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Total absorption measurements of Na 3S —> n P transitions up to a main quantum number 
n — 28 have been performed at Na number densities in the range « 1016 —1017 c m - 3 and tempera-
tures 700 —800 K. A heat pipe oven has been applied as an absorption tube in a single beam 
optical arrangement; experiment and data acquisition have been controlled by a computer. The 
results are compared with calculations using special assumptions with respect to line broadening 
mechanisms. The effect of binary and three-body collisions on total absorption is studied in detail. 
Within the pressure and main quantum number range investigated here a transition between the 
two types of interaction was demonstrated. 

1. Introduction 

Very recently atomic highly excited states close 
to the series limits as well as autoionizing states 
have become the object of many research activities 
[1 ] . These have been much stimulated by the ad-
vent of laser high resolution Doppler free spectro-
scopy. Since the transitions involved are generally 
very weak, besides strong excitation, sufficiently 
large metal vapour densities are required to obtain 
spectra. For this purpose a heat pipe oven [2] of-
fers itself, where number densities ranging from 
1015 to 101 8cm 3 may be generated by varying 
the buffer gas pressure. Since in a heat pipe oven 
absorbing layers of well defined lengths can be 
produced, also absolute absorption coefficients and 
thus /-values may be determined. Finally the quoted 
range of densities yields the possibility of studying 
nonlinear optical effects as well as collisional 
broadening of spectral lines and other relaxation 
phenomena. 

In order to demonstrate the applicability of the 
heat pipe oven to these kinds of studies, a computer 
controlled absorption experiment has been carried 
out. The total absorption of Na principal series 
lines 3S—> n P for 5 n ^ 25 has been measured 
at Na number densities 1.22 x 1016 and 1.16 X 1017 

c m - 3 corresponding to temperatures of 701 K and 
813 K, respectively. Observations have been made 
using a grating monochromator of medium resolu-
tion at an apparatus width of « 0.3 Ä. The experi-
mental results have been compared with calcula-
tions using special assumptions with respect to the 
line profile. 

* Requests for reprints to Prof. J. Uhlenbusch, Physika-
lisches Institut, Universität Düsseldorf, Universitätsstr. 1, 
D 4 0 0 0 Düsseldorf. 

2. Calculation of Total Absorption 

For an isolated line the total absorption or equiva-
lent width of an absorbing layer is defined by 

Wv--= f dv { 1 — exp [ — A; (r) / ] } . (1) 

The frequency dependent absorption coefficient 
k(v) may be represented by 

k(v) = TITQC N\f P (v), ( 2 ) 

where r0 = classical electron radius, c = velocity of 
light, N\ = number density of absorbing atoms, / = 
absorption oscillator strength of the transition; 
P(v) is the normalized line shape function. For the 
realistic case under study of a Na-transition of type 
3S—>nP consisting of a multiplet of fine and 
hyperfine structure components i (see Section 2.3) 
the generalized expression for the total absorption 
reads 

K , n = S dr {1 — exp [ Z K ^ v - v J l ] } (3) i 

with kn>i (V - Vi) = N r0 c NA fn>i Pn>i (V - Vi). 

It should be noted that the measured value of Wv 

is independent of the instrumental profile. 

2.1. Line Profiles 

The line profiles Pn,iiv) could not be determined 
in this experiment because of insufficient resolution 
of the spectrograph. Therefore, they had to be cal-
culated on the basis of line broadening theory using 
certain approximations. 

Generally Pn,i(v) results from the superposition 
of various broadening mechanisms: radiation damp-
ing, Doppler effect by thermal motion and col-
lisions. 
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The effect of radiation damping is described by 
a Lorentzian function of full halfwidth 

A C ... 
= ~3~~ r° ( 4 ) 

where v0 is the center frequency of the line, r0 = 
classical electron radius. 

Doppler broadening is represented by the 
Gaussian function of full halfwidth 

. 2 V h T ^ , / 2 R T ... 

where R is the gas constant, M the reduced mass, 
and T the temperature. For T experimental values 
were used *. 

The collisional part of Pn>i(v) is more com-
plicated. The region near the line center may, under 
the present experimental conditions, be assumed to 
be Lorentzian shaped, independently of the nature 
of interaction; however the halfwidths and the shape 
of the wings strongly depend on the interaction 
potential [4] . 

For the lower lying excited states both resonance 
interaction ~ r - 3 (r internuclear distance) and 
Van der Waals interaction ~ r - 6 have to be con-
sidered. For highly excited states, on the other 
hand, the perturbation is governed by a three-body 
interaction, namely the highly excited valence elec-
tron in the Coulomb field of the parent ion and the 
attracting short range potential of the perturbing 
atom. 

According to the impact approximation of col-
lisional line broadening theory the Lorentzian 
width is, in case of r - 3 interaction, given by [5] 

Av3(n) = 0.153 ( g ) 

(/ = oscillator strength, <7̂ 2 = statistical weights, A;p 

= perturber number density). 
The /-values needed for the calculation of Av3 

were taken from tables [ 6 ] ; for n > 1 4 they were 

* The dependence of line frequency r 0 = 
Vn on quan-

tum number n is represented by the Rydberg-Ritz formula [3] 
Vn—Vi — R<x> nl* 2 (6) 

with vi=E\jh, Ei = ionization energy and 
ni* = n — tx(l) —ß(l)n~2, (7) 

where ni* is the effective quantum number, called n* in the 
following. 

Calculations have been performed with E; = 5.144eV, 
7?X) = 3.2898X 1015 Hz, a ( l ) =0 .8534, ß (1) =0 .2756. 

calculated with sufficient accuracy according to 
/ = 0.0522 n*~3. 

In case of r~6 interaction one obtains [7] 

(9 ) 

where v is the mean relative velocity; the Van der 
Waals constant is calculated with the use of the 
expression 

C6(n)=e2a(^-rJ), (10) 

where r f , r f are the quantum mechanical average 
values of the atomic radii for the lower and upper 
level of the transition respectively, and a is the 
perturber polarizability. For r2 we use the approxi-
mative expression [7] 

7 =1 a02 n*2 [5 n*2+ 1-31(1+1)], (11) 

where a0 is the Bohr radius. For a of Na the value 
20 A3 was used [8] . 

At small n, especially for the resonance transi-
tion, AV3 and AV6 are of the same order of magni-
tude. With increasing n, however, Ar3 decreases 

whereas Av6 increases ~/ i* 4 , so that for 
n 5, AV3 is small compared to Av6 (see Table 1). 

Table 1. Halfwidths and oscillator strengths for N a 3 S - > r a P 
transitions. A p = 1.26 E17 c m " 1 ; T = 8 1 3 K ; Zlvoc = 1.46E9 
Hz; the zliyvalues refer to the P3/2-components. 

n f J J - D / H Z zlva/Hz AvjHz Av3 + 6/HZ 

4 1.42 E-2 2.32 E9 9.92 E7 3.02 E8 3.07 E8 
5 2.21 E-3 2.69 E9 1.33 E7 4.93 E8 4.93 E8 
6 7.30 E-4 2.68 E9 4.14 E6 7.09 E8 7.09 E8 
7 3.61 E-4 2.96 E9 1.98 E6 9.49 E8 9.50 E8 
8 1.92 E-4 3.02 E9 1.03 E6 1.21 E9 1.21 E9 
9 1.15 E-4 3.05 E9 6.11 E5 1.50 E9 1.50 E9 

10 7.70 E-5 3.08 E9 4.06 E5 1.81 E9 1.81 E9 
11 5.30 E-5 3.10 E9 2.77 E5 2.14 E9 2.14 E9 
12 3.92 E-5 3.11 E9 2.04 E5 2.49 E9 2.49 E9 
13 3.03 E-5 3.12 E9 1.57 E5 2.85 E9 2.85 E9 
14 2.31 E-5 3.13 E9 1.20 E5 3.24 E9 3.24 E9 
15 1.84 E-5 3.14 E9 9.54 E4 3.65 E9 3.65 E9 
16 1.50 E-5 3.14 E9 7.76 E4 4.07 E9 4.07 E9 
17 1.24 E-5 3.15 E9 6.39 E4 4.51 E9 4.51 E9 
18 1.04 E-5 3.15 E9 5.33 E4 4.96 E9 4.96 E9 
19 8.74 E-6 3.16 E9 4.49 E4 5.44 E9 5.44 E9 
20 7.44 E-6 3.16 E9 3.82 E4 5.93 E9 5.93 E9 
21 6.38 E-6 3.16 E9 3.28 E4 6.43 E9 6.43 E9 
22 5.52 E-6 3.16 E9 2.83 E4 6.95 E9 6.95 E9 
23 4.80 E-6 3.16 E9 2.46 E4 7.48 E9 7.48 E9 
24 4.21 E-6 3.17 E9 2.16 E4 8.03 E9 8.03 E9 
25 3.71 E-6 3.17 E9 1.90 E4 8.59 E9 8.59 E9 
26 3.28 E-6 3.17 E9 1.68 E4 9.17 E9 9.17 E9 
27 2.92 E-6 3.17 E9 1.50 E4 9.76 E9 9.76 E9 
28 2.61 E-6 3.17 E9 1.34 E4 1.04 E10 1.04 E10 
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It should be noted that the halfwidth Av3 + 6, re-
sulting from the combined resonance- and Van der 
Walls-interaction V(r) = — C3 r - 3 — C6 r~6, is gen-
erally not equal to Av3 + Av6. We have therefore 
calculated Av3 + G correctly from theory [9] . For 
n 5 it turned out, however, that <dr3 + 6 Av3 + 
Av6 up to a high degree of accuracy (see Table 1). 

With increasing n, i. e. increasing atomic radius, 
binary interaction changes over into three-body-
interaction. For very large n, theory [10] yields 
for the halfwidth 

5 / 4 ji2 p2 \2'3 

The boundary between the validity regions of the 
two types of interaction may be characterized by 
that « l * where the atomic radius T{ equals the 
average internuclear distance r0 = [ (4 t t /3) A^]2/3. 
Using (11) , nL* is obtained from 

[5 nL*2 + 1 — 31 {/ + 1) ]1 /2 

2.2. Convolution of the Profiles 

For calculation of the total line shape P„,i{v) 
the individual functions representing the various 
broadening mechanisms have been folded. In par-
ticular, the collisional Lorentz profile was folded 
into the Doppler profile resulting in the well known 
Voigt function. This widely-practiced procedure 
assumes collision- and Doppler broadening to be 
independent processes. One should note, however, 
that collisions generally change the velocity of the 
active atom and may therefore cause the resulting 
profile to deviate from the Voigt type [11] . 

In the numerical integration of the folding inte-
gral 

+ O O 

G(v')= f f(r)g(v'-v) dr (14) 
— oo 

the Doppler profile was substituted for f{v), the 
Lorentz profile for <7(r). Integration using 
Simpson's rule was performed in the limits 
( — 5 AvD, 5AVD), the stepwidth h of integration 
was chosen to be Ä = 0.1ZlrD . The contribution of 
the interval - h/2 <L v' - v ^ h/2 to G(v) has 

+ hl 2 
been approximated by the integral / g{v) dr. Er-

— A/2 
rors arising in this procedure have been discussed 
in detail elsewhere [12] . 

2.3. Line Structure 

For the calculation of total absorption in ad-
dition to line broadening the fine and hyperfine 
structure splitting of the unperturbed atom have 
to be considered. 

The frequency difference of the two fine struc-
ture components was calculated from [13] 

Avn > l= (15) 
Z(Z- f l ) ri*6 

(a fine structure constant, Za effective nuclei charge, 
Ry Rydberg constant). 

The factor C was determined from the experi-
mental value of Av3>1 = 554 x 109 Hz [6 ] . 

With respect to hyperfine structure, only the 
splitting of the 3S level was taken into account. For 
calculation the experimental value 1771.6 MHz [14] 
was used, which is of the order of the Doppler 
width. Compared to this, the splitting of the n P 
levels, which decreases proportional to n * - 3 , may 
be neglected. 

The relative oscillator strengths of the fine and 
hyperfine components were obtained from the 
Clebsch-Gordon coefficients. 

3. Experimental 

3.1. Optical Arrangement 

Figure 1 shows the optical set up. The circularly 
shaped anode of a deuterium lamp D l was tele-
centrically imaged onto the entrance slit of the 
monochromator MC. The heat pipe oven was 
placed within the parallel part of the ray path, as 
w7as the computer-controlled chopper U which inter-
rupted the light beam for dark current measure-
ments. The aperture of the lens L2 , ^ 1/20, was 
approximately adjusted to that of the monochroma-
tor, äs 1/30. The apparatus width of the latter 
was ^ 0.3 Ä. For light detection an RCA 1 P28 
Multiplier with Keithley410 A Current Amplifier was 
used. 

3.2. Heat Pipe Oven 

The heat pipe oven used in this experiment con-
sisted of a 1 m length of 4541 stainless steel pipe, 
5 cm in diameter and 1.5 mm in wall thickness. 
The wide was made of screen of the same material 
(0.1 mm wires, 0.25 mm mesh) rolled into a 3 
layered tube. 
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Fig. 1. Optical arrangement of the experiment. 

The heat was supplied by a 40 mm long electrical 
heating coil at the center of the pipe. The heat was 
dissipated by 2 symmetrical watercooled coils. Heat 
insulation, sufficient for actual operation tempera-
tures below 550 °C, was effected by means of 
several layers of ceramic fibre. 

In order to operate the oven, the pipe was filled 
with about 50 gr of Na together with Ar as buffer 
gas at a suitable pressure. Several measures were 
necessary for clean preparation and to achieve 
complete wetting of the wide with the liquid Na; 
they are reported in Reference [12]. 

For measurement of the axial temperature pro-
file, Ni — CrNi thermocouples were spot-welded onto 
the outer tube wall at intervals of 20 mm. In order 
to keep the length of the absorbing layer constant 
during the time of measurement, the heating power 
had to be regulated. This was achieved via tempera-
ture control at a point located in the wing of the 
temperature profile. 

Figure 2 shows typical temperature shapes for 
various values of the heating power P. In agreement 
with theory [15] a plateau is observed, the length 

Fig. 2. Experimental temperature profiles at the heat pipe 
oven. 

of which increases with P. The temperature de-
crease towards the water cooling coils is nearly 
linear according to constant heat conductivity on 
the pipe walls. 

3.3. Computer Controlling the Experiment 
The experiment was computer-controlled by ap-

plying a computer SPC-16 together with a teletype 
ASR-33 of General Automation. Controlled parts 
of the system were the analog-digital converter for 
data acquisition and, via step motors, the wave-
length drive of the monochromator and the chopper 
for dark current measurements (Figure 3) . 

For the monochromator a step motor RDM 
596/50 of Berger was used, with a step angle of 
0.72°, corresponding to a wavelength setting of 
0.012 Ä. The relaxation time of the monodiromator 
after each step was less than 0.2 s; a time interval 
between motor control and data acquisition of 
0.5 s was programmed. For fast runs a rate of up 
to 80 steps per second, corresponding to 0.96 Ä/s, 
was attainable. 

Connected to the step motor Knab KS 042.3.12 
for the chopper was a sector disc with two anti-
podal 90° segments. The relaxation time of the 
chopper was about 0.5 s. 

At the beginning of each spectrum scan 50 values 
for the dark current were picked up, thereafter the 
sector disk was turned, so that the light beam could 
pass through. Next, the wavelength position of the 
monochromator was changed step by step and an 
intensity measurement performed each time. After 
300 measurements (at lower series members) or 
1800 measurements (at closely lying lines near the 
series limit) the dark current was measured again. 
Between the far apart lying lower series members 
the wavelength was changed at the maximum rate 
of 0.96 Ä/s. 

3.4. Data Acquisition 
Figure 4 shows schematically the arrangement 

used for data acquisition. The multiplier 1 P28 
was operated with a power supply of 1 kV. A pre-
amplifier converted current signals of the order of 
1 0 _ 8 A into proportional voltage signals of the 
order of 1 V. The dark current of the multiplier 
was about 6 X 10~10 A. 

For long time control (drift of the background 
intensity, position of wavelength) the signal was 
displayed on a x — t chart recorder, for short time 
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Fig. 3. Scheme for computer controlling the ex-
periment. 
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control (noise peaks) on an oscilloscope. For pro-
cessing by the computer the signal was then trans-
ferred to a A/D converter. Because of its operation 
at small modulation degree the resolution was only 
about 5.7 bit (50 steps). This appeared to be suf-
ficient, however, since even after conversion the 
multiplier noise was still noticeable. For control 
of the A/D converter the digital value was fed back 
into a D/A converter and the output voltage was 
compared with the input voltage on the oscilloscope. 

In order to eliminate noise 20480 measurements 
were taken at each step of the spectrum and then 
averaged by the computer. Due to the short time 
of 60 jus between two measurements and the long 
total measuring time of 1.2 s also noise of mains 
frequency could largely be eliminated. 2000 mea-
suring values were stored by the computer and 
transferred to the tape before continuation of mea-
surement. Processing of the averaged values was 
effected with an accuracy of 10 bit { !%„) . 

4. Results and Conclusions 

Figure 5 shows plots of the equivalent width W 
vs. quantum number n, measured at two number 
densities 7Vp differing by about a factor of 10. The 

Fig. 4. Scheme for data aquisition. 

relatively large error bounds of the high density 
measurement at n = 5 are due to Na2 band struc-
ture superimposed on the line profile. The observed 
decrease of Wx{n) is essentially due to the decrease 
of f (n) ~ n * ~ s and the change of the line shape 
wih n. 

It is to be noted that for all n the observed in-
crease of W\ with Nv is considerably larger than 
~ VNP . This is to be expected for very large op-
tical depths, if the asymmetric wings contribute 
considerably to the integrated absorption. Actual 
asymmetries in the transmission profiles have been 
observed at small n as well as indications of asym-
metries even up to the largest n studied, in which 
case the measured profiles are dominated by the 
symmetric apparatus profile. 

For comparison of experiment with theory JV;_(n) 
was calculated for two types of interaction: 1) bi-
nary interaction, described by V(r) — —C3r~3 — 
C6 r~6 with resulting collisional halfwidths taken 
from Table 1; 2) three-body-interaction, where the 
halfwidth wras calculated from Equation (12). For 
simplicity the collisional line profiles were assumed 
throughout to be purely Lorentzian. In addition to 
systematic errors, which may arise from this as-
sumption, uncertainties in the /-values of up to 
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Fig. 5. Total absorption of the Na 32S1 /2 - > n2 P transitions 
as function of the main quantum number n. + + + + mea-
surements at 7Vp = 1.22X 1016 c m - 3 , 7 = 7 0 1 K, Z = 3 4 c m ; 
O O O O measurements at iVp = 1.16X 1017 c m " 3 , T = 813 K. 
1=33 cm. 

25% and errors in the value of pressure (2%), tem-
perature (1%) and length of the absorbing layer 
(3%) obtained from measurement lead to a total 
statistical error in W\ of about 15%. 

Figures 6 and 7 show that for small n agreement 
with experiment is much better if 3 — 6-interaction 
is assumed, whereas for large n the assumption of 
three-body-interaction leads to better agreement. 
This was expected, since for large n the latter be-
comes dominant over binary interaction. From (13) 
the values of n l*, separating the validity regions 
of the two types of interaction, are 12 and 18 for 
the high and the low density, respectively. 

Quantitative comparison with the theoretical 
IFz(n)-curves in their respective range of validity 
shows the following results: At large n there is 
agreement within error limits. This indicates that the 
expression (12) for the limiting collisional half-
width Av^ is a good approximation. At small n, 

W A / Ä 

Fig. 7. 

Figs. 6, 7. Total absorption of the Na 32Si / 2 n2 P transi-
tions as function of the main quantum number. Comparison 
of experiment and theory. Measurements under same condi-
tions as in Figure 6. calculation assuming binary 
interaction V(r) —C3r~3 — C6r~6 with resulting collisional 
halfwidths AV3 + 6 taken from Table 1. calcula-
tion assuming three-body-interaction with halfwidths ob-
tained from equn. (12). 
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on the other hand, the theoretical ^-values signifi-
cantly exceed the experimental ones. The main 
reason for this deviation does not seem to be the 
neglect of asymmetries in the line profile in the cal-
culation, since this would yield too small rather 
than too large ^-values. Rather the calculated 
Lorentz widths seem to be too large. This may be 
partly due to errors in the calculation of C6 from 
(10), (11) and to the neglect of a repulsive term in 

the assumed binary interaction potential. It is well 
known [4] that this generally results in too large 
halfwidths. 

For a better understanding of the observed dif-
ferences measurements of the transmission profiles 
at higher resolution are clearly desirable. Also, 
profiles would yield direct information on the 
interatomic potentials involved. Investigations in 
this direction are in progress. 
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