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" ION IDENTIFICATION BY DETECTOR TELESCOPES*

F. S. Goulding

Lawrence Berkeley Laboratory
University of California
Berke1ey, California 94720 U S.A.

Abstract

" This paper discusses the identification of ions produced in nuclear
reactions. The use of detector telescopes to provide energy loss infOr—
mation and the manipu]at1on of the AE and E signals to identify the ions
is emphasized. The value of combining -this method with measurement of

- mass by time of f11ght.between the detectors, and thereby producing a
two-dimensional M v MZ™ picture is illustrated.

* This work was supported by the Physical Research D1v1s1on of
the Department of Energy under Contract No. W-7405-ENG-48.



Introduction v
Reactions between high-velocity nuclear projectiles and target

nuclei provide an important probe of nuclear structure.} Identification
of particles emitted from the target and measurement of their energy are
essential parts of this technique. Since heavy highly-charged particles
produce denser ionization tracks than light ions of the same energy, it
is intuitively obvious that a simultanedus measurement of the energy,.
range and ionization pattern along a particle's track may suffice to
identify the nature of therparticle This type of ev1dence was used
even in the days of the Wilson cloud chamber and has been 1ncreas1ng]y
employed in the past 20 years as a particle identification technique.
‘Modern detector telescope identifiers used one or more AE transmission

detectors to sample jonization alqng the track and an E detector to
absorb the remaining energy of the particle. The summed (AE + E) signal

. g1ves a measure of the total particle energy and the: pattern of AE and E

s1gna]s provides 1dent1f1cat1on

As we will see, unambiguous 1dent1f1cat1on of every isotope is not
-possible with s1mp1e detector telescopes, consequently, other part1c1e-
‘sensitive effects may be used to augment the ionization information.
Thus, for example, its time of flight between two well-spaced detectors
(e.g., AE,AE or AE,E) can be used to directly determine a particle's
‘velocity Also, the magnetic rigidity of the particle may be used to
measure its momentum to charge ratio. Each type of measurement is sensi-
tive to different combinations of particle parameters and is subJect to
measurement errors. Consequently, depending on the spec1f1c case, one
or more of these methods may'be required to unfque]y determine the mass
and atomic number of a particle. : '

This short paper concentrates on detector telescope 1dent1f1cat1on,
inc]ud1ng,the:use of time of flight in addition to the classical simple

 fonization measurement. For an extensive bib]iOgraphy readers are re-
ferred to Ref. 1. Historically, the first use.of modern detector tele-

scope identifiers was reported in 19582), although the use of sermicon-
ductor detectors, which has dominated the fie]d for the past 15 years,
came somewhat later®). While time of flight measurements have been



rather common in, very ]ow-energy experiments, the first reported use of
combined AE,E and time‘ofiflight measurements was in 1966"“). The use of
‘two AE detectors for improved perfOrmance in studying 1ow-yie1d reac-
tions was first reported in 1966 ° 6). ~Multiple detector telescopes for
analysis of very high energy particles were first reported in 1972 7).

Manipulation of AE and E' signals usua]]y involves using a conven-
ient algorithm to generate a:parameter'whose'va1ue'is characteristic of a
specific type of jon. Early work used a AE<E "multiplier" algorithm
based directly on the Bethe-Bloch equat1on wh1ch describes the rate of
energy Toss by 1on1zat1on along a part1c1e s track. This algorithm
depends on the energy loss in the AE detector be1ng small compared with
~ the total energy and experimental adJustment of two free. parameters is
also required. Development of a power-law range-energy a]gor1thm in
19648) provided a convenient way to overcome these difficulties. While
on-line identification was always performed by analog particle identi-
fiers in early work, the past few years have seen increasing use of
digital computers for this function. While computer methods tend to be
s]dwer, and analysis is often: performed off-line on recorded (event by
event) data, they allow the use of more sophisticated identification
algorithms. - On occasion, on-1line analog identification is performed as
a coarse filter and the seleeted events are then subjected to refined
computer analysis. : |

Recognition of 1light ions, such as protons, deuterons, tr1tons,
3He and 4He ions is not dlff1cu1t because the relative change in energy
Toss, between successive isotopes is quite 1arge.' Furthermore, except
~at quite low energies, these ions are fully stripped and their charge
is equal to their atomic number_Z, As identification of heavier ions
is attempted,- the prob]ém becomes much more difficult since energy
1osses'of,adjacent ions are not very different'from each other and,
furthermore, the effectively charge in the ions may no lTonger be equal
to Z. The groWing interest in heavy ion physics has therefore changed
the perspective on particle identification.



Detector Telescopes -

Part1c1e 1dent1f1cat1on essent1a11y depends on detectors which pro-
vide energy loss information. The S1mp1est type of AE,E detector -
te]eScope system is shown in Fig. 1 where incident jons pass through
‘the AE detector and stop in the E detector. Signals from the detectors
are amplified and, if that they meet certain time coincidence and ampli-
tude criteria, are added together to prov1de a total energy signal. At
the same time, they are processed in the 1dent1f1er to provide a part1c1e-

'1dent1ty signal. :

‘A more complex 1dent1f1er is shown in F1g 2. Here_two AE detectors
rep]ace the single one of Fig. 1 and an extra detector, EREJ’ at the
rear of the E detector, is used to reject all particles that pass through
the E detector. This permits total rejection of a high rate of unwanted
particles, such as long- range‘incident jons elastically scattered from
the target which might otherwise produce false 1dent1f1cat1on signals.
The. use of two AE detectors allows two simultaneous identifications to
be made on each particle. Comparison of these perm1ts rejection of
events where an eXCessive]y large or small energy loss occurs in one.of
the thin AE detectors. ‘This type of telescope is particularly useful -
“where a 1ow4yie1d phoduct must be studied in the presence of many parti-
~ cles produeed by more probable reactions; The effectiveness of the
" technique is illustrated by'the_identifier output spectra shown in Fig. 3.
The trip]e—detectqr identifier (AEZ, EAl, E) clearly produces much |
better resolution of the isotope peaks than does the double-detector
identifier (AE,E). The first usé of this method was to prove the stabi-

lity and to determine the mass of 8He. Figure 4 shows the identifier

spectrum obtained in this experiment; the 8He events represent only

1 in'109 of the total number of particles'passihg through the telescope.
These examples, which illustrate the types of results obtained with

detectoh telescope identifiers, emp]oyed silicon detectors for both AE

and E measurements. This choice is not universal. Thus early work .

used scinti]]ation'detectors despite the fact that such detectors are

far from ideal in the linearity of their energy response. Early work

also used gas ionization detectors for AE measurements because of
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difficulties in fabricating totally-depleted thin silicon detectors.
Recent interest in the physics of short-rangé heavy ions, has resulted
in a resurgence of“gas ioniiation chambers. At the other end of the
scale, silicon detectors may be rep]aced_by telescopes of up to 10 or
more thick (>1 cm) gehmanihm detectors where very long-range particles
are to be identified. For the purpose of this brief paper, we will con-
centrate on the use of silicon detector telescopes while drawing atten-
tion to the application of other detectors where it is'appropriaté.
Choice of AE and E detector thicknesses is dictated by the ranges
of the ions to be measured. Figure 5 shows the range of light ions
(H and He ions) in si1i¢on. As one example of a detector te]escope, we
might use the case of identification of'idns in the range of 50 MeV
a particles. Here the-total particle range is approximately 2 mm of
si]iéon, so an E detector‘3 mm thick might well be used. The AE |
detector thickness might genéra]]y be expected to be a small fraction
of the E detector thickness (e.g., 200 um), but the actual value chosen
depends on the minimum range particles to be measured. Clearly, all
particles of interest must penetrate into the E detector and produce a
reasonable signal there. In this type of experiment, a relatively
thick E detector is required. This requirement can be satisfied by
Tithium-drifted silicon detectors or by surface barrier detectors made
on rare, very high resistivity (50 ke-.cm) silicon. The much thihnervAE
detector requirement can easi]y be achieved by surface barrier detectors
or by diffused or ion-implanted junction detectors. However, it is
important to note that all AE. detectors must be totally depleted and
sensitive throdghout their thickness. Dead layers on either face must
be of negligible thickness for good determination of the particle energy.
Dead material is‘particu]arTy serious between the AE and E detectors
since it results in the E detector receiving the particles at a
different energy from that‘onlleavihg the sensitive volume of the AE
detector. This means that the exit surface on the AE detector and the
entry surace on the E detector must both represent negligible dead
layers. For medium and long-range particles, such as 50 MeV a particles,
these requirements are easy to achieve since typical dead layers in



~ diffused, -ion implanted and surface barrier detectors are <0.25 um.
However, this becomes a more serious - problem in heavy-ion‘applications
The practical upper limit to the thickness of s111con -detectors 1s
approximately 5 mm which roughly corresponds to the range of 30 MeV-
‘protons. To accommodate 1onger-range particles, mu1t1p1e detectors must
be used. For example,.silicon detector te]escopes conta1n1ng up to ten
5 mm thick detectors are being used in satellite exper1ments for the
isotopic ‘analysis of cosmic rays®). This work, which -requires the- study
of iSotopes as heavy as those of iron, places very Severe demands on the
detectors. Lithium-drifted detectors, specially developed for this pur-
- pose, are uniform to +10 ym in their 5 mm thickness over a circular area
5 c¢m in diameter. Furthermore, the typical 100 um--thick lithium dif-
fused region on the n* face of the detector cannot:be’tolerated.
_ Therefore,'the detectors developed for this type of experiment are treat-
ed by removing the normal 1ithium-diffused region after‘drifting and
perform1ng a relatively 1ow-temperature Tithium d1ffus1on to produce a
very thin (<10 um) uniform nt surface layer.
~ Germanium detectors (either high- -purity or 11th1um-dr1fted) can be
produced in thickness as 1arge as 1.5 cm. Furthermore, it is possible
‘to produce te]escopes of up to 10 high-purity german1um detectors (in
contrast to 11th1um-dr1fted detectors where hand11ng is extreme]y
difficult). Therefore, telescopes with a total mass of approx1mate1y
80 g/cm2 can, in principle, be fabricated. One -disadvantage of using
germanium detectors is that low temperature (~77° K) operation 1is
essential, but this is the only satisfactory approach to analysis of
very:long-range particles and the technique is rapidly being exploited!?),
, Nuclear reactions and small angle scattering in the detectors, which
cause loss of particles from the telescope, represent_obvjous 1imita-
tions in this technique. However, since many observations are made
along the particle track, the pattern of ionization provides the required
information to reject particles suffering reactions or serious scattering.
While 1ongsrange*partic1es require massive detectors, the reverse
is true in the case-in‘1OW— to,medium-ehergy heavyeions where much of
the interest in particle identification now centers. Figure 6 shows
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the ranges of some representative'heavy ions in silicon. As an example
of a heaVy-ion'identifier telescope, we consider one sUitab]e for
~ identification of 100 MeV oxygen ions. Since the range of such ions is
approximately 200 um in silicon, a suitable E detector might be 300 um
~in thickness. This i$ a convenient size for surface barrier detectors
or for diffused or ion-implanted junction détectoré. The required AE
detector thickness is ~25 um which can be achieved by similar detector
techniques. However, it is obvious that heavier or lower energy ions
require thinner AE detectors. Several difficulties in fabricating suitable
silicon AE detectors then become 1mportanf:
(1) Hénd]ing very thin (<10 um) silicon slices is extremely |
difficult. ' ' ' '
(ii) Producing the required thickness uniformity. (say <0.1 um)
presents serious problems. ’
(iii) The surface dead layers produced by typical diffusion,
~jon-implanting or surface barrier processes tend to be
approximately 0.1 um in thickness. This thickness is
largé enough.to be objectionable when the total detector
thickness is much less than 10 um.

Despite‘thesé problems, special methods such as preferential etch-
ing of epitaxia]]y-groWn layers-of siliconll) have been developed which
have made possible the fabrication:of AE detectors a few um thick.

As interest in the physics of very heavy ions grows, it becomes
obvious that silicon detectors, so lTong the basis for detector tele-
scope identifiers, are no longer the appropriate devices. A 10 um sili-
con thickness corresponds approximately to 2.5 mg/cm? which, coinci-
dentally, isvequivalent'to a few céntimeters of typical gases at
atmospheric pkessure. Therefore, it seems’natural'to use gas ionization
AE detectors for very heavy ions. The major advahtagé of semiconductor
detectors--the small value of the energy required per hole-electron
pair,'whiéh results in good statistics and signal/noise ratio--is no
' Tonger a real advantage for heavy ions where other processes mainly
determine the -energy resolution. Furthermore,_radiation damage ‘in
-silicon is a major problem in'heavy-ion experiments while it does not



occur in gas detectors. Consequently, recent years have seen increasing
use of gas detectors as AE detectors (w1th accompanying silicon E
detectors). or, somet1mes as both E and AE detectors for very short-
., range ions. ' '
An examplelé) of a gas AE detector used with a silicon E detector
" is shown in Figs. 7 and 8. The silicon surface barrier detector is
mounted in the gasvvo1ume:at the end ofvthe particle tracks. Particles
enter the gas detector through a very thin plastic (20-60. ng/em?)
window which serves to contain the continuous1y flowing countervgas

(Ar + 10% CH4), which is. at a pressure of 70 torr. The pressure-at-the
left of the entry window is that of the scattering chamber vacuum so the
window must withstand the 70 torr pressure across it. The path length
“of jons in ‘the gas (-7 cm) corresponds to a thickness <1 mg/cm? and a
1ower'gas pressure will reduce this thickness accordingly. Therefore

in its normal mode,:the gas AE detector is'rough1y equivalent in its
- energy absorption to a silicon detector less than 4 um thick. The fact
that the electronic cnarge_signal is roughly 10 times smaller than that
in the equiva]ent si1iconedétector is not a serious problem when measur-
ing heavy jons. . ‘ u |

The gas detector is essent1a11y a gr1dded ion chamber with the anode

shielded from movement of charges in. the main gas volume by the presence

" of the grid. The potential distribution shown.in Fig. 8 shows that a

rather strong focussing action occurs for electrons being collected;
this. 1arge1y eliminates the effects of_transverse diffusion of the
electrons during collection. . . '

, One respect in which gas detectors are much 1nfer1or to semicon-
ductor detectors is in their poor.t1m1ng_performance. While this is of
little consequence for standard AE,E identifiers; it becomes a serious
limitation when time of"flight measurements are combined with AE,E
~identification. This technique will be discussed later.

~ Processing AE,E Signals v

| Since complex nuclear reactions produce many types and energies of
reaction products, the pattern of AE and E signals can be very complex.
For example, the case of bombarding copper with argon jons s shown in




- Fig. 9. Th1s result was obta1ned with the gas AE, silicon E detector
'system shown in F1g 7. In this case, the AE,E pattern indicates the
-presence of at 1east 27 elements in the reaction products. While Fig. 9
does not provide information on isotopic abundances of these elements,
such 1nformat1on is often required and can somet1mes be obtained for the
11ghter fragments . :

The processing of such information in a convénient‘ahd fast way to
allow selection of specific isotopes and then to permit examination of
the energy distribution-bf each of these isotopes has occupied much
attention. As a recent extreme example, we might cite the pattern recog- -
nition methods applied to data on the'typé_shown in Fig. 9 by Glassel, |
et.al.13). Here, the map shown in Fig. 9_is examined and correlation
techniques are used to exploit the systematics evident in the map.
Providing that the yie]d'curve$ for the elements vary smoothly from one
element to the next, these methods permit a_reaSonabie'determination of
the relative yields of elements in such reactions. ‘

~ This example is not typical of the processing methods used gener-

ally for particle ﬁdentifiéation. More generally, a pseudoparameter,
which has. a unique value for each type of isotope, is generated by suit-
able manipulations of AE,and‘E signals. If this éan be accomplished,
then events corresponding to production of one type of isotope can be
selected for study by merely gating on the pseudoparameter output.
For éxampTe,,in the particle identifier spectra of Fig. 3 a pseudo-
parameter has been derived whose value (channel number) is dependent
only on the type of isotope. Reactions involving the production

of llc can be studied by us1ng a- single channel analyzer to select only
events in the llc peak of Fig. 3. '

. The algorithms used to man1pu1ate ‘the AE and E s1gnals and to
generate an 1dent1f1cat1on output are based on the Bethe-Bloch equation.
~ For our purpose, this equat1on can be’ s1mp11f1ed by the assumpt1on that
we are dealing with non-relativistic ions. We then have:

“dE/dx = A(Ze2/v2) In(2mv?/1) (1)



where: : _
dE/dx is the energy loss rate as a functlon of d1stance in
the track of an ion. _ '
A is a parameter whose value depends on the absorber
but not on the ion parameters ’
v is the jon ve]oc1ty
m is the mass of an electron. _
I is the mean ionization potential for absorber atoms
(=12, ZA eV where- ZA is the atomic number of the
“absorber element) :
Z. is the effective charge on .the ion expressed in
“electronic units. (At high velocities and for Tight
ions Z, = Z, the atom1c number of the ion.)
A slight rearrangement of .the equation produces the following result

| ~dE/dx = B(Ze M/EJ» in(bE/M) (@
‘where: _ ‘ :
B is a constant independent of the ion parameters.

- E is the energy of the ion.

_ M is its mass. ,
Aceord1ng to Betz!"), the average ionic charge Ze is given approximate]y
by the equation: - _ '
‘ ze =7 f(v,2) (3)
where: ' '

f(v Z) = 1-1.032 exp [-v/(v, ZO 69)] | (4)

‘A graphical representation of these results, adapted from the work
of Northcliffe!S), is shown in Fig. 10. For light ions (e.g., protons),
in the energy range above 1 MeV/amu, the value of f(v,Z) is very close to
unity, so the ion is fully str1pped and its charge is equal to Z. The
logarithmic term in Eqn. 2 varies slowly with energy in this range and,
together with the 1/E dependence of the main term in Eqn. 2, this pro-
duces the approximately -0.7 slope shown in Fig. 10. For light ions at
energies below 1 MeV/amu, the ion is not always fully stripped, which
explains the curvature in the curves of Fig. 10 that occurs at low values
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of E/M. The same effect is'apparent'extending to much higher velocities.
for heavier ions' At very‘high ve1ocities (E/M >100 MeV/amu for
protons) re]at1v1st1c effects become 1mportant and the re1at1onsh1p of
: Egn. 1 must be changed to that of the complete Bethe-Bloch equation.
' These relationship, as expressed in Egns. 1-4 and F1g. 10, form the
basis for a]]-identifier algorithms. The simp]est type of a]gorithm :
employed in. 1dent1f1ers approx1mates the re]at1onsh1p of Eqn. 1 by neg-
lecting the s]owly—vary1ng Togarithmic term. Assum1ng that an energy
AE (<<E) is depos1ted in a aE detector of thickness aX, and that the jons
are fully str1pped we then have ' '

E.aE = ax M2 o (5)
The value of E in th1s equat1on is ‘the average ion energy while pass1ng
through the AE detector and it can be derived from the AE and E detec-
tor signals. Therefore, according to this approximation, mu]t1p11cat1on
of the two signals produces an output proportional to the parameter MZ
of the ijon. Va]ues'of M22 for some (relatively) light ions are shown
in Table 1. It is easy to see that MZ“ is a unique parameter for the
very light ions, but values of MZZ, When modulated by fluctuations, .
become less distinctive for heavier ions. For example 13B and 9c have
almost the same value and many similar problems occur for heavier
isotopes. Fortunately, early work dealt mainly with light ions (e g.,
'H and He) where MZ2 provides a unique value for an isotope.

Two modifications were qu1ck1y made to the basic AE-E mu1t1p11er
scheme of Eqn. 5. The omission of the logarithmic term in Eqn. 5 and,
to some extent, the use of Z rather than Zeff’ can partially be compen-
sated by introducing a free parfameter'Eo to produce (E + EO)AE in the
left hand side of Egn. 5. Eo is adjusted e%perimenta]]y for the small-
est energy dependence in the identifier output.. A further correction
is required to allow for the fact that, particularly at 1dwvenengies,
the loss in the AE detector can be a substantial fraction of the total
jon energy. To accommodate this, another free parameter k is introduced
so that the enefgy applicable to transit through the AE detector is
(E'+ kaE). Therefore, the final equation becomes:

(E + E, + KAE)AE = Mz2ax ~(6)
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Table 1. MZ“ for Light Ions
iMassy, W | He | Li | Be | B c|{ N 0 | F [Ne
Amu | Z> 1 2 3 | 4 5 | 6 7.1 8 |9 10
1| 1
2| 2 |
3 3 |12
4 16
5 |
6 | 24 | 54
7 | 63 | 112 |
8 2 [ 72 | 128 200 |
9 81 «| 144 | 225..| 324
10 160 | 250 | 360
11 | 176 | 275 | 396 |
12 192 | 300 | 432 | 588
13 | 325 | 468 | 637
14 350 | 504 | 686 896
15 375 | 540 | 7351 960
16 | 576 | 784 1024 | 1296
17 612 | - 833 | 1088 | 1277 | 1700
18 648 | 882 | 1152 | 1458 | 1800
19 931 | 1216 | 1539 { 1900
20 980 { 1280 | 1620 | 2000
21 o | 1701 | 2100
22 1782 | 2200
23 | 2300
24 - 2400
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ExperfmentaT adjustmehts'of the parameters k and E permits réasonab]e
performance over a 11m1ted range of energ1es and types of particle.
Another identifier algor1thm was deve]opeds) in an. attempt to
broaden the range of types and energies of part1c1es that can be
analyzed in an exper1ment _This approach is based on the observat1on
that a power-]aw re]at1onsh1p applies -in range-energy curves
~-such as those in Fig. 5.. Accord1ng1y, the range R of a part1c1e can be
represented by | - S
| R=oe? (7)
where o is a particle-dependent parameter and g has a fairly constant
”va1ue near 1.7. If an ion deposits energy AE-in a detector of thickness
Ax, than stops in an E detector, it is clear that the range of a particle
of energy E + AE is Ax longer than that of a particle of energy E. .
Therefore, from Eqn. 7: '

AX/a = (E +aE)P -8 ~(8)
The part1c1e-dependent parameter o can therefore be derived by suitable
manipulation’ of the signals E and AE. This parameter is independent
of particle energy as long as Eqn. 7 holds with the value of g fixed.
It qua11f1es as a pseudoparameter that is. un1que1y characteristic of a
particular 1sotope »

As presented in the last paragraph, the "range" algorithm depends
on the purely empirica1 observation of the power-law nature of range-
‘energy curves. Actua]ly, this observation can easily be shown to be a
d1rect consequence of the -0.7 slope of the 11ght jon curves in Fig. 10.
In fact, the parameter a is equa] to l/MZ 2, ; therefore, the range
algorithm yields essentially the same part1c1e -dependent pseudoparameter
as does the multiplier a1gor1thm However,_s1nce it is essentially a
~ range algorithm.and does not imply knowledge of rate of energy loss, it
is not Timited to small losses in the AE detector. Furthermore,. no -

- experimentally-adjusted parameters are required. These advantages make
‘the "range" algorithm a more convenient and broader-range tool than the
"multiplier" a]gor1thm '

Many adaptations and modifications have been made to improve the

"range" algorithm to suit particular circumstances. Thus, the special
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case of very small AE losses can best be handled by an expansion of
Egn. 8. Also modifications can be made a110w1ng the value of B to be
a slightly energy sens1t1ve parameter, thereby permitting some correc-
tion for the change in the value of Z and for the changing slope of
the curves‘of F1g 10 at ]ow energles -The power of modern computers

“has ‘also been emp1oyed by using range-energy table look-up procedures

and the range algorithm to interpolate between stored values. It should
be'noted however that none of these adaptations can do better than pro-

V1d1ng a good value for the parameter a, -which is approximately equal to
1/MZ The ambiguities observed for this parameter in Table 1 are not
avo1ded Their importance depends on the fluctations in the measurements

| of AE and E, a subject which will be discussed in the next section. At
" least one add1t1ona1 parameter, such as time of flight, is requ1red to

assist in resolving such amblgu1t1es :

The design of one type of on-line 1dent1f1er c1rcu1t to perform
the calculation of Eqn. 8.is shown in Fig. 11. This is based on the use
of the 1ogar1thm1c propert1es of semiconductor junctions. As shown in
Fig. 11A, the power B can be ca]cu]ated by using a logarithmic element
to determine ]n(E) “then by mu1t1p1y1ng the result by the factor 8, and
finally by using an inverse logar1thm1c element to determine

-~ exp-[B In(E)} = EB. The function generator shown in Fig. 11B performs this
_ operation on a stepped waveform generated by adding suitably time-gated

E and AE signals. The output consists of a new stepped waveform whose

" step is equal to (E + AE)B EB. A gated sampler picks off this step
to prov1de an output pulse representat1ve of (E + AE)B - B, As seen

in Eqn. 8, this is proportional to the thickness Ax of the AE detector

divided by the parameter a. Thus, the output is proportional to MZez.
A-more complex version of this type of identifier is shown in

Fig. 12. This is used with a 3-detector telescope. This unit performs

- similarly to_that described in the previous paragraph except that a

double Stepped,waveform is produced by first adding AE, (the signal
from the second AE detector in the telescope) to E, then addingvAE2

~(the first detector signal) to the result at a later time. The result-

ihg steps in the output of the function generator are therefore
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proport1ona1 to (E + AE )B - gP and (E + AE1 + AEZ)B - (E + AEl)B
According to Eqn. 8, the rat1o of these two output steps shou1d a1ways
be proportional to the ratio of the‘AE detector_thlcknesses. The iden-
tifier checks that this ratio is correct within statistical limits and
rejects events not meeting th1s criteria. This has-the effect of remov-
_ ing events where excessive losses occur in a detector due to occas1ona1

high-energy collisions, and also removing events‘where exceptional Tow
.losses occur due to channe]ing,,:Ih.this-way,'the backgrdund in identi-
. fier.spéctra is reduced and véry rare particles can be studied in the
presence of ]afge numbers'of uhintekestihg'events Figure 3 com-

pares results obta1ned using the 3-counter identifier w1th those using
‘a 2-counter identifer.

These are examp]es of on-1ine identifiers. v Other electronic techni-

ques can be used to ach1eve the same result and off-line processing in
computers may employ the same basic methods.

Reso]v1ng Power of Ident1f1ers o
The power of an identifier system to reso]ve adjacent 1sotopes is
the most important index of its performance. Even if sophisticated
algorithms are used to make the identifier output independent of energy
and to have a unique median value for a given 1sotope, it will st1]1
exhibit a spread determ1ned by basic electronic and phys1ca1 processes.
This spread inhibits the power of the identifier to resolve neighboring
iéotopes. As can be seen in Table 1, the fractional separation in MZ2
values for hydrogen and helium isotopes is large and resolution of these
jsotopes is rather easy;- It is evident from the table that the situation
is not sb ideal for heavier isotopes. For examp]é:13B is .separated
from 9C by only about 0.3% in its MZ2 value, although it is separated
by -8% from the isotopes 14B and 128. The instrumental spread shown
in the peaks of Fig. 3 is typical of good identifier systems. For
example, the full width at half maximum for 10B is ~4%. ‘It is evident
that this is a major limitation in identifiers. The basic sources of
the spread include the fo]]owing contributions:
a) Electronic noise causes a spread in AE and E signals.
Fortunately, in the case of heavy ions, which tend to deposit
-1arge energies in detectors, electronic noise is not a major

'11mitation.
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Detector charge production stat1st1cs result in a
signal spread g1ven by:

N dEpy = 2- 35wJFEDe o (9)
where: o
F is the Fano Factor (0.12 forv51]1con, ~0+2 for gases).
Ep is the energy deposited in the detector (in ev)
e is the.awerage energy required to produce a charge
pair (3.7 ev for silicon, ~25 ev for gases).

'For an energy. drop of 20 MeV in a silicon detector, Eqn 9

predicts a spread of 0. 03% in the detector charge and,
since the percentage spread is proport1ona1 to I/WJ_—
this becomes smaller for h1gher-energy droos '

Using gas ionization detectors increases this spread.
only by a factor of ~3. Therefore, this source of
spread is rather unimportant except when usinghvery

thin AE detectors for 1ight high-velocity ions.
Channeling effects may cause small AE'signals but the
correct orientation of_the detector makes these effects
neligible. | '
F]uctuat1ons in the charge state of 1ons passing through
the AE detector_eause fluctuations . in the energy deposited.

‘These fluctuations can be a major contributor to the -

spread in identifier signals particularly when heavy 1ons
are measured.

"The interactions. between ions and e]ectrons in the AE

detector suffer fluctuations both in their number and in
the magnitude of the individual exchanges. In very thin
detectors, where the number of interactions is small,

vfluctuationé in thegmagnitude'of the energy exchanges

cause large variations in the absorbed energy and,
occasional large exchanges cause a high-energy tail on
an energy-loss distribution curve. This is the Landau
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c0111s1on reg1me where the theories of Landau'®),

~ Symon!7) and Vav110v18) ‘must: be used to ca]cu]ate the
'energy 1oss d1str1but1on Th1s process 1s dom1nant

in cases where the energy ]oss in the AE detector -

~is very sma]], as when using a very thin AE detec-

tor to detect 11ght1y-1on1z1ng part1c1es
When the AE detector ‘thickness is 1arge and many
jon-electron interactions occur, the energy 1oss

. d1str1but1on is dominated by fluctuations in the

number of co111s1ons and a Gaussian d1str1but1on
results. Bohr's theory!l?) allows ca1cu1at1on of the
resulting spread. For example, 30 MeV a-particles,

- losing an average of 3 MeV.in a silicon detector,

exhibit a FWHM spread of 160 keV (or 5%) in their
energy loss. However, the pencentage spread decreases
as the mass of the ion and the energy loss increase.
Consequently, this source of fluctuation becomes small
for heavy ions. o

A major source of spread in the AE s1gna1 may be o
variations in the thickness of thin AE detectors

over the sensitive area. Generally speaking, thin
detectoré can be fabricated with thickness variations
in the submicron range. " Therefore, these variations .

-are very ser1ous in detectors in the thickness range

below 10 um. :

Nuclear collisions near the end of a track in the E
detector (when the ion is neutralized) provide an
energy loss mechanism which does not contribute to the
ionization signal. -"This loss is subject to statistical

processes which cause f]uctuat1ons in the E detector s1gna1.
It can be shown2?) that these fluctuations are negli-

gfb]eafor 1ight ions but can become very significant
for heavy ions that on]y just penetrate into the E
detector. '
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h) Effects which contribute to the so- ca11ed "pu]se-
height defect" assoc1ated with heavy ions may cause
f]uctuatvons in the E s1gna] as well as causing the
signal to be non-linear. Theae effects include
nuclear collisions (referred to in the previous
paragraph) and piasma recombination in dense ioniza-
tion tracks. The resu]ting non-linearity in E
"signals causes. an error in the 1dent1f1er output.
i) . Dead 1ayers at the 1nterface between AE and E
' detectors also cause the 1dent1f1er output to become
energy-dependent. Since the losses in these dead
layers'are worst for heavy ions that only just pene-
trate the AE detector this effect is serious for
these cases. The effects of g), h) and i).can all be
-mfnimized-by accepting only those events where the
Signa1;in’the_E detector exceeds a reasonable thres-
- hold value ) I |
As can be seen frdm this'summary there will inevitably be fluctuations
of a few percent in the identifier output ahd'these.f1uctuations tend
to become larger when very -small energy losses occur in the AE detec-
tor or where very heavy ions afevdetected. Clearly these effects limit
the potential of simple AE,E identifier systemsiand other techniques -
must be adapted to aid in identification. ~Fortunately, the time of
flight technique described in the next section can easily be added to
silicon detector AE,E systems since thin si1icoh detectors can provide

~ the required fast timing signals.

Combined AE,E and Time of Flight Systems -

A AE,E telescope directly provides information on the energy of

~particles (providing that the pulse-height defect is negligible). If

the AE and E detectors are separated by an appropriate (and convenient)
distance, and if the detectors and associated electronics can realize

adequate timing accuracy, the te]escope can also measure the velocity

of particles. By combining the energy and time of flight measurements

- the mass of each particle can be derived.
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The velocity of a non-relativistic ion is given by: | |
| v | 14\[E'/_Mcm/ns (10
where E/M is expressed in MeV/amu , A ’
Therefore , 10 MeV/amu corresponds to about 4. 5 cm/ns, or approx1mate1y
2 ns flight time over a 10 cm path. Very long paths are. inconvenient
and any divergence of the beam or small angle scattering in the AE
’ detector will cause losses of part1c1es from the E detector. Therefore
a f11ght path in the 10 to 30 cm range is conven1ent If we retain a
10 cm flight path for this pre11m1nary d1scuss1on and use a timing error
of 100 ps, which is close to the best yet ach1eved the timing uncer--
' ta1nty is approx1mate1y 5% of the 2 ns f11ght time. It is apparent
from Eqn. 10 that this results in a 10% error in determining E/M. More
generally, a timing error of At(ps) will result in an error AM given by:

AM/M = 2.8 x 1073VE/M at/d (11)
where the flight path d{(cm) is assumed to be accurately defined.
F1gure 3 shows this result in graphical form.” We see that separation
of 160 from 170 (aM/M = 6%) at 6 MeV/amu requires a timing. accuracy
better than 9 ps/cm. A f11ght path of 10 cm is therefore Jjust adequate
for this case if the timing accuracy is 100 ps.
~As is indicated by the values in Table 1, MZ
calculated by the standard AE'E particle identifier technique) are
fa1r1y well separated for isotopes of the same element, but are often
‘overlapped by isotopes of adjacent elements. Fortunate1y, substantial
mass differences exist between isotopes that are of different elements
but with similar values of MZZ; ‘Therefore, a combination of normal AE,E
identification (y{e]ding.MZZ) and time of flight (yielding M) can provide
unique identification where MZ2 alone would not. This is illustrated
by the two-dimensional. presentation of Fig. 14. “In this particular
figure, a very conservative time spread of +250 ps is assumed and a 10
cm flight path is chosen. As can be seen from this figure, the two-
dimensional presentation clearly separates d1ff1cu1t cases such as 9
from 14B and 158 while the particle identifier (MZ ) spectrum alone
would be very confused in this -region.

2 values (which are

c
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The results of a combined AE ,E particle identifier and a time of
flight measurement?!) over a 10 cm path are shown in Fig. '15.  This
v exper1ment used a. telescope containing a 22 um silicon AE detector and
a 112 uym s111con_E detector which observed the fragmentat1on induced in
heavy nuclei by very high energy-proton bombardment. The contour plot
shows peaks . corresponding to the production of a broad range of isotopes,
a number of which had never previously been observed. The method has
been a major tool in studies of the stability'of neutron-rich isotopes.
Figure 16 shows practical limits to the ability of the combined time of
flight -and MZ2 techniques. to resolve isdtopes. The 1imit to resolution
is dependent on the total particle energy. The optimum AE detector
thickness is also indicated in this figure. |
Conclusion .

The techniques described in this brief paper have been the basis
of particle identification in the past 20 years. As can be seen from
much of the discussion, serious problems occur when these methods are
used to identify isotopes of elements of Z >lp; therefore, much of the
periodic table is 1haccessib1e to these methods except where only
elemental (rather than isotopic) identification is required. As heavier

~ ions become the major interest in nuclear science, magnetic analysis,

position-sensitive detectors and multielement ionization chambers are
assuming increasing importance as particle- -identifier tools. The changes
in charge state which may ‘occur dur1ng transit of heavy ions through
detector and target materials are a maJor problem whatever identification
technique is employed.
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Figures
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. - Block diagkam of a 2-detector‘AE E identifier system.

Block d1agram of a 3- detector identifier system with a reJect

channel. ' '

Comparat1ve 1dent1f1er spectra for 2- detector and 3-detector iden-
tifier systems. .

Identifier spectrum for the reaction of 80 MeV a-particles incident

n 26Mg target. Note the small number of 8He events.
Renge-energy curves fér hydrogen and helium ions in si]iton.‘
Range-energy curves fdr representative heavy ions in silicon.
Cross-sectional view Qf a gas AE, silicon E detector telescope.
Electric potential distribution for the gas detector shown in Fig. 7.

‘Map of AE,E signals produced by the telescope of Fig. 7 when bombard-

ing a copper target with 288 MeV argon ions.
Stopping power in aluminum for variqus ions (adapted from Ref. 15).
The slope lines shown at the top of the figure represent various

~ power laws.

Block diagram of a part1c1e identifier using the range algor1thm
and a 2-detector telescope.

Block diagram of a particle identifier for-a 3- detector telescope.
Spread in mass determ1nat1on resulting from an uncerta1nty in a
time of flight measurement

Two-dimensional d1agram showing mass number (by time of flight)
versus particle identifier output (aMZZ). aTyp1ca1 spreads are shown
on the PI axis and +250 ps is used as the timing a¢curacy for-a 10
cm flight path. ‘

Contour plot of the resu]ts of bombard1ng a heavy nucleus w1th very
high energy protons. The MZ (particle identifier) v mass (time of

'f]ight) presentation clearly separates 1sotopes that would not be
resolved in a single ‘parameter measurement. '

Practical limits to the ab111ty of comb1ned AE ,E time of f11ght and
MZ2 identification to.reso1ve_1sotopes. :
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