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METASTABLE PEAKS IN'THE MASS SPECTRA OF N2 AND NO 

AmosS. Newton and A. F. Sciamanna 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94720 

October 1, 1968 

ABSTRACT 

Metastable ions dissociating by unimolecular transitions have been 

* * observed in the mass spectra of N2 and NO at (M/q) = 7.00 and (M/q) = 8.53 

respectively. + + In N2 the transition of N2 to N is shovm to occur from a 

state with an AP of 24.9±0.3 eV. The kinetic energy release is 0.55±0.10 eV 

hence the dissociation is to the limit N+ (3p ) + N( 4S ) at 24.30 eV. In NO . 0 

the dissociation is to the limit 0+(4S ) + N(4S ) at 20.101 eV. The observed 
o 0 

AP and kinetic energy release are 20.2±0.2 and 0.04±0.02 eV respectively. 

Possible mechanisms of metastable dissociation by tunneling or predissociation 

are suggested. 
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I. INTRODUCTION 

The investigation of metastable peaks in the mass spectra of small 

molecules is of interest because the' quasi-equilibrium theory of mass spectra 

cannot be expected to apply to'such molecules. Further, the energetic,char-

acteristics of such peaks can be of considerable aid in defining some levels 

on the potential energy surfaces of the ionic states of these molecules. 

Such levels may be unobserved or difficult to define by the usual techniques 

of molecular spectroscopy. A recent'example which while involving an ion 

molecule reaction rather than a metastable ion, illustrates the point, is the 

formation of N 3+ from excited states of N2 + which are metastable with respect 

to radiation to lower states. From the ionization-efficiency curves of 

Curranl and Cermak and Hermann,2 Gilmore3 was able to place the v = 0 levels 

4 + 4 + ' . 
of the Land 6 states of N2 at 21.04 and 21.9 eV respectlvely. u u ' 

Several investigators have made stUdies of collision-induced dissocia

tions of N
2

+ ions,4,5,6 but no reports of the occurrence of unimolecular 

dissociations of N
2

+ or NO+ have been made. We have been unable to locate any 

previous observation of a metastable peak in the mass spectrum of any' singly 

charged diatomic molecule ion.' Kupriyanov7 reported a unimolecular dissocia

tion of CO+2 into C+ and 0+ with a half-life between 2 and 400 ~sec. This 

transition was ascribed to a tunneling mechanism. Harris 4 concluded that 

states of diatomic molecules which can dissociate unimolecularly with an 

observable half-life are nonexistent. However Dibeler and Rosenstock 8 observed 

a delayed unimolecular dissociation of the diatomic ion HS+ into the fragments 

+ Hand S. These results show there is no theoretical prohibition to the 

existence of excited states of diatomic ions which are long lived with respect 
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to fragmentation. The only criteria are that (1) th~ state be one that can 

be excited from the ground state molecule by electron impact, and (2) the 

rate determining step for depopulating the state by either radiation, cross-

. -7 -5 
overs, or fragmentation be of half-life behreen approximately 10 and 10 sec. 

In the work presented here it is shown that metastable peaks arising 

by unimolecular processes appear in the mass spectra of both N2 and NO. The 

energetics of formation of these peaks as well as of some normal peaks in the 

mass spectra of these compounds have been studied. 

II. EXPERIMENTAL 

This work was performed on a Consolidated Electrodynamics Corporation 

Model 21-l03B mass spectrometer. Considerable modifications to improve the 

electronic capability and vacuum capability of this instrument have been des-

"b d "1 9,10,11 crl e prevlous y. In the present work the amplifier sensitivity was 

increased to a value of 1 )( 10-16 amp/chart division with a noise level of 

-16 about 1 )( 10 amp. A 1. 5 mm collector slit was used which further increases 

by a factor of 2 the sensitivity for broad metastable peaks, i.e., those with 

ion beamwidth wider than the collector slit. The total increase in sensitivity 

over that of the recording system supplied with the instrument is about a 

factor of 130 for normal peaks and as much as 260 for metastable peaks. Slow 

scan speeds were used to insure saturation currents owing to the long (~20 sec) 

time constant of the recording system. 

The 50 megohm multiple decade potential divid.er used in the metastable 

suppressor circuit to vary the ion retarding potential at the collector9 was 

calibrated and trimmed to an accuracy of ±0.01% throughout its range. The 
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, + 
scale was calibrated against the metastable suppressor cutoff curve for N2 

ions. 

Ionization-efficiency curves were run by mechanically driving a ten 

turn potentiometric control of the ionizing voltage in tandem with a matched 

potentiometer in an auxiliary voltage source operating at ground potential. 

In this way the ionizing voltage could be recorded on the X-axis of an X-Y 

recorder (Hewlett-Packard Mosely Division Model 7001A) without floating the 

recorder at high potential. The peak intensity was recorded on the Y~axis. 

The N2 used was obtained several years ago from Dr. A. Maimoni of the 

University of California Department of Chemical Engineering. It was purified by 

exhaustive fractional distillation and no impurities were detectable in this 

gas at the 10 ppm level. The NO gas was obtained from the Matheson Company 

and was purified by removing N2 and N02' the principle impurities, by several 

passages of the gas through -160° traps and condensation of the gas in a liquid 

N2 trap while pumping on the system. The N02 content was <10 ppm in the 

purified gas but the detectability limits of N2 are greater owing to a CO 

background which is formed when NO is introduced into the instrument. The N2 

content was «0.1%. The NO gas exhibited a vapor pressure of 83±1 ~ at 77°K. 

This compares to a value of 95 ~ obtained by extrapolation of data from higher 

pressures and temperatures. 

All studies on metastable peaks were done with the focus slit poten-

tials adjusted to maximiz'e the particular peak under study. Under such con

di tions the normal peaks are decreas ed somewhat in intensity. 10 
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III. EXPERIMENTAL RESULTS 

The mass spectrum of N in the mass region M/q = 6 to M/q = 8 is 
2 

++ 
shown in Fig. 1 at ionizing electron energies above and below the AP of N 

and also with and without the application of a retarding pptential at the 

collector (metastable suppressor voltage, V ) of 55% of the accelerating 
J mss . 

voltage, VA' The broad peak at (M/q) * = 7 is clearly from the fragmentation 

+ + of N2 to N after acceleration as N2 
+ In Fig. 2 is shown the mass spectrum 

of NO in the range of M/q = 6 to M1q = 9. Metastable peaks occur near the 

* * apparent masses (M/q) = 6.53 and (M/q) = 8.53 calculated for dissociation 

+ + + . . + 
of NO into Nand 0 respectively after acceleration as NO . 

In Fig. 3 the dependence of peak sensitivity with pressure in the 

* inlet system is shown. The (M/q) = 6.53 peak from NO shows a zero intercept 

of sensitivity at zero pressure hence arises entirely from a collision-induced 

transition. 

+ ( ) + NO colI. 7 N + 0; * (M/q) = 6.53 (1) 

* Both the (M/q) = 7 peak in N2 (at ionizing electron energies below 

++ * the AP of N ) and the (M/q) = 8.53 peak in NO have non-zero intercepts and 

there can be no doubt that in the pressure range studied the major portion of 

the peak arises from unimolecular processes, though there is a collision-

induced contribution to each of these peaks. In NO the slope of the sensitivity 

line in absolute units of increase with pressure is about equal for the 

* * (M/q) = 6.53 and (M/q) = 8.53 peaks suggesting the cross sections for 

collision-induced fragI':'entation by the two modes tobe approximately equal. 
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At higher electron energies of 125 eV, the sensitivity of the M/q = 7 peak 

++ 
(N ) in both NO and N2 was independent of pressure from 25 to 300 \l inlet 

pressure. 

The data in Fig. 3 for the two peaks in NO were obtained on the same 

day and in the same set of experiments. It is to be noted that the slope of 

these lines is sensitive to pumping speed in the system and the accelerating 

voltage. Peak sensitivity data obtained at a lower accelerating voltage and 

after replacing a heater on the source vacuum pump showed a collision-induced 

* contribution to the (M/q) = 8.53 peak of approximately half that shown in 

Fig. 3. It was also noted that NO, having a low vapor pressure of 0.083 torr 

. -6 
at liquid N2 temperature, while not condensed at pressures of ~10 torr, is 

held up in the system. After an experiment·at an inlet pressure of 200 \l, an 

unusually long pumping time is required befor.e an experiment at an inlet 

pressure of 50 \l can be performed with results consistent with results of an 

initial 50 \l experiment (i.e., one performed in a system pumped overnight). 

Careful measurement of the apparent masses at which these peaks appear 

have shown the maxima of the peaks to be at 7. OO±O. 02 and 8. 54±0. 02 amu 

respectively. These peaks.were shown to be linear with ionizing current from 

10 to 77 \lAmps, hence the secondary processes occurring in an ion-trapped 

, 6 
source as used by Daly are not observed under the ion-'source conditions pre-

vailing in these experiments. The use of repeller fields of 40 to 100 V/cm 

(average potential on the repellers set at 0.~1115 VA) is apparently sufficient 

to reduce ion trapping to a negligible factor. 
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The illlimolecular processes can be written: 

* (M/qJ = 7.00 

* (M/q) = 8.53 

It is conceivable that reactions 2 and 3 could proceed by a mech-

anism of surface induced dissociation at the last slit of the ion-source. 

This possibility was checked by the methods described previously.ll Scanning 

the beam of parent ions across the last slit by varying the inner focus plate 

potential was shown previously to give a double humped curve for a surface 

induced transition and a single peak for a unimolecular transition; the result 

for N2 and NO showed only a single peak at each of various levels of the focus 

potential, hence the result showed no evidence of any significant contribution 

of surface-induced transition. The use of an added wide slit beyond the last 

normal ion-source slit and operation with the normal last slit at potentials 

* as high as 0.05 VA was shown to shift (M/q) , for the product ions of surface 

induced transitions at the last slit. In NO and N2 no such shifts were dis

cernable beyond the small shift due to the change in focusing characteristics 

11 of the ion source when a divergent lens system is employed. We thus conclude 

that there is no more than a minor contribution (if any) of surface-induced 

transitions to these peaks (for N
2

, vide infra). 

Appearance potentials and ionization-efficiency curves were determined 

for these metastable peaks, as well as for several other peaks in the mass 

spectra of N2 and NO. These are shown in Table I. The appearance potentials 

of doubly charged ions were determined by extrapolating the square root of 
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13 
the peak intensity plotted against .electron energy. Doubly charged ions of 

a noble gas were used as a comparison standard, using the same extrapolation 

method. Spectroscopic values of the ionization potentials of the noble gases 

14 
were used. All gave excellent straight l~ne extrapolations of several volts 

length except for N++ from N
2

, where there was a possible state of lower AP. 

The transition probability to this state, if it exists, is extremely low. 

Interference of the metastable peak and the collision-induced peak at M/q = 7 

++ 
in the determination of the AP of N was eliminated by use of the metastable 

suppressor at a value equal to 0.55 VA' which removed these peaks from the 

mass spectrum. Cuthbert, Farrow, and Rao,15 and Daly and Powell,6 apparently 

observed this low transition probability state at AP' s of 54. 2±0. 5 and "near" 
I 

55 eV respectively . 
. . ++ 

The.value of 42.7±0.2 for the AP of N2 (measured with 

. , h d 14N15N), l'n 11 t t 't th t f D enrlC e . lS exce en agreemen Wl h e measuremen s 0 orman 

and Morrison
16 

and the theoretical calculation of Hurley.17 . 

The AP of the metastable peaks and the collision-induced components 

were made at several pressures. Representative curves are shown in Figs. 4 

+ * * and 5. In NO the AP curves of the metastable (NO) ,(M/q) = 8.53, were quite 

+ satisfactory in that a comparison with He gave the sameAP whether the 

initial break or linear extrapolation method was used. + * In (N
2

) the initial 

rise was considerably shorter than in He+ leading to values differing by 0.3 

to 0.5 eV depending on the extrapolation method used. The value 24.9±0.3 is 

the best value that can be derived from the data. The collision induced 

components appear at lower energies in each case and, owing to their low 

intensity in the experiments performed here, the AP's were not well defined. 
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* The curve for (M/q) = 6.53 in NO is that of a pure collision-induced component. 

* The difference in shape from that of (M/q) = 8.53 is pronounced. 

The shape of the overall ionization-efficiency curve is of interest 

since the shape has been used to define the type of state excited by an 

2 electron beam. In N
2

, where the metastable peak is broad, with an almost 

flat top extending from M/q = 6.8 to M/q = 7.2, the ionization-efficiency 

curve for the metastable peak can be separated from that ++ 
of N by measuring 

the curve at (M/q) * = 6.85 where N 
++ 

does not interfere as it does in Fig. 4. 

This has been done in Fig. 6. The top solid line is the observed excitation 

function from electron energies of 15 to 150 eV. In order to separate the 

* collision-induced process from theunimolecular process at (M/q) = 6.85, at 

various selected electron energies, pressure-peak sensitivity plots were made. 

Assuming the zero pressure intercept of these plots to represent the unimolecular 

process and the increase the collision-induced process, a smooth curve through 

the respective contributions at the selected electron energies was used to 

derive from the observed curve the independent unimolecular and collision

* induced excitation functions. At (M/q) =6.58, the tail on the metastable 

peak is almost completely collision-induced. The lower solid curve shows this 

excitation function normalized to about the same intensity as that derived 

* from (M/q) = 6.85. The agreement in shapes is satisfactory. 

At electron energies above 120 eV, a noticeable peak is observable 

* superimposed on the metastable peak at (M/ q) = 6.67. In Fig. 7 the metastable 

( ++ ). peak plus N at 7.00 is shown at an electron energy of 148.5 eV. The peak 

* at (M/q) = 6.67 is quite distinct. This peak was shown to be linear with 

pressure from 100 to 300 ).J inlet pressure, hence it is from a unimolecular or 

. '," 



-10- UCRL-18495 Rev 

pseudo-unimolecular process. The apparent mass of this peak was shifted with 

shift of the voltage level of the focus slits in the ion source and this shift 

is consistent with the peak arising from the surface-induced transition: 

s --> N++ + N ( 4) 

10 at the inner focus slit, S, of the ion source. In Fig. 8 the change in 

apparent mass as a function of change in voltage at the inner focus slit has 

been plotted. The solid line is calculated as described previously.10 The 

observed apparent masses fit the calculated line quite well and are consistent 

with the proposed mechanism. There is, however, a possible shift of "'0.03 amu 

in the mass scale of the observed points depending on whether the mass scale 

++. ++ 
at N (M/q = 7.00) is defined under normal focus conditions for N or under 

the focus conditions at which the surface-induced transition peak is maximized. 

This consideration is of importance only in deciding whether a kinetic energy 

loss occurs in the transition. The mass scale used in Fig. 8 is that defined 

++ 
by N at the best focus. This surface-induced transition has not been studied 

further. It does explain the apparent rise in Fig. 60f the fraction of 

* unimolecular component at (M/q) = 6.85 as derived, since there is apparently 

some spillover of the 6.67 peak into the measured intensities at 6.85 and 6.58 

respectively, resulting in an apparent increase of the unimolecular component 

* at (M/q) = 6.85 at high electron energies, and an apparent decrease in the 

derived collision-induced component. The lines drawn are therefore more 

realistic representations of the shape of these functions at electron energies 

greater than 100 eV. 
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* In Fig. 9 the observe'd excitation function for the (M/q) = 8.53 peak 

in NO is shown together with its resolution into unimolecular and collision-

induced components respectively. The same method was used as described above 

for N2 . In this case there are no known interferences. The collision-induced 

component is less in this ~xperiment than is indicated by Fig. 3, owing to 

both a change in pumping speed on the mass spectrometer analyzer tube in the 

time between the two experiments and the use of a lower VA in the experiments 

in Fig. 9 than was used in Fig. 3. 

The kinetic energy of fragmentation in the dissociation of these two 

compounds has been measured by the methods which have been described previously;9 

1) the width of the metastable suppressor cutoff curve, 2) the change in width 

of the metastable suppressor cutoff curve with accelerating voltage and 3) the 

change in. peak width with accelerating voltage. Not all methods were applied 

to both peaks. 

* In Fig. 10 the calculated kinetic energy associated with the (M/q) = 8.53 

* and (M/q) = 6.53 peaks in NO, as measured by the change in peakwidth with 

accelerating voltage, is plotted as a function of the peakheight at which the 

peakwidthwas measured. For the 8.53 peak the best line is a steep function of 

the height at which the peak is measured, and all that can be concluded is 

that the kinetic energy release is less than 0.1 eV. For comparison, the cor

* responding curve for (M/q) = 31.9 inn-butane is shown. For this transition 

in n-C 4HIO ' T is known to be 0.020±0.005 18 or 0.015±0.005 eV,12 these two 

values being in essential agreeme:Q.t. 'l'he slope is somewhat less in this case 

and the above value of T is given by the width measured at about 30% of the 

peakheight. Applying this criterion, the T for the metastable dissociation 
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of NO+ to 0++ N would be approximately 0.05 eV, and that for the collision-

* induced dissociation at (M/q) = 6.53 would be approximately 0.4 eV. 

* Metastable supprei:;sor cutoff curves for th~ (M/q) = 7.00 peak in N2 

*. 
at an ionizing electron energy of 44 eV and that of (M/q) = 8.53 in NO at an 

ionizing electron energy of 75 eV are shown in Fig. 11. Because of the nature 

of the cutoff of broad p~aks in which the low mass side of the peak is cut off 

first, the peak areas rather than peakheights are plotted as a measure of the 

peak cutoff. 9 The low value of T for the 8.53 peak in NO yields a sharp cut-

off and a correction is necessary since a normal peak such as M/q = 28 in N2 

has a finite width of cutoff, and this is increased somewhat over that 

observed with, usual mass spectrometer operation owing to the use of a .1.5 mm 

* collector slit. Therefore cutoff curves for M/q = 28 in N2 and (M/q) = 31.9 

in n-butane were prepared and the width of these cutoffs used to obtain a 

* correction factor for the width of the (M/q) = 8.53 cutoff. At VA = 1000 V, 

the width of the cutoff of M/q = 28 peak in N2 was l'IF = 0.0074, where l'IF is 

the change in the fraction of VA at the beginning and end of the cutoff 

* respectively. For (M/q) = 31:9 in n-butane, i:lF was 0.0151, which, when cor-

rected, yields a value of T = 0.019 eV for the transition. If the corresponding 

correction is applied to the cutoff of the 8.53 peak in NO, a value of 

T = 0.04 eV results. A value of T = 0.04±0.02 eV appears to be a reasonable 

description of our measurement of the kinetic energy release in the transition. 

* The. value of T for the transition leading to the (M/q) = 7 peak in N2 

has been calculated from the width of the metastable suppressor cutoff at each 

of two ion accelerating voltages, 2500 V and lobo V, and for the difference in 

cutoff width between the two voltages. The uncorrected values were 0.65, 0.64, 
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and 0.68 eV respectively. For.the difference, the effect of the cutoff width 

of a normal peak does not cancel since the ~F for cutoff is inversely propor-

1/2 . 
tional to VA for both normal and metastable peaks. rhe corrected values were. 

0.48, 0.47 and 0.50 eV respectively. There is a large effect on T from a 

small correction owing to the dependende of6F on Tl/2. There is no standard 

with which to compare the results and evaluate the validity of the correction 

for wide peaks. A value of T = 0.55±0.10 eV is therefore assigned as the 

value which best expresses this uncertainty of the data treatment. 

Measurements to determine the half lives of these peaks were not made. 

From the fact that the intensity of each is not a strong function of VA' as it 

is for the (M/q)* = 20.45 peak in N
2
0,9 one can conclude that the half lives 

are each >0.1 ~sec. Upper limits on the half lives are of the order of 10 ~sec. 

The intensity of these peaks is quite low. At electron energies at 

the maximum in the ionization-efficiency curve and with focusing for maximum 

intensity on the metastable peaks, the pattern factor of the unimolecular 

component of these peaks compared to the parent ions at 70 eV electron energy 

* and normal focus at VA = 1000 V are approximately 0.0015% for (M/q) = 7 in 

* N2 and 0.0006% for (M/q) =13.53 in NO. Since these peaks are considerably 

broader than normal peaks and with beamwidth at the collector wider than the 

sli t, the total yield, in the case of N2 at least, is several times the ob-

served intensity. 
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IV. DISCUSSION 

.By, cri teria normally applied' for the characterization of metastable 
I 

ion transitions; i.e., a component that is first order with respect to pres

* sure and ionizing electron current; the "broad peak at (M/q) = 7 in N2 and 

* the peak at (M/q) = 8.53 in NO are the result of unimolecular processes. 

In addition, tests for surface-induced transitions at the last ion-source' 

slit showed such surface reactions to be undetectable. Wnile a negative can 

never be proven, if the transition is surface~induced (on the analyzer tube, 

for example) it .iould represent a phenomena which we have not previously 

observed in the mas,s spectrometer used for this work. In contrast, the' 

* (M/q) = 6.53 peak in NO was definitely the result of a collision-induced 

transition with, at our sensitivity l~vel, no contribution from a unimolecular 

process. 

Further the shapes of the ionization efficiency curves for the uni-

molecular and tollision-induced processes were quite different, and had 

different appearance potentials in each of the respective metastable peaks. 

, + + 
\ole therefore conclude that metastable states of N2 and NO exist 

-6 which dissociate by unimolecular processes with a half life >0.1 x 10 second. 

This statement does not imply that the half life is unique, and a considerable 

range of half lives could be present and not so identified in the present 

experiments. Further, the values of~he kinetic energy release include some 

contribution (<\,10%) from collision-induced processes and also may not be 

unique energies even for the linimolecular component. The experiments reported 

here are incapable of resolving a mixture of kinetic energies which do not 

differ widely and which are not of near equal intensity. 
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Metastable transitions of such low intensity are observed in the 

present experiments because of two factors. First, by increasing the pumping 

speed on the analyzer tube, collision induced dissociations have been reduced 

to a level where they do not predominate in the spectrUm. In the present 

experiments, a pressure of 100 ~ of N2 in the inlet volume yielded a pressure 

of 1.5 x 10-6 torr in the analyzer tube near the ion source; near the collector 

-6 the pressure was 1.0 x 10 torr. Second, the increased sensitivity of de-

tection allowed peaks of low intensity. to be studied. There is also a pos-

sible advantage of using a Dempster type mass spectrometer in this type of 

work. In this instrument the distance of travel beyond the ion source in 

which dissociations lead to ions in collectable orbits is small ,11 while in a 

sector instrument it is the entire distance from the ion source to the magnet. 

Collision-induced dissociations occur uniformly over these respective dis-

tances in the two type instruments. For metastable transitions of short 

half life, the maximum transitions occur in the first few cm of travel beyond 

the ion source. Hence for metastables of t l / 2 < 1 j.Jsec the ratio of meta

stable to collision-induced trartsitions will be greater for Dempster type 

instruments than for sector type instruments. 

Metastable ions in the mass spectra of diatomic molecules might arise 

by several mechanisms. The simplest would be the excitation by electron 

impact to an excited state which radiates with a long lifetime (>10-7 sec) to 

a dissociative state. This process need not be considered in the present 

discussion since, for the metastable ions from both N2 and NO, the sum of 

the kinetic energy release and the dissociation limit. is equal to the AP. 
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A second possibility is dissociation by tunneling. Here the initial 

excitation is to bound levels of an excited state of the ion which are above 

the dissociation limit of the state but below the top of a weak barrier to 

dissociation. Tunneling through the barrier is possible. Calculations using 

19 . 
an approximate equation given by Kauzmann show that with the kinetic energy 

+ + t' release found for the met~stable dissociation of N2 and NO respec lvely and 

a barrier height of 1 eV in each case, barrier widths of 0.15 arid 0.25 1 
-7 -6 respectively result in half lives of the order of 10 and 10 sec. These 

+ '. 4 barriers are not unreasonable and in N2 ' tunnellng from the TIu state is 

possible if the barrier at large internuclear distances is somewhat higher 

3 . 4 
than suggested by Gilmore. . There is no evidence that the repulsive I; 

states in N
2

+ at the 24.30 eV·dissociation limit,20 or the 5I; state in NO+ at 

the 20.101 eV dissociation limit, have bound levels and barriers above the 

dissociation limit. Tunneling is thus a possible but not a very probable 

mechanism. 

A third possible mechanism is predissociation. Momigny21 and 

22 
McDowell have suggested predissociation to be the mechanism by which small 

molecules can form metastable ions. Fiquet-Fayard and Guyon23 have discussed 

the role of pre dissociation in the formation of metastable ions in the mass 

spectrum of H
2

S. + InN
2 

' the most prominent state which might be excited by a 

Franck-Condon transition at. an energy near 24.9 eV is the C 2I; + state. This 
u 

2 + state radiates to the X I; state by an allowed transition. Since the radia
g 

tion is in the vacuum UV, the lifetime of the C state must be <10-7 sec, hence 

this state can almost certainly be eliminated. Further, Carrol1
24 

in his in-

vestigation of the C-X band system reports no evidence of predissociation; 
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+ 2 2-
Other bound states in N2 in this energy region are 6 , I , and u u 

These radiate to the D 2rr state with radiation in the visible or red 
g 

may have radiative ·lifetimes of >10-7 sec. Each of these states can 

predissociate with the 4rr state and since the crossing is multiplicity for
u 

bidden, the lifetime can be of.the same order as the radiation lifetime. The 

half life observed for the metastable ions would be the partial half life 

determined by competition between radiation and predissociation. None of the 

above states are well enough defined3 to allow selection of the most probable 

state involved. 

+ In NO , predissociation would require a triplet state to be crossed 

by the 5I state very near the dissociation limit at 20.101 eV (a singlet-

quintet intersystem crossing would be much too slow). 25 Huber recently 

+ reviewed the excited states of NO . The higher triplet states are not well 

enough defined to designate a state which might be responsible for metastable 

ion formation. 

The characterization of electron impact induced transitions by the 

h f th " "t" ff"' 26,27". 1" b h "b"l"t s ape 0 e lon1za lon-e 1C1ency curve 1S comp 1cated y t e POSS1 1 1 Y 

of distortion of the shape by cascade processes from higher levels. The very 

* broad maximum in the excitation function of the (Miq) = B.53 from NO, shown 

in Fig. 9, is almost certainly due, at higher electron energies, to the cascade 

population of the state leading to metastable ions from higher electronic 
, 

states of the same multiplicity. The shape of the excitation function shown 

* in Fig. 6 for the excitation of (Miq) = 7 from N2 is quite similar to that 

found by ~ermak and Herman2 for exciting the 4~ + 
~u state of N2 at 21.2 eV 

(leading to N-,+). 'The maximtun in each case is about 20 eV above threshold 
.) 
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and the half width of each peak (at half height above the tail measured at 

150 eV) is approximately 40 eV. Cermak and Herman interpreted their curve 

as indicating an ionization process in which electron exchange occurred during 

the ionization. Reasoning on the same basis would suggest that. the initial 

* + excitation leading to (M!q) = 7.00 in N2 is to a quartet state of N2 . Such 

a conclusion is probably not justified however since the AP curve in Fig. 4, 

where some fine structure is indicated, shows a definite downward break at 

30.6 eV. This can be interpreted as the excitation of two states, the first 

of which is less intense and reaches a maximum within a few eV of threshold, 

and the second starting about 5 eV above threshold reaches a broad maximum at 

higher energies. Since our electron beam has an energy spread of at least 

2 eV using repeller potentials of 0.01115 VA' the excitation function is not 

well enough defined to evaluate this possibility. 

The initial portions of the excitation functions shown in Figs. 4 and 

5 resemble the curves 'of Zapesochnyi and Kisk0
28 

for the electron impact 

+ excitation of the first negative bands of N2 

and the curves of Zapesochnyi and Skubenich29 

2 + (excitation to B ~ state) 
u 

+ 
for the Meinel bands of N2 

(excitation to A 2n state). They do not resemble the excitation function of 
u 

an optically forbidden state, C 3n , (second positive bands)29,30 which peaks 
u 

within a very few volts of threshold. We conclude that the observed excita-

tion functions are consistent with excitation to optically allowed states, 

. + + 
i.e., to a doublet state of N2 and a triplet state of NO. Each curve does 

however exhibit a sharp initial rise followed by a downward break only a few 

eV above threshold, so this conclusion is uncertain and may be subject to 

modification when an excitation function is 'determined in which fine struc-

ture can be observed. 
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Table I. Appearance potentials of some ions in the mass spectra of N2 and NO. 

Ion 

Ion 

'++ o 

(M/q) 

7.00(uni)a 

7.00(cOll)b 

(M/q) 

8.53(uni) 

$.53(coll) 

6.53(coll) 

7.00 

8.00 

15.0 

AP 

24.9±0.3 

18 ±l 
c 

58.6+0 . 3 
-2.0 

42.7±0.2 

AP 

20.2±0.2 

17 ±l 

16 ±l 

57.6±1.0 

62.2±1.0 

38.3±0.5 

NO 

Breaks 

30.6±0.5 

22 

43.5±0.3 

Breaks 

25.4±0.5 

66 

67 

aUnimolecular component of metastable peak. 

bCollision-induced component of metastable peak. 

Std. 

+ 
He 

+ 
He 

++ Ne 

Ar++ 

Std. 

+ 
He 

++ Ne 

++ Ar 

Lit. d 

54.2±0.5(15) , 

'\,55(6) 

43.5±0.3(13) 

42.7±0.1(16) 

44.2±1(15) 

42.7 calc. (17) 

Lit. d 

39.8±0.3(13) 

38.10 calc. (17) 

c 
A lower state may exist to ivhich there is a low transmission probability. 

dReferences cited give earlier values where they exist. 
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FIGURE CAPTIONS 

Fig. 1. Mass spectrum of N2 in the mass range M/q ; 6 to M/q = 8 with ionizing 

electron energies at M/q = 7 of 84 and 44 eV respectively. Inlet pres~ 

sure = 100 ].1; MVA = 17500. Focus adjusted for maximum intensity on meta

stable peak. A) normal operation, B) with retarding potential at 

coliector equal to 0.55 VA' 

Fig. 2. Mass spectrum of NO in the mas's range M/ q =6 to M/ q = 9. Inlet 

pressure = 200 ].1; MVA = 10000; Ve = (62 + 0.00558 VA) eV; Ie = 38.5 ].1A. 

* Focus to maximize peak at (M/q) = 8.53. 

* Fig. 3. Linearity of peak intensity with pressure for (M/q) = 8.53 and 

* * (M/q) = 6.53 in NO and (M/q) = 7.00 in N2 . 

Conditions: 

N2 : VA = 2500 V, V = 44 eV; e 

NO, (M/q) * = 6.53: VA = 3484 V, V = 72.5 eV; e 

NO, (M/q) * = 8.53: VA = 2670 V, V = 68 eV. 
e 

Fig. 4. * + Ionization-efficiency curve of (M/q) = 7.00 in N2 with He as a 

calibrating standard. Electron energy scale corrected to initial break 

. + In He curve. Conditions: inlet pressure = 300 ].1 N
2

; VA = 1500 V; 

* I = 37.5 ].1A; focus to maximize (M/q) = 7 at electron energy = 48 eV; 
e 

* * Fig. 5. Ionization-efficiency curves for (M/q) = 8.53 and (M/q) = 6.53 peaks 

in NO compared to He+. Electron energy scale corrected to agree with the 

linear extrapolation of He+ curve at 24.6 eV. Zero's of curves have been 

shifted for clarity of presentation. VA = 1500 V; inlet pressure = 200 ].1; 

I = 37.5 \lA. 
e 
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* Fig. 6. Ionization-efficiency curves of broad peak at (M/q) = 7 in N2 . 

* * Solid curves are experimental at (M/q) = 6.85 and (M/q) = 6.58 respec-

tively. Open circles are derived for the unimolecular components at 

*. 
(M/q) = 6.85 and dots are derived for the collision-induced component at 

* * (M/q) = 6.85. Level of the observed ion intensity at (M/q) = 6.58 peak 

was normalized to an approximate fit of the derived curve of the collision-

induced component by adjusting the sensitivity in the recording system. 

Voltage scale is corrected to ±2 eV. 
++ . . 

N . was shown to be completely 

* absent at (M/q) = 6.85. 

Fig. 7. Mass spectrum of N2 in mass range 6 to 8 at an ionizing electron 

energy of 148.5 eV. MVA = 10275; inlet pressure = 200 ].1; Ie = 38 ].1A. 

* (M/q) = 6.67 arises from the 

at the ion source focus slit. 

. .. N ++ surface 1nducedtrans1t1on 2 

. 15 ++ 
Peak at M/q = 7.5 1S N . 

§ N++ + N 

Fig. 8. Shift in apparent mass of the. peak at a nominal mass 6.67 in the mass 

spectrum of N2 with change in potential on the focus electrodes. Points 

experimental, line calculated for the surface induced transition 

++ S ++ 
N2 ~ N + N at the inner focus electrode. 

pressure = 200 ].1. 

* 

V = 148 eV; inlet 
e 

Fig. 9. Ionization-efficiency curve of (M/q) = 8.53 in NO. Solid line, A, 

is the observed curve. Line B is the derived unimolecular component. 

Line C is the derived collision-induced component. Electron energy scale 

corrected to ±l eV. Inlet pressure = 200 ].1; Ie = 38 ].1A; VR = 0.01115 VA; 

VA = 1500 V. Zero of curve A has been shifted upward for clarity of 

presentation. 
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Fig. 10. Apparent values of kinetic energy of fragmentation, T, in eV for 

* * .. 
(M/q) = 6.53 and (M/q) = 8.53 in NO, derived from the change in width 

of these peaks with VA' plotted as a function of the fraction of the peak 

height at which the peak width was measured. Included is a comparison 

* curve of (M/q) = 31.9 in n-C4H10 for which T = 0.020±0.005 eV. 

Fig. 11. Metastable suppressor cutoff curves: A) 7.00 peak in N2 at electron 

energy = 44 e V : VA = 2500 V, open circles, solid line; B) 8.53 peak in 

NO at electron energy = 75 eV: VA = 1000 V, solid points, dashed line. 
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Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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