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THE ABSORPTION COEFFICIENT FOR SLOW

ELECTRONS IN GASES
Robert B. Brode.

A beanm o_f electrong is sent thru a space filled vwith'
the gas to _‘be- measured. An electron is lost from this beam
_ when its interaction with the electric field of an atom is
sufficient to change its direction so that it does not enter
a collecting chamber i:laced at the end of the path. This
electron is said to be absorbed. 1f I. is the number of
elactrons that stért in the beam sent thru the gas and I
the 'm:mber still in the beam after it has passed tiru a
distance x of gas at a pressure p, then ’

| I= I, e &XP
ot is the absorpiion coefficient of the electrons‘for unit
presgure. It is the total effective absorbing area, in’sq. -em,
of all of the molecules in a cubic centimeter of é&'s at a
pressure of 1 mm of Hg, if x is given in cm and p in mm of Hg.
The effective absorbing area of a molecule way b_e‘ found by
dividing o by the mumber of molecules in a cubic centi’metér
at a pressure of 1 mm of Hg, or 3.65 x 1016 | If this '
absorbing area of the molecule.is taken as a cirdular disc.

- 1ts radius will be givendy , r nJ_— ...":0‘1‘0'8 em.
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This method of measuring the effective size of
molecules was first used by P. Lenard’ in 1903. Lenard
used a photo-electric source of electrons and sent them
thru a path of about 8 cm length. He measured the initial.
| and final inteneity of the electron stream and from his ’
~observatione computed the value of X for air, carbon di-
oxide, hydrogen and argon. ‘His observations were taken for
veloaitiea of electrons from 4 to 4000 volts. In the cases
of air and hydrogen he took some observations at 30,000 volts.

'H. F. ;ﬂayerw and C. Ramsauerm. » woi-king in Lenard's
laboratory in 1921 repeated the experiment with greater
accuracy for low speed electrons. g&ayer used an equi-potential
thermal source of electrons and varied his path length as.
‘well as his pressure. By taking two observations at different
path lengths, he obtained two equations, |

I, =1,6" X XP: ang I, =1, @~ AX;P.

. 'Solving these two equations for CL gives,
d : 1 . log ( II . LM

e om——

(xl - xz) P 2 @

In this equation only the fatio of the currehtagoccurs. ’ The
total emission of the filament is noi I,or I, as soxﬁé 6f the
electrons go to the grid thru which the beam panées. However
I, and I,, are proportional to the total current and their

ratio will eliminate the factor of proportionality.
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. Ramsauer used a photo-electric source of electrone. To get
a beam of uniform velqcity electrons at low speed, he used |
a geries of slits arranged in a circle and bent t}ie electrons
~ in this circle by means of a magnetic field. The radius of
the_ circle in which a uniformly moving electron moves due io
: a'ma.gub’tic field is obtained from the equation,
o | Er = 3.3/¥
H is the mégmtic field strength in gaues, V the velocity of
the electron in volts, and r the radius in centimetérs. By
makiﬁg the slitq narrow in cén@ar_isoxi with the radius oAf the
éifélé a beam of quite ‘unifofm velocity electrons can be
obté.ined. Mayer and Ramsauer were able to ca.rry. their meagure-
ments down to velocities of .7 volts. They studied hydrogen,
nitrogen, argon, helium and neon. For each of these gases,
except argon; they found that the -value of o« was nearly
constant, decreasing only a little as the velocity was |
increased from .7 to 10 volts. In the caée of aréoh they
found that  had & maximum value at about 13 volte. As the
velocity was decreased from 13 volts the valus of of decreased
steadily until at .7 volts it was 1/30 th of its maximm
value. With increasing velocity above 13 volts the valﬁe ofv X
decreased steadily. It appears from this that a slow speed

" electron can pass near or thru the argon atom with less effect
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on its motion thai:; that experienced by a higher speed electron.
The reciprocal of o 1is the mean free path of the
electron in the gas. By observing the effect of the mean free
' :p'a'th of the electrons in the gas on the space charge about a
hot filament, Minkowski and Sponerm predicted the smrphex;omenon
in krypton and xenon that was observed in argon. The maximum
6f « for argon, ]n-yptozi and xenon occurred at 13.2‘. 11.3,
and 6.4 volts respectively(f) The corresponding value_s oi‘ X at
Vthe maxima were 80, 100, and 140. sq cm per cu cm of gas.
This is in each case sbout four times the kinetic theory value
for K . G. Kertz(s), by & method similar to that used iy
Mayerl, checked this unusual behavior of argon gas. Hertz
kept his path length constant and changed the pressure of‘ his gas.
From observations on the diffusion of slow speed
electrons thru gases, Townsend and Bs_,ileywalso obtained'data.
oﬁ the mean free path of electrons in argbn. They found that
| the value of X decreased from its maximum at .4 volts and
then incréased as the voltage was lowered. By observing the
effect of gases in a magnetron tube on the éurrent to the

; (8)
plate, R. N. Chandluri also found very long mean free paths

for slow speed electrons in argonm.
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The 'purpose of the experiment described in the
foilowing pages, was to éoni‘irm the extraordinary behavior
of electrons inriargoﬁ and to see if the same or other

characteristic phenomena counld be found in other gases.

APPARATUS
The apparatus used for the study of t.his phenomenon,

Figl , was.mad.e of ‘copper. silver soldered together. The

filament, F, which was the source of electrons, was made of

& spiral of ‘tungéctgn wire. It was usually operated at 1.2
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' amperes when the fbltage,';arop was about 4 volts. The filament
was lighted by a storage battery which was maintained at a
negative potential with respect to ground. The filament was
placed 1 mm from the grid & which cohsisted of a row, 1 e
long, of 1 mn holes. The other slits S, S and § were
7 rectangular, lm wide vand 1 m high. The gslits were made so
that their éenters ﬁére on & cirecle lem in radius, The s»lits‘
grid and enclosing box were silver soldered together and
" eonnected to ground. A microammeter, placed in the circuit |
of the battery that maintained the filament at a negative
potential, measn;éd the total emission of the filament.. The
reading of this microammeter, M, was taken as a moasﬁre of the
electron stream that went around thru the slits. The electrons
that reached the box B at the end of thg path went tq ground
thrﬁ a Leeds and Horthup type R galvanometer, lenﬁitivity
2,500 megohms. The reading of the galvanometer, G , was ta.kén
_as a measuré of I, the intensity at the end of the path. The
_path length was 3.2 cm. The magnetic field that bent the elqctrcn
stream into the circular path was produced by a solenoid, 15 cm
in diameter and 30 cm long. A current of one ampere produced
a field of 19 gauss at the center of the solenoid.

Pyrex glass was used in the construction of t‘he glass

apparatus 8o that the copper apparatus could be baked out to



-7
450 degrees. The vacuum was obtained by two mercury diffusion
pumpe in series backed by an 0il pump. In the part of the glass
apparatus where there was 2 high vacuum, mercury mt-qffs were
used in place of stop-cocks 80 as not bto introduce gases from
the grease used on them. A McLeod gauge, reading to 1 x 1Q'5nm
 of Hg, was used to measure the pressure. A liguid air trap wae
jnserted betwsen the mercury traps and pumps, and the pért of
the apparatus containing the copper. To admit small quantities
of gas an apparatus ﬁas made @8 shown in Fig (2). 3By adjusting
the height of the mercury column A, and Iowering the column B,
a known volume of 1 mm capillary tubing was filled with gas
'from the reservoir R. The pressure of the gas in R was usually
about 1 or 2 cm of Hg. By raising the level of the mercury in
. B again, this amount of gas could be forced into thg space above
A which was connected to the high vacuum. In thi‘é way one
could easily introduce encugh gas to make the pressure in the
apparatus of the order of 1 x 10”3 mm of Hg. By'éhanging- the
: Keight of A and the pressure in R, the range of pressu:e produced

by each operation can be extended indefinitely.



- to air preseure or
vacuum. - -

Pig 2



-
Intfoducing the reading of the microammeter M as
being proportional to I, and the reading of the galvancmeter
‘G,V for I =, the value of o may be obtained from the following

equation;

‘o(.s- . _}L 103(%:.%1)
x (p-mp) e

x is kept constant and is equal to 3.2 em. A high vac\mm was
generally used for p, so that it was essentially zero compared
with a preesure of 2 to 5 x 10~° m of Hg used for p,. M, va.nd
@, are the readings of the instruments for the pressure p, ,
and M, and G, for p,. |

Due to the voltage drop along the filament and to
_the temperature distribution of velocities, the values of the
galvanomoter deflections G, plotted against the magnetic;: fiéld

with a fixed accelerating potential, are as ‘showm in Fig (3).

o
8 4 -accelerating potential
.3 X .
2 20 volts
-t
&
.3
o
| o
@
fé o
g
3
[ o
..To_._g_.:, Y - o [-] = e
3 4 5 _ 6 v/Volts

Fig 3
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' V'I‘he' maximun value of G is used in computing o« in the above
equation. The magnetic field was first fixed and this
determined the velocity of the electrons that would go

_thru the slit system. The accelerating potential was then |
varied until the maximm deflection of the galvancmeter was.
obtained. The readings of the meter M and the galvan@te: G
were then recorded. A small éuantity of gas was then introduced,
its ,pressur‘e measured on the McLeod gauge, and the new readings
of M and G recorded. By introducing more gas additional valﬁea
for o could be obtained. If K was independent of thé pressure
of the gas used these values should all be the same. ' If the
value of log ( %‘- ) is plotted against the product of the
pressure and the distance, then o will be the slope of the

line connecting anyv two observations tai:en at different
pressures. If ol is constant when the pressure is varied

then all of the points will lie on the same straight line.

- Pig (4) shows that the value of X is practically ‘i‘.ridapendent

‘of the gas pressure.
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Observations vwere aleo taken to see if the value of
changed with the inﬁemity of the electron stream. The
intensity was varied by changing the temperature of the
filament. TFig (5) shows that oL remained practically

constant when M was varied from 1 to 5 x 1074 amperes.

1

8q cm

60 ° 4

50 1

Argon YV = 3.5

e

20 4

10 _-

T L] U

1 2 3 4 5 x 1070 amps

M (electron emmission from the filament)

Fig 5



.RESULTS

The gases prepared f’or this investigation were
argon, helium, hydrogen, methane, carbon monoxide, nitrogen,
carbon dlioxide, acetylene, ethylene, au:ﬁonia. and cyanogen. |
’fhe last five of these decomposed due to the tungsten filament
and so could not‘ be measured.

Argon was faken di:ectly from a bulb secured from
- the General Electric Co. bThis argon was supposed to be 98%
pure. The results of the measurements of o( are shown in
Fig (8). The dotted curve is for the values obtained by
Ramsaver. The squai'e root of the voltage used to accelerate
the electron is plotted as the abscissa because the veloeity
of the electron in cm per sec is propertional to the square
root of ihe voltage. Also the magnetic field ueed to determing
the velocity is proportional to the square root of the voltage.
The value of & was measured for velocities from 2 to 360 volts.
The results obtained were found to check reaaonably‘ well with
the results obtained by Ramsauer. The slowest speed eledtrons
were again found to pass thru the gas with less deviation from
their path than electrons of higher speed. v

m was obtained from a tank received from the
U. S. Goverrment helium plant. It was further purified by
allowing it to stand in the presence of a charcoal tube

immersed in liguid air. The charcoal tube had previously



-14~
been heated to 450 degrees C for several hours. The results
for helium are shown in Fig (7). Ramsauer's results are indicated
by the dotted curve.

Methane, ob;.a.ined from natural gas, was furnished
‘by Dr. Glockler'of the Gates Chemical Laboratory of this |
institution. It was further purified by liguefying with
liguid air and then distilling. From the results shown in
Fig (8) it can be seen that methane shows a somewhat similar
variation of its value 'of ot £0 that found for argon. The
pressure of the gas did not change when allow.ed‘ to sténd' in
the presence of thﬁ hot tungsten filament. If the gas were
decomposed by the temperature of the filament, an iﬁcrease
in the pressure ‘should be observed.

Electrolytic hydrogen was dried and tfurt;hexf purified
by charcoal cooled with liquid air. Fig (9) shows the values
of o observed for hydrogen. The results are only in fair
agreement with those of Remsauer, shown with the dotted lins.
No maximum was observed in either case.

Nitrogen was prepared by the decomﬁositibn of
ammonium nitrite, which on heating decomposes into nitrogen
and water. A water solution of this was heated and the
resulting gas dried by passing it thru a phosphorus penthide

tube. The curve for nitrogen, Fig (10) differs from any
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previous curve in that it has both a maximum and a minimum.
the minimum occurs neér the resonance potential of the nitrogen
atom and the maximum near the ionization potential. The
determination of the maximum and minimom points was, howevér,
not sufficiently accurate to attach mach significance to '
their occurence neakr'these eritical points.

Carbon monoxide was prepared by the decomposition
of formic acid on being dropped into hot sulphuric acid. The
eurve of o for carboﬁ monoxide, Fig (11), is seen to ﬁe alﬁxost
identical with that obtained for nitrogen. The molscules of
both of these g;sés consist of two atoms, each of which is
supposed to have seven electrons. In the case of ﬁitrogen the
two poeitive nmuclei have each seven positive charges. In
carbon monoxide one nucleus has six positive cha.rges‘and the
other eight. The similarity of these two curves indieates
that the deflection of the slow speed electron is determined
chiefly by the field produced by the arrangement of the electroms
in the molecule. ‘

The rest of the gasee tried, carbon dioxide, acetylene,
et;hylene. cyanogen and ammonis, were found to deca@osei, due to
the effect of the‘ hot tungsten filament. The decomposition |
was observed by an increase of pressure and by the temperature
required to ligquefy the gas before and after the filament had

been heated. With an ice and salt mixture on the liguid air
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trap, none of these gases condensed. Liquid air, however,
condensed them all down from an initial pressure of 5 x 10~
mm of Hg to lese than 1 x 10”4 mm of Hg. After the filament
had be:en run for a short time the gas could no longer be

" econdensed with liguid air.

PHEORY

The apparent abscrption of electrons along their
path as measured in this experiment is cmet otheir mtgraction
with the electric fields of the atoms in such a way so as to »
be deflected from their straight path. The variation of
then is a measure of how this interaction varies with the
velocity of the penetrating electron. The exact nature of the
electric fields in any atom is at present unkmown, If it were
Kknown, the computation of the path of the penetrating electron
and the resulting distribution of scattered electrons, w@ldl
in most cases be impossible.
v If one can assume that the negative charge in the
atom ise diétributed in a uniform epherical shell then the
deflection of the electron can be computed. If snch_an;atom
is placed in an electric field the negative charges will be
drawn towards the positive direction and the positivas ’
towards the negative. The atom thus becomes a dipole, whose
separation depends on the strength of the electric field it is

in and on its dielectric constant. When an electron comes
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‘near to an atom, it produces in the atom a separation of

the charges proportional to the inverse sguare of the
distance between the electron a.n¢ the atom. The attraction
of this dipole for the electron is proportional to its

"own separation and inversely proportionzal to the cube of

the distance between the atom and the electron. Hence the
force on an electron due to the polarization of an atom by
the electron's own field, is inversely proportional to the
fifth power of the distance btetween the atom and theA ele&trqn.
The potential energy of the elect.r‘on in this field is,

.P.E.ﬁ K"l ._‘;1
8Tn rY

K is the dielectric constant of the ges, n the number of
molecules per cu cm, e the charge on the electron, and r the
distance between the atom and the electron. In Fig (12), 0 is

the center of the atom, p the pervendicular distance from the

Teo 0

Fig 12
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.center of the atom to the continuation of the initial direction
of the electron, r the distance of the electron from O at any
time, c the :nearest distance of approach of the electron to
the atom, and & the angle between c and the direction of »
-when r is infinite. 3By the application of‘ the principles of

dynamice the angle # is found to be;

y 72
5:/ Sp
p - N - 91
‘ o Vi-e i;"

is the potential

In this equation ~ = f y /O S % ' %"- !
energy of an electron at a point where r is equal to p, and
W is the initial ﬁnatic energy of the electron or eV ,

The solution of this elliptic integral gives & as
a function of the ratio of the initial kinetic energy to the
potential energy at the distance p. Let this ratio be denoted
PYyR = -—WIP-.{'. In the apparatus used for this experiment a
deflection of &/ equal to 7 + .06 radians, as & reasonable |
estimate, will throw the electron out of the path.‘ This
corresponds to a value of R = 2. All electrons with an B
greater than this will suffer a smaller deflection and will
reach the end of the path. Those electrons with an R-less
than 2 will suffer a greater deflection and will not re&ch;
the end of the path. The value of the effective atom

radiuve sguared is p2 or

. /RA
P - v

-
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Introducing the values of A, R, and W, using the data for
nitrogen i.e. (K=-1)= 6x10% : n=2.7x 1019
e=477x1010 :and Ve ¥/300

¥ 10.4/7 x 10" 16
The value of O corresponding to this, obtained from the
equation; o{ = WP N P , where N is the number of molecules
per cc at unit pressure and P the pressure, 1is

s 224V
The relation betwesn the computed curve and the observed
curve can be seen in Fig {13). TFor hydrogen the constant
224 is replaced by 150. The theoretiéal curve gives values
of o about twice the observed values in hydrogen. If 60
is used in place of the 150 a good agreemsnt can be obtained,
rig (14).

From this theory the value of & should never
decrease with dscreasing velocity of the 'penctra.ting sleotron.
It can be shown that any attracting field that is independent
of the orientation of the atom will give a similar curve. For
an inverse sguare attraction ol = const./ V?" » inverse
cube of = const./ V , and for an inverse fifth power

K = const./ ¥ . The inverse square and the .'_mve?se
fifth attracting fields are the only two in which it is
physically possible that the field be indspendent of the

(2] '
orisntation of the atom. F. Zwicky has carried thru a
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2 B
similar computation and has obtained the same results. Any
theory of a uniform attracting‘ field results in an infinite
value of O( at zero velocity. Due to the small intensity of
the electron sfream. measuremsnts could not be taken below
1.5 volts. Before a complete theory can be proposed more

accurate measurements must be made on the variation of -

!

in the region from 1 volt to nearly zero.

F. Iimd.mhas proposed an explanation based on the
quantum theory. He proposes that an electron whose kinetic
energy is less than the amount of energy it would radiate if
it were allowed to suffer its classical acceleration tafnrde
the micleus, will not radiate but will continue undisturbed
on its path. This explanation is suitable for the noble gases
but will not expiain the curves obtained for nitrogen and

carbon nmonoxide.
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SUMMARY

The absorption coefficients for electrons in
argon, helium, hydrogen, nitrogen, methane and caébon
monoxide were measured for velocities from 2 to 360 volts.
The results of Mayer and Ramsauer were checked for argon
and hslium, both having a maximum value of of . Methane
was found to be similar to these. Nitrogen and carbdbon
nonoxide gave nearly identical results, both having a
maximum and a minimum in their values of X . The wvalue
of ol. for hydrogﬂen increased stoadily as the voltage was
lowered. More acéurate data at lower velocities will be

neceseary before a satisfactory explanation can be given.
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