small pool of unlabeled HCO, (which can-
not be dilutable with labeled HCO; from
the external medium) must be proposed as
the source of oxygen. Lacking any sup-
porting evidence, such a scheme must be
considered improbable at the present time.
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Vibrational States of the Biopolymer Polyglycine I1:

Theory and Experiment

Abstract. The density of vibrational states, and hence the heat capacity, has been calcu-
lated for the parallel-chain hexagonal lattice of 3, helical polyglycine. The agreement
with experimental results in the temperature range from 1 to 20 K, including an
anomaly near 8 K, is the best obtained thus far for homopolypeptides.

Simple polypeptides, homopolypeptides
in particular, have long been considered
as model systems for the study of pro-
teins (/). Solid-state and polymer physics
have now advanced to the stage where one
can treat the vibrations of polymers by us-
ing techniques that have been well estab-
lished for simple molecules and for oli-
gomers, based on springlike interactions
between the atoms of the polymer. How-
ever, the computational difficulties become
progressively much more severe as one
considers polymers more complicated than
polyethylene. We have calculated here the
density of vibrational states and thence the
specific heat for the simplest homo-
polypeptide, polyglycine II (PG II), and
also measured the low-temperature specif-
ic heat from 1 to 20 K. The specific heat for
PG Il measurements are by far the lowest
in temperature yet reported.

The specific heat provides a test of how
the vibrational modes are distributed over
different frequencies (that is, the density of
states). The theory and experiment are in
fair agreement, particularly with respect
to the unexpected specific heat behavior
near 8 K; PG II is thus the most com-
plicated polymer for which a first-prin-
ciples vibrational (lattice dynamical) cal-
culation is in good agreement with experi-
ment. Even though this study bears the
same relation to biological systems as
many structural studies on proteins (for
example, in neither case are the studies
carried out on the molecule under true
intracellular aqueous conditions), the ap-
proach is valuable, particularly for the
low-energy skeletal modes.

Polyglycine, or poly(-COCHRNH-)
with R = H, is dimorphic in the solid
state, existing as a § sheet structure (PG I)
or as 3, helices (PG II). In these calcu-

Fig. 1. Density of vibra-
tional states G(#) versus fre-
quency for PG II. The num- =
ber of total states is &>

normalized to the number
of vibrations in one chemi-
cal repeat unit, that is, 21.

lations the helices were assumed to be ar-
ranged in a parallel array with their axes
on a hexagonal lattice. Theoretical (2) and
experimental (3) results indicate that the
helices are arranged antiparallel as well as
parallel. However, to lessen the compu-
tational difficulties the model was restrict-
ed to the parallel arrangement only. The
main differences between this calculation
and earlier normal mode calculations (4-8)
is that in this model all atoms are consid-
ered explicitly and the interchain inter-
actions are included. The valence force
field developed (4) for the polyamides and
PG I was used for the intrachain inter-
actions, and only the hydrogen bonding in-
teractions were included in the interchain
force field. The lattice dynamical secular
equation was approximated with the use of
a perturbation technique in which the secu-
lar equation was initially transformed with
the eigenvectors of the isolated chain cal-
culation (that is, no interchain inter-
actions) and then truncated to the 21 low-
est-frequency modes. This method yielded
the approximate frequencies below 350
cm™' and at selected wave vectors was
shown to yield frequencies in excellent
agreement with those found by diagonal-
ization of the full secular determinant. The
smaller secular equation leads to a sub-
stantial savings in computational time
since a large number of wave vectors must
be sampled to adequately describe the den-
sity of states. The vibrational frequencies
above 350 cm! were assumed to be depen-
dent only on the wave vector components
in the chain axis direction. The resultant
density of states is shown in Fig. 1. The
higher frequencies (greater thah 300 cm™')
have little influence on low-temperature
specific heat.

The experimental input to the lattice

100

Frequency (cm™)
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dynamical calculations consisted of the
structure, atomic masses, and force field
constants of PG II and did not involve
low-temperature specific heat measure-
ments at all. The results of the calculations
are shown as the smooth curves in Fig. 2,
aandb.

To measure specific heat, one applies a
quantity of heat AQ to a thermally iso-
lated sample and measures the resulting
temperature rise AT; the specific heat
is then C = AQ/AT. The heat energy
excites the various modes of vibration. As
the temperature is raised higher-energy
modes are excited, and so one can think
of specific heat measurements made at
different temperatures as, in some sense,
sweeping through the curve of density of
states versus eilergy. (The specific heats
at constant pressure and constant volume
are equal at low temperatures.) At these
low temperatures the thermal diffusivity of
polymers is very low; as a result the ther-
mal relaxation times of the sample can be
unacceptably long, and this leads to in-
accuracies. We obtained reasonable relax-
ation times by mixing the sample with cop-
per powder and compressing it at 108 pas-
cals (1 pascal = 1 newton/m?), which also
resulted in a sample of convenient
compactness (9). The specific heat appa-
ratus has a mechanical heat switch and a
germanium resistance thermometer (10),
and has been checked against exceedingly
high-purity copper (11).

Polyglycine (Sigma Chemical Compa-
ny, St. Louis) was dissolved in saturated
LiBr solution; PG II precipitated when this
solution was poured into excess water (5).
The precipitated PG Il was repeatedly
washed and centrifuged until the LiBr in
the wash water was in the parts-per-million
range, and then dried.

The experimental results are shown in
Fig. 2, a and b. In Fig. 2b the results are
plotted as C/T* since, at a low enough
temperature, C will be proportional to 773
[that is, the Debye model (12)]. (The differ-
ences between our experiment and theory
are unlikely to be due to any of the usual
systematic ills that arise in low-temper-
ature specific heat measurements.)

Although increases in C/T? and low-
temperature maxima have already been
observed in some polymeric and other ma-
terials below 1 K and explanations at-
tempted (13, 14), the maximum in the ex-
perimental results of Fig. 2b at about 8 K
is a new feature for homopolypeptides. We
were particularly delighted, therefore,
when Fanconi’s theoretical calculations
became available several months later and
reproduced the main features of the maxi-
mum in Fig. 2b. We stress that the input to
the theoretical calculations and the calcu-
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Fig. 2. (a) A plot of specific heat C versus tem-
perature T for PG II. The curve is theoretical,

the points are experimental (1 cal = 4.184 joules). (b) A plot of C divided by 7? versus T for PG II.
The curve is theoretical, the points are experimental.

lations themselves are completely indepen-
dent of any low-temperature information.
Because C comes from the density of
states, which in turn is provided by the lat-
tice dynamical model (6, 7), it is not a
straightforward process to deconvolute the
calculations and find the origin or ori-
gins of the maximum in Fig. 2b. The com-
puter calculations are sufficiently costly in
time and money that a simple variation-of-
parameters approach is not feasible. How-
ever, the maximum seems to be related to
the soft hydrogen-bonded interchain inter-
actions. Two earlier theoretical calcu-
lations for homopolypeptides, one based
on an isolated helical chain model (8) and
another for PG I based on a simple model
of the chemical repeating unit in a two-di-
mensional array (6), do not predict the
anomalous behavior seen in Fig. 2b. A
comparison of the density of states of these
two models with Fig. 1 shows that the con-
tribution of the hydrogen bonds to low-fre-
quency modes is less in PG II than in ei-
ther the a-helix or the g-structure (PG I).
Normal modes of vibration in which the
hydrogen bonds are fully extended occur
for the a-helix and g-structure but not for

‘the parallel-chain PG II structure.

The excellent agreement that is found
(7) between the calculated spectroscopi-
cally active mode frequencies and the ex-
perimental infrared and Raman fre-
quencies is one test of the validity of the
parameters of the calculation. The maxi-
mum in Fig. 2b corresponds to a frequency
(about 5 cm™) that is too low to be ob-
served by either infrared or Raman spec-
troscopy, even if one assumes that the rele-
vant modes are spectroscopically active.

The rise in C/T? seen for PG 11 below 1
K has been observed experimentally in
amorphous materials (/4) and in other

polymers (/3), but the reasons are unclear.
Although the calculations presented here
do show a corresponding trend, at these
lowest temperatures the computational in-
accuracies become large. However, the
agreement between experiment and theory
presented here for PG II is particularly
satisfying when one notes that the theo-
retical (8, 15) and experimental results for
poly-L-alanine in both the «- and B-con-
formations differ by orders of magnitude
(12).

The results of this work should be of val-
ue to those working on theories of proteins,
and on aspects of the mode of action of en-
zymes.

BruNo Fanconi
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National Bureau of Standards,
Washington, D.C. 20234
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Charging for Radioactive Emissions

Abstract. Radioactive emissions from nuclear power plants can be controlled by using
a pollution charge. This is a more effective and simpler procedure than the present meth-
od of shutting down plants and leads to a more desirable balance between alternative

sources of energy.

Emissions of radioactive materials in
normal operation of nuclear power sta-
tions must, according to Nuclear Regu-
latory Commission (NRC) rules, be kept
as low as practicable following the guide-
lines of the International Committee on
Radiological Protection (ICRP). The ex-
act meaning of these words was left to a
public hearing lasting 3 years, started by
the Atomic Energy Commission and only
recently adjudicated by NRC (/). This
hearing was concerned with the design
criteria for power stations using light-
water-cooled nuclear reactors (2). In the
final adjudication, the NCR reaffirmed
stringent rules for the design of these
plants to reduce radioactive effluents. One
basic principle is that a cost-benefit analy-
sis be performed on further reducing the
integrated radiation exposure (measured in
man-rem, the product of population and
radiation dose) to the general public below
the stipulated design guides. The NRC
proposes a future hearing, but suggests
that meanwhile a cost equivalent to $1000
per man-rem be selected as a figure below
which it would be deemed worthwhile to
install equipment to reduce the dose. This
figure of $1000 is very conservative, but we
will take it for the purpose of subsequent
argument.

On occasion, equipment is defective or
unusual operation can occur. Then with
continued operation radioactive emis-
sions may temporarily increase above
the technical specifications for the power
station calculated according to the various
rules, including the cost-benefit analysis
below. The NRC notes that it would not
be appropriate to shut a power station
down merely because of a temporary in-
crease of emissions, but the exact me-
chanism of control is not specified.

It is the purpose of this report to point
out that this is a case where a pollution
charge should be a very logical and effi-
cient method of control. I do not wish to
single out radioactivity as the only case for
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a pollution charge; pollution charges for
sulfur emission control have also been sug-
gested (3) for similar reasons. It is impor-
tant to realize that, like the effects of sulfur
emission, the effect of a temporary emis-
sion of radioactive material above the
technical specification will not be cata-
strophic (and may even be zero if there is a
threshold in the curve of health effect ver-
sus dose) so that instantaneous action such
as shutdown of the power station is not
warranted. Given our present lack of
knowledge, it is desirable to be cautious
and to encourage prompt correction. As
we see in the example below, even assign-
ing a large cost to a dose integrated over
population (man-rem) will give a much
smaller charge than the effects of some
existing power reductions. The question
for public policy is, Would it be better to
run the nuclear power station with its high-
er than usual emission, or to forgo the ben-
efits of the electric power generated and
shut the station down? Many complex fac-
tors will enter into the decision, such as the
length of time for which the shutdown will
be necessary, the availability of other gen-
erating capacity, and so forth. By imposing
a pollution charge, this complex question
would be put firmly into the hands of the
utility company in just the form they are
uniquely qualified to deal with—namely,
What is the cheapest way to generate elec-
tricity?

Therefore, 1 propose that whenever the
emissions from a power station reach a
point where action must, under present
rules, be taken (I believe that this is when
one-half the yearly emission allowed in the
technical specification is reached in one
quarter) a charge be made in lieu of all oth-
er actions, until the [CRP limit of 500 mil-
lirems a year is reached. This charge
would be calculated on a yearly average to
be based on $1000 per man-rem calculated
or whatever other sum per man-rem the fu-
ture NRC public hearing may decide on as
appropriate. As noted above, $1000 is a

very conservative figure, but a charge
based on $1000 per man-rem will usually
cost less than shutting a power station
down. Using the figures from the recent
National Academy of Sciences report on
the biological effects of ionizing radiation
(4), we find that 1 man-rem might (assum-
ing no threshold below which radiation has
no effect) cause 10~ cancers; this corre-
sponds therefore to a charge of $10
million per cancer, which is more than
society usually spends on cancer-reducing
actions (5). I would prefer to choose a
charge of $100 per man-rem, but even with
the higher charge, the examples below
show that the pollution charge would be
better than power restrictions.

A question might arise about how to cal-
culate the dose effect of the excess emis-
sions. This might arise, in particular, at an
existing plant where the effects of such
emissions have not been precisely calcu-
lated. In such a case the NRC could take
an appropriately conservative view, which
might then be contested by the power com-
pany (or by environmentalists). But all this
argument could take place at our leisure,
while the power station is still operating. It
would clearly not be worth the trouble for
a utility company to contest small NRC
charges. After an initial flurry of activity,
adjudication of charges will not happen too
frequently because precedents will be set
by the first few cases. At present the NRC
asks for prompt reports and action on un-
usual emissions. The public health problem
is calculated on the basis of a dose given all
at once, and can only be less if spread out
over a long time period. It is only the aver-
age over a year or so that counts. Since a
utility company would want to reduce the
charge it would be expected to take prompt
action on its own, and no other immediate
action should be necessary.

This might work in a particular case as
follows. Under the present system, a 1000-
Mwe reactor might be shut down and its
contribution to the electrical grid replaced
with power from another station that usu-
ally utilizes oil. This will be about 40,000
barrels a day. We should take the cost of
the last barrels the country buys, presum-
ably imported. This is half a million dol-
lars, which adds this much to our balance
of payments deficit. A power reduction to
80 percent of full power costs one-fifth of
this—$100,000 a day. To this has to be
added a pollution charge for the replace-
ment fuel.

Such power reductions have been or-
dered at New England power stations,
when high site boundary doses (dominated
by iodine, with an assumed concentration
through the grass-cow-milk-thyroid chain)
due to unusual plant releases were calcu-
lated. Let us assume the dose goes up to 25
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