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I. INTRODUCTION
The past few years have seen a rapid development of techniques by which

the idehtity of'species produced in nuclear reactions may be established. There

“has been an almost equally rapid improvement in the enérgy resolution that can

bé oﬁtained from semicondﬁctor dgtectdrs and magnetic spectrometers. The
present review is 1imited té techniques for the determinatioh gf the atomic
number Z and mass number A of nuclear species. ‘Writing a nuclearvreaction in
thevusual way --X(a,b)Y-- we shall review methods for the identification of b
an@ the meésurement of its energy. We shall consider only ?n—line techniques,
ignoring méﬁhods based on rédiochemistry, photographi? platesvbr tfack détectors.
These latter were reviewed by Price and Fleischer (1)..

In addition to the determination of A and Z,-iﬁ is almost.ihvariably
required that the energy E of the particle shéll be simultaneously measured
with the best possible resolution. In many experimentg it is'sufficient to

* : .
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measure the kinetic energy differenpes between more or less sharp lines in the
energy spectrum of particle b, corresponding to the formation of discrete energy
states of the residual nucleus Y. If the energies of thé»states of Y are well
known from previous work, even the energy d;fferences need only be measured
with sufficient precision to be suré that lines in the b spectrum are correctly
associated_with states of ¥. Nuclear energy levels, however, are frequently
spaced very near to each other so only a small spread in the.E measurement can
normally be toléraﬁed eyen though the absolute value of E maf ﬁof be iméortant.

A complete determination of Z, A and E requires the measﬁrement of three
quantities that are different functions of Z, A and E. No measurable quantities
depend directly upbn A, but for the non- or only slightlybrel§tivistic particles
typically encounte;gd in nucléar physics experiments, A ié very nearly equal to
the mass of the particle M (in atomic mass. units), which is measurable. For

non~relativistic particles, M has only near-integral values. It is therefore

sufficient that M and Z be determined only with enough accuracy to separate them from

adjacent integral values. For light particles (H and He isotopes, for example),

this is very easy because the fractional differences between adjacent small
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integers are larée. For heavy particles, the necessary reéglution becomes
difficult or even imessible to achieve.
Several classes of measurements that can be made on charged particles
provide results that depend on various functional combinatiqns of M, Z and E,
but no one measurement uniquely determines these parameteré. The value of E is
nearly always required in an experiment‘but.individual values of M and Z are
often not needed. For example, the quantity M22 can be obtained from a telescope
tha; measures the energy loss of a particle passing through‘a thin detector into a second
detector where its reéidual energy is deposited and measured. For light ions, e.q.'
protons, deuterons, tritons, 3He and 4He) ﬁhe values of MZ2 are fespectively 1, 2, 3, 12

and 16. Therefore the value of MZZ'determines M (or A) and Z unambiguously.  For heavier

‘ . 2 .
ions, though, successive values of MZ become closer together so that more

elaborate idenéification measurements must be made. To pré&ide perspective on
later portions of this paper, a simplified view of the various methods and the
information they yield will now be given:
i) Total absorption in a detector (or detector telescope)
Measuremen# of the total ionization.produced in the detector(s)
prOQides.a measure of the particle energy E. AQ ideal detector

produces an output signal linearly related to'Ef



ii)

Energy absorption in a thin detector
A thin transmission detector, included in a detector

telescope; provides a direct measure of a particle's rate of energy

~loss for a particular segment of its track. The energy of the

particle on leaving the transmission detector can be determined by
summing ionization signals from the later detectors in the telescope.

The rate of energy loss is approximately given by the simplified

Bethe-Bloch (2) equation:

- dE/dx = (a22c2/v2) ln[bvz/(c2 - vz)] | 'v 1.
wherg v isrthe particle velocity, ¢ is the vélocity of light and
a and b érelcqnstants dependent only on ﬁhe detector material.
Althoﬁgh the Bethe-Bloch equation is trédionally'written'in texms
of the atomic number Z, the ratevof energy losé:éctually depends on
an effective charge state egf of the moving ion, which may not be
full? stripped of atomic electrons (qeff:< 2) .

Since the logarithmic term varies only slowly with energy

(or velocity) its effect will be neglected in this approximate

<
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S iii)

discussion. Also, for non-relativistic parﬁicles, §2'= 2E/M.
therefore Equation 1 can be simplified to:

‘dE)dx o« MZZ/E ' | 2.
As stated earlier, E can be computed by summiﬁg-the detector teleséope
signals, so the measurement of dE/dx providés a measure of Mzz.
Time—of-flight measurement

Measurement of the time of flight (TOF) of a particle fhrough
a known flight path in vacuum determines thé particle veloéity V.
We have:

v? = 2EmM | ' | : 3.
If the value of E.is known, then the TOF determines M. vathis
measurement of M is combined with a dE/dx dgtermination, Z can be

v

deterﬁined.

'

In principle, therefore, a detector telescope measuring TOF,
E and dE/dx uniquely identifies a reaction product particle.
Unfortunately, limitations in the accuracy of detemmination of E,

dE/dx and v blurr the results and prevent unique identification for

N

s

the heavier isotopic species.



iv)

‘Bending in a magnetic field

Magnetic spectrometers provide yet»another determination
of a combination of the particle parameteré_M,vZ and E. In a fixed
magnetic field B, the radius of curvature p‘of a particle is given
by:

Bp « Mv/Z2 - | 4.
Light parficléé, or heavy ions at high energies, emerge from a target
fully,stripped of electrons so that g is equal.to Z. Measurement
of Bp, TOF and dE/dx is, in this case, equivalent to a complete
identification and energy measurement. For heavy ions at lower

energies, q < 2 and there may be ambiguities in the identification:

these are discussed in Section IV.

Other physical effects that depend on M, 2 and E can also, in principle, -

be used for particle identification. The deflection of a particle in an electric

field is one example, but this effect is so small for the’high—velocity particles

of interest that it has not yet been used.

[4
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-II.F IDENTIFICATION BY ABSORPTION.IN‘A DETECTOR TELEéCOPE
| Basic AE,E Systems

As indicated earlier, -signals obtained from detecto;s in a telescope can
be used, either‘alone of,.where necessary, together with another measurement
(e.g._time of flight), to identify the fragments pr?duced in a nuclear reaction.
The simplest type of telescope and the essential elements of the associated
electronics are shown in Figure 1.. In such a AE,E telegcébe, the dgtector
thicknesses are chosen so that the particles of interest pass through the front
AE detector, providing a AE signal, then stop in the rear E detector. The total
energy signal caﬁ be derived by adding the two signals, and particle identification
can be obtained from the indIvidual signals:

Refg?ring té Figure 1, signéls from the detegtors are amélified to a
convenient level and, providing that they satisfy certain energy (i.e., ampli;ude)
and timing requirements, they are allowed to pass into the sIgnal adder to generate
the total energy signal. _They also feed an identifier whicﬁ develops an output

signal whose size is ideally determined only by the type of particle--independent

of its energy. The identifier function may be performed by a special-



purpose analog computer unit, or by a digital computerf?br sometimes by both.
In general, analog caléulations can be performed in a Véfy.short time while
digital operations are slower, but offer more flexibility énd accuracy. As
shown in Figure 1, signals from the two detectors must bebgpincident én time
and fall into energy windows defined by’the single—channei analyzers. 'These.two
requirements reduée the chance that the summation of siénal; generated by two
fragments will produce a_part%cle identifier output that'cprrésponds ﬁo a third
type of ion. Narrowing the energy acceptance windows‘to the minimum valugs
consistent with detecting the rare events, and reducing the resolving time of
the fast coinc;dence circuit to its minimum tolerable value, reduces the chance
of falée.identification.
» Identif‘icavtion Algorithms

As shown in the Introduction, knowledge of dE/dx and E is adéquate to
- establish the quantity M22 for an ionf In principle, therefore, a table look-up
procedure can be used to identify the particlg--o; at lé;st to identify its MZ

value. When a computer is available, this technique is sometimes used (3,4),

but it is often simpler, using the AE and E signals, to generate a function whose



value is charécteristic of a particular type‘of”ion and independent of its energy.
The pﬁrpose of the algorithms to bé discussed he;e is téprovidg suitable
readily—computabie énalytical functions that come close tq achieving this idea;.
Identification of ions by a AE,E detector teleédope depends on the
deposition of energy by an ion passing th;ough the'dgteétors, and the.resulting |
ionizatioq th;t creates the output.signqls. Therefore, we must consider the

energy loss ~ ionization process. The complete Bethe—Bioéh equatioﬂ which
describes a charged particle's rate of energy loss by ibnization is:

-~ ar/ax = 4m(ed/m) (@/v%) ilmv?/ra - %1 - 8% - s - b} 5.
where:

n is the number of électrons/cm3 of the absorbgr,

e and m are the cha?ge and mass of the electron,

q‘is thg charge (in electronic units) on the ion. (Note: in cases where

q is constantly changing; its mean square value ét the'appropriate enerqgy

should be used in Equation 5.)

vvis its velocity,

B = v/c where c¢ is the velocity of light,
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I is the mean ionization potential for the absorber.

The value of I is often taken as being equal to: approximately 13ZAeV,

-1.1

A 9) when the atomic

but a more accurate value (5) is ZA(9.76 + 58.82

number ZA oflthe absorber is greater than 13.

S is the shell correction which allows for the“fact that the electrons

from different shells do not all equally partiéipé;e in the ionization

process,

D.is a density correction.

The corrections S and D are minor and will be negiected in the following
discussion. Furthermore, in moét nuclear reaction experiménts, the ions are non-
relativis?ic (i.e., 82 -+ 0). 1In these cases, Equation 5 can be reduced to a
simpler form.

A better perspective on the basis and limitat;Ons of various methods of
identification results from examination of the variatioh of stopging power
(i.e., dE/dx) over a wide range of energies. The curves given in Figure 2,

adapted from Northcliffe (6,7), show the behavior of various ions in an aluminum

absorber. Since the stopping power (see Equation 5) is basically

pt 4
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dependent on velocity ratﬁer than energy, and ions éf different mas$ all have
the same velocity when they have the same value of E/M; it ié convepient to plot
the curves in ter;s of E/M.

The vertical scale of Figure 5 is in terms of”(i/zz) dE/dx, where Z is

the nuclear charge of the ion. In Equation 5.,-however, the ion charge g is the

effective charge state of the ion. For a proton, g = Z over most of the energy

' range shown in Figure 2, but for very heavy ions, the atom is only fully

stripped at the very highest energies. For this reason, the curves of stopping

power/Z2 for‘heavy ions depart from those for protons except at the highest

energies. At the lower velocities, ions capture sufficient electrons to become

neutral at least part of the time. In this region, collisions of the neutral

’

atom with electrons and nuclei become the dominant energy loss mechanism. Collisions

.with electrons produce a variation in stopping power proportional to the ion velocity

(shown dotted for the heavier ions), while nuclear collisions become dominant
at very low velocities (full lines for the heavier ions).
A useful practical feature of the stopping power curves of Figure 2 is

that, for all ions of Z < 10, a power-law approximates the curves over a useful

part of the range of energies. Thus, we have:
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Stopping Power/Z2 « (E/M)n . ' : ' ‘ : . 6.
where the value of n varies from about -0.75 for a proﬁoﬁ) to_—0.5 for a very heavy
ion, for the energies commonly encountered in nuclear réa;Fions. The validity
.of the power-law appfoximation for protons stems from ghe‘l/E behavior of the
main term in‘the‘right-hand side of Equation 5 ,‘cdmbiﬁed with the féct that thev.
slow variation of £he logarithmic term can be closely repres;nted by a EO'3 law
over the eﬁergy range of interest. For heavy ions, charge'exchange processes at
low energies modify the energy dependence resulting in a ghange in the exponeht

Particle.identifiers generally use one og two basic algor%thms. The
earliest identifiers (8-13) are based directly on Simplified versions of

A

Equation 5. For non-relativistic particles“we may write:

- dB/dx = a(g’M/E) 1n(bE/M) S 7.
where a and b aré constants depending on the absorber méterial. 1f a detector
of thickness Ax absorbs a very small fraction of the incident energy of a
'particle to produce a signal proportional to the loss AE, énd‘if a_second
detector then absorbs the reﬁainder of the energy E to.peruce a siénal proportional

to E, according to Eguation 5 , the signals are related as follows:

¥

i
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EAE « Ax (Mq2) 1n (bE/M) » _ | 8.
Neglecting the élow variation with energy of the logarithmic term, we see that
the product of the total energy signal and thé signal ip ﬁhe AE detector is a
measure of qu. This producf_can readily be caomputed by a computer or by the
analog circuits described in the next section to yiela the required identifier
output signal which deéends, to first order, only on the value of Mq2 for the
detected particle.

In practice, two modifications to the basic muitiplier method are
necessary in applications where a broadvrange both of energies as well as of types
of particle is to be analyzed. First, the assumption of constancy of the
logarithmic term with energy is invalid. _Coﬁsequentlyflgsé of the si@ple multiplier
algorithm produces identifier og}put signals that vary‘withienergy, as well as
particle type, as shown.schematically in curve (a) of Figure 3. To partially
correct fo; the fall-off in identifier output at low energigs, it is common to
add a term proportional to AE to the EAE product. Since thg AE signal rises at
low energies, choice of an appropriate multiplying factor Eo causes the resulting

identifier output (E + EO)AE to remain relatively constant with energy. This

\
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also provides some correction for the change in the effectivé charge étgte of
the ions at low velocities. A second correction is necessary to compensate for
the fact that the énergy loés‘in the AE detector is not-iﬁfinitesimally small--
and may become quite a large part of the total energy E fog some of the particles
detected‘by the E,AE detector telescope. Providing that the energy ;oss AE is
much less that the energy E remaining after passage of-évparticlé through the
detector, it is»reasonable to calculate the energy loss:}n the AE Qetector by
assuming an average energy between E and E + AE. To allow_for this in the
identifier algorithm, the term EAE is modified. to (E + kAE)AE where the constant
k is adjusted for best identification. If the energy increment AE is very small

compared with E, ionization will be uniform through the AE detector so that 0.5

is the correct value for k. .The final form of the function used in 'multiplier"

-

types of identifiers is therefore:
(E + Eo + KAE)AE « MqZAx ' : 9.

where Eo and k are parameters adjusted experimentally for optimum constancy of

the identifier output as a function of energy.

™~
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The'second basic type of‘identifier (14-19).;afgely avoids ?ﬁe need for
experimental adjustment of parameters. Since a major difficglty with the multiplier
type of identifier results-frcm its dependence on measurgmen; of.an iﬁcremental
energy loss, it appears thaﬁ a more suitable method migb£“be based on a range
function. For.a given ion, and over é limited range ofvenergies, the curves of
Figure 2 can be represented by the relationship

—dE/dxi=En/a | o - lo.
where n ~ -6.7 for protons, becoming smaller for low vélocity'ions. The value
of a will be roughly propdrtional to l/ZzM~n, or even morevapprqximately, l/MZz.
The range R of an ion entering an absorber with energy.E can be galculated by
integrating thé incremental elements of the path correSponding to incremental
energy losses. Thus:

E
R=/ (dx/dE)dE + R 11.
'E, o
where E. represents thg energy at which the simple relationship of Equation 10

1

1 represents the remaining range at energy'El. For the high-

energy partibles commonly studied in nuclear reactions Rl-<< R and El << E.

Neglecting these terms we have:
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E -n
R ='./(. aE dE
i.e., R : n
1-n o 12

R« akE : » o . .

For a proton, n = -0.7 so the range R.p is given by
R < akE : 13.

Similar.relationships, but with slightly émal;er valueé éf n apply to othér ions.
More generally, we will write

R « aEb | o 14.
where b = 1 - n.

If we again suppose that an ion deposits energy AE in the first detector
of thickness Ax of a telescope, then stops in the second.dééector, depositing
energy E, it is obvious that the range of the particle with energy E + AE is Ax
longer than the range of the same particle with energy E. Therefore:

Ax/a « [(E + AE)b - Eb] : _ | 15.

X

Since a is approximately proportional to l/MZz, the left-hand side of this

. . . 2 . . .
equation is roughly proportional to MZ®. Ax is a known quantity, while E and
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AE are determined by measuring the amplitude of‘the detector Signals. Therefore,
Equation 15 provides a direct determination of M22 that involves no arbitrary
constants and no limitation on the fraction of the incident energy deposited in
the AE detector. These factors make identification based.on Eéuation 15 more
generally useful that the method based on Equation 9. -

As with t@e multiplication operation involved in:identifiefslbased on
Equation 9, the exponentiation involved in those based og Equation 15 is readily
perforﬁed by either analog or digital methods. These methods will be discussed
in the next section.

In view of the simplicity of the power-law relationship it is surprising
how accurately it predicts the range of ions of widely d%ffering‘ﬁype and energy.
Skyrme‘(20) has shown that the errors amount to no more than a few percent over
the energy range of 5 to 50 Mey for particles ranging from protons to alphas;
as seen by inspection of'Figure 2, the errors should not increase s;gnificantly
up to much higher e?ergies. Figure 2 indicates that the situation is not SO’
favorable for heavy ions, and energy-dependent corrections (e.g.-mékiné b a

function of E) are often made. Examples of such corrections have appeared in

the literature (21).
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Chaﬁinade et al. (22) have used an approximation to the relationship
of Equatioh 15 that is more tolerant of imperfections}in iaentifier circuits
when AE i§ very small cqmparéd with E. Bird and Ollerhéad (23) have extended .
~the use of the range algorithm.to low ene;gies where the.powe:—law apéroximation
fo the range-energy relationship is no longer valid. 1In order fo achieve this
they generalize the range-energy relat%onship to:

R = a F(E) “:' 16.
Consequently Equation fS is replaced by

Ax/a = [F(E + OE) - F(E)] | 17,
By storing range{ehergy tables (which represent F(E)) in a computér, andvby

using a table look—ﬁp method, they identify any particle registering in the

detector telescope. Other computer methods (24) have appeared in the literature.

Identifier Circuits
The availability of medium-size on-line computers at accelerator

laboratories has resulted in increasing use of digital calculations (by table

look-up, or using the algorithms described in the previous section, or more complex

ones) for identifying particles. The detector pulses, suitably amplified and

<
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shaped, are digiﬁized by an analog-to-diéital convertérv(ADC) and fed to the
computer for processing. Uée of a temporary analog stoiage device (often called
an analog-multiplexer) permits the two signal channels to share the same ADC.
Depending on the spéed of the computer, the processing of éach event, to identify
a particle, may take a time ranging from a few tens té a:few hundred microseconds.
Since the optimum shaping time in the signal paths prior to digitizing is only

a fgw microseconés or less, computer processing of each event seriously reduces
the data acquisition rafe. If the ions of interest are rare, and are accompanied
by a large flux of less interesting particles, the rate limitation imposed by
caomputer iéenfification of ea?h event is unacceptable. In these éases, it is
convenient to use-an analog identifier, which identifies particles in a few
microseconds, to select only interesting events for processing by the cqmpﬁter.
Of course, the analog identifier can also be used alone'withqut the he}p of a
computer, whose main Qirtue isvits ability to subject an event to more critical
evaluation befére deciding upon its type. Typically, for example, the computer

might employ a modified form of the simple power-law algorithm to compensate for

the change in b (in Equation 14) that occurs for low—enefgy heavy ions.
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Analog idenﬁifiers utilize cifcuit-techniques to achieve the multiplication
operation required by the function (E + Eo + kKAE)AE of Equaﬁion 9, or the
exponentiation required;in the range algorithm represented by Equation 15. The
following basic methods have been employed:

i) Circuit elements whose output is proportional:td'the square of their

inputs can be used to process two signals A and B to generate the functions

(A + B)2 andb(A - B)2. By>taking the difference betwegn these outputs,

a final résult proportiopal to AB is produced. Tﬁis-method, which

commonly used the Raytheon QK329 squaré—law tube, has now_been superseded

by some of the following techniques, so we will not discuss it further.

Another element that exhibits almost a équare—law cb;gacteristic is a

field-effect transistor (FET). This has also been used (18,25) as a

function generator in identifiers.

ii) By conﬁerting the amplitude of one of the signals to:a time proportional

to amplitude, then integrating the other signal for this time, an output
)
A
proportional to the product AB is produced f B dt = AB . While
' 0

this method has been employed in identifiers (9);‘its application is



-21-

limited’to the multiplier algorithm technique. Also thé raté>limitatioh
céuéed by:ﬁsing.time as anrintermediate paramétef in the calculation is
not desiraﬁle.

iii) The most versatile method of performing the analqg caléulation
required in an identifier is based on ﬁhe use of‘elements exhibiting a
logarithmic or exponential relationship between in?ut and output. The
most convenient element is a semiconductor junction whose cha;acteristics

are given (26) by:

-
il

i_(exp(ev/nkT) - 1) ' ' 18.

or: ) -

(nkT/e) 1In(i + io)/io B 19.

<
]

where:
V and i are the voltage and currents,
io is the diode saturation current (deterﬁiﬁea.by the.junction
dopiﬁg, carrier lifetimes, étc.),
‘k is Boltzmann's constant,

T is the temperature (°K),
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e is the charge on the electron,
n is a factor (between 1 and 2) which represents the effects of
recombination, generation and trapping in the junction region.

12A) and can often

The saturation current io is very small (< 10
be neglected. Also, for reasonable forward current levels n €1, so,

for practical purposes, Equation 19 can be simplified to:

V{millivolts) = 70 log(i/io) , - 20.

The restraints imposed, on the one hand, by series resistance,
and, on the other, by response time, limit the dynamic range‘of semi-
conductor junction,loga;ithmic elements to about  100:1 or at the most
1000:1 in input current. Fortunately this range is sufficient to cover
the range of E and AE signals engquntered in particle identifiers.,

At high current levels Egquation 20 must be written:

V(millivolts) = 70 log(i/i_ ) + iR ' 21.

where R is the bulk resistance (in milliohms). If R = 10 ohms, a value
typical of semiconductor signal diodes, the current change from 1 to

10 mA would produce a 90 mV drop in R =-- larger than the 70 mV change
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in the junction voltage drop. Using the emitter-base junction of a
.traﬂsistqr rather than a simple diode, drops ;hé*effective value of the
series bulk resistance well below 1 ohm, but cé@bensation_for its

effect is.still required if adequate logarithmic characteristics are to
be achie&ed at high current levels (i.e., ~ 10 mA).

At low current levels, the speed of response is limited by the
junction bapacitance shunting the diode. The incremental diode
resistance is given by:

r = kT/ei ' . 22.
The small signal response time constant is therefgre:”

t = rC = kTC/ei : 23.
where C is the junction capacitance and r ;s i£s incremental resistance.
For i = 1 mA and C = 100 pF, t = 2.5 ns, and time §onstants approaching
a microsecond, the normal signal pulsé width, occur for currents of 10 UA.
Figure 4A shows one implementation of a 1ogarithmié fgnction generatof.

The base—to—emi£ter junction of transistor Q fomms the logarithmic element. The

high gain operational amplifier forces the emitter voltage of Q0 to a value where
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its collector current equals the input pu}sé current plus ; véry small standing
current il. The standing current must be mﬁch smaller than any signal current
of interest if the output voltage pulse is to be a reaéén;ble approximation to
the logarithm of the input current. Figure 4B shows an'éxponential function
generator. Transistor Q is the exponential element whbse standing current i2
is stabilized by féedback to the base of Q. A vbltagérpulSe V on the base of Q
produces a change in the collector current proportional té exp (V) which, in

turn, produces a proportional voltage across R. The high input impedance output'
amplifier allows the output to be scaled by an appropriate.factor.

Logarithﬁic and exponential elements can be used .to perform both the
multiplication opefation required when using the multiplier algofithm, or the
exponentiation requiréd by the range algorithm. Figure 5A shows schematically
the use of. the lqgarithmic and exponential generators to‘perform the exponentiation>
operation. 'The variable gain amplifier permits adjustmeht”pf_the power b in
‘the range equatiog. Wheh both a logarithmic element and.an exponential element

are used in sequence, as shown in Figure 5A, the tempefature dependence of the

output, inherent in Equations 18 and 19, may be shown (14) to cancel out.
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Therefore a rélatively drift-free function gener;tor re;ults. Tﬁe experimentally
measured éerfgrmance of a function generator based on these principles is shown.
in Figure 6.

Figure 5B shows one arrangement that is used in idén@ifiérs; It hgs the
virtue of requiring only a single function gen;rator -— théreby a?diding relative
gain-énd zexro d;ifts'that would be present if two function qénerators were used.
Ip this arrangement, the AE signal is mixed with the E.s;gnal after a shQrt
delay Fimé; By ﬁeaSufing the height of the output step thét‘bégurs when the AE

signal is allowed to enter the system, the required particie.identifier output

is produced.

These are only a few examples of the circuits used in particle identifiers.

.

This brief description omits many circuit details and does an injustice to the

 ingenuity employed in identifier circuits. Questions of counting-rate performance,

speed, linearity, stability and accuracy are all important in these designs.
The intefésﬁed réader should refer to the quoted referencgs for hore.details.
Detectors
Requi;ements on.detecto;s and signal processing electronics for use in

particle identification systems are generally similar to those imposed on
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detectofs for nuclear spectroscopy. In the case of AE*dgtectors; hoWever,vin
addition to requiring good energy fesolution, it .is necessary to have near-zero
dead layers at both the particle entrance and exit windows. Furthermqre, the
required AE detéétdi thicknesses range from about 1 gm/gmzto 0.1 mg/cm2
depending on the types of io;s being measured. The ver§ thin detectors required
for low-energy and/or heavy-ion measurements naturally‘piesent serious problems
in design, construction and handling.

Many eafly identifier experiments employed scingillationvdétéCtors using
'plastic or inorganic scintillators. The regquirement for thin windows in AE
deteétbrs éliminated the possibility of using materials sucb as Nal which require
to be protected from the atmosphere. Consegquently, CsI was uéed in some
experiments. prever, the rather poor energy-resolution caﬁabilities of all
scintillation detectors, and. the non-linearity of output signal as a function
of the ab;orbed energy (particularly for the heavier ions), seriously limited
the identificatibn qapabilities of scintillation detectbr teleécopes. Furthermore,

efficient light collection from thin AE scintillator foils presented serious

difficulties. Despite these drawbacks, scintillation detectors were used in
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most of the early particle ideptifiqation experiments_and hévé‘been'used in
fission experiméhts quite recently (27).

The advent of semiconductorvdetéctors with their excellept‘ehergy
resolution ané linearity, and the relatively easy fabricatién of tﬁin silicon
detectoré has improved the capability.of particle iqentifie;s to resolve adjacent
isotopes gp ﬁo the Z = 10 range. Scintillation detectorélﬁere able to resolve
iny the-iightest isotopes; adequate separation even of 4He f?om 3He ions was
not possible. TFor some low-ene;gy heavy-ion identifica;ion p;oblems, even the
thinnest available silicon AE detectors (five microns)_abso;bifoo muéh energy;
in these caées, a gas proportional AE detector ﬁas been used ﬁogéthef-with a

.silicon E detector (28). Howgver, technigues of Partitle ideptifi§ation still
largely depend on silicon detectors, so we ﬁill concentrate quf_attention on
these.

The réader not familiar with semiconductor detectb: teéhniques i; referred
to one of.the many treafises on the subjéct (29-37). Herg We wi11 emphasiie those
parts of the tbpiévrelated to particle identification. FiguréS-7 apd 8,’which show

' the range of various ions in silicon, illustrate the wide range of detector
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thicknesses required for particle identification in txpiee} nuclear reaction
experiments. E detectors for.use with light ions having energies of up to
50 MevV/amu must have thicknesses as large as 1 cm, whiie £hose AE detectors
intended to abSorb only a fraction of the energy of heévy.ions of 1 Mev/amu‘
energy must haVevtﬁicknesses well below 10 micronsj

Thick detectors require very pure silicon, or the compensation of
impurities by lithium—driftingl Therefore, either surface barriers on very high
resistivity silicon or lithium-drifted silicon detectq?s may be gsed. In either
case, 5 mm ;epresents a practical limit to the thickness of silicon detectors;
If thicker detectors are required, germanium (either high-purity or lithium—
drifted) ﬁust be employed, These detectors require cooling near to liqﬁid
nitrogen temperatufe with the attehdaht prcoblem of providing thin entry windows
to the cryostat. ‘Unless a very clean vacuum exists in the reaction scattering
chamber, it is essential to provide a barrier window between the scattering
i .
chamber and the detector cryostat ;acuum. The egtreme sensitiyity of semiconduetor.
surfaces to eontaminants prohibits.germanium detector Qpefétion in a typical

scattering chamber vacuum. Even thick silicon detectors may require cooling to

improve hole- and electron mobilities and thereby to reduce the collection time

and signal rise~time.
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vAt thevother end of the range of détéctor thicknesses), very thin detectors

‘are difficult to fabricate and to handle. Minor thickness variations across the

detector area cause position-dependent variations in:the AE signals even for a

single type of pérticle, thérebyvrgsulting in poor particle identification.

Consequently, very unifbrm thickness across the area is essential. With: present

fabrication techniqtes; which require etching'of silicoﬁ wafers from both sides,
it is difficult to provide detectors whose thickness is uniform to better than
0.5 microns over an area of 0.25 cm . In the future, epitaxial-growth and
,\ | ) .’ ‘

preferential etching' (38,39) may provide better detector»thicknéss control.

Thin detectors exhibit large electrical capacities which limit the
electronic resolution of the detector and its associated preamplifier. . The
capacity C of a totally-depleted silicon detector of thickness T and area A is
approximately given by:

C=1.1 A/T pF o 2a,

_ . . . 2 N

where A is measured in cm and T in .cm.:

A 10 micron thick detector of 0;5'cm2_area therefore exhibits a

capacitance of almost 600 PF. Using a high transconductance FET (gm,= 50 ma/v),
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and assuming lfus pulse shaping (differentiation and intégtation), the full width
at half maximum (FWHM) noise limit on resolution is typically given by:

R=R_+0.04C keV ' - 25,

-where Ro is tﬁe resolution with no aaded capacitance (ﬁyp;cally 3 kev). wé seev
that the overall_electronic resolution of such a system can be no better than
approximately,jo kev FWHM. The use of thinner detectors of larga area furthe;
degrades tﬁis.resclution. This fact, together with thecprcblems of handling
large area, thin silicon wafers causes a_sévere constrainf on the area (aad
therefore efficicncy) of a decectot teleScope. Consequently, it is not unusual
to find twovor more independent telescopes being used to imprcve‘the geometrical
efficiency of particle identifier systems.a

Aaothef importaht aspecf.of de;ector perfOrmance,bcarticularly for
heavy-ion meaadteménts, is the thickness of dead layers cn.either side of
transmission deteccors, or on the particle-entry side cf_E defectors.: Since
low-resistance evaporated metal‘layer contacts must be‘uSed across the entire
face of a detector in order to achieve fast timing Wheh necessary; these metal

layers constitute a part of the dead layer. Many detectors use evaporated gold
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layers forAthiS purpose -- at least 0.02 ﬁicrons is réquired to.achieve the
desired low resis;ance,‘ Added to thé-@etal layéf, thé'tfue detector dead layer
must include a thin layer of silicon in wh;ch charge’préduced by idnization
is‘not cbmpleiely collected. For aiffused detectors, thglheavily—doped diffused
layer partially acts as such a dead layer—-typically a 950°C, 30 min phqsphorus
diffusion in silicon produces an effective dead layer of about 0.3 microns of
silicon. For surface barrier detecéors,-the silicon .dead layer is controlled by
poorly understood parameters, such as recombination effé;FS'at‘the silicon-metal
interface. A recgnt paper (40) details results on severalvtypeS’of surface-
barrier detéctor..

The whole question of dead layers is confused by. the fact: that results
of ﬁeasurement of dead-layer thicknesses depend upon thé:type of ion méasured_.
and on the applied detector voltage (41-43). ;ncreasiné-the bias causes the
plasmé column of hole and electrons to erode more quiékly, thereby reducing the
probability of ;ecombination-in the dense‘plasma. "Since the plasma density

.

increases as dE/dx increases (i.e., for low-energy heavy -ions), detectors

. ) :
capable of withstanding high overvoltages (i.e., much more voltage than required
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‘to deplete their:fﬁll thickness) should be used for he;vy—ion identificatiqn.

In many surface-barrier detectors a static field inversion beneath the silicon
surface tends tovact in the'oppdsite direction from thé'normal detector junc?ion
reverse bias. Ipcreasing the bias overcomes this tendency and, if sufficient

. bias can be applied, the thickness of the silicon dead_};yer approaches zero.

In practice, fields of about 50,000 volts/cm just beneath‘the surface appear

to be required.to achieve this result.

The ion-channelling phenomenon (44-46) whereby ions_may be 'focussed'
through regions in a crystal having low electron densifyﬁcan also cause serious
changes in signals from thin transmission detectors. As indicated in Equation
5,‘the stopping power depends on the electron density in thg region of Fhe track
of an ionf Therefore, 'channelled' ions deposit less eﬁergy when passing through
a detectqr than tbose not ‘'channelled', which encounter ﬁhg normal random
distribution of e;ectron densities aiohg their track. The probability that ions will
folloQ p?eferred channels becomes greater for highlywcharged ions, and clearly

also increases as detector thickness is decreased. Therefore, the effects of this

phenomenon become very important inAheavy—ion experimentsQ' Figure 9
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sho?s fhe distribution of energy losses fér 100 Mev aléhé barticles'péssing
through\a'lOO micrbn silicon detector in\two'directioné;' The normal distribution
of signals is préduced when the beam is oriented essentially at random with
respect to major éxés of crystal symmetry but, when the b§am is parallel to-
the < liO > axis, é skewed distribution with many’émall signals is observed.
The effect of channelling'dn identifier performance ié illgstratedbby the’
identifier‘output spectrum seen in Figure io. The Vé;ley petween the 3He and
4Hé peéks is fi;léd in when the detecﬁor is cut normal‘fé the < 111 > axis. It
is prudent to employ AE detectors cut off-axis in all particle identifier
experiment§, and to test for the.effects of channelling pfior to a lengthy
experiment.

Since thé literature contains many discussions.of ﬁhe signal‘processing
electronics for nuélear spectroscopy (33,47-49), and the probiems there are the same
as those encountered in particle identification us%ng AEjE absorption measurements,

we will not dwell on this topic. Fast timing aspects of the electronics will be

discussed in Section IIT.
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Resolving Power of E,E IQentifiefg:

Apart from the requirement that the median'value'of an identifier output
be constant and iﬁdependent of energy ‘for a given typevof ion; we must also be
concerned with fluctuations' and errors in the measureménf'of AE ahdvE and ,their
effect on identification. These errors limit the abiiity of the system to resolve
one type of ién from others having nearly the same value of MZ2.

: Fiéure 11 illustrates the accuracy required in thé.MZ2 determination‘in
order to identify unambiguously the kpown stable isotopé§ witth < 10. Plotted
in this manner, a certain fractional error in determiningKMZ2 represents.a fixed
vertical error. We nbte first the existence of oVerlappiné isotope series --

4 . .
for example, thé’range of values of-MZ2 for B isotopés‘overiaQS'that for both
Be and C isotopgs. Secondly, the percentage separation;ofithe MZ? values of
adjacent isotqpeé decreases as 2 increases. In £he region where the isotopes

2= 1700), the separation between adjacent stable

of F and Ne overlap (i.e., MZ
isotopes (either F or Ne) corresponds to a change of about 1% in MZ . On the
other hand, the stable He isotopes are separated in their M22 value by about

25%. We see that identification of heavy isotopes by measurement of M22 alone

demands very small fluctuations (or errors) in determination of AE and E.
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" The widé range of types-andwenergy of particles‘measureq during even a
single egéeriﬁént makes a general statement of the measﬁrement uncertainties
impossible. We can only cite the Qarious‘factors responsiﬁle for errors or
fluctuations in the AE and E signals and indicate case;‘where the various factors
assume importance. Some of these factors are:

a) Electronic noise causes a Gaussian fluctﬁa#ion.ih both AE and E

éignals. The effect of these fluctu;tions on ehergy resolution (FWHM)

can be calculated approximately using Equation 25. This equation assumes

a pulse-shaping time near to 1 Us. Speeding up the signal-processing

system degrades the resolution almost in inverse proportion to the

measurément time.
Since the AE detector in'a detector telescope is usually

_'considérab}y thinner than the E detector, its capacitance is higher,

and the resolution of, the AE éystem is consequenﬁly:Worse. Fortunately,

there are only a few cases where electronic noiée is ;he main limitation

in particle identifier experiments, and these cases usually involve light

ions depdsiting very little energy in the AE detector. Since the
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‘
. 2 . , . . .
difference in MZ  between one type of light ion and its neighbors is large,

these experiments rarely impose a very severe demand on energy resolution.
b) Statistics of.the charge production process in a detector (50-52)
result in é spfead in the signals produced by é detector even when
particles deposit a fixed amoﬁnt of energy. ThevoﬁM épread introduced by
this effect‘is giveﬁ by:

< E > = 2.35/FE € - 2.
where:

»E is the ene?gy deposited

€ is the average energy required to prqduce»a hole-electron pair

in the detector material (¢ = 3.7 eV for silicon)

F is the Fano factor (F * 0.12 for silicon)
While therabsolute value of the spread increases with absornbed energy,
the fractidnal spread decreases as th? energy inCreasesi Fér this
reason, tﬁis-factor is rarely a serious limitation in identifier
experiments where substantial amounts of energy are deposited in detectors.

For example, the spread in a 20 MeV signal is only about 6 keV (FWHM)

or .03%.
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c) Chanpelling effects in the AE detector mayi¢ause a significant
fractipﬁ of the. incident ions:to deposit less ﬁhahithe normal amount of
energy in this detector—-aﬁd,-in consequence, é larger amount in the

E detecfor. Channelling effects becomé increasinély important for heavier
ions and when thin AE detectors are employed. U;ing detectors fabricated
from wafers cut at a suitable small angle'from the.normal to a major
cryStal axis largely avoids these effects, but this phenomena must always
be consideréd-a‘potential source of fluctuations in_AE signals.

d) Flﬁcfuations in the cﬁarge state of heavy iQné péssipg through a AE
detector constitute another soufée of fluctuation in the energy loss in
this deféctér. These fluqtuations are zero for very high yelocity ions,
which are:fully stripped, b;t they can become impdrtanﬁ at energies where
ions are only partly stripped--which is a typical éituation»in heavy-

ion experiments.

While the average charge state of heavy ions has been studied

-{(53,54) and the results have been used to generate stopping power data

(see Figure 2, for example), very little theoretical or experimental
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work on the effect of fluétuatibns in chargé staﬁe on ioni;ation in
detectprs is available. This is clearly one area where more detailed
work is needéd to elucidate the effects in idgn;ifier systems.

e) Even'when the charge state of the incident ibn remains constant, the
energy»eﬁchanges between the ion and electrons iﬁ the detector matérial
occur as discrete events and statistical fluctuations both in the number
of these events, and in the nature of th? energy‘exghange process itself,
cause g spread in absorption when a lafée numbgr'éf particles pass through
a thin absorber such as a AE detector. If the number éf exchanges along
a particle's track through the detector is 1arg§, details of the
individual.events are insignificant, and an éverage value can be assumed
for the discrete energy exchanges. In this regiﬁe,'

a Gaussian distribution of the energy losses is pfoduced.

At the other extreme, when the detector is

very thin and the incident ions are lightly ionizing, only a few discrete
interacfions of the ion with electrons take plage in the material.

Fluctuations in the energy exchange process itself then become the
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dominant factor determining the distribution of energy losses. The
rare high-energy exchanges (head-on collisions) of the ions with electrons
cause a skewed distribution of losses with avhighfénergy tail. This is
the Landau (55) éollision regime. Between the;e’twblextremes, a cpmplex
mixture of the two statistical processes occurs. :This intermediate
regime can be analyzed using an approximate methda of Symon (56) or the
more exact approach of VaviloQ (57) . Experimental results (58,59) agree
closely with predictions of the Vavilov theory.

bThe magnitude of the spread in energy éﬁsgrption can be calculaﬁed
using tables (4,20,60) based on the Vavilov theory. When the number of
interactions in the AE detector is large, and a Gaussian diétribution

o+

occurs (a typical case in identifiers), the width of the distribution can

be calculated using Bohr's theory (61). According to this theory, a very

thin absorber of thickness dx will introduce a spfead given by:

d(OZ) = 4TTe4 q2n dx ) . 27.
(using the same nomenclature as in Equation 5). Combining this with

Equation 5, and assuming B = 0, it can be expressed in the form:

&
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d(0?) = 2(m/MLIE dE | | o 28.
where:

ﬁ = ln(4 mE/IM) which is a slowly varyingifunction of E,

dE is the energy loss in element dx,

. m is the mass of the electron.

Assuming #hat the total spread in energy abso%ption in a AE detector is
much émaller than the average energy loss E, Equat%on 28 can be
'approxi@ately integrated to yield a value for thé spread:

o = (m/ML) {(E + AE)2 - E 2} 29.
o} o .

where E is the energy of the ion on exit from the AE detector. If
AE << E, this equation simplifies to:

02 = 2{m/ML) AE;EO 30.

The FWHM spread can be obtained by multiplying the calculated value of
g by 2.35. - _ -
As an example, we can consider a 30 MeV m.particle beam losing .

an average of 3 MeV in a silicon AE detector.  In this case, L = 5,

- m/M =9é000, so 0 = 70 keV, and the FWHM spread will be almost 250 keV.
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This is an 8% error in the AE measurement—-cleaflv a very significant
error in identification. Fortunaﬁely, the fractipnal error decreases

as M.ihcreases and also a; the energy loss AE increases; o;he;wise heavy-
ion identification would be imppssible using the AE,E detector telescope
meéhod.

Fluctuations in discrete interactions of ions passing through a
Qétectof'therefore become a serious problem wheh thin AE detectors are
used to identify lightly.ioniziné particles such as higﬁ—energy hydrogen
and helium ions. Several studies (4,20) have been made of the éffect of
these fluctuatibns on identification of light ions. .These fluctuations
are generally of minor signifiéance for héavy ion#, although they become
very imbortant for the proportional gas chambers described in.SectiohrIV.
£)  Thickness variations in the AE detector cauSé'a fluctuation in the
AE signals énd an inverse fluctuation in E signals. The fabrication
procedures  for AE detectors tend to produce a fiked range of thickness

variations (™~ 0.5 microns), so the fractional spread of AE introduced

"by the thickness variations decrease as the AE detector thickness
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increases.: This problem becomes very important %n experiments where
heavy ion; are identified with very thin AE detectors.
g) The errors igtro@uced by the effects discussed so far are primarily
in AE signals. Nuclear cbllisions occur, however, especially
near thevend of a particle's track where the ion becomes.neutral.
Fluctuations in these collisions therefore cause 'a spread mainly in E
signals.b The FWHM spread due to this effect (62}'is approximately given
by:

<E >= 0.7 21/2 A4/3 kev 31.
This spréad amounts to only 0.7 keV FWHM for protons, but it becomes
.quite large for heavy ions. When Z =~ 10, the contribution is well over

100 keV--by no means insignificant for those ions that just succeed

in penetxéting through the AE detector and deposit very little energy

ih t;e E detector. This is not an unusual situation_in heavy~ion
experiments, since it is difficult to fabricate the very thin AE detectors
that would ideally be used in'these experiments.

h) The effects discussed so far produce fluctuations in signals from

either the AE or E detectors. The two effects now to be discussed do
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not cause signal fluctuations, but introduce éﬁ gnergy.dependence in the
identifier output over and above any engrgy depeﬁdence causéd by the
approximétibns involved in the identifier algor;thm used. AWhen a wide
range of parficle energies are present, this energy dependepce results
in a spread in identifier output. The firét effegt‘of this type, usually
btermed the 'pulse-height defect' (43,63-65), :géults in nOn—liﬁearity‘in
the respbnse of detectors when measuring heavy iéns. The.defect,is
variéPSIy attributed to nuclear collisions near.ﬁhe end'ﬁf the track of
a heavy ion, or to recombinafionvlosses in the dense,plasma column
existing near the end of the track. ' In either case, fhe E_detecto? output
signal is not a linear representation of the energy deposited in it.
The AEvsigﬁal is not affected to the same deggeebsince.it‘ié not
subjected to the pgocesses occurring near the ehd ofithe io§ track.

The magnitudé of this effect is difficﬁlt-to’aSSess since the
range of cases encountered encompasses.some whgggvvirtually no deéar#ure
from linearity ocgurs to others where the departure can be Qery significant.

However, the phenomena are essentially associated with the end of a



particle's track, either by virtue of recbmbinatiOp in the dense plasma
-existing;ﬁhere, or byvﬁhe particle's»éapturing'electrons to becomevneutral.
It is Fhefefofe clear that, like the:spread p;éduced by'nuclear collisions,
the non—lihearity becémes large for those heavy ions that reach the E
detéctor‘with very léw energy. Since the signai from the E dete¢to£ then
falls be}ow its correct value, this effect prodgces a low

value of M22 from the identifier.v From a practicél point of view, a

lower bound must be placed in the E signals td réégce this problem.

i) Anoﬁher effect producing a reduction in the'E deﬁector signal is
energy loss occurring in dead layers existing.either on the back surface
of the AE.detectof,zor the fréﬁt_surfaée of the E detectér. Since the
energy loss in these dead layers increases rapid}f.for those particles
that only just penetrate thfough the AE detectot; but are usually
negligible fof the longer range particles, an gnergy dependen;e is
inﬁroducéd in the identifier output. Once adain this is a serious

effect for the heavier ions. From a practical point of view this

‘consideration makes it essential ‘for the experimenter to orient the two
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deteétorsYiﬂnthevdirection which produces the £hiﬁne$t possible dead
laygrs between theﬁ. In ﬁost idéﬂtifier egperiments, ﬁhe‘total dead layer
can then;be kept Eelow about 6.5 micrqns.(siliéonlgqgivalent). This may
. . not be true in multi—detectorvlohg-rangé particle,telescoées where the,
relatively thick (~ 50 microns or more) liﬁhihmfaiffuséd laYér'of o
lithium—driftea detegtors cannot be avoided.
Multiple Detector Systems
in studiés of felatively ra;e isbtopic specie§ éccémpanied by large
numbers §f more common particles,_the'erfors of identificaﬁion.baused by the
hinstrumental-andwbasic.fhysical effects diécussed in- the piéviouS'sectiOnvbecome
intolerable. Fo?tunately, for magy.of these experimenﬁg,vthgvabSOlute yield of
‘the particuia? species in a reaqﬁiﬁn is not of importanéévbut, rather, identification
is required tolseléct some fraction.of thg rare particles'so that their'enérgy
distfibutiop can be determined. .This is so, for example, in experihents to detect
the particle—stable neutron-rich particlés near the boundéry of étability, or
to measure their m;ss. It is for théSe expgriments‘that thé first'muiti—dgtector

identifier systems (15,66) were devised. By allowing ﬁhe.ions to pass through
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a series of dgtectors, several simultaneous calculation; can be made of. the
particle's identity (i.e., MZZ). éach calCulatioQ, in.ifself, is subject to the
erroré discussed in_the previous sectiqn,vbut we éan pbvalace a criterion on the
degree of égreément between the various answers beforé aCceéting~a particle for
energy analysis. Therefore, at the cost of rejecting a11~qf the rare parﬁicies
that deviate significantly from idéal behavior in any'of the identifications,

we reduce the chance of a neighboring isotope being faise;i identified aé the
rare product.

A block diagram of a system commonly emplqyed ip}these experiments is
shown in Figure’12; In this system, the particles of'inferest must pass through
two AE detectors, AE2 and AEl, and into thg E detecto:. The detector thicknesses
are chosen to sat;sfy tﬁis condition based on the predicted enefgiesbof the
interesting types of particle. An EREJ detector behind_the E detector pemmits
complete rejection of those particles that pass through»the E.detecﬁor. for this
rejection to be‘efficiept the dead layef on the rear of the E detector must be
very small; therefore this detector must be fabricated asva transmission aetector.
As in the simpler identifier (Figures 1 and 5B), fast coincidence requirements

and energy window limits are set on all signals in order to reduce background to

a minimum.
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The lqgafithmic function géneraﬁor discuésed in cénﬁectionvwith Figure 5
provides a copvenient me#hbd of proceséing the signals in é multi—deﬁector system}
- since the time-share p;inciple used in this cifcuiﬁvcan easily be extended to
sequencing ﬁore than one AE signal. Fof the triple—deéector identifier, a three
Step_waveform_as‘shown in Figure 13 can be pgoduCed; measuiing the height of the

two steps on the top of the waveform developed by the function generator yields

two separate ldentifications:

WP _ b : o _
(E + AEl) - E = Tl/a. i » ‘32.

(E+AE2+AE1) - (E+AE1) —T2/a - 33.

where a aﬁd b are the constants in the range-energy rglétiphship (qugtion 14)
and T1 and T2 are the thicknesses of the two AE detectors. (the: Tl is the
second detecﬁof in the telescope.) Using a logarithmic element, it is possible
to determine the ratio of thevtwo results which shou}d be equal to Tl/Tz.

It is then a simple matter to accept only those events for which this ratio falls

in a limited range.
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As with dual-detector identifiers, camputer proceésing of the signals

to select those particles that satisfy certain identity'conditions can be performed
aslan alternative to analog identification. 1In pﬁacticé’if is often convenient
to use an analoé ideAtifier to.seleet i@teresting eventsffor presentation to a
computer, then to have ;he computer make a more rigorous.inveStigation of the
various signals té further check the particle's identity. In experiments designgd
to discover new isotoées, every precaution-musg be takeh.to eliminate chance
pile-up of gommon-types of particle from being recorded_és the rare event. The
computer, presented with signal amplitude (and some;imes time) information, is
invaluable in th%s connection.r Fortunately, very rare e;ehts‘can be examined
individually in deﬁail by -the experimenﬁer if all relev;nt information is
recorded and if the bulk of the uninteresting events is‘éliminated by analog and/or
computer processing.

A logical extension of the triple-counter identifier is the use of a
telescope containingvmany detectors which perﬁits recordiﬁg.the pattern of‘
ionization along the whole length of a particle's track. This technigue

-

is, of course, limited to those higher-energy particles which will pénetrate
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most of the depth of a stack of detectors. Such telescbpes are- now bging
used (67) fo; mgaéurements on the reaction products prédgéed in‘targets by almost
relativistic heayy?ion_beams. In addition to providing a detailed fingerprint
of a particle'svtrack, particles that undergo nucleaf reactions in the telescope ..
itself can be observed and rejected. >This feature suggests.thatvthick detector
telescopes, perhaps méde of high-purity germanium detecfofs, may be a useful tool
for high-energy light-ionvexperiments.
Experimental Results

Simple AE,E identifier telescopes have geen used éxtensively since 1960,
particularly in nuclear reaction experiments involving light ions...The first
experiments usgd scintillation detectors and the multipl;er_tyée of algorithm;
Adequate separation of protons, deuterons and trit;ns was achieyed in‘these
experiments( buf separation of 3Hé from 4He was only marginallyspossible and
became impossible if the yield of 3He, in the reaction stu@ied, was low compared
with that of “He..

The improvement in identification resulting from the use of sémiconductor

detectors was quickly realized and exploited. The multiplier algorithm was used



-50-

exclusively in these éarly experiments, Unfortunatel&, fabrication of very thin
AE detectors was not then practical so work‘on heav? ions required the use of
other types of AE‘detectors. The first heavy-ion identification studies were
carried out usiﬁg a gas proportional detector for the AE'deteqtor with a silicon
E detgctor. A resu;t'f;om these experiments (10) is shéﬁnbin_Figure 14.

The availability of thin silicon AE detectors'quickly led to their use

4

in identifier experiments. The.first use of the range (pgwer law) algorithm
which imposed less restriction on the thicknessvof‘the AE detector resulted in

a significant improvemgnt in identifier performance. An early result achieved
with this system is shown in Figure 15. As this systeﬁ waé applied to the search
for rare neutroﬁ-rich isotopes, the need for better>idéntifier resolution and
lower backgrgunds became e;ident. This led to thevinvéntion of the triple~-
detector télgscope. A compar%son between the results achieved with this teiescope,
with those from a simple AE,E telescope, is given in Figdfg 16. A

direct comparison can be made between these results since the reaction is the
same in each case (15).

This type of identifier has been used extensiveiy for studies of the

stability of neutron-rich isotopes near the boundary of s£ability. One example
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is the measureméﬁt of.the mass of 8He.  Figure 17 ShOWS.#he idenﬁifiér output in
an experiment in whigh BQ MeV alpha par?iclgs bombarded‘a'26Mg target.. This
figure illustrates“the very large range qf yields of thg variéus isotopes. We
estimate that a single 8He particle was accompanied by’lO8 to 109 particles of other
types. The small 8He peak also includes some *-D coiﬁéident.events in the ,
. telescope. Cémputer processing was used to eliminateihosttpf these events..
fhe_final 8Hé energy spectrum is shown in Figure 18. These eveﬁts (~ 25) @ere
accumulated in several days operation of a cyclotron.

While many experiments of this type éontinue to:hse detectorvtelescopes
in this manner, the addition of time-of-flight measureﬁents as diséuSsed in the

next section has made studies possible on even more rare isotopes.
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III. TIME-OF~FLIGHT IDENTIFIERS' | ’
General Considerations

As seen 'in the Introduction, a time-of-flight measurement determines
the velocity of a particle and hence, in accbrdance with Equation 3, the ratio
E/M. If é sepafate E measurement is méde -~ for example;"by stopping the particle
in a silicon detector located at the end of the flight path'—— the mass of a
particle can be determined. 'Sometimes this is adequate identificatiop and
systems of this type find application. On the other hénd, if the mass is known,
the measurement determines the energy E. Beam-energy @easurements can be made
by this method; When combined with a AE,E identifier, which determines both
E and MZZ/E, time éf flight provides a complete determination of M, E and 2.
This combinatioﬂ has been used in many receht experime@ts.

Unfortunately, the basic simplicity of time—offflight metﬁods is not
matched by the hardware required to achieve the require.d timing performance.
Since %ong flight péths necessarily involve serious efficiency problems due to
the poor collection geometry, short paths are desirable énd very fast timing
circuits must be used. The velocity of an ion as a funct;Qn_of E/M is ;hown in

Figure 19. It 6is given approximately by:
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v = 1:4V§7ﬁ.cm)ns' S . & , | v 34.
- A heavy ién of 10 MeV/amu energy therefore has aVQelocity of about

4.5 cm/ns, and'wiil travel through a 10 cm flight pathAin justrover 2 ns. If a
10 em flight pgth is used, and if the accuracy of thé time measurement is 200 ps ~--
close to the best result yet achieved-—f the velocity‘@eaSurement is accurate
only to 10%, and the error in E/M is 20%. Achieving tﬁe required‘timing accuracy -
has been the‘major problem in applying time—of-flight methods to identification
of all bup slow ions.

Since mass determination is usually the Prime objective it'is convenient
to rearrange Equation 34 in terms of the mass;

M =2E £2/d° - ;"‘ B 35.
wheré t is measured in ns and d in cm. If statistical fluctuations occur in
measuring E, t énd d, the resulting fluctuation in mass de;erminétion is givenv
by:

@ = Ga/m 2+ (G50’ + @8a/’ - . 36.
where 6E; St, and 6d represent the fluctuations in measurement of t, d and E and

4

8M is the resulting fluctuation in M. O0E/E is much less than 1% in most
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experiments (e.q. using:a semiconduétor detector to measure E), and the geometry
can be designed to make 8d/d very small. Therefore 6£/t is commonly the most
important measurement error. In this case, we have:

&M/M = 2.8/E/M St/d | | 37.
This relationship is shown gfaphical}y in Figure 20. We see that 160 ions with
an E/M of 6 MéV)amu require a timing resolution of 9 pé/Cm‘of flight path if they
aré to be resolved from other isotopes of mass 17 (i.e;, SM/M = 6% or &M = l);
The flight patﬁs,uéed in actual experiments range from a few centimete;s to a
meter or more depending on thé timing aécuracy of the detectors used and on the
accuracy required’in determination of M.

When a time-of—fliéht measurement is combined wi;h a AE,E»particle
identifiqation a very useful two-dimensional result is:obtained which is more
tolerant of flﬁétuations in both the mass and M22 determinations than is a
single—parameter experiment. One representation of the two-dimensional data
provided by é time-of-flight and AE,E partiéle identifier is given in Figure 21.

Allowing for reasonable spreads both in the particle identifier output and in the

mass determination due to timing errors, and assuming that_all particles have
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" 100 MeV energy, the shaded regions, representing the errors in each determination,
are well separatedQ Note that the series of carbon and boron'isotdpes overlap -

in the particle identifier dimension, so the resolution of %¢ from B ana lSB»

depends on the mass identifying capability of the time-of-flight measurement.
' Here we see very clearly the power of the combined system, for those events poorly
resOlVed by one system are well resolved by the other.

-

Achieving the necessary time resolution for these experiments has taxed
the limitations of both detectors and electronic cirCuits;‘ Since a time-of-flight
measurement can be particularly useful for identifying low-velocity heavy ions,

a prime requirement on any transmission detector used forltiming is that it must
. . _

be extremely thin so as to be penetrated by the ions of interest with very little

energy loss. Three basic types of detectors have been used:

(i) Thin &ilicon detectors, which also provide a  reasonably good AE

) - : . 2
signal but are relatively thick (™ 1 mg/cm ).

(ii)" Thin scintillator foils .and photomultipliers_Which provide only a

' 2
very crude AE signal but can be reasonably thin (™~ 50 to 500 Hg/cm ).
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(iii) Thin secondary electron foils which emit electrons that are detected
by either electron multipliers or scintillatorfphotomultiplier'combinations.

‘These foils provide almost no AE information but'@én be extremely thin

f
.

(10 to 50 ug/cmz). The thinner foils are naturally rather fragile.

In the first of these cases, the small signals obtained from the silicon

detector must be amplified by suitable circuits and timing'limitations are

caused by the charge collection time in the detector, by the fise—timevof the

amplifier pulse and by noise in the amplifier. 1In the latter two cases, the

multiplier structures provide 'noiseless' amplification. Time jitter results

from the statistics of emission from the foil, and from the front end of the

L4

multiplier, and also from the spread in transit time of electrons through the

.

multiplier structure. Electronic considerations that limit the resolution of

time measurements are therefore quite different in the last two cases from those

in the first. Once signals of suitable size are realized, all sYstems can use

the same timing discriminators, etc. for their timing channels. In .the case of

semiconductor detectors, where energy-loss information is also derived, a slow

signal-processing channel, designed to optimize pulse-amplitude measurements,

parallels the fast timing channel..
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vSince the desiéﬁ of the timing circuits for gll éjstems.is'essentially

the same once the timing.signals teach‘a reasonable.ampiitude, we discuss here
the basic featﬁresiof such ciféuits before dealing.sepafétely witb the various. .
types of detector and front-end electronics.

The basié.fast iiming ch;nnel usuaily includes thexfollowing items:

a) A .fast amplifier exhibiting fhe_minimum possible rise-time and

capabié of.dévelopiﬁg an output pulse in the‘l.v rénge. Usingithe best

high-freQQency.transistors, rise~times (10 to'9Q%) of gbout‘l ns are -

achie§ab}e'in the output signal if input signals to the amplifier are

infinitely fast. It is important to note that:thé'shape'of the rise

of the'oufput pulse is the‘result, effectively, of multiplevintegrators

in the'amplifier - theiefore, the rise is alméétﬁgaussian—shaped,

startingvslswly then achiéving a rapid.rate ofaChange before levelling

off slowlyvto the peak height. .The dgsign of faét amplifiers ié discussed

by_Jackson (68)f

b) Pulse-shaping circuits used to shape signalfpﬁlses for optimum

processing. One function of these shaping circuits is differentiation
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éo limit the duration of pulses and thereby reduce pile-up probabilities.
Also special operations, such as bipolar pulse-shaping, may be performed
for feeding constant—fractioﬂ diécriminators. FIh applications where the
rise-time of the detectdr output signal is the:qdminant componen; in the
overall rise-time, some inﬁegration can be used in the pulse shaper to
reduce the effect of noise from the input stageé of the amplifier. This
is usually not the case in the fast timing systems aescribéa in this paper..
c) A fast discriminator which picks off the beét posSibie timing
informétion from the signal pulse at the output of the amplifier and
produces.an output pulse whose timing is ah accurate measure of the time

of the aeﬁeéted event. Fast discfimingtors may be designed to trigger

at a fixed aﬁplitude on the leading edge of siénals {so callea leading-
edge discriminators), or to frigger at a time related to a point on the
leading edge where the signal reaches a fixed fraction of the final signal
amplitude ( constant-fraction discriminétors)i vThe latter type of
discriminator, in principle, develops a éignal whose timing is independent

of the amplitude of the signal. Since particle identification experiments
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always involve a wide range of energy losses in detectors, and therefore
widely varying signal amplitudes, constant fraction discriminators are

universally used in these applications. The design of these discriminators

. 1s discussed in many papers (69-73). Generally speaking these designs

use an input pulse shaped by double-differentiation to produce a zero-

crossing point. The discriminator then triggers on the front edge of the

.pulse and retriggers on the zero-crossing point of.the‘input signal. The

tim;ng signal is produced by the retriggering action -- whose time is
independent of signal amplitude. ‘

Dela? lines are commonly used to achieve the differentiation
and the bipolar signal is arranged to be asymmetrical with the negative
undershoot constituting a preselected fraction of the initial positive
portion of the waveform. Altering this-undershoot changes the effective fraction
of the signal rise at which the timing signal is developed. If'it‘is set
atbtoo low a value, triggering may occur on the initial slow-rising

portion of a signal; since noise on the signal modulates the triggering

point, and the resulting fluctuation in triggering time is ihversely

.
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.

proportional to the rate of cfossing of the trigggring level, this.is
very undesirable.

A useful feature of a constant-fractibﬁ discriminator operating
in this manner ié that the.output pulse-width»(ifé:, 1eéding edge
triggering to cross-over) is changed by pile-ﬁé;pul;es occuring within .
the width. Thus, pulse-width discrimination can be used to detect
pile-up on a short time scale (98}. This is gh.important sgpplement to
slower conventional pile-up rejectors. It can beléarticu;arly importaht
in those accelerator experiments where intense shért beam,pulse§ are
separated by long intervals with no particles.
d) a timeﬁto—amplitude converter (TAC) is used:té.coﬁvert the time
interval between timing pulses produced by two ti@ing chénnels into a .
pulse whose amplitude is linearly related to the time interval. Since
standafd commercial TACs are readily available,vthey will not be discussed
hére. R ' R
Measuring the velocity of a particle requires thét‘its time of passage

at two points in its path be known. Sometimes the incident beam on a target is
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‘pulsed so that fhé time when secggdary-paxticlés_qan‘IeaVeithe target is known. In
these cases a single detectipn of thg second;ry particles‘passing"br reaching a
detector is.adeQuate to determine other velocity differences.‘ In other cases, oﬁher
radiation emitted from ﬁhe target at the same time as the pa;ﬁicie of interest can be
deteéted and used ﬁo provide the fiducial signal (87). More generally it'is’
‘necessary to infgrpose'two or more detectors_in the path 6f the partic}e, at
ie;st the first detector being thin enough for the parficle‘to pass througﬁ it.
Therefore, é wide variety of combinations of detectors is encqunteréd in time-
of-flight identifiers. Some of these combinations will_nqw be dis?usged.
Thin Scint;llators

A considerable program has existed for ﬁany years, in conﬁec;ion with
high-energy particle physics, to produce scintillating.paterials with very fast
decay times. A number of plastic scintillators, such as NE102, NE102A and
NE1ll, with decay times in the 1 ns time region, have resulted from this program.
These scintillators.are commercially available in the form of thin foils down

to about 5 micron thickness (i.e., 500 Ug/cmz), and can be produced by conventional

methods (74) down to about 50 Ug/cmz. These foils have been shown to produce
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sufficient light output when densely ionizing particle; éass through them to‘
provide timiné signalé from photomultipliers observing the light. Two methods
of coupling to the photomultiplier have been used. In-#he first (75), £he foil
is clamped between the two halves of a split lucite 1light pipe which couples to
a phototube. A two-ended version wjth'two phototubes has also been used. The
second basic arrangement (76) uses a hemispherical mirror to collect the light
from a thin SCinﬁillator foil and direct it into a phbpotube.

The time resolution that can be achieved with theése detectors is limited
partly by the statistics of emission of electrons from.thevphotqcathode -~ which
is exaggerated by the pbor light emission and collection from the scintillator.
Another limitatioq is caused.by‘the spread in transit time_of_electrons ﬁhrough
;he multiplier structure. The best time resoiution achieVéd by these systems
is about 0.7 ns and, mqfe frequently, 1 ns. is achieved. The time spread gaturally
increases as thg foil is @ade thinner.

Electron-Emitting Thin Foils
The emissién of secondary electrons (deltavrays) from solid surfaces

when charged particles enter them is a well known phenomenon. Since very thin
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films of Variou§ @aterials are often.used as tarégts.in:acgélerator gxperiments
and ﬁhe teChngiogyvof fabricéting such filﬁs is well knoyn fo nuclear experimental
groups, it is natural for such films, interposed in thé'path'of ﬁuclear particles,
to be'considerea as potentially fast detectors. Detectiqn‘of.thq secondary
electrons'wigh'the necessary_speed has proved to.be a ﬁéthriVial problem, but
this method_is néw beginning to realize its obviods p#o@isé.

'Thé yield of.secondary electrons from foils is a strong funcﬁion'of the
type of film and its surface properties, of the type and»yelocify of the ion,
~ and even of‘thé angle of incidence of the ion passing‘int¢ the;foil. While low
work‘function.surfaceAcdatings increase the electron yiela copsiéerably,
difficulties of preserving these surface properties havevled'to ﬁhé use of plastic
foils or, more commonly, carbon foils as thin as about.leug/cmz. Elgctron
yields from théSe.foils range from approximatelyvlo fo; ﬁa&urél.a;phé-particles (77)
ﬁo'about lOOIfo? fission fragments. Much of the early work uéing Qheée foils
wés in fhe fieldvof fisSion studies (78;80); but is has recently been extended
to nuclear'?eaction.product analysis (77,81~83).

Severél‘types of electron detector have been emgiofed to detect the

electrons emitted by foils. Early systems employed scinfillation or semiconductor
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detectors. Thesevdetectors are insensitive to electrons héving energies below
5 to 10 kev, so‘secondary electrons(from the foil must:bexaccelerated to this
potential. Positive ions in the detector region are accelerated by.the same"
eiectric fielé, stfike surfaces in the vicinity and reléase electrons which are
‘then attracte§ to the detecto; to produce spurious signaléf; Very careful design
is required tO'avoid very high background countihg rates with this type of
detector. - ' ' _;"] ‘

A better situation prevails when the secondaryﬁeieétrons from the foil
are accelerated directly onto gn electron multiplier structure. In tﬁis case
only. a low accelerating voltage (< 1 kV) is required to achieve the fu}l secondary
emission ratio from thg initial multiplying stage. At this-pqtential, background
is a much less serious prob;em and. can largély be overcomé yith care in design
of the detector chamber. The first work using open electr§n—multiplier structures (77)
employed a Fommercial multiplier with Cu-Be-(Be0) dyno&gé (56P17—2). The
multiplier structure in these tubes (as in the scintil;aﬁion detector described

in the previous paragraph) exhibits a time spread of about 1 ns which limits the

particle timing to this value. In addition to this limitation, open-ended
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electron multipiiers‘atewseﬂsitive to contaminatiqn effgpts which'degrade-their
gain, andiare.affected by'magnétic‘fields. More receﬁfly channel eiectron
multipliers havé.bé?n employed (82). Time.reso}utions in1the 400 to 700 ps

range were obtained using these de;icgs which are alsé less sensitive to.
contamination than the conventionél multiplier surfaées. AEinélly, channel plates
have now been used as:the electroh detector in partidle_ti@ing experiments (83).
These plates, abqgt 1 mm thick and up to 3 inches.in diaméter,bcontain closely
spacedvmicrochanneis only 50 microns in diameter in Which elécﬁroh multiplication
occurs. Due to the short_distancé_travelled‘by-thg éleétron ;loud édyancing

down a-channel,‘only a veryvgmall_tiﬁe.spread (< 100 pé)viéJinﬁroduced by the
electrén multiplying ?roéess. Fuftbérmorg, the.élates"arg_rugged and rathef
igsensitiye to:cbntamination_problgms. ﬁnfortunately) ﬁhg electron gain of é
single cha#nel plate is limited to about lO4 by ion feédbaqk effects.

~ Consequently, wheré higher gains arg required, two plates)ﬂone with Holes biased
at a small anglé, aie used in seriés. This so=-called 'éhéVron’ élaté provides

an electron gaih.of about 107 with a time spread below 100 ps. We note also that

channel plates retain an imége of the impact point of électrons on their front
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face; if pafallel field geometry is retained in the acceleration‘structure from
the foil to the multiplier, the position of bursts of electrons emitted from the
multiplier output side.directly reflects the point of passége of the detected
particle tbrouéh the foil.

Figure 22A shows the arrangement employed in a foil-channel plate fast-
timing detector. Plane-parallel field geometry is usea_p;ftiy—to reduce electron
transit time-spread to a minimum and partly to preserve tﬁe imaging capability-
of the system. :Position information can be obtained by ;piitting the anode to
give several separate signél outputs, or by replacing the final anode (;ollector)
by a position sensitive semiconductor detector as shown in Figure 22B. In.this
version, it is necessary to chelerate electrons from‘thé'éhannel—plate onto the
detector; also the inherent electron gaiq in the silicén detector. permits the
use of a simple plate.instead of the chevron plate, as in Figure 22A. To reduce
transit time spreads in the electron baths between the foil and the front surface

. . A
of the channel plate, an open grid about 2 mm from the'foii accelerates the

electrons to about 1 keV very rapidly after their emission. A detector of the

type shown in Figure 22A has exhibited a total timing spread (FWHM) below 150 ps
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for natural alpha-particles passing through the foil. :The_combination of
excellent timing agd the small energy loss incurred by particles passing through
carbon foils only 10 ug/cm2 thick makes this type of detectér a very important
new tool in ma;s identifiers. The capability for location of the position of
particles also offers the new potential of plottigg the trajectory of particles
entering a spectrometer magnet -- in itself suggesting a simplification in the
design 6f such spectrometers, as discussed toward the éna of this paper.
Thin Silicon Detectors

Thin silicon detectors are commonly used to provide AE signals for use
in AE,E identifier systems which determine MZz. A natural extension of the
technique is to separate the AE and E detectors by a suitable distance‘and to
use the detector signals for tiﬁing purposes as well as energy measurements. 1In
this manner the velocity, and hence mass; of the incident‘particle can be
determined. A simpler version of this method, in which the time was measured
between a cyclotron beam pulse and the signal from the AE detector of a detector

telescope, was used by Parkinson and Bodansky (84). More recently the full

technique has been used by a number of authors (85-87). Since thick detectors
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exhibit intolerably long'collection times, the technique‘is moetly restricted
in practice to applications where the two timing detectore (these could be the
AEZ' and AEl detectors of a triple-detector identifier) have thicknesses in'the
range below about 100 microns. Practical iimitations.(see.Section IT) restrict
the minimum aetector thicknees to about 5 micrens, although some experiments
have been performed (85) with detectors as.thin as 1.7 microns (i.e., about
400 ug/cmz).

For the purpose of this discussion we will assume that the electric
field through'tne whole thickness of the detector is gieater than that required
to achieve seturation of the velocity of holes and electrons. At room temperature,

\

this demands an ever—voltage of approximately 2 to 3 V/micron ofndetector
thickness; the required over-voltage decreases rapidly with decreasing temperature,
becoming 1 to 2 volts at -40°C. In the saturated condition, both holes and
electrons travel et velocities of about lO7 cm/e, independent of electric field
and temperature. This corresponds to a collecﬁion time‘of 10 ps/mieron of

detector thickness. Therefore thin silicon detectors are potentially capable

of extremely fast timing.. Unfortunately, this simple picture is clouded by other
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factbrs.. The slow erosion of the dense.plasma prodﬁcedbin heavy-ion tracks
significantly retards the signal produced by such pafticles. Furtherﬁore, thin
detectors necessarily exhibit large electrical capacitanégs (see Equation 24),
which degrade the‘signal/noise ratio of the detector amglifier system, and also
make the effect bf any series resistance or inductance in the input circuit very
serious., Despite these effects, the timing capability of #hin silicon detectors are
almost equal to those of the best timing detectors (i;g., electron-emitting foils plus
channel plates) while also providing accurate AE energy signals. Thei; main
drawbacks, in some applications, are the limited minimum thickness and small
area (< 0.5 cm2).

The time resolution of a thin silicon detector syéfem, neglecting plasma
erosion times and series resistance in the detector and'iﬁput cirguit, is

-

limited by the effect of electronic noise in the first stage of the amplifiér
required to amplify the relatively small detector signals. Noise fluctuations
modulate the point on the signal rise where the timing discriminator fires which,

since the signal rise-time has a finite value, causes a jitter in the triggering

time. As discussed earlier, the signal rise-time is determined mainly by the
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fastest achievable rise-time in the pulse amplifier. Commonly this_is about
2 ns (10 to 90%). At high frequencies, noise is largely due to the random
nature of electfon flow through the input amplifier element (often called shot-
noise).

Optimiza;ion of the input amplifier elemept which connects to the
detector has received considerable study. The equivaleﬁt:input noise voltage

Vn of this element is given approximately by the equation:
< Vn > = 4 kT Af/g . 38.

where g is the transconductance of the device and Af is the bandw;dth of the
systemf On the other hand, the signal VS developed at @he input of the stage
is given b&:

v, = Q/(cA:D +Cp) 39.
whefe Q is the charge released by an event in the deteFto;, C is the detector
capacitance and CI is the input capacity of the input amplifying stage. As;uming
that a rise-time (10 to 90%) of T is associated with a.bandwidth (Af) of 1/7T,
and»assuming that the system is operated at room temperature, Equation 38 can be

simplified to:
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= X . .
Vn(RMS) 0.7 10 /¥YTg volts 40.

where T is measured in ns and g in mA/V. " Equation 39 can also be expressed in
, .

more practical terms:

= . + *
Vs 0.044 E/(CD CI) volts 41

where E is the energy deposited in the detector in MeV, and CD and CI are
expressed in pF. Since the rise-time of the signal given by Equation 41 is T
(a linear rise is assumed for this approximate calculation) the fluctuation in

timing caused by noise is given by:

vAt( ) = 2.35 Vn(RMS) T/Vs ns
i.e.,
At(FWHM) = 3.7VT/g (CD + CI)/E ps - N 42,

If T=2ns, g =50 mA/V CD + CI = 500 pF and E 10 MeV -- typical values in
the AE detector of a particle identifier and in the associated input amplifier —--
then At(F y = 37 ps. Practical values of the timing limitation imposed by

noise in properly designed systems approach this value but detector charge

collection and series resistance effects in the'detectorfinput circuit raise the
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effective time resolution of a single detector, when timing actual partiéles,
into the range near 100 ps. This means that the spread in timing the
passage of particles between two detectoré is in the 150 ps time rangg.

Equation 42 indicates tﬁét the time resplutioﬁ is determined by the ratio
(CD +FCI)//E -~ the other factors in the equation do ﬁot depend on the input
amplifying element. Clearly the best timing would be gchieved if an amplifying
element witﬁ a very large ratio of g/CI were used. 'Since this ratio is
approximately 400 mA/V/3 pF for a bipolar transistor haying a cut-off frequency
fT of 2 GHz, while the ;est field-effect transistors (FEf) exhibit equiValent
ratios of 50 mA/V/50 pF, it appears, at first sight, thét a bipolar transistor
should'bevused as the input amplifying element. Howe?er, the bipolar transistor,
operating at a current of 10 mA to achieve the forementioned g/CI ratio, exhibits
an input resistance in the range of 30 ohms, so the volﬁage pulse at the input
decays quickly with a time constant (Cb + CI)3O -- i.e., 15 gs, if CD_+ CI = 500 pF.
Such a raéid deéay makes the slow signal processing, usually required for energy

measurement, impossible. Therefore, a field-effect transistor is normally

employed as the input amplifying element. The ratio g/Ci for a field-effect
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transisto; is determined by the ability of_manufacturefs to produce very small
device structures}'therefore while different values of g and‘CI are available,
their ratio tends fo be constantvfor stgte-of—the-art de?ices. CD is large for
'thin silicpn detectors, so its value nearly always excegds"CI i; these app;ications.
In this case a field-effect transistor ha?ing the higheSp praﬁtical yalpe of g .
(and therefore‘CI) will give the besﬁ timing pérformanée.“ é? the presenﬁ time

50 mA/V and SOlpF are representative of suitable devices.: Eqﬁation'42 predicts
that the best timing would result from using an FET eghibiting CI_= Cpyr but this
condition can. rarely be satisfied in practice.

Figure 23 shoys the input circuit used with a fast timing siiicon
detector. This diagram emphasizes the requirement for‘y;ry lowéénductance
connections around the en;ire detector loop. A wire l c@ 10ng and'.OS cm in
diameter exhibits ‘an inductancé of .01 uH, wh;ch will’tesénate at 250 MHz with
a 300 pF FE? input capacity. Clearly such a situation is intb}érablevif timing
in the 100 ps‘range is to be achieved. Consequently, vefy short low-inductance

connections should be used in the detector circuit. To avoid ringing in the

"~ input circuit a damping resistor (™~ 10{!) should also be. included in the circuit.
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A further timing limitation is imposed by fhe spreadingbrésisﬁanée of the
evaporated metal contact layers on the detector itself. If'this'resistange is
not kept to a Qery low value (a few ohms), charge prodqced at different points
across the detectgr.area produces output signals thaf.hayezbeén integrated to
different degrges'by the spreading resistance and detectérvcapacitance combination.
Since thick metal films consti#ute intol;?ably large dgad layérs on:detectors
used for heavy¥i6n measurements, a compromige must be made be?ween théi;
resistange and the dead layers they represent. Well-prééé;ed gold films ébout
200 A thick represent about the best compromise.
Typical Systems and Results

Simple time-of-flight mass measuremgnts have beén'made’for many yéars
in a broad range of experiments. The ﬁypés’of experimen;lih which this simple
measurement ngédeQuate incluae some beam eneréy meaguregéntS'(SB),.fission
fragment mgss distribution experiments (75), and some reéqf%on expefiﬁents where
the Z of thebdétected products was known or could be inferred. The more
sophisticated systems, which depend on both M22 particle'ideptificgtion using

detector telescopes and time-of-flight measurement of mass have been used in
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studiesVOf heavy—ién transferlreactionsv(89,905 and of the fragmentation products
of high-energy:bombardment of heavy targets (91-98). jfhesevproducts provide:the
oPpo?tunity for studies of nuclei far from the normal region of sfability and
permit tests of the various theoretical mass—stability'reiationsﬁips.

For the purpose of illustrating particle identifigétion using both the
MZ2 and time-of-flight methods we will briefly review the methods employed and
some of the reéults achieved by Butler et al. (21) and by_Bowmgn éﬁ.él: (99),
who used eséentially the same system as Butler but with;%mproved data processing
methods. Figure 24 shows a block diagram of the electronic system used'by these
authors. The parti;le.identifier signal fed to the camputer is calculated by
an analog identifier performing the power-law calculation T/a = (E + AE)b - Eb‘
(i.e., Equation 15). Events processed by the computer are selected on the basis
of this signal; but a modified form of this algorithm. is employed in the computer
processing‘tq make the identificatioh less'energy—dependent.= The final identifier
output P is given by:

_ 1/2
p = [{(E + 2B)/k}" - (B/K)"] R 43,
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where:

n=>b-cAE/T | | _ ‘ | 44,
The consténts"c and k are chosen empirically to realiZé:the smallest energy
dependence, andvthe-square root of the wholelexpressiqn‘;s used to make the final
.output prdporﬁional to 2 rather than Zz, thereby prdduciné.a more convenient
scale forioﬁtput displéy.

The impfqyed particle identifier behavior realiéed<by this' modification
to the basicvranée algorithm is'iilustrated by the three cases shdwn in Figure 25.
Using this»method, elemental identification up to‘Argoﬁ (Z ¥ 18) has ﬁeen
achieQed;v In the experiments described by Butler EE.él;? this was ¢ombined with
a time-of-fligpt:méasurement between a 22 micron AE detecto? anq a,;l2_micron E
detector. »The.g;me resolution achieved in these experiments Waé apprQXimately
250 ps (FWHM).  A two-dimensional ééunter plot of the re;ulting:data is shown
in Figure'26. ;n.the more recgnt experiments by Bowman et al., ampliﬁude-
dependent Fime Walk effects were redgced by computer prbée;sing_with the result
that a time resolution of about 150 ps (FWHM) was realized for the range of

particlés of interest. Using these methods the existence of épproximately ten
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new particle-stable neutron-rich isotopes of.eléments:Witﬁ.Z <9 has.been
demonstr;ted; Several other isotopés, whose stability was ih question, have been
shown to be upgtaﬁle against particie break up. Thesé.méthods clearly provide

é powerfu; new techﬁique to exploré the -boundary of the ﬁeutroﬁ-richfside of
nuclear_stability.

The range of isotopes ﬁhat can be identified.in éﬁécticé is well deméﬁsgrated
by Figure 27 takén froﬁ Bﬁtlef et al. While recent im?rovements have altered
this picture a little, the overgll changes are hot significant. bepending on
the tybe'of ipn, d;fferent valpes are assigned to the minimum eneréies considered
essential in the E detector -- these valges are ;ndicated on the horizontal axis.
The curves then show the energy of those particles which pass thrbughvthe AE
detector with enoﬁgh energy remaining to satisfy this cohd%tion. The dotted line
is drawn to show the.boundary of the rangg.of isotopes prattically'resglvable_at
the present time by detector telescopes with combined MZ? gnd.time—éf—flight
measurements. This figure shows the‘influence of edefgy.on the ability to

Y

identify heavy ions.
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| IV. SYSTEMS INVOLVING MAGNETIé RIGIDITY
Fundémentals
The magnetic_rigidity Bp is relafed by Equation 4{to the mass, velocity,
and charge state' gq of the particle. If thé residual gas.pressure in a
spéctrometer is sufficiently low (< lO-S’To;r) the p;obability that a particle
will undergo a éharge—changing collision is smail. The‘véluevof é as we;l as the
nuclear charge Z and mass M {(for non-relativistic particles) is then restricted to
integral values so thét some of the measurements required for-identification need only
be made with sufficient precision to resolve adjacent‘integérs. A precise

measurement of Bp then yields the kinetic energy E with equal precision by

setting M and g equal to their exact values and using

E = (Bp)zqz/(zm) o 45,

This equation is, of course, non-relativistic. i

If the spectrometer (deliberately or by accident) contains enough gas “

-for a large number of charge-changing collisions to occur, Bp will be determined

by the average charge state E' of the ion, and of course E need not be

integral. At intermediate pressures (Vv 10_3 - 10_4 To;r);-a few ions suffer a

.
.
1
;
!
i
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single cbarge—changing coilision. The detection éystem then ident;fies most
ions as having discrete in;egral charges but there is a cbﬁtinuqus backgrouéd
between one charge:staﬁe and the next,'

The enefgy loss in a detector isrrelated to thevquantity ogf which is a
function of Z and.£he velocity wv. For light iéns and high velc?cities-qeff = Z, but for
.heavy ions g <gz. Howe§er, the velocity range observe@ inva focal plane
at one magnetic field setting is usually small enough that.qe.ff ié a function
only of 2 so‘that‘adjacentvz—values are separated by a measurement,qf dE/dx._

At least for the lighter heavy ions, eff need therefore not be treated as aﬁ extra
parameter to be determined. Since charge-state equilib;iuﬁ is reached in
passége through just.a few ug/cm? of stopping material, the energy loss of a

particle is virtually independent of the charge state with which it enters the

detector.

~ .

In heavy ion.experiments, particles leave theAtaréét in a variety of
charge states thét‘afe separated in the spectrometer maénet; The fraction
in a given state‘depends uponlz, v and the target element:. this subjecﬁ hés
been reviewed by Befz-(54). In order to measurg a reaction cross section,

the fraction in the charge state detected must ‘be known. Alternatively, all
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charge states can be converted into the average state q in a gas~filled
spectrometer, but then the multiple scattering and energy loss straggling will
damage the resolution of the Bp measurement. o ) -

Complete identification and energy measurement in a spectrometer thus v “

reQuires that the five quantities E, 2, A, gq and ¢ be determined, but as mentioned

above, the measurement of efg is not essential. To determine the remaining

four variables, the following five quantities are in prihciple measurable-~-Bp,

»

v, dE/dx, E and pé (the radius of the orbit in anvelectfic field). 'In fact, Pr
has not so far been used bécause extremely strong fields are required
to produce a useful deflection. Furthermore, no detectofs.are capable _ E
of measuring E wiﬁh good-réso}ution over the large areas.of spectrometer focal
surfaces. vPlastiq'sgintiilators are used as stopping'coﬁnfers, but the énergy
resélution is typically about 20% and the very severe light quenching for heavy

. _ : - .a
particles makes the_résponse a poorly-known function of-é, Z and E rather than of E
alone. Particle energy can be measured in silicon or gérm;nium detectors with excellent‘
resolution, at least for short-range particles, but thése dgtectors are only
available with relatively small areas.

The remaining quantities, Bp, v and dE/dx, can be measured with suf-

ficient resolution (especially Bp and v), but four unknowns cannot be determined
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unambiguously py.three’measurgméntsf_ Fortunately_A, é>éhd q »havévintegral
values so tha;»the ambiguity in their determination is us;ally not
troublesome;  %t is discussed later.

Magne#ig'spectrometers and focal plane detec#éfisY$tems have been
 reviewed by Hendrie (lOO)._
Measurement of Bp

The magnetic rigidity Bp is nearly always»obtainedvby detecting the

position at which the particle crosses the focal surface-of a magnetic spectrometer.

For adequate identification of the partiéle, the detection system does not need
A\ . . | .

vegy good pqsition resolution, but thg requirement of good energy resolution
for the particlé Spectra usually mandates that the posiﬁion reésolution shall be
about 0.5.—'1 mm (fWHM)i

Focal plane areas are typically 1 - ? cm in.the_vértical dimension,and
up to 100 cmwin‘the horizontal direction; Therefore for full exploitation of
the momentum range of the focal surface, dete.ctors of rather large érea are
required. Usualiy, only the position of a éarticle ip the'horizontél (radial)

direction is measured, but several techniques permit a simultaneous measurement
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in the vertical direction which can be used to correcﬁ'for a curved or inclined
line shape (101). Many spectrometers were designed fér’p;rticle detection with
photographic,plates for which it is an advantage to méké the particle trajectories
strongly inclined (typically at 45°) to the focal su?fage‘(loo). ﬁnfort;natelyf'
the non-norﬁal entry has a delete;ibus effect upon the pQéition #esolution
obtained with-neérly all types of detectors, especially.in thg mea#urement of
particles with‘iéw specific ionization (see below). Thevsame problem has been
built‘into evén‘quite recent spectrometer d;signs (102). IWhen prbpgr con-
sideration (100) is given to the spegtrometer system ag a'whole} it is evident
that_not only Shquld the focal plane be normal to the t;ajectories; but it

should also be flat since mgst detectors cannot be cqhst;ucted to follow a

curved surfacg,

Virtuélly every type of detector ﬁsed in nﬁclea;“and.high energy physics
can form the basis of a position—megsuring system proviqéd_that the units afe
cheap enough io be built intq an array of large enough érea. Matsuda’gt al. (103)
built arrays of 250 Si detectors and 200 indiQidual prébértidnai counters.

The reliability of such a large array must be questioned. - Cohen and Rubin (104)

used an array of plastic scintillators while Kobayashi and Takayanagl (105) put

1000 detectors on to 25 separate silicon wafers.
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The mulgiwire proportionalAcountér (MWPC) (106-107) andAspark chamber (106,
108) with soni¢ read-out (109-111) have been used: thef too are essentially arrays
of detectors enclosed in a single large housing. The?;have the advantage over
arrays of separated detectors that thefe are no gaps algng the sensitiveviength,
and that they can in principle be built along a gurve adapted to a focal surface.
that is not fiat; . The low count-rate (Vv 100 events/sec) of the spark chambef
ﬁakes it unsuitable for use in nuclear physics spectro@gters. Furtﬁermore, highr
counting rates at discrete spots are known to cause inseﬁsitiVity in these regions.
The MWPC, though; offers many advantages and it is SoméQhat surprising that its
use is not more'commop now that readfout systems are available thét dq not reqﬁire
an amplifier for.each wire (112~114). However, it has not yet‘béen.demonstrated
that the ﬁWPC’is cépable of high-resolution énergy-loss m¢asurement;

In a second class of counters, a single 1ongvd¢tecfor is.ﬁsed rather
than an arréy, ané inspection of. pulses from one or both ends enables the
position.of'partiqles to be determined. The long axis of the detector is
positioned hofizantally along the focal surface..

The po?ition-sensitive silicon_qetector (115—16§)Ihas the ad§antages of
commercial availability, and can measure both position and energy (for particles

of short range) or energy-loss (for particles of intermediate range) . Its many
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disadvantages, though make it unsuitaple fo; general application in a
spectrometer. The counters are small--at best 1 cm higﬁ X 5 cm.long in the
position-sensitive direction, and they are rather experisive. An array is

needed to cover tﬁe full focal plane (117). The best units are made by
ion-implantation of boron into high-resistivity silicon to make a resistive

front surface. One end of this surface is grounded and a signal is taken from
the other end into a charge-sensitive preamplifier. The charge liberéted by

the passage of a éarticle divides inversely as the ratio Qf the resistances to the
two ends of the c@unter. The.p?éamplifief signal is thereforevproportional

to AE - x/L, where AE is the energy loss, L is the detector,lenéth and x 1is the
distance frdm the grounééd end to the point of entry of the particle. The

energy loss AE is obtained as é second signal from the”back of the detector.
Division of the tw? signals in an analog or digitélidivider give$ the position
x/L.

The position resolution is; at best, about 0.5 - i% of the detéctor
length (0.25 -'0.5 mm/5 cm) for particles that lose a few MeV in the depletion
depth. 1In a detector 1.4 cm long, Laegsgaard, Marﬁin and Qibson (115) measured a
position resolution of 0.16 mm for stopping 5 MeV og-particles. The system

noise (30 keV) was equivalent to a position resolution of 0.08 mm. For particles
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that lose small amounts_of energy', the resolutign is,lim}ted by the signal/noise
ratio so that‘even in the thickest available counters k%‘GOO um depletion
layer), the regolution becomes unacceptable (? 1 mm) fqr protons of
E > 50 MevV. The theory of noise and resolution has been d;scussed by Owen
and Awcock (118)ﬁ The relatively small physical depthiéfrsilicon detectors (com-
pared with gas~filled counters) makes their position resolution élmost independent
of the angle of entry of the éarticles.

The linearity of the silicon position-seqsitiyg-detector may be limited
by the variation in rise time of the signéls from the resistive surface as a
function of position. ?he resistive surface and detecﬁor capacity act as a
distributed RC line so, the further the particle from tﬂe preamplifier
end, the sloQé? is the pulse rise Fime. The characteri;tic'RC_is approximately
0.1 us, or about 1/10 of the typical'amplifier fime cqnstant éo that‘a flat—tépped
pulse should bé used to reduce the dependence of amplitude on rise-time. In practice,
the linearity is.about 1%. The theory of the charge~div{§ion prbceés has been dis-
cussed by Kalbitzer ;nd Melzer (119), Doehring et al. (120) ahd Kalbitzer and
Stumpfi (121):

The position-sensitive gas proportional detector with charge-division read-

out is a device quite similar in principle to the silicon counter. The silicon
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counter (a solid ion chamber with a resistive surfacef isvreplaced by a gas-

filled proportional chamber with a resistive central an&de wire.(lll;122-l23) having
one end grounded or with a charge-sensitive preamplifier at each end as sﬁown

in Figure 28. The wire can be very thin (10 um éia) pichrome (124) ér
carbon-coated quaffz (25 - 75 uym) (123,125). The‘anode»wire is stretched centrally
between flat planes of thin aluminized plastic sheet whigh_form the-counter
cathodg, as shoﬁn in Figure 28. As with the silicon detector, the ppsition

signal at one end measures AE - x/I, and must be divided by a signél p;oportional

to AE obtained either from the cathode or from the sum ofithe si§hals

from the£Q0’ends of the anode wire. Compared.with the siliqon detector, the
proportionai chambers have the advantage that they can be made as long as

required. By uéing several horizontal wires placed v§r£i¢ally one above the

other, the sens;tive vertical dimension can also be médé'as large as required.
Further, the 1arge gas multiplications that are achievab}ée—as high»as lO5 while
retaiﬁiné propdftionality (126)--maintain an excellent signal-to-noise ratio even
for particles of very low specific ionization.

In an alternative read-out technique for the resistive-wire proportional

chamber, Borkowski and Kopp (127-128) showed that the anode wire can be used as a

'



-87-

distributed Rc'line_which‘slow5.down fhe rise time of the pulse as it
travels in both directions away-from its point of origiﬁ.- The highly resiétive
wire is, in practice, a'carbon-coéted quartz fiber+, diameter 25 um and
resisténce 8006 Q/mm. These fibers have excellent unifd;mity bofh in diameter
and resistance and, having no tendency to curl, are easier.to handle than
metal wires of the same diameter; The rise-time method was first used in a
spectrometer by Ford and co—wo?kers (129).

Pulses are‘amplified at each end of the anode and.dif—
ferentiated to make bipolar pulses as shown in Figure 29. Crossover
detectors generate pulses at the zero—crossing time, and the position of the
particle is detérmined by measuring the time difference.between thesevpulses,
using a time;to*amplitude converter (TAC). The crossover pulse from one end
passes through a fixed delay so that it always provides the.stop signal for the TAC.
‘A 25 Um anode fiber with a resistance of 8000 {}/mm in a counter 1 cm deep gives
a delay time of about 300 ns/cm. The energy-loss can be obtained by adding
suitagly shaped ?ulses from each end of the anode.

Unlike charge division read-out, the rise-time ﬁethod has the advantagé

that the position signal, without additional processing, is'independent of the

Tear1 . Zvanut Co., 14 Chetwynde Road, Paoli, PennsylVahi§‘1930l.
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amplitude of the event. The position resolution measured by charge division,
where both the AE '.x/L and AE signals are of course amplitude—depegdent, may
depend on paftic}e type when digital division is used{:*For example, if the
pulse height éiven by c-particles is adjusted just to saturate the ADC,
the proton pulses--20 times smaller——a?e not accurately measured by the
limited nﬁmber of ADC channels. Position resolution is therefore lost (124).

In both mefhods, ﬁhe position resolution may also bé.limiﬁedjby the signal-to-
noise ratio. In the rise-time method, noise causes a'jittér in the gero-croséing
time of the bipolar pulse. If the bipolar pulses crosslzero at a rate dv/dt

and the (unco;related) RMS noise on the signals is Vn, the timg jitter in both
the start and stop pulses to_the TAC will be Vn dt/dv, and #he position signal
will be unéertéin“by 75 kVn dt/dv where k is the diStaﬁqe corresponding to unit
time difference. Of course, dt/dVv is larger for partiéles making small amplitude
pulses, so'the éosition %esolution may be dependent on pa;ticle type if it is
noise limited. However, this is not usually the case..‘fhe position resoluﬁion
and linearity of the rise-time method héve been studied theoretically by
Mathieson (130) who finds that both resolution and lineérity degenerate rapidly

near the ends of the resistive anode: particle detection should therefore be

restricted to the central v 75% of the length. The time constants of the
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differentiating network that produces the bipolar pulses'should be about 1/10th

of the.RC of'the‘énode. Mathieson  .assumeé thét fhe‘éndé of the fésistive wire
are terminatéd in charge-sensitivevpreamplifiers whiéh essehtially shért—out any
voltage'changes at the endsf Since many of the chambers used in experimenté

do not ope;ate_in this mode, his ;onclusions are of liﬁited validity.

One.disadyantage of the rise-time read-oﬁt ﬁethod”is’the raﬁher long
resolving time:(tYpically lQ - 15 uys). However, data rétes a;e more likely to
be limited by on~-line computér speeds than by the chambe;7 It ﬁas been reported
(131) tﬁét the’pos;tion resolution of the rise-time rééd—out éan be és good as
0.16_mm at 3 x.105 counts/sec. Of course, the cqinciaence.lésses at this rate
would be qgaccéptably high in most experiments. The position resblutions reported
in spectrometer fo&al ﬁlanes are typically 0.5 mm/20 cm-(charge diVision, (111))
‘and 0.6 mm/45 cm (rise time; (101;129,132)). Valueg agiébod asv0;15 ﬁm‘are
obtained in béqqh tests with collimated sources of radiation.

Neither ghargé-division nor rise-time read—ouf.gives»a-respdnSé that can
be assumed exacgly linear with particle position (lOl;Léé)i' The rise~time method
has been espeéialiy plaguéd by S-shaped respoﬁée curves, but this pféﬁlem can be
cured by use of only the middle 75% of the anode length:fby proper éﬁoice of the

differentiating time constant (130), and by proper ter@ination of the anode
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line (101). Even so, the response must be calibratea by, for eé;mple, moving a
strong elastic peék to diffgreqt po%}tions by.changing.tﬁé magnetic field of.the
spectrométer. In a counter with several wires, each Wire»will almost sure}y give
a slightly different response: they must therefore all.be calibrated separately
and calibration data‘stored'in an on—ling computer.

In yet another read-out system, one or.bqph of th? cat;ode planes of a
proportional detéctor are replaced with a single or ddubl¢ he1ical.delay line
whose axis (see Figure 30) is parallel with the anode wire or wires (133-135).
The motion of thevion pairs near the anode induces a signa} in several turns of
the helical cathode. The puise-travels along the helix iﬁ;both directioﬁs, delayed
by about 30 ns/cﬁ and the position is measured from the difference in arrival
time.of the pulse at the two endsj

For very long-rénge particles, the presence of he;ix wires in front of
the anodes is unimportant, but it does cause trouble at lpwer particle energies
(135). The configuration shown in Figuie 30b is therefore preferéble. In a
typical helix (134), the wires are copper—clad.aluminum, 75 ym diameter, 0.5 mm

apart. The transparency of this helix to short-range particles is therefore

only 85% but no ‘doubt somewhat more transparent helices could be built. When
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multiple detectors are required to measure AE or TO?,'Qr fér the virtually
essential redﬁction of background by requiring mulﬁiplévcoinciaeﬁces (123—124;
132), the helix detector would presumably have to be 3t the rear. Of course,
the position-measuringvdevice should be ahead of the othgr counters in érder
to avoid lbss of bosition resolution from multiple sdatte;ing.

Although the delay-times in the helix--30 ns/cm—-are about ten times
.shorter_than in the rise—fime system, pulses are reflected ffom the ends of the
helix. In each reflection the pulse is inverted and attenuated about 5-fold.
After the second reflection, the pulse has its originaivpélarity'but is attenuated
by a factor of 30. To prevent doub}e—coﬁnting, di;criminafofs are used between
the amplifiers and the TAC. Neverfheless, the pulse-storage time is only a
factor of two orithree shorter than in a rise-~time sys;em. The low transparency
seems a high price to pay for this advantage. Positiéﬁ fgsolution is excellent~-
0.33 mm FWHM has been reported in a counﬁer'25 c@ long (135).

The helix read-out has thg advantage that the position calibrations
are identical for -all the wires of a multiwire counter. Thevpésitiog éali-
bration should be independent of time provided that the heiix suffers no

physical damage;v.Further, the position resolution appeafs to be independent

of the angle of entry of the particles: this is discussed in more detail below.



~92-

Radeka (136) has made a theoretical analysis of the optimum performance
to be expected from resistive wire charge-division chambe;s and delay-line
read-out systems. He showed that dispersion in the delay-line causes the
timing and hence the position resolution to become éignal—té—noise limitgd in
long lines. In charge-division read-out; the position resolution of an
optimized system is determined onl; by the. anode capaéitance and not by its
resistance. It should therefore be possible to use aﬁédes of lower resistance
than has been common, with consequent improvement in timing and energy resolution.

In the drift chamber (137) deéigned for the detection of 1 GeV protons
(Figure 31), electrons liberated in thg gas drift down a potential gradient
in a direction normal to the trajectory of the particle. At the end of the
drift they are detected in a simple proportional chamber. A time-zero signal
is obtained from a scintillator, and arift time is measufed to give the position
of the particle. Detectors up to 50 cm in length afe.uéed with electric field
gradients of 800 V/cm, requiring a high voltage supply of at least 40 kV. The
drift velocity W dependsvon the field gradient E, the nature of the gas and

its pressure p, but W becomes independent of the gradient when the quantity

E/p is equal to about unity (in units of V/cm and Tory). The preferred gas is
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pure methane,-élthougb neon—methane'miktures haye been u;ed. The limiting
drift velocity is about 10 cm/Us in methéﬁe at a pre;sure"of 1 atmosphere and
somewhat less iﬁ'neon—methane mixtures.
The line of electrons along the'paftigle track.is broadened by diffusion

during the drift, which makes a contribution O to the resolution:

o= (2ormt? | | - - 4.

where L is the drift length and D is the elgctron dif fusion cbefficientvin the
chosen gas. In pure methane, 0 was found to be 0.4 mm. (L = 12 ém) and 1.3 mm
(L = 50 cm). The positiod resolution’in a long drift;cﬁambe; is therefore

not quite as gobd as for other systems.

" The prépoftional chamber at the éend of the drift Qpéée (137) was found
to measure the ehergy loss of 1 GeV protons with no apparent loss of resolution
even after a 25 cm drift. However, the measured résoiuﬁipn must have been
limited entirely by.energy loss straggling so that the seésitivity'to such
effects as eiecﬁron‘attachment to impurities would be quite low. It remains
to be shown that good energy resolution can be obtained for particles for

which energy loss straggling is small.
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When patticles cross the gas space of a proportional or drift chamber
at a non-normal angle there may be a serious loss of position resolution. The
read-out systems correctly measure the center of ionization of the track,
but especially fér tracks of 10Q ionization density, statistical quétuétions
can move the center of ionization with respect to the'geometrical center.

This problem has been analyzed by Miller and co-workers (111). As might
be expected, the ioss of resolution is reduced when thé ééunter is made
shallower (but thgn the AE resolution becomes worse). Alternatively} the
energy loss can be increased and the fluctuations reduced by increasing
the ggs pressure. Figure 32 shows the calculations of Miilgr et al. for
particles incident at 45°.

- The volume of the sensitive zone around a proporFional counter anode
wire can be controlled at will by the addition of gases»thét capture electrons
to form negative ions of low mobility, such as ethyl-bfomide or freon (106).
Parts of the particle track that are more than the desired distance from the

wire do not contribute to the pulse so that the effective depth of the counter
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is reduced. ‘Thesé gas mixtures have been used in multiwifg propo;tional
chambers but not so far in the ones described.in‘this review.
Of course it would be necesséry to place the wires at a sufficient1y
close vertical spacing to avoid loss bf events in dea@ spots. Further, good
AE resolution would not be obtained, ?ut as we shall discﬁss beléw it is usually
advisable to use separate chambers for the position and AE measurements.

The helical delay‘line system is reported (135) £0 give a position
resolution that is independent of angle of entry. This ;s‘because the read-
out system responds only to the fastest rising part of the cathode pulse,
which comes from charges formed in that part of the track closest tq the anode
wire. It‘follows that particles far from an anode wire in the vertical
direction, having no section of track close to a wire, willAbe detected with
mucﬁ reduced pulse height (and therefore perhaps poorér ?esolution). In
the counter of Flynn and co-workers (135), the vertical’énode wire spacing
was only 3 T, whefeas in thé rise~-time system the anode wires can be at lgast
15 mm apart without loss of position or AE resolutioﬁ. “The AE resolution of

the helix system is about what would be expected for light particles-where
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energy loss straggling dominates but there are no reported results for highly

ionizing particles such as heavy ions.

Measurement of AE and E

The measurement of particle energy E and energy loss AE with semi-
conductor detectors in addition to the'magnetic rigidity provides a powerful
method of particle identification (138-140). Since thé‘Counters are small,
Bp is determined approximately, even in the absence of a position measurement.
Vorob'ev et al. (140) gsed quadrupole lenses to define a small range of
Bp (2 - 7%): the& also measured TOF and E with a silicoﬁ éetector.

*Since

(80)%/E = 28/q° | 47.
measurement of Bp and E suffers from an A/q2 ambiguity. For fully stfippéd
ions (g = Z), the ambiguity is in’A/ZZ. Measurement of E and AE leaves an

s . 2 . .
ambiguity in AZ , since approximately

E - AE« A22 48.

For fully stripped ions (q = Z), Equations 47 and 48 give

A2 o« (Bp)2 - AE . 49,

2% « E2AE/(BO)2 . 50.
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In this case A and Z are completely determined by Bp, S anQ,AE mgasuremehts.

Both E and Bp are easy to measure with high resolution (a; least over small

afeas and for particles of short range), but the resolut;on of AE measurements

is usually limited by energy loss straggling. It is therefore fortunate

tbat AE is proportional to A2 quuation 49) and Z4 (Equation 50) so that the

résolutions in the A.and Z measurements are respectively twice and four times

as géod as thgy are in the AE determination. If Bp is not ﬁeasured, Equation ‘48

shows that AE depends only on the first and second powers 6f A and Z respectively.
Heckman et al. (14l) used a combination of magnetié analysis, dE/dx and

TOF peasurements in é telescope of nine 3 - 5 mm-thick silicon

counters to identify the products from the interaction of 2.1 GeV/A'heévy_ions

with various target nuclei. Identification was simplifigd becguée all products

were fully stripped and (for 7 > 2) they all had the samé-yelocity——equal to

that of the beam particles. Hence varying. the field of tﬁe spectrometer produced.

a sharp transmission maximum for a particle at

Bp « Msy/z o 51.
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where vy = (1 ; 62)_1/2 and By was the same for all fragméﬁts. The various Z-values
were separated by the counter télescope with a Z;resolution of $0.12 units.

With the possible exception of very low'energy heavy ions, particles do not -
stop in propoftional counters, so that only energy loss is measured.' It is s
important that the counters be designed so that the resolution ig energy'
loss is limited only by the inevitable straggling rathe# than by instrumental
1prob1ems. For small energy losses (e.g. with high-energy protons) the
straggling is large (142), but for heavy ions, where the energy.lossvis large
and energy loss st?agglingrmay be only a few percent, instrumental effects
may limit thelresolution.

It isvimportant that the anode wires be smooth and uniform in diameter

(143-144). Expefimentally (143), the gas multiplication M at a 20 Um wire varies

with change of radius dr as

daM/M = dr/k _ 52.
where k ® 1 um} Therefore a variation in M of *1% requires that the wire
radius uniformity be *0.0l im, which is only *0.1%. This virtually impossible

" requirement can be relaxed in proportional counters in which positioh along
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the wire is mgasured, fdr provided that the gas multiplication is sufficiently
uniform over a‘length equal to the pbsition resolution,; a correction can be
applied fdf s;ower'diameter variations or for other‘effééfs by measuring
the felative gas multiplication as a function of position; In cognters with
several wires the:corfection must be made»for each positidn along each wire
when the highest AE resolgtion is required.

Both energy loss énd gas multiplication vary as arfunction of gas
density, but in'épposite directiqns. The resulting.pulse height is approximatély
inﬁersely proportiona} to the density. For 1% contribu#ionsvto AE resolution,
pressure must thgrefore be controlled to 1% and temperéture to 3°C. 1In
practice, pressu;es are controlled but temperatures usﬁaliy a;e not, perhaps
because they.vary’oniy slowly inside the spectrometer vacuum system.

The gas mgitiplication is, in addition, a complex function of the
" geometry of the counter (106,145—l46). If several anoae Wires are used, they
'musf be parallel, equally spaced from one another and at equal distances from
the cathode planes if equal gas multiplicatiqns are required. The mutual

electrostatic repulsion of the anode wires causes them to move out of the

plane in alternate directions (147-148) by a distance Ay given by -
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Ay =.103v222/f1‘S mm
where V is the poteﬁtial of the wires (kV), L is the ﬁire leng?h.(m), S is the
distance between wires (cm).and T is the wire tensién (dyﬁes). Electrostatic
stability and freedom from sustained vibrations is assuréd when the wire

tension exceeds a critical value Tg:

T, > V2'5Z,2/4'r72a\2 , 53.

where 2a is the_debth of the counter (147). The éffegts df:wire displacement,
and other geoﬁétrical errors, were reviewed by Charpak'(lOG}. The maximum
tension‘that 25 um diameter quartz fibers can reliably ;ustain'is about 12 g.
The 20 uym gold-plated tungsten anode wires of a helix deﬁéqtor (134) are
tensioned to 50 g.

In a defector with several wirés; électrons.drift;towards fhe‘nearest
anode wire, where the multiplication then ocgurs. The.KnéggtiveS signal on
that wiré inducés a smaller positive signal on adjacentvwifes. A negative
signal may appear on two or more wires if the projectiqﬁ dfvthe track on the
plane of the wires crosses from one wire to another. The AE signal.is there-
fore most reliably measured by adding the signals from.all the wirés.

Corrections for different gas multiplicatioﬁs can be made by relative gain
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adjustments when each wire has a separate amplifier 1135), by small adjustments
(< 10 volts) in the positive bias of each‘wife (149),'¢r'iﬁ an on-line computer
that receives a logic.Signal to identify the wire on whicha_puise'occurred'{101,132).
Good AE resolution is espécially important in the identifiéatién'of

.heavy ioﬁs where the fréctional difference beﬁwéen adjécéﬁt Z-values is small.
It haé been found by several groups (123,132,150) that_the requirements of good
poéition and AE resolution cénnot be optiﬁized simulténeouély in a single
proportional counter.’ Good position resolution ?equires that the détector

be shallow, especially wﬁén particle trajectoriés are hon¥pormaiy whgreas

deep deteétors-give greater energy loss and less energy loss stragglihg.

Good position reso}ution requires the greatest'possible gas multiplicatioh

to obtain.a very'high signal-to;noise ratio. ‘Good proﬁértiogal beﬁaVior and
energy resolutioﬁ, on the othef hand, are best obtained at"lqw gas multipli-

cations. The ideal system therefore consists of a shallow position—f

sensitive’proportional counter in front of a deep AE counter. Harvey et al. (132)
use a 1 cm-deep resistive wire rise-time position detector and a 4 cm-deep AE counter

with nickel wires. The AE resolution in each counter is close. to .

the value calculated from energy-loss straggling, but it is twice as good‘in
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the deeper AE counter.as in the position céunte;. Typical resolutions are
10% and 5%=FWHQ respectively:for 100 Mev 16O ions; The iatter figure cor-
responds to a Z-resolutioﬁ of ébout 2%%.(sihcé AE =~ Z2). Similar results
have been ébtainéd with the system at Argonne.National Laﬁoratofy (150) .

When the total charge density in the vicinity.offan.anode wire exceeds
a certain value, t@e electric field is sﬁfficiently perturbed that proportionality
is lost (151). Since the Lotal charge is proportioha;'té the product of the
energy-~loss ‘and the gas multiplica#ion'M, it follows théﬁxM musﬁ be.kept quite
low for detection of heavy ions where thé energy loss @éy be severai MeV
especially when,multiplication is confihed tovan extiemely small volume as
it will be in chambers at high gas pressures. .In the Berkeley double qounter‘(l32),
the gas mgltiplications in the position and.AE chambe:ékare oﬁly v 109 énd 10
respectively ﬁor detection of 100 Mev 16O ions. When-thé product of energy loss’
and M exceeds very roughly 200 MeV, peaks in tﬁe AE spectrﬁm begin to devélop
"tails" on the bigh enerqgy loss.sidé when the gas pressu;e is 1[3 atmosphere.
This is of no conéequence in a counter that is used oﬁiy for a position measure-
ment, but . of qou;se is highly undesirable for theAAE counier.

In a chamber with horizontal wires spaced vertically one above another,

guard wires must be used outside the upper and lower active anode wires,
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otherwise the elecﬁriq fields and gas multipiicatioﬁé‘df:the outérbwires may
be cénsidegabldeifferent from those of the inner wiiés;(82,85). The maximum
vertical spacing betﬁeen’wirgs.consistenfbwith_good AE éﬁd position resqlution
is not we;; established. In one counter (132), the'spacing is 15 mm so that1
particles up to 7;5 mm above or below a wire are deteéfed. There gppears td bé
no loss of position or AE resolution even in high resoig#ion heavy ion measure-
mepts. In a l;cm deep chamber with rise-time read-out, tﬁe positionvrésolution
(for a collimated x-ray beam) was constant ué to at 1éa§t 2.2 cm fr9m the anode
(152).

Table 1 gives some representative calculated values for energy loss and
approximate energy loss straggling of heavy ions in Ar‘gas (lSB)l‘iThé straggling
ariseé both fromvmultiple‘éca?tering which changes th§ pathvlength in the gas,
and from the statistical fluctuation in the charge stéte éf the ion.

When ions of high Z and ;ow velocity are detected, their energy loss is

. ' ' 2 . e
proportional to q2 rather than to Z , where Q. ¢g 15 an effective ion

eff

}

dharge < Z. The rate of energy loss (dE/ax)A Z,E/A for an ion A, Z and energy
: : r&y . . . - . .

E/A is related-tp the‘proton energy loss (dE/dx)p E by

A,z,E/a - Jegs (AE/AX) | A >4.

(dE/dx) JE
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Independent of stopping medium, g is given (empiriéally) by (54):

q e = 2{1 - 1.032 exp[—v/(vozo'69)1} s 55.

. ' . ’ . .8
for an ion of velocity v. The Bohr velocity vO equals -2.188 x 10 cm/sec.
o . 16 ~ o . :
For the lighter heavy ions (e.g. o), dors ~ Z for energies above 5 MeV/A, see
Figure 2, but for heavier ions and lower velocities, sepération by AE measurement

becomes more difficult. For example, for A = 90, E = 5 MeV/A:"

2
(AE/a%) 70 _ Yeff)z=a0 _ L o3
(AE/8) 530 (2., T
Z deff’z=39
whereas
2% (40)/2%(39) = 1.05 .

Thus Z-separatibn of these partially stripped ions requires a dE/dx resolution
NP ‘ Do - . L N .
nearly twice as good as for fully stripped particles. For Mg ions, A gg rises
r . V . ’
from 9.6 at 50 MeV to 11.7 at 250 MeV. At the lower energy, the raté of energy loss
is only 64% of what it would be for fully stripped ions of the same velocity.
MeaSurement of Particle Velocity
Particle velocity is measured by determination of the time of flight

over a known distance. The great advantage of making the measurement in

a spectrometer is that the focusing permits a long flight'path (typically
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several meters) with a much larger solid angie than_ﬁpgld be.possible.in a
simple evacuatgd.éipe. The flight paths will be diffgrenﬁ foi'partigles
arriving at different points along the focal surface, but provided that’
position is méasured, a correction can be applied to the TOF. There will be an
additional dispérsion in flight path for particles that leave ;he target at
different angles and focus to a common radial point onuthe focal surface. A
correction can bevapplied only if a particle's position is measured at two
Points. The aﬁoﬁnt of thi; dispersion decreases as the radial acceptance

angle of the séeétromete;s.is decreased: - by opgréting a; sufficien;ly small
solid angles any required degree of isochronism can be obtained.

Since Bp “.Av/q, avtwo—dimensional plot of Bb ys TOF (« l/v; shgws a
series of Iinesicofresponding to discrete values of A{q. ‘Afte; correcting TOF
for focal plane position, these lines become horizontal, as in Figgré 33.
Events corresponding to a given value of A/q can tﬁen gebseleCted by a singie_
éhannelvanalyzer_or digitaily in a cogputer. 'Particleé with diffe;ént Z-values
but a common value of A/q:can be.?eparafed by means of a AE measurement.

As discussed above, unambiguous identifiéation ;s pot 6btained by

measurement of Bp) v, dE/dx. At a given value of Bp'and v, two different

species must satisfy:
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A)/q; = Ay/q,

E./E = Al/A2

1"72
If
dE/dx « AZ/E « z2/v°
then
(dE/dx)l = (dE/dx)2
when

Hence two ions of the same element Z are indistinguishable when they have the

. : : 16
same ratio of mass number to charge state A/qg, for example 0(8+) and
14 , . . '
O(7+). In most experiments there will be a range of Bp values where the two
species do not overlap because of differences in Q-value and reaction kinematics.

In a two-dimensional spectrum of TOF vs AE, speCiés are separated both
by A and Z (except for the ambiguities mentioned above). Figure 34 shows such

‘ . .24 . ' 11 .

a plot for the species obtained by bombarding Mg with 86 MeV B ions.

Figure 35 shows an unidentified particle position spectrum and the

]

spectra of three ion species that were identified and separated by measurement

of Bp, dE/dx and TOF.
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Flight times for heavy ions in a spectrometer ;re typically 100 - 200 ns.
vSince adjacent A—valués ip typicai heavy iqn experiments (A7z 20) differ by
only 5%, the TOF ;esblution should be at least 1 - 2 ns.

When the beam is obtained from a éyclotron or.éther pulsed accelerator,
TOF differences can be me;sured by starting a TAC with the signal_from a fast
plastic scintillator in the focal plane and stopping it Qiﬁh-a signal from the
cyclotron oscii}a#or (101,154). The TOF resolution is then at best just the time
width of the accelerator beam microstructure. With special precautions this has
been reduced t§ 200 ps at the Michigan State University cyclotron (154), but in
most cyclotrons the pulse width is aSOut 5 - 10 ns which is ﬁna6ceptably long.
Moreover, the time structure of the beam pulses in most machings is very sensi-
tive to élmbst gll the parameters of.the cyclotroﬁ, such as the magnitude and
shape of the magnetic field, the dee voltage and frequency, the ion source
position and so on. The time width of the micfostructure is therefore not
very stgble,-and the tuning conditions that give the sharpest time structqre
almost axiomatical}y produce less than the maximum amount of beam.

For most cyclotron work, or for experiments with D.C. beams, a time-zero

detector between the target and the spectrometer entrance must be used. It
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should be sufficiently thin that energy-loss straggliﬁg and multiple scattering
cause acceptably small losses of energy resolution. The effect of mu}tiple
scattering is minimized when the detector is.placed as close as possible to the
ta?get. If it were actually at the target position (clearly impossible in
'practice), its effect would be exactly the same as thevaddition of the same

material to the target. When the detector is placed downstream from the target,

the change of direction due to multiple scattering makes the particle appear N

to have originated from a different part of the target. If the spectrometer is
'operated'with a momentum dispersed beam rather than an analyzed (monoenergetig)
beam, the multiple scattering causes a loss of the correiation between beam
energy and its position on the target that is essential for the dispersion
matghing in the spectrometer (100). Moreerr, the change in angle of the
trajectory causes a loss Qf the kinematic compensation. AAparticle emitted from
the target at angle 6 with respect to the beam, and havinglfhe kinematically
correct energy Fe will gppear, after multiple scatteriég and energy loss in the
time-zero detector, to have been emitted at 6 * AB with energy E6 - AE. The
new energy and the apparent angle are no longer related by the kinematics of

the nuclear reaction. For heavy ions of energies used for nuclear reaction

kY
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studies, the eneréy'loss straggling effect would seem to dominatg. The.
straggling_&ﬁ ié gi&én aéproximately by
/2

OE (FWHM) (keV) = 0.924 2,(Z,t/A,)

where 22,A2 refer to the foil material of thickness t:Ug/cmz. _For a 50 ug/cm2
, . . ' 16 :
carbon foil, SE is approximately 40 kev for O ions..
The multiple scattering half-angle 66 can be calculated from tables
y ' = 16 | 2 e |
given by Meyer (155). For 100 MeV O and a 50 ug/cm” carbon foil, 60 is about
0.3 mrad, but detailed calculations are required to estimate the effect of &9
upon the energy resolution of a specific spectrometer system. - Only -about one
third of the multiply scattered particles are contained in the-cone of half-.
.angle 808. For a given type of particle in a given foil, 88 is roughly proportional
. to quf and inversely proportional to the energy. Experimental values for the
. . . 16 32, y o
RMS multiple scattering angles for O and S in C, BeO and A1203-f01ls have
been measured by Cline and coworkers (156). By extrapolating‘their results,

1/2

. 2 v
a value of 1 mrad is obtained for (8§07 ) for 100 Mev %0 in a 50 u_g/cm2

’

carbon foil.
The time-zero detector will frequently be required to operate at an
extremely high count rate, for regardless of what particles are detected at the

focal surface, it will always be exposed'to the elasticaiiyvscattéred beam
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particles. The best position for it ié therefore immediately behind the
entrance slits of the spectrometer. The detector should not bevplaced between.
magnetic elements when heavy ions.are to be detected. The f%elds of the
elements achieve proper focusing or deflectioh of particles of a fixed charge
state, so that any ion that emerges from the detector wiﬁh a charge state
different from it; value in the first element will‘behave incqrreétly in sub-
sequent magneﬁic elements. In spite of all these diffiéulties, the time¥zero
detector seems likely to become a ;tandard feature in particle-idengifying
spectrometer systems although at the present time it is rarely ﬁsed;

- The system of Vorob'ev et al. (l40){uses two quadrgpole doublets to

235U on to an enérgy-

focus light ﬁﬁclei formed in the thermal neutron fissidn of
measuring silicén détector,-thus sélecting a range of Bp values 2 - 7% wide
‘depending on the size of the detector. Time of.flight is measured between the
-silicon detector and a thin (0.5 um) aluminum foil placed at the focus of the

first doublet. Tﬂe foil.is biased at -20 kV and secondary eléctrons.are accelerated )

towards two scintillation-photomultiplier detectors. A coincidence between the

two photomultiplier signals is used as the time-zero pﬁlse. The time resolution
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-of the system is 2 ns (FWHM). Combined with the l%-enérgy_resolution, this gives

a mass resolution of 2%.

The Berkeley spectrometer (101,132) uses a thin NE III scintillator foil
observed by two photomultipliers through a bi-conical.light guide (Figure 36).
For detection of heavy ions,  foils of about 50 ug/cm2 ??epared by the method
of Muga and co-wo#kers (157) give a detection efficienqg close to 100%. It is
unfortunate that the very great quenching of the light output mékes plastic
scintillatéré basically unsuitable for detection of heavy iéns: the high
efficiency is optained by setting the threshold for deﬁeqtion-at é single
photoelectron, and the count rate in the system is‘tYpiéa;ly in thé range of
105 - 106vcouhts/sec: The scintillator foil is extreme;y sensitive to
electrons,coming'from the térget so that an electrostafié;deflector”must be
placed between the target and #he foil. Time of arriva1 of_a pafticle at the
fécal surface is measured with a 45 X 6 cm plastic sciﬁtiilator placed behind
the rise-time position-measuring propqrtional counter and ghe energy-loss
counter. The.intrinsic time resolution of the system islabout 0.7 ns, but flight
path length diéperSidn degrades it to 2 ns at a ;olid angle of 1 mér. The

flight time for 100 MeV heavy ions is about 150 ns, so.fhe time and mass

resolution is typically better than 2%.
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The use of a four-fold coincidence between the time-zero detector, two

1

proportional counters and the focal surface scintillator reduces the system

208

' background virtually to zero. 1In a study of the reaction Pb(20Ne,d)224T

h,
no o-events were observed between 0 and 5 MeV of excitatiop in 212.4Th. A single‘
event would have corresponded to a cross section of 70vnb/sr;

As already mentioned, the channel-plate ;econda;y'gléctron detector
offers Fhe possibility of simultaneqhsly measurin§ thevtimenand the‘position
of the particle. With the apparatus shown in Figure Zébj ?abor, Hoheyer, and
Kovar (158) obtained a position resolution df about 1.5 mm. The posiﬁion-
sensitive ;iliqén counter that they used i; not ideal f9f f$st ti@ing, but it
could be replaced by an array of anodes to give both pQSition and‘fast timing.
The accelérating grid--transparency 99%--caused bacquognd,problems in the
position spectrﬁm at the focal surface by scattering héavy ions. Muga (159) has
shown that.a low-;esolution position measurement (V 7.5 mm) can be obtained
from a thin p;astic scintillator by comparing the light output from thé two
ends in a system siﬁilar td that of Figure 36.

A radial position measurement at the entrance of a spectrometer would

be enormously valuable. If the radial width of the Peam spot on the target
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is suffi&iehtly émall,fa poSitién me;surément at a point §ownstream is equivalent
to a determinatién.of the angle at which a particle enters the spectrometer.
Correcfioﬁs can then be made for the angular dependencevof the flight path
length, for ra@ialispectrometer éberrations and for thé angular variatién of the
energy of nucleér #eacfion'products. The spectrometgr dééigner would be
liberated from cgﬁcern with isoch;onism, radial aberration control and kinematic
cqmpepsatiqn with multipole elements or by focal plane diéplacement. Moreover,
angular distributions of reactiohvproducts measured in a speétromete§ with a
large radial gcéeptance angle could be broken down into measurements over

small angular increments.

With incgéasing interest in thé study of heavy ion reactions,:the
designer of speqtrometers and particle-identifying’insttuﬁghts will be
preéehted with ﬁany fascinating new problems. Fortunately)-thévfield'has

never contained so many potentially fruitful new ideas, nor has the rate of

advance ever been so high.
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‘TABLE 1. Energy losses AE(MeV) and energy loss Straggiing (2) in Ar gas (153).
A four-fold increase in stopping power improves straggling by about a: factor
of 2. : : : '

l'Cm—a¥mOSphere

. iiB: 12 | 16, AR _.2dNe
' AE . % AE s AE 1%  ' AE %

50 2.19  5.80  3.20  4.63 6.45 _3;15‘:f 9.90 _2.56
100 1300 9.81 201 7.6l 4.29  4.74 738 3.4
150 o 1.48 10.3  3.20 6.37 5.73  4.4a
200 , N | R 2.59  7.86  4.68 | 5.44
250 - | - o 2,00 6.37

4 cm-atmosphere

50 9.15  2.78  14.2-  2.15  28.5 1.42  46.7 100
100 5.27  4.83 8.21  3.72  18.00  2.26  31.4 1.6
150 4.06  6.29 5.86 5.22 13.1 311 a 23.9 213
200 - | 104 3,93 19.2 . 2.65

250 7 16.2 3.16
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FIGURE CAPTIONS.

‘Fig.‘l. Block diagraﬁ of»AE,E identifier.system.

Fig. 2. Stopping power (in aluminum) fpr vérious ionﬁglz(Adapted from Reference
6.) The stopping power axis is normalized in terms éf 2;1 where'z—l is
the nuclear cﬁarge of the pérticular ion.. The eng;gy scalé is normalized
in terms of the enefgy/nucleon of the io§. The slqpe”lineé at the tdp.gf
the figure show the slopes corresponding‘to.vari0us‘p§wer 1aws.

Fig. 3. ‘BehaVior of the-gomponents.of the oﬁtpuﬁ in a E(AE“multipliervtypé
of identifierf

Fig. 4. A) Basic circu%t of a logarithmic function géngrafbr.

B):Basic qircuit of an exponential functign gepetaﬁor.
- Fig. 5. A) Fuﬁction generator fo develop the power function:
output « (input)b.
B) Schgmatic of the system used in an identifier based on the range
algorithm.
Fig. 6. Measured response of a function generator of tbe type shown in

Figure 5A.
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Fig. 7. The rangé of hydrogen-and helium ions in SiliCOhd

Fig. ‘8. Range-energy curves for various heavy ipns in ;ilicbn (note that the
energyAscalé ;s.in MeV/amu.

Fig. 9. Energy 1ost by monoenergeti¢‘40-MeV alpha particlés»passing through
é lOd—micron silicén crystal in two Qirections. (See:Reference 44.)

Fig. 10. 3He and‘4He identifier output distributions for éeteétqrs cut normal
to the (111 éxis and at 5° with respect to the pfeyioﬁs cut. (See
Reference 44.)

Fig. ll.‘ Plot of M22 for ions of Z < ; 10 known té be stable against particle
break-up. A fixed percentage e?ror in determining.MZ éonstitutes a fixed
vertical error in this plot.

Fig. 12, Block diagram of the triple-detector identifier system.

Fig. 13; Diagram of the triple-detector identifier ;ircﬁip,s?owing waveforms.

Fig. 14. Heévy;ion particle ideptifier spectrum using AE;E multiplier algorithm.
This éxperiment used a gas proportional AE detector (Reference 10).

Fig. 15. Early identifier spectrum using a silicon AE,E detector telescope

and the range (power law) algorithm.
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Fig. 16. Compaiison betweén the_particle‘identifiér spectrum achié&ed using
thg simplé“AE,E.telescopevand a tfible-detecﬁér ieléséope and id§ntifier.
Fig. 17.. Identifier‘spectrum obtained in an experiment to measure the.maSS
of éHe. _Tb§ réacfioﬁ studiéd waslzeMg(u,BHef22Mq at an élphé;éarticle.
:énergy df.SO:MeV._
Fig. }81‘ BHeIéﬁergy spectrgm achiéVed in thé experimeht dgsqribéd ;n tﬁé
caption tq'Figure 17.
Fig. 19. Plot of the velocity of ions as a function of E/M.
Fig. 20. Ploﬁ o§ fhe méss resolution gs-g function of:E/MIfor variops.reéolﬁtions
(At) in the ﬁimg—of—flight measurement. d is the 1ength.of the flight path.
Fig. 21.. Two dimensiopal picturg of.MZ2 particle_idgntifier 6utpu§ combined
with maés ?etermination py measurement of time-of-flight. A 1Q;§m flight
path, lOQ—MgV ions_and 250—p§vtiming accuracy are»aésumed.:
Fig. 22. Diaé#am of a detector using electron emission”from a carbon foil into
a channel multiplier. A shows a fast timing detectoi using a Chevron piate.
B ?hoWs a systém using a position-sensitive detector to pfovide én image
of the emission‘pattern from the foilf

Fig. 23. Input circuit of a silicon fast-timing detector.
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Fié. 24. Block diaéram of ag idéntifigr'system using both MZ? and'time;of—flight
measurements..
Fig. 25. Identifiér output spectrum for heavy ioné cngFing a very broad
energy range:
a) Withlthe output calculated from R‘= a E but with the value of b too high.
b) As (a) but with tﬁe value of b aéjusted to 1.40.
c) éomputer pgdcessed with an eneréy—dependent-exponent. (See Equations 43-44.)
Fig. 26. Two-dimensional contour plot of particle identifie; ogtput (Mzz) versus
mass (derived'from_timefoffflight measurement) .
Fig,’27. This figuré indiCates-practical limits of iden#ificgtion using
silicon detector telescopes for both M22 and time—of—f}ight mass deﬁermination.
Fig. 28. 'Position sensitive p?oportional counter with cbarge division readout.
Fig. 29. .Positioﬁ sensitive proportional counter with rise-time readbpt.
Fig. 30. (a)‘ Chambef'with helical caﬁhode wound around anode.éroﬁnd plane.
(b) Chamber with helical cathode wound around grouné piane separate from the

anode plane. Particles enter chamber without passing through the helix.

Fig. 31. Drift counter (see Reference 137). _ ' .
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Fig. 32. Position resdlution as a function of detec;or.ﬁhipkness, (a) for 1 atm.
of argon, (b) for 3vatm. of argoy (see Reference 111).
' Fig. 33. Plot of time of flight vs. position on detector.’ fime of flight has
been correcfed fqr differences in flight pathi»
Fig. 34. ?1ot of time of flighf vs. AE showing separated;particle groups.
Fig. 35. Total position spectrum Qith éated particle speéﬁra below.

Fig. 36. Schematic diagram of thin scintillator foil holder andvlight guide.
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