mass range is limited to »10 kDa due to fragmentation. 

1Sometimes the name FAB is restricted to the case where atoms are the projectiles and 
is called liquid-SIMS (LSlMS) or fast ion bombardment (FIB} when an ion beam is used. 
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An other technique is the laser ionization (LIMS) which is quite similar 
to SIMS: an energetic laser pulse with a certain wavelength (that will be 
resonantly absorbed by the sample) hits the surface where the analyte dwells 
in solid form. The created microplasma desorbs and ionizes some molecules 
of masses up to 1 kDa with minimal fragmentation but dissociation becomes 
dominant above this mass [24]. Thus LIMS was considered inferior to SIMS. 
LIMS is usually coupled to a time-of-flight mass spectrometer due to the 
intrinsic pulsed desorption. 

In the late eighties two different way-outs for LIMS, both introducing the 
concept of matrix, were proposed. The main change is that the analyte is 
embedded in a matrix which absorbs now the laser beam energy. 

The matrix used by Tanaka et al. [25] was a mixture of glycerol with 
ultra-fine cobalt powder (0 300 Â), small enough to couple to the laser light. 
It can desorb molecules with masses up to 100 kDa breaking the mass record 
previously held by PD, but the Matrix-Assisted Laser Desorption/Ionization 
(MALDI) process had surpassed everything else. 

1.1.3 MALDI (Matrix-Assisted 
Laser Desorption/Ionization) 

Karas and Hillenkamp's group announced in 1987 the MALDI scheme [26, 27] 
that provides the desorption and ionization of heavy molecules (> 500 kDa) 
with a low fragmentation rate and a low charge state (typically 1 to 2). The 
technique consists of diluting the analyte in a matrix with a molar ratio of 
1:500 to 1:10'000. A few /il of this analyte-matrix mixture is dropped on an 
inert sample holder and let to be co-crystallized. A short laser pulse of a few 
ns with an appropriate wavelength will desorb the sample ions. 

There are two main reasons to use a matrix: 

• The small matrix molecules are absorbing resonant ly the laser beam 
energy. The energy transfer to the moderately absorbing analyte mol­
ecules is slow avoiding excessive energy that can cause the thermal 
decomposition. 

• The matrix acts as a separator. It isolates one analyte molecule from 
the other preventing aggregation. 

The wavelength of the laser must be either in the far UV to couple to the 
electronic states of the matrix molecules or in the far IR which can excite 
vibrational states. Several matrices were found to be suitable: initially nico-
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tinic acid2 [26] has been used, later on sinapinic acid3 has proven to be 
superior [28]. Anyway, there is no unique matrix - each type of sample needs 
its own matrix. In Chapter 3 we describe the way we are producing our 
MALDI-probes. 

MALDI is a threshold phenomenon [29]: a minimal laser irradiance4 - the 
so-called 'threshold irradiance' - is needed to ignite the desorption. A laser 
pulse surpassing this threshold causes a rapid phase change of the MALDI-
probe in the spot zone giving raise to an ion yield steeply increasing with the 
irradiance. This tells us that we are facing a collective process rather than 
a 'molecular evaporation'. Referring to [10] it would thus be more precise to 
talk about 'ablation' than 'desorption'. It has been shown [30, 31] that for 
common laser pulse lengths it is rather the laser fluence4 which is decisive 
than the irradiance; about 20mJ/cm 2 are required. 

With increasing fluence the fragmentation probability as well as the mass 
peak width are increasing [31] indicating that one should work close to the 
threshold. Beavis and Chait found, that the regulation of the laser irradiance 
is the most important operational parameter to obtain high mass resolution 
spectra [32]. 

To get an idea, the number of produced molecular ions per laser desorp­
tion event is of the order of 104; the number of ejected neutrals exceeds the 
number of ions by a factor of 103 — 104 ([29], measured with bovine insulin: 
5.5 kDa). Bahr et al. measured even « IO6 ions of each species per laser 
desorption event [45]. 

It has been found that the ablated analyte ions do all have approxi­
mately the same velocity regardless their mass6. The average velocity is 
between 500 m/s and 1000 m/s depending on the experiment [33, 31, 10]. 
The matrix ions are somewhat faster. Both velocity distributions are mainly 
forward peaked. However, the fact that there is a initial velocity distribution 
is of great importance in the case of TOF measurements since they limit the 
achievable mass resolution. In Section 1.2.3 two techniques used to iron out 
this problems are presented. 

Thanks to MALDI, extremely large biomolecules can be vaporized and 

2123 Da; usable wavelengths: 266 um, 2.94 firn and 10.6 ^m [27] 
3224 Da; 266 nm, 337 nm, 355 nm, 2.79 pirn, 2.94 ^m and 10.6 ftm [27] 
^Fluence is defined as the laser beam energy per unit area at the target surface and 

the irradiance is the fluence per unit time. 
6We are talking here about zero acceleration field. 
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ionized7. MALDI spectra are simple since mainly singly charged ions are 
produced with little or no fragmentation. MALDI is - unlike other ioniza­
tion methods for macromolecules (including ESI) - generally insensitive to 
contaminants and is a high sensitive process: often 1 pmol of the analyte is 
sufficient for an analysis. More about MALDI can be found in [10, 31, 35]. 

1.2 Mass analyzers 

The mass analyzer is the part of the mass spectrometer which spreads the 
ion trajectories depending on their masses. An ion of charge q and mass m, 
residing in an electro-magnetic field (E,B), is influenced by the force: 

F = mS = q- [Ê + fAß) . 

Let us recall that static magnetic fields do not change the energy of the ion. 
Almost always an electric field is used to accelerate the ions away from the 
ion source toward the mass analyzer. If an ion is flying across a perpendicular 
B (E)-SeId, then the radius of the flight path curvature /¾ (PE) is: 

V2Ü fa 
PB = ~ß"V7 ( u ) 

PE = ^ (1.2) 

where U is the acceleration voltage. 
Evidently, static electric fields cannot act as a mass separator but static 
magnetic fields can: the magnetic sector mass spectrometer is the textbook 
example of it. 
The situation changes when using dynamic fields. Here an electric field can 
act as a mass separator as the ubiquitous quadrupole mass spectrometer il­
lustrates. Another mass spectrometer working with variable fields - at least 
in the initial phase - is the Fourier-transform mass spectrometer (FTMS). 
FTMS is based on the ion-cyclotron resonance. 
These three MS are mentioned briefly in the following section. In our work 
we were using time-of-flight mass spectrometers which will be described in 
details in the separate Section (1.2.2). 

To compare different mass spectrometers one defines the mass resolution 
m/Am, where m is the mass of a given ion and Am the full-width at half 

TThe detection of singly charged human IgM with a molecular weight of almost 1 MDa 
has been reported [34]. 
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Mass analyzer 
Qu ad ru pole 
Timo-of-flight 
Double-focusing eector 
Fourier transform MS 

Pinctical 
m/q limit 
<2000" 
»lOtfOOO 
<3000e 

> AKOCW 

Mass 
resolution 
Low 
Low 
High 
High' 

Ionization 
techniques 
ES], FAB 
MALDI, PD, (ESI)h 

ESI, FAB 
GSl, MALDl, FAB, 
(PD)b 

Cost 
Low 
Low 
Moderate 
Moderate 

MS/MS 
capabilities 
No 
No 
No 
Yea 

Table 1.1: Comparison of mass analyzers used for biopolymer analysis (re­
produced from [36]). 
The data in this table are representative of commonly equipped commercial instruments, 

not specialized research instrumentation. (1993) 

a : Specially designed quadrupole rods with upper m/q limit of 4000 have become available. 

b : This ionization technique has been demonstrated for these particular mass analyzers 

but is less commonly used than the other ionization methods. 

c : This value is specified for full acceleration voltage; the mass range can be extended 

to approximately 10'0OO at reduced acceleration voltages but with a concomitant loss in 

sensitivity8. 

d : This value is for a 7-T magnet; mass range scales with increasing magnetic field 

strength. 

e : Resolution is mass dependent; ultrahigh resolution can be obtained at low mass, and 
high resolution is achievable for masses in the kilodalton region. 

maximum (FWHM) of the corresponding peak in the mass spectrum. 

Table 1.1 shows a comparison of mass analyzers used for biopolymer anal­
ysis. 

1.2.1 Others than TOF mass analyzers 

Magnetic sector instruments 

The magnetic sector mass analyzer consists of a static magnetic field B per­
pendicular to the direction of the ion beam (see Figure 1.2). The mass 
determination (i.e. the mass to charge ratio) is given by 

where p is the radius of the curvature of the flight path and U the accelera­
tion voltage (q-U is the kinetic energy of the ion). 

This statement of Buchanan and Hettich is certainly true for a magnetic sector coupled 
to a commonly used ion detector based on the secondary electron emission (e.g. secondary 
electron multiplier SEM) where the detection efficiency drops to low values for slowly 
moving ions (see Section 1.3.1), but it may not hold for cryogenic particle detectors since 
we could detect singly charged IgG ions (130 kDa) accelerated at only 3 kV with a detection 
efficiency of 100% (see Section 6.5 at page 79). 
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Usually U and p are hold constant while B is scanning the mass range. 

Figure 1.2: Single-focusing magnetic sector mass analyzer. 

Since ion sources never produce absolutely mono-energetic ions, the mass 
resolution is limited. The trajectory differences due to kinetic energy fluc­
tuations cannot sometimes be distinguished from the neighbouring m/q tra­
jectories. This can be overcome with double-focusing devices which consist 
of an electric sector preconnected in series to a magnetic one. In the electric 
sector the energy dispersive properties are exploited (Equation 1.2). 

Quadrupede mass analyzer 

The quadrupole mass analyzer invented in 1953 by Paul and Steinwedel [37] 
acts as a mass filter, i.e. only one mass at the time can be determined. To 
get a full spectrum one has to scan through the mass range, which causes a 
decrease of sensitivity. 

The basic design is illustrated in Figure 1.3. The quadrupole mass ana­
lyzer consists of four hyperbolic rod electrodes which are in the most cases 
replaced by circular ones. A radiofrequency (RF) voltage V superimposed 
on a constant voltage U is applied to the electrodes forcing the entering ions 
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Ion source 

Figure 1.3: Schematic view of a quadrupede mass spectrometer. (Source: 
[38]) 

to a zigzag course. For a given U only the ions with the appropriate mass to 
charge ratio (m/q) move on a stable trajectory arriving at the ion detector. 
The others are deviated and finally pumped off. 

Fourier-transform mass spectrometry 

FTMS was introduced in 1974 by Comisarow and Marshall [39]. It is based 
on the cyclotron movement of a group of ions in the presence of a static 
magnetic field. The cyclotron frequency is given by 

A pair of metal plates are registering the image current induced by the or­
biting ion bundles. This signal has then to be Fourier-transformed to get the 
masses (frequency) and abundances (amplitude). 

A pressure below 10-8 mbar has to reside in the FTMS cell, and a mag­
netic field of a few Tesla is needed to achieve good results for heavy molecules. 
FTMS is reviewed in [36]. 
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1.2.2 Time-of-flight mass spectrometer 

The principle of time-of-flight 

The basic setup of the TOF mass spectrometer is shown in Figure 1.4. The 
ions are accelerated in a static electric field where all the ions acquire - in 
the simplest case - the same kinetic energy E: 

E=±-m-v2 = q-U, (1.5) 

where q is the charge of the ion and U the acceleration high-voltage. 
If the acceleration time is negligible compared to the time of flight t^f (i.e. 
d <g; L), then one has v = L/tt0f. That leads to: 

/Ï W 
'*' = V2 ' m TV • 

We therefore get the following important relations: 

E oc q 

tu,f « ^ 

and 

E oc U 

ttof oc 1/VÜ 

More information about TOF MS can be found in [40]. 

1.2.3 Refiectron and delayed extraction 

A major deficiency of TOF mass spectrometers is the limited mass resolu­
tion. In the case of MALDITOF MS, it is mainly caused by the initial kinetic 
energy distribution of the ions, insufficiently fast electronics (including the 
detector) and ion collisions with the background gas. We will concentrate in 
this section on the first source of errors since the two others are solvable in 
a natural way. 

The initial forward directed velocity of the ions causes an initial kinetic 
energy distribution 0"E which degrades the quality of the time-of-flight mea­
surements as can be seen by substituting (q • U + AE) for (q • U) in Equa­
tion 1.6. 

(1.6) 

(1.7) 

(1.8) 

(1.9) 

(1.10) 
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Figure 1.4: Schematic representation of the basic setup of a time-of-fiight 
mass spectrometer. L is of the order of one metre and the acceleration 
voltage about 20 kV. 

One remedy - the reflectron - was discovered by Mamyrin et al. in 1973 
[41]. In the simplest case it is an ion mirror which reflects the ions back. 
The ions with a higher kinetic energy penetrate deeper into the retarding 
electrical field and hence have to travel longer en route to the ion detector. 
By carefully selecting the parameters of the reflectron it is possible to energy-
focus the ion bundles and to improve the mass resolution. 

Another way to improve the mass resolution is the delayed (or pulsed) 
extraction which was originally introduced by Wiley and McLaren in 1955 
(time-lag focusing) [42]9. Instead of working with a constant acceleration 
voltage the ions are allowed to be created in a field free environment. After 
a moment, the acceleration voltage is switched on. The more energetic ions 
travel somewhat further than the less energetic ones and are thus accelerated 
by a smaller electrostatic potential difference. An appropriate delay between 
the laser pulse and the turn-on of the acceleration voltage will energy focus 
the ions. Another advantage of delayed extraction is that the ion creation 
becomes softer; it is helpful to get good DNA results [43], 

9Delayed extraction™ is a trademark of PerSeptive Biosyetems, Inc. 
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1.3 Ion detectors 

The ions separated according to their mass-to-charge ratio m/q have to be 
detected. The state-of-the-art detectors are the detectors based on the sec­
ondary electron emission followed by a secondary electron multiplication: 
microchannel plates are the most widely used ones. They are fast and have 
a large detector surface but suffer, as will be explained below in more de­
tails, from a severe decrease in detection efficiency for slowly moving massive 
ions. That is why other ion detectors have been developed having detection 
efficiencies less or not dependent on the ion mass: Faraday cup detectors 
[44, 45], inductive detectors [46] and cryogenic detectors. While the two first 
mentioned detectors need high ion currents to yield a signal above the noise 
level (in the best case 250 ions of the same m/q value), the cryogenic detec­
tors are able to detect single macromolecule impacts with a 100% detection 
efficiency which is independent of the mass and charge state of the incoming 
particle. Even neutral molecules are indifferently detected since the detection 
mechanism relies on a calorimetrie detection scheme. 

1.3.1 State-of-the-art ion detectors 

Secondary Electron Multipliers (SEM) are quite similar to the well known 
photomultipiiers (PM). The ion hitting the first dynode (ion converter, pho­
tocathode) creates a number of electrons by secondary electron emission. 
These electrons are then accelerated from one to another dynode creating 
additional secondary electrons. This avalanche process leads to a high cur­
rent gain from 104 to 108. 

MicroChannel Plates (MCP) and Single Channel Electron Multipliers 
(Channeltron©) are similar to the SEM: the discrete dynodes are replaced by 
a continuous one made out of a coated glass tube [47]. While the Channeltron 
consists of one single glass tube, the MicroChannel plate is constituted of 104 

to 107 channels (see Figure 1.5). 

They are often mounted in the so called Chevron configuration, a dual 
channel plate configuration as shown in Figure 1.6, to increase the overall 
gain (« IO7). These detectors are very fast, a time resolution below 1 ns is 
possible [48], and the detector surface is large. 

One problem encountered with MCP detectors is saturation. The dead 
time of a channel is about 20 ms [48] causing considerable sensitivity problems 
in the presence of a strong matrix signal. Pulsed deflection plates kicking off 
the light matrix ions cannot completely clear the situation since «neutralized 
ions are quite abundant as well [45]. 

Aging is another problem. All detectors based on the secondary electron 
multiplication suffer from a decrease in sensitivity with time, especially when 
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Figure 1.5: Detectors based on the secondary electron emission. 
a) Continuous dynode of channel electron multiplier (reproduced from [49]). 
b) MicroChannel plate (from [50] in [51]). 
c) Channeltron coupled to a quadrupole mass spectrometer (from [47]). 

run in a vacuum which is not excellent as is quite often the case in MALDI 
TOF mass spectrometers. 

But all these problems are negligible compared to the fact that the detec­
tion efficiency becomes very low for ions moving slower than 104 m/s [52, 45]. 
This velocity threshold corresponds to a singly charged ion of 38 kDa accel­
erated through a 20 kV potential difference. Ions with a higher mass are less 
effectively detected but to which extent is still debated [53, 54, 55, 56]. 

Higher masses can be measured by increasing the acceleration voltage, but 
the onset of uncontrolled discharges gives a practical limit of about 30-40 kV. 
Another way to increase the sensitivity is to post-accelerate the primary ions 
onto a conversion dynode. The emitted secondary ions and electrons are then 
detected with one of the above mentioned detectors. But the time needed 
for the secondary ions to travel from the conversion dynode to the detector 
compromises the time and hence mass resolution. 

Furthermore, MALDI-born ions tend to decay in the flight tube en route 
to the ion detector (while barely any fragmentation from the desorption pro­
cess can be observed). So after the initial acceleration the flight tube should 
be kept field free to avoid spread in flight times of neutrals, parent and frag­
ment ions degrading the mass resolution [57]. 
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Figure 1.6: Chevron operation of MCPs (reproduced from [48]). 

1.3.2 Cryogenic part ic le d e t e c t o r 

The use of cryogenic particle detectors as high-efficient (ion10) detectors of 
massive macromolecules was proposed in 1995 by Twerenbold [I]. The cryo­
genic detectors themselves will be presented in Chapter 2. Here we only 
review the results obtained by the three collaborations which have been work­
ing by now in this field of research. 

The Neuchâtel/GMU/PSI collaboration was the first one which succeeded 
in detecting macromolecule impacts, see Chapter 4 and [2]. We could prove 
that it is indeed possible to detect single massive macromolecule impacts 
with a cryogenic detector (SIS tin junction). Spectra of proteins and DNA-
oligonucleotides with up to 120 bases have been recorded, see Chapter 6 and 

The LLNL/LBNL/Conductus11 collaboration confirmed somewhat later 
our protein results [58, 59, 60]. In addition, by comparing the count rates and 
spectra obtained by their SIS niobium tunnel junctions and a multichannel 
plate, they found that the detection efficiency for their cryogenic detector 
is two to three orders of magnitude higher per unit detector area (for HSA, 

l 0The particle has not to be charged in order to be detected by a cryogenic particle 
detector. 

11LLNL: Lawrence Livermore National Laboratory, CA, USA. LBNL: Lawrence Berkeley 
National Laboratory, CA, USA and Conductuß Inc., Sunnyvale, CA, USA. 
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66 kDa at 25 kV acceleration voltage). 

The NIST/Neuchâtel/GMU collaboration was working with a hot-electron 
microcalorimeter operated at 100 mK. It was clearly shown that cryogenic 
particle detectors can determine the charge state of the molecular ions, see 
Chapter 5 and [3, 5]. 

1.4 Our mass spectrometer 

A mass spectrometer is composed of an ion source, a mass analyzer and an 
ion detector. Natural combinations of ion sources and mass analyzers are 
MALDI-TOF, ESI-quadrupole and ESI-sector. 

Quadrupole and magnetic sector mass analyzers are actually stigmatized 
with a m/q limit of a few thousands. Thus high mass molecules can be mea­
sured only when the ions are highly charged as with an ESI ion source. But 
ion charge states of, let us say, 200 entails the impossibility of investigating 
the charge separation capability of cryogenic detectors. 

We chose to work with a MALDI-TOF MS. MALDI produces mainly 
singly and doubly charged ions which fits well with our wish to prove the 
charge discrimination capability of cryogenic detectors. MALDI-TOF mass 
spectrometers can be home-built at low cost and the preparation of MALDI-
probes is straightforward. 

Of course, a cryogenic particle detector has been chosen to work with. 
From the choice of possible candidates (see Chapter 2) the superconducting 
tunnel junctions (STJ), where both superconducting films are of tin, have 
been selected. This mainly, because we owned already the know-how to 
fabricate this devices. 
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Chapter 2 

Cryogenic particle detectors 

In the first section of this chapter we will show how to reach low tempera­
tures and why cryogenic detectors have been so much investigated by now. 
In the second section we will review the essentials of superconductivity, and, 
finally, in the last section some cryogenic particle detectors will be presented. 

2.1 Generalities 

A cryogenic particle detector is a detector operated at low temperatures, i.e. 
at 4.2 K1 or beiow. 4.2 K is the temperature of liquid 4He (L4He) at atmo­
spheric pressure; when pumping on the L4He bath one can cool the liquid 
down to 1.2 K. Similarly, using the rare isotope 3He, 0.3 K are reachable. 
This temperature range is readily attainable as long as liquid nitrogen LN2 
(77 K) and a L4He provider is around. If one has to go to lower temperatures, 
some considerable technical effort has to be undertaken: with an adiabatic 
demagnetization refrigerator (ADR) 50 mK are achievable, with a dilution 
refrigerator < 1OmK. It is possible to work in the sub-millikelvin region 
but the low temperature detectors community has never been using such 
temperatures. More details concerning cryogenic techniques can be found in 
[62, 63, 64, 65]. 

Why to work at low temperatures: 

1. The influence of the thermal phonon population becomes negligible 
compared to the excess phonons produced by the impact of a particle 
(see Fig. 2.9, page 34). 

1TIK; absolute zero is 0 K (Kelvin). It corresponds to -273.15 0C. 
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2. New solid state physics phenomena appear, like superconductivity or 
superfluidity. 

Three reasons why cryogenic detectors have been 
investigated by now: 

1. High energy resolution. Because of the low mean energy e required 
to create a single detectable excitation, cryogenic particle detectors 
used in a proper way are high energy resolution detectors. The gap 
of a superconductor - half the energy necessary to break up a Cooper 
pair - is about 1 meV leading to a tiny e of a few meV. This is to be 
compared to the few eV required to create an electron-hole pair in a 
semiconductor, to the «15 eV to ionize a gas molecule of a gaseous 
detector or even to the «100 eV for a scintillator [51]. The energy of a 
thermal phonon at 0.5 K is smaller than 0.5 meV thus an appropriate 
phonon sensor will be able to detect excess phonons produced by the 
impact of a particle with high sensitivity. 

But high energy resolution is of moderate importance for the detection 
of macromolecules. 

2. High detection efficiency for poorly- and non-ionizing particle 
interactions. It is known that cold dark matter (CDM) in a form of 
weakly-interacting massive particles (WIMPs) may interact elastically 
with the nucleus in a target and that the energy deposition will be by 
the recoiled nucleus. This process is poorly ionizing due to the mass 
mismatch between recoiling nucleus and target electron [66); most of 
the energy is deposited as phonons which are only detectable with a 
cryogenic particle detector. That is the reason why several cryogenic 
dark matter detectors have been built in the last years. 

Since the impact of a massive macromolecule is also poorly ionizing, 
one can expect a substantial improvement of the detection efficiency 
when using cryogenic detectors. 

3. The wide choice of materials available for building these detectors 
compared to the rather restricted variety of usable semiconductors, 
scintillators and gases. Almost every isotope can be investigated; e.g. 
the University of Milano group could lower the neutrinoless double 
beta decay lifetime of 130Te by three orders of magnitude using a 73.1 g 
130Te O2 crystal as bolometric absorber [67]. 

This feature is of little importance for detecting macromolecules. 
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2.2 Superconductivity 

Let us first recall the basic concept of the Fermi sphere. Electrons are spin-
1/2 particles and have hence to follow the Fermi-Dirac statistic based on 
the Pauli principle. At zero temperatine, the energy levels are filled with 
two electrons with opposite spins up to the Fermi energy Ep (¾ 5eV). The 
occupied states are forming the Fermi sphere (in momentum space), see Fig­
ure 2.1. The highest velocity of a conduction electron at zero temperature is 
the Fermi velocity vF of lC^m/s ( « c/100!). 

possible momentum 
vector 

Figure 2.1: Illustration of a center plane of the Fermi sphere showing the al­
lowed states for the conduction electrons. The full circles represent occupied 
states and the open circles empty states. The surface of the Fermi sphere -
the Fermi surface - separates the occupied from the unoccupied levels. (After 
[68]) 

When a metal is cooled down, its resistivity decreases because the thermal 
phonon population freezes out so that the resistance part due to electron-
phonon scattering vanishes. The resistivity of normal metals reaches a limit 
at the so-called residual resistance which is caused by impurity and defect 
scattering (see Fig. 2.2), but some elements and alloys undergo a dramatic 
change which was first discovered by Heike Kamerlìngh Onnes: the D C -
resistance drops abruptly to zero at a certain critical temperature T c 

[69] (see Fig. 2.2). He called this new state superconductive state [70]. In 
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Table 2.1 values of critical temperatures of some commonly used supercon­
ductors are listed. 
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Figure 2.2: Left: the residual resistance of OFHC copper and 99.999% pure 
annealed copper. The dashed line represents the calculated case of a impurity 
and lattice defect free copper sample. 
Right: the first measurements of superconductivity by Kamerlingh Onnes. 
(Figures reproduced from [68]) 

Meissner and Ochsenfeld could show in 1933 that superconductors are 
also perfectly diamagnetic [71]: they expel entirely magnetic fields2. This 
property is an independent phenomenon which cannot be explained by the 
onset of zero-resistance. 

An important discovery which helped significantly to understand super­
conductivity was the isotope effect. Almost at the same time in 1950, two 
independent groups found, that the superconducting transition temperature 
Tc of mercury depends with one over the square-root of the isotope mass m 
of the lattice nuclei [72, 73]: Tc oc m~I>'2. This measurements confirmed that 
phonons have to be included in a microscopic theory of superconductivity. 

for fields lower than Hc for type-I superconductors and Hd for type-11 ones (see 
page 29). Since the magnetic field has to decrease continuously to zero, it will penetrate 
somewhat at the surface (see page 28: London penetration depth AL) 
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Element 

Al 
In 
Nb 
Pb 
Sn 
Ta 

Tc 

(K] 
1.20 
3.40 
9.26 
7.19 
3.72 
4.48 

Hc 
[Gauss] 

99 
293 

1980 
803 
305 
830 

0D 
[K] 
420 
109 
240 
96 

195 
260 

Table 2.1: Critical temperatures, critical fields and Debye temperatures of 
some commonly used superconductors. The values for Tc and H* are quoted 
by [74], the values for BQ from [75]. 

2 .2 .1 T h e B C S t h e o r y of s u p e r c o n d u c t i v i t y 

J. Bardeen, L.N. Cooper and J.R. Schrieffer proposed in 1957 their micro­
scopic model of superconductivity which is known as the BCS-theory [76]. 
According to this successful model, the electrons of a superconducting metal 
undergo a pairing when T < Tc : two electrons at a time with opposite wave 
vectors k, — k and spins are binding together forming the so-called Cooper 
pairs. The coupling interaction is mediated via virtual phonons. 

Since the highest possible phonon energy is given by the Debye energy 
kß • 9Q = h • wp «a 10 meV , only a fraction of the conduction electrons can 
participate: those in a shell of thickness ± kß • #D around the Fermi surface. 
But one has to bear in mind that the inner (not paired) electrons do not 
contribute to normal conduction either ( kß • BQ ^ ^B • Te). 

The small net attractive force causes a rather extended spatial extension 
of the Cooper pairs called coherence length £. Since £ is of the order of 
1000 Â, millions of other pairs are between each others showing that they 
should not be imagined as siamese twins. 

All the Cooper pairs are in the same quantum state explaining the zero 
DC-resistivity of superconductors. 

There are no excited states of Cooper pairs. An input of an energy higher 
than 2 • A (twice the gap; see below) will break them up into single electrons 
called quasiparticles (qp). 

The BCS theory is able to predict many quantitative equilibrium prop­
erties [74]: 
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Cri t ical t e m p e r a t u r e T c 

k B - T c = 1.13 - f i . w D - e - W " 

where No is the density of states in the normal state at the Fermi energy, 
E • wo is the Debye energy and V0 is the interaction potential of the Cooper 
pairs. 

Energy gap A 

The BCS ground state is characterized by a ground state energy which is 
separated from the levels of quasiparticles (qp) by a energy gap A. 

* energy 

quasi particles 
(single electrons) 

gap A 

BCS ground state 

Figure 2.3: The energy gap separating the BCS ground state from the quasi-
particle levels. 

For the energy gap at zero temperature we have: 

A(O) = 2ft-WD.fi-1"*-1* 

= 1.7Gk8-T6 

The gaps' temperature dependence is given by: 

^ Q = i74fi- iy / 2 

A(O) V Tj • 

(2.1) 
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Specific heat 

There is a discontinuity in the specific heat at Tc> see Figure 2.4. The 
difference of the specific heat in the superconductive state C8 and in the 
normal one Cn (driven normal by a magnetic field) is: 

C 8 - C n 
= 1.43. 

But at low temperatures cB is becoming much smaller than Cn as can be seen 
in Fig. 2.4: 

c, = 1.347 • Tc (^p-)3/2 • e-A<°VT + B-T* 

The first term is due to the electronic contribution to the specific heat, the 
second is caused by the phonons; 7 is the coefficient of the linear term in the 
specific heat of the metal in the normal state. 
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Figure 2.4: The specific heat of aluminium in the superconductive state (¾) 
and in the normal state (cn)(driven normal by a magnetic field of 300 Gauss). 
(From [62]) 
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Coherence length £ 

The coherence length is a measure of the size of a Cooper pair. It can be 
evaluated from the Heisenberg uncertainty relation: 

by assigning the uncertainty Ax to the coherence length &> at z e r o tempera­
ture. The temperature dependence is given by 

T x -1/2 

«ro = 6 (i - ¥)' 
The finite value of £ causes the Cooper pair density to decrease smoothly at 
the end of the superconductor, see Figure 2.5. 

superconductor 

•* x 

Figure 2.5: The coherence length £ and the London penetration depth AL at 
the vacuum-superconductor boundary. 

London penetration depth AL 

The Meissner-Ochsenfeld effect states that there is no magnetic field in a 
superconductor - it is true for the bulk at low enough temperatures. At the 
surface the magnetic field penetrates slightly (see Figure 2.5); the exponential 
attenuation length is given by the London penetration depth AL which is of 
the order of 30 nm. The temperature dependence calculated with the BCS 
theory gives [75]: 

AL « (l - £)"' 

CO for 

Tc 

T 
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Crit ica] fields B c 

The Ginzburg-Landau parameter K = AL/£ defines if a superconductor is a 
type I or type II one: 

type I 
type II K > 2- 1 / 2 -

For a type I superconductor, the magnetic fields are repelled for fields be­
low Hc (Meissner phase) and beyond Hc the superconductive state vanishes 
(normal phase) (see Figure 2.6). For type II superconductors the situation 
is more complex: below Hd the magnetic field is repelled, between Hd and 
Hc2 a mixed phase is where fluxoids can bore through the superconductive 
phase. Above H ^ the superconductivity vanishes. 

Figure 2.6: Magnetisation of type II superconductor (full line) and type I 
(dashed Une) superconductors. (Source: [103]) 

Some numerical values for t in [68, 103]: 

Tin is a superconductor which is well described by the BCS model. 

1. Type I 

2. T r = 3.7K 
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3. £ w 200nm 

4. Hc = 305 Gauss 

5. AL « 30nm 

2.3 Cryogenic particle detectors 

In the past ten, twenty years numerous low temperature detectors have been 
built and improved in a way that impressive performances were achieved. 
The major applications are X-ray spectroscopy and detection of rare events 
(neutrinos, dark matter). 

To be of benefit in the field of biopolymer mass spectrometry the cryo­
genic detector has to be fast and robust. Since macromolecules react on the 
surface no thick absorber is necessary. 

This section is organized as follows: first we present bolometers and their 
thermistors. These detectors measure the temperature rise of an absorber 
caused by the impact of a particle. This part is concluded with a short 
introduction to the transition edge sensors. Then superconducting tunnel 
junctions are discussed and finally the third part is dedicated to the hot-
electron microcalorimeter. 

More information about cryogenic particle detectors can be found in [77, 
78] and in the proceedings of the 'Low Temperature Detectors' Workshops 
[79]-[85]. 

2 . 3 . 1 B o l o m e t e r s 

The working principle of bolometers is simple: the particles interact in the 
absorber leaving a certain amount of energy E which will rise the temperature 
(AT) of the absorber. A temperature sensor measures AT (see Figure 2.7). 
A naïve model gives: 

C(T) ' G(T) ' 

where C(T) is the heat capacity of the absorber and G(T) the thermal con­
ductance of the link between the absorber and the cold plate at base tem­
perature To-

At low temperatures the heat capacity of metals is dominated by the 
contribution of the conduction electrons while for dielectric (semiconductor 
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Figure 2.7: Scheme of a bolometer. 

at low temperature) and superconducting absorbers the phonon (lattice vi­
brations) contribution is leading: 

dielectric : C(T) = A • [^f oc T3 

metal : Cm{T) = 7 • T + A • ( ^ ) 3 oc T 

superconductor : C8(T) = B • e ^ ' 7 + A • [^f oc T 3 , 

where A = 1944 J/{moI K), B, b and 7 are constants, OD is the Debye tem­
perature and T c the critical temperature of the superconductor. 

Although dielectric and superconducting absorbers are chosen in most 
cases in order to have large signals, thin metal absorbers can also be used -
the hot-electron microcalorimeter used in our collaboration with NIST and 
GMU is an example of it {see Sections 2.3.3 and 3.3.2). 

Temperature sensors 

As temperature sensors either doped semiconductor thermistors (directly im-
plated dopants in silicon absorbers or neutron transmutation doped (NTP) 
germanium thermistor chips which have to be glued onto the absorber) or 
transition edge sensors (TES) - sometimes also called superconducting phase-
transition (SPT) thermometers - are used. 

A T E S is a thin superconducting film evaporated on the absorber. Since 
the normal-to-superconductor transition is very sharp, the temperature de­
pendence of the resistance of this film is steep resulting in a very sensi­
tive temperature sensor. Combined with the electrothermal feedback (ETF) 
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[86, 95] which assures a stable operating point, much faster response time 
(fis) and a better energy resolution it is becoming an important tool in the 
field of cryogenic detectors. 

Generally, to built fast detectors one has to assure fast thermal relaxation, 
i.e. high thermal conductivity. According to the Wiedemann-Franz law this 
turns out to use low impedance devices. So a TES is promising to be faster 
than a doped semiconductor thermistor. 

Furthermore, if one would detect immediately nonthermal phonons in­
stead of awaiting the deposited energy to be thermalized, a considerably 
faster detector can be built. Twerenbold proposed a TES based macro-
molecule detector [87], see Figure 2.8. The TES is operated at a tempera­
ture slightly below the critical temperature Tc of the film. A macromolecule 
hitting the detector will drive a portion of the superconducting meander film 
normal resulting in a measurable voltage drop accross the TES. 
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Figure 2.8: Proposed transition edge sensor based macromolecule detector. 
(Source: [87]) 
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2.3.2 Superconducting tunnel junctions 

A superconducting tunnel junction (STJ) consists of two superconducting 
thin films separated by a thin insulating barrier - the tunnel barrier - of a 
thickness of 1-2 nra. STJs measure the number of excess quasiparticles (qp) 
produced by the impact of an incident particle. A particle interacting in a 
superconductor creates nonequilibrium phonons as well as excess quasipar­
ticles. These two excitations are coupled together since a phonon with an 
energy higher than 2 • A can break up a Cooper pair and two qp recombining 
together release a phonon. 

So in order to run a STJ well, low temperatures are required to freeze 
out the thermal phonon population which can create thermal qp causing qp 
recombination. As a rule of thumb, a temperature of the order of Tc/10 is 
necessary (see Figure 2.9). 

thetmol phonon population 
(normalized) 

Tiw (meV] 

Figure 2.9: The normalized thermal phonon population for three temper­
atures. 2 • ASD is the threshold energy to break a Cooper pair in tin. 
(Source: [88]) 

Since the energy of an incoming particle is typically a few keV - much 
higher than the Debye energy of the absorber (e.g. Si: 54 meV) - , all 
phonon modes are initially excited (Figure 2.10 shows the phonon density 
of states in silicon). These high-frequency phonons deexcite quickly so that 
after ~ 100 ps a substantial part of the energy is stored in excess qp near the 
band gap. 
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Figure 2.10: The phonon density of states in silicon. 2Asn is the threshold 
energy to break a Cooper pair in tin. (Reproduced from [88]) 

It is also possible to detect particles hitting the substrate near the junc­
tion since (ballistic) energetic phonons can reach the junction and break up 
Cooper pairs. These indirect hits are called substrate or phonon pulses. 

It is now important to collect these excess quasiparticles before they re-
combine or get lost by qp diffusion out of the junction. By biasing the 
junction and applying an appropriate magnetic field in the detector plane to 
suppres the Josephson supercurrent (tunneling of Cooper pairs; DC Joseph-
son effect) (see Fig. 2.11), the qp density can be measured by quantum me­
chanical tunneling. The collected charge can be described by [89, 90]: 

E 
Qeff = X • Z=T 

- - 1 Ttlm 

A r t-i + 7¾1 + T-1 

where E is the deposited energy by the particle, T111n is the tunneling time, 
7¾ the recombination time and Tx stands for phonon losses to the substrate 
and the qp diffusion. 

We have [89, 90]: 

nl « (RN • A) l a ff 

r£ oc v ^ . e - A A B . T ] 

35 



where R^ is the normal resistance of the tunnel junction, A is the overlap 
area of the junction and a is the electrical conductivity of the junction. 
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Figure 2.11: Fraunhofer pattern of the peak Josephson supercurrent in func­
tion of the applied magnetic field for a Sn/Sn-ox/Sn tunnel junction. (Af­
ter [75]) 

To get large signals it is necessary to work at low temperatures 
( T / T c ~ 0-1) to minimize qp recombination and to design the geometry 
of the junctions in a way to reduce qp diffusion (see Section 3.3.3, page 52). 
More information about the nonequilibrium model of STJs can be found in 
[89, 90]. 

An interesting fact is that whether the particle hits the film 1 or 2, the 
signal has the same sign (see Fig. 2.12). Their pulse shapes, however, dif­
fer resulting in peak doubling in the pulse height spectrum (see Fig.3.13 at 
page 57). 

Figure 2.13 shows a schematical current-voltage characteristic of a tin 
SIS tunnel junction. The current for voltages below A/e is due to thermally 
excited qp. The current rise for higher voltages is caused by the simultaneous 
tunneling of two quasiparticles (two qp, not one Cooper pair). At the voltage 
2A/e the superconductors are driven normal; the ohmic slope (R^1) is given 
by the normal electron tunneling. 

STJ are usually biased slightly below A/e. When using a FET based 
preamplifier, the dynamic resistance (RD == &U/dl) at the operating point 
should be high (at least a few kfî) to match to the impedance of the FET. The 
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insulator insulator 

(a): abiorbtion In film 1 (b): obsorbtion in film 2 

Figure 2.12: (a) shows the situation were the absorption took place in the 
film 1; in an intuitive way the excess tunneling current flows in the direction 
of decreasing energy potential. The situation in (b) is more complex, where 
a quasiparticle is broken up in the film 2 at lower energy potential. In 
recombining one qp of film 2 with an another one from film 1 we have the 
excess tunneling current flowing again from left to right. (From [77]) 

normal resistance (RN) on the other hand should be small to allow tunneling. 

A typical area of a STJ is of the order of 100 x 100 /xm2; it is not possible 
to make junctions much bigger. Increasing the overlap area entails that the 
junction capacitance increases and the dynamical resistance RD diminishes 
resulting in a degraded signal-to-noise ratio [91]. 
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Figure 2.13: A schematical current-voltage characteristic for a Sn/Sn-ox/Sn 
tunnel junction. Indicated is the usual operating point ( ¾ ^ , Ibise)- ^i 
represents the excess tunneling current caused by the impact of a particle. 
(From [77]) 
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2.3.3 Hot-electron micro calorimeter 

The hot-electron microcalorimeters belong together with the electrothermal 
feedback transition edge sensors (ETF-TES) to the fast thermal detectors. 
They consist of a thin (normal) metal film acting as absorber and a device 
to measure the electron temperature rise [92, 93]. 

The metal absorber has to be cooled to rather low temperatures (wlOO 
mK) in order that its heat capacity is small and the phonons and electrons 
are decoupled. Since at such temperatures the electronic heat capacity Ce 

dominates over the phonon contribution, most of the deposited energy E goes 
to the electrons resulting in an increased electron temperature. Hence the 
name 'hot electron microcalorimeter' or 'hot electron bolometer1. From the 
rapid thermalization of the energy and the small absorber volume one can 
infer that the electron temperature rise is given by AT = E/C«. 

Usually a NIS tunnel junction is used to measure the electron tempera­
ture rise, although also ETF-TES have been investigated [95]. 

In Figure 2.14 a scheme of such a device is shown. It is a similar one we 
used in our collaboration with NIST and GMU, see Section 3.3.2 and Chap­
ter 5. The silver absorber is evaporated on a SÌ3N4 membrane to reduce 
phonon losses to the substrate. The electron temperature rise is measured 
with an NIS tunnel junction (Ag-absorber/Al-ox/Al). The big silver pad 
near the superconducting electrode of the junction acts as thermalizer of the 
power produced by the quasiparticle recombination3. A NIS junction is best 
preamplified with a SQUID since the dynamic resistance is low. 

In a NIS tunnel junction there is no net charge tunneling from the 
superconductor to the normalconduetor side: the creation of a quasiparticle 
leaves an empty state - a quasihole - , which tunnels as well as the quasipar­
ticle to the normal side (see Figure 2.15). 

The tunneling current is mainly dependent on the electron temperature 
at the normalconducting side and is flowing from the normal to the super­
conductor side. The junction is biased with a constant voltage UbSa3 such 
that A — e • Ubiaa > kß • T, so that only the 'hot' electrons do tunnel (see 
Figure 2.16). The tunneling of less energetic electrons and of holes (empty 
states below the Fermi level) is prohibited by the gap in the superconductor 
density of states. 

3NIS junctions behave like refrigerators; they remove energetic 'hot' electrons from 
the normal side to the superconductor side where they recombine emitting phonons, i.e. 
release heat (96). The tunneled hot electrons are replaced by electrons at the Fermi level. 
Nahums' group is developing an all-electronic on-chip refrigerator based on the NIS tunnel 
junction reaching 100 mK from a 300 mK bath. 
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Figure 2.14: Scheme of a hot electron microcalorimeter, a NIS tunnel junction 
where the metal electrode absorbs the energy of the particles and the junction 
measures the increased electron temperature. (After [93]) 

No Helmholtz coil is necessary since there is no Josephson supercurrent 
flowing in NIS junctions. 
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Figure 2.15: The density of states diagram of a NIS tunnel junction showing 
that there is ao net charge tunneling from the superconductor to the normal 
side. 
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Figure 2.16: NIS tunnel junction. The full line shows the occupied electron 
states at the base temperature TQ and the dashed line for the transient sit­
uation of increased electron temperature T(t) after a particle impact. The 
junction is biased in a way that only hot electrons can tunnel. 
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Chapter 3 

Biopolymer sample preparation 
and instrumentation 

3.1 Sample preparation 

The following products have been used: 

• Macromolecules: 

— Anti-mouse immunoglobulin IgG, whole molecule, developed in 
goat, molecular weight: 130'000 Da, Sigma Inumino Chemicals 
M-8642. 

— Bovine Serum Albumin (ao-BSA), acetylated, molecular weight: 
66'430 Da, Sigma B-2516. 

— Lysozyme (Muramidase) from hen egg white, molecular weight: 
14'300 Da, Boehringer Mannheim # 107255. 

— 40-mer oligonucleotides, GibcoBRL (Life Technologies) NIH Cust 
Po # BAK 100694A 

— 40-mer1, 70-mer2 and 120-mer3 oligomers; Mycrosynth AG, BaI-
gach, Switzerland. 

1Ht tat tga ttg att gat tga ttg att gat tga ttg ttt t; molecular weight: 12339 Da 
aat t gat tga ttg att gat tga ttg att gat tgt ttt att gat tga ttg att gat tga ttg att gat tgg 

g; molecular weight: 21757 Da 
35'-att gat tga ttg att gat tga ttg att gat tgt ttt att gat tga ttg att gat tga ttg ttg att 

gtt t ta ttg att gat tga ttg att gat tga ttg att gtt tta Ua gat tgg ggg-3'; molecular weight: 
37 kDa. 
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• Matrix: 

- Sinapinic acid C11H12O5: 224 Da, Fluka 85430. 

- 3-Hydroxypicoliiiic acid 3-HPA: 139 Da, 98%, Aldrich 15'230-7. 

• Solvents and others: 

- Water for chromatography, Merck. Subsequently called water. 

- Ethanol absolute GR, pro analysis, Merck. 

- Trifluoroacetic acid TFA, 99+%, suitable for protein sequencing, 
Aldrich 29,953-7. This pure acid is diluted in water to a concen­
tration of 0.1%. 

- Acetonitrile ACN1 99.9%, HPLC grade, Sigma-Aldrich 27,071-7. 

The recipe used in most cases for the protein samples : 

• Matrix: 100 mg of the sinapinic acid powder is dissolved in 6 ml of 
ethanol and 4 ml of water. 

• The macromolecule powders are dissolved in 0.1% TFA: respectively 
1 mg of lysozyme, IgG or BSA in 1 ml. 

• MALDI-probe: 20 /il of the sinapinic acid solution and 20 /il of one 
of the macromolecule solutions are mixed together, vortex-stirred and 
then dripped on a sample holder4. This mixture is let to be dried in air 
under an infrared lamp. Steady stirring the mixture with a glass rod 
produces a rather homogeneous polycrystaUine sample as can be seen 
on the following SEM5-pictures. 

The recipe for oligomer MALDI probes: 

The matrix solution is obtained by dissolving 3-HPA powder in 50% aqueous 
acetonitrile; the analyte is dissolved in the same ACN-water mixture. The 
following steps are the same as in the protein case but taken in account the 
general changes mentioned in Chapter 6-

4A single crystal silicon substrate was used in the first experiment (Chapter 4) as a 
sample holder; later on ones made out of stainless steel. 

8 Scanning electron microscope 
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Figure 3.1: SEM pictures of sinapinic acid MALDI-probes. Top: A typical 
sample which has not been stirred while crystallization took place; this is not 
an useful probe. Bottom: A good sample - the crystal size is kept small by 
stirring. 
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3.2 Experimental setup 

The basic experimental setup used in all experiments is illustrated in Figure 
3.2 and described below. Differences from this main setup are mentioned in 
the corresponding chapters. 

A pulse generator triggers externally the UV-laser6 and the data-acqui­
sition. The laser pulse is focussed onto the MALDI-probe to a spot size of 
100 x 100/xm2 using a UV-lens and mirrors. Since the reflected UV-laser 
light is also detected by superconducting tunnel junctions, no PIN-diode 
that would give the start signal for the TOF measurement was needed. 

The MALDI-probe is connected electrically to an electrode held at high-
voltage - typically 20 kV - delivered by a Glassman high-voltage supply. 
The entire surface of the MALDI-probe could be spotted by the laser thanks 
to a 2-axis UV-mirror. The mass spectrometer was evacuated by an Alcatel 
turbomolecular pump reaching a base pressure of 10~5 mbar in the chamber. 

The mass spectrometer is coupled to a 3He-cryostat provided by the Paul 
Scherrer Institut [97]. The base temperature of the cryostat measured with 
a calibrated Ge-thermistor from LakeShore is 450 mK, but the detectors 
themselves are at 0.6 K due to the infrared radiation. Three radiation shields 
had to be added to fight the thermal radiation; small holes in them assure that 
the macromolecules can reach the detectors. The junctions are mounted on 
a copper cold finger equipped with a fourth radiation shield. A 55Fe-source7 

is fixed on this radiation shield resulting in a X-ray count rate of 0-3 Hz, low 
enough not to disturb the TOF measurements but providing the adjustment 
of the whole apparatus. Furthermore, the 6 keV pulses are used to calibrate 
the pulses due to macromolecule impacts. 

An external Helmholtz coil (Bmax « 150 Gauss) is used to suppress the 
Josephson supercurrent. 

The charge sensitive preamplifiers based on the Amtek A250 preamp-chip 
(see Fig.3.3) are mounted inside the cryostat on a ss 170 K place. We installed 
three of them allowing us to evaporate three junctions on the same substrate 
and investigate pulse correlations between the junctions. Each junction can 
be individually current biased. 

8A nitrogen laser from LSI, model VSL-337; wavelength 337 DID, pulse duration 3 ns, 
100 /iJ per pulse. 

7A commonly used X-ray source. The two main lines: Mn KQ = 5.89 keV (89%) and 
MnK 0 = 6.49keV(ll%). 
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Figure 3.2: Experimental setup. 
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Figure 3.3: Scheme of the charge sensitive preamplifier based on the Aintek 
A250 preamplifier chip (Amtek Inc.) and a J-FET (SK152, Sony). The 
A250-intexnal feedback loop consists of an integrating capacitance of 1 pF 
and a resistance of 300 MfI The passive elements are metal film resistors 
and plastic capacitors in order to run the preamplifier at ss 170K. 
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3.3 Cryogenic detectors 

Three types of cryogenic particle detectors have been used during this work: 
shadow-mask tin SIS junctions, a hot-electron microcalorimeter and pho­
tolithographic tin SIS junctions. 
The hot-electron microcalorimeter was fabricated by the NIST-Boulder group, 
the two other kinds were made in Neuchâtel. 

We have chosen to start with (Sn/Sn-ox/Sn) junctions because they are 
easily fabricated and are proven to work fine: an energy resolution of 65 eV for 
6 keV X-rays could be achieved with such devices under optimal conditions 
[98, 99]. Nevertheless, we will have to build in the near future other cryogenic 
detectors since tin tunnel junctions are hardly thermaly recyclable. For this 
purpose, the construction of an UHV evaporation chamber is under way. 

3.3.1 Shadow-mask tin SIS tunnel junctions 

These tin junctions were fabricated in a vacuum chamber (base pressure 
2 • I0~6mbar) by thermally evaporating tin (99.999% pure tin granules from 
Bakers) from a tungsten boat. The geometry of the junctions is defined 
by mechanical masks (see Fig. 3.4). The thicknesses of the evaporated films 
are measured by a Balzers quartz-crystal thickness monitor calibrated with 
some (mechanical) alpha-step measurements. For all indicated thicknesses 
the tooling factor has been taken into account. 
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Figure 3.4: The shadow-mask technique. The mask a) defines the geometry of 
the junction. The first tin film is evaporated with the moving mask positioned 
as shown in b). After the oxidation the moving mask is shifted to the position 
showed in c). On the place of the small area which is always left free by the 
masks one will be having an overlap of both films: the sensitive area of the 
junction. 

After having thoroughly cleaned the substrate, the first film was promptly 
deposited onto it. In order to increase the lifetime of the junctions, the evapo­
ration of tin is performed in a slightly oxygenized atmosphere (2 • 10 - 5 mbar), 
making the tin films granular. The native oxide barrier is then built by oxi­
dizing the first tin film by the DC glow discharge method [90] ( 7 • 10 - 2 mbar 
of O2, voltage % -800 V, oxidation time is a few minutes). After having moved 
the mask, the second tin film is again evaporated in the same low oxygen 
atmosphere. The deposition rate has initially to be kept very low to prevent 
the cracking of the thin oxide barrier. Both films have a thickness of 100 nm. 
The following figure shows the chosen geometry for these junctions. 
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Figure 3.5: Geometry of our shadow-mask SIS tunnel junctions. The two 
outer junctions are identical while the middle one is four times larger. The 
sensitive area (overlap region) is 20 x 80jim2 in the first case and 60 x 80//m2 

in the second. 

The superconducting contact stripes are as large as the sensitive area 
causing nonnegligible quasiparticle diffusion. 

3.3.2 Hot-electron micro calorimeter 

This detector was made by the group headed by J. Martinis at the National 
Institute of Standards and Technology, Boulder CO, USA. They acquired, 
over the years, expertise with hot-electron microcalorimeters [92, 94]. 

In the used form it is a (Ag-absorber/A^Oa/Al) NIS junction, where 
the silver electrode absorbs the energy of the incoming particle and the 
tunnel junction measures the resulting electron temperature rise. The mi-
crocalorimeter is read out by an amplifier based on a series array low-noise 
high-bandwidth SQUID8 [100], A schematic of the detector, which is similar 
to the one described in [93], is illustrated in Figure 3.6 (see also Fig. 2.14, 
page 40). 

The X-ray energy resolution at 6 keV is 92 eV full width at half maximum 
(FWHM). 

'Superconducting quantum interference device 
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Figure 3.6: Scheme of the NIST hot-electron microcalorimeter. The absorb­
ing metal electrode is made of silver (lOOnm thick; 200 x 200^m2) deposited 
on a 0.5/xm thin SÌ3N4 membrane. The NIS tunnel junction is formed by the 
overlap of the Ag electrode and the oxidized Al electrode. The aperture of 
the infrared radiation shield hold at 100 mK has a diameter of 200/im. The 
heat puiser is used to simulate events. 

The absorber is evaporated on a thin dielectric membrane to reduce 
phonon losses to the substrate. The electrons will relax with a time con­
stant T = Ce/G, where Ce is the electronic heat capacity and G the total 
thermal conductance. Since G should be essentially the thermal conduc­
tance of the NIS junction, care has to be taken not to increase the thermal 
conductance while contacting the junction. This is avoided by using super­
conducting leads with critical temperatures T0 much higher than the working 
temperature: the thermal excitations are reflected at the interface to the su­
perconductor ('Andreev reflection' [101]). 

No Helmholtz coil is necessary since there is no Josephson supercurrent 
flowing in NIS junctions. 

3.3.3 Photolithographic tin SIS tunnel junctions 

The main advantage of using photolithographic techniques compared to the 
conventional shadow-mask technique lies in the fact that much finer geomet­
ric structures can be achieved. While fabricating very thin superconductive 
contact stripes of the junction one diminishes quasiparticle losses through 
them and hence increases the energy resolution of the detector. 
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In order to be as flexible as possible we chose to use only photonegative 
masks which are easily and quickly home-fabricated at low cost [102]. Based 
on the work of de Coulon [103] we were able to produce photoresist structures 
with an undercut as sketched in Figure 3.7 and photographed jn Figure 3.8. 
By evaporating the tin9 under an angle we got SIS junctions as shown in the 
Figures 3.9 to 3.11. The fabrication procedure is described in full detail in 
the diploma work of Grosjean [104]. 

evaporation angle for 
the second Un film 

evaporation angle for 
the first tin fHm 

photoresist 2 (3^m) 

aluminium (-4nm) 

photoresist 1 (3nm) 

silver contact 

— substrat 

Figure 3.7: Sketch of the photoresist structure with an undercut permitting 
the evaporation of tin under an angle. 

The evaporation and the oxidation of the tin is made under the same conditions as in 
the shadow-mask case. 
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Figure 3.8: Photograph of a photoresist mask with a clearly visible undercut. 

Figure 3.9: Photograph of a photolithographic tin junction. 



Figure 3.10: A SEM picture of one of our first photolithographic junctions. 
The sensitive area of this junction is rather small because we faced contact 
problems at that time forcing us to evaporate under wide angles. This prob­
lem is now solved as shown in Fig. 3.9. 

^ * 

Figure 3.11: A detail of the junction recorded with a SEM, showing the 
pronounced granularity of the tin films. 



To test if so fabricated STJs do function, we mount them in a single-
shot 3He-cryostat which is advantageous in reaching the base temperature 
(300 mK) in a short time. A 55Fe X-ray source is placed 1 cm in front of 
the junctions. The pulses are amplified with an external preamplifier (the 
same as the one displayed at page 48). A typical pulse of a 6 keV X-ray, 
recorded with a digital memory oscilloscope after the preamplifier is depicted 
in Figure 3.12. If the junctions "do see" the 6 keV X-rays, we mount them 
in the big, continuous-cycle 3He-cryostat to record a 55Fe energy spectrum 
and then start the MALDI-TOF measurements. Figure 3.13 shows an energy 
spectrum of the 85Fe source. 
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Figure 3.12: A typical 6 keV X-ray pulse after preamplification. The risetime 
is 2.3 /JS and the fall time 30 pa. 
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Figure 3.13: Energy spectrum obtained at 0.6 K from 55Fe X-rays. At the 
low energy end we have the phonon peak caused by X-ray impacts near the 
junction and at higher energies the peaks caused by X-rays having interacted 
in the top, respectively in the bottom film. The two lines of the 65Fe source 
are resolved: K0 ~ 5.89 keV (89 %) and K^ = 6.49 keV (11 %). The energy 
resolution is AE « 15OeV (FWHM). 
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Chapter 4 

The first cryogenic detector 
mass spectrometry experiment 

The first experiment ever done to detect macromolecules with a cryogenic 
particle detector has been performed at the Physics Institute of Neuchâtel by 
the Neuchâtel/GMU/PSI collaboration. B. van den Brandt from the Paul 
Scherrer Institute (PSI; Villigen, Switzerland) provided the continuous-cycle 
3He-cryostat mentioned in Section 3.2 and P.M. Gillevet from the George 
Mason University (GMU; Fairfax, Virginia, USA) was the biologist partner. 
It was a feasibility experiment: the aim was to find out as quickly as possible 
if yes or no it is possible to detect macromolecules with a cryogenic particle 
detector. 
The results were published in 1996 in Applied Physics Letters [2]. 

4.1 Setup and samples 

The experimental setup was as those described in Chapter 3. Exclusively 
the protein lysozyme (14'300 Da) was used; its MALDI-probe was prepared 
according to our standard recipe quoted in Section 3.1. As cryogenic detec­
tors, the two thin shadow-mask tin SIS junctions (see Figure 3.5) have been 
used. The distance between the ion-source and the detectors was 105 cm. 

4.2 Results 

Figure 4.1 shows a typical single-shot event recorded with a digital memory 
oscilloscope showing the simultaneous response of the two junctions. The 
acceleration voltage was 10 kV. The first pulse (from the left) is caused by 
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the reflected laser pulse. The energy of a single UV-photon is 3.7 eV1, high 
enough to break Cooper pairs; many of them hit the junctions at the same 
time. The slope of this reflected laser pulse defined the starting point of the 
time-of-flight measurement. A few fis later the pulses due to the (light) ma­
trix molecules arrived. Finally, the pulses caused by macromolecule impacts 
occurred - the higher the mass-to-charge ratio m/q, the later the arrival. 

Figure 4.1: A typical time-trace showing the simultaneous response of the 
two junctions to one laser desorption event. The ions were accelerated by a 
potential difference of 10 kV. 

As one can see in Figure 4.1, the risetime of these pulses was rather long. 
Although this fact is not a hindrance for a test experiment, significant faster 
detectors are required for serious mass spectrometry applications; fortunately 
they exist [77, 78, 84]. 

Since we had some margins in the signal-to-noise ratio, we could make 
our detectors faster by pulse-shaping the signals (T = 500 ns) resulting in a 
time precision of a few 100 ns. 

The electronic circuit for the time-of-flight measurements was, for each 
junction, as follows: the output of the preamplifier was connected via an 
Ortec 454 Timing Filter Amplifier to the input of a Cslite ADC card2 plugged 
into a PC clone running a home-made data analysis program. 

'E = ^ = 2 ¾ ^ = 3.7 eV 
An 8-bit analog-to-digita] converter card with a choice of 2, 5 or 10 MHz sampling 

rate. 5 MHz has been used. 
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The 50 fia preceding the TTL laser trigger and the following 200 /is of 
each event was digitized and stored in the PC. Time-of-flight spectra were 
obtained by measuring offline the time differences between the reflected laser 
pulse and the following pulses due to molecule impacts. 

Figure 4.2 shows a time-of-flight spectrum acquired at 20 kV acceleration 
voltage. There are clearly visible peaks corresponding to the sinapinic acid 
molecules (W = 8 ^s) and the single lysozyme protein (W = 63 ys). Peaks 
due to dimers and higher mass multiplicities up to an indication for the 4m+ 

case have also been recorded. So we can state that we were able to detect 
macromolecules with masses up to «50 kDa. 

From the Equation 1.6 we get 

Am _ Atto/ 
m ttoj 

thus the single time-bin peak (time-bin = 350 ns) of the main lysozyme peak 
corresponds to a Am of 100 Da (FWHM) giving a mass resolution ^ = 143. 

AU the pulses due to macromolecule impacts had approximately the same 
pulse height indicating that all molecules have deposited the same energy 
regardless their mass. We compared these pulses with the 6 keV X-ray pulses 
and concluded that a substantial part of the kinetic energy is absorbed by 
the junctions. 

Furthermore, the sensitive area of each junction (20 x 80/im2) is very 
small compared to the calculated section of the molecular beam (0 5mm). 
Mostly a few molecules are expected to hit a detector per laser desorption. 
This statistical argument emphasizes that we have been detecting impacts of 
single macromolecules and not multiple hits. 
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Figure 4.2: A lysozyme time-of-äight spectrum, acquired at 20 kV accel­
eration voltage, a): the time portion 0 - 70^s (time-bin — 350 ns) shows 
clearly the sinapinic acid matrix peak and the (singly) charged main peak of 
lysozyme. b) also reveals the higher mass multiplicities of lysozyme (time-
bin = S50 ns). 

4.3 Conclusions 

The results were obtained by simple shadow-mask Sn/Sn-ox/Sn tunnel junc­
tions. 
With this first experiment we could prove the possibility of detection of 
macromolecules with cryogenic particle detectors. Single impacts of the pro­
tein lysozyme (molecular weight = 14300 Da) have been recorded. Also 
higher mass multiplicities were seen, with masses up to 50 kDa. By com­
paring the pulse heights of 6 keV X-rays and lysozyme ions with a kinetic 
energy of 20 keV we concluded that a substantial part of the kinetic energy 
was deposited in the cryogenic detector. The mass resolution was -^ = 143. 
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Chapter 5 

Measurements with the 
hot-electron microcalorimeter 

These experiments were performed in winter 96/97 by the NIST/Neuchâ-
tel/GMU collaboration at the National Institute of Standards and Technol­
ogy in Boulder (NIST; Boulder, Colorado, USA). We contributed by fabricat­
ing a small MALDI-TOF mass spectrometer and sending it with all required 
by-products (UV-laser, high-voltage supply, ...) to the United States. P.M. 
Gillevet from the George Mason University (GMU; Fairfax, Virginia, USA) 
was again the biologist partner. 

The results were published in 1998 in Nature [3] and have been presented 
at the LTD-7 conference [5]. 

5.1 Setup and samples 

As cryogenic particle detector the hot electron microcalorimeter described in 
Section 3.3.2 was used; it was mounted on an adiabatic demagnetisation re­
frigerator (ADR) reaching the necessary 100 mK working temperature. This 
cryogenic set was provided and run by the NIST-group. 

The experimental setup differed slightly from the one described in Section 
3.2 as shown in Fig. 5.1. 

Mainly the two proteins lysozyme (14'300 Da) and bovine serum albumin 
(BSA, 66'430 Da) have been used. The MALDI-probes have been prepared 
according to our standard recipe quoted in Section 3.1 with the difference 
that no infrared lamp was used to accelerate the drying of the samples. 

The output of the SQUID preamplifier was wired to a 20 MHz 12-bìt 
analog-to-digital converter. A 4096-samples time trace has been recorded for 
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Figure 5.1: Experimental setup for the time-of-fiight measurements at NIST. 
The 1101/s turbomolecular pump reached a base pressure of 2 • 10~7 mbar in 
the flight tube. A fine-mesh grid at ground potential has been added. One 
infrared radiation shield is fixed at 4 K, another one (pinhole 0200/zm) as 
indicated in Fig. 3-6 (p. 52) at 100 mK. 

each laser desorption event; either at 10 MHz sampling rate (time-bin = 100 ns) 
or at full speed (time-bin = 50 ns). 

5.2 Results 

Figure 5.2 illustrates a time trace showing first (from the left) the reflected 
laser pulse (delayed by the turn-on time of the laser) and then two pulses 
caused by impacts of BSA proteins. 
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Figure 5.2: Time trace showing the response of the detector to one laser 
desorption event. 

The signal risetime was 1.2 (is allowing aa impact determination with a 
precision of roughly 200 ns. The slow relaxation of the detector (fall time 
17 /is) could have caused pile-up problems which however could be managed 
thanks to the linearity of the detector, the 12-bit digitization and the low 
molecule impact rate. 

From the fact that the stopping power is very high for macromolecules 
with a kinetic energy of a few tens keV - they interact at the surface of the 
detector - and from the imposing signal-to-noise ratio we conclude that the 
molecule detection efficiency is 100% for this detector. 

The assignment of the pulses was made easier by the energy-resolving 
capability of the detector: Since the pulse height of the first molecule pulse 
in Fig. 5.2 is twice as high as the second one, the double kinetic energy was 
deposited, i.e. it must have been a doubly charged ion. Knowing the charge, 
the time-of-ftight tells us that the first molecule pulse was caused by a dou­
bly charged monomer (BSA2+). With the same reasoning we matched the 
second molecule pulse to a singly charged monomer (BSA+). 

Doing this for hundreds of events one can get a scatter plot of deposited 
energy vs. time-of-flight. Figure 5.3 shows such a scatter plot obtained 
for the protein BSA in a sinapinic acid matrix, acquired at an acceleration 
voltage of 20 kV. Clearly visible the energy banding caused by the discrete 
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ionization states of the molecular ions and revealed by the energy resolving 
capability of the used cryogenic detector. 
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Figure 5.3: Scatter plot of deposited energy vs. time-of-flight of the BSA 
ion. 

This scatter plot can also be transformed into a TOF histogram. Fig­
ure 5.4.a) shows the full histogram while in the histogram of Figure 5.4.b) 
only the events with an energy between 5 keV and 15 keV are included. This 
energy band corresponds to the selection of events of only singly charged ions. 
As one can see, the peak corresponding to the doubly charged monomer, as 
well as a lot of the background has been removed. 

The peak at t^f = 67 /xs corresponds to an unidentified fragment with a 
mass m « 14 kDa. 

The time resolution of 1.3 fis (FWHM) for the BSA monomer peak im­
plies a mass resolution m/Aro = 56. Similar results have been obtained for 
the same protein [45]: 90 for a SEM and 120 for a Faraday cup charge de­
tector. 

An intriguing fact visible in the Figure 5.3 is, that the molecular ions did 
not deposit all their kinetic energy in the detector. For example a BSA+ 

ion accelerated by a 20 kV potential difference left only around 10 keV in 
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Figure 5.4: Time-of-flight histogram for the protein BSA, acquired at an 
20 kV acceleration voltage, a) shows the full histogram; in b) only the points 
with a deposited energy between 5 keV and 15 keV are included, showing 
that the peak assigned to the doubly charged monomers disappeared. 

the detector. The ratio of deposited energy in detector to kinetic energy was 
somewhat higher for the sinapinic acid ions: about 70%. 

Figure 5.5 shows the ratio of deposited energy to kinetic energy vs. the 
kinetic energy for the three used molecules. It seems that this ratio does 
not depend on the kinetic energy with the exception of an indication of an 
increased ratio at lower energies. Furthermore, for molecules above a certain 
size, the ratio of deposited energy to kinetic energy seem to be « 50% -
this hypothesis is enforced by preliminary experiments with immunoglobulin 
G (IgG, 130 kDa) which were showing the same asymptotic limit. These 
observations imply that a molecular ion impact cannot be modeled as a rigid 
object hitting and sticking to the detector. The missing energy is probably 
lost by ejected fragments upon impact. 

The only previous experiment that measured the fractional energy depo­
sition [58] has been performed with a niobium1 SIS tunnel junction. They 

1NiOOiUm (Nb) has a rather high critical temperature Tc = 9.2 K, i.e. a high gap A. 
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Figure 5.5: Ratio of deposited energy in the detector to kinetic energy vs. 
kinetic energy of the ion. 

observed with a very similar protein (human serum albumin HSA, 66 kDa), 
accelerated by a potential difference of 25 kV, that only 20% of the kinetic 
energy is detected. This low percentage was explained by the fact that SIS 
tunnel junctions are not sensitive to subgap phonons (phonons with an energy 
smaller than the gap 2 A ) . 

Later on we found with our improved tin junctions that 6 keV X-ray pulses 
are as high as macromolecule pulses of 6 keV kinetic energy (see Chapter 6). 
This discrepancy is not yet explained. 

It is noteworthy that the energy resolution for the molecule impact events 
(20 kV) was 1.7 keV (FWHM) which is much worse than 92 eV (FWHM) 
for the 6 keV X-rays. This low energy resolution cannot be explained by the 
kinetic energy uncertainty implied by the time-of-flight uncertainty. This 
is an indication that the energy carried by the fragments flying apart upon 
impact is variable. 

An experiment exploiting the energy-resolving capability of the detec­
tor has been performed to show the influence of the background pressure in 
the mass spectrometer. Lysozyme has a cross section for gas-phase scatter-
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iug of about 15 nm2. Thus the mean free path for lysozyme is 6 m in a 
nitrogen background pressure of 4 • 10"7 mbar and 0.3 m in 8 • 10"6 mbar. 
This explains the clear difference between the two scatter plots of Figure 5.6. 
The data from scatter plot a) were acquired when the pressure in the mass 
spectrometer was 4 • 10~7 mbar and 8 • 10~6 mbar in b). In both cases the 
acceleration voltage was 20 kV. In b) much more low energy noise signals are 
visible. This experiment illustrates the need of an excellent vacuum which 
has to prevail in the mass spectrometer if one wants to measure massive 
molecules. A similar quality degradation of mass spectra has been reported 
by Schuerch et al. [105] using glycol 4000 (mean molecular weight 4500 Da) 
in a pressure between 4 • 10-6 mbar and 5 • 10~7 mbar. Spengler et al. stated 
that the vacuum has to be better than 10~7 mbar for good quality high-mass 
TOF measurements [57]. 
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Figure 5.6: Influence of the background pressure in the mass spectrometer. 
The data in scatter plot of the deposited energy vs. time-of-flight were ac­
quired in a pressure of a) 4 • 10-7 mbar and b) 8 • 10 -6 mbar. Both cases 
were recorded with a potential difference of 20 kV. 
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5.3 Conclusions 

Single macromolecule impacts of the proteins IgG (130 kDa), BSA (66 kDa) 
and lysozyme (14.3 kDa) have been recorded with a hot-electron microcalorime-
ter operated at 100 mK. Owing to the energy-resolving capability of the used 
cryogenic detector, a clear charge dissimulation between singly and doubly 
charged ions could be made. It was found that macromolecules deposit only 
roughly 50% of their kinetic energy in the detector, independent of their ki­
netic energy (between 10 and 40 keV). The experiment stresses the need for 
a good vacuum in the mass spectrometer. The mass resolution for BSA was 
m/Am = 56. 
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Chapter 6 

Results with the 
photolithographic tin SIS 
junctions 

In the end of '96 we commenced the fabrication of junctions using photolitho­
graphic techniques in order to get devices with an energy resolution high 
enough to be able to discriminate between singly and doubly charged ions. 
By March 97 we got the first devices and from May on we could use them in 
the mass spectrometer. These junctions are presented in section 3.3.3. The 
participants are the same as in the first experiment: Neuchâtel/GMU/PSI. 
The results have been presented at the LTD-7 conference [4] and an article 
is submitted for publication [6]. 

6.1 Setup and sample preparation 

Several changes have been applied to the original setup (see chapter 3) to 
improve the mass spectrometer: 

• A load-lock system has been added allowing a rapid sample change 
while maintaining a good vacuum in the spectrometer. 

• A simple ion optic has been incorporated to increase the count rate 
and to perform delayed extraction. It is a double potential ion lens of 
the Wylie-McLaren type, see figure 6.1. 

• We built two delayed extraction units; more about this extension is 
mentioned just below. 

• A Fug high-voltage supply has been purchased whose polarity is quickly 
reversed and which has a digital voltage display yielding a more precise 
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determination of the acceleration voltage (+ / - 100 V). 

Data are now stored on Iomega Zip drives. 

Figure 6.1: Sketch of our double potential ion optic. The potential U defines 
the kinetic energy of the ions and uj the focal distance of the ion beam. The 
actual values for the electrode distances are Ii = 0.5 inch and 12=3/4 inch. 

As already explained in the section 1.2.3, there are two reasons to use the 
delayed extraction: to increase the mass resolution and to allow the ions to 
be produced in a field free environment reducing fragmentation. Figure 6.2 
shows the electronic scheme of our delayed extraction units (rise-time 40 ns). 
The measured turn-on delay time of our modules is 185 ns. Since the delay 
time of the laser is higher (460 ns), any delay time between -275 ns and a 
few seconds can be selected. 

Concerning the sample preparation we renounced to heat the sample 
solution with an infrared lamp since heating seems to give variable results 
[28]. We now speed up the drying by blowing softly dry nitrogen on the 
sample. Furthermore, we replaced the glass rod which was used to stir the 
sample by a plastic tip (a single-use plastic pipette where the tip has been 
sealed by flaming it shortly). 
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Figure 6.2: A delayed extraction unit is basically a fast high-voltage switch. 
We built two modules based on the fast high-voltage transistor switches of 
Behlke Electronic GmbH, Germany. One of the modules is for the acceler­
ation electrode and the other unit for the second electrode of the ion lens 
(see fig. 6.1). We can switch up to 30 kV with these devices; the measured 
rise-time is about 40 ns. The showed configuration is for the 'negative pulse 
mode'; positive pulses are obtained by reversing A and B while applying a 
positive high-voltage to the entry. In our case we managed to select the po­
larity of the pulses by jumper-plugs. The 1:1000 output does not reflect the 
rise-time of the voltage at the electrodes, it is used to monitor the discharge 
of the high-voltage capacitor. 

6.2 Results 

l ) Since we are working with three junctions at the same time, we can 
cross-check the results of each detector. Usually we record the simultaneous 
response of two junctions. Figure 6.3 shows time-of-flight spectra of the pro­
tein lysozyme (14'300 Da) acquired at 10 kV respectively 15 kV acceleration 
voltage. Clearly visible are the singly charged monomer peaks and the higher 
mass multiplicities up to the 5m+ case. As against the lysozyme spectrum of 
the first experiment (fig. 4.2, p. 62) the doubly charged monomer appeared 
now and more satisfactory: the count rate is good. Figure 6.4 presents a 
similar result of a IgG run (130 ItDa) at 20 kV. 

The mass resolution on the other hand is compromised by the use of 

73 



inappropriate amplifiers degrading the timing precision. Whilst improving 
continuously the quality of our detectors we faced problems to match the 
acquisition software and the postamplifiers to the bigger hence slower signals. 
The software could be steadily adapted to new situations but the hardware 
not, forcing us to use second-rate amplifiers unable to process the desired 
pulse shaping. 

For the lysozyme main peak (15 kV) we got a timing resolution of 800 ns 
(FWHM) resulting in a mass resolution m/Am ~ 50 and for the 3 /tô wide 
IgG main peak we found M/AM ~ 35. 

We are confident to increase the mass resolution substantially in the near 
future with the new versatile postamplifiers which are under construction. 

74 



LyBozyme 1OW 

IMtCtOfA Dfctot B 

300 

c 250 
S 

I 200 

f 
3 150 

i l 3 

- 300 . 

- 250 . 

. 200 . 

. 150. 

- 100. 

. 5 0 . 

. 0 
50 100 150 200 

tìmwf-fliBht (fis) 
50 100 150 200 

Unw-of-fllght (»•) 

IMBCtof A 

Lytozyme 16kV 

Msctor B 

tfflw-effilgM (fis) 

100 150 200 

Uim-of-fltflht (|ii) 

Figure 6.3: Time-of-flight spectra of lysozyme (14'3OO Da) acquired at 10 kV 
respectively 15 kV acceleration voltage. The spectra of both detectors have 
been recorded simultaneously. 
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Figure 6.4: Time-of-flight spectra of the protein IgG (130 kDa) at 20 kV 
acceleration voltage. 

2) The next figure is about charge separation. We recorded IgG spectra 
at 3 kV (2.8 kV), 6 kV (5.2 kV) respectively 12 kV (10.4 kV) acceleration 
voltage, see figure 6.5. The values in parentheses refer to the applied voltage 
to the second electrode of the ion optic. Several observations can be made 
on this experiment: 

1. There is a clear charge separation. The doubly charged ions (M++) 
have deposited more energy in the detectors than the singly charged 
ones (M+). By applying an appropriate pulse height cut (i.e. energy 
cut) one can select the events with a definite charge state. 

2. The comparison of the pulse heights of the IgG molecular ions with 
the pulse height of the 6 keV X-rays gives that the macromolecules 
deposit 100 % of their kinetic energy. We will elaborate this 
interesting point below. 

3. The detectors are nonlinear above fts 12 keV. 
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4. Time-of-flìght consistency: ttof(M++@ 3kV) = I40F(M+^ 6 kV) and 
W(M++ @ 6kV) = ttof(M+ @ 12 kV) 

5. The sooner the impact, the smaller the relative pulse height; 
i.e. the pulse height of a singly charged ion with a mass M will be 
somewhat smaller than the pulse height of a singly charged ion with a 
higher mass. Three explanations have been proposed for this behaviour, 
observed in all experiments performed with cryogenic detectors. 

(a) Higher mass ions can carry more internal energy and they get 
more kinetic energy in the desorption process. 

{b) The reflected laser pulse heats up the detector; the thermal relax­
ation time is - in our case - about 1 ms. Since the quasiparti-
cle recombination rate increases strongly with the temperature at 
0.6 K, the early signals are smaller. 

(c) The LLNL/LBNL/Conductus collaboration proposed a model 
based on the ion fragmentation in the acceleration phase which 
could reproduce their scatter plots [61]. 

The explanation given by the LLNL/LBNL/Conductus collaboration 
may be correct for their scatter plots of comparatively poor quality but 
does not seem to be appropriate for ours. To find out to which extent 
the explanation (a) or (b) is correct, we have to do more research. 

3) With the figure 6.6 we look a little bit closer at the 6 kV IgG scatter 
plot of fig. 6.5: 
Figure 6.6 (a) shows again the 6 kV scatter plot of figure 6.5 and (b) is the 
corresponding time-of-flight spectrum which is somehow the vertical projec­
tion of (a), (d) shows the pulse height spectrum (horizontal projection of (a)) 
which has to be compared to the X-ray pulse height spectrum (c) recorded 
with identical parameters: Apparently the IgG ions with a kinetic energy of 
6 keV leave the same energy (or even more) in the detector as 6 keV X-rays. 
This observation is in contradiction with the results obtained with Nb tunnel 
junctions [58, 59] and the hot-electron microcalorimeteT (see chapter 5 and 
[3]), were the ion signals had only 20% respectively 50% of the correspond­
ing X-ray pulse height. The explanation of this incidence is still not given; 
further experiments are planned to illuminate this point. 

The pulse height spectrum (d) shows the 6 keV peak of the singly charged 
ions and the broader 12 keV peak of the doubly charged ones. Evidently the 
energy resolution is considerably worse for the ion impacts, a fact encoun­
tered in all experiments working with cryogenic detectors. 
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4) Furthermore we succeeded in detecting DNA-oligonucleotides: 40-mex, 
70-mer and 120-mer in a 3-HPA matrix. 3-HPA has been proven to be a 
better matrix for DNA samples than the sinapinic acid [106]. These mea­
surements have been performed with a delayed extraction time of 2 fis and at 
-12 kV acceleration voltage. Figure 6.7.a shows the time-of-flight spectrum 
of an equal molar concentration of the 40-mer (ttof = 88 fis) and 70-mer 
(tt0f = 116 fis). The same peak heights indicate that the launch, ionization 
and detection efficiencies are the same for both oligomers. Figure 6.7.b shows 
a time-of-flight spectrum of 120-mer {t^f = 152 /JS) and fig. 6.7.C the result 
obtained for a plain 3-HPA matrix probe showing that the background of the 
oligomer spectra is largely due to matrix clusters. 

6.3 Conclusions 

The detectors used were tin SIS tunnel junctions operated at 0.6 K. 
Single macromolecule impacts of the proteins lysozyme (14.4 kDa) and IgG 
(130 kDa) in a sinapinic acid matrix as well as DNA-oligonucleotides (40-mer, 
70-mer and 120-mer) in a 3-HPA matrix have been detected. The charge state 
of the ions are determinable owing to the energy resolving capability of our 
detectors. The pulse height of a 6 keV ion impact is as high as a 6 keV X-ray 
pulse. 
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Figure 6.5: Time-of-flight and charge measurements of IgG (130 kDa) 
recorded at 3 kV (2.8 kV), 6 W (5.2 kV) respectively 12 kV (10.4 kV) 
acceleration voltage. The values in parentheses refer to the applied voltage 
to the second electrode of the ion optic. A calibration with the 55Fe source 
gives that the pulse height of 6 keV X-rays is 30 a.u.. 
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Chapter 7 

Conclusions 

In this work it has been shown that cryogenic particle detectors can be used 
as ion detectors in the mass spectrometry of massive biopolymers. Owing to 
their calorimetrical detection scheme they have a single ion impact detection 
efficiency of 100%, indépendant of the ion mass and velocity. 

From the large variety of existing low temperature detectors, the supercon­
ducting tunnel junction (STJ) and the hot-electron microcalorimeter has 
been picked-from to be investigated. The STJ was a Sn/Sn-ox/Sn tunnel 
junction operated at 0.6 K and the microcalorimeter (Ag-absorber/Al-ox/Al) 
was run at 100 mK. 

Both detectors - although significantly different in their physical working 
principle - gave similar results with a MALDI TOF mass spectrometer: 

• single impacts of the proteins lysozyme (14'300 Da), bovine serum 
albumin (66 kDa) and immunoglobulin G (130 kDa) have been recorded. 

• these detectors are able to determine the charge s t a t e of the ion; 
by applying an appropriate pulse height cut one separates the singly 
from the doubly charged ions. 

Furthermore, it has been shown that one should be having an excellent vac­
uum in the mass spectrometer in order to obtain good mass spectra. 

In addition, we could detect DNA-oligomicleotides with a length of up to 
120 bases. 40-mer, 70-mer and 120-mer gave comparable mass peaks indicat­
ing that the launch, ionization and detection efficiencies are the same. The 
mass resolution of our actual mass spectrometer is not high enough to resolve 
DNA-oligomers differing in length by one base (mass of one base « 300 Da). 
We expect to improve significantly the mass resolution in the near future by 
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using better matched electronics, improving the quality of the vacuum in the 
flight path, exploiting fully the possibilities of delayed extraction and apply­
ing a more elaborate algorithm to determine the arrival of the ions (constant 
fraction triggering). 

Two open questions remain: 

1. How much of the ion kinetic energy is deposited in the detector? With 
the hot-electron microcalorimeter we found that the ratio of deposited 
energy in the detector to kinetic energy was 50% for macromolecules, 
while with the tin STJ the pulse height of a 6 keV X-ray is as high as 
an ion impact of the same energy. Another collaboration working with 
Nb STJs observed a ratio of only 20% [58]: 

Detector 

Nb STJ Q 1.2 K 
Sn STJ @ 0.6 K 
Ag absorber @ 0.1 K 

Tc Ratio sensitive area 
[K] E^/qU [urn2] 
9.2 20% 200x200 
3.7 100% 40x40 

- 50% 200x200 

2. It has been found that in Sn STJs the relative pulse height is higher 
for Jons arriving later on the detector. We have to find out to which 
extent this is caused by the fact, that heavier molecules can carry more 
internal thermal energy (which is also detected by a cryogenic detector). 

FVom our results we infer that cryogenic particle detectors are valid alter­
natives to the ion detectors based on the secondary electron multiplication 
and deserves therefore to be investigated further. We think that significant 
improvements can be achieved: 

• As already mentioned, the timing resolution can be improved. 
• The energy resolution, hence the charge separation capability, can be im­
proved by using a shutter blocking off the reflected laser light and by adding 
a pinhole radiation shield directly mounted on the detector substrate. 
• By using an UV-attenuator we can work near the threshold fluence yielding 
higher quality mass spectra. 
• An UHV evaporation system is under construction, in order to build other 
cryogenic particle detectors to be examined. 
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