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Heavy-lon Spectroscopy

with Silicon Surface-Barrier Detectors

Because of their large masses, heavy ions* interact
with silicon surface-barrier detectors (SSBD’s) in a
more complex way than alphas and lighter par-
ticles. While the interactions of alphas and lighter
particles with SSBD's are relatively well known at
this time, many important details of the interaction
of heavy ions with SSBD’s are still poorly under-
stood and are being actively investigated. Results
of these investigations have been and are being
published in specialized literature where great
quantities of data are available."'* The sheer vol-
ume of the published data makes their use difficult.
This difficulty is compounded by some disagree-
ment between different authors when they try to
describe the physical mechanism underlying some

*The term “heavy ions” includes fission fragments.

2.1. General

The incoming charged particle enters the active
region of the detector through a thin insensitive
window. In the active region of the detector, heavy
particles lose their energy essentially by Coulomb
interaction with the nuclei and electrons of the
absorbing material, silicon.

The interaction with electrons ultimately results in
the creation of electron-hole pairs; the average
energy necessary to create one electron-hole pair
in silicon is 3.62 eV at 300°K and 3.72 eV at 80°K.
The electron-hole pairs are swept by the electric
field, created by the applied bias voltage, and the
amplitude of the resuiting integrated current signal
represents the energy spent by the ionizing particle
in electronic collisions in the detector’s sensitive
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Introduction

observed data. Moreover, some phenomena typical
of the interaction of heavy ions with SSBD’s are
normally described with terms such as “plasma
effects” and “pulse-height defect” that may not be
familiar to nonspecialists and are not included in
detector specifications.

For these reasons, ORTEC, through this Applica-
tion Note, will attempt to summarize some of the
most recently published information and to recall
the most important concepts that describe the in-
teraction of heavy ions and fission fragments with
SSBD’s.

2.

The Interaction

of Heavy lons with
Silicon Surface-Barrier
Detectors

region. On the other hand, the energy spent in
interactions with nuclei is lost to the detection
process.

The general mechanism of interaction outlined
above is clearly valid, not only for “light” charged
particles such as alphas, protons, etc., but also for
heavy ions. However, as shown in the following
discussion, because of the large mass values of the
heavy ions, their interactions with SSBD’s are
strongly affected by some parameters that are of
little or no importance when considering the inter-
action of lighter particles with SSBD’s.




2.2. Entrance Window Effects

When any charged particle passes through the
entrance window of the SSBD, it loses some of its
energy. This loss, AE,, reduces the total amount
of energy available for creation of electron-hole
pairs in the sensitive region of the SSBD. Thus the
measured energy is something less than the total
energy and the measurement peak is shifted to a
lower energy. Also, statistical fluctuations of AE.
contribute degradation to the peak resolution.

Because of their large mass values, heavy ions lose
greater amounts of energy in the entrance window
than the lighter charged particles do. For example,
an ion with a mass near 100 amu and energy near
50 MeV loses about 0.4 MeV as it passes through a
gold entrance window that is 25 to 30 ug/cm’ thick.
In contrast, an alpha particle with the same energy
will suffer an energy loss that is about 10’ times
less when it passes through the same window."

2.3. Nuclear Collision Effects

As stated previously, the energy spent by a charged
particle in nuclear collisions is lost to the electron-
hole pair creation process. Because the probability
of a nuclear interaction increases with decreasing
velocity of the charged particle, heavy ions lose a
much larger fraction of their total energy in nuclear
collisions than lighter charged particles do. For
example, a 100-MeV fission fragment loses several
MeV in nuclear interactions in an SSBD while, for
an alpha particle of the same energy, this loss is
less than 50 keV."”

A complete theory for the slowing down of heavy
particles has been developed by Linhard et al.”
This Application Note will not report this theory in
detail but will rather indicate calibration technigues
that help account for energy loss due to nuclear
interactions when SSBD’s are used in heavy-ion
spectroscopy.

2.4. Plasma Effects

Heavy charged particles create a dense “cloud” of
electron-hole pairs in an SSBD. At the onset, the
electric field created by the applied bias cannot
penetrate this cloud. Only after the cloud has been
sufficiently dispersed by ambipolar diffusion will
the charge carriers begin to drift under the influ-
ence of the electric field. This phenomenon has the
following effects:

1. A delay is generated between the creation of
the electron-hole pairs (considered instanta-
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neous) and the rising edge of the charge pulse
in the detector.®®'? This delay contributes to
the time jitter of the signal delivered by the
detector.

2. The charge signal rise time slows down*™?
thus also increasing the time jitter value.

3. Because of the existence of a dense cloud of
charge, creating a zero initial electric-field
region, a recombination of charge carriers can
occur with consequent loss of pulse ampli-
tude. 920 This effect, combined with the energy
loss in the window (Section 2.2) and in nuclear
collisions (Section 2.3), results in an overall
energy loss which causes a “pulse-height defect.”
It should be noted that carrier recombination de-
pends strongly on the lifetime of the carriers in
the crystal used to fabricate the SSBD, and also
that carrier recombination is unimportant in the
detection of light particles or gamma- or x-rays
because the probability of carrier recombination
in a semiconductor region with a high electric
field is negligible.

These three effects are difficult to quantize. The
delay can be measured only with respect to a time
reference signal and at a predetermined fraction
of the pulse from the detector, and is therefore
dependent on its definition.” The slowing down
of the pulse (normally called “plasma time”) must
somehow be extracted from the total signal rise
time. The total rise time includes the carriers’ tran-
sit time due to their drift in the electric field and,
possibly, detector equivalent circuit and elec-
tronics effects.”) Usually the plasma time is ex-
perimentally defined by subtracting in quadrature
the carriers’ drift time and the equivalent circuit
and electronics rise time components from the
measured 10% to 90% rise time (see Refs. 4, 8, 9,
and references quoted therein). However, other
definitions have been used.""”'" Finally, the
amount of charge lost by recombination must be
extracted from the pulse-height defect and this
also includes the effects of nuclear collisions and
losses in the entrance window, as previously
indicated.

All the plasma effects decrease with increasing
values of the electric field on the centroid of the
track (some authors simply use the maximum value
of the electric field, which is easier to determine).
The dependence of delay and plasma time on the
electric field is described in the literature as KE ™,
where K is a constant and m is a value between 1
and 2. The fraction of charge lost by recombination



depends on the quality of the crystal and on the
electric field through the carriers’ lifetime to
plasma lifetime ratio."” Delay time and plasma
time decrease as the detector temperature is de-
creased; this is due to an increased carrier mo-
bility.®) We will try to give some semiquantitative
information on the order of magnitude of the above
mentioned effects.

The information on the “delay effect” in the litera-
ture is very incomplete and relates only to alpha
particles. It is expected that this effect for alphas is
several times smaller than for fission fragments.
The results reported in Ref. 9 indicate that if the
maximum electric field in the detector is of the
order of 10* V/cm, a delay of about 1 nanosecond
is expected.

Much more information is available on “plasma
time.” With an electric field of the order of 1to 1.5 X
10* V/cm, a typical value of plasma time for heavy
ions and fission fragments is around 5 to 15 nano-
seconds; the same parameter for alpha particles is
about 1 to 2 ns. These numbers will decrease by a
factor of 2 at CO, temperature and by a factor of
4 at LN, temperature.

An indication of the order of magnitude of recom-
bination effects in plasma is given in Ref. 19. Both
heavy and light **’Cf fragments showed a total
pulse-height defect of 16 MeV and mass depend-
ence of 0.4 MeV/amu in a detector with a maximum
field value of 1.45 X 10° V/cm. The estimated carrier
lifetime in the silicon crystal was 20 to 30 us.
Nuclear collision losses were estimated to contri-
bute 2 MeV for light fragments to 4 MeV for heavy
fragments with a mass dependence of about 0.04
MeV/amu for both light and heavy fragments. The
loss in the entrance window of about 0.4 MeV is
negligible when compared with the losses due to
nuclear collisions and recombination in this case.

2.5. Channeling Effects

It is well known that if a beam of charged particles
enters a crystalline solid along a well-defined crys-
tallographic axis, the incoming particles are
“steered” by the atoms of the lattice. When this
condition occurs, the charged particles suffer
fewer nuclear collisions than particles that enter
the solid from a “random” direction.

For heavy ions and fission fragments, significant
channeling is obtained only when the particles
enter the detector within the critical angle of 0.5° to

the chosen crystalline axis [normally (110), the
most “open” direction]. Channeling has been used
to improve the energy resolution of SSBD’s when
used in heavy-ion spectroscopy.**® The energy
resolution is better because there are fewer nuclear
collisions and a larger range, resulting in a less
dense plasma cloud and consequently in a lower
recombination rate.

2.6. Charge Multiplication Effects

A high-electric field under the entrance window
(greater than 10° V/cm) is important for heavy-ion
detectors because all the effects due to the forma-
tion of a plasma will decrease as the electric field
increases. However, if the detector is improperly
manufactured, the high-electric field can create
charge multiplication effects due to tunneling.”?”
The charge multiplication phenomenon results in
abnormally large pulses with consequent high-
energy tailing of the peak, poor energy resolution,
or even double peaking.””

2.7. Radiation Damage

Normally SSBD’s can withstand heavy-ion doses of
approximately 10° ions/cm* without severe deterio-
ration of energy resolution. However, it was ob-
served”’ that timing performance can deteriorate
noticeably at doses of the order of only 10’ ions/
cm? or less. The reasons are not clearly understood
but, following in part the discussion in Ref. 7, the
following explanation is proposed. The energy res-
olution of SSBD’s used for heavy ions is determined
by both the phenomena that are independent of the
electric field (window loss, nuclear collisions) and
by carrier recombination, which depends on the
electric field through the plasma time. Damage due
to heavy ions can create deep electrically-active
defects in the lattice with consequent local varia-
tions of the electric field value. At “low” doses
these variations can be such that recombination is
not a noticeable factor in the overall energy resolu-
tion. However, the detector’s timing performance is
affected directly by any local variation of the elec-
tric field through both the plasma time and the
delay time.

One final consideration is that the creation of deep
active centers increases the leakage current of the
detector. Sometimes, following radiation damage
caused by heavy ions, it is possible to prolong the
lifetime of the detector by merely cooling it to
0°C to reduce the leakage current.
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3.

Use of Silicon
Surface-Barrier
Detectors in
Heavy-lon
Spectroscopy

3.1. Calibration Techniques

The energy calibration of an SSBD for heavy-ion
spectroscopy is not as straightforward as it is for
light ions such as alpha particles. Some of the
reasons are the existence of a pulse-height defect
due to energy loss in the entrance window, nuclear
collisions, and recombination effects. The most
widely used calibration technique was proposed by
Schmitt et al.” and uses the following equation:

E(X.M) =(a+aMX+b+bM, (1)

where

E is the energy of the fragment,
X is the pulse height, and
M is the mass.

The coefficients a, a;, and b, in Eq. (1) are deter-
mined experimentally by measuring the pulse-
height spectrum of a standard fission-fragment
source such as **’Cf.

More recently, S. B. Kaufman et al.?" have pro-
posed a more sophisticated calibration technique
of more general validity. According to Ref. 2, Eq.
(1) can be used successfully for ions heavier than
mass 80 and energies in the range of 30 to 120 MeV.
Outside that range the method of Kaufman et al. is
recommended. [See the original work?" for a
description of this method, which cannot be sum-
marized as simply as the Schmitt et al. method.?)
No matter which method is used, measurement
accuracy increases as pulse-height defect de-
creases. Of the two methods known for use to
decrease pulse-height defect (channeling and
high-electric field), only the high-electric field is
feasible without special facilities for beam colli-
mation and special detectors. A high-electric field
in the SSBD reduces the portion of puise-height
defect due to carrier recombination and improves
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the timing performance by shortening the plasma
time. As explained in Section 2.4, especially with
relatively low-lifetime material, the fraction of
pulse-height defect due to carrier recombination
may be larger than the fractions that are due to
window loss and nuclear collisions.

Normally, a high-electric field over the relatively
short range of a heavy ion is best achieved by using
low-resistivity Si as starting material; the typical
value is a few hundred ohm-cm. All ORTEC heavy-
ion detectors are made from silicon crystals with
resistivities in this range and operate with a mini-
mum electric-field value of 1.5 X 10° V/cm under
the front contact. In addition, all the silicon crystals
used to make ORTEC heavy-ion detectors have
carrier lifetimes greater than 1 millisecond. Accord-
ing to the data of Refs. 19 and 20, these values of
the electric field and the carrier lifetime should
reduce to practically zero the portion of the pulse-
height defect that is due to plasma recombination.

3.2. Timing

Timing measurements with heavy ions and SSBD’s
are of great importance because the time-of-flight
(T.O.F.) technique is a primary tool for heavy-ion
mass identification (see Refs. 13—18). In every
T.O.F. experimental setup a zero time detector and
a stop detector are used. The stop detector is
usually an SSBD, while semiconductor and other
detector types have been used for the zero time
signals. In general, the time variance obtainable
from an SSBD system used with heavy ions is
affected by the following four parameters:

1. The variance, o.’, due to electronic noise.
This variance is determined by the ratio of the
system rise time (detector plus preamplifier) to
the electronic noise. The system rise time is ob-
tained by the convolution of the detector’s own
rise time and the rise time of the preamplifier.
This variance is briefly illustrated in Fig. 1, show-
ing a signal of fixed amplitude crossing a thresh-
old, V1, at time instant T,. If a “ribbon” of noise is
superimposed on the signal, a “jitter” is gener-
ated on the determination of time T,.



2. The variance of o;" of the rate of rise, dV/dt,
of the signals generated by the detector for
pulses of a given amplitude (see Fig.2). A con-
tribution to this variance is provided by disuni-
formities in the electric field corresponding to
nonuniform resistivity of the starting material.
The slowdown in rise time due to the plasma
effect enhances this problem because of the
strong dependence on the electric field value.

3. The variance, oa’, generated when a given
threshold voltage is crossed by signals that have

different amplitudes (e.g., because of pulse-
height defect) even though they have the same
rise time (see Fig. 3). A contribution to this vari-
ance in the case of “transmission type” detectors
can be provided by any thickness variations
across the active detector area.

4. The variance, on’, due to the delay generated
by the plasma effect.

Finally, note that this brief discussion is somewhat
simplified because the threshold circuits are
charge-sensitive rather than voltage-sensitive.'

The problem faced by the experimental physicist is
how to minimize the time variance and to thus
optimize the precision of the T.O.F. measurement.
To start with, the electronic noise must be mini-
mized. ORTEC offers three fast preamplifiers to be
used with different detectors and experiment con-
figurations. The Model 140 is a charge preamplifier
with a separate ultra-fast timing signal obtained
in the voltage mode.”™ The front end of the pre-
amplifier is mounted integrally with the SSBD in
the head assembly. This minimizes noise pickup
and timing losses in an input cable. Models 142A
and 142B are very fast low-noise preamplifiers
that feature a separate timing output that is derived
from the energy (charge) signal. These preampli-
fiers are connected to the detectors in the usual
manner with coaxial cables. The Model 1424 is
the optimum choice for detector capacitances
below 50 pF and for lower energies. The Model
142B is the optimum choice when the detector
capacitance is 100 pF or more and the cable con-
nection to the preamplifier is short. The Model 140
is the optimum choice for detector capacitances
of 100 pF or more and for all situations where there
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is a long distance between the detector and the
walls of the vacuum chamber. More information on
timing with these preamplifiers is available in Refs.
32 and 33.

The contributions of the variances, or and oa, can
be significantly reduced through the use of either
the constant fraction (CF)*” or the amplitude and
rise time compensated (ARC)"” discrimination
technique. The ORTEC Models 454, 473A, and 574
are all modular instruments that can be used in a
timing system to obtain optimum timing charac-
teristics with heavy-ion measurements.”"

The timing jitter caused by the detector itself can
be minimized by using as high an electric field as
possible and, whenever it is feasible, by cooling the
detector below room temperature. All of the plasma
effects in SSBD's (rise time slowdown, recombi-
nation, delay) decrease with an increased electric
field in the detector so a high-electric field will
not only improve the timing performance but also
the energy resolution of the system.

Probably the best results obtained in heavy-ion
T.O.F. measurements with a AE-E telescope of
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