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Abstract

Using,the-technique'df'léser iéhization mass spectrometry, a study
of multiphoton ionization(MPI) of atomic iodine and cesium iodide was
conducted with a tunable dye laser. One of the objectives was to
determine if this technique provides more selective ionization of the
components of such a mixture than does conventional electron bombardment.

It was found that under intense photon irradiation, CsI fragments to I

- by a multistep process. The first step is dissociation of CsI which is

followed by multiphoton ionization of the liberated atomic iodine.

Because of this mechanism, the atomic iodine in a CsI + I mixture with

less than 10% iodine cannot be detected by MPI at the available photon

wavelenths (2800 - 3000 X). However, operation at wavelengths'which

“ preclude dissociation of CsI should greatly improve the selectivity.

. _ o
The cross section for two-photon excitation of iodine at 3047 A was
4

determined to be 4 x 10729 en?-s.
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1.  INTRODUCTION

An important aspect of the behavior of fission.products-in nuclear
reactor- fuel elements is the chemisfry of cesium and iodine. Bécause the
ratio of the stable isotopes of cesiumvto those of iodine produced by
fissibn is ~ 10, thermodynamics predicts that essentially all of the
jodine should be in chemically combined form CsI(1)., This species is non-
volatile and chemically nonagressive in the fuel. However, there is indirect
evidence that elemental iodine may be released from irradiated fuel(2). The
actual chemical nature of iodine released from hot irradiated uranium dioxide

has profound consequences -in a reactor accident involving severe core damage

as well as in the understanding and mitigation of the operational problem

of failure of the Zircaloy cladding by fission product stress corrosion
cracking. As a result, there is a great practical interest in a method of
detecting CsI and atomic iodine- during fission product release tests on

irradiated reactor fuel specimens. Because of the substantial dissociative

~ ionization of CsI under electron bombardment, electron impact (EI) mass

spectrometry may not be suitable for this application. The purpose of the

present study was to invéstigate multiphoton ionization (MPI) with a tumable
dye laser as a means of selectively ionizing CsI and I_for subsequent mass
analysis. \

For the practical application discussed above, knowledge of the
sensitivity and selectivity of the MPI technique compared to conventional
EI mass spéctrometry is desired. From a fundamental viewpoint, the study

répresents an application of multiphoton ionization to two species which have

heretofore not been investigated. Although considerable work on molecular iodine has
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- appeared in the literature(3,4), nothing is known abdut MPI of atomic

iodine. Similarly,'the only pertinent data on gaseous CsI is from a tofal

optical absorption investigation reported by Davidovits and Brodhead(5).

Since the species of interest cannot be contained .in conventional optical -
cell, beams of atomic iodine and molecular Csf generated by high-temperature
Knudsen cells were crossed with the laser beam in the ionizer cage of a’
quadrupole mass spectrometer. The ions produces were collected and mass

analyzed by the mass filter.

2.  EXPERIMENTAL
Figure 1 shows a schematic of the apparatus. The vacuum chamber housing
the mass spectrometer is pumped by a well-trapped 1500 1it/s oil diffusion

9 Torr. The mass spectrometer is tuned

pump to a base pressure of 5 x 10~
to different ions by using conﬁentional electron impact ionization. The

laser ionization tests are done with the same mass gpectrometer settings.
Following the analyzer section, the maés spéctrdmeter is equiped with an .
off-axis electron multiplier on one side and a Faraday cup on the other,

Either one of these detection methods can be employed by application of
appropriate voltages to steér the analyzed ion beam to the desired 1ocation.
The magnitude of the current pulse produted by the electron multiplier is
proportional to the number of ions created during the laser pulse interacting
with the steady neutral beam. The'électron multiplier output is fed via

a preamplifier and amplifier to a multichaﬁnel analyzer. Héncé theAchannel
number in_which'the pulse is stofed is proportional to the number of idns in
the pUlsé. Calibration of the—eiectron multipiier is accomplished by utilizing

the Faraday cup and the amplification train is calibrated by inserting a

variable pulse height generator and a 1 My resistance before the preamplifier.
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v',Aﬂquartz Knudsen cell is used to generate the molecular beam of CsI.

Heating is accompliéhed by afbiétinﬁm)filament wrapped around the quartz .
cell, whose temperature is measured by a thermocouple. Maximum cell
temperaturés are ~ 850K, and no reaction of the CsI with the crucible

occurred. For generating an atomic iodine beam, molecular iodine vaporizes

from a source held in a constant temperature path and passes through a 3 mm

diameter, 12 mm long platinum tube with a 1 mm diameter orifice at the exit.
This cell is heated fesistively by tungsten filaments. The temperature of
the tip is meésured'by an optical pyrometer and maintained at ~ 1400 K to
ensure essentially complete dissociafioh of iodine molecules ét the pressure'

3

upstream of the orifice (v § x 10 ° Torr). For both CsI and I, application

of simple gas kinetic theory to the source pressures, orifice geometries and

beam paths permitted calculation of the density of atoms or molecules in the

volume of interaction of the neutral beams with the laser. Typical densities

10 "3 for atomic iodine and 4 x 10% 3

are 6 x 10 1 em™> for CsI.

The laser syétem consists of a Quanta-Ray Nd/YAG laser generating pulses
at a repetition rate of iO Hz. After passing through a harmonic generator,
the beam pumps a dyevlaser and then enters a wavelenth extension system
(WEX). The léser'light is focused by a quartz lens of 15 cm focél length
into the ionizer region of the mass spectrometer. The diameter of the
beam at this point 1is ~ 0.1‘mm, as estimated from its.image on photographic
paper. The length of the zone over which it interacts with the neutral beamv

is ~ 0.5 cm. The volume of laser-neutral interactions is ~ 5 x 10—5 cm3.

'The maximum output power is 10 mJ, which corresponds to a photon flux of

28 cm-z S-l

~ 5 x 10 at 3000 R. The pulse width is 5 ns.

3. RESULTS

A. Atomic Iodine

The first allowed exicted state of the iodine atom is too far from the

-3~



-ground state (6.78 eV) to be populated by resonant absorption of a single
photén from‘the laser used. In the present experiment, photon wavelengths
around 2800 A and in the vicinity of 3000 R were used to reach states near
the first aliowed level by two-photon absorption. Atoﬁs excited to these
states were then ionized by a third photbn before decaying to the ground
state. Figures 2 and 3 show the MPI spectra near the two wavelength regions
investigated for the largeSt laser pulse energiés attainablé. Thé results
are displayed in terms of the ionizétion efficiency, defined as the ratio of
the number of ions generated per pulse to the number of neutral atoms in
the interaction volume. The spectra have not been corrected for the
wavelength-dependence of the laser intensity, which is also shown on the
plots. Except for the two peaks at ~ 2810 and m'2820 R, the spectrum is
consistent with known energy 1evels of the iodine atom reﬁorted in the
litérature(ﬁ). The ionization efficiency varies as Iz;at high laser power
levels, where I is the photon flux (cm-zs-l). At low pbwer levels, the

exponent increased to between 2 and 3.

B. Cesium Iodide

Figures 4 and 5 show the ionization efficiencies of I+ and CsI+ from
the neutral CsIbbeam in the interaction volume with the laser. The wave-
length regions around 2800 and 3000 R weré chosenvto enable comparison of
the results with those for iodine atoms. Fortuitously, there is a minimum _
in the totallabsorptivity of CsI near 3000 X (5), so that these two wavelengths
are useful for distinguishing between I and CsI with high selectivity. |
At 2800 R the efficiency for " production frdm CsI is only 10% of that
for I" formation from I, At 3000 R,.the ratio of the I" production
efficiencies from the two parents is 0.13. This efficiency comparisonbis

for the same laser energies per pulse for the CsI and I target gases. The
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r specfra obtained from CsI are identical to thét’bbtéinéd-ffoﬁ I iﬁrboth
'wavelenggﬂ‘rééioné.- |

Consistent wifh the absorption curve obtained in Ref. 5, the csI”
signal observed around 3000 A is within the noise limits of the detection
system. At 2800 R,'on the other hand, CsI productibn is appreciable and
appears to exhibit some structure. The ioniiation efficiency for'CsI+‘is

proportidnal to photon flux at low laser power and varies as 10'8

at the
highest pulse energies attainable.
~ The efficiency for production of Cs’ from CsI is also shown on Figs.

4 and 5. It is large and wavelenth-independent.

4., DISCUSSION

A. Cross Sectionifor’Two-Photo Excitation of Iodine at 3047 A

Multiphoton exéitation can be described by fate equations provided
that the sequence of transitions from the ground state to the ion exhibits
successively increasing rates and the final step irreversibly removes the
particle_from the system(7). In the MPI process, the second condition
- is automatically satisfied by removal of ions. For the photon fluxes in the
- present experiments, the first condition is also met since the two-photon
trahsitionivia a virtual state is much less probable than the single-photon
transition wich produces the'idn. The transition probability for an n-photon

absorption step can be written as(8):
| w(n) ‘= o(n) m . ' 1)

where I is the photon flux (c:m-2 s_l) and o(n) is the‘nth order absorption

Zn 11’1) .

cross section (cm™ - s For example, Eq. (1) 1s applied to the two-photoﬁ



excitation of the '6p2Dgi state in iodine (designated as state 2) from the
/2 .
ground state (state 0). It is also used to describe the rate of the

5ZPZ state of

production (state 3) from the excited state. The low-lying Sp
iodine is not involved in the process. For small ionization efficiencies,
the concentration of ground state atoms is constant and the rate equations

for the time-dependent densities N2 and N3 are:

n |
& = oD, - W1+, (2)
dN

75?.: c(l)INé (3)

where y is the probability per unit time of nonradiative relaxation of the
excited state. Integrating Eq(2) yields:

N0 0(2)12

o [1 - el -~ Wil 4)
o I+y :

N, (t) =
By inserting Eq(4) into Eq(3) and integrating, the ionization rate can be
obtained. However, for the laser intensities used in the present experi-
ments the argument of the exponential term in Eq(4) is large, so the populatioh
of state 2 builds up rapidly and remains constant during mostiof the pulse. |
In this case, the ionizatign efficiency, defined as the ratio of the
number of ions produced.during the pulse to the numbexwofwgroﬁnd state atoms
Anitially in the interaction volume, is given by:.

LLUNE @M, :
I No c(l)i+y

(5)

where 1t is the duration of the laser pulse. For high laser power
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(1 = 30" s ‘1)k’_ag'1_).l,.2,> y. and- Eq(5)- reduces to:

ne =Bk o | (6)

_ ' - 0 -
Using the measured ionization efficiency at 3047 A (Fig. 2) and t = 5 ns

gives 0@ = 4 x 1070 @t-s.

At low laser powers (I=-1027cm-zs—

1), y in eqS) becomes comparable
to c(l)I and n _ approaches a cubic dependence on photon flux. This

behavior was observed experimentally.

B. Cesium Iodide Dissociative Ionization

The locations of the I" peaks in the spectra obtained from laser
irradiation of the CsI molecular beam are identical to those for atomic
iodine. This observation suggests that the photons first dissociate CsI
to produce neutral iodine,‘whiéh is then ionized by the same three-photon
process that was observed with the atomic iodine beam. This process is

represented by:
CsT + th +Cs+1

where hv is the energy of the photon. This step is followed by:

-i+3mL+1++e

The magnitudes of the ionization efficiencies of i from CsI are 10 - 13% of
the efficiencies of producing I" from I. The CsI dissociation probability
nps which is the first step of the above mechanism, is thus equai to 0.13 at

o
3000 A and 0.1 at 2800 A.



C. Detection of Atomic Iodine in the Presence of Cesium Todide

In analyzing a vapor mixture containing CsI and I, proper choice of
laser wavelength can yield optimum response for the desired species. For

+ .
detection of CsI, measurement of_the number of CsI ions produced per

pulse at a wavelength of 2813 X(N281i)_can be combined with the ionization
’ sI ' '
efficiency n2831 from Fig. 5 (corrected for laser intensity if necessary)
CsI :

to give the density of CsI'mplecules in the ionizer (n-.p):

2813 2813
(l ’ "D ) NCsI+

Nest ©

_ n2813 v

+

CsI _
where V is the laser-neutral beam interaction volume and nESIS is the fraction
of CsI dissociated to Cs and I by the laser photons.
At 3047 X, iodine ionization is maximum, but the I contribution from

CsI preseqt must be subtracted from the total number of " ions produced per

pulse (N§947). The number density of iodine atoms in the ionizer is:
"N3047
1" 3047 @
Ny ® ———— - n 8
I 3047 D Csl
n, V
I
3047, o .. . . _ . ?
where n”;  is the ionization efficiency of atomic iodine by 3047 photons
(Fig. 2) and n3047 is the CsI'dissociation probability at the same wavelength.

When combined with mass analysis, multiphoton ionization has the potential
of pfoviding a more highly selective means than electron impact ionization for
detecting iodine atoms and cesium iodide in a mixture of these two vapors. A

' o}
wavelength accessible to commercial pulse lasers(2813 A) ionizes CsI to produce
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CsI.+ with reasonable efficiency. Iodine atoms can beL@g;gcted;in a mixture
with a CsI/I ratio as largé as Ehibwby*opéfazi;g at a wavelength of 3047 X.
At wavelengths sufficiently long to avoid CsI dissociation, the selectivity
shouid be much larger. The disspciation energy of Csl is 3.57 eV(9), so it
is in principle possible to supfess CsI dissociation entirely yet still
reach the first allowed excited state of atomic iodine by 2-photon
~absorption by using laser wavelengths between 3475 and 3660 A. However,
because of the low repetition rate of the laser (10 Hz) and the short pulse
time (5 ns), the dutf factor is < 10'7. This compares unfavorably to the
100% utilization factor of electron bombardment. In addition, the volume
of the focused laser beam in the ionizer region of fhe mass spectrometer .
ié considerably smaller than the volume of the electrons emitted from

- the filament of a conventional mass spectfometer ionizer. Defocusing

the laser beam-to increase the interaction volume decreases the photon flux.
Because of the nonlinear dependence of the excitation cross section on -

this variable, defocusing the beam will result in poorer performance.

Consequently; the inherently higher selectivity of MPI camnot overcome
the very low sensitivity characteristic of current cqmmércial pulsed lasers.
Application of the new techniques and the higher power lasers under
development for Laser Isotope Separation (LIS) may improve this situation
in the future. For detection of atomic iodine, development of a laser
capable of producing photons with the energy of the first allowed state
(1830 R) would result in a very much larger excitation cross section than

is currently attainable with the two-photon process.
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Figure Captions

1.
2.

Apparatus used for laser ionization mass spectrometry of I and CsI.

o
MPI efficiency spectrum of iodine atom around 2800 A together with

the wavelength dependence of the laser pulse energy.

MPI efficiency spectrum of iodine atom in the vicinity of 3000 X
together with the wavelength dependence of the laser pulse energy.
Ionization efficiencies of I+, Cs+ and CsI” from neutral CsI beam
around 2800 R.

Ionization efficiencies of I+, cs* and CsI+ from neutral CsI beam

o
around 3000 A.
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