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Last Week: Plasma Parameters

• n(r,t) – density - plasma frequency, ωp 

• T(r,t) – temperature, vth = (kT/m)1/2 

• λD – Debye length, vth/ωp 

• ND - plasma parameter, (4 λD3/3) n >> 1
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Next Week:  
In Class Homework

Problems 43

• The coupling parameter Γ determines the state of each plasma component
(electrons, ions, dust)

Γ = q2

4πε0a2
W S kBT

.

Γ may be different for the components, depending on the individual tem-
peratures and densities. A gaseous phase is found for Γ ! 1, the liquid
state for 1 < Γ < 180 and the solid phase for Γ > 180.

Problems

2.1 Prove that the electron Debye length can be written as

λDe = 69 m
[

T (K)

ne(m−3)

]1/2

2.2 Calculate the electron and ion Debye length
(a) for the ionospheric plasma (Te = Ti = 3000 K, n = 1012 m−3).
(b) for a neon gas discharge (Te = 3 eV, Ti = 300 K, n = 1016 m−3).

2.3 Consider an infinitely large homogeneous plasma with ne = ni = 1016 m−3.
From this plasma, all electrons are removed from a slab of thickness d = 0.01 m
extending from x = −d to x = 0 and redeposited in the neighboring slab from x =
0 to x = d. (a) Calculate the electric potential in this double slab using Poisson’s
equation. What are the boundary conditions at x = ±d? (b) Draw a sketch of space
charge, electric field and potential for this situation. What is the potential difference
between x = −d and x = d?

2.4 Show that the equation for the shielding contribution (2.24) results from (2.21)
and (2.23).

2.5 Derive the relationship between the coupling parameter for ion-ion interaction
Γ Eqs. (2.15) and ND (2.33) under the assumption that Te = Ti.

2.6 Show that the second Lagrange multiplier in Eq. (2.6) is λ = (kBT )−1.
Hint: Start from

1
T

= ∂S
∂λ

∂λ

∂U

and use
∑

ni = 1.

From Piel (answers in back)

From Fitzpatrick

12 ⌅ Plasma Physics: An Introduction (2nd Edition)

It is actually possible for quantum e↵ects to modify collisions in nondegenerate
plasmas that satisfy the inequality rd � o. In fact, the criterion for quantum e↵ects
not to modify collisions is rc � o, where rc is the mean distance of closest ap-
proach during collisions. However, it follows from Equation (1.20) that rc ⇠ rd/⇤2/3.
Hence, the criterion for classical collisions becomes rd � ⇤2/3 o. In a weakly cou-
pled plasma, for which ⇤ � 1, this criterion is harder to satisfy that the criterion,
rd � o, for nondegeneracy.

1.11 EXERCISES
1. Consider a quasi-neutral plasma consisting of electrons of mass me, charge
�e, temperature Te, and mean number density, ne, as well as ions of mass mi,
charge Z e, temperature Ti, and mean number density ni = ne/Z.

(a) Generalize the analysis of Section 1.4 to show that the e↵ective plasma
frequency of the plasma can be written

⇧ =
⇣
⇧2

e + ⇧
2
i

⌘1/2
,

where ⇧e = (e2 ne/✏0 me)1/2 and ⇧i = (Z2 e2 ni/✏0 mi)1/2. Furthermore,
demonstrate that the characteristic ratio of ion to electron displacement
in a plasma oscillation is �xi/�xe = �Z me/mi.

(b) Generalize the analysis of Section 1.5 to show that the e↵ective Debye
length, �D, of the plasma can be written

 
1
�D

!2

=
1
2

2
666664

 
1
�D e

!2

+

 
1
�D i

!23777775 ,

where �D e = (✏0 Te/ne e2)1/2 and �D i = (✏0 Ti/ni Z2 e2)1/2.

2. The perturbed electrostatic potential �� due to a charge q placed at the origin
in a plasma of Debye length �D is governed by

0
BBBB@r2
�

2
�2

D

1
CCCCA �� = �

q �(r)
✏0
.

Show that the nonhomogeneous solution to this equation is

��(r) =
q

4⇡ ✏0 r
exp

0
BBBB@�
p

2 r
�D

1
CCCCA .

Demonstrate that the charge density of the shielding cloud is

�⇢(r) = �
2 q

4⇡ r �2
D

exp
0
BBBB@�
p

2 r
�D

1
CCCCA ,Plasma Parameters ⌅ 13

and that the net shielding charge contained within a sphere of radius r, centered
on the origin, is

Q(r) = �q
2
666641 �
0
BBBB@1 +

p
2 r
�D

1
CCCCA exp

0
BBBB@�
p

2 r
�D

1
CCCCA
3
77775 .

3. A quasi-neutral slab of cold (i.e., �D ! 0) plasma whose bounding surfaces
are normal to the x-axis consists of electrons of mass me, charge �e, and mean
number density ne, as well as ions of charge e, and mean number density ne.
The ions can e↵ectively be treated as stationary. The slab is placed in an ex-
ternally generated, x-directed electric field that oscillates sinusoidally at the
angular frequency !. By generalizing the analysis of Section 1.4, show that
the relative dielectric constant of the plasma is

✏ = 1 �
⇧2

!2 ,

where ⇧ = (e2 ne/✏0 me)1/2.

4. A capacitor consists of two parallel plates of cross-sectional area A and spacing
d ⌧

p
A. The region between the capacitors is filled with a uniform hot plasma

of Deybe length �D. By generalizing the analysis of Section 1.5, show that the
d.c. capacitance of the device is

C =
✏0 A

d
(d/
p

2 �D)
tanh(d/

p
2 �D)

.

5. A uniform isothermal quasi-neutral plasma with singly-charged ions is placed
in a relatively weak gravitational field of acceleration g = �g ez. Assuming,
first, that both species are distributed according to the Maxwell-Boltzmann
statistics; second, that the perturbed electrostatic potential is a function of z
only; and, third, that the electric field is zero at z = 0 (and well behaved as
z ! 1), demonstrate that the electric field in the region z > 0 takes the form
E = Ez ez, where

Ez(z) = E0

2
666641 � exp

0
BBBB@
p

2 z
�D

1
CCCCA
3
77775 ,

and
E0 =

mi g

2 e
.

Here, �D is the Debye length, e the magnitude of the electron charge, and mi
the ion mass.

6. Consider a charge sheet of charge density � immersed in a plasma of unper-
turbed particle number density n0, ion temperature Ti, and electron tempera-
ture Te. Suppose that the charge sheet coincides with the y-z plane. Assuming

5

“Double Layers”

Maximum Entropy
(careful of definitions)∇⋅∇ in spherical coordinates



FIGURE S.1 Plasmas that occur naturally or can be created 
in the laboratory are shown as a function of density (in 
particles per cubic centimeter) and temperature (in kelvin). 
The boundaries are approximate and indicate typical 
ranges of plasma parameters.  
Distinct plasma regimes are indicated: 
• For thermal energies greater than that of the rest mass of 

the electron (kBT>mc2), relativistic effects are important.  
• At high densities, where the Fermi energy is greater than 

the thermal energy (EF>kBT), quantum effects are 
dominant.  

• In strongly coupled plasmas (i.e., nλD3 < 1, where λD is 
the Debye screening length), the effects of the Coulomb 
interaction dominate thermal effects; and  

• When Ef>e2n1/3, quantum effects dominate those due to 
the Coulomb interaction, resulting in nearly ideal 
quantum plasmas.  

• At temperatures less than about 105 K, recombination of 
electrons and ions can be significant, and the plasmas 
are often only partially ionized.

http://www.nap.edu/catalog/4936/plasma-science-from-fundamental-research-to-technological-applications
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The Equations of Plasma Physics

7

Distribution Function

Particle Motion



Debye Length:  
The small scale of electric fluctuations
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Debye Length: 
Potential near a change within a plasma

2.2 Collective Behavior of a Plasma 39

which is independent of the mass m but depends on the energy W . Noting that the
tangent to the parabola at the exit point intersects the undeflected orbit at x = L/2,
the deflection angle becomes α = arctan(2s/L). This independence of mass is the
reason why a transverse electric field can be used as an energy filter to sort out
particles of same energy independent of their mass.

The shielding length λD is often called the linearized Debye length. The reader
may also recognize an analogy between the structure of (2.23) and the parallel circuit
of two resistors in electricity:

1
λ2
D
= 1

λ2
De

+ 1
λ2
Di

↔ 1
Rtotal

= 1
R1

+ 1
R2

. (2.31)

In the shielding process, electrons and ions work in parallel. Attracting electrons and
repelling ions both results in a net negative charge in the vicinity of the extra charge.
Similar to the total resistance Rtotal of the parallel circuit, which is smaller than any
of the two resistors R1 and R2, the linearized Debye length is smaller than λDe and
λDi. A comparison between a Coulomb potential and a shielded potential is shown
in Fig. 2.4. For r > λD, the potential decays much faster than a Coulomb potential.

Summarizing, the perturbed electric potential around an extra charge Q decays
exponentially for r > λD. This observation has two consequences. When we require
that a cloud of electrons and ions behaves as a plasma, the cloud must have a size of
several Debye lengths.Moreover, any deviation from equal densities of electrons and
ions tends to be smoothed by Debye shielding. Therefore, a plasma has the natural
tendency to become quasineutral.

Fig. 2.4 Comparison of a
Coulomb and shielded
(Debye–Hückel or Yukawa)
potential. Note the stronger
decay for r/λD > 1

9



Plasma Parameter
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Table 1.1 Key parameters for some typical weakly coupled plasmas.

Plasma n(m�3) T (eV) ⇧(sec�1) �D(m) ⇤

Solar wind (1AU) 107 10 2 ⇥ 105 7 ⇥ 100 5 ⇥ 1010

Tokamak 1020 104 6 ⇥ 1011 7 ⇥ 10�5 4 ⇥ 108

Interstellar medium 106 10�2 6 ⇥ 104 7 ⇥ 10�1 4 ⇥ 106

Ionosphere 1012 10�1 6 ⇥ 107 2 ⇥ 10�3 1 ⇥ 105

Inertial confinement 1028 104 6 ⇥ 1015 7 ⇥ 10�9 5 ⇥ 104

Solar chromosphere 1018 2 6 ⇥ 1010 5 ⇥ 10�6 2 ⇥ 103

Arc discharge 1020 1 6 ⇥ 1011 7 ⇥ 10�7 5 ⇥ 102

Table 1.1 lists the key parameters for some typical weakly coupled plasmas. In con-
clusion, characteristic plasma behavior is only observed on timescales longer than
the plasma period, and on lengthscales larger than the Debye length. The statistical
character of this behavior is controlled by the plasma parameter. Although ⇧ , �D,
and ⇤ are the three most fundamental plasma parameters, there are a number of other
parameters that are worth mentioning.

1.7 COLLISIONS
Collisions between charged particles in a plasma di↵er fundamentally from those be-
tween molecules in a neutral gas because of the long range of the Coulomb force. In
fact, the discussion in Section 1.6 implies that binary collision processes can only be
defined for weakly coupled plasmas. However, binary collisions in weakly coupled
plasmas are still modified by collective e↵ects, because the many-particle process of
Debye shielding enters in a crucial manner. (See Chapter 3.) Nevertheless, for large ⇤
we can speak of binary collisions, and therefore of a collision frequency, denoted by
⌫ss0 . Here, ⌫ss0 measures the rate at which particles of species s are scattered by those
of species s0. When specifying only a single subscript, one is generally referring to
the total collision rate for that species, including impacts with all other species. Very
roughly,

⌫s '
X

s0
⌫ss0 . (1.21)

The species designations are generally important. For instance, the relatively small
electron mass implies that, for unit ionic charge and comparable species temperatures
[see Equation (1.27)],

⌫e ⇠

 
mi

me

!1/2

⌫i. (1.22)

The collision frequency, ⌫, measures the frequency with which a particle trajectory
undergoes a major angular change due to Coulomb interactions with other particles.
Coulomb collisions are, in fact, predominately small angle scattering events, so the
collision frequency is not the inverse of the typical time between collisions. (See
Chapter 3.) Instead, it is the inverse of the typical time needed for enough collisions to

10
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Plasma Parameter

34 2 Definition of the Plasma State

λmax(nm) = 2.898 × 106

T (K )
, (2.14)

shifts to the blue end of the visible spectrum (414 nm at T = 7000 K). Arc discharge
lamps used in data projectors have a sealed quartz discharge tube and develop oper-
ating pressures of (50–200) bar.

2.1.3 The Coupling Parameter

In the preceding paragraphs we have investigated how a rising temperature leads to
population of excited atomic states, to ionization of atoms, and to equilibria with
multiply ionized atoms. Now we focus our interest on the influence of particle den-
sity on the state of the plasma system. Then, the potential energy of the interacting
particles becomes important.

The states of neutral matter, solid–liquid–gaseous, are determined by the degree
of coupling between the atoms, which is described by the coupling parameter Γ =
Wpot/kBT , i.e., the ratio of the potential energy of nearest neighbors and the thermal
energy. For the Coulomb interaction of singly charged ions, the coupling parameter
becomes

Γi = e2

4πε0aWSkBTi
. (2.15)

Here, aWS is the Wigner-Seitz radius, a measure for the interparticle distance,
defined by

ni
4π
3

a3
WS = 1 . (2.16)

A similar coupling parameter can be defined for the interaction of the electrons or
the interaction between electrons and ions. To give typical orders of magnitude for
Γ , we can state that a gaseous state has Γ < 1 and is said to be weakly coupled.
The liquid state is found between 1 < Γ < 200. The solid phase exists at Γ > 200.
Liquid and solid phase are called strongly coupled. The exact numbers depend on
the system dimension and on the interaction with the electrons. Hence, a plasma is
not necessarily in a gaseous state. Strongly coupled plasmas can behave like liquids
or can even crystallize. Examples for the crystallization of a subsystem will be given
in Chap. 10 on dusty plasmas.

2.2 Collective Behavior of a Plasma

What is the difference between a neutral gas and a plasma? In a neutral gas, particles
interact only during a collision, i.e., when two gas atoms “feel” the short-range van
der Waals force, which decays with the interparticle distance as r−6. For most of
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aWS = Wigner-Seitz radius

2.3 Existence Regimes 41

Fig. 2.5 Existence diagram of various plasmas. The dotted line marks the border for strong cou-
pling, the dashed line the onset of quantum effects. Relativistic effects play a role for T > 109 K

strongly coupled because of the high charge number on a dust grain whereas the
electron and ion gas remain weakly coupled.

The border line between weakly and strongly coupled plasmas is defined by
NDe = 1 (see dotted line in Fig. 2.5), which gives the equation of the border line

ne =
(

4πε0

3e2

)2

T 3
e . (2.34)

This line has the slope 3 in the log n–log T representation. From Eqs. (2.15) and
(2.16) we obtain a relation between the plasma parameter NDi and the coupling
parameter Γi (see Problem 2.5)

Γi = 1
3

N−2/3
Di . (2.35)

Coupling Parameter
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Plasma Frequency:  
“Fast” Electron Motion of Plasma
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Last Week: Plasma Parameters
• n(r,t) – density - plasma frequency, ωp 

• T(r,t) – temperature, vth = (kT/m)1/2 

• λD – Debye length, vth/ωp 

• ND - plasma parameter, (4 λD3/3) n >> 1 

➡Collisions 
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Collisions

× Log(4πΛ)

Δp ≈ F Δt

σ ≈ π b2
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Collisions

Greg Hammett (PPPL) 
http://w3.pppl.gov/~hammett/talks/ 

× Log(4πΛ)

15
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http://w3.pppl.gov/~hammett/talks/


80 Years of Plasma: A Collection of Reviews and Research Articles 
Celebrating the 80th Anniversary of Langmuir's Coining of the Word ‘Plasma'

Plasma Sources Science and Technology, Volume 18, Number 1, February 2009; 
http://dx.doi.org/10.1088/0963-0252/18/1/010201  

Irving Langmuir proposed the term ‘plasma’ in a paper in 1928 (Proc. Natl Acad. Sci. USA 14 
627–637) to describe a ‘region containing balanced charges of ions and electrons’. There 
does not appear to be any record of the thinking behind this proposal, so it is difficult to be 
definitive. One idea is that since the Greek word ‘plasma’ was used to describe a mouldable 
fluid, ‘neon’ lighting, with its almost limitless ability to provide colourful shapes, provided the 
inspiration. Another relates to the prior medical use in relation to blood with its variety of 
different ‘corpuscles’ and that the essential description of the positive column required one to 
recognize at least the role of the separate species of electrons, ions and gas atoms.  

H M Mott-Smith, one of Langmuir’s co-workers, makes clear his recollection that Langmuir was 
struck by the analogy between ‘the way blood plasma carries around red and white 
corpuscles and germs’ and the way that the ‘ . . . “equilibrium” part of the discharge acted as 
a sort of sub-stratum carrying particles of special kinds, like high-velocity electrons from 
thermionic filaments, molecules and ions of gas impurities’. 

16
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Nobel Prize in Chemistry (1932) for "for his discoveries and investigations in surface chemistry"

GE (1922)
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I I. EXPERIMENTS 
A. Discharge tubes.  On the  experimental 

side we have  worked  with  two tubes,  both  
containing filamentary cathodes used as  
electron sources,  collectors  so placed  as to  
receive  a portion of the  direct  beam  of 
primary electrons from a filament, and an 
anode off to one side to maintain the discharge. 
The two  tungsten  filaments in the  first  tube 
used were supported near  the  middle of the 18 
em spherical bulb by long glass-covered leads. 
Their exposed portions were  about 1.1 em  
long,  parallel   and  about 0.5  em  apart.   At  a 
distance of 4.2 em from  them  was  the  
collector,   a circular disk  backed  by mica  and  
1.1 c m  in diameter.

 The second tube was similar except that it contained  three vertical tungsten filaments, g, c, and  
d. Fig. 1, g above, and c and  d about 2.5 cm below it. These  two were 0.4 em apart and  all three  
lay in the  same plane. Their diameter was  0.025  em  and  their  vertical and  active  portions were 
1.1 c m  long. Opposite them and about 4 em away were supported the 1.1 cm disk collectors h and b. 
The primary electrons are somewhat deflected  by the  magnetic field of the heating current, and the 
collectors are inclined as shown in order to give perpendicular incidence of the  primaries on them.

c
d
gh

b

An appendix containing a little mercury extended from the bottom of the bulb and was immersed in a 
water bath, the temperature of which controlled the mercury pressure. 19



B. Detection of oscillations. The oscillations were detected 
with a zincite-tellurium detector X and galvanometer 
arranged, for most of the work, in a circuit as shown in 
Fig. 2. The detector was supported by a spring suspension 
to shield it from mechanical shocks which were found to 
destroy its sensitivity. The high frequency potential was 
applied across the two points  X and Y, Y being grounded 
to one side of Fig. 2. Crystal detector circuit a filament and 
also to the metal-screen cage surrounding the apparatus. 
The inductance L was often only a 10 to 15 em length of 
copper wire. The two condensers, which were of 0.0025 pf 
each, shunted the galvanometer and 60-cycle crystal-
calibrating circuits for the high-frequency oscillations, but 
at the same time allowed known 60-cycle voltages to be 
conveniently impressed on the crystal for calibrating 
purposes at frequent intervals.
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Lecher Wires (Ernst Lecher, 1888)
http://www.americanradiohistory.com/Archive-Radio-News/40s/Radio-News-1946-09.pdf 

AMATEURS! LOOK! 
Leo W9GFQ Now Offers 

IMMEDIATE 
DELIVERY! 
On His New, Exclusive, Low Priced 

WRL GLOBE TROTTER 

TRANSMITTER KIT 

Users Acclaim Ifs 
Superior Performance! 

Actual field reports of amateurs using the 
Globe Trotter testify to its excellent per- 
formance. It's the hottest ham equipment 
on the market today. The WRL Globe Trot- 
ter is capable of 90 watts input on C.W. 
and 25 watts input on phone on all bands 
from 1500 KC through 28 Megacycles. In- 
corporates the Tritet Oscillator using a 40 
meter X -tal; Seising choke modulation; 
three bands, all pretuned; 10, 20, and 80 
meters; two power supplies, one for 807 
final and modulator tubes, one for speech 
amplifier and oscillator stage. 

Cat. 
WATT INPUT -.. $69.95 

Complete including all parts, chassis panel, 
streamlined cabinet, less tubes, coils, and 
meter. 
No. 70 -312 same as above, wired 

by our engineers 579.50 
Set of meter, tubes, coils....515.15 Extra 

RECEIVERS* Available For 
IMMEDIATE DELIVERY 

Hallicrafters S -38 $39.50 
* BC 348Q Surplus Receiver (110- 

115 Volt) $85.00 
National HRO -5TA -1 or 5RA- 1.5274.35 

(Less speaker and power supply) 
Power Supply (or above, Cat. 

No. 30 -283 $20.36 
MCS Speaker for above, Cat. No. 

30 -285 12.00 
RFSH Speaker for above, Cat. 

No. 30 -287 21.70 
For Fast Delivery order your receiver now 
from World Radio. Here are a few more: 
RME 45 5186.50 
RME 84 $98.70 
Hammerlund 11Q129X S173.25 
Hammerlund SPC- 400 -$X $323.25 

New Type PHONO 
OSCILLATOR 
Wired, less 
tubes. Cat. $4a95 be. 16-191 

No aerial required Utilizes high quality loop both 
as part of oscillator circuit, and radiating me. 

r ium. Trimmer provided to adjust frequency io 
any portion of broadcast band bets,en 1250 KC 
and 1700 KC Uses 1516 and 15Z5 tubes 

FREE! Our Latest Flyer 
Packed with real buys in radio, electronic, 
and general merchandise. 
Giant Radio Map 
(Size 31 ft x 41 ft.) 15c 
Handy Tube -Base Calculator 25c 
Tube and Circuit Book lac 

Address Dept. RN -9 Council Bluffs, Iowa. 
Formerly Wholesale Radio Laboratories 

96 

Fig. 9. Transmission -line absorption wavemeter. 

When using this wavemeter, the 
closed end is coupled into the circuit 
being tested, with the shorting bar in 
position at the closed end. The line 
is then tuned by moving the short- 
ing bar slowly toward lower frequen- 
cies until an indication of resonance 
is obtained. The frequency is then 
read directly from the calibration of 
the line. It is necessary to use the 
instrument in this manner (i.e., tuning 
away from the closed end) in order to 
insure that the position of resonance 
represents one single half -wave rather 
than a multiple of the half -wave. 

The construction of a Lecher -wire 
system for measuring wavelength by 
determining the distance between suc- 
cessive positions of current or voltage 
maximum is shown in Fig. 10. If a 
sensitive current -reading instrument 
is inserted in the shorting bar, series - 
resonance will be indicated by maxi- 
mum current, and parallel - resonance 
by minimum current. When the 
amount of power supplied by the meas- 
ured circuit is small, series -resonance 
(i.e., the shorting bar at half -wave 
positions) is indicated by maximum re- 
action upon the circuit, and parallel 
resonance (i.e., the shorting bar at odd 
quarter -wave positions) by minimum 
reaction upon the circuit. To measure 
frequency, the line is coupled into the 
circuit and the shorting bar moved to 
a position of resonance, with fairly 
loose coupling. The shorting bar is 
then moved to the next position of sim- 
ilar resonance, and the distance be- 
tween the two is equal to one half - 
wavelength, from which frequency is 
known. 

Under gpod conditions, frequency 
measurements may be made by the 
Lecher -wire method to an accuracy of 
the order of .1%. At the higher fre- 
quencies the accuracy decreases due to 
the difficulty of measuring small dis- 
tances to such a high degree of ac- 
curacy. In addition to their greater 
accuracy, Lecher -wire wavemeters 
have the further advantages over 
tuned -circuit wavemeters that they 

can be used to measure extremely high 
frequencies, and that they give the 
wavelength in absolute terms without 
requiring previous frequency calibra- 
tion. For this reason, and because of 
the simplicity of their construction 
for high- frequency use, they are ex- 
tremely useful in amateur work. A 
disadvantage of Lecher wires is that 
an ambiguity in their readings is pos- 
sible, since resonance indications are 
obtained at all multiples of the half - 
wavelength; thus, if the first resonance 
indication is missed and the second 
observed, the frequency reading will 
be incorrect since a full -wavelength 
will have been mistaken for a half - 
wave. The tuned -circuit wavemeter 
is resonant at only one frequency with- 
in its tuning range, therefore no such 
misinterpretation of its reading is pos- 
sible. However, when care is taken 
in making measurements, Lecher 
wires can be relied upon to give ac- 
curate readings at the correct fre- 
quency. 

When it is necessary to measure 
frequency to a greater degree of ac- 
curacy than is possible with wave - 
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such measurements may be performed 
by means of a heterodyne frequency 
meter. The heterodyne meter is an 
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measurement of very -high frequencies, 
and because of its high sensitivity re- 
quires very little energy from the 
source of signal. It consists essential- 
ly of an oscillator which is very pre- 
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long periods of time. A receiver, or a 
simple detector and audio amplifier. 
indicates the presence of beat notes be- 
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Fig. 9. Transmission -line absorption wavemeter. 
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C. Frequency range of oscillations. Oscillation frequencies as low as 106 and as high as 109 
cycles per second have been observed. Over a large portion of this range it was not found 
possible to obtain any resonance phenomena, but oscillations were detected throughout so that 
we lean toward the view that these electric vibrations are irregular, thereby constituting an 
"electrical noise." Under certain conditions definite frequencies were observed both on the 
collectors and on external electrodes glued to the tube wall or placed against it. 
 The frequency range can roughly be divided into three parts, namely from 1 to 100 
megacycles, from 100 to 300 megacycles, and from 300 to 1000 megacycles.
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 A. Plasma-electron oscillations. When the electrons oscillate, the positive ions behave like a 
rigid jelly with uniform density of positive charge ne. Imbedded in this jelly and free to 
move there is an initially uniform electron distribution of charge density,  -ne.

 B. Plasma-ion oscillations.  We are now ready to discuss the slower ionic oscillations. In 
this case we shall assume the same type of displacement for the ions as we did for the 
electrons before.

23

Slower…

I. THEORY
Two types of oscillation seem to be theoretically possible, first oscillations of 
electrons which are too rapid for the ions to follow, and second, oscillations of the 
ions which are so slow that the electrons continually
satisfy the Boltzmann Law.



Langmuir’s Electrons
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Electrostatic oscillations are (nearly) 
independent of wavelength
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Langmuir’s “Slow” 
Ion Oscillations
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Homework #2APPH 6101 Plasma Physics I

Homework 2: Due 18 September, 2023.

Question 1

Irving Langmuir graduated from Columbia University in 1903 and received the Nobel Prize

in chemistry for his investigations of surface chemistry. (Langmuir was the first to observe

stable films of atoms on tungsten and platinum and formulated the first general theory of

adsorbed films.) In plasma physics, he is well known as the individual who characterized

ionized matter as “plasma” and for inventing the “Langmuir probe.” In one of the most

important early papers of plasma physics, Langmuir and his younger colleague, Lewi

Tonks, were the first to observe and identify plasma oscillations (also called “Langmuir”

oscillations). This was reported in Physical Review, 33, p. 195 (1929). (This paper can

be downloaded using Columbia University’s subscription to Physical Review.)

Figure 1: Mercury plasma device (or gas filled lamp) built by Irving Langmuir (1881-

1957, top) and Lewi Tonks (1897-1971, bottom) and used to observe plasma oscillations.

Probes “b” and “h” are Langmuir probes; “c”, “d”, and “g” are electron-emitting tungsten

filaments; “a” is a positively-biased anode; and “plate 1” is one of three external probes

used to measure collective oscillations.
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Figure 2: Measured current to a “Langmuir probe” as a function of probe bias.

Question 2

A parallel plate capacitor consists of two plates of area, A, separated by a small distance,

d. When the region between the plates is a vacuum, the low-frequency capacitance is

C = ✏0A/d.
What is the capacitance when the plates are filled by a plasma with a Debye length,

�D? Show that in the limit that �D ⌧ d, the capacitance is C ⇡ ✏0A/
p
2�D.

Question 3

Consider a sphere of plasma like Tonks’s and Langmuir’s of Question 1. The radius of the

plasma was 9 cm, and the electron temperature Te = 1 eV, with (infinite) massive ions.

Part A

How much energy is needed to move all of the electrons to the surface of the plasma?

How does this compare to the kinetic energy of the initially uniform plasma?

Part B

What is the electrostatic potential and electric field as a function of radius?

Part C

How much smaller (in radius) must the plasma be such that the electrostatic energy would

equal the the original kinetic energy of the electrons?

3

http://sites.apam.columbia.edu/courses/apph6101x/Homework-2.pdf
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Next: Chapter 3 
Mechanics of Charged Particles

• Charged particle motion in inhomogeneous, static and slowly-varying electric and 
magnetic fields
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Key concept: 
gyro-averaging 


