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This repert presents high]ights of ocur research during
the period from 1 Gctober 19?? te 30 September 1278. Our
effurts in the efucidation of basi; processes underlying the
physics and chemistry of pn11ufiun have cuqtinued. Some af
the new avenues have found their reflection ih a separate
research propasal now under evaluatian. | |

. This year emphasis s given ta Professor Brandt's program
of charged-particie penetration processes. Professor Pope's
pruﬁram Wwill come under detailed review during fhe next period.
The first part summarizes the work of Professor Brandt and

+his group, The second describes the work of Professor Pope

and his colleaques.

Herner Brandt

Martin Pope

May 1978
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ABSTRALT

Innershell Coulomb janjzation cross sections show
significant relativistic effects even for the lighter
atoms, because ionization occurs near the nucleus in

our range of low particle energies,

Atomic excitation and fonization in deep atom-atom
colTisions can be described in tefms of a model

with random wzlk in energy space to the continuum.
This model may be best sufted for the analysis of

heavy ion-atom ancounters.

Energy straqggling of charged particles in matter are
affected by inhemogengities in and surface conditions

of the medium.

Using moltecular ians as incident projectiles we canclude
that moving protons do not have bound states in so0lids.
Projectiles in close proximity to each other exhibit
larger energy lesses than isolated projectiles indicating
interactions of the electron density fluctuations estab-

lished behind moving preojectiles in solfds.

Heterogeneous axidation of SUZ by holes has been found
at an arganic (PAH) aqueous interface. The process
has a reasonably high quantum efficiency (3 0.1) for
anthracene, Various experiments are being carried out

tp determine whether 5U3= or HSﬂa' is involved,




(6)

(7}

{8)

Photoemission fram PAH organic aerosols has been

investigated. The rate.of emission from tet?acene

is found to go as the maximum electrom kinetic

energy cubed. It 1s.fnund.tha£ the particle may
be used as an electron spectrometer far determining

the electron kinetic energy Histributiun.

A new way of characterizingrsmail aerosols by mass

has. been found. The method utilizes the detection

- of a single electran imbalance in & Millikan

chamber. Aerosol masses as smﬁl1 as lpgm can be

measured to better than 1%.

The potent carcinagen benzo fa} pyrene (BP) when
metabolized in vivo is found to hive a physical sfruc-
ture in which the BP?,E;dihyd;ndia1 Q,ID-uxide'adduct
(BPDE} is bound on the outside of the helix, Both

structyral models and phy51c§1 measuremehts'support

this conclusion.
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SECTIOKR I

HEAYY ION PHYSICS




1. Instrument Development (Laubert, Peterson}

The main research tool of the heavy ian physics program
is the New. York University heavy ion accelerater. During the
past year the accelerator produced ion beamns for 1749 hours
which averages to more than 8 hours per working day. This
indicates the importance of the zccelerater in our research
efforts as well as the small amount of "down" time of the
facility.

T¢ achieve such low “down" times preventive maintenance
as well as availability of crucfal components is required. In
the past year the major components we had to replace were the
high valtage power supplies for the jon source Jocated in the
dome of the accelerator and the main 6" o0il diffusioen vacuum
pump. Both of these jtems have been in continuous operaticon
for close te ten years and suffered many symptoms of old age.

In arder for us to maintain our competitive advantzge with
respect to other acceleraturs'in this energy domain we installed
an accurate magnetic field measuring system. The new system
consists of & nuclear magnetic rescnance probe which allows
us to measure the magnetic field to an accuracy of 1 part per
lﬂs, which is two orders of magnttude better than we were able
to achieve with our previous system employing a rotating coil
gausmeter.

A perpetual problem 1n accelerator experiments is the
buildup of carbon on the target surface. Recently new diffu-
sion pump fluids (Santovac 5 and Fomblin) have been developed

that claim to be superior in preventing such buildup. We plan



to test these new fluids in actual working systems utilizing
the method of observing the décrease in the characteristic
X=ray yteld with surface-layer buildup. Techneleogical advahces
in cryogeni¢ vacuum pumps have made these pumps reasonably
priced. We plan to test this pumping system for carbon

deposition if sufficient funds are availahle.




- I11. Inner=shell excitation

1. Relativistic effects (Brandt, Lapicki)

1 a relativ-

As was noticed already a quarter centufy &gﬁ,
istic description of inner shells is-required, especially when
heavy target atoms and slow ccl]iéiuns are coﬁsidered.. The
relativistic effect has been investigated in the context of
K-shell innizatiﬁnz. but only a few plane-wave Born apprniima-
tinn3 (PWBA) or straight-11ne semiclassical? (Sﬁn] calculations
for ignization cress sectiens were performed with relativistic
wavefunctions during the intervening years. Yarious échEmes
ware prcpased to reproduce this effect ﬁithuut inuu]véd |

5=11

numerica1 :a)culatinns. Following Hﬁntﬁ, Merzbacher and

6 suggested that one may ccﬁtinue'tn Emp1hy the nonrala-

Lewis
tivistic screened hydrogen1c'wavefunftians but with a reduced
value af the binding energy parameter 8, to correct for the
ralativistic increase in the binding enérgy df a sereeaned hydrogen
atom. It has been argued that thé Merzbacher-Lewis reduction
factor should be changedg‘ll to yield slightly lower values of

HS' Hardt and Hatson?

proposed instead to decrease the arbital
velacity vye in accord with .the relativistic expression for
. kinetic energy in the virial thearem.

Such approximate methods are, however, Tnadeguate since
they mimic the }e1ativistic effect only by a'change of the
average quantities that characterize inner shg11s; they can
reproduce numerical calculations with the relativistic wave-

functions only when Vi “.“25 and the important impact parameters

in the collision are comparable to dgg (vl-is the projactile




velocity and a5 s the inner shell radius.) In slow calli-
sfons ionization takes place-deeply inside of the inner shell
where relativistic effects can be significant even for L-shells

of relatively Tight atoms; they are underestimated by

]

incorporating a relativistic change merely in the mean binding

energy or velocity of the electron. HansenB used the relativ-

istic mass and velocity to approximate a relativistic electron
velacity distribution that is used in the binary encounter
approximation {BEA). It is not possibie to apply this procedure
stralghtforwardly in the PHBA. The Hansen corvection, presented

BEA

as a table of {uEfu for different projectile velocities

K?
and target atoms, still underestimates the relativistic effect
in the slow c¢llision regime when compared with [aEHaK)FwEA
when Ui is based on the relativistic wavefunctions.

Me proposed the procedure that simulates the rvelativistic
PWBA cross sections through 2 substitution of mass of the
electron M, (equal to 1 in atomic units) by its relativistic
value HE evaluated at the distance at which ionjization is most

probable. In terms of the nonrelativistic aE"Bﬁ (:555], the

relativistic PWBA cross section, UE“BHR. can be simply evaluated
as

PWBAR PWEA , R R?

0'5 = "3'5 (HEEE’BSJ!HE s

where Lo = vy/hv,c8c.
Figures 1 and Z demonstrate that this method agrees
remarkably well with the numerical PWBA calculations which are

based on the relativistic wavefunctiaons. Recently Amundsen et al.lu




extracted various analytical factors to account for the

relativistic effect in slow collisions. - These factors were

deri#a# for K shell donization and thefr use 15 restricted

to the Tow velocities of the projectile wheré our procedure

reproduces equally well the full, numerical calculation of

Amundsen.

1

References:

1)

2)

3)

4)

5}

§)

H. W, lLewis, 8., E. Simmans, and E. Merzbacher, Phys. Rev.

91, 943 (1953);: C. Zupancic and T. Huus, Phys. Rev. 94,
205 {1954). '

P. D. Miller, Master thesis (Rice University, Hauﬁtun, 1956)
(unpublished); G. Béﬁbas, Bull, Am, Phys. Suc.-lg; 80

(1968} and Ph.D. thesis (North Carolina University, Chapel
Hi11, 1%968) {unpubiished}; C. B. 0. Mehr, Adv. At. Mal,
Phys. 4, 221 (1968). |

D. Jamnik and C. Eupancic; K. Darn. Vidensk. 5S5elsk. Mat.-Fys.
Medd. 31, No. 2 (1959}; B.-H. Ehnf, Phys. Rev. A 4, 1002

(1971) and Proceed. Inter. Conf. Inner Shell lonizatien

Phenomena and Future Applications, Atlanta., 1972, ed. by

R. M. Fink et al. {(U.S. AEC, Oak Ridge, TN, 1973), p. 1093.
P. A, Amundsen, J. Phys. B 9, 971 (1976} %, 2163 {iﬂ?ﬁ] (E).
H. HBnl, Z. Phys. 84, 1 (1930).

E. Merzbacher and H. W. Lewis, in Hanbuch der Physik, edited

by $. Flugge (Springer, Berlin, 1958), Vol. 34, p. 166,




08 | T T I
THIS WORK
50 !-’PI:’ EKV) -
gt @ TAMNIK \2UPANCIE (1357)
-G'_.:( —. — HoNL (1933)
wrsrx HARDT, WATSON (1473)
sol- -
eede HANSEN (1973)
QOGO —»— ADRENDUM (173
108— LAY~
B AMUNDSEN (1976)
st
®
&
: 1 | Bt
0.5 ! i 5 PO A0 50
EI {MeV]

Fig. |




|ﬂt 771 Y
v/
- 7’ 80 Hg (L) =
to! - —
CALCULATIONS WITH
PLBA[ RELATWISTIC WAVEFUNCTIONS
T L SHEWL @ CHOT (a7
b1 K SHELL O TAMNIK, 20PANGIC
(1437
[ —
APPRONIMATIONS FOR RELATIVISTIC 3
" CALCULATIONS g
é /]
THIS WORK ©
L 3] F -i
i — - — HONL (1433) ;-4
R
/
/7, {
. ! i
;) 3
sils  CALCULATIONS wWITH ' i
7 NONRELATIVISTIC WAVEFUNCTIGNS i
| o w_. KHANDELWAL, CHOZ, EKPL(K)%
MERZBALHER {1944,1r73) /) i
" / r’ —l
|ﬁ'3' I ] /1‘:_____ I
0. 0.5 2 T




7} T. L. Hardt and R. L. Watson, Phys. Rev. A 7, 1917 (1973).
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9) G. Lapicki, Ph.D, thesis [Mew York University, New York,
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2. Coulamd deflection effect {Brandt, Lapicki, Laubert)

1-5

Brandt et al. extracted the Coulomb deflection factor

¢ = expl- 1r) (1)
from the semiclassical treatment of Bang and Hansteen2 for inner

shell fonizations. 1Its wvalidity has been questinned3 and its

4

values were found to be above recent numerical calculations’ and

analytical resu]ts.5

Here ¢ = dq05 denotes the adiabaticity
parameter which determines the ratio of the characteristic time
in Coulomb scattering, dfvl, to the transition time, 1!{m25+Ef}
with d = zllzfﬁvi being the half diitgnﬂe of closet approach in
& head on cellision and Qo5 = E£§§-*—i-the minimum momentum
transfer for the ejection of e]ectrsn of energy s

The existing data cover the & <r < 0.% range and lie sonme-
what inconclusively between the new predictions for the Coulemb

deflection factor and old ones according to Eq. (1), although




the lattered predictions seem to be favored by the data when
the small and large values uf)c from the experimental range
of ¢ are considered. A particulzrly sensitive measure of the
Coulomb defiection factor is offered when the ratio of ioniza-
tion ¢ross sections by deuterons to those by protons at the
same velocity are taken at the highest possible values of T.
We have measuyred this ratio in the 50-150 keV/amu range
of proton/deuteron energies in L-shell dionization of silver
which, at the lowest energy, corrésponds to g = 1.3. As seen
in Fig. 1 the dataz agree with the Eq. {1) for g = 1; a result

4’5. Studies

that appears to be disagree with recent predictions
of the Coulomb deflection effect are 3tt11 needed, and the
Coulomb deflection effect remains to be reaxamined in the 1ight
of the disagreemenit between these prediction and experimental

evidence.

1} W. Brandt, R. Lazubert, and I. Sellin, Phys. Lett. 21,
518 {1966} and Phys. Rev. 151, 56 (1966); G. Bashas,
W. Brandt, and R. Laubert, Phys. Rev. A 7, 783 (1973);
W. Brandt and G. Lapicki, Phys. Rev. A 10, 474 (1974).

2) J. Bang and J. M, Hansteen, K. Dan. Vidensk. Selsk. Mat.-
Fys. Medd. 31, Ho. 13 (1959).

3) K. Brunner, Ph.D. thesis (Wirzburg University, Wirzburg, 1972)

(unpublished)s; K. Brunner and W. Hink, Z. Phys., 262, 181 (1973).

4) L. Kocbach, Physica Moyvegica 8, 187 (1976).

5) P. A. Amundsen, J. Phys. B 18, 2177 (1977).
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3. Screening effects (Losonsky)

-

The effect of the projectile electrons in causing excita-
tion or jonization of inner shells in heavy-ion collisions are
usually neglected on the assumption that the relevant {impact
parameters are small compared to the shell radii of praojectile
@lectrans. However, even in Coulomb K~shell ignization when
the arojectile atemic number 21 is much smaller than the target
atomic number IE’ screening effects an the crass sections as
large as 10-20% have been ca]cu]ated.l

We have investigated theoretically a system, excitation of
2p and 3p states of fluorine for IEAr - 13F+3 (where Z, = 212},
for which a large screening effect is expected. This system

z are avaflable for comparison.

has the %dvantage that Auger data

Thus we ¢an accurately test our procedure for calculating screen-

ing effects.

The following assumptians are made:

{1) Only Coulomb forces are consfidered in the scattering potential.

{2) 8E/{2 uv?} << 1 where AE is the difference in energy of the
final and initial state of the target atom; p is the reduced
mass and v is the relative velocity of projectile to target
atom.

{3) The transition amplitude is expanded in powers of 1/M, and
lfﬂa.keeping only the lawest-order term [Ml,r-l2 are the
projectile and target atomic masses, respectively).

(4} The wave function of the projectile atom can be represented

by the product of cne-electran screengd-hydrogenic eigenfunc-

tions.



(5) The first plane-wave Born approximation 1s used.

A generzl fnrmuh.3

involv¥ing a single integral is obtained.
This integral cam be easily evaluated numerically. In Fig. 1

the results of our calculation are compared with experiment.

The :theory without screening diagrees with the data by a factor
of 2.5; the theory with screening coincides with the data.

This indicates that, at least for one-electron targets, the
procedure outlined here can be used to account for even large

screening effects. Attempts are now being made to extend our

results to two-electron target systems.

1) G. Basbas in: Abstracts of papers, 9th Intera. Conf. on
the Physics of electronic and atomic collisions, eds. J. R.
Risley and R. Geballe (University of Washington Press, Seattle,

1975}, p. 502.

2} F. Hopkins, R. Brenn, A. R. Hhittemore, N. Cue, ¥. Dutkiewicz,
and R. P. Chaturvedi, Phys. Rev. A 13, 74 (1978).

3) W. Loseonsky, Phys. Rev, A 16, 1312 {(1977).
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4, Pauli Excitatiaon (8randt with Johnson, Jones, Jundt,

Guillaume, Kruse, BML)

Measurements of the cross secrions for Prcduct;un of characteris;ic
x=rays in heavy-ion-aiom collisions have been In progress for many years.
Detailed knowladge oF thr systemacics of these ce¢llisions as a function
of projecrtile atemic number, Zl, target atomic nuabar, 22, and the lab-
oratory kinetic enargy of the projectile, E, derives From the producticn
of K-shell x rays. Total K-vacancy cross section measurements have been
made in several experiaecnis of sclid targets. Kubo et al.} reported tar-
get and projectile cross secrions for zﬁﬂi and 353r beams as a funcfion
of ZZ at several projectile energies and observed strong wvariations 1in
the cross section which are attributed to electronic shell affects.

Meyerhof et al'..2 carried out similar experiments with beams of

355%»
3EEr, 531, ﬁﬁxe. and EEPh at energfes up to 470 MeV. (Cross sactions at
low eénergies were reported by Jones EE.il-as for 5 MeV lﬂﬂe and | AT

beams. A common trend for given 21 is the stromg variation of total
E~-shell -vacancy production as a function of 22. Measurements of the
probability, PK’ of vacancy production as a function of Lmpact paramecer,
b, have been reported for relatively light ions and targ&ts.ﬁ-ﬁ

Recently, experiments by Johason et a1¢? with a ZBHL bezm on solid 25"“

and BEPb targecs and Cocke gt al.” with a |.Cl beam on a gaseous 1887
target have started to give information for ranges of higher Ty 22, and
E whare total eross section neasuremenes have been performed.

The machanisms for vacancy production 1n atomic collisions ara com-

plex and can range hetween two limiting cases. On the one hand is the

production of & K vacancy by direct Coulomb ionization caused by the
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Coulomb Field of a completely stripped prnjecti]e.9 On the other is rhe
vacancy production during the interaction of the electron clouds of che
projectile and earget atoms, Pauli excltatiun.ln Under such conditions,
tha cross sections are usually much larger than direct Coulomb excita-
glon cross secticns.

A basis for cthe discussion of Paull excitation is the molecular

orbital {M0O) model of Fano and Lf.chl:En.u’lI It has been developed by

Bripgs and hﬂcek13 apd by Taulbjerpg et al.l4 to give detailed predietions
of the impact parameter dependence of ionization prebabilities, and of
the scaling of the total cross sections. This appreach requires speci-
fie azsumptions abour a few orbitals caken to be prevalent in a given
callision. 1In gollisions involving a large number of molecular-orbital
croasings, the vacancy production ¢an be studied inm terms of a statisti-
cal model, first developed by Mittlemen and Wilatsls for total loniza-
tion. The statistical model has been applied by Brandt and Jone55 te
F-vacancy production. As is shown below, 2 simple development based oo
random~walk berween level crossings illuminates the physical content of
this approach. The statistical model is effective in representing dif-
farentizl and tetal cross section data on disparate ¢ollision systems in
& concise manner.?'15
The present experiment was undertaken to extend the work of Johnson
et al.? by measuring the impact-paramecer dependent probabiliey of ifnner-
shell-vacancy production by 45-135 He¥

Eﬂi beams on , _Mn, 535“’ and ﬂsz

2 25
golid targets. The targerzs were chosen because corresponding cotal cross
sections represent maxjima {Mn, Pb) and 8 minimum (Sn) in the 22 dependence

af the Ni measurements of Kubo et al.l The experimental cesulbs are dis-

cusged In terms of the stacfstical model and are compared with predictions

of the moleculsr orbital model.
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II. Experimental Procedurs

Beans of g:ﬂi iong at 45, 94, apd 135 HeV were obtained from the
Brookhaven MP-tandem Van de Graaff accelerater facilicy
with currents in the range of 2-10 nAfion charge. The beam was
collimated with twa 0.2 mm diam apertures spaced 20 cm apact,
followed by a 0.5 mm diam scraper slie at a distance of 6 cm,
limiting the beam dispersion to at mosc 0.15°%. Targecrs
were prepared by vacuum evaporation of natural | _Fon and sz in filws of

23 8

20 pgfem’, and .. Sn in Eilms of 100 pg/eu® with uncercatnties In target

50
thickness of +20%, onto 20 pgfnm{_carbnn foils. They were positioned § cuo
dovmstream from the gerapev 3lir and Inclined a: an angle of &5% eo the
beam direction.

After passing through the target ssterizl and che supporting carbon
foil, the beam was stopped In a small Faraday cup mounted at the center
of an annular particle detecror. The cup turrenk to ground

.- -

wag used for monitoring the accelerator operatiom. The . -

"
-

particle detector consisted of a 0.5 mu thick annular cnllimatur'

with foner radius 4.0 mm and cuter radius 4.8 om positioned

in front of a pilicon surface-barrier detector with a sensitive depth of
100 pm and an active area of 200 mmz. The mean scattering angle fubt&nded .
by the apnular ¢oellimator was varied by woving the detector assembly
coaxially with the beam direction on a sliding shaft, At the minfmum
and maximum target-to-detactor disténcﬂa of 3,3 and 53 cm, particles
were detected that had been scattersd through angles (7.5 t 1% and 0.5 +

ﬂ.l}ﬂ, respectively, The range af accepted scattering angles resulted
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in detection of tearrtered particles whicl had undergene collisinns with the
target atoms over & vange of impact parameters approximately +10% of the
calculsted mesn value. The solld angle of the detector was reduced at zmall
distances by the finite thickness of the collimator rings for which correc-
tions were made. The ensrgy resolution of the surface+barrier decector
deteriorated with radlation damage, but the results of the experiment were
insensitive to this resolution, as demonstrated in repeated runs with used
and new parcicle detectors under otherwise equzl conditions.
'

A liquid-nitrogen~cooled Si{Li} x-ray detector with an active area of
80 mm? and an energy resolution of 200 eV for the 5.9 keV Ky lina of Mn
registered x-rays produced during the passage of the beam through the
target. The 25.4 pym beryliium window of the detectar was directly couplad
to the vacuum chamber at a distence of 2.5 cn From the target at 20% to the
incident beam, A& calibrated S:Fe x=-ray source at the target position
determined the value of the product of acceptance solid angle and detection
efftelency for the x-ray derector at +the 5.% keV Mn Koy x=TAy ENeTRY.
Correcktions were made Epr chanpes in the transmission of the Be entrance
window for ML, Sn, a#nd Pb x-rays, and for Al absorbers placed between the
detector and the Sn, and Pb targets te reduce the counting rate from
radiacive electron capture and low-energy L and M x-rays.

Signals from the preamplifiers of the x-ray and particle detectors
were splic to handle separately the olrevitty for the x-ray and particle
goincidences, and for cthe high-resplution energy spoctra. The start and

atop pulses for ¢ t{ime-to-pulse height converter were derdved from timing

filter amplifiers Fallowed by constant-fraction timing disceiminators,
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Their levels were set to accept particle; scattered 1o the terger films

and x-rays emitced from the projectile and targec atoms. Coincldent x-rays
from projectile and target a2tomg were recorded through gétes derived from
the high vesolurfon x-ray circuitry. A typical time resolution was 24 nsec
for the 7.5 keV N1 Hgy x-ray.

The probability, PK or PL, for producing a K- or L-shell vacancy was
calculated for each detecteor positlon from the relationship Pﬂﬁnﬂcffﬂsynxex},
vhe ra Nc i the number of colucidences, HS
v the statice [luorescence yield,lT and ﬂkex the soid angle-efficliency for

the number of scattered parcicles,

the x-ray detector. The x-rays from the beam and target were taken to be

emirced isotropically.

Although 1t waz not the primary alm of the experiment, it was also possible
to meagure totzl vacancy production cross sections at each detector pesition.

The agreement of these values with previcus measurementsl established the validicy

of the calibratien for cthe absolute values of PK and PL. The cross sectians,

Uy O @, Vere calculated from the reletionship u-(ﬁnﬂxfﬂs?}(dqfdﬂ)s(ﬁsgsfnxex},

vhere N is the numbepr of x-rays, (da!dfﬂs the appropriate cross section

for scattering particles fnto the particle detector, and ﬂSES the solid-angle

efficiencey for the particle detector. The mean values of g ebrained from

this procedure are listed in Tahle I,




19

Data eaken with bare carbon Eoils showed that Ni x+ray emission
ar 45 MeV was nzgligible. Ar the higher beam encrgies, %4 and 138 HeY,
appreciable beam x-ray production was observed and the dats were corrected
For coantributions {rom the carbon backing.

The effects of mulciple scattering in the targer were estimated from
the thecry of Haye:.lﬁ Wi conclude that multiple scattering should not
affect the resuvlts compared to instrumental uncercainties at scattering
angles preater than a few degrees corresponding to che small fmpact para-
meters,. At small angles corresponding to the large impact parameters
mulciple scattering becomes significant. The value oF P at the larpe=t
impact paramatér was taken to be indicative of contributions from muleciple
ascattering 2ud long ranpge processes such a3 direct Coulomb ionization.

Inner-shell vacancy production in heavy lon-atom ceollisions can be
a strong function of the degree of ionization and parcicular electromic
configurations of the collision partners. It has been shown ok that oany
electrons can be removed in 2 s5ingle collision, resulting in a distribution
of Einal charye states and electronic configurations even though the initial
states are well defined. In our experiments the projectiles move in solids,
and their electronic state as they enter x-ray producing close collisions
with target atoms is largely determined by electron scripping and excitation
of the fon core by electron impact. Specifically the chickness of cur tar-
get Ellms was = 20 nm as compared to the predicted charge equilibrium

distances which, depending on v, , taoged Erom == 20-40 nm.zn In conse~

1

quence, the mean charge of the BHL projectile must have ranged bebween

2
the inicial values (6-B)e in the beam and the expected equilibrium charges

{13-13}&.21 Such effects may inFluence the inner-ghell vacancy production
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relative to that in single-cellision experiments performed with gaseous

targets.

-III. Discussion

Heavy ion-atom collisions in general are expected to be characterized
by a distribuction of charge and elegtronic states in a quasi-molecular sys-
tem with complex and densely spaced level crossings. Following the first

atnempt,ﬁ the data are discussed in terms of the staristical eodel which is

i especially appropriace For complex eollision systems. The effects of vari-
ous electronic configurations and the complexity of the collision are incor-
porated in one adjustable parameter of the model, which scales In the atomic
nuebe rs of the collision pair.

We display the physical content of the statistical agproach by treating
jnner-shell ionization as a random-walk processza of eleceron promction
bertween densely spacad, interacting level crossings of transient molecular

arbitals. The probability, dP“, that an eleccron starcing from an energy

level En at t » O will reach the threshold to unoccupied states, Ethr‘ dur -
L
ing the time between € and tHde is giver by
s
+ . Enz
dp_ = —T— exp( - ) dt, (1)
Zt{nant} z.anr,

where ¢ = E
n

the En and the electron-promotion parameter, ﬁn‘ 1s related as

En = (1/2) Y“EI, to ¥ . the mean pumber of leval crossings per unit Eime

barween levals of zverage spacing €. For n ® 1,2 we write alse T €, etc.
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Fellowing ln.‘i.ln!l:s,.zirlI one may Sel ﬁn - Gn &?, where R is the radial velocity
during collision. The parameter CH.LS treated as a constant when the fnter-
neeleay distance, R, is less than an effective Interaction range Rb Dver
which the atomic elecizron cloudz interazct strongly: and ?hen B> Rg, En ~ 0.
We defer an extension of the treatment of excitations through rotational
level coupling or "Corielis mixing™ via dependences of 6n on the time-depen-
dent angular veloclty of the lnternuclear rvadius vector.

Withoukt loas in generalicy, we can simplify macters by replacing che
promotion parameter, &n(t). by Lts walue E(V.Rn) averaged over cthe cellision

time, E and assume a Scraight projectlle patcth with lmpact parameter b

col?

and constant velocity v. Integration of Eg. {1) over the collision time,

tcnl’ given hy

IR

-2 .2
tcul v (1-<7)

125 (1-, (2)

with x = h!ﬂu and &(y)y = (}/2) (1 + y/ Iy |], yields, in Eerms of the error

funcecion complement, erfc,

Pn = erfe (;—%?Ei. {3}
n

wheve

with the abbreviatian

W= (ZRDvnf E;) (v { vn), {53
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in terms of the orbital velocity v, » and

IR R
B =" - (6)
" 4%

T

Since rhe mean promotbicn paramerey in energy space, 6::' is propartional
2 L 2
to v , nn is taken to be a congtant and, because of its dimensions

[LET']'], is referred to as diffusion constant. The total cross section

becomes

1
2
G = 2mR f xdx F (x) &

o

5 f"ﬂ 1/3
= R, ! ?3 erfe “n%i . {7)

v

We integrate and obtajin te leading terms (with error < 10%)

1
2 233{Hn}
g ~pR ——m— {8)

n— 0 ‘!"—
1+ w
n

whe re Ejtx} =fe_xt t-adt.

1l

A detallzd creatment of the time dependent diffusiﬂr_l problem of
excltation to the conticuum For total fonization was given by Mittleman
and Hi.lel;sls. It was developed for inner-shell lonilzations and applied
to K-shells by Brande and Jone.s.s It is used here for the first clme to
interpret L-shell data. In the dif{lfusion model the probabilicy {or

vacancy production per electron in the n shell is given by
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e

2 L
-L 2
P (b) =1 - - Zu, s exel-(viar’s ) 1, 9)
where ‘ 2
Eﬁnv b
sn(b} =3 F{T) = wnF(x} (1)
n o
with
F(x) = [{1-1:2)Lj - X arc cos ¥ E(l-xz}. (11}

2
with the notakion W (Evan / Dn){van],iwhere D“ = € fGn- The total
vacancy praoduction cross sectien becomes

R

o
- - 2
o, = 2m J; B (b)bdb = R “S(v ), _ (12)
whera the functbion S{wh} is given in Ref. 15.

Figure I{a} compares Eg. (3) wirh Eq. (%) and Fig. 1{b) compares Eq.
{8) with Eq. (12). The two approaches lead te essentially the same_r ’
impact pavameter and velocity dependenciea:ﬁ The coefflcients Dn “sh-I
cantain in principle all the quantumhm;chanital informacion about elec-
tron promotiion betwignltrterqigiggtleéefrcrassings in the molecular
orbital picture. The I«;:‘a;z:a;metef-s, En 2nd D_, in the two spproximations
differ merely by a model-dependent numerical factor of the order of 1.
In particular, thaze coefficlents change with En’ the gaﬁ Lo unoccupied
5tatﬁ5?uhithan be affected by the degree of ionizatfion and by vacancies

in the core of the projectiles as they are prepared, prior to the colli-
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‘sion, by the conditions of the experiment and may be aEfected during the -

-
-

time of strong interaccion,
The main results of the experiment are shown in Figs. 2-7. The

ﬁnnert?inties due Lo countiﬁg stacistics are indicared. Total cross sep-

tinns-are giu&n in Table I. The K-shell daza for P and 5 are dividéd by

2, the number of EIECETDH$ in the shell and reparted in the form nf tha

;ummed Frubabllitigs K{L) + P (H}, and summed cross aectinns ) (L} + GK(HJ,

per K-ghell electron. The notatlnn {L) and (H} reapectluely_refers to the

light and heavy member of the c011151ﬂp pairs. Ioolzaticn prabahilities

.nﬁdlcruss-éectians for the individual cdlllﬁian pﬁrtners-in che Pauli

exnitatiun tegime can be culled by use of the Meyerhof charge sharing R

fﬂrmalisw 25 The variatinn with 1mpa:t parameter Eor the Mn, 5n and Pb

 targets seem to be uery siﬁ[lar in Figs. Z-ﬁa Apparent]y the differeucgﬁi_ﬂ T

4 v T
in rea:tion mechanisms uhich cause th¢ z dependEnt $tructure in the to:al e

2
: ;roas_section data of Kubo et_al.l Are noL atrgngly rEflected in the J;?T.

R
There is some weak évidence for ‘addis

.-'-__..- o

impact~parameter dePendén¢e of PK»
“tiéﬂ;l $tru¢tur¢ in the 45 HE? dats Which deserv&s further study.

we present in Figs. 6 and 7 the L- shell data fa a similar manner by
dividing the measured F (HY and g (H} by E. the number of ElEEtrﬂﬂS in Lhe
nghell..'Summﬂd L*Ehell prubabilitias-and cross sactions are not avaLLable
becau;é.the 1nw energy of Mi L X-rAYS precluded thé simultaneﬁus-meigure-.
;ent.uf PL(L} and uL(L},'and che aﬁ;tenﬂtic; of the Qharing of ﬁ-sheil
" wvacancies 15 woknown. The magniﬁngs Faund Euf UL(H] and.tﬁe depenﬁegce_uf i
PL(H} on impact pafameter and bombarding éﬁergy afe gimilar to those

observed [or the K~shell vacancy production.

Figures 2-7 compare the Impact-parameter~dependent dacta with the

FUI
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statistical medel predicrions via Eqs. (9) to (1t). For definitencss, Ry
1s set equal to the Thoms-Fermi radius of the combined atom,

=1
R, = 0.885 a_z f3 /3, 273,372

—1 [ -3
o Leff with zﬂff {Zl ZZ b and a, &.0529 nm.

The diffusion coeEEicients, DK g?d DL' ware chosen bto achieve a bask Fig
to the experimental data and are listed in Table I teop=ther with the exper-
imental and calculated Bq. (12} total ¢ross sections. JInspection of che
figures shows that the particular cholce of Rﬁ ﬁues not affect sensitively
the curves calcuolated accovding to Eg. (9) in cthe range of b where the
fionizarion probabiliries are large. In fact, 1f the P values ar the larg-
est impact paramefers in Figs. 3-7 are taken to be indicacive of the con-
tributions from muleiple scattering and Long=range processes such as
dirvect Coulsmb fonization, and are subtractad (open circles), the experi-
mental fonizarion probabilities for the swaller impact paramsters drop
towards zero a3 the b values approach RD consistent with the zimple form
of Eqf§ (11).

Values [or DK in nearly symmetric collisions are expected to have the
form DE = {(Zl+22}IﬁI§fﬁfm}, where & and & are parameters weakly dependenc

on 2. and 22. In the validicy cange of the stacistical model che exponent,

| 3
o, is expecred to have values near Z.ﬁ For this o value, the DK values in
Hi + + .
Table I indicate that A = 13 for I8 i stn and A == 14 Eor 23’El'i SDS'I'I

For the most asymmetrie collislon, 23Hi + EEFh' DK_is smaller, corresponding
to A = 26. The values of DK for Mn and Pb targets are in reasonable
agreement wich cur earlier work at a single bombarding ;nergy of 45 MeV.

It should be emphasized that the number acd values of DK Just ciced
are found by comparing our experimental dara with the wvalucs of P(b) pre-

dicted in Eqs. {9} to (li). Early uork5 on limited ranges of light atoms

and in nearly symmecric collisions with 21 + 22 was described by
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3
DK piven by DK ::[{21 + 22}3131 fifm, but can be equally well be ropre-
2
sented by DK = [{Zl + 22}312] t/m consistent with the present work.
We apalyced the Ek daca f:r i: Ma¥ 2BHJ'. ions on Eiﬁn and suﬁn carc-
gets in terms of the MO model. ' Vacaneies in the Zpn orbital broupht

into the ecollizion are transferrved to the 2ps orbital by rotational

coupling and so produce K-shell vacancies In the light mecber of the
loteracting pair. WVacancles in the K-shell of the heavy atom can be pro-

duced by radial coupling between the 2pe and 2pn orltals. The PK ware

calculated using the method of Taulbjerg et al.l4 For proper comparison
with experiment we have averaged thege valueg over tha range of impacr
paramelLers accepted ag egch position by our annular detector as described
in Secrion II., with the resulc shown as dashed curves in Fig. 5. I¥n the

lower Z collision of ]CI ions on gassous

1 laﬁr. Cocke et a1.% Found agree-

ment with these predictions. For comparison the statistical model cuxves
from Figs. 2 and 3 2te included as solid curves.

The theoretical fits to the PL data shwm in Figs. 6 and 7 were

obtained by adjusting the value of DL without changing the choice of the
Thomas-Fermi_radiuz for the inferaction range Rn' The general shape of

PL a8 a functlon of impact parvamerter is well reproduced. The enargy

dapandence of F

L is somewhat weaker chan that displayed by the experi-

ments. Thigs could represent a strongoer dependance of PL on the charge

gtare of the incident icn than wasz obzerved for PK' The use nfE the sta-

tistical model permits a2 unified description of the production of differ-

iy

ont typas ol vacancies in ion-dtom interactions and illuestrates the

"

power of the thepry in collating dilferent types of experimental data.,

P —
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IV, Summairy and Conclusions

We have reportod inner-shell wacancy preduction probabilities, PK
and PL, and total cross goctions, GK and GL, derived Erom x-cay production

measurements for 21 = 28 iens on solid targets with 22 = 25, 50 and 82.

[ongr-shell ionization is described in terws of the s-aipistical medel as a
random walk process from an initial ifinner-shell state to a threshold which
depends on the unoccupied levels and wacaocies ol the projeccila. The
impact-~paramzter dependence of the PK and PL data can be representod well
by the statistical model through che choice of cwo paramoters in the
diffugion cocfficiant Eor all collision pairs. Civen thesge diffusicon
coefficients, Lhe stacistical mode]l predices accurately the valuesz of the
measured K- and L-shell! cress sectigns. The PK data de nel show the pro—
nounced peak at small impa € pavawelers expected [vom g nwdel of electron
promotion thcough Ipn - 2p¢ MO coupling. ;
Our results, then, extend the study of ioner-shell vacancy production
under Paull excitation conditions ro intermediate Zl, Zz values. The
comparison between experiment and thecory can be influenced by various
factors, such as the distyibukion of charpe and excltarion states of
projectiles moving in dense targeks. This circumstance, vhich differs
from mzasurements perlormed with gaseous targets, may "£I11l 4in" the
structure predicrted [or iscolated collisions through & statistical average
over the elecironic states of the moving collision partnors. Experiments
are needed on solid and gaseous targeks (o ascertain such effects. As to
the rheory, the scaling with atomic oumber ol tche coupling schewme in the
MO mode? may ever-estimate the Lfmpact parameiey ay wiich P, has & maximum

K

in ocur El, 22 domain. On the other hand, channels apensd by the crossing
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of higher molecular orbitals, a2s subsummed by the statistical model, may
have gained imporcance to such an extent that they, in fact, govern the

vacancy-formation probabilicies. As measurements are extended ro larger
Zl and ZZ' one may expect that the statistical model provides an

inereasingly effective basis for the prediection of inmer-shell wvacancy

production probabilities.
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Tahle I. Totzl inner-shell wvacancy production crToss sections, a, or aL, in cmz. Data lisced undey

‘ Expariment I are from this work, and data under II are from Ref. 1 with meanr experimentel

uncertainties of +30%. Theorerical values are calculated from Eq. () with the listed

eonstants D, DL' and R as obtained by fitting Eq. 1 to the experimental probabilities,
| PK and PL, shown in Figs. 1 to 6. Theoretical values for ﬂK{L} and ﬂK{H} for ZEWi + 25Hh

collisions were obtained by calgulating op according to Eq. 12 end applying the charge
. sharing formalism of Ref. 22 to oy = ﬂKfL} +‘¢L(H). Mumbers in parentheses are powers of

10.

6,/2 or o /8 (cu®) .
K L N
ollision Obzerved Cross Dy er Dy R, E. = 65 MeV 94 May 138 MeV
‘air x-Tays BSection (cmzfsecj (em) 1 -
= Identi- Experiment Theory Experimant Theory Experiment  Thzery
ficarion L 11 T II 1
Bﬁi+zéwn RIK UK(H} L1{-9) O(=21%  5.%¢-21) 1.5(-21Y 1.7{(-20} 2.0(-20) 2.C°-20% 3.9(-20} O(-20}
EH1+25Hh MnE UK{L} LA O(-203 0 1,3(-20) 7.2{-21} 4, 2{-20%) 2.,2{-20} 2,5(-20) S5.0(-20) 0(-20)
'33:1-9-25‘1:: WiK+MnY nK{fj 19 L1(=9) L20=20)  1.9(-20) 2.9¢-20) 5.9(-20% 4.2(-20)0 7.3(-20) 8,9(-20) 1(-19%
{
’E'I\'i+3ﬂ5-n HiK UF{TJ 35 LB(=10) B.D(-22)  3.6(-22) 1,2(~-21) 7.0(-21) 4.5(-21) BH.6{-21) 1.0(-i0) 2(-203
,\x+32Pb K GK{T] 21 LBE-10) 1.2¢-200  5.0(-~21) 5.8(-21) 8&.0(-20) 2.3(-20) 2.1(-20) 1.5(=1%3) B{-20)
'

BI»«i-'—smSn SnL UL{H} 14 CB{-10) 3.40-21)  L.9(-20) 3.6{-200 2.3(-20) 5.9(-20) B.B{-20) 3.6(-20} af-19y =
Qiity,Ph POL UL{H} a9 B-100 2.1(-21)  3.5(-22) 2.4¢-22) 2,5(-21y 1l.1(-21) 2.1(-21) 3.0(-21) 9({-21)
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Fipure Captions

Flg. L

Flg. 2

Fig. 3

Fig. 4

Predicclons of the statistiqa! medel ln che tandom walk(—} and
diffusion{--+} approximation agrce In esscnce.

Fig. t{a} displays the product, Pn X b!Rﬂ, of the probability

For ifonizarvion of an inner shell level, n, and the reduced impact

paramater ne & Functlon of beﬂ- The solid curve is calculated
!

from Eqs. {3} and {(4) with Hh =1, Eq. (5), and the daslied curve
Erom Egqs. (9) and (10} with L = an3.

Fig. l(b) displays the reduced fnner shell vacancy production

P

£ross Section, UnfnRDz, for a level o as a function of Hn. The
golid cuxrve ig caleculated Erom Eq. {B), and the dashed curve froam
Eq. {13) with W= an3. By Eg. {5), the abseissa wvalues are
equal to the reduced projectile velocities, van, for ERnu“fﬁg =1,

Probabilities, B _ = PK[L} + PK(H}, for the K-shell wvacancy

K

production in light {L} and heawy (01) collision partners, Eor
zaﬂi + zjﬂh as a Ffunction of impact parameter, b, for three
collision energies. The curves present the predictions of

the staclstical model, wicth the diffusion constant, DK. and

b

Interaction radius, Rn‘ as listed in Table I.

#i~shell vacancy preduction probabiliries, PK = PK(L} + PK{H)': PK(L},

For za“i + 50Sn as & function of impact parampeter, b, For three

collision energies. The curves present the predictions ofF the

gtatiscizal model wich DK and Ro ag liscted in Table I.

K-shell vacancy production probabilities, PK ® FK(L} + PK(H} :fPH{L].
[or Eﬂni + EEPh as a [unction of impact parsmeter, b, for threc
collision eneryies. The curves present the pradictions of the

staristiecanl madel with DK and Rﬂ as lisced in Table T.
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Comparison of experimental K-shell ionizarion probabililies, PK’
+ ¥ +
for 2BHi. 251n and 23“1 5

af the statistical and molecular orbital models. Data and solid

uSp at 45 MeV wich the predictlions

curves are [rom Pigs. L and 2. Vertical bars represent uncer-
tainties in counting stacistics. Solid curves: predictions of

the staristical model witch DK and En as listed in Table I; dashed

curves: predictions based on Zpr-2pg MO coupling Erom uef. 14,

L-ghall wvacancy production probabilities, P = FL(H], Eor

L
EBﬂi + 505n az a function of impact parsmeter, b, for thres

collisiou energies. The curves present the predictions of the

statistical model with DL and Eb listed in Table I.

L-shell wvacancy production probabilicies, P

1 = PL{H}’ fQI

'zﬂﬂi + B2Pb as & function of impace parameter, b, for thras

callision energlies. The curves present the predictions of the

srariscical model with DL and Rﬂ lisred in Table T.
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IIl. Penetration Phenomena

1. Introduction

A major program at this laboratory is the investigatfion
of the interaction of fast charged particles with matter and
different pathways of energy=loss mechanisms. To this end we
have sustained experimental and theoretical pragrams in the
energy loss and energy straggling of fast particles in matter,
and in the potential distribution in the vicinity of the fast
particle as it penetrates an ensemble of atoms which character-
ize the so0lid. Knowledge of this potential permits calculations
of stopping powers and energy straggling. [t creates & theoret-
ical framework within which the experimental results can be

assessad.
2. Screening of ions in solids {(Laubert, Chen, Kim}

The potential established by a swift charged particle as
it penetrates a solid target is ome of the basic problems of
collistonal atomic physics, We have embarked om an experimental
program with the intent of determining this quantity directly,
and 0 compare our results to theoretical estimates.

The method uses molecules as incident projectiles. This
constrains the initial dnternuclear separation between the
nucieii of the atoms. Upon entering the target the bonding

1,2 qpe

electrons of the molecule are removed by scattering.
nucieii experience forces due to the medium and to the cluster of
nucleii moving in close proximity., This will cause the

constituents of the ciuster to separate. The separation is
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given by the fnternuc¢lear potential in the moving cluster,
ard preportional to the transitive of the cluster*3 When
leaving the target the cluster can capiure alectrons, and
the separation continues in vacuum in & well defined potential.
The total explosion experienced by the nucleii of the molecule
in an appavatus can be determined by measuring the final
energy difference of the cluster constituents., The final
energy distribution of neutval and charged particles is
indicative of the internuclear potential inside the target
medi{um.

The experimentzl arrangement employed in these studies
is shown schematically in Fig. 1. A magnetic spectrometer {MI)
selects the desired particles fram the Hew York University
heavy-ion accelerator. Fellowing MI a pair of crossed slits,
separated by ~ 40 ¢m, restrict the angular divergence of the
beam to 0.2 mrad and prevent slit-scattered or dissociated
particies from reaching the target. The targets were located
fnsfde a 14iquid nitrogen cooled cylinder to reduce carbon
deposition on the entrance and exit surfaces of the target.4
The target thickness was determined by measuring the energy
tass of 75 keV protons and using a value of 0.75 ke?!ugfcmz
for the stopping power of carbnn.5 Typically a beam size of

n lﬁ'q cm diam reached the target with an intensity of

(1 to 5)x10” 1 &,

The uniformity of the carbon target was
checked over an extended arez by measuring the energy 1055 and
straggling of the emerging protons. Target areas that were
uniform within £10% were selected for this experiment. A

second set of crossed siits, 1ocated 15 cm downstream from the
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target, selected particies about the forward direction having
an angle of 0.2 to 1.0 mrad. The total angular distribution
of the emerging particles was 3 to 15 mrad. A second magnatice
spectrometer {(MII) analyzed the energy of the selected parti-
cles. The magnetic field is swept by a programmable power
supply and measured by a differential gaussmeter whose ampli-
fied output is connected to a linear gate. A solid state
particle detector, located in the fgcal plane of the analyzing
magnet, coupled to a single channel analyzer provided the
second input for the linear gate. The linear gate signals
wera stored in a pulse height analyzer (PHA) whose channel
number is then proportional to the energy of the detected
particles. Converting from momentum to enaprgy distribution

we find the energy resolution, &EIJEI, of this system to be

{1 to 5}xlﬂ'4. To average the beam intensity fluctuations
during the collection time {typically 10-20 minutes) the
magnetic field of MII was swept twice per minute.

The composition of the molecular beam was ascertained by
removing the taraget and measuring the intensities of the disso-
ciated molecules. In all cases the dissociated fraction was
less than 1072,

Typical results obtained with carbon targets are shown in
Fig. 2. The narrow distributions, open symbols, are abtained
with proton beams. Their energy straggling, as measured by the
full width at half maximum (FWHM), after correctian for target

6 agrees with theory.? The broad distributions,

nonuniformity
full symbols, are obtained with H; beams. As the widths of

these distributions increase with nereasing projectile energy
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(Fig. 2a-2¢}, three distinct peaks are resolved. For brevity
we label the high energy peak as 1, the middle peak as 2, and
the low energy peak as 3. We note that the FWHM of peak 3 is
greater than those of peak 1 and 2 whose FUHM equals that of
proton energy straggling., The intensity of peak 2 increases
lineariy from - 20% for a 300 keV H; beam to - 60% for a 100
ke¥ H; beam, Ingreasing the target thickness from 1.4 ta

4.5 ugfcmz (Fig. le¢-1d) results in a two-peak distribution
and the disappearance of the clearly resolved center peak.

Peaks 1 and 3 are attributed to the leading and trailing
particles in the exploding clusters. The higher intensity of
peak 3 relative to peak 1 resuits from wake forces which tend
to align the trailing particle behind the leading part‘ir.'l&.E
Peak Z has not been observed previously. Its properties cuincid;
with those one expects from clusters that did not experience
explasion inside the target.

As a first step, we separated post-targei explosion from
processes inside the target through ceincidence measurements
between emerging H and H+ particles. The 0%, which counted the
neutral particls, and 90° particle detector outputs, through a
timing single channel analyzers, started and stopped a time-to-
amplitude coverter (TAC). The TAC output was collected in a
PHA, and after passing through a single channel analyzer, served
g5 an input to the linear gate. The full width at half maximum

of the TAC spectrum was -~ 20 ns and a true=-to-accidental ratio

of -~ b was maintained throughout the experimemt. A typical

coincident spectrum for a 2 + 0.2 ug!cm2 target and 25 hours of

bombardment with 290 keV H; ions is shown in Fig. 3 togethes
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with the nnncnincideﬁt spectrum which is phiafned inllﬂ-ZU
minutes. The solid line is to, guide the Eyé. Insufficient
statistics prevents us from deciding the relative intensities
of peak 1 and 3. The total energy width of the coincidence
distribution i = 4.5 keV which is about 0.5 keV less than the
honcoincidence distribution, indicating Iitt]e post-target
“explesion for clusters exp1uding.in the target. The 4.5 keV
energy ﬁidth is atiributed to the cnnversinn'éf Coulomb and
vibratienal energy into kinetic enérgy.uf the cluster cunstﬁt-
uents. The differemces in the relative peak intensities in
‘the two distributions are indicative of clusters with two
charged nucIaf that undergu post-target explosion. The

. coincidence distribution measures tﬁe particle distribution

at the exit surface uf-the target and indicates that only 50%
of the clusters underga exp]ésfan in the target. Experiments
| with thicker targets (4.% ugfcmE and S ug!cmzj at this cluster
velecity indicate no discernable differences in the coincidence
and noncoincidence disfributions. From ﬁhis we conclude thaf
the relative intensity of peak.z decreases with increasing
target thickness. |

| We have also measured.the energy distribution of the emerging
neutral particles. As expected, the energy distribution is
identical to the coincident energy distribution shown in Fig. .3.
The measureﬁgnt af the enérgy distribﬂtiﬂn.nf the emergent
neutral particles is accomplished by removing the chgrged
particles, with.the aid of an electric field between the target
and anaﬁ?zing magnet, and ionizing the neutral particles by

introducing some gas in the region between the electric an



magnetic fields. At a gas pressure of - 10'5 Torr {about an

order of magnitude greater than the background pressure) we
find that we ionize approximately 10% of the exiting neutral
particles. The advantage ¢f measuring the energy distribution
of the neutral particies as gpposed to the energy distribution
a¢f the charged particles in coincidence with the neutral parti-
cles, is that the collection time is reduced from -~ 2% hours

to ~ % hour..

It is possible that the occurrence of unexploded clusters
is linked to molecules with internuclear distances that are
Targer than the screening length of the Couwlomb force of moving
particies in the solid. 3ince an H; ion can be in any of 19
vibrational leveis the internuclear separation can vary from
0.6 to 2.0 A. Using internuclear separations of H; given by

9

Remillieux™ and a dynamic screening 1ength3 of RD = vlfmﬂ,

where @, is the dominant response freguency of the medium
(W, = 0.82 a.u. for carbon), ore calculates that for 300 keV
incident H; molecules more than 80% of the clusters should

have exploded during transmission. This s a lower estimate
because we assumed the internuclear distances corresponding

te highly excited vibrational states of molecules, MNew evidence
suggests that the molecule may be in the ground states.lID We
attempted to change these conditions by choosing a molecule
wWwith shorter internuclear distances, viz, HeH+l and analyzed
the emerging protons. Again three-peak distributions were
observed. For Hek' molecules the estimated unexploded fraction

is 5% for 300 keV and 10% for 250 keV. Experimentally we find




46

an unexploded fraction of 40% at 300 ke¥ and 45% at 250 keV.

The fact that we uhservéé peaks indicative of unexploded
clusters from greatly differing moglecules makes it unlikely
that their occurrence is due to a fortuitous cancellation,
through vibrational excitation and subsequent straggling, of
the explosion force while the particles are inside the solid.

The present experiments probe the screened potential of
ions that move in close proximity through a s0lid. The theory
for such multicenter potentials has not been developed. One
uf1the mude1511 far the charge state of fons in so0lids asserts
that a moving proton cannot have a bound state inside a solid.
A linear superposition of the screened potentials af the indi-
vidual ions implies that all clusters should explode. The fact
that 50% are observed not to explode signifies that the actual
dynamic screening, at least for some internuclear orientations,
is sufficliently strong to prevent explosion batween moving fons
a molecular-bond distance apart.

An alternative viewpoint is that protons retain electron
bound states even in sulids.l2 To explain our findings inm
these terms, at least one of the nuclei of the cluster must
carry an electron during its transit time. The unexploded
fraction of ¢lusters 1s determined, in the simplest approxima-
tion, by twice the product of the neutral and charged fraction.
Although these experiments do net prove the existence of
electron bound states for moving protons in solids, the results

are in qualitative agreement with this view.
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Another possible explanation fow the central peak can
be put forward bHy cunsiderinére]ectrun capture hy the cluster
upon extting from the target. Clearly, if nc electrons are
captured the rnuclei are in 2 Coulombic potential and experience
post-target explosion. This is evident by comparing the
coincident and noncoincident spéctra in Fig. 3. 1If the exit-
ing cluster captures one electron then for diprotons, the post
target potential established is that of an H; malecule, which
in the ground state has negative values fer internevclear
distances that are greater than the equilibrium internuclear
distance. This will tend to inhibit explosion and hence
decrease the final energy separation. This ¢an result in the
formation of the central peak. If the internuclear wvelocity
Vi < {%5}%, where £ 15 the potential of the 15¢ state of H;
2t the exiting internuciear separation, then a H; molegule
will be formed. For 2 ug!cm2 targets and velocities considered
here typically lﬂ'3 of the incident particles will satisfy this
¢condition. The majority of clusters will have an internuclear
velocity greater than this amount and the molecule will
dissociate inte a charged and neutral hydrogen. Hence one would
expect the neutral and proton spectra to reflect the central -
peak. This is what is observed in Fig. 3.

To alleviate thits latter ambiquity we investigated the
enargy distributton of the emergent neutral and charged hydrogen

atoms when HeH+ molecules are the incident projectiles. Then

ong would expect:
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# of electrons Exit _ Total energy difference Observed
captured confiquration specie
+7 + _
0 He™ + H ﬁEt = AEi + 2 AE,
+ + _ +
1 He + H ﬁEt -ﬁE1 + AE, H
o + =
2 He™ + K ﬁEt = 5E1 - ﬂEm
+ o _ _
2 He™ + H AE. =AE; - AEL } .0
3 He' + H° A, = AE,

where ﬁEt is the tatal energy difference of the emerging particles
and is the sum of the energy gained inside the target, ﬁEi. the
post target Coulombic explosion, ﬁE:, and the energy lost aver-
coming the motecular potential barrier at the exit nuclear
separation, ﬁEm.

The energy distribution for the emergent protons and neutral
hydrogen for 300 keV HeH® incident molecules is shown 4n Figs.
4 and 5, respectively. At the present velocities the one and
two electron capture processes will dominate the proton distri-
bution. The central peak in Fig. 4 is accounted for by the two
electren procass and the resuliting implosion,while the side
peaks result from the one electron process with the additional
post target explosion. At higher incident velocities the two-
electyon capture probability decreases resuliing in the diminu-
tion, and eventual disapperance, of the central peak.

When we measure the neutral hydrogen energy distribution
only the three-electron capture process is imporvtant since the
yield of neutral hydrogen from the two electron capture process

is - 1/5=1/10 of the yield from the three electron capture
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v -,
|

process. This was checked experimentally by measuring the
yield of charged and neutral hydrogen when fast HeH® malecules
dissocfate in & gas. Hence the neutral hydrégen energy distri-
bution reflects the eénerqy distribution of the exiting particles.
The axperimental reswults, Fig. 5, indicate that there is
explasion of the clusters inside the target., These experimental
results, Fig. 4 and Fig. 5, cannot be explained in terms of
hydrogen bound states in so0lids. He conclude that this is
direct experimental evidence that there are no bound states on
moving hydrogen protons in s0tids. A qualifier for the previcus
statement is required. It is possibie that the results of
Figs. 4 and 5 could be explained in terms of molecule formation
in the target. We are presently investigating if this is &
feasible mechanism.

To observe tﬂis central peak stringent requirements have
to be met. The incident particle energy and target thickness
have t¢ be such that the explasion energy in the laboratory
system is greater than the straggling and small-angle scattering
energy, and the probability of electron capture has to be
sufficiently large to detect & reasonable fraction of the total
particles. This explains why the central peak has not been
identified at higher incident energ‘ies.ﬂ’l3 ' J

Through the study of the energy distriﬁutiun of the emerg-
ing particles when melecuies are the incident projectiles, one
has a direct experimental method for determining the potential
established by swift ions in solid targets. Experiments are

in progress to expleit this result.



50
References )
1. L. H. Toburen, M. Y. Nakai, and R. A. Langley, Phys. Rev.
171, 114 (1968). '

2. M. J, Gafllard, J. C. Poizat, A. Ratkowski, and -
J. Remillieux, Phys. Rev. A 16, 2323-2335 (1977).

3. 5ee for eﬁamp1e W. Brandt and R. K. Ritchie, Nucl. Tnstr.
Meth. 132, 35 (1976}, and references cited therein.

iq. C. A. Petevson and R. Laubert, IEEE Trans. Nucl. Sei.
24, 1542 (1977). '

5. H. H. Andersen and J. F. ;ieglef,_"HydEQQEn Stoepping
Powers and Ranges'1n'A11.Elements"_[Pergamun Press,

Oxford, England, 1977).".

‘6. F. K. Chen and R. Laubert, Bull, Am. Phys. Soc. 22, 1247°
(1977), and to be published.

7. See for example W. K. Chu, Phys. Rev. A 13, 2057 {1976).
8. I. Vaber and D. 5. Gemmell, Phys. Rev. Lett. 37, 1352 (1976).

9. J. Remiltlieux, in "Radiation Research" (Academic Press, -

Inc., New York, 1975), p. 302.

| lﬁ. D. 5. Gemmell, P. J. Cooney, W. J. Pietsch, A. J. Ratkowski,
. 2. Yaber, and B. J. Zabransky, VIIth International Conference
on Atomic Collisions in Solids, Mescow, U.S.5.FK., September

19-23, 1877, and to be published,




51

11. W. Brandt in "Atomic Collisians in Solids," {Plenum

. -

Press, Mew York, 1975), p. 261.
12. M. Cross, Phys. Rev. B 15, €02 (1977).

13. J. Golovchenko and E. Laegsgaard, Phys. Rev, A 9, 1215
{1974).

Figure Legends
Fig. 1. Schematic of the experimental arrangement,

Fig. 2. The energy distribution of emerging protons when
100 keV {a), 200 keV (b}, and 300 keV (c), H, fons
are incident on 1.4 + 0.1 pg!cmg carbaon tarqgets
{solid points). Triangles represent the distri-
bution of equal-veleccity incident protons. The
arrow marks the location of the incident energy.
Figqure {d) is obtained when 300 keV H; and 150 keV H'

are incident on 4.5 + 0.3 ug!cmz carbon target.

Fig. 3. a) The energy distribution of emerging protons in
coincidence with neutral hydrogen atoms when 190 ke¥
H; is incident on 2.0 + 0.2 ug!cmz carban target.
The 3071id 1ine guides the eve. The bottom figure
shows the noncoincident energy distribution for

the same experimental conditions.
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Fig. 4. The energy disteibution of emerging protans when

300 keV Hek' molecules are incident on 1.4 & 2 ugfcmz

carbon targets.

Fig. 5. The energy distribution of emerging neutral hydrogen
atoms when 300 keV HeH' molecules are incident on

1.4 £ 2 ugfcmz carbon targets.

3. Clusters penetration through solids (Brandt, Chen, Kwang,

Laubert)

To 1ncre§se aur understanding of the nature of the fnter-.
action of fast ¢harged particles with matter we have undertaken
an experimental and theoretical pragraﬁ to study the energy
loss of molecular projectiles in solid targets.

The experimental procedure outlined in the previous section
permits us to measure the energy distribution and energy loss
of exiting charged and neutral particles about the forward {6=0°)
direction. This is a valid experimental technique for the
measurement ¢f the average energy loss of all transmitted
particles if the mean energy loss is independent of the scat-
tering angle., To ascertain this we measured the energy distri-
bution as a function of the exiting angle by inserting a pair
of electrical plates between the target and the entrance siit
of MII which allows us to select particles with the scattering
angle of interest. An alternative method is to translate, in
the horizontal or vertical plane, the entrance slit of MII.

This method was employed in measuring the energy distribution
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of neutral particles. We check, in Fig. 1, our experimental
procedure by measuring the relative intensity distribution

of exiting H', H, and H” as a functfon of scattering angle

for 150 keV protons incident on a2 5.3 ugfcmz carbon target.

The so0lid line in Fig. 1 is the intensity distribution as
calculated by the theory of Heyerl. The data agree with the
theory irrespective of the experimental procedure (using
electric plates or translation of entrance slit] or of the
exiting particle., The mean energy loss for H+ and H exiting
from the above target as measured by the centroid of the
distribution as a function of scattering angle is shown in

Fig. 2. Except for a slight {-~ 5%) increase in the mean energy
loss due 10 nonuniformity of the target and possible correlated
electronic and nuclear energy loss (see sectiom 7 ), the mean
energy loss is independent of the scattering angle and the
charge state of the exiting particle, Hence a measure of

AE at 8=0 suffices when atoms are the incident projectiles.

As 1s evident from Fig. 1 of the previous section, the
energy distribution of the exiting particies when molecular
iens are incident ¢n solid targets is rad%ca]ly different.

In Fig. 3 we show the energy distribution of the exiting.protons
as a function of the scattering angle for 150 k&¥/famu H; inci-
dent on 1.8 ug;’cm2 carbon target. The angular distributicen,

as measured by the angular half width at half maximum, By, is
approximately a factor three greater than the angular half
width due te protons. This is shown in detail in Fig. 4 where

we atso note that the anguifar half width far_ﬂ gnd H® is the



59

same and 1ies between that observed from H' from incident
pratons and H; molecules. The Ralf width for exiting mole-
cules is less than that observed for protons. Figure 5 shows
the half widths for tneident protons and H; molecules as a
function of the incident energy., These measurements are
analoqous to, and corroborate, the anergy distributidn measures=
ments .

To determine the mean energy l1oss when molecules are the
incident projectile we need to know the mean energy loss as
a4 function of the scattering angle of the distribution shown
in Fig. 3. Although it is not apparent frem Fig. 3, the mean
energy loss (as determined by the centroid of the distribution)
is again independent of the scattering angle. This allows us
to extract the enevgy 1653 in the forward direction (8 = 0)
and campére these results to the enerqgy loss by in&ident protons
in the same target. The ratic of the stopping powers, defined as
AE(H3.H')
sE(H 1)

=

where the notation {H;,H+} refers to incident projectile, in
this case H;, and the exiting projectile, in this case H+.
The results as a function of the incident energy arve shown in
Fig. 6. They clearly indicate that at low incident energies
the stopping power for clusters js less than for identical
velocity protons. At higher incident energies the stopping

power of clusters {5 greater than for atoms indicating the inter-

action of the wakes of the moving particles in s0lids. The
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splid 1ine is the theoretical result discussed in the next

section.

From the above discussion and the experimentzl results

it is evident that wake phenomena are an important consideration

in the stopping of charged particles in matter and the technique

of using incident molecutar projectiles will help to elucidate

these aspects. Work is continuing utilizing other projectiles

and different target materials.

Figure Legends

Fig.

Fig.

Fig.

1.

2.

3.

The intensity, in orbitrary units, as a function

of the exit angle, in milliradians, for 150 keV l-l+
incident on 5.3 ug!cmz carbon target. The solid
line is the theoretical FESu&t of Meyer. "V¥Vertical®
signifies distribution in the verticail plane while
"horizontal” marks the analogous distribution in the

harizontal plane.

The energy Toss, in ke¥, as a function of scattering
angle, in mrad, for 150 ke¥ H+ incident on 5.3 ug}cm2
carhon target where the exiting charged and neutral
particles are observed. The error bar marks the
typical experimental uncertainty of = 3%. The arrow

marks the HWHM of the intensity distribution.

The energy distribution at various scattering angles

of ‘exiting HY when 150 keV/amu H; molecules are

incident on 1.8 uQICmE carbon target.




Fig. 4.

Fig. 5.

fig. 6.
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The intensity distyibution of the exiting particles
[HE: kY, H, + H™) as a function of scattering angle
when 150 keV/amu H; melecules are incident on

1.8 uﬂftmz carbon target. For comparison the {H+,H+}

distribution is shown for the same target.

The HWHM of the intensity distribution, a%, in mrad,
for 1.8 ug!cm2 carbon target as a function of the
incident energy in keV¥/amu., The proton results are

shown for comparisaon.

The ratio of the cluster to atom energy loss,
&E{H;,H+}f aE(H+,H+], as a function of the incident
c¢luster energy for a solid carbon target of 1.8 ug!cmz.
The error bar marks the experimental uncertainty of

+ 5% for each energy loss measurement. The solid line

is the theoreatical result discussed in the next section.




62

i LI | ] | I l I | ] | I

TS @ H—*C—-*F VERTICAL
oD - H-—v C —:»H HORIZONTAL

LO o3
= : & H—C—
i & & H—r G H B

f-_,f.j+ i




63

| T T T [ | 1 T ‘ T 7 T 1 [

40 |- : -
6B T |
(keV) [ 1

|_ -
O
O
_ o @ _
- O |
351 Q o o % 5@
. R -
- O i Hf .
3 O Hy H ﬁ
i t=5.3 ugicm* |
Sy E =150 (Kev)
30 ~
{ I | | | i i 1 1 1 ' [ [ I <'>.
0 5 10 15
6 (mrad)




64

(crs)
1500

200
.

G

’/? N
2
]
e/
B_/\
10 -

(mraa)




TS,
1.0 w B Hsc—

0,5

O HS c— 1t

H| 0 HtsC— HF
A B Ry C—> HO
i 8 8 P H—=C—sH

% \ [l AN H}-—}C-—) H:
3
— \ Y

. FLﬂ.H

j \\\9 "\ R

I E%O \\ N g

- &\O\ - . \

- \ A O ] = (G,
R T W He o N \\r"‘“‘i‘ L

D 5 1O

65




0

eﬂi(m rad)

T T 1 N
O Hag—oM
M Hsc—H

B
\O\ N B
A @
K’D
. A
| | | | 1
50 100 150

E ('Hew/ anﬁD

T:Lg. 5‘

b6




67

1.5 ~
— O —
A l 8 o _
AE(EHD | Q -
- O ]

10} ~

i . _

0.5 |- —

{,\/ 1 ! f | i I

25 50 75 100 125 150
£ (keV/amu)

¥ iy, 6




68

4. Stopping Power Maxima (Stanton)

It is well known from experiment that the electronic
stopping power for any target increases as vaz when the valocity
¥ 6f the projectile decreases and reaches a maxima before
decreasing to zero with v. From the Bethe-Bloch expression

for the stopping power

" anzinz,
3? "!'r {1]
¥
where
L = % E fop mgﬁ, (2)
N 2 'i,k 1 mik

Il and I2 are the atomic numbers for the projectile and target,
respectively, N is the atomic density, and Ty 15 the oscillator

strength for a transition (1+k) of frequency “ik: -The dncrease

of %% as v decreases is evident. However, the position and
shape of the maximum is incorrect, and the appearance of negative

terms foar Wi > zvz

is unphysical. Rather than seeking a differ-
ent expression for £, it has been arguedl that the decrease in
the number of oscillators able to contribute to the stopping
is more important thanm the form of & in determining the maximum,
When the effect of the decrease in the number of effective
oscillators with decreasing v becomes equal to the 1!v2 increase
in l%%|, the stopping power has its maximum value.

To implement this picture we neglect negative terms which

appear in t. For a statistical model of the atom, the expression

for £ regquires an integration rather than a summation, and the




6S

neglect of negative terms 1s accomplished by a cutoff in the

upper limit of integration, ‘Equatinn {2) becames

RC*EK
- 2X
L= f  drg{n} feg 55 . (z )
4]

where g{f1) is the differential osc¢illater strength disteibution

as a function of the scaled frequency 0t = NIIE and X = vEI?QEE.

In Fig. 1, the stopping cross sectign, 5 = E?%f;z %%

(x 1013 ev-cmzj, calculated with two different expressions
for gi{w), s compared with proton data for Z, ranging from 1
to 83, BbBoth curves arve universal in the variable X and are

N 3 dmu r d
tion. The solid curve uses g{w) = -1/3 fdr r [E T * 3

calculated using the Lenz=-Jensen ground state densityzdistrihg- %]
!
X

ﬁ{mﬂ{r}-m}, an expression derived previnus'l:.r.2 The dashed curve
employs g{w) = fdr rzmgfr] ﬁtmu{r]-m], an expression written
down by Lindhard and Scharff> in heuristic analogy to a uniform
alectron system, and derived by Brandt and Lundquist for an

atom.4 In both expressions m§

= 4wpn{r} is a local plasma
frequency for a the ground state density distribution pn(r].

For ¥ > 0.1, the curves cannot be distinguished and as X increases
beyond the range shown. The data for all targets follow the

curves closely, A5 one moves from higher to lower values of X,
the general trend is censistent with what one should expect.

Since statistical models of an a2tom are considered to be correct
only in the limit of infinite Il, the data points should

appreoach the universal curve as 32 increases. It is alsa clear

that the preponderance of the data from high L, targets tend to

|

]
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follow the solid curve ratherJthan the dashed curve in that
region where the curves exhibit a difference.

In view of the simplicity of the model, the agreement
between theory and experiment is reazscnable. 0One should not
expect the maximum to osccur at the same X value for every
targat. The gap batween theory and experiment might be
narrowed through the use ¢f an apprepriate set of ground state
wave functions and a IE-dependent cutoff in the integration

over fregquency,
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5. Projectile-Charge Dependence of Stopping Powers (Brandt,
Ritchie, ORNL)

The stopping power of matter for particles of charge Ze

maving with velocity vy is proportional te IE in the Bethe theory

4

of energy loss. The theory has been extended to include the

pelarization of the target atoms by the projectile which, to
32
1

The rasults of this development were confirmed in a quantum-

lowest order, gives a polarization term proportional to 7

machanical harmonic-oscillator approximation which leads to
identical fnrmu]ae.3

Hhen averaged over the target aztom, the Ig-dependent
terms contain a scaled minimum impact parameter, denoted as b.
It is of order unity and essentially independent of the atomic
number, IE’ of the substance in which the projectile moves.
Adjusting on relative stopping power54 of 13A£ and ?STa for iH
and gHe yielded a first tria) value b = 1.8.

Iﬁ new experiments Andersen, Sak, Knudsen, and Hie1sen5
extended the measurements to relative stopping powers of ]3ﬁ£,
zgﬂu, 4?Ag, and ?ghu for %H. gHe, and gLi ions in the range
vy = Tv, to vy = 12v_, where v_ = ezfﬁ. Data have been
reported by the Dak Ridge gr'nupE on the stopping of iH, gHe,

g lg lg I;H, lg lgF fons in . Au targets. It is

the purpose of this note te present an analysis of these data

Li, B, c, 0, and




73

-

in terms of current theqry, ;nd to assess the importance

of polarization effects and projectile charge states on the
stupping-puwer of matter, In Sec. 2, the cutoff parameter b
is determined on the light-ion data. Alternate models for
the pelarization terms, depending on the choice of cutoff
parameter, are examined in Se¢, 2 and found to be in need

of inner-shell corrections for their application. The data
analysis for heavy ions in Sec. 4 agrees with that for 1ight

ions provided one fnvokes effective-charge theory.

¢, Light igns

We write the stopping power, 3 = -dElfdx. of a medium
cemposed of atoms with atomic number Iz at density n for
particles of non-relativistic velocity ¥is QT kinetic energy

- 2 u ;
E1 = 5M1 vis where M1 AI Mu is the mass of the ion of

atomic weight Hl’ N_ = 1836 m bheing the atomic mass unit

0
{(amu} and m the electron mass, in the form

av 28ctn 2, ,
§ = =Ly ¥ Iyly + 2L, o) (1)
m'\l"l

1°2




i Emul Eﬂ Ilez
['B = LD 1 & = Jog i -5t 'a‘?{h—r“:l (2)
- 0 2 1

15 the Bethe-Bloch stopping number per iargetl electron? in terms

of the mean ionization potential I‘::_-= KDEE of the mediun, KD

being the Bloch constani. The {erm EUKEE accountszfur innor-
2,e

shell correclions. The funclion &{&}, with £= H%——, is given in

1

terms of ¢, the logarithmic derivalive of the gamma function,

e(g} = w(1} - Reyp(liig) . (3)

It connects the classical theory, valid when £ »> 1, with the
quantum wechanical theory, valid when £ << 1,
The Tunction Ll' averaged over Lhe statistical Lenz-Jensen
modal of the target atom, can be writlen in the compact furmz
r{b/xl’2)

3%3233!2

, (4}

Ly{bsx) =

g

where x “?fIEvE = 4ﬂE1{Hev}fﬁ112. Table I gives valurcs of the

function I;szlib;x} for a range of b volues. Hithout including
$(£), anaiysis of carly da a4 gave Lhe Lriel value b = 1,8, The

d
u
2

more extensive recenl data™ yield, with the inciusion of &{f),
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farger L1 values, correspanding to a2 new “best" parameter valuo
B = 1.4 £ 0.1 for targets with 12 > 13. In Titting to the data,

_we set o

L, % 2.0, + 280, +... = L [1 + 2 b2, 12L 1 =L, (5)
1 ¥4t 3 e 7 L iy AL it h

becausa exploratory :a1cu1aLiunsB indicate that E ElLUII ; can
v=2
have positive or negative values depending on stnppwng conditions,

but that the absolute value in this veloeity range may be << 1,

3. z? terms

The pelarvization stopping number L1 was evalualed first with
an inner cutoff distance & proportional to the orbital radius, r,

2 Whern averaged

of the electrons responding wiih freguency wir).
over the atom this yields the empirically determined parzaneter

b

1)

1.4, Other models cquate a, with the harmonic oscillator
amp1itudeg, a, - {Hf?mm}%, and the quantum mechanical minimum
impact paraneterlu a, = H}?mvl. Hhen one averages Lhese models

gver the target alom, one can urite

2 2 C
3ne” 0 2my 1
L, = It g {wluwdw log S {§)
1 4mv13 o B Zg
v 2 C
= _3..11_':’_‘_3—E Hl 1an ""';E'_ = '_1 1 {?}
i 2
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‘where 6 = 1 if a_ = (H/Zma)? and 6 = 2 if o = (K/20v)); g (u)

is the differenitial oscillator strongth distribution of the

target atom normaltized such that fmg {wldw = 1, and CIIIZ dendies
. o
inner-shell corrcctions of Ly~ Fquation (7) introduces cnergics

Hl and I1 as

Ny = kyZ, = # é“g {w)wdo , (8}
Tog I, = log K7, = § ITg (»)uda log fralMy (9}
. o

Similarly, the Bethe stopping number is

- () Emv? Eu Emui Cu (
t = f g {wdw log - =— = lopg —=— - == 10}
a o Hs EE IO EE
such that
leg 1, = log K. Z, = /" glw)dw Tog Hw . | {11)

0

One may evaluatie the constants Ko* kl* and Kl from

11-13 5{

moment integrals k), defined as

s(k} = g (w){hw)dw0 , (12)
o

and normalized such thai ${0) = 1. Treating s{k} as an apatytical

function of %, one obtains the approximations

u, = s{1) ) (13}
Tog 1, = 5'1{1}[ds[k}fdk]k=1 , (14)
Tog Iﬁ = [da[k)jdk]k=u . (15)
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Tables of s{k) . are avai]ah]e.ld’lﬁ .FGP t{lusiration, we have

calculated the constants for gsome elements, using Dalgarno's

13

Table JI interpolation furmy]a, with the resylts given in Table II.

The Bloch constants K, sc gbtained agree well with expéerimental

data.lﬁ

In terms of the Lenz-Jensen statistical model of the atr::m2

LdJ

with ﬂenéity p", one can estimate, with w{r} = x[#weszJ(r}Hm}%,

b o My 4wz o e ke ey rlar (15)
1 .1 T2 2 5
log I&J = log KEJIE = 4u151 IﬁpLJ(r)ﬁm{r}rzﬂr tog Hm(r)fwgd . (1?}'
) o '
and
log IEJ = log K;JZZ = 4WE£I.IMpLF{rJr2dP log He(r) . (18)
- o o ’

The LJd constants, with x.= 1.29, are listed in Table II.,. In
comparison with Eq. (4) and Egs. {16) to (18), the constants for
atoms up to Z = .54, calculated by the method of momont integrals,
are larger and have additional Lg dependences. QOver the entire
range 6f x values under discussion, 1 < x < 11, these differences
can only be stﬁdied and the retative merits of the two wodel
approximations represented hy.ﬁhe paramcter 6§ be a2ssessed when,
in analogy to EGIIZ for Lﬂ, inner-shel) corrections EIIIE

are developed for Li'

4, _Heavy ions
The Qak Ridoe stepping pover datnﬁ of 1ens, t < El < 9,

moving at v, = 8.94v  and v, = 11.98v_ in rauden ,ghu foils,




18

vere treated in a manner simitar to that described in Section 2.

The data for channeled igns roequire separate consideratinns.l?

18

According to the effecliva-charge Lheory™ , ane may wriie

5 = 2,00v)5, (19)

vhera I:[vl} is the affective chavge of the ion ubich dopends on
Y, But only weakly on the medium, 50 is the stoppine power per
unit charge in the Timit 21 + 0, 5Setting

Fig. 1 7 = 2,01~ exp(0.95v/25/%v )1, the data, §, are plotted in Fig. 1

in the fornm

i * 7
mvl 3 Ile

L = )| %p " @ ) (20)
dne nlz Il Hul

as a function of 21. Extrapolation to Z; = 0 yields LD{B.QQUO} =
1.44 £ 0.04 and Lu[ll.Bvu] = 1.86 4 0.05. By comporison, Lgq. {10)
gives Tor ?gﬁu, with Iu = 797 e¥ and CQKEZ = (.27 at vy T B.deo
and CQKIE = 0.38 at vy = 11.9v,, the stopping numbers LD(E.deu} = 1.43
and LG(ll.ﬂvﬂ} = 1,87,
This permits one to extract I.1 Trom the data, in the form
Table 111 (L-LD}IE: as caollated in Tabhle ITI, with mean values Ll[ﬂ.ﬁﬂuﬂ} = 0.10
‘ and Ll(ll.ﬂvu] = 0,08, From Table [T with b = 1.4, e Tind
LI{B.ﬂdvu} = 0.109 and Ll{ll.ﬂvn} = 0.079, The fluctuvalions in
Table I1I may be indicalive of conivibutions from Lu. v » 1, but
they do not exceed experimental uncevlainties. The trend of the

ﬂ.ﬂﬂvﬂ dela could signify Lhat Lhey wey be negative, o5 are some

resuelts frow preliminary ca]cu1n110nsﬂ. This mevits Turther study,
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In conclusion, current nonrelativistic stopping-power data

fn the ranges 1 € I} <9, 7 < v /vy <12, and 13 £ 7, 2 79 are

cansistent with the theory of z% effect, assuming that effective-

charge theory applies. Comparison of experiments with calculations

of the polarization stopping number L1 by the methed of moment
integrals and the assessment of the underlying models regquire the
develcopment of inner-shell correction: to the Ii-prnpurtiunal
stopping power contributions.
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Table I

The I?-depéndent stopping nunibey function Ll, £g. (1), in
a target of atomi¢ number 22 as & function of x = vf!ﬂﬁzz for

various parameters b. Note that x = 40E,{He¥) /A Z,. The

function F{w) is tal Tated in ref. 2.

TN IRTL
X 1.0 1.2 1.4 1.6 1.8 2.0
0.1 3,24 1.81 1.10 0.717 0.491 0.352
0.2 3.23  1.90 1.18 0.774 0.530 0.377
0.4 2.79  1.78 1.17 0.800 0.561 0.404
0.6 2.37  1.59 1.09 0.773 0.557 0.410
0.8 2.06  1.42 1.01 0.728 0.539 0.404
1.0 1.78 1,27 0.928 0.686 6,511 0.392
2.0 2.33  0.821 0.640 0.504 0.400 0.321
4.0 3.51  0.463 0.381 0.317 0.265 0.232
5.0 4,28 0.315 0.266 0.227 0.194 0.167
8.0 4.86 0,235 0.203 0.175 0.152 -+  0.133
10 5.2  0.186 0.162 " 0.142  0.124 0.110
20 6.71  0.0859  0.076%  0.0692  0.0625 0.0567
20 8.20  0.037%  0.0344  ©0,0317  0.0292 0.0270
50 9.04  0.6230  0.0212  0.0196  0.0182 0.0370
80 9.68  0.0160  0.014%  0.0138  0.0129 0.0121
100 10.21  0.0120  0.0113  0.0105  0.00985  ©.00929
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Table [I

Atomic constants in L and L,, as estimated through Eqs. {13}
“ te (15) from moment integrals s{k}, for -2 < k < 2. Values of s{k)
from ref. 14, empirical Ku vaiuwes from ref. 16 and for I calculated
in ref. 1. Uncertainlies in the s{2) values ol Me and ¥¢ were
resglved tc yield correct Ko values. The last 1ine is calculated
{or the Lenz-dJdensen (LJ) statistical alom, according to Egs.

(16) to {18), with ¥ = 1.29 chosen for K, to agree with experiment.

Element Zy k1 Ky K, Ko {emp.}

{eVv) {ev) {ev) {ev)
H 1 18.1 24 .8 14.8 (15.0)
He 2 27.8 41.7 20.9 2t.0
Ne 10 43.5 166 12.9 13.1
Ar 18 48.3 177 12.2 11.7
kr 36 B5.6 264 10.2 10.6
Xe 54 60. 6 299 10.2 10.3
LJ 30.6 87.6 9.8
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Table ITI

Empirical I, values given by (L - LG]III with L = 1.44

at vy = 8.94 Vo and L = 1.86 at vy = 11.8 Vo baued on measure-

ments of ref. ¢ as shoun in Fig. 1. Unceritaintieces are fa, L 20%.

Projeclile Z, Ly
vy T 8.90 Yo Vi~ 11.8 Ve
H 1 0.10 0.078
He 2 0.10 0.083
Li 3 0.10 0.070
B 5 0.10 0.078
c b 0.096
N 7 0.095
0 8 0.091
F 9 0.088
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Legend of Figure

Fig. 1. Experimential stiopping number L, extracfed from dataE
according Lo Fq. [20). as a function of Lhe charge
number, Il, of projectiles at Lwo velocities vy in
random ?gﬁu foils. So0lid curves are drawn to aid
the eye. The extrapotated values Lcr for 11 + 0 are

indicated by dashed lines. The rise of the data with

Z. t3 indicative of deviations from the Bethe-Bloch

1
stopping pover theory as listed in Table III.,
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6. Effective Charge Theory of Stopping Power (Brandt, with
-.Yarlagadda and Robinson, ANL)

Over the past half-century a8 fairly complete physical understanding has
developed of the electronic stopping power, S, of matter, i.e., the kinetic
enerpy loss per unit path length by ilons to electronic excications duriog
penetration of matter. At high ifon velocities, the theories of Bethel and of
Blnchz pravide a quanti;ative account. At low ion velocities, Fermi and

Teller3 have shown on very gemeral grounds that § must be lipearly pro-

perticnal to the ion velocicy Vys The preportionality constant can be

4.5

estimated by variosus methods. At Intermediate ion velocities one has

recourse to effective fon charge oodels, first introduced by BohrIE and by

Lamh.? BrandtB has given an effective-charge theory that successfully

sunmarizes a large hody of stopping power data for heavy ions. Extensive

discussions of the field are a\.railable.,g-l3

14,15

as are extensive compilations

of Interpolated stopping powers,
The present study was stimulated by some recent data on heavy-ion stopping

in solids, which were clafmed to call into question the proportionality to vy

16

expected In the low velecity limit. If in fact so, such evidence would pose
very disturbing theoretical questions, and would fwply impertant practical
consequences for radiation damage calculations. However, these data do not
pertain to the low velocity 1imie. They were taken in an intermediate velocity
range where the effective projectile ion charge increases with velocity. We
ghow in the following that when this 13 taken into account the putative
discrepancy is resolved.l? Brice has aleo addressed this "digcrepancy™ and
goncluded that these daca <¢onform to his three-parameter semi-empirical
fnrmulae.lB

In the course of this investigatlon it became apparent that effective-charge
theory provides a comprehensive deserip'ion of electronic stopping power at all

velocities from the high valuas of the Bethe limtt dowm to those approaching

S
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the Fermi-Teller regime and for z21) prajectile-target combinations, provided
that tke proton stopping power in the targer is known. In scrutinizing avail-
able data,lg-ﬁg we Find thet for ion veloecitias greater than thrice the Bohr
velocity v, = ezfﬁ the effective projectile charge E;E calculated using a
velocity ¢riterion for electron strippingB aérees with experipent. The leading
¢;rrections to the Z:z—prnportinnal energy less formula, which are pro-
portional te (21*}3 and (ZlfJA, were included. It Is then shown that when
allowance is wade for an empirical effective proion charge Z:e, agreement
betwaen theory aund experiment extends to vl‘% Vo Both a vglucity criterion
and an energy stability eriterion for stripping are considered, and a

theoretical account of the effective proton charge for stopping power is

glven, Our results lead to a simple interpolation scheme Eor electronic

stopping powers in the range Q < v 2 v

II. AHALYSIS AND COMPARISON TO EXPERIMENT UDSING A VELOCITY STRIPPING CRITERION.
Effective charge theory asserts that the electronic stopping power In a

*
target of atomic number Zz for an ieon having charge Zl e and velocity v, €an

be written as

*
5(31,22 ;vl} = [31(v1}e12 SD{Zz;vIJ (II.1)

whan Vi is greater than the valocity atr which the stopping power for protons in the

gawe tarpet hLas a maximum.a 5ﬁ is then the stopping power per upnit charge

taken in the limit of vanishing charge. At velocities such that the effective
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*
charge numbar Zl iz equal to the projectile atomfc nunber 2., Eq. (II.l) is

1?
simply the Bethe approximatiun.l When higher order contriburions te the stopping
cross-section for a specified projectile charge need be rerained, the r.h.g. of
Eq. (¥1.1) has additional terms to which we shall come

presently. Accordiag to Eq. (II.1) we can write the basic scaling relation of

effective charge theory as
%
5¢2,2,:v,)/8 vt = 12 iz “orp1® (r1.2);

_ *
vhere Sp(zz;vl} = S(l,zzgvl) and zp(vlje are, respectively, the proton stepping
power and effeccive charge in the same target.
Rearranging Eq. {II1.2) as
: 1/2 *

, - (11.3)
2.2 Spiivy) Ezp*{vll /11

and plorting experimental values of the 1.h.s. of Eq. (II.3) as a function of

hi 1

wmeertainty of about 10Z, az 1z shown in Fig. 1 for two representative examples.

raveals that the r.h.s. ig ingensitive to the target material within an

* *
Accordingly, the e¢ffective charge numbers 21 and ZP are tzken to be independent

*
of the target. In the following, we shall refer to Zl as the effective charge

number or the effective charge, which are the same in atomic woiis with ¢ = ].
The datz shown in Fig. 1 and in suvbsequent pgraphs are based on scrutiny of all
neasurements available to 1:155.2‘:"_""El As is well-known, stopping power data can

differ by a5 much as 20Z%, particularly in the wveloclty range of the proton

stopping power maximum. When representative numbers are needed, we balance

such data to provide them.
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In Filg. 2 we plot the L.h.s. of Eq. (II.3) using all such data as a

*
2!3}- Lf Zp (Vl) ware

function of the reduced ion velucitr’(vlfvozl
anicy this would yield [Zl*(vllfll]. The effective charge fraction {21*121}
according to BrandtE is shown as the =20lid line in Fig. Z znd tabulated in
Table I. The velocity eriterion for electron stripping, v(r) < vys Was used,
with the "local orbital velocity” at r in the projectile taken to be

{3

vi{r) = va{r}. The lecal Ferwi velocity, vF{r} = [3n2p(r)]1 in atomic units,
wss taken to be given by the Thomas—Fermi {TF) =zpproximation for the elecironic
density p(r) of a2 neutral atom, and cthe parameter valua b = 1,26 was chosen.

At high velocities (vl e 3?0] tha data are well represented1by rhe theoretical
curve for b = 1.26., The parameter value b=1.33 gives a better £it to the heavy-ion
data at low {vlfvﬂzlzfaj values.iu Whean vy é 3?0, the

light ion plots tend to deviate upward from the b = 1.26 curve as vy is
reduced. The avallable heavy-icn data correspond te ion velecities vy a 2.5v0,
but we conjecture that similar low-velocity departures from Brande's curve for
b = 1,33 would be found for heavy ions, as 1s signaled by an incipient trend
nf the dara for chlorine, potassium, and bromine projectilesg,

To explore the origin of this trend we have compared the TF curve for the

31

charge fraction with calculations based on the Lenz-Jensen (LJ} approximation™ for

the electronlc density and the same welocity criterdon, for b = 1. The results, curves
afTF) and b(LY) in Fig 3, are virtually che same, and rulecut the possibility
that the uvpward deviatlons for light ions in Fig., 2 could be elimfinated by
using a more aceurate electron density than thar of the TF atom.
We have ecalculated the contriburicns to the stopping power dus to the

l!,lc:u:h2 and 2 3 tem353 for heavy lons and for the proton in the form of a

1
correction factor € such that Bq. (IL.3) is supplanted by

A2 #
€ls? SptEpivy) [Ep*(vl)! 1]

1




We have

14 {1an}{21*1.1 + Y {Zl*ezfﬁvl)] 1/2

¢ = (II.5)

L+ /L)L, + ¥ (eth‘vl}]

* .
wvhare L, = Lﬂ + zl Ll iz thu stopping number per target electron and ¥ the Bloch

correction which interpélates between the quantum mechanical limit (zlifvl << 1)
and the classical limic (zl*;vl »> 1) of stopping power theory. In terms of the
digamma function 2)=T"(2)/T/(2), ¥{x)=¥1)-Re ¥(1+ix). 1In the high veloeity
limit, Lu hecomes ln{valszo}, Io being the average excitation energy of the
target, and L, is the coefficient of the so-called Zi effect.

¥o experimental point in Fig. 2 deviates significantly from Brandt's curve
unless vy ¥ Zhro, and therefore for numerical estimates, we evaluate upper limits
of C, Eq. {I1.5)}, in the low velocity domain where targat ion coras do not contribute
to stopping, and Ln can be approximated by En(imvlthwp). Here, ”F" is the resonance
(plasmon} frequency of the target valence electrons of densicy (3!¢ﬂri} wich

r_ in atomic units. For the typical value r, = 2, we have hup = 0.612 a.u. and
Py

i

1 s N ..'L"' ""-"-—'h---...
- 2 - .- m .

& hieg

mrl Imvl

{I1.6}

"

. v 3 I e TR v 2
= 0.612 { 2 -17{¢.306 (;;1) 1.
Al |

The function I(x) Is given in Ref. 53, and we have here chosen h!val for the impact

parameter cutoff a of Ref. 53.
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We find considerable cancellation becween the 313 and the Blech contributions,

in that they happen to be comparable in magnitude but opposite in sign for all

fons. Values of C obtained frem Eqs. {IT. 5) and (IX.6} are overesrimates at

<3vﬂ for the heavier projectiles, say for Zlhl?. For such 21 and vys the
/2

of dmpact parameter cutoff decreases C by roughly

V1
alternative choice (R/2Z m mp}l
20%, and, woreover, Zl*Ll is becoming large enough that the perturbation expansion
of L should include highar order terms which are expected to reduce the correction
to Ib' In Fig., 4 we show vepresentative results of the e¢aleuvlation using Eq. (II.5).
Examination of Fig. 4§ in conjuncrion with Fig. 2 shows that the experimental points
for the lighter jons are not brought significantly closer to the theoretical curve,
and that the experimental points for heavy ions given by available data at Vi Ean
remain unchanged, Only the lowest welocity datum polnt for Br, at v1=ﬂ.356vo, is
affected significantly in that division by € brings it close to the solid curve of
Fig. 2 (but still shove a curve for b = 1.33). 1In this sense the rise of tha Rr
plot at the lovest velocicy measured can be tsken Yo signal a disringuishable 213
conttibution. The results summarized in Fig. 4 indicate that this is the only
avatlable heavy lon datum which can be So interpreted.

He extract empirical values for ZP*{vl} by uging Eq. (II.4) and the theo-
retical charge fraction IZI*{VI)!ZI], and exhibit the result in Fig. 5. An
effective protcen charge zp*{vly emaxrges which is independent of doth the heavier
projectiles and the target materials to which the data pertain, The selid
curve in Fig. 5, which represents the locus af the data exhibited, approximates
a continuation of the theoratical curve of Fig. 3 te higher arguments ifor
21 =1, In Fig. & we have replotted the experimental data according to Eq. {II.4)
using the mean values of ZP*{vl) given by the solid line of Fig. § and listed in
Table II. They follow the theoretical curve for [Zlﬁ{vl]leJ within the
uncertainry of che daca.

We conclude that, when combined with Fig. 5, all available experimental

data for solid targets are brought inte zecord with the experimental curve at

all velocites vy e v, for 21 ranging from 2 to 92.

e




ILI. PROTON SCREENING AND STRIPPING CRITERIA '
We must now ctest whe;her the empirical EF* is physically reasonable and
whether its values can be estimated wichin the framework of effective charge
theory. In doing so it iz necessary to take note of a few peoints
which relate specifically te condensed-maktter targets or to protons. Most
commonly, discussicns of effective charges have been couched ia terms appro-

*
priate tp gas targets, and Z, interpreted as a steady-state average over a

i
large number of discrete capture=loss prncessea.g Moreover, the use of a
statfstical model fer an ion in f{anlation is suspect for light ions, let
alone a hydrogen ion. In a selid, however, the screening correspending to
that due to the highest occupied orbitals of an iselated projectile is built
up cut of a macrescopic nunber of target electron wave functions each of
which has microscopic amplitude at the projectile. In consequence, In a
so0lid tacget, 31* can vary contiruously with small fluctuatigns, and statistical
modals gra well justified even for the screened proton. Of course, a model
uzeful and adequate for stepping power need not apply to other phenomena. In
any bulk metal, if we were to include a2ll of the szreening charge densicy
which accompanies a moving ifon, we would always find 2 * e 0, in that perfect

1
screening at large distances is bullt into the dielectric responge function.

*
1 " as perceived by the mediom over

distances compsrable te the sdisbatic screening length (vlfmp).

We here deal with a “stopping power 2

a. Stripping criterila

Velocity eriteria for stripping stem ultimately from Bohr's discussinnﬁ
of effective charge In terms of the vy dependence of capture and loss cross-

sections, They can be written in the form that projectile electrons of orbital
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velocity v such that v < v, are considered stripped, and tha primary questiu?

is vhat to use as gan electron "orbital velecity" v. In ordinary TF approximaticn,
with w{r} = va(t}, such a criterion can be rawricten in the form of an enerpgy-
stabllity condition. The parameter b thaen has the appearance of correcting the
TF ion evnergy for correlation effects. Lamb's appruach? primarily providez an
energy cricerion. We shall now sketch a heuristic derivation of such a criterion

and itz relation to a wvelocity criterion.

Wz consider an ion of atomic number Zl moving with a constant welocity AST
in the bulk of a solid and take the entire system to be In Its ground state

for given v1 and fixed total numbar of electrons. We take “1 elactrons moving
with the ion, and seek a condition on H1 for the total system electronic energy
to be a minfmum, It is conceptually imporiant to remewber that in the rest

frame of the rarpet solid the energy of each projectile-ion electron increases

as v Any level in a static fon, however deep, eventually rises with

1'
increasing vy to the lowest unoctcupied level of the target medium, i.2., the

Ferml level ic & solid. Projectile electrons can then simply fall off inta
the medivm provided that there is 2 finite transition pmatrix element.
Examination of those contributions to the total mlectronic enexgy of the
system which change with Hl reveals that for vy > v the tarpget golid may be
54 -

treated az mevely s source and cink for elactrons ar the Fermfi level. Ik

is then sufficient to retain only the total projectile ion energy written as
o1, + Noov.? + E(Z,.N)
271 1771 17

where Hl and m are the nuclear and electron masses, respeckbively. E{zl,ﬂl} is

the fon's ground state energy in its center of mass system. The steady-state

condltion iF then
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1 BE(Zl.Hl}
z™ T T,

A = > 0 . (I1I .1)'

1

vhich applfes to any target medium with the stipulation that differences
tather than differentials are used if the electron energy and nuzber are
discrete. For discrete HI, [~ 33(31’“1133“1115 just the ionization potential

7.9

at N, and Eq. (1II.1) becomes Lsmb's stripping criterion.

1

In & one—electron approximation, Koopmans' theorem55 assures us thac
{EEfﬂﬂl} iz the orbirzl energy of the highest lying electron on the ica. 1In
turn, thiz orbital enexgy is squal to the selfceonsistent potential energy Ulr)
evalnated at the ¢lassical turning point T = Ty where the kinetic¢ eoergy
density vanishes. Therefore we obtain the energy-stabilicy condition

1 2
Zuvy +U(x) =0 {111.2)

An electron for which the l.h.s. of Eq, (III.2) is positive iz to be con-
gidered stripped. In a statistical model we introduce the lacal wveloeirny
?{E + E} by writing 1/2 mvz(ﬁ + 1) + U(E + E) for the energy of en electron
at an arbitrary space point E + ¥ in the gystem, where E is the projectile
lon center of mass. For definiteness we take the taxget Fermi level as the
zero of energy. Since the Ferml level of the system is not shifted from
thar of the rarpet by the presence of a sinple projectile, for an electron

in the highest accupled level of the system we have
2
1/2 L {(R+r) +U(R+r) =0 '

which defines a local Fermi wvelocity v Rear the moving ion the self-

5
consistent potencial U is dominated by the stronp and effectively spherical
field of the partially scripped projectile, tfndependent of the position R

of the ion in the system. In consequence, naat the projectile we may write
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1/2 mr:{ri + W) =0 {IIL.3)

and interpret vF(r} as tha local Fermi velocity "in the fon", We take the
elassical turning point ry for an electren in the ion and at the Fermi level

of the system az 2 naturzl choice for the effective fon radiue and vF(rl}

as the relevant Yorbital velecity." Comparison of Eg. {III.E? with Eq. (III.3}
forr = T then shows that the energy criterion coincides with the velocity
criterion for b = 1, Because we have concentrated on the ground state of

the system, this comnection takes no account of electron transfers to states
ahovz the Fermi level of the solid. Inclusion of such processes requires

parameter values b > 1.

b. Scraening charpe density

The screening of a static proton In merals has been studied in quanti-

tative datail.55

and these studies fully justify use here of a2 local demsity
approximation and ; statistical model. Accurate static charge density profiles
are close to those of hydrogenic ls functions at all points Inside the firsec
node of the Friedel oscillations {which occurs close o the classical turning
pnint).Sﬁ’S? We use charge densiry profiles appropriate to a statie proton
also for a moving proton. Since 21* is given hy Zl
scraening cloud, an aceurate accouvnt of shape changes dus te the finita velacity5ﬂ

minus ap Integral over the

%
P }v{ is not crucial. As in the calcvlations of [Z1 (vIJIZI] of the preceding
gection, we shzll usza nevtral atom charge densicies truncated accordiog to

a stripping criterion.




Tr
*

¥
C. Zb estimates

With a 1s screening charge-density profile truncated at a radius r, we
caleulate ZP* a5 a function of Ty andztelata ¥, to V1 thraongh the stripping
condition to obtain ZP*(vl). When we set b = 1, a5 we would for a hydrogen
atom, thes ZP* cbtained using the welocity critexion (Fig. 7 curve a) rises
significantly more rapidly with vy than do the empirical walues {curve c).
The overall differences in slope and wvalve are not materially reduced by
varying cthe density preofile or the value of b, and appear to be qualirative.

Sinece such 2 truncated lon has mo charge at r > ¥y» the potential energy

eriterion, Eq. (III1.2), may be written as

2 (1I11.4)

%m\rl - Zl*(rl}ezfrl .
ligse of Eq. (I¥I.4) gives a zp*{vl}(Fig¢ 7 curve b) which lies within the spread
of the data about the empirical ¢curve. The smzll systematric overestimate of

Z * iz £o be expected, since an energy-stability critevion assumez all
energetically allowed transitions to proceed with probability one.

The two critevia glve different results because 8 local density appropriate
to a noutral atom was used to determine vrfrl} for the velocity criterion. Tha
potential which is consistent with that local density is the potential at r = L
in a neutrzl atom, and differs from the ion potential of Eq. (IIT.4) by an
outer screening shifr which for the proton can be substantial, For example,

the electron potential energy at ry 12 deeper in the ion than in the neutral

atom by about 9 eV at v, = v and by about 15 &V at v; = 1.5 v .
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Equation (IIL.4) is a Hartree approximation which neglecrs exchange-

correlation effects, but these become appreciable only at large distances,sg—

where the scresning chafge density os@illares between positive and negative
with a period on the scale of interatomic spacings. Indeed, our results
suggest that the contributions of this escillacing tall cancel sufficiencly
to be neglected 25 compared to the central region inzofur as stepping power
is concerned. The greatar aceuracy of the energy=-stability criterion for

*
Z as compared to the velocity criterion with b = 1 is analogous te the

P
familiar experience that, ia any order of perturbation theory, energles are

mwore accurate thaon wave functions or densities.

IV. SELF-CONSISTENT EFFECTIVE CHARGE BY THE POTENTIAL ENERGY CRITERION.

A1l the previous calcularions are based on a truncated neutral atom electronic

density for the projectile. The effective pr&jectile charge is obtained by stripping
the projectile aceording to a velocity or potential-energy criterion. There will be
redistributions of charge as the projecrkile is progressively ionized. To

assess thely influence we solve the TF equatieon fo: several ionic charges,
Z
We shall call the tesulting relatlonship between El-ana y £ (vlfunzlzf3}
1

the salf-consistent soluticn.

Following ccnventliconal prncedures,Elﬂl the potential energy criterion

leads tg the relations

*
Zl (xﬂ)
2
and -

3 o 112
y(xn} = 1.50329 [~ &' (x )] s

=% ' {x_) {Iv.1)

{1v.2)

where ¢(x) and x sre the vsval dimepsionless TF potential and distance,

¢' = (@d/dx) and x_ is the redlus of the TF lon defined by
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bixg) =0 . (1v.3) -

L
L

The results of this calculation are shown in Fig. 8 as curve a and
compared with those for the truncated-ztom {curve b} and with thosz based
on the velacity criterion {curves ¢ and d), Satizfactery agreement of curve 2
with the data is obtained without any empirical parameters for ¥y < 0.4
provided Zp* is used, as seen din Fig. 9. At higher values of y this form
of self-consistent solntion ceases to agree with experiment.

We have also performed Thomaz=Fermi~Dirac (TFD)} calculations for several
ions over the range 6 < 31.5.92' Tha {21*121] obtained by TFD lie systematically
below those found in TF, but only by amounts smaller than the spread of the data,

and the shape of the (Zl*le} vs. ¥ curve Is the same.

V. INTERFOLATION FOR O < v, < v,
-

*
With allowance for proton screening the regime of reliable zl =theory

reaches dovm to vy e Vo, but we have no basis for supposing it to reach
significantly lower. We now deal with interpolating to the zero velocity
limit, at which (val) = psnstant, Our geal is a preseription for generating
aeceptable values of 5, at =11 vys for practical computations in which fully
quantitative accuracy at low velocities is meot crucial. As &n example, we
have in mind the account of electyenic losses vhich is required in collision
cascade—simulations,

For 0 < vy < v, no gimple theory can be expected to be gquantiratcively
accurgte for 211 projectila-target combinations. While projectile shell

structure effects are rypically 5% corrections when vy > v,s at loweary

velocities El-oscillatinn amplitudes can be 50X of the "average" $.
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The Lindhard™ aad the Firsov theoretical estimates of the limiting {val}

coefficient, despite significant succasses, disagree often wicth each other

and with experiment, and seemingly unsystematically, A detailed thepretical

description of § throughout the range ¢ < vy < v, iz still lacking, and wve
. g
are for practical applicatians led to 'semi-empirical foterpolatiom. 7

At vy =V, the § values caleulated wia Eq. (1I.2) agree on the average

with all avallsble data, including zlﬂascillations, to within 208. Simply

connecking the point calculated at v

1= Y to the origin by a straight line,

l.e., setting for v < v,

S{zl,zz;vl} = s(zl,zz;vu} . (vlfvnl
2

*
zZ, (v } v
1 =] 1
= | — 5 {Z v } (——) (v.L)
* P 2o v
zp (?n}

o
ehould therefore give § throughout 0 < vy < Vo with an accuracy comparable to
that at the low end of the effective charge theory regime. This simple
recipe preserves the generality as well as the computational efficlency of

*

zl—theury. Tabkle ITI collates several experimental values of spfzz;vo].

In Fig., 10 we compare experimental stopping powers at vy 5 ﬂ.41vu in carbon

- —

-

and in aluminum to those calculated by the Lindhard and the Fiésov prescriptions
and by Eq. (V. 1). The solid curves are the results of interpolation

according to Eq. (V. 1) for zlitvo) obtained in two ways: from Brandr's

method with the velocity criterion and b = 1,26 and from the Sﬁlf—?ﬂnSiStﬂnt

TF ion solution (SCTF) with the potential energy criterion, corresponding,
respectively, to curves d and a of Fig, 8, As these plats indicate, Eq. (V. 1)
yields the mean Zl-dependen:e of the stopping powar at Vi e O.QIvn in beth

targets, and we expect the same at orther velocities and for other projectile—

target combinations.
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TABLE I. Fractional effective charge by Brandc r,prnc&dure. Calculated as

* .
dizcussed in the text and taken from Ref. 8. In thisz model (21 }21)

iz a uaiversal function of (lfb}(vlfvuZIQIS}.

2/3
2 2 tvlrvozl )
El- b = 1.26 & = L.33
1
0.012 0.023 0.024
0.034 0.050 0.053
0.670 0.093 0.098
0.101 0.129 0.136
0.155 0.189 0.100
0.197 0.238 0.251,
0,256 0.312 0.330
0,305 0,375 0.396
0.344 0,432 0.456
0.391 0.504 0.532
0.447 0,600 0.633
0. 480 0.660 0.697
0.515 0.731 0.771
0.554 0.816 0.862
0.598 0.924 0.975
0.645 1.057 1.116
0.698 1.233 1.302
0.756 1.474 1.556
0.819 1.824 1.978
Q0,852 2,092 2,208
0.886 9.432 2.567
0.919 2.936 3.098
0.952 3.767 3.977

0.981 5,620 5.932
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TABLE II. Empirical proton effective charge. Values of rthe smocthed

3p*('.r1) dats represented by the solid line in Fig. 5.

Ten
-+

1#;f&n EEi
1.0 0.65
1.25 0.73
1,50 0.80
1.75 0.585
2.00 0.90
2.25 0.93
2.50 0.95
2.75 0.%7
3.00 1.00

3.25 1.00




TABLE III.

Proton stoppilog pouwer st v

Target {32}

¢ (6)

AL (13)

¥i (28)

to (27)

Ag (47)

Au {7%)

-
.

atom

2
. em_ 1315)

12

18
17

20
24

27

29
20

|
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E=J
v, of various targets.

Reference

&0
41

42
37

37

43

43
44,45
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4,

L
Effective charge in various targets. Data references: carbon

projectiles (20,33), iodine projectiles (27-30}). Proton stopping
powers were taken from 21, 25, 40-49, The approximate targek
Independence exhibited 1s representative of that for all
published data.

Empirical effective charge fractiops obtained from data wsing

Eq. (I1.3) wirth ZP* = 1. The theoretiral corve esaleulated

by the veloecity stripping critarinna wiéh = 1,26

13 adéquate at high velocities for lighter preojectiles,
say 21_5 17, vhile b = 1.33 i5 wmore satisfactory for heavier
projectiles, e.g. for Br. Data references: He {22,25,37,41),

¢ (20,33), H{21-25,33,11), 0(20,32-35), Re(38), Wa{38), K{(38),
C¢1{3?), Br(27,28,30.39), I (27-30), Ta(31), U(16,27). Proton
gtopping powers (21,25,40-49). Some data used in the analysis

have been omitted from the figure for clarity of presentation.

Effective charge ic different models, calculated using the

velocity stripping critErinnP with b = 1 and {a} Thomas-Fermi

charge density profile, and (b} a Lenz-Jensen prafile;sl {c} represents
the Knipp and Teller4 calculacior using a Thomas~Fermi profile and
stripping criterion differing from that used for (a) and (b}.52
2*3 and Bloch stopping power corrections for ions of atomic

1
number Zl, in terms of the correction factor € defined by

Eg. (I1.5) as discussed in the text.




Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.
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Empirical effective proton charge for stopping power. Points

are Zp* values obtained using theoretical (zl*le} and experi—-
mental § in EBq. (II.4). Averages over tarpets, e.g., the solid
}ines in Fig. 1, were used for §, so that each polnt represents
geveral dars. Only values deduced frem light-projectile S daca
are showvn In the plot, since heavy-ion data are available enly
for velocities too high to pgive significant deviations from
theory for ZP* = 1, as Fig. 2 shows, The s50lid line Is drawn
through the points to aid the eye;] smoothed values of ZP* are
given in Table II,

Effective ion charges obtained using the empirical EP*. Comparison
to the b = 1.26 curve of Fig. 2 with points obtained
from light—ion experimental data by using Eq. (IL.4) and the
avarage ZP*(vl) given by the solid 1ine In Fig., 5. Target
dependence for a given projectile fs indicated by, e.g., several
points at the same velocity, The heavy-lon data showm in

Fig., 2 remain unchanged because for them ZP* i A

Effective charge of screensd proton. Zp*{vi) calculatad as
discussed in the taxt vsing (a) the velocity stripping eriterien,
and {b) the enerpgetic gtability criterion. The empirical ZP* of
Fig. 5 1z showm as (c).

Bffective charge in Thomas-Ferml approximation for ioms. Calculated
using the energy criterion for {a} a self-consistent TF ion of
finike radivs, and (b) a model ion obtained by truncaring the

TF density for a neutral atom. Calewlated using the veloclty
eriterion and the truncated TF npeutral atom density with (c)

bwv 1, and (d) b = 1.26 (5ame as the cuxve in Figs, 2 and 6).




Fig. 9.

Fig. 10.

’ 111

Comparison of self-consistent effective charges with data.
{Zl*le} iz calculared gelf-consistently in Thomas~Fermi (SCTF)
approximation for an ion, as discussed in the texr and showm
as curve {a) in Fig, 8, Data showm are those used in Fig. 6.

Electronic stopping power at v, < Vo 501id lines: cbtained by

1
linezr interpolation according te Eq. (IV.1) as discussed in the
- f’“ L"".- . S
text. Dashed lines: obtained from Lindhard's® and from Firsov's
39,40

eastimates. Experimental 8 at v, - E.ﬁlvu in (a) carbon targers,

and 4n (b) aluminum targets.&u
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7. Energy Straggling of Ions in Solids (Chen, Laubert}

1. Inteoduction

Eneray-loss straggling of heavy ions in solids has recently
received renewed attention., One of the reasons for this is the
application of fon backscattering techniques in depth-profile
investigations.l Unfortunately, reliable straggling measurements
are difficult to perform experimentally, in part because the
effects of thickness nonuniformity and of energqy straggling
appear in the same way. It has been demonstrated that same
materials prepared differently canm yield results that differ by
more than a factor 2.2 Hence, interpretation of the observed
width as due to energy straggling appears to be in question,
and recent experiment3 have shewn that there are discrepancies
between measured and predicted energy stragglings. Further
progress requires clarification of the contributions of surface
nonuniformities. We present the results of our study on the
effect of surface nonuniformity for thermal evaporated carbon
foils with proton and He' projectiles. Since the study of each
individual foil is difficult and irrelevant, we used a statistical
approach which allows us to extract the straggling data from
the observed energy distribution correctly and, at the same time,
provides us with informatiaon sbout the surface nonuniformity for

this particular material.

For high velocity 1iqht ions in a random target, Euhr* has
given the straggling formula
a2 = anzfz,eMnt, (1)

| 3
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where ¢ {s the charge of the electron, Il and Iz are the atomic
numbers of the projectile and target atoms, respectively, N is
the number of target atoms per unit volume, and t is the target

thickness. The straggling, nz. ts defined to be the variance
aof a gaussian distribution of energy losses. MWhen the projectile

velocity v is no tonger Targe compared to that of inner electrons,
these electrons cannot be considered free, and Eq. (4) has to

be modified. 8&ohr considered this case by assuming only target
electrons with velocities smaller than v to be effactive. This
approximation of dividing atomic electrons into inner and puter
shells haz later been improved and rafined by Lindhard and Scharffa,
Bonderup and HuelplundE (BH) and Chu.? Based on expressions

for 92 in an electron gas, Bondevup and Hvelplund gave the follow-

ing prescription for straggling

Rz = 4n1§e4ﬂt 4nr2p[r}F[r,v}dr, (2)
where
(r)
e = 1 e e MDDt )
- 1 . v 2
= . 3b
(1 + 13}{_2[?"]);5 {\FF{T‘]} {3b)

2
Va | Z 173
X (¢} = ;F%;T;T o vpe) = ) (3nta(r))

For ¥ i.“F("] {3b) applies, and for v g_vF[r]. The expraession
which gives a low value of f(r,v) should be used. Thomas-Fermi
or Hartree-Fock description can be used for the atomic charge

distribution plrt.
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50 far, the fofil has been assumed to be uniform. IF
PE[t]dt is the probabiljty for a particle to go through a thick-
ness between t and t+dt, thes it can be readily shown that

2 - 9%(T) + s%at?, (4)

ﬂexp

where

t =5 P_(titdt ,
1

2 o5 (1) te-T)iae,

t

At

and 5 is the stopping. {bviously, At may vary from target to
target. 1If one takes enough foils of the same t, ome can expect

that there i¢ a mean At far these targets, and a certain distri-
bution of At about this mean. However, At may still vary with .

In the next section, we give a briaf description of the experimental
arrangement, and in Section II1, we show how the experimental
straggling measurements can bhe corrected for the surfzce

nenunifaormity effect from a statistical point of view.

I1, Experimental Method

Proton and "He™ beams of 50-300 keV provided by the New

York University accelerator were analyzed in a 90° magnet of

4 and directed onto the carbon fgil

energy resoclution 5 x 107
surrounded by a copper cylinder cooled by liquid nitrogen to
reduce carbon build up on the foil. The beam current was
typically 0.01 nA over a target area of lxli}'d cmz. The target

chamber pressure was about 2 uTore.
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The arrangement used to detect the emerging tons from the.
foil is shown in Fig. 1 of Section EkII-2. The divergence of
the incident beam was reduced to less than 0.5 mrad by means of
two cross slits, The transmitted fons in the forward direction
were analyzed in a second magnet of the same resolution. A
surface barrier 51 detector was used to record the energy
gnalyzed ions, The energy distribution was obtained by sweeping
the magnetic field about the mean enevgy of the emerging fons.
A differential gauss meter which measuwres the changing magnetic
field gives ramp signals to a linear gate which in turn converts
signals frem the particie detector intoe pulses with pulse height
prepoertional to the ramp voltage and stores them in a PHA. To
assuve that no distortion of spectrum results from the non-Tinear
response of the magnet, the sweep was 5o adjusted that the whale
distribution always falls in the linear region. Several sweeps
were taken to average out any small beam fluctuations. The sweep
was calibrated by removing the target and using incident beam of
known energy at several points in the sweep. A typical energy
distribution is shown in Fig. 1. A second detector at 135% from
incident beam direction was used to detect contamtnants of the
foil. Im all cases such contaminants were negligible. The fail
thickness was determined by using the proton stopping power

8

Sy = D.75 kev-cmzfug at 75 ke¥,  where the proton stopping power

H
is at jts maximum. The uncertainties in the fthickness measurements

warg estimatad to he better than %%.
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I11. Results and Discussions

-

The varfance of the energy distribution ngxp as a function
¢f incident proton and He' energies was measured for 20 different
targets ranging frem 4 to 20 ugf:mz with a total of 500 spectra
of the type shown 1n Fig. 1. In many cases, there were tiny
pin holes within the bombarded area. This allows us to recerd
both the incident and the transmitted energy distributions at
the same time without removing the target. The HWHN eof the inci-
dent energy distribution was 2 50 e¥ in all cases. Accerdingly,
noe correction for instrumental spread was necessary, The
transmitted enerqgy distribution clotely resembles that of a
Gaussian., However, a slight asymmetry was observed {see Fig. 1}).
The asymmeiry decreases with increasing target thickness and

4

decreasing energy and is smaller for Het than for protons.,

10

Uaviluvg and Seltzer and Berger have given a simple rule for

testing the type of distribution in terms of the parameter

2
ML Z
K = 0.30058 —— 1—3- ; . (5)
B z max
where m, is the mass of the alectron, B = wjfc, Iz and IE are the

atomic and mass numbers of the target atom, t is the target

thickness in gfcmz. and T S [4HEIM}E is the maximum energy

max
transfer to a target electron by a projectile of mass M and

enerqy E. If ¥ >> 1, the distribution is Gaussiani if « << |,

the distribution ¥s of the Landan type. In our experiment, x

4

ranges from 11 {o 2000 for He' and 0.7 to 12b for pratons. The

2

carrection %o ﬂexp

due to this asymmetry was about 5% for the
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thinnest target at the highest proton energy and smaller in
other tases. Hence, no such correction was §incorporated.

. 2
In Figs., 2 and 3, ﬂexp

mean projectile éenergy £ = Eo' %-&E; whare Eﬂ is the fncident

gnergy and AE is the energy loss, As predicted by Benderup and

& 2
Hve1plund ; ﬂexp

both "He and protans. MNevertheless, they are consistently

/t iz plotted as a function of the

ft decreases with projectile velocities for

higher. It is interesting to note that data for various target

4HE+ than for protons. 1Im

thicknesses scattered much more for
addition, thicker-target data were lower and scattered Tess in

both cases. This can not be due to uncertainties of the measure-
ments, as reproducibility for each measurement was better than 10%.
Systematic errcors are also very unlikely, since megasurements

for different targets and different energies were taken in

random orders. We conclude, therefore, thit the somewhat Jarger
scattering of He data 15 due to the surface nonuniformity and

the higher stopping pewer of He as compared with that of protens.
Furthermore, the Tower values of ngxp!t for thicker targets

suggest that the surface nonuniformity, on the average, does not
increase with the target thickness. On the other hand, there

is no reason to believe that thicker targets are mere uniform

than thinner anes. He are therefore led to believe thatat 1s
independent of target thickness for thermal evaporated carbon

foils of 4-20 ug;cm2 thickness. The mean At can be determined
provided we make sufficient measurements on many targets of
different thicknesses at a given energy and fit the resulting

2 2

nexp to the linear form ﬂexp = at+b., A comparison with Eq. (4}
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immediately identifies b = Szbt, and a = 92T, Indeed, if there
fs 2 AT due to inhomogeneities, then b/S’ must be the same at
all energfes and for 21) projectiles. Pleots of 4t vs. E are
given in Fig. 4. We found that AT = 0.5% ug!cm2 for protons and

4He+. Figure 5 shows the "true straggling" per

0,55 ugfcmz for
unit thickness a = naff as a function of E. Although agreement
with predictions of Bondevrup and HveIp1undE js jmproved, experi-
ments are still higher than theoretical predictions.

In conclusion, we have investigated the effect of surface
nonuniformity At on energy straggling for thermal evaporated carbon
foils of thickness (4-20 ugfcmz with protans and ‘He+ prnjectileé
in the energy range of [50-300) keV¥. A meanhA t = 0.57 ugfcmg
was found, which was independent of the target thicknesses., 1In
order to minimize the effect At on the straggling measurements,
thicker targets should be used whenever possible. In addition,

the straggling corrected for serface nonaniformity §5 higher

than predictions. This discrepancy must be clarified theoretically.
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Figure Legends

Fig. 1.

Fig. 2.

Fig. 3.

Post target energy distribution of 243 keV protons
through 11 ugftmz carbon foil. The arrow indicates

the position of incident energy.

The measured variance per unit thickness of protons

in carbon as a funcifan of projectile energy. Fifieean
targets of different thicknesses were used in cbtaining
these data. The dashed line is from Bohr's straggling
formu1a4, Eq. (1), and the solid curve was prediction

of Bonderup and Hve'lp1und.E

The measured variance per unit thickness of 4He+ in
carbon foils of & different thicknesses., The dashed
and solid curves are predictions of Euhru and Bonderup

and Hve1p1undﬁ, respectively.

Figs. 4a and 4b. The mean suyrface nonuniformity 4t determined

Fig. 5.

at various energies. The dashed lines arve averages of

AT

The energy straggling per unit thickness of protens in
carbon after corrected for At. The dashed and solid
curves are predictions of Buhr4 and Bonderup and

Hve1p1undﬁ. respectively.
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1¥. Informal workshop on current stopping-power problems
New York University

January $ to 7, 1978

1978 is the thirtieth anniversary of the publicatign
of NHiels Bohr's treatise on The Penetration of Atomie
Particles through Matter. The HWorkshop was held to con-
centrate on present stqpping power data and the discrep-
ancies between them, effective charge theory, I? effects
for heavy and relativistic particles, and on straggling.
The first Workshop on wake phenomena was Held in January
1977. As then, G. Lapicki and S. Stern have prepared the
repart which summarizes the discussions during the Horkshop
and collates most of the figqures shown during the presenta-
tions. The sessions were attended by some 30 scientists
actively interested in the field. We are grateful to
L. Feterson and other members of the Radiation and Solid
State Laboratory for their help during this meeting and to

the New York University Arts and Science Faculty for support.

Kerner Brandt

Rufus Ritchie
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Physics Letters 62A, 374 (1977)

'¥e]ocfty Spectrz of Convoy Electrons Emerging with
- Swift Ions from Solids '

Werner Srandt and R. H. Ritchie

Swift ions eherging from targets carry convoys of elec- -
trons. Yelocity distributions are cafculated for cunﬁay
electrons tﬁat trailed fons fn wakebound states inside solids.
They are compared with predittjnns of convoy fﬁrmatiun.hy

charge transfer to the continuum and with gxperiments.

Annals of the Israel ?hygicaﬁ Society Vol. 1, &42 (1977)
"Penetration Phenomena with Heavy Projectiles
Werner Brandt |
This chapter falls into four parts. The first 1inks the -
energy less of charged particles to the alectronic of matter
. through the spectral function. The second part fnvestigatea
the miligu of enhancéd electron densifr in which a moving ion
finds_itself because of the reaction of the mediﬁm to the

presence of the fon and breifly discusses possible consequences

k-

for the nuclear spin precession af nuc1ei moving in magnetized
solids. The third part summarizes some of the dynamic phenom-

ena caused by wakes of electron density fluctuations trailing



141

swiftly moving ions in so0lids, The final part touches upon
some new topics which may move into the center of interest
in the near future.

Yaakoy Dar's idea leading to the convocation of the
Hatfa International Workshop on Atomic Physics Related to
Nuclear Experimentation coincides with Hiels Bohr's assess=-
ment.l of 1948, that the "phenomena of scattering and stop-
ping of high speed atomic particies in passtng through matter
and accompanying jomnization and radiation effects have, as
is well known, given one of the most important sources af

infornation regarding the constitution af atoms”.

Physics Letters 65A, 113 (1978}

fnalysis of Experimental Velocity BDistributions of Convey
Electrons

W. Meckbach, W, Arista, and W, Brandt

Available data on the properties of velocity distributions
of electrons accompanying fons in the velocity range from 1 to
5 au emerging from gas and solid carbon targets, for incident

H-I-

and H; beams, are presented in a consistent manner and
compared with the theories of charge transfer to the continuum

and of electrons in wake riding states trailing iomns in solids.
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Phystcal Review A (in publication}
Projectile-Charge Uependencefbf stopping Powers

R, H. Ritchie ﬁnd'Herher Brandt

Recent stoppiqg-pnuer data of solids with atomic number
Ié ranging from 13 to 7% for ions ranging in gfnmi:'number 7y
from.l to 9 and in velocity from vu-tu_lz v, are analyzed in
terms of I% effects and effective fon charges. They ére
found to be consistent with current thegory. ﬁigh—ﬂelﬂcity

forms of the I?-propurtioﬁal stopping-power contributions

are calculated by the method of moment integrals.

Advances in Chemistry {in publication)
Photomagnetic Fusitran-ﬂnnihf]atinn Effects

Werner Brandt

The annihilation chara¢terfstics of positrons in phospho-
rescent substances ¢an be altered by illumination Hlth
ultraviolet 1ight. This phenomenon and its quantitative aspects
agree with the idea that some positrons capture an electron to
farm ortho~- or pﬁrarpositnnnium, and that the interaction with
the excited tfiplet states of the illuminated phosphor molecules
‘quenches positronium through spin convarsion., gpin conversion
alters the channel which dictates the quantum electrodynamies
setection rule for the positron-electron anuihilation into gamma

quanta. Photonagnetic positronium spin-cnnﬁersian cross s2otions

2

are very large, - lﬂaﬂaﬂ. They correspond to interaction ~anges
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of - 3D E and are symptomatic of the wavemechanical behavior of
positronium in matter. Analysis suggests that the photomagnetic
effect proceeds by a process labeled spinfTip in which ortho-

and parapositronium interconvert under the simultanecus quenching
of the excited triplet state to the singlet molecular ground

state.

Physical Review B (in publication)

Effective Charge Theory and the Electronic Stopping-Power of
50lids

Werner Brandt, B. 5. Yarlagadda, and J. E. Robinsaon

Eftectronic stopping powers, 5, of solids for penetrating
fons are analyzed on the basis of effective ¢harge thecry, and
comprehensive comparisons are made to available data for
random stopping. The effective projectile-ion charges, Z;e,
extracted from the data agree to within experimental uncertain-
ties with those calculated in a statistical model, for projec-
ttle atomic numbers ranging from Il = 1 to 11 = 92 and for
projectile veleocities V% ¥, = [EEIH}. The rise of Z; with vq
fully accounts for an often quoted apparvent deviation of
heavy-ion stopping power from the behavior expected in the
1fmit v; > 0. The Bloch and the Z3 corrections to the usual
formula for S are calculated and found to make no appreciable
contribution to presently available data, save possibly to one

bromine datum. When v by vl'é 3 v, the analysis requires,

0
and provides, an empivical velocity-dependent proton effective

0
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charge I:E. A theoretical account of E: is given in terms of
velocity and energy criteria for electron stripping. Thomas-
Fermi densities for heavy ions are used to calculate E;. Qur
results lead to an interpolation Tinear in vy for the range
0 < Y1 £ which gives satisfactory values for 5 in this low-

velocity regime,

Physical Review A (to be published)

Universal Lross Sections for K-5hel? Ionifzation by Heavy
Charged Particles. II. Intermediate Particle Veleocities

George Basbas, Werner Brandt, and Roman Laubert

Experimental K-shell fonization cross sections of 13A£

and ,Ni are reported for ions of 1H, iH, gHe, ®Li, and ILi

with kinetic energies in the range from 2 to 36 MeY, and of
IZC 16 19
87 8 9
90 Me¥. The theary of direct Coulomb K-shell fonization,

28"1 for ions of 0, and F in the range from 4 tao

as devejoped in an earlier paper labeled KI [Phys. Rev. A 7,
983 (1973})] for projectiles of atomic number, Il, small
compared to the target atomic number, IE, and of velocities,
¥is small compared to the target X-<hell electron velocity,
Yoy if.e., Vi1 << VYags is extended to intermediate velocities

~ Yog- New effects appear. They add to the Ef-prnportinna1

¥1
¢ross sections one derives from linear-response theories for
direct ignizations, They are attributed to the polarization
of the target K-shell in the Field of the projectile, and io

ejectron <apture by the projectile. Guided by the perturbed
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stationary-state theory of atomic ¢ollisions, the polarization
effects are incorporated so0 that the theory retains the universal
form of the cross sections derived in the plane-wave Born
approximation, but where the variables now contain the non-
linear effects as scaling factors. Electron-capture cross
sections are added. When Vi > Vaps such centributions subside,
and one retrieves the cross sections of the linear-response
approximatien. In this form, the theory predicts K-shell
jonization cross sections for projectiles with IlfIE < (.5 at
all velocities in a comprehensive manner, [t agrees with
experimental data covering six orders of magnitude for collision
partners with Ilflz ranging from 0.03 to 0.3 and vlijK from
¢.07 to 2,

Physical Review A 16, 1312 (1977)

Screening Effect in Coulomb Excitation of Hydrogenic Atoms by
Heavy Projectiles

Hilliam Losonsky

The K~shell excitation of a hydrogenic atom by atemic
projectiles is treated in the first ptane-wave Born approximatian
including the screening effect of projectile electrons. Screen-
ing causes & large decrease in cross sections, in accordance

with recently reported data of Hopkins et al.
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Physical Review Letters 40, 174 (1578)

Experimental Method for Testing the Potential of Moaving Lons
in Solids

Roman Laubert and Felix K. Chen

MoTecular fons, which define the inittal separation
between nuclei, are used as a prabe of the potential established
by swift foms in solids. Employing 75-300 keV H, and HeH'
ions one observes that a large fraction of clusters do not
explode in s0lid targets whose thickness is much gqreater than
the mean electron-loss distance. The results are consistent
with the view that protons moving in solids carry bound

alectrons.

Z. Physik A 283, 32%2-3135 (1977)

Studies of Neon L-%hell Excitation by Impact of Highly
Ionized Heavy Ions

Roman Laubert and Felix Chen

Passage of foil=-excited 1.4 MeV/A S and 1.1 MeV/A C2 ions
of neon charge state - 127 through neon gas targets at pressure
- 100 mYoerr has been found to be accompanied by copious produc-
tion of Ne II-YIII excited states. Cemparable excitation

lu'lB :m2 are found far a large number of levels

cross=sections .
belonging to all of these charge states and corresponding to

principal quantum numbers n = 2,3,4. Vacancy distributfons

very similar to those ‘found in beam-foil excitation of -~ 1 Me¥
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neon beams are found. Because the Ne recoil velocities are
small compared to the fast beam velocities characteristic of
the beam-foil source, it is possible t¢ reduce both Doppler
thifts and spreads by 3-4 order of magnitude for equivalent
¢elkimation. It has also been found that there is5 an
excitation cross-section change of a factor -5 for a correspon-
ding projectile charge state change from 6" to 12+, that
efforts to classify K x-ray satellite spectra by L shell

1,...} are probably inaccruate due to

vacancy labels (KL, KL
extensive population of n > 3 spectateor levels, that both the

recoil ion and beam- foil spectra exhibit few lines with n > 4,
and that for the allowed transitions studied here, collisional
excited states quenching effects due to the - 100 mTorr target

gas pressures used are negligible.

Physical Review A 16, 1375 (1977)

Projectile Charge-State Dependence of K-5hell Ienization by
S4licen Tons: A Cemparison of Coulomb lonization Theories
far Divect Ionization and Electron Capture with X-Ray
Productfon Data

Grzegorz Lapicki et al.

X=-ray production cross sections measured 1n K-shell
28..+q
tonization of 215c, 22T1, EgCu, and 326e by hZ-He¥ 14Si
projectiles with q = ¥ to 14 are reported, which demonstrate,
through their charge-state dependence, the validity of a

recantly developed electran-capture theory with a reduced



binding effect. Furthermore., the data provide evidence for
the applicability of the perturbed stationary-state of
direct ionization for values of 0.44 < 2,/7, < 0.67.
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YVI. O0Oral Presentation

In the past year 10 papers were presented at the American
Physical Society and at international meetings. OFf this number
7 were concerned with heavy ion physics while 3 talks dezlt

With positron physics.
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IﬂTﬁGDUCTIDH

Our work with argh;ic crystals represents a special case of
the general study of the intersction of radiation with matter. The energy
Tange invelved in our studiss extends from abﬁut 1 e¥ to 32 MeV, with parti-

eular emphasis in the opticsl snergy range. We have focused on the energefics

and dynamics of charge and exciton behavior in solids presently cherscterized

-85 polycyelic aromﬂtic hydrocarbons {PﬂH} - These include anthracene, tetra-

cene, and meny of the potent carcinogens, such as benzof{alpyrene. In recent
Years, as environmental concerns have helghtened, there has been an explosion

in interest in these PAR compounds becapse they are potentially carcinogenic

2nd because they are appesring in E#er-increasing concentrations in the epn-

vironpment as 2 consequence of fhe camhuétiuq of s0lid and liguid fossil fusels.
Furthermore, there 1a the distinct possibility thet with the development of
more exotic processes fur the gxtraction of low-grade fossll fuels (Euéh &S
shale oil}, from the earth, the pfoﬁuction-mf PAH compournids will be enhanced,
nedéssitating & careful study of ways of miniﬁizing the impact-_nf fhese COm=-
pounds o the enviromment. It has alsd been found that tracea_ﬂf OYganic com-
gounds in the stmosphere act as cstalysts in the conversicn of sulfur an@ nitric
oxides to the more pernicious corresponding acids and salts.

| In our studies of the sffect cf.raﬂiation on organic metier
aver the past twentylyears, our choice of the PAR as mndel-compuunds bas thus
provided us with an extraordinarily sound basis for understanding the differ-
ent ways that these compounds can pa?ticip&te in creating enviroﬁmental haz-
ards. With the planned increase in the cumbuﬁticn of cosl as petroleum stocks
dwindle, fﬁere wiil he an increase in the emission of pﬁrticulates. These
rarticles cuﬁsist of inorganic ash containing as many as 40 elements and in

additicn, are coried to some degree by the PAH compounds that condense upﬁn




them in the cooler reglons of the smoke stack. These particles are a sourcs
of concern becauss they appear to act as heterogenegus catalysts in the oxida-
tion of 302 to acid sulfates, and probably in the formztion of acid nitrates
and chlorides as well. An especially sobering thought must be that the burn-
ieg of vast quantiti=z of cosl will relezase into the atmosphere enough parti-
culate matter Lo produce a radicnaclide burden that is comparsble to that
enitted Ty the operation of nuelear pover plants of similar power rating.

The maintenance of an interest in radiation studies is thus called for regard-
less of the type of fuel to be used in the nation.

Thias report is divided into two sections under separsie
goveras, In the first our past work is summarized, while the second gives &
proposed program for future work., The summary contains three sections that
represent our main fields of interest. The first of these comprise our funda-
mental studies in photophysics, the results of which are us=d to help under-
stend the remaining two sections, which cover our environmental and high energy
Tadiation studies, respectively. To snticipste the discussion of the future
program, it may be mentioned that Auring the next year, we expect to continue
our studies of the interaction of high energy radiation with organic matter
under the suspices of the U.5. Army Hetick Leboratories, Hatick, Massachusetts.
Cur past work dealing with exeiton dynamicrs and radiation dasmage has come to
the attention of the research directors of that laboratory and we were invited
te zubmit 2 propegal to study the fate of radiesls produced during the rsdia-
tion starilization of proteins.

In our photoephysical studies, wa continmue our interest in
the exploitation of the triplet exciton as & tracer for the presence of chemi-
¢al end physical description of crystalline order. We thus have accomplished

the difficult task of measuring the diffuszion coefficient Da

b of the triplet




exciton iﬁ thé ﬁh plan= of. tetr&cene, e had in the past. predlcteﬂ that D atb
in tetracens should be EnDNBlOUSlH high, &nd this has Teen Dporae qut. The re-.
'sults are given in Sectiono T. fa}

Another question of interest to us,'and to an inereasing

number of other workers in the field, concerns itself with the role which crys-

tal hetersgeneity plays in altering the rate of interesction of excitons with'
other .species, It ig becomingly evident thet heterogeneity may be the basis

for inersased efficiency in transporting energy in biologicel systems, and in.
reducing radiation damage. Thus, = émall demain mekes poszsible the phenomenan
of axciton eaging which is 2 prototyp= of a2 heeling process, and ig discussad
in our previocus repotrt. A related phenomencn ié that of pereolatiﬁn, Percola-
tiﬁn concerns itself with the transfer of matter {or energy) through a lattice
containing a randem mixture of conducting sites and non-conducting sites, It
- is not pecessary for s labtice 4o be entirely copducting In order to insure.
the transfer of matter or eneray. ﬁt certain critical concentrations of con-
ducting sites, there is ; dramatic increase in the provability of successful
transfer =zeross the lattice. In the abscenes of percolation, the canduptive
sites are closed off from each other and rcaging predominates. How consider

the situation that ensuesif a fliorescing aceeptor impurity is rotroduced in

low concentration into_a caged system copsisting of benzocarbazale {BC)-tetra-
cene. TIn this case, very few cages contain the acceptnr and the hﬂﬁt-e;cita-_
tion will-not have the appartunity to visit other cages; in this event, flu-
orescance from the acceptor should drop. This occurs, as is discussed in
Section I.(b). This work is of importance if attempts are to be made to
direct or isolate the movements of exeitons. Finally, in Section I.(c), we
report on some work with;high dansities of excitons anﬁ shew hqv results of

biclogical significance can be deduced therefrom.

-




In Section II, we report on our epvirommental studies. In
Secticn II.(a), we describe & new developmeat in serosel studies - a device
through which precise measurements of aercsol mass and charge mass may he
determined easily in the picogram level, to a precision of better than 1%.
In addi%iﬂn, the total charge in the asroscl can be detarmined to withio
one electronic charge., This technique will greatly enlarge the capability
to study the chemicsl and physical properties of =ingle meroscl particles.
In addition, this technigue, dubbed the AMCOED (Aerosol Mass and Charge by
One Electron Differentials) makes it possible to study photoemission from
gerosol particles. We have previously mentioned the possibility that the
pragsence of water around a solild aesprosol greatly enhances the possibility of
having photcemission of electrons from the aerosol into the agueous system
becauze of the high polarizability of the water. The emission of electirons
into water transforms e polluticon problem inte one of radiation-induced radi-
esl production in water, a much-studied fi2ld. In Section II.(b) we report
on the beginning phase of these studies.

In Section II.(e)} we discuss an aspect of atmﬂsphe;ié oxide—

tiocn of 80, that we liken to a photoelecirocchemical corroasion process. The

2 _

PAH erystals are known to be photoconductors, and the absorption of light pro-
duces positively charge, mobile holes inside the PAH., These holes are strong
oxidizing agents and zhouwld be able to oxidize ED2 to HSDhL. We are enormou-

ly gratified to be gble to report a preliminary result that the discharge of
holes in a PAH crystal by sn agqueous solution conteining HSD3" jons has re-
sulted in the production of HSGhF ions with 10% quantum efficiency, and at a
rate proportional 1o the pumber of positive holes discharged at the surface.

Thiz is the first zod successfyl step in showing that holes in a PAH




crystel can catalyze the oxidation of 30, to HEGL*. Section II.{d} closes

2
with & discussion of the reactivity of PAH in biclogical macromolecules.

This work is part of an athempt tn’understand why the PAH compounds are des-
tructive inside the human cell.

Finzlly in Section IIT, we describe the spccessiul resolution
of the mystery of the origin of the deeply penctrating regions of a-particle
radiation induced defacts. These regions extend in some cases to depths six
times the nominal range of the oe-partlcles,.. This deep pehetration has heen
shown to be due 1o proton-recoils. This information is important o those
interested in using heavy particles as therapeutic agents in the treatment
of disease.

All references in the summarizs of work done are collacted
in Section B, snd publications are listed in Section €. BSome of this work
has been supported in part by other agencies, such as the Waticnal Seisnce
Foundation and the National Institute of Health. Where papers have been pub—
lizhed, ¢redit has been assigned to theze papers to the agencies involved.

All papers have received Department of Energy support in some part.




A. SUMMARY OF PAST WORK

I.(a). Triplet Exciton Diffusicn in Teiracens

Measurement of the diffusicon coefficient of triplet axcitouns
in tetracene ls important in understanding such varied phenomena as dimensional-
ity and heterogeneity effects, photostimplation of electrical currents, scintil-
lation ander heayy ion bombardment, and radiaticn induced heterogensous oxida-
tion. Until the present work, the only information concerning this diffusian
toefficient had been arrived at from the wessurement of rate constants that
were assumed to be diffusicon limited. Picosecond meazsurements on éxciton fis-

sion by Alfanc 53_5;} gave walues for the in-plene diffusion coefficient Dab

of = 10"2 cmE-s-l. ther valuss arrived at from the bimoleculsr annihilation
rate of triplets are scattered with the most recent value heing ~ 2 x lﬂ_lrr

g
Emzi-Si-l .

In crder to resolve this discorepancy, direet triplet exeiton
diffusion measursments were undertaken., This was accomplished by measuring
the decay of the delayed Fluorescence in the pressance of zpatially inhomoene-
oirs exeltation. By irradiating the crystal with & pulsed laser through a
Ronchi ruling, a series of parallel sharply delineated regions of high trip-
let density 1s set up in the crystal, each palr ¢f such regions being s¢pa-
rated by an unexcited region. Upon turning off the excitation, the excitoas
diffuse into the wiexcited regions, and the exciton density n cbeys a one-

dimensional diffuslion eguaticn

2
an a'n
— = fn+ D — {l]
ot axE

where B 1= the decay rete for excitons under homogeneous illumination and

x ig the distance measured in the direction perpendicular to the ruled lines.
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The apparent decay of the triplet s=xciton density will be increased sz triplets
diffuse into the unexcited regions behind the opague sections of the ruling.
The change in the apparent triplet decay rate 1s detected from the change in
the decay rate of the delayed light at different ruling densities. The results
which are given in Appendix A show that the diffusion comstant along the b
direption in tetracene is (4 £1) x 10’3 cmE-Eecﬂl. This value gives tetracene
the highest triplet diffusion rate of any linear polyacens looked at thus far.
There is no way at present 4o raticnallze the difference betveen our diffusion
weasurements and the values arrived at by Arden EE.EL'E A theoretical estimate
of the triplet exelton diffusion coefficient based on the evaluation of elec-
tronic overlap intagrals wonld be somewhat lower then was actuzlly messured;
there iz thus géaﬂ reason for additional theoretical study of this interest-
ing material.

A.I.{b). Percolation at Room Temparature

In cur continuing work on the photophysics of excitons we

heve gsonaidered the importance of moving from the study of nest molecular crys-

tals to the study of molecular crystal alloys, in which the ratic of the mol
fractions of the components can vary from O to 1. Aside from our basic inter-
3% in this area, a mixed crystal system hes meny similarities to systems en-
countered in nature. It iz known, for example, that propegetion of energy by
excitons is the precursor to the chemical activity in the photosynthetic sys-

T It is not known with certzinty what role is played by system hetero-

ten.
geneity {e.g., mixtures of chlorophyll-a and chlorophyll-b in the chloroplasts)
in ipereasing the efficlency of the exciton transport process. However,
heterogensity certainly modifies the character of energy tran=port. For ex-

ample, the energy levels in chlorophyll-b lie above those of chlorophyll-s,

g0 the execitation must travel along the chlorophyll-a molecules when pozsible.




The chlerophyll-a moleculas would therafore act &s barriers to exelton migra-
tion, much ag if they formed a picket fence.

Azide from the value of more complete knowledge of migration
in biclegiczl systems, the study of mixed erystals has relevancs to another
importent area. Thus, organic molecular srystals heve been utilized in the
Past gz scintillators for radistion detection. The lumipescence in the seintil-
lation is sometimes gquenched by collisions between excitons. This effeet iz
one consequence of sxciton motion in a condenssd phase. By introducing impuri-
ties which can isplate the mobile excitons, gquenching should be reduced and
the efficiency of the scintillator should increase.

The simplest way to produce a mixed crystal in vhich the
compopents heve differing energy levels is o use isotopic substitubion for
ong ¢f the elements in the compound under study. Thus, the use of deuterated
nephthalens in normal onaphthalens makes svailable a system in which & complete
range of compositicons is possible consistent with the production of a single
crystel. In addition, the energy levels of the deuterated nephtheiene lie
above those of normal naphthelenes, 30 these molecules would sct as barrlers
to the migration of the triplet exciton for example, if the temperature is low
enough to make the zmall energy level differences significant. The naphtha-
lepe d-naphthalene system has been used5 to study the Dhenomencn of percola-
tion. When the concentration of d-napthalens is low, the triplet exciton
would be espentially trapped because the normsl naphthalens molecules would
block the movement of this exciton from the d-naphthalene site to another.

As the concentration of d-psphihalene increases, a point will be rasched

L]
whare 2 continuous path of d-naphthalene molecules from opne surface of the




crystal to the opposite surface of the crystal becomes probsble, At thisz con-
centration, triplet exciton migration iz grezatly enhanced, and the crystal lat-
tice is said to percolate, even though it is the exciton that moves and pot the
lattice.

In the case of isotopie substitution, the energy barrier to
diffusicon is on the order of 100 cmhl, 50 a room temperature study of percola-
ticn in isctopic systems is not practical. Ewen at 29K, it is possitle for
tunneling to take place across barrier mﬂlecules.5 Recently we have designed
a mixed system with host and guest bands separated by <1 e¥. This system
should dsmonstrate isolation (i.a., non-persolation) at room temperature. In
addition, since triplet transport is not well understood in the mixed systems
due to the need to inelude tunneling, thiz large bapd separation should pro-
vide theorist with z more ideal systenm for applying percolstion theory.

Colincident with the process ol percolation is the phenomencn
of caging. In the concepntration range wheres percolation is not possible,
there exist conducting regions of the orystal that are iszolated from sipilar
conducting regions. An exciton inside one of these conducting regions be-
haves as if it were inside a physical cage since the surrounding melecules
do not permit energy trapsfer. We have besn successful in growing tetracene

&

crystals, ¢), > with large concentrations of 2,3 benzocarbazole (BC).  The

epergy levels for tha moleculsr excited states are shown in Fig. 1. As ope

o) ol

e »i

iw B =7

137

p——4, —h

Figure 1.
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can sez.nelther the singlet nor triplet exeited states of tetracens can trans-
fer their energy to BC. This property allows the ¢h—BC gystem to demonstrate
the exciton caging process. Exciton caging is particularly well demonstrated
by measuring the efficiency of geminate recombination of triplet exciton pairs
produced by singlet exciton fisslion. In our present work we are Interested in
observing the eaffects of BC on the long range transport of ¢h exceltation.
To do this we have introduced & dilute (molar concentration w1 part in 103]
quantity of pentacene, ¢5, into the ¢h-BC lattice., Pentacene acts as a
trap for excitation energy because its energy levels lie below that of tetra-
cepns. In addition, pentacens fluoresces in a2 different wavelength region from
tetracene, g0 the Intensity of pentacene fluorescence is a measure of the local
exciton concentration. With no percolation the muber of new gites available
to an exciton is confined to & small regiom of the erystal. This restricts
the number of new sites that can be visited by the exeiton and tharefore
diminishes the yield from the excited trap. In short, the eross-section of
capture of excitons by the itrap increases as the ability of Lthe exciton to
diffuse increases.

An exemple of tetracene with 1:500 impurity of pentacene
iz showm in Pig., 2. As one can see this dilute impurity captures most of the
tetracene excitation and the spectra are easily isclated one from another at
room temperature. This figure also shows & prelimipary result at e mole frac-

tion of .38 for BC.

W Tongucn i Emcam

fli.
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Figure 2.
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The relstive decrsase in ¢5 fluorescence in Fig. 2 iz en-
couraging; however, although the same concentration of ¢5 iz uged in the growth
material, we do not have an independent measure of its concentration. The de-
craase in the relative yield of ¢5 ehould therefore be vieved cantiously.
Future work (Section B) will discuss methods for the independent measurement
cf the pentacene copngentration as well as laser induced mapy-body gquenching
processes in the Bﬂ—ﬁh syztem.

A.I.{e). Exciton Dynamics in Model and Biclogical Systems

In this part of cwr overall research program we are engaged
in fupdemental studies of the photophysical and dynamical properties of the
excited states of polyeyclic aromatic compounds. These include the polycyelic
aromatie hydrocarbons such az anthracene, tetracene, benz{a)anthracene, poly-
eyelic dye melecules and chlorophyll., We are studying interactions between
the excited states of polyeyelic molecules under conditions of high intensity
of irradiation uging different modes of laser excitation,

1. Model Systems

Many non-linear processes con oceur when high intensity
lager [1lumination is absorbed in a solution of polycyclic molecules, These
ineluda

{1) Bimoplacular interaction betwaesn excited states

{2) Depletion of ground state molecules {bleaching)

{3) Two-photon absorption

(4]} Absorption of pheton by singlet or triplet excited states

{5) 8timlated emissiocn.
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Our major interest lies in {1) above; the reactions current-
1y under study include the bimolecular interactions between singlet—zinglet,
singlet-triplet and triplet—triplet excitons. Over the past two years we have
investigated these bimolecuwlar interacticns in confined domains, mostly highly
doped organic crystela, e.g. carbezgle in enthrecene. The carbazole concentra-
tion can be as high as ~50% in these "exciton caging” systems. The carbazoie
molecules act as obstacles o the diffusion of excitons in the anthracene or
tetracene domains and thus the probability of exciton-exciton interaction
changesz, These organie erystal syshems are zomevhat anglogous to photosyn-
thetic systems in which the composition of antenna pigments iz highly hetero-
geneousz; the excitons of chlorophyll-a dirfuse o & matrix of higher enargy
level molecules such &= chlorophyll-b and carntennids.T We have thus investi-
gatad exeliton snnihilation processes both in these organic crystals end in
Dhatosynthetlc membranes.

Experimentally, exciton-exeiton annihilation processes manl-
feat themselves by a quenching of one of the potentially flucreacence-—smitting
axcitonsz., Thus, as the intensity of the exeitetion and the density of axei-
tong increases, there is a decrease Io the gquantum yield of flusorescence.

Wz have sought systems in which the size of the domaing znd
the effect of such limited domeins on exciton-exciton interactions could be
demonstrated., For this purpose we have worked, wilhin the past year, with
micellar soelutions of polycyelic aromatic molecules and with suspensions of
membrane-like liposomes containing aromatic solute molecules of varying con-
centrations and of lipogomes of varying sizes. The utility of the micelles
is limited gince only 5-10 arcmstic molecules can be Incorporated per particle.

In the rase of liposomes, we have incorporated up to TOO pyrene moleculss

per particle. '
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The expected effect of domeln size is {llustrated in the fol-
lowing schemafic diagram of the fluorescence quantum yield 4 as & function of
light intensity I (photon zbscrbed/meleculel.

Thysically, quenching due io bimelecular exciton amnihila-
tion phenomena is expected to set in at lower values of photons absorbed/mole-
citle for large domains since excltons diffuse and can encounter one enother
even if thera are oply two photons absorbed per domain, For large domains,

Swenberg, EE.EEF have shown that the quantum yield ¢ follows the relation

1 Y
¢(I]=¢ﬂ AT log {1+I (-EE:}} {2}

Theia *c is the gquantum yield a5 I + @, v is the bimolecular exciton an-
nihitation constant and k 1is the whimolecular exciton decay rate.

The form of this equation is depieted in Pig. 3 {large do-
mains)., We have indeed observed expsrimentally that this type of curve is
wbtained for organic erystals, liposomes, pyrene dissclved in sclutlion, and

in photosynthetic units (see Appendices B and ¢ for example).

NECATrd il valie R4 1
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If the domains are small, f.e, If there are few pulyeycelic
molecules such ag pyrene or anthracene per demain (e.z. micelles), the steep
curve shown In Fig, 3 should be obtained, It is evident that gquenching sets
in at & much higher value of I than in the large domain case. Theoretically,
such & gquenching curve Is represented by the Polsson photon hit distribution

curve glven by

- = ¢ P
2 n
¢ plx) = Z T TREG (3}
where h=
(x)" a7%
Pn[x} = T “4}

where =x 1= the average number of photon hits per domain, and Pn iz the
probability that a given domsin has received n hits. .
We have attempizd to study these small domain effects using
micelles containing net more than 10 pyrene or anthracene molacules per
micelle, Tt is evident immedimiely thet bleaching must be taken into acocunt
in the oversimplified theory [e.g., egquation {3)]. Furthermore, the concen-
tration dependence of ¥y is an impeortant, but unknown parameter, We have
therefore decided to re-examine from a fundamentzl point of view all of the
factors invelved in these experiments, to derive theoretical equations such
s equations (3)-{bk} in which effects such a2s bleaching, two-photon excita-
tion, stimulated emission and annihilation are included, and to test thess
theoretical equations experimentsally.
2. Exciton Dymamics in PAH-DRE Comblexes
The zhowe experiments have a direet application to an under-
standing of the nature of the binding of polyeyelie aromatic molecules to

mueleic acids. One of the questions which arises is the following: when PAH

b
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molecules bind to DNA either covalently or physically, are the PAH melecules
clustered In relatively small ﬂcmain;, or are they distributed statistically
over the entire chain length? While this gquestion is probably not significant
biolegically (becanse of the extremely low concentration of PAH molecules in
EiIE}r such effects might be significant in our model studies in which com=-
Plexes of PAH-DNA mclecules are produced in vitro (such complexes were syn-
thesized by us to study the nature of the EF (benzo(a)pyrene) metabolite-DNA
complex sae below ).

In these model studies we have investigated intercalation-
type complexes of aeridine orange {AO) physieally somplexed to DNA in aquscus
solution. The ratic of nucleotide/dye (designated by the ratio P/D, vhere
P atapda for phosphate rezidue) was in the range of 10-100. If the distribu-
tion is totally random, then for P/D = 100 the average distance between AD
molecules is ﬂ-lTGﬁ. fince typical electronic energy transfer ranges (via
the F;rster mechanism) are less than lﬂﬂﬁ, little energy transfer from nols-
gule to molecule is expected in such cases, unless there is a clustering of
dye molecules in certain regions of the DNA. In the latter case, significant
energy transfer 1s expected and subsequently there is a strong probability
that flucrescence gquenching at high laser excitation intensities will cceur.

In addition, these polycyclic aromatic dye~DRA complexes
represent limited size domains, since the chain lepgth of the DNA molecules
can be decreased at will thus confining the dye-dye energy transfer processes
%0 essentizlly one«dimensional chains, neglecting, to & first approximation,
the effects of ¢oiling of the DNA in solution.

The dye-dye transfer on DHA chains has been investigated in
two different time domajins: (1) nanoseconds, by exciting the A0 molecules

with & 337 nm, 7 ns FUHM nitrogen laser pulse, and (2) by exiting with a CW
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argon ilop laszer within the main absorpiion band of AD in the blue regicn of

A

the spectrum.

In ease (1) the fluorescepce yleld was measured as & function
of the pulse intensity, In ene experiment the effective AD molecule concentra—
tion in the DNA sclution was lﬂ75M; hewever, since the dye binds stoichicmetrie-
cally to DMA (1&'3H in P residues), the real concentration within the volume
occupied by the DFA molecules is much higher (P/D = 100). In another experi-

ment, the dye was present at the same effective concentration of 10-5

M, tut
no DNA was present; the purpose of this experiment was to verify the laser
Pulse Intensity at which the fluocrescence quantum yield af A0 in free solution
declines due to bleaching, two-photon, execited state-absorption or stimulated
epizszion effects. The results for the free AQ and the DNA-bound A0 are shown
in Fig. 4. It is evident that in the AC-DNA case, quenching of the fluores-
cence sets in at a lower intensity than the photon flux value at which blesch-
ing effeets become noticesble in the free A0 zolution.

The reszuliz sye presently being anslyzed to see if 2 random

(Poissen-like) distribution of 40 molecules can explain these results.

&
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In order to investigate these clustering effects further, ve
have ipvestigzated the varistion of the delayed flucrescence intensity {DF] as
a function of excitation intensity using the argon—ion laser. The IF is5 a
function of the concentration of AQ molecules ip the Lriplet state, At high
excitation intensities the triplet density becomes sufficiently high so that
triplet~triplet annihilation takes plece, also by a Fgrster mechanism. While
this is s forbidden mechanism, the triplet lifetimes are a 142!'E times longer
than singlet lifetimes. Thus, such long range triplet~triplet anmihilation
Processes are observable and manifest themselves by a decrease in the IDF at

high awxeitation intensities. Experiments of this type are shown in Fig. 5.

These results show that significant quenching of the trip-
lets (DF decreases} takes place at high laser intensities, while the small
decline of the prompt fluorescence of AD under these same conditions indicates
that bleaching and other srtifacts are less important. A&t first it wes be-
lieved that the effect on the DF was due t¢ a physical migration of AD mole-
cules from site-to-site on the TFA molecule, thus making it possible for even
two distant triplet excited melecules to encounter one ancther. This mechan-

ism is fessible since the triplet lifetime of AQ bound te DHA is ~ 15-30 ms,
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while it iz knowm thatl dye molecule bound to DNA are desorbed and reabsorbed on
time seales of aboul once every millisecond at room temperature, However, this
molecular migration mechanism does not seem to be important in explaining these
effects, because lowering the temperature to 0° d4id not =liminate the quench-
ing effect shown in Fig. 5, but enhanced it (the guenching threshold sets in

at lower intensities).

These effects are presently under detajled investigation,
both theoretically and experimentally. It is hoped that such experiments, us-
ing bound FAH carcinogens as triplet and singlet energy traps for the excita-
tion energy of dye golecules bound simnltaneounsly to the same DNA, will prove
to be an additional useful tool for studying the physico-chemicsl properties
of these complexes,

3. Exciton Dynamics in Photosynthetic Membranes

Uzing the approaches ovutlined in the previous sectinﬁé,
namely by studying the fluocrescence of chloroplasts irradisted by intense laser
light pulses, we have studied the dynamies of singlet and triplet excitons in
the photosynthetic unit., We have been able to derive information about the
modes of epnergy transfer from the light harvesting pigments to photosystem I
and to obtalin information about the dymamie properties of singlet and triplet
excitons. These resulis are deseribed in greater detail in some of the ec-
COMpany Papers.

A.1T.(a). Udtra-hecurate Measurements of Mass and Charge State of
Aerosols

Recently ah instrument was designed in our laboratory for
measuring photoewission rates from smell particles in a Millikan Chamber
[see Section IZ.(b)]. One of the major problems encountered in using this

potentiglly valwneble instrumeat is the tendency of the partiecle to Arift
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out of the field of view, The new ipstrument uses an electro-optic feedback
system to Xeep & perticle within the field of view of the observer over an
indefinite periocd {i,e., weeks if necessary). Thus if an electron is removed
from the particle producing an electrical imhalance; the field of the chember
iz antematically adjusted to restore the balance and to keep the particle in
the field of wview.

Earnzhawts thearemﬁrules out the posaibility of achieving
partiele stability in a purely slectrostatic faree field. The instrument uses
periodically fluctuating fields to provide dynamic stability. The unique as-
pect of the apparatus is that in one of the two electric field configurations
used, the field iz uniform, and therefore easily described. Assuming that
one can see a one—eleciron imbalance, serosol mass and charge state are eazgily
determined, The basic principle of this new methed will now be described snd
the delails of }he method for determining Aerosol Mass and Charge by Une Elee-
tron Differentials (AMCOED) are presented in Appendix D.

The method requires the measurement of fthe balapce voltage
cn A4 charged aerosel particles befoare and after an electron is emitied from

the aercsocl. A% balance the charge, q, before electron emission is given

1
by

% Ty {5}

whare W is the weight of the aerosel, 4 is the plaste separation and vi
is the potential betveen the plates. After emission the charge 941 is
me= M (6)

Vin i

941 = Y
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where e iz the electronic charge. Combining equaticons (5) and (&) the

weight W and the cherge state ZiJ{qje} are found to be

_ e
W= 1 1 (1)
¢ ( Vi41 ] ) )
and
X
¥
Z. 4 E. - —i—"—
i e 1 (8)
Vie ¥y

S0 one merely has to determine the voltage before and after emission of an
elartron in order to arrive at the particlie mass and charge state.

Electrens may be emitted one at a time by using UV light of
san energy that is at the thresheld of ionization. Figure & shows the result
of applying the AMCDED apparatuz to masz and cherge measurements. From equa-
tiona {7) and {B) the mass and charge =tete (i.e. before the UV was turned on)

of the particle in Fig. € =sre 316.1 1 1.8 pzm and 147.1 + 0.8, respsctively.
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Figure 6.
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Compared with sedimentation and light scattering determina-
tions of particle mass, each of which requires s nuber of inputs (e.gz.,
Pﬁrticle shap;, visuusity and perticlie density) in addition to the measured
guantities, the cne electron differentisl p&thﬂd {AMCORD) 12 simple.

in the Prasence of Light

A.IL.(b}. Heterogensous Oxidstion of 80,

to scid sulfates in the atmosphere is

The oxidation of SDE

9,10,11

2 suplect of current interest. Such c¢ecurtrences &s the acid rains

{where the PH can drop to 2.1} in the Northeasterpn United States are a testa-
Mment to the importances of this problem. Not only doez marine life suffer from
this phenomencon but sulfates almost certaimdy cause irritation to the respir&-

tory system. The mode of oxidation of S0, in the atmosphere probably varies

2
in accordance with the presence of or absence of catalytic agents however,

recent studies have shown that the oxidation processes in the area of flue
13

Stacks are associated with particles leaving the stacks. More recently air=-

borpe studies have shown that the reaction rate of thiz apparently heterogeﬁe-

ous process increazges in the presence of ambient lighLlh The problem of

heterogencous oxidation ig the pressnce of light is therefﬂre aof great interest.

FPresently we are interested in the rﬁle of photoelectrochemical "eorrosion”
processes on the production of sulfates in the atmosphere; in partiéula&, ve
intend to study the role of photoinduced charge carriers on the oxidation pro-
C€6365. The absorption of light by a PAH moiety on & particle can lead to
charge separation, the positive charge, or hole, is a powerful oxidizing agent
that ynder the proper circumstances should be able to oxidize Hsa3' to HSGh".
It should be un@erstoai that under present conditions of ebergy production

the concentration ¢ PAHon a particle is very low. It is important however

to determing the conditions wunder which a PAH presence oan enhance the pollu-

tlon process.
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What we propose is that solvated electrons snd reszsidual holas
can become jwportant precursors to the oxidation process. Home years ago in
our laboratory we detected e nesr-UV induced photocurrent in an unbiased apthra-

cepe erystal which was in contact with aguecus electrﬁdes.15*16

This photocur-
rent was found €0 be dus to charge cerriers created by the dissociation of &
singlet axciton produced by the light. This précess produced a solvated elec-

tron and a reaidunal hole. Later Jarpagin, EE.E;}T

showed that the process in-
volved the upbake of oxyzen by the crystsl and oxidation of the erystal sur-
face. The mechanism of this oxidation has been well dncumﬂnted.lT B&siénlly
the oxidation process proceeds by hydroxyl rsadicals which are created by the
discharge of the OH ions at the crystal surfece. These OH radicals oxidize
the anthracens ¢rystal praferentially. However, theres is evidepce that ade-
sorbed impurities can be oxidized in lisu of anthracenpe. Thus Lyonz and Me-
Gregor ELH]]‘B dissolved p-anilincbenzene, sulfonic acid (PABSA) at the cathode
of an anthracens crystal whose snode uwhilized = hole inJecting scolution. The
eurrent generated in the crystal under an applied field was found to oxidize
FABBA. Apparently PARSA formed 2 monolayer on the crystel so that it was
oxidized preferentially to anthracsne. The efficieney of this process was
found to be 100%.

' In addition to this high efficiensy for oxidation by heles,
thege carriers can be produced with ambijent light in spite of the relatively
high isnizetion ensrgies of the organics. Thus, Kelimann send Pope showed
that 1light of 3.15 ¥ was sufficient for photogeneration sven though the
ionization energy of the c¢rystal in a varuum is 5.7 eV. The lowering in
energy i1z pripcipaliy due to the solvatiopn epergy of the electron. Light of

9

3.15 eV iz easily available in the atmosphere,” and considering thet anthra-

cene has a relatively high ionization epergy compared with other polycyeclic
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structures including graphite, we expect such a light induced photo-oxidation
procesas Lo eecur in the atmosphere.” What iz not knovn is if species such as
HEOS— or 303= will adsorb on the erystal surface.

Apparently circumstantisl evidence does exist for believipg
that HEDE- and 503= will adsordb on anthracene. In particular, the normal UV
induced oxidation descrived by JﬂrﬂﬂEinaﬁi.El}T is eccompanied by a general
degradation and loss of optical eclarity of the orystsl surface. However, a
number of experimenters have reported thet this degredistion can be eliminated

19 Thi=s evidense seems to potht

br dissolving sodium sulfite into solution.
to & progeas at the anthrasene surface in which sulfite or bisulfite 1z pre-
ferentially oxidized a5 oppozed ta the anthracene itself. If this process
ceourrs we woutld like o know the guantum efficiency for the sulfite oxidation
process.

A number of methads have beenh investigated for deteeting
Sﬂhh ingluding nephelémetry of Ba precipitates, laser Raman, lLon Chromato-
graphy (IC), ESCA and colorimetry. We heve found at presept that IC is the

most convenient, sensitive and selective technique for our purpose.

Figure 7 shows & diagrem of our present spparatus. A hole
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" injecting solution HIS iz placed at the anode. A Ce(EﬂhJE solution iz used
Tor this purpose.ﬂﬁ A number of holes traversing the cryétal iz measured with

a charge integrator. A solution aof HaE 50 {~ 1ﬂ-3H] forms the electrode

3
ot the cathode SidF of the cell. After ~ 1000pCoul of cherge has flowed

{~ 12 minutes} the solution on the cathods side i; pumped into an jon chromato-
- 3t and'30h=. & typical analysis run at the Environ-
mEnFal Laboratory at the Department of Energy in New York City Is shown in

graph and apalyzed for EO
.fig. 7. 4n Ion Chrommtograph is sensitive to as little as 10ngrams ED#=.
At 100% efficiency as few as ﬁwo holes would be required fnf e;ch oxidation
and the ninimum charge flow for detection is 3.2uCcuwl., With a lpAmp current
thies wvould teke 3.2 sa¢; thearefore IC should be aﬁ sdequate method for follow-
ing the oxidatiQn process.

Other slternative mathods will be explored as well as IC.
These are discussed in Section B.I.(Bb).

A.II.(ea}. Bingle Particle Photoemisaion Experiments

Qur interest in the rele which light plays in the hetero-
geneous oxidation of SO, [see Bection A.II.(b)] in the atmosphere requires
juformation voncerning the interaction of light with so0lid surfaces. In
particular the vacuum ionization should be known in order to evaluste the in-
fluence of & fluid (e.g., water) for example, on the ionization proces;. In
gddition, a5 we have shown in ocur labosratory, solvatiuﬁ iz not the cnly method
of lowering the lonization thresholds., Double-guantum photoemission {as

2,22 at smbient light intensities and this pro-

shown in Fig. 8) also occurs
cess glves rise to a considerable lowering. in the energy needed for ioniza-
tion. In anthracene, for example, although single quantum photoemission oc-

curs at L.65 eV, the doubla guantum process begins at 3.15 V. Other, non-

intrinsie processes, can also affect the threshold for photoemission.
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Inpurities which ara deposited on surfare cause the electron affinity of the
surface to vary. Electropositive elements guch s 3 have been used to ereate
negative electron affinity photochathodes for sometime; photoemizaion wmay be
extended inte the infrared through this pr¢¢e33.23 The effect of adsorbed PAH
on metal oxide surfaces iz of interest in the atmospheric environmental ares,
bhowever, little work has been dome on such probleme. All three of the above
problems, namely:

A) measurement of vacuum ionization of PaH,

B} investigation of double-quantum iconization processes in PAH;

¢} andselucidation of the effect of adsorbed PAH on ionization threshelds

" are the chief concern of our work in photoemission,

To date we have constructed a unique method for doing photo-
emission experiments directly on aerosols. The basic spparatus is almost
identical to that used in our AMCOED {&grosol Mzzs and Cherge by One Electron
Differentials, see Section A.II.(a}] technique. In addition %o the AMCOED ap-

paratyes, varicus light sources have been added along with an on-line minicom-

puter. When the excitation light shines on the sersscl, electrons are emitted
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and the partirle belance is sutomaticelily maintesipned by the AMCOED servomechan-
ism. The woltage across the plates is mgasure& during times when the field in
the chamber iz unifornm, and these readings are stored in the minicomputer.
After sufficient charge has been removed the computer ecaleulates the rate of
charge loss and its standard deviation.

It is generallyY zzgreed for organics that the rate of charge
loss R is related to the ionization energy I and the exeitation energy Ep

brEh

R=a(B -1} (9)
P
Figure 9 shows & plot of E;fa Yersus Ep for & pegative tetracene microcrys-

tal. AE one can see equation (3} is cbeyed for tetracene and the ionization

- —_— - - R —r————
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Figure 9.

energy is 5.25 eV, This energy is within 0.05 eV of the accepted value far

tetracene. Apparently the X atwosphere in the chamber does not play an

2
impartant role in the determination of I. Although single-photon ionization

does not extend below S5.25 eV, ionization is found at 4% eV for substantially
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highar intensities. Figure 10 shows the intensity dependepre of the rete of
jonization at L eV¥. As one can see this ionization proceas goea ag the 3/2
pover of the light intensity. This super-linear behavior is clearly due to
& milti-guanta procesa. In perticular, a good candidate for & one-half powver
law dependence is the presence of free electrons. At this time we are still

in the proces=s of determining the natwrs of the other quesi-particle invelved

in this process.
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A_II.{d}. Reactivities of Polyeyelic Aromatic Hydrocarbons (PAH)

Our long range research effort is concerned with an under-
standing of the reszctivities of pelyeyelie sromatie hydroeerbons (FAH)}. Our
interaest iz foeoussed on tio mpajor areas:

{1) The reactivity of PAH molecules adsorbed on soot-like particies in
the presence of air and the various components of polluted atmospheres. Thase
node]l studies will eventuslly provide en understandiog of the reactivities
and ultimate fate of PAH molecules emitied into the atmosphers from stacks
of coal-turning plants. d

{2) The Teactivity and fate of PAH molecules interacting with biological

meEcromolecules in madel systems and in living cells.
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Qur overall approach to this problem ip derived from the long-
standing experience in this labora@org involving the study of the excited
states of PAH molecules both in crystalline and selution pheses. Tt involves
the etudy of the photophysical processes which takes place when these mole-
cules are photoexcited. Using excited singlet and triplet states of PAH oole-
cules 83 probes we have developed techniques to study what happens when e PAH
molecule interacts with components of the living cell. Within the 1sst year,
we have alsoe emphasized the study of model systems, in pacticular exciton ‘
phenomena utilizing high levels of photoexcitation in an sttempt to develop
useful techniques for the study of PAH molecules complexed with biomacromole-
eules and with membrapnes. Furthermore, we have perfected our Tlucrescepnce
and electric linear dichroism technigques to determine the structure of covalent
benzo(a }pyrene-DHA conplexes which ars formed when benzo{a)pyrene (BP) iz fed
to and is metabuli;ed by living celis. We have in addition developed zn ultra-
gansitive flusrescance fechnigue to datermine the pnature of the BP metabalite
which binds to mueleie acids {see 1076 annual report}; within the past year
we have alse applied this methods to a2 study of the metabolites of the potent
curcinogen T,12-dimethyl benz{a)anthracene (DMBA) interacting with the nueleic
gcids of the living cells,

Within the past year therefore, our work has emphasized the
tepics under (2] above, rather than those specified under [1).

The highlights of this work are summarized below, while
further detsils nay be found in the papers in the Appendix.

{i) The binding of T,l2-dimethyl benz{a)anthracenes tc DNA in vive studied
by & fluorescence technique.,

We have previcusly established a low-temperature flucres-

2%

cence techinique ~ to determine the site of metabolisw on polycyclic aromatic
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molecyles., Using this technique we have established that when BP reacts with
mcleic agids in vivo, metabolism takes place abt the 7.8.9,10 aromatic ring of
BF which iz followed by 2 covalent attachment of the BF mclecule at the 10 posi-

26 A similar approach was

‘tion to the two émipo group of gnanosine in DYA.
utiiized Le] studj the nature of ﬁhﬂ énvalent.hin&ing of DMBA to nucleic acids.
DMBA was fed to hamstertembryp cells in tissve culture, or &
system contgining DEA, and thé DMBA-modifisd Dﬂﬂ;was Eﬁtr&éted by standard
téchﬁiqngs. These DMBA-DNA adducts were analyzed by fluorescence and the re-
sults indicate that the DMBA bound to nucleie acids exhibit & 9,10-dimethyl
anthracene-type fluorescence. Thiz ré$ult iz consistent with a metabolic
activation of BMBA at the 1.2,3,k ring positions of DHMBEA. This result, as
well az the one obtained with BP, is censistent with the "bay region” theory
of chemical carcinogeneis proposed by Jerina, EE.EL;ET Additicnel result of
this type thus may lead to a general understanding as to how polycyelic aromat-
ic hydrocarbons and allied compounds interact with cellular components, and
perhaps how chemical carcinogenesis is initlated. | |

The structure aof BP and [MBA, as well as the reactive ring

positions (indicated by dotted circles}), are indicaeted in the figure below.

- .
. -

By ey DMEA
{ii) The physical structure of the benzo(a)pyrens 7,8-dihydrodiol, 9,
10-oxide DHA covalent adduet.
It has been shown that benza{a)pyrens (BP) iz metabolized

in vivo to about 35 different metabolites which are excreted by the living
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system (see ref. 27, for example). One of these, T7,8-dihydrodial ¢,10-oxide

{BFDE) binds covalently to DRA and ENA in living cells. This compound is also

27

highly mutagenic and it is_éggﬁéEEé§1that this kind of BPDE-DNA complex may

give rise to important alterations of the functioning of INA in vive. The

formation of this complex thus could be the first step in the complicated
series of biachemical and physiclogical events termed chemical carcinogensais.

While the chemical nature of the EPDE-DNA adduct has been
eztablizhed, nothing is known about its physical structure znd thus the physico-
chemical properties of this complex which may lead fo a significent slterstion
of the functioning «f DHA in vivo.

We have therefore undertaken a detailed investigation of the
physico-chemical structures of these BFDE-INA complexes., For this purpess, it
was [ound necessary 4o develop highly specialized spectrascopic technigques.
These are described in detail in the papers in Appendices E and F and only a
short overview will be giwven here.

This work involved several phases;

1. Determination of the nuber of different asdducts and thelr chemical
nature when BF interacts with nucleic acids in vivo.

2. The extent of binding of the BF to nucleic acids in vivo is extremely
low {one BP per 50,000-100,000 bases}. These amounts are insufficient for
most of the physico-chemical methods available. Thus, we developed & suitable
in witro system which provides the same type of BFDE-DHA adduct es in wivo,
but in higher quantities.

3. The orientation of the pyrene-like arcomatic chromophore to INA was
studied by a linear dichroiam method in which the DNA is oriented in am elec-
triec field. The preliminary aspects of this work was described in last year's
annusl report (1976}. Sioce then, we have subjected the experimental results

to a full the ~retical and experimental apalysis. The fipal result of this
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study is that a vector defining the long in-plane axis nf'the pyrene moeity
of BFDE is orjented at an angle ﬂf.Si“ or less ﬁith respect to the-axi5 af
thﬂ-helix. -Thiﬁ fesult provides & strong indication thet the covalentiy sat-
tachea BFDE molecule is iocated axternally to the DNA helix snd is definitely
pot sn intercelation type complex. In this latter type of complex, the plane
of BPDE is sandwiched between the basze pairs of DH# and thﬁs the in-plane long
'a;is would be oriented at an angle of about a0° ﬁith respect to the exis of
the helix,

i, A gaquence of experiments wes desfigned to confirm the above conclusion
about the external location of BFDE. We deviged a series of fluorescence
techniqua invelving the quenching of excited singlet states of BPDE by external
quenchera =zuch as 02, I, Ag+ and.Hg++. The principle of these tgchniqués is
that Ag+ and Hg++ iona, {(guenchers of the SPDE flucrescence) bind to the bases

) of the heliz {internsl binding), whereas 0, and I afe external guenchexrs.

2
We then demonstrated that intercalated arcmatic molecules ere readily quenched
by Agf and Hg++ ions, but are leas susceptible to external quenchefs such &5
GE aod I, The fluorescence of BPDE, on the other hand, was insensitive to
interngl quenchers, but extrezmely sensitive o external quénchers. Thess Ie—
sulis are in complete agreement with the results of tﬁé linear.ﬂichrnism
studies and we thus have firm evidence that BP reﬁcts with DNA only after it
hes been uwetabolized to BPDE by the appropriate enzymes, and by'ﬁiﬁﬁing';:'

covalently to IHA at a site external to the double helix.




4£.TI1.{a). a-Particle Induced Radicsl Production in Anthracens Bevond
the Braggz Feal ‘

Recently we have developed s technique for messuring small
concentrations {i.e. one part in lﬂll] of heavy ion induced radicsls within an
organic crystal.ea This techrique termed “"Bxciton Sounding (ES)" utilizes
the guenching of triplet excitons to probe the spetial distribution of radis-
tion demege in organic systems. In addition to its senajtivity ES provides
# high level of spatial discrimination {i.e. ~ 1Qu), since the excitons are
generated in the narrov skirt of & focussed laser. The ES techinique has been
applied fto the measurement of the spatial distribultion and yield eof heavy ion
induced r&dical with some startling reault-s.EE

Arpold, Hu and PDPEEB have shown that although the distribu-
tion of radicals within the raﬁée of ion follows the atopping power, radicals
gre glso produced far beyond this range. In particular in anthracens as
Fig. 11 =shows radicals were found at as mich as six times the renge of the

27 MeV HEE+ ions. With the inception of the use of heavy Iions for radistion

therapy, an explanation for this effect has important eliniecsl significsnce.
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Several hypotheses were proposed to explain these tails.
These hypotheses may be divided into two categories;

One involves the participeticn of secondary radiation which
causes damage through its energy degradation, and the other involves enhanced
radical Aiffusion which allows the radicals to move beyond the g-particle
range in chamnels ersated for example, by recoil Protons. Long range damagse
should ba expected from any of the following secondary radiation.

a} recoil protons.

bly-radietion snd neutrons arising from resonance exoitation of carbon,

¢) bremsstrahlung from secondary electrons, a~particles and secondary
protons.

Ip addition, although the ¢’ direetion is not 2 channel-
ing direction in anthracen329 channeling may assist paraxisl secondary charge
particles in moving further than they couwld in an smorphous medium.

Under the circumstances a study of the energy dependence
of the teils was sppropriate since radiecal diffuszion nay be distingnished
from nuclesr processes and elestic receil. Figure 12 shows the spatial dis-

tribution of radicals as a functiop of the incident energy of the He2+ ions.
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As one can see the tails demenstrate an end podint which increases monotonically
with energy. This dependence elimipates both radicel diffusion and radiation
from excited nucleii_frum consideration a3 prioary mechanizms for the taills,

The radlation from axcited nucle;:'may e eliminated since the process of excit-
ing a nueclear level is oot expected to be monotonie. Channeling may also he
eliminated sinecs the lateral distribution of the radiesals was found to be sym-

29

metric about the ¢ axis which is not a chenneling direction in enthracens.
The abrupt =nd point in the radieal distribution is indicative of the stopping
of heavy charged particles; proten or carbon recoils would sgem appropriste.
The end point reange XE plotted varsus He2+ energy Eu gives a powey law

of the form

X =7.58 [Eﬂ)l"‘ra {10}

As shown in Fig. 13.
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farbon recoils have too little range to account for the end
paint. However, the most EnErgetic'protunE {i.e. those leaving from the point
of entry) have range=s which agres well with the experimental points as shown
by the s0lid lipe in Fig., 13.

More detailed insight into this process is gained by simo-
Jating the spatial distribution of radicals.

The ds=nsity of energy deposzited at any peint Ef, {Ef} due

to recoil ﬁrotons originating from & volume dV is

d Esp{r,Esp} d {Eq,t]
o H ar an

dy
p'-g|®

{11)

vhere F_ is the e-particle flwr, N, is the density of hydvegen, d cEF{Ea,c]fdn

H
is the cross-section for proton recoils, 4 Eap{r,EEP}fdr iz the energy loss
gt position Ef by a proton originating from 4OV with energy EEP, and

is [R'-B|. Although stopping powers for protons in anthracene are easily
arrived at from the Bragg additivity rule and stopping powers for carbon and
hydrogen,ju the determination of proton recoil cross-sections is wore 4iffjie
cuwit. Since the center of mass energy exceeds the He Coulomb barrier, the dif-
ferantial cross-~section g%' should be caleulated using an attractive nuclear
potential in addition to a Couwlomb potential. Accordingly, thess cross-5ec
tions were arrived at by solving for the & matrix using the fellowing opti-

eel-model pﬁtential.El

¥iz) = ?bH(r} + ?Sufr} + ¥ {r} (12)

Coul
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vhere V.. and Voo 8re the (complex} central nuclear and spin-orbit poten-
tials, respectively and vcaul is the Couwlenb potential.  The parameters ip
The above potentisl were taken from fits to proton scattering experiments st

32

31 Mev, The calculation of he energy density from equation {11} for =

30 MeV g-particle flux of 3.91 x lﬂlE cmﬁg is shown 3in Pig. 14. As one can
see, the computer simulated profile of the energy deposited along the symmetry
axis is similar to the radical density profile {i.e., &8 in Fig. 1} af the
same energy. Thg.Sﬁ difference is cut-off depth between theory and exXperiment

is in sgreement with the semi-empirical range—-energy formula and coutd be due

to the Failure to include the effects of straggling. -

Alszo showm in Fig. 1L is the energy density versus dapth

based on a2 Rutherford cross-zection [i.e., only vﬁoul

As ohe can seé by comparison of this ourve with the one corresponding to the

{r} in equation {12)].

full potential, Coulombic secattering plays a minor ¥©lé in contributing to
the energy deposited. The fact which is key to the cccurrence of the talls

will be discussed further below.
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Since the energy density 1s calculated and the radical depns-
ity iz khown, an average yield may he determined for the formation of radicals.
Thic yield is aspproximately 6 x lﬂﬂferg. Although this yield iz five times
larger than the corresponding yield for aﬁégfﬁéélggfsnmg caution must be axer-
cised in taking thia conclusion literally. The most tenuous assumption in our
calculation iz that the Oplical Model Parameters are independent of energy.
Although thiz ssswaption iIs pecessitated by lack of explicit data at other
erergies, one would expect terms in eguation {12) such as the complex part of
the central nuclear potential, Im[V,.{(r)], %o be influenced by the available

33

energy since this potentlial describes asbsorpticn into channels other than

elastic scattering.31+

The super-tail=s found in the present work appear to be &
general property of the interaction of heavy ions with organic matier. The
fraction of the initial energy in the secondary proton chanmel at 30 MeV  is
e lﬂFE. The relative efficiency with which other icns produce tails will de-
pend heavily on the cross-saection for generating recoils. Efficiencies as high
as 0,1% for ions having velocities of A8 MeV/AMD ars s consequence of nuclear
scattering and therafore will depend on the individual nuelear potentials.

The most important conclusion of the present work is that

the super-tails found in the induced radiecal production have their ﬂrigini:q‘

primarily in damage by recoil protons.
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TRIPLET EXCITON DIFFUSION AND DOUBLE PHOTON ABSORPTION IR TETRACENE.
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- phys. stat. sol. (b} 80, 393 {1977)
" Subjest elassification: 13.5.1 and 20.3; 22.9

Department of Chemisiry and the Rodintion and Solid State Laberatery,
MNaw Vork Universilyl) :

Triplet Exciton Diffusion and Double Photon Ahsorption in Tetracene
: By
J. B. ALADEROMOY), 8. ARNOLD, and M. PorE

Delayed flucrescencs (rom tetracene crysial azeited at 3600 A iv studied. The lumineseence
decay is interpreted in terms of & model in which singleta are generated by triplab axciton
fuslen and by double-photen absorption. The double-photon absorption coellicient is astimated
%o be 3.8 x 1077 em &, The triplet exeiton diffusion coefficiant along the crystal b axis is deter-
mined by the spatial intermitiency method to be (4 L 1y = 107% em®fe. Tha inflaence of this
diffupien costficient on other processas is dizouased.

Es wird die verzégerta Fluareszenz von Tetrazen-Kristallen untersucht, dia bai 8600 A ange.
zegt wurde. Das Abklingen der Lamineszens wird interpretiert mittels eines Modells, in dem Sio-
gulstts durch Tripleit-Exzitoven-Fusion und durch Ewei Photonen-Abswrption sizevgh merdon,
Tiar Koeffizient dev Zwei-Fhotonen- Absorption wird zu 5.8 % 10°% em a abgeschiitat. Der Diflu-
monskoeffizient der Triplatt Exzitonen entlang dec b-Achse wird mittels der zhomlichen Iniker-
mittenz-Mathode 20 {4 3 1} » 1073 cm?/s bestimmt. Es wird der Einflul diseas Ditfusionskoefli-
ganten anf andere Prezesss diskutiort.

1. Tatreduction

The determination of the diffusion eoeflivient D,y of the triplet exeiton in the
ab plane of tetracene is of spzeial intevest. Recently, Alfano et sl (1] hare estimated
that Dyla0) = 1072 cm? 272, where the exprassion [oa) refers ko & hypothetizal wmeas.
urement at infinite temperature. In the paper of Alfanc et al. [1], the expression (<o)
wis omitted, but since Dy was estimated from the fission rate constant ok infinite
temperature, it should have been referred to as Dyt o). In the absence of informeation
on the temperature depandence of Iy, it 13 nok possible to convert Dosl co) 40 & 0o
temperaturs value. It appearz however that according to Alfano et sl [1], if one
takes the lower limit of their estimate, that DJ (tetracene) = 10004 (anthracena},
If this prediction is brwe, then the triplet diffusion constant in tetracene is quite anot-
alous. Both anthracens [2] and naphthalene [3] have diffusion constants which are
within a factor of three of the predicted values based on static exciton bransier inte-
grals [4). The calenlated transfer integrals in betracene are goly about three limes
those in anthracene or naphthalene[a]. Since the diffusion is proportional io the sqnare,
of the tramsfer integrals one would expect approximately one srder of magnitnde
increase in the diflusion in tetracene as compared to anthracene or naphthalene. The
predicted hundred-iold increase is cleariy at odds with existing theory, Furthermore,
a paper by Arden et al. {G] has appeared recently giving a new value for the total
triplet exciton fusion rate constank in Letratene, pa, = 2 ¢ 1071t e 371 This valne
ia one hundred times smaller than the velue previously measured, and lend "Arden
&t ul. [6] to the conclusion that Dy, in tetracens ia rather similar to that in anthracene,
It therefore appears that » direct measurerment: of Lo s essential.

1} Waw York, N.¥. 10003, UsA, -
%) Visiting Fulbright-Hays Fellow. Permanent address: Department of Physics, Univernity af

¢, Nigaria.
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Although direct measvrements of triplet exviton diffusion have been made in an-
thracene and naphthalene and & number of other aromatic systems, such messura.
ments have not been made in tetracene principally hecause of the weak delayed
fleorescence in this system and the difficulty in growing thick erystals.

In the present work the method of spetiel intermittency introduced by Avakian
and Merrifield [7] is used to measure the diffusion in telracene.

2, Theory

This section iz divided into two parts. In the first part the decay of the briplek
depsity will be described in the presence of trapa. In the second part diffusion will ba
sdded to the kinetics and an expression for the decay of the delayed flusrescence will
be derived.

2.1 Decay of the triplel devsify in the presence of hnps

The basic equations governing the time dependence of » triplet exciton density nj)
generated by an incident intensity I(¢) in the presence of an excess of Ltraps in tetra-
cene may be written aa [8]

in

== H0 — ot gn, (1
dr
TR R . (2)

where :
r=f+p, s=f+q.

In the above equations u, i8 the density of traps, 5, is the intrinsie free triplet exciton
decay rate, p is the trapping rate, §, is the raie of decay in the trap and ¢ 12 the rate
constant for escaping to the fres exciton hand from tho trap. Binwleoular terns have
been neglected {9) sinee the experiments are raa at low enough intensities so that the
luminescence is proporticnal to £2. If the duration of the excitation pulsa Af is short
compared with all pther rate processes, then it can be shown in general that the zolution
of (1) and (2} for w will be the sum of two exponentials [8]

w=ae=H L he=n {3)

Experimentaliy, since the delayed fluorescence intensity is proportional to n?, the
rate constants, |, u and the ratio af amplitudes a/ may he chtained from the sguare
raot of this luminestence intensity. Once having these parameters, the rate constants
r and 2 in equations {1} and {2}, and the product pg may be arrived at from [8]

Tt e o+ S0 —
reTT  f=p M= @
7l 7! (3““)

2.2 Decay of the deleyed henincavente incleding diffusion

Ezperimentally we are interested in examining the effect on the decay of the
delayed fluorescence of intreduciog a periodic spatial distribution of excitons into
g crystal. These exrvitons will be introduced by irradiatiog the crysial with & pulss
of 8800 A light through a transmission grating {[enchi Ruling) of perisd z,. Since
the distribution of excitons is not uniforsm the analysis of the results must inelude
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a diffusion term B {8%:/822) in equation {L). Tn addition sinze diffusion has its greatent
contribution to (1) just after the light is tumed on, the analysis will include the exei-
tation time period of durstion AL

For a periodic spatical exeitation, {x, ¢, »{z, i}, and iz, &) will be periodic and
may be represanted by the Fourier series

{w tm o | e,
Kz, b} = é'w Liit) o=, mix f) = h%'ﬁ m{2) eI, mix, b)) = t_.?ﬂ ny{t) e,
) (5}

where ey, = 2alfx,. By substituting {8) into (1} and (2) (with the ditfpsion term included
in equation {1)) and domg & bt of algebra one can show that
%"'{f+3+Dw?J"‘i§_WF_T3_EDWH“iEﬂ11+ (6)

The complate solution to this equetion is

Jﬁ-f{
ap — r& — alho}

ﬂ|{=:' —_— A' H_dlt + B' B_}"! - [} {1}

where

n]‘ =+ & + Do} F ¥ir + & + D)t + d{pg — 75 — aDw])
& | 2 .
Ak the instant the excitation is turmed on n(0) = 0 and dryfdl;ey = = £, With these

boundary conditions and equation {7), By, the coefficient of the slaw decay, 18 evaloat-

ed to ba
1‘5lm +al)
Bi=——. B8
i b — 70 i8}
whers 1, = sa [ figp — re — s} After the lasar iz turned off -
m{l) = dye~t 4 Bye—t, 9

where £ = — Aé,
By adding the boundary eonditions

=l ) = m,{ht)
and

day _dm] g (10}
d't 1" =) dj Imr Al

and applytag these conditions to (7} end (#), B; is found to be

_ I;II; ﬁ‘ﬁ — a=yAl
. E_Tlrﬁl[1+@*ﬁ‘ﬂﬂiﬂ?]{l ) ! ()
sud therefore the triplet densiby n'{{") after the {est decay dies away is
e -
W)= F Bie-vig-ra, {12)
[ = .

By utilizing {12} and the Fourier cosfficients of the spatial squars wave of excitation,
the delayed luminescence & which is proportional to the volume integral of n' may be
shown to bs

"
Lo |Byte—% 4 2 X |B2e-2, (13
=1
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where the prime oo the summation, indicates that this sum is ta be carried out over
oply odd values of I Experimentally we are interested in the influence of diffusion
on the slow decay, and therefore data will be gathered after a time 4 beyond which
the contribution from the fast decay is negligible. Adter this decay the influsnce of
diffusion will be ascertained from the change in the rate of decay of the delayed
fluorescence in the presence of the Eonchi Ruling. The amplituds normalized decay
integral method [10] will be nsed for this purpose. In this method the ratio R of the
integrated photon counts over several Lime constants {7f5) ¥ to the integrated counts
ever & fraction of a time constant {Jf7) 1 is measured. This ratic provides a sensitive
parameter for measuring decay tharacteristics. In general the ratio decreases as the
rate of decay increases. The effect of o diffusion term in (1} is to cause the average
triplet density to decay at 2 greater vate, therehby ineteasing the rate of decay of the
delayed fluorescence. The ratio B from (13) is
44 F o

I Ldt 1 =e~T 42 57 (CfC,) [1 — e~tT]
o Iml t 14_}

B o=z = =
~ I La 1 emma 2 GG L — et
[ I}

d
where O = | Bj|F e=®ufy,

3. Experimental

The experimental arrangement for determining the triplet exciton ditfusion in tetra-
cene is showno in Fig. 1. Light at 8300 A from a liquid nitrogen cocled Gads laser
dicde (Laser DMode Laboratories, Inc., Model LD-88) was collimated using & lena L
of short foeal length and passed through o polarizer P {Polareid HR) and an B trans-
miftiog filter (Corning C5 7-6%) to isolate the room light. The light was then passed
through & Ronchi Buling F. onto the b plane of a cryztal. Polarizer P was oriented
along one of the principal axes of the crystal in order to eliminate broadening of the
excitation stripes withio the stystal duee to birefringence. The resulting delayed
feorescence was isolated from the exciting light by a green-blue filter (Corning CS
4-57) and detected by a photomultiplisr {EMI-$2568). The cutput from this phato-
multiplier was conditioned for photon-countiog by an amplifier-discriminator {ATH.
The output of this AD was sequentially channelled inte a pair of scalers 5 and 8, as
explained below.

The amplitude normalized decay integral method [ANDI) was used to detect
changes in the luminescence decay rate [10] ag explained in Section 2.

The gating pulzes for scalers &, and S, 8G and LG, respectively, as well as the
pulse for driving the laser diode LER waa derived from o pulse sequencs generator
PSG whose cutput pulsez were adjustable hoth individually in width and also in

Fig. 1. Exporimantal satup for diffusion mea-
SUEEEnta
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The sepatition frequesey of this sequence
is 7.0 kH=

Fig. 2. Timing diagram for ANDI methed. .
ig ag disgr ; snﬁ
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relative sequence. The pulse width of the laser in these measurementz was approx-
imstely 2 ps inelnding & rise and fall time of pbout 0.3 pus. Both scelers 8, and Sywere
slaved to 8 scaler-timer {3T) which counted the pumber of driving pulses up to a preseb
pumber of 4 x 108 The sequence of pulses from the PEG is shown in Fig. 2. As this
figure indicates, the timing sequence was arranged such that the obeervation of
luminescence decay was done with a delay @ = 14 ps after the turnoff of the excita-
tion. Experimentally the delay was necessary to eliminate the inclugion of lumines-
cence ariging from the fast decay compenent in the delayed fluorescence (se2e Section 2).

In order to correct for intensity effects due to reflection apd absorption by the
ruling substrate & clear glass plate of the same material a9 that of the Ronchi Ruliog
{RE] was placed in front of the crystel replacing the ruling shown in Fig. b (condi-
tion A). Singls photon counts were then recorded in both 8, &2od S, up to the preset
of the scaler-timer (3T). The plass was removed, ruling insected (condition B} and the
sxperiment repeated for the same pumber of laser pulsea. The ahanges in the ratio of
the ¢ounts in the two scalersbetween condition 4 and condition B, B = (R, -- Hp}/ &,
was uzed 83 & measure of exciton diffusion {see Section 2). In order to eliminate eyatem-
atic errors, the experiments were done jn the order ABBAABRA .., and ana-
lyzed pairveise, A complets aet of runs invelred ten paits of readings.

An examination of the complete dacay of delayed luminescence was mads over
» range of &0 23 wsing the monophoton delayed scincidence method (MEDC) {11}, To
implement this method, the cutput signal from the diecriminator was fed into the
atop chaane]l of a time to amplitude converter TAC and to & maltichanoel pulse
height analyzer PHA. The start pulse for this T'AC was derived from the pelse sequence
genecater PSG euch that the Jeading edge of the start pulee coincided with the leading
sdge of LER. By ruoning the system without s erysial, it was aseertained that the
exciting laser light was completely cut off. The decay ab luminescenoe was accumulated
in the memory of the PHA.

The MPDC method was not used for the diffurion messurements because the ANDI
method was found to be more reprodacible. Since the ANDI methed only required
the recordiog of two readings, the rulings could be changed more quickly than the
limit get in the MPDC method by the time needed to read out data. This lag time in
the MPDC method was found 0 make systematic effects more influential in the
analysis of the diffweion.

4. Rezults

The luminescence smanating from the erystal from bhe time the leser is turned on
isshown ip Fig. 3 in terms of the square root of the luminescence intensity versus time.
The curves for the two different excitation pulse widbhe used in these sxperiments
have been shifted horizontaily with respect to each other in order to avoid confusion
due to gverlap. The pulse widths may be characterized by the average time st Inll
intensity f,, Af = (f I d)f],. Corve a wes obtained with a polse width of (.25 ps. For
curve b the pulse width was 1.3 ps. The integrated luminescence detected during the
laser pulze as well as thet detected after the pulse wers found to be proportional to
the syunare of the incident intensity. As one can see, each of the decaya shows a fast
component which follows bhe turnoff characteriaties of the laser followed by & slower

T phyles {b) &1
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Fig. 4. The effect of diffusion on the lifetime of the long
decay component io terms of B veraus 1z, The diffusion
roefiicients ior different carves are: (1) 5 » 107%, [2)

| i

J 4% 107 (3) 3 = 1079, (4] 2 x 107%, {5} 1 = 10~ coa®fs
r
e L l L 1 Fig. 3. Dacay of luminescencs excited at BEOO A. (=) Por
B & & & M excitation pulse width of 0.25 ps, (b} For excitation palae
fips|—s- width of 1.3 us

deeay which may be broken up into the sum of two exponentials. The evrves hare
been shifted vertically so that the luminescence intensities at the start of the slow
decay appear to be equal. The short pulse width (0.25 pa} is found to enhance the
relative intensity above the slow decay, The lines drawn threwgh curve & in Fig. 3
reprezent & fit to equation (3}. The values found for A, p and afb are 3.0 x 10¢s,
LO x 104571, and 0.5, respectively. The additional intensity above thiz relatively
tlow decay may be explained in terms of fluorescence avising from doubla photon
eacitation from the grovad state to the excited singlet state {see Section 8).

The madulation of the slow decay rate in the preaence of o Rouchi Ruling is repre-
gented by the factor ¥ (see Section 3) versos ruling density 1fz, in Fig. 4. Since an
increage in & correzponda to s fagter decay, the data in Fig. 4 indicates that the decay
rate ia increased as the ruling density increases. The uncertainties in. the points were
caleulated assuming Poisson statistics, and represents one standard error. These
results indicate that the influence of diffusion ia greater atb higher ruling densities as
predicted by theory {see Section 5).

%. Discussion of Results

The delayed fluorsscence decays in Fig. 3 may be considered to conbain two compo-
neats. The first is a prompt component due to flucrescence praduced by double photon
abzorption and the second is 2 delayed component arising from triplats produced by
direct &, — T, absorption. The singlet popuolation oheys the following Linetics

dtg xm BFF — Rgng + L fynt . o (15)

where 5 is the coefficient for double photon absorption, Ky is the monomolecular decay
rate of the singlets and £ fyrn® i3 the rate at which singlets are formed from fusion.
Sipce K3' is much swaller than the laser pulse width, the singlets may be considered
to be in steady stats and : .

1 .
Ry = Ei,_(ap + Ef‘yﬂ"} _ {18

-—— e —— - re————
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For the 0,25 ps pulse width the density of triplets following shortly after this pulae
{#= 1 ps} may he obtained from n = o [Fdi, or n = af, At We see therefore that the
ratio & of the density of singiets from double photon absarption at mazimum intensity
to that from delayed light just after the pulse

&

0= Thaar . um

For the short polse (0.25 us) the experimental value of (7 is 140 and for the long pulse
(1.3 u3), ¢ is 4. The short pulse thersfors gives thirty five times s moch prompt light
a5 compared with the long pulse in fair agreement with the value of 29 for the inverse
ratio of pulse widths squared. From {17) and the value of 7 for the short pulse,

- 3§ fya®) may be caleulated and iz found to be 8.8 x 10712 2. With & fy taken to be
- BE ¥ 10710 emifs [12] and & estimated o be 1073 em-1 [13], & miay be estimated to

be 5.5 x 107% ¢m 5. This result is easily within an order of magoitude of the value

of 1.5 % 10-*" cm s arrived at by measuring the contribution of deuble photon ab-
- sorption to delayed light from ruby laser excitation {B]. The two decays which maks -

up the long decay in Fig. 3 may be nsed to determine the kinetic rates r, 5, and gp
from equation {(4). These calowlations give values for r, &, and gp of 1.7 » 10° 57,
3.4 x 10* &%, and 5.3 x 107 52, respectively. The values of thess rates are similas
to although somewhat higher than the rates found by Delanney snd Schott [5].

The values of r, £, and p7 may now be used in (14) slong with the values of the diffu-
sion comstant bo caleulata E as a function of 1fxn,. These caleulations are shown in -

Fig. 4 along with the experimental data. As one can see the valoe of the diffusion
coefiicient in the b direction tetracene may be estimated to be {4 + 1) x 1072 cm?/fs.

This diffusion coefiicient is more than an order of magnitude greater than the largeat.

diffvsion for anthracene {= 1.5 x 107 ¢m?fs) [14] in the ab plane. Since tetracens is
triclinic the fpur inequivalent nearest naighbours in the b plens will have uneqguel
intersctions with the molecula at the origin [3). This triclinic nature implies that the
b-axis will Dot be & principal axis in tetracene. Therefore the diflusion measured io
this experiment is a lower limit to the magimum diffusion. Bince the spin relazstion
timae i3 expected ta increass in proportion with the diffusion coeHicisnt, a higher diffa-
gion rate implies a longer epin relaxation time. This result is consistent with the large

spin polarization found in tetracene [13]. Furthermore, such a long spin relaxation
" time should be evidenced in » narrowing of the spin resonance lines. We therefore

would expect the spin resonance line widths to ba much narrower in tetracene then
in anthracens. Preliminary measurements indicate that this iz indeed the ease {16].

Let us retarn to the problern posed by the recent maasurament of y by Arden et al.
of 2 x 102 pm® 5% This vglue js gne bundred times smaller thap that given pre-
vicusly by Ern et al. [12] and Pops et al. [17] of yoe = 2 ¢ 107 em? a1, Consider
the effect of & rusgustic ficld on the efficiency of singlet production by triplet exciton
fugion in anthracene and tetracene. It ¢an be shown by means of the Johnson-Merri-
field [18] theory of this magnetic effect that the following relation h.ﬂll:‘]s in the absence
of so applied mapgnetic field,

T - %g_‘f.r (_.h:“z"h_‘-',_)l ' {18)

1+ 2,13

where ¥4 T is the bimolecular rate constant for the fusion of triplet excitons to produce
e singlet state, and the superseripts refer to sither anthracene or tetracene; KT iz
the diffusion controlled encounter rate of the triplet excitons; £, 1 is the branching
ratio or the ratio of the rate at which s pair of correlated triplet excitons fuss to give
a singlet exciton to the rate ab which the extitons backacatier to their uncorrelated

22-
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state. The branching ratio for tetracene ¢p may be related threugh (18) to various rate
comstants in both anthracene snd tetracens with the pesolt thet

ey = [z 83 (”ﬂ)( )-—:1,:]”' an

with £, taken to be 0.4, If we assume that & i3 proportional to the djifuﬁion and that
the diffusion in the present ¢xperiment is characteristic of the diffusion in the ab plane,
then {KT/K}) is = 30. Based on Arden et sl. [G], [vdfyf) = G.64 and £; from equation
{19 iz 0.02. This valus is more than an order of ma,gmtude smaller than the value of
0.8 estimated from the magnetic anisotropy in the prompt fluorescence [19]. In fact
auch & valua implies a much smaller magnetic field etfect than that observed. On the
other hand, the valve for yg obtained by Ero et al. [1Z] and Pope et al. {A7] gives
& walue for & of 1.26 which is within & factor of two of the valuss cbisined from
the magnetic field studizs, We conelude therefore that it is difficult to rationalize the
results of Arden et al. with the diffusion and the magnetic field mepsurewents in the
contezt of the Johnson-Metrifield theoty of the meagnetic effecta, Howarer, consider-
ipg the approximations involved in makmng estumates from [19), the value of wy
arrived at by Ern et al. [12] and Pope &t 81, [17] is in resscnable agreement with the
prasent diffusicn messurements. In addition, the prediction of Alfana et 2l. [1] that
Dy = 100D% s probably too high, although the observed ratio of 30 still represents
& somewhat.anomalous diffusion process in tetracene.
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L. Intreduction

Within the last few years there have beer exlensive
investipations of the Auorescence lrom phototynthetic
eystemns using picosecond lasecs as excitation saurces
[1—L1].Such studiss have sstablished that the
quenching of the prompt Muoreseence, with increaging
incident excitation inlensity employing a single pulze,
arises primarily from singlet —singlét exciton annihila.
tion [2,3,7-9]. When the mode of excitation consists
of a train of pulses or of a microsecond laser pulse,
there exists additional quenching of the fluorescence
quanlum yield ansing from long-lived quenchers,
presumably tripiet exeftons [2,3,10], which either
arise from intersystem crossing From the singlet mani-
fold or from randam recombination of elecirons and
holes Formed From the sutoignizadon final state
channel of zinglet fusion [2]. Recently, Geacintov
el al. [8] have shown that the quanium yield quenching
at emigsion waveiengths of 655 nm and 7235 nim were
identical, within experimental erroz, when single
picosecond excitation pulses were employed. This
identity in the quenching curves was interpreted in
terms of the tripartite fluorescence model with
bimoiecuiar singlet fusion oscurring exclusively
within the light harvesting antenna system., Strong
support for this interpretation was provided
by Lhe observation of an intensityindependent (for
intensities below 10" photons cm™? per pulse)

316

Lifetime for the 735 nm emission [11]. Presumably,
singlet Fuslon reaclions are ¢ither inoperative or
inefhicient within the PS | antenna chlorophyll
moleculet, at least for intensities below 10" photons
em ™ per pulse. Within the light harvesting and PS {1
antenna pigments which give-rise to the 85 am
emission, singlet exciton fusiens do give rise to 2
strong decrease of the fluorescence Lifetime with
increasing intensity, It was concluded that the pigments
which are respansible for the 725 nm emission derive
their energy by singlet exciton ransfer from Lhe light
harvesting system and not by direct phaton absorp-
tHon at 530 rwn. I[n 1his paper we measure the risetime
for the 735 nm emission and identify this time lag
with the transler rate from the light harvesting system
10 the PS I pigment molecules which gve rise o the
735 am Muorescence band ac low temperamres,

2. Materials and methods

The expesimental arrangement for fluorescence
lifetime measuremenis was similar to that reparied
previously {31, A 1060 m, 30 ps pulse was selecied
from the pulse irain emitted by a modetocked Nd: YAG
laser, frequency shilted t¢ 330 nm by pastape through
a KDOP ¢rysial, and then was allowed 10 excile the
spinach samples. The samples, chloroplasts prepared
from spinach leaves as described in [L12], were

North-Holland Puplishing Company = Antiterdan
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contained im 3 high pptical quality 2 mm thick HCH] e e et
cuvette, mezintained 3t 77°K within an optical dewar.
The sample was lluminated uniformly, and the _
fluorescence was collected onto the slit of an Electro- % /’— 630 nm
photonics ICC 512 (5-20 response) streak cameta . 12

Am

with {1 optics. The temporal rise and decay profiles
for both the 690 nm and 7335 nm Mluorescence were
obtained at 77°K. This was accomplished by using a
narcow band pass filter at 735 nm te isolare the

P& 1 fluorescence, whereas the PS L 2nd light harvesting
antenna pigment emission was differendated by means
of a 630 nm narrow band pass filtez. In addition,
appropriate fillers further rejected the 320 nm radia-
tion fram the streak camera, Fluorescence streaks
were imaged onio a SSR silicon vicidon optical multi-
channel analyzer and then displayed on an oscilloscope
after each shot. Shots could be accumuiaced on a
Micolet signal averager, thereby allowing datection at
lower excitation intensities end hence averiing exciton
annihilation effects and alse greatly improving the
sigimal-ta-noise ratio. Because there is considerable
variation from shot o shot in the star of the streak
du¢ to electrical jitter, a eference point in time was
sstablished by allowing a weak green pulse, which
bypasses the sample, to enter the sireak camera a

few hundred picoseconds before the arnval of the
fluntescence. The zero time for the fiuorescence onset
and the excitation pulseshepe charecieristics about

the zero ime position could be determined by
examining 530 oun light scattered off a dummy sample
Luvelite,

3. Results

As shown in fig. |, the 735 nm emission continues
to rise zfter termination of the excitation ptlse,
whereas the 690 nm emission rises abrupily with
characteristics expecied from the pulse shape. The
risetime of the 735 nm {lugrescance, taken from the
10% to 90% of peak intensity, was maasured to be
140 £ 40 ps, an average obtained From six separate
experimental runs, each of about 30 shots. This
rsetime was abserved over 2 wide range of incident
intensities, from 10" to 2 X 10" photons em 2.

[n fig.! the rsetime of the 733 nm ¢mission is compar-
able to the Elltirne of the 690 nm emission, However,
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Fig.1. Time resolved fuoreseence From spinach chiomoplasis

at g temperature of 77°K and an meldent intensty of 2 ¥ 10"
photons cm™*, Emissian a3t €90 nm rses promptly, lollowing
530 nm exclaion pulse, wherens emission at 735 nm rises
much mors slowly,

at intensities of 10" photons cm ™ or lower, where
the decay time of the 690 nm emission was measured
o be about %00 ps, the riselime of the 733 nm emis-
sion 1emained near 140 ps. Thos, the 735 nm risetime
does not correspond (o the decay of the 6540
flucrescerce. The decay time of the 733 nm emission
at jow intensities was near to 1.3 ns, close 1o thal
repocted previcusly. The risetime result at 735 nm,
however, is in shacp conflici with the results of Yu

et al. [13] obtained with high intensicy pulse trains.
We interpret their messurement of 20 gbrupt rise 25
due i the generation of long-lived transiant quenchers
[14] by the pulse train and subsequent annihilation
effects. Nor does our data at 650 nm agree with that
observed previously by Seibert and Alfano [15,16]
Their identification of two peaks in their data [15],
nat pheerved by us, 32 onginating from PS 1 {rdsetime
<0 ps, lifetime <10 ps) and FS 1T (risetime 90 ps,
lifetime 210 pe}leads to opposite conclusions than
does this paper. Their data, like that of ¥u &t al,

[13] waz also obtained with high intensity pulse train
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excitation and has lately come under much saticism
[2.3,8,13,14]).

4, Discussion

The slower risetime of the 735 om FS | Quspescence
as compared to the tisetime of the 620 nm PS5 [T and
light hagvesting (LH) pipment fluorescence is consis-
tent with qur previous conglusion [11] that the 733
nm emitting pigment sysiam derives its energy by
exciton transfer from the LH pigments. An expression
for the time dependence of the 735 nm fluorescence
can bs derlved bosed on these considerations and
which can be summarized by the following steps,

LH {or PS5 1f antenna) -ﬂ—u:- fluorescence at

690 nm {1
K
IH —— P& | {excitor transfer
tp PS1) (3

PS1I i;- fluorescence at
735 nm (3}

If we denote the exciton density in PS 1by r|, and
denote the sxciton density within the LH pigments by
A, then the time dependence of these quantities is
described by

:%-K nn{r}—,ﬂm{r}" {4
dr
37 = G0 - Gy * Koeft) (5)

where G{f) dengtes the laser pulse generation source
and &, P and Pp are the rate constants defined by
{1} -(3). For the sake of simplicity, these equations do
not include details of Kitajima and Butlérs tripartite
fluorezcence model such 25 separate emission bands
from LH and P3 il amtenna pigments, energy transler
between these two systems [17,18] , and the possibility
that the 735 nm {lunrescerce is due to a chlorophyll
Trom C-705 which derives its energy by exciton transfer
from PS T antenpa pigmnents [19].

Treating the incident source as a Jelta funclion,
a good approximation because the risetime of the
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735 nm emission is at Jeast 3 factor of five-times the
excitation pulse width, eq, (9} and 2q. (5) are zasly
solved:

nple) = n(0) e (B + Kyt {€)

_Kng @

ﬂ[[f]-ﬂm [E-{ﬁn +K}f—elﬁll] .{?]

The firs1 term of eq. {7} characterizes the risetime
of the 735 nm fluorescence (140 % 40 ps), while the
second term charactzrizes the dacay {13," = 1.5 ng).

Equatisns (6) and (7) are the most simple represen-
tations of the time dependence of the 685—690 am
and the 735 nm fluorescence emissions, Tespectively.
The data in fig.] indicates that (g + X)) =
140 2 40 ps, which implies, according to eq. (6), that
the lifetime of the Auorsscence at 890 nm should
display the same time dependence. However, this is
not the case, since the flugrescence decay time at
~690 nm is about 308 ps [20}. Furthermore, below
intensities of ~ 10" photons crm™? par pulse, the
725 nm Nuereicence oselime remans constant,
within experimental error, whale the lifetime of the
6835—690 nm flucrescence varies strongly with
intersity due to excilon annihilation,

At higher excitation intensities, when the quadratic
term must be incleded in eq. (1) 1t can be shown [21]
that the appropriate medification of eq. (6} and ¢g. {7}
«orresponds to teplacing iy by ﬁlu + eygaf where g
is the singlet fusion rate, a {em™ }is the absorption
coefficient, Fis the incident intenzity (photons cm™),
and ¢ is a numerical constant = 0.6, Hence when the
excitation iniensity of the single pulse abeys the
equation

[Tl @)
Y

a decirease in the risetime of the 735 nm luprescence
is predicted. We indeed ohserve such g decrease when
the excitation intensity exceeds f = 10'® photons
am ™ per pulse.

The lack of a correlation between the 725 nm
fluocescence tisetime and the 650 nm decay time for
F<C10Y, and 1he decrease in the 735 nm risetime for
I 10" photons cm~? per pulse, can be understood

1

,_




...... a4 o= L Ama - - -

dem il o waoa

Yalume 83, number 2

in terms of the following model for the LH pigrent
tystem. N

, There are two 1ypes of LH pigmenis; in one of
these denated by LH{L), the chlorophyll molecules
are tightly coupled Lo the F5 1 pigment system with
X > By 1e., the exciton lifetime is mainly detemnined
by energy transfer to PS [ with £ V= 140 ps. The
fluorescence vield from this system is low.

The second 1ype of LH pigments, LH(Z), consists
of ehlorophyll malecules which ace less tightly
coupled ta PS [{poassible because of a laegs physical
separation) and which decay rmainly by the rate
constant S ={&00 ps)~'. The fluarescence yield
from this system is relatively high. The 735 nm rnise.
tirme is thus enaffected by exciton annihilation within
LH(1) up 1o intensities of F~ 10" photons em™ per
pulsz when the annihilation rate begins to compate
with the rapid LH(1} = P5 1 transfer rate characterized
by the cate constant X

This mods! of the Auorescence of spinach chloro-
platts at low temperatures is depicted in fig.2, Itis
capable of gceounting for all of the sbservations

e

-

e K
-3 11 LH (2} LHIl} "l

Lo
F 6as-538 F7as

Fig.2. Modified Tripartite Flzorsjeenc: Model [17,08]. The
source term G(7), exoiles bath the light harvesling aggregate,
LH, and the F3 Il chlorophyls Fluosescence emizsion corre-
sponding ta LI, P 1T, and P51 arc at 6835, 695 and 735 nm
[16=18] , howeaver, no dilferentsation is made between the

F5 1l 3nd LH =mission it ths wark. The Lght harvesting
pigmenl system is presusnied b consist of two {rachons: in
LH{1) the light harvesting pigments are closaly assorizled with
P51 and energy transfer occors with race constant £ e LH(Z2)
the pigments are not slosely connected to B5 [ and excilons
decay mainly with the rate conslacl fjy. The decay tale of
the 723 nm Auorescence, which reflects the exciton denary

in P51 [17], is dewoted by 8.
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presented here, a5 wel! a5 for the identity of the
quenching curves at 635 nm and 735 nm [11].

It s possible that LH{1) represents a relatively
small fraction of the total light harvesting pigmeants.
This is indicated by the fact that the 735 nm fluc-
rescence reflects the exciton densily wilhin the Light
harvesting pigments [11], which is not primarily
determined by tha LH - PS [ energy translzy rate
constant X, but i determined by the unimolecular
rate §y; and the bimolecular exciton annihilation rate.
Thus, excitons appear Lo communicate between
LH(1) and LH(2), but the LH{2} = LH(1) = PS1I
pathway does nol characterize the major pathway
For axcitons within the overall LH pigment system.

The model shown in Ffig.2 predicts that careful
messurements of Aucretcence decay curves at low
intensities of excitation (no bimolecular exciton anni-
hilatica) may teveal two componenta: a fzst but weak
companent due to excilon decay by energy transfer
fram LH{1)— PS ! characterized by a lifetime of £°1,
and a lenger more intenge component, which is
characterized by fiy.
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Absirace—Uixing single picosscond laser pulszs ot 610 am, the fuorescence yiald (4] of apinach chlomo-
plasee ag a Tunction af intensity (1) {10' *=10"* photonsfpulsefem®) was studied in the range of 21-300 K.
Tive quanium yield deereases with inorasing miensty aod the ¢ vs [ curves are dentical 21 the emission
maxima of 685 and 735nm. This resuly i interpreted in teims of singlel sxcion-exciton annhilatian
on the kevel of the Light-harvesting prgments which socurs belors eoergy w ranskecred 1o the Phowsys-
tem | pigments shich =t a1 735 mm,

The yield ¢ is decreased by factors of 12 and 43 ar 300 and 21 K. respeatively. The shapes of
thee b ws 1 curves ave ot well sccountad for in t2rms of a model which is basad on 3 Poissen distributianh
of photon tuts in sepacate phewesyarhetic wnits, but can be satialactonly deacnbed uging & gne-parametey
fit and an exciton-exciton annihilation model. The bimolecolar anninilalion rate constant is lfound
W be pom (515 = L0~ Yem? s~ and e exhibit only & minor temperatuee depencines. Lower bawnd
values of the sinplkt exciton diffusion coefficient (2 10~ em#s™ '), diffusion length {=2 x 107%cm)
and Fotsier easrgy wansler rates [=3 % 17?5~ Y are estimaced from y waimg vhe approprisie thearehcal

relationships.

INTRODUCTLION

Picosecond lasers bave now been wsed for seweral
years in studies of the fworescence peoperties of
chlacophyfl in oivs (Seibert and Alfanc, 19M; Yu o
al., 1975; Paschenko et al, 1975; Beddard et ol 1975;
Campilla &2 al, 1976 b, Breton and Geagintow,
1976) Unusually short Augresence decay times have
been rzparted with the use of ps laser pulses for exci-
tation, which do not agree well with values obtained
by wore standard technigques utilizing low intsasily
excilation sources (Herva et al 1975 Briantais er of |
1972, Tumerman and Sorckin, 1967). [t has bezen
shown, however, that 1he Auorsicence can be strongly
gquenched when  intenss laser pulses (dauzerall,
19760, b; Campille & &, 1975a, b, Breton and Gea-
cinloy, 1976; Geacintoy and Braon, 1977, Monger
#t ab, 1976} ar ps pulses {Delosme, 1972; Den Haan
el al., 1974} are utilized. This quenching which is attri-
butzble (o sxcilon—exciton  annihilalion  processes
gives rise o the short fuorescence lifetimes deter-
mired with ps lasers and accounts foo the discrepan-
wies in lifelimes as determined by slandard phase
fluonmetric o1 photon counting lechniques and ps
laser technmgues [Campille o o, 1976h),

We have shown slsswhere [Breton and Geagintov,
1976, Geacintoy and Beeton, 1977) that the Auor-
escence af 733 nm aitribiutable to Photosysiem I pig-
meals s more sirongly quenched than the 685 pm
fworescence [attributed to light harvesting and Phg-

* Chemistry Department and Radiatot and Sohd Stae
Laboratory, Mew York Unircrsity, Mew York, New
York 10003,

togystem 1T pigmenis) when trains of ps pulses are
used. This preferential quenchiog of the 735 nm emis-
sion bard Icads o difltrences in Auorescence spectra
deteemined with ps pulse iraing of gither low or high
intensities, and is attibuted to the preferenial build-
up of long-lived gquenchers in Photosystern L

In this paper we show that such a change in the
flugrescence spectra does not gocur when single ps
pulses are used for excilation, although surong
quenching of equal magnitude al both 68% and at
735 nm is obutrved. This property is wachanged in
the temperature range of 21-300 K. These results are
interpreted within the framework of Butler 2nd Kita.
Jima’s (1974, 1975) tripartite mode] of the Auorescence
al chioroplasis al low emperalurss,

The shapes of the fuwarescence quenching curves
(yield vs pulse inlensity} are interpreted in terms of
4 kinelic singlet exciton—exciton annihilation model
prapased by Swenberg ot of (1976a) Using theorel-
cal reiationships relaring the bimolecular annihilztion
coeflicients ¥ to the exciton diffusion coefficieny D,
diffusion engih [, and the energy transfer rales F,
lower bounds of these quantitics are estimated,

MATERIALS AND METHODS

Chiocoplases isolated from whalt spinach leaves were
sspended in 8 sucrose 1004 M-Tris (2 ma, pHEZRKCI
{20 mA) bufier solution, & drop of (s suspersion was
squeezed between two microscope shde cover shps so that
the effechive sample thickness was hetwesn 005 and
02 mm The opiical density was kept between O3 and
M) al the absor phsc matimom (650 am); thus the optieal
densily al the wavelensth of exciarion (around &10om)
was always kept below 004, Cooling of the sample was

s




- ———

e —————— e —

M MICHOLAS E QFalTOY faCiuiEs BRETON

achieved by means of 3 temperaiure rcgulated mirogen
er hebum gas fow in 2 crypstat (slability £ 1°C)

The fluorescence was exated with a mode-locked dye
laser (Electro-Photonws tnode! 1) operated with rhoda-
mine 63, while mode-locking was achived with Lhe dye
3, ¥-dwethyl oxadicarbocyanine indude |DODCH The out-
put af the mode-locked laser conssied of a tram of abgut
300 pulses, 510 ps 1n width and spaced about 3 s apare
The pulses were best defined o wikdth and 10 amphitude
within the central part of the palse tean and a pockels
cell w2 3ns gate was uthzad (o telect 3 single pulsz
from iz arga of the tr2n

A hughly atiznuated porpen of the excualhon beam was
focused antg the entrance shyof a swreak camera {Elecing-
Photonice KO 5121 The qualily of the pulse was wenfied
for each laser shol &y means of the streak camera The
data were collected only if the mbensiry of the seleciad
pultc #ms an least 100 umes larger than the ruensiy of
the oaighbonng two palscs within the wam

The Quorcscence spectra were recorded By eneans of an
S35 spactrograph-optical mubnchaonel analyzer {ObEA)
arrangement which allowed the recgrding of complete fu-
OrsEcenee amussion spesm warh ¢ mngle pulee laser shot
The Suorescence spectra were stored 17 dignal form m the
memary of the Ob{A which allowed for background sub-
wacikn and Jignal averaging &5 neezssary Cabibrated nou-
tral dansay fifters wape used to atienyate Lhe excuabion

ulsz
d The rlative Auorsscence quantory yeld ag & lunction
of the camiation enerpy was deteomuned by dividing the
digtal valuet of the Ruscescence miensibws al 623 and
T35 om (tecorded by the OhvIA} by the laser oulput energy
The qutpul energy of Lhe laser was measured by uning
& beam-sphitber, which reflecied a pornoen of bhe tobal
energy onto the detector head of an entcgy meler (Model
B 3730, Laser Precsion Corporangn) The Auotesceace
readings were corrscted for 3 noobpearly of (b OMA
a8 pravicusly descnibed (Breton and Geacindgy, 1976} AL
low excatarion matensities the senailionly of the OMA wat

b,
'
¥

o
|~

b3 L]

4 I FETT

CHARLES E SwESEELG and GUY PaLLomid

msuificent and the OMA Yidioon tube was replaced by
1 spectally wired S6TVP Amperex photomultiplisr tube
In order o osure Linearicy of response of (s tube capacr-
s were placed across the last few dynodes and the
dynode reststocs were chasen w provnde a smaller vl ge
drop acrass these last dynoades The lmeorny of thes ube
way carelully checked over the entire range of Light in-
tengities ussd, a number of Auorescence quenching corves
ortre determiinsd vsing both the phalomulapler tube and
the OMA sysiem to emsure that the same results were
oblained with both systems When Ihe photomuinplier
fube was used, the Follownng roesrizrance Sltecs were placed
wn front of the spectcograph (1) for 715 nm wigwing an
migrference filter with 3 maximum  Iransmittance  af
128 nm, hall maomom bandwwdth 7 am, (2) Tar 885 nm
vicwing the maumem was 620 nm, half-band wadeh 4 nm,
(51 in some expenimants, partculaly at the lowest m-
wnnties, a cut-off Alwr only {transcuitance abgve &45 am)
was empioyed This was permissible, becouse no difference
i Lhe relative quenchiog as 2 funcios of toEsion ware-
length was observed vming single pe laser pulses, the Aunse-
eitonot ermsyon spectra did mot change as a function of
the energy of the singhe ps pulies This 15 in contrast fe
qur carler observations where ps pule trmies o g pulse
excitation wag used (Bretan and Geacintoy, 1976, Gracin-
tov and Browon, 1917)

The [aser beam was forused onto the zample and the
Quorescence was (0 wurn focused onte the entrance shi
0 5 mm) of the spactrograph The area of the sample which
was exciled, as well as the mmensity profile of e pulse
was eslimated by placing the ObA detector head at the
locauwon of the sample A strongly atienueaced pulse was
then imaged oo the OMA delecior which sonzisis of 2
mawy of mdepsadent photodiodes spaced 2bout § pum
apmrt Veruca) arcays of diodes are read with an eleciron
ssanmimg bram whost resolebon 19 about 25 pm (g la)
The cootents of each wvertical arcay 15 summed, diptized
ang theo sored (0 the memory of the OMA Consake Al
af the snergy received by sach vertwsl army of dodes

Figure | (3] Schemauc representatian of the OMA detector head which consisis of & large armray

of photodiodes which are tead by a seanning eteciron beam (about 23 pmoresolution} A bypoirheical

artular hght beacn i supznmposed on thes 2y of dwodes D) Expenmenially determanzd laser beam

profile-OMa outpul The werucal scale represenns relanwe energy whike the points ace spaced about
25 aparl
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Figure 2 Relalwe Aucrescence yield  as a lunction of
the incident Easer pulse miensuy al 0K 1 represens
the number of phaton hits per photosynthene unl coosist-
g of 200-300 molecuies A typical flooccseonce spocirum
obtained wnth the OMMA-specteograph 5 shown in the in-
sert (maximum at 685 nm) —— Theorehcally caboulated
quenching sotves according Lo Eq 7 (see also the legend
4f Table 1}, lake madel of excigt quenching, ———theore-
ncally caleulated quenching corve using Lhe Posson distr-
butren af phigton tuts per photesynithele wnt (30 chloro-
phyll moleculesfuni), Eq 5, the puddie model The veroeal
scale 15 i erbacary unils and the ¢ values for the 1wy
wavelength regions were nommaloed wnth respect 10 sach
ather

wae thut mtegraed A typeeal profile of the ksar pulse
obtamed m thus way 15 shown n Fig 1o, where the heo-
zontal spaang balwedn 1he dois s 25 pm and where the
ampliude represents 1he snergy integrated over the corre-
sponding colemn of photadigdes Two diffzrent measure-
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Figere 1 Relavve Quorescence yckd @ a3 a funcuon of

the ncident tassr pulse intensity &0 200K The dara were

obtamed viewing differem wavelength regions (685 or

T35 am), or the antire emcsion (0sing 2 655 nm cutofl Bl-

wex) Same definbigns of X and the sohd and dashed carves
amBig 2

- T 2 e
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Figure 4 Relapve Auvorescence weld & az a functon of
the mgident lagd pulse mnaty st 0K Sec cephons
of Figs 2 and 3 Tor other detmls

ments with the plame of the detector head rodated by HP°
arcund the normal to ths plane allowed us o probe the
pon crcular shape of the laser beam {in was ellipical n
shape) and 13 determine the area (4 + ! mmd) of the
excited regran of the sample

RESLILTS

The Avorescenss quantum yields {corrsspendmg to
the axperimentally determined fuorescence intensity
dwided by the pulse ensrgyl, o relatvd umts, a8 a
funchion of the sncrgy of the single ps pulses, are plo-
ted 1o Figs 2-7 Al room temperaturd, anly the results
for the 685 nm flucrescence are plotted, since the con-
teibution of the PRI pigment syslem to the overall
*massion 15 belwved 10 be very salt at 300 K (Cooed-
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Figure 5 Relatve Auorescence yield ¢ a2 = lunclon of
the merdent laser pulse intensiy st 21K Scc cpplions of
Figs I and 3 {or ather dells
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hecr, 1972 AL the orher thres temparatures (200, 100
and 21 K} the ¢mission atinbuted o PSI and FS11
5 well resolved (Gosdhess, 1972, Goedheer and
Verhulsdonk, 19M), Cho er af, 1966, 19M) Buler and
Kurapma (1974, 1975) have rzcently proposed a tripar-
titz model for the funrescence of spmach chloroplasts
at low temperatures The &85 nm emszion band s
beheved to emanate Tom hght harvesting chlaoo-
phyll—protzin complexes, winch are capable of (eeding
energy {o both PS1 and P3 1] pipments The T35 om
cermssion band s attnbuted to P31, and 2 maumum,
of shoulder, appearing at 605nm 13 atinbuted to
antenna pigment molecules associated wath PSTI
Typical emission spectra récorded wath the ORA-
spectrograph usmg a2 Ofmm sht  (dispecsun
26 nm/mm} are alss shewn m Figs 2-3 Tt should
be nated that with this sht width, the 633 and 593 am
bands are not resclved Using narrower sl wadihs
however, these twe maxima are clzazly ewvdent and
surh a spectrum chtamed with our OMA system 1=z
shown elsewhere (Geacmtoy er af, 1977) In cur ex-
peomenls descnbed bere, oo distmeuon 5 made
between the 685 and 595 non envssion peaks and thes
Augrescence will be collecuvely referred to as 685 om,
or PS 11 flucrescence

Withn expenmental error, no diffierences in the fu-
orescence weld curves between the 685 and 735 nm
emiszion bands can be discemed This result 15 m
sharp contrast to the case when ps pulse trains or
#5 sRcitabion pulses ars whibzed (Gisacintey and Bre-
ton, 1977)

DHECSSHN

A number of aspscts of these results oeed to be
witeepretsd  Perhaps the most stokog cesult 5 the
fact that thees s no differencs m the Auorescance yield
curves at 685 and at 735 am, whereas o & well known
that these twe 2rmiss1o0s ongmnate fom diflerent pig-
ment sysiems, give rse (o diffsrences m low inensity
Aucrescence oduction curves {purata, 1963, Kia-
quma and Butler, 1975), and exhibi different sinplet
exgilon leumes as detersmmed from fuocescence
deeay curves (Herve et ol 1975}

Furthermaore, the shape of the Auorsscence ysld
curves as a funcuon of the pulse energy can e intes-
preted o terms of eber {a) the Poisson saturangn
model winch 13 sioular o the model proposed by
Mauzerall (1976a, b and {b} homogenecus disteibu-
ton of exeitons Lhroughout the photosynthetis wuts
and ainglet-sninglet 2xeilon anmihilaton as described
by coptmuem diffusion Kmetcs (Swenberg e af
19T5a} Excnon—eiciton anmbalation has been in-
voked by Campillo e of (19763, b) 10 account lor
yizld v5 mensty curves and for the mteasity depen-
dence qf Rugrescence hietmes on Chiorefia

Unlizing the reasonable assurnption that the Auor-
etcence quenching 18 due 10 the diflusive encounter
and raotual anwhilabon of singlet gacitons, wiorma.

tion about the diffusion parameters of excitons and
their wemperature dependence can be oblaned

Anterpretaion of the guenching curpes

Delosme {1972) and Den Haan et al (1974) wsing
g5 duranon Light Aashes, Mauzerall {1976a) uang ns
laset Aashes and Carmpiflo e al [ 1976a) usmg ps bser
pulses were Lhe first 1o report that Auorescence yelds
decrease whin the number ol pholons absorbed per
fask are substantially larger than whe  number
required o saturats photosynihess

Mauzerall {1976a, b} interpreted the yield vs inien-
sity curves mn larms of Poisson dstnibutions When
the excrtations are confined domains and when the
Auorssoence yireld depends ot the oumber of #x0-
talns per domain, Poissen 51adS00s are appropriate
Such a model 15 uselul withn the context of the
"puddle” model of Robuwzon (1967 m which the exer-
tons ace confined to defuse wuthin one pacicolar phe-
tosyntheue unit (FSLF) The P50 15 usually defined
as one reaclion center, or trap and it associated
antenna pigment molecules Howewer, a domam
which the excions are confined Gan alse conast of
34 raps Mauzerall 19760, Pallpon, 19%) In the
opposite picture, the reacica centers are distnbuted
ameng 4 vniformly large matnx of pigments The
exciton generated wilhan any one parbcular photge
gynthebc wmt can chiffuse to other umils, s Tange
being Limued essentally by s Dfetme This has been
refecred (o as the “lahes” model (Robunson, 1967, or
the multicentral or stabstical model (Mallan, 1974)
I the lake mode], the creanon and ancehulaton of
excitons can be described by a standard knenc equoa-
bion {Swenberg gt af, 19782} Poisson stabsbics do not
have 10 be taken into account as long as the exciton
distnbution 15 complacly randomized by diffusies
processes on Ume sales which ere short a5 compared
tp charactensne annihilabon times (see below)

In the puddle model, or confined domain case, the
annilation of sxcitons @ves nse o2 change i Ihe
excaton densily m a disconhinuous manner Jince tha
PS5 15 generally consdered w0 consist of several
hundred melecules only, the use of standard kineus
equanionas 1s questionable Using an approprizte Pos-
son satucation model, m whieh the st pholon bt
pet PSU {or domain) gave a finue Augrescence qoan-
twm yeld ¢, and all subsequent hits contnbutéd no
Auorescence, Mavzerall {1976b) was able 1o fit s ex-
penmienital data wsing the [ollewimg squauon

&{x) = ¢,

il —e™

. m
x 15 the average number ol hits per umi, 1-¢™ &
the probabilily that the umits have been it an least
ance With the Turther assumpticn thiat the paximum
vanatwon 1o the observed fluorescence yield ¢ as a
function of « cannot exceed 9P of the total yeld,
Mavzerall obtained 4 sanusfactory fit 1o the dzta m
the caze when the reachon cenlers are all clossd (in
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our experiments this was the case at low emperalures
thus the same considerations sheuld apply).

Wa shall now atterapt 10 At our data to a Paisson

disteibution 3t well. In our experiments the fluor
escenes quantum vield varied by as Litle as a factor
of 12 [at 300 K) with no appcarance of leveling out
of #x) 2l inlensites above the maiimim oncs used
here, and by as much as a facior of 43 {ar 21 K}
This amounts o a quenching of about 83983 of
the total Auorascence. In our case il therelore doss
nol appsar to e justified to assum® o priori that a
caction of the Auorescence temains unguenched,
. We Birst consider Poisson statistics altowing for the
possibility of excilon—exciton anmibolation in sach
domain wheeever there are twa or more hils per
domain. If we assume thal thes anmihilation s very
efficient, and that the quantum yield fer ¢ach domain
it by L. 2, 3... n photons s ¢, then

=ﬂ

n

o 2
where §, i the yield when there is only one hit per
domain (4 = 1) These consideranons follow fram the
¢xciton anonihilalion model

o F 85+ 8 (3

gince the collision of rwo singlet excitons (5, ) remowves
one exciton (5 denotes a geound siate chiorophyll
molecule) A domain receiving n hits will have ar the
very least 4 probability of 1/n o 2mit fvorescence
with an inteinsic yield ¢, . 1t should be noted that
this apnibilation piciure s equivalent to Mawzeralls
(1#Téb) assumption that the quantum yield of a unii
is #, Jor the first photon hit, while all subsequent
hits produce & quantum yisld ol 2eto.

If the average number of hits iz x, then the prob-
ability that a given unit has received r hils 15 given
by the Proisson distribution

[ e

Pufx) = - )

The sverall guantum yield For a given oumber of
average hits x i5 ¢ (=) in the puddle model ar domain
tase amd is given by

= 4, Pix)
nel " I- - Pﬂrlx}

Y

dplxp =

1 #
= m{#’nps + -I-PI + } {5

where ] = Pgix) = L — €7 % is the probability that Lhe
units have been hit at kwst once and represtnls a
novmatization RBctor m Eq. 5.

I singler-singlet annihilation Jeads to icnization of
bulk chlorophyli molecules (5, + 3, = 57 4+ 57,
whers 3% and §° correspond 1o chlorophyll ions),
then the extent of quenching within the conicxl of
the puddle model will B¢ 2ven larger than predicted

by Eq 5 [0 that casc, all of the texma oxcept the
first ane in By, 5 would be zero.

The number of hils per pigment molecube at any
given intensity can be calculated from the values of
the extinction coefficient ¢f chlorophyll i wipp given
by Schwariz {1272) The only assumption which must
be made in calculating ¢(x) is the aumber of mol-
ecules in a photusyntheric unil. As a rypical value,
we have assumed z unil size of X0 pigmemt mol-
ecules. The number of hils per unil thus calaulaied
i5 indicated by the black squares on the top of Figs.
2-% In order to indicale how the calculated number
of hits varms with unit size, ithe Jeft edge of sach black
squart on the tep parts of Figs. 2-5 indicates ihe
calcylation for 300 molecules/PSU, while the right
hand side indicates a cakoutalion for 200 modecules)
PELL The caleulation of ¢ dx} thus requires only ome
parameter, the size ol the PSU. [n 1hest calculations
e have neglected e effect of the depletion of the
ground state. At an incident wntensity of § = 10"
photons cm™?, the ground state depletion i 0%,
rizes o 20% al 10'* photons om”™? and 1o 363
at the maximum intensiy of 2 % 10'% photons
e~k As 15 evident from the logarithmie intensily
scale in Figs. 2=5 this peglect is justified throughoul
most of the inlensity range studi=d for 8 ¢oMmperison
af the thzorctical and experimental fAuorescence
yickls.

The caleniated curves according to the Poisson
madel Eq. 5 are plateed as the dashed cueves in Figs.
2-5 We first note that if a quenching probabilicy of
less  than maximum 3 assumed (ie W
@ fm = o, = ok thes S would mean that the corves
at 20, 100 and 21K could not be Gt to the experi-
mental data in the x = .1 w x =2 region. This is
due to the fact that a decreased quenching ¢fficiency
would tend to raise the dashed ctrves, which are
already abowve the expedmental painis in the
Ol =< x = 2 cegion. Since this i5 not the case Tor
example at OO K {Fig. 2}, a special set of quenching
efficiencies at the different values of n would have
t be toed in order to obtain 2 satisfactory 6t n
this case,

Wext, we congider The effect of varying the number
of molecules per PSU. IM more than 300 molecules
P unil are assumed, the dashed curves should all
be shilted w0 the Ich in Figs, 2-5 The exient of the
lefoward shift is larger, the larger the PSLL While
this would produse a better fil at low inlensities, the
fit al the higher intensities would be wotse, Similarly,
il the assumption s made 1har thers are less than
200 molecules per PS5, the dashed curves should be
shilted to the right

We thus conclude that the Poisson sawralion
model with the limitzd number of approximalions,
made here, does not well deseribe our experimental
dala. If wmization processes are important leading to
a disappearance of both singlets, the quenching effi-
ciencies will be larger than calewlated by Eq. 3 but
the bask conclusions will remain unchanged.
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Tablc 1. Bimekcular rate constants inferred frem flugrescence quenching curves

Temperalure
K Z lemé)® ¥k iemf) (P51} nsi=" e 5™ 4
00 {1+ 1310712 24081074 0.8 (5.2 & 16107
00 % 2 1n* (62 4 LAy 10~ 0.8 (136 £ apg-*
10 {6+ 31047 (44 + 2} 1012 0.9 {36 + 48107
zl e10'* LTI T T 1L (120 £ 40 10-*

*The parameter Z was obtgined from the fits o the data in Figs. #=3 and 5 defined by a modified form of Eq
7 namely ${ly) = (Fo/Z i) log il + Zig) whers [ {photons cm™ pir pulsa) 5 1he experimentally detecmined incident
unensiry, wheress I, jom- % in Eq 7 i3 1he number of absorbed photons, [, can be calowlawd for @ gven {, iF the
number of photont absarbed per em? threughout the sample s constant (wheeh is approximately correct fac optical
demsities below =005, fram a knowlsdze of the extincuon coefMoient of chlorophy(l at &00nm {Scheanz, 1972, and
the average pigment congentration in ey (ealoulated to be abour 0.1 M from the date peovided by Park and Biggins,
L954]. We tbus find that 2i S10nm fo = 10'* photons om~? cormssponds to §, = 14 » 10'" photons em~?, giving
=610 ) = 1400 em ™' ; this vatue was utilized tn calowlanng valwes of 12k from the valbes of 2.

** Yalnes laken ftom Heevo et all (IR TS5

We now turn o an iaterpretation of the data by
a continuurm type differentisl equalion as previously
suggested by Swenberg er ol (1976a):

L1 SR
- wift) = ke — +vh (@

At} denotes the time dependent zinghke! siciton den-
sity, 2 (em™ ') 15 the absorplion coefficient, K (pho-
tons cm”~¥57') is"the incident light intensity, k(s ']
i3 the unimelecular decay time of the singlel Eagitons
in the low intensity Limit, and y {em® 57 is the bi-
molecular singlet exciton—excrton annihilation con-
stant The lactor of L2 in the last term of Eq &
dennotes the case where the final state channsf consists
of one singlel sxciton which resulied from the mutual
anpihilation of o excitons.

The validity of Eg. ¢ lor singlet-singler annihila-
tions depends on sgveral lactors,

Eirst, the excitons are assumed to be capable of
diffusing freely within the photosynthetic membranes,
[rom ook unil 1o another {fake model). The size of
the domains s assumed o be sufficiently large g0
that annihilations give risc to changes in cacilon
densitiss in a codtinuous manner, (ather than o a
discontinuous manncr when a hoile nuraber of exci-
tons are confived to o eelatively small domain (this
lateer case will be treated in a future poblication).

Furthermore, Eq. & assumes that annibulations do
zot teke place belore diffusive motion has completely
randemired the distribution of excitons. IT this is not
the caz¢, annihilation will eocur befors diffusion has
taken place and some sort of a dependence on 2 Poi-
son distribution, or time dependent diffusion terms
might be expectad. Il F is the molecule 1o moleculs
transfer rale, and ye i 2 typical aonihilation rate,
the validily of Eq. 6 requires that F & yn. Paiilotn
{1974} has estimated a lower Limit of 3 x 100" 57" for
the nearzst neighbor transfer tate. Campille & al
{1976b) have shown (hat the Buorescence decay limes
at high ps pulee intensities are dominated by annihila.
tion (yr > k= iG°5"7) particubarly &t high io-
tensities. Thus, assuming F >3« 10''s7', Eq. 6 15

probably valid at least up 10 intensties when the
measursd lifelimnes are ~ 30 ps, cortesponding 0
an zverage aonikilation cae 3 oof 2 x 10% 57!
and a relative Auorescence quantom  Yield of
~ 1072 % 10'%) = 120 Except in the 21 K experi-
ment where the lowest yield measwred {relative o the
low witensity Lmif} was 1443, the above conditions
are matisfied at the ather thiee temperaturas (relztive
yield not lezs than 1231

The solution of Eq. § in which the oxcitation pulse
has a duration of sevara) picosecands, has been dis-
cussed in a prelimipacy note by Swenberg er al
(19768}, If g, is the quantern yield ar Jow light in-
tensities and @{f} 15 the yield when the number af
photons abeorbed is [, = Jo/(dt (with the inte-
gration extending over the duration of the pulse) then
we ohain for the yield

: ¥
Pl = by 20, |°E{I + f‘(z_k)} i

Using thiz équation, we can oblain excellent Ats
to the cxperimenial dala al all tewmperatures using
onty [1/2k) as the adjustable parameter. The carves
cateulared according to Eq. 7 are deawn as solid lines
in Figs, 2-5: the values of the parameters which wers
used, together with the maximum spread in these
values which would place (he calculafed curves oul-
side the erfor bars of 1he experimental data,.are given
it Tzhle 1. Harvo or ai (1975) have recently romnea-
sured the temperature dependence of the PEI1T and
P8 I Auorsscence fitetimes Mk = =L This allows lor
a caleulation of the bimolecular annihilation coefi-
cignts v, which ace alzo listed in Table 1. In caleulat-
ing ¥ Ihe lifetimes determined at B85 nm were used,
for reasons which will be discussed below.

From ihe data n Tabic I it is evident thal the
bimolecular consiants are the sarme within experimen-
tal error bhelow 200K, The room temperature value
appears to be somewhat smaller. These values are
similar in magnitude to those which have been
observed for singiet~zinglet and singlet-tripiet #xciton
annihilation in organic crystals (Swenberg and Ciea-
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cintov, 1973, Rahman and Knox (1973) In fact the
same type of Aucrescence quenching curves which ars
observed with chloroptasts (Figs 2-5) have also been
demenstrated i organic sohds such as anthracence
and letracene using ps laser exalation [Campllo 2t
al. 1977 The fluoresoence quenching ourves observed
in these crystzls, are also well accounted for by Eq
T The assumption that only singlet-singlet annihtla-
teon takes place i organw crystals when single meo-
second pulses are used 15 on rather sohd grounds
Thus the simtlanty between the flucrescence quench-
g curves as 4 lunction of pulse energy observed
these systems and v chioroplasts lends Tutiher sup-
por for the Kinetic model from which Eq 7 5 de-
rived

Exenon dyfunion pargmelers ond therr temperature
dependence

The bimalscwlar anmbilaton rate sonstanl ¥ 15 2
unction of the diffusion coefficent 0 In prciple
i 15 possible to calculate D lrom ¥ wsing the appro-
pouate theoreticat celatienships

In practice howewer, such a calculanon 15 diffcult
because 2 knowledge of the nteraction radmes R
betwezen 1he two excitons, which 12 not Knowh, 18 alse
required Fusthermore, the conslant ¥ contzing a par-
ameter p (520} which denotes the probabalily thal a
collision will acwglly produce an anmhilavion, and
that suich an anmhilation may remove only ong or
bath of Lthe excitons (the latter case 15 possible o ignez-
ahen with the prodection of an won pawr occurs, Lhus
gving rse Lo the manmum possible value of p =200

For thess reasons, only lower bound values of the
difosion constants O, diffusion length § and the
Forster energy transfer rale £ can be inferred (fom
the sxpenrmentally measured values of v

The pholosynthel: pgment mmobeculss ane most
hkely arcanged i 2 two-dimensignal netwoek For
thiz reason we employ a lwo-dimensional system for
estimating D, although sumlar results are obtaiped
i three dimensions Since the membrane thickwess
15 of the order af 50 A, the values of yicm® 37"} grven
in Table | must be multiphed by 2 x 10%em™" tg
obtain the appropoate values of Lhe two-dimenzional
(¥ values

For a sihgle component system, with an sofropic
difusion coeficent, the theoretical expression hinking
expenmental values of ¥ to I aod R 5 given by
(Suna, 19710}

=4

P =p I (&)
II'J{*E—‘/%R}'F']???

wherz B 5 the effective capture radws, and & 15 the
recipeocal of the exciton hfchms as previously defined
fellowng Eq & above The p factor takes into account
Biral states other than smgler 2veitons, and collizions
of exoitens which do oot lead o aomblation Ths
equation 15 vald for the difusien of two excitons and

condmions that /D = B The valuss of & arc
known to be =10% 5" {Hervo et al, 1975} The aver-
age intermolecular distance between chlorephyll mol-
acules 15 of the order of 204 icakulated Fom the
data of Park and Biggns £1964) Irom which we est-
roate an m wee chlorophyll concentration of 1M
The valug af 20 A, thus represenls the smallest value
of the mtgrachion cadms B amg this value of 8
and the values of k and 7 given i Table |, we can
uttlize Eq 8 b infer values of the diffusien coefhownt
D Al room temperatuse ¥~ 5 2 107 %emP 57", gpv-
mg e 107 Tem*s™" and D 15 estimated 10 be
22 10" ermn® s~ [N alarger value of R, ¢g 304
(Rahman and Knox, 1973) 15 chosen, then the calcu-
lated value of [ tarns out to be =107 7cm? Thus
in. caleulatng O from 3, the lack of knowledge of
E sull permuts the caleutation of values of D within
a Deter of 2 Simee px 20, the eshimale of
0= 07 7am™ 757" represenis a lower bound

Al temperatures below 00K, y appears to be
lacger than at room tempeiatute Following the same
procedurs,  but  weing an averags  value of
¢ 107 %cm? 571 at these lower temperatures, yelds
D=4« 107 cm?s™!

The condition of vahdwy of Eq 8, namely
SOk 2 R, 18 weakly sansfied using \he values of D,
& and R gwen above Thus /Dfk s of the order
of 160-200 A, winle R 13 20 A An expression refaling
the diffesion coefficiemt D to ¢ withour making use
of this apprexumation, has been developed by Yokota
and Tanumota (1967} using a scattering length formal-
1sm, using thewr Eq 14, we find lor B = A, thar
D=7x10""cm?s™" I we adopt a value of
R =504 then D s 107 em® =" The use of differ-
eni theones relating D and ¢ wil] be discusesd iy mteis
deta! i a forthcoming publication

The average singler exaton diffuson length | s
given by

anmihulation within a sphere of influence R under the

{= /3D 0

Ulsing the above cited values of k and lower bound
values of D = 107 *cm? s, we obtarn !> 300A ar
room temperaturs, while § 3 400 A at the lower tem:
peratures This represents the approximale dimen-
uons of one photosyntheus unit consishing of 200300
molecubks However, sinee {focp™ "2, 2 value of
p = 05 suffices to yield a calcwlated diffusion length
of 800 A et room temperature Since p 13 Ukely to
be less than 2 it &5 probable that | 15 larger than 200 A
and that the singlet excuon 1n chloreplasts can range
over several pholosynibetic umits (see {or example
Fallour, 1976} in the temnperature range of 20-300 K

The connechion between Lhe nearest neighbor hop-
poog rale Foand whe diffusion coefficent B s conmple
cated by our lack of hnowledge of the degree of
coherencs (Pearlsiemn e af |, 1975, Knox, 1973) How-
ever, rom Lhe temperature dzpendence of 5 and the
simglet xcien Lfehmes (Hearvo et af . 1975), 3 change
1o £ a5 a function of temperature of less than 3%
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15 cakeulated, assuming R o be constant Thus, D can
be considered o be a constant as & funchion of tem-
peraturs within the expenmental sror This argues
agawnst phonon-scalnenng as the process himiting the
exciton mean free path sinee i that case, D would
Be sapecied to vary i proportien o T~ Ths
would wmnpty a factor af ~4 inerense in D as the tem-
Perature 15 lowered from 300 10 21 K Thus, the much
weaker expenmentaily observed vanatwon oy and
ihe values of D inferred thertltom, @ consstent with
an meoherzin exalon transler model Under these
conditions F = 0fR? Usgng B> 107 3em?s"! and
Rw A weabtam Fo 3= 10! (Fo 109!
1z obtaed f B = 50A 15 chosen) Pallobin (1976}
wnferred values of & which are about ten Limes larger
than thesc lower bound values [F p were equal to
€3, then the vadues of F caleulated would be consis-
tgnt with those of Paillotin

In the incoherznt excilon hmat, the lack of a strong
temperature varauen n 2, o within ~ 30, 1mpilies
that the transfer rate F oalso displays 3 similar lack
of strong temperature dependence The wansfer rate
F depemis on the strength of the electronw; Lransiions
myclved (donor and acceptot) and the local index
of refrachion of the medwm While these two par-
amelers are ot expected to vary sigmbcantly with
temperature, F also depends on the averlap intepral
between the donot Aucrescence and the acceplor
gbsocphon specira Thes overlap depends on the tem-
perature {Padlotin, 1973 Considenng the tempera-
ture dependence of F as given by Palloun, varations
m F are expecied m the low emperaturs range (below
JOK}, but not at the higher temperatures However,
this Telationshup was eslabliehed wilbzing values of
the displacement between the mauma of the abzorp-
Iron and Auorescence maxima {Stokes shifiy for
chlorephyll & m owre Owr resulis mnply that here
i oo ugnificant vanatgn of ths parameter at low
lemperatures, this may be due to a decrease i the
Stokes shift m oo

The transfer rate also depends on the mutual ohita-
1ation berween the lransiion dipole momems How-
ever, there 15 no evidence for temperature dependent
phase transitions or a sigmficant change in the gnien-
tation of bulk chloraphyl) enolecules (Carab and Pre-
ton, 1975}

Energy frovsfer patlinays and the ongm of the PS )
(T3 nm) flvorescence of fow emperainras

In the previous sections we have analyzed the fluor-
escence quenching curves aceneding to Eq 7 without
atlempting to differentiatz between P51 and P51

There are 2 number of reatons why the quenching
curves al these o wavelengehs are expected to b
diflerent, as indsed they are when ps {Geacmtoy and
Breton, 1977) rather than ps pulses are used lor exci-
labon

{1} The duteibubion of quanta among the twe pig-
menit syslems This quantiy was determined recently

by Kitanma and Buller (1573} They found that for
ciation below 680 nm, about 303 of the absorbed
quanta contrbule to the PS [ fluprescence at 733 nm
alt 77K, and ~ T contribute 1o the 6335 nm emis-
s1an

(2) The Suersscencs decay times of the 735 nm flu-
grescence at low temperatures 15 | 508 al 100 K ard
24ns at 3K (Mervo ef af, 1975) These lifatimes are
sigruficantly longer than (hose dewermined at 685 nm
(Table 1} All ouher paramewers beng the some, the
incréased hicumes of the excitons i prgment system i
shouwld entail more efficient sxciton anmibilation, arad
thus more prongunced gquenchusg n phatoaystem [
thzn 1n photosysiem 2

(31 The prgment composition 1n P11 s more het-
erogeneous than m PS [N excnon difiusion 15 restrie-
ted to chioraphyll @ molecules dnly (Peartitem, 1954)
and the chlorophyll b moleculss act as anturaps
{uphul energy transfer from chlorophyll a to chloro-
phyll b 12 mot allowed), then the difusion bme 10
the FS [ reaction ceaters may be longer m B5 11 than
n PS 1 (Swenberg er of, 19768b) Thas type of hetero-
genedty effect may also produce g lower p an the more
heterogencous PS I system than in PS §, thus predict-
mg a hugher Auorsscence quenchimg sfficioney i P51

None of these efiscls appear te be relevant 1 the
ps pulse quenching experniments in Fips 2-5 Cam-
ptllo et al {i%75a) have shown thal Huoiescence
quencimng al hagh pulse mtensiucs 15 accompanied
by a decrease o the obssrved Ruorescence dicay
trmes [F exgiton quenchang oceurs directly on the
leve]l of the twa pigment systems grang rise (o the
485 and 735 om emussion bands, then the Auorescencs
Lfeumes showld dectease at both wavelsongths as Lthe
intensity of the ps laser pulses 15 increased It 1s shown
elsewhere, however, that while such a decrease 5 n-
deed observed at 683 nm, the fuorescence hichme at
T35 nm 15 relabively msensibive to (he pulss intensty
{Ceacintov @t o, 1977 These results show thal the
sxciton anwmhilation does not pecer on the level of
the P51 pigment system which givés nise to the 7135
EMISSION

We thus opiciede that the ¢xciton-cxoiton annib-
lations cocur within the pigment system chamcierized
by the flusrescence emission al §33nm This 1 the
system gonsisang of the ight barvesting (LH) chloro-
phyll-protem complexes The Photasystiem [ paginen L3
which em fluorescenes at 7350m appear w be
present 1o such small concentra ions that they absorb
a peghgble poruon of the quania at 610w direculy
Instead energy 15 transferred by excions from the LH
pigments to these long-wavelength pgmeant [ommns,
with subsequent emission wr the 7Xnom speciral
regon Tn this manner the experimental els, namely
ke wepucal quenching curves a0 6835 and 735 nm can
be ratonabized This picturs 15 consistent with Butler
and Kewjma's (1974, 1975 inpartete Augtescence
model for chloroplasts ar low temperatares

1t shonld be pomited oul thatl the Wentical behavier
of P51 and PE 1L depucted m Figs 2-5 15 not tepro-

- eea————
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" mzcence oceurs at 805 am. When the light is fest .

Exciten dynamics in chloroplasts ] a1?
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Figure §. Tripartite moded of Auerzzcence of chigroplases at low Iemperatores after Butker and Kitajima

(197, 1975} consisting of chlorophy!l melecules in the light harvesting and Phatosysiems [ and [T

pigment sysiems. The approxirnate stnission maxima (in nm) are indicated and B, Py and Py, represent
prabakulitess of exciton ransker from ane pigment system to another.

duced under steady-siale excitation at reasonably low,
normal  intensity  levels. Thus, the  fuorescepce
changss which are observed in steady-state illumine-
tion ar 535 and at 735 nm are different, when for
example the PSTI reaclion ¢tnlérs are cloged. This
apparent discrepancy can be resolved by considering
the ongins of the variable Avorewcence in the pico-
seeond and in the steady-sbale eXperiments.

Whenr a steady stare light sowcce 5 switched on
and dark adapted chlocoplasts are illuminated, the
Buorescence increases with incressing illumunation
tim# and reachés a plateau after some Lime of the
otder of ong minate or s, This phenomenon is due
to the closing of Lhe teaction cemiers in P3 T which
Eives rise to an increase in the Auorescence quantum
yitld. Murata (19638} has stwudied the dependente on
soission wavelength of thiz variable Auorescenss, He
bas shown that the marimum inczease in the Auor-

turned on, the Ruorescence inténsity immediatel ¥ rises
ke 3 kewel Fy, then eventually tises o o level F,.
AUSISnm FfFo= 5, a0 685 it is ~ 3.3 and is only
~1.3 at 735 no. Thus, the amoun of vaciable Augr-
ezcence i3 lowest at 733 nm. The Augrescence of the
P51 pigmenls Ihemselves appears to be insentitive
to the stxte of the P00 reachon center (Butet and
Kitajima, 1974, 1975; Saitch ¢ af, 1976}, and the vati-
able flugrescence at 735 nm is amributed o spilover
of excitons from PSIL 1o PSI pigments {Murata,
1262; Kiwjima and Buter, 1%75)

A schemalic represeptalion of the pigment sysiems
aod the transler of excitons and the ermissicn of Auer-
esmence after Butler and Kitajirna is depicted in Fig
6. According w0 these authors energy ransler between
the light harvesting {antonna: LH) pigments and pig-
ment syskem I[ occurs readily in either direction, e

LH=2ps 1T {10)

However, the slightly smaller value of Fo/F,
observed a1 635 (han at 583 nm are only in part con-
sistent with this assumption. The probability of back
trangfer PST1— LH appenrs 1o be somewhat ess

than the lorward transfer LH — BS I, since there i
& lerger Auorescencs: enhancement at 69% than ar 685,
Furthermore, as Butler and Eilajima (1974} them-
selves have recognized, an exciton which has been
localized within the antennas of PS1 and s trans-
ferred back to the system, does not have the same
probability of ending up in P31 a5 an exciton created
initially in the LH system by 2 photon. The tao
energy transler pathways lor [at spillover (Eq. (1) and

{b) lor direct funnclling of excitation from LH o P81

{Eq. 12) are:
LH—2wpsh Ll B, ps1T (11
Espallcover)
ancd
LB —E . ps (1)

The averall probabilities for sxctons cveated o
ginally in the LH pigments and eventually anding up
in P31 do not apptar to be the sama.

[o o ps laser quenching experiments, £ven though
the reaction centees of PST1 are dosed, the relative
changes in the Augrescence yiekls are exactly the same
at 735 and at €85 nm. Thus unliks in Murata's and
Butler and Kitagima's Auocescence inductian experi-
ments, 4 changs in the Ruorescenoe yield al o83 mm
is paralkeled by the same relative change at 733 nm,
W therefore propose that in our quenching experi-
ek, the exeien annihilations oocur within the LH
piement complexes and that these annihilations som-
pete with energy transfers lram LH 1o the PRI and
PS[ pigment eystems dirsetly. The lack of a depen-
dence of the fluorascence lifelime on the picosecond
pulse intensity at 735 nm cerainty suppoces dhis state
renl for the LH — P51 case. A similar verification
of this slatement Fr the LH — PS ] caze is not poss
ihle, becanse the 625 nm PS 11 flugrescence is not sul-
beiently well resolved from the LH pigment fluop-
eseeroe at 685 nen. Thos, the sstence of PS ) as a
separale eatity frem the LH pigments (py == poy in
Fig. €1, and whether annihilation of exciwens akes
place on the level of these PSIL pigrents, cannot
be established (rom our experiments.
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In sumimary, cur ps expeniments essentiatly reflect
the energy transfer pathways summanzed by Eqs tl
and 17 az well a5 processes mvolving exetan toansfer
ltom LH to PSIT The Auorescence-hmnbng excion
annilulation processes 1abe place on the level of the
LH mgments, and the changes m the Ruorescence
yield at all emssion wavelengihs cefiect the processes
occurning 1 tht antenng prgment system In conerast,
m the steacdy-state, Ruorescence changes al the differ-
ent emissicn wavelengths refect the changs: which
occor in the PS I pgment system, m parpcular, the
chanpes m the 735 nm ntensity reflzct spilbover {Eq
11} Thus, our ps laser Auocescence quenchung sxpen-
ments are coosistent both with Butler and Kiajma's
tripartite Augrescence model of chloroplasts a1 low

temperatures, and the steady-siate Auerescence medue-
bion sapetirnents (Muorata, 198, Kitayuna and Butler,
1975)
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IHTRODUCT I
" In what follows an instiument is Qescribed which is capable of peasur-

ing picogram aercsol masses of a suspended particle 1o beatter than ﬂ.ﬁﬂ.an&
charge ststes (i.e,, number of clectronic charpes) with an.uncertainty of
less than 0.1, The gravitational mass is measured directly eliminating the
need Tor detailed information about tﬁe.shape ol the particles as would be
necessary for masses arrived at frdm sedinentation ﬁr light scatteriog measure-
ﬁﬂnts. | | |

The sensitivity and a¢¢ufacy of this method, cuuﬁleﬁ with a capability
of béing used in & variety of ambientatmaspherés,opena new areas for the
study of surface rgactions invelving small partiecles. For example, the
change in mass of 2 carbon particle in contact with highly oxiﬂizing gases,
can be stqé@ed; This may be relevant to the response of carboniferous parti-
culates in the upper reaches of the trgpoéphere.- As for the charge state .
of the particle, it recently has ﬁean shawn {Chan} thet increassed charge
has & significant effect on the deposition of aerosels in the larynx or
_*rachea fur particles smaller th;n Su in &iameter.E |
THREORY IN THE PRESENT WORK

Mass and cﬁarge are measured from a one electreon imbalance in a Milli-
.kan Chamber. With UV %ight of éufficiént enargy one electron can be ejected
Bt & tlme from a solid or liquid aerosoel. In a Milliﬁan'Chéﬁher ttaving a
across plates separated by a distance d the equilibriun

i
equatibn for a particle of mass m is

voltage ¥




mg - B =q % {1)

Where q is the charge of the particle, g is the gravitational acgelera-
tion ané@ B is the bucyant force.,

Ir only one electron is knocked off a particle of charge %y in promok-
ing it to & charge LT then the differential charge =+ e from squation (1)

is

b=

= - ™ 1 1
ie_qiﬂ“qi_m(l_;f)ga(‘i’iﬂ-:ﬂ-) (2)

vhere the <+ sign corresponds to a2 positive particle and the omimus sign to

a negatiye cne and pm. and p are the density of theo medium and particle
— B

respectively. Equation {2) may be solved for the mass of the asrosol with

- —— L& (3)

-3

the resulbt

Since pmfpp is <« 10 for most solids and liquids this ratio can reason-
ahly be set to zero for masses determined to 0.3% and the resultant equa-
tian is found to be exceedingly simple. One merely has to determine two

voltages in order to arrive at a particle mass. The charge state Ei {i.e.,

qi}'e] may be determined from eguations {1} and (2) with the resulis

v Y.
z = i = i+l {h-]

Vi~ Via




As one can sse the charge state Zi may be determined even 1f the veltage
iz poorly calibrated as long as fhe representation of the voltage is liuear.
An estimate of the relationship between the fractlional chznge in volt-
age for en electron step AV/V and the diameter of the esorresponding acrosol may
be ohtained by expresscing ihe mass in equation (3) [with pm;pp = 0] az a

ﬂensitytimesa.vuluma.z

3 b2 6e V

= n @ —_—T
D o E‘H( 1 A.) ™ (ﬁ) (s)
) P Yien Vi pAY
vhere o is the density of the particle, &V is [V, |, Vv is tne

average voltage and the eppproximation in going to the expression at the right
is that [(Eir‘-"iﬂH << V.. One can see from this expression that the Pracbional
change in levitabting veltage Is proporbtional to the wvoliazes and Inversely
proportional $o the cube of the particle dispeter. TFigure 1 shows & plot
of particle size versus levitating woltape for various fractionzl changes in
voltage dJue to 2 single electron emission. The separation between the plates
d is azsumed to be 1L em a2nd Py is talken to be 1 gmfcms.

The implsmentation of equations (3) and (k) require the observation
of the emission (or e,'bsﬁorptinn} of one electron at a time. In the follovwing
section wo will describe typical apparatus for deilecting these electron dif-

ferentials (the AMCED apparatus).
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AMCED APPARATUS

A one electron imbalance is difficult 1o detect by eye except in the
case of particle having just a Few charges. The servomschanism shown Iin
Fig. 2 may b= used to aulomaticzlly track the motion of o particle. Light
Irom A& He-He laser is introdueced through a fiat fransparent insuloted elec-
treode in the top piate of the chamber and scatters off the suspanded partiecls.
In crder to monitor the particle's position the scattered light is split and
paasured by two phatodectcrs.h’5 A l:l image of the particle Iz produced ak
the edge of the mirror in Fig. 2. With the particle more than half a dizmeter
(or diffraction liwited spot size, whichever is larger) above or helow center
virtually all of the scattered light will be reflected into the top or side
phototube, raspectively. Between these Ex;remefhnth phototobeas wil) be il-
Juminated. Since the ratio of currents from the two phototubes contaipns posi-
tion information which is independent of Iaser fluctualions, these lwo currents
are prﬂcessga by & log-ratic amplifier. The oubput of this amplifier is rough-
_ 1y proportional to the vertical displacemant X of the particle when X is
considerably less than the image size. The log-ratic cuiput providez an error
sipnal in a conv=ntional feedback systen which controls the voltage of the bot-
tom plate (see Fig. 2) so that the particle’s elevstion is practically constant.

The voltage at the bottom plate is monitored by & digital woltmeter and
a strip chart recorder. ' Poth of these units inteprate the owutput for 1 seec.

The wltraviolet excitaticn is provided by a 2008 deuterium lamp fol-
lowed by & monochromator and appropriate optics. With this source photon
energies up te T =¥ are available.

The Millikan plates are enclosed within & chamber which can be evacu-
ated and backfiﬂﬂed with a desired gas. In the present work nitrogen gas was

used at 5TP.




In order to draw o particle into the laser beam the franspareat insu-
lated elcctrode is switched to a ﬁubential VS (e.g., for a positively
charged particle the elestrode would have a nepative potential}.ﬁ Since this
sction ereates a non-uniform field, measurements are only made afbter the
electrode is brought back to the motential of the top plate {i.e., when the
field iz uniform}.

The UV intensity mast be reduced 50 that omly one electron is ejected
within the time constant of the electronics. This means that the average

frequeancy of photoelectron events f times the response time of the system

ts thould be considerably less than 1.

ft_ << ) {6)

In the present work, although the bandwidih of the servosysltem is v 1 kHz,
the limiting time constant iz that of the neasuring electronics, 1 see.
Although the system can be made a great deal faster, for the present appli-
cation increased speed is not necessery.

In the present experiments powders of polycyeclic aromatic hydrocar-
pons were injected into the chamber from a conical reservoir in the top
plate. Injection was srcomplished by pushing the periicles through z small

hole with 2 thin wire {.006"},




-

RESULTS
- Typical results of an ExpEr;mEnt on & negative p;rticle are shown in
Fﬁg; 3. In this example & scgment of tipe is.l sec. As one can sez, the -
valtage increasés discontinrucusly as electrons are emitted. Fifteen seconds
after the UV lipht is turned on tha first avent oecurs within 1 see pro-
ducing a pla£eau which remains for the next six seconds. Thé.emissicn vhich
hegins_at about 22 seconds iz followed by an adjacent emission culminsting in I

a plateaw ot 25 seconds. The third plsteau =2lso represents an additicnal emis-

sign of two édjacent electrons, while the fifth and sixth plateaus are single

electron events,

Figure k ig n plot of tha inverse plateau vultaées (?ilil in Fig. 3
versus the number of electrons He emitted. Since {?i}_l ig pfapurticnal
to the charge on the particle from equation (1), the linearity displayed by
Fig. 3 is ;;“expéﬁtéd. A reduced 'xE it to the data giveﬁ'a slope of
-5,165 x 10_5 (?ults}_l per electron emitted with a standard.déviatinn of
+0.030 x 10-6 (?Dlts}-l. Uﬁing this slope and a plate separaticn of 1 cm,
tbe mass of the particla turns cut to be 316.1 + 1.8 pgﬁ.. Tiris slope of the
inverse voltage curve in Fig. b may also be used fﬂ determine the charpe
states carrespﬁnﬂing to thé variovus plateans. These computed charge stnts
ares given in parentheaié at each point in Fig. h.

A diamster of 'an equivalent sphere may be calculated frOmlequation (5}.
Using the density of tetracene of 1.30 gmfcmS,_the equivalent apherical dias-
reter is found to be 7-Th + .01 . - Stokes drag peasurcments gave ‘an average
sedimentetion weloecity of ~ 2 mmfsee. ThiE_translates intﬂ - | aphatical dia-

neter of 8.2p for sedimentation in nitrogen. Since our tost particle iz not

spherical, the comparison of the diemeters derived from elcetron differentiuls

‘and from sedimentation can be considere=d “o be in pgeod egreement.
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Mthough the wncertainty in the charge ;t&t?;fﬂf fﬁe exzmple given in
Fig. 3 is # 0.8, this uncertainty can ha ;eﬂutéd Enﬁ;iﬁarahly by zcoumulat-
ing wore data (i.e., messuring core pholosnission steps). In addition, as
the amount of ch;rge iz reduced and the sice of the steps increased, the
corresponding uncertainties in wass and charge state are reduced. With
~ 20 chargss on a particle we have found that the uncertainty in the charge
S5tate can easily be reduced to * 0.1. Other organic microcrystals with
masses lasg than a picogram have also been susnended witlhh their nasses deter-
mined to better than 0.5%%.

DIBCUSSION

Although single-electron emission by photoionization provides a con-
venient way of using the AMCED technigue, photoionization at energies > T =V
requires the difficulty of using vacuum U.V. technology. This problem can be
overcome by sllowing the partiecle to scavenge electrons vwhich are photo-
emitted from a relatively low work function surfaece. For example, one can
emit alectrons from an area of one of the Millikan wlates just above or be-
low the particle (3.e., the cholce depends on whether the particle is posi-
tive or pegative; top plate for a pozitive perticle and bottom plate for a
negative onel.

Compared with sedimentetion and light scattering determinatlons of
partiele mass, each ol which requires a number of inputs {e.x., particle
ehape, viseosity and partiele density) in addition to the measured guantities,
the electron differential method (AMCED} is intrinsically simple. One only
has to mezasure two voltages in order %o arrive at the mass and charpe state.

O course, all of the work thus far has been dene on a single particle al-

though the application to a gtean of particize should be possible.




Anather application of the apparatus in Fig. 2 is in the areua of photo-
electron spectroscopy. With the ability to measure the rate of loss of
elecirons at a partiecular photon ensrzy one can measure photosleciron exel-

tation spectrae of solid and liguid pariicles. These msasurements should

| lead to basie ionization constants. Future publications will deal with this

application of the AMCED instrument.
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Fig.

Fig.

Fig.

Fig.

Particle size wversus levitebing voltege for various fracbionszl
changes in voltage AV dus Lo an electron differsniial im cherge.

-

The AMCED apparatus.

A lypical segment of voltage versus ftime data for o tebracene
Ricrocrysbal in the ANCED apparatus.

Reciprocal woltage wversus number of eleectrons lost Tor the data
Ziven in Pig., 3. The charge states (i.e., number of electron
charges) corresponding to each point are econtaipned in parenthesis.
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ABSTRACT ~

Covalent éamplates betwaen 7,B-diol 9,10 epoxide benzo(a)pyrene
(BFDE} and DNA with a modification of one BPDE molecule per 1000 DHA bases were
prepared in vitre. The same sterecselective and chemically homogensoys binding
of BPFDE to native DHA was observed, as reported earlier for huan snd bronchial
explants. The fluorescence of the pyrepne-like aromatic moeity of BPDE bound to
DHA io vitro was used as a probe of the microenvirooment of the BPDE molecule in
order to obtaln information about the structure of the BPDE=DHA complex dissclved
in aguecus soluticn. Flucoreszcence techniques, based on the gquenching of the sing-
let excited stotes by metal icns such as Ag+, by iodide ions, and by moleculsar
oxygen are deseribed, whick provide a method for differentiating between external
and internal (intercalatien) binding of polyeyelic arcmatie moleeules to DHA.
Silver ions, which bind to DEA by intercaleiion, exhibit a strong quenching effect
on mon-covalently bound, intercalated benzol{alpyrense: on the other hapd, there is
oo quenching effect on the Mucrescence of BEPDE in the covalent DNA adduct. Cuench-
ers such &s GE apd l¢dide ions, which do pot specifically bind to DHA apd are dis-
sclved in the solution exterpal to the OFA molecule, exhibit a quenching effect
on the BFDE chromophore. Furthermore, the fluorescence yield of the BPFDE-DHA com-
plex decresses with inereasiong DHA concentration, an effect which is pot observed
with non-covalently bound intercalated banze{sa)}pyrene-DHA complexes, and which is
attributed to intermoleculsr DNA-DMA interactions. The results of these studies
indicate that the pyrene-like chromophore in the covalent BPDE-DNA complex is not
irntercalated between the bhase pairs, snd that it is located in an aceessible re-

gion exterpal to the DHNA helix. Possible structures are discussed.
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“INTRODUCTION

The study of the interaction of varietus polycyclic arometic hydro-
earbons (PAH) with DNA has been an arsa of active research in the fie%d of chami-
eal carcinogenesiz. 1t was found that PAH molecules, which are in gensral very
insoluble in &squeous selutions [lD'T—lﬂ'g H},l are readily selubilized by aguesus

2 3,k

purine and INA soluticns. It was demonstrated that the size of the polycyclie

‘hydroeerbon 1g an importaat criterion for the type and degree of physicel binding

to DHA.5

However, there is no correlaticon between the ability of a PAH to physi-
cally bind to DRA and its carcincgenié potency.s The physical complexes formed
between the PAH and DEA 4o however provide model systems for investigationg the
physicochemical properties of arcmatic meolecules bound to DNA. We have previous-
ly reparted the singlet and triplet axcited stete properties of henzo(alpyrens

physically bound to DNAT (RP-DNA). The results of these atudies were consistent

" with the intercelatisa model of binding of EF to IHA. In the intarcaletion model

the hydrocarbon molecules are sandwiched between adjacent base pairs of the DNA
helix., Evidence for the intercalation mechspizm iz provided brE%ther ezpe;iment-
al techniques includivg flow induced fluorescence polariaatiun,a flow induced
lineaxr dichrnism9 and electrically ioduced lirear dichroism;ﬂ studies..

There is increasing cvidence thaé the covslent binding of chemiczl
carcinogens to cellular macromoleculss, and in partienlar to pusleje acids, ap=
pears to be a prerequisite for their carcinogenic uction.ll Most carcinogens,
including PAH molecules, requirs metabolic activetion before covalent binding
takes place. Recent studies indicste that the most reactive ;etabalite of the
potent s;nd ubiquitous carcinogen BP is the 7,8 dihydrodiol 9,10 oxide of EP
EEPDEJ.IE Several studies indicate thei this derivetive ia the major metsbolite
responsible for the in vive binding of BF to nucleic acids in rodEnt,12 bovine

13,1k,15

and buman cells. BFHE hastwo stereoisomeric conformations each having




two enantiomeric fcrrruf:.lls In isomer I (78, 8a - dilydroxy - 9a, 0o gpoxqu
1,89, lﬁ tetrahydro EPi the T hydruxyl and the-g,ln cxide grnups a?elﬁn upi.
posite sides of the plane rﬂrmgd by the aramatic ring system and ia isomer II
(T8, Gz = :l:.]:l,;r:lru:qr - 98, 108 epux:,r -7,8 9,1rJ tetra.h;rdro BP} the lwdronrl and
oxide groups are on the same side of the plane. In human snd brogchial eﬁplants;
- BP besomes bound to DNA esseniiﬁlly aa a'single component . 13 Evidence has heen
ﬁresenté& thﬁt this oe:urﬁ wainly vis a specific iscmer of;BPDE, tke TR, 85, 9R,
10R enaﬁﬁiomer of iscwer I (TR BPDE I), resultiné io the tranz a&dition af the
lﬂ pasitiun of the hy&rﬂcarbun to the 2 am;no group af guan1ne.13 _
Although the exact pﬂsition of covalent binding of BP:tn DhA is knuwn,
. ;ittle inrbrmation is availsble =23 to the physical structure snd the microsnviro=-
ment of the corcinogenic mojety when it is cuvalentl& attachad to DHA._ To ayamine
this aszpect of the problem we have preparsd an.apprnpriate igliigigtmadel systam
'vﬁich nimics tﬁe in vivo system cla;ely-and provides Jargsr quantities of modified
: DRA which ere necessary for thils speciroscopls investigatinn.. We have mﬁdi{iéd
native calfl fhymu; DNA in wvitre with racemiec BPDE I under th% conditicn where
0.1 1o O:Tﬁ of tae bases were modified. The bdse specificity of the binding to
BFDE was determiped by enzymatic hydrolysis of the DHA and high presaﬁrglliquid
chrnmatag%aphic'{HPLE] sepaiation'or the modified ﬂeaxynucléotiﬂes. Etriking
stereospeclricity wes cbhzerved, ooly one adduct was detected the ssme TR BPFDE -
guancsine adduct whihh is rnrmed in DNA of human and bovine bronchial explants
exposed to BP 13 is algzo found in the in vitrn reaction.
The covalently bound EP retains a pyrene—like arcmatic ehramaphure,lT 18
' whicﬁ haz a relatively long excited singlset state fluorescence lifetine; this
- property rendesrs the fluoresce:me a sensitive and convenient probe for the micro-

- enviromment of the pyrene-like chrumophore of BP bnund covalently to DNA. The

basic appruach that was utilized in this study is Dutlined in Fig. 1. We have




amployed cations and‘anians and neutral molecules to quench the singlet excited
- state of the boqu bydrocarbon. ;f the rromatic molecule i= intercalated be-
tween the bese pairs and iz thus located inside the DNA helix, it will be lass
accessible to guenchers that canpnot readily penstrate iote the double helix
(Fig. 14), but will exhibit guenching by Ag' and Hg'@ (Fig. 1D). These ions
alsc bind to DHA by an intercalation mechanism. On the other hend, if the
chromophore is located on the outside of the helix, the reverse will be true,
nemely external quenchers will show large gquenching affects (Fig. 1B), while -
metel ions bound to the DHA beses will show little or n& affect (Fig- 1C}. We
thow in thiz report that it 1s also possible for DMA itself to exhibit inter-
molecular quenching of the bydrocarbon fluorescence.

We have used the fluorescence properties of the hydrocarbon az a
prode of its microenvirooment when bound t¢ THA and provide evidence that the
aromatic moiety of the bound BP 15 located outside of the DNA helix. This

_result is cﬂnsiétent with the conclusions dravn from electiric linear dichroism

resplts which are deseribed in the accompanying 1:n:|L.pu=zr-.‘mi

EXPERIMEWTAL SECTION
Materisls
Calf thymus DNA was purchased from Worthington Chemicals and was
used without further purificaticon. The hyperchromicity of the DHA solutlons

was ~ LO¥, Crystalline 7,B dicl 9,10 epoxy benzoe{a)pyrens and 7,8,9,10 beaozela)-

prrene tetrol were generous gifts of Dr. R.G. Harvey. [SH] BPDE I {specific~

activity EEﬁu cih mole) was provided by Dr. H.¥. Gelboin, N.C.I. BEDE I -

guancsine markers, characterized for sterecspecificity, were kindly provided

13

by Dr.Griesktowiak. K1, AgH03 and HgCt, were reagent grade and were used

2
wvithout further porification. b-amino-2,2,6,6 tetramethyl piperidinooxy was

purchased from Aldrich.




Methods .
We have lnvestigated the concentration and time dependence of the
govalent binding of BPDE I at a fixed concentration of DNA. The reaction

-

of a racamic mixture of BFDE I and the separation of {the unreacted BPOE deriva-

tives were oeprried cut ags previously dzscribedJlg

Solutions contained 0.05M
sodfum cacodylste buffer (pH = T.1), 5% ethanol and 10 Ango units per mi of
native calf thymus DNA and various ;mnunts of BPDE I. A racemic mixture of [3H]
BFDE I was used to establish the low =xient of in vitro binding for the concen-
tration and {ime dependence studies. The radicective hydrocarbon was dissolved
in absolute ethanol and aliguots were added to the DNA solutions to give a fimal

L L 4

M, 2.7 x 100 M, 4.1 x 10 i

hydrocarbon concentration of 1.hk x 107 Mand 5.5 x 10 M.
The covalent binding was linearly dependent on the concentration of BEFDE used,
with the extent of binding relative to the momomucleotides of 0.15%, 0.33%, 0.50%
and 0.70%, respectively. The incubation time of the reaction was 15 minutes at
37°C; longer incubation times did nmot result in higher modification. After estab-
lighing the reaction conditions, nonradicactive BEFDE I was used and the amount of

BFDE hound was calenlated by its {V absorption ¢haractériati¢$lg

ind the resiits
obtained were in good sgreement with the radicactivity studies.

The in witro modified DNA was enzymatically hydrolyzed following the
general procedure previously described.zﬂ The modified decxymuclectides isclated
by Sephadex LI 20 cﬁramatography were co-chrometographed on a high preésure liguid
chromatograph (HPLC) with various UV markers praviously cheracterized by circular
dichroistla The HFLC separaticnlwas carried out on a Zorbsax ODS column (2.1 mm

I.D.) at Eﬂﬂﬂ and 2500 psi. The sazmples were sluted with & linear gradient of

25 to 80% methanc) in water.




All sbsorption measurements were made on a Cary Model il recordicg
spectrophotoneter and all fluorescence measuremsnts %ere_pgde on a Parkin Elmer
Hitachi MPF-24 Cluorimeter. Fluorescence decay profiles were measursd by the
gingle photon counting technique. The apparatus used for thez: measurements
is describad elsewhere:r For the flusrescences lifetime measurements a 310
ioterference filter and a 7-60 Corpning filter were used %o select the excita-
tion wavelengths while two 3-Th, a 5-61 and a 0-52 Corning filt;rs vere used to
select the fluorescence emission. Even with this filter combination there is some
scattered light apparent in the decay profila. A DWA blank of the appropriate
concentraticn was placed in the photon ecunting apparatus for the same amount
of time as the modified sample, and these background counts were subtractei from
the rcoumulated &ecayﬁal

A11 fluorescance measurements were made in square 1 em path length
guartz fluoreszcence cuvett;s. When it wms necessary to remove dissolved oxygen,
the cuvetie was fitted with a rubber septum and bubbled with oxysen-free nitre-
gen gas (purchased frow the Linde Division of Union Carbide) for at least fifteen
minutes. When dolng quenching experiments, concentrated salt solutions were
added to the cuvette with & Hamilton syringe and rebubbled for at least fiv.a
minutes prior to making the measursments.

Relative fluorescence yields were neasured by matching-ﬁhﬂ optical
denzity of the BFDE-DNA adducst to that of the free tetrol at 348 nm, then mes-
suring the steady-state fluorescence at a number of different excitation end
emizsion wavelengths and aversgiog the results. For absorption measurements
at 345 om containing DA, the sppropriate concentration of unmodified DNA was
used in the reference cobpartment of the absorption spectrophotometer in order
to ensure that the absorbance at 345 nm was due to the BPDE-DNA adduct and not

to the DNA asbsorption itself. Beer's Law was checked for the BPDE-DEA adduct



in the optical density raonge 0.1-0.025 to ensyre that there wa= no chasge in
the extinction ceefficient of the bound chromephore as a result of the dilu-
tien of the complexes, The semples with reported optical densities lower than

0.02%5, wera prepared by appropriate dilution of a more concentrated sample.

BESULTS

The In Vitre Model System

Since the apount of adduct formed in animal systems and in cell cul-
ture systems is very small, 1 PAH per 1ﬂh—1D5 ncleotides, it is necessary to
$ind a2 corresponding in vitre model %o provide larger gquantities for physical
stydies. Taking into consideration four possible DNA bases and four possible
iszomeric forms of BPDE we have anticipated 2 considerable degree of compledity
in BPDE binding to DNA. Therefore we confined our studies to isomer I of 3FDE.

Figure 2 represents the HPLC profile obtazined when & 0.1% modified
[*E] BPDE-DNA gemple was digested and co-chromatographed with the UV marker
BFDE-guanosine adduet whose gstructure and stereochemistry have been previously
elmidated.u In this model ?nmpeund the Z-amino group of zuanine attacks p;:ns:i.-
tion 10 of the TR enantiomer of BPDE I via trans opening of the apoxide (7R
BPTE I-guancsine) and its structure is presented on the top of Fig. 2. As can be
seen in Fig. 2, following enzymatic digestion of the [3H] BPDE I-DNA sample, tha
medified deoxynucleotides elute from the HPLC eszentially sz = single component
with the same retention time as the TR BPIE I-guzipsine marker. It is cbserved
that usipng the racemic mixture of [EH] BFDE I, only on= optical enanticmer is
boupd to native DNA. ©On the other hand, when RHA is modified under the same re-
action conditions, the HPLC profile of modified nucleozides reveals four distinct
radiocsctive peaks, and several minor coumponents (¥. Ivanovic, uppuplighed studies).

The predominance of one snantiomer bound using the racamic mixture of BFDE I sug-

gests that the in vitrc reaction with native DNA is characterized by a considerable




dagrae of ateresspecificity end base specificity. The double stranded property
of native DHA may centribute to the selectivity of its modification. The same
type of APLC profile extends to the higher medifications (up to 1%, not pre-
sented herel.

Figure 2 demonstrates that the in vitro model system selectad for the

physical atudies mimies closely the in vivo situatian%a

It rlso provides avidence
that the in vitro binding ﬁo rative DNA is cheﬁically homogeneous, which is as-
sential fer further physicochemical and conformational studies,

Spectre

Figure 3 shows the excitation and emission spectre of the BPDE-DHA ed-
duct, The adduct has ebsorption and corresponding excitation maxima at 330 and
345 om. The cbscrption spectre of the BP-tetrol and the dicl epoxide dissolved
in water bhave maximz at 327 and 343 nm while the flucrescence occurs at 380 and
400 nm.

When polyeyelie aromatie hydrocarbons physieally bind to DHA {via the
intercalation mechanism), there is a larger red shift {v 10 nm) in the ahsorption
and fluarescencs spectre of the hound hydrocerbon. This bathochromiec shift can
be deserihed g5 arising from ap inerease in the molecwlar polarizability of the
excited atate, which is responsible for the fact that the stabilization of the
stacked hydrocarbon by dispersive interacticns with base peirs becomes stronger
in the excited Etatcs?e In the case of the BPDE-INA adduct there is a compara-
tively smell red shift (2-3 nm) ir the absorption spectrum of the bound hydrocar-
bon.

Fluoregeence Decay Profile and Oxygen GQuenching

Figure hA shows the time dependence of the fluorescence emission of the
BPDE-DNA adduct in the presence and ebsence of oxygen. The first important fea-

ture of the decay is that it is strikingly nonexponentisl. Sinece, chemically,




Ehere iz opoly oome type of covalent complex formed using the present reaction
copditions, the epparept heterogeneity must arise from physically different
micrcenvironments of the bound chromophore. The most likely cause of these dif-
Terences iz discussed in the section below.

The effect of molecular oxygen on the flucrescence decay curve is also
shown in Fig. bA. It can be seen that the long component of the decay 1s quenchad
in the presence of oxygen. Typical values for the long component of the detay
gre 330 + 10 ps ic alr saturated solutiopns and 200 * 10 ns in oxygen free sqlu-
tions. These lifetimes are, within experimental arror, the zama as those of the
dicl epoxide or the tetrol dissolved in agueous solutions without DHA. I the
MHfetimes of the long component are substituted into the familiar Stern-Volmer

equation

.31 +riq] (1)

T T
0

vhere 1 is the lifetime in the presence of quencher of concentration @ and
1, iz the lifetime in the absence of quencher, the bimclecular gquenching con-
stant X can be caleculated. K is proportionsal to the encounter frequency be-
tween the chromophore snd the quencher, and thus K reflects the relative ac-
cessibility of the chromophore to the quenching molecule. It has been shown
that wvhen ethidium bPromide is intercalated in native DNA the oxygen quenching
constant for the bound dye {8 2 1730 that of the free dye.ga Similarly, +the
quenching of the triplet excited states of benzo(a)pyrens physically bound {imter-
calated] to DNA is also reduced by a facter of &~ 20 az compared to the guench-
ing of arpmatic hydrogarben triplet excited states in free solution without
DHA.T Theze results indicate that the accessibility io oxyeen 1s reduced upom

intercalation of PAH molecules ioto DNA., Using equation (1) and a concentration



of oxygen of 2.76 x 1ﬂ'h M for an sir-saturated selution, the oxyszen quenching
econstant for the long iifetime-component of the BPDE-DHNA adduct iz 5.2 2 .T x 1n9
Brl s-l. This i5 the same guenching constant that is measured for either the
free tetrol or the diol epoxide (9.9 £ 0.9 x 105 Mrl s‘l}, and which corresponds
approximately to the diffusion controlled limit. There is no discarnable changs in
the lifetime of the short componept of the BFIE-DNA adduet in the pressnce of
smbient oxygen- On the basis of squatien (1) this ig to be expected since this
lifetime iz ghort and the quencher conecentration is relatively low.

The oxygen guenching resuits therefora shov that the long compenent of
the BFLDE-DNA adduct is fotally accessible ic melecular oxygen and is not shielded
by the double helix, This iodicates thet the chromoptiore corresponding to the

long component is not intercalated between the base palrs; however, oo informe-

ticp can be gained about the neture of the ihort component from the ocxygen guench-

- ipg rasuilts.

Factors Affecting the Fluorescence Yield . -

The heterogensity of the fluorescence decay of the BFDE-DNA adduct
makes qualitative and quantitative spmalysis of fluorescence data more complex
than if there were ouly a sing%; fluorescence emitting site, If it is assumed
that there are only two emitting sites, the lifetime data can be fit £ the

equation

-t/

. ey =Tod X, e T4+ If) X, e  ° (2)

whera I{t) is the fluorescence inteﬁsity at time ¢, I{o) is the fluorescence
intensity &t time zerao, xl and KE gre the fracticns of hinding sites radiat=-
ing with lifetimes 1, and T, respectively (xl *X, = 1), When measuring
fluorescence decays by the single photon counting technique, the displayed

fluorescence profile is cotiposed of the convolution of the lamp excitation
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funetion with the fluorescence of the sample. When the fluorescence lifetime

of the system under study is compersble to the lifetime of the excitetion flash,
eonputer analyzis of the experlpmentelly determined decay profile iz necessary Lo
determine the correct fluoreseence lifetimes. Using our mpparatus, it was deter-
mingd that fluorescence lifetines lenger than 7 nanoseconds do not have to be
treated by convolution techniquga.ah The data shown in the lower curve of

Fig. 44 can be fit to the equation

=

{EJ = 0.75 E—tfﬂ.a B, .05 -F;lEE ns
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From this analysis there are three times more EF molenules radisting with a
ghort lifetime as compared to the long lived campanént at this concentration
ol DHA. The ratieo of short component to long component varied frowm preparatica
to preparation and it was therefore ascessary to examine the underlying causes
of this veristion. B

Since, chemically, there is only one covalept binding site of the disl
epoxide to DHA under the present reaction conditions, the existence of a non~
exponential flucrescence decay implies that a fractlon of the hound chromophore
is being strongly guenched and that these molerules are in & physically different
environment then those molecules radiating with a long lifetime. Sinece it is

T the shortened

krown that DNA guenches the 1lucrescence of physically bound BPF,
flucresecence lifetime is thus probably also dus to an intermolecuiar
interaction between the aromatic hydrocarbon and the DHA. It is impeortant 4o
note that the lifetime of the long component of the BPDE-DHA complex is the
same as thet of BPLGE free in aqueous solution., This finding indicates that
those molecules radiating with the long lifatime are not perturbed by the

presence of DNA.




It is important to determine the relative fluorzscence yield of bound
chromophores in this type of astudy Po d&&ermine if there i= any appreciable
fraction ef bound molecules which decay to the ground state nonradiatively
{static quenching). If there is an mppreciable amount of static quenching
taking place, then the resnlts of any fluorascencs measurements are pertinent
only to that group of molecules which are capable of decaying by fluoreszcence.
In zuchk cases it is not possible to obtaln information about the subgroup of
molecules that are statiecally quenched, i.e. which decay by nonradiative path-
ways.

25 when the guencher 15 located within an ac-

Static gquenching oceurs
tive sphere surrounding the potentially fluorescence—emitting molecules, and
when quenching of the sxcited state ccecurs bhefore it bas any finite probebility
to decay rediascively. FExperimentally this phenomenon manifests itselfl by a de-
crease in the steady-state luminescence yield, while po change in lifetime of the
fluoregcance emitting group nf melecnles iz obasrved. To determine if there is
any stetie quenching taking placae, it was necegsary to compsre the fluoreseencs
quanttm yield of the BFDE-DNA complex in s¢lution to that of free BFDE dis-
zolved in agueosvs soluticn in the absence of DHA.

In all comparisons, EP-tetrol was used instead of the diol epoxide.
Ti:is was done because of the relative instability of the dicl epoxide. The
relative guantum yield and sizglet lifetine of equimolar solutions of the BFDE
and of the BP-tetrol dAissolved in water were determiped to be the same, there=
fore it is permizsible to compare the fluorescence characteristics of the BP=
tetrel to that of the BFDE-DHA adduet.

The determination of the sxtent of static quenching was performed
as previcusly shﬂwn,T by measuring the steady-state guantum yield of the beund

BFDE-DRA adduct | ] relative to the guantum yield of the EP-tetrol in water
A

[QHEG] and Wy using eguation (3)
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vhere 11, Tl’ KE and TE wvere previously defined and THEﬂ is the lifetims
of the free BP-ietrol In weter. The I I{Dé then gives fthe fraction of mole-
H.C

T Inring the course of these studies

cules bound st flucrescence emitting sitgs.
it was discovered that DNA itself had sn effect on the fluorescence yisld of
BPFDE &nd ithat this effect varied with concentration of DWA. It was therefore
neceasary to invesfigate this effect guantitatively. This vas accomplished by
diluting & given EPFDE-DNA gample with buffer, and by measyring the gffect of this
dilution on the fluorescence yield sod lifetime of BFDET.

The effect of dilution on the flucrescence decay profiles is shown
in Fig. BB. The results for a 0.1% modified sample (upper curve} and the same
sample diluted tenfold with buffsr (lower curve] are shown. A= can be sesn in
this figure the fraction of the long component of the decay inereases upon dilu-
tion of the sample, i.e. as the effective DNA concentration is decreased. Table T
summarizes the rssultis of the quantum yield messurements of BPDE-DNA complexes
relative to that of the free BP-tetrol, and the effact of dilution on the flu-
erespence pharacteristics of the BFDE-DNA edduct. As can be seen from Taeble I
and Pig. LB the effect of dilution on the decay charecteristics of the EPDE-
DHA complex is to decrease the amount of the short component of the decay
curve and alse to increase the overall guantum yield of the bound EPDE-DHA as
the concentration of DA is decreased. The data fn Table I also show that at

the highest concentraticn of DNA up to 18% of all molecules are quenched stati-

cally. However, the extent of static quenching becomes negligible as the sample
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iz diluted. Sinece the flucrescence lifetime and absclute quantum yield of a
golution of fluorescence emitting molecules zhould not change as a function

of BPDE molecules 'in this concentraticn renge, thiz implies that the quenching
that is observed is due to the DNA in solution. The results of this dilution
experiment show that DNA is invelved in gquenching of the bound BPDE. In order
to verify that the guenching by DHA is due to an {ntermolecilar mechanism, the
fluorescence charactaristics of a 0.5% modified samplevere measuresd, then un-
medified DRA was added to the solubion end the fluorescence characteristics
were remeasured. The results sre shown in Table IT apd Fig. LC. Tablie I1 shows
thet a3 unmodified DNA is added to the solution the steady-state yield of the flu-
urescence decreases. Figure 4 shows the fluorescence decay of the same ssample

at 1.28 A (upper curve) and at 8.60 AEGDImE (lower curve). It

260/me
is clear that the fraction of the long component decreases as LHA is added, and
this long component appears to be converted to the short component. This shows
indeed that there i=s an intermolecular DNA interaction which £ahes place that
quenches the flusrescence aof the BEPDE-DHA adduct. It is elso poted that the
lifetime of the leng component is unchanged upon the addition of unmodiried DHA.
This quenchiog is atypical since the guenchingz of the long component iz not statie
gnd it is not completely dynamic. If the quenching were static, the lifetime
weuwld not change but there would be less initial intensity. I the quenching

wiaz completely dynamic there would be cnly one messured liretime. Since DHA

in sclution undergoes random collisions which may be "sticky" {long lived on

the timescale of the fluorescence lifetime, i.e. 2 200 ns}, there are probably
sites of intermolecular DHA=DHA contact at any particular instant of time. At
any given DA concentration there will be & distribution of quenched sitesz, the

fraction of vhich will inerease as the DRA concentration increases due to the

increased rate of collisions between cegments of two differant DNA molescules.
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The effect of DNA on the flucrescence of a physically bound BP-DHA
complex was also imvestigated. The result of this experiment {not shown here}
wes that the addition of DHA to a solution containing the physical benzola)e
pyrene-DNA complax d4id not lead to any quenching of the flucrescence of the
intercalated benzo(z)pyrene molecules. This rasult egein shows that there is
& difference in the behavior of int?rcalated PAH molecules arnd the ETDE-DHA
¢omplex; when the aromatlic molecule is intercalated within the DNA helix there
iz oo effect of additicnal DHA on the luminescence. However, if the fluores-
cence emitting molecule is located exterpal to the helix, the quenching ability
of DHA and intermolecular DHA interactions are stroog eodugh to sigoificantly
alter the fluvrescence characteristics of the hydrocerbon molecule. In fact
this Finding can e used to differentiate between an externally bound hydrocars
bon and an interealated one, and it also can be uszed az a probe of DHA-DHA
interactions in solution. If the fiuorescence yield in Table II is normalized
to 100% at zero DNA councentration and the resultant quantum yields
are plottsd ms FEIF, where FG iz the flugrescence intensity of BEFDE in the
absence of DHA, and F is the flusrescence intensity in the presence of & given
concentration of DNA, versus DNA concentration {another form of the Stern-Volmer

Q H_l

Law}, a bimolecular quenching constant of 2 x 101 s’l is caleulated from
the initial portion of the curve for the quenching of BPDE by DNA. Since this
value i1s higher than the diffusicn controlled limit, It is alsc indicative of ioter=

molecular DHA-PHA interactions in aolution.

QUENCHING OF THE FLUORESCENGE OF THE BFDE-DNA ADDUCT BY IODIDE IONS

Iodide ions have previously been used to study the interaction of
aromatic dyes with DNA by quenching of the dye fluarescence?ﬁ Iodide ione can-
oot penetrate easily into the DHA helix. It waz shown that the himolecular

auenchiing ¢onstant was v 5ix times lower for quinacrine Iintercalated vithin
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DHA ms comparsd to the guenching constant in free solution. This lower quenche-
ing constant was ipterpreted as being due to the reduced accessibility of the
dye molecule to the guencher asz a result of being intercalsted in the 11«1*:'1.."1.::1.?6

We have used lodide ions as quenchers of the fluorescence to study the
gocessibility of the BPPDE-DHA adduct and the results eres shown in Fig. 5. In this
Stern-Yolmer graph we have plotted both the stesdy-state {FDRF) apnd the life-
time (r_/7) versus iodide ion concentration, [I7). It is evident that the
fluorescence in the agueous tetrol solution iz quenched dymamically zince both
FBIF and TﬂfT ere linear functions of the quencher concentration. The marked
non=linearity of the FGIF ourve for a BEDE-TRA (0.03% modification) sample iz
also shown. This is due to the large frection of sites exhibiting the short de-
¢ay time in this complex. On the other hand, the TQIT Versus I-T plot for tha
long cemponent of the fluorescence of the same EFDE-DNA ¢omplex 1s linesl, and
thus follows the Stern-Yolmer relationshlip; the bimoleculsr quenching copstant
obtained from this latter deta is the same (1.h x 107 Wt 5'1] as that of the
fres tetrol in selution in the absence of DHA.

As 8 given BEPDE-DRA sample wes diluted, the FO,.I'F versus [I ] plots
became mora and more linear; thus, the Stern~Volmer Law is obeyed at low DA
concentrations. It is shown in Fig. 5 that FQIF versus [I"] plots
become linear when the BPPDE-DHA solution is Alluted by & factor of S0.

Thess iodide quenching results alse indieate that the BFDE chromophore
iz not intercalated within the DHA. PEwen at a relatively high DHA concentration
the long-lived flucrescence component of the BFDE-DNA complex can be quenched
with the same efficiency as the free tetrol, Also, the non-linearity of the
Stern~¥olmer plot for the BPDE-DHA adduct at high DMA concentration confirms

our conclusions mbout the heterogeneity of the fluorescence emitting sites and

" ecorrelates with our previcusly deseribed observation that the fraction of the

shori=-1ived omponant varies with DA concentration,
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We have &lso heen able to gquench the flusreascence of the pyrene
chromophore in DNA complexes by utilizing a free radical, 4-amino-2,2,6,6 tetra-
methyl piperidincoxy (density = 0.95 g cmfj}. Again, the lcng-lived component
af the fluorescence of the bound chromophore is quenched as effectively as the
free tetrol even though this quencher is larger in size than any of the other
quenching molecules employed in this study. The velue for K is 3 x 10° Wt st
for this radical.

+ P
Quenchiing by Ag and He

Interastions betweesn heavy metal jons and DHA have heen studied extan-
sively {see Ref. 2T for a review), Ag+ and Hg++ have bzen shown to form inter-
c¢alaticn type complexes with the DFA bases as is shevm schematically in Fig. 1.
In the case of AE+, the binding is a functicon of pH. Under the conditions =m-
Ployed in this study, there is preferential noncovalent hinding of ﬂg+ to guanine
at r < 0.2 (vhere r = moles ion/moles DNA phosphate}. On the cther hand, it
has been shown that the initial covalent binding of Hg++ talkes place at AT rich
regions of DHA.

The use of heavy metal ions in quenching the fluoresesnce of aromatic
bydrocarbons bound to DNA has previously been studied.T It was shown that metazl
ions thet bind to the IHA bases stirongly quench the fluorescence of DA bound
bydrocarbons. It was s5hown that the Ag+ quenches the fluorescence by an exter-
rnal heavy atom effect. The fluorescence is gquenchead because of an Increase In
the rate of intersystem crossing {31 - Tl}. an effect which arises because of
the increase in spin orbit coupling induced Ly the hesyy metal. This exchange
type interaction requires 20 owverlap of the orbitzls of the aromatic molacuie
with that of the metal ion and thus 8 close approach between these two gpecies

is neces=ary,
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Figure 6 shove the results cbtained for both the physically inter-
calated BF and the covalently bound BPDE-DNA adduct. The heavy metal ions give
rize to & strong quenching of the fluorescsnce of the intereslated hydrocarbon,
but the influence of either metal ion on the flucrescence of the ¢ovaient BPDE-
DEA adduct is negligible. To ensure that the metzsl ions in fect influence the
fluorescence of the free chromophore, the guenching of the free agueous tetrol

¢ .~1

was measured and the guenching constants were found to be 3.9 and 3.6 x 10”7 M

sl for ag* and Eg™, respectively. It should be pointed out that the quench-
ing of the BFDE-DEA adduct was carried out iIn dilute solutions to ensure that
there wes only one fluorescence emitting site and that there was no interference
from intermolecular DNA quenching effects.

Since the metal lons are known 1o biod internally to the DNA and since

b

quenching of the hydrocarbons by the metal ions necessitates close contact of

the metal icns with the hydrocarbcns,?

the data in Fig., § sgain implies that the
arcmaticmoiety is not located within the DNA but is located externally to the
helix.
DISCUSSICOH

The first Important finding iz the spparent physical heterogeneity of
the covalently bound BPFDE. It was shown that although there is chemically only
one site of DNA birding, the nop-exponentiality of the fluorescence decay implies
the existence of physically different miecrcenvironments. 7t was shown that practi-
cally all of the bound BPDE molecules are fluorescent vhen compared to the free
tetrol in aquecus solution in the absence of DNA, end that the heterogenelty of
the decay is due to quenching of the excited state of the pyrene chromophore by
DNA. It was experimentally not possible to verify directly by single photon
counting that 211 of the short component of the flucrescence can be converbed

to the long-lived form; however, the iodide quenching results with the dilute

BPDE-DNA sarmle shows no davistion from the Ztern-Volmer Law and from this we
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im-;hpcldﬂe that in dilute soluticns of DHA there is in rfact only one fluores-
cence emitting =zite. ,

The results of the flucrescence quenching experiments show first that
the covalently bound BPFDE is totally accessible to gquenchers external to the DHA
helix and second, that there iz no effect of DNA bound intercalated metal ions
on the fluorescence of the BPDE—Q?A adduct. These two facts show that the EPDE
molecule is not intercalated in DNA. This is also supported by electric field
induced linear dichroism results of these same san:q:plr,-s;.:[":’I

Although we can state that the bound BFDE moliety iz not intercalated
between the DNA base pairs, the question then erisae es to whare It is located,
Sinee there iz only one type of chemical complex formed in this study we can
propose three different conformaticons of the mcdifi;& region of DHA to explein
the fluorescence guenching results. First, sionce H-2 of guanine iz located in
the winor groove of DNA, we could place the BPDE in the mipnor groove. BSecond,
rotaticon of guanine by 15(1n from the anti to the syn conformation could give rise
to & rotation of the BFDE to an exposed position in the major groove. Third, the
local DNA region where the EPDE molecule is bound could be denatured; in this cese
both the BFDE aad the DNA base it iz bound to, would be exposed to the aguasus
enviropment.,

There sppears to be no diresct method to distinguish between these three
different possibilitiszs, It i3 not known with certainty how the bimolecular guench-
ing constants would vary for these three possible conformations. A closer examine~
tion of the quenching results may, however, give some insight inte the problem,
even though an exect interpretation cannot be drawvn from these results, as men-
tioned =sbove.

The third conformaticon proposed where the BFDE and the guanine base to

which it is attached are in a locally denatured environment, can easily account




for the quenching results. In thisz model the BPDE is totally exposed to quencher
molecules within the solvent and there is no shielding by the DHA helix; one SHhus
expects guenching by external guencher molecules to taks place efficiently

{Fig. 1B). In this conformation it is possible for the BPDE chromophore to ilnter-

act with segments of & neighboring DNA molecule, and one would not expeet quench-

ing to take place by DNA bound metal ions for two reasons. First, the aromatic
meiety would be legated too far away from the hound metsl ion. BSecond, in the

case of Agf, since the binding of this metal ion takes place by an interczlation

mechanism where the lon is sandwiched between base pairs, one does not expect
the fon to bind in the same fashion to & locally denatured region as It binds to
native DHA.

It has been showm that when the diol epoxide binds to DHA 1t *ndures
8 small local destabilization of the DNA helix.lg Even at low extents of modifi-
cation of DEA by BFDE, the number of base pairs broken for sach BFDE molecule
bound,is hetween zero and ona. This result indicates that the microscopic regien
of modification of DHA at the point of attachment of the BPDE is slightly de-
tiatured, However, complete denaturation of the cne modified bagse pair would in-
duce destabilization of sdjacent base palrs, similar to the results obtained for
MF binding to DHR.EE For this reaszon model {3} is oot likely to be the correct

one.

The differences expected between the measured quenching constants for
: model (1) and model (2} (i.e. the BPDE is either in the minor groove or is ro-

totated to place it in the major groovel sre unknown, It is possible to state

ohly that if the BFDE iz in the major groove it is certainly in & more exposed

epvironment than Lf it were located in the minor groove. Since at this time

there is no known chromophore that covalently binds te DHA in such & way that

it is localized in the minor groove of DNA, there is no direct verificztion of
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the magnitude of the quenching constants which are expected in thiz case. It
can, however, be gteted that the region where the EPDE is bound to DHA must de
sufficiently exposed to allow 4 neighbhoring DNA molecule to interact with the
shromephere. Furthermsre, the point of attachment of the hydrocarbon must be
such that a negatively charge icdide icn can easily approzeh it despite the
negatively charged phosphate groups, end also that the quenching constant mea-
sured for the relatively large free radical is slso unaffected by the presence
of DHA. Electric field induced fluorescence polarizaticn studies are underway
to datermine which of the three proposed models of the ones deseribed above,
iz the corraect one.

To summarize, we have developed rn 1h vitro system that exactly
nimjes the sterecselective in vive binding of BP io DNA. Utilizing fluores-
cence lifetime and quenching studies we have showvm that the EPFDE molecule
bound to native DHA iz definitely not intercelated in the IHA helix, in con-

trast to BP physically bound to DHA.




ACKNOWLEDGEMENTS

We acknowledge stimulating disecussions on various aspects
of this vork with Drs. H. Brepner, A.M. Jeffrey and M. Pope. This
Investigation was supported hy a contraect from the Energy Development
and Research Administration to the Radiation and Solid Sf{ate Laboratory
end by grant number CA20851-01 to H.E. Qeacintov and grant number
CA-21112-01 to I.B. Welnstein, awarded by the Netlonzl Cancer Institute,

DEEW,




AEFERENCES -

( 1} W.W. Davis, M.E. Krahl and G.H.A. Cloves, J. Am. Chem, Soc¢., 64, 108-110 {1942

( 2} H. Weil-Malherbe, BRiochem. J., L0, 351-356 {1946}.
( 3) B. Boyland and B. Green, DPBrit. J. Cancer, 16, 507-517 (1962).

( 4} A.M,Liguori, B. Delerma, F. Ascoli, ¢. Botre and M. Trasciatti, J. Mol. Biol.,
5, 521-526 {1962).

( 5} M. Craig and I. Iseoberg, Biopoiymers, 9, 689-696 (1970).

( ) P.0.P. Ts'o, W.J. Caspary, B.I. Cohen, J.C. Leavitt, 8.A&. Lasko, Jr.,
R.J. Lorentzen, and L.M. Schechtmar, In: Chemical Carcinogenssis,
Part &, P.0.P. Tz'o, J.A. DiPaclo (Eds.) pp. 113-148, Maresll Dekker, Ine
New York {197k).

{ 7] ¥.E. Geacintov, T. Prusik and J.M. Khosrofian, J. Am. Chem. Soec., 98,
ELhLh-6L52 (1976).

{ 8) B. CGreen end J.A. McCarter, J. Mol. Eiol., 29, LLT-L56 {1967},

{ 9} C. Hegata, M. Kodama, Y. Tagashira an? A. Imamurs, Biopolymers, 4, Lo9-L27
{1565).

(10} HN.E. Gemcintov, 4. Gagliano, ¥. Tvanovic and I.B. Weinstein, J. Am.
Chem. Scc. {following paper).

(11} P. Brookes and F.D., Lavley, HNature, 202, 781-784 (196L}.

(12} P. Sims, P.L. Grover, A. Swsisland, K. Pal and A. Hewer, Neture, 252,
326-327 {(197L).

{13} A.M. Jeifrey, I.B. Weinstein, K.W. Jennette, K. Grzeskowiak, K. Nakanishi,
R.G. Harvey, H. Autrup, and C. Harris, Heture, 269, 348-250 {1977).

(14} I.B. Weinstein, A.M. Jeffrey, K.W. Jannette, S.H. Blobstein, R.G. Harvey,
C. Harris, H. Autrup, HE. Kassaf, snd K. Nakanishi, Science, 193,
592-595 (1976},

(15} A.M. Jeffrey, K.W. Jemnette, 3.H. Blobstein, I.B. Weinstein, F.A. Beland,
R.G. Harvey, H. Kasai, I. Miura, and K. Hakanishi, J._ Amer. Chem.
Soc., 98, 5714-5715 (1976).

{16) K. Hekanishi, H. Kasei, H. Cho, R.G. Harvey, A.M. Jeffrey, K.W. Jemnette,
and I.B. Weinstein, J. Amer. Chem. Boc., 99, 258260 {197T}).

{17} P. Dandel, M. Duguespe, P. ¥Wigny, P.L. Grover and P Sims, FER3 Letters,’
57, 250-253 (1975).




Referencez {continued)

(18) V. Ivanovic, N.E. Geacintov, and I.B. Weinstein, Biochem. Riophys.
Res. Comm., 70O, 1172-1179 {1976}.

{19) P. Pulkrabek, S. Leffler, I.B. Welnstein, and D. Grunberger, Biochemistry,
16, 3127-3132 {1977).

(20) K.¥W. Jennette, A.M. Jeffrey, S.H. Blobstein, F.A. Beland, R.G. Harvey,
and I.B. Weinstein, Biochemistry, 16, 932-937 (1977).

{21) ©. Duportail, Y. Mauss, and J. Chambron, Biopolymers, 16, 1397-1413 (1977).

{22) M.J. Mantione, Photochewm. Photobiol. 17, 169-179 (1973).

{23) J.R. Lakowicz and G. Weber, Biochemjstry, 12, 4161-h170 (1973).
{24) J. Erikson, Ph.D. Thesiz, New York University, (1978).

{25) T. Forster, "Fluoreszenz Organisher Vabindungen", Vanderhoeck and
Rupreacht, Gottingsn, 1951.

{26) M. Nastzsi, J.M. Morris, D.M. Rayner, ¥.L. Seligy, A.G. Szebeo, D.F. Williams,
R.E. Williams, and R.W. Yip, J. Am. Chem. Sec., 08, 3079-3986 (1976).

(27) R.M. Izatt, J7.J. Christensen, and J.H. Ryting, Chem. Rev., 71, 439-481 (1971).

{28) P.0.0. Ts'oc, W.J. Caspary, B.I. Cohen, J.C. Leavitt, S.A. Lesko, Jr.,
R.J. Lorentzen, and L.M. Schechtman, In: Chemical Carcinogenesis,
Part A, P.0.P. Ts'c, J.A. DiFaclo {Eds.) pp. 217-253, Marcell Dekker, Inc.,
New York (197h).




Table 1. -

Effectes of dilution on the fluorescence characteristics of EPDE-DHA complex
in aguesus solution. )

£
. . ¢ L. hltBL 0 _10n
Aa60 Aaus n % TH,0 = Iy 00
6.4 0.10 0.82 0.19 0.28 0.23 0.82
3.2 0.05 0.72 .28 0.38 Q.32 0.8k
0. 64 0.01 0.58 0.42 . 0,53 0.52 0.98
0. 064 0.001°  wmm  —-- — 0.66 —

"optical density =t 260 mm, 1 om peth length

hnptical density at 345 nm, 1 em path length

cﬁample ta dilute to securately dstermine fludrescancs decay,
Frofile, howaver there was sufficlent fluorescence for steady-state measuraments

dx -fraction of molscules radisting with €, from equation
Exa-fraction of mnlecules radiating with Tys from equation

f:alculated guantum yield of EPDE-DNA couplex relative to free DaP tetrol in
agqueous Jolution based on time dependent fluorescence degsy parameters

Esteady-state guantum yield of BPDE~DHA complex relative to free BaP ieirol

hfraction of BPDE molecules bound to DHA radiatively decay relative to frees
BaF tetrol in agquecous solution.
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Table 2,

Quepching of the fluorescence of BPDE covalently bound to DHA

by the addition of nnmodifi=d DNA.

a
Aaso
1.28
k.93
R.&0

1L .84

®optical density at 260 nm, 1 cm path length.

b

arbitrarily sssigned 1008 flucrescence.

X0




FIGURE CAPTIONS

Fig. 1.

Fig. 2

Fig. 3.

Fig. 5.

Principles of fluorescence quenching methods. Shaded figures - bound
argmatic hydrocarbon; ladder-like figures - DNA helices; Qpy - external
quenchers {DE, I and free radicall; @iy = internal quﬂncheraiﬂg+ and
He*t), See text for syplanation.

High pressure liquld chromztographic profile of DA adducts formed by
in vitro reaction with [3H] BPDE (—r—) compared to TR BFDE I
quanosine marker {ews },

Excitation {Afluorescence = 400 nm) and emission iiexc1tatlon = 345 nm}
spectra of BPFDE-DHA.

Time Aecay profile of BPDE-DNA adduct. Exeitation filters: 310 nm inter-
ference filter and T-60 Corning filter:; emission filters: 2 x 374, 5=60
and 0-52, Coraing filters; 10.57% ns/eh {same £ilters and time seale for
each decay showm).
A. Effect of oxygen. 0.1% modified DNA (6.1, Aogn/me)
wpper curve ~ in elr ssturated solution, lower curve - In the absence
of oxyzen. .
B. Bffect of sample concentratiom. 0.1% modified sample (air saturated).
upper curve - 6.4 Asgo/ms
lower curve — same sample a5 uppelr curve diluted tenfold with buffer,
0.64 Aogp/mt
¢. Effect of addition of unmodified DNA. 0.%% modified sample [air
saturated}.
upper cuwrve - 1.28 Aogo/pt
lower curve — same sample a3 above with unmodified DNA added,

B.&0 AEEGIELL

Stern-Yolmer guenching of fluorescence of free tetrol and BPDE-DHA
addnuct by iodide ions (oxygen free)

T
A, t—“ . 10°€ M BP-tetrol in H,0
¥o -6 .
iy Foo 10 ™ M BP-tetrcl in HEU
T
o long component . o
0, T long component 0.1% modified sample {0.5% AEEDJEE}
¢ o 0.1% modifi 6l )
FO
B. %= . 0.1% wodified sample, 9.013 Aogn/ms,
EE {h )
Q, F » 0.03% modified sample, (4.7 Ayeq o,




Figure Captions {[coatinued}

Fig. 6. Effect of metal ions on fluorescence of BP-DNA complexes.
0 As-'- - BF physically bound to DHA (~ & AQECI' ,i"mi..)
+
0 Ag - BPDE-DNA adduct {0.013 Aje,,)
B Hg ' - BP physically bound to DNA {n 6 Ao, o)

7 Hg' ' — BPDE-DNA adduct (0.013 A )

260/ mt,
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ABSTRACT

The electric linear dichroism spectra of native ¢alf thymus DWA modified
i ., ;

to a small extent {one hydrocarbon residue per lﬂDﬂ-bases}.by reaction with ()-

- 78, 8a-dihydroxy-%u, 100-epoxy-7,8,%,10-tetrahydrobenzo[2 Jpyrene {BPDE), which

binds covalently mainly te the 2-amine group of pvanosine residues, and physical
complexes of benzo(a)pyrene (BP) and preflavine (PF) with DRA were méasured..
The linear dichroism A4 of the covalent BPDE-DNA camplex in the wavelength re—
gion of the absorption of the pyrene-like BPDE chromophore is positive. In.
contrast, &4 is negative in the abscrption tegicn of the DH&.basag, as well és
in the absorption region nf.-the EF and PF molecules physically bound to DHA.

It is concluded that the orientation of the BPDE mﬂiety.is aot of the inter-
talatiun.type as i ‘the case for the physical BP aﬁd PF complaxes. The reduced

livear dichroism is wavelength dependent for the BPDE-DNA and BP-DNA complaxes

which indicates that there 13 a heterogeneity of Binding gites wich differentc

crientations. The quantitative analysis eof such results iz discussed in detail
and it is concluded that there is one major type of oriented BPDE covalently
bound te DHA. The long axis of the pyrene-like chromophore of BPDE lies on the

surface of a cone whose axis is thatc of the DNA helix and whose angle, with Te-

spect to this axis, is 35 or less, As Expected.fur intercalation~type couplexes

- the planes of BP and PF are found to be nearly parallel to rhe planes of the

. DHA bases.




INTRODUCTION

Pelycyclic aromatic hydrucarhﬂn’(PhHJ carcincgens are known to bind cova-
lently to nucleic acids in vive. In living cells the relatively inert PAH mole-
cules are mataholically converted to a variety of hvdroxy and epoxy derivatives.l
The major rezctive intermediate Involwed in nuele#ic acid binding in the case af
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benzo{a) pyrene (BP) is 2 7,8-dihydrediol 9,10 epoxida metabolite, and the

structure of its (3)-78,8¢~-dihydzoxy-92, l¢—epoxy-isomer (BPDE) is shown in Fig. 1.

The covalent biunding of the bulky PAN residue to native DHA alters the lecal
structure of the DHAE and its template activity ;E_giggg?’ln. In order to under-
stand how the function of the modified DHA differs from that of neormal DFA, it is
desirable to have a knowledge of the complete physico-chenmical structure and pro-
pertias of regions of INA containing the covalently bound BPDE.

In this work we have i&vestigated the orientation of the BFDE chromophore
(vith respact to those of the DHA bases) in BPDE-DNA complexes. In the present
study we have';udified native calf chymus DNA to a small extent {one hydrocarbon
residus per 1000 bases) by in vitro reaction with BPDE using the methods deseribad

8,11

elsevhere. The conmplete gsteueture 2nd abgolute ztareschemisztry of rthe guano-

sine-BPRE adduct formed by in vitro reaction with ENA and HNA bas been eluci—~ .
dated?'lg_lﬁ. The 10 position of the BPDE moiety is linked to the 2-amino group
of guanine. Furcthermore, this appears to be the principal DHA reaction product
EE.EEEEE}I* and it has the same chemical characteristics as the major BP-DNHA
adduct formed in wvivo, when human and bovine bronchial explants are exposed to
BPlﬁ.

In the accompanying paperll we have presented evidence, based om fluor-
escence techniques, that the BPFDE moeity in these covalent EPDE-DNA complexes is
located on the outside of the DNA helix. Using the electric field-induced linmear

dichroism techniquel? we show here that the long axis of the pyrene-like chromo-

rhote {(Fig. 1) iz not parallel to the planes of the DNA bases, as is the case of
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intercalztion-type complexes such as physically bound complexes of DMA and BF
or proflavine (FF),.

In the electric fisld-induced liﬂear dichroism technique a wvoltage pulse
is applied te an aqueocus buffer solution of either the covalent BFDE-DNA complex
or the physical BP+DNA or PF'DNA complexes., The electric field thus produced
within the solution tends fo orient the DNA and the polycyclic molecules which
are either covalently or physically artachad to the DA molecule. Using polar-
ized 1light, the absorbance is determined with the electrie field wvector of the
pelarizer oriented either wvertically or parallel with respert to the electric
field. The relative orientations of the transition moment vectors, which lie
within the planes of the DHA bases and the polyclyclic meolecules, are then com-
pared. The results indicate that there is a heterogencity of binding sites with
respect to the orientation angles of the BPDE chromophore, and the interpretation
of linear dichroism spectra under these conditions is discussed in detail. It is

lﬂ’lgtn calculate orisntacion angles

shown that the usval atraightforward approach
from linsar dickroism spectra must be oodified to take this hetercgeneicy into
account. It I1s shown that under certain conditions, such as in the case of the

covalent BPDE-DNA complexes, a range for the most probable angle of arienration

of tha BPUE chromophore can be estimated.
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EXPERIMEUWT AL

. MATERIALS

BPDE was kindly provided by Dr. Ronald G, Harvey of the Undiversity of
Chicago., MNative calf thymus DHA was purchased from Worthington Company, Freehold,
Kew Jersey, and had the following characteristics: protein content D0.13%, hyper—
chrooicity 42% 2nd SZU,W= 22,
METHODS

Preparation of DWA complexes. The proflavine DHNA complex was an agueous
3

solution containing sodium cacodylate buffer pH 7.1 (5 x LO M), DHA (1.5 x 10 M)
and proflavine (1 % lU_SH}. At such low concentraticns of PF, this dye iz fully
golubilized by DNA. The intercalated PF showed the characteristic 18nm red shifg
in the absorption apectrum. The phyaical complex between BP and DHA was prepared
as previously descrihed.zn

In the previous electric dichroism studies, controversial resulcs have been
obtained, due te the denatured state of DHA and/for extensive modification of DWA

18.19 Therefore in the present study,

by B-acetoxy-R-2-acetylamino fluorene (4AF).
special care has been taken in preparing the ip witro BPDE-DNA samples. The modi-
fi;aticn of DNA with BPDE was essentially the same as described in the accompany—
ing paper.ll BYDE (lﬂ-ﬁﬂj and DHA {10 A260 units/ml) were incubated 95:5 {w/v)
aquenus ethanol eomtaining 5 % 15_3 godivm cacodylate buffer, pH 7.1. The modi-
fied DNA samples contained 1 residue of covalently bound BPDE per 1000 nucleotide
resldues, as detected by uv measvrements and confirmed in separate sctudies using
EBHS BPDE, (the detalls of these wethods are described im reference 8). Electric
dichroism measurements were petformed ar 20°C on BPDE-DNA samples in aqueous solu-
tions containing 5 x 1D-3H 2odium cocodylate buffer pH 7.1 with concentrations of
DHA in rhe range 1-10 A260/ml, with no detectable concentratisn =ffects in this
range on the relative reduced linear dichroism values measured at 260mm {DNA ab-

sorbtion) and at 345 um {BPDE abscrpéinn}. There is, however, an effect of DWA

concentratior o the reduced linear dichrwoism within the abserption band of DHA, as

previcusly reported by Yamaoka and Eharney.zz
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Chemical characterizacion of the DNA-BFDE sample. The base specificicy of

L)

the binding of BPDE was determined by enzymatic hydrolysis of the modified DMA
and high pressure liquid chromatography of the modified deoxyribonucleosides,
A3 described in detail in the accompanying paPEIll, a single BPRE-nuclecoside
adduct was obtained. This product results from trans addition of the 2-aming
group of guaninme to the 10 position of the 7R enantiomer of BPDE, or {(+} BPDRE
derived from (-) BP 7,8 - dihydrodiol .
APPARATUS

The voltage source was a specially constructed transistorized power supply
which is capable of delivering unipolar square wave pulses of up to 4000 volts
with 2 duration wariable from 10us te l0ms over a 10000 load. The sawple holdex
consisted of 2 1 » | ¢m quartz cuvette containins the electrodes mounted on a
teflen block similar to the one described by Fredericq and 1-11:11..155:'.«31:.]'1'IIr The
electrodes consisted of two parallel platinum strips {2 x 1 cn wide} which were
held Jum apart-by teflon spacexrs. This entire assewmbly was immersed in the
cuvette containing the sample. 4 thermocouple was inserted int¢ a hole in one
of the teflon spacers and was used ta monitor cthe temperature of the solution.

The Linear dichroism was measured using a dichrograph constructed by J. Er&tonzl
at Saclay. In this apparatus, light from a Zenon lamp is passed through a grating
wonochromator followed by a Glanm polarizer. A photoelastic modulator (PEM 3,
Morvue, Tigard, Oregon) whose driving voltage was automatically adjusted to pro-
duce a half-wave ratardation at each wavelength was usad to produce wertically
and herfzontally polerized light at a frequency of 100 KHz. The light beam, thus
modulated, then passes through the sample cuvette and is incident cote a photo-
multiplietr tuke. The 100 KHz cowmponent of the photomultiplier tube ocucput is de~
modulated using a lack-in amplifier which delivers a signal whose magnitude is
proportionzl to the linear dichroism of the sample. Absolute calibration of the
apparatus was obrained by using twe ;nlarizers. The senslitivity of the apparatus

is such that a artfference in the alignment of the two polarizers by only five
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minutes af arc (corresponding to a livear dichroism of 6 x k?_ﬁ, or &0 ppm)
tould be readily detected.

The demodulated linear dichrcisﬁlsignal was fed into an oscilloscope for
viewing. When nescessary, it was fed inte an Tnterctechnique Didac 300 mulei-
channel analyzer for signal averaging. Typically, 3-5 scans were used to obtain
& satisfactory signalfnoise ratio. The duration of rhe square umipolar voltage
pulses was 3 ms (apparatus response time 1 ms}. Typical signale are showm in

Fig. 2. The wavelength dependence of the linear dichrolsm was recorded point by

point.

RESULTS

The sbsorption spectra, A, and the linear dichreism spectra, M, of the
covalent BPDE-DNA and the physical BP+DNA and PF-DHA complexes arve shown in

Fig. 3.

The linear dichroismA A is defined by

AR = l(_‘ﬁ;!- (1)
wvhere A:i is the absorbance of the sawple with the polarization vector of the
Yight orieunted parallel to the electric field E appiied to the sswple, and %3.
refers to the absorption when the polarization vecter 1s parpendicular to E.
Az usnzl, the absorbance A it defined by log {IGII], wherea In is rhe intepsity
of the incident light and I is the intensity of the light after passing through
the sample.

The reduced linear dichrolism, AAJfA, for all three complexes studied is
shown in Fig. 4. This quantity is constant with wavelength A for che PF-DHA
complex, but varies stromgly as a function of A for the BPDE-DHA and BP+DNA com-
plexes. Beforae proceeding to a discussion of thesze results, we shall examine
in detail the relationshipz between the linear dichroism and the angle of orient-

ation of the transition moment vactor of the chromophores. This iz necessitated
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by the fack thac the AAJA spectrum of the BPDE-DNA complex varies with wave-
langth which, as is showm below, is due to a heterogeneity of orientation angles
and physical binding sites. ’

DISCUSEION

Feduced Linear Dichreism for a Single Qriented Species. If the chrowmo—

phore is oriented io such z way that it's rransicion moment vector makes an

-4
angle & with the electric field E, then this angle can, in principle, be calcu-

latad from rthe reduced linesr dichroism Aafa, wherel?
‘5—:-%(3 zos2 8- 1) £ (D) (2

4 depotes the abgorbance of ligkt by the sample in the absence of the orienting
electric field. A plot of the dependence of the orientation function
% (3:&52 8-1) in eq. (2) as & function of & is shown in Fig, 5.

The degree of orientation of the molecule or particle, is defined by the
factor D'*E{Ef*<l.ﬂ, which depends on electric field scrength and the temper-
ature.l? For complete orientation, which has not been achieaved for DNA solu=~

17,22 of 8008 volts cnrl, this orientation functiom

tions even at field strengchs
is unity. In our experiments, since we used a concentratad buffer solution, we
uwtilized very low electric fields (the effective woltage was typically 200 volts, .~
corresponding to an electric field strength of % 700 volcs curl}. We wera

iimited to these low voltages in order to minimize deletericus heating effects)

thus, in these experiments £{E) <<1.0. The orientaticn angle 8 of a chromophore
bound to DHA can, nevertheless, be estimated by comparing the reduced linear
dichroism, AA/A, in the wavelength Tezion of absorption by the chromophore, with

the AAfA values a2t 250-260 nm’where absorption is due to the transition aoments

of the DNA bases. The transition moment vectors at 250-260 nm are oriented wichin

the planes of the purine and pyrimidive bases, and it is agssumed that B would be

90% for complete orientation of DNA. The DNA tends to align diftself with the
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helix axis parallel to the applied elactric fieldn’22

s with the planes of the
=y

bases perpendicular to E. This approach was utilized by Chang EE.EE}B and by

Fuchs gg;g}}g to deduce the orientation angle of the ¢arcinogen W-acetoxy-N-2

acetylaminofluorene [AAF} bound covalently to DHA. Using the ratic of the re-

duced linear dichroism For DHA and AAT, where

2
(BAfAd,up 3 o5 B,p -1 _1-3 cos® Taar (3)

(AA/Mps 3 cos” 90° - 1

the orieptacion Ffactor f{E] caticels and the orientation angle EEAF wag cal-
culated to be 60 % 4° by Chang EE.EE}B and 82° by Fuchs 33‘51.19 Discrepancies
of the date have been explained by the fast that the formar aul:h—::lrsl3 in their
studies employed denatured DNA which was very extensively modified with AAF.
The later authnrslg have done electric dichroism studies on native ONA which wazn
modified to only a small extent with AAF.

Equaticn €2) predicts that within the absorption band of the chromephore,
Ab}A should be comstant and independent of wavelength. This is an impocrtant
crirterion for the Interpretation of linear dichroism results aceerding to ags.
€2) and {3). 1Im such cases the calculation of the orientation angle is straight-
forward. In the next section we discuss the factors which give rise to a varia-
tion of the reduced linear dichroism, AASA, 25 a funetion of wavelength, and

what kind of information can be obfained in such cases.

Reduced Linear Dichroism in the Presence of More Than One Chromophore

We now suppose that the total abserbance A of a sample i3 the zum of
absorbance &4 = Al + ﬁz + ... Ai - Ei &i where the ﬁi terms Ttepresent the contri-
bution of each chromophore at a given wavelength. We further suppose that each
species has a characteristic orlentation angle Ei and thus contributes to the

overgll reduced linear dichroism at a particular wavelength. 7The reduced linear

dichroism is then given by the formula:
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ﬁﬂi

A

2 -
ﬁi (3 cos Ei -1 fi{E}

T
{
(4)

LAy .

-2
]

Allowance has been made for thermSSibility that the sample is pelydisperse
and that each oriented species has associated wirh it a different orientation
factor fi(E}. Since this factor is independent of the wavelength A, ic is
evident that a wavelength dependence c¢an arise only through a2 nen-cancellation
of the ﬁi terms in the numerator and denominacor of eq. {4). Tha abscrbance 51
of each species is given by Beer-Lambert's law Ei = Ei{l}ﬂil, vhere ﬂi is the
concentration of species 1, Eifl} is its extinccion coefficient, and 1 is che
optical pathlengch.

We now conslder several different possibilities.

Casa I. The extinction coefficiants of all of the gspecies have the

same wavelength dependence, bur their orientation anglaes
ave different (%'(1} = si(l] = gsil} = ..., and 8 # 8, * 8,
- Tete.d.

Since Ei{h) is the sam= for each species, eg. (4) reduces te

Ab

_A_3
2

A

7 +
Ziﬂi {3 cas Bi - 13 fi{E] (5

Eici

vhich is independent of wavelength. This case is esxperimentally indiscipguish-
able frnm the case in which there is only one species as in eq. (2), which
poaints out the inherent limitztion of all linear dichroism techniques. The ax=
parimental resulcts do not provide an answer as to whether there is ome or more
oriented species. When ﬂAljﬁl is independent of wavelength, it is justifiable
to utilize eq. {2) toe calculate the orientation angle. However, in wview of

eq. {5}, thisz calculated angle reflects gome wedipghted average of the orientation

function {3 cosz %‘— 1y.
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Case IL. The wavelength dependences of the absorption coefficients

are different, but their orientation anglas are the same

{El{h} # Ezfl} ¥ EJ(I} = ..., and Bl = HZ = 63 = ... 8tC.)

In this ca=z=e rthe reduced linear dichroism becomeas

-
A, 5 2 Le (MCE, ()

A2 (3 cos™ 6 - 1) TN t6)

Case 1Iz. We further distinguish twe different possibilities. 1If
the electric field dependent orientatiom factors are

all the same {fliﬁ} = £ {E) = foE) ...y then (8) is also

2
iadependent of wavelength and thiz case 1z experimentally
indistinguishable from case 1.

Case IIb. For polydisperse systems, when fl{E} % EE{E} * fa(E} -

«-. &8Ce., a wavelength dependence in eq. {6) may arise

- Tif one or more terms In the numerator dominate aver

the others. Such a situaticn could arise for example,

if there were present ip the sample particles of different

stzes, each displaying a different fi(E} value at a given

field strength, and esch site sssociated with a given ab-

sorbing spacies defined by €, Since both tha fi and £y
valuez must differ from each other at the same time, we
consider this to be 2 highly specialirzed case which most likely
does not apply to our experiments. It is well knowm that DHA
eclutions behave in a pelydisperse manner in the presence of
electric ﬁields.l? Bowever, it i3 unlikely that the Ei{lj
coefficient; of the bound polycyclic aromatic molecules would

also wvary with the size of the DNA segments. It has already

been establisbed that DA does not undergo chain scissions




when the level of in vitro modification with BPDE is lower than 1.52.B Thera—
fore this highly specialized case {fl 4 f1 $ f3} iz not likely to apply to our
experiments where the medification of BPDE-DHA samples was very low (0.1%).
Casa TII. Both the absorption coefficients and che orientation angles
differ from each other (Elfl} £ Ez(l} ¢ E3(l] veny and
El # EZ # 53 = .. BEC,}

In this case, there is no cancellation of the wavelength dependent Ei(l}
terns and the reduced linear dichroism is given by eq. (4). If the Ei(l} co=
efficients are grrongly different from each other, i.e. if the chromuophores
have complately different absorption bands for example, both che aal and the ,
ﬁalial spectra may be gquite complex. Tu such cases it is very difficult to
interpret the results gquantitetively, TFortunately, at least for the mest io-
portant case of the BPDE-DNA complex considered in this work, the wavelength
dapendence of the linear dichroism 4A is nearly the same as the absorption spectrum
of BPFLE dlssui;;d in erhanaol (cf. Fig. 3a and 3h). It is therefore possible to
interpret the data quantitatively. Before proceeding t¢ a full discussion of the
results obtained with the BFDE-DNA cowmplexes, we first show, usiog the physical

PF-DH¥A complex, that the peneral approach of caleunlaring aversgza orientation

angles using eq. (3} iz justified.

Lingar Dichroism Exhibited by the Proflavine DNA Complex

The absorption spectrum of the physical complex between proflavine and DNA
within the absorption region of the proflavine chromophore, is showm in Fig. 3la.
The linear dichroism spectrum 84, is showvm in Fig. 3b. The sign of the linear
dichroism =ignal is negative. Within the absorption band of the DHA bases be-
tween 2540 and Z90 nm, AA is also negative as is demonstrated in Fig. 3b. 1In
order to obsarve rhis linear dichrodsm, it was necessary te diluete the samplas
to bring the optical density into the range of 0.05-0.10. The contribution of

the protlavine molecules to the total absorhance at 253-260 om was negligible
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at these concentrations. Since the transition mnmenf vectors of both tﬁe PF
and the DHA bases are orieanted wighin the planes of the arcmatic rings, a nega-

tive AA is expected fnr both PF and the OWA bases 1f the PE residues are hound
via intercelation since the axis of the helix Cends to align itself parallel to
the elsctric field.

The reducad linear dichroism for the PF-DNA camplex is shown in Fig. b,
Within experimental error, QAIL iz constant és a fFunction of wavelangth, which
iz in agreement with the results of Ramstein_gg_gl.zai Accarding to the discus-
sion ﬁhave, tﬁis indicates thatr either ca;e I or czse 11 applies. . The avarage
orientatinn angle %PF can then be calculated directly using equation (3). This
angle Ehnuld be equal to 50° for the intercalation mudel af binding of proflavine
to DNA. The absolute values of AA/A for ‘both FF and the DHA bases are given in
Table 1. Within experimencal 2ITOT (v £ 52} these fwo values are the same which

means that aPF - QﬂP, in apreement with the prediction based on the intercalaticn

model. .

- Linear Dichroism and the Qrientation of the Pyrene

Chromophore iz the Covalent BFDE-DNA Cogpplex.

Thé absorpeion spectrum of the EPDE-DNA complex (Fig. 3a) reveals the typical
'pyréne~1ike absorption spectrum;z with peaka at 330 and’ﬁﬁf niz and & shoulder at
325 nm., The BPDE moiety bound covaleﬁtly to DHA diéplays a2 2-3 nm red shift and
a wider linewidth when tumpa?ed to freé BPDE in ethanol solution (Fig. 3a). The
breader linewidih is indicative of inhomogensous broadening. Such a hruadening
is due to the overiappiog of different abzorption bands, slightly displaced witﬁ
respect to each other in wavelength, due te different physica~¢hemical‘micra;
environments of the chrﬂmﬂphure. We identify these different overlapping abzorp-
tion bands with the different speciesz characterized by the sbsorption coefficients

Ei and eoncentrations Ci ags discussed above.-

.
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In such cases the AA spectrum essentially reflects the absorption spectrum of a
particular absorbing species whose transitlon moment has an orientation such
thar the Aa af this specier 1Is largE; than that of the other species wvhose ahsorp-
riov maxima are slightly shifced in wavelength (Inhomogeneous broadening). Under
these conditions there iz a sharpening in the reduced lLinear dichrosim spsctrum
Eﬁlfﬂl with respect to the overall abscrption band El te which all of the species
contribute. Such a shaxpening of the reduwced linear dichroism spectrum has been
obk=erved in the case of poly-v-benzylglutamate by Charney ec a1.26

Since ﬁﬁlfﬁh i= wavelength dependent 23 shown in Fipg. 4, we assume that

Case III applies to the covalent BPDE-DHA complex. In conttast o the wavelength

dependence in the 300-350 om reglon corresponding to the BPDE chromophora, ﬂﬁlfﬁh

iz constant within the DNA absorpiion wavelength regian of 250-290 nw; this latcer
result is in gqualitzative agraement with the data obtained by Yamaoka and Charneyzz
and the decreaszes in AAJA below 250 and above 290 nn have been discussed in detail
by these ;nrkers.

The linear dichroiszm spectrum ﬂﬁl, presented on Fig. 3b of the BPDE chromo-
phore is positive, which is in contrtast to the negative sign displaved by the
DHA bases. The absorption of the pyrene-like chromophore in the 310-330 nm region
corresponds to an excitation of the second excited electronic state. This transi-
tion is polarized along the long symmetry axis of the pyrene chromophore which
passes through the central carbon atoms and is orientsd within the plane of the
aromatbic ring systamgﬁ {sea Fig. 1). These results indiecate that the EBEPDE-DNA
covalent complex is not of rthe intercalation type and that’ the plane of the aromatic
moiety is not perpendicular ke the leng axis of the DNA helix. Referring te Fig. 5,
it is possible to cenclude unambiguously that BBPDE is less than ~55°. However,
utilizing the absolute values of the reduced linear dichroism in cable I and the

appropriate expresslons based on the discuszsion above, 1t Is possible o narrow

down the possible range of the orientation s=gle srill further.
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The narrowness of the vibronie bands in the AA spectrum of BPDE bound to
DA, which compares well with the width ¢f the absorption bands of free BPDE in a2
homogeneous solution, sugpests that the linear dichroism Is dus to one major spectro-
scopic species of BPDE bound to DHA. The wavelength wvariatioo of ﬂﬁkfﬂl for EPDE-DNA
thus arises because of tha presence of other absorbing species of BPDE which contri-
bute léss te the linear dichroism spectrum, but give rise fo a broadeniog of the abh=
sorption spectrum. Furthermore, the total absorbance measured in the 310-350 nan
ragion contains contributions due to the DNA itself. While the abgorbance of DHA
itgaelf is wezk in this wavelength region, there is considerable light scattering

bacause of the relatively large size of the DNA moleculea. This light scattering
effect contributes to the total effective abksorbance of the sample, particularly
at shorter wavelengths, since the light scattering power is proporticnal to 1_4.
The scattering term tbus contributes an effective absorbance term hl (DNAY in the
denominator and an effective linear dichroism term aal {DHA} = 3/2 &1 {DNA)

(3 caszﬂl—l} fle} term in the numerator. Herws, al refers qualitatively to the
overall scattering and absorbance of A, We denota the abscrbance of BFDE by Az
{BPLE) and Fhe linear dichreism by ﬁAE(BPDE}; both of these terms exhibit peaks at
327 and at 345 nm. If Al (DBA) were zaro &t these wavelengrhs, the ovarall A&SA
would be in dependent of wavelengths (case I). The observed wavelength dependence

of AAfA ghown in Fip. &4 follows the spectrum of ﬂﬁz (BPDE) (ﬂqAZIEPDE}} since the
prezecce of tha Ay (DNA) terms in eq. 4 pravent the cancellation of the wavelength
dependent ﬂﬂz (BPDE) term in the numerztor of ag. &, while ﬁﬁl {DHA) does not exhibit
eny structure in this wavelength region. Therefore, this situation, i.e. the wave-
length dependence of AASA, is described by case III. Different forms of BFDE, with
slightly different absorption spectra AS(EPDE}, Aﬂ {(EPDE} ....etc., and different

ﬂ§3 {(BPDE)}, ﬂﬂﬁ (BPFDE)Y ....erc. values (with ﬂﬁa, ﬂﬂﬁ < ﬂﬁz because of diffarent
orientztion angles BE’ E¢= ete.} also fall under case III and thus can alse produce

2 wavelength dependenrce of AASA. These two effects, inkomogeneous broadening of the

EPDE spectrum due to wmultiple sites (ezch displaying different oriesntati.n angles),




as well as the DNA scattering background, rhus contribute to the wavelength de-
pendence of AAfA. Referring to the numerator of eq. (ﬂ], it is evident that if
there fs one dominant species, the linear dichroism spectrum ﬂAL will regembie

its absorption specfrum. We assume that this is the caze for the ﬁAl spectrum

of the BPDE chromophore in Fig. 3b because of the narrowness of the AA, spec-

A
trum which has the same widch as the BPDE absorption spectrum in a homogensous

solution; we shall lakel the orientation angle of chis dominant species by ﬂl’

ics absorbance by A. and its extinction coefficiant hy Ei{l). The contcributions

1
of rhe other terms in the numerator 2f eq. (4) may be small for either of two

reagong: (a) the orientation angles Ei of the species 1 = 2,3,4 ... are close to

55“; for this angle the orisntation function is close to zero {Fig. 5). (b) the

gpecieg 1 = 2,3,4 ... are randonly orientad. The linear dichroism technique can-—
not distinguish between these two possibilities. With these assumptions, the re-

duced linear dichroism is given by

-

- , —— -, - .
{3 cos El -1) Elil}clfltE} _ EAI Ay
, €, (3) ¢ A g By

M 3
2

ﬁl

(7)

Under these circumstances ﬁ&h will reproduce the absorpticn spectrum of the
oriented species due to the presence of the texrm Elfl} in the numerator. Furthar-

more, the observaed reduced linear dichroism ﬁﬁlfﬂh will be & lower Iimit to

ﬁAlfAl since
~—<1.0 {8}

and we can thus write
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Therefore expression (3), togerher with equation (9), can be utilized to esti-

(9

mate upper ar lower bounds of the angle O Rearranging eq. (3) we obtain the

IE
following:

(AA. fA))
coe® 8, = 3 1—ﬁ‘fﬁﬂ (10)
A'TATDNA
wvhere the reduced linear dichroism walues for the BPDE and DHA are taken at
345 and 260 nm respectively @nd are presented in Table 1. The valug at 345 um is

chosen since the ariented species of BPDE gives a maximum contribution to AA at

this wavelength and this value is therefore wmost reflective of the true orientation

angle. It should thus be noted rhat when there is 3 heteroageneity of absarbing
gpacies, the angles should be evaluated at the highest abserption maxima of the
oriented gpecies, rarher than at different wavelengths, 25 is usually dunelE’lg
when ﬂﬁlfﬁl is assumed to be constant ac 2 Function of wavelangth,

Using the absolute values for the reduced linear dichroism £or BPDE and
DNA given in Table 1, the angle of El % 35° is obtained. Keeping in mind the
inequality in equaticn{9), and the fact that the reduced linear dichroism values

at 345 and at 260 nm have opposite sipgns, the value of cuszﬂ calculated in

i |
equation (10} iy a lower bound and thus the calculiated angle is an upper bound.
We therefore conclude that the angle of orientation of the iung, in-plane sym-

metry axis of the pyrene chromophore (Fig. 1) is given by

BPDE ~ "1 A (11)
The planes of the aromatic chromophore thus tend to he inclined parallel
to the surface of a cone whose axis is that of the DNA helix and whoze aungle
is 35° or less. This result was reproducible with four different samples of
BFDE-DNA with the concentration of the BFPDE molety varying between 0.1 - 0.5%

{based on the nucleoride concentracion).
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Estimation of the Oriantation angie of EP in the BP DNA-Complex.

In order to further verify the validity of our approach te calculate the
tange of orientation anglgs for thé BPbE—BNA cumplex,-ﬁe used the same method to
estimate the-nrientatiﬂn angle of the BP molecule phy=sically bound to DHA, Benzofa)-
pyrene, when physically bound te DH4, 1is believed to qum.an intercalation cumplexzj'

Since the transirion moment v_e.cl:ur in the 390~400 mm absorption region of BF lies
within che plane of ﬁh&_aramatic ring, the angle ﬂEP should be clase ta 90°.

The ﬂﬂl spectrum for BP in the B?;DNR complex tesembles Lhe absurptiun.
kpentrum of BPF only qualitatively; rhere iz a sharp peak at 194 nm, and a weakef
one at 374 nm, corresponding to the absorpticm bands of BP bound to DNA. The
ﬂﬁlfﬁl spéctrum 5howp in Fig. 4 is wavelengrh dependeunt, indicating here al=o =
heterogeneity of.aﬁsorbing species, As expected for an interezlation madel, the
. sign of M‘l for the DHA-bound BP is pegative. This immediately indicates that
EBP » 557 zecording to Fig. 5. Usieg the appreoach emhnﬂied'in eq. (10) and the
data in cakble f:.tﬁe_pbﬁsihle_range of angles gan be narrowed down still further.
We obrain _

8. 3 81° o Can

Keeping in mind that the value af Ml“}. at 3%4 pm is a lower hauhd and
that the signs of the reduced linear dichroism at 260 and at 394 omare the same, the
angle of 81° iz a lgﬂgz_bpund yalue, a5 indicated in eq. (12). 5Since such an
angle is expected for the.inter:alatian model of the ph}sical binding of BP ko

N4, this result suppoerts the validiey of the caleulations for BPDE bound cova-—

lently to DHA.
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CONCLUSIONS AND SUMMARY

The electric linear dichroisn spécerum of BPDE Euund covalently to DNA shaws
that the pyrene ting system is not intercalated between the base pairs of DNA,
A qdantitativé analysis of the data indicates that the plane of ehe pyrene-like
¥PDE chrempphore lies nﬁ the surface of a come, whose axis iz that of the DNA
helix and whose angle is 35% or less. This orientation is depicted in Fig. €.

.fhe validity of the quantitative analysis of the elent?ic linear dichroism
data, on which the above resulis ara based, w;s-verified by examiﬁing the linear
dichroism spectra ¢f the imptercalation type cumplexes that are formed when elther
proflavine or bEﬂZﬂ(a}py:ene ar= physlcally bound to DHA. The same method of

approach yields an angle of 90° for the PF andlz_ﬂ;ﬂ for the BF transition moment

. vertors, with respect to the long awis of the DHA helix. Sinee these transition

moment vectors lie within the planes of the aromatie ring systems, these results

are totally cunsist&nt with the intercalation model uf hlnding for these phFSLcal

compleres, These results are in striking cunttast te those oktained when the iden-

‘tical method of linear dichroism and data analysis was applied to the :nvaient_

ﬁ?DErDHﬁ complex.

The varlation of the reduced linear diéhraism ﬁﬂlfﬁl with w;velength'is an-
ipportant criterion for establishing whether or net there is more than.une species
of chrowophore=s whose zbsorption spectra, while different fruﬁ each ﬁther, over—
lap in the same wavelength region. If there 1= only one oriented speries among

these, than the linear dichroism spectrum & reveals the absorption spectrum of

A
this species. Under these conditions only upper or lower bounds of the orienta-

tion angles can be determined.

Finéliy, we note that in these experiments our DHA sampleé were not sonfcaced
13,19

.to obtain shorter and more easily orientable DHA segments.” - The DMA double

strand may be weakened 2t the sites -of covalent BPDE binding and thus breaks may

occur preferertially at these sites. 1f this is the ca2se then the conformaticn
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of the BPDE mﬂeity Located at the end of such a ONA seémént may be quite different
from what it is in whole DNA. Since we wera intaresta@ ‘only in the relstive
linear dichroism at 260 nm due to thélﬂm bases and alé 3;5: mt due te the BPDE
chramnphﬁre, the overall extent of orientation of the DNA mdleculezT iz not im-
porfant. We hava'theraﬁare attempted to avoeid tha ambiguities which méy arise
because of sonication of the high nolécular welght calf thymus DHA used in cur

experiments.
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TABLE 1.

Values of reduced linear dichraism AAJA v 700 Volt cm&l 5 M cacodylate buffer,

3

10" "M DHA phosphate concentration, room temperature

Eample Wavelength AASA
DNA 260 2.8 x 1072
EYDE-DNA" %5 +2.7 x 1072
PF+DNA® 460 -2.8 x 1072
BP+DNA" 394 -2.6 x 1072

#BPDE-DNA--—covalent complex formed by reacting (+)-7B, So-dihydroxy-9x, lOn-epoxy-
7,8,9,10 tetrahydro benzo{a)pyrene in witre with z modification of
0.1% {one BFDE molecule bound per 1000 nuclectides}. The reproduc-
ibility with 3 other samples was found te be within 10X of the value

gliven.

—p—

bPF*DHh—-———physinal prroflavine DNA complex

CBP+DNA-———- physical benzo{a)lpyrene DHA complex
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FIGURE CAPTIONS

F154 1.
Fig. 2.
Fig. 3
Fig. &
Fig- §
Fig. &

o
Structure of (ij—?ﬂ,ﬁu*dihydrpxy-ﬂ »10 —epoxy-7,8,9,10-tecrahydrohenzo{al-
pyrene {BPDE). The heavy arrow indicates the transition momant vector
of the 310-35¢ om absorption band.

Typlcal Voltages and linear dichroisw signals (oseilloscope tracings).

A. Volzage V, without cell comnmecced (3 ms pulse duration}.

B. Effective voltage {Vg) with cell connected. At the beginuing of the
pulse there is 2 30% volctage deop (Vg % 0.7 Vo) the effective voltage
decreases further to Vg = Q.40 V,, The effective voltages Vg given
in Fig. 3 represent the values taken approximately haliway between
the maximum and minimum values of Vg. Sample: covalent BPRE-DNA
complex, 0.3% wodification, Azgn/pe = 4.1 in 5 nM sodium cacodylate
buffer, pH = 7.1 Cell resistance: 300Q

€. Linear dichroism signal at 292 om (doe to DHAY A4 is negative.

Same sample as in B; Vg % 200 Volr.

D. Linear dichrelss sizgnal at 345 nm {dus to the pyreme—-like chromo-
phore attached to the DNA). Same sample &3 in B. Dichrograph
sensirivity is five times greater than io B above.

BPRE-DNA; Ascn = 10/ml {one BPDE/1000 bases)
BP-DNA; ApgQ v 6.0/ml (v one BP/Y0Q00 bases)
PF2DNA; Aggg v 10.0/ml (v 7 PF/l000 bases)
All samples were dissolved in 5 mM cacodylate buffer. ({(Tha abova abbre-
viations are explained in Table 1}.
Vg " 200 Volts (the effective voltage is defined in the legend of Fig. 2).
Cell resistance: 2004, .
{A} Absorption spectra (&) of covalent BFDE-DHA complex {BPDE-DMA)——-7?
BPDE in ethanol - - - — — 3 physical complex of benzo(a}pyrene i
DMA (BE-DHAY ......... : proflavineDHA complex (PF-DMAY------—--- .
{B} Linear dichroism (84) spectra: v 700 Volts cm~l; 5 mM cacodylate
buffer sclution.
{In both (&) and (B) the BPDE-DWA solutions were diluted in order
to make measursments in the DNA absorption region of 240-300 nm).
{The vercical scales are in arbitrary units).

Reducad linear dichroism spectra fer the DHA complexes showm in Fig., 3;
AAfA is in relative units.

The orientation function defined in equation (2), pletted as a function
of the orientation angle §. )

Model of arientation of the in-plane axis of DHA-bound BPDE (axis defined
in Fig. 1}.
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RADJATION DESEARCH ||, 112-111 (1975

a-Particlelinduced Radical Production in Anthracene .
Beyond the Bragg Peak

H.T. vt 8. Arvoin, a¥p Bl Popstt

Radwarion and Solid State Lobovatory' and Chemtisley Depariugnd,
New York Unipersily, New York, New York 10003

Ho, H. T, Awvoup, 5., axp Pore, M. oParticla ndieed Radiesl Produelion in
Anthracene beyond the Bragg Penk. Radias. fes. 74, EE3-T50 11078).

Triplet, excitona are weed a2 a sensitive probe for the spatial distribution of para-
maguetic defeets {exeilon sounding). Fatlowing e-pacticls (L2-30 leV) bombaidinent
of nn anthracepe crystal, a remariably long Wil Superiail} of partmoagnetic dofects
{Ires cadicnls) was found, sxtonding into the crystal for 2 distance of ahoyl six {bney that
of the Bragr paak. Evidenca i presoniad that of all poesible mechanisme for this super-
tail, only 1ecoil protons enn oeconnt quantitatively for Lhe ehserved spattal distributicn.
A modbl caltulation iodicates thut the praton-inluced radical yicld is about Gve tines
that for o partivlea. The hunitations of this pnodel ore discussed.

INTRODUCTION

In cur previens work anthracena erystals were irradiated by o particles moving
in a direetion perpendicelar to ab plane (1). The spatia) disteibution of residunl
damage was measured by triplet exciton sounding (). The results shewod ranges
for & pavlicles nt 30.00 and 32.36 MeV in good ngreoment with the Bragg addi-
tivity rule. From the magnctic field effect on the triplet cxeiton hifehme (2), it
was shown that the defects that quenched the triplet excitons wore principally
paramagnelic and that the G value for their produetion was about 0.02, At hirh
radiation flumees of 10°F g%, pudicals were observed in o long il extending
for beyond the Brage poak. Several hypitheses were proposcd to cxpluin thess
tails. The hypotheses may be divided inla twe categorios: One involves the par-
ticipation of sceondary radistion which eanses darnage through its energy degra-
dation wnd the other involves enhaneed radieud dilfusion which alluws 1he radicals
to mave beyond the e-particle range in channcls creaded, for exanple, by reccil
protonz, Long-runge diumagze would be espected Mo any of the following see-
endary radiation.

{a) recotl protons.
() ¥ rachiation and neutrens arising from resonance excitation of carbon.
{c} bremastrahlung Mroin sceondary electrons, a-par ticles, sud secondary protons.

DO3F-T3F/ T804 1 19302.00/0
Copyhipht 5 3978 by A udenow 1'eeza, loe.
Al nighty wf reprodysiiew o nuy Ie ceser ved,
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In addition, although the ¢ direetion isnot a chanmcling diceetion in anthracene

{3), channcling muy assist paraxisl sceondury ehorge pacticles in muvmg further
than they esuld in an amorphous tmedivm.

In order to study the duamuge mechanism underlying these ]ung tails, we hove
made two dilferenl types of measurement.

I. The disCribution of radieals within the tails was measured as a Tunction
of the incident energy of the & particles.

II. The dypmage profiles were mensured in o scries of planes perpendicuolar
to the a-purticle beun, these planes heing situatoed at varicus distaoess from the
irredinted gsurfaee.

k

The brat set of experiments provided o woy to distinguish enhaneed radieal
diffusion from protan recodl or nuelear radiation. As Duvies and Jespersgard (4)
kave shown in the ¢use of implantation supertails i tungsten, the diffusion
mechanism iz expected to give exponential tails with a decrement controlled by
the concentration of point defects. Therefore vne would expect Lhe length of the
tails to be relatively independent of the a-prarticle cnergy. In addition the eoorgy
dependence can provide wvseful information aboud the relative roles of proton
recoil and nuclear radintion. Sioce nuclear escitation i3 a resonant phenomenon
its encrgy dependence should be mare abrupt than that of prolon tecoil,

The measurenent of the laleral profile of damage io the tuil gives oseful
information oo the rele of bromsstralilong and the clunneling of secondary
partictes. Sinee the probabilily for the cmission of bremssirablung is known to
ba highest in & diveetion 90 from that of the incident bewmn, one would expect
lesz damuage iu the forwurd divection than to Lhe side. In addition, since chanuweling
is known to take place in the e dircction, whigh is 34° from the ingident direclion
of 1he & particles, one would expect channeling to aleer the tail toward the o
dircetion.

In what follows we will show that the primary mechanisis responsible for
theze tails iz energy deposited by eccondary protons.

EXPERTMENTAL PROCEDURE

A detailed description of the erystal propaition, experimental sctup {or irradia-
tion, and the apparatus wsed for radistron dwmage detection iz given in the
previows work (F). Only 2 briof dessription of the cxperimental procodures s
given here,

The authwntene grysials vsed For readiabion wore ae” oeystad plates of anthra-
cone typieally 5 min squsre in the ae’ plane and 1inm thick. The tripded exeiton
lifotime of the wnirradioled sunplie wag Lypieally 20 msee. The ciorgies of the
a particles wore 12, 20, and 30 eV, The number of @ parbicles absorbed were
1.95 3 10" e 2 for bodh the 22 and 20-AeV irsudialion. Tweo eevliations were
caryidl out at 30 20V wilh Buaenees of 3400 2 10% el 174 X 10 em~t The
a parlicles wers dirceted perpendiculady to gl plane (e, adong the ¢ divection),
The primury vegion of dagze exleteded over g eptive thickpess of tue ge pate
and wis cither 2 or 4 v i length wlong the 2 dizection. :
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The two experiments deseribed in the Introducetion were carried out as follows:
The method of cxiciton sounding wus usd to delermine the gpatial distrilution
of damage within the tail as lunction of ingidend a-particle coergy. This tcthod
utilizes the quenchize; of triplet excitons by ervstal defects i order te detenning
the defect dunsitics. In the presence of an appliod magnetic ficld, this methed alsn
diseriminatces between paromagnetic and nonparsmagnoetic defegts; such a fidd
is known to reduce Lthe paramagnetic quonching process in e prodictable way (2).

The guenching of Lriplet cscitons by defesls is determined by measaring the
briplet exciton lifetime: g1 in general § is increased from its inbringsic value S
in the presence of defects, The change in 8, witlt radiation, Ag, i given by

AB = B — By = Ny + T vuillag 1

where 5 and N are the average quenching rate and donsity of paramegnetic
defects, and ya, and N, are the quenching rate and density of nonparamagnctic
defects of the fth type. In our particular ease as will be indicated by the resuelts,
the second term may be neelected sinee the tiiplet exeitons are guenched slimost
entirely by paramagnetic deleets. Therefore, Af is egsentisily proportional to the
density of paramagnetic quenchers. 8 8 caleulated from the decay rate of the
himinescenca prodused when triplet ceeitons annibilste. This light, known as
delayved fluorescenee (DF) has o decay rate which is 28,

The methad of exeiton somnding i implemented by penerating exeitons in o
small region of the erystal. This is asgomplished by Tocusing the light drom a
He-Ne Insor at 8328 A with a spherical ve evlindriesd lens. The focal lengilis of
these lenses were 240 and 50 mm, respeclively. A Maithiul representation of the
gpatial distribution of the defeat densitics can only bo accomplishied if the doeay
al the triplet exeitons is kincticadly ficst order. The DE under these conditions is
proportional to I?, where J is the Heht intensity. To romove the perlurbations due
to bimolecular quenclang fromy the defect profiles the lascr inteosity musl be
lowered so ihat DF = F. The DF was messured by single photon counting,
Biner the spherical lens exeiled o volung of the erystal which is vne-filth of the
volume cxcited by the cylindeical Jons, one must lower I for the spheriend cusc
below that for the eylindrical euse in order to climiuate bimoleculay effeeta, Such
attennalion produces luminescenge within the darls count. However, since paink
discriminadion by the sphericad lens is oflen requined Tor gualitative wlormation,
the reaulls obbtained with this lens wore nob sarried gub cnticely in the region
where DF « I oand therefore con only be used Jor qualitstive infonmation such
as angzular sy mmetrics. The information arcived at from such duta are discossed
in Resalts.

The effeets of a wagnetic field o the deleyed luminesconee were measured
with a held of 3,000 G at the so-called regouree dircclion in the ¢ planc (2.

RESULTS

Figure I shows the spatial variation of exeiton decay rles, a8, a5 o Tunclion
of pesition from the isudinted s lee for antheseene ervsizds irradinded ot 12,
20, and 30 By, AN of (hese measirennents were coacried oot wilh 1he exlindeical
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Fig. 1. Tha changa in %00 WO (XD, TN pth X in micrarmoters
for the sampcs i adiaced 8t oo, - e mraers me v w06 Band of Hids figure
spacifies the range of the o partictes at pach energy. Distance X iz menzsmed olong the direcdon
of the o-pariizle beani. The dese rate and total abwsrbed dose are bated ondenesth the corre-
spoading a-particle cnesgy. -
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lens. The transient Gictime of the delayed NMuorescence was net measured in the
region of the Bragye peak due to low luminescence in this repion. However, 48°s
in thiz reglon mey be estimated Mrom the sleady-state DT, Sines 8§ is profortionsl
to the inverse square root of the steady-state loninesecnce, -4, A8 is therciore
proportional o AP, The hist soveral poinls on eaeh curvo wore estimated
valurs, Az one ean see AF falls off gradually with ineeepsing digtanee from the
Brage peak and thew Falls abruptly 1o zero af o pesition X... At 30 RIcV this
postlion appears ko be relutively independent of parlicle current density, Two
experiments were performed al 30 MoV us shown in Fig. 1 and although the
particle carrent density was variedl over almost an order of magnitude the values
of X, wore within 395 of each olher.

Figurc 2 ghows the Liteeal distributio of dhunage within the tail For an weadin-
Bor af 30 ALeV. Al mcsuremenis in Chis Bgure were eaoricd ot with the aplie-
eab Lens. The lateral danage has il grealest eontribulion slong the symmetry
axia of the o beam and balls off Gr edther side, The controida of the curves show
Less Than I smgulor displiucement os mensured Trome Uie aymmpebey axis.

The magnetic bebd effeet an the brnsient deeays wos measocsl at 1he reso-
ey direetion in the ae” plaoe ol S0 G, I6 g 0N aond 3 {00 cee the Liiplet
exclon deeny riedex in Uhe peeseoee el adeseners gl the nepenetic eld, espiectively,
then U A40) 45 Towmd o e Q098 For paaels ob wlich g 3 e This value js
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DISCUSSION OF RESULTS

Since the values of Af fal! wbruptly 0 zerc at X, a8 shown in Fig. 1, it is un-
likely that photona play & major role in the production of these radicals in the
region of X, since photon intensities arc sitenuated cxponentially.

In particular the role of bramsstrubiung jn defect production should be small
sinee Fig, 2 shows 2 maximum density of radicals slong tho beam axis which
is contradictory wiih the mechunisin of bremsstrablung since the cross section
for production of these pholong is & minivium in the forward direction. In addi-
tion channeling should be unimportant in expluining the abserved efloct sinee the
channeling direetion iz 34° fromn the symunciry axis and the centroids in Fig, 2
ghow less than a 3° angular displacement [rom the symmetry axis. Of course,
charged particles eatld arize feom resonance exeitation; however, this is vnlikely
in the energy range being investigntod since X. appears to change gradually
with E,, exhibiting no distinet structure. Figure 3 shows a plot of X, versuz B,
As one can sce, the dependence of X, on B, [Hs o power law (illustrated by the
dashed line in the Aigure) of the following analyéic form

.Km = guﬁﬁ{gl}]'“j- (2}

where X, is given in micrometers {um) for energy E, in millionclectron volts
(MeV}). The 1.72 power in Bg. (2) s sugzestive of the penctration by a heavy

charged particle with encrgy to mass ratio of several McV/amu for which the

typical exponent {5) is ~ 1.8, The fust that X, is mensurcd from the rradiated

puriace implies that the charged particles responsible for radical production at

X originate at the irradisted surfacc. Recoil protons, and carboa dons will be'
produced at the surface; however, in order that the reeoils produced at the

surface have the lurzest depth of penctralion, the ratio of the regoil ranee Lo the

a-particle range must be greater than one. For earbon recalls his ratio is jess then

coe. The ramge of protons B, of cucrgy B, in anthracenc cm b expressed in

terms of, thn lollowing semicmpirieal equation (§)-:

Rp = 132, (3)

Binca E, = dmm F_f(m, -+ m.) the range of fm-vmrd-pmjented secondary pro-
tous R.; leaving the front surlace is then
1.EL )
‘= (15 [-—————-—] BB - 785,100 4
. lp {1 } {mp -+ ‘m-a]: ® ° ' ( J
Tigure 3 illustrates the good agreement between the experimental values of X,
and the range of recoil protons wy given by Eg. (4) (e solid line in Tig. 3).
Further usciul information ean be gaived Dby o eemparisen between the shape of
the A8 profiles and o eomputer simulation of the detsity of energy deposibed
along the symmetry axis. The density of energy deposited by recoil pratons, i,
at & point of X on the symmetry axis, originating from o volome dF b position
Fo (s0e Iig. 4) may Lo weit len as
feargp (F Al Ee, ) AV -
ﬂpg - Fl!h"rl;; 4 H:pfﬂ;l ¢) ) w{ pr :I _ '[5]

dr rt
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where Fa bs the a-porticle Rux, Xy is the density of hydrogrn atoms in the erystal,
do.n(Fa /42 is the cross section for protun reevils, dE . (Buw. r)/dr is the cnergy
liss ot psition N by proums onigioadiog from oV with coergy #,, and r i€ the
distaner Froan Uhe voduwsee cdioment to the position X, Therefoee the sreeall Gongity
of cnerzy deposited at X, pg, is piven by the integration of Eq. {5), whore the
integration is carricd out numcrically aver all souree volumes, In order to es-
tablish the a-particle enerpgies as a [unction of penatration depth, the stopping
powers lor o partieles were obtained by using the Bragg additivity rule and ihe
stopping powers lor earbon and hydvogan £7). The stopping powers of protons in
anthracene were caleulated wso by the Brugp ndditivity rule with appropriate
data for carbon and hydrogen. Stopping power values were taken from North-
eliffe (7} below 12 MeV and fram Maron (8} between 12 ond 20 MeV. Since the
center of mase cnergy exceeds the He Coulomb burrier, the diferential eross
section doy/dl was caleulated vsing an attractive nuclear potential in sddition
to a Coulomb potential. Aecordingly, thesc cross sections were arrived at by
solving for the § matiix using the [ollewing oplicul-model pelential {(2):

Vi) = Uonlrd + Usolr) + Vooulr), (8)

where Ucx and Usg are the {eomplex) nuclear and spin—oehit potondials, re-
spectively, and Foam i the Coulomb potentinl. The piramoters in the above
poiential were taken {rom fits to proton scattering cxperiments at 31 MceV {10,
The caleulation of the encrgy density fron Bg. {8 for a 30-MeV a-particls
fluence of 3.91 > 10% cm® jx shown in Fio. 5. As one ¢cun sce, the computer
gimulated profile of the encrgy deposited along the symmetry axis is similar to
the A profile at the same energy. The 3% difference in cutoff depth between
theory and experiment i3 in afrectnent with the semisrpivical range—energy
formula and eould be due to the Nuiilure to include the efficcts of strageling.

Also shown in Fig. 5 is the cnerpy density versug depth based on 2 Rutherfoard
eross section [Le., anly Ue,a{r) in Eq. (6)] As one can see by comparison of this

F1a, 4. The comdinnte syq i of the dierential source
of protons sand X dheir deat ;&t Y- ¥ (32
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Fis. 5. Coamparisan 1 1 line} and the Lriplet
exciion decay mie ch e K x?.:-l 0T o M0 B vith & Aucnce ad &
putticls current dansi;| ctively. The brobken

curva raprasants the enoipy dansity prolile based on 2 Rutherford oross seetion alune,

eurve with the one corresponding to the full potential, Coulombie seattering plays
a minor role in eontributing to the encrgy deposited. This Fact which is key to tho
gecurtenee of the faits will be discussed below.

Although tho yicld ¥ (radiea! density por unit encrgy density) versus energy
is not kaown for protons, onc con got somo idea of the average yield in the tails.
We define the sverage yicld P as

7= f YN dx / f Nodz = ¥, f Gt— Afdx / f Apdx, (7

where ¥ is Nppe~l and N, the density of paramagnetic defects is givon from Eqg.
{1) ns 7, 7'a2. Using the computer-simulated enorpy density profiles along with
the corrcsponding cita in Fig. 1 und integrating out lo 2500 pm where the strag-
gling should be uniniportant, we obiuwin o valoe for 5. F of G.1 X 10~ ew/erg-see.
Using s value of 1077 cu’fsee fov 5, (13, the avernge yield ¥ is then 6.1 % 103 /crg.
This ¥ield iz approsimately five Umes larger than the corresponding yield for
& particles and would imply that protons sre more clfcelive in prothicing radieals.
In addition the yicld ¥ appews to increage with deercusing prolon cuergy.
However, although this may indecd be Lhe case, snme aanbion wust be oxergised
i baking e conelusions Hleradla . The inost lsuwous issumplion in our enleula-
tioas Is thal the optivid moded pavimeless are indepencdent of energy. Although
this assumption & pecessilated by Lk of explicit data b olher energices, e
woulll cxpuet terus in BEq. (83 such a8 Whe complex part of the centiul noclear
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potential, Im[ Uex(r)], to Le influcnced by the avaituble cnergy {71} sinee this
potential describes ahsorplion into channels other than elastic seattering (f2).

The supertoils found iu the present work sppear to be a generul property of the
intergotion af heavy iong with orgasic matter. The fraction af the initial enncey
in the secondary peoton glunnel at 30 Me¥ 35 ~ L1075, The eelative cilicieney
with which other iens sroduee tails will depend heavily on the eross section for
generating recoils. Efficteneies as high az 0.1% for ions having veloecitirs of
~8 MeV fumu are a consequence of nuclear seattorimg and therefore will depend
on the individual nuclear potentials.

The most important gonclusion of the present work s that the supertails
found in the induecd rndieat production have their origin primarily in damuge by
recoil pretons,
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