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The radiative lifetimes of NO+ (X IL+, a= 1,2 and 3) have been measured in a new Fourier transform ion cyclotron resonance 
(FT/ICR) apparatus using the monitor ion technique. Resonance-enhanced multiphoton ionization (REMPI) via the C’H Ryd- 
berg state of NO was used to prepare vibrationally state-selected NO+ (X, u). Photoelectron spectroscopy experiments indicate 
v=? was formed with greater than 97% purity and U= 3 with greater than 91% purity, consistent with literature values of Miller 
and Compton which indicate good vibrational selection for v=O and v= 1, The radiative lifetimes of the NO+ (X) u= 1, 2 and 3 
vibrational states were measured to be 90, 32 and 16 ms. respectively. Comparison is made with theory and other experiments 
where available. 

1. Introduction 

The natural radiative lifetime of a quantum state 
is one of its most important properties, affecting such 
diverse fields as plasma chemistry, energy transfer 
and storage, relaxation phenomena in ionized and 
shocked atmospheres, s&&-selected chemistry, and 
basic chemical synthesis in interstellar clouds. Con- 
sequently substantial effort, both experimental and 
theoretical, has gone into developing methods for 
obtaining radiative lifetimes [ 11. 

For stable, simple, neutral molecules the proce- 
dure usually entails either measurement of time-re- 
solved fluorescence (electronic states with lop6 to 
10eg s lifetimes) or absolute absorption cross sec- 
tions (usually vibrational states with 10e3 to 1 s life- 
times). For many of the most interesting systems, 
however, such measurements are extremely difficult 
or impossible to make. These include most radicals 
and ions as well as other unusual or high energy spe- 
cies. The reasons for this are simple; these systems 
cannot be easily prepared in abundance and are usu- 
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ally extremely reactive and thus cannot be simply ac- 
cumulated or stored. Yet these species are precisely 
those that are most often involved in important pro- 
cesses such as the chemistry in laser cavities [ 21, the 
interstellar medium [3], and chemical energy 
storage. 

The theoretical Einstein A coefficients (i.e. the ra- 
diative lifetimes) for the lowest lying vibrational 
states of the ground electronic state of NO+ have 
been calculated by Werner and Rosmus [ 41 and Bil- 
lingsley [ 51. The absorption technique has been used 
by Bien [ 61 and the chemical reaction or “monitor 
ion” technique by Heninger et al. [ 7 ] in measuring 
these coefficients. In this paper we describe a new 
technique for measuring radiative lifetimes for sim- 
ple ions and apply it to the NO+ (X, v) system. Com- 
parisons will be made with theory and experiment 
where possible. 

2. Experimental 

A detailed account of the principles of the FT/ICR 
technique can be found elsewhere [ 81. The details of 
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the specific ICR spectrometer used in our studies are 
given elsewhere [ 91. Only a brief summary is given 
here. A simplified schematic of the main vacuum 
chamber of our apparatus is shown in fig. 1. The top- 
most section is equipped with two Newport pulsed 
valves and is pumped by a 550 Q/s turbomolecular 
pump. The valves were equipped with a 0.5 mm di- 
ameter nozzle and typical NO backing pressures were 
approximately 1 atm. The lower, main chamber is 
pumped by a 1500 !?/s turbomolecular pump. The 
chambers are connected by two skimmers, each with 
a 1.3 mm diameter hole. Under typical conditions, 
with one pulsed valve operating, pressure in the 
pulsed valve chamber is maintained at 6 x 10m6 Torr 
or less to minimize collisions between the molecular 
beam and background gas before the molecular beam 
goes through the skimmer. The pressure in the main 
chamber is maintained at a background pressure of 
2x IO-’ Torr or less for better detection efficiency 
with the FT detection technique, and to minimize 
collisional deactivation of the state-selected ions in 
the ICR cell. An IonSpec electronics console is used 
for the FT detection. An electromagnet is used at 0.4 
T. The direction of the magnetic field is perpendic- 
ular to the nozzle beam and the laser beam directions. 

Resonance-enhanced multiphoton ionization is 
used to create vibrationally state-selected NO+ ions. 
High purity of these states is essential. Photoelectron 
spectra of NO+( X, V) for v=O and 1, produced via 
2 + 1 REMPI through the C ‘rI state of NO, have been 
obtained by Miller and Compton [ 10 1. Their study 
indicates that this technique produces NO+(X) in 

Pulsed Valves 

\ 

To Laser 

TO Pump 

Fig. 1. Schematic of the Ff/ICR spectrometer vacuum chamber. 

the v=O and v= 1 states with greater than 90% pu- 
rity. We have investigated the v=2 and v=3 states 
using a similar method. Our study was performed 
using the time-of-flight photoelectron energy ana- 
lyzer described by Allendorf et al. [ 111. The angle- 
integrated vibrational branching ratios measured in- 
dicate that 2 + 1 REhlPI through the NO( C, u) states 
produces NO+ (X, v=2) with greater than 97% pu- 
rity and NO+ (X, v= 3) with greater than 91% purity 
(see fig. 2). Hence, as compared to electron impact 
methods which create a wide range of internal ener- 
gies, multiphoton ionization is the technique of 
choice for production of state-selected NO+ (X, v). 

The NO molecules are cooled by expansion through 
the nozzle. Analysis of the excitation spectra for L’= 3 
of NO+ indicates the ions have a rotational tem- 
perature of about 20 K [9], with only the first few 
rotational levels populated. 

The NO+ excited state population is monitored by 
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Fig. 2.2 + I resonant multiphoton ionization photoelectron spec- 
tra for formation ofNO*(X ‘Z+, V) via NO(C ‘II, v). In (a) the 
v= 2 state of NO(C) is accessed and in (b) the v=3 state of 
NO(C) is accessed. The spectra shown are for a laser polariza- 
tion of 0” with respect to the electron tlight path to the detector. 
AngIeaveragingyields>97%v=Zin(a)and>91%~v=3in(b). 
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the charge transfer product from a neutral “monitor 
gas”, chosen to react with NO+(v) but not with 
NO+(t)- 1). For NO+( v=3), this monitor gas is 
CS2. The pertinent reactions are 

NO+(X,v=3)+CS,-+CS;+NO, (la) 

NO+(X, v=O, 1,2) +CS,*CS: SNO. (lb) 

Reaction (lb) is endothermic and immeasurably 
slow far NO+(X, v=O, 1, 2). For u=2 we see no 
CS$ product signal indicating a rate constant less 
than 1 x lo-” cm3/s. Reaction (la) is exothermic 
with a rate constant of = 1 x 10Tg cm3/s. Details will 
be presented elsewhere [ 12 1. 

The experimental pulse sequence for lifetime mea- 
surements is shown in fig. 3. After application of a 
quench pulse to remove unwanted ions from the cell, 
the first pulsed valve is fired and NO gas is injected 
into the IRC cell. This pulse has a well-defined beam 
width of 100 us, and is intercepted at the center of 
cell by a 35 ns long pulsed laser beam, forming the 
vibrationally state-selected ion of interest. Since the 
molecular beam is only about 100 us long [ 91, the 
loss of NO+ due to collisional deactivation is esti- 
mated to be less than 2%. This estimate assumes a 

peak “pressure” in the NO beam of 2x lo-’ Torr 
and a deactivation rate constant of 5 x 10 - ‘O cm’/s 
[ 12 1. (The pressure estimate is made by comparing 
signal levels from the pulsed valve and from a con- 
tinuous flow method of introducing NO gas into the 
ICR cell. ) The second valve is pulsed after a variable 
delay time to allow NO+ (X, v) variable relaxation 
time before reacting with the monitor gas, in this case 
CS2. This second valve is open for a substantially 
longer time than the first to increase the CSI con- 
centration in the ICR cell and thus enhance the 
CS: monitor ion signal. A reaction time of 35 ms is 
achieved by applying the detect pulse 35 ms after the 
second pulsed valve is tired. This reaction time was 
chosen based upon typical operating pressures and 
the rate of reaction of CS2 with NO+( X, u=3). 

The CS: appearance signal is described by [ 91 

[~~~l,=~[NOf(~=3)l,=oexp(-~~l~,), (2) 
where td is the delay time between the laser and the 
second pulsed valve and 7” the radiative lifetime of 
the ion state of interest. The scaling constant A de- 
pends on the CS, pressure during the 35 ms reaction 
time as well as the CSJNO+(v=3) reaction rate. 
Rearrangement of (2) yields 

k QUENCH 

+‘I VALVE1 (NO) 

+~1 LASER 

Variable Delay 
(5-100 ms) ) 

VALVE 2 (Monitor Gas) 

j> ACQUIRE SIGNAL 

-> TrME(ms) 0 680 

Fig 3. The experimental pulse sequence used in the radiative lifetime measurements. The transient is not drawn to scale; typical acqui- 
sition width ~0.8 ms. 
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ln([CS:],/[NO+(u=3)],=,)=-t,/T,+constant. 

(3) 

The term [N0+(~=3)],=, can be written 

[NO+(v=3)],=,= [NO+(v=3)], 

+[NO+(v=2, l,O)]l+[CS:]l. 

Since the FT detection system cannot distinguish be- 
tween NO+ ( ZJ) and NO+ (u’ ), the detected NO+ sig- 
nal is actually the sum of these two terms. Hence, 

= - td/5, + constant (4) 

A plot of the left-hand side of eq. (4) versus delay 
time yields a straight line of slope - 1 /z,. The value 
of the constant may vary slightly from day to day de- 
pending on operating conditions; however, this will 
not affect the lifetime measurement since the slope 
does not change. 

The monitor gas used for both v= 1 and v= 2 was 
CHJ. This was possible because the charge transfer 
rate constant for the reaction 

NO+(~)+CH31+CHjI+tN0 (5) 

was two orders of magnitude faster for v= 2 than for 
v= 1. This important and surprising result will be 
discussed further in a subsequent publication [ 131. 

3. Results 

Fig. 4 shows results for the lifetimes of the u= 1, 
2 and 3 states of NO+ (X), displayed in the form of 
eq. (4). Contributions from higher-lying vibrational 
states can be ignored; in the worst case, NO+ state 
selection is greater than 91% pure, as indicated by 
the photoelectron studies. The slopes of the best fit 
lines indicate that the lifetimes of the NO+ (X) u= 1, 
2 and 3 states are 90 + 5, 312 2 and 16 ? 1 ms, re- 
spectively. Taking into account possible mass dis- 
crimination in the FT-ICR detector and possible col- 
lisional vibrational quenching from NO background 
gas, these uncertainties rise to 90+ 10, 31:: and 
16:: ms. Each experiment was repeated a minimum 

(a) NO+(X,V = 1) -NO+% = 0) + hv 
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Fig. 4. Typical plots used to determine the radiative lifetime of 
NO+(X,u).v=lisshownin(a),v=2in(b),andv=3isshown 
in (c). The slope yields - 1 /TV where 5, is the radiative lifetime 
of the vibrational state of interest. In (a) and (b) CH,I is the 
monitor gas while in (c) CSI is the monitor gas. 

of three times with the precision falling well within 
the error limits quoted. 
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4. Discussion 

The vibrational relaxation of NO+ (u> 1) in neu- 
tral collisions has been studied by Federer et al. [ 121 
and Morris et al. [ 141. The most effective back- 
ground gas for collisionally quenching NO+ (u) is NO 
[ 121. The maximum background pressure of NO in 
our system is less than 2 x 1 O-’ Torr, and it is prob- 
ably substantially less than that. Under these con- 
ditions less than 2.3% of the state-selected NO+ (u) 
ions would undergo quenching collision with NO 
[ 121 (and substantially less for any other molecule 
[ 121) at the maximum delay time. As mentioned, 
this effect has been accounted for in the uncertainty. 

Table 1 compiles our experimental results along 
with those of Heninger et al. [ 71. Also included are 
the lifetimes of NO+ (X, u= 1,2 and 3) as calculated 
by Werner and Rosmus [ 41 and Billingsley [ 5 1. Ex- 
cellent agreement exists between both experimental 
results and the calculation of Werner and Rosmus 
for the v= 1 lifetime. 

The agreement between experimental results for 
v=2 is not quite as good, however. The likely ex- 
planation for the difference between our result and 
that of Heninger et al. lies in the difference in ex- 
perimental techniques. To produce NO+ (v) ions, 
Heninger et al. use z I5 eV electron impact on ro- 
tationally thermal NO. In our experiments, NO+ (u) 
is formed by multiphoton ionization on rotationally 
cool NO ( ~20 K). The wide range of vibrational 
states (v= 0 to 6) produced by electron impact con- 
tributes uncertainty to the source of Heninger’s 
monitor ion signal. For example, Heninger et al. em- 
ploy CHJ and NOz to monitor the NO+ u= 1 and 
v= 2 populations, respectively. Both charge transfer 

Table 1 
Radiative lifetimes (ms) for NO+ (X ‘C+, v= I, 2, 3) 

L’ Experiment Theory 

this work ref. [7] ref. [4] ‘) ref. [ 51 

I 90* 10 95t15 91 73 
2 31:; 465 10 48 37 
3 16’7 33 24 b’ 

a) Stated uncertainty in ab initio calculations z 20%. 
b, Calculated from the linear fit of Billingsley’s electric dipole 

moment function. 

reactions are assumed to be fast, since both are ex- 
othermic. However, as previously discussed, our 
studies indicate that NO+ (v= 1) reacts almost 100 
times slower with CH,I than does the v=2 state. 
Further, reaction of NO* with NO+ (v=2) is too slow 
to be detected with our apparatus (c 1 X lo-*’ 
cm3/s) [ 131. The added rotational energy in the 
electron impact generated NO+(v) ions may con- 
tribute to the appearance of the monitor ion from a 
lower vibrational state than is seen in our experi- 
ment, although this seems unlikely. If these effects 
are considered, then the apparent lifetime of 
NO+( u=2) obtained by Heninger et al. would be 
larger than our result, as is the case. It is also ap- 
parent that our lifetime for v=2 is smaller than that 
predicted by theory. The discrepancy appears to be 
larger than the cumulative uncertainties in the two 
results. The discrepancy is even more apparent for 
v= 3, as discussed next. 

Our resulr for the v= 3 lifetime, 16 ms, is a factor 
of two smaller than the value predicted by the ab in- 
itio calculations of Werner and Rosmus. Our result 
is in somewhat better agreement with Billingsley, al- 
though his calculation is not as sophisticated as that 
of Werner and Rosmus. The difference in the two ab 
initio calculations comes mainly from the difference 
in the slopes of the calculated electric dipole mo- 
ment functions, which depend heavily on the basis 
set chosen. 

At this point it is not clear why our measurements 
are in disagreement with the calculation of Werner 
and Rosmus. Several checks were made on the ex- 
perimental data. First, for NO+ (X, u= 3) there is up 
to 9% NO+(X, v=4) initially formed by the laser. 
Inclusion of 9% NO+(X, v=4) into the analysis 
raises the lifetime we determine for NO+ (X, v= 3) 
by 1 ms to 17 ms. In the analysis we assumed 
~,,=~=0.57~=~ and that the v=4 ions react on every 
collision with CS,, to form CS:. 

We also obtained an estimate of 7”= 3 by using CHJ 
as the monitor gas. The data are shown in fig. 5. In 
this case the analysis is complex. Both NO’ (X, v= 2 ) 
and NO+ (X, v= 3) react with CHJ near the colli- 
sion limit. From the knowledge of these rate con- 
stants and the radiative lifetime TV=*= 31 ms, we ob- 
tain a value z,,~= 10 -t 7 ms. The rather large error 
arises from the uncertainties of the quantities needed 
to extract ~~~~ from the kinetic analysis. While we do 
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NO+(X,v = 3) -NO+ (X,v = 2) t hv 
I 

L NO+ (X,v = 1) + hv 

9 
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Delay Time (ms) 

Fig. 5. Plot used to estimate the radiative lifetime of NO* (X, 
v= 3) using CH,l as the monitor gas. A rather complex set of 
kinetics is needed to extract rUz3 from this graph (see text). 

not consider this number accurate, it is certainly 
consistent with the more accurate value of 
?“= 16:: ms reported in table I. 

The only potential source of significant error in 
our measurement is in detector discrimination. Ac- 
curate relative intensities of NO’ and the monitor 
ion ( CHJf or CS: ) are needed to establish the ab- 
scissas in the plots used to obtain the radiative life- 
times (fig. 4). Known mixtures of these gases were 
introduced into the ICR cell and ionized by 70 eV 
electron impact. The resulting ratios measured were 
within 20% of those expected from the ionization 
cross sections of the gases. The tuning of the instru- 
ment in these calibration measurements was iden- 
tical to that used when actual data was taken. In re- 
porting the uncertainties of the measurements in table 
I we assumed possible discrimination of 1 OO%, a full 
five times that which we measured. Even a discrim- 
ination of 1000% only raises the value of T”=~ to 25 
ms. While we feel discrimination of 100% is on the 
outer reaches of possibility, a discrimination of 
1000% is totally out of the question. 

The experiment we do is so straightforward there 
are not many possible sources for error. The only ab- 
solute measurement made is of the vibrational pop- 
ulations formed in the REMPI experiment, and those 
results seem completely unambiguous. It appears that 
the discrepancy between experiment and theory is at 
present unexplained, and further work needs to be 
done to narrow the gap for this important system. 

In summary, we have developed a technique to 
form vibrationally state-selected ions in an ICR ion 
trap in the absence of background gas. This method 
allows the study of such properties as radiative life- 
times and state-selected chemical reactivity. The 
current work demonstrates that with choice of a suit- 
able monitor gas, the lifetimes of the v= 1, 2 and 3 
states of NO+ (X) were determined to be 90, 3 1 and 
16 ms, respectively. Work is currently in progress to 
locate suitable monitor gases for still higher vibra- 
tional states of NO+(X). 
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