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The ionization potential of CO has been measured using resonantly enhanced multiphoton ionization (REMPI) mass spec- 
troscopy. The result, IP(C0) = 113031.3 k 2.2 cm-‘, is corrected for field ionization effects by zero field extrapolation and it is 
in close agreement with results from classical absorption spectroscopy. 

1. Introduction 

The development of high power lasers in the vis- 
ible as well as in the ultraviolet region has made pos- 
sible high-precision measurements of molecular ion- 
ization potentials (IPs) through multiphoton 
excitation via a selected intermediate resonant state. 
The most common way of measuring IPs, i.e. ex- 
trapolations of Rydberg series from absorption spec- 
troscopy, may give accurate results if high n states 
are obtainable. However, this technique, like all 
methods involving one-photon excitation, yield 
complex spectra with additional discrete structures 
arising from Rydberg series converging to higher 
limits than the ground state of the ion. Thus, the 
spectral pattern in the vicinity of the IP might be very 
complicated and the IP might be hard to extract in- 
dependently if photons, photoions or photoelectrons 
are detected. 

The primary advantages of resonantly enhanced 
multiphoton ionization (REMPI) spectroscopy are 
that narrow band width and a high detection sensi- 
tivity are combined with excitations restricted to va- 
lence electrons. Thus, the REMPI spectra are essen- 
tially free from autoionization features as long as the 
ionization starts from a resonant state v=O and the 
probability for autoionization is small. 

Levels just below the IP may easily be subjected to 
a field ionization since an electric field F causes a 
suppression NZ of the IP according to 

AE (cm-‘)=aJm. (1) 

Since the constant a is in the range 4.8-6 for most 
small molecules (cf. eq. (4) below) this effect has to 
be considered in all precision measurements of IPs. 

In cases where the Rydberg series converging to 
the ground state are particularly simple, REMPI 
spectroscopy combined with detection of photoelec- 
trons or photoions created by delayed field ioniza- 
tion may give IPs with insurpassable accuracy. Thus, 
for instance, measurements of this kind of the np 
Rydberg series in Hz up to n = 88 are published and 
extrapolation gives IP (HZ) with an error of + 0.0 12 
cm-’ [ 1,2]. 

However, this approach is not feasible for most 
molecules where the spectral pattern is complicated 
due to a manifold of overlapping Rydberg series. The 
detection of photoelectrons or photoions close to the 
IP is a more general approach provided that field 
ionization effects are considered. Since the focussing 
and detection of charged particles frequently in- 
cludes electric fields of a few V/cm or more, this 
causes considerable uncertainty in the determina- 
tions of IPs in view of relation ( 1). An obvious way 
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to correct for field ionization is to change the applied crystal to achieve the third harmonic. The visible ra- 
electric field in the ionization region and extrapolate diation (A.,,) was achieved by a similar system where 
to F=O according to eq. ( 1). Using zero field ex- a dye laser operating on coumarin 500 was pumped 
trapolation, REMPI photoelectron or mass spec- by a frequency tripled Nd : YAG laser. The two laser 
troscopy may give IPs with an accuracy of + 1 cm- * systems were synchronized by trigging both of them 
or better. When photoelectrons are detected, this is from a Stanford Research System model 535 digital 
most frequently done using the ZEKE (zero kinetic delay generator. The UV and visible beams were 
energy) technique, this has the advantage that a line spatially overlapped using a dichroic mirror. Typical 
structure is obtained above the IP and not only a step pulse energies were 5 mJ for the UV and 20 mJ for 
function (cf. ref. [ 31). the visible dye laser. 

We have recently completed a series of studies of 
photoionization of i2C0 and “CO using the Swed- 
ish synchrotron MAX in Lund. Hereby, we have ob- 
served some strange features in the isotopic mass 
spectra close to the threshold which throw some 
doubts on published values of the IP of CO. As seen 
from table 1 IP(C0) = 113029 cm- ’ is obtained in 
the classical way from extrapolation of Rydberg se- 
ries [ 45) or 113026 cm-’ is obtained from rota- 
tional analysis of the u’ = 1, n = 8-10 s-f Rydberg 
states from REMPI mass spectroscopy [ 6 1. To per- 
form another independent determination we de- 
cided to move our ion detection equipment from the 
MAX laboratory to the Laser Center in Lund and 
perform a direct measurement of IP( CO) using 
REMPI mass spectroscopy. 

2. Experimental 

The experimental apparatus is presented in fig. 1. 
To generate the UV radiation (A,,) a dye laser 
(Continuum ND 60) operating on DCM dye was 
pumped by a frequency-doubled Nd: YAG laser 
(Continuum NY 82). The output from the dye laser 
was tirst frequency doubled in a KDP crystal and then 
mixed with the fundamental frequency in a BBO 

The light was sent to the experimental chamber 
through a UV grade quartz window and focussed 15 
mm from the entrance of a quadrupole mass spec- 
trometer (QMS, VG SXP300). The light beam 
crossed an effusive gas jet at a right angle. The CO 
target gas used was of spectroscopic purity (Alfax 
99.94O/o) and the background pressure in the cham- 
ber was 10s6 Torr when the jet was operating. Ion- 
ized molecules were pushed towards the grounded 
entrance of the QMS by an electrostatic field (3.41 
V/cm) applied to an electrostatic mirror M and sub- 
sequently mass selected through the QMS RF filter 
and detected by a channeltron. In spite of the short 
pulse duration ( 10 ns, 10 Hz) no effect of pile-up 
was detected. This was checked by changing the tar- 
get pressure, by changing the channeltron voltage and 
the QMS voltages. The drift time of the ions through 
the QMS was 30-100 ps which assured a good tem- 
poral splitting of incoming ions. The signal pulses 
were amplified by a fast preamplifier (Ortec VT120) 
and counted in a 100 MHz counter (Ortec 996) and 
stored in the computer. The same computer con- 
trolled the position of the scanning laser. 
lute calibration of the wavelength of the 
performed with a wavemeter (Burleigh) 
curacy better than 0.1 cm-‘. 

An abso- 
laser was 
to an ao 

Table 1 
The ionization potential of CO measured using various techniques 

Technique 

absorption spectroscopy, extrapol. of Rydberg series 
absorption spectroscopy, extrapol. of Rydberg series 
resonant multiphoton spectroscopy via the A and B 

states, analysis of Rydberg states above the IP 
resonant multiphoton spectroscopy via the E state, 

direct measurement of the IP threshold 

Ref. 

141 
161 

I61 

this work 

IP (cm-‘) 

113029f30 
113029+2 

113026+3 

113031.322.2 
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Fig. 1. The present experimental arrangement for REMPI mass spectroscopy. The two Nd:YAG lasers pump the dye lasers yielding UV 
photons lW (via doubling/triplet) and visible photons &+, respectively. The two laser beams are united and focussed by a lens on an 
efTusive jet of CO gas in the vacuum chamber. The formed CO+ ions are repelled by the electrostatic mirror M into the quadrupole mass 
spectrometer (QMS). 

3. Results and discussion 

In the present REMPI measurements the E ‘II (3prc 
Rydberg) state (~0) in CO has been used as in- 
termediate resonant state (fig. 2). This state is ex- 
cited from the CO ground state using the UV pho- 
tons, &v. The obtained population of the E ‘II state 
is monitored by running the laser at a high power 
where CO+ ions are formed by a third photon luv 
and detected by the QMS. A part of the resulting E- 
X spectrum produced in this way is displayed in fig. 
3. Rotational components for all the expected 0, P, 
Q, R and S branches are well resolved at a high sig- 
nal/noise ratio and it is straightforward to keep luv 
constant at a particular line and proceed to the vi- 
cinity of the ionization threshold by adding a visible 
photon &. Examples of CO+ ion spectra produced 
in this way (i.e. by three photon excitation 
2&+Atis) are shown in fig. 4. These spectra are re- 
corded at a considerably reduced laser power in or- 
der to lower the background of CO+ ions produced 
by three UV photons. The six different ion spectra 
in fig. 4 originate from different J’ rotational levels 
of the E’II (~0) state S=l(+), 2(-), 3(+), 
4(-), 5(+) and 6(-). This distinction may be 
made since the selection rules for two-photon exci- 
tation show that the 0, Q and S branches terminate 

on the e LI level of the E ‘II state while the P and R 
branches terminate on the f level (cf. ref. [ 7 ] ) . Thus, 
by choosing different E-X transitions not only the 
rotational level J’ but also one of its A doubling com- 
ponents may be selected. These considerations may 
be taken into account in interpreting the different 
shapes of the curves in fig. 4. 

A general trend in fig. 4 is that the onset of CO+ 
ion formation becomes smoother with increasing S . 
This trend is understandable since the ionization 
process will favour transitions E iII-+X*Z+ with 
small values of Ahr=N’ -N” although the emitted 
electron may in principle pick up any angular mo- 
mentum. Thus, an ionization process starting from 
a higher level N’ = S will less likely lead to the N” = 0 
CO+ ground state level than an ionization starting 
from N’ = 1. However, the consistency of the IP re- 
sults derived from all the J’ = l-6 curves (table 2) 
shows that the N” = 0 level is reached in all cases. This 
is somewhat contradictory to the propensity rules 
derived in ref. [ 81, i.e. AN= + 1, f 3 starting from 
the e LI components and AN=O, f 2 starting from 
the f components. Thus, the present results show that 
these propensity rules do not hold very strictly. 

From the threshold wavelengths es derived from 
fig. 4, the ionization potential of CO is obtained from 
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Fig. 2. Pump scheme for creating CO+ ground state ions with 
three-photon excitation (2&+A& via the E ‘II state or CO+ 
ions in upper excited states with three UV photons ( 3Aw). E 
state rotational levels of different parity may be selected in the 
two-photon excitation process since the 0, Q and S branches and 
P and R branches of the E-X system terminates on e and f A 
doubling levels, respectively. 

(2) 

where the rotational energy AZ& of the initial CO 
ground state level is calculated from the known ro- 
tational constants [IO]. The individual results for 
the different E IfI resonant levels J’ are shown in ta- 

ble 2. If these results are weighted inversely propor- 
tionally to their individual errors, the final average 
result is 

IP(CO)=l13021f2.0cm-‘. (3) 

This result is not corrected for field ionization ef- 
fects and we now have to consider the influence of 
the electrostatic field in the ionization region from 
the mirror M which is used for pulling the ions into 
the QMS (see fig. 1). During all the runs presented 

u 

215.20 
h(nm) 

215.30 

Fig. 3. The E ‘II-X ‘Z system in CO recorded using the system 
displayed in fig. 1 and the pump scheme of fig. 2. The numbers 
denote N= J of the CO ground state. From a similar two-photon 
excited E-X spectrum [ 71 the rotational constant 8; was de- 
rived from the 0 and S branches and it was found to be different 
from Bg as derived from the P and R branches indicated a per- 
turbation by the nearby C ‘Z+ state. 

in table 2, this field was kept constant at F= 3.41 V/ 
cm, but in a separate run on the threshold & mea- 
sured on the R( 1) transition the field was lowered 
to F= 1.69 V/cm. We find that the reduction of F 
increases l/AZ, from 20086.0f 1.2 cm-’ to 
20088.9 + 1.2 cm-‘. If these 1 /A$ values are plotted 
versus @ according to eq. ( 1 ), a straight line join- 
ing the two experimental points has a slope corre- 
sponding to 

AF (cm-‘)=(5.4+0.6)Jm. (4) 

This measured value of the constant a in eq. ( 1) lies 
in the expected range for small molecules and, for 
instance, a(H,)=6 [lo], a(NO)=5.4 [11], 
a ( N2 ) = 4.8 [ 12 1. Extrapolation of (4 ) to zero field 
shows that the measured values at F=3.41 V/cm 
should be increased by 

AF=lOf 1 cm-‘, (5) 

which added to (3) gives the final IP of CO cor- 
rected for field ionization effects: 

IP(CO)=113031.3f2.2cm-1. (6) 

This result is in close agreement with the value 
113029 f 2 [ 5 ] obtained from absorption spectros- 
copy, while the recent result from the REMPI in- 
vestigation [ 61 gives a somewhat lower value. Since 
the latter measurements also involve detection of 
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Fig. 4. REMPI mass spectra of CO in the vicinity of the first ionization potential produced using the pump scheme of fg. 2. The wave- 
length region (496-500 nm) is the same in all six cases. Note that the onset gets gradually sharper for lower Jpump levels in view of the 
propensity rules for AN in the ionization process. 

Table 2 
The ionization potential of CO measured from various levels of 
J’ of the CO E ‘II state 

E-X 
trans. 

J Parity IP (cm-‘) 

P(2) 
P(3) 
R(1) 

P(4) 
R(3) 

P(6) 
R(5) 

1 + 113020.3fl.O 
2 113022.0f 2.0 
2 113020.8* 1.2 
3 + 113019.4f2.0 
4 113025.0+4.0 
5 + 113024.0f4.0 
6 113023.0 + 5.0 

ions, the neglect of correction for field ionization ef- 
fects might explain this lower value. 

4. Conclusions 

The ionization potential of CO seems to be well 
established with an accuracy of about 20 ppm. This 
accuracy could be further increased in the present 
measurements if better counting statistics could be 
achieved in recording the mass spectra. One way of 
increasing the intensity would be to let the W laser 

and the visible laser beam be focussed by separate 
lenses into the collision region. Hereby a better fo- 
cussing is obtained as compared to the presently used 
single lens which has a different focus for luv and 

&ii,. 
In conclusion, the present measurements on CO 

indicate that REMPI mass spectroscopy offers a gen- 
eral technique for measuring ionization potentials 
with an accuracy comparable to other state-of-the-art 
techniques such as ZEKE photoelectron spectroscopy. 
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