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ABSTRACT

The charge state and energy dependences of Transfer lonization (TI) and Single
Capture (SC) processes in collisions of multiply charged ions with He from intermediate
to high velocities are investigated using coincident recoil ion momentum spectroscopy.
The collision chamber is commissioned on the 15-degree port of a switching magnet,
which allows the delivery of a beam with very little impurity. The target was provided
from a supersonic He jet with a two-stage collimation. The two-stage, geometrically
cooled, supersonic He jet has significantly reduced background contribution to the
spectrum compared to asingle stage He jet. In the case of a differentialy pumped gas cell
complex calculations based on assumptions for the correction due to the collisions with
the contaminant beam led to corrections, which were up to 50%. The new setup allows
one to make a direct separation of contaminant processes in the experimental data using
the longitudinal momentum spectra. Furthermore, this correction is much smaller (about

8.8%) yielding better overall precision.

The collision systems reported here are 1 MeV/u O“®*, 0.5-2.5 MeV/u F*9*, 2.0
MeV/u Ti*®"18 1.6-1.75 MeV/u Cu®?®" and 0.25-0.5 MeV/u I*>®* jons interacting
with helium. We have determined the Ssi ratio for high velocity highly charged ions on

C

He at velocities in the range of 6 to 10 au and observed that the ratio is monotonically
decreasing with velocity. Furthermore, we see a ratio that follows a ¢ dependence.
Above q = 9 the experimental values exceed the ¢ dependence prediction due to
antiscreening. C. D. Lin and H. C. Tseng have performed coupled channel calculations
for the energy dependence of Tl and SC for F** + He and find values slightly higher than
our measured values, but with approximately the same energy dependence. The new
data, Si, Ti and Cu, go up only to g = 20 and show a smooth monotonically increasing
TI/SC ratio. The TI/SC ratio for 1'% demonstrates a very steep rise with energy and
disagrees with previous measurements in the literature at 0.25 MeV/u. The latter data
clarifies one of the long standing puzzles in the relative TI/SC cross sections for very
high g-ions.
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. INTRODUCTION

Since the first decade of the last century, charge transfer cross sections for
multiply charged projectiles in gas targets have been investigated.** These charge
transfer cross sections are useful not only for testing theoretical calculations but also for a
variety of applications including (but not limited to) accelerator design, beam transport,
radiation damage in biological and other materials, astrophysical processes, and fusion
energy technology.>®

The quantitative investigation of charge transfer began in the 1920’'s by using
naturaly radioactive sources of alpha particles. In the 1950's, high-energy studies of
charge transfer were facilitated with the cyclotron and the lower-energy Cockcroft-
Walton accelerators that are used in nuclear research. In the 1960’'s tandem Van de
Graaff accelerators were introduced into use for accelerating high-energy heavy ions. In
the last two decades, researchers have intensified their studiesin charge transfer.

Coallisions involving multiply charged ions and neutral atoms are characterized by
the presence and simultaneous action of several collision channels, resulting in multi-
electron trangitions within and between participating systems. One of the simplest
examples of the interacting two electron-collision systems is the collision between fully
stripped ions and the helium atom. For two electron target atoms both one- and two

electron transitions are possible. These processes can be specified as follows:

AT +He ® AT +He" +e Sl - Single ionization
® AGD" 4+ He' SC - Single electron capture
® AUD" +He* +e TI - Transfer ionization
® AT+He*+e+e DI - Doubleionization
® AGI"4He? DC - Double electron capture

Many reviews of charge transfer have been published since the 1950's. The
authors of some of the reviews are listed here: Massey and Burhop’, Allison?, Allison and



GarciaMunoZ, Hasted'’, Betz!, Tawara and Russek?, Massey and Gilbody™,
Gilbody™*, and Bransden and McDowell ™.

In this thesis transfer ionization and the ratio of transfer ionization to single
capture for fast highly charged ions on He will be investigated over a very large range of
projectile Z and projectile energy. The thesis will be divided into five sections: |
Introduction, Il Literature Review, Il Experiment, IV Results and Discussion, and V
Conclusions.

In section |1, Literature Review, the different transfer ionization channels that
have been discussed in the literature will be explored. The transfer ionization process,
which involves at least four interacting particles, can proceed via different proposed
reaction channels that have been identified as:

i Kinematical Capture-lonization, KC-1 Tl

ii. Projectile-Electron-Nucleus- Thomas, p-e-n Thomas Tl
iii. Projectile-Electron-Electron Thomas, p-e-e Thomas Tl
iv. Correlated Kinematical Capture Tl

For the systems of fast highly charged ions, we expect that Tl results primarily
from two independent scattering interactions with the projectile (KC-1-Tl). The transfer
ionization probability can then be expressed as the product of the capture probability
times the ionization probability at a given transverse momentum. Under these conditions,
the ratio of total TI cross sections to total capture cross sections should drop with 1/E, at
the higher velocities. In the Literature Review section we will discuss some details of the
different Tl processes and review some of the recent experiments. In addition to the Tl
process, we will elaborate on the Single Capture (SC) process and the TI-to-SC ratio.
Furthermore, the related theoretical studies also will be introduced and compared with the
experimental results. This discussion will help the reader to get a better grasp of the
problem and findings.

In Section I11. Experiment, the details of recoil momentum spectroscopy, RIMS,
which is the experimental technique used in this study, will be discussed. In general, the
RIMS method was first explored in the sixties.!®*® However, the momentum spread of
the target due to the thermal motion of the gas made the technique unusable. The method

used in the late seventies and early eighties was revisited. Fortunately, this time the



method was successfully implemented. With the implementation of super cooled gas jet
targets, it was possible to obtain some promising final state scattering results. In the
nineties the RIMS method®* evolved into Cold Target Recoil lon Momentum
Spectroscopy (COLTRIMS)*** in which the complete momentum balance could be
measured with high resolution and high detection efficiency in the few-particle final
product stage. In the RIMS method, the longitudina momentum component and
transverse  momentum components carry different information. The longitudinal
momentum component measurements will reveal information about Q-values that gives
the exoergicity of the reaction. On the other hand, the transverse component can be
related to the impact parameter and the resulting angular scattering, which is a significant
result.

Also in that section is a detailed discussion of our experimental setup. Since we
have used both the KSU tandem electrostatic and LINAC accelerators, detailed
information about both accelerators will be provided. Readers also will find an extensive
discussion and information about the present RIM S setup and more specifically about the
geometrically cooled two-stage supersonic helium gas jet, spectrometer, detectors and
diagnostic tools on the beam line used for the experiment.

In Section IV. Results and Discussion, the results of our measurements of the Tl-
to-SC ratio for the fast multiply charged ions on He are reported. Some of the results will
be compared with the quantum mechanical coupled-channel calculation. Comparisons are
also made with previous data available in the literature. Significant differences are
observed between the present measurements and those found in the literature. The present
method of RIMS using a supersonic He jet eliminates a problem of impurity interactions
encountered in static gas cell methods used in the prior experiments. This is the main
contribution of thiswork. The record is set straight on the relative roles of T1 and SC over
alarge range of collision parameter space. The methods of Q-value measurements as well
as the impact parameter analysis will be included in the discussion.

The last section, V Conclusions, includes, but is not limited to, a summary and
conclusions we have been able to make from this series of experiments. Possible
improvements and future directions of the current measurements also will be presented.



Three appendices are included at the end of the dissertation that contain details of
the experimental technique for future reference.



[I. LITERATURE REVIEW

In the earlier measurements of single electron transfer from multi-electron targets,
the single capture and the transfer ionization channels were not separated,® i.e both of
them contribute to the single-electron-transfer cross section. These measurements were
based only on the final charge state distribution following an ion-atom collision.

Fig. 2.1 shows extensive data for capture and ionization available over a wide
range of velocities for O on He. Measured single electron transfer (SC + TI) cross
sections are very flat at the lowest energies up to 1.64 a.u. of velocity compared with
measurements above 3.0 au. where a sharp decrease with increasing velocity is seen®.
The data show that the capture process dominates over single ionization up to 2.0 a.u. of
velocity. It is evident from the data that the crossover between capture and ionization are
expected to occur between v =2 - 3a.u. for O* on He*® In the data depicted in Fig. 2.1,
the contribution of the TI process is not separated from the true SC process. In the present
study we will make that differentiation between these processes for the velocity range of
~4 to 12 a.u. The weak velocity dependence of SC in the low velocity region could be
explained with the molecular-orbital (MO) model. However, the MO model is not valid
in the high velocity region. Besides, since target ionization can accompany capture, the
TI contribution to the electron transfer process should be measured.

In 1979, Horsdal-Pedersen and Larsen® reported the measurements of the relative
contributions of SC and Tl processes to the total transfer process for protons on He in the
energy range of 40-400 keV for the first time. Then in 1985, Shah and Gilbody*®
extended these measuremerts to H*, He?*, and Li* for almost the same projectile energy
range. Later Knudsen et al.* extended the projectile energy range for H" and He** up to
1.0 and 1.5 MeV/u, respectively. Fig. 2.2 shows these data along with very low energy
data compiled by McGuire et al.*’ They have plotted the ratio of transfer ionization to the
total one-electron transfer cross section. Since then it has become customary to discuss
this process in terms of the ratio of TI-to-SC. In the last decade, measurements made by
Tanis et al.”® and Shinpaugh et al.® for high charge bare projectiles have extended the
scope of these measurements to a parameter space where Tl can equal or even exceed the
single capture. Non+-bare projectile ions were included in the study by Tanis et al.®, Datz

et al.*, Wu et al.*, and Montenegro et al.* Fig. 2.3 shows the ratio of the cross sections



of transfer ionization and single capture for 2 MeV/u projectile ions incident on He. In
the graph, the theoretical calculation by Shingal et al.* is also included. Montenegro et
al.® studied 2 MeV/u CI ™ ¥ 13+ 14+ 15* ang Tj 15" 18* on He. Three features appearing in
the graph need to be pointed out: the ratio R is expected to have a weak connection with
the capture channel for small values of g presenting the characteristic quadratic g
dependence of the ionization channel, which was observed previously for bare light
ions.* The second feature is the observed saturation effect for the ratio between CI*** and

15+ and

CI*™>* projectiles. However, the same effect was not observed in the case of Ti
Ti'®*. The third feature is the observed difference in the trend of the T1/SC ratio between
Montenegro et al.¥and Datz et al.*® measurements. However, there is still a large gap
between the projectile charge sates used in these two sets of data, and the projectile
energy used in these measurements. We should also note that different experimental
techniques have been employed. Since the capture channel has low intensity for high
projectile velocity and charge states, it can contribute to errors in the TI/SC ratio
measurements. Furthermore, small beam impurities can be a major source of error in this

1% have determined the fraction

kind of measurement if not properly separated. Datz et al
of TI contributing to the total single charge transfer by using the TOF technique with a
gas cell. They have not employed longitudinal momentum separation for recoil ions as a
tool to separate ionization and true capture events, which will be discussed in the next

section.
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FIG. 2.3 Ratio of the cross sections of transfer ionization and single capture for 2 MeV/u
projectile ions incident on He. Symbols for data: solid squares, CI ™ ** inverted triangles,
CI13* 14 5% and solid lozenges, Ti**" 8", Montenegro et al. [Ref. 50]; solid circles O
and triangles F™* ®, J. L. Shinpaugh et al. [Ref. 38]; x, 1 MeV/u U** ** Datz et al. [Ref.
49]. Theory: Shingal et al.[Ref. 51] the thin solid curve labeled k = 0% the thin solid
curve labeled by of is the square law curve relative to the He?" projectile case; the thin
solid curves indicated by k =13% , Montenegro et al. [Ref. 50] are model calculations
considering 0% and 13% contributions of the excitation channel relative to ionization, at
small impact parameters; the open sgquares (with the dashed curve to guide the eye) are
the results of Montenegro et al. [Ref. 50] and are model cal culations obtained through the
excitation to ionization ratio, k, at small impact parameters, given by coupled channel
calculations.
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Transfer lonization Mechanisms

Several different mechanisms can contribute to the transfer ionization process. In
very slow collisions (£1eV/u) Tl can result from autoionization of the quasimolecule
formed during the collision.® In faster collisions (a few tens of eV/u to several hundreds
of keV/u), transfer ionization can be attributed to double capture by the projectile
followed by autoionization.> L. H. Anderson et al.® also found evidence that Tl can be
due to the transfer of two electrons to a highly correlated state of the projectile ion
followed by the loss of one of the electrons to the continuum. In the high energy regime
(3 1MeV/u), Tl is expected to be due mainly to single capture plus direct ionization of
the target.

The mechanisms responsible for this non-radiative capture plus ionization process
can be grouped into types depending on what compensates the momentum change of the
projectile due to the mass transfer by the captured electron (i.e., isit the recoil nucleus,
the emitted electrons or a combination of both). Since transfer ionization also requires
emitting the second electron to the continuum, it might proceed via relaxation of the
target wave function, namely “shake-off”, or it may be due to an electron-electron
interaction. Another possibility in the second step is a second interaction of the projectile
with the target within the independent el ectron model approximation.

For the purpose of discussion we define four mechanism that have been proposed
in the literature as distinct transfer ionization channels
i Kinematical Capture-lonization, KC-1 Tl
ii. Projectile-Electron-Nucleus Thomas, p-e-n Thomas Tl
iii. Projectile-Electron-Electron Thomas, p-e-e Thomas Tl
Iv. Correlated Kinematical Capture Tl

i. Kinematical Capture pluslonization, KC-1 Tl

KC-I Tl is a two-step process with either one or two interactions with the

projectile. In the single capture process by KC, electrons whose initial state velocity



closely matches the projectile velocity are captured. The energy and momentum
conservation laws dictate that the recoil ion will receive a longitudina momentum
transfer in the backward direction of the projectile ion. This backward momentum
transfer is the characteristic signature of the kinematical capture process and is closely
related to the Qvalue of the reaction. The transverse momentum transfer to the He”
recoil ion must exactly balance that given to the projectile.

€ p
/H.e2+

Prz »-(Qlvp)-(v/2)

Fig. 2.4 The schematic representation of the kinematical capture and independent
ionization that makes the KC-1 Tl process (viaa TS2 or a TS1 process).

In the transfer ionization case, McGuire™ predicted that the additional ionized
electron has a rather small kinetic energy due to either a shake-off process (TS1), two
step-one e-n interaction or due to ionization by a second independent interaction between
the projectile and the second electron (TS2, two step-one en interaction), see Fig 2.4.
The projectile direction is taken as the zaxis. Lahmam Bennani et al.* have shown that
if the continuum electron leaves with small transverse momentum, the transverse
momentum of the recoil ion must balance the one received by the projectile; on the other
hand, if the continuum electron is gected by a hard collision between projectile and

electron, the recoil ion transverse momentum will be smaller and the projectile transverse



momentum should be balanced primarily with the electron transverse momentum. The
KC-1 Tl isthe dominant process leading to TI by high velocity highly charged ions.

ii. p-e-n ThomasTI

The classical scattering processes Thomas® described involved a double
scattering whereby the nearly free electron is first scattered by the projectile to a
laboratory angle of 60°, for which it attains a velocity equal to that of the projectile, and
then is scattered elastically off the target nucleus to redirect this velocity vector in the
direction of the projectile. The Tl process requires the second electron to be ionized. This
is achieved through the shake-off or the independent ionization of the second electron by
the projectile asin the KC-I Tl process. One characteristic of the shake-off processis that
the projectile scattering angle for the KC-I-Tl is well defined. For H* on He the final H
scatters to an angle of 55 mrad.

In the pure electron capture there are only two bodies in the final state therefore
the recoil must compensate for momentum change to the projectile and captured electron
system. In the TI process either the emitted electron, or the recoil ion, or both share in the

momentum transfer from projectile plus captured el ectron system.
iii. p-e-eThomas Tl

In this classical process, the first electron is hit once by the projectile and is

scattered at 45° with a velocity equal to the J2v of the projectile as shown in Fig 2.6. It
then collides elastically with the other electron to redirect its velocity in the direction of
the projectile with a velocity equal to that of the projectile. Since the second electron is
ionized, the condition for the Tl is satisfied automatically. This process is also known as
TS1 (two step-one e-n interaction), which is a two step process with one interaction with
the projectile. In this classical picture the second eectron is emitted at 90° in the

laboratory.
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Fig. 2.6. The schematic representation of the e-e Thomas scattering for H*-He

collision.

The p-e-e Thomas scattering creates an opportunity to investigate the dynamic
electron electron correlation in atomic collisions. Since the electrons are removed very
quickly from the bound state of the target by the pe-e Thomas scattering, the nucleus
will be left behind with its momentum distribution from the initial ground state (no recoil
ion momentum). This will lead us to the sum momentum of the two electrons. This p-e-e
Thomas scattering process has been reported in the literature by Horsdal-Pederson et
al.%? and Palinkas et al.* Horsdal-Pederson et al.** have observed significant structuresin
singly differential cross sections of the TI in proton-helium collisions. They found a peak
in the ratio of transfer ionization to total transfer at a scattering angle of about 0.55 mrad
at projectile energies of 0.2-0.5 MeV. However, Gayet and Salin® could reproduce this
pesk within the IEM, and Mergel et al.® experimentally confirmed that this peak is

caused mainly by the independent two-step process, which means not by the e-e double

2

dw,

e

scattering. Palinkas et al.®® found a peak in the doubly differential cross section =

e

a g,=90° and E_,=600eVa E,=1MeV. However, Briggs and Taulbjerg®®
reproduced this peak by a second order Brinkman-Kramers approximation (BK2). Later,



Ishihara and McGuire®” predicted that the Thomas singularity should be located on the
ridge at k =v,, where \; is the projectile velocity. Mergel et al.® have conducted a

kinematically complete experiment on the proton on helium Tl process by using
COLTRIMS. They have separated the independent two-step process and the p-e-e
Thomas scattering in the nine-dimensional momentum space of the final state for the first
time. Recently, Schmidt et al.® reported that the p-e-e Thomas scattering contribution to
the total TI process is about 35% for the proton on He collision system at very high

velocities.

iv. Correlated Kinematical Capture and lonization (c-K-T1)

Mergel et al.* recently have reported about this new TI channel. Their data show
strong evidence for this new reaction channel, which they named c-K-TI, mediated by the
e-e correlation in the initial momentum wave function. They concluded that only the
initial-state correlation can be responsible for this new Tl reaction channel. This process
remains very speculative at thistime.

In summary, Mergel et al.* have shown that the different Tl channels are
expected to produce mean recoil momenta centered about the following:
For p-e-e Thomas;

k,.k,.k,)=(0,00)

x1 Dy Bz

For atwo-step process with the transverse momentum balanced by the recail;

(kx’k)/'kz)= é‘ P. (H 0),0,- rnvpl‘fl

& 2 H

For atwo-step process with the transverse momentum balanced by the electron;

_é

(k,.k, .k,) o- MV U

-

2 4

where k,is to be in the direction of the H® transverse momentum P, (H 0), k,isto be

the direction perpendicular to the H® scattering plane, and k, isto be the beam direction.



Motivation for the Present Study

The cross sections of Tl and SC, for the collisions of fast highly charged ions with

He, can be written within the IEM using the uncoupled ionization probability,

P.(b), and capture probability, R(b). The probabilities for SI, DI, SC and TI can be

expressed in terms these probabilities as

Py (b)=2P (b)1- P (b)- P.(b))
Py (b) = P?(b)
Pe (b) = 2P, (b)(L- P (b)- P, (b))
P, (b)= 2P, (b)P, (b)

The cross section for SC and TI can then be written as
S & = 2p (Pc (b)bdb
St =2p (P (b)bdb

Eq. 2.1

Eq. 2.2

Substitution of Eq. 2.1 into Eq. 2.2 yields
S« =20 R (b)(A- R (b) - K (b))bdb
S =2p (2P (b)R (b)bdb

Eq. 2.3

One characteristic of these probabilities is that R(b) is approximately constant over the

range of b where P,(b) is non-zero. Thisleads to the following result

R= Sn _ 2 2R (b)(\j:'c (b)bdb
S 2p%(1- R(b)- P.(b))¢P: (b)bdb cq. 2.4
P, (b)(smallb)

»
1- R(b)- R.(b)
Two center atomic orbital, TCAO, close coupling calculations of P(b) and P(b)
by Tseng and Lin (private communication) for 1 MeV/u F** on He are presented in Fig.

2.7. In this calculation, they use the independent electron model. In their model for He

yA
each electron is assumed to be in an effective Coulomb potential, V = - —  with an
r

effective charge, Z, =1.7, such that the binding energy of each electron is half of the



double ionization energy of He. Also, they employed a basis set consisting of 40 atomic
states (s, p, d and f) on the projectile (F®®") and 103 atomic states (s, p, d and f) on the
target (He") are used to study the collisions between the projectiles on He for impact
energies of 1, 1.25, 1.5 and 2.0 MeV/u. They included some bound and positive energy
pseudostates in addition to the exact n=1-5 states of He" in their basis set.

We see from these plots that P, is indeed approximately constant over the impact
parameter range, where the capture cross section is non-zero as assumed in obtaining Eq.
2.4. If we consider the value B~0.7 as given in Fig. 2.7 and use Eq. 2.4, one can easily
calculate the ratio to be R = 2.5. The ratio obtained by this method is in close agreement
with the full calculation R=2.59 that will be presented later [Table 4.2 and Fig. 4.6].
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I
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Fig. 2.7. Comparison of probabilities with respect to impact parameters for different
channels with different effective potentials at IMeV. Figureis provided by

Tseng and Lin (private communication).

The value of R(b) scales as the square of the projectile charge (i.e. o) in first
order perturbation calculations. It is therefore expected from Eq. 2.4 that the ratio is R~
o>. The TI/SC ratio for 1 MeV/u He* + He is measured™* to be 0.11. The ¢f scaling
then predicts the ratio for 1 MeV/u F** + He to be 2.23 which agrees with the result of 2.5
obtained above. Therefore even with P,(b) values as large as ~0.7 asin the F** case the g°

dependence seems to hold. For larger values of g, the approximation P ~ of breaks down



because the collision goes outside of the scope of the perturbative regime. One can easily
imagine that P(b) saturates at 1 for these larger values of g. This study aims to find out
experimentally what this dependence is going to be. Moreover, the TI/SC ratio is not
fully understood for g= 15-30. The only data available in this region are not conclusive
because of large error bars associated with it.

The understanding of collisions with bare projectiles is essential to proceed
towards dressed projectiles. However, we cannot use the collision information from bare
projectiles indiscriminately to predict the behavior of the dressed projectile. In this study,
a systematic study of both charge and energy dependence of dressed and undressed
projectiles will be conducted. Finally, we will look into the mechanisms of transfer

ionization.



1. EXPERIMENT
J. R. Macdonald Laboratory and the tandem Van de Graaff

All experiments were performed in the J. R. Macdonald Laboratory at the
tandem/LINAC facility at Kansas State University. Negative ions were extracted from the
cesium-sputter type ion source and injected into the EN 7.5 MV tandem Van de Graaff
accelerator. A top view of the laboratory is shown in Fig. 3.1.

A lon Sonrces E Experimental Area
B Tandem Accelerator F Computer Room
C LINAC G Contool Room

0 CEYEBILS H Clean Eoom

=

Fig. 3.1. Top view of the J. R. Macdonald Laboratory. The COLTRIMS experimental
setup is commissioned at the LRB-15 port.



The tandem accelerator derives its name from the two stages of acceleration that
particles travel through in the 35-foot-long evacuated accelerating tube. The terminal is
midway aong its length and is held at a positive potential up to the maximum voltage.
The negatively charged ions injected into the accelerator from the ion source are attracted
and are accelerated to the positive potential at the terminal between the first stage and the
terminal. At the terminal, the negatively charged ions pass through a gas stripper where
electrons are stripped off of the ions. These ions are then repelled and accelerated away
from the terminal through the second stage by the positive potential at the terminal. The
positive potential at the terminal is maintained by the NEC Pelletron charging system.
The Pelletron chains are made of metal pellets connected by insulating nylon links and
are charged by an induction scheme that does not use rubbing contacts or corona
discharges as shown in Fig. 3.2. There is a chain in both the low energy and high energy

columns of the accelerator.

Pelletron Charging System
{Posttive configuration showm)

|50 kV PS Terminal Shell

= Charging Chain-—-metal
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Fig. 3.2. NEC Pelletron Charging System for a positive terminal Pelletron. Pelletron
chains are made of metal pellets connected by insulating nylon links and are charged by
an induction scheme that does not use rubbing contacts or corona discharges.
For a positive terminal Pelletron, the negatively charged inductor electrode pushes

electrons off the pellets while they are in contact with the grounded drive pulley. Since



the pellets are still inside the inductor field as they leave the pulley, they retain a net
positive charge. The chain then transports this charge to the high-voltage terminal, where
the reverse process occurs. When the charge reaches the terminal, the chain passes
through a negatively biased suppressor electrode that prevents arcing as the pellets make
contact with the terminal pulley. As the pellets leave the suppressor, the charge flows
smoothly onto the terminal pulley, giving the terminal a net positive charge. The chain,
accelerating tube, terminal and their support structure are housed inside alarge metal tank
that is pressurized to 65 p.s.i. with an insulating gas called sulfur hexafluoride. This gas
insulates the high voltage at the termina from surrounding objects. The Pelletron
charging system was recently installed in the Van de Graaff, replacing an inferior belt
system. The new system has dramatically improved the stability of the ion beam. This
stability has greatly influenced our ability to perform experiments, particularly for small
beam components. Small intensity beams are very difficult to focus when the intensity
fluctuates with time. The new stability is seen in terms of a reduced beam energy spread

and in terms of a very stable spacial positioning of the beam.

The ion species of O and F** were accelerated with the tandem. One of the ion
species of Si%, CI%, Ti%" or Cu"™ emerging from the tandem accelerator was accelerated
to a velocity of up to 6% of the speed of light and then passed through the LINAC for
further acceleration and steered into the experimental areafor use in the experiment.

Super conducting Heavy-lon Booster Linear Accelerator (LINAC)

The main body of the LINAC consists of 12 niobium split-ring resonators, with a
total active accelerating length of 3 meters. Electromagnetic power is fed into the
resonators at a frequency of 97 MHz, which causes alternating positive and negative
accelerating fields to build up in the structures of the resonators. The average electric
field is about 1.8 MV/m, resulting in an equivalent maximum accelerating voltage of 5.4

volts.



Since the accelerating fields inside the resonators are changing as the resonators
go through their cycles, particles can be accelerated only at specific times. This requires
that the normally continuous flow of positive particles from the tandem accelerator be
grouped into equally spaced bunches. The tandem bunched beam arrives at the LINAC
with ~2 ns beam pulse width. Two additional LINAC resonators act as bunchers. The
first compresses the tandem beam to fit the LINAC's acceptance. A typical time width for
an injected beam is around 150 picoseconds. The bunching resonator is the last in the

lattice and is used to tailor the beam characteristics for delivery to the target.

Because of the aternating positive and negative accelerating fields in the
resonators, the LINAC can be used to both accelerate and decelerate particles. In some of
our experiments we used the LINAC in an "accel” mode. The LINAC can accelerate

particles to velocities near 15% of the speed of light.

In our case, the ions were momentum analyzed by the first forty-five degree
magnet to select the desired energy and ion species of the most abundant charge state
beam. It is obtained by post-stripping in a 6ng/cm? carbon foil and is momentum and
charge analyzed by the second forty-five degree magnet. The ions were either accelerated
or just passed through the LINAC and stripped, if necessary just before the 90° bending
magnet. The ion species were momentum analyzed by the ninety-degree magnet and
passed through the first switching magnet. A second switching magnet then deflected
related ion species with desired charge state to the experimenta region (LRB-15). See
Fig. 3.1.

Experimental Setup

The collison chamber is commissioned on the 15-degree port of the second
switching magnet, which allows the delivery of a beam with very little impurity as shown
in Fig. 3.3. The ion beam is monitored with two beam profile monitors and Faraday cups
along its path. Monitoring the beam before and after the chamber was especially useful in
determining its passage through the jet. The ion beam is well defined by two four-jaw
dits (one before and one after the chamber) and three apertures where one (5 mm) is



before the chamber and the other two are after the chamber (5 and 3 mm). The charge
exchange beam is selected with a dipole magnet after the collision chamber.

Fig. 3.3. Schematic diagram of the experimental apparatus. The beam was collimated by
two sets of 4jaw dlits, one before (not shown in the figure) and the other one after the
second switching magnet separated by approximately two meters and at an angle of 15°.
The beam was bent in the direction of the experiment region with a switching magnet that
acted also as a “clean-up” magnet to deflect contaminant ions from the beam, and then
through two 5mm circular apertures, one before and one after the collision chamber.
Also, the beam profile monitor was used to diagnose the beam and to make necessary

adjustments in beam transmission.






The target was provided using a supersonic He jet with a two-stage collimation as
snhownin Fig. 3.4.
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% % :

FIG.34. Two-stage gasjet assembly He Gas|Inlet (34




In our supersonic he jet the nozzle is located 6 mm from the tip of the first
skimmer, and the distance between the tip of the second skimmer and the top of the first
skimmer is 17 mm. The position of the first skimmer is fixed. The alignment of the 30nm
aperture in the nozzle with respect to the first 500mm skimmer is done using two sets of
micrometers. The position of the second 500mm skimmer can be adjusted with the set of
four screws. The assembly allows one to laser-align the nozzle and the two skimmer
apertures as a unit before mounting takes place on the target chamber. The alignment of
the assembly was initially tested using nitrogen gas. It was found that the optimum flow
of the gas was obtained at a gauge pressure of 15 Ib/ir’. Above that pressure the
properties of the jet appeared to be destroyed in that a Styrofoam ball placed above the
second skimmer no longer reacted to the gas flow. The optimum pressure for He gas was
found to be 28 Ib/ir". However, in vacuum the jet is found to behave differently. It
appears that even at a pressure of 55 Ib/ir? the jet behaves properly in that the rise in
catcher pressure is linear with the increase in the driving pressure (gauge pressure on the
gas bottle). The two-stage, geometrically-cooled, supersonic He jet has a significantly
reduced background contribution to the spectrum compared to a single stage He jet. In
the case of a differentially-pumped gas cell, conplex calculations based on assumptions
for the correction due to the collisions with the contaminant beam led to corrections,
which were up to 50%. The new setup allows one to make direct separation of
contaminant processes in the experimental data using the longitudinal momentum
spectra. Furthermore, this correction is much smaller (about 8.8%), yielding better overall
precision. A measurement of the jet velocity is presented in Appendix A. The jet speed
was found to be ~ 1267 m/s.

Spectrometer

Target recoil ions produced in collisons with the projectile were charge-state
analyzed using a time-of-flight spectrometer’® (Fig. 3.5). The recoil ions were extracted
by two satic-electric field regions, alowed to drift through a field-free region, and
detected by a chevron arrangement of two micro-channel plates. Typical channel plate
biases were 900 V across each plate. For the recoil side the front of the first channel plate
was typically at —1500 V, the front of the second channel plate was at —1000 V and the



back at —100 V. Recail ion flight times are proportional to the square root of the ratio of

m,
tu/—R
§ Or

where t;,mg, and g, aretherecoil ion flight time, recoil ion mass and recoil ion charge,

the ion mass-to-charge

respectively. Typica recoil ion time-of-flight spectra are shown in Figure 3.8.C. It is
clear from the spectra that the recoil charge states are separated. The width of each peak
is representative of the recoil ion momentum distribution along the field axis, coupled
with the width of the beam and the resolution of the time measurement.

The dimensions of the spectrometer were designed to allow for time and spatial
focusing of recoil ions produced at different positions in the extraction region due to the
width of the beam, which was 2x2 mm at most. The time focusing condition is satisfied
when the static electric field-free drift length is twice the length of the electric field
acceleration region. The condition for both spatial and time focusing requires the addition
of a second electric field region. The appropriate lengths of the electric regions, the drift
region and the ratio of the voltages were found by simulations using SIMION. The results
are given in Appendix B. Recoil ion flight times were 3.639 and 2.573 ns for He™ and
He™ for an extraction voltage of 1500 V on the pusher plate and 852 V on the focusing
plate. These plates set up fields of 66.4 V/cm and 232.8 V/cm.

Calculation of the TOF
The time-of-flight of the recoil ions were calculated from
t = Cal.Const” [TOF - T,]
where T, is the channel number for time-of-flight equal to zero, TOF is the time-of-flight
of the recailsin unit channels and Cal.Const is a calibration constant in nanoseconds per
channel.

The calibration constant was obtained by using the master clock from the LINAC.
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FIG.3.5. 2-D Detector (e-side) and spectrometer.

Recoil lon Momentum Spectroscopy technique was used to separate each collision
channel by projectile-recoil ion coincidence and to reconstruct all three components of

the recoil momentum.



Fig. 3.6. POVRAY image of experimental setup.
Fig. 3.6 shows part of the experimental setup with a cut from the top. The strength of the
recoil extraction field was set high enough to ensure that all recoil ions are extracted by

the field and collected by the recoil detector. The recoil charge states were determined by
measuring the time-of-flight difference between recoil ions and charge-exchanged
projectileions.
Recoil detector

A backgammon anode detector was used in the experiment to detect recoil ions.
The backgammon detector has three output channels X, Y and R. However, thereis
signa coupling between different output channels. In the data-taking process, the three
position signals x¢, y¢ r (from the backgammon board (PSD) were first corrected for the
offset in channel and then multiplied by the decoupling matrix D to get three uncoupled

signas X, y,r:

(% y.r)" =D {x¢y¢rg’

where the matrix D isfound to be:



é 10 0007437 - 0.0884100
D =£0.007717  1.00471 - 0.09050 |
g 009175 - 0.09050 1.07598 f

The recoil position xg, y,Was then calculated by

X - X h

R_x+y+br tot
_ y
=— 7 xh

Yr x+y+br tot

b was taken to be one. The value for ch, was 256 channels.

Also, at this point it needs to be mentioned that the last set of datafor 19*- ion
beams was taken with a resistive anode detector, and at the time of the writing of this
dissertation the resistive anode has not been completely characterized.

Electronics

Fig. 3.7 shows the electronics setup for the experiment. The three position signals
from the backgammon board (recoil) were first amplified by CATSA pre-amplifiers and
further amplified and pulse-shaped and then sent to an analog-to-digital converter (ADC).
The timing signals were taken from the back side of the second channelplate of the recoil
detector and from the photo-multiplier tube. The timing signals were amplified, sent
through the constant fraction discriminators, and input into a time-to-amplitude converter
(TAC). Thetime difference between the recoils and the charge-changed projectiles was
measured by the time-to-amplitude converter (TAC) and sent to the ADC. The typica
TOF for the recoil ions was between one and five microseconds. The TAC was started
with a projectile timing signal and stopped by the recoil-timing signal. The position
signals and the TAC signals were digitized by the ADC and sent to the computer for
analysis. The ADC strobe signal was taken from the projectile timing signal. The electron
side of the detector was not used in the present experiments.

The data were taken on a DEC Micro-VAX computer using a CAMAC interface and
stored on aremovable 9 GB hard disk. All the data were taken in event mode with an

XSY S data acquisition and analysis package. L ater, the data were analyzed off line.
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Fig. 3.7. The abbreviations used above should be read as:. Amp: amplifier, FTA: Fast
Timing Amplifier, TFA: Time Filter Amplifier, CFD: Constant Fraction Discriminator,
TAC: Time-to-Amplitude Converter, GDG: Gate and Delay Generator, ADC: Analogto-

Digital Converter.



Data Collection and Analysis

All the data were taken in event mode with the JRML XSY S data acquisition and
analysis package. Later, the data were analyzed off line. The data collection process can
be separated into two stages. with the LINAC and without the LINAC. The low Z data
were collected without the LINAC. The spectrometer pusher and focus voltage were set
to 1500 V and 852 V, respectively. Figure 3.8 shows the 2 MeV/u P°* on He case as it
was accumulated in the computer. The figure is a direct printout from the display screen.
Figure 3.8.D is a density plot of all events: the horizontal axis is the zcomponent of the
recoil ion position (parallel to beam, beam istraveling right to left), the vertical axisisthe
y-component (jet direction) of the recoil ion position in terms of channel numbers, and
the xaxis denotes the number of counts. The TAC is Fig. 3.8.C with two main peaks
(He™ left and He' right) and other small peaks. The small peaks easily could be
identified as different oxygen charge states, which are a signature of the breakup of
residual water in the beamline. Then software gates are introduced in the TAC spectrain
order to separate the single capture and transfer ionization processes from single
ionization. Figure 3.8.A and 3.8.B are the gated spectra on He™ and He", respectively.
Figure 3.8.E and 3.8.F are down projections of Figure 3.8.A and 3.8.B. In the analysis of
the data, two other software gates are aso introduced to subtract the random event
contributions from the true capture and the true transfer ionization events, which are
shown in Fig. 3.9.B and Fig. 3.10.A. The true single capture events are obtained by
subtracting Fig. 3.9.B from Fig. 3.9.A and is shown in Fig. 3.9.F. Then, Fig. 3.9.F is
projected down on the zaxis as shown in Fig. 3.9.E and the number of net single capture
events are obtained by taking the area under the peak in Fig. 3.9.E. The total number of
Tl events are obtained by following the similar prescription. Fig. 3.10 displays the results
for TI. In al cases, random event contributions were low. We attribute this to alow count
rate, good vacuum conditions, extra care given to eliminate contributions from the
background, and to well-separated charge-exchanged beams.

The LINAC was used in collecting the high Z data. Fig. 3.11 shows results for
ClI'™™ on He at 1.75 MeV/u. We have discovered a unique opportunity for eliminating
most of the single ionization contribution under the He** peak. The periodic peaks,

Fig.3.11, every 81.63 nano-seconds, are created because of using a bunched beam and



can be identified as ionization peaks in the TAC spectra. We have moved the true He**
peak between the periodic peaks, Fig. 3.12, by adjusting the pusher and focus voltage on
the spectrometer (these voltages are indicated on the figure). This procedure has
eliminated most of contributions from single ionization, as can be seen in the very clean

2D spectrumin Fig. 3.13.
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IV.RESULTS AND DISCUSSION

A.Tl and SCin 1MeV/u O + He: A Test Case

Figure 4.1 shows a typical recoil-ion position spectrum of He" recoil ions
produced by 1 MeV/u O* ions, which we considered as a test case for our COLTRIMS
setup. Spectra are for recoil-ion O*-projectile coincidences. The beam direction is right
to left in the figure. The left-most peak is associated with ionization. The right-most peak
is the one corresponding to SC. The lower right figure indicates the longitudinal
momentum delivered to the He™ ions. The scale is converted from the channel numbers to
momentum by using the following equation as described in Appendix A.

P,(au)=[ch- 256.5]" 0.0981 Eq. 4.1
The average P, for SC is ~3 au as can be seen in Fig. 4.1. The relationship between the Q-

value and the longitudinal momentum transfer, B, is B, v, = Q + Vv,7/2 where \, is
projectile velocity.?’ This equation then predicts that the capture is mainly to n = 3 states
of O*. This means that the capture is from K-shell to M-shell and higher. No K-shell to
K-shell capture is observed in this collision system. In H*- He collision K-shell to K-shell
is expected to be the dominating process.

Much higher resolution can be achieved by running the spectrometer at lower
voltages. Figure 4.2 shows similar results for the He?" recoil ions in coincidence with
O*, for the same collision system. Coincidences between charge-changed projectiles of
appropriate recoil longitudinal momentum yield accurate Tl and SC ratios by eliminating
contributions from single ionization and double ionization processes from impure beams.
Figure 4.3 shows the results measured in our COLTRIMS system for the T1/SC ratio for
1 MeV/u 0*®* + He compared with previous results taken from the literature.®* The
difference could be attributed to experimental techniques. The small error bars in the
present work demonstrate the large improvement in the present set of measurements. The
disagreement with the previous data is presumably due to beam contamination, because
small beam impurities can be a major source of error in this kind of measurement if not
properly separated. Shinpaugh et al.® have reported two types of correction factors in
determining the cross sections for single capture and transfer ionization in the
coincidence experiments done with gas cells.



The first type was due to impurities present in the primary beam. Shinpaugh et
al.® found this correction to be as large as fifty percent of the single capture cross section
a 38 MeV for F°* on He. The second type of correction originated from double-collision
processes and geometrical considerations of the recoil-ion spectrometer and varies
inversely with projectile velocity due to the dependence on charge transfer. Shinpaugh et
al.*® reported that this correction was as large as 14 percent of the single capture cross
section for 13 MeV F** on He at atarget gas pressure of 0.4 mTorr. Since the corrections
to the single capture cross sections were larger than those to the transfer ionization cross
sections, the determination of the relative cross sections were affected. The ratio of
transfer ionization to single capture has larger values than those uncorrected values.



Fig. 4.1. The 2-D recoil ion momentum spectrum of He" ions in coincidence with &**
from 1 MeV/u O>" + He collisions as observed on the position sensitive recoil-ion
detector. In the left-most figures the ordinate is the momentum parallel to the beam
(longitudinal  momentum) and the abscissa is one component of the momentum
perpendicular to the beam. The three spectra are for: total coincidences (top), random
coincidences (middle) and the true SC coincidences (bottom). The right-most figures are

the projections onto the longitudinal direction in a.u.
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Fig. 4.2.The 2-D recoil ion momentum spectrum of He? ions in coincidence with O**
from 1 MeV/u O + He collisions as observed on the position sensitive recoil-ion
detector. In the left-most figures the ordinate is the position (Ch #) parallel to the
beam and the abscissa is one component of the position perpendicular to the
beam. The three spectra are for: total coincidences (top), random coincidences
(middle) and the true Tl coincidences (bottom). The right-most figures are the
projections onto the longitudinal directionin Ch #'s.
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Fig. 4.3. Tl to SC ratio for 1 MeV/u O* incident on He. Included are the data of Tanis
et al.*® and Shinpaugh et al.®
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If we assume that the two-electron removal from He is occurring by independent
interactions with the projectile, the ratio of TI-to-SC is expected to vary as 7%, where Z is
the projectile charge. Our measurements follow the Z? dependence for bare and hydrogen
like ion impact as expected. The deviation from the Z% dependence is relatively small.

The discrepancy of the measured values of R reported here with those previously
published by Tanis et al.®® for 1 MeV/iu ®® on He may be atributed to their
experimental method. Moreover, their data do not include the corrections mentioned
above.



B. Systematic Study of Velocity, Charge State and Energy Dependence of Tl to SC
Ratio for F* Incident on He

Figures 4.4 through 4.11 show measured relative cross sections of transfer
ionization to single capture obtained in coincidences between charge exchanged
projectiles and appropriate recoil ions for several different energies and charge states.
Our study includes both dressed and bare fluorine projectiles. The target is delivered by
the supersonic two-stage helium gas jet. The target was well localized therefore we have
not suffered from the problems and corrections that occurred in previous gas cell
experiments.

The data included are 0.5 MeV/u — 2.5 MeV/u E*9* jons incident on He with
three exceptions: First, we could not make the measurement for 0.5 MeV/u F°* on He,
because of the very low intensity of the projectile beam. The second and third ones were
the 2.0 MeV/u F* and 2.5 MeV/u F**on He, which were not measured due to the fact that
the dipole magnet was not powerful enough to bend the charge-exchanged beam of F**
and F*, respectively. All other charge states at all energies were measured. In al runs
anayzed, Tl and SC peaks were clearly separated from any contamination contribution.
For F*" ions incident on He, the ratio of transfer ionization to single capture are given in
Table 4.1.

We compared our measurements with available previous measurements and
calculations done by Shingal et al.>, and Tseng and Lin for bare and hydrogen like
projectiles. Unfortunately calculations for E*”* on He cases are not available to date,
and no other experimental data exist. Also, the o dependence is plotted as an eye guide
for al the data. Even though it is not expected that the data will follow the g2 dependence
when R becomes large, it is used as a “reference guide” to the trend in the data. The of
dependence is normalized to the He* + He published data.*>*°

Figure 4.6 shows a plot of the s ;, /s o ratios as a function of projectile charge q

for 1 MeV/u F** on He. The solid line represents a g* scaling normalized to He* + He.
The bare F**, hydrogenlike F** and F* ratios scale extremely well with of dependence
normalized to the 1 MeV/u He* + He data. Furthermore, it is reasonable that the He**

sees full screening for the tightly bound K-shell structure of F** and F'* projectiles. The



calculations of our theory collaborators, Tseng and Lin, are displayed aso. The
calculated g dependence matches the data but dightly overestimates the measured ratio.
We may conclude that these collisions can be approximately described within the
perturbative regime. The data for F**, F°* and partly F* demonstrate the effect of
dressing the projectile. This anti-screening effect (which means “not full screening”)
takes place because ionization in the Tl process occurs within the projectile electron
cloud and increases the effective charge and therefore enhances the ionization cross-
section. Deviations from the g ratio can also arise from the behavior of the capture
probability, however this probability is usually small for these systems as can be seen in
the calculations of Tseng and Lin that are given in Fig. 2.7.

The trend seen in the 1 MeV/u data is characteristic of the data at other energies.
The 0.5 MeV/u datain Fig. 4.4 is a good example. The F** and F'* agree extremely well
with the scaled He** + He data whereas the lower charge states show antiscreening. The
highest energy data, 2 MeV/u, also agrees very well with the scaled He** + He data for
F** but shows a behavior for the other charge states that cannot be explained by the

simple screening model.



Table 4.1. Theratio of transfer ionization to single capture for F** incident on He.

0.5 MeV/u F* 0.75 MeV/u F*
q Ratio q Ratio
4 0.849 + 0.03 4 0.796 £0.02
5 1.234+0.04 5 0.918 + 0.05
6 1.450 £ 0.04 6 1.258 +£ 0.03
7 1.707 £ 0.07 7 1519+ 0.05
8 2.309+ 0.05 8 2.055+0.05
9 2.810+0.05
1.0 MeV/u F** 1.25 MeV/u F**
q Ratio q Ratio
4 0.66 + 0.01 4 0.61 +0.009
5 0.82+0.01 5 0.779+0.01
6 1.07+0.01 6 091 +0.01
7 1.33+£0.01 7 1.205+ 0.03
8 1.77+0.01 8 162 +0.03
9 2.23+0.05 9 2.16 +0.03




1.5MeV/u F¥*

o)

Ratio

1.75 MeV/u F*

O© oo ~NO O~

0.59+ 0.01
0.64 + 0.006
0.79 £ 0.008
1.07 +0.02
149+ 0.01
2.03+0.04

o]

Ratio

2 MeV/u F**

O© oo ~NO O~

0.616 + 0.02
0.712+0.02
0.892 + 0.03
1.42+0.04

1.923 + 0.07

Ratio

2.5 MeV/u F*

© 00 ~NO O b~ o)

0.627 + 0.009
0.632 + 0.007
0.82 +0.03
1.085+ 0.04
1.87 +0.05

Ratio

© 0o ~NO O b~ o)

0.513+0.02
0.692 + 0.03
0.913+ 0.05
138 +0.13
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Figure 4.12 shows the energy dependence of the ratio, Sm , for P* on He. It
S C

includes present measurements, and results for Shinpaugh et al.*, and calculations from

Shingal and Lir*!, and Tseng and Lin. Present measurements qualitatively agree with

. S .
Shinpaugh et al.® measurements. However, we see much larger = ratios for the
sC

higher energy data points. We do not have measurements below 0.75 MeV/u for F*,
which makes it impossible to compare with their data pointsin that region. Thereisfairly
good agreement between the data and the calculations of Tseng and Lin, but large
disagreements with Shingal et al.*
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Fig. 4.12. Theratio of transfer ionization to single capture for F°* incident on He.

Symbols for data: solid squares, present data; solid circles, Shinpaugh
et al.[ Ref. 38]; solid diamond, Wu et al. [Ref. 36]. Theory: solid
triangles, Shingal et al.[ Ref. 51]; inverted triangles, Tseng et al.



C. Total One-Electron Transfer Cross Sections for F°* and F°* I ncident
on He

The single capture and transfer ionization cross sections were derived from the

STI

ratio measurements and the total one electron transfer cross sections provided from
S C

previous studies” by using the following relations:

S =S q,q-lﬁ Eq 4.2
S, =s ‘N'l% Eq. 4.3

For F¥ ions incident on He, the measured cross sections for total one-electron
transfer, single capture and transfer ionization are given in table 4.2. These cross sections
are plotted in Fig. 4.13. The calculations of Tseng and Lin are also given.

Table 4.2. Measured cross sections for one-electron transfer, single capture and transfer
ionization for F** incident on He. The projectile velocity is given in MeV/u and all cross

sections are given in units of 108 cm?

Dillingham et al.” F** + He

E S & S o S o

Exp. Theory Exp. Theory
0.50 80 24.1 55.8
0.75 125 4.092 8.41
1.00 3.37 1.22 1.166 2.15 2.339
1.25 157 0.599 0.467 0.971 0.931
1.50 0.67 0.268 0.205 0.399 0.369
1.75 0.38 0.157 0.223
2.00 0.15 0.072 0.056 0.0781 0.0818

2.50 0.085 0.044 0.041
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For P' ions incident on He, the measured cross sections for total one-electron

|73

transfer from Dillingham et al."”, single capture, and transfer ionization are given in table

|73

4.3. Tota one-electron cross sections measured by Dillingham et al.”™ and by Shinpaugh

et al.® are compared as shown in Fig. 4.14. The data show a good agreement between

|.”® measurements of total one-

these two measurements. In this study Dillingham et a
electron transfer cross sections are used to determine the single capture and transfer
ionization cross sections by equations 1 and 2. These cross sections are plotted in Fig.
4.15 and compared to the measurements of Shinpaugh et al.®

As seen in Fig. 4.15, Shinpaugh et al.® measurements indicate that transfer
ionization is larger than single capture at low energies, where it dominates the capture
process around the velocity of 0.6 MeV/u, and then single capture surpasses Tl around
1.5 MeV/u. However, we observed that the TI process is dominant over the SC process
over the energy range in the present study. Present results agree well with Shinpaugh et

al.® for the TI cross section, but differ for the single capture process.



Table 4.3. Measured cross sections for one-electron transfer, single capture and transfer

ionization for F°* incident on He. The projectile velocity is given in MeV/u and all cross

sections are given in units of 108 cm?. The calculations of Tseng and lin are also given.

Dillingham et a F" +He

E S o S o s
Exp. Theory Exp. Theory

0.50 - - -
0.75 13 341 9.59
1.00 5.26 1.63 1.254 3.63 3.245
1.25 2.20 0.696 0.49 1.50 1.335
1.50 1.00 0.33 0.220 0.67 0.554
1.75 0.50 0.171 0.329
2.00 0.28 0.0976 0.061 0.182 0.127
2.50 0.14 0.0588 0.0812
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D. Tl and SC for Z > 9 projectiles

The other question that we have addressed with the TI/SC ratio is the projectile g
dependence for projectiles greater than g=9. The big unanswered question here is the
sudden fall in the TI/SC ratio for values of q above q = 20, as reported by Datz et al.”
shownin Fig 2.3

In the first set of experiments for Z > 9 ions, extended our studies’®” to new
measurements for Si, Ti, and Cu. The results of thisdata are given in Table 4.4 and Table
4.5. In Fig. 4.17, we see aratio that follows a ¢ dependence up to approximately q = 9.
Above q = 9 the experiment exceeds the of dependence prediction due to antiscreening.
The new data, Fig. 4.18, Si, Cl and Ti go up only to g = 18 and show a smooth
monotonically increasing TI/SC ratio. The inverted triangles are data for Ti*** and Ti*®*

15,17,18+

from Montenegro et al.* The new data points for Ti have smaller errors, and when

combined with the Cu*®?®* | Fig. 4.19, reflect a more gently increasing behavior than
might be inferred from the earlier Ti data. Moreover, the high q data of Datz et al.”,
which showed TI/SC ratios of approximately 2, is 5 times smaller than our TI/SC ratio
for q = 20.

Therefore, in our fina experiment these measurements were performed for 19°
beams a 0.25 MeV/u, 0.375 MeV/u and 05 MeV/u. We have extended our

measurements up to ¢ =25 in order to compare directly with Datz et al.® Results are

given in Table 4.6. Measurements for 0.25 MeV/u 1% (g = 15, 17 and 19) are shown in
Fig. 4.20. The present measurement differs by a factor of ~2.5 from those of Datz et al.®

sTI

Their measured ratio, , for g =15 to 20 seems to be constant at ~1.5 and after that

SC
drops down to approximately one at q = 27. However, we observe a decrease in the ratio
in the same region, which led us to make further measurements to see whether or not the
ratio is energy dependent. The results are shown in Fig. 4.21 for 0.375 MeV/u
(1719212325 o0 He and in Fig. 4.22 for 0.5 MeV/u 1892%2* on He cases. The ratio
differs by a factor of 7 for 0.375 MeV/u I"* on He compared with 0.25 Me/u " on He

STI

case of Datz et al.*® Our measurements indicate that the ratio, , first increases and

S«



peaks around g =19and then decreases. The most significant result of these sets of

measurements is the very steep rise in the Sn ratio with energy as shown in Fig. 4.23.

SC
Datz et al.* observed only asmall risein the Sn ratio between the 0.1 and 0.25 MeV/u
S C
19" cases, besides being a factor of 3 below the present data at 0.25 MeV/u. The present
results of the I data are more in line with the trends expected for the lower z data. This
can be seen in the global plot of all the data taken by Recoil lon Momentum
Spectroscopy (Fig. 4.24).

Table 4.4. Theratio of transfer ionization to single capture for 2 MeV/u A% incident on

He.
Projectile Charge State Ratio
Q Present Wongetal. Montenegro et al.
F* 5 0.627 + 0.009
6 0.632 + 0.007
7 0.820 + 0.030
8 1.085 + 0.040
9 1.870 + 0.050
ST 12 3.340 + 0.190
cl" 13 4.450 + 0.200 4.400 £ 0.400
14 4.190 + 0.310 5.400 + 0.400
15 6.420 + 0.425 5.190 + 0.400
Ti% 15 6.100 + 0.310 7.500 + 1.500
17 7.220 + 0.370

18 8.470 = 1.100 16.75 + 6.000




Table 4.5. Theratio of transfer ionization to single capture for 1.6 and 1.75 MeV/u CU*™

incident on He.
Energy Charge State Ratio
(MeV/u) q R
1.6 cu®®* 10.34 + 0.67
1.6 cu™* 10.48 + 0.912

1.75 cu® 12.50 + 0.672




0.25 MeV/u 19

Table 4.6. The ratio of transfer ionization to single capture for 19" incident on He.

Charge State Ratio

q Present Datz et al.*

15 4104+ 0.34 1.39

17 3.74 +£0.23 1.44

19 351 +£0.14 1.35

21 141

23 1.15

25 112

27 1.06
0.375 MeV/u I 0.50 MeV/u 1%
q Ratio q Ratio
17 9.62 +0.22
19 11.24 £ 0.19 19 16.40 £ 0.41
21 11.30+ 0.20 21 17.97 + 0.32
23 918 +0.21 23 16.07 + 0.36
25 8.67 +0.45 25 14.61 £ 0.48
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0.5 MeV/u 1™ + He
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Fig. 4.24. Charge state dependence of SC and Tl processesin A% on He system. Symbols
for data: solid squares, 2 MeV/u A", are the present results; solid circles, 2
MeV/u A%, Wong et al.[Ref. 70]; solid triangles, 2 MeV/u A%, Montenegro et
al.[Ref. 50]; solid diamonds, 1.6 MeV/u CU", present results; open diamonds,
1.75 MeV/u CU™, ( present. ); A - 197 (0.25 MeV/u, present data); V - 197 (0.375
MeV/u); B> - 19 (0.5 MeV/u, present data)
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E. Mechanismsfor Transfer ionization lon-He Callisions

The process of removing two electrons from He by a charged ion has been studied
for several years. One of the interesting questions is the behavior of the transfer
ionization process, Tl, in which the projectile captures one of the electrons and the other
is emitted to the continuum. Severa features existing in the data are not understood to
date and to add intrigue to the problem, recent new data on H* + He showed a completely
unexpected result at collision velocities above 4.0 au. Below 4 au the ratio of TI-to- SC,
is flat at a value of ~2.5%. The new results* showed the ratio linearly increasing with
velocity up to a value of ~4.4% in the range of 4.0 to 7.5 au. It was expected that the
ratio would fall dowly with increasing velocity to the shake-off value of ~1.6%. The
shake-off value is defined as the probability that a second electron will be lost by the He
ion in its final state electronic readjustment following SC. The electron emission is due
to the incomplete overlap of the wave function of the intermediate He™ state with that of

sTI

the He™ ground state. We have studied the ratio for high velocity highly charged

S SC

ions on He at velocities in the range of 6 to 10 au and observed, conversely, that the ratio
is monotonically decreasing with velocity. If we assume tat the two-electron removal
from Heis occurring by independent interactions with the projectile, the ratio of Tl-to-SC
is expected to vary as Z%, where Z is the projectile charge. Using this assumption, we can
compare our results for FP* projectiles to that of H" on He by using the appropriate
scaling as we did with He?* + He scaling in the previous sections. These results can be
seenin Fig. 4.25.

This was the status of the Sn ratio until the summer of 2001, when Schmidt et

S SC
al.® extended the H" + He measurements to higher velocity (V ~ 10 to 14 au) using the
storage ring at Stockholm. Their results were reported at ICPEAC 2001 in Santa Fe. The
value of the ratio is observed to decrease from ~4% to ~3% with velocity in the range of
10 au to 17 au. These latter results compare favorably with the behavior of our F* data.

Earlier F** + He results from Shinpaugh et al.* show a turnover at lower energies similar



to the H + He data at about 7 au. These data were not taken with the COLTRIMS
method used by Mergel et al.®, Unadl et al.”, and Schmidt et al.® and suffer from fairly
large errors. For this reason they are not used in the comparison, however those data are
very suggestive of a favorable comparison between the velocity dependence of H + He
to a scaled " + He assuming an independent electron model. This suggests that we
attempt the difficult measurements of F°* + He at velocities below 6 au using our
COLTRIMS apparatus. C. D. Lin and H. C. Tseng have performed coupled channel
calculations for the energy dependence of Tl and SC for F** + He and find values slightly
higher than our measured values, but with approximately the same energy dependence
(Fig. 4.25). We show this calculation scaled with the same formula as used for the
experimental data. One of the difficulties of performing accurate calculationsis the large
basis set needed to properly describe the collision system.

The TI process can proceed via two independent e-projectile ion interactions as
discussed above [sometimes referred to as kinematical Tl or TS2 (two-step, two e-nuclear
interactions)] or it can proceed via the Thomas scattering mechanism [sometimes referred
to as ee Thomas Tl of TSl (two-step, one e-nuclear interaction)]. The Thomas
scattering mechanism transfers little momentum to the recoiling target nucleus, whereas
kinematical SC transfers longitudina momentum to the recoiling target nucleus. The
same holds true for the corresponding Tl processes. By using COLTRIMS one can
separate the two T1 processes based on the observed longitudinal momentum transfer to
the recoiling target ion. Schmidt et al.®® have done this for H* + He and reported that the
e-e Thomas Tl is 35% of the total TI. The e-e Thomas TI scattering becomes negligible
for high Z projectiles due to the 72 scaling expected for the kinematical TI. The resulting

kinematical Sn ratio for H* + He then compares very favorably with the scaled
S C

ST ratio for F** + Hein Fig. 4.25. Higher velocity data (V ~ 4.5 to 7 au) from Mergel et
S C

|7l

al.%® are shown as solid squares and the F** + He data from Unal et al.” are shown as

solid circles.



Velocity Dependence of Scaled Ratio TI/SC for F®"on He

0.03 I . T ! I " I L T
0.04 - - il
| |
[ ]
™ v
L 4
0.03 - . i y -
. 1 am = n * s . v
o . 5
74 0.02 - -
i L
B HonHe
tH
aee] @ Fﬁlnn He "
F on He
v Theory F"on He
0.00 . | : T . . - . - T
0 2 4 6 8 10
v(au)
. : . S N
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S SC

Fig. 4.26 shows the velocity dependence of scaled ratio for F°* data according to
R(measured) - R(shake)
ZZ
theoretical value. This formula is used since the shake-off limit is independent of

R(scaled) =

+ R(shake), where R (shake) is taken as the

projectile Z. This procedure brings the data a little more in line with H* + He data.



Velocity Dependence of the Ratio of TI/SC for H™ + He
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V.CONCLUDING REMARKS

The results reported in this dissertation were an important addition to the general
understanding of the transfer ionization and single capture process in highly charged very
fast ion-atom collisions. The charge state and energy dependences of Transfer lonization
(T1) and Single Capture (SC) processes in collisions of multiply charged ions with He
from intermediate to high velocities are investigated using coincident recoil ion
momentum spectroscopy. The simultaneous (coincident) detection of the momentum
analyzed recoil ions gave this technique a unique power that enabled us to determine very

S . . . .
accurate —ratios. Our results are an important improvement over the previous
S SC

measurements made by using gas cells. The present results are significantly higher than

|49

the measurements reported by Tanis et al.*, Shinpaugh et al.®, and Datz et al.*® We have

provided avery accurate set of Sn ratio data to the scientific community.
S sC
The collision systems reported here are 1 MeV/u 0*¥*, 0.5-2.5 MeV/u F*9*,
TiS 18 16-1.75 MeV/u Cu®*?® and 0.25-05 MeV/u 1" jons interacting with

helium. We have also studied the T

ratio for high velocity highly charged ions on He

S C

at velocities in the range of 6 to 10 au and observed that the ratio is monotonically
decreasing with velocity. Furthermore, we see a ratio that follows a f dependence up to
approximately g = 9. Above g = 9 the experiment exceeds the o” dependence prediction
due to antiscreening. C. D. Lin and H. C. Tseng have performed coupled channel
calculations for the energy dependence of Tl and SC for F** + He and find values slightly
higher than our measured values, but with approximately the same energy dependence.
The big unanswered question here was the sudden fall in the TI/SC ratio for values of q
above q = 20, as reported by Datz et al.* The new data, Si, Ti and Cu, go up only to g =
20 and show a smooth monotonically increasing T1/SC ratio. The new data points for
Ti*>1"18* have smaller errors, and when combined with the Cu®?** reflect a more gently
increasing behavior than might be inferred from the earlier Ti data



Present measurements for " suggest that the ratio is energy dependent contrary
to the Datz et al.** data where they observed almost no difference in the ratio between the
0.1 and 0.25 MeV/u 1% cases.

We have compared our results for F* projectiles to that of H* on He by using the
appropriate scaling by assuming that the two-electron removal from He is occurring by
independent interactions with the projectile. Schmidt et al.> reported that the value of the
ratio is observed to decrease from ~4 % to ~3% with velocity in the range of 10 au to 17
au. These latter results compare favorably with the behavior of our F* data. Earlier F*
+ He results from Shinpaugh et al.? show aturnover at lower energies similar to the H* +
He data at about 7 au. However, these data were not taken with the COLTRIMS method

and suffer from fairly large errors.

Since the TI process can proceed via two independent e-projectile ion interactions
as discussed before, by using COLTRIMS one can separate the two Tl processes based
on the observed longitudinal momentum transfer to the recoiling target ion. Schmidt et
al.>® have separated two independent eprojectile ion interactions in the Tl process as
discussed before, by using COLTRIMS for H" + He and reported that the e-e Thomas Tl
is 35% of the total TI. The ee Thomas TI scattering becomes negligible for high Z
projectiles due to the Z? scaling expected for the kinematical Tl. The resulting

S Tl

kinematical = ratio for H" + He then compares very favorably with the scaled ratio for
S C

F* + He.

On the experimental technique aspect, | want to mention the power of the recoil
ion momentum spectroscopy and how details of the experimental setup have contributed
to the accuracy of present results. The collision chamber is commissioned on the 15-
degree port of a switching magnet, which alows the delivery of a beam with very little
impurity. The target was provided using a supersonic He jet with a two-stage collimation.
The two-stage, geometrically cooled, supersonic He jet has significantly reduced the
background contribution to the spectrum compared to a single stage He jet. In the case of

a differentially pumped gas cell complex calculations based on assumptions for the



correction due to the collisions with the contaminant beam led to corrections, which were
up to 50%. The new setup alows one to make direct separation of contaminant processes
in the experimental data using the longitudinal momentum spectra. Furthermore, this

correction is much smaller (about 8.8%) yielding better overall precision.

In conclusion, further studies are needed to fully understand the transfer
ionization mechanisms for fast highly charged projectile ions through kinematically
complete experiments, where both recoil ion and electron momentum are measured
simultaneously.
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Appendix A
Cdlibration of the Detector

We have performed a series of measurements on the recoil detector in order to
characterize the detector and the gas jet. A well-regulated mask was placed in front of
the detector as shown in Fig. 3.5.A. Fig. 3.5.B shows the image of the mask, as seen on
the two-dimensional position sensitive detector (2D PSD). These data allow us to

determine the spatial resolution of the detector.

1 TEVC LN TEAT K HCAP Mun BLD OFF BIFLAY 14-FEH-3000 1213

450 - (L2 i8a HO 23 B B0 L Ate B
B WY Barm=58408] Ewnl=20 I 3E0T2IEY LM

Fig. 3.5. The calibration of the 2DPSD. (A) isthe picture of a metal mask and (B) isthe
image of this mask as seen by the detector. Note this analysisis based on a512 by
512 2-D spectrum.

The next step was to take a downward projection of thisimage for agiven sicein
the vertical direction. Since we know the physical distance between the holes on the
mask, we can assign the corresponding channel numbers in the downward projection of
theimage Fig. 3.5.B, as shown in Fig. 3.6.A, to aknown distance.

It isfound that 14.7 mm on the detector corresponds to 139 channels.

LS _14.7/mm
DC 139Ch

=0.106 mmy/Ch Eq.3.1



By using the full width at half maximum (FWHM) of the edges of the central region
obtained by taking the derivative of the number of counts per channel as shown in Fig.
3.6.B, we are able to obtain the following:

(FWHM ),, =7.76Ch .
We are then able to obtain the position resolution of the detector.

Res » FWHM ~ ) Eqg. 3.2
DC

Res. » 0.82mm



Down Projection of Spectra 8

I ! T ! I A T

40000 -} Fal A %

AC=139 Ch
30000 - | J

<. 20000 I 373 N
184 | -
10000 f .
0 T T f T ' r ' T T
a 100 200 a0a 400 500

C (Channel #)

T T T T
oy '. B
|
FWHM | 7.26
2000 ¥ -
|1
| |
) 5 ! o B
f— |
> I
'_3 mjn f !l ...
i FWHM || i
"i* 9.40
-4000 - I|; 4
6000 . , : , . , : ; :
4] 100 200 300 400 500

C (Channel #)

Fig. 3.6 Downward projection of the image obtained from the mask (A) and its
derivative (B).



After the detector spatial calibration, the mask was removed and several test runs
with different extraction voltage settings were made in order to characterize the jet. Table

3.1 shows the test runs and their results.

Table 3.1 Test run results for 1 MeV/u F™* on He in order to calculate the jet speed.

Run # Extraction Voltages Time of Flight Peak Positions (Ch. #)
Pusher for He" y z

436 500 V 5.934x10°s 400 231

437 750 V 4.847x 10°s 387 2325

Since we know the detector calibration, time of flight of the He" recoil ions for
different extraction voltages and corresponding jet positions on the detector, we can

easily calculate the jet speed as following.
Vg =— Eqg. 3.3

where Dy = (Vg - Y+5) Cal.Con=(400- 387) " 0.106=1.378mm
We found the jet speed to be ~1267 m/s, which is a supersonic speed. No correction due
to any contribution from a v° B due to stray magnetic fields was made. The difference
in the deflection in the z-direction indicate an error in the range of 10% due to the
magnetic fields, assuming the component of the B field perpendicular to v makes an
angle of ~45° to the y axis.

We also converted this number into momentum:

Pe =M™ v, =4.27au Eq. 34

The z-component of the momentum of He" is obtained similarly and found to be:

u
P =m, %, =m, xe(Ch ch) 2 Ly Eq. 35
8 DC T, g

From Eq. 3.5 one can easily show that conversion from channel numbers to momentum is
P, =(Ch, - Ch, )" 0.0981 inau for He" for this calibration.



Appendix B

Shown below are the spectrometer dimensions that are used in the experiment.

lon 6.7 mm
Beam 4" «—
I A (ARARERRARR NN
-~ 7. 1005 mm
39.62mm | , |
140.7 mm 621.53 mm
s v\GasJet 55.7 mm
v
I I\HHH\HHHHH\HT P
FOcUS Ground Ground
eFCP
eBCF
Anode

Simion™ calculated time-of-flights for different pusher and focus voltages

Pusher (V) Focus(V) T (He',ms) T (He*, ny)

1500 852 3.639 2.573
1000 568 4.456 3.151
750 429 5.151 3.642
500 285 6.305 4.459
250 142 8.913 6.302
200 114 9.970 7.050
125 72 12.63 8.931

70 40 16.86 11.92




Appendix C
Data Acquisition and Analysis Code

Data were read and stored in alist mode. In this mode every single event is stored
separately, which allows one not only to rerun the experiment, but also impose different
conditions to the data during data analysis.

The software X SY S™ was used to collect (online) and to analyze (offline) the
data. The two files, “.com and .evl”, were used in the data reading and analyses of the
data. The filename.com file allocates the memory, specifies the areas and gates to be
generated and used to store and analyze the data. The filename.evl contains the code for
processing the signal's through the computer.

In this appendix, one may find the code that we have used for collecting and

analyzing the data.



SIEHEAREFAFAHAHHTRANION.. COM HAH4H4 48R4

gl

g1 By Ridvan Unal modified from prev versions
g1 COM FILE FOR Transfer Ionization @ linac EXPERIMENT
21

% DMEM ALL GLOBAL FILE

& AMEM NEW 30000 PRGES®

B Recoil detector---------
$ AMEM 1 XE 2048

5 AMEM 2 YR 2048

5 AMEM 3 ER 2048

5 ABMEM 4 SUMR 2048

5 AMEM & RXX glz2 1128

& AMEM 7 RYY 512 1128

5 AMEM B REY 512 51z 1123 128
Glomemmmemmeeeeeee-e--c---3ated----Recoil detector---------
& AMEM 31 gXR 2048

5 AMEM 32 g¥R 2048

$ AMEM 33 gRR 2048

§ AMEM 34 gSUMR 2048

§ AMEM 36§ gRXX 512 1124

5 AMEM < i gRYY 512 1128

& RMEM k] gRXY 5§12 512 128 128
Glommmmm e e Gated----Recoil detector---------
§ AMEM 51 g2XR 2048

5 AMEM 52 g2¥YR 2048

$ AMEM 53 g2RR 2048

£ AMEM 54 g25UME 2048

S AMEM 56 g2R¥X 512 1128

% AMEM 57 g2RYY 512 1128

S AMEM 5B g2REY 512: 512 1128 128
loe-eceecccsee===-------Fared----Recoil detector---------
S AMEM g1 g3XR 2048

3 AMEM a2 g3YR 2048

£ AMEM &3 g3RRE 2048

& AMEM 54 gASUMR 2048

S AMEM (1) g3REX 512 112@

s AMEM &7 g3RYY E12 1128

5 AMEM &8 g3RXY 512 512 1128 128
Elececccccccccccccccammmm===-~--~--Pogition vs TAC----------
5 AMEM 11 EBXTAC 512 2048 1128 2048

5 AMEM 12 ERXTACZ2 512 512 1128 128

R e e e TAC speC.-------==--====
5 AMEM 41 TACFR 2048 ! electron recoil TAC
5 AMEM 42 TACPR2 512 !128

5 AMEM 100 HiRes 512

5 AMEM 101 HIRERARN 512

$& AMEM 102 HIRERAN1 512

S AMEM 141 TACgl10 2048
e T Work space collection-------
% AMEM 800 RANSUM 512 512

5 AMEM A01 PRORANSCDO 512

& AMEM 805 NETCAP 612 512

4 AMEM 810 PROCAPDD 512

5 AMEM 815 PROCAPAC E12

5 nMEM 420 PROSPEC 512

& AMEM 838 PROTOTSFECDO 512

4 AMEM 500 RANSUMTI 512 512

$ AMEM 01 PRORANTIDG 512



$ BMEM %05 NETTI 512 512

5 BMEM 910 PROTIDO 512
5 AMEM 915 PROTIAC 512
& AMEM 920 PROJGSPECT 512
& AMEM 938 PROSPECDO 512

e o i S Gated TAC spec.---------------
5 Clear Flags
% Gate New
5 Gate
$ tdg alloc 10 gl0 spec B
5 Gate 41 3
$ CLEAR ALL



!

'###########ﬁ#####H#HCHP EVL##iiaddhaidrandhastg
Modified by Ridvan Unal from

'EHL FILE FOR 20FT ELECTRONS FROM D2 EXPERIMENT AT LINAC

L

{Allen Landers & Mahendrajit Singh

13ug. 25 1957

REAL RYSH=0.0
REARL RFACTOR=2.0

INTEGER RIY
INTEGER RIXIY

REAL SRXF ! Recoil Signals after Offset

RERL SEYF | and Gains have been applied

RERL SRERF l

REAL RV1 1

RERL, RVZ 3

RERL RWV3 1

REAL RS | Recoil Signal Sum/3

REAL RIX7 | Recoil "X¥" Position (along beam) real

INTEGER RIX ! Recoil "X" Posmition (along beam)

REAL RIY7 1 Electron "Y¥" Position (perp. to beam) real
i
1

Recoil "Y' Position (perp. to beam)
Recoil 2D Position for 2D Spectrum
I
fo-e-eo--------Recoil Matrix Variableg---------

REAL Templ

REAL Temp2

RERT, M1l=1

REAL M12=-.003

REAT, M13i=-.08

REAL M21=-.002

REAL M22=.59

REARL M23=-.08

REAT, M3l=-.10

RERL M32=-.10

REAL M33=1.07

P S i Sle s e REC. DET, =========s-=-=c==

RERAL, RT=0.0 IANGLE OF ROTATION FOR REC. DET.
REAL SINRT

REAL COSRT

REAL X1SINRT

EEAL X1COSRT

REAL RXD=2%6

REART, RY0=256



REAL RX1
REAL RY1
REAL RX2
REAL: R¥2
REAL RX3
REAL R¥3

Integer RIXTeSs

REAL TACPRL=-10.0
REAL TACPRH=2048.0

[ e GENERAL PURPOSE PARAMETERS----------
INTEGER SEED

REAL RanMNuml IRandom number between 0 & 1
REAL RanNumz |Random number
|esmmsecme=cc===== SQORTIHccacssssssssssnnsnnensnenn

OPTICOH ALLSEEC
OPTION TAPE

FOEMAT STACPR 1 12 1 | TACER, Recoil's TAC
FORMAT STACPRZ 1 12 5 ! TACER/E

FORMAT SRX i .

FOEMAT SRY B 1

FORMAT SRR 4 12 1

EVENT 2

IF STACPR GT TACPEH EXIT
IF STACPR LT TACPRL EXIT
IF SRX GT RTHH EXIT
IF SRY GT RTHH EXIT
IF SRR GT RTHH EXIT
TAPE
|esusssss=======C0RRECTION FOR GAINS AND OFFSETCesssssssss==
lmeeeecc--==REC. DET.-------------———
GET SRX
EUB OFF
MUL RGX
STA MRX

GET SRR
SUB OFF
MUL RGE
STA MRE

LDA MRX
MUL M11
STA TEMP1
LDA MRY
MUL M12
5TA TEMPz2
LDAR MER
MUL M13
ADD TEMP1



ADD TEMPZ
8TA SRXF
STA RV1

MUL M21
STA TEMP1
LDA MRY
MUL M22
STA TEMP2
LDA MER
MUL M23
ADD TEMP1
ADD TEMPZ
5TA SRYF
STA RVZ

MUL M31
5TR TEMP1

lz=z=c—cco=coooo=cocosassssea I VIS ION Sanssssunneassnensnnnso=x
e e g BEG. DET,-—-<==vasioas
LOAR RV3
MUL EFACTOR
ADD RV1
ADD RVZ
DIV 3.0
STA RS
IF RS LT RTHS EXIT
LDA EV1
MUL RCH
DIV RE
DIV 3.0
MUL RAMPX
EUE RXEH
5TA RIX7
FIX
STA RIX
LDR RVZ
MUL RCH
DIV RS

MUL RAMPY
SUB RYSH
STA RIX7

8TA RIY

l====================DETECTORS ROTATIONS==s===zz=s====s========



8UB RYO
ETA RY¥1
LDA RT

5TA SINRT
LDA RT
05
STA COSRT
LDA REX1
MUL COSRT
STA X1COSRT
LDA RY1
MUL SINRT
ADD X1COSRT
STA RXZ
LDA RX1
MUL SINRT
STR X15INRT
LDA RY1
MUL COSRT
SUB X1SINET
5TR RY2
LDA RXZ

STA RX3
STA RIX7
FIX
STA RIX
LDA RY2
ADD RE¥O0
1 IF LT 0 EXIT
STA R¥3
STA RIYT
FIX
STA RIY
LDA RIx7
MUL 4
STA Rlxres

LOA RIX7
MUL 4
STA RIxlres

LOA RIX7
MUL 4
STA RIX2res

fIRC STACPR TACPR ! Increment Raw Electron and
TINC STACPRZ TACFR2 ! Recoil TACS

f=-=assr SRR e S e = e i

TINC SEXF XR ! Increment Raw Recoil Signals
TINC SRYF ¥R ! and Popition Spectra



TINC SERF RR
TINC RS SUMR
TINC RIX RIY BXY
STA RIXKIY

TINC RIX RXX

L e RX wa TAC
TINC RIX STACPR RXTAC
TINC RIX STACPR2Z RXTACZ
§~mmm e RS
SPEC TACPR
GATE G1 TACER 1
GATE G2 TACPR 2
GATE G3 TACER 3
et s e Gated Spectra Increment

If Stacpr gl then

TINC SRXF giR
TINC SRYF g¥R
TINC SRRF ghRR
TINC RS gSUMR
TINC REIX RIY gRXY
TINC RIX gRXX
TINC RIY gRYY
TINC RIxres hires

Endif
If Stacpr g2 then

TINC SRXF gZXR
TINC SRYF g2¥R
TINC SRRF gZRR

TINC RS g

TINC RIX RIY g2RXY
TINC RIX g2RXX

TINC RIY g2RYY

TINC RIX2res HIRERAN1

Endif

If Stacpr g3 then

TINC SRXF g3XR

TINC SRYF gl¥R

TINC EREF g3RR

TINC RS giSUMR

TINC RIX RIY g3RXY
TINC RIX g3RXX

TINC RIY g3RYY

TINC RIxlres HIRERAN

Endif

If RIXIY gl0 then

TINC STACPER TACglO

Endif
END

1
Store Recoil Position for Gate

Increment Gated Recoil Signals
and Pogition Spectra

Increment Gated Recoil Signals
and Position Spectra

Increment Gated Recoil Signals
and Poaition Spectra



