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Cascade contribution to the H2 Lyman band system from electron impact
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The intensity of UV resonance transitions excited by electron impact is determined by both direct excitation
and cascade processes. The lifetime for decay by spontaneous emission from a resonant state is short~typically
, 10 ns!. Using a pulsed electron gun technique established to separate these two effects we report a laboratory
study of the UV spectrum of H2 attributed to cascade. We utilize the longer lifetimes~. 30 ns! for cascade
channels to measure the intense spectrum of the Lyman band system (B 1Su

1 –X 1Sg
1) of H2 populated by

cascade from higher lying (EF,GK,H1Sg
1) states.

PACS number~s!: 34.50.Gb, 34.80.Gs
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The Lyman (B 1Su
12X 1Sg

1) band system is the
strongest band system of H2 @1#. The Lyman band
system and the remainder of the two Rydbe
series of H2 : 1Su

11ssnps(B,B8,n52,3)→X 1Su
1 and

1Pu
11ssnpp(C,D,n52,3)→X 1Su are of intense interes

to theoreticians@2#. The Lyman band system plays a signi
cant role in astrophysics as a tool for measurement of en
input to astronomical objects such as the Jupiter aurora@3#,
the outer planets@4#, and Herbig-Haro objects in the inte
stellar medium@5#. In each of these cases collisional excit
tion of H2 by electrons results in UV emission from th
Rydberg band systems spanning the spectral range 75
nm. While giant strides in modeling high resolution labor
tory and spacecraft spectra have been made recently~e.g., the
transition probability calculations of@2,6#!, a complete de-
scription of the Lyman band spectrum has proved elus
because of the unknown cascade contributions to theB state
of H2. Specifically the magnitude of the EF,GK,H1Sg

1

→B 1Su
1 electron impact cascade contributions to the L

man band emission spectrum has not been established
difficulty lies in understanding the optically forbidden exc
tation to the rovibronic levels of these double-minimum g
ade states from theX 1Sg

1 ground state. The present expe
ment fills this need by providing measurements of
cascade spectrum. Spectral measurements are achieved
a noncontinuous electron beam mode at 20 and 100 eV
gating the photon detector, which eliminates the direct p
cesses based on its short lifetime. Unlike previous
proaches~e.g., Mahan, Gallagher, and Smith@7#! this tech-
nique enables an entire spectrum rather than an individ
transition to be examined in the time domain. The signific
result for the Lyman band system is that the cross sect
for direct excitation and cascade are nearly equal at 20
The UV spectrum provides a laboratory benchmark spect
for theoreticians engaged inab initio calculations of electron
collision cross sections and transition probabilities for
gerade states of H2. The mutual coupling interactions of th
first five gerade states, including the states of this study, h
been described by@8#.

The direct and cascade channels contributing to a UV
resonance spectrum can be conveniently separated in
time domain. Lifetimes of theB 1Su

1 rovibronic levels of H2

are in the range 0.5–2 ns@2#, whereas the lifetimes of the
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vibronic levels of the EF state are in the range 100–1000
@9,10# and the vibronic levels of the GK, H states are in t
range 20–100 ns@10,11#. We show in Fig. 1 a schematic of
the two principal gerade states that radiatively cascade in
middle ultraviolet~MUV ! and visible IR to theB 1Su

1 rovi-
bronic levels. The lowv8 levels of theB 1Su

1 state can be
populated by cascade via many rovibronic levels of the G
H, and EF states. The cumulative effect of these many s
cascades to a rovibronic level can be studied in a pul
beam experiment by monitoring the intensity of a single fi
structureB→X line, after the direct excitation has decaye
away. This measurement establishes the general experim
tal methodology for obtaining electron-excited cascade sp
tra without contamination from direct excitation.

The experimental system in its conventional operat
mode of steady-state excitation has been described be
@1#. The system consists of a 3 m high-resolution UV spec-
trometer (l/Dl567000) in tandem with an electron coll
sion chamber. The magnetically collimated electron be
collides at a right angle with a beam of gas effusing from
collimated hole structure. The photon detector is a chan
electron multiplier coated with CsI. To operate the electr
beam in the pulsed mode the potential of the first accele
ing electrode of the gun (L1) is varied periodically. Figure
2~a! shows the time dependence of the electron impact e
tation rate, which is proportional to the instantaneous el
tron beam current. At the beginning of the pulsing cycle (t0)
the potential ofL1 is changed from a value 20–30 V belo
the potential of the cathode~which blocks the electron beam!
to a value of 2.5 V above the cathode potential~the operating
voltage for a continuous electron beam!. Consequently, the
electron beam current increases rapidly from zero to a st
value ~typically 200 mA within 150 ns!. The gun is main-
tained in this ‘‘on’’ state for a time sufficient to approach
dynamic equilibrium between excitation and deexcitati
processes of the specific target excited states. At timet1 the
potential ofL1 is rapidly changed to a value below the cat
ode potential, causing blockage of the electron beam
200-mA electron beam can be ‘‘turned off’’ with this tech
nique with an instrumental time constant of approximat
30 ns. Figure 2~b! shows the expected time dependence
the photon emission rateI l(t), following pulsed electron
impact excitation for both short lifetime (t!30 ns, dashed
©2000 The American Physical Society02-1
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line! and relatively long lifetime (t.30 ns, solid line! ex-
cited states. In general, the time dependence of the ph
emission rate is the sum of a decay curve correspondin
radiation from the directly excited resonance state and c
volutions of decay curves corresponding to all possible c
cade channels with the decay curve of the state populate
cascades. Figure 2~c! depicts the photon gate signal. At tim
t2 the rising edge initiates the counting of photons by
data acquisition system. The falling edge att3 stops counting
shortly before the next pulse period begins. The cro

FIG. 1. Potential energy diagram of H2 for the B state and the
important double minima cascade states.

FIG. 2. Pulsed electron gun-timing diagram.~a! Excitation rate
of a level in H2 by the electron beam.~b! Instantaneous intensity
from the excited level for fast~dashed! and slow~solid! UV reso-
nance line processes,~c! Photon detector gating.
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hatched area in Fig. 2~b! schematically represents the num
ber of photons accumulated fromt2 to t3 and can be repre
sented mathematically as

Sl~ t2!5E
t2

t3
I l~ t !dt, ~1!

where Sl(t2) is the number of photons accumulated fro
time t2 to t3 at wavelengthl and I l(t) is the time depen-
dence of the photon intensity. The pulsing period as well
‘‘beam on’’ time (t12t0) and gate delay time (t22t1) can
be varied over a wide range, allowing studies of states ch
acterized by effective lifetimes from tens of nanoseconds
approximately 100ms. There is a 8-ms long lifetime limit
associated with excited H2 molecules at 300 K escaping from
the 1.2°31.9° field-of-view of our optical system.

We show in Fig. 3 a variable-gate, pulsed-gun lifetim
study of one Lyman~B-state! and one Werner~C-state! vi-
brational level of H2. We use a gun period of 3.5ms, with a
gun-on time of 2.0ms. The gun-on time of five times th
lifetime of the EF state~except the weakv851 level of the
outer potential well! ensures attainment of asymptot
steady-state conditions for all significant levels of the E
GK, and H states. Whereas these high-lying states typic
cascade to populate the LymanB state, they do not signifi-
cantly populate any of the Werner levels. For both t
gun-on and gun-off part of the cycle, the dashed curve in F
2~b! schematically represents the intensity of the Werner s
tem. The solid curve in Fig. 2~b! represents the cascad
driven Lyman band selected for this study. The photon sig
decay curve of theQ1,R0 –R4(1,4)C-X Werner fine struc-
ture lines, blended together in a 0.3 nm band-pass~FWHM!
centered at 115.99 nm was measured at 100 eV elec
impact energy, and is shown in Fig. 3. The lifetime of t
rovibronic levels (v851,J851) of the C state is 0.9 ns@2#
with no low-lying v8 Lyman bands present in this band-pas
The photon decay curve of theR0-R2(0,4)B-X Lyman fine

FIG. 3. Variable time photon gate decay curves with respec
gun-off time:~* ! Lyman ~0,4! band at 133.370 nm and 20 eV ele
tron impact energy and~D! Werner~1,4! band at 115.990 nm and
100 eV electron impact energy. Both plots show statistical er
bars, with dashed lines representing the respective nonlinear re
sion fit.
2-2



le

e
s
se
a
a

en
ua

or

t
s

ila

e
a

ts
ta
e
he
a
tin
li

s
ca

s
c

-
rg
ri
ad
se

L
ra

v-

ls

e
t t
in
te

lv-

lish
trum,
lay
as
fac-
r
he

rom
-
by

g
al
y

ade
pec-
ct
a

the
e
cross

odel
rs in
es a
the
een
0–

jor

are

c-
cade
on

BRIEF REPORTS PHYSICAL REVIEW A 61 064702
structure lines shown in Fig. 3 was measured at 20 eV e
tron impact energy in a 0.3 nm band pass~FWHM! centered
at 133.37 nm. Although the lifetime of theB(J851,v850)
level is 0.5 ns@2#, similar to that of the Werner band, th
difference between the Lyman and Werner decay curve
striking, indicating the importance of cascade proces
Prompt radiation from the Werner band serves to calibr
the time response of the instrument. The line intensity d
shown in Fig. 3, normalized to unity electron beam curr
and pressure, was evaluated using a nonlinear least-sq
curve fit of the form

I l~ t !5Qfast~l!exp~2t/t fast!1Qslow~l!exp~2t/tslow!,
~2!

where t fast and tslow are the effective lifetimes of the two
strongest processes~direct excitation, fast cascade, and/
slow cascade! and Qfast(l) and Qslow(l) are the emission
cross sections of these processes. It should be noted that fast
and tslow do not represent the lifetimes of individual state
rather the combined effect of several transitions with sim
lifetimes. The measured lifetime value oft fast530 ns in Fig.
3 for the C-X decay is a measure of the instrumental tim
constant. The WernerC-X transition shown in Fig. 3 has
weak secondary process with a lifetime of 140650 ns, with
Qfast/Qslow.40. We attribute this to the cumulative effec
of weak cascade processes from Rydberg gerade s
GK-C, H-C, J-C as reported by Huber and Herzberg in R
@12#. This parameter was also verified by monitoring t
time decay of the Faraday cup current during the gun-off p
of the pulsing cycle. The present experiment cannot dis
guish direct excitation and cascade processes that have
times less than 40 ns. It was not the goal of this program
measure the prompt lifetimes of the direct excitation tran
tion but rather to study the slow cascade late in the de
curve.

The Lyman band is analyzed in the same manner. Ba
on a comparison of direct excitation and cascade Fran
Condon factors@13,1#, thev850 level is found to be popu
lated mostly by cascade at 20 eV electron impact ene
with less than 10% direct excitation. The effective expe
mental lifetimes were found to be 51 ns for the fast casc
processes (t fast), and 161 ns for the slow cascade proces
(tslow). The ratio of the cross sectionsQfast/Qslow,1 indi-
cates that the slow cascade cross section is larger. The
man band decay curve time constants are a weighted ave
of lifetimes from rovibronic transitions of then52 EF and
n53 GK, H states. The strongly excited EF vibrational le
els of the inner potential well,v850,1,2,3, have lifetimes
from 99 to 203 ns whereas the strongly excited GK, H leve
v850,1,2 have lifetimes of 20–100 ns@10,9#. The n54 I
andJ states with lifetimes of 10–20 ns forv850 are prob-
ably not observed, since the excitation cross sections of th
states are expected to be small. We, therefore, interpre
stronger, slow component of the decay curve as aris
mainly from transitions from the EF double-minimum sta
~where the lower vibrational levels of theE-state inner po-
tential well favor decay to theB v850 level! and the weaker,
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faster decay curve as arising mainly from transitions invo
ing the GK, H double-minimum states.

The experimental decay curves, shown in Fig. 3, estab
the gate delay time needed to observe a cascade spec
free of any directly excited Rydberg bands. At a gate de
time of t22t15135 ns after the electron beam blockage h
occurred, the Werner band intensity has decreased by a
tor 40, while thev850 Lyman band is down by only a facto
3. For a gate delay time of 135 ns we show in Fig. 4 t
cascade spectrum of the Lyman bands~0.4 nm FWHM!. The
spectrum was obtained by accumulating photon counts f
t22t15135 ns ~Fig. 2! to t32t151400 ns for each wave
length. The UV spectrum from 90–170 nm is calibrated
techniques previously published@14,1#. The low-resolution
wavelength structure in Fig. 4 is indicative of stron
B-Xv850,1,2-v9 progressions. However, high vibration
levels (v8519) of the B state must be weakly excited b
cascade in order to explain the full spectrum to the;92 nm
short wavelength threshold for this progression. The casc
spectrum is compared to the steady-state electron beam s
trum (cascade1direct) and the Rydberg band system dire
spectrum, which we have recently modeled, including
complete set of 100 eV absolute cross sections for
B,C,D,B8 states,n52,3 @14#. The regression analysis of th
steady-state spectrum in Fig. 4 establishes the cascade
section. The channel~0.05 nm/channel! intensities of the ex-
perimental cascade spectrum and the direct excitation m
spectrum are used mathematically as independent vecto
the regression analysis. The regression analysis determin
linear combination of these vectors that are summed to fit
steady state spectrum. The rms best fit comparison betw
regression model and data for the wavelength interval 9
170 nm for the 1600 data points is 98% with the ma
discrepancies occurring at the unmodeled LymanH lines
from dissociative excitation forn.2 ~e.g., H Ly-b at 102.6
nm!.

The component fits to the steady-state spectrum

FIG. 4. 20 eV~0.4 nm FWHM! steady-state (cascade1direct)
spectrum~solid line! with the regression fit components to the spe
trum: ~1! The dashed line represents the 20 eV pulsed-gun cas
spectrum,~2! the dotted line gives the 20 eV model direct excitati
spectrum, and~3! the short dashed line showsH Ly-a.
2-3
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BRIEF REPORTS PHYSICAL REVIEW A 61 064702
shown in Fig. 4. The regression model~not shown! is itself
indistinguishable from the experimental steady state sp
trum. Liu et al. @15# give the direct excitation cross sectio
of the Lyman bands at 20 eV as 2.0310217cm2. Based on
the 100 eV Rydberg cross sections of Joninet al. @14# and
the excitation function of Liuet al., the cross section for the
Rydberg bands~including the Lyman bands! at 20 eV is
established as 3.90310217cm2. The cascade cross section
proportional to the area under the cascade spectrum~dashed
curve, Fig. 4!. TheB-X cascade cross section was measu
to be 1.760.5310217cm2 at 20 eV with less than 10%C-X
cascade and H2(a-b) continuum cascade in the cross secti
measurement.

The spectral patterns from direct excitation and casc
are different. Direct excitation produces a large population
theB state centered atv857, whereas cascade populates t
lower vibrational levels most strongly, beginning atv850.
This can be seen in Fig. 4 which shows that there are dist
regions in the spectrum dominated by either direct or casc
processes. The region below 130 nm is dominated by di
excitation processes, whereas the most important two w
length regions that are exclusively~more than 90%! due to
cascade lie near 133–135 nm and 139–142 nm. These
gions correspond to the rotational lines of the~0, 4! and ~0,
5! vibrational bands of theB-X Lyman system, the two
strongest bands of thev850, the strongestv9 progression.
Detailed rotational line identifications are given in the2
spectral atlas of Roncin and Launay@16#. Recently, James
Ajello, and Pryor@17# reported the 19 eV emission cros
sections of the GK,H,I,J•••→B cascade bands in the midd
ultraviolet from 200–500 nm to be about 1.3310218cm2.
This value represents a lower limit, since an additional 1
06470
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20 % of these band systems lie longward of 500 nm. The
fore, we estimate from this study that the EF state must p
duce about 80–90 % of the intensity of the cascading b
systems.

Additional regression analysis of a pulsed spectrum a
steady state spectrum pair measured at 100 eV showed
cascade cross section to be 5.060.6310218cm2. The 100
eV cross section for theB-X cascade is 70% larger than th
previous value of 2.9310218cm2 recommended by Ajello
et al. @18#. The change in relative cross section from 20
100 eV, a factor of 3.4, is matched by earlier estimates@19#.
However, the earlier absolute cross sections were base
an inaccurate spectral model, which underestimated the s
tral content~and hence the cross section! by 70% and further
validates the experimental method of this paper.

In conclusion, a method has been established for mea
ing electron-excited cascade spectra of the UV resona
structure of atoms and molecules, which have strong casc
contributions. A significant cascade contribution can dra
cally change the emerging UV spectrum from the kno
direct excitation spectrum. In addition, we can use t
method to measure the energy dependence of cascade
sections and effective cascade lifetimes for resonance tra
tions in the UV.

The research described in this paper was carried out a
Jet Propulsion Laboratory, California Institute of Techno
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