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THE DISTRIBUTION OF INTENSITY IN THE
BROADENED BALMER LINES OF
HYDROGEN

By E. O. HULBURT

ABSTRACT

Broadening of the Balmer lines of hydregen by condensed dis-
charges.—(1) At various pressures, 48 to 250 mm, the intensity distribution
was determined for HB, Hy and H$ by photographing the spectra through a
neutral wedge. In each case the broadening was symmetrical, amounting to
about 60A for each line at 250 mm, but the curves gave evidences of structure
characteristic of each line. The effect of a quenched gap in series with the tube
was to increase the broadening, while inductance decreased it. (2) In mixtures
with He or N,, the broadening was the same as in hydrogen alone at the same
total pressure. (3) Stark theory of broadening which relates it to the Stark effect
of the electrical fields of the ionized atoms or the radiating atoms, 7s gzven mathe-
matical formulation by assuming a probability law for the distribution of the
atoms and ions and an inverse square law for the strength of the field, and in-
troducing Sommerfeld’s quantumm expression for the Stark displacement. This
gives log Iy =log [a/(N\o—N\)] =b/(No—N\), where a=AN\p*f and b=B\\ep¥3f,
where f is a known function of the quantum numbers. Comparison with experi-
ment shows agreement as to the general form of the distribution curves.
The great broadening produced by the condensed discharge is then due
to the momentary high current density and corresponding large proportion of
ionized atoms.

Neutral wedge cell, filled with an aqueous solution of a black dye, was
found more convenient to adjust than the ordinary neutral glass wedge.

INTRODUCTION

NDER usual excitation by a transformer or induction coil the lines

of the Balmer series of hydrogen at low pressure are sharply defined
although weak in intensity. When the gas pressure is increased to several
hundred mm of mercury and when condensed discharges are employed,
the Balmer lines increase in intensity and widen until almost unrecogniz-
able. This broadening has received unusual attention from investigators
because of the large magnitude and because of the importance of the
hydrogen atom in theories of atomic structure. However, Rossi! seems
to have been the first to indicate what now appears to be the true cause
of the enhancement of the lines. As a result of his observations he stated,
“It would seem that current density is a very important, if not the only,

! Rossi, Astrophysical Journal 40, 232, 1914
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factor in the phenomenon.” The work of Stark on the modifications of
radiations when the source of the radiations was subjected to an electric
field, led to the suggestion that the broadening of spectrum lines might in
some instances be attributed to the presence of electric charges in the
vicinity of luminous atoms. This suggestion was given definite form by
Merton? and by Nicholson and Merton? in an investigation of the inten-
sity distribution across Ha, HB and H~ radiated from hydrogen at atmos-
pheric pressure when excited by condensed discharges. A detailed
analysis of the intensity curve of Ha enabled them to conclude that the
broadening was in close agreement with the results to be expected from
Stark’s observations of the electrical resolution of the line.

It seemed that an application of the recent theoretical work on the
Stark effect of the Bohr hydrogen atom to the broadening problem would
lead to a clearer understanding of the phenomenon. This has been at-
tempted in the present investigation. After the intensity distribution had
been measured across the hydrogen lines 718, H~ and Hs, stimulated by
condensed discharges, for a pressure range from 48 to 250 mm of mercury,
theoretical consideration of the radiations to be expected from a gaseous
system of hydrogen atoms of the Bohr design mingled with charged
particles, yielded a formula which gave substantial agreement with the
observed intensity curves.

EXPERIMENTAL DETAILS

Pure dry hydrogen, prepared from hydrochloric acid and zinc, was
passed into the end-on discharge tube d, Fig. 1, made of glass with

to pump

1°L 3

Fig. 1. Discharge tube and connections.

aluminum electrodes arranged out of line with the capillary, which was
4 cm long and 5 mm in diameter. The gas was excited by the discharges
from a condenser C of capacity 0.0084 microfarads which received its
power from a 1 kw, 25 kv, transformer P. The current through the tube
was read by the thermo-galvanometer a. The current was in all cases

2 Merton, Proc. Roy. Soc., 92, 322, 1915
# Nicholson and Merton, Phil. Trans. Roy. Soc., 216, 458, 1916
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oscillatory, of frequency about 0.67X10® per second as measured by a
wave-meter. The spectra were photographed with a glass prism spectro-
scope of the Littrow type, the dispersion at 5000, 4000, and 3600A being
about 40, 20, and 15A per mm, respectively.

To obtain the distribution of intensity across the line a neutral wedge
was placed before the slit of the spectrograph. A complete description of
the neutral wedge method and a discussion of the theory is found in the
papers by Merton, already referred to, in which the advantages and
possibilities of the method and the precautions to be observed are clearly
set forth. In the present instance a wedge was constructed by cementing
glass plates together with sealing wax to form a cell with two wedge
shaped compartments, Fig. 2. The angle a of the wedge was 17°, and the
external dimensions of the cell were 1.5X2.5X 3.5 cm. One compartment

Fig. 2. Wedge cell.

was filled with water and the other with an aqueous solution of a black
dye (“Erie Black, GX00,” National Anilene and Chemical Co., New
York). The concentration of the solution was varied until the photo-
graphs had the best appearance. The advantage which this type of
wedge had over a neutral glass wedge lay in the ease of construction and
the freedom of adjustment to the experimental conditions.

The neutral wedge method. When the neutral wedge is interposed be-
tween a spectral line of finite width and the photographic plate, let us
suppose that the plate records an image of the line of the form shown,
for illustration, in Fig. 2. This figure indicates that the wedge was con-
tiguous to the plate, whereas in reality - the wedge was in front of the slit
of the spectrograph, but the two cases are of course identical so far as
the present discussion is concerned. We now seek the determination of
the true intensity distribution curve of the line from the photographic
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image found by means of the wedge. At all points on the edge of the
image the intensity of the light has a constant value I, since under the
condition of the exposure, light of less intensity does not produce a
perceptible effect on the photographic plate. Let the coordinates of a
point on the contour of the image be (), ¥), where ¥ is measured from the
thin edge of the wedge. Let z be the thickness of the wedge at this
point. If Iy is the undiminished intensity of the light of wave-length A
at this point, I, =Ixe™®, or

IL=I)\eky tan a’ (1)
where £ is the absorption coefficient of the material of the wedge for radia-
tion of wave-length \. I, is a constant, and we shall assume % is a constant
throughout the range of wave-lengths of the broadened line. Therefore
from (1) the values of I, in arbitrary units may be determined for each
value of N\ merely by measuring y for each A\, and in this way the true
intensity distribution curve may be obtained. Actually in the present
experiment a variation of this procedure has been adopted; namely, I\
was determined as a function of X throughout the line from a theoretical
consideration. From this function the form of the intensity distribution
curve to be expected after the spectral line had passed through the wedge
was calculated by means of (1) and a comparison was then effected be-
tween the theoretical and the experimental intensity curves.

EXPERIMENTAL RESULTS

Spectra of hydrogen were photographed through the neutral wedge
for pressures 48, 112, 160 and 250 mm of mercury. These are shown: in
Plate 1, a, b, ¢ and d, respectively. The currents through the gas for
each pressure were 1.2, 2.3, 2.8 and 4.1 amperes, respectively. The time
of exposure was 20 minutes in each case. The contour of the image of
the lines was in general convex to the wave-length axis for all the lines,
the curves as seen in the reproduction being fairly smooth. On the
original plates, however, the contours gave unmistakable evidence of
structure in the line. HB was noticeably a close hazy doublet at the apex;
H~ and Hé§ gave evidences of slight wings symmetrically placed on either
side;and Hvy exhibited a bright central core which was lacking in the case
of IH5. These details are indicated more clearly in the heavy line drawings
in Fig. 3 of the images for a pressure of 250 mm reduced to a uniform
scale of wave-lengths. The facts concerning the structure of Hf and Hy
when broadened have been mentioned before.’? If the images of Hp
and A\ were enlarged until their highest ordinates were equal to the maxi-
mum ordinate of Ha it would be seen that the widening for a specified
pressure increases with the series term number of the line.
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THEORETICAL

We proceed to a consideration of the simple theory of the general form
of the curves and reserve for a later paragraph a suggestion for a more
detailed explanation.

Intermingled with the radiating hydrogen atoms in the discharge
tube are charged particles. These charged particles may be electrons,
ions or even the component charges of a neutral atom. As a result the
radiating atom finds itself in an electric field and therefore, in agreement
with the observations of Stark, instead of emitting a single line it gives
forth a group of lines whose displacement from the parent line is directly

/\ A /\\ 250 mm

Ha

Ld s

Fig. 3. Broadening curves; observed (full lines) and computed (dots).

proportional to the strength of the electric field. Throughout a finite
interval of time a radiating atom may be expected to be subjected to
fields of a wide range of intensities and in spite of the many complexities
of the case it seems reasonable to suppose that the average over a con-
siderable length of time of the influence of the electric fields on a large
number of radiating atoms will be in accordance with a probability law.
In the following paragraphs these ideas are couched in mathematical
terms.

The hydrogen gas in the path of the condensed discharges is largely
atomic and is composed of electrons and of charged and neutral, luminous
and quiescent atoms. Since ionization is probably essential to luminos-
ity under the conditions of the discharge we cannot be far wrong in as-
suming that the number of luminous atoms and the number of the
charged particles are of about the same order of magnitude. J. J.
Thomson! has estimated the ratio of the number of ions to the total num-

4 Thomson, ‘“Conduction of Electricity Through Gases,” 1906, p. 83
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ber of molecules in a gas during the passage of an electric current to be
about 10- in a certain instance. In the present experiment this ratio
was probably much greater, because condensed discharges were used,
but we may estimate with safety that the ratio was not greater than, say,
10-%. The conclusion is that the number of both luminous atoms and
charged particles was small compared to the total number of atoms
present.
Let the total number of atoms per unit volume be », of which a fraction
g contribute to the radliation. Let the distance from a luminous atom to a
charged particle be denoted by 8. It is assumed that the number of
luminous atoms »; per unit volume which are at a distance & from ‘a
neighboring charged particle, is given by the probability relation®
y1=Avs2e B, 2)
In order to avoid needless complication we simplify matters by assuming
that the luminous atoms are the charged particles. This does not materi-
ally affect the argument because we are interested in the orders of mag-
nitude of the numerical constants and not in their precise values. On

this assumption we may write /" »,d6=gqv; hence, A =4gV'B3/x. 1If 8, is
0

the average distance between luminous atoms, then

0

B [ s 2

am=4‘/_f B 535 = ——.

L ¢ V7B

Also 8,*=1/qv. Therefore A =2%v/n? and B=4¢*»%/x. » depends on
the pressure and may be written »=4X10'p/760, where p is the pressure
in mm of mercury. Introducing these values into (2) leads to

vi=ap? P/, 3)
19 \ 2 19
4%10 )gand6=4/1r(4>;10
6

Making use of the estimated maximum value of ¢, i.e. 1075, the maximum
value of 8 does not exceed 107.

The experiments of Stark® have demonstrated that in the case of the
Balmer lines of hydrogen the displacements of the Stark components
are closely proportional to the strength of the electric field. In his
theoretical treatment of the electrical resolution of the radiations from
the Bohr model of the hydrogen atom Sommerfeld” has derived a general

%
where a=25/n? ( ) 3q%=5><10“q%.

b Jeans, ‘‘Dynamical Theory of Gases,” 1904, p. 28
¢ Stark, Ann. der Phys. 48, 193, 1915
" Sommerfeld, ‘‘Atombau und Spektrallinien,” 1922, p. 357.
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relation for the displacement of any component, which is in agreement
with Stark’s data, namely,

No—a=E Moy @

8mmE ¢

where f is a function of the quantum numbers. The exact value of f is
known; it differs for each component. A, is the wave-length of the parent
line; N is the wave-length of the component when the intensity of the
electric field is F; & is the Planck constant; m the electronic mass; E the
nuclear charge, and ¢ is the velocity of light in vacuum. Since the Stark
components are symmetrically placed and equally displaced on either
side of the parent line the absolute value of A\, —\ is used in (4). In the
problem under discussion the luminous atom is conceived to be subjected
to the electric field of the charge e on the neighboring atom a distance 6
away. The strength of the electric field is ¢/82, the dielectric constant
of the medium being unity, and if § is large compared to the diameter
of the atom the field is approximately uniform over the luminous atom.
We thereupon replace F by ¢/ in (4) and solve for 62 This yields
82=a'/(No—\), where o’ =3heN\of/8w2mEc. Taking f to be of the order of
10 and putting A=\, =35000A, we find a’ to be of the order of 10-,
Upon substitution of the expression for 6% in (3) we obtain

LY g W) )
O\o'—)\)
It must be noted that in equating F to ¢/§* we have tacitly assumed that
the field was due to a single charge. Actually the electric field at any
point in the gas was the resultant of the fields of a swarm of charged
particles of both signs in the vicinity of the point. This indicates that
the right hand side of (5) and the exponent should each be multiplied by
some fraction.
We may now assume that the intensity I of the radiations of wave-
length \ is proportional to »;, and write Iy =a’’»;. Hence from (5)

()\o_>\)
The quantity Ba’p*, according to our numerical estimates of 8 and a’,

I _aaa”P? o _[Bapt (-], (6)

is a small quantity, certainly never greater than 1/10 for pressures of the
order of one atmosphere, and probably much less. We may therefore
replace the exponential term of (6) by unity without appreciable error
unless the absolute value of A, —X\ expressed in angstrom units be less
than 1/10. Eq. (6) then becomes, to a close approximation,

Li=gt*/(N—N), (7)
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where g=aa’a’’ and is approximately a constant across the broadened
line. From (7) the line may be expected to widen with pressure. When
I from (6) is plotted in arbitrary units against X a curve of the form
given by the heavy line of Fig. 4 is obtained. The curve is obviously
not drawn to scale. At o, I, is zero and the distance apart of the maxima
is less than 0.1 A. This crevice in the intensity curve is perhaps beyond
the reach of detection by experiment, and probably is of no physical sig-
nificance. It merely results from the refusal of Eq. (6) to admit the pos-
sibility of there being any atom at all which emits the unaffected
wave-length \o. In regard to the approximate formula (7), the intensity
curve conforms closely to that of formula (6) except n the small interval

Ao PN

Fig. 4. Theoretical broadening curve.

between the two maxima in which the approximate formula is invalid.
Ignorance of the exact physical conditions renders it difficult to attempt
to derive an expression for the intensity at wave-length \ in terms of the
intensity at the center of the parent line. We content ourselves therefore
with formula (7) which affords relative values of 7, for regions neither too
near nor too remote from \o.

It remains to determine the equation of the intensity curve after the
light has traversed the neutral wedge. This is obtained by eliminating
I, between (1) and (7). There results

No—A=(gp?/I)e P tan @, (8)

CoMPARISON BETWEEN THEORY AND EXPERIMENT

Drawings of the enlarged images of the lines were made and reduced to
a uniform wave-length scale. These are shown by the full lines of Fig. 3
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for HB, H\, and H?§ at pressures 250 and 83 mm, which were plotted with
values of y in arbitrary units as ordinates against values of A\o—X\ in
angstrom units as abscissas.  The constants g/I; and k tan a of Eq. (8)
were determined from two observed points on the contour of Hf at a
pressure 250 mm, and points on the intensity curve were then calculated.
To obtain the theoretical curves for the other lines and pressures it was
only necessary to readjust the quantity g/I; of Eq. (8). This was per-
missible because the intensities were in arbitrary units. The calculated
points are shown by the dots of Fig. 3. Similar comparisons were affected
for all the other lines, and in all instances good agreement was found
between the general forms of the observed and theoretical intensity
curves.

Structural detail in the broadened line. The theoretical ideas thus far
advanced in explanation of the general form of the intensity curve will
not suffice to account for the evidences of structure observed in the
broadened lines. A more detailed consideration is necessary. Merton?
has supplied this by drawing attention to the close correspondence be-
tween the Stark components of a line and the form of the intensity
distribution curve. To show this the p and s components of the electrical
resolution of HB, H\ and Hs as determined by Stark® are given in Fig. 5.
It needs only a glance at these components to see that the B radiations

H H Hy

8 4
p .Hl.llr.'”. .“mnm”. .Il.u.. ..|..|'.
S ||I| I-IIIm .|“|| l.”u oo o

Fig. 5. . Stark effect components.

from a large number of hydrogen atoms subjected to a wide range of
electric fields will result in a widened line with perhaps a weak minimum
at the center. In the cases of A\ and Hé we should expect a widened
line with more or less prominent wings, the center of H\ being more bril-
liant than the center of 76. As far as can be judged these conclusions are
in agreement with the appearance of the photographic images of the lines.

The role of the condensed discharge. As an outcome of the views set
forth in explanation of the broadening, we are led to an understanding
of the role played by the condensed discharge. In the condensed dis-
charge the current density is very great for a short interval of time
at the commencement of the discharge. It may easily amount to several
hundred amperes. A gas which is stimulated by such a discharge emits.

8 Sommerfeld, loc. cit., p. 357
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radiations characteristic of those caused by the passage of heavy cur-
rents. The luminous atoms in such a case are in the midst of a vast num-
ber of charged particles and a relatively large number may be expected
to be subjected to strong electric fields. This results in the widening of
the lines. On the other hand if a steady current, either direct or alter-
nating, traverses the gas the current density never attains very high
values and the charges present in the gas are never very numerous.
Therefore the luminous atoms rarely experience strong electrical fields
and no marked broadening of the lines occurs.

The effect of the quenched gap. The photographs e and f of Plate I
indicate the increase in width of HB occasioned by the introduction of a
quenched gap in series with the tube. The pressure of the hydrogen was
130 mm, the current 2.1 amperes and the time of exposure 20 minutes in
each case. For e the quenched gap was used, for f the discharge took
place directly through the tube without the gap. The effect of the gap
in producing widening was more marked at the lower than at the higher
gas pressures. The insertion of the gap enabled the charges to accumulate
on the condenser plates to higher potentials, so that when the discharge
occurred a greater current than otherwise passed through the tube.
The current was rapidly damped by the quenching action of the gap.
As a consequence the gas was stimulated at each discharge by abrupt
pulses of current more intense than those which occurred without the
gap, even though the currents read by the thermogalvanometer were the
same in the two cases. The stronger current pulses produced the greater
broadening. The reason that the gap produced less effect for high gas
pressures was simply that in those cases the tube itself quenched the
discharge to a greater extent.

The effect of inductance. A coil of inductance 2.2 X 10"® henries in series
with the discharge tube reduced the widths of the broadened lines. An
illustration of this is afforded by the photographs g and % of Hp, g taken
with the coil and % without the coil. The current was 3.0 amperes, the
gas pressure 140 mm, and the time of exposure 11 minutes in each case.
The frequency of the oscillatory discharge with the inductance was
1.2X10°% and without it was 6.7 X 10%; these were measured with a wave-
meter, the tuning being of course very broad because of the resistance of
the tube. The inductance served to distribute the discharge over a longer
interval of time so that the pulses of current were of less intensity and
therefore the spectrum lines were narrower than when the inductance was
absent. The fact that an inductance will reduce or suppress entirely
certain lines excited by spark discharges, has been known for a long time,
but it appears that in some instances the electrical conditions of the
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Plate I. Broadening of the Hydrogen lines by condensed discharges.
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experiments have not been described in sufficient detail to enable possible
explanations to be advanced.

MixTUurRES OF HYDROGEN WITH HELIUM AND NITROGEN

Mixtures with helium. 1t was found that the Balmer lines of hydrogen
at a relatively low pressure were broadened when the pressure was in-
creased by the addition of an inert gas such as helium or nitrogen, in the
same manner as by the addition of more hydrogen. Photographs 7, j and
k show the effect of helium. The data for these photographs are given in
Table I. The helium contained a,trace of nitrogen but this probably

TABLE [
Data for photographs i, j, and k
Pressure Pressure Time of
of hydrogen of helium Current exposure
i 29 mm 79 mm 1.2 amp. 20 min.
7 29 188 3.0 20
k 29 380 4.2 20

had no effect in the present experiment. The enhancement of the hydro-
gen lines caused by the helium was to be expected from the views already
outlined. Several factors, however, must be considered. The introduc-
tion of the inert gas increased the break-down povtential of the discharge
tube. A wviolent discharge thereupon ensued and a great number of
charged particles were produced in the luminous gas with consequent
enhancement of the Balmer lines. The charged particles came
apparently from ionized hydrogen rather than from helium, since even
with partial pressures of 380 mm of helium and only 29 mm of hydrogen
the helium lines were of less intensity than the hydrogen lines. This of
course was to be ascribed to the high resonance and ionization
potentials of helium as compared with those of hydrogen, and to the
fact that the higher the ionization potential of an element the greater
is the difficulty with which it can be excited to emit its line spectrum.?
Mixtures with nitrogen. The enhancement of the Balmer lines from
hydrogen mixed with nitrogen is shown by photographs I, m, # and o.
The flatness of the contours of these lines resulted from the use of a
neutral wedge of greater optical density than the one used for the other
photographs. The conditions under which these were taken are given
in Table II. It is interesting to notice the striking similarity of photo-
graphs 7 and o which were taken with the same total pressures but with
quite different partial pressures of the component gases. The ionization
potential of nitrogen is somewhat above that of hydrogen. Some of the

9 Saha, Phil. Mag. 41, 268, 1921
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resonance potentials, however, are slightly lower than those of hydrogen
and therefore it might be supposed that the nitrogen lines would appear
nearly as prominently as the hydrogen lines. This does not seem to be
the case in this experiment as indicated by spectrogram k. However,
little can be said with certainty on this point because there is no criterion
for the relative intensities of the spectrum lines of different elements.

Of the possible causes of broadening of spectrum lines recognized at
the present time only two seem to be of sufficient potency to effect the
relatively large widening noticeable in many enhanced lines. These two
causes are the electric and magnetic fields. In the present experiments

TABLE 11
Data for photographs 1, m, n, o

Pressure Pressure Time of

of hydrogen of nitrogen Current exposure

l 85 mm 0 mm 2.3 amp. 20 min.
m 85 55 2.5 20
n 85 115 3.0 20
0 200 0 3.0 20

as well as in all usual cases of broadened lines the Zeeman effect may be
ruled out, although it may be possible to devise conditions in which the
Zeeman effect is operative. This suggests that the Stark effect is the
cause of most cases of broadening of spectrum lines, or more precisely,
that the broadening is due to the electric fields of the charged particles
which are produced by the same vigorous stimulation which brings
into existence the broadened line. The results of many experiments,
among which may be mentioned those of Hemsalech and de Gramont,*°
point to this conclusion.

I take pleasure in thanking Dr L. I. Shaw of the Bureau of Mines for a
gift of helium.

PHYSICAL LABORATORY,
UNIVERSITY OF Iowa,
January 14, 192311

10 Hemsalech and Gramont, Phil. Mag. 43, 287 and 834, 1922
11 The paragraphs dealing with the effects of a quenched gap and of inductance were
:added February 7, 1923.



Plate 1. Broadening of the Hydrogen lines by condensed discharges.



