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ABSTRACT

We discuss the dynamics, construction, implementation and benefits of a time-of-
flight (TOF) detector with count rates an order of magnitude higher and resolution three
to four times better than that obtainable with a surface barrier detector. The proper use
of design criteria for a time-of-flight detector is outlined, and the determination of a
TOF detector's total relative timing error and how this value determines the mass
resolution are illustrated using a graphical analysis. We present simulation and
experimental examples employing light ions and discuss advantages and pitfalls of

medium-energy heavy ion TOF spectrometry.
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Recipes For High Resolution Time-of-Flight Detectors

I. Introduction

Many of the limitations inherent in High and Medium Energy Ion Scattering,
HEIS and MEIS, using a surface barrier detector have been overcome by the recent
implementation of Time of Flight, TOF, detectors[1, 2]. Improvements include: 1) higher
count rates, 2) better energy resolution, 3) greater immunity to damage and 4) the
absence of channeling in the detector. In the TOF technique, the measurementof a
particle's flight time over a known path gives it's velocity and hence it's energy[3]. The
fast response time of chevron microchannel plate (MCP) detectors and their electronics
allow count rates as high as several hundred thousand counts per second and the
accurate timing leads to excellent energy resolution. For surface barrier detectors, the
count rate is limited to approximately ten thousand counts per second by the time
dependence of the associated electronics for the shaping constant applied to the signal
pulse and by the even slower conversion time of analog to digital converters.
Resolution is generally set by the noise in the preamplifier and is typically on the order
of 10 keV. In addition, detector performance is degraded by localized radiation damage
caused by the energeticions. This damage results in a loss of charge collection
efficiency in the damaged region which in turn causes shifts and loss of resolution in the

energy spectrum. Replacement of the detector is expensive and inconvenient.

TOF detection is well-suited to thin film and materials analysis using heavy ion
scattering. The use of heavy instead of hydrogen or helium ions offers significant
advantages: mass resolution is considerably enhanced on kinematic grounds; surface

resolution is enhanced due to the larger dE/dx values of heavy ions; and the sensitivity



to low level concentrations in the target material is enhanced while elements lighter
than the projectile become invisible as a result of the quadratic dependence of the
scattering cross-section on nuclear charge[1]. These advantages are not accessible with
surface barrier detectors. With heavy ions, the degradation of surface barrier detectors
by radiation is increased, while signal quality and signal-to-noise are diminished by
several factors:. a shallow penetration depth; a higher charge carrier recombination
resulting from a higher ionization density; an increase in non-ionizing nuclear
collisions; and a higher probability of channeling into the detector due to larger critical

angles[4].

High resolution energy spectra and immunity from the above mentioned
conditions can be acquired with magnetic spectrometers. However, high price,
extremely low mass acceptance, and the need for a final charged state of the scattered
particle make magnetic spectrometers less versatile than TOF detectors. The latter offer
low cost, large mass acceptance for both ions and neutrals, and virtually no
performance degradation by radiation damagel1 - 5]. In addition, dispensing with the
stringent geometric conditions and accurate mechanical alignment needed for
production of highly uniform magnetic fields simplifies construction and allows for the
resolution, in most cases, to be limited by the electronics. Moreover, unlike magnetic
spectrometers, which require scanning over the desired energy range, TOF
spectrometers collect all energies simultaneously and thus reduce spectrum acquisition

time from tens of seconds to microseconds[3].

In the next sections, we describe the dynamics, construction, implementation and
benefits of a TOF detector system. We also discuss some of the advantages and
disadvantages of such a TOF system through comparison to commonly used surface

barrier detectors.



II. Dynamics

In this section, we review the dynamics of the scattering and detection processes,

including energy straggling, that are important for characterizing detectors.

2.1 Binary collisions

Figure 1 illustrates the scattering geometry in the laboratory (LAB) coordinate
system for a binary collision. From conservation of energy and momentum the
kinematic factor for the projectile, K, for a binary collision in the LAB coordinate system

isl6, 71:

(1)

2
KP=EE _ cosepi\]y’z-sinzej:\ .

E, 1+7)

where E, and E, are the initial and final projectile energies, 6, is the projectile scattering

M
angle in the LAB coordinate system, and Y= —I\T: , is the ratio of the projectile and target

masses.

When the projectile mass is smaller than the target mass, y < 1, only the solution
associated with the plus sign is physical and 6, can vary from 0 (no scattering) to x (180°
back-scattering). For the case of the projectile mass being equal to or larger than the
target mass, Y 2 1, the solutions for both the plus and minus signs are physical, resulting
in a double valued kinematic factor, and only forward scattering can occur with the

range of scattering angles given by:

0 <6, <arcsiny? = Op,n sg- , (2)



where arcsin Y is the maximum angle of scattering, 6y, for a given projectile-target

mass ratio, .

For the case of 90° scattering, equation 1 reduces to:
E MT = Mp
——p _ YT" VP . .
K; = E, = Myt Mp (90° Scattering) . 3)

For the special case of billiard-like collisions, i.e. Y= 1, all the incident energy is

transferred to the target and the projectile is left at rest.

For 180° back-scattering, the kinematic factor is minimized:

E Mr-Mp 72

_—P _ [ZZTTVP o :

Ky = E = [MT T MP] (180° Scattering) . 4)

Further application of conservation of energy allows the kinematic factor for the

recoiled target particle, Ky = ET/E, , to be determined:

Kp+Kr=1

Er E 4y 2
o Kp===1-=E = cosGI 5
T E, Eo ~ (1+97° T ®)

where Er is the final target energy and Or is the target recoil angle in the LAB coordinate

T
system. For any value of y, 1 can vary from O to5 .

2.1.2 Binary Collisions - Two Target Masses

The difference in projectile scattered energy for two target masses is equal to the
difference in the kinematic factor for the two target masses multiplied by the incident

projectile energy:



l EP(MT‘l) - EP(MTZ) l = SEP = IKP(MTl) - KP(MTZ) l ‘Eo = 8Kp°Eo (6)

The relative difference in projectile energy for the two target masses is:

E, - E, -~ K @
which for light projectiles scattering off heavy target masses reduces to:

SE
=P _
B = K @®)

As an illustration of these equations, figure 2 shows both the absolute and relative
differences in the kinematic factors for target masses corresponding to the two isotopes
of uranium with: 1) various scattering angles as a function of projectile mass and 2)
various projectile masses as a function of scattering angle. Note that the mass resolution

oK
— i.e. the relative change in the kinematic factor, T(E , per change in the target mass, SMr
p

— is greatest at a scattering angle of 180° and drastically decreases at scattering angles
below 90°. Also note that the closer the projectile mass is to the target mass the greater
the relative change in the kinematic factor per change in the target mass. Consequently,
for a constant scattering angle, optimal mass resolution is obtained when the projectile

and target masses are about equal, hence the appeal of heavy ions[8].

2.2 Time-of-Flight

The time, t, measured for a free flight particle of energy E and mass m to traverse

a distance L is given by:

Hns:s) = 72 - (ﬁ% 2 L) )
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The free flight time dynamics of equation 9 are such that the degree of mass and energy

separation increases with flight time and thus flight path length.

Once a particle's time of flight is measured, its energy is simply determined by:

(10)

EMeV:eV) = m(amu) - (Q_L(_mz ]2 .

t(ns:us)

From this functional form, the total relative energy error is found to be twice the total

relative timing error:

OE 20t '
E =1 ¢ (11)

where 8t is the absolute timing error. Furthermore, for a constant 6t, the absolute energy
error, OE, decreases with energy(9l:

OE ~ E¥* 8t (12)
making TOF appealing for low and medium energy experiments[1, 2, 8- 11].

Upon substitution of equation 7 into equation 11, one obtains a condition for the
total relative timing error needed to resolve two masses with kinematic factors differing

by 6Kp:

5t
t

dabs

(13)

Sufficient relative kinematic or mass resolution, given by the equality, is achieved when
the time spread, &, for ions scattering off the same target mass just equals the flight time
difference between ions scattering off the two different target masses to be identified.
The inequality is introduced since reducing the total relative timing error increases the

mass resolution. As an example, in order to kinematically separate gallium and arsenic

11




with hydrogen at a scattering angle of 90°, a total relative timing error of less than 0.1% is

required.

2.3 Time-to-Energy Transformation

The intrinsic time domain for time-of-flight spectra is non-linear with respect to
target mass and scattered projectile energy, as is evident from equation 9. It is more
practical and meaningful to display spectra in the linear energy domain. To make the
transformation from the time domain to the energy domain , events(counts) must be
conserved, i.e. the number of events, N(t), in a time bin, 8t, for a time domain spectrum
must equal the number of events, N(E), in the corresponding energy bin, 3E, for the

energy domain spectrum. The transformation is as follows:

N(@E)- 8E = N(- 8t
N(E) = N lg—;
= N 55 - (14)

ot
The term '55 is the Jacobian for time to energy transformation. The Jacobian

dictates the relation between bins in the time domain and corresponding bins in the
energy domain. Thatis, for a time domain spectrum with constant bin width, the
Jacobian will transfer events in time to their corresponding bins in energy while scaling
the energy bin widths. For two energy events E; and E,, for example, thé energy bin

width scales as follows:

E
OE, = (-]-3%)3/2 OE; (for constant &t) (15)
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2.4 Straggling

Particles traversing a foil interact inelastically with the electrons and nuclei of the
medium. The degree of energy loss per interaction is discrete and subject to statistical
fluctuation. The transmitted energy for a projectile is therefore subject to statistics. The
second moment of the transmitted energy distribution, Q, for projectiles with the same
incident velocity is known as the energy straggling and is a fundamental limit to the

resolution of an experiment.

For projectiles with atomic number Z, traversing a foil of thickness t, atomic
density N, and atomic number Z,, the degree of energy straggling was first theorized by

Bohr[12] to be,
Q2 =4nZle!NZyt (16)

This result is general and indicates that the degree of energy straggling is independent of
projectile energy. Furthermore, it shows that energy straggling increases with the square

root of the foil electron density, NZ,, and increases with foil thickness, t.

For light element projectiles such as H* and He*, interactions are primarily with
the electrons of the foil material. The distribution of transmitted energies for these
elements after passage through a foil is Gaussian. That is, the probability, within dAE, of

finding a transmitted energy AE from the mean transmitted energy is:

exp[-AE2/2Q2 | 1
dAE (17)
@rQ | )'?

P(AE)dAE =

13



III. TOF Spectrometer Construction
3.1 Experimental Setup

The TOF detector is situated on a beam line at a scattering angle of 90°. The
beam line is connected via a dipole magnet, used for projectile mass selection, to two
ion beam accelerators: a 200 kV implanter powered by a stable solid-state high voltage
supply and a 700 kV Van de Graaff. Ions of various mass from either machine can be
used with an adjustable energy range from 20 keV - 700 keV and with variable beam
size. The TOF detector, schematically illustrated in figure 3, uses a design similar to
that of D'Erasmo et al.[13] and Starzecki et al.[14] which incorporates a start and stop
detector for determination of flight time. One advantage of the detector is that it is used
with a continuous rather than a pulsed beam. The start detector makes the
determination of time zero rather direct as compared to pulsed beams. In pulsed beam
TOF the total time of flight includes the time from ion beam pulsing to sample impact.
Unfortunately, this time can not always be compensated for correctly, thereby leaving

the true flight time from sample to detector uncertain[15].

3.1.2 Start - Stop Detectors

The appeal of the start detector, shown in figure 4, is its engineering simplicity,
ease of construction and straightforward operation. The detected particles first pass
through a thin, 19.4 pg/cm? (858 A), carbon foil mounted perpendicular to the particle
trajectory with an entrance aperture of 6.4 mm. The start signal arises from secondary
electrons emitted from the foil which are accelerated to 800 eV by the electric field
between the foil and acceleration grid mounted on the block. Meanwhile, an additional

grid is mounted in front of the foil and kept at the same potential as the block. This grid

14



helps prevent electric field leakage and keeps the electric field homogeneous. A
homogeneous electric field preserves the foil's integrity by preventing deformation and
breakage due to the large electrostatic forces involved. Once accelerated, the electrons
travel in a field free region inside the block prior to intercepting the electric field of the

electrostatic mirror.

The electrostatic mirror consists of two parallel wire grids, or "harps", with the
wires running parallel to the plane of the figure. The mirror is mounted at a 45° angle to
the electron trajectories and deflects the electrons 90° toward a 25 mm diameter chevron
type fast MCP detector with a 50Q impedance conical anode. All the grids are made of
25 um diameter Be-Cu wire with a spacing of 1.25 mm. The grid configuration gives a
calculated transparency of 98% for each grid or a total transmissivity of greater than
92% for the entire start detector. One prevailing quality of this design is that the
transport of electrons is to first order isochronous - producing the same electron path
length and hence same electron time of flight regardless of the point of origin of that
electron on the start foil. The electron flight time was calculated to be 4.8 ns for 800 eV

electrons.

While thinner carbon foils would produce sufficient secondary electrons to
trigger the start detector and less projectile energy straggle, the 19.4 pug/cm? foil was
chosen for its ability to ensure system reliability. Thinner foils broke more frequently
and were more difficult to handle and install. The 19.4 ug/cm? thickness foil was
resilient and remained intact during accidental voltage drops. The only precaution
required to assure foil integrity was during vents and pump downs. Vents were limited
by a bleed valve to a rate of ~0.1 Torr per second initially, rising to ~1 Torr per second at
~10 Torr of pressure, and then to ~3 Torr per second at ~100 Torr of pressure. Pump
down protocols called for rates of ~1 Torr per second from atmosphere. All valves were

opened at ~100 mTorr pressure and turbo pumps were initiated at ~40 mTorr pressure.
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The operating potentials on the start detector were determined by a series of
experiments on a 300 A gold film on silicon sample. Spectra were collected for various
voltages on the electrostatic mirror and the foil. The resulting matrix of mirror voltage
and foil voltage allowed us to choose the operating condition that provided ample

counts and an excellent signal to noise ratio.

The stop detector, located 1.635 m from the start detector and 1.868 m from the
sample, defined the flight tube's solid angle at 0.33 mstr, as shown in figure 5. The stop
detector consisted of two 40 mm diameter chevron type fast MCP detectors and a
conical anode with 50 ohm impedance for electron collection. To reduce the number of
stray ions entering the flight tube a primary aperture of 8 mm diameter was placed 12.7

cm in front of the start foil.

3.1.3 Alignment

Alignment of the spectrometer was carried out by adjusting the height of the
flight tube and primary aperture and noting the position where light from a pupil at the
center of the stop detector passed through the middle of all the apertures. Due to the
many apertures involved, it was essential to have the projectile beam and analysis
target positioned on the line-of-sight or focal point of the flight tube. Analysis with
scattering of H* from a 300 A gold film on silicon sample showed that steering the beam
away from the focal point caused a considerable decrease in count rate and a
degradation in the relative timing resolution. In fact, steering the beam allowed one to

"image" the primary aperture by noting count rate and beam position.

With a large primary aperture, this steering could experimentally give the

amount of angular spread caused by small angle scattering in the foil. Such an

16



experimental determination would be an important check on the angular spread

calculated by ion transport codes such as TRIM (see below).

To provide information on the TOF detector's efficiency, a surface barrier

detector on a linear feedthrough was placed behind the start detector.

3.2 Signal processing

A block diagram of the electronic signal processing from both the start and stop
MCP detectors is included in figure 3. In our spectrometer, the MCP anode signals-
were amplified using a Phillips Model 6954 fast amplifier and fed into an Ortec Model
583 constant fraction discriminator (CFD). The CFD provides better temporal resolution
by eliminating amplitude dependent time walks. It accomplishes this task by adding a
time-delayed, inverted "copy" pulse to the original pulse. Triggering is then set by the
zero crossing of the resultant waveform. This method allows for triggering times which
are independent of the size of the original pulse. Due to the fast nature of the MCP
signals, it was found that the delay time needed to be held to a minimum. The CFD
was therefore set to use its inherit 0.71 ns delay time by shorting together its external
delay time inputs. An addition of even 1 ns (20.00 cm) in delay time lead to erroneous
data and low count rates because the inverted pulse was delayed past the original pulse,

leading to a slow, poorly defined zero crossing.

From their respective constant fraction discriminators the signals were fed into
the start and stop inputs of a LeCroy Model 4204 time to digital converter (TDC) with
156 ps timing resolution. The data were transferred from the TDC to a LeCroy Model
3588 histogramming memory module prior to being displayed on the monitor of a Sun

systems Sparc 10.
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Although the data presented in this paper were collected using equal lengths of
cabling for start and stop detectors, figure 3 shows a variation capable of producing even
higher count rates. The less than 100% transmittance of the start detector and beam
divergence ensures that there are more start signals than stops. This effect is
compensated for in figure 3 by delaying the start signal by some time period and feeding
it into the stop of the TDC while the stop detector output is fed directly into the start of
the TDC. This reversal of start and stop outputs helps eliminate a significant amount of
dead time produced in digitizing the time overflow condition on the TDC which results
when a start trigger does not have a corresponding stop. Furthermore, the reversal of
start and stop outputs gives particles with higher energy larger digital outputs and
provides the aesthetic feel that one is viewing an energy rather than time of flight

spectrum.
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IV. TOF Spectrometer Resolution and Efficiency
4.1 Electronic Timing Resolution

The resolution of the timing electronics, 8te , which includes the intrinsic limit of
the electronics as well as the energy spread of secondary electrons from the foil, was
studied using an Americium source, *?)Am([16]. The isotopically pure **Am is an emitter
of o-particles with energies of 5.486 MeV (85.2%) and 5.443 MeV (12.8%). The high
energies involved allow the *'Am to be an excellent source of mono-energetic projectiles
with negligible energy straggling after passage through the foil; this is demonstrated by
the calculated transmitted energy distribution for 5.486 MeV a-particles passing

through a 19.4 pug/cm? carbon foil shown in figure 6.

Figure 7 shows the Americium source spectrum, which was collected over a
period of 48 hours, in both the time and energy domains. This shows &te , determined by

the width of the leading edge from 16% to 84% of the peak height, to be 361 ps; this gives

ot
, ¢ etter than 0.36% (the corresponding FWHM is 465 ps).

a relative timing resolution
The leading edge corresponds to approximately two TDC channels and is comparable to
the 396 ps flight time difference expected for the two emitted a-particles. A similar
analysis of the energy spectrum leading edge gave an energy error, 3E, of 39.5 keV (a
FWHM of 50.7 keV) comparable to the 43 keV energy difference for the two
predominant decay species. Thus, since the energy resolution of the spectrometer is on

the order of the separation between the two Americium source peaks, the less intense

peak at lower energy appears as a shoulder next to the more intense peak.

Deconvolution of the electronic timing resolution, éte , was accomplished by using
a Stanford Research Systems Inc. Model DG535 high resolution pulser. The FWHM of
the TOF peak resulting from the pulser's NIM pulse, 50 ps RMS jitter, and delayed NIM

19



pulse feeding the start and stop constant fraction discriminators, respectively, gave an
electronic resolution limit of 238 ps. As a result, the timing error for the secondary

electron energy spread from the foil was determined to be 270 ps.

4.2 Total Relative Timing Resolution

In this section, we analyze and determine how the total relative timing error is
affected by the many design parameters of a TOF spectrometer. From equation 9, the

timing error for a particle of mass m is found to be:

ot ot
St = \/ (B_E 8E)2 + (B_L SL)Z + 582 . (18)

The length error is much smaller than the other two errors provided the angular

divergence of the beam is minimized. Therefore, with the use of equation 11, the total

relative timing error becomes:

ot 10E\2 (Bt )2
FNEE

The total energy error, OE = 6E, results from energy losses associated with the

accelerator ripple (AR), energy straggling using Bohr's theory (FSB) upon passing
through the foil, and a 10% nonuniformity factor for the carbon foil (NU). Summed in

quadrature, these errors lead to a contribution to the relative timing error as follows:

1/2

2 2 2
St 18Es 1 [(SEAR) + (8Ems) + (3Ewv) ]
(ijm =2 E "2 E : 20)

A graphical error analysis is shown in figure 8 for H* and a free flight path of

1.635 m [17]. The first graph shows the time of flight, as calculated by equation 9, for H*
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at various energies and a free flight path length of 1.635 m. Figure 8-b graphs the
relative timing error resulting from the total energy loss error, 8Ej, at various energies.
Figure 8-c indicates the relative timing error at various energies due to the electronic
timing error, &te , determined from the Americium spectrum. Finally, figure 8-d shows
the results of summing both b and ¢ in quadrature according to equation 19. For this
projectile and path length, the total relative timing error for all projectile energies
simulated is due primarily to the total energy loss error, 8Eqss , with the major

contributor being the accelerator ripple, AR.

The Modular design of the flight tube allows for variation in the free flight path
length and, in figure 9, calculations are graphed for a free flight path length of 0.708 m to
compare with those in figure 8 . The total energy loss error results are similar since
conditions through the foil have not changed. However, due to the shorter flight path
length, and correspondingly shorter flight times, the electronic timing error, ote ,
becomes much more substantial; it increases by more than a factor of two. This timing
error increase reveals itself in figure 9-d where a local minimum appears. The minimum
represents a cross-over point. That is, for projectile energies to the left of this minimum
the total energy loss error, 6Eqss, is the major contributor to the total relative timing
error. On the other hand, for projectile energies to the right of this minimum, the total

relative timing error is due almost entirely to the electronic timing error, 8te .

The dependence of the spectrometer’s total relative timing error on the total
energy loss error, 8Ejess , and the electronic timing error, dte, is further illustrated in
figure 10 where a heavier projectile, nitrogen, and a free flight path length of 0.708 m are
used in the calculation. The heavier mass results in longer flight times and makes the
electronic timing error, 8te , less significant as compared to the total energy loss error,
OEjoss- For the larger atomic number projectile, the total energy loss error, 8Ejss, has

increased due to increased energy straggling and an increased energy loss variation from
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foil nonuniformity arising from a larger dE/dx value. Even for the relatively short flight
path length, the total relative timing error is due entirely to the total energy loss error,

8E,uss, for all projectile energies simulated.

These results demonstrate the difficulties of achieving greater kinematic(mass)
resolution with the use of heavy ions. Medium energies and long flight tubes, ~2 m,
work well with light ions (the low radial divergence angle helps preserve count rates).
However, for nitrogen ions or any other heavy ion projectile, the resolution is set by
straggling and foil nonuniformity in the start detector. Therefore, the way to minimize
the effects of energy straggling and angular divergence is to use thin foils, higher

energies (> 1 MeV) and shorter flight paths.



V. Start Detector Foil Characteristics
5.1 Energy and Spatial Spread of Transmitted Projectiles

TRIM[18] calculations were performed in order to characterize the energy and
spatial (lateral and angular) spread of projectiles transmitted through the foil used in our
start detector. With PC based TRIM 92 (ver 92.12), simulations were run for 500 keV H+,
He*, N+, and Ne* using ten thousand ions passing through a 19.4 ug/cm? thick carbon

foil. The results are presented in figures 11 - 14 .

As seen in the graph of figure 11, the calculated transmitted particle energies for
H* and He* have a Gaussian distribution as predicted by Bohr’s theory. The calculated
total stopping powers through the foil for these ions are 7 keV and 39.6 keV,
respectively. The FWHM values for the Gaussian fit to the histogrammed energy
distributions of 3.7 keV and 5.9 keV for H* and He*, respectively, give an indication of

the degree of energy straggling.

The degree of radial lateral and radial angular spread between the entrance and
exit points on the foil for 500 keV H* ions can be seen in figure 12. In figure 12-a the
probability for a H* ion to experience a radial lateral deflection between r and r + dr
upon passage through the foil is histogrammed. Figure 12-b shows the corresponding
probability density, i.e., the probability for deflection into an annular region with a
radius r and width dr, divided by the area of the region (2rrdr). Likewise, in figure 12-c
the probability as a function of radial angle is histogrammed, while figure 12-d shows

the corresponding probability density.

Simple geometric considerations, which are presented in figure 5, show that in

order for an ion to hit the stop detector in our spectrometer, the maximum radial angle,
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By , must be less than 0.7°. Figure 12-c shows that the majority of H+ ions are deflected

by less than this amount and would therefore be counted.

For comparison, figure 13 graphs the probability histogram of the transmitted
energy for N+ and Ne+ at 500 keV. Unlike H* and He?, all N* and Ne* ions suffer
extensive stopping loss with the energy distribution including values from zero to a
maximum cut off energy. The TRIM calculated stopping powers of 88.3 keV and 80.1
keV for N+ and Ne+ ions, respectively, clearly show the increased susceptibility of peak

broadening for heavy ions in this type of start detector.

Furthermore, the radial lateral and corresponding radial angular spread for 500
keV N+, shown in figure 14, is so pronounced — they are a factor of ten more than the
corresponding values for 500 keV H* — that most ions would miss the stop detector in
our spectrometer altogether! In addition, this kind of divergence has been known to
cause recoiling of light species from the walls of the flight tube resulting in misleading
peaks at fast times[15]. We observed this feature in a spectrum, which is not shown, of
500 keV N* scattered from a 300 A gold film on silicon sample. In this spectrum, the
main gold peak was barely above a background which consisted of counts at all time

intervals.

5.2 Influence of Foil Thickness

Additional TRIM simulations were made to determine the advantages and
disadvantages of using a foil with a different foil thickness. The calculated energy and
angular spreads for both 500 keV H* and N* passing through 5.0 pg/cm? and 80.0
pg/cm? thick carbon foils — respectively four times thinner and four times thicker than

the foil used in our spectrometer — are shown in figures 15 and 16, respectively.
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For H (figure 15), a Gaussian distribution of ion energies emerges from both foil
thicknesses. In addition, the degree of radial angular spread scales with the square root
of the foil thickness. Thus, while all the projectiles transmitted through the 5.0 pg/cm?
foil would hit the stop detector,‘the number detected after passing through the 80
pg/cm? foil would be reduced to ~75% due to the larger radial angular spread. It should
be noted however, that while the 5.0 ng/cm? foil offers a low energy error contribution
from energy straggling, a study by J. Girard and M. Bolore with =2Cf fission fragments
showed that the secondary electron yield decreases by as much as ~30% for foil

thicknesses below ~ 20 pg/cm?, resulting in lower spectrometer efficiency(1, 19].

The results for N* (figure 16) show considerable energy straggling with particles
emerging with a wide range of energies. The degree of angular spread did not show a
simple scaling behavior and was substantial with all the thicknesses simulated. Even
with the 5.0 pg/cm? foil, only half the transmitted ions would be detected with our 1.635
m flight tube. Detection of the remaining ions emerging from the foil would require a

shorter flight path and/or a larger diameter for the stop detector.

These calculations show that the advantage of achieving better mass resolution by
use of heavy ions is offset by energy straggling in the foil for energies below 1 MeV.
Furthermore, the increased angular spread contributes to substantial count rate

reductions and lower signal to noise ratios.

5.3 TRIM Precautions

Since the degree of energy straggling, Q, is an important parameter in

determining the energy resolution for the medium energies of interest in this paper, we
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have examined the relative appropriateness of applying various methods of Q

calculation to the problem of projectiles passing through very thin films.

Bohr's straggling theory is simple to use but has certain inadequacies. It is
energy-independent and, since it relies on the high probability of projectiles
encountering numerous small-energy-transfer single collisions (a process that leads to
Gaussian energy loss statistics [20)), it gives an unrealistic energy loss distribution (the
finite but low probability of single collisions with high-energy-transfer adds a non-

Gaussian component to the distribution of transmitted energies [20, 21]).

Meanwhile, the large path length used in TRIM limits the number of interactions
encountered by a projectile as it passes through very thin foils. Thus, for the problem of
interest, Trim does not produce a realistic functional form for energy straggling. In
addition, experimentation by D.H. Morse has indicated that TRIM produces a low value

estimate for the degree of radial angular spread for ions passing through thin foils[22].

To overcome the deficiencies of the Bohr and TRIM calculations, a modified TRIM
code has been written[23] which takes into account foil thickness and projectile energy in

determining the energy straggle[20, 24].

Table 1. Results of various calculations to determine energy straggle.

500 keV H+ 500 keV N+
5.0 194 80.0 5.0 194 80.0
pg/em?  pg/am?  pg/em? | pg/em?  pg/am?  pg/em?
Qpore 0.62 keV 1.23 2.50 4.39 8.64 17.55
Qrriv 0.63 1.29 2.54 3.69 10.56 16.73
Ovrry 047 0.93 1.90 6.01 11.61 21.62
Qcr 0.80 1.57 3.13 0.63 1.23 271
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A comparison of these methods of calculation for the degree of energy straggle, Q,
is shown in table 1. This table shows the values from Bohr's theory, Qgon, , the original
TRIM code, Qrriv, and the modified TRIM code, Qprriv for 500 keV H+ and N+ ions
passing through 5.0, 19.4, and 80.0 ug/cm? thick carbon foils. The Q1rpv values were
obtained from the second moment of the simulated transmitted energy distributions
shown in figures 11 - 16 while the Qutrv Values were obtained from similar simulations.
The TRIM transmitted energy distributions were fit to Gaussians in order to provide a
measure of their proximity to Gaussian shape [17]. The standard deviations for these fits,

Qcr are included in table 1.

The results show that for H+, all three values, Qgonr, QmrRivM, QMTRIM, are similar for
each foil thickness studied. Furthermore, Qqr and Qrrmy Were in reasonable agreement
for each foil, indicating that the transmitted energy distributions for 500 keV H* are

representative of a Gaussian distribution.

For N*, Qg is close to Qurrim for the 19.4 pg/cm? thick foil. On the other hand,
TRIM underestimated the energy straggling for the other foil thicknesses and also failed
to produce a square root dependence for energy straggling on foil thickness. In addition,
Qcr and Qrrpv are distinctly different due to the very non-Gaussian asymmetric
distribution of ion energies emerging from the foil. More importantly, the modified
calculations, Qyrrov, are larger than Qg due to the simplifications in Bohr's theory as
mentioned above. This means that for heavy ions, the resolution is poorer than that

predicted by equation 19.
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VI. Experimentation
6.1 Performance and Efficiency

The first scattering experiments were performed with 500 keV H* scattering from
a 300 A gold film on silicon sample with a beam slit size of 2 mm x 3 mm. A TOF
spectrum for three minutes of data acquisition using a 300 nA beam is displayed in both
the time and energy domains in figure 17. It shows a sharp peak associated with the 300
A thick gold layer and a continuum of scattered energies associated with the silicon
substrate. An energy error, 3E, of ~3.5 keV — corresponding to a relative energy error of
0.72% — was obtained from leading edge analysis. The resolution for the TOF dete'ctor
is thus three to four times better than that obtainable with a surface barrier detector. A
similar leading edge analysis gives a timing error, 6t, of 610 ps — corresponding to a
relative timing resolution of 0.36% — which is approximately ~1.7 times that measured
for the Americium source. Since the increase is due mainly to accelerator ripple, a more
stable accelerator would give spectra with timing errors comparable to those of the
Americium source and an energy resolution approximately five to six times that
obtainable with a surface barrier detector. A 34% detection efficiency for this TOF
spectrometer was determined by comparing this spectrum to one taken under the same

conditions with a surface barrier detector (assumed to have 100% detection efficiency).

6.2 Resolution

A second sample was fabricated to further test the spectrometer resolution. It
consisted of 300 A of gold grown on top of 300 A of palladium deposited on glass. The
Au-Pd was etched to form a square net of metal and a matrix of underlying glass which

revealed the 500 keV H* beam position on the sample through fluorescence. The
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spectrometer's total relative timing error of 0.36% for 500 keV H*, as graphed in figure 8-
d, is slightly better than the 0.43% value needed to resolve the Au and Pd masses (a
value equal to half the relative difference in the two kinematic factors). So, ideally the
two peaks should be resolved in our spectrometer. Figure 18 shows a TOF spectrum for
this sample in both the time and energy domains. The Au peak in this spectrum has a
sharp leading edge, a height determined by the Au scattering cross-section, and a width
determined by the Au film thickness[25]. Since the ion loses energy as it passes through
the Au (at the rate of (dE/dx),, = 16.9 eV/A), the scattering cross-section increases with
depth and the height of the Au peak increases with decreasing energy. The leading edge
of the Pd peak is shifted from the Au peak’s leading edge by energy loss from traversing
the Au and by the difference in kinematic factors. The width of the Pd peak is
comparable to that of the Au since (dE/dx);, = 16.8 eV/ A, but its height is smaller due to
a smaller cross-section. The two peaks are not fully resolved — the Pd peak appears as a
shoulder to the left of the Au peak — due to energy straggling (Qp,. A, = 3.1 keV) and
nonuniformity in the Au film. The Pd peak's broad trailing edge is a further result of
these effects together with straggling and nonuniformity of the Pd film (Qgp.pg = 3.90
keV).
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VII. Conclusion and Future Work
7.1 Report Summary

The are many design parameters involved in the construction of a TOF
spectrometer and some must be compromised. This report describes methods to
optimize the performance of a TOF spectrometer for specialized experiments. Once the
3K, of the masses to be resolved is determined, calculations like those presented in
figures 8-10 are used to determine the effect of scattering angle, projectile energy,

projectile mass, free flight path length, and foil thickness on the resolution.

The scattering angle, which determines the difference in scattering factors for a
projectile and two target elements and thus the timing resolution, must be optimized but
not at the expense of a small scattering cross-section. It would be ideal to use 180°
scattering; however, the reduction in cross-section and solid angle limits the count rate at

this angle[1] so values between 135° and 175° are usually chosen.

It is only practical to use light ions for energies below 1 MeV since the straggling
in the foil will be too large for heavy ions. However, since light ions travel at relatively
high speeds, long flight path lengths are required in order to keep the relative electronic

dt
timing error, —f— ,small. Fortunately, the fact that these projectiles have a low radial

angle divergence allows for flight lengths that are in excess of two meters.

The use of heavy ions becomes practical at higher energies (E > 1 MeV) where the

loss

. oE
relative energy loss error, E - can be kept small compared to the total relative timing

error needed for the desired mass resolution. Of special concern in this application is the

ot
flight path length. It should be long enough for the relative electronic timing error, _t_e_ ,

E
to be comparable to the relative energy loss error, E’ =, However, it should also be
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short enough, and the stop detector diameter large enough, to provide acceptable count
rates which can be diminished due to the large radial angle divergence of heavy ions.
Also, this divergence leads to various arrival times for identically scattered particles; this
error must be included in the total timing error, 8t (see equation 18). Furthermore, to

prevent recoils from the flight tube walls, baffles should be installed.

From our simulated dynamics, a 5.0 pg/cm? thick foil offers superior performance
over other foil thicknesses and should be used when high energy resolution is
mandated. However, when the secondary electron emission yield (count rate) and the
resilience factor are taken into account, thicker foils are required. The 19.4 pg/cm? thick
foil used in our detector offers a modest increase in energy straggling and a comparable

radial angle spread when H* ions are used.

Greater count rates and improved spectrum quality can be achieved by enhancing
secondary electron emission. To improve efficiency, elements other than carbon should
be tried as an emission source of secondary electrons. For instance, J. Girard and M.
Bolore have tried aluminum, gold and magnesium-oxide foils. The magnesium-oxide
foils had the greatest secondary electron emission which was five or six times that of
carbon. However, the quality and nonuniformity of magnesium-oxide foils result in
increased energy straggling(19]. Nevertheless, a 150% improvement in start detector
efficiency was reported by M.L. Roberts[26] using a thin film of magnesium-oxide
evaporated onto the back of a carbon foil. Likewise, a thin film of cesium on carbon may
also improve the secondary electron yield[27,28]. These results are promising and should
prompt further experimental investigation into materials capable of producing increased

secondary electron emission without increased projectile energy straggle[19, 29].
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7.2 Future Experiments and Designs
We recommend the following future work:

1. The angular spread for ions through the foil should be measured and
compared to TRIM simulations. A large primary aperture would allow for an
experimental determination of the ion angular spread by noting count rates for various
beam positions on the sample. This measurement however, may require baffles in the
beam line to prevent spurious effects resulting from stray ions colliding with the flight

tube wall.

2. A direct measure of the energy straggling in carbon foils should also be made.
One easy way to accomplish this task is to float foils of known thickness onto standard
samples. By probing parts of the sample with and without the foil, accurate differences

can be measured leading to a determination of straggling.

3. One promising approach for improving the timing resolution is to use channel
plates that can be driven at higher voltages thereby greatly shortening the pulse rise
time. Since the time walk associated with different size pulses is inversely proportional
to the rise time, these channel plates help to eliminate the need for constant fraction

discriminators.

4. The start detector should be refitted with finer mesh or wire grids. This
refitting would allow for more homogeneous and contained electric fields resulting in a
smaller spread for the secondary electron flight times and hence, an improvement of the
timing error at a small sacrifice of transmissivity. Furthermore, electron trajectory codes

and estimates should be used to explore the role of electron flight time variation on

resolution.
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5. For future design changes it is proposed to change the scattering angle to a
value of 135° which would allow, for example, the separation of gallium and arsenic.
Also, the new flight tube should have variable length control by incorporating the use of
a stop detector seated at the end of a moveable bellows. An in situ variable length flight
tube would allow different projectile masses to be used without a need for venting a
chamber in order to vary the flight tube length. Furthermore, an in situ variable length
flight tube would be valuable for direct recoil TOF measurements. The spread in mass
and energy for the recoiled particles can be large, and an in situ variable length flight

tube allows the resolution to be maximized for a particular mass and energy of interest.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

FIGURES
Binary collision diagram for laboratory coordinate system.

(a) The difference in the kinematic factors for two isotopes of uranium as a

function of projectile mass for various scattering angles.

(b) Corresponding relative difference in the kinematic factors normalized to

the 180° scattering case. The mass resolution — the relative change in the

OK . .
kinematic factor, f}z , per change in the target mass, Mt — is greatest at a
P

 scattering angle of 180°".

(c) The difference in the kinematic factors as a function of scattering angle for

various projectile masses.

(d) Corresponding relative difference in kinematic factors. For a constant
scattering angle, an optimal mass resolution is obtained when the projectile

and target masses are about equal.

A schematic of our TOF spectrometer showing the start and stop detectors

and a block diagram of the electronics.
Schematic of the TOF start detector.

(a) The relevant lengths and solid angles involved in our TOF spectrometer .
(b) An illustration of the maximum radial angle a trajectory may posses and

still contribute to a stop signal.

Simulated probability histogram of transmitted energy for 5.486 MeV He*+
ions (as emitted from a *!Am source) passing through a 19.4 ug/cm? carbon

foil. The simulations were run with TRIM using 10,000 ions.
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Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

A TOF spectrum in both the time and energy domains from an Americium
source. The width of the leading edge form 16% to 84% of the TOF peak

established the electronic timing error, dte , at 361 ps.

Graphical analysis of a TOF spectrometer’s total relative timing error for H*

and a free flight path length of 1.635 m.
(a) The time of flight at various energies.

(b) The relative timing error due to the total energy loss error, 8Ej.s , for

various free flight energies.

(c) The relative timing error due to the electronic timing error, dte , for

various free flight energies.

(d) The results of (b) and (c) summed in quadrature to give the total relative

timing error for the spectrometer.

Graphical analysis, similar to that in figure 8, of a TOF spectrometer’s total

relative timing error for H* and a free flight path length of 0.708m.

Graphical analysis, similar to that in figure 8, of a TOF spectrometer’s total

relative timing error for N+ and a free flight path length of 0.708m.

Simulated probability histograms of transmitted energy for 500 keV H* and
He+ passing through a 19.4 pg/cm? carbon foil. The simulations were run

with TRIM using 10,000 ions.

Simulated quantities for 500 keV H* passing through a 19.4 ug/cm? carbon
foil: (a) probability for a lateral deflection; (b) corresponding probability
density; (c) probability for a deflection by listed polar angle; and (d)
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Figure 13.

Figure 14.

- Figure 15.

Figure 16.

Figure 17.

corresponding probability density. Note that in our spectrometer, for an ion
to hit the stop detector (1.635 m away from the foil), the maximum radial
angle, 0.« , must be less than 0.7°. The simulations were run with TRIM

using 10,000 ions.

Simulated probability histograms of transmitted energy for 500 keV N+ and
Ne+ passing through a 19.4 ug/cm? carbon foil. The simulations were run

with TRIM using 10,000 ions.

The same simulated quantities as in figure 12 but for 500 keV N* passing

- through a 19.4 pg/cm? carbon foil. Again, note that in our spectrometer, for

an ion to hit the stop detector (1.635 m away from the foil), the maximum

radial angle, Om.x , must be less than 0.7°.

Simulated quantities for 500 keV H* passing through a 5.0 ug/cm? carbon
foil: (a) probability histogram of transmitted energy and (b) corresponding
probability for a deflection by listed polar angle. Simulated quantities for
500 keV H* passing through a 80.0 pug/cm? carbon foil: (c) probability
histogram of transmitted energy and (d) corresponding probability for a

deflection by listed polar angle.

The same simulated quantities as in figure 15 but for 500 keV N+ passing
through the 5.0 ug/cm? and 80 pug/cm? carbon foils. Again, note that in our
spectrometer, for an ion to hit the stop detector (1.635 m away from the foil),

the maximum radial angle, 6., , must be less than 0.7°.

A TOF spectrum in both the time and energy domains for 500 keV H+

scattering from a 300 A gold film on silicon sample. The scattering angle is

90°.
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Figure 18. A TOF spectrum in both the time and energy domains for 500 keV H*
scattering from a 300 A gold on 300 A palladium on glass sample. The

scattering angle is 90°.
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