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To observe the products of surface reaction mechanisms we combined a standard quadrupole 
mass spectrometer featuring high-speed scanning options with fast data acquisition and a 
computer-controlled sample heating system. This combination served to obtain a general view 
(like a “fingerprint”) of the reaction occurring on a Pt( 100) crystal upon heating the adsorbate 
covered surface, as well as to allow for a detailed analysis of the gas compounds leaving the 
surface within a single measurement. The method is denoted by multimass thermal desorption 
spectroscopy (MTDS) . The MTDS device is capable of recording 850 amuLs providing up to 15 
complete mass spectra per second of 50 amu width while heating the surface linearly. The data 
contain the ion currents of both the reaction products and their fractions (cracking patterns) 
generated in the spectrometer. Thus it is possible to distinguish between gas species with equal 
mass numbers by subsequent numerical evaluation. 

1. INTRODUCTION 

Quadrupole mass analyzers (QMA) are standard de- 
vices in technical and research applications. Commercial 
instruments usually provide two modes of operation: ( 1) 
Tracking the partial pressure for one tied mass number 
and (2) scanning a specific range of mass numbers giving 
the complete mass distribution for that range. Modern 
computer-controlled QMAs allow, as an extension of mode 
( 1 ), the tracking of a set of previously chosen mass num- 
bers in which the mass filter is tuned to the discrete mass 
channels within a specific time (typically some millisec- 
onds) and then the channel is read out. The scanning mode 
(2) is often used for residual gas analysis to display the 
mass distribution on an oscilloscope or a two-axis plotter. 

In experiments examining chemical reactions it is de- 
sirable to record the partial pressures of several reaction 
products simultaneously or in sequence at high speed, since 
then the system to be investigated needs to be prepared 
only once for a complete measurement. Especially in cases 
of rapid and intense reactions, fast sampling rates for each 
mass channel are of great importance. For this purpose, 
time-of-flight (TOF) mass spectrometers are well suited as 
recent applications show: For example, Blais et al. ’ used a 
TOF mass spectrometer with a detection speed of 300 amu 
in 12 ,us to detect reaction products in explosion processes. 
However, TOF spectrometers are sensitive and complex 
devices, so in many applications researchers use conven- 
tional QMAs operating in the extended mode ( 1). 

To carry out temperature programmed reaction 
(TPR) studies on the catalytic NO-CO reaction on 
Pt( lOO>, we have developed a novel scheme for fast re- 
cording of complete mass spectra using a commercially 
available standard QMA.’ A configuration was set up 
which is capable of detecting all chemical species involved 
in the reaction, including the dissociation products gener- 
ated in the QMA in a single heating cycle. To this end the 
QMA was operated in the scanning mode (2) at a high 
scanning speed, the output signal was recorded by means 

of a computer and a fast analog-to-digital converter 
(ADC), and the partial pressure was extracted for each 
mass channel from the mass spectrum by numerical meth- 
ods. This method which we denote by multimass thermal 
desorption spectroscopy (MTDS) yields complete infor- 
mation on the course of the reaction and even allows de- 
termination of gas compounds when cracking patterns of 
the gases are considered during data evaluation. 

II. SETUP 

The TPR experiments on Pt( 100) were part of a 
project to study the interaction of free oriented NO mole- . 
cules with adsorbates and surfaces. The apparatus consists 
of a beamline to produce a supersonic state-selected mo- 
lecular NO beam and an ultrahigh vacuum (UHV) cham- 
ber equipped for surface analysis. The beamline and parts 
of the UHV chamber are described previously.3p4 

Here, we only describe the main vacuum components 
for the TPR measurements shown in Fig. 1. The platinum 
sample, cleaned by standard procedures, is exposed to both 
NO and CO by means of the two dosers shown. The sam- 
ple holder is equipped with liquid-nitrogen cooling as well 
as an electron impact heating to control the crystal tem- 
perature which is monitored by a type K thermocouple 
spot welded to the edge of the crystal. During a heating 
cycle the desorbing adsorbates and reaction products are 
detected by the QMA next to the dosers which is shielded 
from the residual gas by an orifice attached to the front of 
the analyzer head. 

To fully record the gas compounds leaving the surface, 
the QMA control unit is set to the fastest scanning mode of 
1000 amu/s (which turned out.to be 850 amu/s actually) 
with a scanning width of 50 amu starting at mass number 
1. In this mode the control unit switches to the lowest mass 
number, delays for a dead time of about 7.5 ms to settle 
and stabilize the voltages applied to the mass filter, and 
tunes across the specified range of 50 amu within 59 ms, 
repeating the cycle continuously. The analog output signal 
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FIG. 1. Sec t iona l  d raw ing  of the setup for T P R  exper iments .  T h e  plat i -  
n u m  crystal  can  b e  exposed  to both  N O  a n d  C O  by  m e a n s  of two dosen  
poin t ing to the crystal  f rom above  a n d  be low  the p lane  shown.  T h e  Q M A  
next  to the dosers  records  the mo lecu les  wh ich  leave  the sur face dur ing  
the heat ing  cycle of the sample .  T h e  front cap  of the Q M A  is des igned  to 
avo id  detect ion of mo lecu les  f rom the res idua l  gas.  

prov ided  by  the control  uni t  is swi tched to - 1 0  V  dur ing  
the d e a d  tim e  at the beg inn ing  of a  spect rum a n d  g ives the 
ion  currents o n  a  vo l tage scale in  the r a n g e  of 0  to +  1 0  V  
dur ing  scanning.  T h e  output  s ignal  is p ropor t iona l  to the 
part ia l  p ressure  in  a  se lectable but  f ixed p ressure  r a n g e  
( l op9  m b a r  in  this exper iment) .  

T h e  a n a l o g  s ignal  conta in ing the comple te  in format ion 
o n  the des i red  spect rum is connec ted  to a n  8-bi t  t ransient  
recorder  ca rd5  instal led o n  a n  IB M  compat ib le  3 8 6  com-  
puter.  P r o g r a m m e d  for a  convers ion  tim e  of 1 0 0  ps  a n d  a  
da ta  b lock size of 1 0 2 4  bytes, the t ransient  recorder  s a m -  
ples the Q M A  s ignal  wi th ten da ta  points  pe r  a m u  a n d  
records  a  comple te  mass  spect rum in o n e  da ta  block. A fter 
the record ing  of o n e  b lock is complete,  the compute r  reads  
out  the da ta  a n d  stores them on to  a  F L 4 M  disk. This en -  
sures  that da ta  t ransfer is f in ished be fo re  the next  mass  
spect rum is t ransmit ted by  the Q M A . T h e  reco rded  da ta  
a re  saved  on to  the h a r d  disk a n d  eva lua ted  after the m e a -  
su rement  is complete.  

Dur ing  the measu remen t  the crystal tempera tu re  is in-  
c reased  l inear ly f rom - 5 0  to 3 7 0  “C  at a  se lectable hea t ing  
rate. This process  is complete ly  sof tware cont ro l led with 
the hea t ing  p o w e r  supp l ied  by  e lect ron impact  hea t ing  con-  
sist ing of two p r o g r a m m a b l e  p o w e r  suppl ies:  a  3 0 0  W  h igh-  
vo l tage supp ly6  a n d  a  1 0  A  current  source.7  B o th suppl ies  
a re  cont ro l led by  the compute r  v ia a  d ig i ta l - to-analog con-  
verter  (DAC)  with 16-bi t  resolut ion.*  T h e  the rmocoup le  
s ignal  is norma l i zed  to a  vo l tage of 1 0  m V /“C  with a  spe-  
cial  in tegrated circuit9 per fo rming  this convers ion.  S ince  a  
l inear  hea t ing  of the crystal m e a n s  the first der ivat ive of the 
tempera tu re  with respect  to the tim e  be ing  constant  a n d  
the second  der ivat ive equa l ing  zero,  two electronic differ- 
ent iators a re  u s e d  to p rov ide  the two first der ivat ives as  
a n a l o g  s ignals  readab le  by  a n  A D C . Thus  the compute r  
can  access the tempera tu re  as  wel l  as  its der ivat ives to 
per fo rm a  regu la t ing  a lgor i thm for the hea t ing  suppl ies.  

F igure  2  shows  al l  ma jo r  h a r d w a r e  componen ts  u s e d  
for the M T D S  dev ice  in  a  b lock d iagram.  Al l  par ts a re  
commerc ia l  inst ruments except  for the di f ferent iators a n d  
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FIG. 2. B lock  d i a g r a m  of the ha rdware  setup for M T D S .  T h e  Q M A  
s igna l  is reco rded  by  a  fast A D C  (t ransient  recorder) ,  the sur face tem-  
pera ture  is g iven  by  a  type K  thermocouple .  To  calculate the appropr ia te  
heat ing  power  for the crystal, the compute r  reads  the tempera ture  a n d  the 
first two der ivat ives genera ted  by  two elect ronic  dif ferentiators. T h e  heat -  
ing  power  is p rov ided  by  p r o g r a m m a b l e  power  supp l ies  cont ro l led by  the 
compute r  v ia  a  DAC.  

the A D C  which  reads  the tempera tu re  signals.  They  a re  
h o m e m a d e  circuits fo l lowing s tandard  appl icat ions.  

T h e  appara tus  descr ibed  a b o v e  consists of separa te  
parts wh ich  h a v e  to b e  l inked by  appropr ia te  software. 
S u c h  a  p r o g r a m  has  to contro l  the t ransient  recorder  card  
a n d  the crystal h -eat ing  s imul taneously .  T h e  t ransient  re-  
corder  is essent ial ly se l f - running a n d  on ly  n e e d s  init ial iza- 
t ion at the beg inn ing  of a  run,  a  t r igger- re lease c o m m a n d  
to start the measurement ,  a n d  a  c o m m a n d  to t ransfer the 
da ta  into a  user  R A M  locat ion. F ind ing  the tr igger,  sam-  
p l ing  the input  s ignal  a n d  stor ing the da ta  in  the in ternal  
R A M  is complete ly  execu ted  by  the card  itself, thus com-  
munica t ion  be tween  the p r o g r a m  a n d  the t ransient  re-  
corder  card  is h igh ly  simpli f ied. 

For  the hea t ing  control  a n  a lgor i thm .had  to b e  found  
to a l low a  wel l -def ined startup of the p o w e r  suppl ies  a n d  a  
suff icient regu la t ion  mechan i sm to k e e p  the tempera tu re’s 
first der ivat ive constant.  In this exper iment  the a lgor i thm 
was  split into two parts. A t the beg inn ing  of a  hea t ing  cycle 
the p o w e r  suppl ies  a re  p r o g r a m m e d  with init ial va lues  
found  exper imental ly .  A fter a  specif ic sett l ing tim e  the 
compute r  starts to regu la te  the hea t ing  p o w e r  with a  P ID 
characterist ic.  This opera t ion  s c h e m e  is ra ther  s imple  but  it 
n e e d s  careful ly chosen  va lues for the di f ferent paramete rs  
invo lved to per fo rm a  p rope r  regulat ion.  In pract ice o n e  
regu la t ion  step (i.e., ad just ing the hea t ing  p o w e r  accord ing  
to the va lues of the current  tempera tu re  a n d  its der iva-  
t ives) pe r  m e a s u r e d  mass  spect rum is suff icient to obta in  a  
l inear  tempera tu re  s w e e p  for the crystal surface. 

T h e  f low chart  of the comple te  p r o g r a m  u s e d  for 
M T D S  measuremen ts  is s h o w n  in Fig. 3. It is e m b e d d e d  in 
a  la rger  contro l  p r o g r a m  prov id ing  rout ines for al l  types of 
measu remen ts  a n d  calculat ions wh ich  a re  of impor tance  in  
the exper iment .  

111 .  P E R F O R M A N C E  

Accord ing  to the tim e  sett ings m e n t ioned in  Sec.  II, 
the cycle tim e  for o n e  mass  spect rum of 5 0  a m u  width is 
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FIG. 3. Flow chart of the measurement program. 

-66 ms. This should yield up to 15 spectra per second. 
Since the transient recorder card can only store data in 
blocks of 1024 bytes (or other powers of two), it is not 
possible to sample exactly one spectrum; instead, the be- 
ginning to the next spectrum is additionally recorded in the 
same block. So only every second spectrum is complete, 
leading to an effective scan rate of 7.5 complete mass spec- 
tra per second for this MTDS device. A more flexible ADC 
could solve the problem of the lost second spectrum and 
allow for the maximum value of 15 spectra per second. 

The high scanning speed requires fast and low-noise 
electronic signal amplification inside the spectrometer. If 
the pressure range is set to 10e9 mbar, the noise is typically 
less than 3% of the signal. In many cases this accuracy is 
sufficient. The internal electronic time constant which is 
necessary to stabilize the signal leads to a damping and 
broadening of the peaks in the mass spectrum. In order to 
extract the ion current for one mass channel as a single 
number, the peak is integrated within specific limits which 
also compensates the effects of the time constant. This can 
be seen from Fig. 4 where two desorption curves of CO 
from Pt( 100) are compared. The solid line gives the 
MTDS signal of mass number 28 extracted from a com- 
plete spectrum, whereas the dashed line shows the corre- 
sponding signal recorded in the single-mass mode. Apart 
from linear scaling both curves represent original raw data 
without application of background correction or smooth- 
ing. The two curves are alike except for the higher noise of 

Rev. Sci. Instrum., Vol. 65, No. 2, February 1994 

1.5 

A 
3 

3 .o 

E 

& 

-7 0,.5 

s 

- MTDS 

o.05() m ’ ’ ’ ’ ’ * ’ r ’ 
100 150 
Ternperotur~ 

250 300 

FIG. 4. Comparison between a conventional TDS (dashed line) and the 
cokesponding mass number’ from an MTDS spectrum (solid line). The 
system 10 L of CO and Pt(100) was chosen. The heating rate was 4.5 
K/s. 

the MTDS signal and a small shift in the temperature 
scales. 

An important limit to the performance is the fixed 
pressure range for one mass spectrum which must be op- 
timized to the highest peaks. This leads to a dynamic range 
of about 100 thus limiting the resolution of the smaller 
peaks in the spectrum. The mass separation is also limited 
depending on the selected pressure range. For the range of 
10m9 mbar the signals of two adjacent mass numbers can- 
not be well separated by the integration method described 
above. 

IV. APPLlC+TlON TO THE SYSTEM NO/CO/Pt(lQ@ . . 
MTDS was used to examine the NO-CO reaction on 

Pt( 100) forming mainly CO, and Nz. This reaction has 
been subject to severalstudies since 1970 (see, for example, 
Refs. lO-13).’ The eplatinum crystal was precovered at 
- 80 “C with both CO and NO sequentially and was then 
heated to 370 “C at constant heating rates b,etween 2 and 40 
K/s. Several experiments were carried out where the dos- 
age of both gases, the sequence of exposure and the heating 
rate were varied. 

Figure 5 shows the three-dimensional representation of 
an MTDS spectrum for the system 10 L NO on 0.5 L CO 
on Pt ( 100). The QMA signal is given as a function of the 
mass number and the temperature. A Gaussian convolu- 
tion was carried out to smooth the signal. Since the mea- 
surement was performed at a constant heating rate of 4.5 
K/s the temperature axis also shows the temporal course 
of the reaction. At temperatures below 120 “C NO (mass 
number 30) desorbs with a desorption curve exhibiting the 
well-known shapes shown in Refs. 11, 14-16. At tempera- 
tures around 120 “C (depending on the coverage ratio of 
NO and CO) the “explosive” reaction occurs with sharp 
desorption peaks of N2 and COZ (mass numbers 28 and 
44), promoted by an autocatalytic mechanism.i2 The peaks 
at the mass numbers 1.2, 14, 16, and 22 are due to the 
dissociation of the gas molecules inside the QMA and rep- 
resent the ions C!+, N+, O+, and CO,++, respectively. 
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FIG. 5. MTDS spectrum of the NO-CO reaction on Pt( 100) with expo- 
sures of first 0.5 L of CO and then 10 L of NO. The QMA signal is given 
as a function of mass number and temperature at a heating rate of 4.5 
K/S. 

After the reaction is complete there are no molecules left 
on the surface since the reactants were present in optimum 
concentration for the system shown. 

Several measurements with different precoverages of 
NO and CO were evaluated for the signal intensities of the 
desorbing species. Making use of the relative sensitivities of 
the QMA for different gases which have been found exper- 
imentally, the true composition of the desorbing gas mix- 
ture was determined, indicating that also small amounts of 
N20 appear among the reaction products. This has 
also been found for other single-crystal surfaces of 
platinum. 17v1* 

V. CONCLUSION 

MTDS was designed to record surface reaction pro- 
cesses with a conventional QMA. In combination with .a 
transient recorder card, electron impact heating, and two 
differentiators giving the derivatives of the surface temper- 
ature with respect to the time, it forms a device which 
records 7.5 complete mass spectra per second, thus giving 
a complete indication of the course of the reaction from a 

single measurement. The data, if plotted in a three- 
dimensional picture, give a “fingerprint” of the reaction 
and can be evaluated to gain quantitative information on 
the reaction products and their ratios. 

Due to the tixed pressure range of the QMA, the dy- 
namic resolution is limited to 100. Nevertheless, the per- 
formance of the device operated with the parameters men- 
tioned above is sufficient in terms of temperature 
resolution, mass resolution and signal-to-noise ratio for 
studies similar to the application reported here. Using a 
fast and fiexible ADC for the recording .of the QMA signal, 
the rate of spectra recorded can be increased to 15 per 
second. 
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