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Heavy-Particle Studies with Silicon Detectors
Mudundi R, Raju
Donner Laboratory and Donner Pavilion
Lawrence Radiation Laboratory
University of California )

Berkeley, -California

August 20, 1965

INTRODUCTION
The response of lithium-drifted silicon detectors is studied wif;h a
view to determining applications of these detectors to radiobiologic problems,
Until recently these detectors had only limited applications begause they were

available only with limited thickness., Now the technology has been improved

and detectors several mm thick are available (see reference 1, for example).

The availability of these detectors has revolutionized radiation detection and

spectroscopy(2). The use of a solid as a detector is very atrractive, because

the sensitive layer can be quite thin and yet possess a high stopping power. .
Another advantage results from the low energy to produce one hole-electron

pair (3.6 eV in silicon): nearly ten times as much charge is produced for a

- given energy loss in silicon as in gas, which leads to small statistical

fluctuations in the number of pairs and improved energy resolution over
gas ~filled counters. The intrinsically hiéh speed of the device is due to the
high mobility of the carriers in the electric field, coupled With the short
distance between electrodes.

’An'attractive feature of these detectors is that they operaté as true‘ |
energy devices, an;i do not exhibit saturation effects as do scintillation
counters,

Depending on the energy of the particles and the thickness of the

detector, a given detector may be used to measure either their energy-loss
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di‘st‘fibution or energy distribution, If the detector thickness is small, so

that the energy deposited by the particle in it is vefy small compared with the
energy of the particles, it can be used to measure the energy-loss distribution,
On the other hand, if the detector is thick enough to stop all the particles in
the beam, then it can be used to measure energy distribution of the particles,

The use of these-detectors for the study of pion beams and to measure
the pion-staf energy distribution in silicon hés been reported(3), Aiso, the
application of these detectors to experimentally verify the Landau theory of
energy-loss distribution has bee'r; repo_rted(4), |

In this investigation the résponse of these detectors toihigh-energy
alpha and proton beams, and the intermediate energies obtained by placing
absorbing materials in the path of the primai‘y beam, have been studied.

The Bragg peak of héavy particles is often used for therapy. and for
radiobioiogical investigations, vBesides knowing the dose at the Bragg peak
position, one should also know the LET distribution at this position, In order
to evaluate the LET distribution of heavy particles at the Bragg peak position,

the energy distribution of these particles is measured,

CALIBRATION
The experirxi:éntal setup is shown in Fig. 1 The test-pulse generator
is used to simulate detector pulses and to check the linearity of the electronic
system,

M

2414 a}pha source and a B1207 internal conversion electron
k]

An Am
source are used fo¥ calibrating the pulse-generator output in terms of energy.

Calibration and lin"ghrity checks are made for every experiment.
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- RESULTS

Bea.m Helium Nuclei
o ‘The Berkeley heavy-ion linea‘r accelei-atof (Hilac) .accelerates nuclei -

" to an eﬁergy of 10.40+0.2 MeV per nucleon, For ﬁelium_nuclei the energy of
the primary beam is 44,6 MeV, The beam comes out through a vacﬁum
' column with a 1-mil aluminum window. The detector is enclosed by a housing- .
A{in order that a vacuum can be maintained) with a 41-mil Mylar window, The
entire dete;for holder assembly is surrounded with a 1/4~mil aluminum
electronic shield. By applying the‘ correction for the degradation of the energy
of the primary beam through thése foils, onevfinds ‘the energy of the beam seen
by the detector to be 40.0 MeV. The lower energies of the a ?particles are
- obtained by putting standard aluminum absorbers in the beam, |

- A 1-mm-thick lithium-drifted silicon detector is used for this beam.(
.The energy of the a particles that corresponds to the range in 1-mm silicon
1s about 50:MeV. Hence this beam can be stopped in the detector. The

"ép‘ectral response of the energy absorbed in the detector from the corrected

primary beam of 40 MeV is shown in Fig. 2. The energy of the beam obtained

- from calibration is 39.88 MeV, which agrees very well with the corrected

pr.in'.xary energy of 40 MeV. When a particle is stopped in a detector, the
resolution is a function of the detector and the electronic system. 'Vahv.tes.for
full width at half maximum -(FWHM) from 2 keV upwards (depending upon the
type of experiment) have been obtained by many workers: with semiconductor
detectors e:;posed to monoenergetic particles, giving resolutions much less
than 1%. FWHM obtained in this measﬁrement is 0.62 MeV, giving a
resolution of 1,5% iWhen the detector is operated at room temperature), This
poorer resolution §is partly due to momentum spread of the beam, |

Howe_ver,é better resolutions can be obtained by operating the detector

at low tempe rature,
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The spectra of different low-energy ;v, particles obtained by degrading
the primary beam by aluminum absorbers are also shown in Fig. 2 and the
results are tabulated in Table I. The agreement between the residual energies
calculated by uéing range-energy tables (5) and the exi)eriméntal values is
good, The a éart_:icles emerging from the absorbing material, especially
whenv the absorbers are thick, had 2 wider energy spread than the primary’
beam, This can be seen =clearly in Fig. 2. This wider spread is due to

small -angle scattering and energy straggling,

Beam: 910-MeV Alpha Particles

The 4Berkeley 184 -inch synchrocyclotron accelerates d particles to
910 MeV and protons to 732 MeV. The response of a 0.48-gm/cm2
lithium-drifted silicon detector to a particles of 910 MeV and lower energies .
is investigated. At high energies the detectors would operate as dE/dx
detectors. The width of a peak is determined by many factors in addition to
those imposed by _the electron system,- Slight variations in path length, i, e.4,
in'terna.l scatteriné, produce a spread in the energy absorbed.A So do statistical
fluctuations in the energy transfer in inelastic céllision processes, .Hence,
particles of originally the same energy may produc'e meaéurably different
signals, causing a spread of the energy loss spectrum,

Since the charge collected from a detector is préportional to the loss
of energy by the incident particle in the sensitive region, a particles, which
are totally absorbed in this region, produce corfesponding pulses of larger
amplitude than a particles of higher energy, which pass completely through,

For monoenergetic}ﬁa particles whose range is greater than the depth of the

depletion region, the charge-pulse amplitude from the detector increases with

decreasing alpha energy until the range of a particles in silicon equals the
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: ,_seknsitive depth. A further decfease. in a.lph‘a.'ener‘gy. causes a proportiqnal
"decrease in the charge pulse. |

Th‘e thickness of the detector depletion layer determines the me#sured
energy loss, In our case, thel depletion layer extends almost through the
entire physical thiékness of the detector except for a few mils on the lithium
.side. . The method used.to measure this depietion thickness is to detérmine
. ‘the maximum energy deposited in the detector.‘- The range of the a particle
in silicon whose energy corres;éonds to this maximum energy is thensobtained
from range-energy tables (5),

The response of the.detector for the 910-MeV beam anfi for the beam
aegraded by using copper absorbers is s'ﬁown in Figs..’:}3 and 4.' As we
increased the thickness of the copper absorber in the beam, the energy of the
o particles would be lowered and hence the di/dx would increa‘.se,v with a
'c:o,1'1comitant increase in the enei‘gy spread. The experimental and thebretical
values of energy loss shown in Table .II are in close agi‘eement down to a
residual energy of 330 MeV. At lower energies this agreement is lacking,
‘because at these energies the detector is not a dE/dx detector. If we estimate
the energy deposited in the detector at these lower energies, instead of dE/dx,
a good agreement can be obtained. Experiments with detectors of thicknesses
1/4, 1, 3, and 5 mm also gave good agreement with theoretical values of dE/dx

The Bragg peak obtained by use of ionization chaml;ers is at 2.10 in, of
copper. The response of the detector at the Bragg peak position is a.lso. shown
in Fig. 4b, The maximum energy that can be deposited in the detector is due
to the particles that have a range in Li equal to the thickness of the depletion
layer, In this expé;i‘iment the maximum cutoff energy is 73 MeV. The
2.

corresponding range in silicon, from range-energy tables (5), is 0.48 gimi/cm®,

‘The physical thickness of the detector as determined with a micrometer is
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about 5% greater than this value,” This diéference is due to the dead léyer on
’the Li side. The expefimental accuracy m the determination of detector
thickness is within about 2%, l‘

It appears fr_ém these data that the ;nergy spectrum of the o particles
at the Bragg peak position extends to more tl;im 75 MeV. This detecto'r.
(0.48 gm/cmz)' at this position is ﬁeithe: dE/dx nor total-energy type. The
small hump in Fig. 4b is due to the particles of energy higher than 73 MeV
passing through the de,tectorvand hence depositing iess’ energy. This hump
vanished when the beam wé.s degraded further by c;oppér absorbers, As a
rough estimate, 1/4-mm-thick detector can be considered as dE/dx detector
at the Bragg peak position. The response of this detector at tixe Bragg iaeak
'position is shown in Fig. 5, The enei‘gy l.‘oss in the detector is 4.8 MeV,

FWHM 2.97 MeV. The energy of the alpha beam corresponding to this energy

deposition is 80 MeV and, at 50% level, 54 and 103 MeV. Thus we can

roughly estimate that the energy spectrum of the alpha beam at the Bragg peak

‘position is mostly in the region 54 to 103 MeV, with an average value around
80 MeV.
The energy distribution at the Bragg peak position can be obtained

very accurately by using a detector thick enough to stop all the particles. A

5 -mm-thick detector can stop a particles of energy 120 MeV, Figure 6 shows

the energy distribution of a particles at the Bragg peak pdsition with a
5-mm-thick detector, It can be seen from the figure that the average energy
of the o particles at the Bragg position is 85 MeV, These data can be

translated into LET distribution, which is shown in the same figure; the

R+

¥

average LET is around 10 keV/y.
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Beam: 49~-MeV Protons

. Berkeley's 88-inch cyclotron acci.elverates protons up to 50 MeV and «
~particles up to 120 MeV. Figure 7 shows the response of O.68-gm/cm‘2
détector for 49-MeV protons, The ener'gy loss in'the detector ié in good
agreement with the theoretical value.  The Bragg peak for the 49-MeV proton
beam is obtained at 2.58 gm/cz;nzof aluminum, Figure 8 shows the energy
distribution of protons at this Bragg peak position, It can be seen from the
figure that the average energy of the prot.on is around 5 MeV, Corresponding
LET values are also shown in the figure, ‘the average LET being around

8 keV/p. ' : ‘ . |

SUMMARY

" The lithiu;n-drifted silicon semiconductor detectors used in this study
of high-energy a particles and protons give very promising results e
measuring enérgy loss and energy distr,ibution,v Indeed, the agreefnent between
the theoretical and expe,rimental values of residual energy and energy loss is
very good. The energy distribution at the Bragg peak positioins'of 910-MeV
alpha beam' ‘and 49 -MeV proton Beam is measured in order to evaluate the LET
~distribution at the Bragg peak.
From the data it seems that the average energy of thé heavy parficles

at the Bragg peak position is roughlf 10% of the primary beam energy.
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Table I. 40-MeV a beam in 1-mm silicon detector.

Al 'ébsorber Residual energy (MeV)
(mg/cmz) . Calc. Expt. l »
o 40,00 39.88
15. 2 . 37.90 37,74 | . -
29.9 35.71 35.67 | _
44,5 33.53 133,39
598 31,16 31.01
75. 0 28.63 ' 28.42
89. 7 , 25.96  25.67 | S
104, 5 23.05 22.68 '
134.2 1559 -+ 15.37
155.2 97 8,67
Table II. 910-MeV a beam in 0.48-i§m/s'ec2 silicon detector. . -
Cu absorber Residual Energy loss (MeV)
-~ thickness energy —
(in,) (MeV) Theory Expt.
0 910 6.44 6.38 )
0. 493 775 7.10 7.07 L S
1. 001 620 - " 8.5 8.28 |
1.495 | 440 10.49  10.58
1. 785 . 330 o 12.92 13.35 | -
2.002 s 2090 . 23,10
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FIGURE LEGENDS

Fig. 1. Experimental setup.
Fig. 2. Response of 1-mm detector to 40-MeV o beam and the beam
degraded By |
| (a) 89.7 and 134.2 mg/cm2 Al,
(b) 155.2-mg/cm? AL, |
Fig. 3. Résponse of 0.48-—gn.'1/cm2 (= 2mm) detector to 940-MeV o beam, and
“the beam degraded by 1.495 in. cu:.
Fig. 4. Response of O.48-gr_n/cm2 (=~ Zmrh) detector to 940-MeV a beam
‘degrad‘ed by !
(a) 2.002 in, cu,,
(b). 2,400 in, cu» (Bragg pez'a.k)‘. A
Fig, 5. Response of 1/4-mm detector to 910-MeV a beam at the Bragg peak
position, »
_ Fig. 6. Distribution of av-pa.rticle energy; at the Bragg peak position of
910-MeV a beam, | | o
Fig. 7. Response of 0.68 gm/c’:m2 (= 3mm) c'le:tector to 49'-MeV'_protc‘>n béam.
Fig. 8. Energy distribution at the Bragg peak position of 49-MeV proton

beam,
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