
Chapter 6 

Atoms, Molecules, and Plasmas 

Studies of atoms, molecules, and plasmas cover a wide range of physics 
subfields to which Bell Laboratories scientists have made important contribu
tions. In atomic and molecular physics the research activities have ranged 
from fundamental spectroscopy of the simplest of atoms and molecules-such 
as the Lamb shift in hydrogenic atoms, the hyperfine structure of the hydro
gen molecule ion, and atomic collisions in a helium-neon discharge-to the 
radiation from ion-atomic and ion-molecular collisions that take place in the 
earth's atmosphere, and the opto-acoustic spectroscopy of polluting gases. 
The more massive biological molecules have also been studied at Bell Labs, 
including the application of the high-resolution technique of nuclear magnetic 
resonance to study DNA and hemoglobin, and the use of fluorometric screen
ing tests for lead poisoning. Early plasma physics research included the 
discharge mechanisms in telephone relays and studies of the collective modes 
of ionized gases, electron beams, and solid-state plasmas, as well as plasma 
instabilities. 

I. ATOMIC AND MOLECULAR PHYSICS 

The study of atomic and molecular physics has been an important 
facet of the research at Bell Laboratories. Although these efforts were 
often motivated by the need to understand the atomic and molecular 
systems from which new laser systems were invented, many experi
ments whose sole aim was to probe the fundamental physics of atoms 
and molecules were also performed. Indeed, the invention of the 
laser gave rise to a renaissance of optical spectroscopy in the 1970s as 
the high power and spectral purity of laser sources were used to 
uncover new and detailed information about atomic systems. (For 
more on this topic, see section VI of Chapter 5.) 

1.1 Lamb Shift in Hydrogenic Ions 

A good example of fundamental atomic physics research was Bell 
Labs' collaboration with members of Rutgers University in determin-
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ing the Lamb shift of hydrogenic atoms. The Lamb shift, or energy 
separation between the 2S~ and 2P'h excited states of the hydrogen 
atom, arises from the quantum nature of the electromagnetic field and 
was first measured by W. E. Lamb at Columbia University in 1946.1 

The various electron-photon interactions that contribute to this effect 
were explained by quantum electrodynamics (QED) field theory. 
Extensive measurements of the Lamb shift of hydrogen-like atoms, 
along with the anomalous magnetic moment of the electron, have 
provided the traditional observable parameters for testing the theoret
ical predictions and limitations of QJED. A Lamb shift measurement 
of high precision performed by M. Leventhal and P. E. Havey of Bell 
Labs on 6Li2+ showed th1<! predictions of the theory to be in reason
able agreement with the data.2 

Atoms of higher atomic number, Z, ionized to one remaining elec
tron, are quantum-mechanically analogous to the hydrogen atom, but 
QED predicts an increase in the Lamb shift proportional to the fourth 
and higher powers of Z. This dependence allows higher sensitivity 
study of QED interactions and offers the possibility of observing new 
and unexpected atomic phenomena .. Such highly ionized species can 
be produced from beams of high-energy ions, which became available 
at the Bell Labs-Rutgers University tandem accelerator about 1967. 
(See section 1.2 of Chapter 8.) 

In the late 1960s, D. E. Murnick and Leventhal began experiment
ing with beiims of 20 Me·V to 35 MeV C5+ ions (Z = 6). New meas
urement techniques were developed that used electron adding in gas 
cells, electric field mixing in the beam, and efficient, soft X-ray detec
tion. In collaboration with H. W. Kugel of Rutgers, these experi
ments were extended to 07+ beams (Z = 8), using energies in the 
range of 36 MeV to 48 MeV. Measurements with a 05 percent preci
sion were obtained. 3 

In 1974, Kugel and coworkers started experiments on F8+(z = 9) 
using an infrared gas laser to probe resonantly a beam of these 
excited hydrogenic ions.4' Ion eneq;ies of 64 MeV were used, with 
resonance radiation provided by a pulsed hydrogen bromide chemical 
laser. A high-precision (1 percent) result was obtained by Doppler 
effect tuning made possible by varying the angle of the laser beam 
with respect to the high-velocity ion beam. Experiments on Cl16+ 
ions at 190 MeV were carried out at Brookhaven National Laboratory 
using discrete tuning of a high-power C02 laser to measure the Lamb 
shift to 0.5 percent precision.5 In all cases studied so far, the QED 
theory prediction has been validated. 

1.2 The Hydrogen Molecuhtr Ion Hyperfine Structure 

Another example of an experiment in fundamental physics is the 
research by K. B. Jefferts on the ionized hydrogen molecule H{. 
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Jefferts was able to determine the hyperfine spectrum of the molecule 

and interpret it in terms of the prediction of exact quantum

mechanical calculation. In order to perform this experiment, Jefferts 

used time-varying electric and electromagnetic fields in a technique 

he had previously used at the University of Washington,6 to form ion 

traps to prevent collision of the ions with container walls and to 

allow precision measurements of the radio frequency spectra. He first 

experimented with the simpler parahydrogen molecule ion having 

antiparallel protons. For this molecule the nuclear spin (I) is 0, and 

the electronic angular momentum is characterized by the quantum 

number I -= 0, 2, 4, and so on. He then proceeded with the orthohy

drogen molecule with parallel proton spins (I == 1). The appropriate 

I values for the molecule are I == 1, 3, 5 and so on, resulting in a 

more complicated spectrum. In this ionized molecule, the complex 

interaction of the single electron with the nuclear spin and the vari

ous possible orbital momenta results in a spectrum of about 30 lines 

with frequencies ranging from 3 to 1410 megahertz (MHz)7 [Fig. 6-1] 

Jeffeits' measurements and analysis marked the first understanding 

of the hyperfine structure of this simplest of all molecules. Prior to 

this, neither theoretical nor experimental determination of this basic 
molecular interaction had existed. 

1.3 Optical Pumping of States with Nonzero Orbital Angular Momentum 

In the early 1950s, A. Kastler of Ecole Normale Superiere proposed 

a method for producing orientation of atomic and nuclear angular 

momenta by illuminating atomic gases with polarized resonance radi

ation. 8 The absorption and subsequent emission of the radiation 

leaves the atoms in a nonequilibrium-oriented state; that is, specific 

atomic states receive excess population. When radio frequency and 

microwave radiation are applied to further perturb this excess popula

tion, the level structure of the atom can be determined. This data is 

used to determine nuclear spins, nuclear magnetic moments, electric 

quadrupole moments, and a host of important atomic parameters such 

as collision cross sections and excited-state lifetimes. 
Early optical pumping experiments were done on states with zero 

orbital angular momentum, such as the 150 ground states of the 

diamagnetic atoms mercury and chlorine or the 2S'h ground states of 

the alkali atoms, which also have zero orbital angular momentum. In 

the late 1960s, H. M. Gibbs and coworkers at Bell Labs investigated 

optical pumping of two kinds of states with nonzero orbital angular 

momentum: the diamagnetic 3P0 ground state of 207Pb (I == 1/2) and 

the paramagnetic P1 states of lead and thallium.9 The objective was to 

determine whether any states of nonzero orbital angular momentum 

could exhibit long enough relaxation times, comparable to those in S 

states, to permit precision measurements. Gibbs found that the prob-
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Fig. 6·1. Hyperfine energy levels and vector 
coupling schemes for the simplest molecule, 
H{ In para-Hi, the nuclear spins of the two 
protons are antiparallel (/ - 0); in ortho-H;i, 
the nuclear spins are pB.rallel (I - I). K - 1 
and K - 2 refer to the rotational states of the 
molecule. S is the electron spin, and F is the 
total angullar momentum. [Jefferts, Phys. Rev. 
Lett. 23 (1969): 14761. 

ability for nuclear spin relaxation in a single-wall collision was low 
(~7 percent), in sharp contrast with the alkali 2S1; 2 case where practi
cally every collision completely disorients the electronic spin. This 
work demonstrated clearly that the nuclear orientation of an atom 
with nonzero orbital angular momentum, but with zero total angular 
momentum J, can relax very slowly. This slow relaxation is due to 
the short duration time of a collision compared with the period in the 
hyperfine frequency, even in a state with strong hyperfine coupling 
such as the 3P 1. In such cases, the well-established impact approxima
tion predicts that I and J are decoupled during the collision; there
fore, the nuclear orientation is unchanged since direct interactions 
with the nucleus are weak. With the attainment of long-lived nuclear 
polarization, it was possible to determine the nuclear moment of 207Pb with high precision. 
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1.4 Radiation from Low-Energy, Ion-Atom, and Ion-Molecule Collisions 

In 1968, N. H. Tolk initiated experimental investigations of 
low-energy (5 eV to 10 keV) ion-atom and ion-molecule coll.isions. 
His studies indicated that these collision processes can be very 
efficient in producing optical radiation arising from outer-shelll elec
tronic excitation of the colliding particles. These studies are of 
interest in understanding the atomic physics of high-altitude nuclear 
bursts and atmospheric reentry phenomena and have an impact on 
studies of auroral phenomena and on solar wind bombardment of 
comet gases. They also provide a fundamental insight into the 
detailed mechanism of the quasi-molecular collision process, where 
the particles are molecular entities for the duration of the collision 
but are not bound to each other.10 

The results of these experiments contradicted a popularly accepted 
principle known as the "adiabatic criterion," which predicted a very 
low probability for the occurrence of inelastic collisions that would 
result in optical radiation.U Specifically, at low energies (defined as 
encompassing the energy threshold for the inelastic effect with an 
upper limit of a few tens of kilo-electronvolts), it was found that in 
many cases the absolute emission cross sections were as large as they 
had been measured to be at much higher energies. This implied a 
highly efficient mechanism for transferring the kinetic energy of the 
colliding heavy particles into internal electronic energy. In addition 
to the observation of a wealth of newly observed effects, in many 
instances there was found to be pronounced oscillatory structure in 
the emission cross sections measured as a function of ion-bombarding 
energy. In the early 1970s, Tolk and C. W. White at Bell Labs, in col
laboration with S. H. Neff at Earlham College and W. Lichten at Yale 
University, observed strong optical polarization effects in low-energy 
Na+-Ne collisionsP [Fig. 6-2] 

These experimental results led to an explanation of low-energy, 
heavy particle collisions in terms of the quasi-molecule formed by the 
colliding particles during the collision. It was recognized that many 
quasi-molecular states may lead to the final atomic or ionic excited 
states involved in these collisions. If two or more of the molecular
state channels are assumed to lead to the same excited state, then the 
oscillations can be explained as arising from the quantum-mechanical 
phase interference between the two states. The existence of strong 
polarization effects constituted the first experimental observation of 
strong sublevel-state selection associated with collision quantum
mechanical phase-interference phenomena.13 

1.5 Anticrossing Spectroscopy 

In the mid-1970s T. A. Miller and R. S. Freund developed a spec
troscopic method based upon energy level anticrossings to study 
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Fig. 6-2. Quantum-mechanical phase interference between coherently 
related matter waves. The variatio~1 of intensity of two spectral lines, 
arising from the collision of ionized. sodium atoms (Na+) on neutral 
helium gas, is shown as a function of the energy of the moving sodium 
ion. In the collision., a coherent superposition of quantum states 
occurs-the result of .an exterial neon electron being associated with 
either an excited state of the sodium atom (rendering it neutral) or an 
excited state of neon. The upper levels of these excited states are near 
resonance, making possible quantum-mechanical phase inb:rference. 
The phenomenon res~:mbles the interference that occurs in R. A. 
Young's well-known two-slot experiment for electrons. [Tolk et al., 
Phys. Rev. At3 (1976)). 

interactions between singlet and triplet states of some of the simplest 
and, therefore, most fundamentally important atoms and molecules. 14 

[Fig. 6-3] In this method the singlet and triplet levels are tuned 
toward one another by an external magnetic field. They would cross 
except that near the point of crossing, weak interactions mix their 
wavefunctions and each level becomes a mixture of singlet and trip
let. Here the noncrossing rule of Wigner and von Neumann, one of 
the basic results of quantum mechanics, states that a pair of atomic or 
molecular energy levels c:annot intersect or cross unl,ess they are of 
completely different symmetry. Therefore, the levels r'epel each other 
when they approach as a function of a variable su<:h as magnetic 
field. This behavior is called an avoided crossing or an anticrossing. 
The exact field of the anticrossing can be measured by monitoring the 
fluorescence emission inhmsities from either level as a function of 
magnetic field. This field, and a knowledge of the magnetic behavior 
of the energy levels, permit calculation of the zero-field separation of 
that pair of singlet and triplet levels. 
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Fig. 6-3. Anticrossings between singlet and triplet levels of 

molecular deuterium. Within the circle at the top is a schematic 

illustration of an anticrossing, with the hypothetical energy levels 

in the absence of an interaction shown by dashed lines. The 

observed changes of visible light emission intensity are shown at 

the bottom. Their interpretation, in terms of energy levels and 

selection rules, is shown above. Uost et al., Chern. Phys. Lett. 

37, (1976): 5091. 
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Since singlet-triplet interactions are weakest when the nuclear 

charge is smalC little was known about the strength of the interac

tions and the relative positions of the singlet and triplet energy levels 

in the simplest and most fundamental atoms and molecules. For 
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example, although over 35,000 lines have been cataloged in the elec
tronic spectrum of molecular Hz, not one of these lines is assigned to 
a singlet-triplet transition. Thus, while the energies of the various 
levels within the singlet or triplet manifold are known to an accuracy 
of 10-5 electronvolt (eV) .. the absolute energy of any triplet Hz state 
with respect to the ground or any other singlet state was uncertain by 
over 10-2 eV. From experiments on several pairs of levels, Miller and 
Freund determined the absolute energies of all the triplet levels of Hz 
with respect to the singlet states to an accuracy as good as the known 
levels within each manifold. 

Besides determining the separation between singlet and triplet lev
els, the anticrossing technique also provided a unique metho..:!. for 
measuring the strengths of the inh:~ractions between the singlet and 
triplet states. Numerous measurements of spin-orbit and hyperfine 
coupling constants of Hz were made by this method. In addition to 
the results of Hz, anticrossing experiments have yielded similar infor
mation for singlet-triplet interactions in the helium atom and the D2 
molecules, and on double-quartet interactions in CN and ot. 

1.6 Laser Spectroscopy 

During the 1960s and 1970s, the development of the laser into a 
readily available source of tunable narrow-band, powerful, coherent 
optical radiation resulted in a rebirth of optical atomic spectroscopy. 
The first demonstration of spectroscopy with tunable lasers was pro
vided by C. K. N. Patel in 1963, when he measurE~d the Doppler 
broadening and the atomk temperature of a xenon discharge using a 
xenon laser with a tuned frequency at 2.026 ~-tm. 15 These seminal 
studies obtained a resolution of 1:108. New methods of spectroscopy 
that were capable of revealing new information about atomic systems 
were developed in laboratories throughout the world. 

1.6.1 Mechanism of Atomic Collisions i1'11 Helium-Neon Disch~1rge 

In 1971, P. W. Smith of Bell Labs collaborated with T. Hansch of 
Stanford University on experiments investigating atomic collisions in 
helium-neon discharges. 16 These experiments were initially motivated 
by the desire to understand the hellium-neon laser. In their experi
ment, two beams of light from a tunable laser pass in opposite direc
tions through a sample discharge. The Doppler effect causes moving 
atoms to sense these two beams as having different optical frequen
cies. The atomic motion c:auses the atom to view the laser frequency 
as shifted from w to w(1 ± v /c), where v is the atomic velocity along 
the beam and c is the speed of light The plus sign is taken for one 
beam, while the minus is taken for the other counter-propagating 
beam. If the laser is tuned to the exact atomic resonance frequency of 
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stationary atoms, atoms with zero longitudinal velocity will interact 
with both beams of light and the transmission of one beam will be 
modified by the other. If the laser is tuned away from exact reso
nance the Doppler shift will cause each beam to be resonant with a 
different velocity group of atoms and, hence, no transmission 
modification will result, unless collisions cause the atomic velocities 
to change. It was this sensitivity to atomic collisions that allowed the 
study of collisional processes within the discharge. 

In 1980, P. F. Liao and J. E. Bjorkholm at Bell Labs, in collaboration 
with P. R. Berman of New York University, extended the techniques 
of atomic collision studies with lasers by using two different lasers.17 

One laser was used to pump only atoms with a specific velocity into 
an excited state. The second laser then probed transitions from that 
excited state to another state. If there were no collisions, tuning of 
the second laser would reveal a very narrow absorption line. Colli
sions caused the line to broaden, with a resulting shape that was 
determined by details of the collision process. 

1.6.2 High- Resolution Spectroscopy 

The ultrahigh frequency resolution available with stabilized lasers 
enabled accurate determination of many fundamental atomic parame
ters. As an example, the saturation spectroscopy techniques used by 
Smith and Hansch in 1971 provided spectra whose linewidth was 
Doppler-free, because only the atoms with zero longitudinal velocity 
are observed in the absence of collisions. In 1972, a variant of this 
technique, called intermodulated fluorescence spectroscopy, was 
developed by M. S. Sorem and A. L. Schawlow at Stanford Univer
sity.18 In this technique, saturated absorption resonances are not mon
itored through changes in transmission, but by detecting changes in 
fluorescence. Furthermore, the two counter-propagating beams are 
modulated at different frequencies and only the component of the 
fluorescence that is modulated at either the sum or the difference fre
quency is recorded. In 1980 this technique was used by R. R. Free
man and coworkers to improve isotope shift measurement of the 
helium 23P-33D discharge by more than an order of magnitude.19 

They were also able to uncover details of hyperfine induced singlet
triplet mixing in 3He. 

Doppler-free two-photon spectroscopy was another technique 
developed in the 1970s. This technique, which is discussed in some 
detail in Section 6.1.1 of Chapter 5, allowed high-resolution studies of 
excited states such as the study of the 4f level in atomic sodium by 
Liao and Bjorkholm.20 

The high optical power available made it possible to determine 
many new properties of very highly excited states, including states 
that lie near the ionization limit of an atom. Among these studies 
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were the efforts of the group at M.I.T. headed by D. Kleppner to 
understand the effects of electric fields on highly excited states in 
atoms. At Bell Labs in 1978, Freeman and G. C. Bjorklund demon
strated the effects of electric fields on autoionizing states of multielec
tron atoms. 21 In 1979, Freeman and N . P . Economou discovered new 
electric-field-induced resonances in the normally featureless one
electron continuum above the ionization limit. 22 Similarly, the appli
cation of strong magnetic fields was found by Economou, Freeman, 
and Liao to produce structures in the continuum known as quasi
Landau levels. 

1.6.3 Subpicosecond Molecular Spectroscopy 

Early work in time-resolved spectroscopy of molecules used 
Nd:glass lasers that produced optical pulses in the 5 to 10 picosecond 
(ps) range. In 1974, the invention of the passively mode-locked dye 
laser by C. V. Shank and E. P. Ippen, [Fig. 6-4] and subsequent 
improvements, pushed the pulsewidth to 0.3 ps.23 In 1981, R. L. Fork, 
B. I. Greene, and Shank were able to generate pulses as short as 90 
femtoseconds (90 x 10-15).24 [Fig. 6-5] 

The availability of continuous trains of subpicosecond optical 
pulses has opened up a new field of high-resolution, time-resolved 

Fig. 6-4. C . Y. Sha nk (left) and E. P. lppen standing in front of their sub
picosecond dye laser. 
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Fig. 6-5. Autocorrelation function of a 
90-femtosecond (I0-15 second) optical 
pulse. This is the first optical pulse ever 
generated and measured having a 
duration of less than 0.1 picosecond. 
[Fork, Greene, and Shank, App/. Phys. 
Lett. 38 (1981): 672). 
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spectroscopy. These techniques have had an impact in solid state 

physics, chemistry, and biology, making it possible to obtain quantita

tive measurements instead of qualitative observations. Using these 

new techniques, the nonradiative relaxation rate in the molecule azu

lene was determined to be 1.9±0.2 ps,25 the first high-precision meas

urement for a very short life time associated with a nonlinear relaxa

tion process. Further, the techniques have been applied to numerous 

molecular investigations, including rotational relaxation in the dye 

3,3' -diethyloxadicarbocyanine-iodide (DODCI), picosecond photo

chemistry of bacteriorhodopsin, and measurements of time-resolved 

conformational dynamics in large molecules. 

1.7 Opto-Acoustic Spectroscopy of Gases and Pollution Detection 

In 1970, C. K. N. Patel and E. D. Shaw invented the spin-flip 

Raman laser (SFR laser), which provides tunable infrared radiation. 

(For more on this topic see Section 7.3 of Chapter 5.) The important 

characteristic of the tunable spin-flip Raman laser is its ability to pro

duce higher power than any other tunable source known to date in 

the infrared spectrum, where most molecules have their fundamental 

absorption bands. The application of tunable lasers with a 

calorimetric absorption measurement technique has revolutionized 

the measurements of minute gaseous constituents. This work, first 

reported by L. B. Kreuzer and Patel,26 relies upon the fact that in an 

absorption cell, the energy that is not transmitted because of absorp-
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tion by the constituents is eventually converted into thermal energy. 
If the radiation going into the absorption cell is periodically inter· 
rupted, some energy is converted into sound that can easily be picked 
up using a sensitive micmphone. This technique, called the spectra
phone technique, was first demonstrated by AlexandeJr Graham Bell,27 

J. Tynda11,28 and W. C. Roentgen29 toward the end of the 19th cen
tury. However, it took the discovery and invention of high-power 
tunable lasers for the technique to become a viable source of spectros· 
copy and a means of detecting extremely small concentrations of 
desired species. As in all calorimetric measurements, the sensitivity 
of this h~chnique improves as the amount of available power 
increases. For the case of the spin·flip Raman laser, where 
continuous-wave power in excess of 1 watt is availablE! between 5 and 
7 p,m, Patel showed that it is possible to detect nitric oxide pollution 
to a level of about 1 x 107 molecules per cubic centimeter (cc).30 At 
atmospheric pressure this corresponds to a volumetric mixing ratio of 
1 part in 1012• 

The spectrophone technique was first used in 1971 to measure 
nitric oxide in various samples, including ambient air samples col· 
lected in parking lots, near highways, and in the exhaust tailpipe of 
an automobile. This technique produces an output signal from the 
opto-acoustic cell that varies linearly with the concentration of the 
absorbing species over a very wide range. In the case of nitric oxide, 
this linearity has been shown to exist over a range from about 107 

molecules per cc to about 1014 molecules per cc. 31 No other known 
measurement technique .has this kind of linearity. The technique of 
using tunable laser radialtion, together with the opto-acoustic detec
tion technique, has wide applicability because all known polluting 
molecular gaseous species have absorptions in the infrared region of 
the spectrum. 

Several important measurements of pollutants have been made 
with the opto·acoustic technique. In the early 1970s, Patel and his 
colleagues at Bell Labs and at Sandia Laboratories instrumented a bal
loon package with an SFR laser and opto-acoustic cell so that mea· 
surements of nitric oxide concentration could be made at an altitude of 
28 kilometers.32 [Fig. 6·6] This concentration is an important parame· 
ter because it is known that nitric oxide acts as a catalyst to destroy 
ozone. Ozone in the stratosphere serves as a protective filter that 
prevents harmful ultraviolet radiation from reaching the surface of 
the earth. The Bell Labs and Sandia Laboratories group measured not 
only the concentration of nitric oxide but also its evolution and decay 
caused by solar radiation (represented by the photon energy hv). The 
chemical reactions of interest are: 
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N02 + hv NO + 0 

N02 + 0 -+ NO + 02 

NO + 03 - N02 + 02 

The measurements of the diurnal variation, together with the abso
lute concentration of nitric oxide, put the nitric oxide catalysis 
hypothesis on a firm observational basis. 

Another application of opto-acoustic spectroscopy was the analysis 
of gases arising from the reduction of nitric oxide on platinum 
catalysts.33 The gas concentrations and temperatures used in these 
laboratory measurements were similar to those that would be encoun
tered in an automobile exhaust treatment catalyst. It was seen that 
under certain conditions high concentrations of hydrogen cyanide 
(HCN), approximately 700 parts per million, were being reh~ased. 
The toxicity of HCN is well known-its emission is clearly undesir
able and potentially harmful. Subsequent studies by scientists from 
the Environmental Protection Agency confirmed these measurements. 
Thus, under certain conditions even automobiles with existing 
catalysts or future mandated catalysts could produce unacceptable 
concentrations of HCN. 

II. PLASMA PHYSICS 

A plasma is a collection of charged particles that are free to move 
either in response to mutual Coulomb interactions or in response to 
externally applied forces. One of the most striking characteristics of a 
plasma is the fact that the individual charged particles do not move 
independently, but owing to their mutual interactions, exhibit a wide 
range of collective motion. For example, as an ion moves in an ion
ized gas, a cloud of electrons moves with it to electrically shield the 
perturbation in the charge density. The radius of this shielding cloud 
of electrons is called the De bye length, '11.0 . For the collection of 
charged particles to exhibit the collective behavior characteristic of a 
plasma, there must be many particles in a sphere with radius '11.0 . The 
Debye length is proportional to the square root of the temperature of 
the plasma, and plasma temperatures can range from a few kelvin in 
solid state plasmas such as the electrons or holes in semiconductors, 
to 108K in the interior of stars or thermonuclear reactors. Plasma 
densities can also vary widely from values as low as 1 cm-3 to 
10 cm-3 characteristic of interstellar plasmas, to densities approaching 
1025 cm-3, such as those predicted for small pellets of solid heated by 
intense laser light. Therefore, it is not surprising that plasmas are 
relevant to a wide range of physical phenomena. 



224 Engineering and SciencE~ in the Bell System 

2.1 Gas Discharges and the Arc Plasma 

The earliest work in the area of plasma physics was related to the 
study of gas discharges.. In the early 1920s, K. K. Darrow wrote a 
series of tutorial articles on "contemporary advances in physics," 
which were published in the Bell System Technical Journal. The fifth 
article in this series, published in 1925, was entitled "Electrical 
Phenomena in Gases."34 As research on electron tubes progressed, 
high-frequency phenomena in discharges became more important. In 
1932 and 1933 Darrow discussed these phenomena in a two-part arti
cle entitled "High Frequency Phenomena in Gases."35 

2.1.1 Gas Discharge as a Circuit Element 

In 1939, S. B. Ingram pointed out that the glow dilscharge initiated 
in a gas-filled tube by a cold cathode has a number of interesting and 
useful electrical properties.36 For example, in contrast to the conven-
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Fig. 6··6. (A) Schematic: of the experimental setup used for spectroscopic 
determination of NO and ~120 in the stratosphere with a balloon-borne SFR laser. 
[C. K. N. Patel, Optical and Quantum Electronics 8 (1976): 147). (B) Top: 
Relative output signal as a function of the SFR laser magnetic field for NO, taken 
before ultraviolet sunrise. The NO absorption signals are expected to occur at 
magnetic fields of 2545 and 2605 gauss. Calibration in equivalent NO molecules 
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tional vacuum-tube, the cold-cathode device can start immediately 

when a voltage is applied and does not deteriorate when used in 

standby service. In this device the background gas is ionized to pro

duce a compensated plasma. Once this ionization (breakdown) is ini

tiated, the tube voltage decreases and is nearly independent of the 

current through the device. Work on cold-cathode devices was con

tinued in the 1940s,37 and in the 1950s M. A. Townsend and W. A. 

DepE developed a cold-cathode relay suitable for telephone switch

ing. 8 The resulting device used a hollow cathode because the 

geometry of a hollow cathode resulted in a low impedance circuit ele

ment particularly suited to switching applications. In 1958, A. D. 

White described an improved cathode geometry that maximized the 

cathode area.39 The resulting hollow cathode tube produced a rela

tively uniform, high-density plasma. For switching purposes this 

relay (which was called the talking-path tube) provided a fast,. low

impedance switch operable at a relatively low applied voltage.. The 

talking-path tube was used as the basic switching element in the first 

field trial of an all-electronic switching office conducted in Morris, 
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per cubic centimeter is given. Bottom: Relative output signal as a function of the 

SFR laser magnetic field for NO, taken after ultraviolet sunrise; NO absorption 

signals at magnetic fields of 2545 and 2605 gauss can be seen. Calibration in 

equivalent NO molecules per cubic centimeter is given, indicating an NO 

concentration of (2 ± 0.15) x 109 mol/cc. [Patel, Burkhardt, and Lambert, 

Science 184 (1974)]. 
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Illinois, from 1960 to 1962.40 However, an analysis of the data from 
this test determined that a mechanical device, the relay, offered supe
rior reliability and use of the talking-path tube was discontinued.41 

2.1.2 The Nature and Motion of Plasma Particles 

In 1946 Bell Labs initiated investigations into fundamental 
processes in gas discharges. Some years before, R. W. Engstrom and 
W. S. Huxford at Northeastern University had observed that the 
pulsed operation of a Townsend discharge could be used to separate 
various ionization processes occurring in the discharge.42 The Town
send discharge is a discharge in a low-pressure gas where the current 
is controlled by varying the flux of electrons emitted from the 
cathode.43 In 1948, R. R. Newton at Bell Labs extended the theoretical 
analysis of such a discharge to show that, with increased time resolu
tion, the measurements could be used to study specific processes such 
as ion-induced electron emission.44 During the same period, J. A. 
Hornbeck carried out experimental studies of these relatively rapid 
phenomena,45 while J. P. Molnar concentrated on slower processes in 
the discharge which, for example, involve metastable atoms and 
molecules.46 They were able to identify specific ionic reactions and to 
measure electron and ion mobilities, the cross sections for the reac
tion of excited-state and ground-·state atoms, and the lifetimes of 
metastable states. 

Hornbeck provided precise measurements of the mobility of ions in 
rare gases (for example, helium, neon, and argon).47 His studies 
covered a sufficiently large range of electric fields to enable him to 
examine changes in tht! mobility in the regime where the energy 
gained by ions between collisions is comparable to,. or larger than, 
the thermal energy of neutral atoms in the background gas. This 
problem was considered from a theoretical viewpoint in a series of 
papers by G. H. Wannier.48 He pedormed detailed computer calcula
tions and obtained excellent agreement with the experimental mobil
ity measurements over a wide range of applied electric fields. [Fig. -
6-7] In addition to this, Wannier calculated detailed, three
dimensional, ion velocity distributions that provided great insight 
into the effect of the E!lectric field oh the ions in this nonlinear 
regime. 

Hornbeck and Molnar discovered that molecular ions were a very 
important ion species in discharges in the rare gases.49 They 
identified a process for the formation of these ions (now referred to 
as the Hornbeek-Molnar process), which can be written 

x + x·- xt + e-
where x• denotes a rare gas atom in an excited electronic state. R. N. 
Varney extended the mobility measurements made by Hornbeck to 
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Fig. 6·7. (A). Drift velocity in an electric field of Ne+ ions in neon 

gas. Comparison of observed results with an "asymptotic" straight 

line of slope Vz. (B). Velocity distribution function of ions moving 

through the parent gas in a high field. [Wannier, Bell System Tech. 
J. 32 (1953): 190, 2161. 
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measure the mobilities of krypton and xenon and the molecular ions 
of nitrogen and oxygen, and in 1954 he extended the analysis of the 
pulsed discharge.50 In addition, Varney measured the activation ener
gies for reactions involving molecular ions by studying the tempera
ture dependence of the time-resolved currents. 

K. B. McAfee used the pulsed-discharge technique to study thl~ pro
cess of electron capture by neutral SF6 molecules, and discovered that 
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SF6 had an extremely large electron-capture cross sedion.51 He found 
that the cross section for collision of these negative ions with neutral 
atoms was very large in SF6 relative to that found for negative ions in 
other gases. A. J. Ahearn and N. B. Hannay studied the electron cap
ture process in low-preHsure SF6 gas using a mass spectrometer.52 The 
practical consequence was that it was very difficult to initiate a 
discharge in SF6, and this gas became widely used in high-voltage 
engineering applications to prevent electrical breakdown. 

Later, McAfee and D. Edelson were the first to install a mass
analyzer in situ in a pla~>ma discharge to study the ions directly. Sub
sequent studies by McAfee and coworkers focused on more compli
cated reactions of ions and molecules that are important in plasma 
chemistry. For example, Edelson, J. A. Morrison, and McAfee con
sidered the time-dependent diffusion in a discharge of multi-ion 
species . .s3 

2.1.3 Breakdown Phenomena and the Plasma Arc 

Plasma phenomena frequently occur even in mechanical switches, 
usually with deleterious results. Arcing in switchE!S and relays has 
been a fundamental problem in the telephone system since the begin
ning of the industry. Consequently, the arc plasma has been the 
focus of considerable research activity at Bell Labs. From a plasma 
physics point of view, lthe arc plasma is a relatively dense and long
lived laboratory plasma of considerable interest and importance. In 
the arc plasma, ions can originate from the electrodes, as opposed to 
the Townsend discharge where ions originate from neutral gas atoms 
in the space between the electrodes. From a practical viewpoint, the 
erosion of material from electrical contacts and contact melting are 
phenomena to be avoided if at all possible. Prior to the late 1940s it 
was believed that an arc in air can exist only when the potential 
between the electrodes is of the order of 300 volts. Yet in telephone 
relays, discharges appeared to erode electrical contacts operating at a 
potential difference of only 48 volts. Some work at the turn of the 
century had indicated that low voltage arcs were possible, but this 
was somehow disregarded by workers in the field. Bell Labs 
researchers, motivated by problems concerning the erosion of electri
cal contacts, came to understand the physics of the low-voltage arc in 
detail. A crucial feature of these discharges is the fact that upon clo
sure of a pair of contacts, a discharge occurs only when the electrodes 
are closer than a few thousand angstroms. 

In 1948, L. H. GermE!r and F. E. Haworth studiedl the low-voltage 
discharge between close electrodes. They hypothesized that because 
the discharge occurs on a very short time scale, field emission might 
initiate the discharge but another process must be involved in the 
intense and rapid ejection of electrons.54 Newton correctly explained 
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this process as field emission assisted by the presence of individual 
positive ions close to the cathode.55 J. J. Lander and Germer wrote the 
first of a series of papers on the erosion of electrical contacts in an 
arc. They found that these processes are related to the power dissipa
tion at the metal surface that causes evaporation and melting.56 In 
1955, ion-assisted field emission was studied further by W. S. Boyle 
and P. P. Kisliuk,57 and in 1956 the transition from a glow discharge 
to arc plasma was studied in detail by Boyle and Haworth.58 These 
studies achieved a quantitative understanding of the arcing 
phenomenon. Germer and Boyle showed that two distinct types of 
arc are possible depending on the surface conditions of the elec
trodes.59 [Fig. 6-8] Field emission and ohmic heating can lead to 
cathode erosion in the cathode arc. However, if the cathode surface 
is sufficiently smooth, the anode melts before appreciable cathode 
erosion, and in this case, material from both the cathode and anode 
can contribute to the discharge. 

4.2 x 106 V/cm 

ANGSTROM UNITS x 103 

8.9 X 106 V /em 

Fig. 6-8. Striking distances between palladium electrodes at 300 
volts for arcs of the anode and cathode types. [Germer and Boyle, 
J. Appl. Phys. 27 (1956); 36). 
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The process of breakdown between close electrodes was studied 
further by Kisliuk and Germer in 1959. Germer showed experimen
tally that the number of ions involved was small enough to eliminate 
the possibility that the field of many ions together was important in 
enhancing electron emission.60 This work was, in fact, a final 
confirmation of the sin~~le-ion model proposed by Newton a decade 
earlier. Kisliuk predicted theoretically that the ion-enhanced field 
emission would be important in breakdown in gases, liquids, and 
solids, but would not be effective in vacuum.61 Because of the ion's 
relatively high velocity, it spends too little time close to the surface to 
enhance the field emission significantly in a vacuum. 

Breakdown in gases with ac fields differs significantly from that 
observed when de electric fields are applied. In 1955 D. J. Rose at 
Bell Labs and S.C. Brown at M.I.T. studied microwave breakdown in 
N2, 0 2, and air.62 They were able to make a quantitative model of the 
observed phenomena and relate them to previous observations with 
de fields. 

2.2 The Collective Modes of Plasmas 

2.2.1 Collective Modes of Ionized Gases and Electron Beams 

The pioneering experiments on gas discharges conducted at the 
General Electric Company in the 1920s, and at Bell Laboratories in the 
1930s and 1940s led to many basic discoveries conc~~rning collective 
modes in plasmas. This research was motivated by interest in the 
discharge phenomena that occurred in the early eledron tubes. The 
study of noise in these tubes and the quest for highE~r oscillating fre
quencies led to the study of a wide range of plasma phenomena 
which, for example, limit the power output and frequency response 
of the electron tube. 

It was I. Langmuir at General Electric who, in 1928, coined the 
work "p1asma" in the context used here. He showed that the 
approach of electrons to a Maxwellian velocity distribution depends 
on collective plasma modes,63 and, with L. Tonks, he identified the 
two basic collective modes of oscillation of an unmagnetized 
plasma.64 These modes are the electron plasma oscillation, with the 
frequency Wpe/21r proportional to the square root of the electron den
sity, and the ion acoustic wave, which is a type of sound wave where 
the pressure is mediated by the Coulomb force. The ion acoustic 
wave has a frequency wa/21r which is proportional to the wave vector 
K of the wave (K -21r/A) and to the square root of the electron tem
perature. As discussed below, these two collective modes are impor
tant to both linear and nonlinear phenomena in plasmas. 

As mentioned abov~~, the earliest considerations of plasma 
phenomena at Bell Laboratories were related to electron tub.es. In 
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1934, G. L. Pearson discussed the effect of space-charge fluctuations 
associated with positive ions on vacuum tube noise,65 and in 1938, A. 
J. Rack studied the effect of space charge and transit time on tube 
noise.66 In 1939, F. B. Llewellyn and A. E. Bowen studied methods of 
producing high-frequency signals in electron tubes,67 and in the same 
year J. R. Pierce discussed the effects of space charge in the design of 
intense electron beams.68 In 1943, Llewellyn and L. C. Peterson wrote 
down the frequency-dependent equations that describe accurately the 
electron stream in a diode.69 However, the final spark for much tech
nological development and plasma physics discoveries was the inven
tion in 1946 by R. Kompfner, who was then at Oxford University, of 
a new type of high-frequency amplifier called the traveling wave 
tube (TWT).7° 

Pierce immediately realized that the TWT had great potential as a 
broad-band amplifier.71 In the course of analyzing and improving the 
basic design of the TWT, several important discoveries of significance 
to plasma physics were made. The collective modes of oscillation of 
the electron beam traveling along the axis of a helix are essential in 
the TWT geometry. The helicat slow-wave structure provides a way 
of phase matching electromagnetic radiation to these collective beam 
modes. Pierce's analysis of the TWT started with a detailed con
sideration of the collective modes of the electron beam.72 [Fig. 6-9] 
His analysis of the coupled electron-beam, slow-wave structure prob
lem included a component of the wave traveling anti-parallel to the 
direction of the beam propagation. This mode is the fundamental 
constituent of the "backward-wave, voltage-tuneable oscilllator" 
developed by Kompfner and N. T. Williams?3 Also included in these 
analyses were the situations where the beam travels through a back
ground of positive ions, 74 where there are multiple electron 
streams,75 and where the beam has a velocity spread, that is, a "'finite 
temperature beam."76 (For more on Pierce's work see the chapter on 
vacuum tube electronics in the forthcoming volume on communica
tions science research.) 

More than a decade later collective modes in strongly magnetized 
plasmas were studied in considerable detail by S. J. Buchsbaum. In 
1961, he studied the absorption of radio-frequency radiation near the 
ion-cyclotron resonance frequency.77 The ion cyclotron frequency, 
wc;/211', is the frequency of oscillation of a charged particle In the 
direction perpendicular to an applied magnetic field. In Buchsbaum's 
experiments on plasmas with more than one ion species, as the 
plasma density was increased the collective behavior shifted from the 
individual ion resonances to the hybrid, ion-ion resonance frequency 
that depends on the masses of all of the ions in the plasma. These 
results have been applied to the interpretation of heating fusion plas
mas with radio-frequency waves near the ion-cyclotron frequency. 
The fact that the absorption of radiation may be controlled by the 
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Fig. 6-9. Possibl(: modes of oscillation of an electron beam 
coupled to a slow-wave circuit structure-the helix in a 
traveling wave tube. This calculation was one of the: first 
analyses of the nonlinear interaction of modes in a pl:asma. 
Here K is the wave vector, which is inversely proportio1~al to 
the wavelength (K = 27r/'A), and Kc (21f/ll) is the wave vector 

of an electromagnetic wave propagating down the slow wave 
structure in the albsence of an electron beam. The frequency 
unit is the electron-beam velocity divided by the c:ircuit 
wavelength. The dotted line represents two modes-one 
increasing in amplitude and one damped in space. The 
growing mode produces the microwave power in the traveling 
wave tube circuit.. This type of calculation-one of th•~ first 
analyses of the nonlinear interaction of modes in a plasma
has become a cornerstone of modern plasma physics. 

relative concentration of various ion species may prove to be of 
significant practical valut~ in heating fusion plasmas. 

In 1964, Buchsbaum and A. Hasegawa [Fig. 6-10] found a series of 
narrow microwave absorption peaks near harmonics of the electron
cyclotron frequency?8 They identified these absorption peaks as long
itudinal plasma oscillations propagating perpendicular to the mag
netic field. The Buchsbaum-Hasegawa resonances, as they became 
called, are dependent upon the density gradients in the plasma and 
propagate, for example, near the axis of cylindrical arc discharges. 
They are closely related to the modes in a uniform plasma predicted 
theoretically by I. B. B•ernstein and provide the first experimental 
observation of this rather general class of waves.79 A similar micro
scopic wave that exists in the central region of a hot plasma was 
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Fig. 6-10. S. J. Buchsbaum (left) and A. Hasegawa identified the longitudinal 

modes of oscillation of an inhomogeneous magnetized plasma now known as the 

"Buchsbaum-Hasegawa resonances." Buchsbaum also developed theories of cyclot ron 

resonance in plasmas containing multiple ion species and the propagation of waves 

in solid-state plasmas. He has held various technical leadership positions at Bell 

Labs and became executive vice president in 1980. Hasegawa has made many 

other fundamental contributions to plasma physics, including the development of the 

theory of Alfven waves in a hot plasma and nonlinear theories of waves in 

magnetized plasmas. 
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described theoretically by Hasegawa and L. Chen in 1975.80 This 
"kinetic Alfven wave" is the analog in a hot plasma of the familiar 
Alfven wave (which is a wave in a cold magnetized plasma named 
after the Swedish Nobel laureate H. Alfven).81 Since the kinetic 

Alfven wave has a component of electric field parallel to the mag
netic field, it is very effective in heating the plasma particles.82 

2.2.2 Wave Damping and "Pseudowaves" 

Another facet of wave propagation in plasmas is the mechanism for 
wave damping. L. D. Landau of the Soviet Union proposed a 
mechanism for wave damping in a collisionless plasma that involves 
the interaction of the wave with a group of ions or electrons moving 
with velocities nearly equal to the wave-phase velocity.83 In 1981, P . 
M. Platzman and Buchsbaum included the effects of collisions in the 
theory of electron Landau damping and showed that the wave damp
ing depends critically on the collisions of electrons trapped in the 
potential troughs of the wave.84 Their paper was the first discussion 
of the importance of particles trapped in waves on wave damping-a 
subject that became recognized as central to many phenomena in 
plasma physics. 
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Because of the long-range nature of the Coulomb force, a type of 
sound wave called the ion-acoustic wave can propagate even in a col
lisionless plasma. G. M. Sessler and G. A. Pearson at Bell Labs stud
ied ion-acoustic waves in weakly ionized plasmas with electron tem
peratures much larger than ion temperatures.85 They found that in 
this case, the wave damping is predominantly caused by collisions of 
ions with neutral atoms. They also discovered that another distur
bance propagates in the plasma with a phase velocity near the velo
city of the ion-acoustic wave. However, in contrast to the ion
acoustic wave, this mode can exist at frequencies above the ion-plasma 
frequency. This disturbance, now known as the pseudowave, is the 
ballistic motion of groups of ions that was predicted in the second 
half of Landau's paper on damping. Pseudowaves are important 
because they damp more slowly than do ordinary waves generated in 
the plasma. The role of the Landau damping and collisional effects at 
the transition frequency from the collisional to the collisionless ion
acoustic wave was later studied theoretically by T. Huang, Chen, and 
Hasegawa. 86 

2.2.3 Collective Modes of Solid-State Plasmas 

The charge carriers in semiconductors and metals, the electrons and 
holes, can act collectively in a manner similar to that of the electrons 
and ions in gas plasmas. This collective behavior has been the subject 
of numerous experiments designed both to study the nature of the 
collective modes in "solid-state plasmas" and to use these modes as 
tools to investigate other properties of semiconductors and metals. 

There are many similarities between plasmas in solids and in gases, 
but there are also distinct differences. Plasmas in solids can be 
created with sufficiently high densities and at sufficiently low tem
peratures, T, that the quantum nature of the system is important. By 
the Pauli exclusion principle, each identical electron or hole must 
occupy a distinct state in phase space. When the plasma density is 
made high enough, the last occupied states must have a Fermi 
energy, E1, which can be large compared with the thermal energy, 
kT. In this case, only particles in the range of energies, E, such that 
IE-Et I ~ kT play a role in the transport properties of the system, 
since only these particles can be thermally excited. The resulting 
quantum plasmas can exhibit many interesting and important 
phenomena. Another difference between gaseous and solid-state 
plasmas arises from the presence of the lattice in the solid. The 
interaction between the electrons and holes and the lattice is usually 
quite strong. Consequently, the collective modes are frequently 
heavily damped, and the plasma is nearly in equilibrium with the lat
tice even in the presence of external driving forces. 
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The collective nature of solid-state plasmas was first observed 
experimentally by Boyle, A. D. Brailsford, and J. K. Galt in 1958.87 In 
studying the magneto-optical properties of bismuth at liquid-helium 
temperatures, they observed changes of the reflection coefficient of 
the solid. Reasoning by analogy with the case of a plasma in zero 
magnetic field, they interpreted these changes as evidence for the 
excitation of collective modes. In 1959, Galt and coworkers pro>vided 
additional evidence that the regions of strong absorption between 
cyclotron harmonics could not be explained by the single-pruticle 
behavior of the charge carriers. 88 These features were interpreted in 
1961 b~ Buchsbaum and Galt to be caused by the excitation of Alfven 
waves. 9 They also pointed out that, because of the relatively high 
plasma densities achievable in solid state plasmas, the phase velocity 
of Alfven waves is small compared to the speed of light; conse
quently, a sample of modest size can be many wavelengths across. 
Therefore, Alfven waves could be studied more conveniently in solid 
state plasmas than in gas plasmas. G. A. Williams and G. E. Smith 
subsequentllc investigated in detail the propagation of Alfven waves 
in bismuth. 0 

Another collective plasma mode is the helicon. This wave was first 
discovered in radio research, where it was called the whistler wave, 
named for the characteristic sounds that whistler waves (excited by 

lightning strokes) make when detected by a radio receiver. The heli
con is a circularly polarized electromagnetic wave that can propagate 
at frequencies w << Wee through a plasma even when w is smaller 
than the plasma frequency Wpe. In this wave, the electric field vector 
rotates in the same direction in which the electrons spiral around the 
magnetic field lines. The transverse electron motion then produces 
an effective dielectric constant, which is of opposite sign to that of 
the dielectric constant without a magnetic field, and consequently, 
electromagnetic wave propagation is permitted. The existence of this 
mode in solid-state plasmas was pointed out by 0. V. Konstantinov 
and V. I. Perel91 and by P. Aigrain,92, and it was first observed exper
imentally in metallic sodium by R. Bowers, C. Legendy, and F. Rose 
at Cornell University.93 

At Bell Labs, helicons were studied exyerimentally in silver by C. 
C. Grimes, G. Adams, and P. H. Schmidt9 and discussed theoretically 
by Buchsbaum and P. A. Wol££.95 By varying the orientation of the 
magnetic field with respect to some crystal axis, they were able to 
pass from a regime of essentially single-particle behavior to pro>pagat
ing helicon waves, and finally to a nearly compensated situation (that 
is, equal numbers of electrons and holes), supporting rather heavily 
damped Alfven waves. A unified analysis, tying together both the 
cyclotron resonances of the individual carriers and the plasma-like 
variations in the dielectric response of the solid near the plasma 
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hybrid resonances, was achieved for bismuth by Smith, L. C. Hebel, 
and Buchsbaum.96 Later, Grimes and Buchsbaum studied the interac
tion between helicon waves and transverse sound waves in potas
sium.97 The damping of helicon waves in metals can be used to study 
properties of the Fermi surface, since the condition for Landau damp
ing involves the momemtum associated with the Fermi energy. A. 
Libchaber and Grimes studied the damping of helicon waves in potas
sium.98 [Fig. 6-11] D. J. Bartelink99 and C. Nanney100 discussed the 
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Fig. 6-11. Series of traces showing how Landau damping 
attenuates the transmitted signal as the angle between the field 
and the propagation direction increases. [Libchaber and 
Grimes, Phys. R.ev. 178 (1969): 11501. 
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effects of electrical currents on Alfven and helicon waves in solid 
state plasmas at current values below the threshold for instability. 

In 1965, W. M. Walsh and Platzman discovered a set of linearly 
polarized waves propagating perpendicular to the applied magnetic 
field at frequencies between the electron cyclotron harmonics.101 

These waves are analogous to the Bernstein waves in gaseous plas
mas102 that had been observed in an inhomogeneous plasma by 
Buchsbaum and Hasegawa.103 They have a short wavelength (as com
pared, for example, to Alfven or helicon waves) and were shown in 
solid state plasmas to depend on correlations of electron motion.104 

Platzman, Wolff, and N. Tzoar considered the scattering of light 
from collective modes (for example, Bernstein waves) in solid state 
plasmas.105 C. K. N. Patel and R. E. Slusher studied these collective 
modes in plasmas in InAs106 and GaAs.107 

S. Schultz and G. Dunnifer at the University of California at La Jolla 
observed another plasma mode in sodium and potassium.108 These 
data were first interpreted by Platzman and Wolff, who showed that 
the new mode arises both from the quantum nature of the plasma 
and from the exchange interaction between electron spins.109 Study 
of this "spin wave" allowed a sensitive test of theories of interacting 
quantum liquids. T. M. Rice calculated parameters appropriate to 
sodium and potassium from Landau's theory of Fermi liquids and 
obtained excellent agreement with the experimental results.110 These 
experiments and calculations for the spin waves in potassium and 
sodium provide a very important part of our understanding of 
charged quantum liquids. 

2.3 Plasma Instabilities 

2.3.1 Electron and Ion Beam Instabilities 

In some plasma systems the available energy drives collective 
plasma modes to instability. One example is the traveling wave tube, 
(TWT) where energy in the electron beam drives a mode on the beam 
to large amplitudes while simultaneously coupling energy to an elec
tromagnetic mode on the slow-wave structure surrounding the beam. 
However, in the late 1940s the traveling wave tubes had sufficiently 
poor vacuum so that there were always positive ions present, forming 
an electron-ion plasma and creating a source of noise. In studying 
this noise, J. R. Pierce discovered the electron-ion, two-stream insta
bility.111 In this instability, beam energy is used to excite ion-acoustic 
waves (that is, sound waves in the plasma) at frequencies below the 
ion-plasma frequency. In other areas of plasma physics this instabil
ity has turned out to be very useful. For example, when excited to 
high levels, the ion waves can scatter the electrons in the beam. This 
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leads to a greatly enhanced electrical resistivity. Because of this 
effect, the electron-ion two-stream instability became recognized as an 
effective method of plasma heating. 

Another geometry of the electron beam that Pierce considered in 
detail was the "double-stream amplifier" where two beams of elec
trons travel along the same axis (for example, a hollow beam sur
rounding a solid beam) with different beam velocities.112 The func
tion of the helical structure in the TWT is replaced by the second 
beam, which can also support a slow electromagnetic wave. This was 
the first consideration of the electron-electron two-stream instability, 
which is also recognized to be important in many situations in 
plasma physics. In Pierce's early work on electron beams in the pres
ence of background ions, he discovered a very low-frequency instabil
ity that can limit the maximum electron-beam current.113 This insta
bility, which is known as the Pierce instability, has been recognized 
to be important in connection with nonlinear plasma excitations 
called double layers. 114 

Other aspects of beam instabilities, such as the effect of a finite
temperature electron beam and the interaction of the nearly resonant 
particles with a wave, were studied during this period. The latter is 
the situation that is now referred to as Landau damping, but was 
studied independently of Landau's work in the 1940s and early 1950s 
by Bell Labs scientists. 

In 1951,. S. Millman, in the course of developing an amplifier at a 
frequency of 50 gigahertz (GHz), identified a new wave in the 
TWT.115 He observed spurious oscillations in the tube under certain 
operating conditions. Measuring the wavelength of these oscillations 
as a function of tube voltage, Millman showed that they were caused 
by waves traveling in the direction opposite to that of the electron 
beam. These backward waves on the electron beam were actually 
included in Pierce's analysis of the TWT but were not appreciated at 
the time. In 1952, Kompfner and N. T. Williams designed the 
voltage-tuneable backward-wave oscillator based on this collective 
mode of the electron beam.116 The backward wave oscillator is a case 
of an "absolute instability," which grows simultaneously at all points 
in space. This is in contrast to the case of the TWT, which is an 
example of a "convective instability" (growing from a particular point 
in space). The distinction between convective and absolute instabili
ties is another important result that has had many applications in 
plasma physics. A detailed analysis of the problem of the electron 
beam coupled to a periodic structure with particular emphasis on the 
case of the backward wave oscillator was made by L. R. Walker at Bell 
Labs in 1953.117 

Walker was also the filrst to write down the general condition for 
the stability of the collective modes of an arbitrary distribution of 
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plasma particles.U8 This condition is frequently referred to as the 
"Penrose criterion," after 0. Penrose who rederived it several years 
after Walker. 119 This analysis can be applied to an arbitrary velocity 
distribution to give qualitative insight into the problem without 
detailed calculations. For this reason it is useful in the analysis of a 
great number of plasma problems. 

Work on electron beams continued at Bell Labs into the late 1950s. 
The quest for higher-power electron beams led to the discovery and 
study of instabilities in the important case of a magnetic field parallel 
to the direction of propagation of the beam. In the case of a mono
energetic ("zero temperature") electron beam, there exists a self
consistent steady-state solution that is referred to as Brillouin flow. 
Generalizations of Brillouin flow were discussed by WalkerJ2° He 
also treated the problem of energy storage and power flow in electron 
beams. 121 Other electron-oeam phenomena were discussed by C. C. 
Cutler,l22 W. W. Rigrod,123 Rigrod and Pierce,l24 and A. AshkinP5 

The case of the three-dimensional ion-acoustic instability driven by 
the flow of electrons in a plasma was studied by Slusher, C. M. Surko, 
and D. R. Moler in collaboration with M. Porkolab at the Princeton 
Plasma Physics Laboratory.126 [Fig. 6-12] They developed small-angle 
C02 laser scattering techniques to study the wave vector and fre
quency spectra of density fluctuation phenomena in plasmas.127 They 
applied these techniques to measure the wave vector distribution of 
the ion-acoustic fluctuations as a function of electron current in order 
to understand the nonlinear mechanisms involved in determining the 
saturated state of the instability. 

In addition to electron beams and currents, ion beams can also gen
erate plasma instabilities. R. P. H. Chang128 and H. Ikezi at Bell Labs, 
with collaborators from Princeton University, studied the excitation 
of the lower hybrid wave (having a frequency close to the ion plasma 
frequency) by an ion beam.129 In a related set of experiments, R. A. 
Stern, in collaboration with scientists from the University of Califor
nia at Irvine,130 and Ikezi in collaboration with a group at Princeton 
University, 131 studied the excitation of the electrostatic ion cydotron 
instability by an ion beam. Stern and J. A. Johnson at Rutgers 
University developed a diagnostic technique using a laser to 
resonantly excite the fluorescence of ions in a plasma.132 The ion 
fluorescence radiation is spread in frequency by Doppler shifts caused 
by the ion motions and is therefore a measure of the ion velocity dis
tribution. This technique was used to study the spatial distribution of 
ion heating caused by the ion-beam induced instability. These ion
beam instabilities may play important roles in heating fusion plasmas. 
In particular, there is evidence that these instabilities are created 
when "neutral beams" (that is, neutralized ion beams) are used to 
heat fusion plasmas. 
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Fig. 6-12. Optical arrangemlmt used by Slusher and Surko to study waves and 
fluctuations in plasmas. The waves of interest typically have wavdengths (II.) in the 
range of a few millimeters corresponding to wavevectors K (K- 27r/A) near 20 cm-1• 
The techniques used to study small scattering angles ((J - 0.1 ·) permit the study of a 
wide range of wavelengths with only a small angular access to the plasma. The scattered 
radiation (S) is heterodyne-det,:cted using a reference local oscillator beam (LO). This 
detection method permits the study of very small perturbations in plasma density (- 107 

electrons/cm3
). These techniques were applied to a wide range of plasma problems (See 

references 126, 127 and 160). 

2.3.2 Parametric Decay 

The parametric process is a nonlinear coupling between three 
waves with frequencies f 11 , f 2, and f 3 such that 

f 1 = /2 + /3· 
For example, by modulating an electron beam at frequency f 0, a wave 
at fo/2 can be amplified with the power supplied at fo. Shortly after 
H. Suhl proposed the first parametric amplifier using a ferromagnetic 
sample in a microwave cavity,l33 T. J. Bridges,134 and W. H. Louisell 
and C. F. Quate135 discussed the use of the modes on an electron 
beam to amplify microwave-frequency signals. Parametric processes 
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have been found to be very important in plasma physics and have 
been studied in a wide range of situations. J. M. Manley and H. E. 
Rowe recorded the general relationships that govern parametric 
processes.136 These equations, now known as the "Manley-Rowe rela
tions," have had many applications to nonlinear plasma processes. 

In 1966, Stern and Tzoar performed the first experiments to study 
parametric processes in a compensated plasma.137 They injected 
microwaves into a plasma to excite an electron-plasma wave and an 
ion-acoustic wave. They also demonstrated that a plasma wav1e could 
be excited by two microwave signals whose frequency difference was 
that of the plasma wave.138 In 1969, Stern studied another parametric 
process where a microwave signal decays into two lower--hybrid 
waves.139 

Later, Chang at Bell Labs, in collaboration with Porkolab and M. 
Ono at the Princeton Plasma Physics Laboratory, studied the 
parametric decay of radiation near the ion cyclotron frequency in 
plasmas with more than one ion species.140 They found that the elec
tromagnetic radiation can decay into the ion-ion hybrid mode (which 
had been discovered previously by Buchsbaum), and a lower
frequency drift wave. This process may be important in situations 
where plasmas are heated using power near the ion-cyclotron fre
quency. 

The parametric decay processes of modes in the plasma are also 
important. Chang and Porkolab showed that a lower-hybrid wave 
excited in the plasma can decay into another lower-hybrid watve and 
either an ion quasi-mode (an over-damped ion-acoustic acoustic: wave) 
or a nonoscillatory mode near zero frequency. 141,142 ThE!Y also 
observed heating of the particles in the plasma as a result of these 
parametric instabilities, which again may play an important role in 
the heating of fusion plasmas. The theory of plasma heating by non
linear excitation of the lower-hybrid waves was studied by Hasegawa 
and Chen.143 Hasegawa studied the decay of a plasma wave (that is, a 
Langmuir wave) into two electromagnetic waves, 144 and Hasegawa 
and Chen 145 showed that the decay of the kinetic Alfven wave can be 
important in plasma heating. 

Parametric decay processes are also important in the nonlinear 
development of plasma instabilities. Stern, J. F. Decker, and Platzman 
studied the decay of modes excited in a plasma by an ion beam.146 

Ikezi, Chang, and Stern studied the nonlinear wave interaction 
between electron-plasma waves (excited by an electron beam) and 
ion-acoustic waves.147 They observed that the electron-plasma wave is 
trapped in a wave packet of ion-acoustic modes. 

An important application of the parametric decay instabilities is the 
free electron laser that utilizes the stimulated Raman or Compton 
scattering from a relativistic electron beam to up-shift the radiation 
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from a lower-frequency laser beam.148 In this application, Hasegawa 
and coworkers showed theoretically that the limitation in the laser 
gain is caused by heatin;g the electron beam by a large pump field, 
and they obtained the condition for the optimization of the gain.149 

2.3.3 The Disruptive Instal•ility in Tokamaks 

The tokamak is a prototype fusion device that uses a toroidally 
shaped magnetic field configuration to contain a hot plasma. In the 
tokamak, a current induced in the plasma both stabilizes and heats 
the plasma. In general, this device has been quite successful in 
achieving hot, dense, well-contained plasmas. However, some 
regions of density and plasma current have been unachievable 
because of the appearance of an instability of the plasma called the 
"disruptive instability." This instability can cause the plasma to strike 
the wall of the containin~; vessel. H. Ikezi and K. F. Schwartzenegger 
at Bell Labs, in collaboration with S. Yoshikawa at Princeton Univer
sity, have developed a new magnetic field design for the tokamak.150 

They invented a winding that looks like a zipper, which, when 
placed on the outer major radius side of the plasma, helps to stabilize 
and control it. This design appears to be particularly useful in study
ing and controlling the disruptive instability. 

2.3.4 Instabilities in Solid-State Plasmas 

Instabilities have also been created and studied in a number of 
solid-state plasmas where the collective modes are excited by electri
cal currents in the plasma. Buchsbaum, A. G. Chynoweth, and W. L. 
Feldmann observed the generation of microwave radiation when elec
tric and magnetic fields were applied to a plasma in In5b.151 Similar 
phenomena in BiSb alloys were later studied by C. A. Nanney at Bell 
Labs and E. V. George at M.I.T.152 D. J. Bartelink studied instabilities 
created in bismuth plasmas, including those involving helicon and 
Alfven waves.153 He found that both "convective" instabilities (that 
is, growing in space) and "absolute" instabilities (growing in time at 
all points in space) could 1be generated in these plasmas. 

2.4 Highly Nonlinear Plasma States 

2.4.1 Plasma Turbulence 

Plasma turbulence is a relatively common phenomenon that, in 
general, is not well understood. Several problems in plasma tur
bulence of practical significance have been considered at Bell Labs. 
Upon re-entering the atmosphere, satellites and missiles generate a 
turbulent plasma, an area studied as part of the National Defense 
research conducted in the 1960s. D. S. Bugnolo studiE~d theoretically 
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the turbulence in weakly ionized gases characteristic of the wakes of 
reentry vehicles.154 He considered the nature of the fluctuations, the 
effect of velocity shear on these fluctuations, and the effects of aniso
tropies in the velocity distribution of the plasma particles. He also 
considered the problem of an electrical breakdown in a flowing 
gas.155 V. L. Granatstein}56 and Granatstein, Buchsbaum, and Bug
nolo,157 studied experimentally the resulting neutral and plasma den
sity fluctuations when a plasma is present in a turbulent neutral gas 
flow. They found that if the plasma electrons are not in thermal 
equilibrium with the neutral gas, differences between the neutral 
fluid turbulence and the plasma turbulence can result. Finally, K. B. 
McAfee and R. M. Lum studied cesium plasmas in the wakes of 
spheres entering the earth's atmosphere.158 

In a fully ionized plasma, C. N. Judice, J. F. Decker, and Stem stud
ied theoretically and experimentally the highly nonlinear evolution 
of large-amplitude, ion-acoustic waves.159 [Fig. 6-13] They found that 
the waves first steepen to form shock fronts at the leading edges of 
the waves. These shocks then drive ions ahead of the shock,. which 
in turn generates short-wavelength, ion-acoustic wave turbulence 
through the ion-ion two-stream instability. As time progresses, the 
orderly motion of the ions in response to the potential of the long
wavelength, ion-acoustic wave is rapidly converted to very short
wavelength and highly turbulent fluctuations. 

Using small-angle C02 laser scattering techniques, Surlko and 
Slusher studied the turbulent low-frequency density fluctuations 
driven in tokamak plasmas by the enerJ&y associated with temperature 
and density gradients in the plasma.1 The plasma in a tokamak is 
relatively stable and long-lived, and is therefore convenient for the 
study of many collective plasma phenomena, in addition to having 
considerable practical importance as a prototype fusion device.. Surko 
and Slusher showed that the fluctuations in tokamaks form a nearly 
isotropic two-dimensional turbulence in the plane perpendicular to 
the toroidal magnetic field. This turbulence is thought to play an 
important role in particle and energy transport across the magnetic 
field (that is, out of the tokamak's "magnetic bottle"). Hasegawa and 
K. Mirna considered this turbulence theoretically and pointed out 
important nonlinear terms that determine the spectra of the fluctua
tions.161 The nonlinear equations that they used to describe the tur
bulence are now known as the Hasegawa-Mirna equations .and are 
closely related to those used to study atmospheric turbulence. 

Later, Slusher and Surko developed a technique to study the spatial 
distribution of fluctuations in plasmas by correlating the forward 
scattering from two crossed C02 laser beams.l62 Using this technique, 
they showed that the fluctuations in tokamaks have a marked depen
dence on plasma density. The fluctuations are very large at the edge 
of high density tokamak plasmas, and may have physical conse
quences for transport and plasma heating. 



244 Engineering and Science i111 the Bell System 

6 

0 v 

-14 
X 

6 

47 v 

'1 -14 
X 

~ 

w' 
:;: 

6 f= 

108 v 

X 

250 v 

X 

Fig. 6-13. The evolution of a one-dimensional plasma 
turbulence from a large-amplitude, coherent wave is studied 
using a computer simulation (see reference 159). The 
distribution of ions in position x and velocity v is shown at 
four different times r (in units of w;1) in response t•D the 
potential of a long-wavelength, ion acoustic wave. At r ·= 47, 
a shock front be:gins to develop near x=0.4. Later, at 
T = 108, an ion beam can be seen near v-3, which was driven 
by the potential of the shock. Finally, this ion beam gem~rates 
a short-wavelength, ion ·acoustic turbulence as shown in the 
figure at r = 250. 

2.4.2 Solitons 

A nonlinear interaction of waves in the plasma does not necessarily 
lead to plasma turbulence. In fact, it sometimes leads to a coherent 
nonlinear state. In 1965, N.J. Zabusky at Bell Labs and M. D. Kruskal 
at Princeton University showed that elastic waves with a cubic non
linearity form a set of isolated nonlinear waves that are stable even 
with respect to collisions among themselves.163 Zabusky and Kruskal 
named these waves "solitons." The nonlinear properties of soliton 
propagation are characteristic of a wide range of phenomena includ
ing shallow water waves, waves in plasmas, and pho:nons in anhar
monic crystals. [Fig. 6-14] 
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Fig. 6-14. (A) The evolution of a large-amplitude disturbance in a system with a non-linear 

coupling is shown as a function of distance and time, I (from the theoretical work of Zabusky 

and Kruskal, Reference 163). The pulse first steepens to form a shock front and then evolves 

into a train of solitons. Solitons, once formed, tend to propagate without distortion. In fact, 

Zabusky and Kruskal showed that solitons can actually propagate through one another (i.e., 

"collide") and still retain their identity. (B) The experimental evolution of an ion-acoustic 

disturbance in a plasma into a train of ion-acoustic soliton pulses is shown as a flUnction of 

time at various distances from the source (from the work of Ikezi and collaborators, Reference 

164). The agreement with the predictions of Zabusky and Kruskal is remarkably good. 

These experiments also verified that solitons maintain their identity after undergoing collisions 

with one another. 
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Ion-acoustic wave solitons were observed and studi1ed in a double 
plasma (DP) device (consisting of two plasmas at diffe-rent potentials 
separated by a grid) by H. Ikezi, R. J. Taylor, and D. R. Baker at the 
University of California at Los Angeles. 164 A similar DP machine was 
used at Bell Labs by Stern and Decker,l65 and by Judice, Decker, and 
Stern, 166 to study a wide variety of related nonlinear phenomena. In 
the case of the large-amplitude, ion-acoustic waves, solitons were 
observed to form behind the sharply steepened wavefronts. 

Hasegawa and coworkers obtained solitary-wave solutions of the 
electron plasma wave in both two and three dimensions, 167 and 
Hasegawa and Mirna showed that the kinetic Alfven wave can form 
an exact solitary wave.168 

In a nonlinear and strongly dispersive medium, the envelope of a 
continuous train of waves can also become a soliton. Such localized 
waves are often called envelope solitons. They can result from· the 
modulational instability, which is an instability in the amplitude 
modulation of a plane wave in a nonlinear dispersive medium. 
Using theory and computer experiment, Hasegawa showed that a 
cyclotron wave propagating in the direction of a magnetic field 
develops a modulational instability.169 Hasegawa and M. Kato 
demonstrated that the ion-acoustic wave is also modulationally 
unstable if (and only if) the modulation is applied in a direction 
oblique to the direction of the wave propagation.170 The behavior of 
amplitude modulation on the ion-acoustic waves was studied experi
mentally by Ikezi, Schwa:rtzenegger, and A. L. Simons of Bell Labs 
and coworkers at Nagoya University, Japan. The ion waves were 
found to be modulationally stable if the modulation is applied in the 
direction of the wave propagation.171 In 1975, Hasegawa showed 
theoretically that an envelope of random phase waves can become a 
soliton, but unlike the case of an envelope of a single wave, it can 
have an arbitrary shape.172 

III. MOLECULAR BIOPHYSICS 

The emerging molecular approach to the study of fundamental bio
logical processes showed that it might be possible for physicists to 
contribute to the understanding of some of these processes in a quan
titative way. This possibility induced many physicists during the 
1960s and 1970s to undertake research in the exciting new field of 
molecular biophysics. In the early 1960s several physicists at Bell 
Labs became interested in applying the approaches and techniques of 
solid state physics to studies of biological molecules. In these studies 
it was necessary to match the techniques to problems very carefully 
so that physical certainty was retained in the complicated biological 
systems. 
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The early interest in biological research was activated in 1961 by a 
report of an unexplained electron spin resonance (ESR) signal from 
deoxyribonucleic acid (DNA) at laboratories in the Soviet Union. 
After studying the ESR properties of DNA at Bell Labs, it was con
cluded that the signal was caused by a ferromagnetic resonance aris
ing from an iron-oxide impurity, and that DNA itself was not fer
romagnetic.173 

3.1 Nuclear Magnetic Relaxation of Water Protons in DNA 

It had been proposed that many biological processes produced 
unpaired electrons, or free radicals. W. E. Blumberg, who had been 
studying nuclear relaxation in solids, designed an apparatus to mea
sure the spin lattice relaxation times of the nuclear spins of water 
protons in solutions of biological samples. Blumberg's purpose was 
to detect free radicals formed during biological processes such as cell 
division.174 However, no effects that could be assigned to such free 
radicals were observed. The same apparatus was used in a subsequent 
series of experiments in which paramagnetic metal ions were intro
duced into water solutions of biological molecules, in particular DNA. 
The idea was to study the metal-ion binding because it was expected 
that binding to the DNA would shield the paramagnetic ion from the 
water molecules. If this occurred, the large magnetic moments of the 
paramagnetic electrons would not induce nuclear spin-flips of the 
water protons in DNA as efficiently as in water solution. Surpris
ingly, the paramagnetic ions were more effective in inducing transi
tion of the water protons when the metal was bound to DNA. This 
"nuclear relaxation enhancement" was explained and developed at 
Bell Labs by J. Eisintfer, R. G. Shulman, and Blumberg,l75 and later by 
others elsewhere,17 as a useful probe of the structure of biological 
molecules. 

By this time it was clear to the scientists involved that it was possi
ble to make simple and interpretable physical measurements on large 
and complex biological molecules. The philosophy that soon 
developed among the Bell Labs workers was to use the biomolecules 
in experiments and to use simpler molecules only as models in exper
iments suggested by initial studies with the biomolecules. In this 
way the scientist is in a better position to devise methods and obtain 
data that are useful from the biological point of view. 

3.2 Optical Studies of DNA and Other Molecules 

Irradiation of DNA with ultraviolet light at low temperature was 
shown to result in the formation of a free radical. 177 Determination of 
the hyperfine interaction of the radical from its ESR spectrum eventu
ally led to its identification by Eisinger, Shulman, and their collabora-
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tors as the hydrogen atom adduct of thymine.178 [Fig. 6-15] In order 
to understand the path by which the radiation produced the free rad
ical, an investigation of the electronically excited states of DNA and 
its constituents was initiated, first at low temperatures and afterward 
at room temperature. 179 A first-order picture of electronic relaxation, 
energy transfer, and the mechanisms of the photochemical processes 
emerged. On the basis of these studies it was realized that it was pos
sible to introduce electronic excitation selectively into the thymine 
bases by a sensitization technique.I 80 [Sensitization means that the 
energy (h v) absorbed by a sensitizer molecule is passed on to another 
molecule, which then may fluoresce or undergo photochemical reac
tion .] The consequence of this is the formation of a single stable pho
toproduct in the DNA, a dimer formed by two adjacent thymines. 
Subsequent chemical studies on the thymine dimer showed that it 
could be formed with 100-percent quantum efficiency by light at 
2800A and broken with 100-percent efficiency by light at 2400A.181 

These two different states of the thymine dimer had different absorp
tion spectra, which could be identified by the difference in the 
dispersion of light in the visible region. This led to the suggestion 
that analogous photodimers could be used as materials for optical 
memory devices.182 

Fig. 6-1 5. R. G. Shulman Oeft) a nd J. Eisinger discuss damage centers in DNA induced 
by ultraviolet radiation . They a re standing in front of a model of the DNA double helix. 
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In a biological application of the sensitization technique, a way to 

sensitize DNA in a bacteriophage was developed.183 It was shown 

that the thymine dimer is virtually the only stable photoproduct 

formed in a bacteriophage under these conditions. This made it pos

sible to study the lethal and mutagenic effects of a particular change 

in the DNA introduced by radiation with light and helped to sort out 

the effects of the several other changes introduced by direct irradia

tion of the DNA.184 

In addition to the use of the most advanced physical techniques 

developed elsewhere, new approaches and techniques for studying 

biomolecules were developed at Bell Labs. One useful technique for 

determining distances between certain groups in biological molecules 

involved the measurement of the efficiency of electronic energy 

transfer between absorbing and emitting centers. In the 1970s, such 

an energy transfer approach was combined with fluorescence polari

zation measurements. A complete mathematical analysis demon

strated that the combined approach allows much more accurate deter

mination of the molecular distances.185 

3.3 Physical Transport of Biomolecules 

Biochemists had been using electrophoresis for many years to 

separate electrically charged biomolecules on the basis of their 

different mobilities in an electric field. Eisinger and Blumberg real

ized that these molecules would obey the differential equations of 

inotion, including interactions between molecules of different kinds, 

just as the various carriers in a semiconductor would drift and 

interact. They showed that the interactions among the molecules 

could be determined if the concentration profiles of the various 

molecules present were measured at time zero and after a known 
time under an electric field. 186 This technique has been used to mea

sure interactions among many different types of biomolecules-for 

example, the transfer ribonucleic acids (RNAs), one kind of molecule 
participating in protein synthesis.l87 

3.4 Nuclear Magnetic Resonance 

3.4.1 Nuclear Magnetic Resonance of Proteins and Nucleic Acids 

In the late 1960s, emphasis in magnetic resonance studies shifted to 

high-resolution nuclear magnetic resonance (NMR) studies of protons 

and 13C in large biological molecules. The motions of most proteins 

are rapid enough so that it is possible to get reasonably narrow, 

resolved lines in their NMR spectra at the high magnetic fields avail

able from superconducting solenoids. Fourier transform techniques 

resulted in increased sensitivity, so that with the current NMR equip-
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ment resonances from single nuclei in large molecules (molecular 
weight up to 65,000) could be obser·ved, resolved, and identified. At 
the time of this writing, the emphasis of the NMR work has been on 
the structure of biological molecules in solution under conditions 
where they are functional. In this way the clearest picture of the 
relationship between structure and function can be achieved. 

D. J. Patel pointed out that certain hydrogen-bonded protons could 
be easily and selectively studied by NMR because a hydrogen bond 
shifts the proton resonance to lower fields, resolving it from the reso
nances caused by the majority of the protons. Furthermore, the slow 
exchange rate in and out of the hydrogen bond enables the reso
nances to be distinguished from those of the solvent and to be 
identified by exchanging them with deuterons in D20.188 Hydrogen 
bonding makes a major contribution to the three-dimensional struc
ture of biomolecules, especially nucleic acids, and the NMR method 
has revealed the kinetics of molecular motion.189 

The NMR spectrum of a large macromolecule such as DNA in solu
tion is very complex and unresolved because molecular tumbling is so 
slow that motional narrowing is not achieved as it is for the relatively 
small molecules found in drugs. Patel exploited this difference to 
study the binding of drugs to DNA.l90 In this way, he was able to 
explain the mechanism of action of a number of antibiotic and carci
nostatic drugs that inhibit DNA transcription.191 

Considerable attention has been paid to hemoglobin, where NMR 
and kinetic experiments have been combined to determine the 
mechanism responsible for the cooperative oxygenation in that 
molecule. In these experiments the NMR spectra were used to 
characterize the three-dimensional state of the molecules in solution. 
The kinetics of oxygen binding showed that when the state changed 
so did the oxygen affinity. The hypothesis of the so-called two-state 
allosteric mechanism was shown to be a good approximation of the 
behavior of the biomolecule. The extensive literatun~ on hemo~lobin 
was analyzed and shown to be consistent with this hypothesis.1 2 The 
idea that one hypothesis could explain data from diverse sources, 
familiar to physicists, had been a novelty in biochemistry. 

3.4.2 Nuclear Magnetic Resonance of Biomolecules in Vivo 

The advent of spectrometers with high sensitivity and large sample 
volumes made it possible to detect continuously resonances from a 
variety of low molecular weight intracellular metabolites in suspen
sion of living cells and perfused intact organs. Previously, measure
ments of metabolite concentrations required destruction of the cells. 
The earlier studies by J. M. Salhany and coworkers concentrated on 
31P, with a nuclear spin of Y.z, a 100-percent natural molecule of con
siderable biological importance.193 They studied correlations between 
the state of energization of bacterial cells, as reflected in the levels of 
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adenosine tri-phosphate (ATP), which could be clearly seen in the 31P 
NMR spectra, and the difference in pH between the inside and the 
outside of the cell that could be obtained from the pH dependence of 
the chemical shift of inorganic phosphate. This correlation is the 
basis of biological energy use, because in many cases ATP is d1erived 
from the proton gradient across the cell. 

Building on this earlier work, T. R. Brown and coworkers used the 
techniques of double-resonance NMR to measure enzymatic rates in 
vivo. These techniques rely on the fact that a nuclear spin will 
"remember" a perturbation for a time on the order of its spin-lattice 
relaxation time. Thus, if the spin states of a particular species are 
saturated while they are also chemically exchanging with another 
species, the second species will show a reduced magnetization if the 
chemical exchange rate is comparable to the spin-lattice relaxation 
rate. The exchange rate can be obtained by measuring the magnetiza
tion reduction and the spin-lattice relaxation time. Applying these 
techniques to a suspension of the bacterium Escherichia coli, Brown, K. 
Ugurbil, and Shulman were able to measure the synthesis rate of ATP 
in E. coli while the cells were respiring. This was the first time that a 
unidirectional enzymatic rate had been measured in a living system. 
In the late 1970s, Brown and collaborators at Oxford University used 
these techniques to study enzymatic rates in perfused muscles and 
hearts. 194 These experiments revealed that the function and activity 
of the enzyme creatine phosphokinase in these systems was consider
ably more complex than previously thought. 

In addition to the NMR work with 31P, Bell Labs sdentists 
pioneered in the use of compounds in which 13C has been incor
porated at known locations to study in vivo metabolism of cells and 
organs. Realizing that inserting a chemical label into a molecule, 
which would later be catabolized by the cell, would provide a vast 
amount of information on the rate processes that occur in vivo, Ugur
bil and coworkers studied the uptake and metabolism of 13C-latbelled 
glucose in E. coli. 195 [Fig. 6-16] They were able to measure the reaction 
rates of several enzymes caused by the movement of the 13C label in 
the glucose that had been fed to the cells but which was observed at 
the C6 position in several intermediate metabolites. Additional stud
ies on rat liver cells}96 yeast,197 and on whole perfused mouse 
liver,198 have demonstrated the large amounts of information on 
metabolic rates and pathways that can be acquired by this technique 
in short periods of time. 

3.5 Paramagnetic Resonance in Metalloenzymes 

In a parallel fashion, Blumberg and J. Peisach advanced EPR studies 
of the paramagnetic ions such as copper and iron in metalloenzymes 
to the point where the data could be interpreted in terms of the elec
tronic state of the ion, and translated into the chemical structure at 
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Fig. 6-16. Phosphorus-31 NMR spectra at 145.7 MHz of an 
anaerobic E. coli suspension containing approximately 
5 x 1011 cells per milliliter (A) before and (B) 4 to 6 minutes 
after glucose addition. ppm is the departure, in parts-per
million, from the: true value of the nuclear magnetic moment 
of 31 P. Each spectrum was the sum of 400 scans with a 
repetition time of 0.34 second and a 45-degree radio-frequency 
pulse. Abbreviations: S-P, sugar phosphates; P1, inorganic 
phosphate; P{x, PJn, external and internal P1, respectively; 
PEP, phosphoenolpyruvate; NOP, nucleotide diphosphate; 
NAD+, nicotinamide adenine dinucleotide; UDPG, uridine 
diphosphate glucose; FBP, fructose 1,6-biphosphate; DHAP, 
dihydroxyacetone phosphate; NTP, nucleotide triphosphate. R 
is the reference signal from 0.1 percent orthophosphoric acid in 
0.1-mole HCI; X is unassigned. [Shulman et a!., Science 205 
(1979): 161; adapted from Ugurbil et a!., Proc. Nat/. Acad. 
Sci. U.S.A. 75 (1978): 22441. 

(A) 

(B) 

the ion site. The systematics of the approach have elucidated the 
relationships between structure around the iron proteins.l99 Using a 
method of classification of the EPR spectra of coppe:r developed by 
Peisach and Blumberg,200 unknown metal-ligand atoms can some
times be identified in copper-containing proteins. 

3.6 Translation of the Genetic Code 

One of the most puzzling questions in biological information 
retrieval has been the mechanisms by which the genetic code is 
translated from the DNA to proteins. J. J. Hopfield proposed a 
kinetic proofreading mechanism that uses the energy obtained by 
splitting adenosine triphosphate (ATP), a small molecule commonly 
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used for biological energy storage, to enable the protein synthesis 
enzymes to read the amino acid selected for a second time. Essen
tially, this uses the free energy obtained from splitting ATP to reduce 
the entropy of the system. This would give a rejection ratio for the 
incorrect amino acid approaching the initial rejection ratio squared. 
T. Yamane and Hopfield tested this hypothesis on several s~stems, 
and the results strongly support the proposed mechanism.2 1 It is 
important to note that this hypothesis, which has generally been 
accepted, postulates a novel role for the high-energy bond of ATP, in 
that it is no longer split just to create another unstable bond in a cou
pled reaction. In addition it points out that nature's way of r'etriev
ing information stored in the gene is novet rapid, and efficient. 

3.7 Extended X-Ray Absorption Spectroscopy in Biomolecules 

In the mid-1970s Shulman and Blumberg became interested in 
applying the newly developed technique of extended X-ray absorp
tion spectroscopy (see section 2.3 of Chapter 8) to biological 
molecules such as rubredoxin and hemoglobin. G. S. Brown and P. 
Eisenberger, together with a group from the University of California 
at Berkeley, developed the fluorescence detection approach and 
applied it to absorption spectroscopy.202 By the end of 1975, a whole 
new apparatus had been constructed for this detection approach. 
With this development, the technique of absorption spectroscopy 
could be applied to dilute biological systems. Work on rubredoxin by 
Shulman, Eisenberger, and Blumberg initially started by using the 
transmission detection approach.203 The technique was extended to 
greater accuracy with the help of Brown, B. M. Kincaid, and B. K. 
Teo, and the utilization of the fluorescence detection approach.204 It 
was found that contrary to proposed explanation by early X-ray crys
tallography, no short iron-sulfur bond in rubredoxin exists. Subse
quent X-ray crystallography work confirmed the X-ray absorption 
results. 

Eisenberger and coworkers studied the cooperative proces~> of oxy
gen binding in blood.205 They found that the change in oxygen 
affinity responsible for the cooperative oxygen binding process was 
not due solely to local structural changes around the iron porphyrin 
site. They suggested that the mechanism for the cooperative process 
was more complicated and delocalized than was thought to be the 
case on the basis of previous work. 

L. Powers, Eisenberger, and J. Stamatoff used the focused X-ray 
beam line, together with a newly developed focusing X-ray fluores
cence detector, to study very dilute biological systems.206 Their mea
surements of calcium proteins and calcium ions in membranes indi
cated changes in coordination and bond length as the concentration 
of ions was varied. 
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3.8 Fluorometric Screening Test for Lead Poisoning 

The development of an instrument that permits rapid screening of 
populations at risk for lead poisoning parallels the long-standing 
interest at Bell Labs in ways to inhibit photodegradation and oxida
tion of polymers in telephone-cable sheathing. (For more on this 
topic, see Chapter 14, section 3.1.) Research scientists became 
interested in how living organisms are protected from sunlight dam
age. This led them to investigate the heightened sunlight sensitivity 
associated with protoporphyria, one variety of a family of human 
genetic diseases. 

Heme iron complex o:f protoporphyrin is a constituent of many 
important proteins and enzymes found in the body. For example, 
heme is the key constitUEmt of hemoglobin, the oxygen-carrying red
colored component of blood, and provides the center of reaction of 
molecular oxygen in all higher organisms. In patients with protopor
phyria there is a deficiency in the activity of the enzyme that 
catalyzes the insertion of iron into protoporphyrin and protoporphy
rin accumulates in the red cells in excessive amounts.207 This free 
protoporphyrin leaks from the red cells, and some of it diffuses to the 
skin and causes photosensitivity in the patients by allowing oxygen 
to react in an uncontrolled way. It can be observed in the blood 
because it is strongly fluorescent. Heme, because of the iron, is nei
ther fluorescent nor is it a photosensitizer. 

It was reported that patients with severe lead poisoning have as 
much protoporphyrin in their blood as do patients with protoporphy
ria.208 But intriguingly, there is no photosensitivity associated with 
lead poisoning. Investigation of the nature of fluorescence exhibited 
by porphyrins in the blood of porphyries and of lead-intoxicated 
patients led A. A. Lamola and Yamane to discover that the porphyrin 
accumulating in the blood of a lead-poisoned person was, in fact, zinc 
protoporphyrin and not metal-free porphyrin.209 In ·contrast to free 
protoporphyrin, the zinc protoporphyrin Eersists in the red cells for 
their entire life span, about four months.2 0 It does no.t diffuse to the 
skin and, therefore, does not lead to photosensitivity. Zinc protopor
phyrin, unlike heme, fluoresces in the red region of the spectrum 
when excited by blue light. This permits fluorometry, with its 
inherent high sensitivity,. to be used as a measure of the concentra
tion of zinc protoporphyrin in the blood. It was quickly demon
strated that the blood-zinc protoporphyrin level was well correlated 
with the lead level in a population of children.211 

Optical emission spectroscopy in the laboratory has been an 
extremely useful tool in uncovering the differences between the por
phyrins and their binding sites in red blood cells. However, com
mercial fluorometers gene~rally require that the blood be diluted until 
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a negligible fraction of the exciting light is absorbed in the sample. 

In order to avoid this dilution step, which is difficult to perform accu

rately in a non-laboratory situation, Lamola, Eisinger, and Blumberg 

decided to excite a drop of whole blood placed on a thin glass slide 

from underneath and to measure the red fluorescence emitted from 

the same side of the slide-a technique known as frontface fluores

cence. [Fig. 6-17] An automated instrument called the 

hematofluorometer was developed by Blumberg, Eisinger, Lamola, 
and D. M. Zuckerman using this technique.212 The instrument is rela

tively inexpensive, requires only one small drop of untreated blood, 

and is readily portable. Its operation is very simple, and it presents 

the answer in any desired units, such as micrograms of zinc 
protoporphyrin per gram of hemoglobin. 

Although a way to assay blood protoporphyrin in small samples 

had been worked out in New York City by S. Piomelli,21 3 the method 

developed by the Bell Labs group was even more specific, simpler, 

Fig. 6-17 . A. A. Lamola opera ting the original 

hematofluoromctcr used to detect lead poisoning by 

examination of a drop of blood. 
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and less expensive, since it required rto chemical manipulation of the 
sample. The simple and portable instrument for on-the-spot testing 
obviates the need for expensive and inefficient follow-up procedures. 
[Fig. 6-18] 

The hematofluorometer has been recommended by the Department 
of Health, Education, and Welfare for use in childhood lead poison
ing screening programs and in the Early and Periodic Screening, 
Diagnostic, and Treatment Program.214 The hematofluorometer has 
also been approved by the Occupational Safety and Health Adminis
tration for monitorin~ undue lead absorption in workers occupation
ally exposed to lead. 15 As of the summer of 1980, more than 800 
hematofluorometers were in use in public health agencies, hospital 
clinics, and industrial hygiene departments. These instruments were 
manufactured by several. instrument companies licensed by the Bell 
System at no cost. Bell Labs provided technical information and 
assistance to these companies in the public interest. 

Using the hematofluorometer, the Bell Labs group took part in epi
demiological studies of lead intoxication in occupationally exposed 
groups carried out with the Enviro mental Sciences Laboratory of the 
Mount Sinai School of Medicine in New York. It was established that 
the concentration of zinc protopor hyrin in b lood is a much better 
indicator of chronic lead intoxication than is the concentration of lead 

Fig. 6-1 8. The portable testing device for lead poisoning developed by Bell La bs scientists, 
shown being demonstrated at a Massachusett:; Governor's Conference on chi ldhood lead 
paint poisoning. Dr. R. Klein, left, director of the state's childhood lead poisoning 
prevention progra m, tests an infant while her father and Bell Labs' W. E. Blumberg, right, 
one of the developers of the testing equipment, look on. 
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in the blood.216 Thus, the hematofluorometer test is directly related to 

the actual health of a patient. Ominously, the epidemiological study 

also demonstrated that the central nervous system is affected by lead 

intoxication at levels not very much higher than the average level 

attained by city dwellers in the u.s.217 

At the time of this writing, the hematofluorometer is in use within 

the Bell System, where more than 40,000 employees work with 

lead-for example, in soldering and in replacing and reclaiming old 

lead-sheathed cable. Because of the accuracy of the 

hematofluorometer even at low zinc protoporphyrin levels, it was 

shown that the average lead absorption by solderers in a Western 

Electric plant was no higher than a control group of nonsoldereJrs and 

lower than the average city dweller, a testimony to the effective 

industrial hygiene practices of the Bell System.218 

3.8.1 Application to Management of Neonatal Jaundice 

A hematofluorometer based on the principles discussed in the pre

vious section and capable of assessing the status of newborn infants 

with neonatal jaundice was in the final stages of successful clinical 

testing in the early 1980s. 
Bilirubin, the natural breakdown product of heme, is a potent cen

tral nervous system poison. In adults, it is transported to the liver 

where it is detoxified and prepared for excretion into the bile. Not 

present in the fetus, this detoxifying system is induced after birth. 

Because of either or both a delay in the induction of detoxification 
and an excessive production of bilirubin due, for example, to Rh fac

tor difficulties, there is often a transient rise in the serum. This leads 

to a yellow coloration of the skin known as jaundice. If enough 

bilirubin enters the central nervous system, irreversible brain damage 

occurs. Neonatal jaundice is the most common problem encountered 

in the newborn nursery, the main concern being the proper assess
ment of risk for brain damage so that appropriate preventive therapy 

can be applied. Because the risk for bilirubin-associated brain dam
age is not simply related to the serum bilirubin level, therapeutic 

indication in neonatal jaundice is often complicated.219 

In a series of papers, Lamola and coworkers demonstrated that 

some relatively simple fluorimetric measurements made on very small 

specimens of whole blood reveal much information concerning the 
risk for bilirubin-associated brain damage in a neonate.220

-
223 Blum

berg, Lamola, and Zuckerman developed a microprocessor-controlled 

hematofluorometer for simple automated testing of blood specimens 

from neonates. Using this instrument, less than 0.2 cc of whole: blood 

and a few minutes of operator time is required, making the pmtocol 

useful directly in the intensive care nursery around the clock. While 

other approaches to blood tests aimed at assessing brain damage risk 

have been developed over the years none has been adopted for rou-
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tine use because all of them are technically complicated or require 
large volumes of blood. 

The technology for the bilirubin hematofluorometer was made 
available to instrument manufacturers so that the medical benefit of 
this advance could be expedited. 
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