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This report summarizes our progress during the period

from February 1, 1971, to August 31, 1972.  At the request

of the Division of Biology and Medicine the starting date of the

budget year for the project was changed from February 1 to

September 1, so that in this transition period the progress

report covers a span of one and a half years. In the report,

we emphasize the work on heavy ion physics and the dynamics of

deep atom-atom collisions.  Professor Pope's research on

energy conversion processes in organic systems was reported

in detail last year, and will so again next year.

The report is divided into two Sections. Section I

describeS the work of Professor Brandt and his group, Section II

summarizes the work of Professor Pope's group.

Werner Brandt

kt«__  7 »
April 1972 Martin Pope
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Introduction

During this past year, we have completed the con-

struction and shakedown of our low-energy (2 - 50 keV)

accelerator, to perform precision energy loss experiments

in transmission of heavy ions through thin gas target by a

differential method. The large accelerator facility

(20 keV - 300 keV) has been rearranged and improved.  Extensive

experimental studies have been performed with the Brookhaven

National Laboratory tandem van de Graaf accelerator, with

projectiles ranging from protons to chlorine ions, at

energies up to 170 MeV. The reduction of data and the cal-

culation of theoretical inner-shell ionization cross sections
\

has been cast into two comprehensive computer programs

i applicable to both the new New York University Physics

Department HP 2000 computer  and the CDC 6600 computer at the

;
Atom Energy Commission computing center of the New York

University Courant Institute.

The objectives were to comprehensively cover the entire

field of K shell excitation in deep atom-atom collisions

and to find unifying descriptions for their behavior for

, many projectile target combinations. The experiments

were designed to test and further the theoretical develop-

ments which were initiated by our previous work with protons

and alpha particles.

A clear separation between the Coulomb excitation of

inner shell electrons by point particles and the Pauli excitation

-1-
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by projectiles carrying an electron cloud has emerged.

Coulomb excitation  and the conditions under which  it

occurs can now be said to be understood to an adcuracy

commensurable with dxperimental uncertainties.  A general

understanding of Pauli excitation is emerging. Extensions

to the study of L shells have begun.

Two other developments of .interest in this context

are: new collahorative efforts with the School of Medicine

to elucidate the workings of structural information in

extended DNA molecules after varying degrees of denaturation;

extensive studies of positron annihilation characteristics

in organic materials and their influence by light exposure.

Visiting Professor Biersack returned to Berlin in the

fall   o f 1971. Professor Alfredo Dupasquier from Milano

has joined the group for the academic yedr 1971-720  Four

doctoral theses were cdmpleted and defended during this

I period.  The publications and presentations are summarized

at the end of the report.

3
The National Science Foundation supports, as of

January 1, 1972, the positron research effort with a new

grant. The physics department has applied for a two-year

I             extension of the Science Development Grant.  The decision

is expected in June 1972. The new Meyer Physics Building

1
was  completed  and  do.es now house  most  of the physics faculty.

The concurrent completion of the new modern shop and service

facilities has eased and improved our operations significantly.

t
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1.  Accelerator Facility

A detailed report  .0 f the large   (40  -   400  keV)   and

small (2 - 50 keV) accelerator facilities is contained in

last year's comprehensive report. During  the  past  year  the

major modification to the facility was the installation of

a beam scanner system which allows us to determine the

location and intensity of the ion beam in various sections

of the beam transport system. This facilitates the location

and selection of the ion beam for particular experiments.

Work is presently in progress in assembly and construction

of a third experimental port on the accelerator that will

utilize a velocity filter for elemental analysis of the ion

beam.  The energy and mass resolution of this system is

mudh less than the present resolution of the 90' beam analyzing

magnets.  However, the velocity filter will enable us to

obtain elementally pure ion beams heavier than argon (M = 40)

  which is the present limit set by the mass-energy product

             of the analyzing magnets.

The progress in the operation of the small accelerator

(2   -    50   keV) is summarized   in the section "Low- Energy Stopping

1                               powers of Compounds. "

!

i
./
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2. Projectile Charge Dependence of K-shell Ionization

Measurements of characteristic x-ray production by

heavy. charged particle penetration into matter can be

studied to elucidate the energy-loss mechanisms attending

ionization and excitation of inner-shell electrons. This

and the two following sections provide a status report of

such investigations.

A critical parameter on which the phenomena depend is

the nuclear charge of the projectile, Zle.  The:PWBA treatment of

the direct Coulomb interaction between this charge and the

target electron, which results in the Coulomb excitation of

the target atom, predicts that the ionization, excitation

or x-ray production cross .sections are proportional to Z2.

             This result derives from the use of unperturbed wavefunctions

, to describe the system in interaction, and neglect of pro-

jectile electronic structure, if any.  A very exacting

way of testing for the validity of such an interacting

I             system is to examine·ratios of x-ray production cross sections'
{

for pairs of projectile incident with the same velocity on

a given target. The PWBA predicts this ratio to ba unity
i

when the trivial Zl charge dependence is divided out.  Such

an  examination of measurements  of K- shell x-ray production

from aluminum and nickel targets has previously been reported

and is summarized in Fig. 2.1.

: In the figure, vl is the projectile velocity and v is2K

the target electron velocity. There are two points to be
C
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made about Fig. 2.1:  (1) Coulomb excitation of unpe
rturbed

states is not an adequate description of this energ
y-loss

mechanism.  (That is, the prediction of the PWBA is
 wrong.)

(2) The departure of the data from the PWBA predict
ion can

be understood in terms of two physical phenomena n
ot included

in the PWBA.

One is the influence of the target on the projectil
e,

namely through nuclear Coulomb repulsion of the pro
tectile

: by the target nucleus,. and the other is the influence  of  the

projectile on the target.  The nuclear Coulomb repu
lsion

has been treated previously and good agreement with
 experi-

ment obtained. Coulomb repulsion is important only at the

t lower energies and is thus not relevant for the exp
eriments

i

' under discussion.

' The other phenomenon is relevant. and consists of two

I effects: a binding effect and a polarization effect account

for the behavior of the ratios at low energy and hig
h energy,

respectively. A similar behavior can be obtained from cal-

; culations with a model for the projectile-target el
ectron

system. Binding and·polarization terms are calculated to

1             order (Zl/Z2)3 to include with the PW
BA expression of order

:.

(Zl/Z2)2.  Z2 is the target atomic number.  Note th
at the

larger the value of Zl/Z2 the greater is the discr
epancy

1

from the PWBA prediction at a given velocity. The results

of sample calculations are shown in the limiting energy regions.

An attempt has been made to ihclude both effects in one

calculation to obtain a single theoretidal curve to 
correct
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the high and low. energy regions in the way indicated by the

data. The union of the two effects was accomplished by

deducing an effective change in the binding energy as a

result of the polarization of the target-electronic orbit.

In this way the binding and polarization terms could be

combined to determine a net change in the binding energy

and a corresponding cross section determined.

Figure 2.2 shows the results of such a calculation

compared with the aluminum data.

In the interest in mapping the behavior of the „ Z13"
phenomena, heavier ions with larger Zl values giving larger

Zl/Z2 values were used in x-ray production experiments

on nickel targets. The results of these new experiments

              using C, 0 and F porjectiles are shown in Fig. 2.3·  The

i open symbols show a sample of the previously reported data.
' As the value of Zl/Z2 becomes

larger the discrepancies1
-

with the PWBA prediction become greater. This is found in

the calculations with the binding and polarization effects

1
as well as the data whose trends agree with theory.

1             Discrepancies for higher values of Zl/Z2 may be accentuated
i

l              by increasing importance of terms on' higher order in Zl/Z2

2 and by the impact of the projectile electronic structure

which may no longer be negligible.  Excitation influenced

  by the Pauli exclusion principle for the overlapping electrons
1

;
of the projectile-target system in close collision may occur.

This is called Pauli excitation, which is to be distinguished



.....--

-7-

from Coulomb excitation.  Subsequent discussion deals with

larger values of Zl/Z2 and the attendant Pauli excitation.

The object of the discussion above has been to elucidate

. . the dependence of energy-loss to inner shell electrons on            -

the charge of the projectile. High and low energy departures

from PWBA predictions can be understood and accommodated

by theory and calculations which provide- a single curve

joining  the  two  regimes  in the manner displayed  by  the  data.

New experiments with C, 0 and F projectiles have shown the

effects of charge dependence persist for larger Zl values

and appear in the expected way.  Further work is planned

in order to strengthen the present understanding.

i

. '

#

t
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3.  Cross Sections for Inner Shell Excitations in

Atom-Atom Collisions

We have measured the x-ray production cross section

for Al(K) and Ni(K) for incident ions of C, 0, F  and Cl

in the energy range 2 - 100 MeV on the Brookhaven National
)1

Laboratory tandem van de Graaf accelerator.  Figure 3.1

shows the experimental arrangement employed in these

measurements. The x-ray cross section is determined

in the following manner. The x-ray production cross section

ax(El) for a projectile of energy El (in MeV) is calculated

from the measure yield Y(El) as

!

ax(El) =
Y(El)

Ni t¤xY

i                 where Ni.is the number of incident projectiles,  t the target

thickness, and 47 an instrument constant. We measure  Ef

by a Rutherford scattered beam fraction

Cdc)N N tl- '      CDs   =      i   \ (10 3'Lab

i where (dc/dO) is the differential Rutherford scattering

cross section, and CJ) the solid angle subtended by the

detector. Substitution yields

Y(El) CD ZZ22
3    1 2

!. ax (El)   = N -  (1.296  x  10-  )        2s nx     E1

cM )2

 csclt (8/2)-2(--1) + ....  barns
\M2

F
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where 8 is the angle between the beam direction and the

detector in the laboratory system.

Figure 3.2 shows the result for 0 (Zl = 8) ions on

Al (Z2 = 13).  The low-energy data, measured on the                   -

New York University accelerator, and the high-energy data,

measured at Brookhaven National Laboratory, embrace the

measurements by Sakisaka at Kyoto University. The error

bars on the high-energy thin target data are only 10%,

whereas at low energies, only thick-target measurements

are possible; they are uncertain by some 30%.

The solid theoretical curve represents the binding

corrected PWBA prediction. The dashed curve incorporates,

' moreover, the high-energy polarization effect discussed

in the first section. This effect increases the cross

:
section and shifts the maximum to lower energies.

We  note  that  at high energies, where  even. for  Zl  #  Z 
r

Coulomb excitation should dominate because the target is

thick enough to strip the projectile of all its electrons, .

the agreement between theory and experiment is good.
1

i                  However,tat low energies where the projectiles carry

i an electron cloud into the ionizing K shell encounter,

large discrepancies between theory and experiment become

apparent: the cross section can be by many orders of

magnitude larger than the Coulomb cross section prediction.

We attribute these large cross sections to the exchange

forces that build up in overlapping electron clouds because

C.

I
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of the Pauli principle - we refer to this process as

Pauli excitation.

The data for C and F on Al show precisely the same

trends, that is, at high energies they agree with the

predictions based on Coulomb excitation, and at low

energies the cross sections break away from the Coulomb

curve and can exceed by far such predictions.

An example for a system consisting of a projectile

that is heavier than the target, Zl > Z2' is shown for

Cl on Al in Fig. 3.3. While again the same over-all

trends are apparent, in particular the large Pauli cross

sections, the data fall snort of what is predicted near

the maximum. It is possible, but in need of further
:

1 clarification, that even near the maximum, the Cl ion is

not totally stripped. In fact, the data would be con-

sistent there with a projectile of charge 14 rather than 17.

In summary, we find that the x-ray cross sections for

Zl   Z2 approach the Coulomb excitation cross section at

high energies while at low energies the cross sec.tions are

t orders of magnitude larger than can be accounted for by

Coulomb excitation. The results follow the trends expected

when Pauli interaction dominates the ionization process.

I ''
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4.  Coulomb and Pauli Excitation in Atomic Collisions

In the preceeding two sections, it was shown that
2deviations of cross sections from the simple Zl  dependence

on the nuclear charge Zle of the projectile can be accounted

for by corrections to the theory that incorporate the low

velocity binding of the electrons to be excited (e.g. K shell
electrons) to the charge of the projectile and the high

velocity polarization of atomic shells by the charged particle.

However  the ratio4 while exhibiting these effects most clearls

give no inkling .of the scope of the resulting unification
of all data.

In Fig. 4.1 we show the cross sections of many targets

for several particles in a universal way, incorporating

the effect of binding by replacing everywhere the ionization

parameter ek by ekek' and by effectively dividing out the

effect of Coulomb deflection.  We see eicellent agreement

i among the various sets of data points, as well as with the

  predictions of absolute magnitudes calculated in PWBA. At

the higher energies, the He-data tend to overshoot in just

the way we would expect the high-energy Z3 effect to the

cross sections.

We have done experiments to check this, and in Fig. 4.2,

for 0 on Ni, we see precisely this behavior: at low velocities

the point falls precisely on the binding corrected curve,

-          at high velocities deviations occur which can be accounted

for by the Z13 theory along the lines of the treatment by

Ashley, Ritchie and Brandt.
/
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We refer to these cross sections as being determined by

the Coulomb excitation of the K-shell electron by heavy bare

point charges. The data break away from the basic low-velocity

theory at high velocities as shown in Fig. 4.2.

As the atomic number of the projectile becomes comparable

to that of the target, the projectile carries an electron

cloud into the collision, and exchange forces become important

as they are set up by the Pauli principle in the overlapping

electron clouds.

Figure 4.3 shows that this is indeed so.  At low energies,

the cross sections become enormous compared to Coulomb cross

section. At high energies they approach the Coulomb curve,

  because here the projectile becomes eventually stripped in

the target and acts as a bare point charge. We call this

lower domain the Pauli excitation of K shell, with a charac-

teristic breaking away from the Coulomb curve at low velocities.

This led us to inquire where we could demonstrate charac-

teristic Coulomb behavior and characteristic Pauli behavior

with the same projectile by measuring the curves for a hdavy

target such that Zl << Z2 (Coulomb) and a light target,

Zl R Z2 (Pauli).  We chose 0 (Zl = 8) projectiles on Ni (22 = 28)

and Al (Z2 = 13).  Figure 4.4 compares the trends:  There is

a distinct Coulomb departure in Ni at high velocities, and a

distinct Pauli tail at low energies in Al.  The plot lets us

measure the relative Pauli and Coulomb contributions, if any,

to the cross sections.           -

t
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In summary, Pauli excitation and Coulomb excitations

differ in kind and, in fact, lead to substantially different

.values of cross sections. Pauli excitation is a manifestation

of the time-dependent many-body situation that arises in

deep slow collisions of atoms with many electrons, while

in Coulomb excitation the cross sections reveal explicitly

the non-linear behavior of the electron response to the dis-

turbing particle. A coherent picture is beginning to emerge

which may lend itself to a comprehensive description, the

beginnings of. which have been made for the very low energy

range by the work of Fano, Lichten and others.

.-
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5.   Binding and Coulomb Corrected Cross Sections for L-Shell Ionization

by Heavy Charged Particles

It was shown in this Laboratory some years ago for the K-shell

ionization cross section that the large discepencies between theory
-

1

and experiment can be removed, if in addition to the effect of Coulomb

deflection of the incoming particle by the target nucleus, one incor-

porates the binding of the target electron to the bombarding particle.

In a way consistent with this approach, we derive the Coulomb

and binding corrections for the L-shell ionization cross section.

For illustration Fig. 5.1 shows that the PWBA cross section (upper

solid curve), corrected in a semiclassical way for the Coulomb deflection

recently by Hansteen (dashed curve), does not agree with experiment.

We derive the correction to the binding energy under the condition

Zl<<Z2 and slow collisions obtained by standard first order perturbation

, theory. The hydrogenic functions with the Slater screening for the

L-shell in L-S coupling scheme are taken for the unperturbed  states.
3

Those states describe three subshells with binding energies known

i              experimentally. The increments in binding energies are parametrically

dependent on the internuclear distance, R, which for slow collisions

can be set equal to the impact parameter, p.  The increments are

averaged over the impact parameter dependent excitation function

as given by Hansteen and Mosebekk for the 5 MeV protons on gold and

generalized to an arbitrary situation by a simple scaling procedure.

The binding correction is at most (in the zero velocity limit) of

order Zl/Zl which is indeed small by assumption.  Yet it can change

the cross section by as much as an order of magnitude since the

ionization cross section is a highly sensitive function of the binding

energy.
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The Coulomb deflection correction, being independent of the

atomic form factor in the transition matrix, is assumed to be of

the same form for the K.and L shells.  In the low energy region,

where the Coulomb deflection is appreciable, the K and L shell cross

sections dependent in the same manner on the momentum transfer.

Therefore, the Coulomb effect can be incorporated in the form of

a multiplicative term in the total cross section as for K-shells.

The lower solid curve, so corrected, in Fig. 5.1, agrees well

with experiment.  Similarly good results are obtained for all other

projectile target systemsfor which L-shell cross sections are known

experimentally.  In particular, the L-shell isotope effect observed

by Shima et al., J. Phys. Soc. Japan 31 971 (1971) is fully accounted

, for by this treatment, as was illustrated for K shells in Sec. 2.

i i

1
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6.   Radiative Transitions Between Quasi-Molecular Levels During Energetic

Atom-Atom Collisions

It was pointed out in Sections 3 and 4 that electrons from atomic

shells are excited when electron clouds interpenetrate in energetic

atom-atom collisions„  The exchange forces generated by the Pauli

exclusion principle operating in the interpenetrating electron

clouds of the colliding atoms is the dominant mechanism of excitation.

To date, all of the observed x-rays have been identified as

characteristic atomic x-rays of the collision partners following

Pauli excitation.

We have observed a broad x-ray line, or an x-ray band, that.-----

cannot be identified as a characteristic x-ray either of the target

atoms or of the projectiles.  Specifically, this x-ray band has

been observed where 70 - 60OkeV argon ions impinge on C, Al, Si and

Fe targets.  From the experimental results we deduce that these x-rays

originate from Ar-Ar collisions inside the target.  We find its

production cross section to be increasing with the atomic density

of the target.  From this we conclude that the projectile must
i

make at least two atomic collisions to produce these x-rays:  thei

first, with a target atom, creates an L-shell vacancy in the

, moving argon ion, and the second, with an argon atom implanted

in the target, leads to a radiative decay of this vacancy during

the collision.  We are led to this assignment by considering

transient molecular levels of argon atoms in collision.  This

permits us to attribute the x-ray band to the radiative filling

of a vacancy in the 2prr level of the Ar-Ar system during the

collision.
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We  observe  that, for example,  -  100 keV argon ions produce  a

broad x-ray line with a centroid at a channel position which

corresponds to a 1.0 keV x-ray (Fig. 6.la).  This broad x-ray line,

or x-ray band, is distinctly separated from and bracketed by the

characteristic x-ray lines of Ar(L) (0.22 keV) and Si(K) (1.74 keV).

On increasing the beam energy the centroid of the x-ray band shifts

from.0.95 keV at  70 keV to - 1.05 keV at 240 keV incident energy

(Fig. 6.lc).  The width of the x-ray line, as measured by the FWHM,

is consistently > 30% wider than characteristic target x-rays.  A

broad x-ray line very similar in energy and intensity to the x-ray

band observed in Si is detected_in all of the other targets. In the

case of a carbon target there is no characteristic target x-ray on

' the high energy side of the x-ray band and we find that the energy

of the emitted x-rays is extended considerably (Fig. 6.ld).

In Figs. 6.lb and 6.lc an additional x-ray line is observed

which is identified as Si(K) x-ray.  The intensity of the Si(K)

line increases rapidly with beam energy so that above 300 keV the

x-ray  band can barely be resolved   from the  Si(K)   line.     The  Ar(K)

x-ray line (2.96 keV) appears with low intensities at energies

> 300 keV.  We find the centroids and width of the Si(K) and Ar(K)N

i

x-ray lines to be the same as those observed with protons and Si

or Ar targets.

One should not seek the origin of the x-ray band in target

: impurities or in ion-target interactions alone, since the band

I occurs for all targets investigated.  This leads one to the

conclusion that these x-rays are due to an Ar-Ar interaction.  It

follows then, that the intensity must increase with dose, since some

of the argon atoms are retained· in the target.  Indeed, this is

observed experimentlly.  For example, for 200 keV Ar + Si the intensity
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of the x-ray band increases by a factor of four over that

15observed  in the first  run  (for a  dose  of    10     atoms/cm2),
and reaches a saturation value at doses in excess of

. 1017 atoms/cm2. Meanwhile, the Si(K) x-ray intensity

remains constant.

In search for the origin of these new x-rays we view

the colliding atoms as a diatomic molecule with varying

internuclear distances.  For the Ar-Ar system Lichten has

constructed the energy level diagram of diabatic molecular

orbitals shown in Fig. 6.2.  At large internuclear distances

the energy levels are thos_e of Ar, while at zero inter-

nuclear distance they are those of the united atom Kr.

: At intermediate distances electrons form molecular
1

orbitals in compliance with the Pauli exclusion principle

| operating between the occupied atomic states.

In this scheme the x-ray band, centered near 1 keV,

can be attributed to the radiative filling of a previously

formed vacancy carried into the 2pll- molecular orbital

1
during an Ar-Ar encounter. For this process to occur we

require that the Ar projectile has a 2p vacancy prior to

such an Ar-Ar collision. During the collision this Ar 2p

vacancy may follow the 2plr orbital as the internuclear

distance shrinks and ends up as a 2p vacancy in the electronic

configuration  of  the
-

"combined" atom which approaches  that:

4             of a krypton atom. For the filling of this vacancy to occur

during the collision, the lifetime of the vacancy must be

of the same order as the collision time, which is . 10-16 sec



-30-

for argon ions of keV energy.  It is known that the life-

time of a 20 vacancy in Kr is.an order of magnitude

shorter than the lifetime of a 2p vacancy in Ar, viz.,

-4  x 10 sec  versus . 4 x 10 sec. Consequently,               -
-16 -15

in close Ar-Ar encounters the lifetime of a vacancy in

the 2pll- orbital could in fact be comparable to the

collision time. In addition, the observation of this

transition should be aided by the fact that the fluorescence

yield of the Kr L-shell is some 100 times larger than that

of the Ar L-shell.

It appears that the molecular orbital scheme of atomic

collisions requires that colliding atoms bring a vacancy

4 into a collision to produce even the observed characteristic

x-ray lines of Si(K) and Ar(K) as well as for many other

i heavy projectile target combinations. This inference should

i lend itself. to experimental scrutiny by experiments similar

i to the one described here, where the time between collisions

j             is changed in a systematic manner relative to the vacancy

3 lifetimes.

t
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7.  Low-Energy Stopping.Powers of Compounds

An unresolved question of long-standing interest in

ion-atom interactions is that of energy loss in the low-energy

region in which nuclear stopping dominates for most ion-

atom pairs.

In calculating the theoretical energy loss, a potential,

V(r), obtained from a variationial Thomas-Fermi calculation,

leads to the scattering e(p), where p is the impact parameter.

Since V(r) was obtained numerically, Gaussian quadrature was
used to calculate 8(p) from the classical expression

  ro

e (p)    =   71.-2                                                d (p/r)
211/2 , 1  -(V/Eo)  -   (p/r)  f

ro being the distance of closest approach.  From 8(p),

the energy transfer, T(E, e(p)), was formed and the stopping-

power, S(E) = -dE/dx, calculated from

Pmax

S(E)    =   N                T(E,    e(p))    2Tpdp,

where N is the number of atoms per unit volume in the

target. The upper limit, P . was estimated by plottingmax-

pT versus p and selecting an impact parameter above which

contributions to pT were less than a few percent; P is,max

of course, a variable parameter in this work.

In addition to the mean energy loss, the energy straggling

and side-straggling of the ion beam have been computed, the.

!

r....

\ I



-35-

latter.assuming a random walk about the beam axis.

The energy loss distribution is obtained indirectly by.

passing a collimated ion beam through a gaseous target in

a differentially - pumped stainless steel cell, 10 cm in

length, and electrostatically energy - analyzing the exit

beam. Consideration of the side - straggling is therefore

necessary to avoid geometric distortions of the data.

Since the source has an energy distributions, 9(E),

which is Gaussian, the data, R(E), are a convolution of

the actual energy-loss distribution, T(E), with *(E)·, i.e.,

R = T *(p.

If the beam were manoenergetic, 9(E) would be a delta

function and T(E) could be obtained directly; however,
- *

since 9(E) has a non-zero width, T(E) must be obtained by

numerical deconvolution. Suitable deconvolution routines

are being investigated.  Once T(E) is obtained, its centroid,

corresponding to the mean energy loss, and its higher moments

may be calculated and compared with the theoretical predictions

based on V(r).

The second aspect of the experimental program is the

comparison of the stopping cross sections,  - -- for various1  dE
N  dx'

compounds and gas mixtures such as CH4 and C H +(82) H2'2 x   2

x=2,4, and 6 at different pressures to resolve the question
1

of whether the additivity of nuclear stopping cross sections

is valid. Since the electronic distribution in the various



-36_

co8pounds is different, and since screening occurs due to

the location of the H atoms in the compounds, altering the

interaction potential, differences in the stopping cross

sections and, therefore, in the energy-loss distrubitions
-

may be expected.

The energy resolution of the electrostatic analyzer,
AV
17-, is 1/3000, the sweep voltage, V, is extremely stable

(9  0.01%)     and  reproducible  due to recent modifications

in the DC sweeping supply . The beam current has a maximum

intensity excursion 'of  3.5% over several hours  due  to

unproved current regulation of the velocity filter, and

the target pressure is·regulated by a capacitive manometer

6
ap

with -r < 0.01%, which means that in analyzing system

has been constructed which is capable of (A) detecting

the small changes in the energy-loss distribution necessary

for comparison of stopping cross sections, and (B) low-

error measurements of absolute energy losses.

(

!

-

C)
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8.   Beam Foil Spectroscopy

In completing his Ph.D. thesis, W. Losonski wrote a critical

review of beam foil spectroscopy and its potential as a method for

studying ion-solid interactions.  Beam-foil (BF) spectroscopy con-

sists of spectroscopic measurements on the spectrum emitted when

an energetic beam of atoms from an accelerator passes through a

thin foil and, in doing so, becomes excited.

Many spectral lines have been reported with the BF source

which have never been observed using other light sources.  It had

been suggested that some of these lines come from atoms with col-

lectively-excited cores which are produced in the collisions by

the mechanism of Pauli excitation.  However the poor resolution

0              0
obtained in BF spectroscopy (worse than lA for a 500OA line), the

weakness in intensity of the BF light source, and the fact that

the spectra of kfighly ionized atoms, prevalent at high beam energies,

are only poorly known make it diffiuclt to characterize BF spectra

and the BF interaction.  In contrast to high velocity studies we

0
measured the visible spectrum of neon (3664-693OA) produced by

20
bombarding low energy (175 keV) Ne atoms on thin foils. At

this low energy low charge states, with spectra that have been

thoroughly studied in conventional sources, are produced.  At the

same time our beam energy is not so low that the Doppler effects

on the multiply scattered beam causes an unacceptable spectral

resolution.  In addition the use of an image intensifier reduces

the difficulties imposed,by the weakness in intensity of the BF

source.  Thus by comparing our low energy foil-excited neon spectrum

with spectra from conventional sources, and also with spectra ob-

served with a gaseous helium target instead of a foil target, we

C I)
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investigated the ability of the BF source to produce unique spectral

features.  The spectral distribution of neon produced in our low

energy foil-excitation experiment is found to be the same as that

of our gas-excitation spectrum and that observed in glow-discharge

and spark sources.  We suspect that discharge-tube and spark sources

can in fact produce relative populations of all the optical levels

of neon very similar to that of low energy foil excitation.  These

results, based on observing optical transitions, also show no

evidence for collectively-excited cores.  (However recent work on

inner shell transitions shows that multiple vacancy production is

a common phenomenon in the collision of energetic heavy atoms and

  condensed matter.)

These findings, because they were at odds with some early

expectations, led us to examine comprehensively the BF literature

in order to assess the potential of the BF source to furnish new
'

information on atomic quantities and to probe the interaction of

: swift ions with condensed matter.  Although the findings cannot be

1

adequately condensed into a few lines, a few highlights are given

presently.

For determining new atomic energy levels by measuring wave-

0
lengths the weakness of the BF source and the poor BF resolution

are severe handicaps to BF spectroscopy.  It appears that the BF

source cannot attain a spectral resolution equal to that obtained

routinely in conventional sources.  This in general makes the BF

source non-competitive with conventional sources for this purpose.

However in specific areas, such as investigation of the energy level

of multi-excited atoms and autoionizing levels the BF source can be
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very useful.  The bulk of BF investigations will probably continue

to be made on determining atomic lifetimes and transition probabilities,

a use to which the BF source is especially well suited, particularly

for high charge-state ions.  However accuracies are often signifi-                 -

cantly poorer than the values quoted.  Only a comparatively small

amount of work has been yet done on the processes of exciting the

optical levels in the BF interaction.  There exists only a general

idea of the excitation produced and only a qualitative idea of

possible excitation mechanisms.  Further work, of a systematic

nature, using presently available techniques should help to markedly

increase our knowledge of the BF interaction.

In summary it would appear that the potential of BF spectroscopy

as a general method for studying the interaction of swift ions with

condensed matter and for obtaining new information on basic atomic

quantities was judged too optimistically in some cases.  It is

emerging as an important tool for investigating particular atomic

phenomena.

1.  W. Losonsky, Ph. D. Thesis (New York University, March 1972).

2.  L. Brown, W. Kent Ford, Jr., V. Rubin, W. TrUchslin, and W. Brandt,

Proceedings of the Conference on Beam-Foil Spectroscopy, ed. S. Bashkin

(Gordon and Breach, New York, 1968), p. 45.

3.  W. Brandt and R. Laubert, Phys. Rev. Letters  , 1037 (1970).

4 -

4.  W. Losonsky, J. Opt. Soc. Am. 61, 129 (1971).

5.  The spectrograph and image intensifier were kindly loaned to us by

  the Department of Terrestrial Magnetism, Carnegie Institution of

Washington.
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9.  Channeling Studies

A logical extension of the study of the interaction of

heavy ions with condensed matter, beyond close collisions,

chemical and optical effects, is the influence of the

-         atomic structure in a crystal which, as is well know, gives

rise to the phenomenon of channeling. Two studies are

reported here.

a.  Computer Simulation

A Fortran program has been developed for simulating

the motion of channeling particles in crystals and applied

to - 100 keV protons incident along· the <100> and <110> directions

of NaCL. The predictions of this calculation are to be corre-

lated with experiments in this Laboratory.  The experiments
'

have shown that the channeling conditions, as observed with

characteristic Na(K) and Cl(K) x-rays, are qualitatively

different along the <100> and <110> directions.  In the <100>

direction, the variations of the Na(K) and Cl(K) x-ray yields

with angle between and the crystal direction and the beam

are coincide.  On the other hand along the <110> direction

the angular variations of the x-rays are completely different:

the Na(K) yield is always higher. ·A rough idea of the physical

mechanism behind these differences is afforded by Lindhard's

treatment of channeling which replaces atomic strings along

the channeling directions continuous rows.  In the <100>

direction all rows ate identical, consisting of alternating

Na and Cl atoms. Thus a common barrier against dechanneling

atoms is .set up, leading to a common dechanneling condition

j
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for protons at Na and Cl atoms.  Along the <110> direction,

however, there are separate Na and Cl rows, each with its

own barrier against dechanneling, which lead to different

dechanneling conditions. The Cl yield is higher than the           -

Na yield·in the channeling direction because its potential

barrier is stronger, so that it can support higher trans-

verse proton energies than a Na row. Our computer simulation

takes into consideration crystal structure, thermal vibrations,
and energy loss, which would be impossible to include in an

analytical calculation. The output of the program provides

  detailed information about the fate of an incident beam

and the observable effects.  These are:  (1) the spatial

t             distribution of channeling protons, which are necessary

for obtaining implanted impurity concentrations and positions;

(2) energy loss distributions; (3) depth dependence of

i

dechanneling and x-ray yields; (4) x-ray channeling contours.

; The magnitudes and. temperature dependencies of these

<             half-widths are in satisfactory agreement with experiment.

r                 b.  Dechanneling of Charged Particles in Crystals

The purpose of this program is to study the mechanisms

responsible for the dechanneling of swiftly moving ions

in single crystals.

The basic experimental method is the thick crystal back-
' scattering technique. The ion beam is fired along a channel

direction in the crystal and one observes the ions which

have undergone large-angle Rutherford scattering and emerge
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from the crystal in a backward direction. The energy

spectrum of such backscattered ions gives a measure of

the dechanneling rate as a function of depth into the

crystal - the so-called dechanneling profile.

The study of such profiles, and their dependence on

beam energy, crystal temperature, material, and channel

direction permits us to extract information about the

dechanneling mechanism; and hence the ion-atom interaction

in the solid.

Of special interest to us at present is the attempt to

determine which of two proposed models best describes the

dechanneling process: the "diffusion model"  or the "single-

collision model". According  to the diffusion model  the

dechanneling results from a large number of glancing collisions

between ions and the lattice atoms and electrons.  The

beam gradually "diffuses" until dechanneling occurs.    In

: the single collision model the dechanneling is the result

gf a single, large angle collision with a thermally displaced

lattice atom.  Previous work in our laboratory showed that

these models predict different dechanneling profiles; so

we can distinguish them with our method.

First results have been obtained for Cu crystals along

the <110> direction with a beam energy of 150 keV, and

temperatures from 300'K to 645'K.  It was shown that the

single-collision model clearly predominates for these

conditions, and for the crystal depth probed by this method.
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During the last year attempts were first made to extend

the above results to liquid nitrogen temperature, thus

observing the region for T<T It was found that
Debye'

effective cooling could   not be obtained .wi thout    the

changes in target chamber design; they are now in progress.

Some preliminary 'measurements in Si have been performed

with as yet unsatisfactory results. In contrast to Cu,

Si haa a high Debye temperature (6580K) which makes it

an ideal candidate for low-temperature (i.e., T<T     )Debye
behavior. The temperature dependence of dechanneling

is expected on theoretical grounds to depend on the ratio

T/TD' so that the comparison of the dechanneling behavior

in Cu and in Si should test the temperature sensitivity

of the dechanneling phenomenon.

It is hoped that the results of these experiments

will make possible a comprehensive theoretical analysis

'

of dechanneling, in terms of a·few material characteristic

  parameters.  As .a corollary, this should point to the

conditions under which one or the other of the two models

1 described earlier will be dominant.

1

'

1

-

es=- -
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10. Universal Nature of the Atomic Photoabsorption Cross Section

The theory of the response of an atom to a long wave-

length electric field of frequency a in the statistical

formulation of Brandt and Lundqvist links the elementary

atomic excitations to the electron-gas response of the

atomic cloud at each point. One derives a differential

oscillator strength distribution g (m) which is proportional

to the ·atomic photoabsorption cross section a(a)) as

a(w) = 2T2a g(w)  (a.u.),              (1)

where a = 1/137. If the atomic cloud is described by the

statistical density distributions of Thomas-Fermi or Lenz-

Jensen, which are scaled only in terms of the atomic number

Z, a(co) is universal in (ao/Z) . We have extended this

i treatment to include correlations between excitations in

different parts of the atom that do not alter the univer-

sality of a(co) .

In the dipole approximation,   g (co)   can be derived  from

the linear response function which is calculated in terms

of electron-density correlation functions. If the response

function is expressed in the statistical approximation of

a uniform local electron gas, difficulties arise because

: of the density variations in an atomic cloud. In the

quasi-homogeneous approximation of earlier treatments one
.

proceeds anyway by assuming the density gradient to be

small, retaining only the local plasma frequency

11/2

ct,o (7)  =  E4.irp0 (7) 1

to characterize the excitation
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atr with a probability  of  4Tp  (7)d3r, where  po (7)  is  the
atomic density distribution. One can couple in a simple

way the excitations in different parts of the atom, at
-+ --/

r and rt, by introducing the effective frequency

cD (7+ 0 (71 - 7)), where B<l i s a coupling constant0

for the atomic cloud. In random phase approximation,

we obtain

g(«,)   =   (4,(1-0)1- 1.P31'.1 1 1-  f)  «'02(r)   +  4   r,0  2(')(r)-1r          0

(2)

xI5((Do(r)-w) + 3 5(')(a) (r)-a))1,0

where (') denotes d/dr.  The gradient-dependent·terms in

the integrand of Eq. (2) .make contributions comparable .in

size to the quasi-homogeneous approximation which we

ret.rieve for B=0 and (1) =0.

A formal solution for the atomic polarizability for

1 our correlated model, without a random phase approximation,

; points to the possibility of new resonances for an atom

as a whole. In fact, it exhibits a structure similar to

the expressions for the polarizability calculated from

quantum mechanical time-dependent perturbation theory.

The universal cross section a as calculated from

Eqs. (1) and (2), with B = 1/2, for the monotonic density

distribution of the statistical Lenz-Jensen model of the

atom is numerically almost equal to that calculated in
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the quasi-homogeneous approximation. It is compared, in

Fig. 10.1, with .extensive experimental data for nine

elements ranging in atomic number from 2 to 54.  Many of

these data have become available in recent years through

synchrotron-bremsstrahlung spectroscopy. The experimental

cross sections decline over ten orders of magnitude as

a)/Z increases by five orders of magnitude. The calculated

curve follows closely .the locus of the experimental data.

A fine structure remains relative to the universal curve

which is indicative of the shell structure that is not

included in statistical models of the atom. To illustrate

the influence of the shell structure on the atomic response,

we Eave calculated a for the Hartree-Fock ground state

t density distribution of argon, using Eqs. (1) and (2) with

i B = 1/2, as shown in Fig. 10.2.  In contrast to the dashed

curve that represents the quasi-homogeneous approximation,

Eq. (2) yields a cross section (light solid curve) that

has a pronounced window, near 1/Z = 0.1 a.u., which coincides
1

closely with a transmission window in the experimental

photoabsorption spectrum of this element.

! We conclude that the coupling between the elementary

excitations in an atom can account for the dynamic response

6 of an atom to an external field. We expect that, as in

Ar, detailed studies of individual atoms will uncover

I distinct manifestations of this coupling in atomic properties.
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Fig. 1. Comparison of the atomic photoabsorption cross

section a for the Lenz-Jensen statistical model

from Eq. (2) with experimental data.

Fig. 2.  Comparison of a, as calculated for Ar, by Eq. (2)

-                   in the Lenz-Jensen (heavy line) and Hartree-Fock

(light line) density distributions, with the

result from our previous calculations and experi-

mental data from Fano and Cooper.

1

1
.

I
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11. Addendum: Analysis of.Electron Micrographs of Extended

DNA Molecules

In a collaborative effort between the School of Medicine,

the Courant Institute of Mathematical Sciences and our group,

K. F. Stanton is analysing the structure of DNA molecules

as marked by denaturation sites.

In recent years there has been increasing evidence

that DNA molecules, via their sequential chemical ordering,

carry the information to control the biological activity

1
of living cells. Investigations to determine this ordering

have concentrated on the simplest cells, bacteria and

viruses, because of the correspondence between the complexity

of a cell and its DNA molecules.  Even in these simplest

I cells the molecular weight of a DNA molecule is greater
' 6

than 10 a.m.u. The electron microscope has been used in

an attempt to determine the physical position along a

double stranded DNA molecule of experimentally placed

i
markers. From the patterns apparent for the positions

of these markers, one tries to infer something of the under-

lying chemical ordering.

Our efforts have been directed at establishing statistical

reliability factors for the patterns extracted from electron

micrographs of experimentally marked DNA. In double stranded

viral DNA, which consists of two complementary helical strands

of polynucleotides, the adenine (A) and thymine (T) - containing

bases of the nucleotides in separate strands are paired together

by hydrogen bonds with less binding energy than in the pairing
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of the guanine (G) and cytosine (C) - containing bases.

'The precise sequence of these base pairs determines the

informational content in the chromosome of an organism.

One approach to uncovering this sequence has been to study

the ordering of denaturation sites. These are depicted

(Fig. 11.1) as regions in which the double strand (which

appears as a single strand on the electron micrographs)

has been partially split apart. The method for producing

partial strand separation was introduced and developed by
Inman2-4 in a study of the DNA of bacteriophage lambda.

The strand separation is initiated by heating a DNA con-

taining solution or by raising its pH level, and the de-

naturation is stabilized by the presence of formaldehyde.

The double stranded DNA can be extended to enable measurable

patterns to be obtained from electron micrographs by using

the protein monolayer technique developed by Kleinschmidt

and Zahn.5  On the micrograph, the extended DNA molecule

is surrounded by a large amount of protein and staining

material for the double stranded region appears to be
0

approximately 100 - 200A across whereas the DNA molecule
0

i itself has a diameter of only about 2OA.

In Fig. 11.1, the extended strand is a DNA molecule of

adeno-virus type 2 denatured by heating for ten minutes at

56'C in a solution containing 12% formaldehyde.  A study of

this particular virus was performed by Kleinschmidt and
6Doerfler  at temperatures ranging from 52'C to 60°C.  In Fig. 11.2,
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we can see a linear mapping of 113 extended strands. T'he

native regions are represented by straight lines and the

denatured regions by large spots or elongated rectangles

depending on the size of the denatured regions.  Each                 _

molecule has been normalized to unit length using 10.94F

as the scaling length.  Actually, the molecules decrease

in length with increasing temperature.  However, if a

comparison is to be made between molecules at different

temperatures and if it is assumed that these molecules

have identical underlying structures, this scaling is a

reasonable procedure - especially since there are hardly

any small molecular fragments evident on the electron

micrographs. The decreased length can probably be

related to an increase in the degree· of coiling with increasing

temperature particularly in the denatured regions.

The first thing to be noticed is the surprising fact

that the molecules can be-oriented, very easily in most

cases, according to a left- or right-hand side depending

on the degree of.denaturation on either side of the mid-

point. There also appears to be some pattern to the sites

for temperatures at and above 55'C.  To illustrate this,

the unit length was divided up into 220 equal divisions

and a histogram (Fig. 11.3) for the fraction of molecules

denatured at each site for each temperature was plotted vs.

the· fractional length.    On the basis  o f the pattern apparent

in these histograms and the· fact that it is possible. to

orient the molecules with respect to·an arbitrary left or
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right handedness, Kleinschmidt and Doerfler 
concluded that

4

Lir

the base pairs in adeno· z were linearly ord
ered from                    _

molecule to molecule and that the regions be
tween 0 and                  

0.15, .0.5 .and 0.6, and 0.8 and 1.0 and the site near 0.4                  %

were highly denatured and thus presumably ri
ch in A-T base              f

f
':1.

pairs while the region ftom 0.25 to 0.4 was 
a region of                 <

low denaturation and hence presumably rich i
n G-C base pairs.

In order to obtain statistical reliability fa
ctors for

the apparent patterns, the fraction of molec
ules denatured 1

at any site for a given temperature can be c
ompared to a

random binomial distribution for which the pr
obability of

an event taking place is given by the fracti
on of the

molecules denatured at that temperature. For situations .. 

in which the probability p for an event occur
ing is 3 1/2

and the product of p and the number of stran
ds N is 2 5,

the binomial distribution                   
                           I

Pn    =    n'  (  L n)  1      (p)n(q)N-n

where q =-1-p is the probability that an eve
nt does not

occur, is well represented by the standed no
rmal distribution

P(z) =   1   e-z2/2 '

1 -27r

p.1. - P
where. z = and p' is the measured fraction. The data

11-Pq/N
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The data at 56°C satisfy the Np Z 5 criterion and are pre-

sented in an enlarged sketch (Fig..11.4) with the fraction

of molecules denatured FD or p' plotted vs. the fractional

length FL.  At this temperature, the probability for

denaturation at any site for a random distribution would

be  given  by  0.23  with  a 95% confidence interval going  from

0.08 to 0.38.  Thus it appears that it is very probable

that there are three regions of high denaturation which

correspond to the regions identified by Kleinschmidt and

Doerfler although two of them, one on the extreme left

and one near 0.6 app5ar to be somewhat narrower than pre-

viously stated. The region around 0.3 is also confirmed

to be a region of low denaturation.  The site 0.4,

however, is within the 68% confidence interval for a ran-

dom distribution at 56'C, and the measured fraction denatured

at 58'C for this site is even below the random distribution

mean of 0.4 at that temperature.

At present, the data for adeno-2 and additional data

are being examined to test the possibility of determining

fine structure for such patterns and to extract information

from even more detailed patterns than shown here. At the

least, it appears that the procedure described enables

one to determine regional information on the underlying

structure in these complicated molecules and should aid in

the eventual untravelling of their complete structure.

1



- 55-

R'.-,4.-<  1--; a:•i'-  -5/ f- ·-r'.:9-.- -4.9  -              -,-- 9'-3-'*--7- -.i---AE  .-- -. *.7,-i<4 --* -  r- -    ,•r--,rrZ--24-'  -1

.-

.. i  :   . . : . .  t    .  1   ...I  .  :  . . . . - r
.. .. ., :....8 -li

..,

6:  C i:.. <fs..:.  t.   ':Xi  ..:2      :::..  ,:..:4......':. i  ........:.: .....''..:-.f .-f"i t.....:3,   ''t..

.  I ....
1  ,   . r./..     .  ...:'

#44-  n     -  .' / .0    .   -  .3

 :· ' r '· ·i-  ·" ' *..'  -   .....   i.4.:............-'::i'..,-...... A.'.,-   . ..   :.....::...2.........=-:\:0  .....:....:  .. I..:.
- %1 . I.   · 'I"· ···5i,(TrI Tr/·2.-> -.E - i'·, .

. .'42-.

.:.... .. ... ,     ,  -I-.-r ..:.. 1..,   ..).   1. 2:

.                 ,  . .   .\-'   '  . ...   .   .     .  .  .   .. .   .   r. . , .. .    . .  .    .    . -:/  : . .   .   . .. . ...  . . .    . . .  1.

1. . . .

... :   I.   -  \  .               I      .9

.,

tif r. .,li·I#3 48:6. 2.' 9   : , ..i:,5, 2: :   :-47313.-: v  ' .7: rk   't.,1." .3 FE  r::,26254

 i...:.1.....ic::  1....6 ..1 "  4 . 1 ': ..t..  .:.:..»<"  ·. ... '1...<.  .....)  .- .  -<,.' "  t -  f .   -· :·. -     .<
I                     .     ...  ........-1. .. 1.- .

.2 .:.:.....:. ..:. :<

4                           .  .    I  .   ........      ....  .:\ .... 2   '...>- * C r 0 2./   . 2     .....t : ....
5 .... ,„I.. ... .   ,  .  .  ..  .....             f

... .-'t,_ /DI...t· .': 4. -

, -/
1, ..../ .      . -

M.,16:.1 5:       ..= 1...,·.et:,.4   .' :.  i ..:.:-4.    .:1--:.  .:- •...'.,•...i· -.  ...'...: . .,  ··.,1·63, ' 4'2....t-- .....-.4.*S

Fig. 11.1



/

- 56_

(

5.

0·1 0·2 0·3 0·4 0·5 0·6 0·7 0·8 0·9 1·0          i  , ,j r j , 1

04    0·2    03    0·4    05    0·6    0·7    0·8    0·9     1·0                                                            9

1                    1     
                           

                   lit

T = 52° C
7=560 C

.-, --. - .-

.--                       
                          

                          
                          

                          
        '

- i

.,

...... -- - -"«

-

.-- - - -     I-----. . i.-  - I---

r- -

--- .-''   . . -             N
-- - -

- -  e..                              1.1.-- --..... -.-=
»7 .--

T = 540 C I         -     .- - 0                                          4
.-

:2

./

- -

.--..                                                            
                                                                  

                                                   N

--,                    li
-. -

...          I    = ., ·tl

T= 55' C (set no.1)
..

.'
, -».                                                                 

                                                                  
              -

...                                                             . 
                                                                  

                              ..- 1  -                            I                                  
                                                                  

                                               M

I l l-

.- ,-.
11

I .- 1                     
                           

                           
                           

   -

--                        
 m

=

,

-- - -'. .-'

'.. ,

-T: r I--

--'

I '. .»
.'.,-

.- -

./

. , -

- r

rn.
= - ' '

-
T=570C

.-Il
-

..

... ,
;   --    -       ---

.-I
C' 

...              I         
     .-

r --..

...

. I. .==-- -1.-  -    0

r

---- -- -= ,-.-.9

r .= = .-'

"

. - . =- C,> m,*-C.

.        
         

  --I    
 --

r. 0   -

-

-,   7      - -I  i  .
..,

-.

.-   - - .

. -9
.--....#.'=-

.       -    I --

It -T
- --

e              - -
 - .

 /
---4 . -

T= 580 C

T =550 C (set no. 2)
-

-   -
i "-

. . . . .

- -./
C== ==Z

Z>-D

.-I

0
- -..

er=3

-      
-      

       
      -

  -- - .-'

0/Ii-

7
=   -    .         -                             ...  

                -I--*-- ..I-,=„--    -----1

-

------ 

= ./ "
.C
.

--

I. p  .

I
'

1

t
f

O     0·1   0·2    0 3   0 4   0 5    0 6    0 7   0-8   0·9 1 0 O     0·1   0·2    0·3   0·4   0-5   0·6   07   0·8   0·9    1·0

Fractional length

Fig. 11.2

C. . )



*

- 57-

, 01 0,2 0,3 0,4 0,5 0·6 0;7 0;8 0.9 1·0
1·0- 52' C

0·8·

0·6-

0·4·

0·2-

ol m i t    i  i III 11,1 eM I
540 C

1•0-

0·8-
-

0·6-

0·4-

0·2

01 1            1    1,1       lili

1                                                        1.0.

550 C

0·8-

«  'A7 0.4.1,'
     0'21'lA  .

i 9      0 6.- 61 -1 lk----m=AkA.A.t.„-,a
-g

c                                                           560 C
.2   1·0,

i OI,liu

0  aJRL,Ujmw-....ye  -  ... ..  

57  C
1•0-

.I
0·8-                                       R

o.ellI 11'1,1,
0·4 · & ;     711   1,1  .  r      4 Lk. _Sll--3

58' C

&01&,                               li0.8.1
</   21 11

0.61 MJ! 1 $ ,1    1 1 1  7   1
1 0.4-

11

/'« 1,    r  j'    i     -1

0 ..::/*·-·.A

0·10·2 03 0·4 0·5 0·60·7 0·8 0·910
Fractional length

-

j

Fig. 11.3



8

P= N!
(P)4(914-ri --  R21 -   1      6232   ,    7=   P- 

n       n 1 (N-n)1
- 12  1/fl/N

100

1.€1                                                                      #f
4          0.8 -

9 0.6-lfl['      A   -'1 74//

-

4                                               r
-

0.4 ...... - ...... - - - - - ...... , -- -- -

-

r L
0.2

7157 0«/1.- -tdi - -
i

0.2 0-4 0.6 0.8 1.0R



- 59-

References

1.  M. V. Vol'Kenshtein, Molecules and Life (Plenum Press,

New York, 1970).

2.  R. B. Inman, J. Mol. Biol. 18, 464 (1966).

3.   R. B. Inman,  J. Mol. Biol. 28, 103  (1967) ·
4.  R. B. Inman and G. Bertanj., J. Mol. Biol. 44, 533 (1969).

5.  A. K. Kleinschmidt and R. K. Zahn, Z. Naturf. 14b, 770

(1959)·

6.  W. Doerfler and A. K. Kleinschmidt, J. Mol. Biol. 50,

579 (1970).

1.



.-

-60-

12. Photomagnetic Imgurities in Positron Research

A continued effort is being made, now under the

support of the National Science Foundation, in studying

electronic properties of condensed matter via the anni-

hilation characteristics of positrons. Of particular

interest in the context of dose distributions via low-

energy electronic processes is a study with positrons

of light-induced paramagnetic impurities ("activation

centers") in solid matrices.

In many organic solids, positrons can capture an

electron and from positronium (Ps).  The ortho form of
=i-.1

Ps (ortho:.  electron and positron spins parallel) lives

longer than all other states of positrons in matter,

and thus can be identified experimentally. In the

presence of paramagnetic impurities, o Ps can be quenched
-10

i
into para Ps which annihilates in very short time (10 sec).

In an experiment currently underway positrons are
1

injected into a target consisting of an organic substance,

such as benzene, or a glass with solution of a phosphor

(fluorescein, rhodamin etc.).  In such molecules triplet

states can be excited by light·. The rate of intersystem

crossing and the magnitude of the triplet-sihglet energy

splitting are such that an appreciable population (50 - 90%)

of molecules which have absorbed a photon are in the triplet

state under steady-state conditions.  Since the triplet

state is paramagnetic, it is expected that these excited

states may interact with positrons in much the same way as
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paramagnetic ions would do, resulting in what might be

termed photomagnetic quenching of o Ps. The overlap between

the intensity distribution of light, known from absorption

measurements, and the range distribution of positrons

emitted from a radioactive source.determines the fraction

of activator molecules affected within the range of the

positrons, and should give important information on quenching

cross sections, range distributions etc.

At this time we can say that we have observed this

predicted new effect, i.e., the quenching of the o Ps com-

ponent in the positron lifetime spectrum that some aspects

of the experimental observations appear to be new and

possibly unique, and that we have developed a viable

experimental technique.  It remains to apply this technique

to a thorough study of a series of systems of interest

  in a quantitative way, with an attending close theoretical

I
analysis examination.

1
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13. Future Program

The study of the characteristic K-shell x-ray production

on many targets with many projectiles over wide ranges ·of

incident energy would suggest that the underlying inner-shell

ionization process is understood now in considerable·detail.

This understanding will have an influence on a number of

open problems:  (a) the interrelation between absolute cross

sections and fluorescence yields; (b) the analysis of trace

elements on an internally consistent scale via the universal

cross section curve; (c) the analysis of higher-than-K shell

excitations; and (d) guide for culling the problems of Pauli

excitation and for relativistic corrections. We intend to

I pursue and round-off this phase, by developing a "dial-a-cross

: section" program which permits the accurate prediction of

cross sections for all input parameters appearing in the

universal plot.  These calculations have given evidence

that we have seen some new effects in the excitation of

i target, which must be related to the effective charge of a

; moving projectile in a condensed medium. We shall study the

i effective-charge problem inside and outside a target. Surface

effects are important in this context and will also be studied.

The problem o'f Pa.uli excitation will come under serious

attack· and the transition between Pauli and Coulomb excitation

:

will be studied in detail.  An. immediate goal of this program

is the parametrization of Pauli cross section with the aim of

finding a universal relation similar to the one now accomplished

10
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for Coulomb excitation.

The experimental program, then, will test the Z13 correction

with high-energy heavy'particles, will measure transition ranges

between Pauli and Coulomb excitation, and will explore applications

of the effective charge states in matter to local dose and dose

rates.

The low-energy program on our small accelerator, will

pursue the question of chemical effects in the nuclear stopping-

power regime and, in its course, will shed light on a number

of other problems, such as rates of charge equilibration in

this .regime, straggling and so on.  As a corollary, our solid-

i

state detection studies will be extended to heavier projectiles

with the exploration of the attendant problems of straggling

  and low energy cut-off.

Finally, we would be remiss if we were not to point out

that this program has been and continues to be a training

ground for young scientists.  Five Ph.D. theses will have

: been defended during the period covered by this report.  The

scope of our program induces in our young colleagues a per-

spective with a wide horizon, which will make them committed

:
and interested members of our community.

i
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i SECTION II.

2 ENERGY CONVERSION PROCESSES IN ORGANIC SYSTEMS

i
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I.  INTRODUCTION

A major effort is being made in this laboratory to use the triplet

exciton as a tracer for the study of energy and charge migration and as

a detector of chemical and physical changes produced by high energy

radiation in organic solids.  The triplet exciton usually has a lifetime

of the order of milliseconds, travels over distances of the order of

microns, can show its presence by virtue of delayed fluorescence pro-

duced by the triplet-triplet fusion process, and can be quenched by

charge carriers, excitons and other paramagnetic species such as free

radicals and oxygen.  By means of an external magnetic field, it is

possible to distinguish (in the solid state) interactions of triplet

excitons with triplet excitons and with other paramagnetic species.

The use of the external magnetic field, in conjunction with the triplet

exciton tracers, will in our opinion not only open up a significant

window into the dynamics of charge and energy migration and radiation

damage in solids and liquids, but will shed light on the structure of

these condensed phases as well.  In addition, in tetracene crystal an

unusual opportunity is afforded for making use of the singlet exciton

as a tracer as well as the triplet exciton.  This is a result of the

fortuitous near-degeneracy of the energy of the singlet exciton and that

of two triplet excitons.  As a result of this near-degeneracy, the

tetracene singlet exciton can fission into two triplet excitons.  This

fission process as we first discovered, is magnetically sensitive.

Tetracene can thus be used as a model substance  for the study of a

variety of interactiods of high energy radiation with matter.

1

0
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We have been chiefly concerned with electronic excitation, energy

transfer and ionization processes in organic solids and liquids.  We

have analyzed these processes using 7 excitation and lower energy

optical and electrical excitation.  The absorption of high energy

radiation produces high concentrations of dissociated ionized and

exciton states in a short period of time.  In these regions of high

charge and exciton concentration, a variety of processes takes place;

for example, excitons are quenched by carriers, excitons fuse to pro-

duce carriers or high energy excitations, and carriers recombine to

produce excitons.  The efficiency of ionization, the mechanism of

carrier recombination and the nature of exciton-exciton and exciton-

carrier interactions can be effectively studied by the controlled intro-

duction of charges into a crystal by means of special electrodes.  In

this way, it has been possible to measure accurately the hole-electron

recombination coefficients and the interaction rate constants between

excitons and carriers.

In the course of such studies of ionization processes under con-

; trolled conditions in the presence of external magnetic fields, we have

developed skills that are currently being applied to the analysis of

the events that take place along the tracks of high energy Compton

electrons produced by 7-rays, and will soon be extended to include a-

particles as well.
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II. RESULTS

A.  Experimental

1.  Energy Transfer from Higher Excited States

The absorption of high energy radiation by aromatic hydrocarbon

liquids does not produce a high yield of ionized states (the G value

is often 0.1 or less).  Two important reasons given for this low

ionization efficiency  are:      (1) An intermediate superexcited molecular

state is produced by the radiation, and this higher excited state can

decay radiationlessly to lower energy, stable molecular states.  (2)

When ionization does occur, the emitted electron is often thermalized

within the coulomb capture radius of the parent positive ion, and

geminate recombination is usual, restoring the molecule to its original

unionized state. .

1 It had earlier been found in this laboratory that it is possible

to intercept the energy of superexcited molecular states before either

radiationless decay or ionization can take place.  We have continued

i our study of the possibility of degrading the energy of such highly

excited molecular states.

Typically, the first excited singlet state.is much longer lived

-8 -12 -13
(10 sec) than either of the higher excited states (10 to  10      s) .

1

- Nevertheless, the observed emissions following excitation to any of

these states (Sn) are equivalent.  These emissions always occur from

1
S  (Fig. 1, Eq. 2).  Thus, the energy deposited in a higher state,



-74-

F  ,   U are        I

rn(11           S'  +  kv   -    ·  3               h= 1,2,3 

(S                     a                  ·  4
/-0

4  + Li    Yl =  1,2,3/

(31                                                                   5&4                                                    =         5               +          A « t (n- 2,3 

(/1 Sh ,    S'    +
&95: <h = 1,3 

' (51                S n     +    G' - .-7-1.1-4 ierce·€tiow h = i, 1/3

(6)   5, 00---
,           3              +         Ae,J

r0

.

r+
(7) Ci) 5 +e

(51 e-   5 IoN;zel St%tes

(6)        '       , S' 4 kert

0-1 --r- 1 rx t-0

(91 GA 1+1 . b + 3
(6)                                  S"                                   D    S'        +     h e< +

(91      e- + 5 - INtercaptiDN
r0

'1 0)                                  5 4      + 60 -.*-*--4 - 1
1 NTe rceplioN (n>3 

5 0                T '   +  G'  -----#  IN+erce pio'd
l



-75-

3                                  1                      31
e.g., S , must rapidly convert to S .  Conversion of S  to S  (Fig. 1,

3
Eq. 3, n = 3) dominates the processes occurring from S  (for example,

Fig. 1, Eq. 4).3

Commonly, it is useful to dissolve one or more impurities (guests)

into these liquids.  The observed emission following excitation of the

solvent to Sn (Fig. 1, Eq. 1) may be altered when a guest is present

1
in solution. The guest can intercept the excitation before the

solvent dissipates the energy through its own channels (e.g., Fig. 1,

Eqs. 2, 3, 4, and 6).  When the dissolved impurity does not emit light,

I
the total emission of light is reduced.  Certain guests, such as the

methyl halides, intercept the energy from S3 as well as from Sl (Fig. 1,

1Oa                                     3
Eq. 5). The observed emission yield from S  is less than the yield

from Sl.  This lowering of the emission yield implies that the inter-

1 ception efficiency of the guest is greater when the solvent is excited          ·

3                                    1
  to S than when it is excited to S .

1
The mechanism that accounts for energy interception from S  is

1 56
i

well known. ' It would be of interest to know the mechanism that
!

3
accounts for energy interception from S .  Two mechanisms have been

:
proposed to explain this interception.  The first is a charge-transfer

10                                                 4
mechanism. The second is an energy transfer mechanism. These

mechanisms are similar in that they involve the same initial and final

states.  However, they differ in that a charge-transfer mechanism

implies interception by contact (5 to 15  ).  On the other hand, energy

transfer has no such implication.  The range of interaction during
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energy transfer can be from 5 to 50 .  Another important difference

is that a charge-transfer mechanism involves an intermediate state

(exciplex) in which there is a distinct electrical polarization.  The

energy transfer mechanism has no such intermediate state.

Molecular excitation of aromatic liquids can also occur from the

2
interaction with ionizing radiation„   When the irradiated liquid

is one of the alkylbenzenes a Earge fraction of the excitations appears

3  2b
at some time in the third singEet state (S ). In addition to the

molecular excitations, the high energy radiation also causes numerous

3

ionized excitations throughout the liquid.  These represent two of

the· pathways in which the liquid dissipates the absorbed energy.  The

emission of fluorescence from alkylbenzenes that are excited by

1
ionizing radiation occurs only from S .  Both ionized and molecular

excited states could convert their energy to Sl (Fig. 1, Eqh. 3, 7, 8)

and thereby emit light. Often, one or more guests are added to these

liquids.  When the guest is a methyl halide, the yield of emitted light

' under ionizing radiation is lawered. That is, the guest intercepts

some of the energy which might otherwise have been emitted as light.

One cannot account for this interception soleley on the basis of energy

3 10a 1 5b
intercepted from S ,

or S . It would be of interest to know what

are the additional mechanisms associated with this interception.  There

. . are three mechanisms that coulib account for this additional energy

interception. The first mechanism (a) assumes that the guest could
8

intercept the energy from an ionized state of the solvent (Fig. 1, Eq. 9).

l

0
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The second (b) assumes that the energy could be intercepted from a
74

superexcited state (Fig. 1, Eq. 10). '   The third mechanism involves            -

energy interception from a molecular triplet state (Fig. 1, Eq. 11).
9

There are two important differences among these three hypotheses.  For

one, the energy interception (quenching) occurs from different initial

states involving different mechanisms for each of the three hypothe-\

sized mechanisms.  The first (a) involves charge scavenging of an

ionized state.  The second (b) involves an energy or charge-transfer

mechanism from a superexcited state.  The third (c) involves enhance-

ment of intersystem crossing or a charge-transfer mechanism from a

triplet state.  The other difference is that the lifetimes of the initial

: states are quite different.  The lifetime of a superexcited state

(10-13 *1 sec) is much shorter than that of an ionized state (10-10 lsec).

That, in turn, is much shorter than the lifetime of a triplet state

-7 f 1
(10 sec).

3 .In summary, the two main goals of this work are:  one, to study

3the mechanism of interception from an upper state (S ), and two, to ex-

plain the mechanism of interception under ionizing radiation.

Investigation shows that the methyl halides intercept the energy
3

from S  of the alkylbenzenes by a charge-transfer mechanism.  The in-

creased efficiency of quenching by the methyl halides in an alkylbenzene

solution under ionizing. radiation is due in most part to interception

of the energy in an ionized state.  The lesser part is due to quenching

of a triplet state.

-
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2.  Heterofission of Singlet Excitons in Doped Organic Crystals

In the course of our studies of the pathways for the transfer and

dissipation of electronic excitation in organic solids, we have dis-

covered that in pure tetracene crystal a singlet exciton can fission

isoenergetically with high efficiency (almost 100%) into two mobile

triplet excitons.  These triplet excitons have a much longer lifetime

and diffusion length than the singlet exciton and are therefore capable

of inducing a variety of physical and chemical effects that would not

be possible for the singlet exciton.

. We have discovered a new and very interesting type of fission in

pentacene-doped tetracene crystals.  This fission process is called

heterofission and is produced when a host singlet exciton is trapped

by a pentacene impurity which is energetically capable of fissioning

into two triplets - one free tetracene triplet and one trapped

pentacene triplet exciton.

This process is magnetic field sensitive and we have already been

able tq measure the energy of the triplet state in pentacene and to

make an estimate of the diffusion coefficient of the singlet exciton

in tetracene.  (See Appendix, paper No. 1.)

The introduction of specific impurities into tetracene permits

us to study their effect on energy migration.  Preliminary results

indicate that the transfer of energy from the host to an impurity has

rather specific requirements.  This information will be valuable if,

for example, it is desired to build a system for radiation protection

into a molecular solid.

1
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3.  Exciton-Charge Interactions: Magnetic Field Effects

The important interaction between excitons and charged particles

has been studied by introducing a controlled charge density into an

organic solid.  The interaction can be measured through the quenchidg

of the exciton as indicated by changes in prompt and delayed fluores-

1 cence intensity. and by the detrapping of carriers, as measured by

changes in electrical conductivity.  Some theoretical conclusions

drawn from an analysis of exciton-carrier interaction are given in
1

Section IIB, 2 and 3, in this report.

As indicated in the Introduction, tetracene is ideally suited

for studies of exciton-carrier interactions because both singlet and
1

1
triplet exciton densities are sensitiye to the presence of magnetic

J fields.  The magnetic field dependence arises because the singlet

exciton fissions into two triplet excitons at room temperature, and

:
the triplet excitons can fuse to form a singlet exciton, or annihilate

at some paramagnetic impurity site.  In the current experiment, a

tetracene crystal was provided with a hole-injecting electrode (Au)

and a trapped positive charge distribution was set up.  By a judicious

use of both highly absorbed light and weakly absorbed light in con-

junction with an external magnetic field, it has been shown that a

potential well exists near the Au electrode for a distance of more than

200OR into the crystal.  The existence of such a well has been pre-

dicted theoretically for many years, but experimental evidence for a

potential well has not been strong.  It will be possible to use the

concept of the potential well to explain many otherwise puzzling results

that occur at interfaces between organic crystals and charged surfaces.
8

(See Appendix, paper No. 2.)
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4.  Photosensitized Ionization of Organic Crystals: Magnetic Field Effects

The halogens are known to act as electron scavengers by virtue of

their high electron affinity.  In fact, their electron affinity is high

enough so that they will remove an electron from an unexcited molecule,

11if the ambient dielectric constant is suitable. Thus, an aqueous

solution of I2 in NaI in contact with solid anthracene will extract an

electron from this solid, producing a positive anthracene ion; this is

called hole injection.  If the I2-iodine solution is excited by light

that is otherwise not absorbed by.the substrate, the ability of the I2-

iodine solution to extract an electron from the anthracene (and other

 

organic crystals) is increased 1000-fold.  This is an example of

e sensitized ionization of an organic solid substrate.  Since this

ionization occurs at the interface between an aqueous phase and a non-

; aqueous phase, it is of special relevance to phenomena that occur at

12
membrane surfaces.  Recent work by Mehl   has shown that even if the I2

is dissolved in a nonpolar solvent, the optically excited I2 can extract

an electron from solid anthracene, leaving behind a mobile, positive

charge.  We are interested in analyzing the circumstances under which

sensitized ionization can occur.

In view of our experience in the use of magnetic fields in helping

decipher mechanisms of charge generation, we were impressed by the
\

report that the fluorescence of molecular iodine in the vapor phase is

reduced by as much as 65% in the presence of magnetic fields of the

13
order 50-100 KG. We subsequently set up some experiments in which
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the photosensitized injection of carriers into organic. solids by I2-

iodide solutions was studied as a function of magnetic field.  The

need for high steady state magnetic fields necessitated a cooperative

effort with the Francis Bitter National Magnet Laboratory at MIT.

5.  Triplet Exciton Fusion and Structural Changes in the Solid State

Triplet excitons can be used as probes for the detection of subtle

changes in the structure of organic solids.  The basis for such use is

the influence of. crystal defects on' the dynamics of the triplet-triplet

fusion process.  The fusion of triplet excitons produces a singlet

exciton that in many cases can fluoresce with a characteristic decay

time, so that the fusion process can be followed.  The fusion process

can be studied in fairly good detail because it is extremely sensitive

to the action (including orientation) of relatively weak external

magnetic fields.  The magnetic field effect on the triplet-triplet

annihilation process has a characteristic anisotropy which is a property

of the crystal structure.  The anisotropy is demonstrated by the

existence of specific mutual orientations of the crystal and the magnetic

1 field (referred to as resonance directions) at which the triplet-triplet

interactions are minimized.  These resonances have a well-defined line

shape from which it is ppssible to deduce properties of the crystal

structure and of the motion of the excitons which in turn say something

about the idiosyncrasies of the particular crystal.  For example, if

the concentration of crystal defects increases, the resonances tend to

t

1

.-
C         .-
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broaden out and it should be possible to determine quantitatively the

relationship between line broadening and defect concentration.  Thus,

the production of physical defects through the interaction of high

energy radiation with organic crystals can be studied by an analysis

of the line shape of the resonance response function.

As a specific case in point, we have studied the development of

crystal stresses in tetracene brought about by differences in the

thermal coefficient of expansion of tetracene and a quartz substrate.

Tetracene is unusual in the sense that its singlet exciton can fission

t almost isoenergetically into two triplet excitons.  This fission pro-

f cess is magnetically sensitive in the same manner, qualitatively, as

the fusion process of two triplet excitons.  Experimentally, the singlet

exciton fission is followed through changes in the quantum efficiency of

prompt fluorescence; the quantum efficiency of fluorescence shows the

; characteristic resonance structur  found in the triplet-triplet

I exciton fusion process.  The resonance structure of tetracene as a

function of temperature is shown in Fig. 2.  It may be seen that as

the temperature is lowered, the angular separation between the resonance

peaks changes.  This indicates that changes are taking place in either

or both the shape of the unit cell of the crystal and the orientation

of the molecules with respect to the axes of the unit cell.

i It had previously been proposed that a phase change takes place

0  14
in tetracene at 70 K,   in which the unit cell changes from the room

temperature stable triclinic form to a monoclinic form.  If this is

9
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the case, then it can be shown that the disposition of the resonance

peaks about the crystal b axis should become more symmetrical than is

observed in the room temperature stable triclinic form.  We plan to

see if this shift to the monoclinic form occurs. In the case of the

crystal subjected to physical strain, the disposition of the resonance

peaks becomes even more asymmetric, indicating that the unit cell is

not changing its habit but that the molecules are adopting a new

orientation with respect to the unit cell directions.  This is a rather

subtle conclusion that would be difficult to arrive at in many other

ways.

We plan to expand these studies to include defects such as might

be produced by radiation damage.

6.  Chemical Reactivity of Photoexcited States                                    

It is well known that many carcinogenic aromatic hydrocarbons are

present in polluted atmospheres.  We are studying the interaction of

these carcinogens adsorbed on inert organic particulates with reactive

gases such as 0 NO NO SO etc., in the presence of ultraviolet
2'    '    2'    2'

and visible radiation. ·Of interest is how stable these carcinogens

are under these conditions, what physical and chemical processes they

may catalyze and what are the mechanisms of interaction of these com-

pounds.

Since the photoexcited states of these aromatic hydrocarbons are

much more sensitive to their physical and chemical environments than
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are their ground states, they provide a much more sensitive index of

the reactivity of these compounds.

We have used the method of phosphorescence quenching of these

compounds by 02 and NO, to measure the relative reactivity of these

compounds.

  We have found that oxygen preferentially quenches the excited

states by energy transfer via a dynamic collision type process.  Nitric

oxide, on the other hand, complexes with the photoexcited state and

provides an example of the so-called static quenching process.

The relative reactivities of the hydrocarbons depends on their

energy levels and on their structure.  These processes are presently

being studied quantitatively and in great detail.

(This work is supported by the Petroleum Research Foundation and             

i                the Environmental Protection Agency.)

7.  Magneto-Orientation

Photosynthetic alga and chloroplasts can be oriented in magnetic

fields of 10 kilogauss or more.  We have found that this magneto-

orientation effect provides an excellent method to study the spectral

properties of photosynthetic systems.  The chlorophyll in vivo is found

to have a high degree of orientation, which manifests itself by a

strong degree of polarization of the fluorescence, dichroic chlorophyll

absorption and anisotropic light scattering effects.  These effects are

particularly strong in the spherically shaped alga chlorella, the

---\
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rod-shaped scenedesmus and in spinach chloroplasts.  Previous studies

of the degree of orientation of chlorophyll in vivo have indicated that

only long wavelength absorbing forms of chlorophyll have a high degree

of orientation with the porphyrin heads of the chlorophyll lying in

the plane (or nearly) of the lamellae.  We find that the orientation

of the bulk pigments (absorbing in the main band) is the same as that

previously found for the long wavelength absorbing forms.  We conclude

that previous measurements (usually done under a microscope) were

influenced by anisotropic light-scattering effects.

8.  Triplet Exciton-Induced Ionization at a Metal-Crystal Interface

This describes work in progress to measure the relative abilities

i of singlet and triplet excitons to ionize at the interface of in

anthracene and a metal film, and to test the theories of Kallmann re-

15,16
garding exciton quenching at absorbing surfaces. In essence, the
)

experiment measures the time dependence of the hole current (induced

by a microsecond duration light flash) in an anthracene platelet.  A

typical measurement appears in Fig. 3.  The decay is nonexponential

and is visible long after the cessation of the flash.  We have made

measurements of the wavelength dependence of the current at the end

of the flash and after a 30 Usecond delay.  The prompt current in-

jection shows structures which can be correlated with structures in

the singlet absorption spectrum, but the 'delayed' current does not.

This implies that there is a long-lived entity with a diffusion length

long composed to the absorption depth which contributes to the photo-

injection; almost certainly this is the triplet exciton.
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9.  Magnetic Resonance and Magneto-Optical Studies of Triplet Excitons
in Molecular Crystals

The triplet state of molecules is observed most directly by the

methods of electron paramagnetic resonance.  This simple fact has

been the prime motivation for the very considerable number of

resonance experiments performed on isolated molecules.  For the most

part the systems under study have been incorporated in glassy

matrices; in a small number of cases a crystalline solid has served

as host to the dilute, substitutional guest.  In striking contrast to

this impressive output, the application of resonance techniques to

triplet exciton studies in ordered arrays is virtually unknown.  The

1

17
only published work has been the experiments of Haarer and Wolf on

  single-crystal anthracene and naphthalene.  The origin of this neglect

is clear:. the experiments are difficult to perform.  Exciton lifetimes

are short; sensitivity is low, and the conditions for the observation

of reasonably narrow lines are not always present.  Nevertheless, it

is our firm conviction that the resonance results are of major

theoretical importance.  For this reason we have now constructed and

tested a high-sensitivity K-band spectrometer expressly designed for

i exciton studies.

Our spectrometer has been in operation for several months and

the initial experiments have been impressive.  We have repeated and

confirmed with good sensitivity some of the results obtained for

17
anthracene. .With the experience gained from this work and with an
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encouraging order of magnitude calculation of sensitivity, we have

now begun a search for triplet excitons in tetracene crystals.

Since our primary interest is in exciton dynamics, we intend to

focus our efforts upon spin relaxation studies.  For this purpose we

are now examining the problems of direct relaxation measurements in

anticipation of the completion of the first phase of our tetracene

research.  In support of such work we are prepared to rejuvenate and

modify an X-band spectrometer used in earlier work on inorganic

systems.

The intriguing possibility of performing combined microwave-

optical experiments has stimulated our interest in magnetic field

i interactions in triplet exciton systems.  At present we have completed

construction of a motor-driven, continuously rotating magnet system

with associated optical instrumentation.  This apparatus has proved

very convenient in the processing of field-orientation data.  We

are presently engaged in studying delayed fluorescence in this manner.

These results will be reported in the near future.

--.
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B.  Theoretical

1.  Photoionization of Organic Molecules

18Pope and Geacintov  have shown that autoionization of molecular

excited states rather than direct transitions to the free carrier state

may be the dominant mechanism for photoionization in organic solids.

Since vibrationally induced radiationless transitions in molecular

solids tend to involve mainly intramolecular processes,. the relative

importance of vibrationally induced autoionization compared with

direct photoionization in the free molecule should largely determine

their relative importance in the solid.  We have therefore considered

i
the photoionization and vibrational autoionization of large molecules

with emphasis on the relevance of these processes to photogeneration

in organic solids.
.

We have found that earlier treatments of the direct photoionization

19                                                20
process in molecules and of photogeneration in solids by Hernandez

were incorrect, and we have therefore been carrying out calculations of

direct photoionization cross-sections based on a corrected treatment.

A density operator formalism was developed in our work to treat the

angular distribution of photoelectrons emitted from randomly oriented

i molecules in both the direct and autoionization limits.  For the direct

process the formalism predicts distribution with respect to the

I.

polarization direction e of the well-known form

2
a + bcos 0



-91-

An extension to vibrationally induced autoionization shows the

distribution to be of the same form, but with a and b coefficients

determined by the density operator

- - BU 1 Bu  + +
p    =    c. r    3ii      i       o,   <o|               <   r

rather than the density operator

2'· r'        0><0         E'• f

for the direct polarization, where BU/24 is the derivative of the

electron-nuclear coupling U with respect to the vibrational mode Q

considered, and the average is over ill molecular orientations.

·

Methods were developed and computer programs produced to calculate

angular distribution considerations based on this formalism and on

preliminary numerical results suggest that the angular distribution

for the direct process in anthracene should be observably anisotropic,

and should be drastically altered by autoionization induced by a

quasi-continuum of vibrational modes.

Our work on cross-sections for direct ionization is to be applied

21
also to benzene where a calculation including interference effects

gives a qualitatively different.energy dependence than the treatment

of Hernandez for anthracene.  Calculations in this case should help

elucidate the significance of interference effects in the photo-

ionization of large molecules.
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2.  Exciton-Carrier Interactions

One of the most sensitive techniques for exploring the nature and

extent of radiation damage in organic solids is that of electrical

conductivity.  It is thus imperative that the theory of electrical

conductivity in these solids be based on realistic assumptions.  Upon

making a careful study of some important recent papers describing the

interaction coefficients for the annihilation of triplet excitons by

trapped carriers, we have concluded that the presently accepted theory

of space charge limited current flow in organic solids (Appendix

Paper is in serious need of re-examination.  This theory is based on

an assumption that trapping levels of all energies exist within a

certain energy range.  We give arguments to show that the distribution

of the trapping levels in energy is descrete, although closely spaced.

These trapping levels are conjectured to be dimers or pre-dimer sites.

We also argue for a more limited voltage range of applicability of the

space charge limited current theory.   This work is described in Paper 3 -

Appendix .

3.  Excitonic Sounding.  A Proposed Method for Measuring a Charge
Density Gradient in Anthracene

One of the more important measurements that should be made in

insulators is the determination of the spatial dependence of the field

strength inside the insulator.  This measurement could be used to
-----

check the validity of the chosen boundary conditions in any proposed

theory of the voltage dependence of the current.  This measurement has

t
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never been made in organic insulating solids because of experimental

difficulties.  We have proposed another approach based on the ability

of trapped carriers to quench triplet excitons.  This technique is

described in paper No. 4 in the Appendix.

(This work is supported by the National Science Foundation.)

4.  Image Force at the Electrolyte-Anthracene Interface

For many years it has been known that photoionization produced at

' the contact of an electrolyte with an anthracene crystal is more

efficient than that produced at a metal contact.  We feel that the reason

for this is that the image force between the insulator and the con-

ductive contact depends on the high frequency dielectric constants of

the insulator and the contact.  The high frequency values are appropriate
.

because of the fast (10 sec- ) hopping times·of the carriers in the
13      1

insulator.  Based on this argument, the image force should be greatly

reduced near the electrolyte contact because the high frequency dielec-

tric constant of water is about 5, which is not too much different from

the value of 3 that obtains for anthracene.  We show that with this

simple hypothesis, most of the differences between metal and electrolyte

contacts can be accounted for.  This is described more fully in paper

No. 5 in the Appendix.

i
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5.  Possible Magnetic Field Effects on the Quenching of Aromatic
Hydrocarbon Triplets

A theory of the magnetic field effect on the rate constant 7 of

the quenching of aromatic hydrocarbon triplets by molecular oxygen

has been developed.  The theory takes the intramolecular spin-spin

interaction and charge trahsfer interaction in the bimolecular inter-

mediate complex state into account, and is, in general, applicable to

cases in which the two interacting molecules.are triplets and the

final states are singlets.  The distribution of singlet character among

the nine possible collision complex states is considered.  Experiments

on partially quenched phosphorescent samples of chrysene, a,h-dibenz-

anthracene and coronene adsorbed on a polystyrene matrix were carried

out at a field of 145 kilogauss.  Within the experimental error of

1-2%, no effect of magnetic field on 7 was detected. The experimentally

observed null effect is interpreted by assuming either (1) that the

ratio € of the transition rate to final singlet states to the rate of

dissociation of the collision complex is small, or (2) that the effect

of charge transfer mixing in the complex is significant.  It is tenta-

tively concluded that the results are better explained in terms of the

latter hypothesis.  It is estimated that the energy spread due to

charge transfer interaction between singlet, triplet and quintet-like

-1
complex intermediate states is greater than 30 cm  .

(This work is supported by the-Petroleum Research Fund.)

'
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III. FUTURE PROGRAM

1.  Influence of External Magnetic Fields on Prompt and Delayed
Fluorescence in a, B and 7-Excited Organic Liquids and Solids

As we have indicated in the Introduction, we are developing

techniques for using the triplet exciton as a tracer for revealing

the evolution of excited states following the absorption of high

energy radiation.  Not only is the triplet exciton quenched by

positive and negative charges, by 02' by free radicals,. by triplet

excitons and by other paramagnetic species, but each quenching process

can be distinguished from the others by using a combination of an

· external magnetic field and a judicious manipulation of the conditions

of excitation.  We will therefore extend our magnetic field studies to

include a, B and 7-excited organic liquids and solids.
.

1 2.  Energy Transfer from Upper Excited States

The next stage in this study involves the establishment of the

mechanism by which the electronic energy of an upper excited state is

transferred to the quencher.  The two likely possibilities are those

of charge transfer and energy transfer.  It may turn out that both

processes take place simultaneously, but that one avenue is slightly

favored over the other.

3.  Heterofission of Excitons - Magnetic Effects

We are completing the initial_Phase of our discovery of the

phenomenon of heterofission of a singlet exciton into two different
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triplet excitons in a doped solid.  Using pentacene-doped tetracene,

we have at our disposa4 an extremely elaborate magnetically sensitive             -

system for studying the interactions of excitons with impurities,

defects, other excitons, and carriers.  We hope to develop several of

these possibilities.

4.  Exciton-Carrier Interactions - Magnetic Effects

The controlled generation of charge carriers inside organic solids

and liquids will be used to obtain a more complete understanding of the

interaction of triplet exciton (and singlet exciton in the case of

tetracene) with charged species, particularly in the presence of a

I magnetic field. Our goal is to find characteristics of this inter-

action that can distinguish a free carrier from a free radical or from

any of the excited species generated by high energy radiation.                    ·

5.  Photosensitized Ionization - Magnetic Field Studies

In view of the importance of finding materials that can heighten

the sensitivity of malignant tissue to radiation, it is of interest to

explore some of the basic mechanisms of photosensitization.  The ability

of certain electronegative species such as I2 to extract electrons from

: organic solids and liquids either in the dark or in the presence of light,

is worthy of study because as we have discovered, the ionization process

is magnetically sensitive.  We plan to continue our work in this field,

and perhaps include some dyes along_with I2.
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6.  Electron Spin Resonance Studies of Triplet Excitons in Organic

Crystals - Tetracene

Tetracene has always been an interesting crystal to study because

of the dramatic effects of relatively weak magnetic fields on the

dynamics of the singlet and triplet exciton.  The triplet exciton has

now been clearly detected in tetracene, using ESR techniques and with

this direct technique for addressing the triplet exciton, it will be
possible to deepen our understanding of the processes of exciton

fission and fusion, and of the selection rules, if any, that govern

the migration of the exciton in an ordered environment.

7.  Radiation Damage; Defect Studies via Magnetic Effects

We have discovered that some of the typical anisotropic resonance

patterns observed in tetracene are sensitive to the dimensions and

molecular configuration of the unit cell.  Thus, we have detected

strain patterns built up inside the crystal because of a thermal co-

efficient of expansion mismatch with a quartz substrate.  We also ex-

pect that the line width of the resonance peaks will also be affected

by the presence of defects that permit triplet excitons to travel more

freely in otherwise restricted directions.  The use of the triplet

exciton to explore defect structure will be studied in the presence of

an external magnetic field.

I

C).,
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8.  High Magnetic Field Studies.on Initial Recombination Efficiency

It is debatable whether even high magnetic fields (200 KG) can

measurably alter the trajectory of a thermalizing electron ejected

from a parent molecule.  Nevertheless, the attractiveness of having a

clean, controllable tool for studying the important process of initial

recombination warrants an attempt at detecting a positive response.

.

\
\
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