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INNER-SHELL PHOTOEMISSION FROM THE IODINE ATOM IN CH3I

D.W. Lindle, P.H. Kobrin,* C.M. Truesdale, T.A. Ferrett,
P.A. Heimann, H.G. Kerkhoff,* U. Becker,* and D.A. Shirley

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and
Department of Chemistry
University of California
Berkeley, California 94720

The first photoemission measurements of the I 4d and I '4p'
subshells in methyl 1odide are presented. Cross sections and angular-
distribution asymmetry parameters were measured from threshold to 300
eV photon energy for the I 4d level (to 440 eV for the asymmetry
parameter), and from 175 to 300 eV for the I '4p' level. The I 4d
resu]télexhibited atomic-1ike behavior throughout this energy range,
mimicking the behavior of the Xe 4d subshell. Theoretical
calculations for the Xe 4d subshell agree very well wifh the I 4d
asymmetry-parameter results, indicating that the I 4d subshell is
localized on the iodine atom in CH3I. Nearer to threshold, the
spin-orbit final states, 4d5/2 and 4d3/2, were resolved and
exhibited non-statistical intensity ratios mainly due to a
kinetic-energy effect. The I '4p' asymmetry-parameter results were
found to be essentially identical to the asymmetry-parameter results

for the I 4d subshell at the same photon energies, suggesting strong
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interchannel coupling. This result is discussed with respect to

collective effects in the iodine N shell.
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University, University Park, PA 16802
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* Permanent address: Fachbereich Physik, Technische Universitat Berlin,
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I. Introduction

Recent photoelectron-spectroscopy (PES) studies of Xel'8 have
highlighted both one-electron and multi-electron effects that are
important in describing photoionization in the N and 0 shells of Xe
above the 4d threshold. Elucidation of these effects has been
accomplished by comparison of the experimental results to

9-20 One

progressively more detailed theoretical calculations.
result has been to identify Xe and other elements with similar Z as
especially good systems for exhibiting some of these effects. The
present photon-energy-dependent PES study of the iodine atom in CH3I
adds considerably to the available experimental measurements for
element$ near Xe in the‘periodic table.

-

For photon energies immediately above the 4d ionization threshold

(Xe7’8

associated with 4d-vacancy states. It is known

or 1), the photoelectron spectrum is dominated by features
7 that photoemission
from the Xe 4d subshell can be described accurately by considering a
series of single-electron effects that appear in the 4d - ef continuum
channel; a Coulomb phase shift occurs near threshold, followed at
somewhat higher energy by a shape resonance resulting from the
trapping of the outgoing photoelectron by a centrifugal barrier, and
finally at still higher energy, the 4d - <f dipole matrix element
experiences a change in sign and causes a Cooper minimum.
Experimentally, pronounced changes corresponding to these phenomena

2

have been seen in the subshell cross section,” the spin-orbit
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4,5

branching ratio, and the angular distribution of Xe 4d

3,7

photoelectrons. To the extent that the iodine atom in a molecule

such as CH,I exhibits atomic-like behavior, the present measurements

3
yield information about the Z dependence of the one-electron effects
peculiar to 4d -~ f transitions. The present results indicate that
the inner subshells of I in CH3I are atomic-like. The I 4d subshell
shows behavior remarkably similar to Xe 4d, with some small systematic
variations. These results are discussed in Sect. IIIA.

Multi-electron effects generally become more important for the
less intense (smaller cross section) features in photoelectron
spectra. This is especially true for the '4p; subshells of the

1,16

elements in the series Te to Ba. Quotation marks are used here

because the final states that have binding energies in the vicinity of
the 4p thresholds can be described adequately only in terms of

16

collective effects;”  hence designation as a 4p final state is

inappropriate. In Xe for example, only one major discrete peak is
observed in this energy range along with contjnuum—like structure,l
contrary to the one-electron-model prediction of two peaks

corresponding to the 4p3/2 and 4p1/2 ionic states. The prominent
peak has been attributed primarily to the 4d84f configuration, and
the remaining structure is explained in terms of the near-degeneracy

of 4p-vacancy states with 4d8n2 singly-ionized and 4d8

doubly-ionized states.16 As this near-degeneracy is enhanced (or
removed) by observing different Z elements, significant changes in the

'4p' spectra are seen.1 For I, the discrete structure is less
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intense than in Xe, and the identification of the'sing1e observed peak
as a 4p-hole state is even more questionable. The cross section and
angular distribqtion of the I '4p' peak as functions of photon energy
are pre;ented here for the first time (note that similar measurements
.have not yet been made for Xe '4p'). The asymmetry-parameter results
are nearly identical to the I 4d resu1t§ at the same photon energies.
Though interpretation of_these results is not straightforward, the
assignment of the final state as 4d84f is consistent with the
results discussed in Sect. IIIB.

A brief description of the experiment is given in Sect. II.

Conclusions are discussed in Sect. IV.
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I1. EXPERIMENTAL

Photons from Beam Line III-1 at the Stanford Synchrotron

Radiation Laboratory were used to ionize an effusive jet of CH3I

molecules. Photoelectron spectra were recorded simultaneously at two- -

angles, 0° and 54.7°, with respect fo the polarization vector of the
incident photon beam by measuring the electron flight times to
identica] channel-plate detectors. The apparatus and the
time-of-flight (TOF) detectors have been described e]sewhere.21
Briefly, the ultra-high vacuum monochromator was protected by a lSOOA
thick Al window from the ~10'5,torr in the experimental chamber.

The photon beam was focused to the center of the chamber to intersect
the gas jet at the interaction region defined by the apertures of the
TOF detectors. The relative photon flux was monitored byAa sodium
salicylate scintillator and an optical photomultip]ier tube (RCA
8850). The gas pressure was recorded with a capacitance manometer.

22 defines the differential cross section, do/dQ,

Yang's theorem
for photoionization of a randomly oriented sample by linearly
polarized radiation as

do(hv) a(hv)

e = 4:. [1 + 8(hv)P,(cos @)1 , | (1)

where ¢ is the angle between the momentum vector of the ejected
electron and the polarization vector of the incident photon,

Pz(cos 8) is the second Legendre polynomial, and o(hv) and g(hv) are
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the crbss section and the angular-distribution asymmetry parameter,
respectively, for the photoionization process under study. The
dependence of ¢ and g on the photon energy hv has been included here
explicitly, but will be omitted throughout the remainder of this
paper. Equation (1) implies the assumption that only é]e&tric—dipo]e
franéitions are important. Also implicit in Eq. (1) is that the
photon source is 100% linearly polarized. The polarization of the
photons from BL III-1 Has beén estimated to be 98%,8 and it has been
demonstrated previously that the precise value of the polarization is
unimportant for our work (as long as it is greater than 70%), because
of the calibration procedure described in Ref. 23.

The TOF fechnique is well-suited to the measurement of
bhotoe]ectron spectra of gases because of its high signal-to-noise
ratio and its ability to collect nearly all electron energies
simultaneously. Simultaneous measurement of the relative intensity of
photoelectrons at two angles yields values of g that are independent
of changes in the photon flux and gas pressure. To normalize our g
measurements, known values of g for Ne 2p and 2s 11ne524 were
measured as a function of kinetic energy. This procedure is described
in detail in Refs. 8 and 23. It is important to note that this
procedure greatly reduces the effects of systematic errors in our
measurements. We estimate systematic errors in g to be #0.10 or
less. At certain photon-energy settings of the monochromator, a
component of second-order radiation (i.e. an energy of 2hv) was large

enough to produce additional peaks in our spectra, primarily
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second-order peaks of I 4d photoelectrons. Because the g measurements
are independent of the photon flux, we were able to use these spectra
to extend our Bad results to higher photon energies.

Spectra taken with the 54.7° detector, for which P,(cos e)
vanishes, yield branching-ratio data directly, and cross-section data
after correction for photon-flux and gas-pressure variations. The
transmission of this analyzer was determined by measuring the known

cross sections of the Ne L sheH.24

The contribution to the photon
flux measurement of the second-order 1ight component also was
determined by measuring the Ne L-shell cross sections, and a

correction was made to the CH3I‘cross-section results wherelneeded.
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III. RESULTS AND DISCUSSION

A representative TOF photoelectron spectrum of CH3I at a photon
energy of 64 eV is shown in Fig. 1. The predominance in this spectrum
of features associated with I 4d ionization is apparent. The Auger
peaks (N4,5VV) result from the decay of the 4d-vacancy states. Both
Auger features receive contributions from many decay channels, and no
attempt is madé here to assign any of these Auger transitions. The
following subsections treat in turn each subshell from which we were
able to detect photoelectrons; I 4d in Sect. IIIA and I '4p' in Sect.

[TIB.

A. I 4d SUBSHELL

Cross-section and asymmetry-parameter results for the I 4d
subshell are shown in Figs. 2 and 3. These data are for the
unresolved [ 4d peak. Measurements in which the spin-orbit
components, 4d5/2 and 4d3/2, are resolved at low kinetic energies

are presented in Fig. 4. The binding energies of the 4d5/2 and

25

4d states are 56.7 and 58.3 eV, respectively. The I 4d cross

3/2
section has been scaled to the absolute photoabsorption measurement of
O'Sulh'van25 at the maximum in the cross section. The peak value in
the absorption cross section i§ approximately 17 Mb. As mentioned in
Sect. II, the asymmetry-parameter results have been augmented by

additional measurements with second-order light (see Fig. 1). The
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points obtained in this way are shown as open circles in Fig. 3.
Interpretation of the results for the I 4d subshell benefits from

2-5,7,8 and ca]culationsg'l3’17’19’20

the previous measurements for
the Xe 4d subshell. The I 4d cross section shows two important |
effects. At 85-90 eV, the cross section reaches a maximum which can
be attributed to a centrifugal-barrier shape-resonance effect in the
4d > ¢f outgoing channel.26 The position of the maximum agrees with
the absorption measurement of O'Sullivén. The second effect occurs at
165-170 eV photon energy and can be assigned to a Cooper minimum27
in the same 4d - e¢f channel. Both of these phenomena in the I 4d
subshell occur at the same photoelectron energy (%5 eV) as in the Xe
4d case.28_33 This concordance for the Cooper'minima is based on
cbmparison of thé asymmetry-parameter data7 because no measurements
of the partial cross section at the Xe 4d Cooper minimum are available.
An atomic shape resonance is caused by a cehtrifugal barrier in
the potential experienced by the ionized (or excited) electron. For
energies below the peak of the barrier, the effect can be considered
as a trapping of the electron. Typically, these barriers occur only
for 2 > 2'=2+1 channels, in this case 4d » ¢f, because the strength of
the centrifugal repulsion scé]es as 2'(2'+l), where 2' is the orbital
angular momentum of the electron in the final state. The nature of
the barrier is sensitive to the interplay of the attractive Coulomb
potential and the repulsive centrifugal potential. In a

26

single-electron central-field model,” these potentials depend upon

the values of Z and &', respectively. Certain combinations of these
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parameters will produce centrifugal barriers; others will nof.

When a barrier is present, the qualitative behavior of the cross
section as a function of energy can be discerned from the following
argument.26 Considering only one-electron processes, the magnitude
of the dipole matrix element that determines the single-channel cross
section is proportional to the overlap between the initial bound
one-electron wavefunction and the final cohtinuum wavefunction. Near
threshold, the centrifugal ba;rier excludes the continuum wavefunction
- from the interior of the atom and very 1little overlap occurs. As the
available energy approaches the height of the barrier, the amplitude
for penetration of the continuum wavefunction into the interior of the
atom increases quickly, causing a rapid increase of its overlap with
the bound wavefunction. Accompanying this penetration is a phase
shift of the continuum wave. These features constitute the shape
resonance. At still higher energies the barrier plays a less
important role, and the dipole matrix element gradually decreases with

energy.

For d - ¢f transitions, the shape resonance is most pronounced

26 because

for the elements in the periodic table centered around Xe
the 4f wavefunction has a high degree of continuum character in this
- sequence of atoms, so that virtual excitation to this orbital
contributes significantly to the photoionization process.34 This is
apparently a general phenomenon. For the particular case of [

4d > ¢f, we are interested in the implications for the Z dependence of

4d cross sections.
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Compared to Xe, the centrifugal barrier in I is somewhat higher
(Z isllower), which should cause the cross section to peak at a higher

kinetic energy than in Xe. Absorption measurements for the atomic

species in the series Te,35 1,25’36—39 xe28:29,31-33

S37,40—42

nd

C (or molecules containing these atoms) imply a decrease of

the kinetic energy of about 5 eV per series member for the

shape-resonance maximum (approximately 40, 35, 30 and 25 eV,

respectively). A photoemission measurement2 of the Xe 4d cross

section was consistent with the absorption result, but could not
confirm it because of the scarcity of data points. Likewise, the
present measurement and another using electron energy-loss

spectroscopy43 are consistent with the photoabsorption peak measured |

25 35

for CH,I™™ (32 eV above threshold) and 15 (34 eV above

3
threshold). However, our result also is consistent with the kinetic

28,29,31 (30 eV) to within

energy of the maximum in the Xe absorption
- experimental error. We note the 2 eV difference between the peaks of

the CH,I and I, absorption results and suggest that it is due to

3 2
molecular effects.

From a wavefunction overlap argumenf presented in Ref. 36, a
second result of the higher barrier in I would be to reduce the 4d
cross-section maximum compared to Xe. Unfortunately, experimental
uncertainties in the present results and the previous

measurementsz’36

preclude a quantitative determination.
A definite minimum is observed in the I 4d cross section which

falls to a value of ~0.1 Mb at 165-170 eV photon energy, then
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increases by a factor of 2 at higher energy. This minimum, which we
interpret as a Cooper minimum arising from a sign change in the
4d > f matrix element, occurs at the same kinetic energy (x5 eV) as
the Cooper minimum in the Xe 4d subshell, as determined by comparison
of the asymmetry-parameter resu]ts.7 No other observations of
Cooper minima in 4d subshell cross sections are available for further
comparison. | |
The I 4d asymmetry-parameter results shown in Fig. 3 also are
affected strongly by the shape-resonance and Cooper-minimum
phenomena. The trapping of the dutgoing photoelectron by the
centrifugal barrier and the consequent phase shift are interpreted as
causing the initial decrease in the measured 4d asymmetry. Because
this happens before the barrier is overcome, the minimum in Bad
occurs at 15-20 eV lower kinetic energy than the maximum in the 4d
cross section, or at approximately 70 eV photoh energy.

44

Using the Cooper-Zare formula’" for g in LS coupling, Bag is

predicted to be 0.1 at the Cooper minimum if spin-orbit and

45 . . ;
This value for B4d is

multi-electron effects are neglected.
reached at a photon energy between 165 and 170 eV, in complete
agreement with the minimum in the cross-section results.

12,19,20 in Fig. 3 represent calculations

The theoretical curves
for the Xe 4d subshell that have been shifted 11 eV to lower energy
for comparison with the I 4d results at the same kinetic energy. A
detailed comparison of these curves to experiment for Xe has been

given in Ref. 7. Overall, the similarity between the I 4d and Xe 4d
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results (experimental and theoretical) is remarkable, especially in
the region of the Cooper minimum which is predicted best by the

20 and Dirac-Fock

relativistic random-phase approxjmation (RRPA)
(DF)19 calculations. At lower energies, around 70 and 150 eV,
differences between the [ 4d resu]fs and the Xe 4d predictions are
more apparent. This observation can be understood in the light of the
differences between the shape resonances in Xe and I described above.
Compared to the experimental Xe 4d results, we note a general tendency
for I Baq to be less than Xe Bag by 0.2-0.3 at all energies, a

result fér which we have no explanation. Near threshold, no
experimental evidence for the predicted initial increase in I Bag is
seen, in agreement with a similar finding from the Xe 4d resu]ts.7

‘One additional observatfon concerning the Bad results pértains
to the two points at 120 and 125 eV. Both of these points deviate
significantly (by 0.3 or more) from a smooth curve connecting the
remainder of the data. Because of the proximity of the I ‘4p'
threshold at approximately 129 eV, we tentatively explain this
behavior as autoionization of Rydberg states leading to this
threshold. Clearly more experimental work with a finer mesh of points
would be needed to confirm this conjecture.

At the lowest photon energies used in this work, the spin-orbit
components of the I 4d peak were resolved (see Fig. 1). The
4d5/2--to--4d3/2 intensity ratio is shown in Fig. 4. It starts at 6
at 60.5 eV and quickly drops to the statistical value of 1.5. This

behavior is satisfactorily explained by a kinetic-energy effect; at a
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given photon energy, the 4d5/2 peak has 1.6 eV higher kinetic energy

than the 4d 2 peak, and thus is further along in its sharp increase

3/
in cross section caused by the shape resonance (see Fig. 2). The
asymmetry parameters of the individual tomponents are shown in the
bottom of Fig. 4. They follow the same trend as the unresolved Bag

in Fig. 3. The differences between Bg/2 and 33/2 also are

explained by the kinetic-energy effect.

An additional peak in the photoelectron spectra with a binding
energy of 72(1) eV appeared at photon energies from 110 to 130 eV.
This peak can be attributed to a correlation satellite(s) of the I 4d
main line. It probably corresponds to final states with a 4d vacancy
and a valence electron promoted from a nonbonding'orbital localized on

the I atom (E to a higher-1ying antibonding valence

3/2 O E1p)
orbital. The intensity of the satellite relative to the I 4d line is
15(4)% in this energy range. It appears strongly at these photon
energies probably because it experiences the same shape-resonance

effect as the I 4d cross section.

B. I '4p' SUBSHELL

Svensson et al.l recorded Al Ka photoelectron spectra of the
series of elements Te to Ba in the regions of their respective 4p
binding energies. Rather than finding two peaks (4p3/2 and 4p1/2)
corresponding to single-electron transitions to the final state, each

of these elements showed distinct multi-electron behavior to varying
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degrees; Te showing the largest effect, Ba the least. MWendin and
Ohno16 explained the situation for Xe in terms of strong
many-electron effects that prevent the existence of an isolated
4p3/2§ or 4p1/2eh01e state, but require that a '4p' vacancy
actually appears primarily as the Xe+ 4d84f state. This strong
coupling results from the near-degeneracy of a single 4p hole and a

double vacancy with two 4d holes. A similar description is based on

super-Coster-Kronig
16

the onset of energy-allowed N2’3N4’5N4’5
decay in the range of Z from 52 (Te) to 56 (Ba)
Because the TOF detectors record photoelectrons over a wide range
of energies simultaneously, we obtained several spectra of the I '4p'
region of CH3I while making the'measufements on the I 4d subshell.
The ‘4p! spéctfa looked very similar to that of Svensson et al.; and
our measured binding energy of 129(1) eV agrees with theirs. The '4p'
cross-section and asymmetry-parameter results for photon energies from
175 to 300 eV are shown in Fig. 5. These values were determined by
considering only the area under the single prominent (4d84f) peak
and by excluding as much as possible the broad continuum-1like
structure at higher binding energy (see Fig. 5 of Ref. 1 for a

spectrum of CH,I in this region). We interpret the data in Fig. 5

3
as primarily representing the 4d84f final state.

The I ‘4p' cross-section data in the top of Fig. 5 were scaled to
the previously scaled I 4d cross section. The intensity of the
4d84f peak accounts for only 25-50% of the total intensity in the

‘4p' binding-energy region. The remainder is contained in the broad
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continuum. Taking this extra intensity into account, the total I '4p‘
cross section is approximately equal to the I 4d cross section in this
photon-energy range. _

The I '4p' asymmetry-parameter results (Fig. 5) start at -0.3 at
175 eV, drop to a minimum of -0.6 at 190 eV and reach 0.5 by 300 eV.
Included in Fig. 5 is one curve representihg a Hartree-Fock velocity

(HF=V) ca]cu]_ationl2

of Xe B4p’ shifted in energy to coincide with

the I '4p' threshold, and a second derived from a smooth curve through
the I Bad data in Fig. 3. The HF-V curve, which predicts the

behavior of B4p in a single-electron approximation, does not agree
with the data, whereas the latter curve fits the I B4p results very
well, suggesting the possibility of strong interchanne]bcoupling
between the 4d photoemission channels and the channels that lead to
the '4p' peak. Interchannel coupling is plausible if the 4d84f

state reached via the '4p' transition is regarded as a multi-electron
satellite of the 4d9 final state. Identification of the exact
mechanism by which these channels can couple through the continuum and

lead to a B4p similar to Bag would require a more detailed

theoretical model than any presently available.
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IV. CONCLUSIONS

Photon-energy-dependent measurements of the behavior of the I 4d

and '4p' subshells in CH,I have illustrated some important

3
single-electron and multi-electron effects. The I 4d cross section
and asymmetry parameter show pronounced changes under the influence of
a shape resonance and a Cooper minimum in the 4d > ef outgoing
photoelectron channel. Analogous results have been observed for the
Xe 4d subshe]],7 indicating not'on]y the atomic-like nature of the I

atom in CH,I, but yielding useful information about the Z dependence

3
of these one-electron effects on 4d-subshell ionization.

The first measurements as a function of photon energy for a ‘4p'
subshell in the interesting elemental series Te-Ba have shown that
interchannel coupling with the 4d channel strongly perturbs the '4p'
asymmetry parameter. Still to be understood is the nature and

8¢

relative composition of the final states 6ther'than 4d
contributing to the I '4p' peak, and how these states couple to thé I
4d manifold to cause 84p to be similar to Bag® Further

experimental studies on '4p' subshells in this region of the periodic

table, especially Z=54 (Xe), are needed to aid in this understanding.
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FIGURE CAPTIONS

Fig. 1. TOF spectrum of CH,I at 64 eV photon energy taken with the

3
54.7° “analyzer.

Fig. 2. Partial cross section of the I 4d subshell in CH3I, scaled

“at 85 eV to the absorption measurement of 0°'Sullivan, Ref.
25. These data represent the sum of the cross sections for
the spin-orbit components, 4d5/2 and 4d3/2, with an
average binding energy of 57.5 eV. The photon resolution for
the measurements in this work is a constant 1.3 & full-width
at half maximum.

Fig. 3. Angular-distribution asymmetry parameter of the I 4d subshell
in CH3I. The data are wé{ghted averages of the asymmetry
parameters for the 4d5/2 and 4d3/2 final states. Solid
and open circ]es represent data taken with first-order and
second-order light, respectively. Theoretical calculations
for the Xe 4d subshell shifted to coincide with the I 4d
threshold; solid curves are Hartree-Fock length (HF-L) and
velocity (HF-V) by Kennedy and Manson, Ref. 12; short-dashed
curve is Dirac-Fock (DF) by Ong and Manson, Ref. 19; and
long-dashed curve is relativistic random-phase approximation
(RRPA) by Huang et al., Ref. 20.

Fig. 4. Branching ratio (top) and asymmetry parameters (bottom) for the
spin-orbit components, 4d5/2 and 4d3/2. The point at 101.6

eV in the bottom panel represents g for both final states.
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Fig. 5. Partial cross section (top) and asymmetry parameter (bottom)
for I '4p' photoelectrons from CH3I [129(1) eV binding
energy]. The curves in the bottom panel represent HF-V cal-
culations of Kennedy and Manson (solid), Ref. 12, and a smooth

curve (dashed) drawn through the B4d results in Fig. 3.



Counts/channél

400

200

-25-

10

Kinetic energy

(eV)
50 100

| R B B I

- 4ds/2

i CHalI

o hy =

64 eV

1 l |

1

[

Valence —

‘i‘: . 4d -

I 1o lll

et

{2nd order)
R
W Pt AR

1 |

150

TOF

100
(nsec)

Figure 1

20

XBL 836-10196



(Mb)

Cross section

Figure 2

| ' | ! T
— . CH3I - T (4d) —
- ® -
— ® © O —
" o * on o O B
F: o OOOO x20 B
8 o« ° |
g | _
- | .MOT ° ° T__
100 200 300
Photon energy (eV)

XBL 836-10197

_92—



- —_ nD

Asymmetry parameter
I

100 200 300 400
Photon energy (eV)

. XBL 836-10198
Figure 3 A

-[2_



Branching ratio

@)

N

n)

i [ T { i l ¥ ¥ I l I |
e l
- e Statistical T
® § a
T T
_ I ¥ T i l | I ¥ l I ]
$
B %§ |
s 3
B ;-
o O 4da2 ¢
q@
T e B
l i I | l { 1 1 l L
650 80 100
Photon energy (eV)

Figure 4

XBL 836-10194



(Mb)

Cross section

-

1 ¥ ] 1 I I T I 1 H T { I { 1

15 E ! i
$ CH3I : I 4p'

.10 i —

¢ ;

05’_ § -

__1 1 1 1 l L L 1 i l 1 1 i | I | ]
150 200 250 300

Photon energy (eV)

XBL 836-10195

Figure 5



(23

This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




e
-hluq - -~

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





