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State-Selected Kinetics fro: 
Laser-Excited Fluorescene 

Energy transfer and chemical reaction rates can 

measured for individual molecular energy stat 

C. Bradley Moore and Paul F. Zi 

Measurements of the rates of en- 
ergy transfer, chemical reactions, and 
radiationless transitions of molecules in 
selected states can be made by using 
laser sources (1-3). Knowledge of the 
rate constants for processes connecting 
individual quantum states and their 
variation with rotational, vibrational, 
and electronic quantum numbers can 
greatly increase our understanding of 
chemical kinetics. Such measurements 
are detailed probes of the potential sur- 
faces, dynamics, and coupling forces 
which operate in isolated molecules and 
in molecular collisions. To the extent 
that chemical reaction rates vary with 
reactant excitation it may be possible 
to select products and increase reaction 
rates in a practical way by laser excita- 
tion (4-6). Laser-photochemical sep- 
aration of stable isotopes has been dem- 
onstrated and promises drastic reduc- 
tions in stable isotope prices (7, 8). 
The most extensive application of laser 
state-selection to date has been in the 
field of vibrational energy transfer 
(1, 2). A great many processes involv- 
ing energy transfer from vibration to 
vibration (V -> V) and vibration to 
translation and rotation (V -> T, R) 
have been studied. Their rates contain 
information on the internal coordinate 
dependence of the intermolecular po- 
tential. Energy transfer processes play 
a crucial role in the kinetics and mech- 
anism of chemical and molecular lasers. 
Energy transfer is important in nat- 
urally occurring nonthermal distribu- 
tions of states in the upper atmosphere, 
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in shock waves, in comb 
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level, are also useful. With high-power 
lasers very substantial excited popula- 
tions may be created by using these 
two-photon methods (10). The appli- 
cation of laser fluorescence techniques 
is illustrated below by a few examples. m 

S~e ~ Laser Experimental Techniques 

Fluorescence from excited states pop- 
be ulated by absorption of laser light of 

:es. ~ one frequency has been used to study 
vibrational and rotational energy trans- 
fer, electronic energy transfer, and 

ttel photochemical reactions. Figure 2 il- 
lustrates a typical vibrational relaxation 
experiment for hydrogen chloride. A 
pulse with an intensity of a few kilo- 
watts and a duration of several micro- 
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Fig. 1. Laser excitation processes. (a) 
Direct absorption of a single photon. (b) 
Raman transition: excitation occurs at the 
difference between two laser frequencies. 
(c) Two-photon absorption: simultaneous 
absorption of two photons excites transi- 
tions at the sum frequency. The dashed 
lines denote the intermediate or virtual 
states in the presence of the optical field. 

dences between fixed-frequency lasers 
and molecular absorptions are being 
exploited to excite the vibrations of at 
least 16 different molecules in the gas 
phase (2, 20, 21). Vibrational relaxa- 
tion of molecules isolated in matrices 
at low temperatures is beginning to 
be studied (22). The growing avail- 

ability of tunable laser sources in the 
infrared allows almost any infrared- 
active transition to be selectively ex- 
cited (2, 14). 

Excited electronic states of atoms 
and molecules have also been studied 

by laser fluorescence techniques. In 

steady-state fluorescence experiments 
diatomic molecules such as 12 (23), 
Na2 (24), and Li2 (25) are excited to 
a single vibration-rotation level of an 
excited electronic state. Rates of vibra- 
tional and rotational energy transfer in 
collisions and of electronic quenching 
are measured against the radiative life- 
time of the excited state. Short pulses 
from tunable dye lasers have been 
used to measure fluorescence decay 
times for single electronic-vibrational 
(vibronic) levels of electronically ex- 
cited molecules (26-30). In this way 
rates of radiationless transitions and 
collisional processes may be studied as a 
function of vibrational excitation. Dis- 
tributions of molecules among the vi- 
brational states of the products of chem- 
ical reactions have also been measured 
(31). Single excited states of atoms 
may be prepared by laser excitation 
(15). Laser photodissociation may be 
used to prepare atomic reagents in spe- 
cific electronic states and with known 
translational velocities (32). This has 

proved to be a convenient method of 

producing reactive atoms for measure- 
ments of chemical reaction rates (33) 
and vibrational relaxation rates (34). 
The availability of tunable radiation 
from 2,600 A to 10,000 A and the high 
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sensitivity of photomultiplier detection 
make experiments on electronic excited 
states particularly favorable. 

Fluorescence is not the only method 
of monitoring kinetic processes follow- 
ing laser excitation. When individual 
vibration-rotation levels need to be re- 
solved, absorption spectroscopy with a 
laser source, as developed in the lab- 
oratories of Javan (35) and Steinfeld 
(20, 36), is often more sensitive than 
fluorescence. For fast processes, espe- 
cially on the picosecond time scale, 
fluorescence yields are small and ab- 

sorption techniques are again more 
sensitive (37). Energy deposition in 
translation may be monitored through 
changes in refractive index (10, 38) or 
detected with a microphone (39). 

The Raman effect has been used by 
Ducuing and co-workers (10, 40) to 
excite infrared-inactive vibrations in 
molecules such as H2, 02, and N2. 
Figure 3 shows an experiment in which 
a ruby laser is used to pump a dye 
laser such that the difference between 
the laser frequencies is equal to a vi- 
brational frequency of the gas. The 
two beams are focused together into a 
small focal zone in which excitation 
occurs. The most successful detection 
scheme has been to follow translational 
temperature through the change in re- 
fractive index of the focal zone with time 
(10, 40). Lauberau and Kaiser (41) 
have used Raman excitation combined 
with Raman detection to study vibra- 
tional relaxation in liquids on the pico- 
second time scale. Yeung and Moore 
(42) have used simultaneous absorption 
of two photons to measure fluorescence 
decay times for two vibronic levels of 
formaldehyde. Freund and Oka (43) 
have demonstrated two-photon pump- 
ing by using an infrared laser and a 
microwave klystron source. 

Energy Transfer in HCI 

Studies of vibrational relaxation in 
HC1 illustrate the sort of information 
about molecular collisions that is ob- 
tained in laser fluorescence experiments. 
Vibrational energy is transferred into 
translation and rotation 

HCI (, = 1) + M-> 
HCI (- = 0) + M + AE 

where M is another molecule and AE, 
the energy removed from vibration, is 
2886 reciprocal centimeters. This has 
been studied for HCI and for DC1 in 
many mixtures at room temperature 

Table 1. Vibrational relaxation of HCI and 
DCI: HCl(v = 1) + M->HCI(v = 0) + M + 
AE (R,T). The probability of energy transfer 
per gas kinetic collision, P = k/kk,,, where 
k is the rate constant; kki, = 2.55 X 106 
a/lm12 per second per torr; a = (a-cl +- 

OM)/2 is the collision diameter; atHCI and oaM 
are the gas kinetic diameters of HC1 and M; 
and m is the translational reduced mass in 
atomic mass units. The gas kinetic diameters, 
in angstroms, for He, Ne, Ar, HCI, CI,, C1, and 
H2 are 2.6, 2.8, 3.4, 3.3, 4.2, 3.3, and 2.9, 
respectively. The abbreviations p-H2 and n-H2 
stand for para-hydrogen and the normal hy- 
drogen mixture (three-quarters ortho, one- 
quarter para). The numbers in parentheses 
are references. 

P (293?K) 
M 

HC1 DCI 

HCI 1.3 X 10-4 (11) 8.9 X 10-5 (12) 
DC1 3.2 X 10-5 (13) 
n-H2 9 X 10-6 (11) 3.9 X 10-6 (13) 
p-H2 9 X 10- (11) 3.4 X 10-5 (13) 
HD 1.9 X 10-s (13) 
D2 4.6 X 10-8 (13) 
3He 3.3 X 10-7 (17) 5.0 X 10-7 (17) 
4He 1.6 X 10-7 (17) 1.6 X 10-7 (17) 
Ne 1.4 X 10-7 (17) 4.9 X 10- (17) 
Ar 2.1 X 10- (17) 1.1 X 10-8 (17) 
C12 2.5 X 10-5 (34) 
Cl 2 X 10-a (34) 

(Table 1). These data are a solid basis 
for conclusions regarding the mechan- 
ics of V -- T, R relaxation in HC1. 

Models of energy transfer from vi- 
bration to translation (44) imply a 

strong dependence of the energy trans- 
fer probability on the translational re- 
duced mass of the collision partners 
and on the amount of vibrational energy 
released to translation. In contrast, the 
relaxation probabilities for HCI and 
DC1 in Table 1 involving chemically 
similar species are remarkably similar 
in magnitude. In particular, deactiva- 
tion by the rare gases depends rela- 

tively little on translational reduced 
mass. This suggests that the perturba- 
tion which causes vibrational energy 
transfer is not predominantly due to 
translational motion, but rather to the 
rotational motion of ,the vibrating 
halide (45). Similarly, the comparable 
probabilities for deactivating HCI (AE 
= 2886 cm-l) and DCI (AE = 2091 
cm-') by a particular collision part- 
ner and the greater probabilities 
for HCI compared to DC1 as a 
collision partner support the con- 
clusion that rapid rotational motion is 
the predominant cause of energy trans- 
fer (11, 13, 17). Studies of several 
other hydride and deuteride systems 
have led to similar conclusions (45-48). 

In suggesting models for the coupling 
of vibration and rotation that leads to 
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energy transfer, it is necessary to con- 
sider the rotational motion of both the 
vibrating molecule and its collision part- 
ner, as well as the relative translation- 
al motion. A simple model (46, 49) 
pictures asymmetrically shaped mole- 
cules (Fig. 4) in which vibration, ro- 
tation, and translation are coupled 
through the changing degree of inter- 
molecular electron overlap which these 
motions simultaneously create. In this 
model electron overlap is represented 
by the overlap of the asymmetrical con- 
tours of equal electron density of the 
free molecule. When vibrational motion 
is represented as a simple expansion of 
the molecular contour with little dis- 
tortion of the molecular shape, it is 
possible to show quantitatively how ro- 
tations and translation perturb the vi- 
brational potential. This approach has 
led to an expression for an effective 
collisional reduced mass, tL = (m-1 
+ AIR, ,-1 + A2LR,2-1)--l1, which re- 
places the translational reduced mass in 
a simple energy transfer theory (46). 
In this expression m is the translational 
reduced mass, Ai is related to the asym- 
metry of the molecular contour of 
molecule i, and /R,i is the rotational 
moment of inertia of molecule i divided 

by the square of the distance from the 
molecular center of mass to the periph- 
eral light atom. Although a well-defined 
molecular shape is a convenient assump- 
tion for a simple model, the actual 
distortion of molecular shape which 

occurs during a highly asymmetric, 
polyatomic vibration may be consider- 
able. A strong relationship between 
vibration and molecular shape-and 
thus between vibration and the rota- 
tional dependence of the intermolecu- 
lar potential-could strongly couple 
vibration to rotation, even for mole- 
cules that are quite spherical in the 
ground vibrational state. Present ex- 
periments give a strong qualitative, but 
not yet a precise quantitative, measure 
of how vibration and rotation are cou- 
pled in collisions. 

Models for intermolecular potentials 
and collision trajectories involving hy- 
drogen halides must deal not only with 
rotation, but also with strong dipolar 
and chemical interactions. The im- 
portance of the chemical identity of the 
collision partner is demonstrated by 
the thousandfold increase in the HC1 
relaxation probability between M = Ar 
and M = C12 and between M = C12 
and M = C1. In Fig. 5 the dependence 
of the vibrational energy transfer prob- 
ability on temperature also illustrates 
another chemical effect. The HCl-He 
curve is typical of what one expects 
from simple, first-order theories of vi- 
brational energy transfer for head- 
on collisions with a repulsive potential; 
that is, 

P C exp(cT-13) 

where P is the probability, C and c 
are constants, and T is temperature. 

The HF-HF and HC1-HCl curves ex- 
hibit a much different behavior, attrib- 
uted to strong attractive forces. These 
forces may strongly affect translational 
and rotational trajectories for nonco- 
linear collisions at low velocities. Suc- 
cessful theories must determine the na- 
ture of these attractive forces and pre- 
cisely describe their effect on trajec- 
tories and vibrational potentials. 

Vibration-to-vibration energy transfer 

processes such as 

HC1 (v = 1) + HBr(v = ) 
HC1 (v = 0) + HBr (v = 1) + AE 

where AE = 327 cm-', have been 
studied for a great many mixtures with 
HC1 and DC1 [see (12, 13) and a re- 
cent review (2)]. Measurements of 
energy transfer among the vibrational 
levels in pure HC1 gas have given re- 
sults for (14, 19) 

HC1 (v = 2) + HC1 (v = 0) - 

2HC1 (v = 1) + AE 

where AE = -102 cm-1 and P = 1.5 
X 10-2, and (14) 

HWCl (v = 1) + H7C1 (v =0) - 

H3C1 (v = 0) + H87C1 (v -1) + AE 

where AE = 2 cm-' and. P = 1.0 X 
10-1. Such rates are of particular im- 
portance in studies of laser-induced 
chemical reactions, isotope separation 
(8, 15), and chemical laser systems 
(12). 
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Fig. 2 (left). Apparatus for laser-excited vibrational fluorescence to measure the vibrational relaxation of HC1. A C12 + HI chem- 
ical laser pumped by a flashlamp produces a short pulse of light at the 3-2, 2-1, and 1-0 vibrational transition frequencies of 
HCI. The 1-0 radiation is absorbed by HC1 gas at room temperature in the sample cell. The Ge:Cu photoconductive infrared 
detector monitors fluorescence from HC1 (v = 1) molecules as a function of time. The laser and detector outputs are photograph- 
ically recorded from an oscilloscope. An interference filter at a low temperature inside the detector Dewar decreases the de- 
tector noise level and reflects scattered laser light (2). The abbreviation PEM stands for photoelectromagnetic infrared detector; 
Amp, amplifier. Fig. 3 (right). Stimulated Raman excitation of molecular vibrations (40). Light from the Q-switched ruby 
laser (pulse duration, 20 nsec) is focused by lens L1 into the gas cell, is recollimated by L,, and is absorbed in the dye cell. 
The dye laser output, tuned by rotation of grating G, is also focused in the center of the gas cell. Strong vibrational excitation 
occurs in this focal region. Vibrational relaxation is detected by the expansion of the focal zone as energy is released to transla- 
tion. Expansion causes a change in the refractive index which scatters light from the He-Ne laser onto the photomultiplier P.M. 
Other abbreviations are: I.T., internal telescope; S, stop; F.P., Fabry-Perot interferometer. 
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Polyatomic V -> V Transfers 

For diatomic molecules we have dis- 
cussed the transfer of energy from 
vibration into translation and rotation, 
from the vibration of one kind of mole- 
cule to the vibration of another, and 
from one vibrational energy level to 
another of the vibrational degree of 
freedom of a single kind of molecule. 
For polyatomic molecules we are also 
concerned with the transfer of energy 
among the several vibrational degrees 
of freedom of the molecule itself. Since 
the probabilities of energy transfer 
processes generally decrease rapidly as 
the amount of vibrational energy trans- 
ferred into translation and rotation in- 
creases, V -- V transfers usually channel 
vibrational excitation into the vibra- 
tional mode with the lowest frequency 
and then into translation. For example, 
when the asymmetric stretching vibra- 
tion (3020 cm-) of CH4 is excited, 
CH4-CH4 collisions transfer energy to 
the bending modes (1533 and 1306 
cm-1) with a probability of 1.4 X 10-2 

(47). The probability for V - T, R 
transfer is only 7 X 10-5. By exciting 
bending vibrations and observing fluo- 
rescence from both bending and stretch- 
ing vibrations, Flynn and co-workers 
(48) have studied the rate at which 
energy is transferred up the energy level 
ladders of a molecule. This type of 
process governs the distribution of vi- 
brational excitation in a laser-irradi- 
ated gas and the types of gas-phase 
chemical reactions that may be induced 
by intense laser radiation. 

Chemical Forces 

Unusually large observed probabili- 
ties of V -> T, R energy transfer have 
for many years been attributed to spe- 
cial chemical interactions between the 
collision partners. In collisions between 
relatively inert closed-shell molecules 
the dominant forces are repulsive and 
the collision exerts only a weak pertur- 
bation on the vibrational coordinates. 
The situation is very different when a 
chemical bond may be formed between 
two collision partners. The strongly at- 
tractive potential accelerates the col- 
lision and intermolecular forces change 
on a time scale that approaches a vi- 
brational period. The approaching col- 
lision partner may cause a large shift 
in the equilibrium bond length of the 
vibrating molecule. For example, when 
an oxygen atom approaches 02 the 
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Fig. 4. A model for energy transfer from 
vibration to rotation and translation dur- 
ing the collision of two asymmetric mole- 
cules. The molecular centers of mass are 
shown (X), and the molecular shapes are 
represented by contours of equal electron 
density of the free molecules. When ro- 
tational and translational motion bring 
the molecules rapidly into repulsive over- 
lap, vibrational motion is coupled to rota- 
tion and translation. 

O-O bond length changes from 1.21 
to 1.28 A. This creates a large force on 
the oscillator as the system approaches 
the configuration of ozone. The ap- 
proach to 02 of a neon atom moving 
with the thermal velocity barely per- 
,turbs the 0-0 bond. A multiplicity of 
electronic curves is involved in collisions 
between partners such as H and CO or 
Cl and HC1, and relaxation mechanisms 
may involve coupling between electron- 
ic, vibrational, and translational modes 
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Fig. 5. Transfer of vibrational to transla- 
tional and rotational energy in the hydro- 
gen halides. The relaxation probability per 
kinetic collision as a function of the -1/3 

power of the temperature (T) is shown for 
HF (v = 1) deactivated by HF and for 
HC1 (v = 1) deactivated by HCI and by 
He. The data are from (17, 18, 52). 

(50). Measurements in shock tubes at 
high itemperatures have yielded data 
on a number of systems (51, 52). Laser 
fluorescence techniques are beginning 
to be applied to this problem [see (34, 
52)]. 

It will be of special interest to de- 
termine relaxation rates for molecular 
vibration in some reactive collision sys- 
tems. For example, the chemical re- 
action 

Cl + HI -4 HCl (v = 1,2,3,4) + I 

has been studied by using crossed mo- 
lecular beams, infrared chemilumines- 
cence, laser flash photolysis, and classi- 
cal trajectory calculations (33, 53). 
The reaction rate, the angular dis- 
tribution of the products, and the 
vibration-rotation states of the HCI 
produced appear to be primarily deter- 
mined by the shape of the Cl + HI en- 
trance half of the potential surface 
(53). Collisions of I atoms with HC1 
(v = 1,2,3) at average thermal veloci- 
ties will sample the HC1 + I exit half 
of the surface. Collisions with HC1 
(v = 4) will have sufficient energy to 
sample both halves of the surface. 
Smith and Wood (54) point out that 
in this case, and for high-velocity col- 
lisions with lower vibrational states, 
vibrational relaxation and reverse re- 
action (I + HC1 -> Cl + HI) are simul- 
taneously possible. Thus, energy trans- 
fer measurements on reactive systems 
should lead both to a knowledge of the 
vibrational relaxation mechanism and 
to a fuller understanding of the chem- 
ical reactions themselves. 

State Selection in Reactions 

The rates of chemical reactions, par- 
ticularly endothermic ones, may be 
sensitive to vibrational excitation of the 
reactants. Odiorne et al. (4) have used 
an HC1 chemical laser to excite a mo- 
lecular beam of' HC1. When the mo- 
lecular beam is crossed by a beam of 
potassium atoms the reaction cross 
section for formation of KC1 is 
about two orders of magnitude larg- 
er for the v =-1 state than for the v = 0 
state of HCI. One might hope to ob- 
serve and take practical advantage of 
laser state-selection in bulk gases 
to promote specific reactions or to pro- 
duce isotopically selected products (5, 
6, 8, 15). The competition between re- 
laxation and reaction processes is a 
severe limiting factor for chemical 
schemes involving laser induction. In 
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practice it is often difficult to establish 
whether the products are the result of 
reactions involving states specifically 
excited by the laser or are the result of 
normal thermal reactions in a laser- 
heated gas (6). 

Lasers are also useful in determin- 
ing the internal energy states of reac- 
tion products. Zare and co-workers 
(31) have studied the BaO produced 
in the Ba + 02 reaction by tuning a 
dye laser over the absorption spectrum 
of BaO. Since the excited electronic 
state is fluorescent, the amount of laser 
light absorbed is monitored by detect- 
ing visible BaO fluorescence. This spec- 
trum then gives the relative concentra- 
tions of molecules formed in each of 
the BaO vibration-rotation levels. A 
potentially more general and sensitive 
method of state-selection spectroscopy 
for molecular beams is two-step pho- 
toionization (15). If one laser is tuned 
at high resolution over the absorption 
spectrum of a product molecule, a sec- 
ond laser may be used to ionize the 
molecules excited by the first. With 
sufficiently powerful lasers and an ion 
counter, nearly unit detection efficiency 
could be achieved. It will doubtless be 
some time before really practical sources 
are available for this difficult technique. 

Excited Electronic States 

Laser excitation of electronic states 
allows one to study electronic energy 
transfer, vibrational and rotational en- 
ergy -transfer among the levels of the 
excited state, radiationless transitions of 
isolated molecules and of molecules 
suffering collisions, and chemical re- 
actions of excited states. Leone and 
Wodarczyk (55) have explored trans- 
fers of electronic to vibrational energy 
of the type 

Br* + HC1 -> Br + HCI (v = 1 ) 
The excited atoms (Br*) are produced 
by laser photodissociation of Br2, and 
the infrared fluorescence from HC1 
(v = 1) is observed. 

Electronically excited alkali dimer 
molecules and 12 have been studied in 
considerable detail by steady-state fluo- 
rescence spectroscopy (23-25). The 
changes of rotational and vibrational 
quantum numbers that occur in colli- 
sions with a variety of foreign gas 
molecules have been studied. Particu- 
larly interesting propensity rules for 
rotational .transitions are found for the 
alkali dimers (24, 25). It is also found 
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that rotational energy changes com- 
parable to the thermal energy kT often 
occur notwithstanding the large changes 
in rotational quantum number required. 
In I2 the loss of one quantum of vibra- 
tional energy does not appear ito be 
accompanied by an increase in rota- 
tional energy. By contrast, for Li2 it 
appears that a substantial fraction of 
the vibrational energy is transferred 
into rotation rather ithan translation. 
Extension of this type of study to other 
diatomic and polyatomic molecules will 
be greatly aided by a good ultraviolet 
tunable laser source. 

Lifetimes of fluorescence decay from 
single vibrational levels have been mea- 
sured by using pulsed tunable lasers 
for molecules such as IC1 (28), NO2 
(29), formaldehyde (27), and glyoxal 
(26). Considerably higher resolution 
and sensitivity are possible with excita- 
tion by lasers rather than flashlamps 
and monochromators. It should be pos- 
sible to obtain high enough concentra- 
tions of excited molecules to study the 
time dependence of their spectra and 
chemically analyze the end products. 
The competition among pathways for 
energy transfer, radiationless transition, 
photochemical rearrangement, dissocia- 
tion, and excited state chemical reac- 
tion can be studied in detail as a func- 
tion of the quantum state initially ex- 
cited. If excitation selectivity can be 
translated into photochemical product 
selectivity, then laser photochemistry 
may become a chemical engineering 
method as well as a powerful research 
tool. In 'the case of formaldehyde it 
has already been shown that selective 
excitation of D2CO in a mixture of 
H2CO and D2CO yields primarily D2 
molecules (7). 

D2CO* -> D2 + CO 
D2CO* + M-> D2+CO+M 

Many other laser-photochemical iso- 
tope separation schemes are possible in 
principle (8, 15). The use of laser 
sources in photochemistry promises to 
provide a great many exciting and im- 
portant research opportunities. 

In summary, state selection with 
lasers is a powerful tool for investiga- 
tion of chemical phenomena. Only a 
few illustrative examples have been 
given from the many already in the 
literature. The development of reliable, 
tunable laser systems from vacuum 
ultraviolet to far infrared promises to 
open up broad new areas of applica- 
,tion and to greatly expand those now 
under investigation. 
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Recent investigations of protein poly- 
morphism which suggest that up to 40 

percent of all gene loci may be poly- 
morphic in animals as diverse as Limu- 
lus and man (1) have led to a resur- 
gence of interest in the mechanisms 
which are responsible for the mainte- 
nance of genetical variation in natural 

populations. Ecological genetics is the 

study of the relationship of such varia- 
tion to the environment. Unfortunately, 
much research which is intended to re- 
fer to the ecological genetics of a sys- 
tem suffers from the weakness of the 

investigation of Chinese metaphysics by 
the Dickensian character who obtained 
his information by combining encyclo- 
pedia articles on China and on meta- 

physics. We have adequate information 
on the genetics of some organisms and 
on the ecology of others, but in rela- 

tively few cases is sufficient data avail- 
able on both variables to justify a realis- 
tic amalgamation. Resolution of the 

long-standing disagreement between 
those who think that natural selection 
is the main factor affecting genetic vari- 
ation in natural populations and those 
who emphasize the importance of ran- 
dom processes has therefore been de- 

layed by a lack of suitable information. 

Recent investigations of protein poly- 
morphism which suggest that up to 40 

percent of all gene loci may be poly- 
morphic in animals as diverse as Limu- 
lus and man (1) have led to a resur- 
gence of interest in the mechanisms 
which are responsible for the mainte- 
nance of genetical variation in natural 

populations. Ecological genetics is the 

study of the relationship of such varia- 
tion to the environment. Unfortunately, 
much research which is intended to re- 
fer to the ecological genetics of a sys- 
tem suffers from the weakness of the 

investigation of Chinese metaphysics by 
the Dickensian character who obtained 
his information by combining encyclo- 
pedia articles on China and on meta- 

physics. We have adequate information 
on the genetics of some organisms and 
on the ecology of others, but in rela- 

tively few cases is sufficient data avail- 
able on both variables to justify a realis- 
tic amalgamation. Resolution of the 

long-standing disagreement between 
those who think that natural selection 
is the main factor affecting genetic vari- 
ation in natural populations and those 
who emphasize the importance of ran- 
dom processes has therefore been de- 

layed by a lack of suitable information. 

Ecology and Genetics of Land Molluscs 

Polymorphic land snails are excellent 
material for research into the inter- 
actions of ecology and genetics. Indi- 
vidual species may live in a wide range 
of environments, their shells can easily 
be marked for identification, and empty 
shells (whose appearance may give an 
indication of the cause of death) leave 
a record of some of the genes which 
the animal possessed when alive. The 
low mobility of most land snails also 
means that populations sharing a com- 
mon gene pool are small and can be 
studied in detail. These factors make it 
relatively easy to study the ecology of 
snail populations. Cepaea nemoralis, a 
common European helicid, is the most 
widely investigated species. Information 
is now available on its food, repro- 
duction, growth rate, survival, move- 
ment, activity, actual and effective 
population size, and predators (2). 
Much work has also been conducted 
on the genetics of its visible poly- 
morphism. 

The shell may be yellow, pink, or 
brown, and bears up to five dark or 

partly pigmented bands. The genes for 
shell color are allelic. A locus con- 
trolling the presence or absence of 
bands is closely linked to the color 
locus, and several other loci controlling 
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intensity of band and lip pigmentation 
are linked to these loci to form a 
"supergene." Two loci reducing the 
number of bands on the shell to less 
than five are not linked to this super- 
gene (3). 

The complexity of the visible poly- 
morphism in C. nemoralis is matched 
by its ubiquity. I have records of only 
26 monomorphic colonies out of more 
than 4000 sampled in Britain and 
France. Cepaea hortensis, which is 

closely related to C. nemoralis, is also 

highly polymorphic, and the visible 

polymorphism of the two species is 

homologous to such an extent that 
dominance relations are preserved in 

interspecies crosses (4). Polymorphism 
in C. hortensis is not as extensive as in 
C. nemoralis, 11.7 percent of British 
colonies being monomorphic for shell 
color and banding. Cepaea sylvatica and 
C. vindobonensis are continental Euro- 

pean species which have considerably 
simpler systems of shell polymorphism. 
The ecology and genetics of several 
other molluscs have also been investi- 

gated (5). 

Ecological Genetics of Cepaea 

The extreme local variations in morph 
frequency found in Cepaea populations 
were for many years quoted as exam- 
ples of the importance of random 
processes in determining population 
structure. On the basis of a survey of 
C. nemoralis populations in France, 
Lamotte (6) also concluded that genetic 
drift is the major factor affecting gene 
frequencies because he could find no 
associations of morph frequency with 
environment, and because analysis of 
his data suggested that they were in 
accordance with Wright's (7) predic- 
tions for populations whose structure 
is primarily determined by random 
processes. 

More recently, however, natural se- 
lection has been shown to be important 
in affecting the distribution of genes in 
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