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ABSTRACT

The resonance broadening of the sodium D-lines
in absorption was determined by measuring the contour of
the line wings directly. “The vapor pressures of sodium
ranged from 107° to 75 mm Hg, with negligible amount of
foreign gases., Over nearly the entire range, the half-
intensity width varied linearly with the density of the
absorbing atoms; 1. e. AV%ﬂV=O.78XlO-7 sec™tem® -~-the
constant being about twice that predicted by Houston, but
much less than the experimental result by Hughes and
Lloyd., Above 5 mm pressure, the half-intensity width
apreared to increase slightly faster than N, Somewhat
in contradiction to theory, the relative width, A’}ig—,s/m%,r
was 1.16. The natural width measured was, within experi-
mental error, consistent with previous values. The inverse
équare contour for the absorption coefficient was satis-
factory up to 5 mm Hg; beyond this pressure an inverse
cube contour fitted better. No definite evidence of van
der Wasal force was observed at high pressures; likewise,
no appreciable shifts and asymmetries. MgO windows were

used and the temperature determination wes made reliable.



I INTRODUCTIUN

l. Purpose
The pressure broadening of spectral lines has

been the subject of a large number of theoretical and ex-
perimental investigations; however, the experimental work
has been mainly confined to foreign gas pressure uroaden-
ing while there has been very little reliable experimental
work on resonance broadening ~- broadening due to a homo-
geneous gas. Perhaps the only substantial and quite re-
liable work on resonance broading so far was carried out
by Hughes and Lloydl on potassium resonance lines. They
were able to overcome a major experimental difficulty by
employing magnesium-oxide windows. However, there was some
uncertainty in their temperature determination and in the
vapor pressure curve for potassium; also their photometry
enfailed considerable corrections. JFrom these consider-
ations, presumavly, sodium would give a more reliable result.
In terms of sodium D-lines in absorption the nature
0f resonance oroadening is investigated -~ particularly for
the dispersion contour of the lines and the quantitative
relationship vetween the half-intensity width and the number
of atoms per unit volume. The experimental values are com-

pared with the several theories on resonance croadening.



Other types of broadening are also taken into considera-
tion where they are appropriate. Asymmetry and shift are
tested as well.

Aside from a comparison with the present theories
on resonance broadening, this investigation may have some

value in astrophysics.

2. Definitions

In the literature on line Lroadening, one encoun-
ters considerable confusion in the notations and definitions
employed by different authors. Here, for the following,
some effort is made to systematize these elements.

The frequency, y, and the wave-length, A, of a
light train is defined in vacuum by AV=c, where A is meas-
ured in cm. and ¢ is the velocity of light in vacuum; while

the angular fregquency, w , as defined by

w=2ny " (1)

is frequently used. According to these notations we can

write
Ez"Elth:‘—'ﬁw . (2)

The absorption coefficient, o¢,, for a given fre-

guency is defined in the usual manner py the equation of

* Dr. Minkowski suggests using »for «//2w, in analogy to
pel ;h/z—lr °



logarithmic decrement,

0(-:—'.:.1‘...@.'.1;”
<, (3

~—

where di, is the decrease in the intensity i ,(per unit cross-
section) when the radiation traverses a path-length dx of
unit cross-~section (say, one cm.z). If X, is constant over

the path we can write
. . 2
iy = iyexp{—u,x) erg/cm.” , (4)

where i, denotes the incident intensity of radiation and i,

0
the intensity after traversing an absorbing path-length, x.
Frequently this equation is written in another form,

i

, = ioexp(—41nkx/Ao) (5)

which defines nk, the index of absorption.

The intensity of absorption, Ay, is defined for the

frequency interval y and v+ dv by
AydyY =1i4(1 - e-x‘x)dﬂ, (6)

and can be measured experimentally. For £x<<{1l, one may use

the approximation,
Aﬂduf\figyxdﬂ = (7)

The intensity distribution in a broadened spectral

line is usually expressed by I(¥). For the fregquency inter-



val ¥y and Y+ dY the quantity I(y)d is proportional to
the intensity of radiation absorbed from a radiation of
constant spectral distribution as it passes through an
infinitely thin layer of absorbing atoms. In general
I(y) is not proportional to the intensity of absorption
Ay, unless the latter is measured for a very thin absorb-
ing layer. On the other hand, I(v) is identified as

being proportional to o, ; that is,

The intensity distribution-is usually normalized so that
?(y)dﬂr=-1; however, for an experimenter it is more
ia;ortant to determine the constants in terms of Einstein's

coefficients. This is done by taking the area under the
absorption curve expressed in terms of o) and Y (oro%'and
A ). This operation will be exemplified in the following

section.

The half-intensity width, Aﬂé, in terms of fre-

guency unit, is defined by
I( s ii’AV%.) =%I(Vo) (9)

We may also use 7‘andJNQin the angular frequency unit

and in the wave-length unit respectively. The half-in-
tensity width is one of the important quantities to be
measured in the present investigation. Sometimes the use

0of half-intensity half-width separately for the long wave



and the short wave component of a line is convenient for

asymmetric line contours.

Two useful equations of intensity distribution are;

2
1(y) =const. o-const.(2)) (10)

and

F(3) w4 w2 . (11)
(802 + (4Y/2)" -

3. Binstein's Coefficient and f-value

Tt has been shown® that the absorption coefficient,

qy, is related to Einstein's coefficient of absorption

as follows:

— c—
= .

=" ax e \dv B T Ty By

1di, hy (N ANy .> (12)

where N; and Nj are the numbers of atoms per unit volume

in the lower and the upper guantum states respectively for

the transition i—>j, while Bij and Bji

coefficients of absorption and of induced emission respect-

are the Einstein's

ively. With certain appropriate assumptions, namely the
constancy of B and the aporoximate constancv of Y over

the line, the Einstein's coefficient of absorption Bij

can be expressed for the transition i-—>j by

b= Jatyaton

i 1
T nyw (1 — o BY/AT 15




where the integration is over the entire range of an ab-
sorption line. Since at moderate temperature and for

visible light the exponential term is negligible, we have

—

C

and Ni may be considered equal to N the total number of
atoms/volume, provided nearly all the atoms are in the
normal state.

The oscillator strength or f-value is defined by

3

Ladenburg® in terms of Bjj as follows:

“*

fjizzsijmh>gj/ne2 , (dimensionless) (15)

where e is expressed in e. s. u. Hence, by comparing (14)

and (15), we obtain
£33 = 2y)=L Y
j3 = me(TeN) ), a(4aV) . (16)

In some cases the f-values have been calculated or deter-
mined experimentally. For a summary of the results refer

to tables given by Korff and Breit.%* 1In general5

-

iji= n (17)
1

where n =1 for principal series of the alkalis and fji:

Q(gj/gi)fij in general.



If we assume that the intensity distribution is
represented by only eq. (1l) we may determine the constant

by using eq. (16). By (8) we have

K(AV. /27T )
o, = T 5 (18)
(av)= + ( Ay.é,/z)

Substituting o, into (16) we obtain readily

meK (495/2) a(avy) meK
f..: -
J1 TN T (4V)2—+- (A{;/z)z 'ﬂegN (19)
2
K = Te Nf (mcs)-1 sec-]'cm-1 & (20)

This value will be used in the calculation of resonance

broadening.



1L THEORY

Although this thesis is primarily concerned with
the resonance broadening of the D-lines of sodium, a brief
review of the various other causes for broadening of spec-
tral lines is given. Since, after all, the effects occur
simultaneously, more or less, and it is particularly im-
portant for an experimenter to know what effects are most
prominent under certain experimental conditions and how to
differentiate the several effects. He must also have some
method of correlating his experimental data with theoreti-
cally derived expressions. Iioreover, the theories them-
selves entail some assumptions and approximations. For
detail treatment of the theories, the reader must refer to
original papers or to more comprehensive expositions.6’7'8

The different types of broadening of a spectral
line are classified as:

l. effects relating to individual atoms:

a. natural broadening
b. Doppler broadening

2. effects relating to interacting atoms:

a. resonance broadening (homogeneous gas)
b. foreign-gas pressure broadening
¢c. Dbroadening due to fields of charged

particles

/0



Broadening due to van der Waal type of force is included
ﬁnder 2b. This classification is merely for conven-
ience; for the various effects are not all independent and
any method of differentiating the degree and kind of inter-
acting force would be rather arbitrary. iioreover, in some
cases, there are several different theoretical approaches
to the same problem ~- not without some confusion.

in the following review, where it 1is appropriate
both the classical and the quantum mechanical treatment
will be considered and emphasis will ve laid on theories
which seem to be reliable or which are significant to the

present investigation.

la. Natural broadening (Classically)

The ciassical theory of natural line broadening
is vased on iaxwell-Lorentz theory of electromagnetic
field. by means of retarded potentials, very adequate
theoriesnhave been developed for treating the field pro-
duced by a moving point charge and the emission of radi-
ation.?,10,11 Here consider as a source of radiation a
number of moving point charges, the sum of whose moments

is given by

Y>=2;ei§i (21)

where ej represents the charge for each particle and X4

//



Vo7

the small displacement from a specified origin, O. If

we assume the particles to ve moving slowly and make some
proper approximations, the Poynting vector for such a
system at a large distance R from O (R>>Ixj| ) is found
to be

- o —_— . 2
5 = [BF ZWS%%; (in Gaussian units) . (g9
"

The bracket in this expression indicates the retarded time,
t-R/c, at the origin and @is the polar angle between the
axis of p and the direction of owuservation. When 3 is
integrated over an entire sphere of large radius R, since

S is radial we obtain the total energy radiated per unit

time,

aw (23)
at - 505 =
However, a moving charge which is radiating must satisfy
the equations for conservation of energy and of momentum;
in other words, the reaction force must be considered.
Since this reaction force is in general small, in the
first approximation it can ve neglected compared to the

external forces; i. e. the equation of motion is simply,

—_

= ma, (24)

=)

—

where F is the total external force. In the second



approximztion, to counserve energy we introduce a reaction

force, £. Thus the eqguation of motion becomes
F+f=ma. (25)

According to the energy equation for two times tl and t2

f is obtained by using eq. (23) and by integration; i. e.

+h
n
ol

. (26)
As a simple model of radiating particle we take a
linear harmonic oscillator whose moment is
P = ex |, (27)

where X =xXgexp(iWyt). From the preceeding considerations

the equation of motion for this oscillator becomes
mi==-mu%x-k(2e2/505)i . (28)

Since ¥ is small, as a first approximation it is replaced
by wik. If we let »=(2e%w§/3c%m) the solution of (28)

is approximately
X = Xgexp(~yt/2+ iupt) . (29)

The average energy over one period is

W= m(x%+ w8x%)/2 = Woexp(-2t) . (30)

/3



The amplitude of radiation from the oscillator is therefore

Alt) = A exp(-1t/2 + 1Qt) (31)
If we treat this by Fourier analysis (refer to Appendix 1)
we obtain the familiar intensity distribution,

Iw) = L

— v l
2T

Ww-u)% + (972)% (22)
Where I(w) is normalized to unity.

The half-intensity width is found to ke in wave length unit
al, = 2ncélwﬁu§:=2ﬁc7’ﬁu§ :-—4ne2/5mc2 cm.
2
1.17 x 1074 ]

(33)
which is a constant.

In the general case this is contra-
dicted by the guantum mechanical solution; however, for

the alkalis the final results are identical.

1b.

Natural Broadening (Quantum Mechanically)

A very satisfactory treatment of natural broaden-
ing has been given quantum mechanically by Weisskopf and
Wignerlz. An outline of their treatment is given here.

The gquantum mechanical treatment of interaction

of radiation with matter provides the basis for natural

broadening. Since the interaction energy is considered

small and the method of solution is approximate, the result



is correct to the first order in the interaction energy.
According to the method of perturbation, the Hamilton-

ian H is assumed to be expressible in the form,
B = Jg + B (35)

The characteristic values and functions Y, of Hy are
known and H' is the perturbing term which is small com-
pared to Hye In the classical treatment one uses a
reaction force to conserve energy; while the perturba-
tion theory also provides for this but without the higher
approximations entailed in the case of self force.

by using Schroedingers equation,
~iﬁ§-¥i = (E,+ HW , (36)

the solution is obtained in a series of the character-

istic functions of Hy
1)&: Z bn(t)%nexp(mnt/m . (37)
n

wherelph is a function of the coordinates of the unper-
turbed system including spin variables. In the usual
manner we obtain the differential equations of bp(t)e.
[Refer to some text in quantum mechanics. In the follow-

ing, reference is made to Heitlerls].

15



7l

~iTibp (t) = 2 Hipm bp(t) exp):i(Em—En)t/‘H] (28)
m

where

Hﬁm:/‘{/g By, e (39)

Weisskopf and Wigner, according to Dirac's theory
of light, succeeded in solving eq. (38) so that the solu-
tion holds for t comparable with the reciprocal of the
transition probability. First the case of an atom with
only two states m, n (Em—'En='ﬁh)) is considered; and
at the time t =0 the atom is in the excited state m
and there are no initial light quanta in the radiation
field. This simplifies the analysis. The differential

equation (38) becomes

. ? ; i - Bt t .
"lﬁbmo =, Hr;lO;nlk Dnlk(t) el(EIl ~m ﬁwk) /ﬁ (40s, )
k

:  (By-Eg Bk )
'iﬁbnlk:7 H'n1,5mo by (t) o BBk ) . (40D)

where me and bnlk are the probability amplitudes, while
the initial conditions are bpy(0)=1 and bpi, (0)= 0,

To solve the differential equation, let



byo(t) = exp(-s1t/2) (41)

which satisfies the initial conditions. The value of 7
is solved to give the nearest approximation. Bg. (40b)

becomes

—Aby1, = i1, 5mo®” (B B B/ 478 . (42)

Since Em——En=Thd the solution ig

el Wo—Up)t—0t/2

e —
" nlpi;mo : ) (
nlk € Hlwg — Wi+ ir/2)

b

H>
¢l

Equation (40a) must also be satisfied. Using (42) we

have

1| 2 = W 1% ¥t /8
Z H 1 - el (W™ bk
Rr/e = ' ' f " (44)

hlwp -+ 12/2)

The summation can be replaced by an integration over all
the frequencies w . It can be shown that by integrating

over all directions, eq. (44) reduces to

y = zv(h)‘lfk /} H'Jz all = ay (45)



where ka is the number of states per cm5

and per energy
interval dE, and J/dIL is the integration over all direc-
tions, and App is Einstein's coefficient of spontaneous
transition probability (per unit time for emission m — n)

After a time t very large compared to 1/» the

probability that hwy has been emitted is

o

n” [(wk - )% (a’/2)2]

(o*) 12

From this, after integrating and using eq. (45) one ob-
tains

r1o/2
Iw = - | (47)

(cd-l%)gr(}72)2

where Ig=Hw. This equation is similar to the one
classically derived.

In accordance to the uncertainty principle, the
uncertainty in the energy of the excited state is AR =
/At =HRy; since the life time of the excited state is
15

Equation (45) may be transformed by using
- -3 .
A = ‘gn/gm)&rhl{?mc Biw (48)

where the g's are the gquantum weights and by using eq.(15)

which defines f-value; one obtains readily

/8



(23 +1) , (49)

2 < §- 2
A))_%__: X/2T = 47e (me?)~1 . i

the half-intensity width in frequency unit for a resonance
line. It is seen that, for the resonance lines (zs%eq?Pl%’
2S§e~22%) of the alkalis, the half-intensity widths are

the same for the doublet, and moreover, the values are
identical to the classical ones.

Weisskopf and Wigner (loc. cit.) also treated the
case of atoms with several states, but only a few remarks
will be given here. The dispersion equation is again simi-
lar to eq. (47) and the half-intensity width is given for

a line ap—a by the sum of the half-widths of the two

m
levels

Y =% t 0n = (OEn+tDE,)/A (50)

or

-éﬁ_=—4ne2(mcz}'l 2 (gi/gm)»ﬁi + Iy T

m—f i<m

2
ZE::; (gj/gn) Yaj fnj (50a)

kn

The above considerations were in terms of emission:
b ]

however, the result is essentially the same for absorption.



Tor this case refer to Appendix II.

2. Doppler Broadening

The thermal motion of a radiating or absorbing
atom causes line broadening; for, according to Doppler's
principle, there is a shift in the normal frequency ¥Y,.

This shift depends on the linear velocity vy as follows:
Qv =¥ vye/e . (53)

If we assume a Maxwell-Boltzmann distribution of velocities
for the atoms (each mass m) in a gas at a temperature, T,

namely,

dn/n:d(g/v)% {exp(-—-ﬁvi)} avy , (54)

where (3= m/2kT and dn/n is the fraction of atoms with-
in a velocity range vy and Tx*'dvx’ we obtain the inten-

sity distribution for Doppler broadening,
I(¥) = (B/m)=(c/¥)e S &) /v (55)

which is a Gaussian distribution. The half-intensity

width is found to ove

AA%==(2A0/0) (2len2/m)é cme (56 )

20



2/

For sodium D-lines at T-900°, Ad is 2.6 x 102 &
which is much larger than the natural width. It seems
that it would be suitable to measure natural width in
the X-ray region; however, Ehrenberg, llark, and Susich14
were unsuccessful in their attempts due to the inter-
ference of fine structure lines. Nevertheless since the
wings of a Doppler distribution fall off exponentially
while those of natural broadening decrease with (Ad/)'z,
measurements can be made even in the visible region15.

A brief consideration is given for the combined
Doppler and natural broadening. Due to the motion of
the atom the center of the damping distribution is dis-
placed from Ypto 3,7~ where A-%v/c. Now the proba-
bility of displacement for the interval A toatda is

e WE 5 anll Hhe vesnltiie dsmplog Sistrtinticn %m

2,2

-a°/b
I()))'—'(t%/b-nz/z) 2 = dAz (57)
(P-d=BY + S5

where bz:Sd(lnz)'f

, and éh and <%.are the half-intensity

widths of natural and Doppler broadening respectively.

The integral can be solved approximately for the extreme



cases. For approximate expressions and values refer to
Milehell and Zemansky16. It is to be noted that the
deviation from the dispersion distribution is less than

one percent even when AY=12b.

3. Lorentz Collision bBroadening

The simplest form of collision broadening was
treated by Lorentzl'7 following the suggestion Ly

nichelsonlB.

e physical situation and the analysis

is as follows. An oscillator with normal frequency

w g is subjected to collisionsat time interval 7. The
assumptions are: (1) the mean time between collisions
is large compared to the time of collision, (2) each
collision stops the oscillation completely - the energy
of oscillation veing converted into kinetic energy --

or the oscillation may be stopped during the collision,
only to resume the same frequency with a possible change
in the phase and amplitude after the collision, (3) the
time interval is distributed according to the statistical
law for the interval 7 and 7+ 47,

~Tr/e

T(7) ar= (["/2) e a7, (60)

where the mean value of T is given by

7 =2/ (602 )



3

If we take the first alternative of assumption (2)
above; in other words, if the amplitude of oscillation
is

A(t) = e190? for 0O < t< 7
and

2ft) =0 after the above interva%j

a Pourier analysis gives a non-monochromatic light.

Ve write

oo

Alt) = (1/21) Alw) eIWt gu (61)

and by Fourier analysis, we obtain
‘f'i\
Alw) = (1/27) ol (o =)ty

L (o — 10 )
:(el( w)—'—1)/2ui(w_«—w) . (62)
Now the intensity, lA(w))z, is averaged over all values

of 7 using eq. (60); the result is

-]
conste.

(w-w )%+ (/2)°  (63)

I(w) = |a()[ 2= [2(m)|a(r)| *ar =

°

where fﬁ"l may be called the life time due to collision.



Furthermore, if the radiation starts again after an impact
with a changed amplitude and phase, the resulting intensi-
~ty distribution is identical to the one Jjust obtained -
provided the radiation during the impact is neglected.

The above intensity distribution is the same as that for
natural broadening and in fact it can be shown that when
the two types are treated together the half-intensity

widths are additive in the resulting dispersion equation:

__const. .
(w-1)8+[(mr+7)/2]2

I(w) = (64)

To find the magnitude of the broadening by colli-
sion, we must find the value of [ . ILet 7;'1 be the
number of collisions per second according to kinetic

theory; then we have by (60a)

o =) =1/7 T (65)

Furthermore, from kinetic theory
2 =
1/To=7rf YN , (66)
where/p is here called the "optical collision diameter”,

v is the root mean square velocity of the atoms, and N

the number of atoms per unit volume. Combining (65) and



(66) one obtains

2
Ayl = g (67
% S vE ’
and by further substituting the kinetic theory value of

VvV, one obtains

2 =
A= (2 2nkT 68
AI ( i N) [11 (m1+m2)/m1m£} . (68)

where N is the number of foreign gas atoms per unit
volume when the latter is large compared to the number

of radiating atom, and my and m, are their respective

2
masses. This formula is applicable to broadening to
foreign gases or to atoms of the same kind.

If the kinetic theory value dfj? is substituted,
as Lorentz did, the half-intensity width is too small;
in fact the line broadening experiment give comsistently
larger value Of,f than the kinetic theory value. Not
much meaning can be attached to this "optical collision
diameter" in its classical form. weisskopfl? has showm
that a phase change of emitted wave is caused even by
the passage of a disturbing particle at relatively large
distances.

In treating Lorentz broadening, the radiation

during collision was neglected. This would lead to what

26



is called "quenching" of radiation; however, experiments
do not seem to support this mechanism in general. In

the absence of a quenching gas, the mechanism of collision
damping is treated with the inclusion of the radiation

20 and Xallmann and London21

during the collision. lLenz
have pointed out that a sufficiently large phase change at
collision is equivalent to a sudden termination of radiation.
They defined.f as the distance vetween two interacting
atoms when the phase change is about m radians. Jablonsk122
considered the temporary formation of a pseudo molecule
consisting of an atsorbing atom and a foreign gas molecule.
In terms of Franck-Condon potential curves of initial and
final states, he explained asymmetry and shift; however,
he did not obtain an expression for the intensity distri-
bution.

Weisskopfl9 more recently has obtained a method of

calculating‘ﬂ as defined above. The phase change intro-

duced by a passage of a particle is

Ag = A%r)ﬁ , (69)
ar
where the integration is over the time of the collision
and Wy,(r) is a function of the distance, r, between the

colliding members and is, therefore, a function of t.



=7

The size of‘jo depends on the change of energy level,

AE= “haw (70)

and consequently also on the potential of the interact-
ing forces between the two particles. The perturbing
particle is considered to be moving in a straight line
(distance d from the radiating atom) with a uniform speed

v so that we have

r = (7°- tgﬂ-dz)%'= (v2t2+jﬁ)§»(forjp=fd) § (71)

Thus according to this mechanism, the magnitude ofvp de-
pends on the distance between the interacting atoms when
one 0of these, the radiating atom, is suffering a consider-
able phase change.
Weisskopf defines/ﬁ so that the chosen value of
d makes ag~1,
oo
Af = [ Aw(r) A ~1 (72)
Lo

where the intergration is taken over infinite limits since
the contribution beyond 47T is small. The above consider-
ation applies to both foreign gas pressure broadening and
resonance broadening but here the former will be taken and

the latter will be discussed in the next section.



When the perturbing particle is a foreign atom,

AW is given approximately by

Aw= _2rb/r% (73)
which is a form of London's25 result. b ig in general
positive and of the order 10792 5r 10722 emPsect.

Using eq. (73) and (71) in (72) one obtains
o
Ag= —'2nb/ (7242 + a®)=3 . at=3wRp/4¥a® .  (74)
~o
If one chooses 4 such that &4g~1, one obtains
2 1/

P (3 /e) @Y (75)

When this is inserted in eq. (67),
Al = 22025 (5§ . (76 )

=k
F

H. Kuhn24“ uses Ag~7 instead Ag ~ 1; which makes

the result different by only this factor. The value of
~/7 obtained from (75) approximately checks with the value
obtained experimentally from the half-width according to
eq. (67).

25

Lenz nas worked out on the basis of a more

general expression for Aw , namely,

28



Aw=— Cr ¥ . (77)

He defined /0 to be the distance of interacting atoms

when the phase change is 2W. The result is:
P =1.50 (c/wT)l/‘P"l) . (78)

Refer to Michell and Zemansky (loc. cit.) for methods

of determining p.

4, Resonance Broadening

By resbnance broadening we mean the broadening of
a line wﬁich results from the mutual interaction of atoms
of the same kind under moderate pressures -- pressures
for which the mean free time for collisions is large com-
pared to the time for a single collision. We limit this
type of broadening to perturbation energy of the form,

- 3
AE= % nB/r - (80)

-

which may be obtained by considering the coupling force
between two dipoles. Although van der Waal type of per-
turbation (n~r'6) exists simultaneously, it is negligible
compared to resonance perturbation energy up to a moder-
ate pressure and therefore will be neglected in this

section.
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Holtzmark27 early treated resonance broadening
classically in terms of coupled oscillators but his
result was unsatisfactory. Iater Schiitz and Mensing28
carried out Holtzmark's method more properly and concluded
that the line breadth varied linearly with Nf, without
giving the dispersion formula.

According to Weisskopf's modified Lorentz theory,
the half-intensity width can ve calculated for resonance

broadening by combining equations (72), (71), and (80)

as follows;

P

aAg= 2w [ (v*t2+ a®)"8/2 B at = aqp/va® -+ (81)

~ -

L oe
Since Weisskopf putsdg ~ 1 for d=p ; we have by using

B= e%£1,/16 m),,

f£= (ezflz/éqrm »,7)% (82)
Hence, from eq. (67)

AP%_: (e2112/4wmy0) N sec — (83)
while the dispersion equation was given in the preceding

sectione.

Margenau26 has treated the pressure effect by

* £,, seems to mean fpn(gn/gp) as in eq.(49).
see reference 7
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Statistical mechanics. Assuming the dispersion equation
(11), for the half-intensity width of resonance broaden-
ing, he has given

4y, = (ezflz/émyo) N secTt k%]

which is a 1little larger than Weisskopf's value and has
emphasized that JP did not enter into his treatment.
Furssow and Wlassow®’ have refined Weisskopf's
theory and have treated resonance broadening both classi-
cally and quantum mechanically. According to them,
during the disturbance of the excited atom by an unexcited
atom of the same kind, there is a finite probability of
energy transfer from the first to the second and conse-~
guently there is a decrease in the lifetime of the excited
atom depending on the energy exchange. Instead of a phase
change, according to eg. (69), as assumed by Weisskopf
and others, they assumed an amplitude change to take place
in the radiating wave during collision and hence the
broadening of a line. 7This amplitude change, which takes
place suddenly when the interacting atoms are relatively
far apart, may even have a reversal in sign.
In the case of natural broadening the unsharpness

of the energy level is due to the reduction of the finite



lifetime of the excited state occasioned by the inter-
action of an isolated atom with the radiation field.

In the case of pressure broadening the reduction of the
1ifetime‘is due predominantly to the interaction of the
excited atom with its neighboring atoms. Hence the
physical picture of the interaction is much more complex.
Collision theories as a rule treat the interaction of
only two atoms at first and later the approximate effect
of the rest of the (more distant) atoms is added.

The quantum mechanical method of solving collision
problem is to assume an appropriate wave function repre-
senting the energy states 0of the two atoms and the mutual
'interaction between the atoms and the radiation field.

The wave functionsare expressed as a sum of terms with
coefficients which are functions of time. "This is sub-
stituted into Schroedingersequation of the form,
[ﬁ(O)-rH(l)*'H(z)f'Vd(l,2,t)ﬁ-V(O,1,2,t)—-iﬁéﬁ]qJ(O,l,B,t)
0t
=0 (85)

where 1# represents the wave function; H(0),H(1l), and H(2)
represents the energy of the radiation field and of the
atoms respectively; V4(1,2,t) is the important dipole
interaction energy, and V(0,1,2,%t) the interaction energy

between the atoms and the radiation field. On substituting
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the assumed wave function into Schroedinger's equation
in the usual manner, one obtains the differential
equations of the coefficients. These differential
equations are solved more or less approximately --for
instance, first neglecting the radiation field =-- and
one obtains solutions of the coefficients in terms of
integral of the matrix elements of the form (1{V4}2)
where V3 is the interaction energy of two dipoles which
has the form represented in eq. (80) A knowledge of
these coefficients provide the required information more
or less, and one may obtain the dispersion equation by
assuming equation (60) for exponential decay.

Furssow and Wlassow have obtained an expression
for the half-intensity width similar to Weisskopf's but

larger by a factor of 8/3:

Ay, — (26%f._/3my.) § see”l . (86 )
: 12 0

Jablonskizo has attacked the problem of line
broadening by a rather geﬁeral method (Franck-Condon
principle); however, he has not given a calculated value
for resonance broadening.

Recently Dr. Houston51 has critically analyzed

the previous methods of treating collision broadening



and has concluded that the three different approaches are
not independent but are gquantum mechanical approximations
to the same problem; therefore, the results camnot bve
added. Furthermore, in the same paper, the problem of
fine structure is considered and his analysis shows that
the broadening is the same for the members of a Russell-
Saunders multiplet. For the half-intensity width, he

gives

AP%=6?2 S(3,7")N/n(23 +1)(23'+1) sec~l, (87)

where S(J,Jd') is the strength of the line as defined in
Condon and Shortly , and J and J' are the inner quantum
numbers for the ground and excited states respectively.
For the resonance lines of the alkali -- using S(%,%)

ezh/4w2m;b -~ the half-intensity width is

AV%ZZ 6%'Ne2/87m}g sec™! ¢ (88)

The work of Hughes and Lloyd supports the eguality of
the broadenings of the doublet.

The theoretical results obtained in this section
will be later compared with experimental values. How-~

ever, the f-values occurring in eqg. (83), (84), and (86)

* Condon and Shortly, "The theory of Atomic Spectra™
p. 98.

a4
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are rather ambiguous when considered in terms of fine
structure, It seems that the quantum weights should
appear with the f-values as in eq. (49) or (50a) and
(87). Preference is given to the form represented by

equation (87).

5. bLroadening due to van der Waal Type of Force

-

In the present investigation, the obroadening due
to foreign gases is made negligible; however, at relative-
ly high pressures (above 5 mm of sodium vapor pressure)
the vapor pressure of Eaz molecules becomes appreciable
and therefore may be treated as being due to a foreign
gasS. Hence, a brief consideration is given to the broad-
ening due to perturbation energy of the van der Waal type.
London®?d has considered this type of force and
has given methods for calculating it. MargenauZB has de-~
rived an equation of van der Waal's potential applicable

to spectroscopic purposes. The perturbation energy is

given as follows:

AE=--h\o/r6 , (89)

where hb is the coefficient and b is usually positive.
This expression was used in connection with Lorentz
collision theory for foreign gas pressure, namely in

eq. (76); and the result is considered applicable



where it can be assumed that the mean free time is large
-compared to the duration of collision. However, for very
high foreign gas pressure, this assumption can no longer
be used. The analysis shows there is both shift and
asymmetry of the line under high pressures.

0?4134 214 Tonaon®® treats the validity of

Kuh
Weisskopf's modified Lorentz theory. Tunn®4 concludes
that the small frequency changes are due to the simul-
taneous action of many neighboring atoms and the larger

frequency changes are caused by the action of a single

atom. He gives an intensity distribution of the form,

I(y) =const. % (¥-»)"3/2 | (90)
which is valid at the far wings of a line. For the
shift (in the red for positive b) he gives

2

Margenau52 likewise treats the problem by statis-
tical mechanics and gives for the intensity distribution

for very high gas pressures,
= _y=8/2 —msR/(y—
I(V) = s(¥)—V) e=Ts"/ (Y5 V) ’ —_
where

s = 2mbeN/3 . (927)
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where b is the constant in eq. (89). Eq. (92) reduces
to the form (90) for LVJ—P ) >> 10 N2, The half-inten-
sity width for (92) is

s).

1

= 0.8 TouN? seec™1 (93)

whereas the shift of the line maximum is

Yo = Prax = (2ﬂ75)5 o . (94)

Although presumably in the present investigation
the shift and the asymmetry due to foreign gas pressure
is small, these will be checked as well as the shape of

the line contour.

J7
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14l FREVIOUS EXPERIMENTAL EVIDENCE

No ettempt will be made to give a comvlete
review of the exnerimental work or the entire field
of line brnadening; only works pertinent to the pre-
sent investigation will be emrhasized., For more com-

plete compilation refer to a comprehensive reviewS,7,

a., Natural Broadening

Minkowski®® obtained the natursl line width
for Na in very close agreement to theory by a method
of magnetic rotation and line contour. By using a
very long path length (1 meter) he has also verified
the method of total absorption and the shane of the
line contour. He found that beyond 10;9 mm of sodium
vanor pressure, resonance broadening became aprrccia-
ble. Since this is Just within the lower 1limit of the
nresent investisation, a comnarison will be made with
his results. Likewise Schﬁtzgg, Weingeroffgg, and
Korff‘-%'7 verified the line contour and the constant
natural width (mainly for sodium) which starts to de-
viate from about 10-° to 1072 mm upwasrds. As a whole
the results on natural broadening seem to be satisfac-

tory.

b. Resonance Broadening

fhe experiments in the region of resonance
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broadening (varor pressure of the alkalis above 10-2
mm Hg.) are meager and mostly unrelisble. Harrison
and Slater®© verified the line contour of sodium prin-
cipal series but they obtained a devendence of the half-
intensity width with N%. Similar conclusions on the
half-intensity width were obtained by Trumpy42 on' Hg
©537 and by Waibel41 on Cs principsl series. ''hese ex-
perimenter either used some foreign gas or very limited
pressure range; hence their results have little value.
On the other hand Orthmann and Pringsheim56 working with
Hg 2537 seem to conclude a linear increase of the width
with N.

Thus the only substantial asnd quite reliable
work is by Hughes and Lloydl on K resonance lines. With
superior experimental technigque, they were able to cover

a vressure range 10™2 to leol

mm Hg. ‘They found: (1)

the dispersion equation is for the most nart satisfactory,
(2) the line width variéd linearly with N, (3) the half-
intensity width were ecual for the two members of the
doublet, in agreement with the theory by Houston51, but
the absolute magnitude of the broadening were several
times larger than predicted by theory, in fact five times
larger than the value of eqg. (88).

Although not quite within the region of reso-

nance broadening, the work by Kuhn®4 on homogemous Hg



vapor pressure may be mentioned. He has verified the

-3/2
(ay) / law for the long wave length wing of Hg 2537

under high pressures,
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IV APPARATUS AND EXPERIMENTAL PROCEDURE

Since the apparatus and the procedure emnloyed
were essentially the same as those described in detail by
P. E. Lloyd (in his thesis 1937, C. I. T.), the description

here will be for the most part brief and oniy the modifi-

cations will be described thoroughly.

1. Source
The lamp is the same used by Lloyd except the sup-
oort for the electrodes was rebuilt. A reprlaceable tungs-
ten filament (about 1 mm. in diameter end 2.5 cm. long)
is rigidly supported by two nickel electrodes. ‘'he fila-
ment 1s operated in vacuum at about 70 to 72 amperes corres-
pvonding to a filament temperature of about 32000 K measured
with an optical pyrometer. <tThe electrodes are cooled by
air to prevent the seal from melting. ‘1he current can be
maintained constant to within one ampere by a rheostat.
Microphnotometer traces showed tpat the variation
of sensitivity of the photographic plates plus the varia-
tion of the intensity of the continuous source over the
spectral region investigated was approximately linear and
nearly constant. lhis simplified the subsequent photometry.
The image of the filament at the slit of the spec-
trograph was large enough and fairly uniform; moreover, it

was found easy to align it with the slit as soon as the
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lamp was evacuated. ‘he life of the filament was on the
average over ten hours provided the vacuum weas good and
the current regulated. It is fairly easv to replace the
filament by removing the ground-glass joint; however, the
Joint should be removed whenever the lamp is not being used
for a long period.

1he intensity of the lamp was high enough so that

exnosures were mostly less than one hour for the plates used.

2. Furnace and Absorption Cell

1he furnace used was designed and built by Hughes and
Lloyd. For details refer to the thesis by Lloyd, particularly
Figure 4.

Yhe vacuum furnace consists of (a) a porcelain cy-
linder (30 cm. long and 2.6 cm. internal diameter) wound
exterhally with molybdenum wire in such a way that the cen-
tral section has less winding than the ends, (b) a pair of
concentric, vacuum-~tight, water-cooled steel cylinders which
surround the heating element, (c) a pair of removable "plugs"
which are fitted to the ends of the cylinder by rubber gas-
kets and which are provided with glass windows allowing
light to enter and to exit, and (d) outlets for the elec-
trodes, the thermocouple, and the evacuating system. 1t
was found difficult to insert and to remove the thermocouple
according to the original design, so later a ground-glass

joint was added to facilitate this operation,.
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Lhe absorption cell (A) in rig. 1 slides snugly
into the porcelain cylinder (B) and the thermocouple ()
makes a metallic contact (C) with the cell. <1he Mg0O win-
dows (M,N) for the cell are supported loosely by copoer
tubes (D,E) which also fit the cylinder. rurthermore,
soapstone cylinders (F,G) heat insulate the cell from
the olugs. <The ends of the absorption cell are progi-
ded with rings (R,S). One of the rlugs has a sylphon
and can be screwed into the cylinder. By turning this
plug, one can exert sufficient pressure on the windows
to obtain a seal due to the collapse of the rings (R,S).
1This operation can be carried out with the system under
vacuum,

For a short path length (about 0.2 em.), the de-
sign of the steel absorption cell is shown in rig. 2,
(A) and (B) are the MgO windows. (C) is the cup where
the thermocouple makes contact. (D) is a conrer gasket
which fits very snugly into the cell. When the steel
piece (¥) is pressed upon (D), the coprer gasket makes
a seal for the window (A); likewise for window (B).
Sodium 1s inserted into (K) which opens into the cell
and a copper screw (k) seals it from the outside.

A 110 volt direct current from the generator in
West Bridge Laboratory was used with a voltage regulator.

JThroughout the investigation the wattage of the furnace



was measured; this gave a rough estimate of the tempera-
fture. It was possible to maintain the temperature con-
stant to within one degree.

A pressure of 107° mm. Hg messured by s McLeod
gauge was usually obtained for the furnace by ﬁeans of
a Hyvac pump and a two-stage mercury diffusion pumpn.

K. . Brice?® has made a study of the properties
of ig0 crystals, and has found that Mg0O window is capa-

ble of resisting the attacks of alkali varors to a very

high tempersture. The optical properties of MgO ecrystals

are also suitable for the study of the alkalis, Lloyd
successfully used the Mg0 windows to study the reso-
nance lines of npotassium. 'he present experiment shows
‘that the windows (2.5 mm. thick) were not aprreciably
affected by sodium vapor up to 700°¢ and heve proved

entirely satisfactory.

2. Calibration of Thermocounle

There is some doubt as to the accuracy of the
temperature determination in the work by Hughes and
Lloyd (loc. cit.) in addition to the uncertainty in
the vepor pressure curve for potessium, Although Lloyd
calibrated his thermocounle "in s=situ', he four? 2 rela-
tively large temperature difference (12.4° per 1000)
between the velues calibrated "in situ" and those cali-

brated outside the furnace. '1his indicates a large

£5



temperature gradient between the thermocourle wires anA
the absorztion cell; in fact thies was exnected since the
Junction of the thermocouzle was covered with insulate.
Since an accurete determination of te~nersture
immortant in the calculstion, much errhagis
in"this rhase, Moreover, the varor vnr-ssure

curve for s»?ium being guite well Wnown, this emnhrsis
wee considered justified.

A metellic contact wes made between the thermo-
couple wires and the absorption cell. A small steel
conical cup was soldered onto the apbsorption cell. Into
this cup some pure tin or some sreclally ovrepsred alloy
(52.5 parts Bi, 32 parts Pb, 15.5 parts sn) melting st
96°C wrs rlaced. When the metal melted, the thermocou-
ple Jjunction fell into the cup and rsve a metellic con-
tact. Most of the time the alloy was used. rreliminary
tests were made to see whether Jhe thermocounle wires
were attacked by the alloy. It was found that the chro-
mel and alumel wires were not aporecliebly attacked by
the alloy*. Both tin and alloy gave anureclabtle vavor
pressure gbove 550°C; however, with the vacuum system

running the prsssure in the furnace was sbout 10~%mm

% Constantine wire wes readily dissolved in the slloy
heated to about 300°C for several dsys; whereas iron,
tungsten, molypvednumn, nichrome were not affected.

£6



of Hg at 5500 instesd of 10-° mm. ‘whus even for the
few plates above this temperature, this vapor pressure
wag not considered serious.

the calibration of the thermocounle was car-
ried out "in situ" using striws of the above mentioned
alloy, tin, lead, zinc, and aluminum. It was also cali-
brated in air. The electromotive force (e2bout 10 mil-
1ivolt per 2500C) mezsured by means of a zotentiometer
was vlotted against tempereture. The two calibration
curves differed about 2,.5° —er 1000, ‘he calibration
wes repeated several times and the results were found

to be reproducible, therefore, it was inferred that the

47

contact of the thermocouple itself was cquite rerroducible,.

Subsequently the calibration curve determined "in situ"

was used to determine the vapor pressure of sodium.

4, OQOptical System

Besides the two g0 windows and the two glass
windows of the furnace, three thin lenses (1,2,2) and
a nrism (P) were internosced between the source (L) and
the slit (S) of the spectrograph (See Figure %). Before
taking each picture the geometry was adjusted to give a
uniform imace of the filament on the =lit.

The Kowland spectrograrhi* used has a concave

rating of 2l1-foot focal length. 1In the first order

03!

% Located in Koom 1 Brid:-e Laboratory



the dispersion is 2,64°A per mm. determined by mesns of

iron arc lines and the resolving —ower is estim

- -

ted to

[ay]

be about 70,000. The spectrograch was used entirely ip
the first order, hence a yellow (%ratten Kg) filter was
nlaced befores the slit.

The alignment of the grating wes tested first
visually for tilt and illuminetion and second crotorra-
phically witn the aid of Fe 2rc spectra until a rela-
tively sharpy symmetric imagc was obtained. Very little
readjustment was necessary thereafter,

the slit wss clezned and %est covered by ore
of the lenses. ‘Phe microneter screw for the slit weas

found to have some lag and the zero of the scale wees »ot

constant., It was found, however, that by turning the
screw trn minus one e&n3 then returninc to zero the crale
read alrost correetly. ‘the slit was %zert abnt 1.5 em,
long. For the narrow lires the glit width was set at

about 14 to 15 microns and for the wide lines up to 70

microng,

5. Photopgranhic Photometry44

Spectrographic ~lates were selected on the basis
of high sensitivity and uniformity of sensitivity over a

wide spectral range to minimize corrections. kiostly East-

3!1
man I-D plates (17 x 10") were used; and for the widest



lines Hastman I-D clates (7/4" x 18") were satisiactory,
while for the narrowest lines, in addition to I-D nlates,

Agle Supervan Press films were tried. 'The I-D rlste i

[43]

relatively fast but its sensitivity fells off rapidly =t
about 6100 R; while the 1-B is only about half =ss fest

and usable rmuch beyond 6100 X. The film wes used for

the narrowest lines for its fine-grained emulsions, but
very little advantage was aprreciated. ‘he exrzosure timre
was as e rule less than an hour with no hypersensitizetion.
Although this process increases the svneed of the rlates

by a factor of about four, the error introduced certainly
would offset the economy in time.

1he nlates were develored in = 25% solution of
Eastman formules D-19 for four minutes. While in the de-
veloper the plates were brushed with cemel's hair brush.
The nlstes were fixed in Zastman F-1 solution for 10 to
15 minutes, washed in running water for helf sn hour,
rinsed carefully with distilled water and dried.

The intensity distributions of the resonance
lines were determined by means of a pair of step-weake-
ners made of lantern slide plates. ‘he step-weakeners
were plaeced in the plate holder 1.5 mm before the spec-
trographic pnlates in such positions that they would be
on both sides of the sodium D-lines. Thus the absorp-
tion D-lines and the step-weakeners were photographed

simultaneously for each plate. oy comparing the densi-



ties of the lines and those of the steps, the trans-
mission contour of the line could be measured. ‘his
comparison is carried out with the aid of a micropho-

to meter. Thus it is highly important to have an accur-
ate calibretion of the step-weskeners,

Each step-weakener has fourteen steps, each
about 13 mm wide and aprroximately of uniform density.
Since the two step-weakeners were made from the same
exposures the corresponding steps have about the same
densities--the calibration checks this point.

1'he transmission of the step-wezkeners were
calibrated by a densitometer using a Ko Wratten filter,
by a2 Krllss microphotometer and above all ohotographically
using the same optical system as in the experiment. The
results of the first two methods were not used, since
these methods do not measure most of the diffused lights
scattered by the step-weakener plates. Since the last
method best reproduces the optical system, emphasis was
laid on this method of calibration.

A series of rotating sectors®® was used to cali-
brate photographically. The fraction of incident light
allowed to pass through the several sectors were 1, 5/6,
/4, 2/3, 7/9, 1/2, 1/4, and 1/12. <calibration of the
higher transmissions was emphasized because these deter-
mine the wings of the absorption lines. ‘“whe sectors

were rotated at a speed of 1725 revolutions per minute

S0
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to avoid intermittent effect46, and the current in the
cource lamp was keprt at 70 amperes constant to one am-
pere., EHach step ol the phtographic plate corresponding
to each sector was exposed for & or 4 minutes (accurate
to within one sec.) with the slit at 50 microns. The

two step-weakeners were kept before the vlate as usual,
By meens of a microphotometer the densities were calcu-
lated and the result wss plotted on a D-logE curve, which
was approximately linear. Care was taken in selecting
the appropriate region on the plate for the microphoto-
meter, since the density is not constant over a strip

and the sensitivity of the nlates varies slightly.
Finally the transmission of the steps of the step-weak-
eners were intervolated from the graph. Live calibrations
were made and the weighed average of the transmissions

is given in the following table together with the values

determined by the first two methods:

Jable I
Step 1 2 % 4 5 6 7 8 91011 12 13 14

Photographic 96 86 81578 72 66 H6 47 28 30 18 10 6 4
method

Microphoto- Q7 82 74 68 61 53 42 32 2215 8 4 2 1
meter

Densitometer 86 71 61 54 45 38 29 22 15 10 55 3 2 1

(1the values are in % transmission)
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Subsequently the photographic celibration was
adopted as the most aporopriste. Its use later showed
that the voints fall on a falrly smooth consistent curve.
Nevertheless, the error in chotometry must be quite large--
easlly twenty or thirty percent in the final result of the

magnitude of half-intensity width.

6. General Procedure

Before each series of experiment, the absorption
cell and the Mgo windows are heated to about 600° ¢ with-
in the furnace. After cooling, chemically pure sodium
freshly cut under xylene is placed within the cell filled
with COy gas. The MgO windows, the copver tubes, and the
soapstone tubes are aligsned. Then the furnace is closed
and evacuated to remove the xylene, CO0s and air. Before
the cell is sealed the furnace is heated over night to
slightly above the melting coint of sodium to remove the
occluded gas in the sodium. Finally the "plug" is screwed
in tightly to form a good sesl for the absorption cell.

The temperature in the furnace reaches equili-
brium after several hours. It is possible to take two
victures per day, since the exposure time was usually less
than one hour. ''he electromotive 1orce of the thermocourle
is read a number of times during eacn exposure, as well as
the pressure,

he absorption tube lengths used were 7.49 cm
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and 0.29 cm. Some attempts were made to avold sodium
droplets irom forming on the Mg0O windows. Circulsar
pieces of steel wire near the circumference of the win-
dows apgoarently helped this difiiculty. Anyway the rre-
sence of the droplets was an indication of equilibrium of
the vapor and liquid phase. Prurthermore, after each run,
when the cell was cooled, additional precipitstion wes

observed.
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\' METHOD Or CALCULAYTION

1. Microphotometer

A Kriss mickrophotometer was used to deter-
mine the varlation of transmission of the lihes with
wave-length. The mlchrophotometer is capable of mag-
nifying the length (i.e. the wave-length scale) of the
vlate in the ratios 1l:1, 2:1, 631, and 40:1. These
specified ratios were found to be correct except the
last should read 39.7:1. The meximum lag of the gquartz
fibre was found to be about 1.5% for both a 4 cm. and
an 8cm. deflection. ‘1he deflection was not guite linear
on the scale as expected from the geometry of the instru-
ment; but this is not serious, since the traces of the
lines and the step-weakener were measured to-gether.
The effective slit widths used were 10 microns and 20
microns and the effective length sbout 1 mm, The micro-
photometer onlates (9x24 sz) were run by motor; and about
20 minutes was recuired for esch plste. The drift of
the zero was almost negligible after the instrument had
been‘left standing in operation for a few hours. 1In
spite of the several factors, the corrections to be
made were as a rule relatively sma2ll -- in fact, prob-

ably smaller than the uncertainties in the calibration of

the step-weskeners.,
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The coordinates of the microphotometer traces
were measured accurately enough by a comrarator in the
usual meanner., These coordinates with some corrections
made possible to plot the contour of the lines in terms
of wave-length and transmission. 1o obtain the trans-
mission, it wes necessary to interrolate from the two
step-weakener traces; however, since the curves were
close enough that a linear interpolation was taken as
sufficiently accurate. Usually the wings of the lines
corresvonding to transmission from .40 to .90 were mea-
sured; while for very narrow lines incomrletely resolved,
the entire contour was taken. There was always the in-
herent difficulty of determining the extreme wings of
the lines where the transmission caen be assumed to be
1.00. Symmetry was tested for each line and for the
very wide lines, the shift was examined in terms of

iron-arc snectra.

2. Vapor Pressure

Fortunately, the available data for sodium
vapor pressure seem to be quite sufficient for the
rresent purpose. Since the experimental points on
vapor pressure sre extensive and since the emrnirical
curve guite adequately renresents them, no extragola-
tion is necessary over the entire range investigated

(from 1x10™° mm. to 8x10 mm.).



The followinz equation by E. Thiele® was

adopted:

10210PNa= ~(26244)/(4.5737) —1.178 logT +11.402 (100)

The pressure is given in mm. of Hg. This ecuation is
probably accurate to within a few vercent for the range
covering from 200° to 600° C. It wes obtained by Thiele
from his own experiment and from that of Edmondson and
Egerton49; also a rather complete summery of exrnerimen-
tal results for sodium is given.

For relatively high tempersasture the veoor vres-

sure of sodium molecule becomes. aprreciable and must be

taken into asccount. Thiele gives:

logy g pNa2-= —~7020/7 4+ 8.149. (101)

According to these two equations at 7010 K,

e} = 0,731 mm., and »

-2
iia, Dyg = 1.57x107°, at 771°K pg = 3.627

L o Na
and Dy~ 1.11x10"~ and so on,
Knowing the vapor »nressure and assuming ner-

fect gas lsw to hold, one easily calculates the number

of atoms per em® to bev
N=9,71x108 o/1 (102)

where » is exoressed in mm. of Hg.



. f-values

The f-values have been determined experimehtally
by a number of methods. For a summary refer to Korff
and Breit5o.

For the sodium D-lines the f-values have been
mezsured by (1) ILadenburg and Minkowski®l according to
52

the method of magnetic rotation, and (2) by lMinkowski

in measuring natural width.

Table II
Method (1) (2)
fo, for 5890 (Dg) (e s 0.64
ratio (fo/ f3) 2.0 .1 2,0 +£(0.05)

Fermi53

theoretically estimated the ratio, fs/f1, to be
approximately two. XFor the present purpose f1==1/5 and

f2:'2/5 were used for the Di and D_. lines respectively.

&
It is to be noted that probably measurements of
f-values by using lines broadened by collision are not
reliable. In fact there is some doubt in using the f-values
in the case of lines strongly broadened by resonance forces

or by collision. Mloreover, in most of the theories on

resonance broadening, there is much amviguity in the mean-



ing of the f-values involved. This must be clarified be-
fore a satisfactory comparison of the theoretical and the

experimental values could be made.

4e Calculation

(a) In most cases the calculation is rather direc
without much corrections. Since the lines are as a rule
symmetrical and when there is no over-lapping of the D-
lines, the two wings of each line are averaged to-gether.

If the dispersion equation is assumed to be

KX(AH%/ZW)
(ap)® 4 (w%/z)z , (103)

XX = =1og(I/Iy) =

where K::fvez/mc)Nf sec™t

which was obtained in I sec. 3,
x is the path length, and e is expressed in e. S. U. ;

we can determine whether the experimental points fit this

contour. Since within sufficient accuracy (AP)2== 02(4&)2

(‘X%)-l, we may write

Adkx(avi/em) ,\%(0”‘3) (A)%/g)z em

2 _
(o) ~ —c2log, (I,/1)

(104)

Or more briefly,

¥y = (g = g7 cm (105)

S8

t

2

*



where z:l/loglO(Io/I) and y= (AA)%  and

2 _
Afe NEx ar s

G = 2
2m0310g610 en ¢ (106)

For the D-lines of sodium (f;=1/3, £, = 2/3)

C; = kiNxay, .
. UoTed (107)

where the subscript i = 1 or 2 corresponds to Dl and
D, respectively, and k; = ,812 x 10741 ana ko=1.634
x 107%1 . In other words by measuring the slope C, of
the straight line portion of the curve obtained‘in the

z~y plane, one can determine the half-intensity width,
AYs . = C; (k;Nx)™L sec.”t (108)
,1 71 1 2

In general C' is negligible compared to the other terms,
80 that the straight line passes approximately through
the origin.

For vapor pressure of sodium above 5%10~°mm. - of
Hg. the lines were considered wide enough and therefore
sufficiently resolved by the slit width used. Conse-

quently, no corrections were made for it. On the other



hand, the sensitivity of plate varied slightly, so a
small correction was made. A small correction was made
also for the lag in the michrophotometer fibre but this
did not cause any appreciable difference. Thus for vapor
pressure above 5%x10~2 mm. the result should be rather re-
liable, provided overlapping is taken in account for pres-
sures above 0.4 mm.

(b) The lines for pressures below 5x10™% mm.
were incompletely resolved. The slit width of the spectro-~
graph was 14 or 15 microns and that of the microphotometer
10 microns. The resolving power of the photographic plate
is a few times smaller. These factors would tend to flatten
the contour of the lines. Consequently, one cannot com-

pare their contours with the dispersion equation.

4

We may treat this case by the method of total atsorp-

tion54. In principle although the lines are ovroadened and

flattened Ly the finite resolviang power of the instrument,

the area under the transmission curve remains constant.

o
I
A :J//kl - E)d(a).):: const. (109)
0

ClogelO

(AAsz(AA%/Z)B] where

Akéwis the half~intensity width in wave-length units

That is,

Ietting (I/I1,) = exp(-&x) = exp {;

and C is defined in eq. (106), one obtains
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>
L

4C 1ogelo
(:1 = exp( - ) d(aA)

4(A0) %+ (AA4)2 (110)

->

This integral can be solved in terms of the integral repre-

sentation of DBessel function
<(a
I (z) = i‘nfl/ elzcosfcos(nyﬂ)d?) (111)
0

so that

szr(A/\%/me-r/z [Jo(ir/?,) - iJl(ir/?.ﬂ (112)

where r==4Cloge10(4ML%)'2, which for the present purpose

is Au-105. For r>» 1 the solution is shown54 to e

A = (4 Clog,10)% (113)
or

¢ = A% (41108020)"L = 3.46x1078% (angstrom)® (1137)

This method was applied to narrow lines incompletely
resolved, although not too much reliance can be put on

the results*. Particularly the extreme wings are difficult

* ur. minkowski in a discussion suggested it should be
applicable even for rather short tube lengths (several cm.)
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to measure.

The area was measured by planimeter with about one
per cent accuracy. Near the region of natural broadening
the half-intensity widths of resonance broadening and of
natural broadening were considered simply additive on the
basis of the similarity of the dispersion equations. Hence
the natural width was subtracted from the total measured
_half—intensity width. On the basis of 1II sec. 2 the
Doppler broadening was neglected.

(e). PFor vapor pressure above 0.5 mm of Hg, the
D-lines overlap partially or completely. ZFor partial
overlapping some correction or a change in the method of
calculation is necessary. The absorption coefficients for

the overlapped region are considered simply additive,

I/Idzexp [} Cllogelo/('A’Ll)2 - CzlogelO/(zLAE)zj}
(114)
One must make correction more or less according to the
degree of overlapping. Lloyd treats in his thesis a few
cases of overlapping lines.
Por sodium, the D-lines were close enough (‘A112
63) that in several cases the lines were treated as a
, single line after taking care ofldil « A few plates

2
were not useable since the members of the Naz bands were
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S0 numerous and prominent that the background was un-
reliable.

"Asymmetry was tested for most of the lines, and
for the wider lines any shift was investigated by means
of iron arc spectra.

For very high vapor pressure, the contour was

compared with the general form,
Xx == (ay)7P (115)

to determine whether other form of contour representation

would be more satisfactory.



Vi RESuLL'S

1. ‘“Theoretical Values

61

For convenience the theoretical values of reson-

ance half-intensity width obtained previously are sum-

marizeds
(a) A)%;:(82f12/4ﬂm)6)ﬂ sec™t --Weisskopf

(B) Aﬂ%: \62f12/6m)b)ﬂ sec =~ --Margenau

(116)

(117)

(C) aVi= (2e2f12/5nm»6)N sec™ --Furssow & Wlassow (118)

&5
(D) 4VY1= 6%28(J,3')N/h(23 +1)(2J'+1) sec~l--Houston (119)

The mean numerical values according to these theories for

the resonance lines of sodium, potessium, and rubidium are

\

listed in the following table:

Table TIII
Theory (4) (B) (C) (D)
Element
oyix107(sec™)  arx10”7  wax10?  awyxio”
Na 0.39fN 0.83FN 1.05fN 0.49N
K 0.51fN 1.08fN 1.37fN 0.63N
RD 0.52fN 1.11FN 1.41fN 0.65N

As mentioned before, the f-values occurring in eq. (116),



(117), and(118) are ambiguous so that the relative broaden-
ing of the members of a multiplet cannot be specified.
However, since the quantum mechahical treatment for reson-
ance broadening is similar to that for naturel brosdening,
one may infer that the quantum weights should enter as in
the latter, In other words, the half-intensity width is
inferred to be equal for the members of the alkali resonance
lines. On the other hand, theory (D) specifically gives a
one to one ratio for the same lines -—neglécting the slight
difference in the wave-lengths,

For resonance broadening the dispersion equation
(103) is taken to be correct and the contour is predicted
to be quite symmetrical. However, at relatively high pres-

mr

Wwael force predicts asymmetry,
2

sures the theory on van der
shift, and a veriation of the half-intensity width with N
rather than with N. Moreover the contour would not be
represented by equation (103) even at the wings.

The theoretical value of natural width (confirmed
by experiments) is constant and equal for the D-lines, and
the calculated value 1is

4y1 =1.01 x 107  sec™t . (120)

<

For potassium and rubidium the corresponding values for

7

the natural width are 0.60x10" and O.'75x10'7 respectively.
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2. IExperimental Results

The experimental results are summarized 1in WYable
IV and Figure 4, Two different tube lengths were used end
several runs were msde. Nearly half of the trials were
unsatis?actory due to leskage in the seal of the absorpt-
ion cell or to formation of droplets on the windows, and,
therefore, only plates which represented relisble vapor
pressures were utilized. The range of transmission neas-
ured for most of the pletes was from about 0.35 to 0.95.

In Table IV the pressures were determine by eq.
(100) =2nd N by eq. (102). Cq and Co were measured by the
slope of eg. (105) and AV% by eq. (108). These AV%‘S
are the measured half-intensity widths minus the natural
width which is given by eg. (120). The subscript f after
plates 22, 25, and 27 ‘indicates the use of film,

In Ficure 4 the dashed line indicate the position
of the natural width for sodium D-lines and the solid lines
the mean nositions for the two components,

Plates 22f, 24, 25f, and 26 were determined by the
area method, since the lines were incomplctely resolved.
The results for these are about the seme order of megni-
tude as the value for natural width. The narrowest lines
are not very reliable and give‘values‘for resonance width

somewhat too high. The total width for the lines on plate



Table IV

Tube length 7.588 em,

Plate T p(mm) N

oof 510 9.34 x 1074 1.78 x 1013
24 550 5.50 x 10™° 9.71 x 1013
25f ° 569 1.18 x 10-2 2.02 x 1014
26 570 1.23 2.10

onf 601 3.8 6.16

28 601 2.81 6.16

29 633 1.01 x 1071 1.54 x 1039
22 783 4,62 x 10° 5.7% x 1016
Tube length -0.22 cm.

46 645 0.157 2,37 x 101°
a7 669 0.314 | 456

48 701 0.729 1,01 x 1036
53 643% 0.150 2,27 x 1019
54 719 1.13 1.53 x 1016
55 796 5.96 7.28

56 840 13.3 | 1.54 x 10-7
57 878 25,0 2,27

58 951 70,3 7.%8

(cr~+inued on next page)



Tube length WedD 7
Plate Cq

oof 7.6 x10 0

o4 1.25x107+°

o5f " .36

26 2,21

o7 ~.04x10718

23 1.66

29 6,702

32

Tube length 0,29 wmu,

Co
1.52x10"19
2,60
7.45
6. 54

2.,25x10" 1€

46 8,45x10-19 o 1ex10-18
47 3.43x10-18 £.85

48 1.74x10"17  z.s0x107%7
53 7.02x10719  1.88x1071®
54 2.50x10717  6.15x1071"
55 2.24x107 15

56 1.35%107 4

o 4.85

58 3.1 x1071°

A”%,l

-0,30x10
1.11
1.95

1.53

4,851

A

%%,

g -0.29x107
1.21

2.04

8 . 14x108
5,30
9.73

& 2.20x108
1.11x10°

5.71x10°

1.63x1010

3.04

7.8

(continued on next page)



Tube length
Plate

g2t

24

251

26

gt

28

29

Tube length
46
47
48"

58

Mean
(27---55
inclusive)

7.39 cm.
Aﬂ%’l/N
?
1.14 x 1077
0.97
0.73

0.73

0.9

0. 22 cma
0.80
0.90

Q:95

D« 80

0.63
O 79
1.06
b
i

O 712

A){%,S/N A’i.’s/ aya 4
? 0.97
1.25 x 1077 1.09
1.02 1.05
0.75 1.03
0.77 1,05
0.68 1.19
0.52 1.28
1,03 1.28
1.14 1.29
0.96 1.04
0.97 1.20
0.74 1.18
0.839 Mean 1.16
(24---54)



Tt

2

T

{30

T

1T




7/

22f is less than the natural width -~ hence the negative
result in Table IV. In the same table %he average value
of the two components for A})E/N is equal to 0.776x10 "
sec'lcmz. Using this value one may approximately measure
the natural width from the total measured widths (1l.01x

107+ the value in Table IV) for plates 22f, 24, 25f, and

26, The results are in terms of the means of the doublet:

Plate

22f (0.72 — 0.14)x107 = 0.58x10"7 sec™1
24 (2,17 — 0.76) " = 1.41 " .
25 (3,01 — 1.57) " = 1.44 " "

26 (2.57 — 1.63) " = 0,94 " "

These give a mean value for natural width equal to 1.09

%107 sec™l which is within experimental error in agreement
with the results on natural width for sodium. Both Schgtz39
and Korff57 observed that the resonance broadening sets in

%5 about 1.5x10%,

when N is about 5x101%, while Minkowski
According to the present investigation, resonance wi?th is
about 25/ of the natural width at about £x101%. If tueir
measurements are very accuraﬁe, this would mean that prob-
ably the measured resonance width in the present case is
too high by 30 or 50%. This is possible. However, the

results here are much more consistent than those of Hughes

and Lloydl when compared to results on natural width. This



fact is reassuring.

The lines in plates 48 and 54 are partially over-
lapped, while in 32,55, 56, 57, and 58, they are complete-
ly overlapped and were treated as single lines., This
treatment was considered justified since the AV 's meas-
ured for the wings were much larger then half the separa-
tion (63/2) of the two lines; i. e. the AY 's ﬁeasured
were larger than 50 f. |

In a log scale the resonance half-intensity width

are plotfed ageinst the corresponding N's in Fig. 6. The
result shows the linear dependence of these as predicted
by theory and as confirmed by Hughes and Lloyd. However,
the absolute magnitudes are greatly different. Hughes end
Lioydl obtained AV%/NE:S.leo'v for the two resonance
lines of potassium --five times the theoretical value
(O.65x10-7) by Houston°t, For the present case of sodium
AVL/N = 0.712x1077 and = 0.889x107 ' for Dy and Dy res-
pectively. The mean value (0.775x10'7) is thus nearly.
two times the theoretical value (O.49x10°7) by Houston.
Although the error in the present investigation is large
it is ﬁnlikély that the true value is less than O.7xlO"7.
Nevertheless, looking at the experimental values one may
conclude that the true value is sbout 0.7x10~7 since near-

1y all the experimental errors would tend to mske the

result too high.

Vs
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A more serious discrepency is the ratio of the
half-intensity widths. Hughes and Lloyd's result is in
sgreement with the theory by Houston, They obtained 1.05
for A’%,S/A’)ﬁl . For the present case of sodium the mean
value is 1.16 and the individual ratios are consistently
larger than 1.00%, For the narrow lines the ratio seem
to be neerer 1l:l. The error in measuring the ratio is
considerably less than in measuring the half widths and
this discrepancy cannot be wholly attributed to experimental
ErTors,

Nearly all the lines are well reprecsented by the
inverse square contour. For example, refer to Fig. 5 for
the case of plate 47. This is\also in agreement with the
theory and the results of Hughes and Lloyd. However, the
incompletely resolved lines were not adequately represent-
ed by this contour. Exceptions are also the lines on plates
32, b6, 67, and probably 58. These dld not fit at &ll,
hence when compared to log(Io/I) =%( AL)7P, the values

were found to be as follows:

* During a seminar Dr. Bowen expressed a belief that

Dr. Lloyd's result should be larger than 1.05 --about

1.3 or 1.4 (according to his rough measurements).

Dr. Lloyd had to make considerable corrections for vary-
ing sensitivity of the IR plates used. Also some un-
published resuts of Mr. Shang-Yi Chen gives 1.6 for the
ratio of the half widths of the resonance lines of rubid-
ium,
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Plate short wave wing long weve wing
Ps ¥1
32 s Y -
56 2.0 3.0
57 S0 2.7
58 : not accurately measurable

These results are not very conclusive, since the variation
of the sensitivity i1s considerable for these very wide lines.
However, they are definite ennuch to show that the absorption
coefficient falls off much faster than the irverse scuare
representation, for pressures gbove 5 or 10 mm. Hughes
and Lloydl gives pg = 2.5 and py = 2.0 for potassium 2t
24
20 mm pressure., In terms of homogeneous Hg varor Xuhn
found pg equal to about 3, while he measured py = 3/2 in
agreement with the theory for ven der Veal type of force.
Thus in the present case there is very little evidence for
van der Waal interaction. According to Figure 4, the half-
intensity width seems to increase slightly faster than N
at pressures above S5mm but not 2s fast as NQ; however,
these values are only approximate, since they were deter-
mined from the inverse square contour.

The possibility of meking measurements for sodium
above 50mm is limited by the conspicuous spneerance of

the members of Nas bands above s millimcter vapor pressure



of Na, These are observeble even on plate 29 at 0.1 nmm,
They start strongly from the red and cover the entire
region of the photographic plate. A number of plates for
high pressures were useless, for there wes hardly eny

messurable background due to the absorption of the bands.

the slit width of the spectrogrenbh is ¥ept narrow and the
absorption tubs length is below 0.2 cm --a rather 4diffi-

cult task,

55

The Nao bands were early studied by Yood and

[ =4
later more exactly investigated by Loomis and WoodOG, also

-
by Fredriclkson and Watson®!. The brrd systems( a red and

a green) wer~s *~cntified roughly in the »resent worl, but
ro studies was made of them.

~

e microphotometer traces of the D-=lines chowed

bids
t

1 £a W alng o g [PRU
oo e e
S o

symmetry of the 1line *n neerly all cases, S1lizk
retry for some of the contours were of the order due to
the varietion *»n the sensitivity of the plates, No defi-
nite conclusisns could be made, Lilkewlsc no =prrociable
shift was observed.

The Lorentz collision diameter is given by eq. (67)
£ = (8/W)?

For T = 550°, ¥ = 1.1xlO5 cm/sec; this value ~ives for

77
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o 5 . D55 D' 5 08 , 89
about 100 A a little lower than the values by other-*~*%'>%>?

for s=sodium.

3. Conclusion

The experimental error in determininc Ayi/N is
estimated to be about thirty percent --mostly due“to errors
in photometry and rﬁr+i7 to errors in temnerature determin-
ation. The experimental result i¢ possibly somevhat too
high --perheps 4Y1/N = 0.7%x10"7 rother thrr °.8%107 7,

cested that the experiment on notessium

be repeated with improved techniaque in temﬁerature deter-

O]

the bands are more troublesome ir the case

mination. Sinc
of sodium than of =2otassiuvm the 1attef,would be more suit-
able for pressures 2bove 10 mm,

More consideration should be given to the relative
half-intensity widths of multiplets both theoretically and
experimentally; in other words, a further analysis necess-
ary in thé f-values.

A more accurate determination of the line contour
would be possible with improved photometry. This woulﬁ
be helpful in studying the contour at hich pressures where
the inverse square contour fails. Probably it is imposs-
ivle to study ven der %aal force with Na due to the inter-

ference of the Nao bands,



where

Let

then
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APPENDIX I¥*

Fourier intergral can be written in the form

Alt) = f(w) eiwt dw

o

flw) = (1/211)/ A(t) eIt a¢

o

ATEY = Aoe"t/g Lot

£(w) =(Ao/97r)/ L7 4 womw e oy

Ao

—~ — *

21 [1(wo—w) —(/2)]

Since I(w) = const. (fﬁd)lz, we obtain

CONST
I(LU) - .

(w—13)% + (¥7/2)%

# Courant and Hilbert, "Methoden der Mathematische
Physik" Springer, Berlin , 1924 Chap. 11 6



APPENDIX II THE CASE FOR ABESORPTION

Consider a number of similar oscillator whose
density, N oscillators per unit volume, is such that the
mutual interaction of the oscillators may be neglected.

An incident light beam of constant intensity in the neigh-
borhood of w (the natural frequency of the oscillator)
Willicause force vibration of the oscillators. The equa-

tion of motion of the k-th oscillator will be given by

Xt Xy t »5xg = (e/m)E_(w) i (Wt + op)

. J .
.Where )=Zegw§/5m05 and E@0)=-elﬁdt—+ k) is the field
strength in the region of the k-th oscillator. After a

sufficientiy long time the solution is

X = (e/m)Ep(w) ellwt * k) /(B —f+iur)

e d (for w near wy)
2w, (b%~au) + (iv/2)

The average work performed by the light beam per sec, in
other words, the average energy absorbed per sec. by an

oseillator is given by



AW e® E2 (v/2)

At 2m W (Ley—w )2 4 (¥/2)2
This will give for N oscillators g distribution

const.,
I(w) = 3

(W= )? + (7/2)7

and the half-intensity width is again 2s before,

8/
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