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of kinetic energy along with two hOfdrogm molecules In the ground 

electronic state. In addition the onset for the production of 

energetic UV photons (hv » 5 eV) Is also iTeasured and compared with 

other results. 

II. APPARATUS 

The TOP spectrometer used In this experiment has been described 

elsewhere." It suffices nere to describe briefly only the essential 

components of the apparatus which include an electron gun, a collision 

chamber, a metastable detector and a set of electrostatic quenching 

platM. The electron gun, which is pulsed at a rate up to IGT Hz, 

Injects tne electron beam into the collision chamber at any desired 

energy up to-300 eV. The integrated beom Intensity as monitored by 

a Faraaay cup located at one end of the collision chamber is typically 

10"7 anperes for a duty cycle of i%.    The metastable particles diffuse 

out of the collision chamoer at an anple of on degrees vlth respect 

to the electron beam, and impinge on a Cu-Be electron multiplier 

which sen/es as the metastable detector and is located at a distance 

Of either 6*k  or 25.9 cm from the collision region. The metastaole 

particles are detected if the energy of the excited state is greater 

than the work function of the detector ($ - 5 eV). The output pulses 

of the multiplier are amplified, dlscrimated and eventually processed 

by a multichannel analyzer. In addition to metastable particles, UV 

photons, electrons and ions can also trigger the multiplier. However, 

a strong magnetic field (150 gauss) which helps to focus the electnDn 

beam effectively prohibits the charged particles from reaching the 
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detector. 

In order to distinguish hydrogen atoms in the 2S state from 

those In other metastable states, m  introduce an electrostatic field 

in the transit region between the colli 5ion chamber and the metastable 

detector. We will demonstrate later tnat such a field causes the 

H(2S) to decay while leaving other metastable fra^nents unaffected. 

The electric field is produced by two parallel plates located in 

front of the detector. When the surface detector is located 6.^4 cm 

fror, the collision cnamber, Me quenching elates exterxi from 2.65 cm 

to 4,65 along the metastable beam oath, with a separation of 2.6 cm 

between then. With the detector at a distance of 25.^ cm the plates 

extend from 17.1 cm to 2^.3 cm along the beam with a separation of 

2.7 cm. Electric fields as high as 150 v/cm were maintained across 

the plates. 

The TOF spectrometer was operated in two different modes in this 

experiment. In the tlme-to-arrplitude conversion (TAG) mode the primary 

data pulses are fed into a time-to-amplitude converter and then 

processei by a multicljannel analyzer operating in the pulse height 

analysla node. In tnis way tlme-of-flight snectra were obtained, such 

as those shown in Figures 1 and 2. In the single channel mode only 

the data pulses detected within a certain time interval are counted 

and fed Into the multichannel analyzer. This mode was used tr obtain 

the excitation function of the fragments. A voltage ramp from the 

multichannel analyzer was used to control the electron imnact energy. 

By using the other subdivisions of the multichannel analyzer, we were 

also able to assign a value of primary electron beam intensity and 
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third hydrogen fra^nent, between the other two neaks Is evident. 

The kinetic energy of this fragment Is between 3 and ^.5 eV. When 

the energy of the Incident electron reaches approximately 66 eV, the 

excitation of the last and most energetic hydrogen fragnent begins. 

The cross sections for the last two processes continue to Increase. 

These processes finally become dominant at higher energies. In the 

final soectrum shown In Figure 1 (taken at 100 eV),the kinetic 

energy of the fastest fragments is about Ik  eV. 

Tlme-of-fllght spectra taken on the 100 psec TAG are displayed 

in Figure 2. These soectra show the presence of a slow metastable 

f'-agment which we believe to be atomic carbon in a high-lying Rydberg 

state. The kinetic energy of this fragment is between 1 and 2 eV. It 

NU difficult to identify this fragment because of its low velocity 

and small cross section. Identification as atomic carbon was 

accomplished only after comparison with the results of the experiments 

by Kupnyanov and Perov10, Aarts et al.11, and Sroka12. The 

Justifications for this conclusion are discussed later. 

B. Threshold Energies 

I. Vacuum Ultraviolet Photons 

The emission spectrum of CH^ produced by electron Imoact has been 

investigated by Aarts et al.1', Sroka12, and McGowan et al.13. The 

previous results indicate that most of the UV radiation consists of 

Lyman a photons with a small amount of other layman radiation and 

carbon lines included. The result of our exoerlment for the threshold 

of UV radiation (X < 2^00) is 21.1 + .5 eV. This value Is In good 
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a^eement with the results of Sroka for the onset of I^vman a 

(20.v + .8 eV) and consistent with the work of Aarts et al. who 

observed the onset of Balmer a excitation at 21.0 _+ .5 eV. 

2. Metastable Hydrogen Pra^nents 

There have been two previous investigations of the metastable 

fra^nents wxxiuced by electron Unpact excitation of CH^. Clampitt11* 

has report«! the onset for metastable hydrogen fra^nents at an impact 

energy between 19 and 21 eV. In addition, Kupriyanov and Perov^ 

fcund the onset for the production of hydrogen atoms in Rvdberg 

Orbitals in »his same energy region. We have observed the onsets for 

hydrogen frägmenls at impact, energies of 22.n + .5 eV, 25.5 + .6 eV 

36.7 4 .6 eV and 66 ♦ 3 eV. These results can also be favorably 

compared with the onset energy for the production of H+ from electron 

iiripact on Cfy, Smith15 f.und the appearance potential for H+ ions 

»t 22.7 eV and recently, Appell and Kubach16 observed H+ ions ^ith 

kinetic energies between i.-J and 3.4 eV at an onset energy of 2^1.0 + 

.5 eV. 

3. Metastable Carbon Atoms 

She met for the excitation of metastable carbon atoms was observed 

at an Impact energy of 26.6 f .6 eV. Kupriyanov and Perov^ perfomed 

the only other- metlane exoerlment in which metastable carbon atoms 

were detected. Tney observed the threshold energy for the production 

of carbon atoms in Rydberg states to be between 25 and 30 eV. However, 

the results of vo other experiments can be correlated with the present 

.   * -'——*-*""  _—— 
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results. First, Smith measured the onset of carbon ions to be at an 

impact energy of 26.7 + .5 eV. Second, Sroka12 found the onset for 

two ÜV car-bon lines, (the 3P ♦ 3P 1657 A and the 3D ♦ 3P 1561 A 

lines) between 26 and 27 eV. Hence the results of other experiments 

also confirm that highly excited carbon atoms begin to appear 

around this energy. 

C, Effect of the Quenching Plates 

The purpose of the quenching plates is primarily to determine 

whether or not the metastable hydrogen fragments are In the 2S 

state. A field as low as 20 volts/cm can perturb a hydrogen atom 

in the 2S state so that the excited atom's lifetime is 1 ysec rather 

than 1/7 sec for a field free region.17 On the other hand, a high 

lying Rydberg is virtually unaffected by an electric field of this 

magnitude. For example, the n = 20 level has a field free lifetime 

ranging from 2 x lO-6 sec to 2 x lü"4 sec 18, depending on the 

angular momentum of the state. For the same n = 20 level, the 

stark lifetime varies from 1 x 10~5 for M = 0 to 1.5 x lO"*4 for 

M = 18, where M is the third quantum number in parabolic coordinates. 

In effect, radiative lifetimes for high Rydbergs are only slightly 

modified by the presence of an electric field. At the same time, the 

probability of autoionization at the low field strengths of this 

experiment are negligible.19 Since the transit time through the 

quenching field of the hydrogen fragnents is a few microseconds, the 

intensity of the fragments in the 2S state will be greatly attenuated, 

but those in high lying Rydberg states will not. Hence the quenching 
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plates can be used to detennlne approxlrrately the quantum number 

of the excited state. 

Applying the electric field across the molecular beam had 

different effects on the carbon and hydrogen fragments. The slow 

carbon fragments appeared to be unaffected by the electric field at 

any strength. As for the hydrogen fragments, their Intensity 

decreased by aporoxljnately 15^ when a Tlald of 20 v/cm was applied, 

but remained virtually unaltered at higher field stren^hs. Prom 

these results we can dtr3M two Inrcrtant conclusions. First, if the 

carbon fragments are formed in Rydberg states, the quantum number of 

the states rnvst be large (n > 20) because the lifetime of the 

fragments In the electilc field is long compared to the transit time. 

Second, the hydrogen fragnents art formed nredomlnantly In high lying 

Ps/dberg stater-. However, a significant fraction of the fragnents 

are in the 2S  state when they reach the quenching region. Either 

they are formed in the 2S state directly or, mo:i c likely, they are 

formed iratially In Rydberg states that cascade to the 2S state before 

reaching the quenching area. 

It Is possible to estimate the range of orinciple Quantum 

numbers for the hydrogen Rydberg fragments. By using the quenching 

field, we can eliminate the H(2S) component of the metastable beam. 

A time-of-flight distribution taken with the H(2S) component 

eliminated shows only Rydberg states. An average lifetime fo* the 

R,7dbergs can be computed by comnaring two such distribations obtained 

at two distances. Using the results of Hiskes et al.18 we can then 

convert the computed lifetime into a range of oossible quantum states. 

^^^^^^^^ ^■Mte^M 



Fron our experimental results we estimate the average lifetime to be 

1.5 to .5 x 10-5 sec whlch tmiu  a 7vige of n = in to n = 20 for 

the principle quantum number of the hydrogen Rydberg fragments. 

D- ^gnitude and Energy Deper^nce of the Cros» ggygg 

The relative cross sections from threshold to 300 sV for 

excitation of UV photons, metastable hvdrogen and ..etast.ble carbon 

are shown in Figure 3. A5 can be seen in the figure, the energy 

dependence of the cross sections are similar in that they reach a 

maximum around the same energy, that is, between 80 and 100 eV, and 

then decrease slowly wi.h energy at aooroxlmateiy the same rate. Only 

the cross section for the excited carbon fragment shows structure. The 

metastable carbon cross section rises sharply from threshold and 

reaches a relate e maximum around ^0 eV. In this energy range an 

additional excitation process begins that ultimately becomes tUs 

dominant process for production of the carbon fra^nent at higher 

energies. 

The absolute cross sections for the production of the atomic H 

«Id C fragments can be estimated f™ the parameters of the experiment. 

However a comollcation arises in estimating the hydrogen fra^nent 

cross sections because the metastable beam consists of atoms in the 2S 

state as well as in high-lying Rydberg states. This difficulty can be 

overcome by apply!.« a small electrostatic field (20 v/cm) across the 

quenching plates to eliminate the H(2S) component. In this way we can 

measure the cross sections for both the H(2S) fragments and the 

Rydberg fronts as well. Using the yields for metastable atoms and 

10 
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■Mlecules as measured by Borst^, ^ our own estljnate of the lltMm 

C the Rydberg fragnents, we calculate the cross sections at an 

■ncldent energy of 100 eV and an angle of QG degrees to be 

3 x 10-^ cm2 for the H(2S) fragnents, 1 x MT" cia2 for the H 

Rydberg fraenents and 2 x 10"^ cmP. for the carbon fr.ap7nentSi Por 

the last cross section we assumed that the excUed electron In tne 

carbon atom is In a Rydberg state near the lonizatlon limit of 11.3 eV. 

The values of the cross sections presented here are only estimates 

because the angular dependence of the cros, sections are not known. 

Apart fron the possible anlsotropy in tne differential cross sections, 

there is a factor of two uncertainty in the results. 

In an ultraviolet emission experiment, Vroom and De Heer21 

measured the cross section for production of H(2S) fragnents by electron 

Impact excitation of CH^ over the ener© range from 50 to frXW eV. 

The H(2S) atom was observed by quenching the metastable fragment in 

an electrostatic field as large as 120 v/cm22 and then detecting the 

emitted I^man a photon. At 100 eV, their value for the H(2S) cross 

section is 1.0 x lO"^ cm2 which ls larger ^ our value ^ 

3 x ir" cm2. One possible reason for the discrepancy is that quenched 

Rydberg fragments contribute significantly to the apparent H(2S) cross 

section. We estimate that at the electric field strengths employed by 

Vroom and De Heer, the number of H Rydberg fragments which are quenched 

and thus can lead to Layman a radiation Is aporoxlmtely equcJ to the 

H(2S) cross section. Thus, the "apparent" H(2S) cross section of 

Vroom and De Heer Includes the contribution of Rydberg fragments which 

do not necessarily decay via the 2S state. 

11 
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Strictly speaking, we have probably vrxierestlmated the H(2S) 

ci-oss section because we have not Included the cascade contribution 

from high-lying Rydberg states. Since the Rydberg cross section 

Is much larger than 2S cross section, the number of Rydberg frasnents 

which eventually reach the 2S level Is not negligible. However, 

because the lifetime of the Rydberg fragnents Is long and only 

slightly affected by the electrostatic quenching field, most of the 

Rydberg fragments will collide with the walls or drift out of the 

field of view before decaying. Hence a significant fraction of the 

total 2S cross section Is not observable In a conventional emission 

experiment. This difficulty may arise In other experiments which 

measure resonance radiation from dissociative excitation. Thus, one 

must be particularly cautious when using laboratory measurements 

of dissociative excitation emission cross sections In the analysis of 

upper atmospheric optical data because the laboratory measurements 

may severely underestimate the total emission cross section that 

applieö when vail collisions and transit time limitations are 

negligible. 

IV. DISCUSSION 

A. Production of Metastable Hydrogen Fragnents 

Four d'.stlnct processes have been found In which metastable 

hydrogen fragments In high-lying Rydberg states are produced when 

methane dissociates as a result of electron Inpact. Only the first 

two hydrogen processes have been uniquely determined and they 

12 
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con'esuond to the two body reaction: 

CH, H* + CH- (1) 

where the CH., fragjnent Is In the ground electronic state. 

In the first hydrogen process, which has an onset at 22.0 eV 

(see Table I), the energetic fra^nent has as much as 3.7 eV of 

kinetic energy. The only reaction possible for this process is the 

two b^dy process mentioned above. In this case, the total electron 

energy Is distributed as follows: approximately U eV for the total 

kinetic energy, H eV to sever the bond and 13.5 eV in the form of 

electronic energy neeled to excite the Rydberg state. The second 

hydrogen process, which begins at 25.5 eV, is similar except that 

the total kinetic energy is 7.5 eV. The dissociation limit for 

these two processes is thus the same, ll eV, and It very close to 

the first Imlzatlon dissociation limit (18.1 eV). The similarity 

between the lonization dissociation limit and the Rydberg dissociation 

limit is predicted from the ion core model discussed in Section C. 

ft* reactions corresponding to the last two hydrogen processes 

cannot be uniquely determined because the threshold energies 

(36.7 + .6 eV and 66+3 eV, respectively) are too lar> 3 to result 

in the formation of CH^ into its ground electronic state alone. 

Instead the CH^ fragnents must be in excited states which probably 

subsequently dissociate. In the third process, after al"".owing for 

the observed kinetic energy of the fVagnents, for the bond energy 

and finally for the eycltation energy of the hydrogen atom, there are 

13 

  



*mgmmmm in i in i mm 

t 

still  13 eV which are anaccoimted for. SiMlarly, In the last nrocess 

there art almost ^0 eV unaccounted for. 

In in attempt to understand thr dliisoclotion process more 

clearly, we substituted CDJ4 as the target gas. According to 

conservation of momentum and energy, when this substitution Is made 

the ratio of the velocity of the ri fra^nent to that of the deuterium 

fragment in the two-body reaction, CH^ - CH + H, Is 1.^. The 

experimental results were that all of tne deuterium fragments were 

shifted aprroxlmately the same factor and In reasonable agreement with 

the predicted value of l.Ml. However, there was a slight difference 

between the shifts of the fra^nents produced in the first two 

processes, which are definitely twc body reactj m,  and the shift of 

the fragments ooserved for hydrogen processes nree and four. This 

difference suggests that the last two nroces:es (3 and %)  are not two 

bcdy reactions, but result in multlole fragnents (3 or more). 

B  Proaucticn of Mgttgtablg Carbon Fra^nents 

The slow Pi«IMIlt which J-as a threshold energy of 26.6 eV has 

röt bc«n uniquely identified but there is strong evidence to suggest 

that i" la a carnon atom in a high-lying Rydberg state. Initially, 

because of the MtU cross section for thQ nrocess, we were concerned 

that the iragnent might result from the presence of an impurity in 

the gas or from a second order pracess. In order to verify that the 

fragment was not. due to an impurity, four di fferent grades of CH^ 

(Including research grade in which the largest impurity was lert than 

35 ppm) were used as the target gas. In each case the slow fragment 

in 
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was present ard Its ci-oss section relative to the fast hydrogen 

fra^nents was constant and Independent of the grade of gas. We 

w^re also concerned that the fragment could result from a second 

order process in which one of the dissociated frapjnents reacted with 

the CH^ m the collision chamber. However, the linear dependence of 

the slew fragruent intensity on the collision chamber pressure and the 

primary electron beam current indicated that the fra^nent resulted In 

fact from a first order process. 

After we established that the fra^nent resulted from direct 

excitation of CHj by electron Unpact, we attemDted to determine its 

identity. Because of the sncll energy of the fragnent, it could not 

be uniquely related to a parcicular process. When CD. was substituted 

as the target gas, the arrival time of the fragnent decreased slightly, 

that Is, the fragment velocity Increased. Since the arrival time 

decreased rather than increased, 'he fragment must be a heaw particle 

and cannot be atomic or molecular hydrogen. Unfortunately, the overlap 

of the deuterlun fragments was so great that the accual arrival time 

of the slow fragment could not be precisely determined. However, by 

measuring tne distribution at two different distances, we did determine 

that the lifetime of tne slow fragnent is aonroxlmately 100 

microseconds. 

There is evidence which suggests that the slow fragnent is atomic 

carbon m a Rydberg state. Perhaos, the strongest argument is based on 

the similarity between our TOP results and that of Kuprlyanov and 

Perov10, who also observed highly excited carbon and hydrogen atoms in 

an electron impact experiment on CH^. Their apparatus consisted of two 

15 
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The fact that other ions were observed by Srlth but no corresponding 

R^-dberg fra^nents were observed In TOF spectra Is puzzling. However, 

thla fact can be explained if the other Ions are formed by 

autolonlzation rather than direct excitation. 
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Figure Captions 

Figure 1. The time-of-flight spectrum of metastable hydrogen 

fragnents from methane at various electron Impact energies. 

There are four distinct processes. Most of the fragnents 

are formed in high-lying Rydberg states. The distance 

between the collision center and the detector was 6.^4 cm. 

Figure 2. The tlme-of-flight spectrum of metastable carbon fra^nents 

from methane at various electron Impact energies. The 

distance between th? collision center end the detector 

was 6.^4 cm. 

Figure 3. The excitation cross sections for different processes 

In methane. 

A. Dissociative excitation of metastable carbon fragnents. 

B. Dissociative excitation of metastable hydrogen fra@nents. 

C. Excitation of vacuum ultraviolet radiation. The carbon 

metastable cross section (A) shows structure around ^40 eV. 
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