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Diffraction in resonant electron scattering from helical macromolecules:A- and B-type DNA
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We elaborate our theoretical framework to treat low-energy electron scattering from helical macromolecules.
A model of simple scatterers organized into a helical structure is proposed with application to base-pair
arrangements in DNA. We extend our analysisAttype DNA as well as nonperiodic arrangement®8itype
DNA. Diffraction patterns due to base-pair spacing are observed under all conditions. We discuss the role of
electron diffraction in electron attachment to the bases leading to the formation of shape and core-excited
resonances. The decay of such transient anions into dissociative-state channels producing DNA strand breaks
is also described. We find A-type DNA to be much more sensitive to low-energy electrons than B type.
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[. INTRODUCTION likely to undergo multiple scattering before interacting at a
_ ~ specific site, where it can be captured in a resonant state.
Low-energy electron-molecule scattering has been studiegihjs idea of decoupling the diffracted amplitude from the
for more than half a century and considerable advances hayfyal local site interaction had previously been successful in
been made at both the theoretical and experimental levelescribing withR-matrix theory the behavior of the absolute
[1-4]. The energy and angular dependence of the magnitudeross section for dissociative electron attachm@&®&A) to
of cross sections for elastic, inelastic, ionizing, and dissociasmall molecules embedded in a rare gas md#ig]. In this
tive processes induced by the collision of an electron with aase, the scattering separates into two regions: inside the
molecule have been obtained from various types of experiR-matrix sphere, where the matrix elements are those of the
ments. For nearly the same period of time, theories havgas phase modified by the condensed phase, and outside the
been developed to explain the behavior of these cross segphere, where the interaction with the rare gas atoms is
tions for molecules of increasing complexity and size. Everflominant, causing electron diffraction which modifies the
though reasonably successful, these theories are still limiteggcuum electron wave function. .
to the treatment of relatively small molecules, usually com- [N this paper, we elaborate our theoretical framework to
posed of no more than a dozen atoms of%6]. Our theo- treat LEE scattering from hellcal macromolecules. We_ first
retical description of electron-molecule scattering is still faraddress the multiple scattering problem and then examine the

from that needed to understand electron scattering from mo arious parameters that influence the coupling .Of the d!f'
biological molecules, which are much larger and more comiracted wave to electron states localized on basic subunits.

. : . More specifically, we extend our analysis to the problem of
m I
plex. Molecules like DNA, which may contain up to 'f0 LtEE scattering fromA-type DNA as well as to that of non-

atoms, are so huge that it becomes obvious that a differer%eriodiC sequences B-type DNA. The DNA molecule con-
apprc;ach mus}(br(]a developeld g’ tackle the sc(:jagenrk]]g prot;}le ists[10] of two polynucleotide antiparallel strands having

- A ?mewsr h as rgce|r|1t3|/ een propolse yé € authorgye form of a right-handed helix and composed of repeated
[7] to describe theoretically low-energy electrdiEE) scat- g a1 nhosphate units hydrogen bonded together through the

terinlg fromhsuch bI?rge bion;olecul:asd which have "flfhelicr?lfour fundamental bases, which are covalently linked to the
topology. The problem was decoupled into two parts: first the o mojety of the backbone. This is illustrated in Fig. 1 for

electron interacts with the entire molecule and then the new ¢,o+ qouble-stranded segment. It consists of two sugar
wave funct'lon, defined by the."’.‘tom'c arrangement within thq’ings with the bases guanine and adenine, hydrogen bonded
molecule, interacts at a specific site of the moleqel®., a  ; cyiosine and thymine, respectively. The bases are chemi-
basic subunjt This choice was dictated by the important o5 honded to the sugar-phosphate unit. Under dry condi-

. ) 9 I?ions, DNA still contains on average 2.5 water molecules per
resonances and electron diffraction at low energies; i.e., ele(b'ase paiff11] which easily fit in the grooves of the helix:

tron attachment requires the localization of the electron on #hese HO molecules are an integral part of the DNA struc-
small subunit of the biomolecule and an electron of energy, .o 1t should also be mentioned that the negative charge on
typically 5-15 _eV has a wavele_zngth that is O.f the or_d_e_r Ofone of the oxygens of the phosphate group is counterbal-
molecular and intermolecular distances and is thus '”'t'a”yanced by a cation such as Nan B-type DNA, the crystal-
delocalized. In other words, the incident electron is f'rStIographic (averagedl structure resembles that of a twisted
ladder with base pairs defining the rungs and the backbone
providing the side support. The helical pitch, that is, the dis-
*Permanent address: Département de Physique et Regroupeméance for a full turn of the helix, is 3.4 nm and there are 10
Québécois sur les Matériaux de Pointe, Université de Sherbrookeungs per turn. The base pairs are relatively planar and lie
Sherbrooke, QC J1K 2R1, Canada perpendicular to the helix axis. l-type DNA, however, the
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DNA Molecule: to demonstrate that single-strand bre&&8$Bg can be in-
duced in DNA at energies as low as the nominal zero energy
P threshold(0.1+0.3/-0.1 eV of the electron beam used in
e the experiment and that the yield as a function of energy
s - exhibits a sharp peak at 0.8+0.3 eV and a broader feature
ugar-phosphate Base pairing Sugar-phosphate .
backbone g g ek centered at 2.2 e\J29]. These features were interpreted to
i i OWH,A.'H/‘\rH " arise from the decay of shape resonances into the DEA chan-
T H_</kaN~H———N|\ﬂ/N\2H ) nel. It was suggested that these resonances are formed by
sChy N N/)\,IHH___O ;,10 L electron attachment into the emp#y and 7* valence mo-
afy  fpy Guamine H - Cylosine ﬁ" lecular orbitals of the phosphate group and the DNA bases,
g W B L B S respectively. This shape resonance mechanism is of particu-
Ozﬁj_o.“ . N\ ; Yﬁ” I lar importance, since it is expected to play a role not only in
6 H—% | /J”_;’ _Nj)( L DNA radiolysis, but more generally in electron-DNA inter-
S 0 - Thymmh 07 ¢n, actions related to the transport of charge along DNA strands,
HHWH N glectron transfer to and frpm DNA, with possible applica-
A A tions to molecular electronics, which have generated an enor-
2nm ! mous literature. In fact, anion states created by occupation of

the normally unoccupied valence molecular orbitals of a ba-
sic DNA constituent are an ingredient common to many of
the processes above, albeit not always specifically recog-
vertical stacking is appreciably smaller. There are 11 residuedized. In perhaps the most ephemeral example, such orbitals
per turn and the pitch is 2.8 nm. Moreover, there is an im-On bridging molecules serve to couple donor and acceptor
portant tilt of 20° of the base pairs with respect to the helixmoieties through the superexchange mechari3@p, even
axis in theB form. though the orbitals are not occupied in the normal sense.
Our interest to describe LEE interactions with DNA stems ~We shall now proceed, in the next section, with the full
in large part from their importance for the field of radiobiol- description of the scattering model for treating electron mul-
ogy and consequent applications in radiotherapy and the efiple scattering in regular and irregular helical structures. We
vironmental sciences. In fact’ many of the mutagenicy genoturther indicate how a link can be established with resonant
toxic, or lethal effects of ionizing radiation can be traced to€electron attachment. An illustrative model calculation is per-
physical and chemical modifications of cellular DNA formed using the general topology and structure of the two
[12_14] These lesions are induced by Secondary Specieg(?rms of DNA described in this section. We then go on to
generated by the primary ionizing radiation. The secondargliscuss the implications of the results of our simulation. We
electrons of energies below 20 eV are the most abundant ¢nd with a discussion.
these secondary spec@];S,lq. About 4x 10* secondary Il SCATTERING MODEL
electrons per MeV of deposited energy are created along
ionizing radiation tracks. These electrons are known to effi- In Ref. [7], henceforth referred to as I, we presented the
ciently dissociate organic molecules, on subpicosecond timbasic equations for electron multiple scattering in macromol-
scales, in either the gg&] or the condensed phagé7]. ecules, including DNA. For the latter, we proposed a simple
Thus, the genotoxic effects of LEES<20 eV) must be model of molecular subunit§.e., bases, sugars, and phos-
closely investigated in order to achieve a more complete unphateg immersed in an optical potentiél,, which is con-
derstanding of the basic mechanisms involved in nascent ratant between theiR-matrix shells(or between the muffin
diation damage to living tissue. tins), a working hypothesis that has been used in the calcu-
Many experiments performed in the last five years nowations for simple moleculeg31] and in the theory of low-
clearly demonstrate that LEE can induce considerable danenergy electron diffraction in solid82]. One can quite gen-
age to DNA and its constituents. Available data on the fragerally describe the scattering problem of a molecular subunit
mentation of biomolecules by LEEs have recently been reby its scattering matrixg |, [33,34. Each molecular subunit
viewed[18] with emphasis on its implications for damaging nas an incident plane wave of momentérimpinging on it
DNA and its basic constituents. In recent years, technologip|ys the scattered waves of all other subunits. More specifi-
cal advances have rendered possible measurements of LEgjy the asymptotic form outside tiematrix shell of the

scattering and attachment processes in ON#-22. It has L) >
been shown that LEEs can cause considerable damage vtfz)atal wave functlon/rk (F) for a molecule centered &, was

the dissociation of specific basic molecular ujze—26 of ~ given by the following equation:
the DNA molecule. Such damage was found to be strongly

FIG. 1. Part of theB-type DNA structure.

n ik. . n
influenced by electron resonandd®,22—26. For example, ‘f”fE)(F) = 4meh oy 'IB(EL)YL’(QFn)
most of the single- and double-strand breaks induced by L’
LEEs can be related to the formation of transient anions of _ 1 N
basic subunits of DNAe.g., the bases and sugar anajogs X1 Jikrn) +§(5(th —ou)hykry) |, (1)

and their decay into dissociative electronic states and/or
DEA channel[21,25-28. More recently, it has been possible whereY, are spherical harmonics with=(I,m), j, and h,+,
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are the spherical Bessel function and Hankel function of the [B(") Y*(ng)]eni-fen
L5
first kind, respectivelyr,=r- Rn, and

— E E 1+|2—| B(n )( _ 5|_2|_é)(_ 1)mée”2-|inr
B(n) Yi(QQ + 2 > 1+|2_IZB ) )( - 5|_2L ) M Latats
T atat xFpbe etmmhanny, O h(Rw). ()
D kRn Y2y (g Y (KRy), (2
*D my m-m LR, '1( Ru): (2) With this choice, one ha€ - ZH)G :Qg), and esngn= Pnn-
where Applying & to both sides of this last equation, one gets
(B - v; (L") ]dRen
Flzlals | =[4m(2l, + (21, + 1(2g+ D2 o
o — +o—1) n &n')
(|1|2|3)<|1 |2 |3) E E 1 z ZB (q_ ' 5"2"
X , n'#nLq,L,, L2
000/\mmymg
X (= 1)”‘2e'k Ren' x E1 'rlﬁ o ‘i(ml"mé)%n’enyl_
Iy 1o |3) . . . - = 2 '
is the Wigner 3} symbol [35], and R,,=R &n)
(nllmznb gner & symbol [35] Ron =R X(Q( " Ny (KRsnen). (4)

-R,. Equation(2) implies a coupled set of linear equations

.. - > (&n)
for all B( " As mentioned beforé7], this would prove ardu- Reahzmg that k-Ren=kZo+K-9R, =k, + 9 KRy, QO
ous if not impossible to solve were it not for the loss of = Q% 1 @ndRenen =Ry, one therefore haB<—6 )—B;:)lkL

coherence of the electrons due to inelastic collisions and tqpg suggests constructing basis functions of the star of the
the presence of parasite scatter@g., the structural water
wave vectork [36]

molecules in the grooves could be considered as)sittese
processes can be invoked through an imaginary part in the N~

background optical potentil,, [32], i.e., an imaginary part B = E e iPaeog (0% RnBE;) e (5)
to the electron wave number (R)=¢ 1. Here ¢ acts as a g=0

coherence length for the electrons. As we will show, thISfor which

allows approximate though accurdteal solutions by trun-

cated finite-size matrices containing the information for the GBE =B = ktotPeop (6)
number of subunits within a few coherence lengths. We now
wish to show how calculations can be done first for regular
helical ordering and then generalize to nonregular or randorf€cause of this last relation, we shall subdivide the index

situations. We then propose an application to resonant cap2to two subindicegn,, n,) wheren, refers to bands or slices
associated with residues in thelirection of thicknesg, and

These basis functions are eigenstates of the screw operator.

ture.
n,=1---Np to each of theN, scatterers within each band.
Note that&n=(n,+1,n,). With this notation, one has the
A. Regular helical structure important property
Let us assume the presence of a screw symmetry opera- sB(Gﬂ) = %(anﬁl,nw - ei(kzzo+p<po>gBE)an,nb>' (7)

tion G=MRr7, wherer is a translation ofz,=c/N. along the
helical axisz and 9k is a rotation by an angle,=2x#/N,.  Which greatly simplifies the solution. Using this last equation
HereN, is the number of residug®.g., base pairs in DNA in (3), one gets

per_ turn anct is thf Eltgh(dlsplacergent |n. a full turnof the B0 () _ K(nznb) bSS e |2%(nz %) g bz P -1
helix. One hasSR,=NRg,=2,2+RR,. In its present form,
Eq. (2) is not suitable for reduction by the screw symmetry. nMplalaly
Let us first refine our convention for the choice of the refer-
ence axes for the spherical harmonics andSheatrix. We
shall use the local reference axgghe screw axis, ang,, a

III
mmm2

X(L = By, S ) (5 = 81 (- Do

transverse directiof®- p,=0) locked to the orientation of the Xe_l(m1+m2)%'”YL1(Qg::b))hrl(kRﬂn’)’ (8)

nth scattere(note that any reference direction anchored to a

subunit will do. We defineY,,(Q™) to refer to thenth scat-  Where

terer’s reference axes. With this new convention, a change of Ne-1

reference implies Y, (QM)) =Y, (QM)e™enn  with @y K = ) eriPacog H% RnYL(ngqu';;E). (9)
=arcsif(p, X pnr) -z]. Furthermore, the invariance property =0

of the subunits is expressed §§7)= nL),- Equation(2) then  The number of coupled scatterers in E8).has been reduced
becomes to N,. This is much less than in the situation using only the

032719-3



L. CARON AND L. SANCHE PHYSICAL REVIEW A70, 032719(2004

Bloch theoren36] since there ar&l. more scatterers in the allow fragmentation. We can estimate the capture matrix el-

unit cell than in a slice. ementH;_;=(j|Hinli) by
. H .= d3rd3r’ *(r")eik-f 1 *(F/) (F’)
B. Irregular helical structure i Py IF= | bp(r) da(r’),
In the absence of a screw symmetry, the calculations be- (13)

come more tedious but still manageable essentially because

of the finite coherence length One has to choose a basic in which an electron is removed from the occupied molecular
structural unit or basis of length that includes a region of orbital ¢,(’) and added to the unoccupieﬁg(F’) orbital
interest of the helix appreciably longer th@n This is re-  (the core excitationwhile the incident electron, in the plane

quired to ensure that the contribution to E&) coming from  \ave stateg®’, winds up in the state;a*;(F), an unoccupied

the edges is reduced due to phase decoherence by the fac{@fience molecular orbital or a diffuse state such as a Rydberg
~exp(-{/2¢) in the central portion of the structural unit. state. In either case, a core-excited shape resonance can be
One can then solve E@2) for this isolated basis or, better formed when the incident electron is captured in ¢hestate

yet, impose periodic boundary conditions, by choosin®  py its angular momentum barrier. With the partial wave de-
be a mu|tlp|e OfC, and use Bloch’s theorem. This has the Composition of the p|ane wave, given by

advantage of mending the basis ends that would otherwise R
have been badly treated in the more direct alternative. One 7= 4>, i'j,(kn)Y; (k)Y (F), (14
can then write L
Yn _ k,en® one obtains
B, =€“B,, (10

- Hi = 4m> iV (KH,, 15
where the lattice translatiol is defined asYR,=Ry,=R, = TFEL LOH (19

+4{2. Equation(2) then involves only the number of molecu-

lar subunits within the basis, even though the sum aver Where

extends beyond it. Alternatively, ff is not a multiple of the 1

pitch lengthc, one can impose a screw symmetry in which H = f f dr a3’ @ DJIKNYL(F) = Pp(7") u() .
is a translation ofz,=¢ along the helical axig and? is a r=r

rotation by an angle,={¢,/z, and proceed as in the previ- (16)

ous subsection. As in the case of shape resonances, i.e., Efg.and (12),

one should replacéﬁ(@) in Eq. (15) by its multiple scatter-

ing generalizatiofCy_+ Y/ (k)]. Consequently, the same fun-

In an effort to extract physically meaningful information damental combination expresses the effect of multiple scat-
from the multiple scattering formalism, we had targeted in Itering on the capture amplitudes of both shape and core-
a calculation of the capture amplitutyéc) of an electronin a  €xcited resonances. Moreover, as long as the first maximum

of j(kr) in Eq. (16), atr=r;= I(I+1)/k, is within the out-
reach distanc® of the molecule, théth partial wave of the
airf'ltr:oming electron has an important probability of presence
within the molecule and the matrix elemeHt_,; will be
quite substantial. There are no selection rules for the Cou-
Yomb interaction.

But whenr,>R, two distinct possibilities arise. %, is
contained withinR, which we shall refer to as a localized
core-excited resonance, then the integration aves re-
stricted tor <T, and one can approximajgkr) = (kr)'. Con-

o seqtﬁntly,HLock' which is a rapidly decreasing function of
Ci=> > i|1+1|3€”’)ei5nf|2Sin(gn,l )(= 1)Meg ik (Ren) k=\2E in a.u. This effectively acts as an energy cutoff at
KL 2 r=Ri.e., atE=I(I1+1)/2R? a.u. which is the same cutoff

C. Resonant capture

shape resonance of a basic subuipositioned atR;, rep-
resenting one of the DNA bases. We had assumed a domin
capture channel symmetry correspondind.§and had used
the one-center approximation of O’'Mall¢®7] for the cap-
ture amplitude. When generalized to a multiple scatterin
situation, this led to

VE = Vamv [Ci + Y (QQ]ek T, (12)

where

n'¢clulo
L, s criterion used in | for shape resonanc¢Ess the height of the
X Fm'l,'m,—mzYLl(Qch/)hll(chn’) (12) centrifugal barrier needed to retain the extra elegtron

However, if ¢, is diffuse (e.g., it has a Rydberg charac-

ar_1dVL0 IS an energy and nuclear_coordmate dep.endent amt'er), one can use the spherical harmonic decomposition
plitude. These equations are obtained by expanding the elec-

tronic wave function aroun&c. 1 4nS r 1
|>’+1 @ +1

We had not, however, extended our analysis to include the [l -
perhaps even more important process of electron attachment
with core excitation. Core-excited Feshbach resonances, im whichr_=r" andr.. =r for the greatest part of the integral
particular, are expected to have sufficiently long lifetimes to(16) definingH, whenr >r,. One then obtains

YLEYLE) @
L’ r
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FIG. 2. Phase shifts used for Afull lines) and Kr (dashed

lines) as a function of energy. FIG. 3. The basic pseudomolecular PC-PG units used, defining a

rung, are showria) with the phase shifts of Ar ant) for mixed

e [ 3 ke oo Ar-Kr phase shifts, the black circles representing Kr. The open
Ho=~ 47X Cl7 | o 0N~ YLD (F) circle marks the position of the helix’s rotation axis.
rI +1
L!
c¥py, are characteristic of th& form of DNA described in the
~ 47, g (18)  Introduction, thel=0,1,2 phase shifts of the electronically
Lon

inert species argon, and a value of the wave function coher-
_ . aE « ence length of 20 Bohr radii, that & 1.06 nm. This value is
where I?EL,—fdf‘r @ DikNYLEYL,(F) and CL’B representative of solid82,3§ and biological materialg20];
=& (1) pu(F) () YL/(F'). Here, C¥ is the partial  furthermore, it compensated for the artificial regularity of the
wave component of the molecular excitation. Since the mohelix. We had constructed two PMOLs. These are PC and PG
lecular states are not in our situation eigenvalues of the arof Fig. 3 built around hexagonal rings of side-length equal to
gular momentum, there should normally be contributionsthe C-C distance of benze@], 0.14 nm, and a distance of
from mostL’. One can thus expedtl, to decrease in a 0.56 nm between ring centers. This ring structure is funda-
milder fashion at low energy for diffuse states as comparednental to the structure of the DNA basgi€)]. The PMOL
to the previous situation whea, is localized on the mol- arrangement bears resemblance to the central part of the
ecule. There is no cutoff in this situation. The electron canC-G base pairing in th&-DNA decamer of Ref[40]. Fi-
excite the molecule from a distance due to the long-rang@ally, we had chosen the incident direction to be perpendicu-
character of the Coulomb interaction and transit to the dif{ar to the axis of the helix. This choice was suggested by the
fuse state. experiment§19,27,20,28 in which the damage to the DNA

We now propose the partial capture factor molecule is measured for electrons impinging in a direction
’ normal to a condensed film of the molecule. In such experi-

(19) ments, electrons are thus incident predominantly perpendicu-

lar to the DNA strands, which are expected to lie mostly in
She plane of the films.

In I, we had plotted the relative partial capture factor
I' (L) which isT" of Eq. (19) divided by its value without
multiple scattering,

T(Lo) = [Vam [Ci, + Y{ ()]

as a meaningful measure of the effect of multiple scatterin
on the capture probability in thle, channel for both types of
resonances.

I1l. SIMULATION — N 2
[rei(ly) = |V47T I:CIZLO + YLO(QE)] .

2[[NamY; ()

Let us now illustrate these procedures by specializing our
theory to a helical macromolecule made of repeating rung (20)

units (residues of pseudomolecule@PMOLs) that are con- for various values of.,. Unfortunately, there was an encod-

structed from centrosymmetric scatterers. The sum over ing error of Eq.(8), which originated from the many phase

II\E/IC(I).re(gzlearnc:‘o(r8 )s;[r:]gelrel: rcuennstrc?s\/;r;theetriIcndsl\éleitl:rlersscagﬁ;erﬁéfsaCtOFS in this expression. As a consequence, the calculations
o ) S i ’ Were incorrect. They overemphasized the axial redistribution

1/2(S(LL/ - 8.L) =i 8. €%isin(8y,) where s, is thenth scat-  of the scattered electrons, which led us to conclude a sizable
terer phase shift. We have used throughout not only the phagecrease of capture cross sections in axial chan(stsall
shifts of Af38] as in our previous calculations, but also |my|). Here, we have redone the calculations of I. The results
those of Kr to investigate the effects of a larger scatterer adf | for the Ar scatterer arrangement of FigaB and for
certain atomic positions. These phase shifts shown in Fig. Bh,=I, are not considerably modified fgy>1 as can be seen
were deduced from Ref39] by removing the polarization in Fig. 4), i.e., there is little change in the capture probability
outside the muffin tin. due to multiple scattering. However, the additional results for

In I, we had used the following parameters: a screw pitcH,=0,1 show a different trend. There is an appreciable en-
of c=3.4 nm and a number of residues per thgx 10 which  hancement for these channels. Note thatl = curve cor-
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FIG. 4. Relative partial capture factor, EQO), at the center of FIG. 6. Partial capture factor at the center of the PC ring as a

the PC ring as a function of electron energy relative tdRg) function of electron energy relative to Ré,) using Ar phase

using Ar phase shifts. Various even symmetry entrance channelshifts and for various values of the number of base pairs in a screw

Lo=(l,l,) are shown. pitch. The values of ¢ for L,=(0,0) and ofI" for L,=(1,0) were
selected.

responds to the square of the absolute value of the wave . .
. > o . . alignment of the base pairs because the base-pair planes then
function atR; for an incident plane wave of unit amplitude.

We resort to a plot ol for those axial channel.+m, have mirror symmetry. On the other hand, if the twist angle
; . . i I h ial | he interfer-
—odd having a node in the plane of the PMOLS, aince?o 1S too large, the axial overlap decreases and the interfer

Y* (09=0 for th The incident elect bei ; ence along the helix axis direction is weakened. We have
Lo( ¥ =0 for them. The incident electron, being of even studied different twist angle situations by varyihg, while

parity with respect to the component of the wave function, yeeping the inter-runginter-base-pajrdistancez, constant.
does not couple to odd parity channels. This quantity serveghe results of this calculation are shown in Fig. 6. It is quite
as a measure of the axial redistribution of scattered electrongear that ad\, increases and the base-pair overlap increases,
and does so in a more sensitive and direct way than in I. Itgq does"(0,0). It is also seen thaf'(1,0) has an absolute
value is zero for isolated PMOLs. As shown in Fig. 5, SOM€4ximum at N=10, the value of the B form of DNAThese

of the very important enhancements for axial channels regame channels bear the clear signature of axial diffraction. It
ported in | have now been shifted to lower energies, in gs gasily seen in Figs. 7 and 8 that as the inter-rung distance
range that is not physically important for shape resonances f-reases from 0% to 1.2z, the maxima in both thé0,0)
localized core-excited resonances. In this case, the thresho(ljﬁl]d(lio) channels shift to lower energies.

energy for captur&,=lo(l,+1)/(2R?) a.u. is to be evaluated In view of a suspected sensitivity to the phases in(By.

at the outreach distané®~5 a.u, typical of the benzene ring thought of modifying our PMOLSs as shown in Figh8

[S]. One obtaing,~1, ~3, ~6, ~11, ~16, ~22 eV rela- by using the phase shifts of Kr to represent N or O atoms.
tive to ReU,p) for [,=1, 2, 3, 4, 5, 6. Thus, the strong rise in 1,5 yeqyits, which are to be compared to Figs. 4 and 5, are
magnitude of the partial waveg,l), (5,0, and(6,1) with  spawn in Figs. 9 and 10. Aside from more aggressive behav-
decreasing energy falls in an energy range only accessible {g; pajow 12 eV due to the Kr phase shifts and the ensuing
diffuse core-excited resonances. However, the SronQftect on multiple scattering within base pairs, the quantita-
maxima in the other partial waves are physically significantjye pehavior is quite similar. This is reassuring, indicating
for a!l resonances. . _that our model provides trends in the magnitude of the cap-
It is interesting to note that the odd parity signals of Fig.re cross sections, which are not too sensitive to the phase

5 are present because of the helical structure. On one hanghits of the atoms of the DNA bases, although the details of
they would be absent in a macromolecule having verticaj,q energy dependence may be different.

2.0 v 25 ‘
18 ’ ° < (10 |1 5 P
1.6 . ° B gv;; ] 2.0 Ar " M -
Z I B 1 »

.~ . s " 50) > g

=10 Sar o o 1) |1 = p
0.8 Hof e + (00082
0.6 < (00)09z
0.4 osf s EO'O; 10z,

¢ (000112
02 d v (00122
0.0 0.0 :
0 4 8 16 20 24 0 a 8 6 20 24

12
E (eV)
FIG. 5. Partial capture factor, E@L9), at the center of the PC FIG. 7. L,=(0,0) relative partial capture factor at the center of
ring as a function of electron energy relative to(Bg,) using Ar  the PC ring as a function of electron energy relative tdURg)

phase shifts. Various odd symmetry entrance charlngigl,, m,) using Ar phase shifts and for various values of the inter-base-pair
are shown. distancez, represents the crystallographic inter-base-pair distance.
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e (1,0
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0.8 16 Y ° o (30) |1
. o R
0.7 14 . . : 550; |
0.6 12 Cho M o o 61) |1
0. - co N ;
E',o.s =10 DN em e
R
0.4 a S os . e O Sarke
(1.0) 0.8z, 2 A
03 £ (100092, ; 0
0.2 o (1.0)1.0z, A .
. {1011z it
01 v {1012z
0.0 .
0 12 16 20 24 24

FIG. 8. L,=(1,0) partial capture factor at the center of the PC  FIG. 10. Partial capture factor at the center of the PC ring as a
ring as a function of electron energy relative to(Bg,) using Ar  function of electron energy relative to Ré&,) using Ar and Kr
phase shifts and for various values of the inter-base-pair distance. phase shifts. Various odd symmetry one-center entrance channels
represents the crystallographic inter-base-pair distance. L,= are shown.

We have also done a calculation for an irregular structurgyne might expect considerable differences in multiple scat-
by building a basis of ten base pairs chosen at random bgging interferences. As is seen in Figs. 13 and 14, the result
tween four possible arrangements: those of Figs) @nd 11, 5 gpectacular for the odd symmetry channels. The even sym-
along with their reflections on the horizontal line PassiNdmetry channels show the PMOL imprint for energies less
through the helix axis position. This simulates variations ingh3n"12 eV. Such a signature was also observed, although at
base-pair relative slide and sequencing. With a coherencg requced level, in Figs. 9 and 10. Note that the diffraction

length o_f 20 a.u.,_roughly three _basefpair distarges unit peaks have been pushed to higher energy, outside the plotted
cell having the pitch length 1) is quite long and the end energy range.

effects should not be too important. In any case, thisis justto Tpe large increase of(L,) as the energy decreases

iIIustrgte 'ghe use of Eg2) fpr an ‘”egu'af helix. As can be which is observed throughout our simulations, comes from
seen in Fig. 12, the diffraction signature in ttig 0) channel the rapid rise of the Hankel functioni’ (kR) [see Eq(12)]

is still quite visible. It is mostly the lower-energy regid@n with decreasingR which is more pronounced at largey

=12 evof the(Q,O) chann(_el that 'S affected. In this ENCI9Y The smaller inter-base-pair distangeof the A form of DNA
range, the multiple scattering, which normally amplifies the.

: . L . - is at the origin of the larger values relative to those of Bhe

base-pair scattering patterns as in Fig. 9, is less efficient. T m
PMOL's imprint has thus been attenuated by the disorder. As™
mentioned in Sec. Il when introducing (R), disorder is akin
to loss of coherence.

Finally, we have considered th& form of DNA. The
phase shifts of Ar and the PMOL arrangement of Fign) 3
were used in this calculation. Whereas tBeform only

IV. DISCUSSION

We have studied the effect of diffraction in tk@, 0) and
(1,0) partial waves in theB-form helical structures and
breaks thez axis mirror symmetry by the twisting of the fqund it to be qpite rqbust to chgnges in the.scatterers and to
helix, the base pairs of th& form, described in the Introduc- disorder. The diffraction pattern is observed in many odd and
tion, are known to have a substantial tilt angle of 20°. This€Ven channels0,0), (1,0), (3,0), and ever(4,1). This re-
leads to additional symmetry breaking. Moreover, the baseains so even in presence of disorgegsults not shown
pair packing is much more compact due to the smaller pitcﬁ‘ere- It should be emphasized that disorder is the rule rather

c=2.8 nm and a larger number of residues per tNgr11.
PT

22
2.0
1.8
1.6
- 1.4
o 12
21.0
= 0.8
0.6
0.4 8Ar/Kr

0.2 s (6,6)

0.0 . ; ‘
0 4 8 16 20 24 o

12
E (eV)
PA

FIG. 9. Relative partial capture factor at the center of the PC
ring as a function of electron energy relative to(Bg,) using Ar
and Kr phase shifts. Various one-center entrance chagigels) are
shown.

FIG. 11. The basic pseudomolecular PT-PA unit for mixed
Ar-Kr phase shifts, the black circles representing Kr. The open
circle marks the position of the helix’s rotation axis.
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FIG. 12. Base-pair averaged partial capture factor at the center FIG. 14. Partial capture factor at the center of the PC ring of the
of the PC and PT rings as a function of electron energy relative tA form of DNA as a function of electron energy relative to(Bg,)
Re(Uyp). The values ofl' for L,=(0,0) and of I' for L,=(1,0) using Ar phase shifts. Various odd symmetry one-center entrance
were selected. The phase shifts of Ar and Kr were used in a randorchanneld_,=(l,,m,) are shown.
arrangement of base pairs.

than the exception in DNALO]. We have only simulated the require -6 e\s Re(Uyp) =-2 eV, which is not unreason-
irregular base-pair sequencing typical of the genes. There atgje |n this case, the energy threshdigof the last section,
also local variations in the inter-base-pair distance and thggative to vacuum. would be shifted by some -2 to -6 eV.

twist angle. This angle is sensitive to the environment. INrparefore; those channels for whick 4 might contribute to

50'““0’." for instance, the twist angle is reduced by 4.A"shape or localized core excitation resonant capture around
There is as well the occurrence of roll of the base pairs

- . oo . . 10 eV relative to vacuum. All channels, however, will con-
bending of the helix, and dynamic disorder. It is thus impor- . S . . .
. . ribute in diffuse core-excited resonances with substantial en-
tant to be able to treat disorder of all kinds. Our propose

approach can do this. _ ancement possibilities fo_r the Iarg_g vaIL_Jes. It_ is interest-
Curiously, the peak in the odd symmetry channels has ipg to note_that the energies at which diffraction effects are
height that seems to be optimal for the particular twist angldn©St Prominent lie within the range where most secondary
of B-form DNA. We do not know if there is a particular electrons are created in irradiated b|olqg|cal mddia,1q. .
significance to this finding. We find here that, at least for the partial waves for which
In I, we had discussed the peak in strand breaks of pNAdiffraction effects are important, the cross section for DNA
around 10 eV in the light of what we had thought to be adamage by secondary electrons should be enhanced due to
large enhancement in the shape resonance capture chann@ifraction.
at that energy. Our findings here are more modest for these As mentioned in the Introduction, at much lower energies
resonances but still indicate that large enhancements are pd§—4 e\), there are also shape resonances which lead to
sible in the case of core-excited resonances. Due to thefitrand breakind29]. It has been proposeftl] that such
longer lifetimes, these are likely to be responsible for thelow-energy shape resonances may be formed on the bases.
strong peaks observed in the yields of DNA strand breakdhe anion thus formed would act as intermediary to sugar-
[19,27 induced by LEEs. There is, however, some uncerphosphate C-O bond breaking via electron transfer. In their
tainty in the energy of the diffraction peaks between everelectron transmission experiments, Aflatoenial. [42] do
and odd symmetry situations, relative to(Rg,), which puts  indeed resolve many”* resonances in the 0.5-4.0 eV range
them in the 12—16 eV range. To bring them down in coinci-for the DNA bases in the gas phase. Our simulations indicate

dence with the 10 eV double-strand breaking peak wouldo important enhancement in this range B¥DNA with
respect to the single-molecule scattering situation. There is

100.0 o3 = ‘ — o0 even a slight reduction due to multiple scattering. The situa-
o L) tion is, however, quite different for the A form which shows
o v considerable enhancement.
Aoy 7 h AN ) The very special situation observed for the helical struc-
= r “':;.% e, . {2‘3 ture of theA form suggests that it is very fragile to damage
e k: by electrons of low energy. Our data indicate that there might
Lop e ' be an enhancement of the resonant capture cross sections by
Sar a factor of up to 10 aE~ 10 eV relative to vacuum, i.e., 12
o ‘ to 16 eV relative to R&J,)) for the (3,0) and(4,1) chan-
"o 8 Ezgv) 16 20 24 nels in Fig. 14 and for thé3,1) channel(data not shown

Similarly, around 5 eV relative to ReJ,p)) or 0 to 3 eV

FIG. 13. Relative partial capture factor at the center of the pd€lative to vacuum, the enhancement could also be as large
ring of the A form of DNA as a function of electron energy relative @s 10 for th€0,0), (1,0), (2,0) (data not showp (3,0), and
to ReU,,) using Ar phase shifts. Various one-center entrance chant2,1) channels, but only of 2 for thél,1) and (2,2 chan-
nelsLo=(lo,l,) are shown. nels.
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V. CONCLUSIONS solution is lyophilized on the metal substrate, which is then

We have treated the problem of resonance electron sca{?—'aceq in an UHV chamber. Under such high vacuum, DNA
tering from large biomolecules having a helical topology. We'9S€S Its water She”, and only structurgj®i remains bonded
first considered the diffraction of the electron wave within &t SPEcific sites inside the molecyl&l]. This water reduc-
the molecule followed by a calculation of the electron cap-ioN iS expected to shrink DNA to it& form [10] so that,
ture probability at a specific site within the target. By inves-2lthough the topology of DNA has not been measured in
tigating electron scattering from the helical arrangement of!€ctron-impact experiments, it is possible that the electrons
the bases within thé and B forms of DNA, we reached a Were actually impinging orA-type DNA. According to the
number of conclusions regarding the effects of diffraction onPrésent calculations, this would explain the high efficiency of

the magnitude of electron waves inside the molecule and off =4 €V €lectrons to break a single strand of D[28]. Our
resonant electron capture processes. treatment is well adapted to compare with experiments, since

Due to diffraction, the partial waves of the incoming elec-We chose electrons to impinge on DNA at normal incidence.
tron wave function are considerably modified. As a result Ve note, however, that low-energy secondary electrons are
the capture probability at a basic subunit of the macromol-c,reate‘j along radiation tracks with a more isotropic d|_Stnbu—
ecule can be quite different from that for the same subunifion- Thus, in a treatment more closely related to radiobiol-
isolated in spacéi.e., in the gas phagelntramolecular dif- ©9Y: the incident electron waves should be chosen as those
fraction not only modifies the amplitudes of the incoming Produced by photoemission in a biological mediueng.,

partial waves, but also introduces strong oscillations in thes¥/aten. . .
amplitudes as a function of electron energy. One should Although the present theoretical framework was applied

therefore be careful in interpreting the results of electrorPY 0 DNA, it would be possible to treat other biologically
scattering experiments from such large molecules. In thidmportant macromolecules, such as proteins, with this for-

case, maxima in inelastic scattering cross sections, which af@2/ism. Proteins are formed of long polypeptide chains com-
often automatically attributed to the formation of transientP0Sed Of & sequence of amino acids. These chains, referred to

anions, could arise from destructive or constructive interfer2S Secondary structures, can have two configurations, one

ence of dominant partial waves inside the macromolecule. A§Xt€nded and the other helically coilgB]. Thus, our for-

shown in this work, for DNA the magnitude and energy of Mmalism s_hould also be applicable to eIe(_:tron scattering from

these interferences not only depend on the degree of orderif§€ @-helix secondary structure of proteins whose topology

of the bases, but it is also influenced by other geometricafXNibits @ periodic helical configuration. In the case of pro-

characteristics including inter-base-pair distance and bad§inS containing only arw-helix secondary structurg44],

twist and tilt angle. This has been clearly demonstrated b"€ could envisage solving the scattering problem for the

showing the large differences, betwednand B forms of ~ entire molecule.

DNA, in the diffracted partial wave content. Of course, the

scattering matrix elements for a specific subunit also influ- ACKNOWLEDGMENTS

ence the magnitude and energy dependence of the scattered

amplitudes or of a given fragmentation process.
Understanding the differences in electron scattering fro

the A andB forms of DNA may be of particular importance

within the context of low-energy electron impact experi-

ments, which so far have been performed under ultrahigh within the Born approximation, fast charged particles interact

vacuum (UHV) on thin DNA films deposited on a metal with matter by virtual emission of electromagnetic radiation; see

substratg18—22,29. In these experiment8-type DNA in  Ref. [3].
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