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ABSTRACT 

COLLISIONAL IONIZATION IN Rb (ns,nd) - SF6 COLLISIONS 

by 

Fan Lu 

Tbe thereotical work of Matsnzawa based on the essentially free 

electron model suggests that the rate constant for collisional 

ionization of a high rydberg atom is essentially the same as that for 

attachment of free electron haying the same momentum distribution, 

R + ML —^ R + ML (1) 

k 
e + ML —S-» ML- (2) 

In the present work we test the essentially free electron model 

by comparing rate constants measured for the following reaction, 

Rb* + SFs  > Rb+ + SF4“ 

with those expected on the basis of free electron studies* The data 

are in good agreement indicating that studies of Rydberg atom 

collisions can provide information on very-low-energy electron 

interaction, 
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Chapter I 

INTRODUCTION 

Ionization of high Rydberg atoms in collisions with molecules 

that attach free low energy electrons through the electron transfer 

reaction, 

R* + ML  y R+ + ML” 1-1 

where, R is an atom in which one electron is excited to a state of 

large principal quantum number n and ML is an electron attaching 

molecule, has been studied for many years. High Rydberg atoms are 

important in many environments, including laboratory plasmas, flames, 

stellar atmospheres and very tenuous HII regions in interstellar 

1 
space • 

In the beginning of 1970s, Matsuzawa pointed out that collision 

between Rydberg atoms and neutral species can be largely understood in 

terms of information on elastic and inelastic scattering of slow 

2 
electrons by neutral species • This is possible because the excited 

Rydberg electron is so far from its associated ionic core that a 

neutral target particle will not interact with both simultaneously. 

Thus the collision can be analyzed in terms of the separate 

electron^target and core-target interactions, resulting in the 

so-called 'essentially' free electron model. In many cases, the 

electron-target interaction is dominant. In the case of collisional 

ionization by attaching targets, Matsuzawa'$ theory predicted that the 

process can be understood in terms of attachment of the 'essentially' 
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free Rydberg electron to the target particle* Since the average 

kinetic energy of a Rydberg electron is only a few meV» the study of 

Rydberg atom collision process provides a good approach to study 

very-low*-energy electron interaction in an energy regime virtually 

inaccessible using alternate techniques* 

This thesis presents the results of a detailed study of 

ionization in collisions between Rydberg atoms and targets that attach 

free low-energy electrons* The reaction studied in this work is 

Rb* + SF,  » Rb+ + SF4“ 1-2 

Data for a variety of targets are discussed» and compared to results 

of previous free electron studies* 

I*A Properties of High Rydberg Atoms 

Since» in a high Rydberg atom» the excited electron is 

well-removed from the atomic core» its motion is influenced primarily 

by the charge on the atomic core and not by its structure* Thus its 

motion is similar to that of an electron in a hydrogen atom and as a 

result» all high Rydberg atoms exhibit similar properties which can be 

well predicted using hydrogen-like wavefunctions* By solving the 

Schrodinger equation» we find not only the wavefunctions but also the 

general properties of hydrogen-like atoms. The wavefunction is 
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W-O'O - 
where, 

Snl(r) * 
n 

(n-1-1) ! 

(n+1) ! 

1 -p/2 .21+1 , . 
p e Ln-l-l(p) 

p = 2r / n 

Y1 (0,d) : spherical harmonics 

The hydrogenic energy levels are given by 

4 2 2 2 
E = - me / 2n E = - Ry / n 1-4 
n 

where, Ry is the Rydberg constant, 13,6 eV. Thns rydberg electrons 

are only weakly bound* For example, a state with n - 30 is bound by 

only 15 meV* 

The energy seperation between two adjacent high n states is 

AE = 2 Ry / n 1-5 

The virial theorem applied to the Coulomb interaction yields 

1 
<T> * -   <V> = - E 1-6 

2 

where <T> is the average kinetic energy and <V> is the average 

2 

potential energy* e / <V> has the dimension of length, and is a 

Referred to as the Bohr radius a, written 
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where, 

2 

a * n a0 1-7 

2 

/me = 0.529 X 10"8 cm 

2 

The geometric cross section of a Rydberg atom is na , and is 

4 
proportional to n . Thus Rydberg atoms are enormous. The geometric 

S Q 2 

area of an atom with n « 100 is about 10 A and is about the size of 

a biological cell. 

The square root of 2<T>/m has the dimension of velocity. This 

physical quantity is termed the ms velocity v and is given by 

v = v0 / n 1-8 

where 

2 8 

v0 = e / t a 2.2 x 10 cm/sec 

The lifetime of a Rydberg atom is not easy to calculate. The 

lifetime is related to the summation of Einstein coefficients, where 

the Einstein coefficient for transition from a state a to a state b is 

3 2 
proportional to v^ D^, where v^ is the transition frequency and 

is the dipole transition matrix element. 

For hydrogen-like atoms, the Einstein coefficients are 

A , » const, v f<nlm|r|n#lfm'> 
nn nn 

1-9 
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where v , is the transition frequency and <nlm|r In' I'm' > is the 

electric dipole transition matrix element. For an atom initially in 

the state n,l,m, the probability for spontaneous decay is given by the 

summation over all final possible states n',l’,m'. Using the dipole 

selection rule, this summation can be simplified to a summation over 

n'. The lifetime is given by 

1 / x = S [A ,(1+1) + A ,(1-1)] 1-10 
n . nn nn n' 

The lifetime of the 2p state of hydrogen is 1.6 nanoseconds» too 

short to permit many studies of its collisional properties* However» 

the lifetimes increase very rapidly with n» due to the fact that 

A . for a high n state is small* When n' is small» D . is small due 

to the fact that the overlap of n and n' is small. When n' is large» 

the transition frequency v # is quite small* Thus the states with n 

about 100 have the lifetimes of 0*1 - 1 msec* For n in the range of 

20 to 100 the lifetimes for low-1 states fit a power law of the form 

* - T- 
3+6 1-11 

where» 6 is a very small number (much less than 1) • 

For much higher n» radiative transitions mainly populate states 

lying close in n* In this region» the lifetimes should scale as n » 

.3 
since the transistion frequency v f is proportional to n and the 

% 

dipole matrix element is proportional to n * 
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The lifetime is not just a function of n but also depends 

strongly on 1, Since 1 is always smaller than or equal to n - 1, the 

radiative transitions from high 1 states which must populate final 

states with 1' « 1 + 1, can only populate a limited number of lower n1 

states* The high 1 states thus have longer lifetimes* 

As noted earlier, the Rydberg electron is far from the ionic 

core, and thus experiences only a weak Coulomb attraction* Using the 

Bohr-Sommerfeld model, we can get the field strength at apogee* A 

rough estimate of this field strength for n a 30 is 

e / 4 n4 a/ » 1600 V/cm 

Since the Rydberg electron is well-removed from the atomic core, 

its motion may be significantly perturbed, and even dominated by the 

presence of an external electric field* Indeed, a relatively small 

field can lead to ionization* The potential experienced by the 

Rydberg electron in the presence of an external field along the z-axis 

is 

V(z) » - e* / z - e E z 1-12 

the potential along the z-axis is shown in the inset in Fig* 1*1, and 

there is a fmaximum' in the potential curve (in fact, it is a saddle 

point in the three dimensional picture, and this point will be 

referred to as a saddle point in the whole thesis). The corresponding 

potential is 
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VSAD " - 2 <•’ E)1/î 2*13 

and when the total energy of the Rydberg electron becomes larger than 

VgAo* ionization is classically possible. The height of the saddle 

point is shown in Fig. 1.1 as a function of applied field. 

Mathematically, the critical value of the field at which ionization 

occur can be obtained by equating the Rydberg energy level and 

i.e., 

Ry / n2 - 2 (e3 E)1/2 = 0 

yielding, 

E = e / 16 n 
cr 

4 
1-14 

This differs from potential at apogee by a factor of 1/4. 

In fact, the problem is not so simple. In the above 

consideration, it is assumed that the total energy is always the same 

as its value without the electric field, i.e., the Stark effect is 

ignored. 

I have attempted a more rigorous calculation of the critical 

field using strict classical mechanics and the Bohr-Sommerfeld 

quantization rule. This derivation is presented in Appendix I. 

The result is given by 

E 
cr 

o 
4 1-15 
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2 5 4 
where, E0 = m e / 1r is the atomic unit of field strength and 

x - 3 (n2 - nx) I 8 n, 

where n2,na,n are the parabolic quantum numbers. Since x is always a 

small number, its absolute value is less than 3/8, the expression can 

be expanded in terms of x. The first term gives the same result as 

eq. 1-14. The second term to the expansion yields the correction 

<3An/8n) E . 
cr 

Even though the critical field just considered is based on 

classical mechanics, experiment shows that even for complex atoms a 

large ionization signal does appear at the classical critical field* 

However, the preceding discussion is rather simplistic. In 

quantum-mechanical treatments of field ionization, the electron may 

escape from the atom by tunneling. Quantum-mechanical calculations of 

the field ionization probabilities for hydrogen atoms indicate that 

the Stark states shown in Fig. 1.1 will exhibit rapidly increasing 

ionization rates in the dashed regions. It is evident from Fig. 1.1 

that such calculations require the majority of Stark states to be 

relatively stable in a region where ionization is energetically 

possible. This is readily understood since the high-lying Stark 

states in each manifold are those with wavefunctions that have very 

little probability in the vicinity of the saddle point, where electron 

escape can most readily occur, and thus ionization is inhibited. 
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However, the lowest members of each manifold have probability 

densities that are maximum in the vicinity of the saddle point and 

thus attain large ionization rates at fields close to those predicated 

by classical saddle-point theory* 

In the case of multielectron atoms the presence of non-Coulombic 

terms in the hamiltonian, due, for example, to core polarization and 

core penetration effects, leads to interactions between states of the 

same |m^ | in different Stark manifolds which result in avoided 

crossings whenever levels of the same |m^| approach one another* The 

energy gaps at these avoided crossings depend on the strength of these 

mutual interactions and are most pronounced for m^ = 0 states, and 

becomes less pronounced as |m^ | increases* However, the similarities 

between the Stark structure of hydrogen and of more complex atoms are 

such that the ionization of complex atoms can be modeled by 

considering energy level diagrams and ionization rates calculated by 

use of relatively simple hydrogenic theory, but taking into account 

the effects of avoided crossings* 

The behavior of an atom as the field is increased through the 

region where Stark manifolds overlap depends on the energy gaps at 

avoided crossings and the rate of increase, i*e*, slew rate, of the 

applied field* If the atom is initially in a state that does not 

interact appreciably with other states, or if the slew rate of the 

ionizing field is sufficiently rapid, then the atom remains in a 

single state and follows a path to ionization like that shown by the 
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heavy dashed line in Fig. 1.1. Intermanifold avoided crossings are 

traversed diabatically and ionization occurs at the quantum mechanical 

limit. For states in the n * 15 manifold, ionization along diabatic 

paths will lead to ionization signals over the range of field 

strengths indicated. On the other hand, if the atom is initially in a 

state that interacts strongly with states of other manifolds, or if 

the slew rate of applied field is small enough, the avoided crossings 

will traversed adiabatically• Atoms will follow adiabatic paths to 

ionization such as shown by the heavy solid lines in Fig. 1.1, the 

atom successively assuming the character of several different states. 

All atoms in m^ « 0 states in the n « 15 manifold that follow 

adiabatic paths will cross the saddle point line between points A 

and B. To the right of this line the atoms experience a dramatic 

increase in ionization probability because of interactions with the 

lowest states of higher Stark manifolds that are highly unstable 

3 
against ionization in the region . They therefore ionize over the 

range of field strengths marked 'adiabatic1 in Fig. 1.1. 

Because atoms in different Rydberg states ionize at different 

electric field strengths, it is possible to identify Rydberg atoms 

using field ionization. To accomplish this, an increasing electric 

field is applied across the region containing the Rydberg atoms and 

the field ionization signal recorded as a function of field - a 

technique referred to as selective field ionization (SFI). 
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Fig. | 1. mf = Q Stark stales in the vicinity of /i* 15. The high-field end of each state is 
dashed to indicate the range of fields over which the ionization rate increases from 107 

to 10n s“J. The heavy solid lines give examples of adiabatic passage to ionization; the 
heavy dashed line diabatic passage. Inset shows the potential energy of the Rydberg 
electron in (left) the absence and (right) the presence of an external field directed along 
the z axis. The height of the resultant saddle point as a function of applied field is 
shown by the line labeled 
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Wavefimction 

4 
By using Fourier transformation, Pordofsky and Pauling have 

worked out the momentum distribution of the electrons in hydrogen-like 

atoms* The result is 

*(p,e,d) = Pnl(P) Ylm(s,rf> 1-16 

where, 

0 , » .21+5/2 2 1f Pnl(p) « - i n 1! 
(a-l-D! 

2 1+2 
(1+u ) n (n+1)! 

cri-i(r) 

and 

u = n p a0 / h 

v = (p -1) / (p +1) 

^n-l-l(v) 5 Gegenbauer polynomial 

Y- (B,d) : spherical harmonics 

Typical radial dependences of both the radial probability density 

and the momentum probability density are plotted in Figs* 1*2 - 1.3 

for the n = 30, 1=0 state* 

Details of the momentum wavefunction calculations are presented 

in Appendix II 
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I*B Collisional Ionization 

As mentioned earlier, high Rydberg atoms are long lived, and 

weakly bound* They can be ionized in thermal energy collision with 

neutral species that attach free low energy electrons* Collisional 

ionization was first reported by Hotop and Niehaus^. West et* al.** in 

this laboratory made the first detail measurements of collisional 

ionization using Rydberg atoms in a well defined quantum state, namely 

Xe atoms in nf states* 

On the basis of the 9 essentially1 free electron model, and 

assuming the Rydberg electron-target interaction is dominant, the 

collisional ionization process can be viewed as a direct attachment of 

the Rydberg electron to the target* This model is justified by the 

observation that free electron and Rydberg atom collisions result in 

the formation of the same negative ion species, and by the agreement 

between experimental reaction rates and those predicted by the model* 

The range of the electron^target interaction is relatively small 

compared to the orbitals radius* This can be seen by noting that the 

interaction between an electron and a molecule without a permanent 

dipole moment is described by 

where a 

V*. 1 dipole 

V.. * s 
dipole 

is polarizability, 

—3 
is about 10 Ry* 

» - 2 a e* / r4 1-17 

for SF^, a is 6.52 X . For r * 10 X, 

Comparing this with the Coulomb interation 
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between the Ryberg electron and atomic core at their typical 

separation (the Bohr radius) for n « 30, we obtain 

- - 0.7 1-18 Coulomb dipole 

Thus the polarization potential is only dominant at very small 

electron-SF6 separations. 

On the other hand, the rms orbital velocity of the Rydberg 

electron is much greater than the relative thermal velocity of the 

heavy collision partners. The ratio of the speed of the Rydberg 

electron (n » 30) to the relative thermal speed is, for mass 100 au, 

Velectron ^ vthermal ^ 

On the basis of the free electron model, the rate constant for 

collisional ionization is equal to that for attachment of free 

electrons with the same momentum distribution. i.e«, 

k = f v a (v) f(v) dv 1-20 
c J e 

where <y (v) is the cross section for free electron attachment and f(v) 
e 

is the speed distribution. For low energy free electron attachment, 

the theoretical considerations suggest that cross section is inversely 

proportional to electron velocity, i.e., 

o (v) * k / v 1-21 e 

and as a result, this suggests that k is constant. 
c 
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Earlier comparisons between Rydberg atom data and rate constant 

derived using values of a (v) obtained from free electron measurement 
e 

show good agreement indicating the correctness of 'essentially1 free 

electron model**. 

However, at low n, it is necessary to question the free electron 

model due to the fact that the product ions are formed at small 

seperations when the Coulomb attraction between the product ions may 

be larger than their kinetic energy. If these ion-pairs undergo 

charge neutralization, the rate constant will be lower than that 

predicted simply on the basis of the electron-target interaction. 

This question will be discussed in Chapter IV. 

I.C Properties of Rubidium and SF6. 

In this study of collisions between Rydberg atoms and neutral 

species, Rubidium and SFtf were selected. 

Rubidium is an alkali metal with atomic number 37 and average 

85 
atomic weight 85.4678. Natural Rubidium has two isotopes, Rb and 

87 
Rb with abundances of 72.17% and 27.83% respectively. The nuclear 

spins of two isotopes are 5/2 and 3/2 respectively. Its electron 

configuration is 

22626 10 2*1 

Is 2s 2p 3s 3p 3d 4s 4p 5s . 
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Rubidium is solid at room temperature. The melting and boiling points 

o o 
are 38.89 C and 686 C respectively. It was selected as it can be 

easily excited to rydberg states by two photon excitation using the 

output of a R66 dye laser. 

Using the Claperon equation, one can get the vapor pressure as a 

function of temperature. 

P = P0 exp (L0 / RT0 - L0 / RT) 1-22 

where, L0 is the latent heat of evaporation, p0 is the vapor pressure 

at temperature T0. The vapor pressure at temperatures of 218 and 

286 C are 10 and 10 atm (or 0.76 and 7.6 torr) respectively. This 

allows us to generate a relatively dense atomic beam using quite low 

oven temperatures. 

The term energies for low-1 rubidium states have been measured by 

g 
Lorenzen and Niemax and differ substantially from those for H atoms 

due to effects of core polarization and penetration which introduce 

additional terms in hamiltonian. The energy levels can be written as 

E.j - Ei - ' <» - V ^ 

where 8^ is the quantum defect given by 

8 . = a + 
2 4 é1 

(n-a) (n-a) (n-a) 

and E. is the ionization energy and Ry.,- is the Rydberg constant of X KD 
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Rubidium. The constants a, b, c, d and have the values listed in 

Table. 1.1• 

Table 1.1 Quantum Defect Constants 

QDC a b c d E^. 

S1/2 3.13109 0.204 - 1.8   33690.7989 

P1/2 2.65456 0.38805 -7.9040 116.437 33690.799 

P3/2 2.64145 0.32889 -0.9750 14.6001 33690.797 

Dj 1.34716 -0.5955 -1.5052 -2.4206 33690.7978 

The constant Ry^ is the Rydberg constant of Rb, 

lfc^Rb = 109736.605 cm . 

The quantum defect 8^ depends mainly on the constant a. The 

decimal part of a determines the energy separation from the nearest 

adjacent manifold of high 1 states. The 1-changing rate depends on 

this energy separation, but in the case of Kb, this rate is relatively 

small 
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The majority of the data presented here pertain to SF6, which is 

composed of sulfnr and florine. Their atomic properties are listed in 

Table 1.2. 

Table 1.2 Atomic Properties of Sulfur and Florine 

Atom AT # AW e Configuration 

2 2 6 2 4 
S 16 32,06 Is 2s 2pv3s 3p • 

F 9 19.00 ls*2$22p5. 

SF6 is of the symmetry of 0^. Using MO-LCAO, molecular orbitals 

can be constructed from the 3s» 3p atomic orbitals of sulfur and 2s, 

2p of florine. 

The energy levels of these atomic orbitals are 

S E3S = - 1.765 Ry, E3p » - 0.853 Ry 

F E2S = - 3.145 Ry, Ej « - 1.460 Ry 

Reducing the characters composed of s and p atomic orbitals, we 

have 
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S 

6F 

S 

6F 

3* flu* 

2* alg + eg + flg + f2u + 2fl* + f2u’ 

3s alg, 

2$ a. + e + 1, , 
1g g lu 

In the above list of orbitals, algebric energy decreases from top 

to bottom. If we place the electrons in the orbitals with lowest 

energy, we find that the orbitals left unoccupied are e or f#s and 

they are degenerate energy levels. This means that SF6 does not have 

a Jahnr-Teller effect, or equivalently, stable SFé ions may be formed 

(Stockdale^) , 
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Apparatus 

Fig* 2.1 shows a schematic diagram of the present apparatus. 

Briefly, a collimated beam of Rb atoms is formed by effusion from 

a heated oven. The atoms enter a field free region where they are 

excited in zero field and the presence of target gas to a selected 

high Rydberg state by a modulated CW ring dye laser. Collisions are 

allowed to occur in zero field for a predetermined period of time 

following excitation. At the end of this time, the number and the 

distribution of excited atoms in the interaction region are determined 

by selective field ionization (SFI). A ramped electric field ionizes 

the Rydberg atoms and the resulting electrons are detected by a 

Johnson multiplier. The signals thus collected are amplified and 

discriminated by a MVL-100 amplifier. The time, and thus electric 

field, dependence of the ionization signal is determined using a 

multichannel analyzer (MCA) and the resultant SFI profiles are stored 

in a computer (LSI 11/23) . The time dependence of the Rydberg atom 

population is determined by measuring the number of excited atoms 

remaining in the interaction region as a function of time^. 

The time dependence of total Rydberg atom population is 

t 
N = N0 exp (-   - pkçt ) * N0 exp (- dt) 2-1 

x 

where, N0 is the initial population, x is the effective radiative 

lifetime, p is the target gas number density, k is the rate constant c 
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for collisional ionization and d is the total decay rate. Note that 

this expression assumes that the only Rydberg atom destruction process 

is collisional ionization. Thus measurement of the time dependence of 

the Rydberg atom population permits determination of d, and if x is 

known, k , 
c 

The basic purpose of this experiment is to determine rate 

constant for collisional ionization versus n. We need to measure 

following quantities in the experiment, 

Quantity Device 

quantum number n SCAN (laser wavelength) 

target gas density p ION GAUGE (pressure) 

radiative lifetime T MCA (population vs, time) 

rate of coll, ioniz, MCA (population vs. time) 

Several component parts of the apparatus will now be discussed in 

more detail 



Figure 2,1 Experimental electronic arrangement. 
The electronics for both SFI and TOF detection 
are sho-wn in the figure. 
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II*A Alkali beam 

The rubidium is stored in an oven which is heated to about 200°C. 

The oven temperature is monitored by a thermocouple* Rubidium atoms 

are emitted through a small hole in the nose of the oven, resulting in 

9 10 .3 
a beam of 10 - 10 atoms cm . 

Rubidium atoms are excited to a selected high Rydberg state by 

two photon excitation using a dye laser* The laser is a continuous 

wave (CW), ring laser (Coherent CR 699)• The laser beam crosses the 

atomic beam at right angles. This results in a very narrow Doppler 

width permiting excitation of single, selected Rydberg states* The 

dipole selection rules allow excitation to final ns or nd states* 

Rb(5s) + 2y  > Rb(ns) 2-2a 

Rb(5s) + 2y  > Rb(nd) 2-2b 

The ring laser provides output powers of about 600 mW at a 

linewidth of 250 kHz. The short term stability is about 2 MHz. The 

CW laser is modulated by an E~0 modulator providing 3 |is pulses at a 

frequency of 10 kHz. 

The CW 

isotropically 

in nature, Rb 

ring laser provides 

selective excitation. 

8 s 87 
Their 

the resolution necessary for 

Two stable isotopes of Rb exist 

nuclear spins are 5/2 and 3/2, and Rb 
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respectively. The ground states of two isotopes have hyperfine 

splittings of11 

Av» s = 3 035 732 439 Hz 2-3 a 

Avs 7 =6 834 682 614 Hz 2-3b 

For highly excited states» the hyperfine splittings are small due to 

the fact that the interaction between a nuclear spin and an electronic 

spin is small 

% 1 r
* 

2-4 

The hyperfine splittings of high n states cannot be resolved. The 

fine structure of the nD^^ 5/2 states* although small, can, however, 

be resolved. The energy levels are shown in Fig, 2.2. 

In order to identify the excited state produced, the laser output 

wavelength is scanned and the Rydberg atom production monitored as a 

function of wavelength. The spacing between the series of peaks 

corresponding to the excitation of D and S states then identifies the 

levels, as shown in Fig, 2,3, The features labeled A,B, C,D correspond 

to excitation of 5/2 states a*d correspond to the similarly 

labelled transitions in Fig, 2,2, The features A#,B#,C#,D* result 

from excitation of S states via the transitions labelled in Fig. 2,3, 
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<*-2)5 

Fig. 2.2 Energy Levels of Rb 
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II.B Interaction Region and Vacuum System 

Normally, the entire vacuum system is evacuated to a pressure of 

— 7 
10 torr. The laser beam enters the main vacuum chamber, which 

contains the TIC (total ion collector), via a quartz window. The TIC 

contains the interaction region, a drift tube and an MM-1 Johnson 

multiplier. Two planar, parallel copper meshed grids define the 

interaction region. The lower grid is grounded and the upper grid is 

connected to the output of high voltage ramp generator. The electrons 

liberated by field ionization pass through the drift tube before being 

detected by the Johnson multiplier. 

The amplitude of the voltage ramp used for field ionization is 

determined by the n state under investigation and typically is 1 - 5 

kV. The amplitude is choosen to provide a field strength greater than 

three times the critical field, 

F ~ 3 E = 3 E0 / 16n 2-5 
ci 

The drift tube is biased to 100 V to ensure that the electrons do 

not drift too far laterally in transit to the multiplier, thereby 

missing the multiplier and escaping detection. 

Target gas enters the main vacuum chamber through a leak valve. 

The pressure is monitored by an ionization gauge which is calibrated 
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for SFf against an MS Bar a tr on* The result of calibration accurate 

to 15%, is that 

PIG ^ PBRT ~ 0,50 2 6 

where is the pressure recorded by the ionization gauge and *s 

the absolute pressure as determined by the baratron* 

II*C Electronics 

The output signal from the Johnson multiplier is fed to a MVL-100 

amplifier in which the signals are amplified and discriminated* The 

signals are then fed to a Le Croy multiple channel annalyzer (MCA)* 

An LSI 11/23 computer is used to control the data taking process* The 

computer sets the delay time between the laser pulse and the starting 

of field ionization ramp, i.e*, the collision time* The SFI signal is 

then recorded in the memory of an MCA* The BICA signal, i.e* the SFI 

profile, is then stored in the computer and its dependence on the 

collision time gives information on the total decay constant d and the 

final state distribution resulting from collisions* The timing 

sequence is shown in Fig. 2.4. 

Interpretation of SFI spectra requires a detailed understanding 

of how the atoms respond as the ionizing field is applied* This 

response depends on the atomic species, n, Im^I, and the ionizing field 

slew rate* The evolution of zero-field states, described by n,l,j,m., 

into Stark states described by the parabolic quantum numbers 
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Im. I, and m , must also be considered. typically a given 
X s 

Inljrn.) state will correlate with Stark states having more than one 
J 

value of Inij |. This correlation has been detailed by Jeys 

et. al. (1981, 1982)12. 

SFI data obtained in this experiment are shown in Fig* 2«5 as a 

function of collision time* Two distinct ionization features are 

evident in the SFI data, which were obtained at a slew rate of about 

10 V/(cm sec)* The feature at low field labelled P0 results from 

adiabatic ionization, which is illustrated in Fig* 1*1* Ionization 

occurs close to the classical critical field (eq* 1-14)* The 

high-field SFI feature labelled Px results from diabatic ionization* 

The small SFI signal between the two major features results from 

ionization along paths that exhibit a combination of diabatic and 

adiabatic behavior at avoided crossings* 

The SFI profile as a function of time is shown in Fig* 2*5* The 

growth of F± is due to 1-changing collisions of the type 

Rb(ns) + SFtf  » Rb(n-3,1) + SF6 2-7 

By summing over field strength, one gets the total number of Rydberg 

atoms after a specific collision time* However, the number of 

1-changed atoms is small* Thus a function fit of eq* 2-1 can give the 

constants N0 and d* The difference of d between gas-in and gas-out 

experiments is used to determine the rate constant k * c 
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The ion species formed in the collisional ionization can be 

detected by operating the TIC as a time of flight spectrometer. 

laser 

ramp 

MCA DATA 

Fig. 2.4 Timing Sequence of the Experiment 
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Chapter III 

Results and Discussion 

The rate constants measured experimentally are shown in Fig. 3.1 

and listed in Table 3.1* The measured rate constants are 

—7 
approximately constant and have a value of 4X10 cm3/sec. 

Fig, 3,1 also indicates rate constants caculated using the 

expression 

k = J dv v f(v) oe(v) 3-1 

and theoretical and experimental values of a (v) , 

7 
Slots derived theoretical expression for or (v) based on Wigner's 

e 
13 

work on low energy scattering. The expression has the following 

form, 

a = it * [1 - exp (- V4Ey*) ] 3-2 

where X is the de Broglie wavelength of an electron and y is the 

Langevin parameter, 

a 4 a 
Ry Y = — 3-3 

ao 

For low energies, <r is proportional to 1/v. The polarizability a of 

SF( is taken to be 6.52 & . 
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As evident in Fig. 3.1, the agreement between the measured rate 

constants and those expected on basis of the Slots theory is 

excellent. 

Based on his experimental studies of very-low-energy electron 

14 attachment* Chutj ian has suggested an empirical expression for <r (v) 
e 

of the form 

a E2 E 
a = N [ exp(- ~) + exp(- —)] 3-3 

VB b 

where for SF6 the parameters are 

N = 4.36X10**14 cm-2, 

a = 6.17X10-2 eV1^2, 

b = 4.50X10-3 eV, 

c - 0.0559 eV. 

Rate constants for collisional ionization derived using this 

expression are included in Fig. 3.1. The present data are in poor 

agreement with values derived from the free electron measurements of 

Chutjian. The measured rate constants are relatively independent of 

n* however* indicating that a (v) must be proportional to 1/v as is 
e 

expected* since at low energies S-wave scattering is dominant. 
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Table 3.1 Rate Constants 

n (S,D) 

38D 

39D 

44D 

47D 

49S 

54D 

59D 

61S 

67D 

70D 

76D 

81D 

84D 

for Collisional Ionization 

—7 * 
k (10 cm /sec) 
c 

4.6 

4.3 

4.1 

4.6 

5.3 

4.7 

3.9 

3.7 

3.9 

3.4 

4.1 

3.3 

4.0 

The error is less than 25% 
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Deconvolution of Rate Constant 

Measurements of k for different values of n can be used to c 

obtained o(v) via deconvolution. Thus if k is known, in priciple, 
c 

<T(V) = D[kc ♦ f(v)] 

Mathematically, deconvolution is very difficult and reliable 

values of o(v) can only be obtained if the n dependence of k is 
c 

precisely known. 

The velocity dependence of <r(v) can be estimated by comparing the 

measured n dependence of k with that expected for different velocity 
c 

dependences of o(v) . The n-dependence of k is plotted in Fig. 3.2, 
c 

assuming the o(v) is porportional to vm, where m has integer values 

ranging from -2 to +2. Again it is evident that at low energy a (v) 
e 

varies as 1/v. 
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Chapter IV 

Discussion of Low-n Rate Constant for Collisional Ionization 

At high n, such as studied here, the post attachment interactions 

between the product ions are small, and can be ignored. At low n, 

there is some question concerning the 9 essentially' free electron 

model due to the fact that the product ions are formed at small 

separations and the kinetic energy of the product ions may be 

insufficient to overcome their Coulomb attraction. Thus some form of 

conversion between internal energy of the SFtf molecule to relative 

kinetic energy of separation must occur for the ions to separate. If 

this does not occur, and the ions undergo mutual charge 

neutralization, then collisional ionization will not be observed. 

Here we estimate the fraction of ion pairs that are bound in their 

mutual Coulomb well at formation. The following assumptions are 

embodied in this treatment. 

1. If the kinetic energy in the center-of-mass frame is less 

than the magnitude of the Coulomb potential energy, a bound ion pair 

is formed. 

2. The velocity distribution of the Rydberg atoms is described 

by 

4-1 

where h(v) is a step function, 

1 v > 0 
h(v) , 

0 v < 0 
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2 
and 8 (v,u) is a two dimensional Dirac's 8-function. 

3 
We usually use y f(y) (where f(v) is the Maxwellian distribution 

and v>0) to describe the velocity distribution in an effusive beam*^. 

Because the rydberg beam is excited by a laser and the excitation 

probability is proportional to 1/v, we describe the velocity 

2 
distribution of the Rydberg beam by v f(v) . The two dimensional 

6-function is introduced to simplify the calculation. 

The cross section for low-energy electron attachment is 

proportional to 1/v, thus the rate constant for collisional ionization 

is given by 

k 
c 

const dr r 
2 

R^(r) P(K>P) 4-2 

where P(K>P) is the escape probability, and K is the kinetic energy, K 

2 2 

® ]i(v±-vt) /2, P is the Coulomb potential energy, P = e /r (for 

simplicity, we denote the potential energy by its absolute value). 

IV.A Calculation of Escape Probability 

The velocity distribution of the rydberg atoms is 

a ^ 

fi(vx) » 4 — exp(- a1v*) v* h(v* ) &* (YX ,YX ) 
\ JT 7 

where aj = / 2iTx, 

4-3 
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The velocity distribution of the target molecules is described by 

the three dimensional Maxwellian distribution, 

f.Ct.) = (a,/n)3^2 exp(- a2v 2) 4-4 

where aa = m2 / 2kT2. 

Because v2 and va distribute independently, the distribution of 

vx and v2 is 

fCvj^Yj) = f^v^) fa(v2) 4-5 

We change the variables from v^/v’j to ~v, V, 

= V - ajv/a 

"Vj = V + a2v7a 

v = v2 - va, 

V « (ajVj + a2va) / a 

where a «• a2 + aa. The distribution of "v and V is 

g(v/V) = f(vltva) ld(v1,‘va)/3(v,V) I 4-6 

and the Jacobian determinant is 1. 

3 CVJ.TJ) 
 — = 1 

3 <v , V) 

Integrating g(v,V) over d V and v dQ^, ve obtain the 

distribution of the ultimate collision velocity v 
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gi<v) J d*? J dû 
v g(v,V) 

First, integrating over and V (8 functions), we have 

g2(v) *> const. J v dQ^ J dVz h(Vz - a^v^/a) 

a 2 a a a 
(V - a.v /a) exp[- (aV +a.v -a2v /a)] z z z z 

Then integrating over V 

f OO a a J dVz exp(- a Vr> (V - a2vz/a) . 
a*Va 

has the following form 

rœ 

JQ dx x exp [-a(x+y) ] = 
116a 

“7 (2ay +1) + 0(y) 

thus we obtain 

where 0(v ) 
z 

over cos 0 
v 

2 2 

2a *v 

T <- 
' 16a a 

is an odd function of v 

+ 1) + 0(v ) z 

which will vanish in the integral 

The result of the integration over dQ^ can be expressed by a 

2 
power series* If we define n * aaa2v /a (u is proportional to K/kT, 

if both temperatures of the Rydberg atoms and target molecules are the 

same, u » K/kT), we obtain 
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8j(v) - 

(aau/ax)n 

S  
n nf 

|axa* a 
4 u   exp (~a2v ) 

N na 

2aau 1 
[  +  1 
aa(2n+3) 2n+l 

4-7 

We can find the distribution in n by using the formulas 

f(u) = ga(v) Idv/dul 

and the result is 

f(n) 
aa 1 f*2 \ 

- I  erp (- —) S — —u 
Ni it a aa n! Vax / 

n+1/2 

[- 
2aau 1 

+  ] 4-8 
ax(2n+3) 2n+l 

One can prove that 

CD 

du f(u) = 1 
0 

and the distribution is plotted on Fig. 4.1. for 200°C Rb Rydberg 

atoms and room temperature SFC target molecules. 

The probability of K/kT < u is 

P(K/kT < u dv f(v) 

and the result of this integration is 
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P(K/kT<u) 
2*x 

n+1/2 u 
s  
n n! 

[(-!)“ 
*i an 

exp (- —)] 
a, 

2a2u 1 
[  +  ] 4-9 
a1(2n+3) (2n+l) 

and the escape probability is 1 - P(K<P) which approaches zero as u 

tends to infinity* as shown in Fig* 4*2* 

Setting u equal to e /rkT, the numerical result of the integral 

*00 

| dr r R - (r) P(K>P) 
J0 nl 

is shown in Fig* 4*3* 

It is evident that the rate constant for collisional ionization 

is predicted to drop with decreasing n* 
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IV.B Negative Ion Formation 

In the above discussion» we assume that once formed a 

SFé negative ion i$ stable and that the initially formed Rb+» SF6 

ion pairs do not loose energy via processes such as radiative decay. 

These assumptions are examined here. 

1. If we consider the ion pair as a Bohr atom» the radiative 

lifetime is very long for the reason we have mentioned in I.A. We 

assume that the ion pair is formed in a state which has about the same 

average radius as the rydberg atom» and have the relation 

N* / M * n* / m , 
e 

where M is the reduce mass of the ion pair and m is the electron's 
e 

mass. The ion pair has higher principal quantum number 

1/2 ((M/m ) times that of the original atom). The radiative lifetime 
e 

5 
is proportional to n for very large n. v ^ is proportional to M and 

3 
is inversely proportional to M. The Einstein coefficient v ^ 

D ^ for the ion pair is M/m^ times that of the original atom. This 

3/2 
indicates that radiative lifetime is (M/m ) times that of the 

e 

original atom. So the radiative lifetime of the ion pair is very 

long. 

2. For ion pairs formed in the low-1 states» there is a chance 

for the negative ion to collide with the positive ion core» which 
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might result in mutual neutralization, resulting in uncharged products 

and destruction of the ion pair, 

3, The lifetime of the negative ion is also important in 

diminishing the lifetime of the ion pair. 

In I.B, we have mentioned that the ground state of SF€ is 

stable. However the S¥€ ions produced by Rydberg electron attachment 

are not in their ground state, L, G, Christophorou*** has discussed 

the lifetime of excited metastable negative ions in detail, 

A negative ion resonance (NIR) is formed when the incident 

electron attaches itself to a neutral atom or molecule for time longer 

than the electron's normal transit time. There are four types of NIRs 

1, Shape resonance, 

2, Electron-excited Feshbach resonance, 

3, Core-excited shape resonance, 

4, Nuclear-excited Feshbach resonance. 

Shape resonances result when the incident electron is trapped in 

the potential well arising from the interaction between the incoming 

electron and the neutral molecule in its electronic ground state. The 

neutral molecule exerts an attractive force on the incident electron 

while the relative motion of the two bodies gives rise to a repulsive 

centrifugal force. Shape resonances usually lie at low (0 to 4eV) 

-is -10 
energies and have lifetimes ranging from 10 to 10 sec. 
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Electron-excited Feshbach resonances result when the incident 

electron is captured with the simultaneous excitation of one of the 

electrons in the molecule. The interaction between the electron and 

the excited molecule can support a bound state, which typically lies 0 

-0,5 eV below the parent state. The lifetime of these resonances is 

much longer than for shape resonances. 

Core-excited shape resonances result when the incident electron 

is captured by a target molecule which is excited in the process. 

Since the potential barrier is formed by angular momentum, s-wave 

electrons cannot be captured in these resonances. 

Nuclear Feshbach resonances are similar to electron-excited 

Feshbach resonances in that the negative ion state lies below the 

parent ground state exhibiting a positive electron affinity. 

Feshbach resonances are usually long lived because they involve 

internal excitation of the target molecule. SFtf formed by low energy 

electron attachment has a very long lifetime (26 microseconds at 

thermal energy, Stochdale et. al.*®), and is formed through a Feshbach 

resonance 



Appendix I 

Classical Treatment of Stark Effect 

This follows the treatment of Sommerfeld in 1919. Let ns define 

the parabolic coordinates* 

X 55 Ç Tj CO $4 

Y ■ ç Tl sin4 

z ° | (Ç - t| ) 

a 
The differential line element dl is 

a , a ak ^ a ak a a a 
dl * (Ç + tl )(dÇ + dti ) + Ç ti dd • 

The lagarangian for an electron in a conlomb field and a constant 

electric field E is 

i a a *a*a a a *a 
L « |m[(Ç +n )(Ç +ti )+Ç ti d ] + 

+2e1/(Ç*V)+eE(Ça-ii*)/2 

The generalized momentnm is defined as 

p£ = 0L/aqi# 

and we have three of them, 

a a • 
pç “ m (Ç + n ) ç 

a a • 
Pn * m (ç + n ) n 

a a • 
P^ = m Ç n 4 
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The ham il to ni an is a constant» and it can he expressed in terms 

of p’s and qfs as 

1 ,.11 
a 

5 

H « 
2 2 4 4 

“ tpe+p +<—r + —7)pj -4me -meE(Ç -q )] 
) Ç ^ l Tl 0 2m(Ç +T\ ) ç n 

Hamiltonian equation gives the following equations 

2 . 3 

p? = 

pn = 

2mÇH + p^ /% + 2meEg 

2 2 

m(Ç +q ) 

2 3 3 

2mÇH + p^ /T\ - 2meEîj 

2 2 

m(Ç +r\ ) 

p* -0 

the third equation shows that is a constant which can be easily 

obtained from the angular momentum consideration. 

Notice that 

P* = 

P_ = 

dpg dÇ 

d % dt 

dp^ dq 

d q dt 

and the definition of and p^, we get following equations. 

dp 
ps = 2mHÇ + 3 + 2meEÇ , 

dÇ 

f5a 
dq 

isL + , + 

5 

3 
Prf 3 

= 2mHq + “*7 - 2meEq , 
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These two equations are easy to work out« 

% % 4 
p = 2mHÇ - + meEÇ + C1# 

Ç 5 

a a 4 
p = 2mHq - -*7 - meEq + C2, 

n n 

integral constants C± and C2 are related by the relation 

Cx + C2 = 4 m e • 

Using the Bohr-Sommerfeld quantisation rule, we have 

j Pç d* 

§ PT, dT» 

f P* M 

nx h 

na h. 

n, h 

and the last equation yields, 

*4 = n, ir 

The integrals of dÇ and dq have the same form, let r be 

and we have generalized formulas 

2 B C 
<f A +  + —~ + Dr dr - - 2ni[Jc - 

B 

N/Â 4 S/A* 
(3B - 

a a 
Ç or n , 

AC)] 
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Evaluating the integrals, and replacing the constants Cx and C^9 

we have 

me' - (n^n.+ Ujhli <2mH)1/2 - (n^+ln, I ) efc'E/8H 

Let nx+n2+|n3l be n, and 

u* - - n* H / Ry 

F — E / E 0 = 16 n E / E0 . 
* crv w 

where Ry is the rydberg constant and Eç^0. *s the atomic unit of 

field E0 divided by 16n (critical field), use of these quantities 

provides a simplified equation, 

3 
u 

An = n2 - nx. 

It is not easy to solve for the energy spectrum, but it is very 

easy to get the critical field. Equating the electron energy to the 

saddle point potential V (- 2e^^E*^), that is, replacing u by 
sp 

in the above equation,we have a reasonable solution, 

cr 

1-/Ï+X 

1/2 cr* 

x = 3 An / 8n 



Exact solution for the energy spectrum yields 

E =  ( 1 + A + B )2. 
9 

where 

A3 = b + V bJ - 1 

B* = b -s/b2 - 1 

81 An 
b = 1 +   F 

64 n 

2 
Its zeroth order gives - Ry / n , the first order gives 

3 
E9 = e E aQ An n 

2 

This work was mainly done by A. Sommerfeld in 1910$» 

A. Sommerfeld 

Atomic Structure and Spectral Lines, 1923 



Appendix II 

Mathmatical Notes on Wavefunctions 

Solution of the Schrodinger equation leads to 

wavefunctions that can be found in many textbooks* 

Momentum distributions can be calculated by 

transformation of the spatial wavef unctions* 

<l(p,Op#^p) « J d3r <B(r,9*d) exp(- ÿ p r) 

The main steps in the calculation are 

1* Expand exp(ikr) as 

exp (ikr) = 4it S S (-i)1 jjttr) Ylm(»k) 
1 m 

where is a spherical Bessel function* u^ and v 

variables of r and p* 

2* Evaluating the angular part* one has 

*(PVV = Pnl(p) Tlm(V 
^(P) - J r’dr R^tr) j^pr) 

(This expression uses atomic units)* 

spatial 

Fourier 

angular 
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3. Using the generating function for the Laguarre 

polynomial in the wavefunction. 

S 
n=l+l 

21+1 
'tt-1-1 (q) t 

tt-1-1 exp[-qt/(l-t)l 

(1 - t) 
21+2 

introducing parameter t, and summing over n 

U(u,t) = S J dq q1+3/2 e~q 

r f \ T21+1 * nr* 1—1 
3l+l/2 ^n-1-1 * 

or 

1+t 
U(u, t) = f dq q1+3^2 exp (- q ) 

J 1-t 

Jl+l/2 

(1-t) 

(uq) 

21+2 

q = r / (na#) 

® = n P a0 / 

4. Evaluate the integral, yielding 

(u/2)1+1/2 1-t2 r(21+3) 

(l+u2)1+2 (l+t2-2vt)1+2 f(1+3/2) 

Vs8 (u - 1) /(u*+ 1) 

5m Expanding U-(u, t) in terms of tf the term corresponding 

to different n is proportional to Gegenbauer polynomial. 
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1 

(l-2xt+ta)m 
= S (^(x) t”. n 

n 

C^(x) is Gegenbauer polynomial 

6 m The final result is 

Ll+5/22 n 1! 

Two function programs have been listed here. They can be 

used to calculate radial distributions of r and p. The programs 

are written by G. McMillian and are modified by F. Lu. Two 

programs have the same structure, and embodying the following 

steps, 

1. Evaluate the constants, 

2. Calculate polynomials by using recurrence relations 

3. Evaluate the distributions in Atomic units. 



Appendix III 

Computer Programs 

Four of most important programs used in this work are listed 

here« They are 

1) Radial Probability Density 

2) Momentum Probability Density 

3) Escape Probability 

4) Rate constants for Collisional Ionization 
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C WRITTEN BT I OABT BCMULLAM 
C EDITED | 2-MWI-I4 
C 

FUNCTION FOI (t,PÀ*ll> 

PAtM(l) « PRINCIPAL QUANTUM NU IC EK 
PAIM(2) - ANOULAK IDICNTUM NU IC EX 
K - RADIUS (SPHERICAL COORDINATE SYSTEM) 

IHPLiat REALM (À-H,0-Z> 
REAL*4 1,PARM(IO) ,FCN, CL EN, CL EL 
DATA OLENtOLX/0.0,0.0/ 
IF (OLEN.BQ.PARM(l) «AND, <LEL.BQ.PÀRM<2) ) 00 TO 1 
CL EN - PARM(l) 
CL EL - FARM (2) 
N - IFIKPARM(l) ) 
L - IFII(PARM(2)) 
TTPE *# #N - *,N,'L - •#L 

EVALUATE CONSTANTS 

ALPHA - 2.0D0/DBLE(PARM(1) ) 
T - 2.0D0*DBLE(PARM(2) ) ♦ 1.0DO 
F » 1«0D0 
DO 2 I - -L, L, 1 
F - F*DBLE(PARM(X) - FLOAT(I)) 
CONTINUE 
CONST - 2.0DO/(DBLE(PÀRM(l)))**2.ODO*(l.OD0/F)**O.5DO 

EVALUATE ASSOCIATED LACUERRE POLYNOMIAL 

I - ALPHA*DBLE(R) 
U (LD - 1.0D0 
UNOi - 1.0DO ♦ T - X 
DO 10 2 « 1 ,(N-*Lr-2) 
U - EBLE(FLÛAT(I) ) 
UNES - ( (2.0D0*U+Y+1.0DO~X)*UNOW - (Uf Y)*UCLD)/(Ü*1.0D0) 
DCLD - UNOT 
UNOf « UNES 
CONTINUE 

EVALUATE FCN TAVEFDNOTION 

IF (UNES .BQ. 0.0D0 .OR. 1 .BQ. 0.0D0) GO TO 20 
IF (UNE» .LT. 0.0D0) UNE» - - UNE» 
B - ELOG(CONST) + UL0G(UNE») - X / 2.0D0 + ELOG(X) * EBLB(PARM(2) ) 
B « DBLE(R) * DEXP(B) 
FCN - SNGL (B*B) 
RETURN 
FCN - 0.0 
RETURN 
END 

20 
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C WRITTEN BT : GARY MOOLLIAN 
C EDITED î 14-ÀPR-83 
C 

FUNCTION FCN (P.PARM) 
C 
C PARN(l) - PRINCIPAL QUANTUM NUIBER 
C PARM(2) - ANGULAR MOMENTUM NUttER 
C P - MOMENTUM 
C 

IMPLICIT REAL*8 (A-H.O-Z) 
REALM P, FCN, CL EN, OLEL, PARM(IO) 
DATA OLEN.OLEL/O.0.0.0/ 
DATA PÏ/3.1415924535897932D0/ 
IF (OLBN.BQ.PARM(l) .AND. 0LDL.B0.PARM(2) ) GO TO 1 
CLEN - PARM(l) 
OLEL « PARM(2) 
N - IFIKPARMU)) 
L - IFII(PARM(2)) 
TYPE •, *N - ', N# * L « \L 

C 
C EVALUATE CONSTANTS 
C 

F - l.ODO 
DO 2 I - -L.L.1 
F - F*DBLE(FLOAT(N-I)) 

2 CONTINUE 
FACT - l.ODO 
DO 3 I - 1,L,1 
FACT - FACT*EBLB(FLOAT(I)) 

3 CONTINUE 
XN - EBLB(PARMd)) 
XL « EBLB(PARM(2) ) 
CONST • 2 .ODO**(2.ODO^XL+2.5D0)•XN*XN#FACT/(F*PI)**0.5D0 

C 
C EVALUATE GBGENBÀDER C FUNCTION 
C 
1 PS I - XN*0BLB(P> 

X - (PSI*PSI - l.ODO)/(PSI*PSI 4* l.ODO) 
UGLD - l.ODO 
UNOW - 2.0D0 • X • (XL+1,0D0) 
DO 10 J - 2,(N-L~l) 
U * EBLE(FLOAT(J)) 
T ■ U + 2.0D0ML 
UNEW - ((U ♦ T)*X*UNOW - Y*UCLD)/U 
UOLD - UNOW 
UNOW - UNEW 

10 CONTINUE 
C 
C EVALUATE MOMENTUM DISTRIBUTION 
C 

IF (UNEW .BQ. O.ODO .OR. PSI .BO. O.ODO) GO TO 20 
A - CLOG ( CONST) +XL*DLOG ( PS I ) “(XL+2 • ODO) • DLOG ( 1. ODO+PS I*PS I ) 
IF (UNEW .LT. O.ODO) UNEW - - UNEW 
A - A ♦ ELOG(UNEW) 
B - EBLB(P) • DBXP(A) 
FCN « SNGL(B«B) 
RETURN 

20 FCN - 0.0 
RETURN 
END 
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FUNCTION ES CPS O (U, FAS*) 
C 
C 
C 
C 
C 
C 

CALCULATE IEE ESCAPE PR CB AB IL ITT 
WRITTEN BT FAN LU 
DATE 1-8-85 
PARtf(S) • a2/al PARM(4) - # OF SUMMATION 

REAL PARM(IO) 
R • PARM(3) 
S « PARM(3) ♦ 1.0 
A - 1.0 
B - 1.0 
C - EXP (- S • U) 
ESCPR0 - (1.0 - C) • (R • U / l.S + 1.0) 
M - INT (PARM(4) ) 
DO 10 I-1.M.1 
A - A • U / FLOAT(I) 
B - - B 
C - C • R 
Z • R*ü / (FLQAT(I)+1.5) ♦ 1.0 / (2.0 • FLÛAT(I)+1.0) 
ES CPR O - ES CPR O ♦ A • (B - C) • Z 

10 CONTINUE 
ES CPR O - 1.0 - ES CPR O • 1.1284 • SORT (U) / S 
RETURN 
END 
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PROGRAM UTS 
C 
c 
c 
c 
c 
c 

WIITEN BY PAN LU 
DATE l-t-IS 
PAIMU)-QUANTUM # N 
PARM(3)-t2/âl 

FAIM(2) -QUANTUM # L 
PAAM(4)-# OP SUMMATION 

DI3RN8ION PARM(IO) ,NA(31) ,SB(31) 
DATA PABM /2*0.0,2.733.40.0,6*0.0/ 
OPEN ( UNIT-1, NAIS- ' BATE. DAT', TYPE- 'NEW', FORM- * UNFORMATTED' , 

DO 1000 N»l,31 
NA(N) - N ♦ 14 
AN - FLOAT (NA(N)) 
M - NA(N) • NA(N) 
PARM(l) - AN 
PARM(2) - 0.0 
SE(N) - 0.0 
DO 100 I-37,Mf2*NA(N) 
X - FLOAT (2 • I) 
U - 743.2 / X 
Y - FCN (X.PARM) 
Z - ESCPRO (U.PARM) 
SE(N> - SE(N) ♦ 2.0 • Y • Z 

100 CONTINUE 
TYPE *,NA(N),SE(N) 

1000 CONTINUE 
WRITE (1) 31 
WRITE (1) (NA(I).1-1.31) 
WRITE (1) (SE(I),1-1,31) 
CLOSE (UNIT-1) 
STOP 
END 

1 ACCESS- ' SEQUENTIAL' ) 
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