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Summary 

A systematic study of vibronic excitation in benzene via forward electron scat- 
tering was carried out using a novel type of a trochoidal electron spectrometer. 
Energy-loss spectra in the energy range 1 .O-9.5 eV, with residual energies 0.03-20 eV 
as well as excitation functions for individual vibrational levels of some of the triplet 
and singlet states are presented and discussed. Following observations were made. 
1) A new s-type Rydberg series with quantum defect 6 = 0.86.2) Additional informa- 
tion on the complex 6-6.5 eV band. 3) A new core excited shape resonance at 6.5 eV. 
4) A narrow Feshbach resonance at 5.87 eV. The new spectrometer is suggested as 
a tool for routine study of forbidden transitions and negative ion states in organic 
molecules. 

1. Introduction. - Benzene is a prototype example of an aromatic system and, 
therefore, its electronic structure has been of great interest to both theorists and 
experimentalists. This fact is reflected in the large amount of publications on this 
subject. The studies on the valence transitions up to 1978 has been summarized 
in a review article by Kupperman et al. [ 11. Combined results of a number of experi- 
mental methods and theory helped to identify a number of transitions but some 
questions still remain unanswered. The low-energy region up to 5.8 eV appears 
to be well-understood. Three triplet and one singlet states, T13Blu, T2Elu,  S, 1B2u, 
and T33B2u, resulting from the elg- e2u n - n*-promotion were identified in this 
region. The remaining two elg-  e2u singlets states, S2'BIU and S3'Elu, have been 
identified at 6.0 and 6.9 eV. Beyond that the electronic structure at higher energies, 
5.9-7.5 eV is much less certain. Particularly in the 6-6.5 eV region with a number 
of overlapping bands, each subsequent investigation revealed new details [2] [3] [4], 
but these still cannot be considered as fully understood. In the Rydberg region, 
optical absorption work revealed four series, one of p symmetry (0=0.44) and 
three of f-symmetry (a=0.08, 0.06, and 0.01). The situation is discussed in the 
recent publication of Bolovinos et al. [5]. The more recent electron impact study of 
Wilden & Comer [4] brought further insight. A fourth triplet state, 3E2,, was iden- 
tified at 6.11 eV. A sharp peak was observed at 6.32 eV and tentatively assigned 
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to an electric-quadrupole-allowed 'E2g-transition, and finally an electric dipole- 
forbidden d-type Rydberg series (6 = 0.266) was observed. 

Noteworthy is the major contribution to the present understanding of the 
benzene electronic structure achieved by electron impact spectroscopy. It is mainly 
due to its capability to detect dipole-forbidden transitions, mostly singlet-triplet, 
not visible in optical absorption spectra, and to identify them as such by their 
incident electron energy and angular dependencies. Electron-scattering experiments 
have also supplied information about negative ion states or resonances of benzene. 
General properties of such states are described by Schulz [6] .  Electron transmission 
spectroscopy has identified two shape resonances, 2E2u and 2B2, which result from 
electron capture in the unoccupied e2,, and b,, orbitals in benzene. The details are 
summarized by Jordan & Burrow [7]. Luminiscence and total metastable excitation 
by electron impact measured by Smyth et al. [8] as well as vibrational and first- 
triplet excitation measured by Azria & Schulz [9] have given information about 
higher excited states of benzene anion. The results were summarized by the latter 
authors, and totally seven features were identified and labeled a-g. Despite these 
achievements the electron scattering experiments have not become widely used 
for study of chemically interesting systems. This is mainly because of the complexity 
and high cost of the electrostatical instruments commonly used and the difficult 
experimental 'art' of handling slow electrons. 

In this paper a systematic study of electronic excitation in benzene using a new, 
simpler trochoidal electron spectrometer is presented. This type of instrument is 
intrinsically less versatile than the conventional electrostatic spectrometer, because 
it does not allow angle variation of scattered electrons, but it offers certain other 
practical advantages. The results are compared with previous experiments and 
several new findings are presented. The suitability of the new instrument for 
routine study of compounds of chemical interest is discussed. 

2. Experimental. - Details of the new trochoidal electron spectrometer will be 
reported later and only a brief description is given here. The use of trochoidal 
motion of electrons in crossed electric and magnetic fields for energy dispersion 
has been first reported by Stamarovic & Schulz [lo]. The trochoidal monochromator 
has been used extensively to prepare monoenergetic electron beams for electron 
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Fig. 1. Schematic diagram of the apparatus 
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transmission [6] [7], and dissociative attachment studies [6]. Its use for scattered- 
electron energy analysis has been attempted only a few times [ 111 [ 121 and a per- 
formance which would allow routine use has not been achieved. 

The present instrument (Fig. I )  uses trochoidal monochromators both to prepare 
a beam of monoenergetic electrons and to analyze the energies of forward-scattered 
electrons (the former will be subsequently called monochromator and the latter 
analyzer). In the present instrument the concept has been further developed as to 
allow routine study of complex molecules; that is, a low background level and a 
routine resolution of 0.03-0.04 eV were realized. The most important feature is the 
use of two analyzers in series. The main effect of the double analyzer is a large 
attenuation of the unscattered electron beam which enters the analyzer directly 
at the zero-degrees geometry and tends to cause a large background. 

2 

0 2 4 6 8 eV 
ELECTRON ENERGY 

Fig. 2. Electron transmission spectrum in benzene (The curve shows the 'total' cross section Q, (in arbitrary 
units) obtained from the incident and transmitted currents I, and I, according to the formula 
I t =  I,exp( - NQ,L) [ 6 ] ,  where N is the gas density and L length of the collision chamber. Zero is offset. 

The curve is not identical to the correct total cross section as explained in the text) 

The instrument can perform three distinct experiments: electron transmission, 
electron energy loss and excitation-function measurements. In the first experiment 
all parts of the analyzer are shorted together and used to collect the total current 
emerging from the collision chamber. The well-known [7] transmission spectrum of 
benzene is given in Figure 2 as an illustration. The curve is related to the total scat- 
tering cross section but it is not the correct total cross section due to the incomplete 
rejection of scattered electrons in this type of experiment. A detailed discussion 
of the phenomenon has been given recently by Johnston & Burrow [13]. Usually 
the derivative of the transmitted current is reported but this capability is not yet 
incorporated in the experiment. In the energy loss experiment the analyzer is set 
to detect electrons of a given fixed energy and the incident electron energy is varied 
by means of a variable potential applied to the monochromator. Excitation pro- 
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cesses at a fixed energy above threshold are thus recorded. The sensitivity of the 
instrument across the energy loss spectrum is constant. The excitation function is 
recorded by setting the instrument for a fixed energy-loss and varying both the 
monochromator and analyzer energies synchronously to obtain the cross section for 
excitation a given energy-loss feature as a function of incident energy. The transmis- 
sion of the analyzer increases rapidly with decreasing scattered electron energy 
and the raw excitation spectrum must be corrected for this variation. The uniform 
He-ionization continuum near threshold predicted by Wannier [ 141 and experi- 
mentally verified by Cvejanouii. & Read [I51 and Spence [16], has been used for 
calibration of the analyzer transmission function as described by Pzchou et al. [ 171. 
Figure 3 shows the curves obtained with the present instrument. First-order predic- 
tion of the trochoidal analyzer transmission function is based on the assumption 

H e  
3'P 

Fig. 3. Energy-loss spectrum of the ionization continuum in He, recorded with constant incident energy. 
which was usedfor calibration of the analyzer transmission (Curve a is the raw data, curve b is corrected 

for analyzer transmission function) 

that only electrons spiralling with Larrnor radii smaller than a certain constant 
value, given in the first approximation by the size of the analyzer entrance aperture, 
can enter the analyzer. Thus only electrons with a perpendicular velocity less then a 
certain fixed value given by the aperture size and the magnetic field strength will 
be detected. This results in an analyzer acceptance angle inversely proportional to 
total electron velocity or analyzer transmission inversely proportional to the electron 
energy. When the raw data, curve a in Figure 3 is corrected for this variation, that is, 
multiplied by energy, an essentially flat function is obtained. The only imperfection 
is a slow and linear rise with energy due to second-order effects not included in 
the above consideration. Therefore a small, linear, second-order empirical cor- 
rection was applied to the data. The result, curve b in Figure 3, is a function constant 
within 220% from 0.05 to 2.5 eV. This correction procedure was applied to all 
excitation functions in this paper. The variation of acceptance angle with residual 
energy must be kept in mind while interpreting the spectra. While at large residual 
energies the instrument is a truly zero-degrees spectrometer, at low energies cross 
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sections averaged over a large acceptance angle are obtained'). In the extreme of 
treshold excitation (residual energy 0.03 eV) the acceptance half angle can ap- 
proach 90". This feature must be considered undesirable when a precise knowledge 
of the scattering angle is required. On the other hand this feature could improve 
the instrument's capacity to detect forbidden transitions near threshold and is thus 
desirable from the practical point of view of a chemist who is interested in the 
electronic structure of a molecule and less in the exact details of the scattering 
process. 

The electron energy loss scale was calibrated on sharp features in pure vibra- 
tional as well as vibronic excitation in N2. It is accurate to 0.02 eV. The incident 
electron energy was calibrated on the 0.07 eV peak of electrons detached from 
N- [18], the first maximum in N, v=  1 excitation function at 1.97 eV [I51 and on 
the 19.37 eV resonance in He. It is accurate to k0.04 eV. Sample pressure for 
transmission experiments is chosen to obtain a reasonable attenuation of the 
electron beam (30-50%). In N, this corresponds to about lop2 mbar, as estimated 
from the beam attenuation and the known total cross section. Sample pressure 
used in energy loss measurements were at least a factor of 5 lower. Instrument 
background pressure during measurement was less than 5 x lo-' mbar (uncorrected 
Penning gauge reading). Spectroscopic-grade benzene was used without further 
purification except for degassing. 

3. Results and discussion. - The global energy-loss spectrum is presented in 
Figure 4 .  The spectrum is divided into regions numbered 0-5 and will be discussed 
individually below. The broad peak in region 0 is due to pure vibrational transi- 
tions. Excitation of high vibrational levels in this energy range is selectively en- 
hanced by the first, short-lived negative ion state at 1.15 eV, well-known from 
electron transmission experiments [7]. The density of vibrational states at 1-2 eV 
excitation energy is high, the individual levels are no longer resolved and they 
appear as a quasicontinuum. The broad hump-shifts to the left in the energy-loss 
spectrum with increasing residual energies. The selective enhancement of pure 
vibrational excitation occurs at the energy of the resonance, that is at a given 
incident energy. This property distinguishes it from features associated with a 
particular electronic transition which remain fixed at the energy-loss scale with 
increasing residual energy. The pure vibrational excitation will not be further 
discussed in this paper. The bands in the regions 1-5 are mostly due to excitation 
of valence states. The structure in the 7.5-9.2 eV region is predominantly Rydberg- 
state excitation. I t  is superimposed on a quasicontinuum caused probably by high- 
valence transitions, possibly including such involving 0-orbitals. Above 9.25 eV 
an additional continuum due to ionization appears. This paper is concerned with 
valence and Rydberg transitions in the 3.5-9.25 eV range as well as the negative ion 
states involved in their excitation. 

I )  Upper limit on the perpendicular electron velocity accepted by the analyzer is obtained from 
instrument resolution. Assuming 30 meV band-width of the analyzer part alone results in an upper 
limit on acceptance half angle of 20" at 0.25 eV, 10" at 1.0 eV, and 4.5" at 5 eV. The true acceptance 
angle is smaller because of the finite contribution of analyzer axial band-width to the overall 
resolution. 
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Fig. 4. Global energy-toss spectrum (Region 0 is pure vibrational excitation, regions 1-5 are predomi- 
nantly valence, at this residual energy mostly singlet-triplet transitions. Rydberg transitions cause the 

structure above region 5 )  

3.1. Valence transitions. The relative intensity of the individual transitions is a 
function of residual energy, as illustrated in Figure 52). At low residual energies the 
spectrum is dominated by the three lowest triplet transitions in the regions 1, 2 
and 3. The present low-energy (0-2 eV) forward-scattering spectra are very similar 
to the spectra obtained previously with intermediate (10 eV) residual energies and 
large scattering angles in both gaseous [4] and solid [19] phases. At 20 eV the 
relative intensity of the triplet states has dropped drastically and the spectrum is 
nearly identical to an optical absorption spectrum such as given in [ 5 ]  both in 
relative intensities of the electronic transitions and the envelopes of the individual 
bands. At intermediate energies the singlet and triplet bands overlap. Region 4 
appears to be far more complex and deserves special attention. At high residual 
energy it is dominated by the dipole allowed S21Blu state. In early work Lassettre 
et al. [ 2 ]  observed intensity variation across this band with changing residual energy 
and scattering angle and suggested that a second transition overlaps with the dipole- 
allowed one. The observation was later confirmed by Doering [3]. Wilden & Comer 
[4] investigated this region with better resolution at a number of scattering angles 
and a residual energy of 10 eV. They discovered a new progression at a large angle 
(60") and assigned it to the 3E2, state expected in this energy region. At inter- 
mediate angles (10-40") they clearly discerned a sharp peak at 6.32 eV, responsible 
for the intensity variation in the earlier work. Its angular dependence is consistent 
with an electric quadrupole transition. Wilden & Comer consider its assignment to 
either the 'E2, valence state or a Rydberg state of the same symmetry. The former 
assignment was preferred because higher members of a corresponding Rydberg 
series were not present in their spectra. The results obtained with the present 

2, The spectra have been plotted to the same vertical height for convenience in this and all following 
figures (Fig. 6-13) in this paper. 

71 
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Fig. 5. Energy-loss spectra in the valence region, obtained with residual energies indicated (With 20 eV 
residual energy the spectrum is dominated by the optically allowed transitions, with 0.03 and 2.0 eV 
by the forbidden singlet-triplet transitions. At intermediate energies both kinds of transitions overlap) 

instrument are shown in Figure 6. At very low residual energies used here the 
attenuation of the dipole-allowed 'Blu state is more complete and the structure 
associated with the forbidden transitions is better visible. The structure is closely 
spaced and the simplest rationalization appears to be a fit into two progressions 
with spacings of 0.10 and 0.115 eV and origins at 6.02 and 6.05 eV, indicating in 
Figure 6. The two spacings are consistent with excitation of the v2 breathing mode 
also visible in many other bands. The difference in the origins of the two progres- 
sions is less than the frequency of any vibration in benzene and it therefore appears 
that two different electronic transitions are observed. One of the two transitions 
is due to the 3E2, valence state. No other valence transition except the 'EZg was 
predicted in this region by the ab initio n-electron calculation of Hay & Shavitt [20], 
and therefore the assignment of the second progression to this 'E,, state seems 
the most obvious choice, as the sharp peak at 6.33 eV has been reassigned to a 
Rydberg transition in this paper. A much larger singlet-triplet splitting of the two 
E,, states has been predicted [20], however. A transition involving c7-orbitals, 
neglected in the n-electron calculation, could also occur in this high-energy region 
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6.0 6.2 6.4 6.6 eV 
ENERGY LOSS 

Fig. 6. Energy-loss spectra in region 4 obtained with residual energies (in e V)  indicated (The true zero of 
each curve is indicated by a horizontal bar) 

and therefore a definitive assignment based on the present data alone does not 
appear possible. Three more features appear at residual energies of 0.5 and 0.7 eV. 
They are two narrow peaks at 6.28 and 6.33 eV and a broad underlying hump 
between 6.2 and 6.5 eV. The two sharp features are assigned to Rydberg transitions 
discussed below. The broad feature was not previously reported and could also 
correspond to the missing 'EZg transition. Detailed comparison of the present 
spectra with those of Wilden & Comer [4] reveal that they are consistent and the 
only differences stem from different relative intensities of the features under dif- 
ferent scattering conditions. The present spectra with residual energies of 0.03 and 
0.1 eV are similar to the residual energy spectrum at 60" and 10 eV of Wilden & 
Comer except that the improved visibility of the 3E2g state in the present study 
permits the location of the origin one vibrational level lower and the identification 
of two vibrational progressions. The present spectra with residual energies of 0.5 
and 0.7 eV are similar to the 10" to 40"-spectra of Wilden & Comer. The 6.33 eV 
(6.32 eV in [4]) peak is present in both cases but the 6.28 eV peak is visible only 
under the conditions of the present experiment. 

3.2. Rydberg transitions converging to the first ionization limit. Optical absorption 
studies revealed four dipole-allowed Rydberg series, one with 6 = 0.44 (np) and 
three with 6=0.08-0.01 (nq. The latter three series cannot be resolved in the 
present experiment. These series dominate the spectrum with residual energy of 
20 eV in Figure 7. Electron impact study revealed a nd-series with 6=0.266 [4]. 
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Fig. I .  Energy-loss spectrum in the Rydberg region (The residual energy and true zero are given for 
each curve. Zero has been offset for the vertically expanded curves for clarity. Positions of the two 
optically allowed series (6 = 0.46 and 6 = 0.08), as well as a quadrupole-allowed series (6 = 0.266, [4]) 
are indicated. The series with 6=0.84 and 6 =  0.86 are the ns-lEl, [22] and n ~ - ~ E l ,  (this work) Rydberg 

states) 

At the very low residual energies additional peaks at 7.88, 7.92 and 8.45 eV are 
discernible. These peaks, together with the two peaks at 6.28 and 6.33 eV in region 
4 mentioned above can be fitted into the Rydberg formula as two series with 6 = 0.86 
and 6=0.84. The value of the quantum defect identifies them as ns(alg)-series 
which has been predicted several times theoretically (e.g. [21]). The singlet state 

(al,3s)' 'El, has recently been observed in a resonant multiphoton ionization 
technique at 6.34 eV [22] in a good agreement with the value of 6.33 eV found in 
this study. The previously unreported peak at 6.28 eV is assigned to the corre- 
sponding triplet state (elg)' (aIg3s)' 3E1,. In acetylene the singlet-triplet splitting for 
the two somewhat related states ( n J 3  (og3s)', 317, and '17, was found to be 0.09 eV 
[23]. For the more 'extended' molecule benzene the splitting might plausibly be 
expected to be somewhat less. The observed splitting of 0.05 eV is in excellent 
agreement with this expectation. Finally a band has been observed by Wilden & 
Comer [4] at 7.81 eV. Bolovinos et al. [ 5 ]  suggested an assignment to a 4s-band with 
6=0.92. This band also appears in the spectra in Figure 7. The corresponding 
3s-band would be expected at 6.10 eV. Reference to Figure 6 shows that the exis- 
tence of such a band can not be confirmed in this congested region. 

Two more forbidden transitions appear as shoulders at 6.86 and 7.15 eV (Fig. 7). 
Their assignment is difficult because of the large number of n- [20] and possibly 
o-transitions expected in this high-energy region and will not be attempted here. 
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3.3.  Negative ion states. Good resolution and controlled analyzer transmission 
down to very low energies has permitted the determination of the excitation func- 
tions of individual vibronic levels of the three lowest triplet and the SllElu singlet 
state for the first time. The excitation functions from about 0.08 to 10 eV above 
threshold are presented in Figures 8-10. Qualitatively they fall into two categories. 
Excitation of the triplet states have large cross sections at low energies below 12 eV 
with a number of peaks. In contrast, the cross section for excitation of the S31Elu 
state is relatively low at threshold and increases nearly linearly with residual energy 
in the first 10 eV range. The cross section recorded at an energy loss of 6.03 eV 
in the region 4 does not fall into any of these categories and reflects the complex 
nature of this region with a number of overlapping bands. lnformation on the 
electronic excitation in benzene has been obtained previously. Smyth et al. [8] 
measured the total metastable production and luminescence excitation. They 
observed a number of peaks and interpret them as either resonances or maxima 
in nonresonant excitation. Azria & Schulz [9] measured the excitation of the lowest 
triplet state from 1 to 10 eV above threshold and v l  vibrational excitation from 
4 to 10 eV, both at 60". The triplet excitation in their study was measured at 
maximum intensity, at an energy loss of 3.9 eV. It is thus most directly comparable 
to the v = 3  excitation curve in Figure 8 and both curves are consistent in the 

4 5 6 7 8 9 I0 I 1  12 13 e V  
ELECTRON ENERGY 

Fig. 8. Excitation functions of the TI state (The curve marked high v has been obtained at an energy 
loss of 4.30 eV. Threshold energies are indicated by vertical bars. The resonant states are marked by 

arrows and labeled according to the classification scheme from [9], with the resonance c' added) 

common energy range. Azria & Schulz summarized the information from [8] and 
[9] and identified seven resonant states which they labeled a-g. The states b-e 
were found to populate triplet states and their positions, taken from [9], are 
indicated in Figures 8-10. All the features in triplet excitation in Figures 8-10 cor- 
respond to one of the resonant states b-e except that one additional state is dis- 
cernible in the T1 v=O and all T, excitation curves. It has been labeled c' in exten- 
sion of the classification scheme of Azria & Schulz adopted here. The observations 
from Figures 8-10 can be summarized as follows: 
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Fig. 9. Excitation functions of T2-state, obtained at the vibrational levels given (The threshold energies 
and resonances are indicated by vertical bars and arrows) 
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Fig. 10. Excitation functions of the higher-lying states (To bypass the background in the excitation 
function of the T3 state caused by the tail of the T2 state, the signal obtained between the v = 0  and 
v= I levels was subtracted from the T3 v = 0  curve. The curves labeled 'band 4' and S3 were obtained 
at energy losses of 6.03 and 6.95 eV, respectively. The excitation functions of the &'ElU state contains 

some contribution from the Rydherg state of the same symmetry) 

1. The triplet excitation curves consist of a series of broad peaks with widths 
between approx. 0.5 to 2 eV. Any underlying nonresonant excitation is weaker. 
The triplet excitation via forward electron scattering is resonance-dominated in 
the first 10 eV above threshold. 

2. All five resonant states b, c, c', d, and e populate all the triplet states which 
are energetically accessible, but not with equal probability, there are prefered decay 
channels. The T13Blu state is populated preferentially by the resonance c, T23Elu 
state by the resonances c' and d, and the T33B2u state by the resonance d. 
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3. The position of a resonance peak depends upon via which vibronic level it is 
observed. It is generally shifted to higher energies with higher vibrational level. 
Similar effect was observed in the electron impact excitation of the A3C: state 
of N2 via the A2n, state of Ny [24]. It means that higher parts of the negative-ion 
potential surface are probed via the decay into higher vibrational levels of a given 
electronic state. 

4. There is no resonance to excite the TI  state near threshold. The cross section 
is therefore small and this explains why the T I  state appears with lower intensity 
in the threshold spectrum in Figure 5 than e.g. the T2 state which is excited via the 
resonance b at threshold. 

In the further discussion the classification of resonances given by Schulz [6]  
will be used. The first kind, a shape resonance, can be pictured as an electron 
captured in the field of a ground-state molecule. In benzene an electron trapped 
in the degenerate e2,- and the bZg-orbitals result in the ’E2,,- and 2BTg-shape reso- 
nances [7], labeled a and b in [9]. Forming these resonances is a single-electron 
process and they appear with large intensity in a transmission spectrum ([7] and 
Fig. 2). A second kind are the core-excited shape resonances, pictured as an electron 
trapped in the field of an excited ‘parent’ state of a molecule. Forming this kind 
of a resonance from a ground-state molecule involves a capture of an electron and 
a simultaneous promotion of ‘another’ electron, and their formation is less probable. 
These resonances also appear in the transmission spectrum, albeit with less intensity 
[25]. On the other hand the core-excited shape resonance will decay into its ‘parent’ 
excited state of the neutral molecule with large probability because this process 
involves solely the escape of one electron. Thus the four peaks c, c‘, d, and e in 
Figures 8-10 are assigned as resulting from decay of core-excited shape resonances 
in benzene. The low-lying core-excited resonances with the lowest three triplets as 
parent states will have the configuration (elg)3(e2u)2 which gives rise to states of the 
2B1g-, 2B2g-, 2E1,-, and 4E,ssymmetries. The doublet states could explain some or 
all of the peaks c, c’, and d. These resonant states will not decay into the three 
triplet states with equal probability because in some of the decay channels the 
escape of the electron has to be accompanied by transfer of a remaining electron 
from one orbital into another and these decay channels will be slower. Thus the 
present data may provide a key to the assignment of the resonant states if it could 
be compared with the results of a calculation which predict the approximate energy 
order and dominant configurations of the core-excited resonances. The first shape 
resonance, a, is too low in energy to decay into excited electronic states. The second 
shape resonance, b, with the configuration (e,J4 (b2g)1 would not be expected to 
decay into excited electronic states efficiently because the decay is a two-electron 
process. The relatively large importance of the resonance b in the excitation of the 
TI and T2 triplet states observed here is taken as an experimental confirmation of 
configuration interaction of the resonance b with a core-excited 2B2g-resonance. 

The role of the intermediate resonant state on the excitation of individual 
vibrational levels of the two lowest triplets is illustrated in Figures I 1  and 12. The 
resolution is constant for all curves and any differences reflect real differences in 
the envelopes. The shape of the bands is found to depend little on the intermediate 
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Fig. 11. The effect of the intermediate resonant state on the TI-band profile (The residual energies were 
chosen such that the excitation proceeded via the resonances indicated on the right. The lowest and 
highest spectra are nonresonant excitation. Note the different profile of the band when excited via the 

resonance b) 

resonance except in the case of resonance b where the valleys between the peaks 
are much less pronounced in both the T l  and T2 states and indicate the excitation 
of additional vibrations. The shape resonance b appears to have a geometry dif- 
ferent from the core-excited resonances. 

The comparison of the threshold spectrum in Figure 4 with spectra taken at 
higher residual energies reveals an effect which at the first sight appears to be an 
anomalously large intensity of the v=2  vibrational level of the T33B2u state. 
A detailed observation, Figure 13, reveals a narrow weak peak constant in incident 
energy. It appears at an incident energy of 5.87 eV. Based upon this observation 
a narrow Feshbach-type resonance is proposed at this energy, which decays into 
the quasicontinuum background in the 5.7-5.85 eV energy-loss region with residual 
energies below 0.15 eV. In this type of resonance two electrons are trapped in a 
Rydberg orbital. They are common in atoms and small molecules [6] but have not 
yet been observed in molecules of the size of benzene. They usually appear ap- 
proximately 0.5 eV below their parent Rydberg state, thus the 3s (alg) Rydberg state 
discussed above suggests itself as the parent state and the Feshbach resonance is 
assigned as the 2Elg state with the dominant configuration (e1g)3(a1g3s)2. A con- 
firmation from a high-sensitivity transmission experiment would be desirable. 
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Fig. 12. The effect of the intermediate resonant state on the Tr-band profile (The conditions given for 
Fig. I 1  also apply here. The profile excited via the resonance b also differs from the others) 

4. Conclusion. - Electron energy loss and excitation spectra of vibronic transi- 
tions in benzene were obtained at zero degrees using a new trochoidal electron 
spectrometer. Even at zero degrees the spectra were found to be dominated by 
the dipole-forbidden singlet-triplet transitions when very low residual energies less 
then 2 eV were used. The dipole-forbidden transitions can be identified by their 
typical excitation functions. The triplet excitation is dominated by core-excited 
shape resonances. The cross sections are large within a few eV of threshold with 
several peaks due to the individual resonances and then decrease rapidly. In con- 
trast, the excitation of the dipole-allowed state has only a small cross section at 
threshold which increases with increasing residual energy. Thus an alternative 
method to study forbidden transitions emerges using very low residual energies to 
enhance the forbidden transitions instead of the more conventional variable-angle 
method. The new instrument has several practical advantages over the classical 
electrostatical system. Both electron transmission and electron energy loss spectra 
can be obtained with one instrument. Very low energies down to 0.05 eV can be 
achieved for both incident and scattered electrons. The new instrument is sensitive, 
simpler in design and lower in cost. The drawbacks are the limitation to forward 
scattering and a resolution inferior to the best reported for electrostatic instruments. 
Thus, whereas the electrostatic instrument will probably remain the ultimate tool 
for electron scattering, the practical advantages of the new approach make it useful 
for routine studies of organic compounds. 
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Fig. 13. Energy-loss spectra in the region 3, recorded with the residual energies (in e V )  given (The positions 
of the T33B2u vibrational levels (vertical bars) and of a weak peak which moves to the left with 
increasing residual energy (arrows) are indicated. The peak constant in incident energy has been assigned 

to a 2E1, Feshhach resonance in this study) 

The very low energy capability coupled with high sensitivity and sufficient 
resolution enabled the observation of several new features. New Rydberg series 
with ii=O.84 and 6=0.86 were observed at very low residual energies and assigned 
as the ns3E1, and 'El, states. 

A new vibrational progression was observed in the complex 6-6.5 eV region. 
Excitation functions for individual vibronic levels of the three lowest triplets states 
were obtained, a new peak labeled c' was found at 6.5 eV and interpreted as a 
core-excited shape resonance. The preferred decay paths of the resonances were 
inferred from the spectra. Finally, the existence of a Feshbach resonance at 5.87 eV 
associated with the new Rydberg state at 6.28 eV is proposed. 
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