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ABSTRACT

The Lyman-Birge-Hopfield system of Nz(alng - X12g+) and the CO Fourth
Positive system (Alm - xlz+) are readily excited by low energy electrons
(100 eV). Together these molecular systems have numerous emission bands
spread uniformly over the wavelength region ]1503 to 25007\° Because the
absolute transition probabilities for both of these systems have been
accurately measured, relative measurements of the intensity of these bands
excited by electron impact can be used as a convenient technique for
calibrating VUV monochromators. This is the basis of the molecular branching
ratio technique described in this paper. These relative measurements can be
placed on an absolute basis by comparing the band intensities to the bright-
ness of the hydrogen Ly o line (12153) and the 0l resonance triplet
(1302, 4, 63) produced by the dissociative excitation of H, and 0, respect-
ively and to a standard lamp at wavelengths greater than 15002\° The results

obtained by this method are shown to be in excellent agreement with spectral

response measurements obtained using the atomic branching ratio technique.




I. INTRODUCTION

The absolute calibration of vacuum ultraviolet spectrometers has
been hampered in the past by a Tack of a convenient Tight source with a
known spectral distribution. There are continuous light sources such as
electron synchrotons and black body radiators for which the spectral
distribution can be calculated.! However, electron synchrotons are not
generally available and black body sources require operating temperatures
in excess of 3000°K in order to obtain reasonable photon fluxes in the
1000 -+ ZOOOX wavelength range. Black body sources must also be used with
considerable care in this wavelength range in order to avoid substantial
errors due to scattered light at Tonger wavelengths. In addition, little
is known about the emissivity of materials in this wavelength range and
at these elevated temperatures so that the actual output from such a
source can only be estimated approximately.

Numerous authors have used the atomic branching ratio method?
to make multi-point relative calibrations of optical systems. The wave-
lengths at which relative calibrations may be made via this technique are
usually separated by intervals of hundreds and even thousands of Angstrom
units, whereas it is often desirable to be able to measure the relative
spectral response at intervals of 10 Ro

Aarts et al.3 have suggested extending the atomic branching ratio
method to intensity measurements on vibrational bands of molecules. Aarts
and de Heer* have used emission intensity measurements of vibrational bands
of the CO(Aln - X!z¥) Fourth Positive system to calibrate their optical

system, presuming that the electronic transition moment was constant over




the band system. Mumma et al.> have recently shown that, in fact, the
electronic transition moment decreases with increasing r-centroid for
the. CO(Aln - X1z) system. This variance must be included when deriving
a relative calibration curve from intensity measurements.

In the present work, we have used intensity measurements on 32
vibrational bands of the Nz(alng - Xlz;) Lyman-Birge-Hopfield system,
occurring in the region 12753 - 18503, to determine the relative spectral
response of a normal incidence vacuum ultraviolet monochromator. An
independent calibration was made using atomic branching ratio measurements
on selected multiplets of atomic nitrogen and these results were in excel-
lent agreement with the relative spectral response curve obtained from
the vibrational branching ratio measurements. Because this technique
requires the use of a comparatively simple electron gun and little else,
it can be readily incorporated into a more elaborate experiment. This
arrangement permits routine calibration checks with a minimum of incon-

venience.

II. THE EXPERIMENTAL METHOD
A. Theory
In the atomic branching ratio method,2 atoms in an upper energy level,
Ek, make electric dipole allowed transitions to any of several lower energy
levels, Ei’ Ejo If the number denéity of atoms in level Ek is nk(cm°3) and
the transition probability to level E; is Aki(sec'l), then the volume
emission rate, Bki(cm’3secf1(4n steradians)~!), for photons of wavelength

A emitted in the transition is given by

ki (1)




If the emitted photons are collected by a spectrometer system such as is
shown in Figure 1, then the counting rate measured by the detector,
S{counts/second), will be related to a geometrical collection factor, G,
and the wavelength-dependent spectral response of the collection-detection

system, Q, by the expression
Ski T 6k By (2)

Equation (2) assumes an isotropic distribution of the emitted photons

and negligible absorption and reemission of photons by intervening gas
molecules. The counting rate for photons arising from transition Ek - Ej
is given by a relation analogous to equation (2), so that the relative
spectral responses of the collection-detection system for photons of wave-

lengths A, . and xkj are given by

ki

Si

>

Qi | el

kj (3)
Ai
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Knowledge of the relative transition probabilities enables us to calculate
the relative spectral responses of the optica] detection system at the two
wavelengths by using equation (3).

The method is extended to emission intensity measurements on the
vibrational bands of molecular band systems in the following way. The

total volume emission rate, 8., .., for the (v' v") vibrational band emitted

vi v
by molecules making the transition from an upper electronic energy level

(8]




(XZ, v*') to a lower electronic energy level (XT’ v') is given by

th v" = nlevn v" (4)
The total counting rate, S . i, of the (v', v") band is again given
by a relation analogous to equation (2).

SV' y" = GQV' v" BV’ v" (5)

The relative total counting rates of two bands in the same v" progression
(v' - constant) are related to the relative spectral responses of the
collection-detection system and the transition probabilities of the bands

by the following expression

h J (6)

If the molecular transition is allowed by an electric dipole interaction,

then the transition probability of the (v', v") band may be written as follows

AV‘ V" = qv- vuV3vl V"Rg (th V") (7)

where q w is the Franck-Condon factor, v . ,u is the wavenumber,

VARRY) v

Re(FV. v") is the electronic transition moment, and Fv. yu is the r-centroid




of the (v', v") transition.

In general, the electronic transition moment is not constant over
the band system and therefore the particular functional dependence of Re
on ?v. yn must usually be included in equations (7) and (6).

An example of a band system for which the electronic transition
moment is known to be constant is the N2 Lyman-Birge-Hopfield (LBH) system.6s7
The Nz(alng - X12g+) transition is allowed via electric quadrupole and
magnetic dipole interactions and bands of this system lie in the wavelength
range from ~ TZOOK to -~ ZZOOEQ McEwen® has shown that the effective
electronic transition moment is constant for this system and Shemansky’
has verified this result and has measured absolute transition probabilities
for bands of this system. Hence, the relative spectral response of an optical
spectrometric system may be extracted from emission intensity measurements
on bands of the N, (LBH) system by using equation (6) and the absolute

transition probabilities.

B. INSTRUMENTATION

Since the apparatus has been described in detail elsewhere® only
a brief description will be given here. The experimental apparatus is
shown schematically in Figure 1. An electrostatically focussed beam of
nominally monoenergetic electrons axially traversed a cyiindrica] collision
chamber and was collected by a Faraday cup. Photons emitted in the
interaction region traversed a LiF window and were collected at 90° to
the electron beam by a McPherson Model 225 normal incidence vacuum
ultraviolet monochromator. Photons transmitted by the monochromator were

detected by an EMR 541G-08-18 solar blind photomultiplier tube and




appropriate pulse counting circuitry. The electron beam was aligned parallel
to the vertical dimension of the monochromator entrance slit.

Intensity profiles of emission features were obtained by scanning
the monochromator in wave]ength.and simultaneously accumulating the detected
photon counts with a Hewlett-Packard multi-channel analyzer which was
operated in the multi-scaling mode. In this way a histogram of emission
features was stored for subsequent readout and data-analysis. Equal entrance
and exit slit widths were used and the monochromator was advanced manually
between emission features, thus minimizing the effects of long term drifts
in the electron beam current and the N2 pressure. The electron collector
and N2 pressure were monitored throughout data taking periods and these
parameters drifted less than 1% in the time required to scan a molecular

band.
III. N2 LYMAN-BIRGE-HOPFIELD SYSTEM

The Nz(alng) state was excited by an incident beam of 100 eV electrons
and the beam current was typically 2 x 10-* amperes. The N2 pressure was
less than 10 milli-torr and therefore absorption of photons of the NZ(LBH)
band system was completely negligible. The absciption spectrum of N2 in
the region 1200 - 2000 3 consists of absorption features of the forbidden

transition Nz(aln + Xlz;) and the absorption cross section is less than

g

4 x 10-2! cm? throughout this region.® Hence, an optical path length of

~ 76 torr-cm is required to produce ~ 1% absorption, whereas the maximum

optical path length in our collision chamber was 5 x 10-2 torr-cm.
Radiative lifetimes of vibrational levels of the Nz(alng) state are

typically 1.5 x 107" seconds’ so that in the absence of collisions thermal




molecules travel a mean distance ~ 6 cm befohe radiating., The collision
chamber diameter was ~ 5 cm and the molecular mean free path at Ip
millitorr was ~ 1 cm so that collisional quenching may depopulate the
Nz(alng) state. These considerations are of importance if it is necessary
to know the local number density, nyoo For relative intensity measure-
ments on bands beTonginglto a specific v" progression the;]ocai number
density does not enter eqhation (6). The N2(LBH) radiation constituted a
diffuse source for these excitation conditions and the monochromator
accepted photons from an emitting volume having cross sectional area
~Tcmx 1 cmand depth 5 cm.

Vibrational bands of each v" progression (v' =1 + 6) of the N2(LBH)
band system were scanned sequentially in v" and the total number of counts in
Veaqh fully resolved band was obtained by summing the counts in the histogram
of that band. Figure 2 shows the histograms of bands in the (v'! =1, v")
progression which were taken at a resolution of 0.88 R and an equivalent
channel width of 0.25 A, The total number of counts in each band was
obtained by summing over 24 channels, starting 6 channels before the channel
containing theLpeak number of counts, and these totals were taken to be

S » in equation (6). Relative spectral responses were than calculated

vi v
with respect to the (1,0) band via equation (6). Similar measurements were
made on 7 bands of the (v' = 2, v") progression and on 7 bands of the

(v' = 3, v") progression.

Total intensity measurements on bands of the (4, v"), (5, v"),

and (6, v") progression were complicated by extensive overlapping of bands.

Therefore, we developed a method for extrapolating the total counting rate




of a band from measurements made on a selected portion of that band.

The ratio of the counts, Mv' ws in a three channel passband centered on

v

the peak histogram channel to the total intensity, Sv‘ v

ws OF a band
was calculated for the instrumental parameters used in these measurements.
The volume emission rate, By gu» Of the (J' J") rotational

Tines of the (v', v") band is given by

B
s

= 9 - 2,5 2,,3 2(F
By gn = My exp (SEgu/KTpgr) 164D 2650 gu * €Dy vje gud Relrye o)

vl
where Sg‘ is the line strength factor for the (J', J") line,

T is the rotational temperature of the upper Tevel,

ROT
Ej, is the rotational energy of the upper level,
DQQ, 022 are vibrational matrix elements,
CZ"C4 are constants,
Rvl is the rotational partition function, and the other quantities

have been defined earlier in this paper.
For equal slit widths, the monochromator transfer function is triangular in

shape and is given by

T-Iv=a s =gl s ax

ﬂn(xc) = AX

0 ,IA"}\CI>AA

where Ax is the resolution for the slit settings and e is the wavelength

10

(8)

(9)




at the center of the passband. The detected counting rate is given by

s(r) = C.6Q, )

¢ 0 LT

L gu) Sgeexp(-E; /KTpapin, ] (10)
The detected intensity profile was calculated by varying A, over the extent
of the band and normalizing S(Ac) to 1.0 at the maximum. We used the line
strength factors given by Shemansky’ and a rotational temperature of 390°K
to calculate the emission profile via equation (10). A histogram of this
theoretical emission profile was formed using a channel width of 0.25 R and
assuming that the rotational line of lowest wavelength entered monochromator
bandpass just as the multi-channel analyzer addressed a new channel. A
calculated histogram for‘the (1,1) band is compared to an experimentally

measured histogram in Figure 3. The ratio Mv' v../S + was calculated.

vi v
Taking a three channel sum for Mv' v helped to correct for slewing of

the emission profile about the peak channel, caused by uncertainty in the
entry phase of photons stored in the first non-zero channel of an experiment-
ally measured histogram. Figure 4 shows a comparison between the theoret-

ically calculated and experimentally measured ratios Mv' V../S for

v ov"
the (2, v") progression. Similarly good agreement was obtained for bands
of the (1, v") and (3, v") progression. Theoretically calculated ratios
were then used to extrapolate total band intensities from measured values
of Myt g for 3 bands of the (4, v“)»progression, 5 bands of the (5, v")
progression, and 4 bands of the (6, v") progression. Relative quantum

efficiency curves were determined for these progressions as described

earlier.




The data for these six v" progressions were combined in order to
determine the best relative quantum efficiency curve. A data set

(Av' v

one., The values of a, > a¢ which gave a least squares fit of the data

ns av'Qv' v..) was defined and a; was arbitrarily set equal to

to a fourth order equation in A were determined using a computer. The
resulting spectral response curve was identical above 1300 R with the
curve shown in Figure 5, which was derived from a combination of
molecular branching ratio measurements and atomic multiplet branching

ratio measurenents.

IV. ATOMIC NITROGEN MULTIPLETS

The molecular branching ratio results were checked by making
intensity measurements on selected atomic nitrogen (NI) multiplet pairs
which branched from a common upper energy level (see Table I). Absolute
transition probabilities for the NI multiplets listed in Table I have been
measured by Labuhnl® and Lawrence and Savagell. These multiplets were
produced in our collision chamber by electron impact dissociative excitation
of N2 under the same experimental conditions used in producing the N2
(LBH) band system.

The transitions listed in Table I lead to metastable states of
the ground configuration of NI and it is the metastable atom density which
will be responsible for possible absorption effects. Theoretically derived
estjmates12 of the column density of metastable atoms predict that absorption
will be negligible for the experimenta] conditions described here (10
millitorr of NZ’ 2 x 10°"% amperes of 100 eV electrons, and a maximum column

Tength of 2.5 cm). These predictions were verified experimentally by observing

12




a constant 1493 A/1743 A counting ratio and 1311 A/1164 A counting
ratio for N2 pressures up to at least 20 millitorr.

The total emission intensity of these multiplets was obtained
in a manner similar to that used in scanning the Nz(LBH) bands, and
the relative spectral responses were determined via equation (3). The
relative spectral responses as determined from atomic branching ratio
measurements on the 14933 and 1743 R multiplets were in excellent
agreement with the relative spectral responses as determined from measure-
ments on the NZ(LBH) band system (Figure 5). Similar intensity measure-
ments were made on the other NI multiplets listed in Table I and the
relative spectral responses at those wavelengths were calculated using
Labuhn's experimentally determined transition probabilities and equation
(3). For the excitation conditions described here, the total intensity
of several NI multiplets had to be corrected for overlap by a band of the
NZ(LBH) band system. This was done by summing the total intensity of
band + multiplet and then subtracting the band intensity, which was
related to the measured intensity of a resolved band in the same v"

progression by the expression

AV' Vq QV'.V?

- 1 1

S ' 1] = S

Y vi AV' V" ch v"
J: J

(1)

VI vil
J

The required correction was ~ 4% for the total intensity of the NI 1493
multiplet and ~ 20% for the NI 1412 K hultip]et.
It should be noted that the upper levels of NI which give rise

to the multiplets observed in this work have radiative lifetimes of less

13




than 108 seconds so that even if the dissociation fragments have

~ 1 eV of kinetic energy (corresponding to a velocity of 3.5 x 10°
cm/sec), the Timits of the emitting region correspond roughly to the
e]eétron beam 1imits and hence the emitting region may be considered

to bé a line source, Conversely, the lifetime of a vibrational level

of the Nz(alng} stptg is typically 1.5 x 10~* seconds so that even
thermal molecules (-~ 4 x 10% cm/sec) form a diffuse source of LBH band
radiation. The good agreement between the atomic multiplet data and LBH
molecular band data in Figure 4 suggests that spatial effects were

unimportant in our experiment.

ws av'Qv' vu) obtained by measurements on the

The data set (lv‘ v

NZ(LBH) band system was augmented by data from the atomic branching ratio
measurements and a,, ag, a5 were assigned to the data from the multiplet»
pairs in the order listed in“Tﬁb1e I. This nine-fold data set (6 LBH
progressions and 3 atomic branching ratio pairs) was fitted to a fourth
order curve in wavelength and the results are shown in Figure 5. The
smooth curve in Figure 5 is the curve of best fit and the crosses and dots

are renormalized data derived from the emission intensity measurements on

the NZ(LBH)vbands and NI atomic md]tip]ets, respectively.

V. RESULTS AND DISCUSSION
Measurements of the intensities of selected bands of the NZ(LBH)
system have been used to calibrate the relative spectral response of a
window-monochromator-photomultiplier combination at 32 wavelengths in the
spectral range 1275 R - 1850 R. The relative spectral response curve

determined in this way is in excellent agreement with relative response

14




values determined via independent measurements on multiplets of atomic
nitrogen. Intensity measurements on the NI multiplet pairs 1412 K -
1243 A and 1311 A - 1164 A have been used to extend the calibration to
lower wavelengths. The spectral response curve from 1150 R - 1900 Z
was then determined via a least squares fit procedure and is shown in
Figure 5.

The calibration range can be extended from 1150 R to 2500 Z by
augmenting the NZ(LBH) measurements with similar measurements on the
CO Fourth Positive system (Alnm - Xlz+)° When using the CO Fourth
Positive system, a correction for the variation of the electronic tran-
sition moment with r-centroid must be included.® These relative intensity
measurements can be placed on an absolute basis by directly comparing
the band intensities to the brightness of the hydrogen Ly o line (1215°6R)
and the 0I resonance triplet (1302, 4, 63) produced by the dissociative
excitation!3d,1%,15 of H, and 0, respectively and to a standard lamp at
wavelengths greater than 1500 Rlﬁa In this way the sensitivity of a VUV
monochromator can be determined over this wavelength range with an
absolute accuracy of *+ 10%. This technique is particularly convenient
because it only requires the use of a comparatively simple and inexpensive

electron gun that can easily be incorporated in a more elaborate experiment.

p
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Transition Probabilities for Multiplets of NI

Table I

A(;) Multiplet Aki(]O8 sec™!) ki/Akj
Lawrence Labuhnl?

and Savagel!l
1243 2P3 2p0 - 35 2p 4.1 4.6 9.1
1412 2P3 2P% . 35 2p 0.52
1493 2p3 2p0 . 35 2p 3.9 5.5 2.75%
1743 2P3 2p0 _ 35 2p 1.4 2.0 2.79°
1164 2P3 2p0 - 3d 2p 0.47 0.36
1311 2P3 2p0 - 342 D 1.3

Lawrence and Savage used the branching ratios of Labuhn to
determine the transition probabilities from the radiative

lifetime of the NI(3s 2P) state.

Calculated from Labuhn's data.



Figure 3

Figure 4

Figure 5

FIGURE CAPTIONS

A schematic drawing of the experimental apparatus.

A histogram of the measured emission profiles for bands

of the N2 Lyman-Birge-Hopfield system, v' = 1. The wave-

length equivalent channel width is 0.25 K. The band design-

ation (v', v") and the bandhead wavelength are given above each
band.

A computed histogram of the (1,1) vibrational band of the N2
Lyman-Birge-Hopfield band system, for the experimental system

shown in Figure 1. The rotational temperature used was 390°K,
which was comparable to the equilibrium temperature of the
collision chamber walls. The crosses are in experimentally
measured histogram of the (1,1) band. The bandhead wavelength

is - 1464 A,

The percent of the total band intensity included in a three

channel interval centered on the peak. The crosses are
experimental values and the dots are theoretically calculated values.
The relative spectral response of the window-monochromator-detector
combination. The crosses are derived from measurements on the

N, Lyman-Birge-Hopfield System and the dots are derived from

2
measurements on multiplets of atomic nitrogen. The smooth curve

représents the least squares fit to the data.
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