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ULTRASHORT LASER PULSE INDUCED
ELECTROMAGNETIC STRESS ON BIOLOGICAL MACROMOLECULAR SYSTEMS

INTRODUCT ION

The ocular hazard from laser radiation has been the object of extensive
study for a number of years (1-5) . The effect of ultrashort (10

_ li - io~~2
sec) laser pulses on ret inal tissue , however, has only recently begun to re-
ceive attention. Based on the results of a recent study by Taboada at USAFSAM
(5), carried out in the picosecond time regime , the damage threshold and Injury
mechanisms associated with picosecond pulse trains at a 1060-nm wavelength
appear to differ drasti cally from those associated wi th pulses l onger than
about a nanosecond.

For pulse durations down to iO ’
~ sec, the injury th the tissue is believed

to be caused by local temperature rise and resul ting protein denaturation and
enzyme inactivation . Typical threshold values of radiant exposure at the ret-
ina that cause observable lesions approach “..l J/cm

2 as the exposure time i s
reduced to l0~ sec. A recent study (4) using single 25-35-psec pulses gener-
ated by a Nd:YAG laser, found a damage threshold of similar magnitude: ‘~.2 J/cm

2.
Taboada (5), however, has found that for pulse durations under 10 psec, the
damage threshold for pulse trains of 10-20 pulses drops drastically by about
three orders of magnitude, to ‘~..OO2 J/cm2. This result suggests a different
damage mechan ism, one that is a function of the Instantaneous electromagnetic
field rather than of the total energy depos iti on. This is of imedi ate concern
to the problem of establ i shing mode-locked laser safety standards for Air Force
personnel.

The problem of laser-induced damage in optical dielectrics has been widely
studied since the inception of high-power lasers (6,7). Ul trashort-puise damage
processes in such materials have been found to scale with an electron avalanche
process; i.e., electric—field magnitudes in pulses that cause damage appear equiv-
alent to those in d.c. breakdown experiments (8,9). Comparatively little work
has been done on the phenomena associated with the interaction of intense ultra-
short light pulses wi th biological media (5,10). A number of possible damage
mechanisms have been suggested, such as Intense acoustic transients , direct

3
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breakdown in the bulk , multIphoton ioni zation, and free radica l formation
(10). It has been suggested that the electromagnetic field in the ultra-
short pulse interacts directly with the cellular membranes and drastically
modi fies their permeability (5). This interaction may result in direct
dissociation of protein molecules or in their breakage due to induced torques. - 

-

Optical field strengths of the order of 1O 7 V/rn appear to be sufficient for
such effects.

The primary difficulties in assessing damage mechanisms in biological
tissue are that, unl ike the optically pure samples used in Inanimate-materials
studies, biologica l materials are heavily concentrated with optical inclusions ,
free-charge regions, and dielectric absorption discontinulties. Furthermore,
the end point resulting from energy deposition may be reached by a compl icated
set of pathological changes, with a result difficult to interpret. Important
constituents of living cells that are likely candidates for sites of radiation
damage are: (a) its proteins, including fibrous structural and contractile pro-
teins, enzymes, and other polypeptides; (b) Its nucleic acids , which are gener-
al ly found In cells to be complexed with basic proteins (histones) in a form
called chromatin , or complexed with polyamines ; and (c) Its cell and vesicle
lipid membranes .

An effort to identify the damage mechanisms in the picosecond time regime
has been underway at the UnversIty of Washington since Septent er 1976. To make
tractable the problem of high-transient-field stress effects on retinal tissue,
this work has to date been confined to the examination of isolated biological
‘macromol ecular systems that are s imi lar to the constituents of liv ing cells.
Accordingly, laser i rradiation studies of macromolecular structures, such as
calf-thymus DNA and the synthetic polypeptide poly(L-lysine), in aqueous solu-
tion have been undertaken. Solutions of these molecules have been exposed to
ultrashort laser pulses produced by a mode-locked Nd:Glass laser system operat-
ing at a 1060-nm wavelength . The study has encompassed a wide range of pulse 

4

energies for both single pulses and entire trains of pulses. The goal has been
to determine the pulse parameters required to break 50% of the i rradiated mole-
cules. Particle damage has been monitored principally by the technique of dynam-

ic light scattering (11-14). ThIs has consisted of the correlation analysis
of the fluctuating intensity of If e:Ne continuous-wave (CW) laser light scattered

4 
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from dilute solutions of the macromolecules to measure changes in the trans-
lational diffusion coefficients between irradiated and control samples.

These studies have shown that under certain circumstances DNA macromole-
cules are changed , as reveale d in the photon correla tion spec trum, when ex-
posed to mode-locked pulse trains of 1060-nm light . Energy densities of at
least 100-500 mJ/cm2 are required to produce detectable changes in samples
of DNA, for example. Under s imil ar conditi ons no damage has been observed in
poly(L-lysine), which suggests that the hereditary material (i.e., DNA) i s a
more likely site of biological damage than the proteins . Prel imina ry work
using frequency doubled light (530 nm) has indicated that detectable changes
in DNA may be induced at this wavelength at energy levels as low as ‘~l mJ/cm2

per entire pulse train.
In addition to the experimental studies , preliminary theoretical work

has been done on the problem of stress distribution in a rodlike array of op-
tically anisotropic elements in a viscous fluid that is exposed to an intense
polarized light field. It has been determined that the stress is distributed
essentially uniformly along the rod when the number of elements In the array
is large compared to 1.0. Thus , a random distribution of breakage products
is predicted for single pulses, should this optically induced rotational stress
be the predominant damage mechani sm. The manner In which the average breakage-
product size scales with intensity of the pulse has also been obtained for this
model . The absence of breakage In the macromolecules at most of the power lev-
els tested has so far precluded the conclusive determination of a breakage
mec han i sm.

THEORETICAL CONSIDERATIONS

Theoretical Background of Dynamic Light Scattering Measurements

Derivation of the Dynamic Structure Factor--The dynamic i nformation con-
tam ed In the scattered light from a solution of macromolecules is used as a
nonperturbative method to monitor laser-induced damage after exposure of the
sample to picosecond pulses . This section will briefly review the salient as-
pects of dynamic light scattering, and the next section will focus on the rela-
tionship of dynamic light scattering to macromolecules , specifically DNA .

5 
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The far-field form of the scattered radiation from an induced oscillat-
ing dipole is well known. One may obtain an expression relevant to coherent
dynamic scattering under the following assumptions:

(1) The Coherence Assumption. The bandwidth of the incident light must
be small enough for the light field to be in phase as It travels through the
scattering volume.

(2) The Quasi-Elastic Assumption . The frequency shifts in the scattered
light must be small enough for the scattered field not to dephase in the
scattering cell.

(3) The Coherence Volume Assumption. The dimensions of the scattering
volume must be small with respect to R , the distance from the volume to the
detector.

When these conditions are fulfilled , the scattered field may be written
as (15)

2
-w E

E5(R ,t) = 0
2 ciexpi (K5R -w t )  exp i(K.r.(t))

C0 CR J

where s refers to the sca ttered f iel d , c the dielectric constant, a the effec-
tive polarizability , and the scattered wavevector; J indexes the scatterers
in the scattering volume , and K is the scattering wavevec tor ,

= !~ -

whose magnitude is n sin (9/2), with n the refractive index and 9 the scatter- —

ing angle.
The coherently scattered field at an angle 6 thus arises from a single

Fourier component whose wavelength is A 2~r/K. K can then be looked upon as
a Bragg condition for first-order scattering.

The correlation function for E5(R,t) is

*<E5 (R,0)E5(R,t)> = (0)4(0)2 exp ~-i w tj  a2 < E exp [-i K.r (o)+ iK.rm(t)]>o

The term In brackets on the right-hand side Is known as the dynamic struc-
ture fac tor, S(k,t), and contains the Information of interest. For example, for

L 6 
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independent, structureless Brownian particles
2

S(k,t) = ~~~ ~
where D is the diffusion c-onstant of the particle. Discussion of more compl i-
cated systems will be given in the next section .

Since intensity measurements by a square-law detector (PMT) are used in a
dynamic light scattering experiment, one actually measures a fourth-order cor-
relation function , <E *(R o)E (R,O)E *(R t)E (R ,t)> whose structure factor isS S 5 5
proportional to

N2(l + e~
2
~~
2t)

The above result is , again , strictly true for independent particles .
Analysis of Damaged Macromolecules--Determi nation of the size, shape, mo-

l ecular weight , and degree of polydispersity of both native and damaged macro-
mol ecules in solution is the very core of the damage-assessment problem . These
same quantities are the prima ry objectives of all traditiona l methods of physi-
cal biochemistry , which include ultracentrifugation , diffusion , viscosity , osmotic
pressure , and classical light scattering . The comparatively recent technique

of coherent dynamic light scattering (15) is nonperturbative , offers a considerable
advantage in speed of measurement, and provides uni que insight into the sample
quality , especially regarding formation of aggregates and other high-mo l ecular-
weight species . In addition , only the latter technique offers the possibility
of monitoring changes in the internal dynamics of macromolecules , which may re-
flect milder forms of radiation damage than outright breakage, as will be dis-
cussed further below.

In its simplest and most straightforward application , coherent dynami c ligh t
scattering provides autocorrelation functions that are single-exponential decays ,
the time constants of which yield the so-called i-average diffusion coefficient
(15).

~~~ ~
C1M 1

2D1/~ C~
Mj

where C 1 and M1 are the concentration and molecular weight , respectively, of
subpopulations in the sample. This technique also allows confirmation of the
fact that the Brownian motion indeed obeys the free—particle diffusion equation.

7
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Attempts to measure polydispers ity in very well control led synthetic mixtures
indica te that polydispersity will be very difficult , if not impossible , to
measure quantitativel y in real samples (15). Among the other “physical ” tech-
niques , only ul-tracentrifugat ion allows an estimate of polydispersity--and
that is offset by some considerable disadvantages , including the inability to
observe internal dynamics or very large aggregates , as well as the enormously
higher apparatus cost.

Unfortunately, a precise characterization of the damage will probably re-
quire measurement of the full distribution of the sizes of surviving pieces in
both radiated and control samples . Toward that difficult end we have researched
the options and have planned , purchased , and constructed high-resolution gel
electrophoresis equipment, which is described elsewhere in this report (Conclu-
sions and Recommendations). The disadvantage of gel electrophoresis is that it
is an empi rical technique that can be quanti tatively applied only to homologous
series of linear biopolymers of the same kind , and may not work at all for m enu-
brane vesicl es and other biologically important weak association aggregates, or
even who le cells , that can still be studied by dynamic light scattering techni-
ques . Moreover , it offers no information regarding internal structure and dynamics .

For the flexibl e biopolymers studied in this first phase, the center-of-mass
translationa l diffusion coefficients monitor the molecular weight according to

D cx M 06 for poly(L-lysine)

D a W 0
~
45 for DNA

the exact exponents and coefficients depending on conditions in solution . In
addition the intensity autocorrelation functions themselves, which do contain
some polydispersity information , provide an extra means of comparison between
samp les , even those possessing the same average-diffusion coefficient. In
par ticular , it is the essential similarity of the correlati on functions at all
scatter ing angles , for both radiated and control samples , that was the primary
criterion for the negative results cited below . The Nicolet signa l averager
we have used is capable of storing as many as four correlation functions , and
provides for both additive and mult iplicative manipulation and simultaneous
disp lay of as many as four such curves , so that a detailed point-by-point8
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comparison of the autocorrelation functions can be achieved . Although proving
a quantitati ve interpretation of the observed similarity between curves is
difficult , the suggestion is certainly very strong that there has been at most
an insignificant change in either the molecular weight or distribution of mo-
lecular sizes in the samples for which the negative results were reported.

A principal advantage of coherent dynamic light scattering is that it may
provide a means to detect changes in the interna l dynamics of DNA that arise
from single-strand breaks or from locally denatured regions , nei ther of whi ch
kind of damage could be easily detected by other means . This possibility stems
in part from experiments in which correlation functions for polarized light
scattered from solutions of calf-thymus DNA (Mr = 11 x 106) in 1 M NaC1 , both
with and wi thout EDTA, were determined as a function of pH. The latter measure-
ments were completed prior to initiation of the contract, but the corresponding
samples with EDTA were i nvestigated during the first quarter of the contract
period . The correlation functions were found in all cases to be surprisingly
well fit by single exponential decays at all angles, especially at the extreme
high and low scattering angles , regardless of the presence or absence of EDTA .
Plots of reciprocal relaxation time vs. K2 (1(2 = (4

~
n/xD) s in2 (9/2)) invari-

ably exhibit curves of the same shape that was reported previously (16). Al ter-
natively, one may p lot Dapp r~~/2I(2 vs. K2. A molecule with dimensions small
compared to 1(1, such as poly(L-lysi ne) (degree of polymeri zation 955), at high
ionic strengths will exhibit a constant Dapp independent of K

2 over the access ib le
range, and the value of Dapp will be simply that for translational diffusion of
its center of mass. As shown in Figu res 1 and 2, 0 for either native or pH-

2 app
denatured DNA rises from its intercept at K = 0 up onto a distinct plateau at
large values of The upsweep in Dapp represents the contribution from i nternal
Brownian motion of the segments within the individual molecules , resul ting in fluc-
tuations of the Internal interference factor. The existence of a distinct pl ateau
demonstrates that i nternal Brownian motion s imulates , or obeys, the free-particle
diffusion equation with an effective segmental diffusion coefficient at large
va l ues of K2.

A serious dilemm a in understanding this behavior was finally resolved in 1976.
The coupled bead-spring model of Rouse (17) and Zimm (18), especially the nondrain-
ing case treated by Zim, was found by stopped-flow dichroism (19 ,20), zero-angle



- - --w- ~“
- 

I

0
6
a

w +

H
0 

:~ ~ 0

ac~0 U)

0)

• 0

• 
‘ a

C

0

H
( 3]g/~uwZJ (1.— Ju Ol NI lINfl ) jQ

_ _  

10 

_ _ _

E ~~~~~ _ _ _  ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ - - ~~~~~~~~~~ --—~~~~~~~~~~~~~ --~~~~~ -~~~~~ - -~ —-~~~~



-

0
-I

0
a
C)

ii 0

0

0 
II:
.

a
IL Q$~~ (D~~~ a.’c_) 1..c_) ~~~~~~.1

I I I I 0 4.’
—z w0 O w

I z
I ‘-4

cr~~~~~~ 
,~.r - 

cst~

I
I

a
((3 a

‘ 0
a

0)

Cs

\
0
. ..—

C,) U..

00

( 3J9/~*wW3 (L—)*wOI NI lINfl) 10

11

~~ ~~~~~~~~~~~~~~~~~~~~~ 
-



~~~~
—: ——-— •- — -- - - - -•-

~

-—

~~~

— • ——

~~~

depolarized dynami c light scattering (13 ,21), and oscillating shear- i nduced
birefringence (22), to give quite a satisfactory and internally consistent
accoun t of the lon gest in terna l mode relaxa ti on time of DNA , including its
quanti tative relation to the intrinsic viscosity and its dependence on molec-
ular weight. Dynamic viscosity measurements have indicated a similar degree
of validity of the Rouse-Zim model for many other polymers also , as noted in
Ferry ’s book (23). There has developed a widespread “gut feeling ” among poly-
mer physical chemists that the Rouse-Zim model , with an appropriate selection
of parame ters , should be both qualitatively and quantitatively very close to
the experimental truth for any polymer of sufficiently high molecular weight
and flexibility when viewed on a sufficiently large distance-scale. The para-
dox arose from some early approximate theoretical predictions (de Gennes, 24;
du Bois-Violette and de Gennes, 25; and Silbey and Deutch , 26) for the autocor-
relation functi ons of light scattered from a circular Rouse-Zimm chain , which
gave the result that -r 1 

a K3 or 1(4 at la r ge K2; rather than r~~~
’ a 1(2 as observed

• for DNAs , nume rou s gel s, and other macromolecular systems. For example, a
vs. 1(2 curve recently obtained by W. I. Lee* for human seminal plasma

(F igure 3) shows behav ior analo gous to that of DNA . Sim il ar curves have been
obtained recently in other laboratories for high-mo lecular-weight polystyrene
samples as well. Al though the simple independent-segment mean-force (ISMF)
model proposed by Lee and Schurr (27) appears to give a good fit to the data for
any single polymer prepa ration, it clearly fails in certain other respects, in-
clud ing the depen dence of the longes t internal mode re laxa tion time on molecular
weight (15). These failures are all associated with the fact that the ISMF model
omits completely any specific consideration of the linear topology characterizing
a real polymer.

We have completed a number of exact numerica l calculations for the Rouse-Zim
model and also have reexamined the theory by analytic techniques , obtaining ex-
pressions that are exact in the limit of short time for both the free-draining
and nondraining circular chain treated earlier (24-26) and for the free—draining
l inear chain. The theory has recently been extended in a general way to networks •

of arbitrary connectivity and hydrodynamic interaction. In all cases we have

*Personal commu n ica tion , W. I. Lee, Center for Bioengineeri ng, University
of Washington .
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found that at sufficiently large 1(2, the correlation functions were nearly
perfect single exponentials; and , as indicated in Figures 4 and 5, D ex-

1 2 app
hibited a plateau (implying r a K ), as observed in the data of so many
systems now and contrary to the earlier predicti ons. Moreover, the nature
of the “flaw” in the earlier work has become apparent .

An exciting outcome of these developments is that we have found a simple
and rather accurate (as these things go) approximate method for determining
all these parameters of the Rouse-Zirmi model ; i.e., friction factor f, spri ng-
constant g, and effective number of beads N+l from a single data curve like
that in Figures 1 or2. Since we have already observed quite dramatic changes
in the segmental diffusion parameter Dpiat wi th addition of EDTA or Ca ion,
and with changes in pH, we know tha t i ntramo lecular moti ons are very sens iti ve
to the state of the molecule. Thus, we are in a position to assess much more
subtle manifestations of damage than contemplated previously, especially things

• such as single-chain breaks that would cause an increase in flexibility as re-
flected in the apparent rate of diffusion , but might not significantly alter

• the diffusion coefficient of the center of mass.
The work described above has been supported primarily by NSF Grant No. PCM

75-23631, and has been reported (28) and also reviewed (15). A brief sketch
of the problem is outlined below.

The Rouse-Zim Model--The Langevin equations for Brownian motion of a Rouse-
Zimm chain comprised of (‘1+1 beads connected by spri ngs may be written in the
form d2r dr

m 
dt2 

+ f -
~
jj
~
1 + g ~ ~ HnpApmrm = ~~(t)~ n = 1,2 , N+l (1)

where r~ and F~(t) denote, respectively, the instantaneous position of the ~
th

bead and the fluctuating force upon it, each componen t of whi ch is assume d to
be an independent Gaussian random variable with a white power spectrum , uncorre-

• lated with fluctuating forces on other beads . The quantities m , ‘, an d g are
the appropriate mass, friction factor, and spring constant, respectively, for

• the bead-spring units . For a linear chain the matrices ~ an d A are the usua l
hydrodynamic interaction and force constant matri ces of Zinm (4). Thus, for a
l inear cha in
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1 -l 0 . 0
-1 1 -l 0 . 0
0 -l 1 -l 0 . . . 0 (2)

— l
0 -l 1

• and

Hmk 
= Sm,k 

+ f~(6ii
3)~~

2 nb Im~kI L’2]~ (2b)

where r~ is the solvent viscosity and b = (3k8T/g) 1”2 is the root-mean-squared
spri ng extension, or separa tion between beads . After trans forma tion to norma l
coordi na tes,

N+l
p9.(t) 

= z (Q 1) 9.~r~(t) (3)
n=l

a set of uncoupled Langevin equations for the normal modes results . The iner-
tial terms may be ignored for all modes except the ~. = 1 , or uniform mode, corre-
sponding to the = 0 eigenvalue of the product matrix HA , which is diagonalized
by the similarity transformation Q 1 ij~Q.

The au tocorrela tion func ti on for the scattered elec tr ic field from a si ngle
polymer molecule at the detector is proportional to the intermediate scattering
function defined by

N+l N+l
G(k,t) <~~ E exp {iK.[r (o) — r (t)]}> (4)

n=l p=1 ‘~

The autocorrelation function of the fluctuating intensity is proportional to
G(K ,t)1

2. By a r igorous but leng thy argumen t, i t can be shown (1) that
2 N+1 P1+1 2 N+l• G(K,t) = e~~ 
D0t 

n l  p=1 
exp 

~~ 9.=2 
d~ (Q

~9. 
+ - 2Q~9.Q~9.e

_t/T
~)]} (5)

where r
9. 

f/gA 9. is the Langevin relaxation time of the 9.th normal mode, and A 9.
is the 9.th elgenvalue of the nonsymmetric matrix ij~.

Our computational algorithm consists of the followi ng steps:
( 1) Cons truct A1”2 by elementary prescription ;

17
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(2) Construct the symmetri c matrix ~~~ HH 112, which has the same eigen-
va lues as HA , and obtain its elgenvalues and normalized eigenvectors
using a modified Household-Givens Sturm-sequence routine;

(3) Determ ine the el genvectors of H~ from those of &~
2 NH 112 by a two-

step procedure that avoids the difficulties associated wi th the fact
that A112 and ~ are singu lar;

(4) The columns of Q are the eigenvectors of ~~;
(5) When preserving the normalization indicated In step 3, d9. 

=

The computation of G(K,t) readily follows.

Steps 1 - 4 of the above algorithm for determining the eigenvalues and nor-
mal modes of the polymer may prove useful for the computation of molecular de-
formations in shear fields associated with laser-induced shock waves, or of the
strain of the intramolecular spri ngs induced by hydrodynamic stresses on the
macromolecule. A critical prerequisite for any such cal culation , however , is
an appropriate choice of the parameters f, g, and N+l .

On the basis of both analytic theory for the circular chain and computationa l
results for the linea r chain, an algorithm has been constructed for estimati ng the
model parameters f, g, and N+1 from a single experimental curve of Dapp vs. k

2.
The development of this algorithm was comprehensively described in a recent coninu-
nlcation (28), so it need not be detailed here. Remarkable variati on of the model
parameters with pH between 8.5 and 10.5 indicates that f and g are especially sen-
sitive indicators of some kind of intramolecular dynamics , or flexibility . Our
origina l hope that this same analysis might be used to study laser-pulse radiation-
damaged DNA molecu les has been thwarted by our Inabil ity to obta i n unequ ivocal
and reproducible damage at the power levels employed , except in one instance that
appears increasingly spurious with the accumulation of further data. Still we
remain optimistic that this Rouse-Zinin model analysis may blossom into a hi ghly

• useful tool for assessing macromolecular damage, once we can reliably infl ict the
damage itself.

Theoretical Studies of Laser-Induced Damage In Macromolecules

Al though unequivocal and reproducible evidence for laser-pulse-induced dam-
age has not yet been obta ined, some consideration has been given to possible

18 
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damage mechanisms and how these might affect the distribution of damage-
product sizes under different solution conditions.

At the outset one can distinguish three main classes of potential d’ii-
age mechani sms: (a) laser-induced infrared photochemistry, (b) thermal
and catalytic mechanisms , and (c) stress-induced mechanical strains. The
first class of damage results simply from repeated excitation of specific
modes, or groups of modes , that transfer the energy to other internal modes,
thus heating the molecule up to the dissociation point , as rev i ewed recently
by Bloembergen and Yablonovitch (29). The second class of damage arises from
the catalytic effects of local heating or from hydrated electrons produced
in dielectric breakdown , for example. The phos phate ester bonds i n DNA are
thermodynamically unstable with respect to hydrolysis; and at elevated tem-
peratures (i.e., above 900C), thermally induced bond cleavage proceeds at a
significant rate. These first two classes of damage mechanisms would equally

• be likely to produce damage at any point in the DNA , irrespective of any
natural ly occurr ing structural inhomogene ities or cond iti ons i n solu ti on , in
a manner similar to ionizing radiation. For single—chain macromolecules , the
distribution of product sizes Is governed by the well-known Poisson distribution ,

P(m) = 
a’~~~ (6)

where a is the average chain length, which is i nversely proportiona l to dose
in the case of ionizing radiation . For double-stranded DNA , the complete
scission of both chains requires two backbone “hits ,” or single-strand breaks ,
on opposite strands within some small number of base-pairs of one another . In
that case, a varies quadratically with the dose in the initial phase, but the
distribution of breakage-product l engths is still that of the Poisson distri-
bu tion.

The third class of damage mechanisms includes all those in which mechani-
cal strains of chemical bonds are developed in response to various kinds of
stresses. The well-documented (30) cleavage of DNAs in the rather modest shear
fields employed in both stirring and flowing operations of standard preparative
procedures, suggests that the phosphate ester C-0 backbone bond , site of more - -

than 90% of th is damage , is unusuall y predi sposed to sc iss ion under tens il e
strain. The tensile force required , however , is an order of magn itude less
than the bond-dissociation energy. Moreover, the enormous ac ti va tion energy
observed for this shear-induced cleavage process is comparable to the

19



bond-dissociation energy , suggesting that it is primaril y a strain-catalyzed
hydrolysis reaction rather than an outright bond rupture. There is , then,

the defini te possibility that certain of the backbone bonds in DNA , in

particular the phosphate ester C-0 bonds, may be unusually susceptible to
strain-induced cleavage by laser-pulse-induced stresses, although a pico-
second laser pulse might not allow adequate time for the hydrolytic step - •
to proceed . It is entirely possible that a train of picosecond pulses
extending over hundreds of nanoseconds or more may develop a strain of
sufficient duration to allow the catalysis to proceed, even when a single
picosecond pulse of much higher power has no effect. This is a mechanism
in which a threshold in time duration as wel l as pulse power may be observed.

Various possible stresses induced by high-intensity optical fields come
to mind . The induction of shock waves in media by laser pulses is wel l estab-
lished , and the latter could contribute both substantial transient heating
and viscosity-coupled tensile stresses on the macromolecule. Dielectropho—
resis of a macromolecule wi th dielectric constant differing from that of the
solvent can be induced by a.c. electric fields that exhibit spatial gradients .
For high-power pulses, especially in situations where filament formation
occurs , the field gradients may be substantial and therefore capable of in-
ducing dielectrophoretic tensile-strain-induced cleavage .

Strains resulting from optically induced torques are also likely candi-
dates for the mechanism of laser-pulse-induced damage . Optically induced
orientation of small molecules is a well-documented phenomenon. Indeed, it

has been exploited to considerable advantage locally by A. P. Bruckner (31,

32) In his work with the range-gated carbon disulfide picosecond shutter.
The carbon disulfide molecule S = C = S exhibits a significantly greater opti-
cal polarizability , a11, along the axis of the mol ecule than that, cc~ , in the
transverse plane. If the axis of such a molecule makes an angle 9 with respect
to the direction of the optical electric field E(t) = E0cos (wt), then the in-
stantaneous polarization energy is U(t) = 

E()~ [a 11 cos 29 + a1 sin
2ø]. The

time-average polari zation energy may be expressed as
E 2 

2U c C 0
2 +~~~11 a1 (cos 9-~~-)) (7)

I
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where a = 1/3 (a11 + 2a1) is the isotropic polarizabi lity, and all 
- 

a1

is the anisotropy of the polari zability . The resultant torque on the - 
-

molecule is simply

E 2
= —

~~

--- (a ll 
- ctj ) 2 cos9 sinQ (8)

from which it can be deduced that the torque will be maximal when the mol ecular
axis is oriented at 45° to the field. Any small molecule with a significant
optical anisotropy will orient in a sufficiently intense optical field. This
is just the standard optical Kerr effect.

A polymer comprised of monomer units , each of which exhibits an optical

• anisotropy , will be strained in an intense optical field as a consequence of
the simu l taneous response of all the subunits to the applied torque on each
element. Macromolecules exhibit form optical anisotropy , due to the shape-
related anisotropy of the internal field , as well as intri nsic optica l aniso-
tropy of the bonds or monomer units . Only the latter anisotropy contributes
to the torque-induced strain discussed below.

The question addressed here is the strain and distribution of strain in-
duced by optical torques on a rodl ike polymer or rodlike section of a much larger
polymer. A greatly exaggerated strained version of a simple polymer model is
indica ted in Figure 6. In all , the polymer contains N (even) monomer units,
each of which is optically anisotropic; and f~~r - simplicity , the strain is assumed
to reside entirely in the springs (of zero equilibrium extension) that preserve
alignment of the monomer axes in the unstressed situation. The basic ansatz is
that of conventional Brownian motion theory in which the externally applied torques
and forces are instantaneously balanced by viscous forces on the elements

moving through the solvent fluid. This may not be a reasonable procedure on the
pi cosecon d time scale , but it is a beginning. Denote the extension in the x-
direction of the spring connecting the n and n+1 beads by ~~~~~ the torque T~
on the nth bead is balanced by that of its springs, thus

• T~ = -g [S~~~.~1 
+ Sfl..l ,n 1 (9)

where g is the Hook’s law spring constant and a is the distance between monomer

21

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~



FIgure 6. Schematic of simple polymer model used in analysis
of EM torque-induced breakage of DNA .
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centers. We will make use of the fact that most real chemica l bonds rup-
ture at rather small deformations; so if the polymer is intact (i.e., no
bonds have ruptured), the actual monomer axes make only a negligibly small
angle with the axis of the rod, in which case the torques on the various
monomers are for practica l purposes identi cal and equal to

E 2
T —I- (all  - a

±
) 2 cos9 sinO (10)

where 9 is the angle between the rod axis and the optical electric field.
As a consequence of the total torque on the polymer, the entire rodlike
array will rotate about its center with angular velocity 0. This rotation

• of the rod in a direction to minimi ze the external torque is opposed by the
Stokes friction of the monomer units travelling through the resting solvent.
The hydrodynamic drag force F,, on the nth monomer bead is likewise balanced
by its spring forces, thus

• F,, = f(n - 1
~~-)aO g(S~~,,~1 

- Sn_i ,n)~ “ 
1 ( 1 1 )

where f is an appropriate Stokes law drag coefficient , an d (n - ~ji)aO is the
linear velocity in the x-direction of the nth monomer through the fluid due
to overall rotation of the rod. The quantity Sn_ l ,n can be eliminated by
combining equations 9 and 11 to give

~~~ 
N+l~~aQ T 

12n,n+l — — 

2 / — ga

There ex ists also a relat ion between the angular veloc ity of the ~~~~~~~
r and the total torque on the array, that is

• Ttot = NT = fQ (13)

where f0 is the friction factor for rotation of the array . The quantity Ttot
can also be computed under the same hypothesis of Stokes drag on the monomers
that was employed above , thus

N 1Tt0t 2 
N~ 

tf(n - Nj_)aO] [ (n  - -

~jI)a1 = f~ (14)

-
~
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where the first factor in the sum represents the hydrodynamic forces on the
monomers , and the second gives the lever—arm of each. Setting n - =

m + 1/2, where m = n - (
~

- + 1), one obta ins
N

~ 2 1
f~ 2 a~f [ ~ 

(m + -
~

)
~
] (15)

2 a2f [N N  + 20]

Using equations 13-15 in equation 12 gives

6t n - - - ~--, NS~ n+l = - 3 ~ ~ 
+ 1 (16)ga N - N + 2O

This equation gives the extension , or strain, in any spring except for the first
and last , which will be less by about a factor of 2. (End effects have been
neglected here.) The maximum strain is developed in the spri ngs of the centra l
monomers at n = N/2, N/2 + 1. However, for a large number N of monomers com-
prising the rod, the second term in brackets Is negl igib le for any va l ue of n ,
so the strain will be essentially the same in all springs regardless of n, ex-
cept for the first an d the las t. Even for N as sma l l as 4, the max imum value of

-• the last term for n = 4 would be only 0.112; for N = 10, it is 0.027. Thus, in
practice one can expect the stra i n to be ins tan taneously d istr i bu ted over al l
springs essentially uniformly. If the solvent should be rigid rather than vis-
cous on the 1O~~

2 -sec time scale, then the strain will be exactly the same in
al l  spri ngs, ignoring the end effects. Moreover, the strain is likewise indepen-
dent of N for N~~ 4.

• From the above results one sees that for a given orientation of the rodlike
pol ymer, the strain induced by the optical torque is: (a) proportional to E0

2,
or the pulse intensity , (b) nearly uniformly distributed over the rod, and (c)
essen tiall y i ndependen t of N for N ~ 4. Thus , for a rod of a g iven or ientation ,
this mechanism predicts sharp threshold behavior . Below a critical intensity ,
none of the bonds break; and 20% above the critical intensity , the rod breaks
compl etely down to pieces wi th N 4. In any given solution not all rods have
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the correct orientation to provide the critical torque. The distribution
of breakage products will consist of unbroken whole rods and a large number
of very small pieces from those that exhibited the proper orientati ons .
For a semiflex ible macromolecule suc h as DNA , any one molecule will at the
instant of exposure be comprised of some segments that have the proper ori-
entation and sorie that don ’t. The axial orientation of the DNA is believed
to change relatively little over some fraction of a persistence length , say
over 5-lOnm. Thus, one might expect to find some large fragments up to

• this size or a few times larger , plus a great many much smaller pi eces,
when operating 20-50% above the threshold.

• The distribution of breakage products for the simple optica l torque

• mechanism differs substantially from that which obtains from either direct
IR pumping or catalytic mechanisms.

DNA is believed , from various lines of evidence , to contain a small num-
ber of structural inhomogeneities , or fluctua tions , the number of which is pH
dependent. These features would be expected to provide weak spots that are
more susceptible to breakage under tensile stress (as is the case for single-
strand polynucl eotides); but, owing to their flexibility , they should actu-
ally be more stable against optical torques. Thus , the observation of a strong
pH dependence of the brea kage process woul d impl icate tens i le stresses ra ther
than optical torques .

These simpl e ideas can be generalized to other more realistic models ,

and at least some of the pertinent parameters can be readily estimated . For
example, the optical anisotropy can be estimated from the cross-section for

depolarized scattering, although separation of the contributions of intrinsic
and form an isotropy may requ i re some educa ted guess ing . None theless , the con-
clusions do indicate that it may be possibl e to eliminate some classes of dam-

age mechanisms if the entire product distri bution can be measured .

EXPERIMENTAL FACILITIES

Ul trashort laser-pulse-induced damage studies of caif-thymus DNA , the
synthetic polypeptide poly(L-lysine), and other macromol ecu lar systems are
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carried out using a Nd:Glass laser system capable of single- and multiple-
pulse operation. Damage in the macromolecular samples is monitored prin-
cipally by the technique of dynamic light scattering. The experimental
apparatus developed for these studies is described in this section.

The Picosecond Laser Irradiation Facility

The ultrashort-pulse laser facility assembled for the purpose of irra-
diating selected macromolecular samples is illustrated in Figure 7. It
consists of five subsystems: the mode-locked Nd:Glass laser , the high-speed
Pockels cell pulse-switching system, the pulse chronometer and video detec-
tion system, the irradiation target cell , and the pulse-energy measurement

- ‘ system. Each of these is described below.

The Nd:Glass Laser--The mode-locked Nd:Glass laser (33) consists of a
H water-cooled , Brewster-angled , Owens-Illinois ED-2 glass rod, 1.3-cm dia x

22.9-ar length, pumped by two EG&G linea r flashlamps in a double elliptical
refl ector cavity . The resonator is formed by a flat 99.7% rear refl ector
(M 1) and a 10-rn radius 35% output reflector (M2). Mode locking is accom-
plished by a flowing 1-rn-thick dye cell placed in direct contact with the
rear reflector. The dye solution consists of Eastman 9860 dye in dichloro-
ethane at a concentration that results in a small signal-transmission factor
of ‘~6O% at 1060 nm. An iris diaphragm (ID1 ) is used to control transverse
mode size and purity . By closing it down to an aperture of 6-rn dia or less,
TEM

00 output can be obtained . In the above configuration the laser produces
a train of ‘~lO0 hori zontal ly polarized pulses at A = 1060 nm, each of 1O-20
psec duration and >100-MW peak power, spaced at 5.6-nsec intervals (the round-
trip cavity time).

The choice of dye cel l geometry is critical to laser performance . We
have experimented with various types of discrete dye cells and with the con-
tacted type, with and without dye circulation, and have found that the circu-
lating contacted cell produces the most consistent and reproducible pulse
trains, with excellent suppression of satellite pulses . Beam stability and
mode puri ty are also optimized with this configuration.
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The Pockels Cel l Pulse—Switching System--To permit irradiating the
macromolecular samples with single ultrashort pulses as well as with en-
tire pul se trains, a provision for switching out a single pulse from the
mode-locked train has been incorporated . A high-speed electro-optical
shutter is used , consisting of two crossed thin-film polarizer pairs (TFP)
on either side of a high-speed Lasermetrics lO7l-FV Pockels cel l , which is
switched by a ~7-kV pulse provided by a Lasermetrics Type 8601 avalanche-
transistor krytron-triggered Blumlein pulser. The Pockels cell is connect-

ed to a 50-c~ terminator via a 30.5-rn (100-f t) length of RG-8/U coaxial
cable. The thin-film polarizers are at Brewster’s angle (56.5°) and are
stacked in pairs to yield a polarization ratio of ~2.8xlO

5 for each pa i r.
The output of the laser is horizontally polari zed. For convenience the p0-
larizatlon vector is rotated into the vertical plane by a half-wave retarder
pla te, X/2. The first thin-film polari zer rejects any residual horizontal
polarization component. After passing through the i nactive Pockels cell ,
the first pulse in the train is totally reflected by the second polarizer
stac k to an ITT FW 4014 bipl anar vacuum photod iode , whose output is dis-
pla yed on a Tektron i x type 519 osc i llosco pe.

The first laser pulse triggers the oscilloscope . Approximately 45 nsec
later a fast-rising step function voltage pulse appears at the “ 4 Ga te” out-

• put of the oscilloscope. This signal -Is used to trigger the high-voltage
pulser which activates the Pockels cell. The “4 Gate” output delay can be
con tinuousl y var ied from 45 to 80 nsec, thus permitting precise timing of
the pulse delivered to the Pockels cell. The pu lser itself has an additional

• variabl e-delay control , which can be set for pulse delays of ‘~l0O-40O nsec
relative to the triggering signa l if desired. The “direct” mode, wh ich affor ds
a shor ter delay of ~35 nsec, has been used in our experiments. The laser pulse
that happens to pass through the Pockels cell while it is switched on has its
polarization rotated into the horizontal plane and thus passes through the
second polarizer unimpeded . The remaining pulses in the train arrive in the
Pockels cel l after the switching pulse and hence are totally reflected by the
second polarizer.

L • - ~:~~~~T1:i~~~~~~ -~ —----- 
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We have been able to switch out clean single pulses with up to 90%
efficiency, with a good degree of reproducibility . Generally, about 3
out of 5 shots are successful (i.e., >70% throughput with no measurable
bleed-through of adjacent pulses), provided the mode-locked pulse train
is devoid of any spurious or satellite pulses which could cause premature
triggering . Figure 8a displays the pulse shape delivered by the high-

• voltage pulser. It has a rise time of ‘~l.5 nsec and full width at half-
maximum of ‘~4 nsec . The Pockel s cell has a su bnano secon d r i setime an d
an extinction ratio of =1400 at 1060 nm. Figure 8b shows a typica l ,
clean , mode-locked pulse train of about 100 pulses , with a single pulse
extracted at about 90 nsec from the beginning.

The Pulse Chronometer System—-Temporal width measurement of the se-
lected ul trashort pulse is carried out by means of a picosecond streak
shutter that we have used extensively in other work (31,32) . The selected
single pulse genera tes second harmon ic l ight (530 nm) in a KDP crysta l
tuned to yield an SHG conversion efficiency of about 1%. The superimposed
infrared (IR) and green pulses are separated at the dichroic beam splitter
(OBS) (Fig. 7). A 50% beam splitter (9S1) directs half the IR pulse energy
to the ultrafast streak shutter. The polarization of this pulse is rotated

• into the vertical plane by a half-wave retarder, x/2. Lenses L1 an d L2 re-
duce the beam d i ameter by a factor of four. The pulse then traverse s a
quartz cel l filled with carbon disulfide (CS2). This cel l is l ocated be-
tween two high-quality crossed polarizers (P1 , P2) whose axes are at 45° to
the horizontal. These three components constitute the ultrafast streak
shutter. As it travels through the CS2, the IR pulse i nduces a narrow zone

• of birefringence in its irnediate vicinity (34). To an observer viewing
the shutter at right angles to the IR path , the effect is that of a narrow
slit mov ing across the line of sight at the speed of light in CS2 (l.84xl0

10

• cm/sec). The shutter thus produces a streak record of light pulses incident
at r igh t angles to the IR pa th.

The green pulse split-off at the dichroic beam splitter is directed to-
ward the shutter by a right-angle prism (PR) and expanded hori zontally by a
pa i r of cyl in dr ical l enses (L 3, 14) to I l lumina te the en ti re len gth of the
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shutter, where It is sampled by the IR gating pulse . The signal exiting from
the shutter is a cross-correlation between the gating and green pulses (35,36).
If the depth of the IR gating pulse is small, it can be shown that the trans-
verse dimension of the transmitted green pulse Is essentially the same as the
geometrical pulse length of the JR pulse in air.

The pulses gated by the shutter are detected by the video detection and
displ ay system (VDDS) shown in Figure 9 (31,32). The shutter output is imaged
by a Tel emation TMC-l lOO CCTV camera equipped with an RCA 4532A silicon vidicon
tube. The video si gnal is processed by the video display control unit (VDC)
and displ ayed on an RCA CCTV monitor. Superimposed on the display is a bright
rectan gu lar frame genera ted by the VDC . The frame he ight can be var ied from 1
to 64 TV lines , and its width from an equivalent of 64 lines to full screen
width. The intensity profi les of the TV lines wi thin the frame are displayed
on an osc il loscope.

The VDDS is operated in the single-shot mode, wherein only a single sweep
of the vidicon and display oscilloscope occurs . In this case only half the
field of TV lines is swept; i.e., only the odd- or even-numbered lines . This
avoids charge leakage from the transient image on the vidicon in the time be-
tween sweeps of the odd and even fields. Thus, in this mode up to 32 alternate
li nes can be exam ined . A tr igger ou tpu t pulse from the VDC fi res the laser
at the start of the vidicon sweep.

A typical example of ultrashort—pulse chronography obtained with this
system is shown in Figure 10. Two pulse displays are shown superimposed . In
each case onl y 3 TV l ines throug h the cen ter of the gated pulse were scanne d .
The B pulse was obtained by introducing a 14.8-psec delay in the green path
by means of a 10-rn-path quartz spectrophotometric cel l (1.25-rn wall) filled
with water. The hor izon tal scale represen ts time; the ver ti cal scale , inten-
sity. The spatial separation of the two recorded pulses calibrates the system.
On the recording film , 1 nm corres ponds to 3.3 psec . Thus we see that pulses
A and B appear to have half-widths of ~l7.5 psec and “16.5 psec, respectively.

Accounting for the finite thickness of the birefringent zone in the CS2 (“1.5
nm) , the pulse durations actually turn out to be about 15% lower--l4.9 psec
and 14 psec, respectively.
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Figure 10. Ultrafast chronography of two laser pulses
separated by 14.8 psec.
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The VDDS can also be used to measure the beam spatial profile. When
the ultra-fast shutter and the cyl i ndrical lenses are removed, the green
pul se impinges directly on the vidicon tube. Since the green-pulse spatial
profile is proportional to the square of the IR profile , any departures
from the Gauss ian TEM

00 
mode are immediately apparent.

The Irradiati on Sample Cells—-Two types of test cells have been manu-
factured for the i rradiation experiments. One cel l type has a 5-rn ID and
a 2-cm path l ength. It is made of UV-grade fused quartz and was constructed
by Prec is ion Cells , Inc . Two filler spouts at either end are provided for
filling and fl ushing the cell. It will be referred to henceforth as the
“short” cell. The other type is similar in construction to the short cell
but has a 2-rn ID and a 10-cm length. It will be referred to as the “lon g”
cell. It is used when higher incident energy levels are produced by focus-
ing down the incident beam diameter. In each case the incident laser pulse
just fills the bore of the cell and thus irradiates the entire sample.

Pulse Energy Measurement--The JR laser pulse energy is monitored by a
laser Precision RkP-331 pyroelec-tric energy probe and Rk-3230 digita l di s-
play unit. This system was calibrated by the manufacturer using standards
traceable to the National Bureau of Standards . A 20-cm-focal-length (f.l.)
lens placed 10 cm in front of the probe focuses the incident IR pulse to
<3-rn dia for acceptance by the probe aperture. The incident pu l se is
sampled by means of an uncoated glass beamspl itter (BS2 in Fig. I).

The Dynamic Light Scattering Facility

The dynamic light scattering apparatus consists of a CW He-Ne laser
operating at 632.8 nm with approximately 50 mW power, the optical detection
system , photon counting and correlating electronics , and a PDP-l2 computer
for data ana lysis and storage . The block diagram of the experimenta l setup
is shown in Figure 11 . The laser and optical detection system are mounted
on a vibrationally damped table which consists of a 1 360-kg , 3.7-rn-long,
84-cm-wide-flange, steel I-beam sitting upon 16 free-floating spri ngs grouped

• In to four groups of four. The resonance frequency of the beam with respect
to the floor is between 1 an d 2 Hz , as per design.
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The output of the laser is passed through an optica l polarizer and a
lO-cm-f.l. lens to focus the laser to its minimum waist in the scatterir~g
cell. The optical detection system consists of a l ow-noise-selected ITT-FW
130 photomultip lier tube with a ~,-metal shield encl osed in a spec i~ l1y con-
structed aluminur ii housing that contains the photomultiplier dynode bias elec-
tronics . The optical detection system is mounted on a triangular optical
rail rigidly attached to a rotary milling table.

A portion of the scattered light from the sample passes through a 10-cm
lens placed such that the light passing through the lens forms a divergent
cone. This is easily achieved by placing the lens so that the distance be-
tween the focused laser-beam waist in the sample and the lens is less than

• the focal length of the lens. A series of apertures between the photomulti-
• pl ier and the lens admit light from only a rather small solid angle. The

actual collection solid-angle is ultimately determined by the dimension
(0.25 nm ) of the photoactive cathode and the divergence angle of the beam ,
and is slightly less than the coherence “sol id an gle. ” (Collecting a greater
solid angle simply includes more independently fluctuating K-vectors, reduc-
ing the apparent signal-to-noi se ratio.)

The photomultip lier output is fed to the PAR amplifier -discriminator ,
which selects the photoelectron pulses and transfers them to the pulse in-
verter. This in turn converts them to TTL pulses suitable for input to the
digital photon-correlator. The output correlation function is stored in the
memory cha nne l s of the N icole t signal avera ger , which can be transferred to

• the PDP-12 computer via its A-D converter.
The digital photon-correlator is a 256-channel Chen-type digital clipped

correlator (DCC) (37) constructed in-house. A block diagram of the DCC is
shown In Figure 12 , and diagrams of the front panel of the digita l display
unit and the rear of the DCC are shown in Figure 13.

The DCC i ns tru~nent consists of three units :
(1) Electronics Chassis. A 19-slot card cage which contains 16 corre-

la tor boar ds, a clock-control board , a cl i pper—scaler board , and a counter-
• display board . All active circuitry is contained in this box. The Electron-

ics Chassis has six coniectors:
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Figure 12. Block diagram of digita l clipped correlator.
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DIGITAL DISPLAY AND CONTROL PANEL

Counts ( lOOns) Run On A B 0 Power Light
~ Comp.

I U U CI1p
Stop Off 9 x  10 9 x 10

-
• 

Clipped Counts Apodizer 100KHz Time_Delay Clip Level

_ _ _ _ _ _  
flOn LI] E l i

50KHz 9 x 106 0—4
(lOO ns) Power Switch

DCC (Rear)

Q Signal input QMCA Addre ss Reset

0 
MCA Data

III 0 MCA Address Bump

DISPLAY CONTROL

Figure 13. Schematic of front and rear panels of digital
clipped correlator.
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T
(a) Display - A 24-pi n Elco connector that carries the multi-

plexed display signals and the display reset lines .
(b) Control - A 33—pin Elco connector that carri es the control

signals from the display and control panel .
(c) Signal Input - A BNC connector that carries an ECL l evel

• pulse from the amplifier discriminator .
(d) MCA Address Bump - A BNC connector that carries a pulse

which increments the MCA channel address , generating a
sweep .

(e) MCA Address Reset - A BNC connector that carries a pulse
- ;  whi ch resets the MCA chann el add ress to zero , in prepara-

tion for another sweep.
(f) MCA Data - A BNC connector that carries a pulse which

causes the MCA to increment the value stored at the
curren tly addressed channel .

• (2) Display—Contro l Chassis. This box contains a negative voltage
power supply for the ECL to TTL converter, auxiliary power outlets for the
logic power supply and fan, and the following control and display devices :

(a) On-Off thumbwheel switch (TWS) - applies line power to
the instrumen t.

(b) Pilot light - indicates presence of line power to instrument.
(c) Run—Stop switch - causes control circuit to generate signals

used by correlator boards and MCA .
(d) Apodizer switch - stops flow of signal to correlator boards ,

bu t a ll ows cl ipped s ignal to shi ft down correla tors .
(e) Complementary Clipping switch - causes a log ical “1” to be

sh ifted into correla tors if cl ipping level is not exceeded
dur ing a correla tion interval .

(f) System Clear switch - resets all  coun ters i n the system to
zero (except display counters), and presets the control cir-
cu lt for the nex t correla tion run.

(g) Counts Display Clear switch - clears counts display .
(h ) C l i pped Coun ts Displ ay Clear switch - clears cl ip ped coun ts

display .
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(1) Clock Circuit TWS - a 2-digit (units and exponent) thumb-
wheel switch that selects the correlation interva l over

the range 1 to 9xl06 in units of 100 ns.
(j) A-Scaler TWS - a 2-digit (units and exponent) switch that

selects the scaling factor over the range 1 to lI(9xl 03).
(k) B-Scaler TWS - a 2—digit (units and exponent) switch that

selects the scaling factor over the range 1 to l/(9xl01 ) .
(1) Clipping Level TWS - a 1-digit switch that selects the number

of counts that must be exceeded during a correlation interva l
in order to cause an output from the clipper circuit.

(m) Coun ts Display — a 7-digit display of total coun ts ou tput
from the A scaler.

(n) Clipped Counts Display - a 7-digit display of total clipped
counts output from the clipper circuit. Also acts as pilot
light for 5-V logic supply.

(3) Power Supply. A +5-V logic power supply which delivers approximately
20 A to the DCC.

EXPERIMENTAL PROTOCO L

Poly(L-lysine)

The poly(L-lysine) was dissolved in water to a ratio of 10 mg/ml . Part
of this solu tion was used to fi ll  the short sample ce l l for i rra di ation by
the IR laser pulses. The cell was filled carefully to minimize the occurrence
of air bubbles at the optical windows or in the optical path of the laser
pulse. Air bubbles inside the optical cell could cause significant scattering

• of the incident laser pulse, thus introducing errors in our measurements. Some-
times the optical cel l had a few microscopic-size air bubbles attached to the
peripheral side of the exit window. The bubbles were attached to the cel l sur-
face with no freedom to move ; therefore, it is expected that these microscopic
air bubbles did not introduce any error.

The poly(L-lysine) solution in the optical cell was irradiated with a
pulse from the Nd:Glass laser. Precise alignment with the laser beam ’s optica l
axis was achieved with a four-degree-of-freedom positioner. After i rradiation,
the poly(L-lysine) was taken out of the optical cell and diluted with O.2-M

40



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - •

sodium bromide (NaBr) solution. The dilute solution was in the proportions
of 0.5 ml of poly(L—lyslne) and 4.5 ml of NaBr solution. The solution was
filtered through an 0.8-pm fi lter and col lected In a scattering cel l for
further studies by means of dynamic light scattering to determine if the IR
laser pulse caused a breakdown of the poly(L-lysine) molecules . A control
sam pl e was also prepared , wh ich was not exposed to IR laser pulses but was
placed in the cel l , withdrawn , diluted , and fi l tered and stored along with
the irradiated sample.

Sampl es of poly(L-lysine) were irradiated by both single ultrashort
pulses with energies up to 1.37 mJ/cm2 and success ions of u p to four ent ire
pulse trains. Each train consisted of 100 pulses and had integrated energy
densities of up to 150 mJ/cm2 per train.

Cal f-Thymus DNA

The experimental protocol for the study of laser-induced damage in calf-
thymus DNA was similar to that for poly(L—lysine). Calf—thymus DNA solutions
were carefully prepared at a 1-mg/ml concentration in aqueous sodium chloride
(NaC1) by dissolving the DNA in the cold room (5°C) for periods of 3-5 days,
at a carefully controlled stirring rate of < 1 cycle/sec. Some samples in-
cluded the Ca++ sequestering agent, EDIA; others did not. In each case both
the test and control samples were treated identically except for irradiation
by the Nd:Glass laser. Test samples were irradiated by single mode-locked
pulses, enti re pulse trains , and successions of several pulse trains. To
achieve higher energy densities , the small-diameter long cell was used. The
test and control samples were then taken out of their respective cells and di-
luted with l-M NaCl solution in the ratio of 0.5 ml DNA to 9.5 ml NaCl. The
solutions were filtered through either a 3.0- or 1.25-pm fi lter and col lected

• in scattering cells for the dynamic light scattering experiments.

Purpl e Membrane

The Statement of Work proposed that it would be most desirable to examine
isolated biological macromolecular systems or cells whose electrodynamic prop-
ertles are similar to retinal tissue. In accordance with this stated purpose
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and with the concomitant immutability of poly(L-lysine) wi th respect to
radiation damage, we fel t It was imperative to look at more promising
systems such as the purple membrane patches from the photosyntheti c bac-
terium Halobac ter ium halob ium ( l-IBH).

The purple membrane patches are composed of 75% protein and 25% lip-
ids by weight . The sole protein is bacteriorhodopsin , which is so named
because it consists of retinol bound by a Schiff base linkage to an amino
group of lysine residue. This is entirely analogous to visual pigment
rhodopsin. The two major lipids are phosphatidyiglycerophosphate and
glycolipidsulfate. Evidence points to these purple ment rane patches as
a light-induced proton pump. Suspensions of the intact cells show light-
induced changes in pH.

Our first step with this material was to find its apparent diffusion
constant as a function of scattering angle. Concentrated solutions of HBH

• were obtained from the laboratory of W. L. Peticolas at the University of
Oregon . The stock solut ion comes in an aggregated fom which has to be
dispersed into solution . This was done by immersing about 2.5 ml of the
concentrated mixture in a 5-ni volumetri c flask and then immersing the flask
in an ultrasound bath. Visual inspection determined the end point of dis-
persion. Several drops of the dispersed solution were then diluted in a
scattering vessel with filtered (1.2-3 pm) distilled water . Solutions
made up this way are stabl e for months . Future preparations will most
likely refine this rough method .

• The solution of HBH scatters light extremely well as could be predict-
ed from its characteristic purple color. Thus , one can achieve high
signal-to-noise ratios at all angles .

• EXPERIMENTAL RESULTS AND DISCUSSION

Poly(L-lysine)

Samples of poly (L-lys ine) were irradiated by both single ultrashort
pulses with energies up to 1.37 ni.)/cm2 and successions of up to four entire
pulse trains, each consisting of -100 pulses and having integrated energy
dens ities of up to 150 nJ/cm2. All samples were then studied by the dynamic

42 



-
~~~~~~~~~~~~~

light scattering method. No detectable difference was found in the photon
correlation functions at any angle. All samples that were studied exhibited
essentially identical correlation functions at all ang les. This forced us
to conclude that even a succession of four entire pulse tra ins of up to 150
nJ/ cm 2 each at 1060 nm did not produce any breakage of the poly(L-lysine)
molecules . This is probably attributable to the fact that poly(L-lysine)
has an extremely small optical anisotropy, as judged from the intensity of
depolarized scattered light , so optically induced torques would not be
sufficient to break these molecules . (See Appendix: Summary Table.)

Calf-Thymus DNA

• To date we have found that single mode—locked pulses 10-15 psec in dura-
tion, with an energy density of ~O.76 nJ/cm

2, do not cause any changes i n
the DNA structure that are detectable by the dynamic light scattering technique.

The results for irradiation by one or several pulse trains (each consist-
ing of -100 pulses) have ind icated damage in some cases, al though there is some
ambiguity in the data . We have established that irradiation of DNA by one or
two successive pulse trains of pure 1060-nm light results in no detectable dam-
age If the energy density in each pulse train is < 120 mJ/cm2. This result was
obtained whether or not EDTA was in the sample. In each case the photon corre-

• lation spectrum was determi ned at several angles--25° , 40° , 90°, 1 lO° --to ensure
that any fortuitous agreement between control and test sample occurring at One
angle would be detected . No differences were observed at any angle. In one

• Instance a sample did not contain EDTA; however, It was also simultaneously ex-
posed to frequency doubled light (530 nm) having an energy density of 1-1.5 nJ/cm2

• per pulse train. (This resulted from a temporary removal of the dichroic beam
spl itter, DBA, from the apparatus--see Fig. 7.)

Figures 14 and 15 show the correlation functions for the scattering angles
O = 25° and 0 = 90° , respectively, for this case. (In this case only these two
angles were examined.) The correlation functions of the irradiated DNA sample
and of the control sampl e (not irradiated by IR laser pulses) exhibit a marked
difference for 0 = 25° , as shown in Figure 14. Indeed, when least- squares
fitted to single exponentials, the resulting apparent diffusion coefficients ,
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= 1.9 x l0~

.8 cm2/sec and Dcofltrol = 1.4 x lO
_8 

cm2/sec, differed sub-
stantially. The very steep initial part of the correlation function for
the irradiated sampl e indicates clearly the presence of smaller , more rapidly
diffusing fragments. At this angle translational diffusion makes the domi-
nan t contr ibu tion to the correla tion func tion , even for whole native DNAs.

At 0 = 90° (Fig. 15) there is virtually no difference between the cor-
relation functions of Irradiated and control samples . For the control sample,
the signal is dominated by internal motions of whole DNAs ; while for the
irradiated sample, the signal probabl y resul ts from a mixture of heterogeneous
small fragments undergoing translationa l diffusion and internal motions of the
surviving (if any) large macromolecules . The observed similarity of the two
correlation functions was quite unexpected , and may be an accident of the
particular angle selected. There seems to be no significant indication of
an increase In the ra te of internal diffusion due to the introduction of
single-strand breaks in the irradiated DNA, except possibly in the region
40-80xl0 6 sec . This feature of the data is disappointing; but perhaps when
the effects of single pulses are examined and the damage is less mass ive , a
significant difference will show up.

Studies of the ultraviolet absorbance of the two samples at 260 nm be-
fore and after boiling showed a much greater hypochromism of the control
sample, indicating that substantial denaturation or formation of single-
strand material had occurred in the irradiated sample , as woul d have been
expected from torque-induced mechanical breakage. The Appendix summarizes
the results of the DNA exposure experiments .

Toward the end of the project, serious probl ems were encountered wi th
preparation of the DNA (Worthingto n 37E855) solutions . The diluted solutions
(0.05 mg/mi ) filtered at an extraordinarily slow rate. Instead of the custom-
ary 40-minute filtration time for 10 ml of solution, the latter solutions
took severa l hours or even an entire day. In addition, the scattered inten-
sity was much lower than normal for a 0.05 mg/mi solution of DNA, which im—
plied that much of the material was being lost to the filter.

The preparative techniques were thoroughly examined . Over 200 filtra-
tions and light scattering measurements were perfo rmed to locate the possible
causes. The cleaning, stirring, and di luting stages were all scrutinized for
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possibl e introduction of deleterious effects , and new batches and pore
sizes of filters were tried . The effects of varying the solution pH were
thoroughly investigated; also , new sanples of DNA were obtained from the
original and other suppliers (Sigma R6C-9630). Of all the parameters ex-
amined, two things affected the rate of filtration profoundly. One was
the salt concentration . A simple dec rease in salt concentration from l-M
to O.1-M NaCl allowed the filtration rate to recover its normal speed of
flow; however, the still-low scattered intensity indicated that problems
sti l l  ex isted with too much loss of DNA to the f i l ter ( the loss ra tio was
about 5:1). The second, and more disturbing, factor that affected the rate
was the detergent extant in the Millipore filters as a consequence of the
manufacturing procedure. After the filters were soaked in a hot solution
of EDTA an d Na 2CO3 and then bathed in distilled water, the filtration rate
returned to norma l speed . Numerous runs with the soa ked filters indi cate
that the problem of slow filtration is almos t sol ved.

Depolari zed Scattering Experiment--Depolarized scattering from solutions
of DNA was attempted at both fin ite an d zero an gle. The pur pose was to gather
In formation about rotational and possible internal bending of the macromolecule.

We had anticipated that obtaining correlation functions of the depolarized
componen t of scat tered l ight wou l d be very d ifficul t . Our apprehens ions , in-
deed, were confirmed. The finite-ang le depolarized scattering did not yi eld
enough light to perform correlation analysis at the short time delays of in-
terest. The ratio of polarized to depolari zed light was about 450:1. The
zero-angle depolarized experiment did not work because the cel l optics had
deteriorated since their original construction . Even when the polari zers and
other optics were new, the zero-angle experiment was extremely difficult to per-
form. The drop in quality of the optical surfaces ma kes an already difficult
task unfeasible.

Purple Membrane Characterization

Two representative correlation functions of purple membrane (HBH), at 9 =

25° and 9 = 90°, are presented (Figs . 16,17). The apparent diffusion constant
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of HBH varies with 9 qualItatively the same way as DNA , except that small
• oscillations are to be found in the D vs. K2 plot . A naive estima ti onapp -8 2of the diffusion constant yields 0transl . = 1 .34 x 10 cm /sec for a disc

with dimensions 5x500x500 nm. However, dynamical intermolecular interfer-
ence effects must affect our value of Dapp~ 

The recent calculations by
Chen et al. (38) for scattering from large rotating structured particles
yields a 0app vs. K2 curve that dips and rises . Perhaps their methods
could be applied to estimate a Dapp • The correlation functions fit a
single exponential quite well; however, the purple membrane should be
checked with gel electrophoresis for polydispersity .

CONCLU SION S AND RECOMMENDATIONS

The original proposal noted that dynamic light scattering by itsel f
could not provide detailed information about the distribution of breakage
products, except in a rather coarse manner, and proposed to establish actual
distributions by either ultracentrifugation or electron-microscopy in a few
instances and use these to calibrate the dynamic light-scattering correla-
tion functions. The very fast components observed in our first irradiated
DNA samples indicated that these distributions might be very broad, contain-
Ing many small pi eces, • as predicted for optical torque-induced damage. This ,
together with the significant partial denaturation found in those same samples ,

makes the analysis much more compl icated than previously supposed . Recourse to
electron—microscopy or ultracentrifugation for each sample investigated is simply
not feas ible.

Fortunately, there have been two remarkable recent advances in gel electro-

• phoresis technology that now enable accurate determinations of the size distri-
butions of sampl es of duplex DNA. The first advance is simply the utilization
of very dilute (0.2-0.7%) agarose gels that permit astonishingly high resolu-
tion of very high molecular weight DNA5 . The second advance lies in the com-
merc ial av ai 1a b~1lty of specific molecular weight markers that are obtained
by the action of restriction endonucleases on viral DNAs . The entire base Se-
quences of these restriction DNA fragments are known , and this i nformation is
suppl ied with the commercial samples (e.g., by Bethesda Research Laboratories).
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In 0.2% agarose gels the DNA electrophoretic migration distance (in a
typical 12-hr run) is proportional to log M (where M is the molecular weight)
for molecular weights up to about 2 x l0~. The location of the DNA in the
gel is determined by applying ethidium bromide, illuminating with UV lights ,
and observ ing the resultant visible fluorescence that is emitted only when
the dye is complexed to DNA . Simultaneously, parallel electrophoresis of the
comercial marker preparations enables the establishment of a precise cali-
bration scale. Although the technique Is not rapid , several samples can be
run simultaneously on the same gel . Also , the amounts of DNA required are
minute, and would enable irradiation studies of much smaller samples (at
proportionately higher power levels in the focused beam).

- 
- The principal advantage of thi s technique is that it would permi t the

complete determination of the breakage product distribution in the irradiated
DNA . Such information could prove to be exceedingly valuable in establishing
the breakage mechanism. A multimodal distribution of breakage products would
imply some specificity in the breakage process, for example.

The use of dynamic liaht scattering both as an early monitor of damage
and as a monitor of subtle forms of damage, including partial denaturation
and single-strand breaks, will be necessary and is still in progress. The
gel electrophoresis simply offers a convenient and relatively inexpensive way
to establish the product distribution for double-stranded fragments. We thus
recommend us i ng gel electrophores is as a “secon d leg” in the analysis procedure.

- • We have an almost compl eted gel electrophoresis apparatus using a J-wick
flat-bed configuration designed for very dilute agarose gel (0.5% or less).
A specially built safety container for the gel setup is being made. We antic-

ipate that this equipment can be used to analyze for DNA breakage in the
future.
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APPENDIX

SUMMARY TABLE

Poly(L-lysine)

Number of Energy density Energy/pulse Breakage
pulses 

— 
(mJ/ cm2) (mJ/cm2) resul ts

1 1.4 1.4 negative
• 2 2.8 1.4 negative

4 pulse trains 600 ‘~l.5 negative
(100 pulses/traIn)

Calf-Th~inus DNA

Number of Energy dens ity Energy/pulse Breakage
. pulses (mJ/cm2) (mJ/cW ) (mean) EDTA results ; comments
Short ceii:

1 0.76 0.76 yes negative
1 <0.5 <0.5 no negative
1 0.5 0.5 no negative
2 1.5 0.75 yes negative

1 train 58.5 0.59 yes negative
1 train 59.0 0.56 yes negative
1 train 116 1.1 yes negative
2 trains 110 0.55 yes negative; slow

filtration; low
scattering intensity

2 trains 230 1.15 yes negative
4 trains 500 (~2O%) ~l.2 no positive
5 trains 440 0.88 yes negative
4 traIns —2(530 nm) 6.8 (~5O%) %1.7xlO yes ambiguous

Long ceil:
— 

1 train -556 5.6 yes ambiguous; slow
filtration; low
scattering intensity

1 train 800 8 yes ambiguous; slow
fi l tration; low
scatteri ng in tensity

In all cases except the last two, the results were negati ve at i rradiation
energy densities lower than those indicated. Probable error in energy measure-
ments is ± 5% except where noted.

55

.J~~~. J  - - —-


