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Impact-Parameter Dependence of E- Shell Coulomb-Ionization Cross Sections*
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Coincidence measurements are reported between the characteristic A-shell x rays
emerging from a target and the protons of energy 0.3-3 MeV, scattered by 5' from an in-
cident beam, that cause the primary E-shell ionization. Absolute impact-parameter-de-
pendent differential E'-shell ionization cross sections are deduced for Al, Ca, Ni, and
Ag. In a reduced plot the data follow a common curve that coincides with the semiclassi-
cal prediction of Bang and Hansteen.

We report measurements by a coincidence tech-
nique of the differential 8-shell ionization cross
sections of target atoms of Al, Ca, Ni, and Ag,
for 0.3-3-MeV protons as a function of the pro-
jectile impact parameter. Under these conditions
Coulomb ionization dominates. Our data, in con-
junction with independent observations on Se, Cu,
and Ag made by a somewhat different coincidence
technique, ' confirm the predictions of the impact-
parameter-dependent cross sections derived by
Bang and Hansteen. ' The measurements estab-
lish a firm basis from which the distinguishing
characteristics of g-shell Pauli excitation"'
can be gauged quantitatively and in detail.

For projectile velocities small compared to
the relevant electron velocities in the target
shells, one can consider two distinct ionization
mechanisms. Projectiles (subscript 1) that act
as bare, charged point particles produce holes
in inner shells of target atoms (subscript 2) via
Coulomb excitation. Projectiles that carry a
coterie of electrons into the interaction region
promote inner-shell electrons by virtue of the
Pauli exclusion principle acting in the overlap-
ping electron clouds of the collision partners.
K-shell ionization cross sections under Pauli-ex-
citation conditions are larger by orders of magni-
tude than the Coulomb-ionization cross sections

at the same projectile velocities. ' Decidedly,
they cannot be accounted for by quantum-theoreti-
cal Coulomb-excitation cross sections. " Nor
can they be interpreted satisfactorily as being
caused by electron promotion through diabatic
crossings of the energy levels of the colliding
atoms."

It is important, then, to progress from mea-
surements of total ionization cross sections' to
experiments that can give detailed evidence for
the distinction between Coulomb and Pauli excita-
tion. One can make use of the fact that when
electrons fill g-shell holes, with a certain fluo-
rescence yield y~ & I, the atom emits a charac-
teristic x ray. In classical terms, the projectile
trajectory with impa, ct parameter p bends in the
field of the target nucleus through an angle g that
is related to p by Rutherford's scattering law.
The ionization probability as a function of p can
be determined via the yield of E-shell x rays
measured in coincidence with the projectiles
emerging from the target at the angle g.' At low
particle velocities v, «v, ~, where g, ~=Z, ~v, is
the velocity of the target-atom K electrons, with
Z, ~= /, —0.3 and v, the Bohr velocity, one ex-
pects Coulomb ionization to occur most probably
at p values of order q, '= v, /~, E, where her, E is
the P-shell ionization energy. That is, low-ve-



VOLUME 30, NUMBER 9 PHYSICAL REVIEW LETTERS 26 FEBRUARY 1973

locity Coulomb excitation proceeds in a domain
that is small compared to the E. -shell radius g, ~
=Z» 'a, (a, being the Bohr radius). ' It follows
that projectiles such that Z, /Z, «1 can only
cause Coulomb excitation of E shells even at the
lowest velocities because the projectile A. elec-
trons with shell radii a, ~ = Z, ~ 'ao» a, ~, which
could have caused Pauli excitation, remain out-
side the interaction region. By contrast, Pauli
excitation presumably ean occur when g, =g, as
long as the wave functions of the target and the
projectile electrons overlap, i.e., over ranges
p s a, »+ a,„, if judged by the size of the mea-
sured cross sections. 4 Evidence for such large
ranges of effective impact parameters has been
found for I.-shell x rays, under conditions where
Pauli excitation of I shells via level crossings
can be expected. '

A proton beam from a Van de Graaff accelera-
tor was collimated to +0.07 with two circular
collimators of 0.254 mm diam, placed 20 cm
apart. The final collimator was followed after
6 em by a scraper slit of diameter 0.381 mm.
The beam then passed through the target and an
annular detector and stopped 50 cm from the tar-
get in a Faraday eup.

Protons scattered at an angle of 5.1' were de-
tected by a 300-p, m-thick Si annular detector at
5 cm from the target, with an angular aceeptanee
of 1.0'. Background in the absence of a target
was negligible compared to the counting rate with
the target in place. X rays were detected at 90
to the beam direction with NaI(Tl) scintillation
detectors coupled to RCA 8875 and 8850 photo-
multipliers. A 6-mm crystal with a 0.125-mm
Be entrance window was used for the Ni and Ag
targets, and a 0.025-mm window for the Al and
Ca targets. A 0.5-cm' Si detector at 135' to
the incident beam monitored the beam current
through back-scattered protons. The targets of
Al, Ca, Ni, and Ag, of thickness -100 pg/cm'
and tilted 45' relative to the beam and the x-ray
detector, were either self-supporting (Ag, Ni),
or were evaporated on 20-pg/cm' carbon foils.
The targets were kept thin so as to minimize
multiple-scattering effects and corrections for
proton-energy losses.

Measurements were made for proton energies
ranging from 0.3 to 3.0 MeV of the number of
coincidences between the protons scattered at
5.1 and the & x rays produced in the scattering.
The standard electronics for the coincidence
measurements had resolving times from 2 to 40
nsec depending on the x-ray energy. The number

of scattered protons was determined from the
annular -counter pulse -height spectrum. The
monitor-counter data served as a check and de-
termined the relative contribution of the carbon
backing for the Al and Ca targets.

The main experimental difficulties arose from
the large differences in the counting rates in the
two detectors caused by the large differences be-
tween the Rutherford-scattering cross section
and the x-ray production cross section. Beam
currents, if kept to 10 "-10 "A, yielded good
true-to-accidental coincidence ratios, but this
required very long running times, of the order
of 2 days per point at low proton energies.

At each proton energy E„orproton velocity
v„where E,(keV) = 25v, '(a.u. ), the absolute dif-
ferential R-shell ionization cross section do«/dQ,
for a proton scattered at a laboratory angle of
5.1, is obtained from the data N, and ~, in the
form

da«(x. ]«) = (a,»/6«)F(g«) 2m'(x) dx (2)

in terms of oo« ——8ma, »'(Z, /Z, «)'. The function
&((») is tabulated. ' For g««1, in the semiclas-
sical and the plane-wave Born approximations'"

+(5,),„„;+,($,) = (2'/45) k.;. (3)

In the following we use the reduced form f ($«)
=F(( )/&, (( ); approximately for $«s1, with er-

(do»/dg), o,N~ 4p
(do'»/d 0)5o N 0xE x

where A', and N, are the number of coincidence
counts and of single proton counts, respectively;
y» is the fluorescence yield, do„/dQ the Ruther-
ford scattering cross section, and Qx the solid
angle subtended by the x-ray detector with effi-
ciency ex. The absolute cross sections are esti-
mated to have uncertainties of about + 20-30% for
the Ni, Ag, and Ca data and about + 50% for the Al
point. The relative values for each element de-
termined from the statistical uncertainties were
generally better than + 5%, but in a few instances
were as large a,s +20%.

We compare the experiments with the semi-
classical theory of Bang and Hansteen. ' We in-
troduce the variable x=pq, =(p/a, «)$» ', where
$«=—(v, /e,. «)a, «

' -—v, /~e«v, » is the universal pro-
jectile -velocity variable for E-shell ionization,
with 6«= 5&v, «/Z, «'6t (8 =1 Ry =13.6 eV= —,

' a.u.).
After integration over final states, "the differen-
tial cross section for g -shell ionization by parti-
cles passing the target nucleus in the interval be-
tween & and x+ dx is given by
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rors &1% f(~ ) =(1+1.72( ') '. The ionization probability

45x' "I~.2(x') x'
2'n, x"

normalized as 2g J,
"

xP( x) dx=1, can be computed with errors &1% from the formula

P(x) = (45/2'm) —', (1+1.96x+ ~wx') exp(- 2x}.

(4)

Although (4) is strictly valid only when $~ «1, it serves as a guide for $~ & 1. The variable p depends
on 6 as p =d cot(6/2), where d =M,Z, Z, „e'/2MB, with M:=(M, '+ M,, ') '. The experiment, by (1),
yields

(6)

It should depend on the impact parameter in a comprehensive way as given by the expression x 'P(x'}.
We introduce two improvements in Eq. (6}.'" To account for the Coulomb deflection of the projec-

tile in an approximate manner, we replace p in P(x} by a mean distance of closest approach p '= cp and
thus x by cx, where c= [(yd/p)'+1]'/2+ yd/p; the factor y accounts for the difference between the
straight line and hyperbolic trajectory in an average manner. " For our condition, = 5.1', c = 1.046 in
the "straight-line" approximation where y= 1; we set c =1.15, as adjusted to the hyperbolic Coulomb
deflection where y- n." One incorporates the binding of the E -shell electrons to the projectile" by re-
placing 8~ with e(p /z, z)(}~and thus cx with coax where the function e is given by, approximately,

e(z) =1+ (2Z, /8„Z, „z)[1 —(1+z) exp(- 2z)].

It is instructive, then, to plot the measured left-hand side of (6) in the form

2"m/((, /e) z '
(m.)*,(s) '(der, /dn) (7)

versus y =- coax and compare with y 'P(y). The re-
sult is shown in Fig. 1. The data Y for all tar-
gets, ranging over nearly 8 orders of magnitude,
form a common experimental curve with a scat-
ter comparable to their experimental uncertain-
ties. We find that the data reported' on Cu, Se,
and Ag from the angular distribution of scattered
protons at fixed energies follow our data closely
if scaled according to Eq. (7). The locus of the
points coincides with the theoretical curve for y
z 0.5. At small y values the Y data rise above
the curve. Here („-1,and the asymptotic form
(4) should only be viewed as a tentative theoreti-
cal guide. The semiclassical approach is valid
in the sense that the de Broglie wavelength of the
particle, X, = 8/M, v„ is always small compared
to p = d cot(6/2) .

In summary, the semiclassical impact-param-
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FIG. 1. Experimental data reduced as prescribed by
Eq. (7), P versus y

=—— «&. The curve represents y
P(y}, based on Eq. (4}. The arrow points to the vs.lue

y = 1.05, where the distribution 27tyj (y) has its maxi-
mum. Fluorescence yields of 0.038, 0.163, 0.414, and
0.834 were used for Al, Ca, Ni, and Ag. respectively
I W. Bambynek et al, Hev. Mod. Phys. 44, 716 (1972)] .
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eter-dependent cross section for Coulomb @-
shell ionization by slow particles is confirmed in
detail with protons by coincidence measurements
between the emerging scattered particles and the
characteristic target A-shell x rays emitted in
the process of filling the A-shell hole created by
the penetrating particle. This provides a well-
documented basis for the quantitative search of
impact-parameter -dependent deviations that
must occur when Z, -g, and Pauli excitation of
the E shell becomes dominant,

One of us (W.B.) had the benefit of discussions
with G. Basbas, L. C. Feldman, and R. Laubert.
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We have observed spin conversion of orthopositronium and parapositronium in interac-
tion with photoexcited, metastable, paramagnetic triplet states of phosphorescent mole-
cules in rigid solutions, through changes in the positron lifetime spectra induced by
light. The results bear on the statistics of the spin conversion processes, and on the dif-
fusion of positronium in solids.

Phosphorescence of organic molecules in solid
solutions is attributed to the slow (relative to
fluorescence) emission of light in symmetry-for-
bidden transitions from the lowest paramagnetic
triplet state T (spin quantum number S = 1) to the
diamagnetic singlet ground state (S = 0), ' ' Photo-
magnetism was first demonstrated in the pioneer-
ing work of Lewis, Calvin, and Kasha through
measurements of the magnetic susceptibility of
phosphorescent solids under illumination. Since
then, the properties of molecular triplet states
have been investigated extensively by electron-
spin resonance and in the framework of exciton
physics. '

We report first observations of the photomag-
netic spin conversion of orthopositronium o-Ps
(electron and positron spins parallel, S= 1) and
of parapositronium p-Ps (electron and positron
spins antiparallel, S= 0) in interaction with mole-
cules in photoexcited triplet states, imbedded in
rigid diamagnetic matrices. Our results open
the possibility for measurements of the spin-
statist:ic probabilities of or tho -to -para and of
para-to-ortho positronium conversion. More-
over because of its monotonic dependence on the
light intensity, spin conversion provides a flexi-
ble new method for the study of Ps propagation
in solids through the interaction with conversion


