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relative humidity in the region of BrPn is only about 45% (ref.
3). Interestingly, it may eventually be possible to correct for
the deuterium enrichment due to transpiration by analysing
both hydrogen and oxygen isotope ratios in cellulose (see ref.
10).

A second source of scatter may arise from the fact that the
surface temperatures used for comparison with the tree §D
values are unweighted average annual temperatures. If the trees
are incorporating annual precipitation, the §D value of this
precipitation will probably be a weighted average of varying
proportions of the various seasonal precipitations. Con-
sequently, the unweighted temperature and weighted § D values
may not always be uniformly related. Furthermore, the com-
pared temperatures are those of meteorological stations which
are not located at the exact site of tree growth. Thus, the pattern
of geographical temperature variation of these stations may not
be exactly analogous to that of the growth sites.

Biochemical or physiological differences between these 20
different ‘well-behaved’ trees could produce some, as yet,
unrecognized differences in the net hydrogen isotope fraction-
ation between leaf water and cellulose C-H hydrogen. Such
differences might contribute to the scatter in Fig. 3.

There may also be trees among the 20 ‘well-behaved’ samples
that have not incorporated average annual precipitation.
Instead, some trees may have utilized relatively more water
from a single season. When plotted against annual temperature,
the 6D values of these trees might produce some scatter such
as appears in Fig. 3.

Finally, there is likely to be scatter in the primary precipita-
tion §D/temperature relationship (see Fig. 2). This scatter
would be manifested in Fig. 3, if the §D values of the trees
reflected the 8§D values of the local meteoric waters.

In spite of these possible sources of scatter in the relationship
between tree §D values and annual temperature, Fig. 3 shows
that such a relationship does exist. Furthermore, for the 20
‘well-behaved’ samples of Fig. 3, the relationship is quite close
to that which might be expected if the §D variations of the trees
mimic those of the local annual precipitation.

Thus, trees from the proper sites seem to record §D values
that correspond to geographical climatic differences. Note that
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the samples analysed for this work were collected by individuals
who had little specific instruction regarding the relative merits
of locat tree sites. Thus, local site selection was largely random.
From information supplied by individuals who collected the
samples (see ref. 3), it seems that the ‘well-behaved’ sites are
likely to be those in which there is an absence of stagnant soil,
ground or surface water'’

Conclusion

A comparison of the geographical variation of the §D values
of trees with the associated average annual temperature reveals
an overall correlation for many sites and species of trees. The
spatial linear temperature coefficient obtained for §D values
from 20 widely separated tree samples in North America is
5.8%°C™". This compares with a temperature coefficient of
5.6% °C " obtained from annual precipitation 8§D values at 11
North American IAEA sites. The similarity of these two
coefficients is consistent with the idea that the §D variations
of the trees reflect the §D variations of the local precipitation.
The latter conclusion is supported by the spatial distribution
of the tree 8D values (Fig. 1). These 6D values decrease from
the coast to the interior and from south to north. This pattern
of variation is analogous to that observed for meteoric waters
over North America (Fig. 1).

Site conditions seem to be important in determining the §D
values recorded by trees, and some site conditions can produce
scatter in plots of annual temperatures against tree §D values
on a spatial scale. However, the trees sampled for this work
indicate that favourable growth sites are common.

The geographical temperature-tree § D correlation for seven
widely separated North American trees shows a remarkable
consistency over the interval 1931-70. This consistency is
maintained in spite of the differences in both species and relative
ages of the seven tree samples involved.
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B Decay and the origins of biological chirality:
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A spin-polarized low-energy positron beam has been used to set limits on asymmetric positronium formation in optically
active molecules. No asymmetry was found at the 7x 10~ level in cystine and tryptophan, but a possible effect of
(31 +7) x 10™* was found in leucine. A quantitative connection is made with the origin of biological optical activity.

THE amino acids and sugars on which terrestrial life is based
show maximal optical activity, that is, with rare exceptions,
they are composed of D-sugars in RNA and DNA and L-amino
acids in proteins. This obgervation poses the questions: (1) Why
should life be based on optically active substances? (2) Are
there any causal mechanisms that would lead us to expect the
selection of the L-amino acids in terrestrial organisms and is

this choice expected to be the one statistically preferred when
all possible biospheres are considered? Question (1) has been
discussed extensively'” and there is widespread agreement that
life should naturally select an ordered system based on optically
pure substances. However, question (2), still unanswered, is
one of the important problems in chemical and biological evol-
ution.
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In the absence of any causal mechanisms, the presently
observed complete optical purity would be the result of a
random fluctuation in the presumed virtually racemic isomeric
balance of the primordial Earth, followed by chemical and
biological amplification. The probability of selecting a particular
isomer would then be 50%. On the other hand, causal mechan-
isms can systematically produce an isomeric excess which, if
large enough to compete with random fluctuations, may strongly
bias the odds on which isomer will eventually dominate. To
generalize our treatment of question (2) to all types of bio-
spheres it is necessary to distinguish two types of causal mechan-
isms: local and universal. A local causal mechanism relies on
some local asymmetry to produce a bias in the odds on which
isomer dominates in that particular biosystem. By contrast, a
universal causal mechanism produces a systematic bias in the
odds in favour of one isomer dominating throughout all biosys-
tems in which it is effective. All such mechanisms must be
related to the weak interaction as this is the only interaction
that universally violates parity conservation. No reproducible
quantitative results are yet available for either the random or
causal mechanisms. The description, theoretical analysis, and
preliminary experimental results of a new method to investigate
the most plausible universal causal mechanism, preferential
radiolysis by electrons emitted in the 8 decay of radionuclides,
is the subject of this and the accompanying article®. For com-
pleteness, we also present a brief discussion of the leading local
causal mechanism, preferential photolysis or catalysis by cir-
cularly polarized sunlight.

Analysis of two causal mechanisms

Preferential photolysis by circularly polarized light: Asym-
metric effects have been observed in the interaction between
amino acid isomers and circularly polarized light*. In addition,
a circular polarization (CP) of sunlight of 0.1% has been
observed at dawn and dusk in an IR band (780-800 nm)°.
However, a corresponding CP in the UV, needed for asym-
metric photolysis, was not found, and thus it must be <0.01%.
In addition, because CP is a result of parity conserving elec-
tromagnetic interactions in the atmosphere, it can only be a
local causal mechanism, that is, it must be identically zero when
averaged over one Earth rotation and over the Earth’s surface,
unless non-uniformities exist in time (morning compared with
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Fig.1 The experimental apparatus used to measure asymmetries
in triplet positronium formation. The beam consists of 3x 10°
positrons s~ and initial helicity ho(e™)=0.21£0.02 (ref. 13).
The Wien filter spin rotator (crossed electric and magnetic fields)
allows rotation of the average spin direction ((8;)) of the beam
with minimal effect on the average direction of the beam’s
momentum ({p;)). Thus ho(e”) may be continuously varied from
+0.21 to —0.21.
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Fig. 2 Detail of the slow positron target region. A 0.5-mm thick
layer of powder of a given sample was pressed on a binding layer
of latex on the CEM cone. Measurements of Ps formation on the
bare cone, the latex binder, and the amino acids confirmed that
Ps formation occurred only in the amino acid layer. Secondary
electrons are collected into the channel of the CEM. The triplet
Ps formed in the amino acid powder lives a sufficient time to
escape from the powder into the confinement cavity and annihilate
into three y rays with approximately the vacuum lifetime of 140 ns.

evening) and with respect to the Northern and Southern Hemi-
spheres.

Preferential radiolysis related to electron helicity in 8 decay:
The radiolysing B8 decay electrons, on emission from the
nucleus, possess a handedness or helicity (h), that is—there is
a correlation between the direction of the spin angular momen-
tum and the linear momentum. This correlation is expressed
by the relation i = (h;) = (8, * p;) where, for the ith particle, §; is
the Pauli spin matrix, p; the unit momentum vector (§; = p/Ip:]),
h; is the helicity operator, and the angular brackets represent
an average over all particles in the ensemble. Further, for the
present discussion (§; - P;) = (8;) - (p;), that is the positron spin
and momenta are decoupled. If, for example, all spins and ail
momenta in a beam are parallel |§;)| = 1 and |{p;)| = 1. Preferen-
tial radiolysis by B decay electrons represents what we have
defined as a universal causal mechanism and the problem is to
determine to what degree this handed radiation could asym-
metrically radiolyse racemic mixtures of amino acids on the
primordial Earth.

Many experiments have searched for helicity induced prefer-
ential radiolysis®® but no reproducible effect has been demon-
strated. We feel that this is because none of the experiments
approached the level of sensitivity necessary to observe the
small asymmetric effects which are now predicted to occur’.
These effects arise from the distortion in the electronic
wavefunctions in optically active molecules. The distortion
induced by coupling between spin and orbital motion in the
bound electrons produces a helicity per unit volume or helicity
density—denoted h (f). From considerations of parity conserva-
tion (mirror symmetry) h (¥) is zero for symmetric spin-unpolar-
ized molecules but h(E) can be non-zero for spin-unpolarized
dissymmetric molecules.

The spin-dependent exchange interaction between the
molecular electrons and the incident 8 decay electrons, when
the coupling between h(e™), the helicity of the incident elec-
trons, and A () is included, produces an asymmetry, Ag, in the
respective rates of radiolysis of L and D isomers R(L), R(D).
On either reversal of h(e™) (h(e”)=> —h(e™)) or interchange of
the L and D isomers this asymmetry may be written as:

R*(L)-R~(L) R*(L)-R*(D)
R*(L)+R~ (L) R*W)+R*(D)
=|h(e)HR(E, Z) 1)

Ap=
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Here (+, —) refers to h(e")>0 or h(e")<0 and from parity
conservation R*(p) = R7(L) so that, for example, Ax may be
written as:

& =[R7(0)-R*(D))/[R™(D)+R"(D)]

Hp, an effect of the molecular helicity density 4 (¥), is essentially
an average of h(¥) weighted by the Coulomb interaction
between the projectile (8) electron and the target (molecular)
electrons. For projectile energies E, of the order of 100-
500 keV, Hy, is given by the relation

1
2E,In (2E,)

where « is the fine structure constant (¢ ' ~ 137), Z the atomic
number of the heaviest atom in the asymmetric environment
of the molecule and 7% is a molecular asymmetry factor which
takes into account the effect of molecular structure on Hg. See
the accompanying article for a complete discussion of Hg. We
note here that at E,~ 100 keV and Z = 6, Hy, lies in the range
107" < Hg <107, The uncertainty in Hy is primarily a result
of the uncertainties of the molecular wave functions used in its
calculation. Thus even if we take A(e”) =1 and assume that it
does not decrease as the 8 slows down, (in fact h(e7)->0 as
the B8 slows down due to velocity dispersion caused by scatter-
ing®), the largest resulting value of Ag (Ag <107"°) would still
be much too small to be observed in a direct radiolysis experi-
ment. Current techniques limit such experiments to detection
of Ag >1072

Larger effects, though less directly related to h(f), may in
fact be obtained by performing scattering experiments using
unpolarized electron beams whose energy is of the order of the
molecular ionization potential (/). A phenomenological analysis
of this possibility has been presented'® and quantitative esti-
mates of the effects to be expected (an induced helicity between
107% and 107° in an initially unpolarized electron beam) have
been made®’. These estimates show that observation of the
helicity is not possible using available techniques, a result
corroborated by the preliminary experiments sensitive to an
induced helicity of order 1072 which have not seen an effect’’.

Hg =nx(@Z)?

A
07 (x107%)

_‘IO_

Fig. 3 The observed asymmetry in triplet Ps formation on DL
cystine plotted against A7, the observed time dlﬁerence between
the prompt peaks after helicity reversal. Values of r" and r~ based
on ~16x10° prompt time events and 10° delayed events were
used to calculate Ap,, according to equation (4). The uncertamtles
in Ap, for a 12-h sequence were typically of order 107 based on
Poisson (\/N) statistics for prompt and delayed counts. The
straight line is the linear least squares fit.

Table 1 The residual asymmetry, A;,(0), and the x? per degree of freedom
obtained from the least squares fitting procedure

Substance D L DL
Cystine Aps(0) (2>< 10_4) -108 (5 1) -3.6(5.0) —4.2(4.9)
N 4.8/5 7.4/7 6.2/7
Leucine APS(O) (x107%) -15.1(7.3) +4.0(6.6) -3.3(3.2)
2IN 4.4/5 7.3/8 7.1/6
Tryptophan Aps(O) (x10™% -2.7(4.6) -1.3(5.5) -10.9(3.1)
/ 0.7/3 3.9/4 7.0/7

In our experiment we employ a method that is much more
sensitive to A(F) than the radiolysis experiments. A beam of
200-400 eV positrons with a net helicity, A(e®), is directed into
an amino acid target. After slowing down to ~10 eV, 80% of
the positrons annihilate directly with an electron. The remaining
20% capture an electron to form positronium (Ps), the hydro-
gen-like bound state of the two particles. The Ps is formed in
both the triplet (140 ns lifetime) and singlet (0.1 ns lifetime)
spin states and the experiment is designed to detect only the
triplet state (based on its long lifetime). Because of the existence
of h(F) in the molecule, the fraction of this state formed for a
given isomer f(L) or f(D) depends on the sign and magnitude
of h(e™) that is we have f*(L), f*(D) for h(e*)>0 and f(L),
(D) for h(e*)<0. As in radiolysis, f“(D)=f"(L). The asym-
metry Ap, in the triplet Ps formation fraction on either reversal
of h(e™) (h(e*)»> —h(e™)) or interchange of L and D isomers is:

_ff)-fo_fu-fmo)
PR L) +fD)
Symmetric expressions for Ap, based on interchange of f*(L) >
f (D) and so on may also be written. Here Hy(Z) is directly
analogous to Hg(E, Z), but without the E dependence since
Ps formation in a solid occurs in a narrow energy range below
the molecular ionization potential. A detailed calculation of
Hp(Z) (ref. 3) shows that in our experimental conditions
Hp(Z) is expected to satisfy the inequality 107 < Hp(Z)<
107°, for Z =6, although in atypical cases values as large as
H»(Z)~10"% have not been ruled out. As in the calculation
of Hg, the major uncertainty in Hp,(Z) arises from uncertainty
in the molecular wave functions.

An approximate general expression® relating Hy to Hp, may

be written as

nr 1 )

Hw(E, Z)=Hp(Z )( )(25 In 2E,) @)
where mp, is a molecular asymmetry factor for Hp(Z),
analogous to nx for radiolysis. The value of 7p, has been
calculated for the simplest optically active molecule for which
the most complete wavefunctions are available, 15° twisted
ethylene®, with the result 77, ~ 1072, While % has not been so
calculated, it is estimated to be of the same order of magnitude
as my, (although the relative signs are not yet determined). Thus
we find that |[Hg|=10"%|Hp,(Z)|. Our goal is to measure Ap,
and k(e™) and thus determine or set upper limits on Hp(Z) so
that the quantities of fundamental chemical and biological
interest, i (f) and Hg(E, Z), may be estimated.

=|h(e)|Hen(Z) (2)

Experiment

The apparatus is designed to measure the amount of triplet Ps
formed when an amino acid powder target is bombarded with
a collimated beam of positrons whose energy and helicity can
be varied. The asymmetry in triplet Ps production (Ap,) under
reversal of either positron helicity (+, —) or target chirality
(L, D) is then determined. The apparatus used to produce the
beam is sketched in Fig. 1 and discussed in detail in ref. 12.
Figure 1 shows the positrons focused onto the surface of a
channel electron multiplier (CEM) coated with the optically
active material under investigation, where their impact is detec-
ted through emission of secondary electrons (see Fig. 2). Detec-
tion of one or more of the annihilation ys in Pilot B plastic
scintillator detectors (Fig. 1) provides the ‘stop’ signal following
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the CEM ‘start’ signal which allows the lifetime of each positron
event to be measured directly. The lifetime spectrum so
obtained consists of an ~1 ns wide ‘prompt peak’ of directly
annihilating positrons together with Ps which annihilates within
the amino acid, the 140 ns exponential component of free triplet
Ps, and a uniform background from uncorrelated events. To
correct for variations in beam intensity, a ratio of counts from
triplet events (background subtracted), occuring in a 400 ns
wide time window starting at 75 ns after the prompt peak (¢ = 0),
to counts in the prompt peak is calculated. Defining r* to be
this ratio for incident positron helicity positive (r~ for (h(e™) <0)
Ap, (equation (2)) is given by

Aps=("—r)/(r"+r7). 4)

Asymmetry measurements were made by reversing h(e™) every
330 s during a 12-h period. The cumulative lifetime spectrum
for each value of A(e*) was stored in memory halves of a
multichannel analyser. The large number of helicity reversals
per run reduced the effect of random and secular time shifts in
the ¢ = 0 position of the prompt peak to <0.01 ns. Asymmetries
were measured in this manner for samples of D, L, and DL
isomers of tryptophan, cystine and leucine (supplied by Sigma
Chemical Co.).

Variations in the measured asymmetries for preliminary runs
were found to be greatly in excess of statistical fluctuations.
Experiments showed that the Ps formation fraction could vary
by as much as 20% over the surface of the CEM cone, depend-
ing on how far from the channel entrance the positron strikes
the cone (see Fig. 2). As a result, changes in the size, shape,
and position of the positron beam under helicity reversal could
produce false asymmetries as large as 1%. Such systematic
effects could be separated from any true isomeric asymmetry
by noting that the time-of-flight of the secondary electrons
ejected from the cone (and hence the observed time difference,
Ar, in the prompt peak after helicity reversal), has also been
shown to depend on how far from the channel entrance the
beam strikes the CEM. Thus the observed asymmetries Ap,
with their correlated values of Ar could be fit to the equation
Ap,=mAT+ Ap(0) where m and A (0) are the fitted para-
meters; and A (0), the residual asymmetry at A7 =0, is the
quantity of interest. An example of the fit is shown in Fig. 3
and the results for the isomers of cystine, tryptophan and leucine
are shown in Table 1.

The uncertainties in the results are statistical uncertainties
for the fitted data. As evidence by the x? test the linear
hypothesis is statistically compatible with the data for the D, L
and DL samples of cystine and tryptophan. However, using the
original statistically assigned uncertainty, the data of D and L
leucine yielded x*/N in excess of 2. In view of the still incom-
pletely understood nature of the systematic effects discussed
above, we increased the uncertainty on the individual data
points to make x>/N = 1. The uncertainty in Ap,(0) and x?/N
(leucine) in Table 1 reflect this adjustment.

The measured values of A,,(0) (Table 1) show no statistically
significant difference between the D and L isomers of cystine
and tryptophan at the 7 x 107 level but the data do indicate
the possibility of an effect at the 2o level in leucine. In view
of this possible effect additional data on leucine were obtained
in which an attempt was made to maintain Ar at a sufficiently
low level (AT <(0.02 +0.02)ns) so that the values of Ap, from
several independent runs could simply be averaged without
relying on the fitting procedure described above. This was
accomplished by adjusting the beam deflection electrodes
before each run. The weighted averages and values of x> per
degree of freedom obtained using this procedure were Ap,(D) =
—(30.0£4.9)x10™, Ap(L)=+(1.3£4.4)x107*, x*(D)/N =
5.6/6 and x*(L)/N =11/7.

The above result seems to indicate the detection of an L/D
asymmetry in triplet Ps formation in leucine of (31+7)x107*,
However, in view of the large systematic effect discussed pre-
viously (values of Ap, of up to —60x10™* were observed in
leucine for Ar~0.1ns) and in view of the fact that Ap,~

30x 107* is a much larger effect than predicted by theory®, we
feel that this result is still preliminary, and while suggestive of
an effect, it is not definitive. A newly designed experiment is
under construction in which the systematic effects related to
beam parameters and detector geometry should be eliminated.
We conclude that we have established Ap, to be <7x 107 in
cystine and tryptophan, but that there may be an effect in
leucine. We note that previous work by Bonner et al.’ did show
asymmetric L/D radiolysis by polarized electrons in leucine but
that this effect was not corroborated by Hodge et al.®.

To relate A, to Hp(Z) (equation (2)) it is necessary to
obtain the positron helicity (h(e*)=(:) - (§:)) not for the
incident positron beam (recall ho(e™) =0.21), but for the beam
after it has slowed down in the target to Ps formation energies
(<10 eV). This final helicity (h;(e*)) is not directly observable
but it can be estimated theoretically. Many experiments'>"?
have shown that, in agreement with theoretical predictions**,
the magnitude and direction of (§) for an ensemble of positrons
is essentially unchanged when the positrons slow down to Ps
formation energies from energies far in excess of the initial
400 eV energy used in this experiment. Although (8;) is constant,
the magnitude of {p;) (|{p;)]) does decrease as the beam slows
down and this increased beam divergence can be calculated for
positrons of the energies we use incident on metal surfaces'>'®.
For the case of |(B;)|inwa = 1, the beam divergence after n col-
lisions is given by [{p:)| = cos § =[cos 8, cos 6, - - cos §,,]. The
theoretical results are generally in good qualitative agreement
with experiment'”'®, _

The calculation of cos § using the formulas of refs 17, 18
may be generalized to the case of the amorphous insulator
alumina (Al,O,) based on calculations of specific energy loss
(dE/dx) and mean free path between collisions (A)*°, The final
extrapolation to the amino acids used in our experiment is made
based on the assumption that dE/dx and A may be scaled from
one substance to another because the probability of a positron—
atom interaction is proportional to No where N is the number
of electrons/atom with which the positron can interact (essen-
tially valence electrons) and o is the positron-atomic electron
interaction cross-section (taken as constant in all amorphous
insulators). _

The results of the calculation yield a final value of cos @ =
(0.4£0.2) or hsle™) = hole i) = 0.2 X 0.4 = (0.08 £ 0.04). The
error assignment results from systematic uncertainties in the
correct number of valence electrons to use in a given amino acid
and the nature of various approximations of the scattering
cross-sections used in ref. 19.

Conclusion

Our experiment aims to determine Hp(Z), or set limits on it,
so that the quantity of interest relating to the origin of optical
activity Hg(E, Z) may be determined (equation (3)), and so
that the newly identified property of chiral molecules, the
helicity density h(¥), may be investigated. From equation (2)
and the value hde")=0.08+0.04 we have Hp(Z)<
(Ap/h(e™))=(7x107*/8x10"?)=10"? for cystine and tryp-
tophan. The possible value of Hp(Z) for leucine where an
effect of Ap,=(31+7)x10™* may have been observed is
Hp(Z)=(31x107*/8%x 107~ (4£2)x 1072,

Comparing the above results with previous measure-
using positrons we note that, in all cases, positrons
from a radioactive source slowed to positronium formation
energies directly in the amino acid, implying® Aq(e*) <1072
Three experiments®® 22 gave null values of Ap, at the 1072 level,
which if combined with the estimated h(e"), yield H,(Z)<10.
The positive results of ref. 23 imply Hp(Z)=100. Thus the
results of the present experiment, implying H,(Z)< 1072 in
three cases and Hp(Z) =4 x 1072 in the fourth, although larger
than the theoretical predictions of ref. 3 (Hp(Z)<107%), are
the first to set limits on Hp(Z) which have any reasonable
physical meaning, that is Hp(Z)<1. Finally, using equation
(3), our limits on Hp,(Z) enable us to set the upper limit
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Hg(E, Z)< 107", This represents an improvement of 10* over
the limits of 1072 set by direct radiolysis experiments.

Plans for future experiments involve changes to reduce the
instrumental asymmetries and to increase the beam rate by an
order of magnitude. In addition, we are now able to increase
beam polarization up to 0.7 (J.V.H and P.W.Z in prepar-
ation). These and other changes should enable us to improve
our limits on Hp, by a further factor of ~100, sufficient to
observe an effect if Hp(Z)~107*, a value within theoretical
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B Decay and the origins of biological chirality:

theoretical results
Roger A. Hegstrom

Department of Chemistry, Wake Forest University, Winston-Salem, North Carolina 27109, USA

A dynamical mechanism is found whereby a dissymmetric molecule and its mirror image are ionized at different rates
by longitudinally polarized electrons such as produced by nuclear B decay. An enhancement is predicted for molecules
containing heavy atoms. Order-of-magnitude estimates indicate that the asymmetric effect of this mechanism may be

detectable by current experiments on positronium formation.

THE postulated existence of a causal relationship between the
parity nonconserving aspect of the weak interaction and the
observed dissymmetry of the molecules present in living organ-
isms'™ seems reasonable as the weak interaction is universal
and always acts in the same chiral sense. Hence if an effective
mechanism exists involving the weak interaction in molecular
evolution, this inherent universal chirality in nature could have
influenced the selection of exclusively D sugars for RNA and
DNA and L amino acids for proteins.

Two candidates for such a mechanism have been proposed,
each of which involves a different aspect of the weak interaction.
One produces an energy difference between a chiral molecule
and its mirror image*, but the calculated difference’® seems too
small to have been effective in molecular evolution. The other,
which seems the most popular theory at present, postulates the
asymmetric radiolysis of racemic mixtures of prebiotic chiral
molecules by the longitudinally polarized electrons produced
in nuclear 8 decay®. A precise test of some aspects of this
mechanism is the object of new experiments to measure an
asymmetry in the rate of triplet positronium (Ps) formation in
chiral molecules discussed in the accompanying article’ (where
references to previous work may be found).

The present article gives a theoretical basis for, and estimates
the magnitudes of, the cross-section asymmetries for both Ps
formation and radiolysis. The relevance of the results to the
question of the origin of chirality in living organisms is discussed
extensively in the preceding article’.

Ps formation in optically active molecules

The treatment of the asymmetry in the cross-section for
positronium formation given here and that for radiolysis which
follows are based on nonrelativistic scattering theory. The nota-
tion of Taylor’ is followed except that atomic units are used
here (/27w =e=m.=1, where h is Planck’s constant, e the
electron charge, and m. the electron mass).

Consider a positron with momentum p and helicityA =6 p=
+1, where p=p/p and p =|jl, incident on an optically active
molecule, the nuclei of which are taken to be fixed in the
laboratory frame of reference (Fig. 1). This initial channel is
labelled @, and a' labels the final channel which consists of the
ionized molecule and a Ps atom with momentum P’. Spin is
quantized along p and hence the spin projection quantum
number of the positron is related simply to the helicity by
m,, = 3A. The cross-section depends on the helicity A, the chiral-
ity of the target molecule (L or D), and on the spin state § of
the Ps, and is given by

oA =Cm's [ Ihwh. do 1)
p

(with_a corresponding expression for the D isomer) where
P'=|P'|, where d)' denotes an integration over the solid angles
corresponding to directions of P', and where Av denotes an
average over all orientations of the molecule (random orienta-
tions are assumed). The quantity t3, which is related to the
on-shell T-matrix, is defined below.

In a notation consistent with that of the preceding paper?,
the asymmetry in the cross-section is defined as

gs(L)~as(L) _os(L)—as(D)
o) +osL) aiL)+ai(D)

(with a corresponding equation for the D isomer) where o3 (L)
and og (L) are obtained from equation (1) with A =+1 and
A =—1 respectively. The second equation in equation (2) is a
consequence of parity conservation for the electromagnetic
interaction [equations (6, 7)], from which the general relation-
ship o3 (L) =as* (D) follows. For the case of a positron beam
of helicity 4(e*) and with A =|h(e*)|=<1, it can be shown that,
for a given L or D isomer (from now on the isomer is not
denoted explicitly), the asymmetry in the cross-section obtained

HPs(L) =

@
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