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Abstract 

STATE-CHANGING IN Rb(nS,nP,nD)-XENON COLLISIONS 

b? 

• Lawrence Nelson Goeller 

A crossed atomic beam/pulsed laser technique and electric field 

ionization are used to study Rb(nS,nP,nD)-Xe collisions for 

27 _< n _< 70. Parent nS, nP, nD atoms are most often destroyed by 

mixing to the states of high-1 that lie nearest in energy to the 

parent level. The 1-mixed population is monitored at several specific 

times after laser fire and the data are fit to a. rate equation to 

determine the rate constants for state changing. At higher values of 

n, the data approach agreement with theoretical models involving the 

Born Approximation and information determined from free-electron 

scattering cross-sections. Discrepancies between theory and 

experiment at lower n can be partially explained by considering the 

relatively large energy separations between the initial and final 

states, although it may be necessary to consider the relation of 

initial- and final-state wavefunctions as well. Present results are 

compared to other experimental data. 
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CHAPTER I - INTRODUCTION 

This work concerns state-changing collisions of the type 

Rb (ns,np,nd) + Xe -> Rb (n'l') + Xe. 

Thermal energy rubidium atoms are excited to states of large principal 

quantum number n (Rydberg states) with a tunable dye laser. The 

Rydberg atoms undergo collisions with xenon and the products are 

analyzed by the technique of selective field ionization (SFI). Rate 

constants for collisional state-changing are determined by observing 

the time dependence of the SFI spectra. 

Chapter II is divided into three sections and discusses Rydberg 

atom experiments and previous work. The first section defines Rydberg 

atoms and describes their properties, with specific information about 

rubidium. Section two gives a brief history of Rydberg atom-rare gas 

state-changing collisions, and discusses several theoretical models 

developed to treat this process. A brief summary of selective field 

ionization and its application to study of state-changing is presented 

in the third section. 

The apparatus and the experimental procedure are discussed in 

Chapter III. 

Chapter IV presents the data collected in the experiment, and 

discusses how the data are manipulated to yield the rate constants for 

state-changing. Sources of error are also analyzed. 

Finally, Chapter V offers interpretation of the experimental 
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results. The data are compared to theoretical models and to the data 

obtained by previous experimenters. Hypotheses are offered which may 

explain differences between the experimental data and theoretical 

models. 
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CHAPTER II - BACKGROUND 

RYDBERG ATOMS 

Rydberg atoms have been a subject of considerable interest in 

atomic physics for about ten years. A Rydberg atom is one having a 

large principal quantum number n; in this work, quantum states in the 

range 27 < n < 70 are populated. 

A Rydberg atom is large: as the principal quantum number in¬ 

creases, the mean distance <r> between the excited electron and the 

nucleus increases as n . Because this distance is much greater than 

the radii of the inner electron orbits, the excited electron 

essentially sees the core as a single positive charge. Rydberg atoms 

thus behave like hydrogen in many respects, and processes involving 

Rydberg atoms can be modeled by using hydrogenic theory. (Their 

spectrum, for instance, closely resembles that of hydrogen, which 

J. R. Rydberg expressed with the formula, E = R[(l/n)^- (l/m)^], where 

n and m are integers, R a constant, and E the energy difference of the 

initial and final states.) 

Ground state atoms can be excited to Rydberg levels in a variety 

of ways. Electron impact excitation [Schiavone et al», 1977; Tarr et 

al., 1980] and electron capture [Bayfield et al., 1974; Koch and 

Bayfield, 1975] populate a wide distribution of final states. The 

advent of tunable dye lasers, however, has made possible the 

excitation of a single, specific nlm^ state. Due to the dipole 

selection rules, only states of low orbital angular momentum can be 

populated. 
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A partial list of the properties of Rydberg atoms is shown in 

table 2.1. Most features depend solely on some power of n. 

The Rydberg atom's geometrical cross-section is proportional to 

n^. As a result, many collisional phenomena involving Rydbergs have 

O C OO 
very large cross-sections, in the range 10J - 10J A . Because these 

atoms have relatively long radiative lifetimes (10 - 100 microseconds, 

scaling as n ), their collisions are easily studied. 

The electron and the core ion are widely separated at high n, 

therefore Rydbergs are susceptible to perturbation by small electric 

and magnetic fields. The binding energy is also small enough (.015 eV 

for n = 30) that easily attainable electric field strengths will 

ionize the atom (397 V/cm for this state). 

Because, as previously noted, the average distance between the 

excited electron and the Rydberg core is much larger than the size of 

the core itself, there is some justification for treating the Rydberg 

atom as a free electron and a positive ion. In collisions with 

neutral partners, the interaction of these charged particles with the 

target may be treated separately. Commonly, the target-core 

interaction is neglected completely — it has been shown 

experimentally that the effects of core collisions are small, 

contributing less than 100 to the total cross-section [Gounand et 

al., 1977; Gallagher and Cook, 1979]. 

Rydberg atoms can consequently be employed to study low-energy 

free-electron scattering. They are especially attractive for this 

purpose, since the atom can be excited to a specific state, with a 

corresponding well-defined momentum distribution. Knowledge of low- 
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energy free-electron scattering behavior can be useful in 

understanding collisional phenomena involving Rydberg atoms. In fact, 

electron scattering data contribute greatly to theoretical models of 

state-changing in Rydberg atom collisions. 

Many Rydberg atom collision experiments involve rare gases as 

targets. Rare gases are simple collision partners. They have no 

vibrational or rotational states, and the first excited electronic 

state lies several eV above the ground state. Thus, any inelasticity 

of the Rydberg atom - rare gas collision results in a change in the 

state of the Rydberg atom. Xenon is chosen as the target in this 

experiment because it has a large electron-scattering cross-section 

(leading to large state-changing cross-sections) and limited work has 

been undertaken previously. 

Experiments have shown that the usual result of a thermal-energy 

collision between a Rydberg and a rare gas atom is that a distribution 

of l,m^ states are populated, while collisionally induced changes in n 

are rare [Kellert, et al., 1981]. This 1-mixing cross-section in¬ 

creases with the geometric size of the atom (i.e., as n^) for lower 

values of n, reaches a maximum and then decreases as n continues to 

increase. The location of the maximum, and its sharpness or 

broadness, is dependent on the Rydberg species, initial state, and 

target species. 

Following collisions, it is necessary to detect and determine the 

state distribution of the collision products. While the fluorescent 

decay to low-n states can be observed, the efficacy of this method is 

impaired by low detection efficiencies (since the detector can only 
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subtend a small solid angle) and long natural lifetimes of high-n and 

high-1 states. 

Field ionization is a much more efficient technique: nearly 100% 

of the Rydbergs created can be detected with this method. The value of 

the electric field required to ionize the Rydberg atom depends on the 

atom's quantum numbers n and m^. 

The energies of the Rb s-, p-, and d-states differ from those of 

the corresponding hydrogenic states because of noncoulombic terms 

present in the hamiltonian. The most important term for these 

initially populated, low-1 states is the core penetration. States of 

low orbital angular momentum have wavefunctions that significantly 

overlap the core. When the Rydberg electron orbit penetrates the 

cloud of other electrons in the core, the screening effect of the 

other electrons is temporarily reduced, and the Rydberg electron moves 

in a more strongly attractive potential. As a result, low-1 states 

lie significantly below the manifold of other states of the same n. 

The corrected energy levels can be expressed in a manner similar 

to hydrogenic levels with the addition of a single parameter, the 

quantum defect <S^ as 

E = R(l/n*)2 

where n* = n - <5^ 

and n* is referred to as the effective quantum number. For large n, 

is a constant for each value of 1. 

The quantum defects for low-1 states are quite large in rubidium, 

due to its large core (radius = 0.795 A). X term diagram is shown in 
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Figure 2.1, and Table 2.2 lists the quantum defects pertinent to this 

experiment. As shown, the nl-states for 1 = 0, 1, 2 are closer in 

energy to high-1 manifolds of different n. 
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Figure 2.1. Partial term diagram of rubidium. 
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Table 2. 

ATOM 

LI 

Na 

. Quantum defects of alkali atoms. 

1 si ATOM 1 j 5 . 
3 

0 0.399(6) Rb 0 1/2 3.135(1) 

1 0.053(9) 1 1/2 2.658(1) 

2 0.002 1 3/2 2.645(1) 

2 3/2 1.343(2) 

2 5/2 1.341(2) 

0 1.3470(14) Cs 0 1/2 4.057(2) 

1 08541(13) 1 1/2 3.595(3) 

2 0.0144(4) 1 3/2 3.562(3) 

2 3/2 2.476(0) 

2 5/2 2.467(0) 

3 5/2 0.033(1) 

0 2.178(6) 
3 7/2 0.033(1) 

1 1.712(2) 

2 0.267(1) 

3 0.010(1) 
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STATE CHANGING 

This section discusses the process of state changing in 

collisions involving Rydberg atoms of the type 

A**(nl) + B -> A**(n'l') + B 

where B is a rare gas and A is a highly excited atom. The state¬ 

changing cross-section depends upon several physical parameters: the 

relative velocity of the atoms; the energy separation of the initial 

and final states; the principal quantum number n (and the properties 

determined by n); the elastic scattering cross-section of a free 

electron by the target gas; the polarizability of the target atom; the 

effects of core-target collisions; and the relative characteristics of 

the initial and final excited-state wavefunctions. To understand this 

process is the ultimate goal of this research. 

Gallagher, et al. [1975] conducted the first experimental 

investigation of such 1-changing collisions, studying the reaction 

«If 

Na (nd) + He -> Na (nl) + He, 1^2. 

A laser beam excites sodium vapor to the nd-states and the nd-3s 

fluorescence is observed. When a rare gas is introduced to the 

system, the effective lifetime of the nd state increases. The 

interpretation is that collisions with the rare gas change the laser- 

excited sodium state to higher 1-states, which have longer lifetimes. 

A reservoir of high-1 states is populated, and as more collisions 

occur, some of these product states are collisionally changed back to 

the d-state. Indeed, a two-component decay of the fluorescence is 
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observed: an initial, fast component corresponding to the effective 

lifetime of the parent state, and a slower component corresponding to 

the effective lifetime of the longer-lived high-1 states. 

Since Gallagher's first experiments, state changing has been 

investigated by many groups, for many Rydberg species, and many 

targets. There has been a limited amount of work with xenon targets. 

Hugon has investigated state-changing rate constants of Rb(ns, nd) + 

Xe for 30 < n < 45 [1982] and Rb(nf) + Xe, for 9 _< n < 21 [1979]. No 

previous work has been reported with Rb(np) + Xe. 

Considerable interest has been shown in the theoretical 

description of collisions involving Rydbergs. New approaches have 

been devised, since established methods of studying collisions 

involving low-lying excited states become unwieldy at high n. 

’fc'fc 
Rb + Xe collisions are referred to as "state-changing” rather 

than "1-changing", implying that n also changes in the collision. 

This is accurate, but there is room for misunderstanding. n-Changes 

occur because of rubidium's large quantum defects. The initial-state 

mixes predominantly to the energetically closest manifold of higher 

1-states; in the case of Rb(ns), this is the n-3 manifold. Hence 

"state-changing" in this context implies a specific, predetermined An. 

Most theoretical treatments of Rydberg collisions take advantage 

of the fact that <rn]>, the mean distance from the Rydberg electron e“ 

to the core A+, is much larger than the effective size of the core. 

If the relative nuclear motion is much slower than the electron's 

velocity, both A+ and B can be represented by unperturbed atomic 

wavefunctions (the "frozen-core" approximation), and the collision 
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becomes a three-body interaction involving A+, B, and e“. The problem 

reduces to determining the eigenvalues of the effective hamiltonian H 

for different intemuclear separations: 

H(?,R) = ^v| + H0(r) + V(r,R) (2.1) 

where HQ(r) is the unperturbed hamiltonian of the atom A, V(r,li) 

includes both the e“- B and the A+- B interactions, and r and R are 

the position vectors of e“ and B, respectively, relative to A+. y is 

the reduced mass of the Rydberg-target pair. 

The problem is usually simplified further by assuming the 

effective range of both the e“- B interaction and the A+- B 

interaction is much less than <rn^>. The two interactions are then 

treated independently, and the A+- B interaction is commonly neglected 

completely. (This approximation fails at very high and very low n.) 

Fermi [1934] developed a simple pseudopotential for the electron- 

target interaction: 

V(£,1l) = 2ira<S(r - R) (2.2) 

where a is the electron scattering length. By using this potential 

and scattering lengths from low-energy electron collision 

measurements, he was able to explain pressure shifts in alkali Rydberg 

atomic spectra. 

Once an expression for the interaction potential is established, 

the state-changing cross-section can be determined. Several models, 

each with its own approximations, are described below. 

The coupled channel method was developed by Arthurs and Dalgamo 
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[1960] to treat the problem of scattering by a rigid rotator. The 

formalism was applied to Rydberg collisions by Olson [1977] and 

Hickman [1978]. 

The hamiltonian of eq. 2.1 is employed with a generalized form of 

the Fermi pseudopotential as the electron-target interaction. The 

eigenfunctions of HQ are assumed to be unperturbed (i.e., hydrogenic), 

but realistic values of the energy levels are taken. The angular 

momentum of the system is given by 

J = Î + t (2.3) 

where L is the angular momentum of the relative nuclear motion 

described by the coordinate R, and 1 is the orbital, angular momentum 

of the bound electron. 

Eigenfunctions of H are taken as products of the radial functions 

of R and the angular eigenfunctions of J. The result is a set of 

coupled equations of the form 

-fi2|-d2 L'(L'+l) 

2V dR2 R2 
(R) = -I I <l"L"nj|v| l'L'nJ> U?i£„(R) 

1" L” 

where 

k^.j = (2y/H2)(E + E^ - Enlt) (2.4) 

The distribution of final (l'L'nJ) states is connected to each initial 

(1 L nJ) state through the interaction potential for each value of R 

and J. 

Hickman [1978] performed these coupled channel calculations for 
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Na (ni) + He, n = 4, 5, 6, 7, 8 at 0.04 eV, for ail final angular 

momentum numbers 2, 3, . . . n-1. His calculations correlate well 

with the data of Gallagher et al. [1977]. 

The coupled channel method gives accurate results at low n, but 

because the number of available channels approximately scales as n , 

its use becomes impractical at high n due to the large number of 

channels involved. 

At higher n, strong coupling gives way to weak coupling and the 

Bom approximation becomes valid. The off-diagonal matrix elements in 

the interaction matrix of eq. 2.4 can be neglected, thus decoupling 

the equations. Hickman [1978] uses this approximation with the same 

•ft «Hf 

system discussed above (Na + He), but for 10 < n < 15. Further, he 

assumes that the electron-target scattering cross-section is a 

function of a single parameter, the scattering length. While this is 

valid for helium, where the electron scattering cross-section is not a 

strong function of energy at low energies, it does not hold for xenon 

or other heavy rare gases. 

Hickman generalizes this model [1979] by replacing the term 

involving the zero-energy scattering length with the actual free 

electron-rare gas scattering length derived from the electron 

scattering cross-section ae^(l/2n ) as a function of energy. In this 

way rare gas targets with large polarizabilities and large variations 

in effective size (as a function of energy) can be accommodated. 

Hickman's calculations rely on O'Malley's [1963] theoretical extra¬ 

polations of low-energy electron scattering cross-sections to zero 

energy 
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Hickman makes one more simplifying assumption: that the initial 

and final states are degenerate. He determines that the states can be 

considered degenerate if the condition 

Y = n^aQAE/Ev s 1 (2.5) 

is met, where AE is the energy separation between initial and final 

states and v is the relative velocity of the atoms. 

If these approximations are valid, the state-changing cross- 

section can be expressed in a very simple form: 

a 1-mix= taeld/Zn^/v2] g(n) (AE = 0) 

g(n) = An“X (2.6) 

A = 0.1788, X = 2.733 

Hickman generalized the state-changing process still further 

[1981]. The coupled channel model works well at low n, and the Bom 

approximation model works fairly well at high n, but there is an 

intermediate range that is not covered. By rewriting eq. 2.6a, and 

multiplying it by a term f(y) designed to take nonzero energy 

separations into account, he develops a scaling formula to provide an 

accurate estimate of crat all n. The formula is obtained by fitting 

the results of coupled channel and Bom approximation calculations to 

functions of reduced parameters. 
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The postulated formula is 

al-mix(n) = ™4ao f(y) 

B = (E/n^a2) (l/vn~3*337) [agl(l/2n
2)/4ir]1/2 (2.7) 

Y = n2aQAE/Ev 

and f (y) and g(g) are functions represented in Figure 2.2. 

The formula is a product of three terms. The geometrical factor, 

irn^a0
2 shows that the cross-section scales as the overall size of the 

atom. The coupling strength is represented by B, and g(B) is the 

probability that the orbiting electron will encounter a target atom. 

increases with °el' the effective size of the target, and decreases 

with n, because as n gets larger the electron cloud becomes more 

diffuse. The function f(Y) is interpreted as the probability that an 

elastic collision will cause a transition to a new energy level. 

Hickman has used the scaling formula to calculate 1-mixing cross- 

sections of Na and Rb with several targets for ranges of n typically 

5 < n < 20, with accuracies to about a factor of two. 

A second theoretical treatment of collisional state-changing 

represents the relative nuclear motion as a classical trajectory, 

while continuing to represent the Rydberg electron with a 

wavefunction. In this semiclassical approach, the internuclear 

separation R is a function of time, and is usually (but not 

essentially) taken to be a straight line: 

R(t) = [b2 + (v(t - tQ))2]1/2 (2.8) 
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Figure 2.2. (a) The function f(Y), which may be interpreted as the 
probability that a collision between a Rydberg electron and the 
collision partner will cause a change in the angular momentum level of 
the electron, (b) The function g (B), which may be interpreted as the 
probability of encounter between a Rydberg electron and a scaling 
partner. Frcxn Hickman [1978]. 
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where b is an impact parameter and v is the relative nuclear velocity. 

The interaction is represented by the hamiltonian 

H(r,S) = Hq(£) + V(?,ft) (2.9) 

and the time-dependent Schroedinger equation is solved by expanding 

the total wavefunction in terms of the stationary states of the 

hydrogenic Rydberg atom. Models by Gers ten [1976] and Derouard and 

Lombardi [1978] assume a Fermi pseudopotential and employ first-order 

time-dependent perturbation theory. 

In the semiclassical approach of de Prunele and Pascale [1979], 

free electron-rare gas scattering cross-sections < aQ> are employed to 

determine a characteristic radius rc. To justify using free electron 

cross-sections in a bound electron model, three assumptions, 

previously used in coupled channel and Bom approximation models, must 

be added: first, the A+- B and e“- B interaction ranges must be much 

less than the mean value of <rn^> (the binary encounter approx¬ 

imation); second, the A+- B interaction is negligible; and third, the 

e“- B interaction is very localized. The last is necessary for the 

further assumption that the transition probability is unity when the 

scattering length rc < a, and zero when b > a, where 

a - (<crel (v) >/1T) (2.10) 

The probability of a collision in the short time At is set equal to 

the probability of the presence of the electron in the sphere 

representing B. Since <ve> » v, the target B is considered at rest 

during At, and the probability that no collision occurs is calculated. 
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At is incremented, R is changed accordingly, and a product-sum of 

noncollision probabilities is generated. By subtracting this product 

from unity, the 1-mixing cross-section is determined. 

These models are compared with the data obtained in the 

experiment in Chapter V. 
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SELECTIVE FIELD IONIZATION 

The technique of selective field ionization (SFI) is used to 

detect the Rydberg atoms, and to determine their quantum states. The 

process has been discussed in detail elsewhere [see, for instance, 

Kellert et al., 1981, and the references therein], and only a brief 

review of its essential features will be presented here. 

There are n (nlm^) -states for each value of the principal quan¬ 

tum number n, neglecting spin. The states of each n-manifold are 

degenerate in a pure coulomb potential. When an external electric 

field is applied, this degeneracy is partially removed. The Stark 

effect, as it is referred to, will be discussed by reference to Figure 

2.3. The energy of the m^= 0 Stark states of hydrogen, in the vicin¬ 

ity of n = 15, is shown as a function of electric field. 

The inset of Figure 2.3 illustrates the effect of an applied 

electric field on the Rydberg electron. The coulomb potential is 

effectively skewed, creating a saddle point. The height of this 

saddle point as a function of the applied field is shown by the line 

labeled Vsa(j in Figure 2.3. This line distinguishes the region on the 

right, where ionization is classically possible, from that where it is 

not. 

When the ionization process is analyzed quantum mechanically, the 

Stark states which increase in energy with electric field remain 

stable at field strengths for which they are classically predicted to 

7 
ionize. The various states have significant ionization rates ( > 10 

sec~^) only in the dashed regions of Figure 2.3. This is readily 

understood in terms of wave functions: in the high-lying Stark states, 
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ELECTRIC FIELD STRENGTH (kVcm"1) 

Figure 2.3. The m-L = 0 Stark states in the vicinity of n » 15. The 
heavy solid lines give examples of adiabatic passage to ionization; 
the heavy dashed line, diabatic passage. The inset shows the 
potential energy of the Rydberg electron in (a) the absence and 
(b) the presence of an external field along the z-axis. The height of 
the resultant saddle point as a function of applied field is shown by 
the line labeled Vga(^. 
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the probability that the electron will be found in the vicinity of the 

saddle point is very small, and ionization is inhibited. However, the 

lowest members of the manifold have high probability densities near 

the saddle point, where electron escape may most easily occur, and 

thus ionization occurs at thresholds predicted by classical theory. 

The response of an atom in an electric field is complicated by 

the presence of noncoulombic terms in the hamiltonian. For hydrogenic 

atoms with a hamiltonian that contains only a coulombic and an 

electric potential term, the states from different manifolds cross 

without interacting, as shown in Figure 2.4a. Noncoulombic terms, 

however, cause mixing between states of different n but the same | mj . 

When states of the same |m-Jin different Stark manifolds approach one 

another, the result is the appearance of an avoided crossing (Figure 

2.4b). 

The ionization characteristics of an atom are critically depen¬ 

dent on its behavior at avoided crossings. At an adiabatically 

traversed crossing, the atom takes the characteristics (specifically, 

the electrons' probability distribution and response to the electric 

field) of a different state (Figure 2.5). When the energy separations 

at avoided crossings are large, and the rate of change of the electric 

field (slew rate) is sufficiently small, the probability is high that 

the crossing will be traversed adiabatically. The atom will then 

follow paths to ionization such as those indicated by the solid lines 

in Figure 2.3, assuming the character of many different Stark states, 

until one is reached that is highly unstable against ionization. 

Ionization will occur at or near the line Vsa(j, as the atom takes on 
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STPPK MPNirCLCS 

Figure 2.4, (a) Energy levels on n = 15, [ITH | = 1 states of hydrogen 
calculated using fourth order perturbation theorey. (b) Energy levels 
°f n = 15, [m^l =1 states of sodium calculated numerically (reprinted 
from Zimmerman, et al» [1979]. The effect is even more pronounced in 
rubidium. 
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Figure 2.5. Adiabatic or diabatic passage of state A through an 
avoided crossing with state B. 
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the character of a low-lying state from a higher manifold. If the atom 

is initially in a state of the n = 15 manifold of Figure 2.3, it will 

reach the saddle point line between A and B, and thus ionize at field 

strengths in the range marked "adiabatic". 

If the gap is small, however, or if the slew rate is fast enough, 

the atom will traverse the gap diabatically. Conceptually, the atom 

doesn't have time to change its probability distribution, and so 

"jumps" the gap. The atom then follows a path to ionization like 

that shown by the heavy dashed line in Figure 2.3, and ionization 

occurs over the range of field strengths marked "diabatic". 

The inter manifold interactions are highly |m^| -dependent; the 

larger the value of |m-Jthe smaller the interaction between states. 

Thus the probability of diabatic passage to ionization increases with 

increasing |m-jJ. For rubidium* states of [ m-jJ <_ 3 ionize predom¬ 

inantly adiabatically, while those with | mj > 3 ionize chiefly dia¬ 

batically. 

In this experiment, states of 1 £ 2 (and therefore, |m^| < 2) are 

initially populated. Collisions with xenon generate a distribution of 

final 1, |m^| states. By comparing the diabatic signal to the adia¬ 

batic signal, the fraction of parent state that has undergone a 

collision can be determined. 

Figure 2.6a shows a typical SFI spectrum obtained for laser- 

excited Eb(48d) atoms, in the absence of target gas, 15 sec after the 

laser pulse. Figure 2.6b shows similar data obtained with xenon gas 

present. The large feature at low field strengths is identified as 

the adiabatically ionizing parent state, and thé broad feature at 
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higher fields as the diabatically ionizing states of atoms that have 

undergone a state-changing collision with a xenon target. The develop¬ 

ment of the state-changed population is monitored to determine the 

rate constant. 
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48D-STATE COLLISION TIME 15 USEC. WITHOUT AND WITH XENON 

ELECTRIC FIELD CV/CM) 

Figure 2.6. (a) Rubidium 48D-state after a collision time of 15 
microseconds, in the absence of target gas. (b) A similar system, buÇ 
with xenon present in the interaction region at a pressure of 7 x 10-<I 

torr. 
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CHAPTER III - EXPERIMENTAL PROCEDURE 

A crossed dye laser/atomic beam approach is used to excite 

ground-state rubidium to Rydberg levels. Collisions occur between 

the Rydberg atoms and xenon gas in a field-free interaction region for 

a predetermined time. At the end of this time, a ramped electric 

field ionizes the Rydberg atom, and the electron is detected. A time- 

to-digital converter and an electric field ramp mapper determine the 

field strength present when the atom ionizes, and the information is 

stored in a computer array. By repeating this process many times, a 

signal proportional to the probability of a field ionization event as 

a function of the field strèngth is built up. The rate at which 

Rydberg atoms undergo state-changing collisions can be determined from 

these SFI spectra. 

Figure 3.1 shows a schematic of the apparatus. An alkali oven 

heats liquid rubidium to 100 - 200°C. An atomic beam of thermal, 

ground-state Rb is emitted through a small hole in the oven's wall, 

collimated by apertures, passes between two plane, parallel copper 

mesh grids where it is crossed by a laser beam. Rydberg collisions 

occur near the laser beam and the rubidium beam is finally deposited 

on a plate kept cold by a Peltier device. 

The two grids define a field-free zone, referred to as the inter¬ 

action region (IR), in which the Rydberg atoms are created and the 

state-changing collisions occur. These grids are 83% transparent and 

are separated by 1.83 cm. The lower grid is permanently grounded, but 

the potential of the upper plate can be raised from 0 to -5 kV by a 
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PHOTODIODE 

Figure 3.1. Schematic of the ionization and detection of Rydberg 
atoms. 
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high-voltage ramp generator. Located below the lower grid is an 

electron multiplier. 

The rubidium is excited by the output of a dye laser containing a 

solution of Rhodamine 6G, which is in turn pumped by a nitrogen laser 

o 
emitting a wavelength of 3371 A (see Fig. 3.2). The N2 laser is 

operated at 15 - 30 Hz, and has a pulse length of about 5 nanoseconds. 

The dye laser produces wavelengths of approximately 5950 À at a line- 

width of 6 GHz (0.03 Â), and typically generates about 80 y J of energy 

per pulse. 

Rubidium s- and d-states are excited by simultaneous absorption 

of two photons, via a virtual intermediate state. TO make sufficient 

numbers of Rydbergs, the laser beam is focused onto the rubidium beam 

with a 40-cm lens. 

Because of dipole selection rules, this two-photon process cannot 

be used to make p-states, so an ADA doubling crystal is employed. A 

10-cm lens focuses the dye laser output into the crystal. A crystal 

conversion efficiency of 2 - 3% yields 2 pJ of UV energy per pulse; 

the rubidium is excited to its p-state by absorption of a single 

photon. The nondoubled component of the beam is filtered out before 

it reaches the rubidium. 

Xenon gas is admitted into the vacuum apparatus through a leak 

valve and maintained at a pressure of 2 - 5 x 10“^ torr (the base 

pressure of the system is 1 x 10”^ torr). The pressure is monitored 

with an ion gauge that has been calibrated for xenon with an MKS 

Baratron absolute pressure head. The calibration coefficient is 

P(Xe)/P(ion) = 0.26. The Rydberg collides with the xenon target, 
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5950 P 

Figure 3.2. Diagrams of the laser systems used in this experiment. 



33 

transferring energy and angular momentum and causing the change in the 

quantum state. 

After the Rydberg atom and the xenon coexist in the IR under 

field-free conditions for a specific, predetermined time, a negative 

potential of 1 to 5 kV is applied over a period of approximately 1 

ysec to the upper grid, ionizing the atom. (The collision time is 

defined as the amount of time between laser fire, when the Rydberg 

atom is created, and the start of the high-voltage ramp.) The Ryd¬ 

berg's quantum state determines the field strength at which it will 

ionize. The electron is accelerated through the lower grid and 

strikes the flat surface of a multichannel plate electron multiplier 

7 
(MCP), which has a saturated gain of 10 and a transit time of 1 nano¬ 

second. The electrons are deposited on a passive anode with an 

impedance of 50 ohms connected to a Le Croy MVL-100 amplifier via a 

50-ohm ENC cable. 

A digital time delay is used to control the length of the colli¬ 

sion time. The digital delay is set by an LSI 11/23 computer, and 

triggered by the output of the laser via a photodiode. The evolution 

of the Rydberg system is studied by observing the ionization profiles 

for three different collision times, typically 5, 10, and 15 ysec. 

The collision time is limited by the amount of time that the 

Rydberg remains in the IR. The active region of the MCP is a circle 

20.1 mm in diameter. The mean velocity of the rubidium is on the 

order of 4 x 10^ cm/sec at the temperatures used, and this velocity 

carries a Rydberg created in the center of the IR out of detection 

range in about 25 ysec. (For comparison, the lifetime of a 40p-state 



is approximately 65 y sec.) 34 

When the predetermined collision time has elapsed, the digital 

delay triggers the high-voltage ramp generator. Simultaneously, a 

start pulse is sent to a 2-ysec, 2048-channel time-to-digita 1 conver¬ 

ter (TDC). The TDC measures the interval between the voltage ramp 

start and the time a stop pulse is received from the field-ionized 

electron detection electronics. Upon receipt of a stop signal, a 

"count" is recorded in the appropriate channel of a 2048-channel array 

in the computer. As cotants are accumulated, the data stored in the 

array become proportional to the probability of an ionization event 

per unit time during the application of the voltage ramp. This 

ionization-vs-time signal is converted to an ionization-vs-electric 

field signal (an SFI spectrum) by measuring the voltage ramp as a 

function of time and mapping it to the data. 

The detection electronics are incapable of detecting more than 

one electron during the ramp's 1-jjsec risetime. If more than one 

Rydberg is created in any laser shot, only the one that ionizes at the 

lowest field strength will be detected. To minimize this discrimina¬ 

tion against atoms that ionize at higher field strengths, the count 

rate is controlled by filtering the laser beam and adjusting the 

rubidium oven temperature so that an average of 0.1 to 0.2 Rydbergs 

are created per laser shot. 

To prevent long-term changes in the Rydberg creation rate (due to 

fluctuations in laser intensity or wavelength, oven temperature, xenon 

pressure, etc.) from affecting the results, the computer changes the 

length of the collision time every ten laser shots, from 5 y secs to 10 
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to 15 and back to 5. The three separate SFI spectra are thus 

developed simultaneously. A minimum of 5000 counts are taken at each 

collision time with xenon present, and three "gas-out" spectra with 

2500 counts each are then taken for the purpose of background 

subtraction. 
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CHAPTER IV - RESULTS 

The goal of this experiment is to obtain collisional state¬ 

changing rate constants of Rb(ns, np, nd) with xenon. While the 

initially populated states have small Jm^ lvalues and ionize adiabat- 

ically in a ramped electric field, collisionally produced high-1 

states and high-) rri]J states ionize diabatically. The state-changing 

rate can be determined by measuring the diabatic signal at specific 

times. 

Typical data are shown in Figure 4.1; the figures show the prob¬ 

ability of an ionization event per unit field strength, at three 

different times. The large, narrow feature at lower field strengths 

is due to the adiabatically ionizing, low-|m^| states of the principal 

quantum number 48. This adiabatic feature, which contains all of the 

initially populated "parent" states, decays in time as the result of 

collisional mixing to high- |m-jj states and radiative decay to states 

of low-n. The diabatic feature, composed of states with Im-J J> 4, is 

the low, broad feature at higher field strengths that grows in time. 

Given that all parent states have 1 < 3, the diabatic feature is 

presumed to be composed of atoms in "daughter" or "reservoir" states, 

e.g., atoms that have undergone a state-changing collision. 

Several corrections to the diabatic signal must be made to obtain 

an accurate measure of the number of Rydbergs that undergo state¬ 

changing collisions in a specified time. The first of these correc¬ 

tions is a background subtraction. The total number of counts in the 

adiabatic (A) and diabatic (D) feature? are summed separately, for 
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480-STATE COLLISION TIMES 5. 10. 15 USEC 7E-4 TORR XENON 

Figure 4.1. Rb(48) + Xe at collision times of 5, 10, and 15 
microseconds. 
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both the gas-in and gas-out spectra. The gas-out signal is normalized 

by multiplying by a factor M: 

M = (Aj^ + Djj^) / (AQUt + DQUt). 

The normalized gas-out (background) diabatic signal is subtracted from 

the gas-in feature for each of the three collision times* The 

normalized background is generally less than 20% of the signal. 

Second, a correction is made to account for atoms that undergo 

state-changing collisions to final states of |m^| <3 (which ionize 

adiabatically). It is assumed that all (lm^)-states have an equal 

probability of being populated in a collision, although Hickman [1983] 

has produced some theoretical calculations that show this assumption 

may be questionable. There are n2 possible values of (lm^) that have 

the same principal quantum number n, and n of these states have 

m^ = 0, 2(n - 1) states have Jm^I = 1/ etc. Assuming atoms with 

|ml | ;> 4 ionize diabatically, the resulting fraction of daughter 

signal that ionizes adiabatically is (7n - 12)/n2. For n = 30, this 

fraction is 22%; 11% for n = 60. Hie number of counts in the diabatic 

peak is multiplied by this factor and the product is added to the 

diabatic signal. 

These two corrections are expressed as: 

R(t) = [1 + (7n - 12)/n2] (D^ - MDout) (4.1) 

where the product signal is R(t). The parent state population with 
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gas in is then 

N(t) = A^tl - (7n - 12)/n2] (4.2) 

The collision time requires a correction as well, due to the 

short period of time tramp between the onset of the high-voltage ramp 

and the ionization of the parent state (see Fig. 4.2). During this 

time, typically about 0.2 usee, state-changing collisions may continue 

to occur. The correction tramp is therefore added to the time set by 

the digital delay when plotting 1-mixed signal versus collision time. 

The state-changing rate is taken to be unchanged in the presence of an 

electric field (although there is evidence that the 1-mixing rate is 

smaller in an electric field: see Slusher, et al. [1982]). 

By fitting the 1-mixed signal as a function of collision time to 

a rate equation, the rate constant for state-changing is determined. 

The parent state population N(t) changes as 

dN(t) 
—— = -N(t) (pkp + 1/Tp) (4.3) 
dt 

which has the solution 

N(t) = Nge"^^ + (4.4) 

where kp and tp are the collisional depopulation rate and the 

radiative lifetime, respectively, of the parent state, p is the xenon 

gas density (particles/cm ), and NQ is the parent state population at 

time t = 0. 
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Figure 4.2. Correction to the collision time. State-changing 
collisions may occur between the onset of the voltage ramp (tQ) and 
the time the parait state is ionized (t^). This difference, tcor, is 
added to the collision time. 
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The state-changed population R(t) obeys the rate equation 

<3R(t) 

dt 
= pk^(t) — R(t) (pkd ” I/T^) (4.5) 

where kd is the collisional depopulation rate of the daughter states, 

and xd is their mean radiative lifetime. The solution to this 

equation is 

R(t) PW rc-B(R)T _ -B (N) ti 
B(R)-B(N)1 J (4.6) 

where 

B(N) = pkp + 1/Tp (4.7) 

and 

B(R) = pkd + l/rd (4.8) 

The equation can be simplified by, first, taking the radiative 

lifetime of the high-1 states to be long enough to be considered 

infinite. Secondly, we assume kd is zero; second collisions are rare, 

but should they occur, the atoms' state would merely be transferred 

within the manifold of the same n. The resulting simplified equation 

is 

R(t) 
pkpNn 
B(N) 

[1 - (4.9) 

NQ and B(N) are determined by studying the parent decay rate over 
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time, as shown in Figure 4.3. B(N) is the total (collisional and 

radiative) loss rate of the parent state, calculated from eq. 4.2. 

Since the parent state decays exponentially (eq. 4.3), plotting the 

natural logarithm of the parent state against time yields a straight 

line. The slope of this line is B(N), and its intercept is 

N(t=0) = NQ. p is determined by monitoring an ion gauge calibrated 

O 

for xenon, and converting torr to particles/cnr at room temperature. 

The only undetermined parameter in eq. 4.9 is kp. A computer 

program varies kp to yield the best possible fit through the three 

data points and zero (see Fig. 4.4). 

The value of kp obtained is then used to calculate the state¬ 

changing cross-section by vising the relation 

*p = J* 1-mix(v) ^(v) dv {4*10) 

and assuming that a (v) is a constant in the regime that the velocity 

distribution f(v) contributes significantly to the integral. The 

equation simplifies to 

kp = al-mixvrel (4.11) 

where Vre^ is the mean relative velocity of the xenon and rubidium 

atoms, and is given by the expression 

.3kT. Xe 3kT Rb 1/2 
vrel - 

"bfe mRb. 

(4.12) 
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K 

Figure 4.3. The 48d parent-state population N(t) versus collision 
time. The slope of the best-fit line through the data is B(N) (the 
reciprocal of which is the effective lifetime of the state). NQ is 
determined by extrapolating through zero time. Uncertainties are 
determined by varying the slope to fit through the extremes of the 
statisical error bars. 
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STATE CHANGING 

TIME 

Figure 4.4. The state-changed signal R(t) versus collision time. The 
central curve is the computer generated best-fit of the rate equation 
(eq. 4.9) through the data. The outer curves enclose all of the data 
points, and determine the uncertainties in the rate constant. 
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Systematic error bounds for kp are established by varying p, 

B(N), and NQ together in eq. 4.9, and adjusting kp to compensate. 

Random uncertainty is added by extending the extremes of the fitting 

functions used to determine kp to bracket all of the data points as 

shown by the outer lines of Figure 4.4. A typical uncertainty is 50%. 

The results of this experiment are shown in Figure 4.5. Note 

their consistency with the similar Rb**+ Xe data taken by Hugon et 

al. [1982], also shown. The data, along with other pertinent 

information, are listed in Table 4.1. 
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O Rb(ns) 
□ Rb(np) Goeiisr et al. [1984] 
A Rb(nd) 
• Rb(ns) H n et al> [19S2] 
A Ro(nd) 

till! I ‘ * 

10 20 30 40 50 60 70 80 

Principal Quantum Number n 

Figure 4.5. Rb(ns, np, nd) + Xe state-changing cross-sections versus 
principal quantum number n. 
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Table 4.1. Rb(ns, np, nd) + Xe state-changing rates and cross- 
sections, error limits and other information. 

State Rate 
-7 

xlO ; 
sec-1 

a. 
1-mix 

a2) 

Max/Mix 

Rates 

Max/Min 

CT» 
•l_-mix 

Egap 
-1 

cm 

Eavail 
-1 

cm 

0e-Xe 

(X2) 

27S .235 5353 .335/.195 7631/4442 2.17 28.0 1.84 77.5 
29s .321 7312 .420/.265 9567/6036 1.70 25.8 1.70 82.8 
32s .290 6840 .420/.250 9906/5876 1.23 24.1 1.47 89.5 
35s .386 9104 .530/.310 12500/7311 0.92 22.0 1.33 95.0 
38s .338 7972 .380/.290 8962/6840 0.70 20.0 1.22 99.8 
43s .303 7301 .400/.250 9634/6024 0.47 17.9 1.04 106 
47s .341 8042 .390/.300 9198/7075 0.35 15.8 0.97 110 
52s .302 7122 .350/.275 8255/6486 0.25 14.0 0.87 114 
55s .283 6675 .371/.240 8726/5660 0.21 13.3 0.82 117 

33p .040 973 .058/.030 1411/730 2.78 62.1 1.36 92.3 
37p .068 1647 .090/.060 2190/1460 1.91 54.7 1.20 99.0 
40p .059 1346 .075/.050 1708/1139 1.49 47.2 1.18 103 
45p .095 2155 .123/.080 2802/1822 1.02 41.5 1.04 109 
50p .112 2725 .130/.097 3163/2360 0.73 39.7 0.93 113 
55p .128 3114 .163/.105 3966/2555 0.54 35.9 0.79 117 
60p .146 3552 .230/.115 5596/2798 0.41 32.7 0.72 12.0 
64p .157 3820 .210/.130 5109/3163 0.335 30.6 0.67 122 
70p .163 3966 .250/.135 6083/3285 0.25 27.5 0.61 126 

27d .058 1328 .090/.050 2050/1139 4.44 66.3 1.71 82.2 
29d .091 2073 .122/.073 2779/1663 3.55 61.6 1.59 86.9 
32d .092 2179 .140/.075 3302/1769 2.61 57.6 1.39 92.9 
36d .104 2453 .117/.095 2759/2241 1.81 51.1 1.23 99.5 
40d .130 3066 .158/.118 3726/2783 1.31 46.0 1.10 105 
44d .142 3349 .155/.120 3656/2830 0.97 41.5 1.00 109 
48d .161 3797 .180/.140 4245/3302 0.74 37.9 0.91 113 
53d .173 4080 .190/.156 4481/3538 0.55 34.5 0.82 116 
58d .194 4575 .240/.170 5660/4009 0.42 31.7 0.75 120 
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CHAPTER V - DISCUSSION 

The data in this experiment show that the state-changing cross- 

sections of rubidium atoms with the same value for n but different 

values of 1 may vary by as much as an order of magnitude. Although 

this contrasts with the results predicted by the theoretical models 

discussed in Chapter II, this discrepancy can be partially explained 

in terms of the energy separations of the initial and final states. 

There is also evidence that the initial and final wavefunctions may 

influence the cross-section magnitudes. 

ieic 
All published Rb + Xe collisional data are plotted in Figure 

5.1, along with the results predicted by the model of de Prunele and 

Pascale and the Born approximation (BA) approach of Hickman (see 

Chapter II). Both calculations predict that the state-changing cross- 

section will have a single value for each value of n, but the data 

show that the cross-sections for a given value of n may vary by as 

much as an order of magnitude. Second, both models overestimate the 

actual cross-sections by as much as a factor of ten, although at 

higher n (-70) it appears that the BA model of Hickman approaches the 

experimental data. Third, the model of de Prunele and Pascale works 

well for Hugon's low-n, high-1 states only (see Fig. 5.1) ; because it 

predicts erroneous values for the cross-section over the entire range 

of data taken in this experiment, it will not be discussed further. 

The Bom approximation model, however, merits further considera¬ 

tion. Its variance with experimental data may hinge on two 

assumptions inherent in the model: the degeneracy of the initial and 
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Figure 5.1. State-changing cross-sections of Rb (ns, np, nd, nf) + Xe 
collisions. Also shown are the theoretically predicted results of 
Hickman's Born Approximation model, and that of the semiclassical 
model of de Prunele arid Pascale. 
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final states; and the validity of representing the states by 

hydrogenic wavefunctions. 

Hickman [1979] asserts that the assumption of degenerate initial 

and final states is valid when the condition 

Y = n2aQAE/Hv Si (5.1) 

is met. (AE is the energy separation of the initial and final states 

and v is the relative velocity of the atoms.) The large quantum 

defects of rubidium place the initially-populated low-1 states roughly 

midway between final-state manifolds, so that AE is large even at 

high-n (see Figure 5.2). Rubidium p-states have a quantum defect of 

—1 
2.65, so that the energy gap at n = 46 is 1 cm . For the degeneracy 

criterion (5.1) to be met it is required that n = 2000. It appears 

from Figure 5.1 that the theory correlates with the experimental data 

well below this value of n, but the point remains that the assumption 

of degeneracy, on which Hickman's BA model is dependent, may not be 

valid. 

A common hypothesis proposes that the magnitude of the dis¬ 

crepancy between theory and the experimental data is related to the 

size of the energy separation between the initial and final states. 

The hypothesis is supported by the fact that rubidium s-states of a 

given n lie closer to the theoretically predicted results than p- or 

d-states. The s-states, as seen in Figure 5.2, also lie closer in 

energy to final-state manifolds, and so have smaller A Es than p- or 

d-states of the same n. 

To examine this relationship, all published state-changing 
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Figure 5.2. Rubidium energy levels versus electric field. The n = 40 
manifold shows every fifth level, while the others show only the 
extremes. The dotted line indicates where the lowest state would lie 
if the core penetration term in the hamiltonian were absent. This 
term causes the low-1 states to fall much lower in energy than the 
high—1 states. In an electric field, these states mix to high—1 
manifolds of different n. 
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10“—, ORb(ns)') 
□ Bb(n?) > Goeller et al. 
AFb(nd)/ 
• Eb(ns)i Hugon et al. 
ARb(nd)/ 
HNa(nd) Kachra et al. 
VNa(np)l McIntyre et al. 
0 Na(ns)) 
♦ Xe(nf) Higgs et al. 
▼ Pb(nf) Hugon et al. 

104—I 

lo" I— 

0.1 
I III I i 4 
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Energy Separation (cm-1) 
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Figure 5.3. State-changing cross-sections versus energy separation to 
the nearest manifold. 
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Rydberg-with-xenon data are plotted against energy separation to the 

nearest manifold (Fig. 5.3), and the cross-sections are observed to 

decrease monotonically for AE 1 cm“^. Note that there is no 

correlation, implying that there is no linear relationship between 

the two. 

Plotting the data against Hickman's parameter Y « n AE yields 

more consistent results for Rb-Xe collisions (Fig. 5.4), although 

discrepancies are still present, particularly when evaluating 

experiments with sodium. 

Hugon et al. [1981] reevaluate Hickman's BA model calculations by 

assuming that the lower limit of the collisional momentum transfer is 

a nonzero value, and then, integrating numerically (using a CDC 7600 

computer) over the momentum transfer to obtain results for Rb(ns, nd) 

states in the range 30 n _< 45. While the results (Fig. 5.5) are not 

in complete agreement with the experimental data, differences between 

state-changing cross-sections for s- and d-states are observed. 

Hickman's scaling formula [1981] accounts for nonzero energy 

separations by multiplying his BA model by a function f(Y), shown in 

Figure 2.2. Unfortunately, Hickman calculates f (Y) for Y between 0 

and 14, while values of Y in this experiment range from 13 to 66. The 

internal consistency of the approach can be tested, however, by 

plotting a calculated value of f (Y) , developed from the data and the 

degenerate BA model, against y. The calculated value of f(Y) is 

obtained from the formula 

f(Y^calc ~ 01-mix 9(B) (5.2) 
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Figure 5.4. State-changing cross-sections versus Hickman's 
parameter Y. Note that with the exception of the sodium states, the 
data fall on a unique curve,, indicating (as Hickman suggests) that by 
multiplying by some function of the model can be brought into 
agreement with the data. 
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Figure 5.5. Rb(ns, np, nd) + Xe data, shown with Hickman's BA model 
and the modifications made by Hugon et al. [1982]. Note that Hugon's 
model predicts different cross-sections for different initial 1- 
states, unlike Hickman's model. 
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where the denominator is the rewritten Hickman's BA model: see 

eq. 2.7. 

If the model were internally consistent, all Rb(ns, np, nd, nf) 

data would fall on the same line, but this is not the case (Fig. 5.6). 

A simple extrapolation of f (y) to high y will not yield agreement 

between the Hickman scaling formula (eq. 2.7) and the data obtained in 

the experiment either. 

The proposed hypothesis can be modified to consider the cross- 

sections as a function of a parameter characteristic of the ease with 

which an energy "gap" may be traversed, rather than as the absolute 

size of the gap. Viewing the collision between the Rydberg electron 

and the xenon target classically, and within the rest frame of the 

rubidium core, the maximum amount of energy that can be transferred to 

the electron (a head-on collision) is Eavaü 
= mevev, where me is the 

mass of the electron, ve is the velocity of the electron about the 

rubidium core, and v is the velocity of the xenon atom with respect to 

the rubidium core. Since ve is proportional to 1/n (Table 2.1), less 

energy will be available for state changing as n increases. Table 4.1 

lists the energy separation AE and this first-order estimate of the 

maximum available energy Eavaj^ for each state. The ratio of the 

measured cross-section to the BA-calculated cross-section is plotted 

against the ratio of the available energy to the energy separation in 

Figure 5.7, and the data are seen to fall roughly along the same line, 

encouraging further consideration of an "ease-of-gap traversal" para¬ 

meter in future analyses of the state-changing process. 

The data are not completely consistent with the hypothesis that 
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Figure 5.6. Extrapolation of Hickman's scaling formula. By dividing 
the experimentally determined cross-section by all parts of the 
scaling formula except f (Y), this function can be determined over a 
wide range of Y. This technique is not self-consistant, as is shown 
by the fact that this function is not unique, but is dependent 
on the initial state of the Rydberg atom. 
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Figure 5.7. State-changing cross-sections versus an "ease of gap 
traversal” parameter. States of different n have different mean 
electron velocities (and therefore will • transfer different amounts of 
energy in a collision), and yet may have the same energy separations 
to their respective nearest manifolds. This parameter roughly 
accounts for this fact, and the preliminary results are seen to be 
encouraging. 
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the state-changing cross-sections of a given n differ from each other 

(and the BA model predictions) solely because of energy separations 

between initial and final states. The quantum defects of p- and d- 

states are 2.65 and 1.35, respectively, so that for a given n the 

energy separations to their respective nearest manifolds differ by 

only ten percent. Yet the Rb(nd) + Xe cross-sections are forty 

percent larger than those of Rb(np) + Xe (Fig. 5.1). 

One obvious difference between p-states and d-states is the 

presence of the s-state between the d-state and its nearest manifold. 

Since, unlike the p-state, the d-state can undergo collisions that 

convert it to a relatively nearby final state, it would not be 

surprising to find that the d-state would depopulate at a faster rate. 

However, s-states ionize adiabatically, so in the experiment, this 

particular product state would be analyzed as a parent state; the 

diabatic feature would not be significantly affected by the presence 

of this reaction. 

An alternative explanation for these differing cross-sections 

stems from a general wavefunction argument. As stated, the BA model 

assumes that the initial and final states can be represented by 

hydrogenic wavefunctions. Yet states with large quantum defects are 

mixing to manifolds of different n. Further, the p-states lie above 

the final-state manifolds, while the s- and d-states lie below. The 

hypothesis that initial states of different nl have different wave- 

function overlaps with a set of final states n'l', and therefore 

potentially different state-changing cross-sections, seems plausible. 

To attempt to sort the relative effects of the wavefunction and 
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energy separation arguments, high-resolution diabatic features of 

Eb(ns, np, nd)-states mixing to the same manifold were studied. Any 

variances in the profiles of the diabatic features would indicate that 

different final states of the same manifold were being populated from 

different initial states. This test must be conducted under single 

collision conditions, because multiple collisions would obscure any 

differences in the profiles. The 41s, 41p, and 39d-states were 

chosen, all of which mix to the n = 38 manifold. The results are 

shown in Figure 5.8. 

In mixing from different states to the same manifold, relative 

differences in the final-state distribution could be caused by the 

relative differences in their respective energy separations. A second 

high-resolution study was undertaken to test this hypothesis: an s-, 

a p-, and a d-state with the same energy separation to their nearest 

manifolds were populated. Because their energy separations were the 

same, any difference in their final-state distribution would 

presumably be due to wavefunction overlap. The 41s-state 

(AE = .544 cm“^), the 55p-state (AE * .539 cm“^), and the 53d-state 

(AE = .548 cm-'*-) were selected, and the results are shown in 

Figure 5.9. 

In both cases, the outcomes are somewhat ambiguous. The low 

count-rate necessary to ensure single-collision conditions makes data 

accumulation very slow, although the technique shows promise. Recent 

progress made with a CW laser system suggests that data accumulation 

can be made 100 times faster, encouraging further efforts along these 

lines. 
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Figure 5.8. High-resolution pictures of three states that mix to the 
same manifold of final states. Differences in the profiles would 
indicate that the final state distribution depends on the initial 
state, which in turn suggests that differences in the cross-sections 
of s, p, and d-states may be due in part to the overlap of the initial 
and final wave functions, as well as the energy separtions. The 
results are seen to be somewhat ambiguous. 
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4IS. 55P. 530» ALL HAVE E-GAP OF 0.54/CM HIGH RESOLUTION 

ELECTRIC FIELD (V/CM) 

Figure 5.9. High-resolution pictures of three states with identical 
energy separations between initial and final states. This is to 
account for differences in the previous figure that might be due to 
different energy separations. 
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It is important to note, in Figure 5.1, that at higher n the data 

approach the predicted results of the BA theory, suggesting several 

directions for further research. It would be interesting to extend 

the range of n to 150 or 200, to determine whether the cross-section 

falls off as n * as predicted by Hickman's BA model. It would be 

useful, as well, to experimentally determine the value of n, or the 

energy separation, where the BA model becomes valid, and to discover 

whether a difference in the state-changing rate between s-, p-, and 

d-states due to their wavefunctions remained once the effect of the 

energy separation becomes unimportant. 
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