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A cryostat for low-temperature spectroscopy of condensable species

E. Carrasco, J. M. Castillo, R. Escribano, V. J. Herrero, M. A. Moreno, and J. Rodriguez
Instituto de Estructura de la Materia (CSIC), Serrano 123, 28006 Madrid, Spain

(Received 18 February 2002; accepted for publication 16 July)2002

A simple experimental setup for the production of cold samples for spectroscopy is described. The

samples are deposited under vacuum on a cold metallic surface whose temperature is controlled
between 80 and 323 K by varying the heat flow balance between a liquid nitrogen reservoir and a

power transistor. Tests of temperature stability and thermal inertia, as well as a set of reflection—

absorption infrared and thermal desorption spectra, are reported as a demonstration of the
performance of the system. ®002 American Institute of Physic§DOI: 10.1063/1.1505658

I. INTRODUCTION clouds, have been investigated by various groups at the at-
mospheric relevant temperatureb<{180—200 K). Several
Since its inception in the 1950sthe matrix isolation  experimental techniques including Fourier transform infrared
technique, based on the dilution of the sample of interest iIfFTIR) spectroscopy, temperature programmed desorption
an inert gas which is then frozen to give a rigid solid, has(TPD), and transmission electron microscopy are being used
found widespread application in spectroscopic laboratoriesfor the investigation of the structure, changes in morphology,
specially for the study of trace gases and of unstable othermodynamics and kinetics of formation, and evaporation
chemically reactive speciesee, for instance, Ref. 2 and of these solid layergsee for instance Refs. 8—15 and the
references thereinRare gases and molecular nitrogen offerreferences cited thergin
great advantages for the formation of matrices due to their  The kind of studies commented on in the previous para-
transparency over an extended spectral range and to thairaphs requires a cryostatic setup for the preparation of the
chemical inertness; however, temperatures below 20 K arsamples of interest. In the present work we describe the con-
needed in order to attain the adequate rigidity and to preverstruction of a low cost uncomplicated system for the deposi-
diffusion. Sophisticated compression or liquid He cryostatgion and temperature control of cold samples. The system can
are then required. operate between 80 and 323 K and is controlled with a com-
Later developments of the matrix isolation technigqueputer program. Tests of the temperature stability and thermal
have shown the possibility of using “unconventional” sub- inertia are presented in this article. As a check of its perfor-
stances like HO or CG, in association with specific detec- mance we present measurements of trace amounts,©f N
tion techniqueselectron spin resonantéin the case of wa- diluted in a CQ matrix and also reflection—absorption infra-
ter, and infraredIR) spectroscopd” in the case of Cg). red (RAIR) and thermal desorption spectra of solid water
The formation of water and COmatrices requires just the films.
use of liquid nitrogen(77 K) instead of liquid He, which
offers many practical and cost-reducing advantages. Soli. INSTRUMENTAL SETUP
CO, can be particularly convenient for spectroscopic studies, .
of?zrace gasgs with IRyspectroscopy. At ICI)iquid nitrggen tem—A' High vacuum chamber and cryostat
perature, CQ matrices are sufficiently stable and rigid and A general scheme of the instrument is shown in Fig. 1.
do not allow a significant diffusion of the trace gas moleculesThe samples of interest are deposited on the polished surface
diluted in them. In the 800—3600 crhinterval, broad strong  (mirror) of a 3 mmthick aluminum platesubstratg which
absorptions take place only between 2200 and 2400'cm is fixed with two screws to a mount in contact with a copper
Over the rest of this spectral range the O@atrix is trans-  block. The same mount contains the heating element, a
parent with just a few narrow absorption features or weaklypower transistor of a popular tyg@N3055 capable of pro-
absorbing broadbands corresponding to lattice vibrations thatiding enough power for the present neédsich never ex-
do not interfere with the absorption lines of many traceceed 60 W, and whose upper cover is in contact with the
gases. In addition, some of the narrow absorptions of COback face of the Al plate. The tightening of the screws fixing
can be used as an internal calibration for the quantitativéhe Al substrate to the mount, causes it to be pressed against
determination of unknown trace gas concentratfons. the flat transistor cover. The use of this power transistor of-
In recent times, the study of the structure and propertiegers an interesting alternative to the conventional resistive
of “ices” of different condensable species has attracted muclneating. It allows a very good and uniform thermal contact,
attention, specially in connection with the investigation ofsince the heat is released directly to the aluminum plate from
heterogeneous processes in the upper atmospfiénepar-  the transistor cover whose surface nearly matches in size that
ticular, solid films of water and of hydrates of nitric acid, and of the substrate. The copper block holding the mount with
sometimes also of sulphuric acid, intended to mimic thethe substrate is screwed to the bottom of a liquid nitrogen
composition of the particles present in polar stratospherivessel welded to the 150 confl@@F) flange that closes the
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FIG. 1. Scheme of the vacuum chamber and cryostat. The inset shows the Time Parameters

assembly of the heating elemdpbwer transistgrand the metallic substrate )
for the deposition of the samples; QMS: quadrupole mass spectrometer, FIG. 2. Block diagram of the automated temperature control system.
MCT: mercury—cadmium-—telluride IR detector.

placed at a short distan¢2—3 cn) of the metallic mirror and

upper end of the chamber. The contact at the various metallieriented directly toward its surface. In other experiments a
surfaces is improved by placing between them narrow tircurved tube was used in order to deviate the direct gas flow
foils before tightening the supporting screws. The temperatoward the chamber walls and produce a slower, more homo-
ture is monitored at two places, the Al substrafg)(and the  geneous deposition by filling the whole chamber with a va-
copper block T,), by means of two Pt-100 resistances, por of the condensable species. Other deposition possibilities
housed in holes specially built to match the size of the senlike the use of pulsed valves or effusive molecular beams can
sors. The substitution of the substrate or the conducting coge easily implemented, but have not been tried in the test
per block by other materials with different thermal or chemi-experiments reported in the next section.
cal properties is straightforward.

The cylindrical chamber wall has eight openings pro-B T |
vided with CF ultrahigh vacuum flanges. Seven of these™ emperature contro
flanges correspond the 35 CF standard and are meant for the The temperature is controlled with a computer program.
installation of IR windows, electrical feedthroughs, entrancesA scheme of the electronic control circuitry is shown in Fig.
for the gases or vapors to be deposited, and for the install®. The signals provided by the Pt-100 temperature sensors
tion of a small quadrupole mass spectromd@MS). The  are led through signal conditioners that deliver a voltage pro-
eighth flange is largef100 CH and is intended for the final portional to the temperatur@e. the sensor resistand® an
adjustment of the optical alignment of the mirror and of theanalog to digital(A/D) converter connected directly to the
electrical connections. The relative orientation of the varioucomputer. The actual temperatures of the metallic substrate
openings is such that both transmission and reflection; and of the copper block, are displayed on the computer
absorption spectroscopy, with a reflection angle of 75°, arescreen, and on this same screen the desired temperature of
possible. The chamber is evacuated by means of a turbomthe metallic substrate is selected. The driving program calcu-
lecular pump (Pfeiffer/Balzers TMU261 with a nominal lates the difference between the actual and the desired sub-
pumping speed of 210 I'$ for N,. This pump is backed by strate temperatureAT; and acts upon a software imple-
a 5.5 nth™! rotary pump. The typical background pressuremented proportional integral differential controller with a
in the chambefwithout baking and without liquid nitrogen direct output to a D/A converter. Th&T; signal generated
in the reservoiris <3x10 8 mbar. After filling the liquid  controls the current through the heating element. The ar-
nitrogen vessel, the background pressure is in thé Ibar  rangement of the power transisttiteating elementis not
range. the usual one, but it was adopted because the transistor used

Different possibilities can be used for the deposition ofis of the negative positive negativBlPN) type with its col-
the samples of interest. For some of the experiments ddector in contact with the case which, in the present setup,
scribed below we have connected, at the inner side of the gasust be grounded in order to meet the thermal conduction
inlet flange, a stainless steel tube ending in a 0.5 mm holeequirements. For this reason, a special excitation circuit was
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300 ] the heat is directly liberated in the close vicinity of the me-
- tallic substrate, whereas the cooling takes longer since the
250 — excess heat must flow in a slower way toward the liquid
200 nitrogen reservoir. In any case, only 10 min are needed to
150 cool the substrate from room temperature to 90 K.
i A linear temperature variation is often convenient for
100 — operation. This is the case for instance in the studies of TPD.
50 ] — T In this typg of experiment the rate of evaporation is recordgd
as a function of the sample temperature and a linear heating
0 100 200 300 400

rate simplifies the analysis of the data. The temperature in-
crease must be relatively fast in order to produce an evapo-
ration of the sample of interest without inducing structural
changes in it. In the lowest panel of Fig. 3, a linear tempera-
ture increase of 50 K/min has been selected, which is a typi-
cal value in TPD experiments. In order to achieve the appro-
priate temperature variation, the software takes the desired
4 rate of temperature increase and divides the total temperature
50 — T T T T T incrementAT into a series of smaller intermediate steps giv-
0 100 200 300 400 ing a linear evolution off with time. For the tests reported in
this article a time stepfdl s was used. The example shown
in this figure corresponds to the rate of temperature variation
employed in the thermal desorption spectroscopy measure-
ments described in Sec. lll. It is worth noting that the differ-
ence betweei; andT, is large enough as to ensure that the
programmed desorption will take place just at the deposition
substrate and not on the copper block. If necessary, this tem-
perature difference can be made larger by substituting the
copper block by other material with a smaller thermal con-
ductivity.

0 100 200 300 400
Time (s)

FIG. 3. Time evolution of the temperatures of the metallic deposition sub-
strate (T;) and of the copper blocKI(;) between the substrate and the liquid IIl. EXPERIMENTAL TESTS

nitrogen reservoir{Upper panel direct (fastest heating; (Middle pane)
direct cooling; andLower panel heating of the deposition substrate at a In order to demonstrate the performance of the present

rate of 50 K/min. cryostatic system we report in this section some experiments
with representative cold samples deposited on the substrate.
The two upper panels of Fig. 4 show RAIR spectra gfON
designed in order to control the current through the transistoifaces in a C@ matrix and of water ice layers of different
with the emitter connected te-30 V. In any case, the thickness, respectively. The lowest panel displays the TPD of
collector—emitter current is regulated by controlling the basevater (ice) from the Al substrate. The RAIR spectra have
currentl,, as a function of the\T; signal generated by the been recorded with a FTIR spectrometer Brucker IFS66. The
A/D converter. Under the experimental conditions of interestadiation of the Globar source is deflected with a mirror from
the needed,, is obtained with a base—emitter voltage rang-the standard sample compartment of the spectrometer and

ing from approximately 0.8 V aT;=290K to 1.2 VV atT,  focused with a Caj-lens on the sample inside the chamber.
=95 K. The use of this lens sets a lower limit of approximately 1000

Figure 3 shows curves for the time evolution of the rel-cm ! to the available spectral range. The IR beam enters and
evant temperature§ ¢, T,) for the interval 85-300 K during leaves the chamber through two KBr windows and has an
various heating and Coo”ng processes. The upper pan@ng|e of incidence of 75° with respect to the deposition sur-
shows the curves for “direct” heatinge_' with the heating face. After Ieaving the Chamber, the reflected IR radiation is
element always on until the desired temperature is reachedfocused by means of a mirror onto a mercury—cadmium-—
In the present case a final temperature of 296 K was selectd@lluride (MCT) detector refrigerated with liquid nitrogen.
in the program. The small mass of the substrate results in &he TPD of water was monitored by following the evolution
small thermal inertia, which allows a quick temperatureof the m/q=18 peak as recorded with a QM&eybold
variation. Once the programmed temperature is reached, franspectror C-100nstalled in one of the ports of the depo-
gets stabilized to better thd K in a fewminutes(~3 minin  sition chamber. As indicated above, a heating rate of 50
the extreme case depicted in the upper parddter the sta- K/min was selected for these experiments.
bilization at the final temperature, the heating element was A mixture of N,O and CQ with an approximate mixing
disconnected. The resulting process of “direct” cooling is atio uy,0=(1+0.1)x 10" was prepared in a sample cyl-
represented in the middle panel. As can be seen by compander. This proportion is roughly that of the atmosphere
ing these two graphs, the heating is faster due to the fact thathere NO and CQ have typical concentrations of 300 ppb
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condensed on the col@0 K) substrate. Under these condi-
tions the individual NO molecules should be separated by
approximately 10 matrix molecules in each direction and
thus sufficiently isolated from each other. The velocity of
deposition is essentially determined by the gas pressure in
the chambelP., which is in turn given by the equilibrium
between the gas flowegulated with a valve at the entrance
and the pumping speed of the vacuum pump. For the spectra
commented on in the next paragraph, typi€al values of

5% 10 2 mbar (direct pirani gauge measuremgrand a
deposition time of 10 s were used. These conditions lead a
CO, layer with an effective absorbing length of 40—ph

(see below.

The RAIR spectrum of the pO/CO, matrix in the
1100-2700 cm' range is displayed in the upper panel of
Fig. 4 together with that of a reference matrix of pure,CO
In these spectra, there is a region of strong absorption, cor-
responding to ther; band of solid CQ, between 2200 and
2500 cm . Some weak C@absorptions can be also identi-
fied in the region between 1800 and 2100 ¢mOver the
rest of the spectral range shown, the £@atrix is essen-
tially transparent. The weak GCreatures can be used to
estimate the approximate absorbing thickres$ the matrix
by using the simple reIationshHA‘COz:aCOZd, WhereACO2
is the integrated absorbance of a given line ang, its
absorption coefficient. Taking the values listed in Ref. 2
for the absorption lines at 1834 and 1814 ¢m(5.87
x 10 % and 2.36< 102 cm~ ! um™ 1, respectively, one gets
an effective absorption thickness of about 4080 for the
CO, matrix. In the upper spectrum, thg band of NO in
the matrix appears as an intense absorption at 1297-.cm
This frequency is shifted by 12 cm with respect to the
corresponding gas phase value and coincides with the matrix
shift reported in Ref. 2. The JO spectrum also contains a
weaker peak at 2586 cm (2v;), which can be used to
monitor the NO content in a sample. In our case, where the
N,O concentration is known, a comparison of mgzo in-

tegrated absorbance at this frequency withAla%2 absorp-

tions mentioned above can lead to the determination of the
an,o (2586 cm'1) coefficient in the matrix. Conversely, the

use of a tabulated value of this coefficient\(o=6.6
+0.12cmtum 1, from Ref. 2 and the absorption ratio

FIG. 4. Experimental test§Top panel RAIR spectra of CQ matrices de- between the BO and CQ bands, leads to the evaluation of

posited at 85 K. The upper spectrum corresponds to a mixture of about 0.1‘3‘41?a N,O concentration. In our spectra, th? Yalue t.hus ob-
N,O in CO,. The lower spectrum is a reference spectrum of pure ke tained would be (1.30.3)x10 2 for the mixing ratio of
absorbances represented correspond to bdegarithms. The absorbance N,Q in the matrix, in reasonable agreement with the concen-
scale has been cut at one and the spectrum of pugeh@®been shifted for : P
convenience of displayMiddle panel RAIR spectra of water layers of tration initially prepared. .
different thickness deposited at 85 KBottom panel TPD spectra of an RAIR SPeCtra of gmorphous Water Ice colle.cted'at 85 K
annealeddashed lingand an unannealedotted ling thin water film. The ~ are shown in the middle panel of Fig. 4 for ice films of
mass spectrometer output signals have been normalized to one at the maﬁ*rcreasing thickness deposited on the Al substrate. These
mum. The heating rate corresponding to this spectra is shown in the lowe, - - .
panel of Fig. 3. The solid lines are a fit of a zero order desorption rate to theépeCtra arein good a_gre_ement with ga?{;ous RAIR spectra
data. recorded under large incidence antjlé?'%1"The thickness

of the ice films can be estimated by different methtdsnd

for the present experiments should range from about 50 nm
and 350 ppm, respectively. The sample was then let in theto someum. However, the estimates of the film width have
cylinder for 48 h before recording the spectra; after this timded to controversial results especially for the thickest
the mixture is expected to be homogeneous. The mixturéyers'?®in the range covered by the present measurements

thus prepared was expanded into the vacuum chamber atide spectra consist of a strong broadband in the 3000—3500
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cm ! region, corresponding to the coupled OH stretchinging procedure induces crystallization and changes irrevers-
modes {1,v3) and of two weak bands, one of them with a ibly the structure of the film; in this case a single desorption
maximum at about 2240 cr attributed to the third over- peak(dashed ling centered at about 186 K is observed. The
tone of the librational mode (3 ), and the other one with a location of the present desorption maxima is similar to that
maximum at approximately 1650 crhdue to the bending found in the literature for TPD experiments performed under
mode (v,) of H,O with a possible contribution of the second similar conditions:>!” The fact that the desorption of the
librational overtone (2,). annealed film takes place at a higher temperature than that of
For the thinnest films, a single band, peaking=@415 the unannealed sample is a reflection of the higher barrier to
cm 1, is observed in the OH stretching region. With growing evaporation associated with theform of ice.
thickness, the band becomes wider and eventually develops a The desorption of multilayer films of a pure substance
second peak a=3170 cm}, which becomes dominant for from a surface should obey approximately zero order kinet-
the thickest layers. The appearance of these two features h&s. This zero order desorption rate can be described by an
been interpreted in terms of the interaction of the IR radia-Arrhenius equation of the formiy= A exp(—E4/RT), where
tion with longitudinal optical(LO) and transverse optical A is a constantEy is the activation energy for desorption,
(TO) surface modes in the filtf:151For the very thin films, andRis the gas constant. By fitting the rising portion of the
the TO mode, giving rise to a transition dipole moment par-TPD curves to this Arrhenius lavi, values of 9.4-0.4 and
allel to the surface, is suppressed due to the metal surfac8+0.2 kcal/mol are obtained for the unannealed and an-
selection rulé? and only the LO mode, with a transition nealed films, respectively. The fits are shown as solid lines in
dipole mode normal to the surface is observed. As the thickthe bottom panel of Fig. 4. These values are consistent with
ness of the film is increased, the metal surface selection ruldose of Ref. 21, but are lower by 15%—-20% than most of
ceases to apply, the TO mode begins to be excited by the IRe literature values for crystalline ideee Ref. 15 and ref-
radiation, and a second peak appears at lower frequencies @émences there)nThe E, increase obtained upon annealing of
the spectrum. The TO mode is the only one that can béhe freshly deposited ice film is similar to that reported pre-
excited in transmissidfi or in low incidence angle RAIR?  viously by other group$>?!
where it appears as a broadband with a maximum at 3240—
3250 cm L. This frequency is somewhat higher than that of ACKNOWLEDGMENTS
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