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of ~ 1.5 m. A sketch of the experimental set up OCR Outputmination of the particle Huxes and/or absorbed
stream of the last quadrupole magnet at a heightThis knowledge is provided by a precise deter

The irradiation position is located ~ 1 m downunderstanding of the environmental conditions.
neglected to a first approximation.damage and irradiation primarly requires a good
fore, the damaging effect of leptons can be safelyThe establishment of a correlation between
magnitude lower than that of hadrons Therecarrier mobility reduction.
induce damage in silicon of at least one order ofcarrier lifetime reduction, acceptor creation and
position (estimated to be ~ 10%) is expected tophenomena can be described in terms of minority
contamination of the pion beam at the irradiationchanges. Generally speaking, the degradation
of neutrons which must be measured. The leptoncreases. The effective doping concentration also
Proton interactions in graphite produce a yieldficiency is reduced and the leakage current in
tons filtered by means of graphite plate absorbers.trical characteristics. The charge collection ef
beam is contaminated with a large number of proture of the silicon detectors as well as their elec

800 nA. After the production target, the pionThe irradiation modifies the crystalline struc
The maximum proton current of the cyclotron isverse environment.
via a beam line down to the irradiation zone.behaviour of the silicon detectors in such an ad
proton beam with a graphite target, are guidedtailed studies are under way to understand the
ons, produced by the collision of the cyclotronture LHC experiments. As a consequence, de
a momentum range from 100 to 450 MeV/ c. Pithe active medium for several detectors in the fu

The high intensity PSI pion beam (H-E1) hascomponents. Silicon is expected to be used as
age in detectors and their associated electronic

2. EXPERHVIENTAL SET-UP
radiation environment producing radiation dam
LHC operating conditions will create a high·level

and dosimetric measurements.peak luminosity of 1.7 >< 1034 cm`2 sec‘l. The
Villigen, and to present the results of the fluencetre of mass energy of 14 TeV with an expected
in mid-1994 at the Paul Scherrer Institute (PSI),will bring protons into head—on collisions at a cen
by the SIRAD (Silicon Radiation) collaborationby the beginning of the next century at CERN,
description of the pion irradiation facility usedThe Large Hadron Collider (LHC), operational
tectors. The aim of this paper is to give a brief

1. INTRODUCTION doses involved during irradiation of the silicon de

vr-beam.

7 dose rates to be determined. Hsin activation was also used to determine the neutron contamination around the
measurements were also performed using alanine and thermoluminescent dosirneters, which a.llowed the vr and the
mined as a ratio between the fluence and the number of counts from an ionization chamber. Some dosimetric
carried out with the Al activation technique during silicon detector irradiations. Calibration factors were deter
in mid-1994 at the Paul Scherrer Institute (PSI) in Villigen, Switzerland, and reports the fluence measurements
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activation detectors and their characteristics are tion in the beam. OCR Output

sure the fluences during the irradiations. The in three dimensions (x, y, z) to optimize its posi
The technique of activation was chosen to mea tectors. The box was mounted on a table movable

irradiation box between the groups of silicon de

detectors to be irradiated and were located in the

Eames. The Al foils had the same area as the
set-up

bon and Indium foils, mounted in cardboard
Figure 1. Diagram of the beam and irradiation

The activation detectors were Aluminium, Car

radiation box.

activation detectors and the dosimeters in the ir

Figure 3 shows the respective positions of the

350 MeV/c£@~ E * I m new
versus longitudinal position at a momentum of
Figure 2. Transverse 71*+ beam profile and density

bak
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¤ I/Fw¤»•n.·rv•-¤n¤¤r¤as a function of longitudinal position, obtained at
v ammraurvun

o miearnaushows the transverse vr*` beam profile and density,
was then calculated at each position. Figure 2

20 Ydensity, expressed as 1/[(FWHM)H - (FWHM)VI,
each position of irradiation. The transverse beam
vertical and horizontal FWHM beam profile at
moved along the beam direction to measure the
periods (see Section 5). The X—Y chamber was
used to record the fluence during the irradiation
portional to the total pion beam intensity) was L as ` 2 I I 40 s I

D" = 350 MeV/c
tion and the digitized induced current, NIC, (pro
was present during the whole period of irradia

to monitor the beam. The ionization chamber production during the 7r+ irradiation.
Y chamber and a luminescent screen were used dosimeters used to estimate gamma and neutron
is shown in Fig. 1. An ionizing chamber, an X— summarized in Table 1. Table 2 lists the type of

1294 kev (85%)
1097 keV (56%)

Inmum I 2s.a I 0.3 I ¤51¤(¤,1·.’)¤¤m1n 4.60 1. 336 kev (46%) ¤(0.6-14.0 Mev)I I I 5In(n,7)u6“‘In 54.0 min 417 keV (29%) thermal neutrons
cmbm I 10 X 10 I 1 c(7ri,xN)¤c ‘ I °20.§9 ¤1{¤ I 611 kev (200%) I 71

6 x 12 I 0.1

5 >< 5 I 0,1
8 x 8 I 0.1

Ammmum I 10 x 10 I 0.1 I "’AL(7rf,xN)"NA I ` 15.06 r{ I 1369 kev (99%)
(Tm) DETECTED

MATERLAL | AREA THICKNESS \ REACTION I HALF LIFE I q EMISSION I RADIATION(mm?) l (mm)
ACTIVATION DETECTORS

List of the activation detectors used during the pion irradiations and their main characteristics

Table 1



the box. exp (—,\ ·te) , OCR Output (3)

The films were fixed at the hont and the rear of
a) a factor depending on the elapsed time te;the beam spot for aligning the irradiation box.
count:beam in order to determine the exact position of
time), two more factors have to be taken into acrange of photographic films were exposed in the
of the irradiation and during a time tc (countingBefore irradiation of the silicon detectors, a
trometer at a time te (elapsed time) after the end

As the sample activity is measured by a spec

Aw = <,0 · 0 · NO (2)dosimeter positions

Figure 3. Diagram of the irradiation box and the
the half life:

value achieved, within 1%, at about seven times
%&¤1i•n The saturation activity, Aw, is the asymptotic

nuclei.

stant, and T1/2 is the half life of the radioactive
irradiation time, A = ln 2/T1/2 is the decay con

mn. tor for decay during irradiation, where ti is the
The expression in brackets is the correction facé" ' Y 10 Mau

element, and W the weight of target element.:h. .T£>y"‘ *?"“"
isotopic abundance, M the atomic mass of target

h • S N = 6.022 x 1023, the Avogadro constant, P the
mm + IO _x the number of atoms in the target element, with

tion cross section, and Ng = N · P · W/M, is
where to is the particle flux, 0 is the activaT!-¤·T2s¤¤

A=t¤·¤·N0l1-<>><i><—>~t>l , (1)

end of the irradiation is given by:one order of magnitude lower in silicon.
The activity of the irradiated material at theto be of the order of 180 Gy/h in water and about

3.1. Mathematical treatment50 kGy. The dose rate due to pions is estimated
because their dose range is linear up to about

below.
contrary the PADs were positioned in the beam and a brief description of the techniques is given
sorbed dose is only valid up to about I Gy); on the the activity, A, induced in the given materials,
for high—level dosimetry (the linearity of the ab

tion time. The fluence can be determined from
line because this type of dosimeter is not suitable grated flux of specific particles over the irradia
tic bags. The TLDs were located out of the beam The fiuence measurement required is the inte
alanine (PAD) dosimeters were inserted in plas
Thermoluminescent (TLD) and polymer 3. FLUENCE MEASUREMENTS

(PAD) production I Resonance l number
Alanine ] 144 | @4.8 I Free radical I Electron Spin | Free radical | 1r

excitation(TLD—700)
LightLiF:Mg, Ti | 9 | 0.9 | Electron | Heating

MATERIAL | AREA THICKNESS PHYSICAL TECHNIQUE OF MEASURED RADIATION(rmnz) i (mm) I EFFECT l MEASUREMENT i QUANTITY I DETECTED
DOSIMETERS

List 0f dosimcters used during the picm irradiation and their main characteristics

Table 2



ceive sufficient thermal energy to be liberated. OCR Outputtaken from Ref. Due to the frequent beam
high temperature, the trapped charges will retrometer mentioned above. The cross-section is
ation the material is heated up to an adequatelytecting the 511 keV y-ray decay with the spec
preventing prompt recombination. lf after irradithe 12C(vr* , xN)uC reaction was measured by de
and/or holes created during material irradiation,with Al foils. The activity of UC produced by
These new levels can act as traps for electronsfoils. The graphite foils were used in tandem
gap between the valence and conduction bands.check of the pion fluence values obtained by Al
lattice create new energy levels within the bandGraphite foils were used to provide a cross
field. lmpurities intentionally added to a host3.3. Fluence from Carbon foils
sufficient stability when exposed to a radiation

obtained from Ref. ity of storing part of the energy absorbed with
Eqs. (7) and (8) with the reaction cross-sections Thermoluminescent materials have the capabil
corresponding fiuences, were calculated by using (TLD)
ity. The activities at saturation and, then, the 4.1. Thermoluminescent dosimeters
the INTERGAMMA code, giving sample activ

gamma doses around it.FWHM. The collected spectra were computed by
evaluate the pion doses in the beam and they-rays with a resolution of about 2.0 keV at

Dosimetric measurements were performed toHPGe(p)—y spectrometer selecting the 1369 keV
sions. The 24Na activities were measured by a

4. DOSHVIETRIC MEASUREMENTS350 MeV. 24Na decays through H and ·y emis
vr+ and ·rr‘ in the energy range of about 50

axis, at 5 cm from the beam line (See Fig. 3).
xN)2’*Na] was used to measure the fluence of

The ln discs were located on the Y and ZiisThe production of 24Na from 27Al [27Al(vr*,
gamma rays.3.2. Fluence from Aluminium foils

detection of 416.9, 1097.3 and 1293.5 keV
Q = (,0 · ti .

The activity of lnm is measured by theus

been also used to detect thermal neutrons.time ti, hence
based on the u5ln(n, ·y)U6ln‘“ reaction hasand the fluence is the flux times the irradiation
336 keV gamma ray decay. The technique

[1- exp (—)l - ti)]} the activity of 115lnm is determined by its
l1—<-=><i><—¤·tc>l

the periods of irradiation considered;

the half-life of 4.50 hours is convenient for
cp = A-/\·tC·exp (}\·t€)·M/

tivation by low-energy neutrons;
The Hux expression is then given by the threshold at about 500 keV prevents ac

(6)[1-exp (—/\-ti)]}. well known [3];
the activation cross-section is large, and{[1- exp <—A · dC>l

AOC = A-A-tc -exp (/\-te)/'
above 500 keV for several reasons:

ence measurements of neutrons with an energyCombining all the previous expressions:
5In(n,n’)u5ln”‘ reaction is well suited for flution efficiency of the HPGe(p)—’y spectrometer.
The neutron activation technique based on thery being the emission probability and e the detec

the neutron contamination around the pion beam.
(5)A = counts/[tc · n% -6%] , ln disc shaped samples were used to detectus

3.4. Fluence from Indium
eter, is given by:
where A, the activity measured by the spectrom to within 5%.

sults obtained with Al and C were in agreement
(4)A-/\~¤¤/l1—¢><i> (—/\-tell »

graphite foils were not routinely used. The re
stops and short half life of HC (20.39 minutes),b) a factor depending on the counting time tc:



start and stop times and does not take into ac

duration of an irradiation is calculated from the of ~ 1014 cme? for rr" and 1013 cm‘2 for rr`. OCR Output
from the cover foils. It must be noted that the at a momentum of 350 MeV/ c, up to fluences
that recoils leaving the foil are replaced by recoils The pion accumulation runs were performed

ation runswiched between two foils of the same material so

measurements, the foils to be counted were sand 5.2. Pion fiuence calibration during irradi
by the silicon detectors. To get more accurate

good agreement.used directly as a measure of the fluence received
the same figure. Both measurements are in very

ence obtained hom these foils can therefore be
the XY profile chamber (see section 2) is shown infront of each group of silicon detectors. The flu
back of the box. The beam density obtained fromAl foils were located at the relevant positions in
The flux strongly decreases from the front to theradiation box. During the irradiation runs, the
tion of various positions along the irradiation box.were used to measure the fluence along the ir
with Al foils for the 350 MeV beam as a funcalong the beam direction (Fig. 2), several Al foils
Figure 5 shows the average flux as measuredBecause the pion beam size varied strongly

5.1. 1r* beam profile at 350 MeV/c
5. RESULTS

ferent pion momentanique on a Varian E-3 spectrometer.
irradiation positions along the beam line at difirradiation they were read out by the ESR tech
Figure 4. Normalized flux as a function of theradiation box to measure the pion dose. After

The PADS were positioned on the back of the ir
which uses ethylene-propylene rubber as a binder.

5°°°’°°°’°‘°° "° 5’S£’m?]»sia8¤ (m
and 30 mm long) are cut from the Elcugray cable
alanine dosimeters (PAD, 4.8 mm in diameter ‘° f
dose. In the present case, standard polymer

§ 1=> Pcorresponding ESR signal, is proportional to the
E ’°Enetic centres, and in turn the amplitude of the
E i

acteristic ESR signal. The number of paramag
paramagnetic centres, which give rise to a char

°° L§ LZ
I XX)the ionizing radiatio·n leads to the production of

= weIn Electron Spin Resonance (ESR) dosimetry, $ 3
P" (MeV/c)4.2. Polymer-Alanine Dosimeters (PAD) E m U

} .0beam direction, as shown in Fig. 3.
€ Pion momentum scum

Inboth the Y and Z axes, at 10 and 28 cm from the
They were located in two different positions along

duced by pions in silicon [4, 5].The dimensions of the TLDs are 3 >< 3 >< 0.9 mma.
ray contamination during the pion irradiations. resonance, which could enhance the damage in
TLD-700. They were used to estimate the gamma This momentum is close to the energy of the A
in solid form (ribbon) with the commercial name selected for the high fluence accumulation runs.
Ti. They are produced by Harshaw Co. (USA) 350 MeV/c. The momentum of 350 MeV/c was
based on lithium fluoride activated by Mg and maximum Hux was obtained in the region of 300

The TLDs used in the present experiment are along the beam line for various 77+ momenta. The

radiation. cyclotron intensity as a function of the position
light proportional to the dose absorbed during ir sary. Figure 4 shows the flux normalized to the
cence measurement or readout) is converted into no correction to the flux calculations was neces
energy liberated upon heating (thermolumines— pared with the half-life of 2‘1Na (15 hours), so that
store the pre—irradiation lattice conditions. The the beam-off periods were always very short com
This liberation provokes recombinations that re count periods when the beam was off. In fact,



taminations around the TFT beam were estimated. OCR Outputchamber counts
cross-sections, the thermal and fast neutron confrom Al fluence measurements versus ionization
can be produced and using the correspondingFigure 6. Examples of calibration factors deduced
tron energy at which the two nuclear reactions
two isotopes (see Table 1). Considering the neu

’‘° " ’°”°°~té’;:¤"’:¤L’mSi° to be measured. The activation of in producesHs

contamination around the positive pion beam line

The activation of Hsin allowed the neutron2 zu 0 ,..\5 ew?
5.3. Results from Indium activation

k=O,28i0.015gz:

run.slot44gas

was performed for the negative pion accumulation
5 V0 W5 N Z5 J0Nié)5(1Ov:¤L5ntS?0 A similar calibration of the ionization chamber

om

Sor
detector irradiation positions for succesive runsk=O.73i0.0.`55{Mw °:2s E 20 Figure 7. Positive vr flux as a function of Si

slotBew?
,.\|D

50 iw ISD 200 259 300 Position (mm)

shows an example of the fluence measured with
I runAthe ionization chamber (see Chapter 2). Figure 6
D run.}

tectors. The Al—runs were then used to calibrate
Y run2

O mniwere located in front of each group of silicon de

i i an = 550 MeV/cperiod. For each run, A1 foils of the same area
runs were performed during the 7r+ accumulation

4L
tivity measurements. Therefore, four aluminium

5L ttector due to the amount of time needed for ac

minium foil in front of each irradiated silicon de

It would not have been possible to have an alu

by the X—Y chamber and by the Al activation
four succesive runs.pronle at a momentum of 350 MeV/ c as obtained
detector irradiation position in the box, for theFigure 5. Comparison of the longitudinal beam

Figure 7 shows the flux as a function of the Si

counts from the ionization chamber.
50 \® !5¤ Z® Z$ Dw Posmon (mm] ceived by each Al foil, and Nm is the number of

detectors, @5 is the fluence at the position j re
O N@N¤\¤vn

U \/FUN! vm, • FUN hum. {XY rfumbw) where j denotes the longitudinal positions of the

(9)ki = @1/Nic »

Q\5U’® ) < \U
mulation runs using the equation
any silicon detector irradiated during the accu
be used to calculate the fluence, Q, received by*2s {N X 22D
irradiation box. The calibration factors can then

factor k was obtained at a given position in the{BBL
* T

tion box. The points were Fitted and a calibrationU I' \ r
E15; counts for two diHerent positions in the irradia

P" = BSD MBV/c
Elo the Al foils as a function of the ionization chamber



the beam and its environment.

proved to be necessary to properly characterize

the combined use of various kinds of dosimeters

0.7 Gy/h at 28 cm from the beam axis. Finally,
(TLD) gave a 7 dose rate of 5 Gy/h at 10 cm and
was estimated; the thermoluminescent detectors

dium, a maximum neutron contamination of 0.8%
during the pion irradiation runs. With the In
useful to determine the n and 7 contamination

moluminescent and alanine dosimeters, was very

ation detection materials, such as Indium, ther

tion at PSI. The use of different types of radi
were extensively used by the SIRAD collabora D45 Part II (1992), S1. OCR Output
tensity. The Al activation Huence measurements Review of Particle Properties, Phys. Rev.

to measure fluence as a function of the beam in Methods A335 (1993) 580.
a result, the ionization chamber was calibrated M. Huhtinen and P. Aarnio, Nucl. Instrum.

demic Press, Inc.the wi fluences to be measured to within 5%. As
The Aluminium activation technique permitted tron Cross Sections, Vol. 2 (1987) N.Y., Aca

V. McLane, C.L. Dunford, P.F. Rose, Neu
6. CONCLUSIONS Subvol. D, E (1994).

clides at Intermediate Energies, Gr. I, Vol. 13,
rate fell to 0.70 zt 0.03 Gy/h.

Landolt-Bornstein, Production of Radionu
5.0 1 0.8 Gy/h was obtained. At 28 cm the dose

Nat. Acc. Lab. (1989).
At 10 cm from the beam axis a dose rate of

A. Van Ginneken, Tech. Rep. FN-522, Fermi
cent dosimeters (TLD), measured the 7 dose.
beam was 337 zi: 72 Gy/h. The thermolumines— REFERENCES
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