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ABSTRACT

A new concept is presented and its analysis begun: the
TRANSFORMFR LASER. This arrangement is intended to
convert the outputs from many lesser.and lower quality, auxiliary
lasers into a single coherent plane-wavefront by absorption and
re-emission in the normal transitions of a molecular gas medium.

Work during this contract period has dealt exclusively
with analyses of suitable gaseous media to be pumped by a battery
of Nd-glass lasers near 1,06y, The most promising gas molecule
found so far for this purpose is CN, which would be obtained from
the preparatory exposure of normal (CN), gas to a pulse of UV
light. The analysis to date indicates a probable potential for
operation at very useful power densities, but only a few of the
possible questions about such a system have yet been explored.

Alternative choices for the gas medium might be Cs
or metastable nitrogen molecules. Further analysis of theSe
molecules as well as of CN is planned for the next period.
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1. INTRODUCTION AND BACKGROUND

It is well-known that no system of optics placed between a pumping
source and a laser active medium can put more energy within a given wave-
length band into the medium than would result if the latter were surrounded
witi: a solid wall whose entire area was emitting with the same intensity

as the pumping surface, *

Therefore, no avenue of approach toward an ultra high power laser
can result in very much more energy being pumped into tae active lasing
volume than can the method of raising the effective temperature of a luminous
wall around the medium to extreme levels, while still keeping the spectral

range of the radiation within the absorption capability of the medium.

Such an arrangement could be approximated by practically surround-
ing the volume with auxiliary lasers, whose beams enter the active medium
and have wavelengths which are absorbable for pumpiug purposes by the
atoms or molecules of the medium. The effective radiation temperature
of the output surfaces of these auxiliary lasers can he many millions of

degrees.

A lasing medium which is being laser-pumped in this way can be
called a TRANSFOEMER LASER. In effect, it takes the output beams

from numerous auxiliary lasers, which need have no special phase

*Assuming that both pump and laser are immersed in ambient media of the
same index of refraction.
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relationship to each other and which do not even need to have precisely

the same wavelength, andtransforms this energy into a single coherent

output beam. If the optical quality and geometrical arrangement of the
transformer mediura can be made sufficiently good,and the right combination
of purup wavelength and active atom or molecule can be chosen, there
arises the possibility of an output beam whose wavefront can be plane

and diffraction-limited, and which will have a power close to the sum of the
powers cf the various pumping beams. Figure 1 illustrates a sample
arrangement,

GPL Division originated the concept of a laser transformer system prior
to July 1962, and for more than two years has pursued analytical work in develop-
ment of the concept for output beams at wavelengths near 11, 1y, 4. 71y, 2.36u
1. 06u and 81003, with company funds. Since 23 November 1964 further analys.s
of possible laser transformer systems has been proceeding under the present

contract.
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1.1 Pre-Contract Studies, General

The first design studied in 1962 was the use of circulating carbon
monoxide gas at 10 atm pressure and 100°K for the transformer medium,
with a numer of 2. 36y CaFZ:Dy++ laser beams to provide the pumping
energy for the CO. tThe gas would absorb the pump light in the broadened
P(5) line of its (2-0) rotation-vibration band. Intermolecular collisions
would quickly redistribute the absoibed energy over a great many rotation
and vibration levels of the CO molecules. Analysis of these distributions
showed that at hizh pumping powers strong inversion would occur for all
the P-branch transitions of the (2-0) band beyond P(5); as well as for all
the P-branch lines numbered higher than about P(3) of the (1-0), {2-1),
(3-2), etc., bands which lie near 4. 74, It was shown that suitable cavity
design for the CO container could result in output beams near either
2. 36y or 4. 71y which (a) contained more than 90% of the total absorbed
Dy-laser pumping energy, and (b) would not have their divergence quality
appreciably impaired by variations in refractive index of the CO through-
out a pulse of considerable length. The latter feature occurs because the
various rotation -to- translation energy exchanges arising during CO-CO
collisions practically balance out; while the type of collision which trans-
fcems vibrational energy into translation is relatively rare in CO gas at
100°K. For this reason, practically ncne of the absorbed pu.np energy can
get into the form of sensible heat in the gas until long after a pulse is

completed.
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Next,various possible systems were analyzed for accepting
the beams trom a battery ot rubylasers as pumping energy. Thebest
transformer medium appeared to be sodium vapor, approxiraately saturated
at about £00°C and mixed with 20 atm of helium. The ruby laser light is
to be Raman-shifted to a wavelength near 794048, This light will be absorbed
by several broadened branch lines of each of a number of overlapping rotation-
vibration' nds, such as (13-1), (14-2), etc., of the (A 12:1 — 123;)
electronic transition of the Na2 molecules present in the vapor. Collisions
between Na2 and He will quickly diffuse tne absorbed pur ning energy and
set up approximately Boltzmann level population distributions for the Naz,
both in rotation and in vibration. Analysis showed that at high pumping powers
inversion would occur for practically all lines of (A 12:: - X 123;) lying
on the redward side of the pump wavelength., Since the spontaneous fluorescence
emission from excited Na2 molecules centers on the blue side of the pump
wavelength, it was calculated that an energy balance could be arranged,
50 that again practicaily no net sensible heat is added to the trensformer

medium. The output beam could contain at least 90% oif the total pumping

energy abscrbed within the gas.

Following this work, considerable study was given to the possibilities
for a transformer laser whose output would lie near 11, 14, but a suitable
combination of pumping iaser plus transiormer medium had not been chosen

before the goal of the analysis was shifed to the use of Nd-glass pumps at

1. 064, 5




A moderately extensive literature search was made on the spectra
and other properties of all gases which are known to, or could possikly be
expected to, absorb with reasonable intensity near 1. 06y, or approximately
9430 cm'l. This survey included not only atoms "nd molecules in their
equilibrium ground states, as in the CO and Nz:t2 cases, but also atoms and
molecules which might have been placed temporarily in excited states
~ i.e., "prepared" — by some externa! agency such as an electri~

discharge or some relatively low-powered auxiliary light source. A

few details of this study are discussed in the next section.
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1.2 Pre-Contract Studies; Media to be Pumped by Nd Glass Lasers

Table 1 presents an attempt at classifying all the possibilities
for gas media into logical groups, according as to the use of atoms or
molecules, allowed or forbidden transitions, electronic or rotation-
vibration transitions, normal or "prepared' entities, etc., etc.

The right hand column gives the results tor those cases studied.
The nomenclature of the molecular electronic states referred to is that

used in standard spectroscopic level tables such as Herzberg (1950). *

It will be noted that many areas have not yet been studied under this contract.

However, trom among the simpler kinds of systems, only the

following examples of media appeared, in advance of serious study, to show:
much promise at all for the desired transformer application. Each has
some potential disadvantages, as listed.
A. Reasonably stable diatomic molecules, strongly absorbing,
but with very small rotational constants and overlapping
electronic levels:

Cs,, (RbCs?)

* This standard work will e referenced in the remainder of this report simply.

as ""Herzberg's book". Underscored names with dates in parenthesis are
references, which are detailed in the Bibliography at the end of this report.
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B. Reasonably stable molecules, but only very weakly absorbing
near 9430 cm™ 1:
HT, DF. and HF, (if their polymerization could be tolerated),
Rb

Ko, Iy, Oy, H,, HCN, NH4, CZH4 and numerous

2) 2)

other poiyatomic organics.

C. Both strong and weak absorbers, but either unstable or high
temperature refractory entities, complex to produce and
maintain:

TiO, SiO, CaO, NO*, BeO, BaH, NH,(?), Hez*, Cz*,

CN, CP, Se,y, Hy*, Ny*, CO*.

*
2 ’
D. Rather strong absorbers, i.irly stable molecules; but polyatomic,

with very complex vibrational interchange, very little data:

03, V Cl & Ir FG’ various rare earth fluorinated acetylacetonates.

After some general consideration, four candidates were chosen from
this group. as seeming the most promising in advance of any concentrated
study. These were: (a) ground-state C52 molecules occurring naturally
in cesium vaper, which would be at about 400°C, (b) room temperature
HCN gas, (c) ground-state CN monomer molecules in temporarily
partially dissociated cyanogen gas, and (d) metastable N, molecules in
their A32u+ electronic state, in temporarily excited nitrogen gas. At this

point work was begun under the present contract.




Table 1. Possible Pumping Processes and Absorbing Gases, for
Transformer Mediato be Pumped by Nd Glass Lasers Near

9430 cm-~1.

Processes

Pump up from ground state of stable
atoms; allowed transition

Possibly Useful Transitions and

Media

No transition available near 9430 cm”~
except possibly in high temperature
refractory materials.

Same, but forbidden transition

None near 9430 cm™ except high
temperature materials.

Pump within electronic ground state of
stable molecules; rotation-vibration
transitions,; diatomic mclecules

None having center of any stro
band within 900 cm-1'of 9430 cm-1,

Same, but polyatomic molecules

Numerous cases of fairly weak
bands , mostly organic molecules.

Pumpup from electronic ground state of

stable molecules; elec.ronic-rotation-
vibration transitions; diatomic mole -
cules; allowed transitions

The following five molecules will
absorb the Nd glass laser light, but
all have problems:
Cs, - very complex spectrum;
se\%ral electronic levels are
superimposed

RbCs - the vapor will necessarily
include some Csz.

sz - bands are extremely weak.

K2 - bands are extremely weak.

I_ - bands will be of negligible
2 intensity except at temperatures
such that dissociating collisions
would cause too much quenching.
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Table 1. (cont.) Possible Pumping Processes and Absorbing Gases,
for Transformer Media to be Pumped by Nd Glass Lasers
Near 9430 cm-1

Same, but forbidden transition Only 02, which is prahibitively
weak.

Same, but polyatomic molecules, both @, VCl, IrF,, and other complexes.
allowed and forbidden transitions

Pump up from the electronic ground state Not yet studied under this
of a stable molecule into the dissociation contract.

continuum, and lase one of the excited

prodacts

Pump up from a prepared excited state  Not yet studied.
of a stable atom

Pump within the ground electronic state Not yet studied.
of a stable molecule in a rotation-vibra-

tion transition;puraping upward from a

prepared higher vibrational level not

normally well populated

Pump up from a prepared higher Not yet studied.
vibrational level in the ground electronic

state of a stable molecule; an electronic-
vibration-rotation transition to'an

upper state

Same, but pumping into the dissociation Not yet studied
continuum and lasing one of the
excited products

Pump in a rotation-vibration transition Not yet studied.
within a prepared metastable excited
electronic state of a stable molecule

10




Table 1. (cont. Dossible Pumping Processes and Absorbing Gases,
For Transformer Media to be Pumped by Nd Glass Lasers,
Near 9430 cm-1

Pump up from a prepared excited Excited states in N,, CO, and
electronic state of a stable molecule; look possible and n%ght be prepared
electronic-rotation-vibration in an electric discharge. Also NH3
transition may perhaps absorb weakly.

Ny-A — N2' B( known to lase)

I

|

i

|

l

E CO-a+ CO-a'
! Hy-B « H,- E(quite weak)
|

i

|

|

!

Pump prepared reactive (not chemically Not yet studied.
stable) neutral atoms from their

ground state or from prepared excited
states

Pump prepared ionized atoms from ground Not yet studied.
state or from prepared excited state

Pump prepared reactive molecules; within Se.- X «— Se,- A(weak?)

or up fromthe electronic ground state; CP. X «— CP. A{very weak)
or withir r up from a prepared excited CN.X «—= CN-A

state; rotation-vibration or electronic- Cz- a « C,.b
rotation-vibration transition. Hez- A > ng- C

Also, several high temperature oxides
and hydrides, and a short-lived high
level in NO.

Pump prepared ionized molecules; Not yet studied.
J within or up from ground state or

prepared excited state; positive or
! negative charged molecules; diatomic

or polyatomic molecules; allowed or
forbidden transitions; electronic or
vibrational transitions; pumping into a
stable fiuorescing state or into a metastable
state or into the dissociation continuum
— in the latter case, lasing an excited
atom produc’ - an excited molecular
fragment pro.

11




2. Preliminary Notes on HCN, Cs, and N,* as Transformer Media
With Nd-Glass Laser Pumping -

2.1 HCN Gas

The rotation-vibration band constituting the third harmonic
of the Vs fundamental vibration of the hydrocyanic acid molecule HCN
would overlap the emission region of Nd glass lasers near 1, 0€p.

The same would be true for the hydrazoic acid molecule HN,,, as well

37
as for several other more complex molecules.

However, all ot these 3 Vg bands are extremely weak for transformer
laser use. Although direct measurements are not available, from all the
evidence found in the literature it seems likely that the natural lifetime
of the upper level of the 3 Vs band in HCN must be about 104 sec. Badger

and Binder (1931) had to use a 280 cm tube at atmospheric pressure of

HCN in order to get enough path length to observe the 4 Vs and (3 vg + yl)

bands near 000084,

In view of this, no further study has been made of the use of third

harmonic rotation-vibration bands for the desired medium.

12
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4.2 Cesium Vapor*

The vapors of the alkali metals are largely monztomic, but at
elevated temperatures thereis a component of diatomic molecules
amountii.g to several percent, As mentioned in Section 1, the Na2
molecule seemed serviceable as the medium for a laser transformer

to be pumped by a battery of ruby .asers. However, the spectrum of the

e

C32 molecule is considerably more ccmplicated than that of Naz, because

it

the molecule is heavier and so does not display such rigid electronic sdection

N

rules. Also, this spectrum has never been thoroughly mapped and only

fragments of it have been analyzed. In.order to estimate the probable

el

behavior of Cs2 as a transformer medium we shall have to extrapolate

Wuwﬁuﬂiﬁlllil|mnnu......

%

from what is known of the spectra of the other alkali molecules.

il

The energy levels of the diatomic alkali molecules may be

understood most easilythrough their derivation fromthe parent monatomic -

A

l
x

(2s

alkali levels. The most important of these are sketched in Figure 2. ;%
Each of the neutral alkali atoms has a single 8 electron outside of closed ;%%
shells, which produces ZS'% ground states. The first excited levels for %:i;;
each atom arise when the single electron is moved into a P orbit, %:
yielding 2P levels, §
Now, when two identical alkali atoms in their ground states unite %

to form a diatomic alkali molecule, the resulting molecular states are %
I + 3.+ §

§+zsé‘)" Eg‘a,nd Z;J .

* All of the standard molecuiar spectroscopic theory summarized for-
background in this and other succeeding sections of this report may be fourd

discussed in more detail,in, for example, Herzberg's book. 13
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Of these, the 12;; is the iowest in energy and is the observed ground

1 3

state, labelled X Z;; , for each of the alkali molecules, The

Ll

Zu is
theoretically expected to be unstable in all the alkalis — that is, the

two atoms repel each other at all distances whenthey happen to approach

with spins parallel.

The first excitad states of these homonuclear molecules arise from
the union of an s ground state atom and an atom in its first excited

P states.
Stable Unstable

: 1_+ 3.+ 1 3
s, p)— Tur Fur aa Mg T, 07,12

; 3o+ 1.+
hge + 2 1 z z
(‘s °p, )_..3110+’0--’1’2u’ i, and Y, 7

? o

Theoretical czlculations*show the first two multiplets listed in each of the
above sets of four to be stable, and the other pairs to be unstable. Since

1
the ground states of the alkali molecules are “I's, the absorptive transitions

from these to the above stable singlets zre highly allowed. The standard
1

labels of these first observed excited states aie A lz"; and B lIu. But

intersystem transitions are usually forbidden, and so the stable triplet

* See Mulliken (1932). 15
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levels have never becn directly observed, at least in tle lighter

molecules of the series.

In addition to thehomonuclear diatomic alkalis-the series from

Na, to Cs, — it is well known that yvapors of the mixed metals contain

2 2
important percentages of such combination molecules as NaK, NaCs,

KRb, RbCs, etc. These molecules possess all of the above types

electronic levels as well as a few more, due to the removal of the homonuclear
degeneracy restrictions.

Figure 3 sketches the locations of all known electronic levels of the

alkali melecules, together with all of the identifications which are

accepted by Barrow (1963) in his recent surveys of these spectra.

The stable triplets are not shown in Figure 3 since they are not
directly observable through absorpt: (fromthe ground state. However,
the reality and approximate location of the 3IIu can be inferred fromthe

perturbation which it causes in state A for at least three of the alkali moiecules.

Through the arrangement called the ""'magnetic resonance spectrum',
the presence uof a perturbing effect can be seen for several of the rotational

levels in :zach of several of the vibrational levels of A 12; in Na,, NakK, and

2’
Kz. The cause of this can be understood theoretically as due to very close

coincidences between these levels and similar rotation- vibration levels

16
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of 311 + 1 +
0 u, which must be very close to A Eu in all of these molecules,

The coincidences mix the wavefunctions and cause these particular singlet

levels out of the A complex to take on a partial triplet character., Among

other results, transitionsirom these particular levels to the singlet ground
state X become weaker than the transitions from the other neighboring
rotation - vibration components of state A,

Let us now consider the spectrum of Cs, more particularly. Some

2
of its bands were first recorded in absorption by Dunoyer (1912) and in

(weak) fluorescence by McLennan an? Ainslie (1923). Various later

wor’.ers exter.ded the spectra until absorption bands had given indication
of probable electronic states in at least all the locations marked in

Figure 3. The number of probable levels makes it clear that in a
molecule as heavy as (l's2 the prohioition against singlet-triplet transitions
has been removed, and some of these levels must be observaonle members
of the stable triplets. Since the molecule has such a large moment of
inertia, its rotational levels are very close together, Complete
experimental resolution of the band structure, which would probably

permit identification of the electronic states, is usually not possible,

T R ——. =2y =




Another possible reason for the occurrence of more low levels
in 052 than in the lighter members of the series may be seen from Figure
2. Inthe Cs atom the 5d level occurs almost as low as the 6p. C32
molecules built upon (28% +2D) would have a large number of electronic

2

states intermixed in location withthose arising from (28’3 + P).

The particular absorption band system which is probably pumpable

by Nd glass laser light lies in the infrared beyond about 87358, It was

first noted by Matuyama (1934) and by Loomis and Kusch (1934) ,

independently. Finkelnburg and Hahn (1938) extended the measurements

ik it

of what are probably unresolved vibration band heads as far as
11, 292.8, corapletely overlapping the position of the Nd glass laser

emission band.

By extrapolation in Figure 3, it seems reasonable to conclude that

this band system represents primarily the highly allowed transition

e

A lr{l«- X 1z:;). However, Finkelnburg and Hahn observed slightly
different band head locations than Loomis and Kusch— doubtless because of
differences in instrument resolution in dealing with a very complex
spectrum — and also saw recurring wavenumber differences and

unusaal fluctuations in intensity which made them believe that more than

m,lé}:rﬁl.“p-x..x..r

one upper electronic level was involved.

19
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In view of the perturbation: which have since been explained

3

in the lowest Na2, NaK, and K, levels, it seems likely that the IIu

2
state lies very close to A 12: in Csz.

Such complexities do not necessarily preclude successful use of
cesium vapor as a transformer medium with Nd glass pumps. However,
the probable presence of a large number of unknown, as well as known,
levels in the general neighborhood of 18,000 cm-1 above the ground state
might perhaps do so. Molecules which had absorbed one Nd pump light
quantum, and so resided in Csz- AE 3IIu?), might then absorb a second
quantum to arrive at one of these unknown upper levels. If collisions
dissociated the molecule from such a highly excited siate before it
returned to state A, or if it did not dissociate but merely fluoresced back
to some place other than state A, the transformer efficiency could be
greatly impaired. It should be noted that even through a higa level
position has not been indicated by absorption from Csz- X, it might
still be very easily reached by second quantum absorption from Csz- A
< 3Hu‘?), since the selection rules could be quite different for the two

transitions.

In view of this uncertainty, further analysis on {352 has been

suspended until other possible transformer media have been investigated

to some degree,

20




2.3 Metastable Nitrogen

During the period covered by this report, recent literature on the

spectroscopy and the molecular collision properties of the nitrogen molecule

which seemed relevant to its use as a transformer medium has been
collected. and has been studied to a limited degree. The number of
processes in which this meciecule may be involved is quite large, but
as the experimental and theoretical i~formation is voluminous, there is

some reason to hope that enough data will be available to deal with the

complexities. Since it is expected that a considerable analysis of ». possible

metastable nitrogen transformer . may be available for the next Technical
Summary Report under this contract, only a very brief sketch of the

possibilities will be given at this time.

The most promising transitions to be pumped by Nd glass lasers
would be those of the "first positive system' of N2, which constitutes the
transition Nz' (B3 IIg-——o A 32:). A sufficient population of metastable
NZ' A raolecules might be prepared by use of an electric discharge
through the nitrogen — among other possible methods. If such a discharge
was indeed employed, the situation could become complicated by the
additional presence of N2 molecules in several other metastable states,
as well as N; molecular ions, and N atoms and N and N atomic ions
in various states containing stored electronic or vibrational energy.

Figure 4 shows the energy locations of these various levels.
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The radiative lifetime of the metastable state A 3Eu+ (v=0)

has been measured as ~2 sec (Carleton and Oldenberg, 1962, and

Oldenberg, Bills, and Carleton, 1961), and the rate coefficient for

destruction of this state by metastable-metastable collisions has been

determined as 3.3 x 10-1" e¢m3/sec, (Zipf, 1965). The radiative lifetime

¢ sec, (Jeunehomme and Duncan, 1964) Laser

of 831'1g is about 9.1 x 10°

oscillations have been produced Mathias and Parker, 1963) in 28 lines

of this system and 7 of these have been assigned to the 0-0 band which

lies (Kenty, 1964) near 1.05u.

Given a sufficient population of N2~A323u+ metastables, it is possible
that a laser transformer could then be operated by re-cycling this population

between certain rotational sublevels of the upper B3Hg and the lower

A32u+ states. An analysis of the population inversions obtained by pumping
with a Nd3+ (or perhaps Pr3+) laser will be more complex than that for

Na2 pumped py a ruby laser since there are 27 rotational branches in each

band.

Although our literature search has not been completed, the highest

14

reprrted population density we have found is 4.5 x 10 N2~A 32; molecules/ cm3

(Dunford, 1963). It is generally accepted (Mannella, 1963) that these

metastables arise from the recombination of N atoms previcusly dissociated

in an electrical discharge through N2.

At first glance it might seem that nitrogen should be immediately selected
as the leading prospect for a transformer medium, since it is already known

to be capable of lasing in the precise bands which could be used with Nd glass

23
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pumping. However, this fact actnally has little relevance to the high power
transformer problem. In the experiments referenced the preparation of

the Ny metastable molecules was by means of an electric discharge, and the
lasing was at low power and of very short pulse duration. There was no
necessity in that work to maximize power efficiency and minimize gas
heating, by close é‘onlrol of all the possible relaxing and quenching collisions.
Also, there 'vas no need to set up = nigh speed pump-lase-pump lase
repetitive use of the molecules.

A degree of preliminary explaration of the metastable nitrogen trans-
former laser problem was carried out, sufficientiy to make it seem likely
that CN would actually be less difficult. The initial serious attack on the
problem was therefore begun with that molecule, which will be the subject

of the rcmainder of this report.
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3. GENERAL DESCRIPTION OF CN LASER TRANSFORMFR CONCEPT

After the consideration of a large number of molecular details
during the course of the present report period, a first approximate trial
concept for a CN laser transformer design has emerged. This general
picture will be presented briefly here. as a background for the more
detailed anzlysis of succeeding secticns

Ordinary chemically stable cyanogen gas a! temperatures less than
1000° C consists largely of dimer molecules (CN',. The transformer
medium in the suggested design concept will contain about 3cm pressure
of cyanogen gas in perhaps 20 cm or more of He, with the mixture
at about 210°K. A preparatory {lash of fairly monorhromatic ultraviolet
light with wavelength in the neighberhood of 2000A will dissociate the
majority of the cyanogen molecules into CN fragments. The CN molecules
will be produced in their electronic ground state CN-C, and may be
predominantly in the lowest vibrational level thereof, CN-X(v = 0).

There are several regions within the perhaps 7004 breadth of
the Nd-glass fluorescent emission band centered near 1.06u which are
absorbable by CN'X molecules. Two of these represent particulariy
interesting siwations 1t is at present uncertain at which of these
regions witnin tne fluorescent band Nd glass pump lasers can be made.

to cperate most efficiently In the two cases the pumping would

be in either the (0, 0) band or the (6, 5) band of the

25
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CN- ( A &X) absorption system, near 1,090y or near 1.045y,
respactively. For the latter arrangement, the necessary population

of CN* X molecules in their (v = 5) vibration state would be produced by
including flux near 39004 in the preparatory ultraviolet flash, The
cffect of this near UV radiation will be to transfer a major fraction of
CN- X molecules from (v = 0) to higher vibration states, by a two-step

process to be discussed in a later section.

During the Nd glass laser power pumping flash, collisions with the
he atoms will be striving to maintain Boltzmann equilibrium population
distributions among the rotation levels*of all the vibration states of
both CN- X and CN- A, It will be shown that the steady state rotational
distributions will produce strong inversion in numerous P-branch lines
of the (0, 0) and/or (6,5) bands, whenever intense pumping of the R-branch
lines is being maintained. The result will be to carry perhaps 1%
of the CN molecules very rapidly around a pump-lase-pump-lase cycle
within one of these bands., At a location in the gas medium where the
lasing flux in suitable P-branch lines has been built up to very high
levels—=under the initial stimulus of flux at the desired wavelengths
fromthe "trigger section"— and whenever Nd glass laser pumping is also
very intense, an average mclecule will be carried around this cycle
many hundreds of times during a perhaps one milliseccnd pcwer flash,

Output wavelengths would be near 1,124and/or 1. 07y,

% We will not be interested in suci. hizghlevels that the rotational spacing
becomes larger than KT where eguilibrivm wonld be slow of attainment=—
as 1in the HCl molecuie
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In order to achieve a diffraction limited plane wavefrcit output
beam, great attention must be placed on maintaining closely isothermal
conditions throughout the gas medium during the preparatory and power
flashes After the flashes are over, the gas is to be circulated through
a heat exchanger before the next flashes. Actually, the gas would probably
be circuiated continuously at high velocity, so that conditions would be
suitable for a pulse every-second or so. Detailed consideration of heating
conditions has not yet b2en undertaken; however, features are apparent
which could — in principle — maintain constant temperature. As will be
discussed in later sections, these include (a) control of dissociation
wastc heat by careful choice of the wavelength of t+e preparatory
fiash, (b) minimization of vibrational relaxation and electronic

quenching by operating with He gas at low temperature and not too great
a pressure, and {(c) adjusting the output flux density so as to balance
thermal effects from the input-output quantum size difference against
those from the . input-fluorescence quantum size difference —

the principle of "'molecular refrigeration''.

Adjustment of these parameters to maintain practically constant
temperature will almost automatically lead 0 minimum wastage of energy

throughout the system, so that over ail transformer efficiency of 80-90%

can reasonahly be sought for.
217
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In the next section, detailed consideration of the molecuiar
1. coperties underlying this first design concept, for a transformer
laser to be pumped by Nd glass lasers, will be started with a

backgrcand description of the CN molecular spectrum.
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4. ENERGY LEVELS OF THE CN MOLECULE

Consideration of the CN molecular 2nergy leveis is most easily
bcgur with 2 listing of the C and N atomic levels with which they can be

approximately correla’ed.

4.1 y)west Levels of the C and N Atoms

'The ground electronic configuration of the neutral carbon atom is
2, 2 . : . . .
1s " 2s 2p2. This 2p2 configurat,on yields the multiplets - 9, 1, z’and 1D2
1
and ‘SO, The first excited elecironic configurations are ls2 2s 3p3, whose only

really low multiplet level is 352, and ls'2 252 Zp»fis,, which yields 3P

1,0,2
and 1Pl. Figure 5 shows the level spacing. Other configurations follow

upward in the usual manner,

2

‘i'he carbon in natural carbonaceous materials consists 98. 9% of cl ,

which has nuclear spin I = 0 and so shows no hyperfine structure. The
spectrum lines of the rare isotope 013 are observable very weakly in the

usual sources, but they would not be expected to affect the laser transformer.

The ground electronic configuration of the neutral nitrogen atom is

1 82 232 2p3. This lowest configuration leads to the multiplets

4 2 2 . . . . . .
S D and P . The first excited configuration lies quite high,
13 13,2 314 & anre 1
and is not likely t-. be involved in the laser transformer. These N levels

shown in Figure 5 are the samec as in Figure 4.
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Nitrogen as found in nature consists 99. 6% of NM. The spectrum
lines of the rare isotope le are observable very we :«ly in the usual
sources, but they would not be expected to affect the laser transformer.
The N]L4 nucleus has spin I = 1, with magnetic moment u = +0. 4065nm,
which leads to observable hyperfine structure in the nitrogen atomic
spectrum, as well as in the cyanogen molecular spectrum. However,

4

this his splitting is so small in CN (~10 cm_l) that it seems likely it

can be ignored for the present transformer laser problem.
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4.2 Electronic States of the CN Molecule

To a fair approximation, each electronic state of a lightweight,
13-electron, diatomic molecule such as CN can be characterized
in terms of a pair of specific states of the C and the N atoms into which
that molecular state would dissociate, it the internuclear separation were to

be continuously increased.

The energy separations of these possible dissociation limits, with

which various electronic states oi CN might be correlated, are easily
determined by making various combinations of those states of the separate

atoms just listed.

4.2.1 The CN Dissociation Limits and Theoretical States

The lowest such limits, energetically, arise when each of the
separated atoms is to be left in its ground multiplet, which means
C(3 PO, 1, 2) + N("S1 %). Higher dissociation limits correspond to separating
the molecule into a pair of atoms of which one or both is left in an
excited state, Figure 5 shows the energy relations among the various

combinations.
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The electronic states of the CN moiecule which are expected

to be correlatable with each of the dissociation limits were derived

years ago from the quantum theory of such molecules, as listed in the

following table,

Dissociation Limit

*5 , 4
C ( sz)+ N ( Sl%)

C*(lDz) L (2D1=’5 23)

3

2
C( PO’ 1,2)+N* ( Pé:,l%)

c*(lso) + N (%, )

3 2
CCPo,1,2)* N (Dyy 5y

c*(lnz) +N (451 )

C(3P )+ N (4S

0,1,2 13

Correlated Molecular States

22, 2II, 2&, 2<I>,2I‘, (some

repeated)

22, 211, ZA, 42, 4II, 4A, (some

repeated)

>

g, 1, %, %,

(some
repeated)

2. 2 4

z,2m, 2a, 29,

33
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4.2.2 The Observed Electronic States oi ™N

In so light a molecule as CN, the selection rule forbidding
intersystem transitions is expected to be fairly rigorously obeyed. Since
the ground state of the molecule must surely be a 22, at least che absorption

spectrum should consist almost wholly of transitions among doublet states,

with all levels of higher multiplicity remaining practically invisible,

Actually, this is found to be the case both for the absorption

spectrum and for all CN emission spec:ra., There is no evidence that any

manner of chemical or electrical excitation used so far, or any collision

process observed so far, has placed CN molecules in other than doublet

states. If any molecules have ever been placed in the quartet and higher

groups — as may indeed have happened — no detectable effect has yet been

seen from them.*

Neglecting fine structure for the moment, the cbserved electronic
states of CN are as given in the following table. These values, collected

by Carroll (1956), include new high levels found since publication of Herzberg's

book.

* Perhaps the majority of these are unstable states, with repul” ive potential
curves.
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union of the single atoms in their ground multiplets, C (3P) + N(4S).
The vibrational sub.evels of the lowest electronic states have been

explored to high enough J-values, by Jenkins, Roots and Mulliken (1932) ,

P;obable
State

Observed
Energz

65,274 cm~

9,242 cm”

Ocm

54,501 cm”

1

-1

1

~ 61,050 cm”~

~59, 750 cm~

1

25, 752 e

1

1

The molecular ground state XZE+ obviously arises from the

for example, to be certain that A 2II dissociates into the same constituents as

2.+

X'ZT.

Only two doublet levels are expected to be associated with this

limit, and they surely must be X and A. The vibrational analysis shows that

Bz}.‘,+ correlates with a dissociation limit about 2v, .00 cm-1 higher than‘the

limit for X and A; so ( N* B is very likely one of the states expected from

cp)+ N (D).
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The amount by which the molecular ground state X2}3+ 18

energetically stabilized below thedissociation limit C(3P) + N(4S)
has been a matter of uncertainty for many years. The most recent

studies, by Knight and Rink (1961), Berkowitz (1962), and Kudryavtsev,

Gippius,Derbeneva,Pechenov and Sobolev (1963), seem to indicate that this

energy of stabilization of CN* X is about 7.5 or 7. 6ev, which would be around
61, 000 cm-l. We have the situation that the pattern of all the possible
dissociation limits is quite exactly known, and the pattern of the experimentally
found molecular states given above is known with considerable exactness,

but the connecting energy location link between them may still admit

of appreciable adjustment. Assuming for the time being that

the ground state dissociaticn energy is Dg (CN) ~ 61, 009 cm-l, the energy

level diagram for the known elecironic states of CN becomes as shown in

Figure 6 — omitting all fine structure in the levels and in the limits.

Those transitions which have been cbserved to date are indicated
by arrows on tne diagram. The two very wellknown band systems lying
principally in the visible region of the spectrum are the '"Violet Cyanogen
Bands', which constitute the (B-X) transition, and the "Red Cyanogen
Bands'', which are (A-X). Some of the latter fall in the region pumpable
by Nd glass lasers, and are the ones to be employed in tle laser

transformer under discus sion here.
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The diagram inlicates that there are doubtless a numbcer of

still unobserved doublet levels to be found bztween the locations

of B and D, although it would see n unlikely that an more doublets will

be lower than B. The invisible quartets are probably strewn over a wide

region from the neighborhood of A upwards. Just as with the Cs2
molecule, the presence of these still unknown levelis is important for
its bearing con the possibility of absorption of a second Nd pump laser
quantum, by molecules which have already been excited into CN- A,
However, the location of the higher dissociation limits shown in Figure 6,
with their remaining doublet states, makes it appear that the region of
18, 000 - 20, 000 em™t s probably free of additional doublet levels.

The presence of missing quartets ir this region should nct cause trouble
in the laser transformer. Absorption to such a quartet state should

be no more likely from A 211 than from Xzz . And, collisional

transfer of molecules from A to a quartet must be quite unlikely, or its
effectswould have been observed before now.

4,2,3 Fine Structure of the Three Lowest CN Electronic
Hates

The largest fine structure spiitting occurring in any of the

three iowest electronic levels X, A, and B is the 52. 2 cm'"1 separation
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2

betweer Azn1 ., and ATII,. The e II, . state lies at the lcwer energy

3 1
£

of the two. Because of this'inversion’” from the more usual pattern,
the state is sometimes given the label Azlli. The doublet separation

1s basic to the 2 II electronic levels themselves, arisingfrom electron spin-
orbit coupling

In addition, each of the electronic states A 2II11 and A 211%
2

is itself inherently doubly degenerate, If the molecule was non-rotating,
this electronic degeneracy would not be removed and the two components

of 2111 3 , for example, would have identical energy. This degeneracy
occurs because the vector component of electronic orbital anguiar momentum
can be either parallel or anti-parallel to the net electric field vector

along the internuclear axie of the molecule, with no difference in energy
between the two cases whenever the molecule is not rotating. Molecular
rotation will lead to two separated energy states whose wavefunciions
correspond to different probability combinations of these two vector

crientations. This small energy splitting in each 2[1 state, caused by

rotation, is known as A -type doubling. Its amount varies with the degree

of rotation, as will be discussed later.

The two 223+ states are single and non-degenerate whenever

the mclecule is not rotating,
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4.3 The CN Vibrational Levels and the Potential Curves

As an average figure, one can say that the spacing between the
vibrational levels associated with each of these electronic states is
about 2000 em™ ', This figure is much larger than kT under most
circumstances,so that thermal collisions aione wiil not produce much
population above v = 0 for each state. A long vibrational ladder stretches
upward in each state toward its dissociation limit, with each vibrational

ladder following approximately the formula

: N2 3
E,w,V+2)-uXx (V+d +w,y 0+ 2.

The most recent values for these constan.s, by Rigutti (1962) for states

X and A, and as quoted in Herzberg's vook for s:ate B, are shown in the

following table.
i"tatﬁ We wexe Wg ye B
BZZ+ 2164.13 cm']' 20. 25 cm“1
A%n 1812.564 cm™Y 12,578 em™ ! ~0.013 cm”?
x 25 2068.705 cm™'  13.144 cm !
40




In state B this approximate formula is not very accurate beyond
= 3, due to perturbations. Thetwo components of A 211 have practically

identical vibrational spacings, and so are not listed separately.

Potential energy curves deduced for these states by Fallon,

Vanderslice and Cloney (21962} are shown in Figure 7, with the

vibraticnal ladder indicated on each curve. The separations

between the two sets of vibrational levels and potential curves for

A ZII] 3 and AZII1 are too small to be shown on this scale, The
v 7

(0, 0) and (6, 5) transitions, which are pumpable by Nd glass laser

light, are shown on the diagram.
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4.4 The CN Rotational Leveis. Theory of Expected Patterns

4,4.1 The Unperturbed Rotational Levels of A 2II

With each vibratinnal level of 2ach of the AZII states there is

associated a set of rotational leveis, These are describable in

terms of J, the total angular momentum of the molecule. For A 2II1

’

v

J starts with J = 1% (corresponding to zerc molecular rotation, when
the only angular momentum is that of the electron spin-orbit resultant,
which is 13), and J then takes all haif-integral values proceeding

)‘Hl, J starts with + and takes all larger nalf-integral
]

upward. For A
values. The first 38 rotational levels ineach set for (v = 6)are shown

in Figure 8.

In both cases, each of the rotational levels except the lowest
is actually a close doublet. This is the A-type doubling already
mentioned as occurring in all the levels of electronic state A whenever
the molecule is rotating. The two members of each A-type doublet
have the same total angular momentuin J, but they differ very slightly
in energy, because of the differences in their wavefunctions. This
doubling usually amounts to no more than afewtenths of a cm -l,at least
in the first 30 rotational levels of the CN- A vibration states. An estimate
of its value for each of the lower levels of CN: A (v = 6) is included

in Figure 8, fromthe experimental data of Jenxins, Roots and Mulliken

(1932).
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Each A-type component carries a plus or minus sign. This is an
indication of the symmetry of the molecular wavefunction of tne level with
respect to wversion in the origin of coordinates — a property which is of
importance for selection rules governing optical transitions between CN- A

and other states*,

13 follow
z

For low J values, the rotational levels of 2 I, and 2 I
H

separately, to first approximaticn, energy formulas of the type
. /
F(J)= BvJ T+1)+« o

This pattern of energy levels exemplifies what is known as "Hund's

coupling case (a)".

For high J values — fast rotation of the molecule — the total number of
levels of a given J belorging to the sum of 2 II1 , and - II% is the same as at
low J, but the level location pattern is different as may be seen from
Figure 8, At sufficiently high J, that the spacing betweln levels of

adjacent J-values becomes comparable with the 52 cm-1 separation betwen

the electronic states . II1 %and 2 II¥ the pattern begins to depart from the

Y SRS D GRS SRS RS G TEN WD G TEN TEN SR G M M GRS WD D SR Gmn. SN G GRS TEEY GIED SREN GEED G WA GREN SR TENN SR SHNY SHER SN SR SENY GHREN SENY SR SR SHED GHED GEED SENN GHED SR SEm

*In various molecules which possess a g IT electronir state, the pattern of the

+ symmetry characters for the assemblage of low rotational levels may either be
as shown in the diagram o. else it may have + and - for all thelevels reversed
from the pattern illustrated. Jenkins, Roots and Mulliken (1932) demonstrated
from their analysis of the (A~X) ban ds that the pattern illust rated in Figure 8

is the one appropriate to CN- A levels.
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I El
BV-J(J + 1 ) fromula. Sequences of rotational levels which at low J

belonged to either 2 lI1

or 211; begin to regroup into a different pattern

in such a way that the actual distinction between the two electronic states

becomes lost.

now become evident

+ character as before*

always persists.

Fairly close level pairs whose two members have consecutive J-values

Each member of the pair is still a close doublet, with
since the small A-type doubling of each J level

Quantum theory shows that each such pair can now be

described in terms of a new quantum number K. where the members of the

pairare J = K+ sandJ = K -

-

itt

D S MEE S G TED D P S S S S e SN eme TS G M I I D G G D S G MR S W T M S S LN TG A wi M ;e S

*In the CN* A level patterns for low rotation, those levels of "II, , whose J-values
are even integers plus z have the - member of the Atype doubl&lf below and the

— member above; and vice versa for alternate levels. On proceeding toward
larger rotation.a continuous scqyence of levels may identitied wléicn will form

a logical extension ot the fow-J "II, . set. even though the label “II, , has now lost
its meaning. In the high rotation pattern for CN- A shown here, this

sequence contains the lower J-values associated with each K-value,

The property of having the + number of the A-type doublet belowand the

-- member above for J equal to an even integer plus # persists into the high-J
regime, and the magnitude of the doubling increases monotonically with J.

m‘i1|iinx|uulimmmﬁmgmkn

T

In the CNA- 211l low-rotation patterns. the same rule on + character
holds; however the magnitude ot the splitting now at first increases with Jand
then decreases to zero again and eventually reverses its sign. In CNA(v = 6),
for example, Root and Mulliken found that the A-type doubling for the sequence of
levels based on ?-V'Hl fell to zero at about J -~ 18%. For larger J's in this
sequence, tne absoldte magnitude of tne dounling increases again, but levels
having J an even integer plus # now have the + member above and the —
below; and vice versa for tne other levels of the sequence. The symmetry

characters in Figure 8 illustrate this case of v = 6.

:
=
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The quantum number J is still the measure of the total angular momentum
of the molecule. The guantum number K descrices the sum ot all the
constituent angular moraenta ot the m 'ecule except those arisingfrom electron
spin. The total angular momentum J 1s computed as the vector sum of K and

of the resultant-spin vector. which latter is 5 for a 2II state,

Vectorially, it appears that the fast rotation of the molecule has broken
that electronic spin-orbit coupling which duferentiated the states 2111; and
211%. It has allowed the electronic orbital angular momentum to be coupled
independently to the molecular rotation angular momentum, so as to form the
vector K, before the electron spin momentum adds to K to form tne total J.

Some recent authors use tne letter N instead of K as the symbol for this

quantum number.

Aside from tne cnange in pattern of the rotational levels which results,
the important point is that K is now a ''good quantum number'', and so becomes
involved in the selection rules for allowed optical transitions at high rotation.
This causes major differences in intensity for some analogous transitions,
when comparing low-rotation cases and high-rotation cases, as will be

discussed later,

The high-level pattern corresponds to what is known as ""Hund's coupling
case (b)". In this regime, to first approximation the energies of the centers
of the pairs are describable by formula

F(K) B’;» KK+ 1)+ °

— =y &m% @'




That is, the K-pairs now proceed upward in much the same fashion as did

the J-leve!s separately for 2111% and ZH% in the low rotation region.

Hill and Van Vleck (1923) derived theoretical formulas which

locate the centers of gravity of the A-type doublets for all the rotation
regions==small, large and intermediate., In the case of the CN- A 2II

state these take the form:

|
2 . . 2 A, A 4
9 Bv [(J + &) -1-%A(J+ £+ —B—( 5 - 4) ]-DV-J + const.
IIll v \

F(J)

. ,
POy =B 0+ pB1e 2V 02 A -0 )b+ @+ 1)%sconst,
II, \4 \'
2

The additive constant is the same for both equations, and so 1t may be adjusted
to make the calculated value for the lowest level equal to zero, or equal to its

true value with respect to the ground state cf the molecule, as desired.

The values of the constantsinthe Hill and Van Vleck formulas are given

for CN" A 211 by Rigutti (1962) as follows:

A==5%20 cm 1

_ 2 ...
Bv=Be-ae(v+%)+ Ve v+ 3)+
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S Tyl
Dv .Je+ ﬁe(V+<)+

B_ = 1.7161 it

a, = 0.01717 T

Ve = =3.15 x 10°° em™!

D_ = 6.0717 x 10°% cm?

B, =1.255 x 107" cm™!

For v = 6, the constants may be calculated as

B, = 1. 6032 i

D = 6.1523 x A e

-l%:-sz.ss
6
A LA
(<2~ - 4)=1190. 4
By "By

These values were used to coripute the level locations displayed in Figure 8.
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4.4.2 The Unperturbed Rotational Levels of X °% and B °5

All molecular 22: states correspond to Hund's coupling case (b) at all
speeds oi rotation. The quantum number K takes all integral values from zero
upward, andfor each K there exists a very close pair of levels J = K+ % and
J = K - % (except for K= 0 which is single, since J cannot be -¥. These close
pairs of consecutive J-values are usually known as ''spin doublets''. Additional
A-type doubling does not occur with T states; only for states with II and higher

multiplicity.

Now, actually,in the ground state of cyanogen CN- X 22+ the spin-doublet
separation is so minute that it is nct completely resolved with a 21-foot
grating. Only single levels are observable. In the upper cyanogen state
B 22+ spin-doubling is observable at high resolution, although in some levels it
is only comparable with and is intermixed with, hyperfine structure separations.

(See Radford, 1964).

Figure 9 shows the raotational levels of CN. X(v = 5). The centers of
the case (b) unresolved spin doublets are given approximately by formulas

of the type

F(K)= B (K+ 1) - D_K* (K+ 124
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The rotation levels of CNe X(v=5).




where

B, = B, -, (v+d)+ v (v+ plec
Dv=De+ ﬁe(v+ 2+

Rigutti's analysis vields for CN* X the constants

e

B, = 1. 8997 em’]

a, = 0. 01750 T

D, = 8. 400 x 1078 cm1

8, =1.000 x107% cm”!

From these, orne may calculate for the state (v = 5) the values

B, = 1.8034 em™}
Dy = 6. 455 108 emt .

These constants were used in computing the level locations shown in

Figure 9. The + symmetry pattern indicated there is the one common to all

A A sl

i
J

22 states.
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Jenkins, Roots and Muliiken found some indirect evidence s to
the probable magnitude of the spin doubling in tne CN- X states, even
though the levels were not actually resolved. Estimates from tneir

data are indicated in Figure 9.

4.4.3 Perturbation Effects in Rotation Levels

None of the rotational levels shown in Figures 8 and 9, or
any of tne rotation levels involved in tne (0, 0) or (6,5) bands shows any
perturbation effects. However, in CN-X(v = 11 and 12),in CN- A(v = 7,
8 and 10),in several vibration states of CN- B, a few individual rotation
levels are displaced out of the regular positions to be expected from
the simple formulas. All of these levels occur where the potential
curves of two electronic states lie very close togetner and wnere
particular rotational levels from each of these states almost coincide

in energy.

ior such coincidences, mixing of the wavefunctions of the two
alectronic states occurs and the two perturbing rotation levels are
displaced in their energy location and mix their characteristics somewnat —
with consequent spectrum line location and intensity anomalies. However,
a feature other tnan tne spectrum line characteristic. is of some potential
importance for a laser transformer design. Since such a rotation level
has some of the character of two different electronic states, and it occurs
where the two potential curves are close together, a collision can fairly
easily transfer a molecule in this rotat.on level irom one electronic

state to the other. 53




Thus, CI collisions with N2 molecules usually have very little
tendency to transfer a melecule from CN- A to CN: B, or to CN-X. But

Radford and Broida (1963) found that when a molecule was in one of the

particular perturbed rotational levels of CN° A(v = 10)the probability was

(A

about 1% that a Nz collision would transfer it over to CN. B( v = 0).

Processes of this type would not be involved in the transformer laser

e

here under discussion unless significant numbers of CN molecules came to

reside in vibrational levels higher than those associated with the (0, C) and

(6,5) bands.
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5. THE ALLCWED OPTICAL TRANSITIONS Il CN

5.1 The Electronic Selection Rules

Recapitulating, the three lowest doublet electronic states of CN

211, and 22 * , with all three displaying either

are of the type 25 *
Hund's vector coupling case (a) or coupling case (b). Some quartets
may also lie nearby.

The most general optical selection rules in these types of
coupling would predict good probability for all three possible transi-
tions among these doublet levels, but no optical transitions whatever
between doublets and quartets in such a light molecule as CN,

if the molecule had been homonuclear, such as Cz or N2, each
state would possess a special type of even or odd symmetry character
which is labellcd with a subscript g or u. Then there would have been
an additional selection rule: '"optical transitions have appreciable
probability only from g to u states, or vice versa; never between two
states of the same symmetry.' The net effect of this rule in a group

of three states would be that if two of them both combined with the

third, then these first two would necessarily be of the same symmetry,

and so a transition between them could not occur.

95
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Now, the CN molecule has nuclei whose electric charges differ
by only one unit, and so this special selection rule for molecules with
equal charged nuclei applies in the case of CN to a certain degree. 1t
is experimentally found that both of the upper doublet states B2 z*
and A211 yield strong band systems in transitions to the ground state

xé-+ , with radiative lifetimes of the order of 0.1 wsec (Bennett and

T e

i

Dalby, 1962) and 3 usec (Wentink, Isaacson and Morreal, 1964),

respectively. Therefore, any (B-A) optical transition is expected to

be a great deal weaker than these.

In fact, no normal (B-A) bands have ever been experimentally

observed so far in CN, although they would lie in a well-investigated

part of the visible spectrum. Their transition probability must be
negligible in comparison with that of (B-X), or else they would have
been seen in emission spectra from some of the many kinds of CN
sources which have been studied.

This matter of (B-A) absorption is of importance for the laser
transformer as it affects the possibility of second pump quantum
absorption, as in Csz. A molecule which had been excited to CN°A
might absorb another quantum of Nd glass laser light and perhaps

arrive at a ! ‘vel from which wasteful collision nr fiuorescence prccesses

56
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might be too probable, if the (B-A) transition were a strong one,

One slight exception exists, which in itself emphasizes the
weakness of the normal (B-A) transition. At the crossing of
potential curves near the internuclear separation 1. SX, a few
rotational levels from each of a few of the vibration states of AZII
are perturbed by close rotation levels of X2 R , as just mentioned.
Because of the mixing of the wave functions of the respective states,
these particular A rotational levels take on some partial character-
istics of X levels. Therefore, the prohibition against the (B-A)
transition breaks down for any (B-A) spectrun. ! -~ which would inveolve
one of thv_< perturbed rotati. ~ levels of state A. Such a line has a
partial (B-X) character and so becomes of appreciable intensity.
Two or three of these weak rctational . :s at (B-A) wavelengths are
observed near each of the [A, X] rotational perturbations. However,
their number and intensity are too small to absorb very much Nd pump
light in a trensformer arrangement, unless a major population density

in the perturbed levels of CN*A was present,

o7




5.2 The Vibrational Trancitions and the Nd Glass Laser Spectrum

The relative intensities of the possible transiticns between vibration
states of CN- A and CN- X is governed in the usual way by the Franck-Condon
principle as regards wavefunction overlap, together with the u4 dependence
on the frequency. Each such transition gives rise to a complete electronic-

vibration-rotation band, such as the (0, 0) or (6, 5) bands.

Wyller (1958) .and Nicholls (1964) have made theoretical calculations

of expected relative intensities for many possible vibrational ¢ransitions.
Figure 10 is Wyller's block diagram of the relative Franck-Condon factors,
which display the usual "'parabolic’ type of magnitude distribution in such a
quadratic array. Nicholls' results are quite similar. Since the vibrational
energy steps are so large in CN, the bands are spread over a large range

of the spectrum and the u4 factor will have considerable influence on relative
intensities of bands in different locations. However, along any line in

Figure 10 roughly parallel to the Av = 0 diagonal the bands indicated will all
fall in about the same place in the spectrum and so their intensities will be
approximately proportional to the Franck-Condon factors alone. Wyller

calculates that the (6, 5) band will have 6. 6% of the intensity of the (0, 0) band.

Dixon and Nicholls (1958) made experimental measurements on the

integrated relative intensities at low dispersion of 28 of the CN* (A « X)

bands, with vhe results shown in Table 2, Comparison with the relative
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Figure 10.

Theoretical relative values of I/ v4 for the CN- (A-X) bands,
where I is integrated band intensity and v is the frequency
locatinn of the band.
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X
Val 0 1 2 3 4 5 5 7
0 1,72
1 |0.798 0.936
2 0.525 0.512
3 0.395 | 0.265 |0.286
4 0,249 | 0.425 0. 397
5 0.115 | 0.403 |0.365 }0.572
6 0,049 | 0.242 |0. 497 |0.2560.154 |0.484
7 0.086 | 0.299 |0. 366 0.243
8 0.102 10,225
9 0.018

Table 2. Experimental Values of Integrated Relative I/u4 For

Bands of the CN. (A= X) System, by Dixon and Nichclls (1958)
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theoretical values indicates that I/ u4 for the (0, 0) band might be about

1.5 onthe scale of Tablc 2. This would mean that the (6, 5) band was about

0.154/1. 5~ 15% as strong as the (C, 0) band.

The votational structure within any one of the bands is moderately
complex, involving 12 rotational branches,as will be discussed in the next
section. A distinctive feature of each branch is the so-called "Rz head'".
In each bana, most of the structure stretches off toward lower wavenumbers from the
R2 head. The quadratic arcay i Table 3 shows all the experimentally found
locations of R, heads, together with calculated locations for a number of
bands which have not yet been experimentally measured. ""he sources of

the data are shown in the Table.

Let us now consider the ability of Nd glass lasers to pump into various
ones of these bands. Figure 11 shows the fluorescent emission band near
1.06u of Nd in a soda lime glass at 300°K and at 80°K, as given by Mawrer
(1963) . Superimposed in Figure 11 are schematic diagrams of all the
7’N*(A-X) bands which fall within or near the outline of the Nd band. The
R?, heads are plotted at the wavenumbers listed in Tabie 3. The extent
of the bands toward lower cm"1 away fromthe heads is estimsied fromthe
stfucture of the specific bands described in following sections. The relative

band intensities are made to appruxir.ate the resuits of Wyller and of Dixon

and Micholls.
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Figure 11.

Fluorescence band of Nd glasses, and location of CN- (A-X) bands.
The solid curve is for a tgpical soda lime glass at room temperature;
the dutted curve is for 78°K. The various CN bands are correctly
placed with respect to the wavenumber axis and their relative inten-
sities are shown according to the theoretical calculations, where
available, Question marks refer to band intensities, not band loca-
tions, The vertical placing of the various CN band sketches on the
dlagram is arbitrary. Also shown are the ranges of fluorescence

for three general types of glasses, and the regicn in which Dr, E,
Snitzer has found Nd glass lasers to be most efficient, so far.
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The most obvious pla:ze to pump CN with Nd glass lasers would appear

ittt e

to be in the (0, G) band, However,if bands involving absorption from an excited
vibrational level of CN- X have tobe used, the one requiring the least

preparatory excitation energy would be (6, 5).

No experimental data have been published to show how efficient

Nd glass lasers 1nay be made when emitting nearthe wings of the Nd

i

fluorescence band. Work to date has involved lasing chiefly near the

center of the band. Dr. E, Snitzer says that he has not tried lasing at

locatinns outside the central region indicated in Figure 11. There is some
indirect indication that lasing in the wings of the Nd band might be hampered by

self-absorption of the cutput frequency within the glass laser. hLowever,

I M

i

Dr. Snitzer has not yet been able to experimentally demonstrate any such

absorption. *

In this situation, one cannot be sure whether it would be best to try

—

to pump the CN in the {0, 0) banéd or the (6, 5) band, or both. Further

research on Nd-bearing glasses might favor either one or the other. Thus

!

Al

)

MacAvoy, Charters and Maurer (1963), from a study of some 500 glasses,

i

tabulate the center and edge locations of the Nd fluorescent bands for typical

germanate, phosphate and silicate glasses — as also indicated on Figure 11,

r ——————————————————— —— — M S G S SR D S W

TR

Personal communication from Dr. E. Snitzer to C. B. Ellis 15 April 1965.
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With the germanate glasses the CN (0, 0) band falls appreciably
closer to the band center than it does with the silicates, while with
phosphate glasses the (6, 5) band is closer to the center of the Nd

fluorescence,

Considerable work is now underway in various laboratories on the

exploration of many kinds of Nd glasses. Thus the Centre National

'Utudes des Telecommunication (1863) is working on 150 of the more

unusual Nd glass.types, such as those based on beryllium fluoride.

Similarly, definitive work still remains to be done on the relative
efficiences of lasing when a Nd glass laser is constrained to emit in

selected bandwidths at a chosen mean wavelength.

For the present, this report will simply give preliminary explorations

of the behavior of the CN medium when pumped in either (0, 0) or (6, 5).
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5.3 The Rotational Branches of the (A-X) Band

For small rotation, CN¢A follows Hund's coupling case (a), while
CNeB follows case (b) as always. In this regime, only two selection
rules govern optical transitions among the rotational sublevels of the
variouvs vibration states.

A. Transitions occur only for AJ =0 or %1,

B. Transitions occur only between levels of opposite symmetry

character, + «— —,
Application of these rules to the rotational level patterns already
illustrated yields, in principle, 12 branches for each vibration-
rotation band. The system for labelling these is illustrated in
Figure 12.

Now, although all these branches occur in {"II - 22) transitions
in some molecules, in the special case of CN the spin-doubling for
CNeX is so small that the separate members of the pairs are not
experimentally resolvable, even with a 21-fo:t grating. Inspection
of Figure 12 will show that if this splitting of the CN*X levels is
negligible, then all the lines of the le branch will fall on top of

lines of the P, branch, Similarly, the R12 branch will be merged

1
with the Q1 branch, the P2 1 branch with the Q2 branch, and the Q21
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Figure 12,

The system of labelling for the twelve rotational branches of each
CN- (A-X) band. Dotted transitions bracketed with heavy-line tran-
sitions represent pairs of branches which are experimentally unre-

solved, to date.
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branch with the R2 branch. Branches which are not resolvable in CN

for this reason are shown as dotted lines in the diagram. Thus,

experimentally, each of these cyanogen bands consists of 8 resolvable

rotation branches associated with each vibrational transition.

The way the low-J level spacing patterns hapnen to occur, it
turns out that 4 heads have an obvious appearance in each band.

That is, the R, branch, the R, branch (+Q21), the Ft1 branch, and

21
the Q1 branch (+R12), igive patterns of lines which form recognizable
heads, while the other foui' do not. Of these, the R2 head contains
the most intense lines, aind so can be used asa rough indicator for the
wavelength location of each band.

On proceeding toward large J-valueg, the state A211 changes to
coupling case (b) and the quantum number K becomes defined for both
AZII and X22+. Thereupon, an additional selection rule appears.
Now AK =0 or =1, in addition to the regular «4J = 0, or £1. This
causes the R21 and P12 branches to disappear at high rotation, since
AX would equal 2 for such transitions.

As K becomes more and more clearly defined, anrther selection

rule also takes on more and more force: branches for which AK X

A J have much lower transition probabilities than those for which
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AK = AJ. Finally, above about K = 20 in CNe(A-X), the intensity of

those branches with AKX % A_ has diminished effectively to zero.
gxperimentally, these branclies——which are Q21’ P21, R12 and le—
just disappear at high rotation, as do R21 and P12' Thus, the s1x

disappearing branches are the ones with the double subscript indices

in the previcus diagram. Only the six bands with single indices
(Pl’ Q1 , Rl’ P,, 0,2, and Rz) continue with good intensity into

high J-values.
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5.4 Intensity Relations for Rotation Lines

Earls (1935) has provided theoretical formulas for the relative intensities
of all the rotational spectrum lines within an unperturbed band of the CN: (A-X)
type, at any equilibrium temperature. The theory is in reasonable agreement

with experimental data, such as that of Jenkins, Roots and Mulliken (1932),

whose photographic densities measured in the (9, 3) band in absorption at room
temperature are shown ir Figure 13. The Q and (9 branches are the strongest,
followed by Pl and R2 and R1 and PZ'

Figure 13, of course, is mainly useful as an indication of relative strengths

of corresponding low-J lines in the various branches. The actu:l shapes of the

branch intensity curves are dependent on the relative molecular population
densities in the various levels. For Boltzmann equilibrium at 210°K, the lines

involving higher J would be less prominent than in Figure 13.
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Figure 13,

Experimental values for the relative intensities of rotation lines
of the (9, 3) band,
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6. STRUCTURE OF THE (6,5) AND {0, 0) BANDS

6.1. The (6,5) Band.

Figures 8 and 9 showed the rotational levels of CN: A(v=6) and CN: X(v=5) as

N

calculated under the present contract from the level formulas published by

e

Riyuiti (1962). Subtractions among these levcl values, acco:ding to the pattern

illustrated ir Figure 12, yield the spectrum line locations for the various branches.
As a typical sainple such a calculated map for the lines up through K=17 of the

R2 (+Q21) branch, up through K=8 of the Q2 - Py 1} branch, and up through K=5 in

the P, branch, all of which fall in the region 9509-9543 cm-l, is shown in Figure
14. This includes the R2 Lead and some of the strongest lines of the band.

It :nay be assumed that all measured line positions egisting in the literature
refer to the single-index-labelled ("'maia") branches only. The double-index
("satellite") branches are both theoretically and experimentaliy :. great deal
weaker, and so presumably they have not greatly affected the measured line

positions. Rigutti deduced his level positions chiéfly from these m=asured main

branch lines, plus only a few quite weak lines of the R21 and P12 branches. Since

TAE ) s

lines arise from the lower members of the CN- X spin-

all the R?.’ Q2 and P2

doublets, these lower levels are most probaily the cnee which are yielded by

computations with Riguttl's consiunts for CN* X,
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Calculated (6, 5) line positions
in the range 9509-9543 em™L,
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In 2II; the R,, and P, lines involve only the upper members of the CN- A

2 2

mi A -type doublets, while the Q2 lines involve only the lower members of

1/2
these doublets. Presumably, therefore, the level locations in Ci- AZII1 /2 which
result from use of the Rigutti constants represent more or less the center of
gravity of the A-type ucunlets. Estimates of the amounts of the A-splitting of
these levels, and of the spin-doubling in CN: X, can be taken from the work of
Jenkins, Roots and Mulliken as shown in Figures 8 and 9, so that a more en-
larged approximaie map can be calculated which will distinguish between the
nearly-coincident lines of main and satellite branches. Although previous ex-
periments have not resolved these close doublets, a CN laser might well be emit-
ting under various condi*ions in only one member at a time.

As a typical sample, Figure 15 is such an enlarged approximately calculated
map for a 4 cm-1 region including the R, head. In the present state of knowledge,

2

an arbitrary shift of the scale in this Figure by a few hundredths of a wavenumber

would be possible. Ali lines were given an arbitrary half-width of 0.02 cm~ 1,
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which is the computed pure Doppler halfwidth* in CN near 9500 Cm-l, when the

gas is at 210 K. This temperature was chosen for initial laser transformer cal-

culations because it is about the lowest temperature at which cyanogen can have a
vapor pressure as great as several cm Hg. No allowance was made for pressure
broadening, so the map will not be strictly applicable at total pressures in the
transformer medium above perhaps a few cm Hg.

The rotational structure of the (6, 5) band has not yet been mapped experi-
mentally. However, semi-experimental locations for its lines can be found by
applying the combination principle to selected lines of other bands of the CN-(A-X)
system for wbich high resolution experimental data are available.

Davis and Phillips (1963) resolved the rotational structure and provided

complete analyses for 39 of these bands, with measurements to 0.01 cm—l. The

bands studies are indicated in the following quadratic array. **

* The well-known spectrum line Doppler halfw1dth formula for gas of molecular
weight M at an abiomte temperature T is &0/0 = &A/x = 7.16 x 107 ’{ M.
For o = 9500 cm™ 4, 26, and T = 210°K, this gives Ao = 0.019 cm

** Davis and Phillips reference earlier analyses by various workers on twelve
of these thirty nine bands. In addition to those mentioned by Davis and Phillips,
see analyses of the (10, 3) and (10, 5) bands by Kiess and Broida {1961), and of
the (10, 4) band by Wager (1943).
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The wavenumbers of any four lines having identical labels in each of four

bands will satisfy a simple combination relation, whenever the designations of

the four bands occupy vertices of any rectangle in the above quadratic diagram.

Thus, as a typical example, the following holds for each value of K.

I

Ry(Klg o = Ry(K)y 5 = Ry(K)g 5 = Ry(Klg 5

(N




The entire R, branch of the (5, 5) band may be mapped out in this way by

2
.dding and subtracting the experimental wavenumbers for corresponding lines
in th> (6,2) (8,2) and (8,5) bands. Inspection of the quadratic array shows a
total of nine different ways in which the Davis and Phillips data can be combined

to yield the wavenumber of a (§, 5) band line. The same kind of relation holds

for lines from each of the other branches of the (6, 5) band as for the l-'t2 lines.

Figure 16 skows most of the complete {6, 5) band, as derived
under the present contract in this semi-experimental fashion from the Davis
and Pnillips data. They were not able to resolve any of the spin doubiets.
The line locations agree with those calculated from the Rigutti constants to
within a few hundredths of one cm™* for the initial lines of a branch, and

within a few tenths of one cm'1 for high members of each series.
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6.2 The (0,0} Band

The (0, 0) band is among those measured with precision and
anaiyzed by Davis and Phillips. Figure 17 is drawn from their tabulated
wavenumbers. More detailed caiculated mups could also be made if needed
from the Rigutti constants. The relative line spacings obtained from such a
calculation might be slightly more acrurate than the existing experimental
data on the (0, 0) band, since the formulas resulted from a syntnesis of

experimental data {rom many bands, smoothed according to our present

understanding of molecular structure.

W Es M M R D e W M T T M @ W S T NN W WS G T NN D S R MR TR GD GD D Gk Ch SD AR SR AR MR SR A AR SN AP D D D SD D AR O B aB W

Before proceeding to a discussion of the lasing possibilities

in these bands, it will be convenient to devote Sections 7 and 8 to the question

of now to prepare CN from tne starting (CN)2 gas, and now to specify the CN-He

mixture.
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7. WAYS OF PREPARING CN+« X

The monomer CN is not a stable entity having permanent normal existence
in any practical amount, since it is quite reactive and will digappear by chemical
reaction with many things. The usuai cyanogen gas at ordinary temperatures con-
sists chiefly of the dimer (CN)Z'

7.1 Thermal Dissocation of (CN)2

Collisions between two or three (CN)2 molecules must always have some non-
vanishing probabilitv of disrupting one of them, so that a few CN's are doubtless
present in cyanogen gas at room temperature. This probability increases with
rising temperatures, and the equilibxrium concentration of CN rises, until at

1000°C Kistiakowsky and Gershinowitz (1933) were just able tc see the CN- (B+X)

absorption bands in a volume of (CN)2 gas. At 15150, White (1940, b) could meas-

ure the intensity of these CN absorption bands in cyanogen gas at roughly one
at:nosphere pressure, and calculated the equilibrium partial pressure of CN
present then as about 7 x 10-4 mm. Frem th~ variation of band intensity with
temperature, White extrapolated back and estimated that in normal gas at 37 5°C
there should be an equilibrium concentration of about 0. C3 CN molecules per

cm3, while at 475°C there should be about 300/ cm3. Brewer, Templeton and

Jenkins (1951) carried such studies up to 2900°K. Above this range CN itself

82

iwllr‘..,

e
== 3
=

-




begins to decompose, by the reaction 2CN -~ C2+N2.
At high teruperatures, either occasional single collisions or two successive
collisions can provide enough energy to yield CN molecules in the first excited

_1
electronic state, CN-A, which lies about 9200 cm * above CN-X. Thus, in a fur-

nace at 2500°C, Ballik and Ramsay (1958) found that cyanogen gas was fluorescing

near 1, 09u and 1. 41y — emitting the (0, 0) and (0, 1) bands of CN- (A»X). Knight

and Rink (1961) also found CN fluorescence from shock waves in cyanogen gas

at temperatures above about 2000°K

7.2 Electric Discharges for Preparing CN

A great many varieties of electric discharges, in either pure (C'N)2 gas, or
in mixtures of cyanogen with the noble gases, or in any of numerous carbon- and
nitrogen-bearing vapors, will yield the emission spectrum of the CN molecule.

For example, Herzberg and Phillips (1948) studied the CN spectrum from a dis-

charge in a mixture of argon, nitrogen and benzene. This means that numerous
collision mechanisms can either split off or synthesize the CN molecule from the
original constituents, and either in the initial process or by subsequent collision
can produce this CN in various excited electronic states — from which subsequent

fluorescent emission serves to indicate the existence of the processes.
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As probably the best-known example, White (1940, a) estimates that the

flame of "'an ordinary carbon arc in air’ must often contain a population of about

2x 1016 CN/cm3, This number would correspond to a partial pressure of about

1/2 mm of CN at room temperature,

7.3. Value of the Heat of Dissociation of (CN)2

Various methods are available 1or estimating the heat of dissociation of

cyanogen. In a thorough survey of numerous carlier measurements, Gaydon

(1953) suggested that the value of DONC— CN most probably lies in the range 115-

146 kcal/mole = 40, 200 - 51, 100 cm'lt From the work available at that time,

However, two

fili

Gaydon recommendad the lower value, about 115 kcal/mole.

recent researches by Knight and Rink (1961), and Berkowitz (1962),have yielded

145 and 143 kcal/mcle, respectively.

Probably all that can be certain yet is that the first dissociation limit of

'"'“"'“"l1r.mu»1Iu"';!u|u|||i|“mumw" ittt

-1 -
(CN)2 lies in the range cf about 40, 000 cm * to 50, 000 cm 1, producing two

CN- X molecules. *

*Proof that the methods alluded to here are really measuring the dissociation

limit to the lowest electronic state, i.e. {CN)7*2CN.X, is probably provided by
the fact that the work of White (1940, b), whos®é thermal dissociation researches
at relatively low temperatures were surely dealing with the least energetic pro-
cess, could be correlated with a dissociation energy of about 146 kcal/mole. =
However, such checks are not sufficiently accurate to be sure that all methods
are measuring dissociation to the (v=0; level of CN-X, rather than sometimes to

CN- X (v=1), for example, which lies .42 cm = hirher.

i
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7.4 Photodissociation of (CN)Z; Experiments

It is well known that vrry shortwave ultraviolet light will dissociate (CN)Z'

However, most experimenters have used sources with a continuous spectrum, so

that the minimum photon energy able to cause dissociation cannot be pinned down

exactly.

Ramsay (1953) used a special thin-walled quartz mercury discharge tube

which emitted the 184940‘\ = 54, 100 cm-l line. This lamp, operating continuously
at 100w electrical input and completely immersed in the gas, caused the cyanogen
to display the absorption band (0, 0) of the CN: (B+X) system, when the volume was
traversed by an auxiliary light bearm.. Such a result would he expected, from the
above work on the dissociatici. energy needed to produce CN* X from (CN)Z' The
absorption measurement required 4 meters path length of gas at a few mm pres-
sure, so the CN' X concentraticn was not very great in this low power steady-

state experiment.

Paul and Dalby (1962) used a 100 joule "flash photolysis lamp'" of much

greater instantaneous power than the Hg lamp, but having a bread-band UV spec-
trum. Probably the usual quartz envelope of such a lamp would not transmit much

light of shorter wavelength than about 1900-18502, or 52, 800-54, 000 cm” . They

made quantitative measurements of the intensity of the (0, 0) absorption band of
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CN: (B+X) which the cyanogen gas displayed within microseconds after irradia-

tion, and calculated that they were producing an initial density close to 1014

CN: X/cm3° The pre cyanogen gas was at 18. 3 mm pressure and 175°C.

Basco, Nicholas, Norrish and Vickers (1963) used a flash lamp of similar

properties, but still more powerful==about 1600 joules electrical input. They did
not try to make absolute measurements of the resulting CN- X concentration. How-
ever, they were able to show that at least 96% of their (CN)2 dissociation proc- .
esses initially yielded CN- X in its lowest vibrational level, v = 0. As the addi-
tional excitation energy of CN- X (v = 1) is only 2042 cm-l, if light quanta with
energies up to the neighborhood of 53, 000 cm_1 were thus not found to produce
many (v = 1) dissociation fragments, perhaps this may be indirect evidence that

DO

NC-CN actually iies closer to 50, 000 cm'1 than to the lower end of Gaydon's
suggested range. However, the dissociation mechanism is not sufficiently well
understood for this to constitute definite proof.

In any case, these authors also found that pre-irradiated (CN')2 gas had no
detectable absorption spectrum at longer wavelengths than 22004 = 45, 500 cm-l,
for their pressures and path lengths—up io 27 mm(CN)2 mixed with up to 1 atm

N2’ with 16 to 50 cm pathse== so D°
-1

NC-CN Seems onrobably higher than 45{ 500

cm
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Basco, et al, furthermore demonstrated through the use of various filters
that CN* X (v = 0) was being produced in sufficient amount in the first few micro-
seconds of their flash duration for these molecules to absorb strongly at the
CN: (B+X) wavelengths out of the continuous flash spectrum in subsequent micro-
seconds. Following which, the CN- 8 molecules presumably fluoresced back down
to those various higher vibration <tates of CN‘ X tc which trarsistions are permitted
by the Franck-Condon principle; so that by the end of the UV f{lash at least the
first four vibrational levels of CN* X were observed to be almost equally populated,
as checked by the absorption spectrum. Heavy population of considerably higher
vibrational levels could also be predicted, from the known fluorescent intensities
of the various CN- (B~X) bands.

Paul and Dalby had also observed this CN- (B—X) fluorescence arising from
their irradiations. It surely could not have resulted immediately from the dis-
sociation process. The state CN- B lies 25, 750 cm-1 acove CN° X, and so it pre-
sumably could not have been populated directly from dissocidtion of (CN)2 by
light of lesser energy than (40, 000 to 50, 000) + 25, 750 = (65, 750 to 75, 750) cm" .

’

0 0
which corresponds to 1420A to 1320A.

Another research on photodissociation of (CN)2 was by Jakovleva (1939, b).

Here, no search was made for CN-2" .. 3sorption, but CN* (B—+X) fluorescence
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resulted from irradiation of cyanogen gas with the continuous spectrum of a
steadily operated hydrogen discharge tube having a fluorite window. Depending
on the thickness of window used, fiuorite is known to transmit to various limits
reaching to the neighborhood of 1250-12002; and, under some circumstances,
hydrogen discharge tubes can be made to emit wavelengths at least as shart as
13003, * Therefore, the primary process (CN)?CN*X + CN*. B might have been

energetically possible with an assumption of D° anywhere in Gaydon's

NC-CN
range.

Jakovleva did not find the (B-*X) {luorescence when irradiating the cyanogen
through 1 quartz window—such light being surely unable to produce CN- B initially.
This also indicates that the 44002-36002 region of the steady hydrogen discharge
tube was not powerful enough to cause the sequential absorption and fluorescence
processes CN- (B+»X) observed with the flash lamps of Paul:and Dalby, and of

0
Basco, et al; or else that the 2000A region of the H, tube was not sirong enough

2

to produce sufficient CN- X molecules for observing the sequential process.

*See, for example, Robinson (1962).
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Basco, et al, furthermore demonstrated through the use of various {ilters
that CN* X ( v = 0) was being produced in sufficient amount in the first few micro-
seconds of their flash duration for thece molecules to absorb strongly at the
CN: (B+X) wavelengths out of the continuous flash spectrum in subsequent micro-
seconds. Following which, the CN- B molecules presumably fluoresced back down
to those various higher vibration states of CN: Il to which transistions are permitted
by the Franck-Condon principle; so that by the end of the UV flash at least the
first four vibrational levels of CN-X were obsered to be almost equally populated,
as checked by the absorption spectrum. Heavy population of considerably higher
vibrational levels could also be predicted, from the known fluorescent intensities
of the various CN- (B-»X) bands.

Paul and Dalby had also observed this CN. (B—*X) fluorescence arising from
their irradiations. It surely could not have resulted immediately frem the dis-
sociation process. The state CN* B lies 25, 750 c',n-1 2bove CN' X, and so it pre-
sumably could not have been populated directly from dissocidtion of (CN)2 by
light of lesser energy than (40, 000 to 50, 000) + 25, 750 = (65, 750 to 75, 750) cm-l,

0 0
which corresponds to 1420A to 1320A.

Ancther research on photodissociation of (CN),, was by Jakovleva (1939, b).

Here, no searci was made for CN: X absorption, but CN* (B—+X) fluorescence
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resulted from irradiation of cyanogen gas with the continuous spectrum cf a
steadily operated hydrogen discharge tube having a fluorite window., Depending
on the thickness of window used, fluorite is known to transmit to varicus limits
reaching to the neighborhood of 1250-12002; and, under some circumstances,
hydrogen discharge tubes can be made to emit wavelengths at least as shart as
1300.?\, * Therefore, the primary process (CN)Zf"’CN'-'X + CN*. B might have been

energetically possib'e with an assumption of p° anywhere in Gaydon's

NC-CN
range.

Jakovleva did not find the (B-=X) fluorescence when irradiating the cyanogen
through a quartz window—such light being surely unable to produce CN- B initially.
This also indicates that the 44002—36002 region of the steady hydrogen discharge
tube was not powerful enough to cause the sequential absorption and fluorescence
processes CN- (B+*X) observed with the flash lamps of Paul:and Dalby,and of

0
Basco, et al; or else that the 2000A region of the H, tube was not strong enough

2

to produce sufficient CN. X molecules for observing the sequential process.

*See, for example, Robinson (1962).
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7.5 The Absorption Spectrum of (CN)2

It is necessary to use the less direct methods discussed above for deducing
the minimum dissociation energy of (CN)Z’ because the spectrum of this polyatomic
molecule is not yet sufficiently understood to permit reliable exirapolation of its
vibrational sequences to any dissociation limits.

The molecule of (CN)2 is linear, ard so it has a single rotational frequency.

In its ground state the rotational energy levels are given by the usual formula,

with the constants
1

y

B, = 0.15752 Y e D, = 4x 108 cm

as measured in the rotational Raman effect by Mg@ller and Stoicheff (1954).

This four-atomic symmetrical linear molecule will have seven fundamental
mcdes of vibration, of which two are doubly degenera:e. Of these, one of the
single and one of the double frequencies as well as a number of combination and
harmonic frequencies, are expected to be active in the infrared spectrum.* All
of the seven fundam.entals may possibly appear as vibrational level separations

in the ultraviolet electronic bands.

*See, for example, Nielsen (1962).
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Nixon and Verderame (1964) have found the following four strong

infrared (electronic ground state) vibratiunal frequencies

732 cm-1

2158
2563 "
2003 "

as well as five other weaker ones, of which the lowest is 615 cm_l. It

should be noted that White (1940, b) has quoted some indirect thermochemical

evidence which indicates that one o. the vibrational freque :ie. inactive in

the infrared may be as low as about 230 or 240 em” L.

Callomon and Davey (1963) found that the ground state* of (CN)2 is
X 123; , and what is presumably the first excited electronic state is A 3}3: at
about 33, 290 cm-l. The very weak, singlet-triplet intercombination band

sys.2'a connecting these levels lies in the region 3100 A - 2400 A. 1Its

absorption

*Mulliken (1962) and Clementi and McLean (1962) have made theoretical

studies on the nature of the electronic configuration and on relative chemical

bond strengths in this ground state of (CN},
&
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bands cannot be seen except with path lengths of about 2 meter-atmospheres of

(CN)z. The only vibrationai frequencies identified so far in this upper state are
about 895 cm ™ > and about 2049 cm-l, which are of the same order of magnitude

as the ground-state frequencies identified in the infrared. The upper level

rotational constant is very similar to that of the ground state: B_=0.1536 e

This causes the rotational lines to be quite close together, since their spacing
depends con the difference in B0 between upper and lower states. Similar earlier

work on these bands, but at lower dispersion, was done by Woo and Liu (1937).

The stronger absorptio:t of (LN)Q corsists of a coliection of bands
beginning about 2460 X, or 41,700 cm_l, where the A* X system merges into
them, and stretching on into the far ultraviolet. They have been mapped as far

as 182C A, or 55,000 cm_l, by Woo and Badger (1932). Similar results were

found by Mooney and Reid (1932) and by Jonescu (1937).

In the neighborhood of 20004, or f., 000 cm'l, Woo and Badger found
that a path length of 75 cm at 10 mm (CN),, pressure was adequate for mapping
these absorption bands with a steady hydrogen discharge tube light source.

Hogriess and Tsai (1932) made cuantitative absorption measurements with the

undispersed light of a H, discharge tube and found that between 22404 and
21454 these bands absorbed 9% of the continuous incident spectrum, in one
passage through a mass thickness about the same as used by Woo and Badger:

i.e., 2.5 cm path length at 1 atm pressure of (CN)Z' Thus, these bands are
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not extremely strorg, bu' it may be remembe . >d that the 100-joule flash
lamp used by Paul and Dalby caused enough (CN)2 disscciation by absorption
at these wavelengths to produce a CN density of about 1014/cm3‘

The bands are sufficiently complex that they probably consist of
overlapping systems involving several upper electronic states. Some evidence
can be seen for two of these states, separated by about 2100 cm-l, which might
be components of an electronic II state-—such as Callomon and Davey thought
was probably present in this location. There are varying indications of the

following vibrational level spacings involved in the spectrum in some fashion:

230 cm ">

508 " (double)
766 "

2149

2355

The rotationa! structure has not been resoived, but all the bands degrade
toward the red.

The absence of obvious convergence of any vibrational sequencas would
make it seem that at least most of these bands must correlate with dissociation
limits above the end of the experimentally accessible region at 55,000 cm-‘l o
probably with (CN-X+CN- B) and higher limits.

All of the facts discussed so far are at least consistent with the rough

sketch of a suggested energy level diagram for (CN)2 given in Figure 18,
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Suggested electronic states and dissociation limits of (CN)Z;

schematic only.
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although few deta‘ls are definite. In this diagram the value of D° "
has been arbitrarily set at exactly 50, 000 cm-l, and the assumption that

dissociation is always to (v=0) of every state has also been made, rather

arbitrarily.
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7.6 Photodissociation of (CN)2 as a Two-Stage Process.

One of the most important facts which emerges from these various
fragmentary investigations is that dissociation of the (CN)2 molecule is

probably not the initial result of the absorption of light near 20008 . That

is, for example,

(CN)2 + hv =2 CN-X + kinetic energy
is probably not the first thing which happens when a light quantum is absorbed.
This reaction would require the presence of an absorption continuum. Yet
none of the experimenters have observed any continuous absorption by
cyanogen gas. Therefore, the first process must be absorption by the

discrete spectrum lines ** of the UV bands into definite excited levels of (CN)Z:
*

2

After such an absorption has placed the molecule in some level near one of the

(CN)2 + hv ~(CN)

i

dissociation limits, then thermal collisions or spontaneous radiationless
transitions can quite readily cause the actual dissociation,

*
(CN)2 +K.E. "2CN:X+K.E.

** Ramsay's attempt at phntodissociation of (CN)2 with monochromatic light
was successful doubtless because the 1849X Hg line happens to fall within
one of the definite (CN), vibration-rotationdbsorption bands wh. :e head lies

at 1846.71%.

95

]
%




If the probability for spontaneous dissociation frem most of the levels

above the first limit D° was quite high, then the absorption lines

NC-CN
involving these levels would be broad and diffuse, because of the shortened
lifetime of the states. This is the phenomenon usually called "predissociation. "
It is true that many, but not all, of the bands in the A <24004 regioi: mapped

by Woo and Badger are rather diffuse=—and all the bands look diffuse at low

dispersion, so that Hogness and Tsai (1932) believed these bands indicated

predissociation throughout. However, much of this diffuseness can probably
be ascribed to unresolved close rotational structure. It seems likely that

at total gas pressures of a few cm or more, most dissociations of the
excited (CN)2 molecvles are caused by thermal collision.

Now, in the design of a high-power laser transformer it is necessary to
reduce the production of sensible heat in the gas to an absolute minimum.
Therefore, thefractivn of the absorbed photon energy which gets canverted
into kinetic energy in these dissociations becomes of great importance.

Clearly, the wavelength of any light to be used for photoproducticn of CN from
(CN)2 must be chosen to place the excited (CN)Z molecules in a level just as close

to the D° dissociation limit as possible. Fortunately, the closer the

NC-CN
level lies to this iimit the more readily the collisions will complete the

dissociation process. A:l energy transfers by molecular collisions in
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gases have greatest probability when the discrepancy 8E between initial and
final discrete level sums — that energy w»hich has to be transferred into or
out of the translational form ~— approaches zero,

It is simplest to assume tha: the cyanogen gas must be operated at just
as low a temperature as possible, possibly about 210°K, where the saturated
vapor pressure over the solid state is about 3 cm Hg*. This will reduce the
probability for production of sensible heat during pv aping because of collision
relaxation of the vibrational levels of excited (CN)Z' As most of the excited
(CN)2 molecules may be expected from the above data to have vibrational
energies greater than about 500 cm_l, a value of kT of 145 cm-1 for the
gas should make the &E for vibrational relaxation large enough to keep the
relaxation probability fairly low. (Although there would still be a possibility
of heating trouble if the presumed vib:ational frequency near 230 cm-1 is
actually very important. )

If the collision dissociation probability is to be made high at such a
small kT, then the pumping process must be very accurate in placing the excited
(CN)2 molecules closely adjacent to the p° NC-CN limit. This means that

photoproduction of CN" X from cyanogen gas without appreciable heating of

the gas will be possible—under the simple considerations discussed abgve w=—

T et e N T W T e e W T W W T e W e TS EE e #F e W W G e e W AN TP W e W T e e W TE e e s T G D S s W om o W W

* See ine compilation of data on (CN)2 by Brotherton and Lynn (1959).

97

. -—s‘.,%



only for a quite narrow and carefully chosen band of pump wavelengths.

Because of the present uncertainty in the value of D° this wavelength

NC-CN’
position will have to be found from experiment. It seemns most likely that it will
lie close to 20004, or 50,000 em ™).
Probably production intov = 0)of CN:X can be caused to predominate,
with very few molecules dissociating into(v = 1)or higher vibrational levels.
Although perhaps, by a suitable choice of wavelength, dissociation into any
chosen higher vibration level could be favored. The results of Ramsay on
i-hotodissociation with 18494 Hg light, which apparently yielded only CN-X
(v = 0) in the low-power steady state, even though there was surely several
thousand cm"1 of extra quanturn energy available, may or may not argue against
this possibility. In his pure cyanogen gas at room temperature and only a4 few
min pressure, vibrational relaxation of the (CN); may have occurred before
dissociation. Likewise Basco, et al , found that at least 96% of the CN' X
molecules were preduced in v = 0 in <yanogen plus about ore 2tmosphere of
NZ’ even though the (CN)2 was surely absorbing in many of its lines scattered
across the broad spectrum of the flash tube source. Probably, vibrational
relaxation of (CN)} before dissociation also predominated in this mixture,

2

since N2 collisions are well known to favor vibrational relaxation of various

molecules. This indicates that there may be an inherent tendency for CN
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fragments formed from mostly non-vibrating (CN)2 also to be mostly nonvibrating
- although this must also depend on whether the nonvibratinc level of one of

the (CN); electronic states just haprens to have an energy very close to the
DONC-CN which yields 2 CN*X (v = 0). The experiments of Paul and Dalby
are not relevant to this point, since they specially looked only for the CN. X

SV = 0? produced by their flash lamp.
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7.7 An Analogous Photo-Collision Dissociation in Na,

Since direct experiments on the proposed process in (CN)2 are lacking,
it may be useful to note the existing data on an analogous process in Naz.
When vapor containing sodium molecules absorbs light in the spectral
range {i om green to near ultraviolet, the molecules are raised from the

ground state Na, X lxg to the upper electronic state Naz- B IIIu, as indicated

2

by the partial level diagram in Figure 19. Since the natural lifetime of

8

Naz- B is only about 10™" sec, the molecules quickly return to the ground

state emitting fluorescent blue-green light.

It is known, however, that any of various impurities included with
the sodium vapor will have a quenching action on this fluorescence. Quan..icauve

measurements on this phenomenon were made by Jablonski, Pringsheim and

Rompe (1932), who added increasing amounts of He, Ar, or N, to the sodium
vapor. They iound that if (a) the excitation process was by optical pumping

up into the v = 1 vibration level of Nay B only , and if (b) the total gas pressure
was kept so low that not enough collisions occurred .within the fluorescent life-
time of the excited molecule for it to be shifted to any other -ibration state
before radiating, then the resulting fluorescence fromsaturated sodium vapor

at 315° was not noticeably weakened by adding 1 mm of He.
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But when the pumping quantum energy was gradually increased
so as to raise the molecules successively tothe v = 4, the v = 6, or the
v = & vibratior. level of Naz’ B with other circumstances the same, then
the addition of 1 mm He caused greater quenching of the molecular fluoregcence.
Tlas could be interpreted as meaning that the quenching process —~ in at least

some cases — was adissociaticn of the Naz' B molecuies, upon collision

with those He atoms which happened to be travelling fast enough tc provide the
amount of kinetic energy needed for dissociation. Thne cioscr the pumping
light had already raised the inolecules toward their dissociation limit, the
mc: e irequency of occurrence of He collisions having enough.energy

to take them the rest of the way.

As shown by Figure 19, the v = 1 vibration level of Na:- B lies about
2380 cm ™! below the dissociation limit of the state, neglecting rotational
energies for the moment. But v = 4,6 and 9 lie only about 2021, 1789,
and 1454 cm'l, respectively, below the limit and so should require

progressively less additional energy irom a helium ccllision to cause

*These figures are based on the aralysis. of relative level locations

by Smith (1924) and by Fraderickson and Watson (1927) and on the most recent
estimate of the locatien of the Na,* B disscciation limit, by Barrow

(1661} . The present uncertainty of about = 125 em-! in theé Tarter should be
applied to the absolute values of AE quoted above, but this wovid

not aﬁeclt differences Letween them, which are knowrn to a smaill fracticn of
one cm~4.
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The explanation of at least part of this impurity queuching interms of

dissociation receives support from another type of observation. Wood and

Kinsey (1928), when using blue-violet light to pump the molecules up into

the general regiun r->und v = 5 of Na2° B, had found that 3mm of either air,
H2 or N2 caused the appearance of the yellow D lines, which arise from excited
Na atoms, in addition to the (weakened) molecular green band fiuorescence.
With the sodium pressure and temperature and the color of pumping light being used,
there had been no trace of D-line fluorescence before the foreign gases were
added. Therefore, the pumped sodium molecules were not transferring their
excitation energy directly to colliding Na atoms in the pure vapor to any
aporeciable extent, under these circumstances. 3But collisions with the
foereign mclecules did produce excited N2 atcmis, and indeed this should be
expected if some of the pumped molecules in 5 1‘IIu were being dissociated
by this type of collision. As indicated in Figure 19, dissociation from the
Naz* B state yields one ncrmai Na atom and one excited Na atom == which
latter will then radiate one cf the D lines within an average lifetime of
about 10—8 sec, if it is rot de-excited iu some other way earlier.

Similarly, Jablonski, Pringsheim and Rompe found that 1 mm of He
added to the saturated sodium vapor at 315°C brought out some D-line
fluorescence witk each of the arrangements for pumping the molecules =~
even from v = 1 where weakening of the molecuiar fluorescence was too slight to be
noticeable, The strongest D lines occurred wnen the Naz- B molecules had been

optically excited tov = 9,
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These authors also added argon and nitrogen at 31 5°C and again got
D-line fluorescence, although weaker, when the sodium molecules were
bel.g pumped into the B state. The relative weakness in these cases does
not necessarily inean that these two additives have less affect on the Na2
molecule than does He. In fact, it was also demonstrated that 1 cm of
nitrogen added to sodium somewhat less than saturatec at 290°C had a
very strong quenching action on the molecular green-band fluorescence = as
Wood and Kinsey hed found earlier. But wiih regard to tlie D-line fluorescence
from excited Na atoins, another process appears in the case of these particular
additives. It is well krown that nitrogen particularly, and also argon and many
other atoms and molecules, are strong quenchers of D-fluorescence. Therefore,
many pumped N32~ B molecules were doubtless indeed being dissociated by
fast N2 coilisions, thus weakening the molecular fluorescence; but also many
of the resulting excited Na* atoms wsre then being de-excited by another N2
collision before they had a chance to radiate, thus weakening the D-line
fluorescence *, When the nitrogen or argon pressures were raised to

one or two cm, the D fluorescence ; ractically vanished «== as had the band

fluorescence from Naz~ B.
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*A process in which the N, molecuie in one collision simultaneously dissociated
the Na,- B molecule and aze—excited the Na= atom, itself carrying away most
of the pumped energy and leaving behind two neutral Na atoms, would be an alterna-
tive to the above successive coliision mechanism=-= and would probably be
indistinguishable from it in simple experiments.
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But in the case of helium, Winans (1930), Himos (1832) and Duchinsky

(1932) have all shown that this gas causes practically no quenching effect on
the D-line fluorescence from excited sodium atoms.

This fact, that He has no good mechanism for absorbing 16, 965 cm-1
of energy from an excited Na* atom, probably means that it also cannot

absork similar amounts of energy from an excited Naz-B molecule upon

collisior. Doubtless practicallv all of the quenching of the sodium green-

tand fluorescence by He occurs through the fast collision molecular dissociaticn
process already discussed.

These He experiments with Na2 give considerable indication that He will
be the best gas to use in a mixture with cyanogen for a transtormer laser
medium. The He should dissociate the (CN)2 with the minimum production
of heat through either vibrational relaxation or quenching from the CN- A
electronic state. As will be discussed later, a considerable amount of this
additive gas will be needed to provide collisions with CN which will rearrange
the rotational level distribution in a manner suitable for lasing.

Before proceeding to a survey of CN c¢oliision processes, let us
briefly catalogue the remaining known ways to prepare CN, for the sake

of completeness.
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7.8 Dissociation of (CN), by Chemical Reactions

Steacie{1554) has collected references to various chemical reactions

of atomic H, O, and Na with (CN)2 which yield CN as one of the products.
There is a large literature oa the occurrence of the CN emission
bands in flames of cyanogen plus oxygen or other gases. This

subject is reviewed by Gaydon (1957).
Sa-calied "'active nitrogen' stronglv reacts with cyanogen, in a

group of complex. processes which include the production of CN.

This system has recently been studied by Haggart and Winkler (1960),

anmong others. Active nitrogen gas contains several carriers of

pctential energy; prominent among these are the Natom in its ground
For a

state, and the N2 molecule in its metastable state A Eu
recent review ~f the behavior of active nitrogen in many circumstances,

see¢ Manella (1962),
Any of these arrangements would seem to the present writer to

leave a laser transformer vapor medium in a more comoplex condition

than would the relatively simple photodissociation of cyanogen.

7.9 Ways of Preparing CN from Other Starting Substances
Neujmin and Terenin (1936) showed that the region of the hydrogen

discharge tube spectrum near 14004 would dissociate acetonitrile,
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CH?CN, in such a manner as to produce the fluorescent CN (B-X)

bands. In a similar manner, Jakovleva (1939, a) observed the CN

fluorescence upon photedissociating the cyanogen halides, ICN and

BrCN, with far UV light. Basco, Nicholas, Norrish and Vickers,

(1963) applied their 1600 joule photoflash lamp to ICN and BrCN
through a quartz window and obtained CN'X, as seen by its absorption
bands.

Although it is possible that CN production by almost monochromatic
photodissociation of one of these gases instead of cyarogen mighi
perhaps place the necessary light source wavelength in a more con-
venient region, the resulting iragments other than CN which would be
left in the vapor are all known to be highly active in vibrational relax-
ation collisions, and other complex reactions. They would seem to
lead to much more chance of wastage of the prepared CN molecules,
and chance of production of sensible heat in the medium.

Stch molecules as BrCN will also yield CN in chemical reactions

with Na, for example. (See Williams, 1948}

Heavy hydrocarbon vapors can utilize the stored energy of meta-
stable excited mercury atoms in the presence of N2 to split off

fluorescing CN¢A and CN-B fragments. (See page 221 of Pringsheim, 1949).
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Wager (1943) studied the CN spectrum very successfully by adding

chloroform to active nitrogen, as did Jenkins, Roots and Mulliken
(1932) and Dixon and Nicholls (1958) with CCl

4 and Kiess and Broida
(1958) with twenty nine different organic vapors.

However, all these classes of preparation processes would leave
a very complex mixture which could have undesirable quenching and
heating properties in a high-power laser transformer medium, even

though they were satisfactory for simple spectrcscopic studies.

In the next sections, some of the important collision processes
involving CN will be considered further.
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8. MECHANISMS FOR DISAPPEARANCE OF CN AND CN*

8.1 Disappearance of CN through Polymerization of (CN)2

Cyanogen gas has a very considerable tendency to polymerize. Within an
isolated volume of the gas, the polymer is believed to be formed only in the

presence of appreciable amounts of CN, with the initial reaction probably being
(CN)2 + CN - (CN)3

The (CN)3 so formed seems to further polymerize rather quickly, so that no
detectable equilibrium concentration is built up. The chain has not been followed
in detail but the next member (CN) 4 might perhaps be particularly stable, since

Henglein, Jacobs and Muccini (1963) found that the ion (CN) 4+ was very persistent

in cyanogen discharge tubes.

Pure cyanogen gas in a darkened glass or quartz container at one atmosphere
pressure or less is rather stable until the temperature is raised to about 400°C,
although prolonged heating at 300°C will cause the oneset of polymerization.

(Quagliano, 1949} It was mentioned earlier that White (1940,b) calculated

400° C as the temperature region where CN concentration from thermal
dissociation of ((ZN)2 begins to rise rapidly*. At higher pressures, cyanogen

begins to polymerize at lower temperatures,
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wall reactions at metal surfaces. Appreciable solid polymer can be observed within
stainlese steelor Monel cylinders atter cyanogen gas at normal pressure has been
stored in them for 100 days. (Brotherton and Lynn, 1959).
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At elevated temperatures, the observed equilibrium concentration of CN
doubtless represents a balance between the dissociationandthe polymerization
reactions (and the three-body recombiration yet to be discussed), with solid
polymer gradually accumulating on the container walls. The crystal structure
of the solid is assumed to be a continuous molecular lattice of (CN)X. Above
800°C, the polymer slowly breaks apart again and returns to (CN)Z. (Robertson

and Pease, 1942),

On exposure to sunlight, cyanogen always slowly polymerizes. Hogness and

Tsai (1932) found that this photopolymerization is chiefly caused by absorption

in the (CN)2 bands at wavelengths less than 23008. Fromdata already presented
on photodissociation produced in these UV bands, it is clear that the polymerization
is closely associated with the presence of CN. Along the same line, electric
discliarges——which are well knoown sources of CN—will also volymerize (CN)Z’
although other more complex reactions could also be present in this case. M

and Winkler (1960) found that active nitrogen also polymerized (CN)2 at any

temperature above 80°C.

The polymerization mechanism will therefore he an important contributor to the
disappearance of CN, whenever CNis produced ir any manner which leaves a
considerable remainder of (CN)2 present. The most recent quantitative rate

measurements in such circumstances are by Paul and Dalby (1962). They

flashed their small continuous-spectrum light source, for measuring the CN
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absorption bands, at various short time intervals after flashing their 100 ioule
photoflash lamp which dissociated the (CN)Z., In this way, they could follow the

rate cf disappearance of the small CN- X fraction formed in the mixture by the UV
flash., The disappearance of the CN was presumably almost wholly throueh the
polymerization reaction. For exaraple, they found that a moderate amount of

CN formed in pure (CN)2 at 18,3 mm pressure and 175°C disappeared exponentially

with a halflife of 75 ysec.

Since the polymer seems quite stable at ordinary temperatures, the polymerization
reaction must be exothermic, There do not seem to be data available on how much

sensible heat appears in the gas with the removal of each CN,

In different circumstances, if the production process converts a large fraction
of the cyanogen to CN — and if a large quantity of some inert gas additive has been
included inthe mixture-=—then the major contributcr to the disappearance of these
molecules will probably be the three-body recombination process, whici is

discussed in the next section.

111




m

8.2 Three-Body Recumbination of CN

If two CN*X molecules collide head-on, they will probably approach close
enough to come to rest momentarily high on the left hand side of the (CN)z. X
potential curve, at the location corresponding to their initial kinetic energy — such

as point (a) in the sketch below.

/ INITIAL MUTUAL K.E. OF 2CNeX
b ——— ———
~50,000 —t
cm” SEPARATED CNeX + CNeX AT ZERO
MUTUAL VELOCITY
POTENTIAL
ENERGY

NUCLEAR SEPARATION AND MUTUAL
ORIENTATION PARAMETER

—_—

In this case they will almost every time simply reverse their path and separate

again along the right hand side of the (CN)2 + X curve toward infinity. That is,
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the two-body stable recombination reaction 2CN-X (CN)2~X practically never

occurs.

However, if before the two CN's have time to separate again, an inert
third body of any kind impinges upon the combination, its force fields may
temporarily alter the potential curves of both (CN)2~X and the higher (CN);
states so as to make them intersect. In this case, changes in the electronic
quantum numbers will have a good probanility, in such a way as to transfer
the temporary cyanogen dimer into a level of one of thos higher (CN)*2
electronic states which are responsible for the far UV absorption bands—— such
as level (b) in the diagram. From there, the (CN); could=——with fairly low
probability because of the relative weakness of the UV banls-==become stable
by fluorescing down to a low vibration level of (CN)z-X. But at total gas pressures
of at least several cm, it is probably more likely that a subsequent collision
will either re-dissociate the (CN); or will drop it to level (c) in a vibration-
to-translation relaxation— where it will Le stable against collisions for
long enough to have time to fluoresce down to (CN)Z'X. Alternatively, in the
original three-body collision, there is good probability for the momentum
conservation laws to permit the third body to carry more kinetic energy away
from the collision that it brought into it. Then, the transient (CN) 2~X molecule

might be left at a point such as (d), from which it could not re-dissociate but

would eventually relax down to (CN)zu X (v = 0) by collision.
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The net result is that in any vapor mixture containing a large proportion of
CN, these molecules should disappear chiefly by the three-body recombination
process

CN'X + CNX + M—>»(CN), X + M + (hv and/or K. E.) .

Note that in each case, except the usually less probable one of stabilization by
UV fluorescence wnere the light escapes from the gas volume, every recombination
eventually converts into sensible heat the full~- 50, 000 cm.1 of energy which had
been invesied in producing the pair of CN's in the first place.

Both polymerization and three-body recombination thus can have a doubly
deleterious effect on an efficient high-powcr laser pulse transformer design=———
wasting the prepared CN's and heating the gas—if they occur to an important

extent just before or during the course of an output pulse. Of course, after

the pulse is over the gas medium can be circulated through a heat exchanger to
remove waste heat.
To minimize both of these CN consumption processes during a pulse, the
laser transformer design should seek to
(a) achieve the highest possible percentage dissociation of the cyanogen
gas during the preparative UV flash, so as to minimize the number of

(CN)2 molecules remaining to take part in polymerizing collisions;

(b) use containers of reasonably low surface-to-volume ratio, avoiding
excessive wall area which would favor polymerizing collisions;

(c) use the lowest practical partial pressure of cyanogen, so as to
minimize the frequency of triple-CN collisions, which probably also
produce polymer-==this means operating at the highest possible pumping
and lasing fluxes—=and,
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(d) choose the inert gas additive, which will be needed in the laser for
increasing the frequency of two-body thermalizing collisions, to consist
of a light atom with the weakest possible external force fields =
so that most of its inevitable three-body collisions with two CN
molecules will not lead to CN recombination.

With regard to the last point, some evidence has already been mentioned
that helium gas is the best possible inert additive. Also, for example,

Smith (19€2) has theoretically calculated the probability that a three-body

collision at 293° K between two iodine atoms and a noble gas atom will produce

recombination of the iodine atoms to form I,. The probability of the

9°
process, per collision, becomes less and less upon going from the heavy to the
lighter noble gas atoms. Thus, with additive helium the probability is calculated
as 1/720 per triple collision, while with additive Xe it is 1/44 per triple collision*.
As has often been pointed out, one reason the process probability is lower
with very light additive particles is that then the conservation laws happen to
prevent much momentum transfer in a collision, so there is less likelihood

for the additive to stabilize the new molecule by carrying away kinetic energy.

As another example, Jablonksi, Pringsheim and Rompe {1932) found that

argon atoms had much more effect in quenching molecular sodium fluorescence

after pumping than did nelium atoms. The effect of added nitrogen molecules,
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*These process probabilities per collision would be greater at lower temperatures,
because the third body would spend more time in the neighborhood of the transient
molecule, and so would have more opportunity to cause an electronic transition which
might stabilize it. However, the number of collisions per sec per unit of molecular
density would also be less at lower temperatures, so there is not likely to be any

net disadvantage in dropping to 2109K for the lase: transformer.
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which can exchange energy in vibrational as well as translational form,
was even more drastic — although parts of the phenomenon in this case
might have been chemical reaction and/or quenching of electronic excitation,

as will be mentioned in the next sections.
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8.3 Chemical Reaction of CN with Additives

A great many entities which might be present in a suggested lasing mixture
either as conscious additives or as stray impurities could destroy the CN
molecules by reacting chemically with them.

Thus, Bulewicz and Padley (1962) fou..d that NO added to cyanogen-oxygen

flames weakened the CN emission bands, probably by the reaction

CN + NO- N, + CO. Haggart and Winkler (1960) observed that adding Hy to

2
a mixture containing CN also destroyed the latter, probably by a reaction which

forms HCN, Paul and Dalby (1962) came to a similar conclusion when they added

H2 to their cyanogen under flash photolysis. They also included, separately,
CICN, H,O, 02, ethylene, and propane—= each of which caused accelerated

disappearance of the CN absorption bands. ‘ossikhin and Tsikora (1961)

added a solution to a carbon arc which produced the OH molecule, and found
that it weakened the cyanogen bands, probably by the reaction CN + OH- CO + NH.

Ghosh, Nand and Sharma (1963) noted ‘he great weakening of CN emission

bands by the addition of CH,Cl,, as did Bayes (1961) upon the admixture of

272

ammonia, and of CCl 4

These scattered experiments which happen to exist in the literature are
rather random illustrations of the high degree of chemical reactivity of the
CN molecule.

In an electric discharge in (CN)Z’ White (1940 , a) found some evidence
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that the rate of disappearance of the produced CN molecules was probably being
governed by their attachment to various ions in the discharge*— notably to
(CN)2+ to form (CN)Q+.. The CN molecule is also known to attach stray

electrons to itself very readily, forming the ion CN". Herron and Dibeler (1960),

Morris (1961), and Napper and Page (1963) have determined values for the electron

affinity of CN ranging from 64 to 81 kcal/mole, or 22,400 - 28,300 cm-l. This
type of behavior is one reason for wishing to avoid electric discharge methods in
the preparation of the molecules for the laser transfcrmer medium, if possible.

8.4 Collision Quenching of CN*

Pringsheim (1949) mentions that the fluorescence of CN-B is seriously

weakened by the addition of Nz; more so for molecules in = 0'of CN*B than in
& = 1). Although this might be evidence of chemical reaction, it could also ke an

example of collision quenching of electronic excitation, since N2°X has available
vibrational energy levels as far above its ground state as the ~26,000 cm-1
excitation energy of CN. B. The collision energy exchange CN-B(v=0) + Nz- X

(v=0)-CNeX(v=0)+ N,. X(v = 12) would be entirely possible,

* Similarly, Magece (1961) quotes work showing that in a discharge through
cyanogen gas plus xenon, the charged dimer shows a tendency for attachment
to the noble gas atoms, forming such complexes as [ (CN)2 Xel*.
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An analogous case is well krown in the addition of nitrogen gas to excited
atomic sodium vapor. The N2 molecules strongly quench the emission of the D
lines from Na atoms in levels near 17,000 cm_l.

Any electronic quenching pcssibility would be a much stronger consideration
in the choice of an additive for the CN in a laser transformer medium than the
three-body recombination processes already discussed. The latter depend on
relatively rare three-body collisions, but a quenching process could have an
appreciable probability of wasting the absorbed Nd-glass laser pump energy at

nvery collision of in excited CN molecule with the additive. Fortunately, both

considerations point in the same direction— exclusion of all additives and

impurities from the cyanogen except the m~na2‘-.~ ,. 10ble gases. These have

no electronic or vibrational er:ergy levels which cap accept 10,000 - 20,000 cm"1

in a collision with CN-A, for example: and their acceptance of that much cnergy

as translation in a low-temperatur~ col!_Lion is quite unlikely.

Thus Winans (1930), Hdmos (1932), and Luschinsky1932) all found that in

contrast to the N2 case, the addition of helium gas to fluorescing atomic sodium
vapor did not weaken the D-line emission to any detectable degree.

Addition of helium to fluorescing CN has apparently not been .studied, but
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Mertens and Potter (1959) noted that immersing a CN-emitting flame in argon

gas did not change the CN spectra in any observable way.
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Let us now assume that suitable choices of these paran.eters of the transformer
laser medium can be made in practice, and turn in Section 10to a

consideration of the pumping conditions which will lead to strong inversion in
CN. At this time the analysis will deal only with the (6, 5) band, since operation
within the (0, 0) band would be quite similar. As a summary, upon which

to base the analysis of Section 10, Section 9 first outlines some of the parameter

choices.
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9. SUMMARY OF CN TRANSFORMER MEDIUM PARAMETERS

All of the last five sections, in effect, constitute background material

for a study of the real problem: will CN behave properly in an ultra high

flux pump-lase cycle? Before beginning the attack on this question, let us

summarize here what has been discussed of the basic properties of the suggested

transformer laser medium. Some of these items actually anticipate Section 10.

Item

Best method of CN production

Remarks

Probably, photodissociation of (CN)

by almost monochromatic light near
20C0K, Energy requirement: arounda
milli-joule per cm3 of gas. Very high
flux desired.

Gas heating problem during CM
production

Vibrational relaxation and quenching
of excited (CN),, before dissociation.
Control by choice of uv wavelength
and heavy dilution of gas.

Best additive gas for dilution
and rotation-shifting

Almost surely helium.

Worst gas heating problem throughout
power pulse

Probably, polymerization of CN.
To be minimized by leaving little
(CN)2 available.

Desirable CN operating partial
pressure

Balance between too high,causing three-

body recombination,andtoo low,requiring

excessive additive gas pressure and
perhaps excessive pumping and lasing
fluxes per unit of desired output.
Probably a few cm is best.
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ftem Remarks
Desirable additive gas pressure Sufticient for fast enough rotation-

shitting, dilution of waste heat, and
collision-dissociation of (CN)}, but
not so much as to relax or qué&nch
CN". Possibly somewhat less than
1 atm.

Best operating gas temperature High enough to have adequate (CN)2
saturated vapor pressure, but low
enough to minimize gas heating ticough
relaxation and quenching collisions~——
although methods can be visualized to
counterbalance some of these heating
sources. Preliminary suggescion:
210" K.

Best pumping bands Would be desirable if Nd glass laser
efticiency could be verified for
pumping into (0, 0) band ot CN- (A~-X);
probably best into R, branch of this
band if the analysis proves promising.

Best lasing spectral range Probazbly best into P, branch of the
vand pumped, it later analysis discloses
no circulation ineftficiences here. This
is at wavelengths to the redward from the
pump position.

i

A

Mechanism for maintaining quantum Chiefly, adjustment of output flux =
energy balance during high power pulse, versus fluorescence flux to balance £
to avoid gas heating average quantum sizes, Center of =

intensit+ of the fluorescence will lie
towards the blue from the pump location,
because of the 4 factor in tihe

transition probabilities.

Limits on power pulse length Not so short that Nd giass pumps lose :
efticiency when required to compress :
their output into so smaul a bandwidth
as the region near a CN R, head. Not
so long that vibration-shiffing or
vibration-translation relaxatin : in CN
becomes deleterious. Around 1 ms

1 probably all right.

&
=
=
E
¥

Limit on power puise repetition rate Limited only by efficiency in mechanically
’? circulating the cyanoger through a heat
exchanger: possibly a sonic velocity
limit,




10. LASING POSSIBILITIES IN THE (6,5) BAND AT 210°K

10.1 Boltzmann Distributions at 210°K in CN-X (v=5)

Let us {first calculate the Boltzmann distribution of population among the
rotaticnal levels of CN-X (v=5), for a group of CN molecules whose rotationai
energy is in thermal equililibrium with the translational energy of molecules of
the vapor at a temperature of 210°K.

If the total molecular density in the equilibrium distribution over (v=5)is
[ NXS ]210 molecules/ cm3, and the equilibrium molecular censity in any one

r
rotation level J is | N (J)] molecules/ cm3, then (as described, for exaraple,
X57" 210

in Herzberg's book) the relation between these equilibriim population densities
is ,

LNXS(J) ]210  @I+1e -F(J)hc/KT _ [ (J)]

N, ] S EE: =L ™%s

X5 210

210 ) o
j>__ (20+1) e -F(@he/KT |
=3¢

That fraction of the total molecules/ cm3 in (v=5)which resides at equilibrium

in the level J is here labelled with the lower case | ys J) ]210, Population

densities and fractional densities under gener=l, ron-equilibriura, conditions can

he represented bythe same label, omitting the squar » brackets and uter subscript.

Because of the spin-doubling in CN-X the:re are two different levels for
each value of J. These have separate pogulation fractions which are different,
because the two levels are associated with difierent K-values and so have

different energies, F(I). We will distinguish these energies and fractional
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populations bv labels which refer to the uppermost or to the lowermost of the
two levels with a given J, as nxs(s'ku) and nxs(SfL).
The sum in the denominator is in every case to be taken over the
complete set of levels, including levels of both + and - symmetry character.
Although there are symmetry selection rules governing optical transitions between
the various levels, these do not apply to collision-induced transitions. There
is no solid theoretical or experimental evidence to show that an exchange between
translational and rotational energies in a collision cannot .nove a CN:X (v=5)
molecule from any initial rctational level to any of the other CN* X(v=5)
rotational leads—with the proviso, however, that AJ always tends to be
rather small in a collision. Therefore, all the levels will form a single set in
the establishment of statistical eguilibrium®*. At 2100K the value of kT/hc is
146.0 cm L,
Figure 20 shows the Boltzmann rotational distribution of [nxs(J )]210 for

CN.X, based on the energylevel positions calculated earlier.

*For a homonuclear molecule such as H,, there is an additional symmetry property,
usually label’ 'a' and ''s'', which ivwofves the e“fect ~,n the wavefunctions

which would rusalt from an interchange of the two nuclei in the molecule. A
selection rule on this symmetry property holds rigorously fcr collisions as well

as optical transitions, in such a manner as to completely divide the H, rotational
levels into two aimost non-interacting sets. This featvre is not present for CN,
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10. 2 Boltzmann Distribution at 210° Kin CN'A (v = 6)

The thermal equilibrium Boltzmann m-~iecular density distribution for all the
rotational levels of CN-A (v=6) is calculated in the same fashion as CN: X(v=5).
Every J-value in 2II§ and 2111 3 occurs twice, because of the A-type doubling,
but this may be ignored in an initial calculation of relative populations, since the
factor two will ¢ ncel out everywhere, Each member of a /-doubling pair will
have the practically same equilibrium pc ulation, because the energies of the two
are almost identical. All the levels of L'alﬁ and 2111 3 are to be taken together as

one set, with energies based on zero at the lowest 2IIl 3 level.

There are two a-doublet pairs of levels for every J-value except for J=%,

and so the population fractions will be given labels as before, such as n A6(55;\t u)

and n A6(5éi;). A label such as [n A8 (53t u)J 910 Tefers to that fraction of the
total molecular density in CN-A (v=8) which resides at equilibrium in the upper

pair of the two A-doublet pairs with J=58. Each separate member of this A -doublet
will have half the equilibrium population densiiy of the doublet; this latter fractional
E ‘on for any particular level will be labelled in the manner of [n A6(5§+u)]2 10°
Thr . .4nout the low-rotation regime, up to about J=20, the upper A-doublet pair

for each J-value will have a ZIIt character, to a varying degree. And, the lower

pair for each J-value will have a 2II1 3 character, similarly. At high rotation

the 2 Hé- & l?[1 3 distinction is lost, as has been discussed previously.

Figure 21 displays the equilibrium Boltzmann distribution for CN. A(v= 6)

at 2100°K, calculated in the manner described.
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10.3 Excitation Required for Zero-Gain at Each (6,5) Line Wavelength

Let us consider first the R2(5) line, which falls at the edge of the prominent
R2 head of the kand, wi’h the calculated wavenumber ¢ = 9542, 410 cm'l. This
line is a transitinrn between the plus A-doublet component of 2[11/2 (J=5%) ?
in CN- A (v=%8), this being the upper J =5%  level in the . (v=6). state, and the upper
J= 4%  level in CN-X (v=5), which is a component of K=5. The molecular
population densities at any instant in these two levels have been given the labels
N A6° TA6 (5’&‘&4’) and NXS' Ny (4 #u), respectively. Boltzmann
equilibrium is not necessarily assumed, at present.

For each of these levels the statistical weight will be g= (2J + 1). Here,

g is the number of virtual sub-components of the level arising from the number of

separate quantized space orientations with respect to the Poynting vector of an %g
incident light beam, which the total angular momentum vector of the molecule, J, g:g;%
will have available to it in the pre sence of such a beam. In the absence of any space- é
orienting force such as an electric or magnetic field, all directions of space will §£
be alike before any incident beam arrives, and so all virtual sub-components of §;’
a rotational level will then contain equal fractions of the molecular density. Let %
us divide each of the molecular densities noted above by g=(2J+1) to find the §£
population density per virtual sub-component, obtaining i
o

Npglagl3 8w . g Nyge nys (4 8u) %ﬁ

12 10 .§
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Now, let us suppose that a parail_l beam of light of wavenumber ¢ =9542.419
cm'1 is sent through a cm3 of gas containing these¢ CN molecules in their various

levels. Whenever each virtual sub-component of the lower level of the R2 (5)

transition happens to contain a greater moiecular density than that of each virtual

sub-compcnent of the upper level of the transition, net absorption will occur.

'The beam will emerge with less intensity than it started. (The absorbed energy
will be partly converted into heat in the gas, through relaxation collisions, and
partly reradiated in all directions at various fluorescent wavelengths. )

On the other hand, if the population density of each virtual sub-component

of the upper level of the transition is greater, then net stimulated emission will
occur and the parallel beam will emerge witl, increased intensity. The bcundary
line of the excitation region in which invei'sion occurs is the condition of equality
between population densities of the virtual suk-components of upper and lower
levels of the transition. As expressed in terms of general labels applicable to

any transition, this condition for zero-gain*within a2 volume ¢ a

*Mitchell  and Zemansky (1934), Chapter V, describe some of the experimental
evidence that with a unidirectional monochromatic illuminating beam, the relation
between the Einstein coefficients for absorption and stiraulated emission in the same
transition between levels 1 and 2 is

By-1 8

By.2 8
This same relation between Einstein coeificients is well-known for isotropic black-
body radiation impinging on molecules within a cavity having non-conducting walls.
The relation leads to the condition stated above for zero-gain. Thus, for a balance
between absorpt.on and stimulated emission probabilities: (T.evel population percc)
X (Stimulated emissicn probability By _1 per molecule per unit flux at the transition
wavelength) = (Level population per cc)y x (Absorption probability By -2 per molecule
per unit flux). This becomes the condition
(Pop. Dens.)g x By ;= (Pop. Dens.); xBy | o= (Pop. Dens.); xBy _, lx( ),

or (Pop. Dens.)s _  (Pop. Dens.)q
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laser medium is

NaveMay (JA) _ Ngv® ™xy (- XL

g ,) g(Jy)

We shall characterize the degree of excitation of the CN gas required
from the Nd-glass pump lasers to produce zero-gain at any chosen (6, 5)

band line in terms of the quantity Z, which will be defined as that percentage

of those molecules/cm3 in [CN"X(v = 5} + CN- A(v = 6) which resides in

CN: A(v = 6) at any instant, whether Boltzmann rotational equilibrium is

present or not.

However, it will now be convenient in the analysis to consider,
temporarily, circumstances where Boltzmann rotational equilibrium is
present. Let us suppose that for some particular value ZO of the vibrational
population ratio, one line of the (6, 5) band such as R2(5) is exactly at the
zero-gain condition whenever Boltzmann rotational equilibrium at 210°K
occurs in both upper and lower states. This value of Z will be given the label
[Rz (5) Z0 ]210, Although [Rz (5) zZ, ] 210 is a ratio between total population
densities of vibrativnal states, it is a characteristic property of the Ry (5)
transition alone and a separate such [ZO ]210 value is associated with every

line of the (6, 5) band.
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From the previous discussion, and inserting the Boltzmann equilibrium

values for the population fractions from Figures 20 and 21,

- N,./N
[Ma6 ]510 _ I Ag/ X5 |1 |
[R,®)Z_ |10 = - zero-
2ol }[NA6]210 + %5 J510 [ zero- [Ma6 /x5 ],51 | eain
¢ gain

[12ngy @ W0, 52 ") |y,

[12“}(5 (4% u)ﬂOnAs‘(sé Fu):"210+

1

|—12HX5 (4 %u) ]
12ngs @3+ 100, 63" .

210

=[( 12 x 4,23

= v
12 x 4, 23) + (10 X 1'79Y = 0.739 574/0]

The general formula for [ Z0 _]210 is

‘— Ny Ty) €0 )
s+ BU) + g6 @) 8@y J210

Figure 22 displays such calculated values for each of the stronger lines of the

(6, 5) band.
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Let us suppose that the preparation processes have dissociated a certain
quantity of gas at 210° K, to yield some ground-state CN molecules, and have
then eievated a certain amount of these to the vibrational state CN - X(v = 5).

At this time we will assume that no molecules are in the excited electronic state
CN- A. Now if the Nd-glass pump lasers are flashed, and the Nd light contains
an appreciable output at 9542. 410 = 0. 01 cm-l, the gas initially will be a strong
absorber in the R2 (5) line. Let us assume that the gas mixture contains enough
He, for example, to make the molecular collision frequency high enough to main-
tain approximate rotational Boltzmann equilibrium in both upper and lower states
throughouut the flash. Then, more and more CN: X(v = 5) molecules will be raised
to CN- A(v = 6)~—taking them out of the upper J = 4 # level of the former and
putting them into the plus A-component of the upper J = 5% level of the latter,
with He collisions continually redistributing those excited and those left behird.
—until almost 74% ot the molecules have been raised up, as a maximum value.

This maximum pessible degree of optical excitation by absorption in the
Rz (5) line under Boltzmann equilibrium conditions can only be asymptotically
approached. And, a close approach can be made only if the Nd output flux at
this wavenumber is quite high. As the percentage excitation is raised from zero
toward [2]210 = 74%, the strength of the R, (5) absorption line in the gas gradually
decreases. The zero-gain point for this R2(5) line, 74% excitation, might also

be called its "transparency pcint'', as absorption would cease entirely if that
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excitation percentage could actually be reached when Boltzmann rotatioral
equilibrium was being maintained at 210°K,

The situation which now gives this arrangement some possibilities for
lasing at various other band lines, while it is being thus pumped at R2 (5), is
the following. For the line P12(15), zero gain occurs for [ZO ]21(\ = 44%,
Then, during the course of pumping molecules from CN-X(v = 5) up to CN- A(v=6)
by absorption in R2 (5), after any more than 44% of the molecules have been
excited and after both those raised up and those left behind have heen rotationally
redistributed by He collisions to maintain Bultzmann equilibria, the P12(15)
transition will be in a condition of inversion. Any test beam sent through the

gas from any source which included the wavenumber of the }’12(5) spectrum line

would be enhanced by stimulated emission. That is, pumping sufficiently strongiy

in the R2 (5) line would cause amplification of a beam at the P12(1 5) wavenumber
at any time after 44% has been passed.

This description has been simplified by the tacit assumptions (a) tha!
none of the molecules originally in CN-X(v = 5) had been transferred away by
any processes other than absorption in R2(5‘) up to CN- A(v = 86); (o) that no
addi:ional molecules had been moved into CN: X (v = 5) by any other process
during the flash; and (c) that molecules once moved up to CN- A(v = 6) stuyed
there. Such extra processes, which wil! certainly occur in a practical laser
transformer, do not alter the real meaning of the zero-g:ain point [ZO ] 210 for

a line. If at any instant a Boltzmann rotational distribution of molecules at
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210°K obtains both in CN-X(v = 5) and in CIi- A(v = §), and at that instant the
ratio of malecules/cm3 in CN- A(v = 6) to molecules/cm? in [CN- A(v = 6)

+ CN:-X(v = 5)] is greater than the value of [ZO acsociated with any iine

_I210

of the (6, 5) hand, then inversion is present at that instant with respect to that

line, regaraless of all the processes involved in the maintenance of .hat
condition.

Al'hough this type of calculation displays various Boltzmann equilibrium
circumstances under which inversion may become possible, it does not give a
clear picture of what total fraction of the molecules in the upper and lower
states could be repeatedly transported around a pump-lese-pump-<lase cycle
uader high flux conditions. This subject will be taken up in the next section.

It will necessarily involve non-Boltzmann distributions.
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10.4 Pumping in R 1 and Lasing in P

2 12’

There are a great many ways in which the cyanogen bands near 1. 06y
couid be employed for laser transformer action with Nd-glass laser pumping.
Different arrangements could have quite different efficiencies and other propertics.

Probab'y the easiest system for preliminary analysis, although not
necessarily the one leading to the best transformer, would consist of pumping
in the R21 branch and lasing in the P12 branch of any one of the bands which
will absorb Nd-glass laser light. This arrangement for the (6, 5) band will be
discussed here, as a first sample case.

Even the R21-— P12 cycle will be fairly complex to analyze for the entire
volume of the transformer laser medium-—clear through from the trigger section
down along the length of the amplifying section to the final output window, and
in all stages from the initial build-up to the eventual steady state. For a first

approach to the problem, let us only look at the steady-state conditions near

the output end, in the region of greatest power density.

W wiil assume that the Nd glass pump lasers are irradiating a typical
cubic centimeter in such a position with very great intensity in the spectral
range 10, 440A to 10, 470A, which covers the lines R21 (0) to R21 (10) of the
(6, 5) band. This fiux is so intense that each of these transitions is being

steadily maintained close to its transparency point, as regards the ratio of

pobulation densities for its initial and final s%ates. This statement does not refer
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to the [20]210 values for the lines, as discussed in the last section, since
these imply a Boltzmann distribution. But regardless of what shape cf
(certainly non-Boltzmann) steady-state distribution may eventually be shown
appropriate to these conditions, these curves must necessarily have population
density ratios for all pairs of upper and lower levels connected by the R21
lines which approximate the "'transparency ratios''.

That .s, for exch such pair of upper and lowerlevels involved in one of

the first eleven RZI lines, the population density ratio must approximately

equal the statistical weight ratio for these levels.

Now, since the analysis of the last section has indicated that inversion in
the higher menibersof the P12 branch is probably obtainable under many circum-
stances with heavy R-branch. pumping, we will assume that design of a suitable
trigger section will be feasible, which will provide a considerable flix at the
frequency of each of the lines from P12(13) to P12(22), These fall in the
wavelength range 10, 6702 to 10, 8204, By the time this lasing flux has proceeced
down the length of the transformer amplifying section, we may assume that very
in‘ense radiation in each of the spectrum lines acts on the typical cm3 near the
output end.

In such circumstan~es, these liney also must be close to their transparency
points. Tbat is, for each pair of upper and lower levelsinvolved inone of the lines

P12(13) to P12(22), the population density ratios must approximately equal the

statistical weight ratios for these levels. Note that none ot the transparency
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ratios is ever precisely reached, merely asymptotically approached — so
that the product of the remaining small coefficients for absorption and stimulated
emission times the very large flux levels yields a high power density for pumping
and lasing, inthe two J-value regions recvectively.

As the next step in the analysis, let us at first arbitrarily assume that
this pumping and lasing has produced some sort of a steady-state population
distribution which amounts to Z — 67%, say. That is, 67% of the molecules
of [CN'X(v = 5) + CN-A(v = 6) | are in CN-A(v = 6), aithough probably neither

upper or lower distribution is of Bolizmann type. Now, Figure 23 shows as

LRI e

dotted curves the upper and lower Boltzmann distributions for Z = 67%, being
calculated to have their crdinates everywhere equal to this fraction of corresponding

ordinates in Figures 20 and 21, as a base from which to try to derive the true

steady-state distributions.

[
f ([
i m,'uﬂli“!hwu i

We know that: (a) the true curves must be considerably above the dotted
Boltzmanns for the low-J CN-A levels involved in the heavy pumping and the

high-J CN-X levels involved in the heavy lasing, and (b) the true curves must

IR R )

be considerably below the dotted Boltzmanns for the low-J CN-X levels being
drained by pumping and the high-J CN-A levels being drained by lasing, and
(c) all appropriate pairs of upper and lower levels as described above must
have population ratios equal to their g-value ratios. These conditions will

immediately permit empirical sketching on the graph of the general regions

=
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The steady state distributions for the Rzl— ‘12 pump-lase cycle.
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where the four constrained segments of the true curves must fall— provided
67% was 2 reasonable approximation for the steady-sta.c Z. The solid curves
shown constitute one choice within such evident regions.

In order to make a choice within the regions described, there is another
probable constraint available. It is presumed that a steady-state exists, so that
within the chosen cm® there must be a continuous pump-lase-pump-lase cycle.
Some number of molecules, N, are pumped from CN-X to CN* A in the low-J
region in every micrusecond; and the same number N molecules are shifted
each microsecond from low-J to high-J in CN-A by collisions with He, then
lased down to the high-J CN‘X region and finally shifted back to low-J CN-X by
He collisions, ready to start around again. This rectangular cycle path is
indicated in Figure 23.

The reason that collisions will shift the rotational quantum numbers of the
CN molecules to close the cycle in this manner is that the statistical effect of
a multitude of collisions is always to try to produce Boltzmann distributions
from whatever molecules are available in each vibration state. Figure 23
shows that any agency which continually is trying to convert the true steady-

state curves into Boltzmanns will automatically be shifting molecules in the

proper direction around the cycle just described.
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We now have one more constraint whkich will serve for approximating

the true distribution curves: the four areas shaded in Figure 23, the areas

between the true steady-state curves in the constrained regions and the
Boltzmanns to which they will immediately relax if the electromagnetic fluxes

are suddenly removed, must approximately be equai. This follows from the

following argument. The total area under the true steady-state curves for

CN-A in the upper part of the diagram, must equal the total area under these
relaxatior Boltzmanns (actually, the sum of the ordinates instead of the area),
because the latter measures the total number of molecules/ cm3 in CN-A( v=6). This
number would rot have changed appreciably from the steady-state value at

a time immediately after the fluxes were stopped and before any large number

of molecules had had time to leave this state by vibration-relaxing or electronic
quenching collisions,~, or by fluorescence. This means that the total area lying

above the Boltzmanns in the low-J region must equal the area lying below the

ARHCHERRLI Al s oA R o LB Ly

Boltzmanns in the high-J region. To the approximaticn that the population

ARURH AN

densities of levels in the non-constrained sections of the curves are almost

equal to those of levels of neighboring energy in the constrained sections, this

means that the constrained sections of the steady-state curves will be at such
locations as to make the upper left and right hand shaded areas equal. For

the same reason, the lower left and right hand shaded areas must be approx-

ima ~qual.
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But the departures of the true curves from the Boltzmanns constitute the

driviag force which causes the collision processes to move molecules toward

the right above and toward the left below in Figure 23. If the rectangular path
in the diagram is to represent a closed-cycle steady-state, then equal numbers of
molecules;/sec must be transported by the collisions toward high-J in CN-A and
toward low-J in CN-X. This will not be so unless the driving forces are equal,
top and bottom, and this surzly requires approximately equal departures from
the Boltzmann, at least whenever Z is fairly close to 50%.

If the relative shapes of the various Boltzmanns will not permit a choice of
curve locations which can satisfy the equal-area criterion, then the assumed
value of Z should be modified until a Z is found for which such an adjustment can
be made. It was by such empirical graphical methods that the value Z = 67%
was chosen,and the approximate steady-state curvesdrawnin Figure 23.

It is recognized that a correct determination of the steady-state distributions
would be . .uassive computer-scale project in the handling of differential equations
—with many of the parameters imperfecily known. The present rough graphical
estimate shouldbe usefulingiving the order of magnitude of the molecular cycle

phenomena.

oy
TSN
e

T




Having drawn approximate steady-state distribution curves in the four
~onstrained areas of Figure 23, the remaining segments of the curves are drawn
S0 as to cause about equal departures from the Boltzmanns in levels which are

energetically near to one another.

It will be noted that this particular cycle pumps into the low-J levels of
2Hi and lases from medium-J levels of 2111 e Collisions with He will probably
shift most newly-pumped molecules up the 211& ladder and then across to
2111 3 above J = 10, rather than crossing directly to the energetically nearby
low levels of 2111 3 It is much harder for collisions to shift the electron spins

and orbits of a molecule than it is for them to shift total rotational momentum.

Thus, in the case of NO-He collisions at 300°K, Broida and Carrington (1963)

observed that a spin-doublet shift of only about 0. 02 cm'1 occurred an order of

magnitude less frequently than a rotational quantum shift of about 50cm'1.
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Evenson (1964) has found experimentally that almost every CN-CN

collision shifted J, usually by consideraoly more than one unit, Collisions
of CN-He should have a similar effect.

On the question of loss of CN from the lasing cycle through He collisions
shifting ""prepared' molecules from CN-X (v = 5) down to (v = 4), for

example, there are no direct data. However, Basco, Nicholas, Norrish and

Vickers (1963) found that even collisons involving such unsymmetric electric

fields as CNBr-CN-X had only about a 1% probability of causing the relaxa-

tion (v = 4) to (v =3) at room temperature. And Roth (1959) observed that

the extremely energetic CN-Xe collisions at about 8000° K required about 10usec
to relax a distribution in (v =1) down to predominantly (v = 0), In general, the
vibrational relaxation behavior of CN should resemble that of CO, which is

well known to be highly resistant to change of vibrational quantum number in
collisions with He at low temperature.

If one assumes that (a) the pumping and lasing fluxes in the cycle here
described arc so great at the cm3 volume in question that the cycie speed is
limited only by the molecular rotation-shifting step, (b) that a number of
molecules given by one of the shaded areas in Figure 23 is pumped or lased
in about the time required for collisions to carry an average molecule across

from high to low J, or vice versa, (c) that this rotation-shifting transit time
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is about the time needed for four CN-He collisions according to hard sphere
classical theory, at the He pressure used and, (d) that a suitable He pressure
is about 20 cm Hg, then a very rough estimate can be made of the number

of output joules per second of pulse duration which will result from this

volume. These assumptions lead to a rather large power density. However,

many other factors besides maximum rotation-shifting capacity will set the
power density limit for a practical CN transformer laser. As merely one
example, the R21 and P1 9 lines studied here are very weak transitions, so
that the power density limit might well be set by electric field breakdown in
the gas before intensities could be reached which would invoke the rotation-
shifting limit. Such would prohably not be the case if pumping and lasing were
done in the strong main branches.

Further investigation of all such matters is planned under the present

contract.
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11. CONTLUSION

Work during the first six monihs ot this contract has develope.d cume
promising candidates {for a moleoular gas transformer laser mecdium to be
used with Nd glass laser pomps  Cesium vio v cannot yet be ruled out.
Metastinle nitrogen presents coumplex collision puenomena, but appears
well worth exploring, 2s does CO, It is planned te concentrate more thoroughly

on N2 during the next period

The study of CN has only dealt with a few of the possib!s questions about

a transformer design. but no completely unfavorable aspect of the use of this

molecule has yet been uncovered. and it appears to date to have promise.

At present the mos! impertant feature of the CN transformer laser concept

not accessible to analysis is the behavior of the mixture duringthe preparatory
2 2

have so high a probability for ca .ing slight vibraticnal relaxation or quenching,

dissociation of (CNY,. 1 is possible that (CN), -- He collisions would always
rather than causing dissociaticn, that it might not be possible to achieve

practically complete dissociation of {CN Any experimental program on

2-:
the CN transformer iaser concept should probably begin with a test of this

matter,

Niumerous other possibilities involving rather less stable molecular

species remain worthy of some attention for use with Nd glass laser pumps.
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