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The surface-catalyzed reaction Na + CsCl + NaCl + Cs+ + er- (where F indicates the Fermi 
level in the surface) has been studied on carbon-covered Pt (8% W) surfaces in a static experiment 
with two molecular beams with absolute measurements of the main flux densities. The reaction 
probability is close to unity at low temperature, and has been measured down to lo-“ at high 
temperature, where the reaction CsCl + Cs + Cl + Cs+ + er- + Cl starts to dominate. A model 
combining both the direct exchange path Na + CsCl $ NaCl + Cs and the dissociation- 
recombination path Na + CsCl s Na + Cs + Cl G NaCl + Cs is shown to give excellent 
agreement in some runs. Most reactive flux goes via the exchange path. In some runs strong 
departures from the model used exist, which are tentatively described as being due to the existence 
of two adsorbed states of Na on the surface. The state with lowest energy is considered to be less 
reactive. This is further supported by recent desorption measurements. The use of surface 
reactions N + CsCl + NCl + Cs+ f er- in “reactive” surface ionization detectors for detecting 
general atomic beams N and measuring their absolute fluxes is discussed. 

1. INTRODUCTION 

In recent years several studies of reac- 
tions between gas molecules and surfaces 
with molecular-beam techniques have been 
performed. Nevertheless, the number of 
similar studies of reactions between ad- 
sorbed molecules on a surface is small. 
Most surface reactions of interest in the 
field of catalysis are of this type. In recent 
reviews (2, 2) some problems with the 
modulated beam phase-sensitive approach 
have been discussed. In the present work, a 
steady-state two-beam approach has been 
used to study a surface-catalyzed reaction, 
i.e., a reaction which proceeds with a negli- 
gible rate in the gas phase at the same 
temperature (e.g., in the beam intersection 
in front of the surface). By this method, 
large temperature and signal regions have 
been covered and information on the sur- 
face reactions has been found. As is well 
known from the theory of reactions in flow 
systems, the relevant rate parameters may 
be determined even in such a steady-state 

case, with no modulated fluxes. The 
method becomes even more informative if 
absolute values of the fluxes can be mea- 
sured, as has been done in the experiments 
described here. 

The surface reactive system reported on 
here is 

Na + CsCl + NaCl + Cs + 
NaCl,, + Cs(,,+ + eF-. (1) 

Index (g) means a gas-phase molecule, 
while F indicates the Fermi level in the 
surface. The surface, a Pt (8% W) surface, 
covered with a more or less graphitized 
carbon layer, is unchanged by the reaction 
and all products and reactants desorb. In 
the gas phase, the first step is endothermic 
by about 0.3 eV, and the second step (then 
leading to a free electron) is also endother- 
mic by 3.87 eV. The desorption steps are 
endothermic, for Cs+ probably around 1.9 
eV and for NaCl of the order of 0.6 eV, as 
found for CsCl in this study. The barrier in 
the exchange step on the surface is proba- 
bly negligible, and the overall surface reac- 
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tion is very efficient. Thus, it is clearly 
surface catalyzed in the conventional 
meaning of this expression. On a metal 
surface, for example, the CsCl molecules 
dissociate and Cs, Cs+, and probably also 
Cl desorb quite rapidly. 

A preliminary study of an analogous sys- 
tem, K + RbCl + Rb+ + er- + KC1 has 
been reported recently (3, 4). A short study 
of Na + RbCl + Rb+ + eF- + NaCl has 
also been performed (unpublished). A few 
related reactive systems have been studied 
previously in other laboratories. The reac- 
tion Ba + LiF + BaF+@, + eF- + Li on W 
has been studied in a static molecular-beam 
experiment (5, 6). The “suppression ef- 
fect” reported in Ref. (7) is a lowering of, 
e.g., K+ emission from a KI melt on a Pt 
surface when RbI is added. This effect was 
interpreted as due to KI ---, K+ + I,, + eF- 
followed by K+ + RbI + KI + Rb+@,. 

Reactions of the type in Eq. (1) are of 
interest for several reasons. The original 
reason for continued studies was the possi- 
bility of identification and removal of dis- 
turbing experimental effects in crossed- 
beam reactive scattering experiments with 
“differential” surface ionization detection 
(3, 4, 8). It was also found that it should be 
possible to use reactions similar to Eq. (1) 
for detection of molecular beams by “reac- 
tive” surface ionization and for other ana- 
lytical purposes, e.g., in gas chromatogra- 
phy. An atom N, for example, H, Li, Ca, or 
Al, which is difficult to ionize with ordinary 
surface ionization, may be converted by 
CsCl to yield Cs+ ions and thereby mea- 
sured. It is also of great interest to analyze 
different types of surface-catalyzed reac- 
tions in detail, to determine which are the 
fundamental reaction steps on the surface, 
and where the reactive interaction takes 
place. From such knowledge, it should be 
possible to improve existing catalytic sys- 
tems. Especially since carbon is a widely 
used catalyst support, which may interact 
with the catalyst (spillover effects), the 
system studied in this work appears very 
interesting. 

Preliminary experiments showed several 
interesting features. 

1. Large reactive signals were obtained 
without any interfering noise or back- 
ground in a straightforward steady-state 
experiment. 

2. Surface reactions in cases like Eq. (1) 
give a reaction probability very close to 
unity under suitable conditions. By a com- 
parison with Ref. (I), this feature is judged 
to be unique so far. The smallest reaction 
probability detected in the case studied 
here was 10e4. Thus, the range over which 
the reaction is followed is large. The maxi- 
mum temperature dependence of the signal, 
corresponding to a slope of 6.8 eV, was 
remarkably large. 

3. Absolute flux densities of the reactant 
molecular beams can be measured by sur- 
face ionization (for recent results, see Refs. 
(9, 10). Thus, absolute surface densities 
can be found from desorption measure- 
ments, giving absolute values of preex- 
ponential factors in bimolecular surface re- 
actions. Such values appear to be rare (1). 

4. A direct three-atom exchange reaction 
on the surface appeared consistent with the 
data. Since dissociation of CsCl on carbon- 
covered surfaces is small but nevertheless 
interferes with the reactive measurements, 
a dissociative (dissociation-recombination) 
reactive mechanism could compete. A 
study to distinguish between the two possi- 
bilities appeared very interesting from a 
fundamental point of view. 

2. REACTION MODEL 

In a reaction of the type considered here, 
Eq. (l), at least two different reaction paths 
appear possible. One, which is similar to 
the gas-phase reaction (8, 1 I), is the direct 
exchange reaction 

Na + CsCl + 
(Na Cl Cs) e NaCl + Cs. (2) 

The other possible path is via a dissocia- 
tion-recombination step of the alkali halide 
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TABLE 1 

Reactions Included in the Combined Model with the Net Formula Na + CsCI + NaCl + Cs+ + eF- 

Adsorption-desorption Dissociation-recombination Exchange reaction 

kcsa 
CSCk,)~ CsCk,, 

kc, 
C%s, k C%,, fee, 
CS(,, kcsr - Cs,,,’ + eF- 

Cks) 2 Ck,, I 

N+s, 2 %s, 

Na,, 3 Na,,+ + eF- 

NaCl,,, k,,,! NaCl,,, 

CSCI,,, F CS(,) + Ck,, II 

k,, 
CsCks, + Ns, g CSC,, + NaCk,, e2 

NaCk,, F Na,,, + Cl,,, rz 

Note. The symbolsf, indicate fluxes to the surface, while ki are rate constants on the surface. 

Na + CsCl $ Na + Cs design, with back temperatures of 740-840 
+ Cl & NaCl + Cs. (3) K and front temperatures 30-50 K higher. 

Since the Cs+ signal from dissociation of 
CsCl is comparable in size to the signal 
from reaction in the middle-temperature 
range (see below), the dissociation must be 
included in the analysis. Since the species 
Cl and NaCl will compete for the Cs atoms, 
an interaction between the two reaction 
paths is possible. Thus, both Eqs. (2) and 
(3) must be considered simultaneously. 

In Table 1, all the reactions and desorp- 
tion channels considered are displayed. 
Since it has been found that alkali halide 
beams from thermal sources contain a dis- 
sociated fraction, consisting of alkali and 
probably also of halogen atoms (3, 12, 131, 
fluxes of Cs and Cl are included. The en- 
ergy levels associated with all the reaction 
steps are shown in Fig. 1. 

3. EXPERIMENTAL 

The apparatus was almost identical to the 
one in Ref. (ZO). The Na oven was a simple 
two-chamber effusive oven, with a back 
temperature of 540-590 K. The front tem- 
perature was kept 40-60 K higher. The 
CsCl oven was mounted close to the stud- 
ied surface and was also of a two-chamber 

The emitting surface was a circular many- 
channel array with a diameter of 3 mm 
(collimated hole structure with pore diame- 
ter 50 km and length 3 mm; delivered by 
Brunswick Corporation, Chicago, Ill.). The 
oven was mounted at an angle of about 25” 
to the alkali beam. The CsCl was of high 
purity (Kawecki-Berylco Industries, Inc.) 
containing Rb (800 ppm), K (15 ppm), and 
Na (100 ppm) as the main impurities. Each 
oven had a beam flag. For dimensions and 
further details, see Fig. 2. 

The Pt (8% W) (here called PtW) surface 
was in ribbon form, 14 x 0.7 x 0.025 mm3 

D,, 

FIG. 1. Energy diagram giving the various energy 
cycles used in the reaction model N + MX + NX + 
M+ + eF-. Both the dissociation-recombination reac- 
tions and the exchange reactions on the surface may 
contain activation barriers. 
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(obtained from Sigmund Cohn Company, 
Mount Vernon, N.Y. as alloy No. 479). The 
ribbon was dc heated and held at 60-90 V 
with respect to ground. The surrounding 
ion collector was connected to an electrom- 
eter at ground potential. In the collector, 
openings were made to allow the beams to 
reach one side of the ribbon, as shown in 
Fig. 2. The CsCl beam flux covered a 6-mm 
height of the ribbon, while the central 4-mm 
part was also covered by the Na beam. 
Three different ribbons have been used in 
the six experimental runs in this paper, the 
first in runs 1 and 3, the second in run 2, and 
the third in runs 4-6. A beam flag could 
intercept either of the two beams or both. 

The ribbon temperature was determined 
in the same way as in Ref. (9). Thus, 
nonpyrometric temperatures in the range 
1 HO-830 K were calculated from the heat- 
ing currents. 

Before and after each experimental run, 
the surface was treated with oxygen, admit- 
ted through a leak valve and a tube with its 
end inside the cooled shield, at a pressure 
of 10e4 Tot-r for 10-100 min in the detector 
chamber (1 Torr = 133 Pa). The tempera- 
ture of the surface was lOOO- 1100 K, which 
is suitable for removal of carbon from the 
surface (24, 15). This gave an electron 
emission corresponding to an effective 
work function of 6 V. According to Wilf 
and Dawson (16), this treatment may give a 

FIG. 2. Cut through apparatus, top view. The dis- 
tance between the Na source and the surface is 440 
mm. The slits S, and Sz have the dimensions 6 X 3.5 
and 4 x 2.5 mm*, with the height given first. W: water- 
cooled shield around CsCl oven. S: CsCl source. L: 
liquid nitrogen-cooled shield around surface. C: col- 
lector for desorbing ions around the surface. 

quite stable oxide layer on the surface. 
After that the constancy of the beam fluxes 
was checked and their absolute values were 
measured during continuous oxygen inlet at 
5 x 10” Tot-r. That the ionization 
coefficients B for Na and CsCl on the oxy- 
genated surface were very close to unity 
was verified by the observed independence 
of the ion current on the heating current. 
The beam attenuation due to gas scattering 
was eliminated by turning the oxygen inlet 
off rapidly and taking the reading at the 
highest signal value, at l-5% above the 
value with gas on. 

The surface was carbon (graphite) cov- 
ered (9, 17) at a butane (uncorrected) pres- 
sure reading of 1 x low5 Torr at 1750 K, 
which gave an electron effective work func- 
tion of 4.47-4.60 V at 1500 K. Due to the 
disappearance of all metal peaks during 
such a treatment in Auger electron spec- 
troscopy measurements (IS), it is believed 
that at least a few layers of carbon cover 
the surface. The ion signal was then mea- 
sured, at a background pressure of 1 x 10v6 
Tort-, as a function of temperature, starting 
at high temperature for three different set- 
tings of the beam flags, viz., ( 1) only the 
CsCl beam on, (2) only the Na beam on, 
and (3) both beams on. The results are 
shown in Figs. 3 and 4 for two different 
runs. Checks of work function and beam 
flux constancy were made between the 
three sets of measurements. The effective 
work function from the surface ionization 
of Na and the total Na flux, in case (2) 
above, was found to be 4.54-4.61 V, not 
using the very low temperature region. The 
background current with the beam flux 
turned off was measured in connection with 
the signal current, and subsequently sub- 
tracted. Due to diffusion into the surface 
layer of the beam substances, great care 
had to be taken to measure the true steady- 
state values accurately, especially in the 
regions with slow signal response. Tempo- 
rary temperature decreases to increase the 
rate of diffusion into the surface or removal 
of the diffused densities at higher tempera- 
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1600 1400 1200 1000 900 T(K) entire Na flux may interact with the CsCl 
(A) ’ 0 on the surface. Thus, qF,, may be directly 

compared with the reactive signal AZ, 
which is necessary to obtain valid informa- 
tion on the usefulness of a “chemical” 
surface ionization molecular-beam detec- 
tor. Since FCsCl is much larger than FNa, the 
CsCl surface density is almost unchanged 
by the reaction and is practically the same 
in the two regions of the surface, with and 
without Na flux. Thus the possible long- 
range migration of Na atoms and CsCl 
molecules over the surface will not 
influence the results (cf. Ref. (2)). 

6.0 8.0 10.0 12.0 
l/T (dK-') 4. RESULTS 

FIG. 3. Experimental results with each beam on and The quantity 
with both beams on, INa+,-sc.r for run 3. The continuous 
curve in regions IV and V replaces closely spaced 

AZ = Zm+cscl - I,, - zcsc,, (4) 
measurement points. approximately equal to the true reactive 

current, has been plotted in Fig. 5. To 
ture were thus employed to reach the de- relate all fluxes and currents to the same 
sired steady-state conditions. area, the measured values ofZCsCl have been 

The two-beam method used in the experi- reduced by a factor of 3. The similarity of 
ments allows the reaction region to be well all the curves is striking, and the subdivi- 
defined. In this case, the CsCl beam covers sion of the curves in several rather well- 
a slightly larger part of the ribbon than the defined regions, I-V as in Figs. 3 and 4, is 
Na beam (6-mm height versus 4 mm). The 

TK 
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6.0 8.0 10.0 12.0 
VT (10°K') 

FIG. 4. Same as Fig. 3 but for run 5. 

FIG. 5. AI = INa+csC, - I,, - IcS,.., for the six runs. 
AZ is an approximate measure of the amount of 
reaction. To the right, the Na beam fluxes in current 
units, qF,,, are plotted. The heavy continuous curve 
for run 3 replaces closely spaced measurement points. 
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TABLE 2 

Reaction Parameters yi Defined in Terms of Rate Constants from Table 1 and in 
Terms of Final Fit Parameters e, and Ii 

~1 = (kc, + kcs+Wc,/kr~ 

~2 = (ha + k,a+Vc,h 

~3 = hdkcsc, 

~4 = y~kdhac, 

~5 = (km + kNa+)kcsc,lke, 

~a = (kc, + kcs+%w,h 

1, = km - d, 

1, = bva, - dz 

1, = LM + h-b - el 

= ~1 expKe(@ - I,,) - Dcsc, - INkTl 
= l 2 expK-&ac, - M/W 
= l l% exPKe(@ - I,,) - D,,,,)/kTl 
= w4 ev[-&dkTl 
= l s exp[-l,/kT] 
= QS expK-4 - Dcsa + DNacI + e(@ - I,,)VkTl 
p = a/(1 + a) 
a = 4 exp[e(@ - I)/kT] 

Note. All parameters yr have the dimension m-‘s-l. OL and p are the degree of 
surface ionization and ionization coefficient. 

easily made. However, note that run 3 and 
possibly also run 1 show only one slope in 
the plots, while the other runs show two 
distinctly different slopes. 

A steady-state solution of the rate equa- 
tions describing the set of reactions in Ta- 
ble 1 gives the Cs+ flux density leaving the 
surface as a function of several parameters, 
given in Table 2 (19). The fourth-order 
equation in its+ has been solved using the 
subroutine ZANLYT from the JMSL li- 
brary. For a full comparison with experi- 
mental data, 

z = ziia+csa - INa (5) 

has been used. The comparison between 
theory and the experimental data uses only 
the two runs 3 and 5, since most data exist 
for these two runs and since they are ex- 
tremes regarding the beam intensity ratio 
FNa/FCsC1 (Table 3). No further information 

seems to exist in the other runs. Both Zcscl 
and I, Eq. (5), have been used to find the 
parameter values. The best-fit parameter 
values are collected in Table 4, while the 
fits are shown in Figs. 6-8. 

The flux densities required are found 
from the absolute fluxes measured, using 
the reaction area Yin Table 4. FCsCl and FNa 
are known, while F,, and F,, are more 
difficult to deduce directly from the experi- 
ments. This point will be discussed else- 
where (12). 

All dimers in the beams are assumed to 
dissociate on the surface. All beam parti- 
cles, possibly excluding Cl, are likely to 
stick to the surface with an accommodation 
coefficient close to unity. 

The three dissociation parameters II, el, 
and l 3 have been found from three-parame- 
ter fits to Zcscl, which usually has been 
measured to higher temperatures than I. 

TABLE 3 

Experimental Quantities for the Six Absolute Runs 

Run @cm 
no. (A) 

qFra 
(4 

FdF,,, 

1 8.7 x 10-e 2.3 x lo-+ 1.73 x 10-D 0.25 2.0 x lo-‘6 2.6 x lo+ 
2 1.6 x lo-’ 1.96 x 10-s 1.89 x lo+’ 0.04 3.1 x 10-16 1.2 x lo-* 
3 2.3 x lo-’ 1.90 x lo-‘0 1.85 x lo-lo 0.03 4.4 x lo-” 8.3 x 10-a 
4 6.7 x lo-* 2.2 x lo-‘0 1.89 x 10-r” 0.14 1.5 x to-17 3.3 x 10-a 
5 1.5 x 10-a 3.3 x 10-10 2.82 x lo-‘0 0.17 5.1 x 10-18 2.3 x lo+ 
6 1.15 x lo-’ 3.7 x lo-‘0 3.00 x lo-‘0 0.19 4.3 x 10-I’ 3.2 x 1OV 
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80 9.0 100 110 120 
VT (lo*K’l 

FIG. 6. Best fit to run 3, with parameter values given 
in Table 4. 

Further data will be given in a forthcoming 
article (12). In the fits to I, these three 
parameters are only changed slightly to 
improve the fits in region I, as shown in 
Table 4. This is easily possible, since they 
do not influence the results in the other 
regions. Parameters l q and l 6 do not 
influence the fits and have been put equal to 
e3 and l 5, respectively. e6 is important in run 
5, fit B. Further, l 2 and I, interact strongly. 
Thus, effectively only three parameters re- 
main to$t the reactive data in regions II- 
IV, namely l 5, 1, and Ed (or 1,). As may be 
seen from the fits to run 5, the remaining 
functional form cannot describe all experi- 
mental results, even if the beam fluxes also 
are varied in the final stages. The three 
available parameters influence the com- 
puted curves very differently (Fig. 9), and 

FIG. 7. Best fit to run 5, fit A. The set of parameter 
values is given in Table 4. 

FIG. 8. Same as Fig. 7, but for fit B. 

they are thus reliably determined in the 
procedure. 

In run 5, which has the shape with two 
slopes (regions II and III), no possibility 
has been found to fit the data even with the 
combined model in Table 1. However, by 
the use of two different sets of l 5, e& and 15, 
one set for regions I and II (run 5, fit A), 
and the second set for regions I, III, and IV 
(run 5, fit B), a good fit of the results has 
been found. Observe that most of the other 
parameters change only slightly between 
runs 3 and 5. Such a constancy in the 
parameters exists also for other runs. 

The low-temperature plateau, region IV, 
is 3-25% lower than qF,, for all runs (see 
Table 3). This is easily reproduced by de- 
creasing e6 so that y6 5 y5 (cf. Fig. 9). 

If the parameter y1 is very small and yz 
very large (see Table 2), the limiting case 
with only exchange reaction is reached. In 
regions II-IV, a quite good fit is still found, 
which means that most product is formed 
by the exchange reaction. If instead the 
parameters y5 and y6 are increased 
strongly, the exchange reaction path disap- 
pears. In this case the product signal below 
region I increases very slowly with decreas- 
ing temperature, and no large reaction 
probability is found. Thus, the exchange 
reaction is the dominating path. 

The solution of the complete reaction set 
(Table 2) for icS+ has been checked by 
comparison with the corresponding solu- 
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TABLE 4 

Values of Constants, Fluxes, and Parameters used in the Fits in Figs. 6-8 

Run 3 Run 5, fit A Run 5, fit B 

@cm (4 
@‘~a (4 
@‘a (4 
@a (4 
1, (ev) 
4 (ev) 
1, (eV) 
cl (mm2 s-l) 
et (m-2 s-l) 
% 
l 4 
co (me2 s-l) 
co (m-* s-l) 

2.33 x lo-’ 1.53 x 10-8 
1.90 x 10-10 3.30 x 10-10 
4.8 x lo-l2 5.8 x lo-l3 
4.0 x lo-‘* 5.4 x 10-w 

- 1.30 [- 1.301 - 1.30 
- 1.15” - 1.30” 

3.45 3.45 6.80 
9.0 x 1023 [9.0 x 10231 4.0 x 1021 
1.2 x 1029” 3.8 x 1W7” 
4.3 [4.3] 

(4.3) ,::i, 
5.0 x 1037 7.5 x 103’ 2.0 x 10% 

(5.0 x 101’) (7.5 x 1037) 8.0 x 1053 

Note. The values in parentheses do not influence the fits very much. Values in brackets are 
from three-parameter fits to Zcscl (12). Constants: ‘I+,,+. = 4.55 V; Zc, = 3.87 V; Z&c1 = 4.61 eV; 
D NaCl = 4.23 eV; Y = 2.8 x lo-” m2. 

(1 Interaction between I2 and l 2. Smaller /Z,l gives larger E*. 

1500 13001200 1100 1000 900 T(K) 

lo"- 

1d2- 

1;ta 6.0 ZO 8.0 

l/T (dK-') 

FIG. 9. Changes in some parameters for run 3. Curve 
1: best fit, values in Table 4. Curve 2: eI = 1.2 X 102s 
m-* s-l. Curve 3: l , = 1.2 x lp m-* s-l. Curve 4: Is = 
3.55 eV. Curve 5: I, = 3.35 eV. Curve 6: c. = 5.0 x 10” 
m-I s-l. Other parameters are as in curve 1. The effect 
of changes in II and tl is very similar. 

tion of the case with no exchange reaction. 
In that case a third-degree equation for i,,+ 
is valid. The agreement at high temperature 
is good. Furthermore, the solution in the 
case with only the exchange reaction agrees 
well with the combined reaction case in the 
low-temperature region. 

5. DISCUSSION 

5.1. Some Experimental Characteristics 

1. The low-temperature plateau, region 
IV, corresponds to almost-complete con- 
version of Na to desorbing Cs+. That the 
reaction probability is slightly smaller than 
unity may have at least three causes (be- 
sides unnoticed drifts, etc.): (a) the exis- 
tence of the reverse exchange reaction Cs 
+ NaCl, which can be taken into account to 
improve the fits in region IV, as noted 
above, (b) the flux of Cl, which exists in the 
CsCl beam, and (c) a decrease in the work 
function due to Na coverage, such that PCS 
decreases. None of the three possible 
causes can be rejected, even though possi- 
bility (a) appears most important. 

2. The strong temperature variation of 
the signal in region II depends on the large 
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value of/, = Zcsc, + I,, - e,, i.e., on the fact 
that the sum of the desorption energies of 
the reactants is much larger than the activa- 
tion barrier for the surface exchange reac- 
tion. In the case of K + RbCl(3, 4), I, = 3.8 
eV was found, which is close to 3.45 eV 
found here. 

3. The dependence of the signal in region 
II on the beam fluxes in Figs. 5 and 10 
indicates first-order reactions for Na and 
CsCl. The variation in product flux is al- 
most two orders of magnitude. It is appar- 
ent that the surface coverage is very small 
at the temperature used for Fig. 10. 

4. The low-temperature signal drop in 
region V is due to increased surface cover- 
age, mainly by Na, in this region. The 
coverage probably does not approach one 
monolayer until the signal drops down very 
far. A change eA@ = 0.68 eV in the system 
Na on Ni (20) was reported for 0.05 < 0 < 
0.15 of a monolayer. Such a large change in 
work function is found only at the lowest- 
temperature point of Z in run 1 in Fig. 5. 

5. The rise of the Cs+ signal in region I is 
due to increased dissociation of CsCl on the 
surface. This is seen directly in Figs. 3 and 
4 and is confirmed by the fits of the model 
with F,, = 0 to the data Zcscl (Table 4). 
Further details will be given in Ref. (12). 

6. Virtually no reaction Na + CsCl + Cs 

r- 

1 

II 

12 

FIG. 10. Product signal AZ at 950 K, as a function of 
the product of beam fluxes. The line is not fitted but 
drawn to give a linear relationship, I 0: Fcscl x FNa. 

+ NaCl takes place in the beam intersec- 
tion in front of the surface. Such a reaction 
should give a temperature-independent cur- 
rent of Cs+ from the surface, which if it 
exists must be I 1O-4 x FNa as seen in Fig. 
5. Thus, the reaction could be said to be 
surface catalyzed. 

5.2. Region ZZZ 

In Fig. 5 a few systematic variations can 
be identified concerning the approximately 
6%eV slope in region III in all runs except 
run 3: 

1. The correlation between FNa/FCsC, and 
the size of region III, such that a low value 
of this quantity is found in cases with small 
region III. 

2. The variation of the location of the 
apparent break point between regions II 
and III in Fig. 5 with Na beam flux. For a 
small flux the break point moves to a lower 
temperature. Thus, the product flux in re- 
gion III does not depend linearly on F,, X 
F CSCl. 

3. The variation of the temperature at the 
maximum in the curves with Na beam flux. 
This means that the different curves cross 
each other in regions III and IV. 

4. Further, a slow approach to steady 
state of ZNa+cscl has sometimes been ob- 
served in region II. 

A direct interpretation of the very large 
values of Z5, l 5, and e6 in fit B, run 5 (Table 
4), in terms of the model used successfully 
for run 3 is not possible. This is due to the 
resulting large values of Zcscl, I,, , A,-,,-, , and 
A NL3? which are believed to be nonphysical. 
The possibilities studied to explain this odd 
behaviour include surface changes, work 
function changes due to surface coverage, 
island formation of Na, and other reaction 
paths like Cl + Cl + Cl, or CsCl + Cl + Cs 
+ Cl,. However, none of these agrees well 
with the experiments. 

In recent work on alkali desorption from 
carbon-covered platinum in our laboratory, 
several new features have been identified. 
The desorption process appears to be very 
complex. Some information has been pub- 
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lished (22), but several puzzles remain. 
Thus a detailed interpretation of region III 
is not yet possible, but the following dy- 
namic picture is consistent with the experi- 
mental results. 

It may be assumed that the Na atoms 
have at least two possible adsorbed states 
on the surface, one recessed (localized) or 
otherwise less reactive, and another migrat- 
ing, with a smaller desorption energy (22). 
At low coverage an equilibrium distribution 
exists, but with increasing coverage at low 
temperature the nonreactive state becomes 
filled and the migratory-state population 
increases more rapidly than could result 
from the desorption rate changes. Thus, the 
reaction rate Na + CsCl increases rapidly 
towards lower temperature. 

This mechanism is consistent with the Na 
flux correlations in 1, 2, and 3 above. In the 
case of point 3, the CsCl density plays a 
minor role, since the signal increases with 
decreasing temperature up to AI = qF,, 
just before the signal starts to drop down 
due to Na surface coverage. 

The postulated less reactive state of Na 
may be at grain boundaries, or may be at 
the centre of the carbon rings. The desorp- 
tion from these locations is characterized 
by a large preexponential factor and de- 
sorption energy due to the large number of 
bonds to the surface involved (22, 23). This 
has been experimentally verified (21, 24) at 
low surface density. 

The slow approach to equilibrium in re- 
gion II may be tentatively explained as 
follows. The diffusion to and from the inte- 
rior of the graphite may go via the localized 
state. At low coverage, equilibrium with 
the Na atom density inside the surface must 
be reached before the reactive signal stabi- 
lizes, while at high coverage the regions 
below the entrance points in the surface are 
already saturated and no slow process is 
observed. 

5.3. Values of Surface Rate Parameters 

If the relevant desorption rate parame- 
ters were known, surface reaction rate pa- 

rameters could be determined from the 
best-fit values yi and li in Table 4. Due to 
the complicated and still incompletely un- 
derstood desorption processes from the 
carbon surface (3, 12, 21), only a prelimi- 
nary discussion is possible here. Work on 
these problems is in progress in our labora- 
tory, and refined treatments will be possible 
later. 

The dominant parameters describing the 
reaction are l r, and I,. The value eg = 5 x 
103’-8 x 103’ mm2 s-l gives Ael, the preex- 
ponential for the reaction Na + CsCl + Cs 
+ NaCl, approximately equal to 2 x lo-’ 
m2 s-l, ifAcscl = 1Ol3 s-l and A,, = lo’* s-l 
are assumed. The last value is the measured 
preexponential value for alkali atom de- 
sorption at low coverage (21) which may be 
too large to apply here. The value used for 
Acscl is the normal value for a migratory 
adsorption state. The resulting value for A,, 
is only slightly smaller than the maximum 
collision theory value for bimolecular reac- 
tions on a surface, viz., = 5 x lo-’ m2 s-l. 
If ANa is slightly smaller than 1018 s-l, the 
value found for Ael will also decrease, 
which probably is more realistic. 

The value of 1, = 3.45 eV gives lcScl - e, 
= 0.55 eV if a reasonable value of 2.9 eV is 
used for INa. This value for I,, is slightly 
larger than the one found on many metal 
surfaces (IO), 2.7 eV. It may be assumed 
that e, is small as in the corresponding gas- 
phase reaction (25), and thus that lCsCl = 0.6 
eV is valid. Combining this with the value 
of I1 = - 1.30 eV gives d, = 1.9 eV on the 
surface. This is considerably smaller than 
the gas-phase value 4.61 eV for CsCl (26). 

The value for lCsCl = 0.6 eV found here is 
lower than the heat of sublimation, 2.0 eV, 
and the dissociation energy for the dimer 
Cs,Cl,, equal to 1.6 eV (26, 27). The values 
of 1 1 found for CsCl on Ir (111) covered by 
single-layer carbon by Zandberg et al. (28)) 
- 1.05 eV, and on graphite by Zandberg and 
Paleev (29), -(0.8-1.0) eV, are probably 
too small in an absolute sense since the 
recombination reaction and the atom flux in 
the beam have not been included in the 
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analysis, as will be further discussed in 
Ref. (12). 

The values of e3 and eq are expected from 
transition-state theory (30) to be somewhat 
larger than unity, which agrees with the 
values in Table 4. They have usually been 
put equal to unity in interpretations of 
experiments (28, 29). 

The values of l 1 and l Z found in the fits 
are more difIicult to interpret. It should be 
noted that e1 is found from the high-temper- 
ature part and only describes the amount of 
dissociation. Thus, its value is not depen- 
dent on the choice of reaction model. 

Rate parameters for the surface reactions 
derived from the fits are thus in agreement 
with general theoretical expectations. Un- 
fortunately, there are as yet no directly 
measured experimental values for compari- 
son. It is expected that such values will be 
generated in kinetic experiments in pro- 
gress in our laboratory. 

6. CONCLUSIONS 

In a steady-state surface reaction experi- 
ment of the type described here, it is possi- 
ble to distinguish between different reaction 
paths on the surface. In this case, the direct 
exchange reaction Na + CsCl + NaCl + 
Cs+ + eF- is shown to dominate over a 
reaction path proceeding via dissociation- 
recombination steps CsCl G Cs + Cl and 
Na + Cl & NaCl to the same end result. 
Such a distinction is usually difficult to 
reach even in modulated beam experi- 
ments, where direct kinetic information is 
available. By combination of kinetic de- 
sorption parameters and the absolute 
values of the parameters from the steady- 
state experiment, rate parameters for the 
surface reactions will be obtained. Due to 
the complicated desorption processes on 
the carbon-covered surface, this is, how- 
ever, not yet possible. Desorption experi- 
ments with various techniques are in pro- 
gress in our laboratory. 

The very strong temperature dependence 
at low surface temperature in several of the 
experimental curves indicates a complica- 

tion of the simple exchange reaction at 
large Na surface densities. A tentative 
model assumes filling of a localized Na 
adsorption state with increasing coverage 
and a simultaneously increasing occupation 
of a migrating state. 

A dissociated fraction of 2 x 1OF of the 
CsCl beam complicates the interpretation 
of the experiments. This type of nonequili- 
brium dissociation has been reported previ- 
ously by one of us (j), and will be further 
discussed elsewhere ( 12). 

The approach of the reaction probability 
to a value close to unity at low temperature 
shows that a “reactive” absolute surface 
ionization molecular-beam detector is feasi- 
ble. Such a detector would retain the good 
selectivity of the ordinary surface ioniza- 
tion detector while broadening the range of 
atoms detected and measured absolutely. 

APPENDIX: EQUILIBRIUM CONSIDERATIONS 

The possibility of near equilibrium in 
some reactions on the surface is of interest. 
One possible reaction is Na + CsCl G Cs + 
NaCl. The requirement of equilibrium is 
that the flux in all other steps involving Na, 
CsCl, Cs, and NaCl should be much smaller 
than the flux in both directions of the ex- 
change reaction. At 800 K in run 3, yS is 
equal to 4 x 10eg A which is much larger 
than i,, . Thus, from Table 2, LcS,-, + LelnNa 
is valid and no equilibrium exists even in 
this case of unit reaction probability for Na. 
In the case of the reactions Cs + Cl @ CsCl 
with F,, = 0, equilibrium could exist. How- 
ever, the desorption of CsCl is much too 
rapid to maintain equilibrium, which is 
found from y3/y1 = lidl/liCsC, in Table 2. In 
run 3, this is equal to 3 x 10e8 at 800 K and 
3 x lop4 at 1600 K. 
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