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Abstract

Puite, K. 1. (1971) Thermoluminescent properties of manganese doped calcium fluoride; applications in ra-
diation dosimetry. Agric. Res. Repts (Versl. landbouwk. Onderz.) 761, ISBN 90 220 0342 6, pp. 6 + 78, tables 12,
figs. 34, Eng. summary.

Also doctoral thesis, Groningen.

The thermoluminescent {TL) properties of CaF2:Mn (34 mole %), prepared by Philips, the Netherlands, have
been studied in order to realize to some extent two aspects of the research program of the Institute for Atomic
Sciences in Agriculture at Wageningen, the Netherlands,

a. the assessment of a reliable dosimeter for routine use during biological experiments in the gamma facilities and
the reactor of the Institute.

b. the study of the radiation induced phenomena in anorganic crystals, which would lead to a better understand-
ing of these phenomena in macromolecules.

It was shown that UV exposure of already read out CaF; gave dse to a second reading. The TL sensitivity of
CaF; for alpha particles and protons and for thermal and fast neutrons was investigated. Use was made of the
10B(n,a)’Li and 14N(n,p)14C reactions occurring in beron and nitrogen containing liquids surrounding the
powder,

Thermally stimulated exo-electron emission and TL measurements using CaFy samples doped with 0.1 mole %
and 2 mole % Mn and undoped samples have led to the conclusion that both electron- and hele traps are present
in the CaF4:Mn; Y3+ and other trivalent rare earth ions, being the electron traps and Mnt+ jons, being the hole
traps.
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Samenvatting

De thermcluminescentieverschijnselen in CaF2—poeder, dat geacti-
veerd iz met 3=4 % mangaan en waarvan de kristalletjes ca. 10-15 pm
groot zijn, zijn onderzocht. Dit materiaal werd bereid bij Philips,
Eindhoven, voor het meten van stralingsdoses.

Bij poeder hestrasld met gammastraling werd &én enkele thermo-
luminescentiepiek gevonden. Met een opwarmsnelheid die constant gehouden
werd op 24°C per minuut lag deze piek bij 260°C., In werkelijkheid
bestond deze piek uwit meer, niet afzonderlijk wsarneembare, pieken
veroorzaakt door verschillende typeon dosimetrievangplaatsen van
electronen en/of van gaten in het materiaal. Gewoonlijk worden tijdens
de cpwarmeyclus al deze vangplaatsen geleegd. Werd reeds éénmaal
afgelezen poeder echter blootgesteld aan UV licht dan bleek een tweeds
aflezing mogelijk. Blijkbaar worden de dogsimetrievangplaatsen onder
invlced van dit UV licht gevuld vanuit dieper gelegen vangplaatsen.

Metingen van thermisch gestimuleerde exo-electronenemissie en
thermoluminescentie, waarbij CaFp, geactiveerd met 0,1 % en 2 % mangaan
en niet geactiveerde monsters werden gebruikt, hebben aangetoond dat
zowel vangplaatsen van electronen als van gaten aanvezig zijn in het
CaFp:Mn (Philips), te wetent Y3+ centra en andere driewaardige zeldzame
sarden als electronenvangplaatsen en Mn2* centra als gatenvangplaatsen.

De thermcluminescentiegevoeligheid van CaFo voor alphadeeltjes en
protonen vergeleken met die voor gammastraling werd onderzocht. Hierbij
werd het Cannpoeder cmgeven met borium- en stikstofhoudende vlcei-
stoffen en vervolgens bestraald in een veld van thermische neutronen.
De in de vloeistoffen optredende kernreacties 10B (n,o) 714 en
14y {n,p) 14c 1eidden tot een extra thermoluminescentiesignaal in het
CaFp door de vrijkomende alphadeeltjes en protonen. Bij poeder omgeven
met alcohol en bestraald met snelle neutronen ontstond een extra signaal
afkomatig van de terugstcot-protonen die in de alcohol werden geprodu-
ceerd. De grootte van het signaal van de genocemde deeltjes vergeleken
met dat van gammastraling bedroeg 3, 5 en 1l % respectievelijk, op basis



van de geabsorbeerde dosis in de vloeistof.

De thermcluminescentiegevoeligheid voor thermische en snelle
neutronen zelf werd evencens onderzocht, Voor thermische neutronen werd
een gevoeligheid van 0,07 rad per 1010 n/s.cm2 gevonden, terwijl de
tgevoaligheid! voor snelle neutronen met een gemiddelde energie van
1,7 MeV -0,43 rad per 1019 n/s.om? bleek te zijn. Veoor een verklaring
van deze negatieve waarde werd cen model ontworpen waarin werd onder-
ateld dat de 'gevoeligheid' bestaat uit enerzijds een positieve
component afkomstig van de bijdrage van de ionisaties en anderzijds een
negatieve component veroorzaazkt door de productie van diepe vang-
plaatsen.

Biologische moleculen geven vaak thermoluminescentie na bestraling
bij vloelbare-stiksteftemperatuur. De eerste resultaten van de metingen
aan het eiwlt collageen zijn eveneens opgenomen in dit proefschrift.
Reeds bij doses van 25 rad bleek een duidelijk thermoluminescentie—

signaal aanwezig.




1 Introduction

1.1 Apologia

Thermoluminescent (TL) powders wexre introduced soms twenty years
ago by Daniels (1950) and are at present widely used to monitor
radiation fields. Applications are reported in radiation desimetry,
personnel radiation monitoring, radiotherapy, space research and
pottery dating (Fowler and Attix, 19663 Auxier et al., 1968).

At the author's laboratory, the Institute for Atomic Sciences in
Agriculture at Wageningen, the TL system is used for routine dosimetry
of biological experiments.

This thesis describes, within the framework of the study of the
radiation induced physical phenomena in different materials (anorganic
crystals, non-biclogical macromolecules e.g. PMMA, biological molecules
and biological meterial), some aspects of the use and properties of
powder and single crysitals of celcium fluoride doped with manganese
(CaF2=Mh). The behavicur of this material in different radiation fields
has resulted in a better insight in the mechanism of its thermolumines-
cence and has contributed to dosimetxry applicationa. Other techniques
such as optical absorption and exo-electron emisgsion have given
additional information.

A start has been made with the application of the described
techniques to irradiated biological material in order to obtain
information about the different energy pathways arising during the
sequence of events starting from ionization and excitation and lsading
to the vltimate bioclogical end-point,

1.2 Thermoluminescence
When in crystallin~ insulators, having a bandwidth of ~ 10 eV

between the conduction band and the valence band, electron- or hole

traps are present due to structural imperfections (vacancies, impurities




etc.) ionizing radiation can excite electrons and holes from the valence
tand into these traps (Figure 1) (Schulman, 1967). Depending upon the
properties of the traps the charged carriers may remain capiured at room
tempergture, The two important parameters of the traps are the trap
depth E, being represented by the distance of the trapping level to the
bottom of ths conduction band {Figure 1), and the frequency factor e,
related to the presence of lattice vibrations. If trapping ocecurs, the
abgorption of sufficiently energetic light quanta or an increase of
lattice vibrations as the temperature is raised will cause ejection of
the elecirons or holes from their traps (Figure 1, step l,ll). Affer
migration through the conduction band, resp. valence band (step 2,21) a
recombination of an electron (resp. hole) with a trapped hole (resp.
electron) can follow (step 3%,31). The recombination energy can be
emitted in the form of a light quantum., When this luminescence is due to
light abscrption it is called 'optically stimulated luminescence'. In

the case of a temperature incresse the phencmencn is called 'thermo-
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Fig.1l, Schematic representation of thermoluminescence {Schulman, 1967). Two different types
of centers are shown which may occur after irradiation, namely a F-center (an electron

trapped at a negative ion vacancy) and a V-center (consisting of a trapped hole).




luminescence'.

The thermoluminescent proceass will be controlled by doping the
material with specially chosen luminescent ions, e.g. Man*t ions. In this
case the hole is believed o be trapped after irradiation at these Mntt
ione (Schulman, 1967). After recombination of the electron and hole the
luminescent ion will be in an excited state, emitting its characteristic
luminescence {for Man** ions the green-orange region of the spectrum)
when returning to the ground state.

The luminescent signal recorded as a function of a linearly
increasing temperature is called a 'glow curve'. In the case of one kind
of electron trap with a trap depth E and assuming no retrapping but a
direct recombination with a hole resulting in a luminescent effect,
Randall and Wilkins (1945) have derived the following mathematical

expression for the thermoluminescent sigmal,
T .
I (T) = n,s exp (-E/kT) exp Tf- g exp (~E/kT) 4T [1]
0

with I (T} = thermoluminescent signal
ng = number of electrons initially trapped
= frequency factor
= trap depth
Boltzmann's constant, 8.61 x 1077 eV/%K

= heating rate

™ K H ®
L[}

The {emperature of the glow curve meximum T, and the fading of
the TL signal are both dependent on the values of E and =. Theoretical
glow curves for different E and s values and & constant value of ¢ are
shown in Figure 2. Tp moves to higher temperature as E or § increases or
as s decreases, The area under each curve is proportional to n,, while
in general n, is proportional to the radiation absorbed dose. Traps
having E < 0.8 eV along with a > 107 sec™l do not store the electrons
well at room temperature. The mean lifetime ¢ of electrons in these

traps, expressed as

1
e C) 2]

is ¢ 1 day (Schulman, 1967).

A ligt of prefered qualities for TL powders ie given in {Schulman,
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Fig.2, Theoretical glow curves for phosphers with a single trap depth and no retrapping,
having a constant heating rate of 2.5°C/sec (Schulman, 1967).

1967). The properties of the most freguently used powders are dealt
with in the following section.

For the temperature of the glow peak maximum T, &t aI/4T = 0, it
follows that

BE/xT,% = = exp (-B/kT ) [3]
This equation makes it possible to calculate the value of both E and s,
knowing the value of T, at a certain heating rate f.

For T ¢ Tm the integral part given in eguaticn 1 may be taken as a

constant. Then
in I = ~E/kT + a constant term [4]
and the B and = values may alzc be derived from the initial rise of the

glow peak.

It should be born in mind that the luminescence efficiency I,

defined as




vhere P, and P,, are the probabilities of luminescence emigsion and

non-radiative emission, respectively, decreases with increasing
temperature {Gorbics et al., 1969a)}, because P, is assumed to be
independent of temperature but P, inoreases with temperature. This
'thermal quenching' effect influences the thermoluminescent output and
thus the Ty value of a glow peak.

1.3 Properties of thermoluminescent powders, especially CaF, :Mn

Methods of preparing thermoluminescent CaFy powder doped with
different manganese concentrations have been studied by Ginther and
Kirk (1957) (Figure 3). Also CaF, doped with other activators such as
Y, Sm, Ce, Eu and ¥Yb has been siudied (Gﬁrlich et al., 1961).

The glow curve of CaF,:Mn (3 mole % Ma) has only one apparent
maximum at about 260°C. The emission spectrum has its maximum at 500 nm.
This glow curve coneists of several components (Schulman et al., 1969).
When rapid heating rates ( ~ 20°C/sec) are applied the glow curve
components shift to higher temperature, causing preferential quenching
of the more stable higher components., This results in a fading of

relative emission
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Fig.3. Thermoluminescence of synthetic (ePF,iMn as a function of the Mo centent in mole %
(Ginther and Kirk, 1957). '




~ 10 percent during the first month. Fading is negligible if a =slow

heating rate is used { ~ 209C/min).

From the measured ghift in glow peak temperature vs. heating rate
Gorbics et al, (1969b) calculated values for E and s, using equaticn 3,
namely E = 2.29 eV and 8 = 2.5 x 1012 gec™l. No simple interpretation
of these valueg ig possible because of the complexity of the material
compared to the single trap mecdel which has been assumed by Randall and
Wilkine {1945).

In Figure 4 the TL response of CaF,iMn (3 mole % Mn) as a function
of 6000 gamma ray exposure lsz shewn, together with the responses of
other common TL powders (Marrone and Attix, 1564; Cristensen, 1$68). For
CaFs a linear regponse up %0 2 X 10° R is obtained. LiF and Li2B407:Mn
(0.1 % by weight of Mn) exhibit 'supralinearity' for exposures exceeding
300 R. When low energy X rays are used, the Caly dosimeters have &
considerable energy dependence, as shown in Figure 5 (Almond et al.,
15968).

During the last years an extensive literature has appeared dealing

with thermcluminescent deosimetry {Lin and Cameron, 19683 Spurny, 1969).
1.4 Thermally stimulated exo-electron emission, especially of CaF;

Electreons released from their itraps into the conduction band will,
in general, give rise to three types of effects which may be observed
gimultancously, namely,

a. electrical conductivity of the crystal, properticonal %o the electron
concentration in the conduction band (conductivity glow curve)
{Kanturek, 1956).

b. electron transfer to activator levels resulting in photon emission
(TL glow curve).

¢, electrons leaving the surface with a probability dependent on
temperature and werk function (exo~electron emission). The work function
v ig defined as the minimum énergy needed for an electron located at
the bottom of the conduction band %o cscape from the crystal surface.
Figure 6 gives an illustration of these processes.

Besides the TL phenomena mentioned in section 1,2, alsoc thermally
stimelated exco-electron emission (TSEE) has been studied bhecause TSER

data may give additional irnformation about the electron traps.

The interpretation of the experimental data sometimes leads to
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Fig.5. Diagram of the relation between luminescence, conductivity and exo-electron emission
during thermal or optical stimulation of an ionic crystal which has been expused to

ionizing radiation (Becker, 1970).

difficulties, because the kinetics of TSEE are not yet completely
understood. Two processes gre assumed to be involved,

2. an emission from the itraps via the conduction band.

b. a direct emission from the traps at or near the surface.

A distinetion should in fact be made between surface traps aznd
trape in deeper layers of the corystals {volume traps). Electrons from
the volume traps reach the conduction band after thermal stimulation
and obtain a Maxwellian distributicn, After overcoming the work
function ¢ part of the electrons leave the crystal surface with an
average energy of sore 0.1 eV, The emitted electirons coriginate from a
thin surface layer of 10 - 100 & (Kramer, 19673 Holzapfel, 1969). The
influence cf the thickness of the emitting layer is small as long as

the distance of location cf the exo-clectron emission from the surface




is comparable with the free path length of the electrons. Values of
the work function ¢ up to 1 eV do not affect the TSEE much at room
temperature (Holzapfel, 1969) (Figure 7).

Although TSEE can be considered as a non-stationary thermionic
emigsion because of the limited supply of electrons from the traps,
Holzapfel (1969) has derived some mathematical expressions for TSEE

based on the Richardson equation for gtationary thermionic emisgion,

d.nex no (ki )1/2

aT = ? 2nmeff exp (- ‘p/kT) [6]
with n.y, = number of electrons emitted per unit surface
n, = number of electrons inatantaneously present in the

conduction band per unit volume
B = heating rate
Dgpp = effective mass of electron

® = work function

Agsuming no retrapping, equation 6 leads to

BE/KT2 = & exp (~(E + 9 )/kT_) [7]
4
I
weak TSEE
3 2
kY
[
strong TSEE
Q =
20 : 100 500 1000
T max(°K)

Fig.7. Calculated areas of weak and strong TSEE for éifferent work functicms ¢, peak temperaiurcs
Tp end emigsion layers d (Holzapfel, 1969).




in the area of weak TSEE (sce Figure 7), giving the relation between
the trap depth E, the work functlon ¢ and the peak temperature Tp.
For ¢ = 0 equation 7 gives the mentioned relation in the area of
strong TSEE.

When the distance of locaticn of the exo-electron emission from
the surface is much lounger than the free path length of the electrons,
diffusion of electrons from these deeper layers to the surface has fo
be taken into account. Exact caleculations become then wmuch more
complicated,

The first systematic studies on exo-elecircn emission were
published by XKramer (1949). Review articles appeared from Bohun (1$63)
and from Becker (19?0). The 1970 review describes the possibilities
for TSEE dosimetry.

0aFp, in particular, has been studied by Kramer (1951), Bohun
(15955) and Dolejsi et al. (1958). In 'chemically pure' CaF, three TSEE
maxima were observed at B80°, 165° and 240°C, corresponding to trap
depths of 0.71, 0.91 and 1.03% eV, respectively (Sujak and Gieroszynska,
1967).

1.5 Color centers in CalFy

When radiation induced trapped eiectrons or hcles, which are
normally in the ground state (see Figure 1), absorb light quanta of
the proper energy, transitions to higher excited states are possible.
Absorption of light in the visible region of the light spectrum results
in a caoloration of the crystal. The imperfections causing light
absorption are called color centers.

This sectien describes some relevant color centers in Cal,. The
structure of these crystals can be regarded as a regular cubic array of
fluorine ions with calcium ions at every other body center. Thus each
calcium ion is at the center cf a cube of eight flucrine iona,

Coloration by irradiation of commercially available CaF,, often
called subtractive coleration, only occcurs at room temperature when
high doses are used of at least 105 rad. Results of 0'Conner and Chen

(1963) suggest that this coloraticn is due te the reduction of trace

impurities of Y3%, which has the same ionic radius (1.06 %) as catt.
Tke spectrum {Smakula type) consists of four band at 225, 335, 400 and

580 nm. Doses exceeding 5 x 106 raa cause additional absorption bands

10




in the infrared region, probably due to the formation of rather complex
defect centers (Fong and Yocom, 1964). In addition, oxygen is often
found as an impurity in CaF, (Fong and Yocom, 1964). If an O ion is
gubstituted for a ¥ ion, electrical neutrality requires that either a
T~ ion vacancy or a trivalent positive ion such as 3 i preasent.

For very pure CaF,, irrasdiation and optical measuremente musi take
place at liquid nitrogen temperature or lower in order to produce any
coloration (Kamikawa et al., 19663 G¥rlich et al., 1968). The absorption
band obgerved at 375 nm was ascribed to F-center abscrption based on the
identification of the data already obtained with additively colored
Can. Additively colored cryastals show an absorption band at 375 and
520 nm (Mollwo type). The 375 nm band has been correlated with F-centers
by Arends (1964). The 520 nm band is probably due to M-centers (den
Hartog, 1969).

In CaF, doped with manganese, radiation induced complex color
centers may be expected when trace impurities such as yttrium and
oxygen are also present. The Ma* ions are probably situated at Catt ion
lattice positions. Electron spin resonance (ESR) experiments on CaFsp
doped with 0.0l mole % Mn have given patterus which were in close
agreement with the calculated ones agsuming that the Mntt ion is
subatituted for the Catt ion. A fluorine hyperfine structure due to the
covalent bonding between the Mnt¥ ion and the surrounding fluorine ions
was observed (Baker et al., 1958).

1.6 Themmoluminescence of biological material

The interaction of ionizing radiation with solid biological
materisl e.g. nucleic acids, amino acids, proteins starts with excitation
and ionization events (Hart and Platzman, 1956) and may ultimately resumlt
in observable damage in the material. During this seqguence of events
light emission may occur.

4 model which describes especially those processes which are of
importance for the observed luminescent phenomena is shown in Figure 8
(McGlynn et al., 19643 Steen, 1968). The configuration of the molecular
orbital electrons which best describes the ground state and the lower
excited levels of the molecule iz represented by the boxes beside each
energy level. Also the spin of the highest energy orbital electrons is
given. Depending on the relative direction of the spins singlet and

11
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Fig.8, Energy level diagram for organic molecules (MeGlynm et al., 19643 Steen, 1968).

triplet levels arise.

After icnization the electrons will escape from their parent ions
and will move some & away from their origin hefore bheing thermalized.
During {this preocess the electrons may be trapped in the material by
polarization of neighbouring molecules. These trap depths are of the
order of ~ 0.1 eV, the traps being stable oniy at lew temperatures
{below 100°K). When the material is heated, the electrons are released
from their traps and may recombine with the positive ions. This
recombination leads to excitation of singlet and triplet states. These
states decay via internal conversion to the lowest excited states 85
and Tl, dissipating the excess energy as vibrational energy to the
surrcunding molecules, Alsc rupture (bioleogical damage) of the molecules
may occur during this process. From the lowest excited singlet level 84
(1ife time ~ 1075 sec) transitions are possible to the ground state 5,
and also via intersystem crossing to the lowest excited triplet state
Tl. The Sl-a SO transitions result in fluorescence emission in competi-
tion with non-radiative transitions. Phogphorescence emission is
possible when the lewest excited triplet level T4 { ~ 1 sec) is de-
excited. This Tq-» 8, transition is also in competition with non-
radiative processes.

Thus, on heating the material both flucrescent and phosphorescent

12



R group of general structure Tk} [trapdepth l
biochemical (eV)from  |ref |[intensity|ref
R-CH{NH,)-COOH Ba12*K Anin|initial rise
amino acids H H
c-¢ 12 016 |40 |hoooo |36
L-tyrosine -CH, ¢’ "COH
! CC% 151 ‘0.25
WA
K
’C 105 019 4011 2850 (36
-CHyC - C ‘gH o 830
L-t topha " '[J 133 .25 1
ryprophan HC, C\JeH
N C 177 039
H H
HoH 18 022 |40fl 430 |36
Ic - C\
L-phenylalanine | ~CHy-C ,CH 133 029 240
\C = c
a4 H 174 0.3
143 0.04 36 0.8 |36
L-alanine -CH,
165 -_— 0.4
133 — 36 03 |36
glycine -H 167 0.23 07
238 —_— 02
CH,- CHe
N _ & ! 147 005 3 & 36
proline COOH C!iN’CH, 166 T 5
ﬁ 240 Q.21 2
CHy~ CHIOH)
) 39
L-hydroxy - -COOH-CH éH, ns 39| 80
proline N -145 50
H
proteins
trypsin 122 009 40 || 80 36
gelatin m 0.05 36| 30 36

Table 1. Data on the thermoluminescence of some biochemicale irradiated with 5000 gemma Taye
(Augenstine et al., 1960; Augenstine et al., 1961j Weinberg et al., 1962).

emigeion may occur and will be recorded as thermoluminescent emission
of the material,

Various low-temperature thermoluminescence studies on biologicel
molecules have been reported from about 1960 (Augenstine et al., 19603
Singh and Charlesby, 1965; Fleming and Kerr, 1965) (see Table 1).
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The intensity of the TL from aminc acids having a ring structure is
about twoc or three orders of magnitude greater than the Intensity fronm
the aliphatic amino acids {Augenstine et al., 1960). Most of the glow
peaks lie between 100° and 170%K. Augenstine et al. {1961) observed
that the TL from irradiated proteins is not the sum of the independent
contributions from the constituent amino acids, whilgt the trap depths
E for the TL of proteins were much smaller than those obtained for the
constituent amino acids. Emission specira of the TL of trypsin did not
resemble any of the spectra observed for the aromatic amino acids
{Weinberg et al., 1962). Lehman and Wallace (1964) have listed TL data
of a large number of biologically impecrtant molecules using radiation
gources with different linear energy transfer. Nummedal and Steen (1969)
observed that the majeority of the species giving rise te TL of the
protein studied were trapped intramolecularly or a2t least within a
distance of 20 ¥ of the emitting molecules, The Tl,—9 8, transition was
found to be the only radiative step. Alsc complex biochemiczls were
studied., A possible ceorrelation between TL and radiosensitivity of

seeds was demonstrated by Cervigni et al. (1969).
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2 Materials and Methods

2.1 Materials
2.1.1 CaF3:Mn powder

The CaF,:Mn powder used in this work was prepared at the Philips
laboratories, Bindhoven. A mixture of calcivm fluoride and manganese
fluoride powder was heated in a nitrogen atmosphere and after cooling

t, Grain sizes of

was milled and sieved through a2 B 40 silk gauze
10 - 15 ym were obtained. The manganese content wag determined at ITAL
by neutren activation analysis?. For the two batches used, and indicated
as # 4 and £ 5, a concentration was found of 4.1 and 3.4 mole %,
reapectively. Batch # 5 is used only in the efcperiments described in
section 3.5 of this thesis. Rkdntgenfluorescence measurements, carried
out at the Laboratory for Solid State Physics, Groningen 3 showed the
presence of strontium in the samples. As was revealed in the results of
the experiments yttrium ig zlso present. The 3+ concentration, being
0.05 ppm, was measured at the Philips laboratories % by neutron
activation analysis, Apart from ytirium, alsc the presence of other

impurities could be demonstrated. The data are collected in Table 2 of

The relevant information obtained from Dr. K. Nienbuis and M», Th.C, Alferink of the
Philips laboratories ia gratefully acknovwledged.

1

.

2. Thie analysis was kindly performed by Mr., N, van der Klugt.

3. The author is indebted to Prof.Dr. J. Arends and Mr. F. van der Horst for performing these

measurements,

4. The yttrium analysis was kindly carried cut by Mr. P. Bruys.
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section 2.1.2.
2.1.2 Other CaFy samples

Cther CaFp, samples have also been used,
a. Cals crystals from Materials Research Corporaticn 5(MRC). Strontium
and yttrium (7.6 ppm) impurities were present in the crystals.
b. CaF, from MRC doped with ~ 2 mole % Mn. Also strontium and yttrium
impurities were present.

¢. CaFy crystals doped with 0.1 mole % Mn from Semi-Elements®. The

Philips MRC Semi-El, Harshaw
Y 0.03 76 8.3 0.17
Lu £0.006 0.07 o.Cc8 0.0086
¥b | <0.02 03 0.4 0.02
Tm | 0.2 <02 <0.2 <0.2
Ho £0.3 0.4 0.3 £0.3
Tb <0.002 C.Ca 0.04 0.002
Eu C.005 0.2 0.04 0.0086
Sm co.2 G.2 o.2 £0.2
La 0.03 0.1 0.1 0.1
Na | €0. <01 $0.1 £0.1
Ce £0.1 $0.1 £0.1 £0.1
Au 0.002 0.002 0.002 0.005%
cd <1 1.5 1 <1
Sr | 200 70 70 250
Sb 0.3 Q.05 0.15 .04

Taeble 2, Impurities (ppam) in CaFy samples as measured at the Philips laboratoriss, the
Wetherlands.

5. Materials Research Corporation, ODrangeburg, FNew York 10962, U.5.4.

6. Semi-Elements, Tnc. Saxonburg, Pa. 160%6, 7.8.4.
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yttrium contamination was 8.3 ppm.
d., CaF, from the Harshaw Co’, These were pure crystals with 0,17 ppn
of yttrium.
e. CaFqy from Vinor 3. These crystals were very pure and free of yttrium.
Oxygen seemed to be the only impurity present.

The impurities which could be demonstrated by neutron activation

analysis are collected in Table 2,
2.1.3 Collagen

Collagen has been chosen as a starting material to atudy the TL of
biological tissues for the following reasons,

a. the biochemisiry of collagen is rather well known (Veis, 1964;
Bailey, 1968a}.

b. the structure of the collagen molecule is thoroughly investigated
{Harrington and von Hippel, 1961).

c. collagen comprises about 30 % of the total organic matter in memmals.
d. electron spin rescnance {ten Bosch, 1967) and other techniques such
a3 optical rotation and viscosity measurements (Welling and Bakerman,
19643 Bailey, 1968b) have been used to investigate radiation effects on
collagen.

The fundamental molecular unit of all collagens is thought to be 2
tropocollagen molecule 15 2 in diameter and 2800 & long, having a
molecular weight of about 3 x 10°. The structure of tropecollagen has
been investigated by Rich and Crick (1961) and by Ramachandran (1963)
and was found to be a triple-helix with hydrogen bonding between the
three single chain helices. The aminoc acid sequence of one helix seems
to be Gly-Pro-Hypro, Gly-X-Eypro and Gly-X-Pro, with X being any amino
acid pregent. For further details about collagen see {Veis, 19643
‘Bailey, 1968a).

The collagen used in the preliminary experiments described in

section 3.6 was extracted from bovine Achilles tendon and was purchased

7. The Harshaw Chemicsl Co., Cleveland 6, Chio, U.S.A.

8. Vinor Labhoratories, Medford, Masas. 02155, U.£.4.
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from the Koch-Light laboratories .

2.2 Instrumentation
2.2.1 Thermoluminescence

The apparatus used for moat of the thermoluminescence measurements
was & modified, commercially aveilable, CONRAD Model 4100 TLD reader '°.
45.0 mg of the LaFs; powder was weighed onto a planchet and heated by
passing an electric current through the planchet. The cycle time of the
apparatus was such that the planchet was heated to 370°C at a rate of
2.7°C/sec., The TI of the powder was detecied with a photomultipliex.

A clear pyrex glass dish served as electrical and thermal insulator for
the photo-kathode. For integral readings the photomultipliier signal was
fed into a Solartron digital voltmeter, type LM 1420. A constant light
source, consisting of a 14¢ getivated scintillator, was used for
calibration of the instrument.

In the experiments menticned in section 3.5 the TL signal was
measured with a specially coastructed apparatus allowing a slow and

strictly linear hecating rate of the powder at a rate of 24°C/min.
2.2.2  Thermally stimulated exo-¢lectron emission

The TSEE experiments were made using a cylindrical gas flow
counter with z dizmeter of 90 mm and a height of 30 mm, which was
gpecially consitructed for the purpose, The position of the furnace is
shown in Figure 9., The CaF, powder was heated in three 1 mm deep holes
which each have a diameter of 0.9 mm. A chromel-alumel thermoccuple,
gituated at a distance of 3 mm from the holes, served as a reference in
order to obtain a constant heating rate of 24°C/min at the position of
the powder., The temperature at this position and the influence of the
gag flow on the temperature was delermined with a copper-constantan

9. Koch-Light laboratories Ltd., Colmbrock, EIngland.

10. Controls for Radiation, Cambridge 40, Massachusetts, U.S.A.
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Fig.9. Apparatus for measuring the TSEE gignal.
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Fig.10. GM plateaufs obtained with the TSEE spparatus for different furnace temperatures.

thermocouple situated in one of the holes, filled with CaF, powder.

Thin thermocouple wires (diameter 0.13 mm} were used to avoid heat
leakage as much as possible. The temperature difference between the
poaitiena of the thermocouples was 15°C at 250°C both with and without
gag flow., The estimated error in the temperature measurement of the TSEE
peaks is + 5°C. A mixture of helium gas (98.7 %) end isobutane (1.3 %)
was used as comnting gas. This gas mixture was injected tangentially
into the counter and flowed through the counter at a constant rate
during the meagurements. 4 useful GM plateaun could be obtained up to a
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furnace temperature of 500°C (Figure 10)., The GM signal recorded using
2 small external 000 source increased approximately 1%/1C0°C when the

furnace was heated from 20° to 500°C.
2.2.3  Optical absorption

4 double beam Unicam SP 700 recording spectrophotometer (range
187 nm - 3.57 Mm) was used for the optical abscorption measurements. All

the measurements were carried cut at room temperature.
2.3 Irradiation facilities
231 Gamina sourees

Two gamma facilities were available for the experiments, a 300 C1
and a 5000 ¢i 137cs source (Ey = 0.66 VeV, T,,= 30 y). An irradiation
position close to the source pipe of the 5000 Ci scurce permitted
irradiations with dose rates of 5-30 krad/h. A turn table was used to
ensure a homogenecus irradiation. The calibration of this source was
carried out with the Fricke ferrous sulphate dosimeter, which is a
secondary standard chemical dosimeter (Holm et al., 19613 Law, 1970).
The Fricke dosimeter has a working range of 4-40 krad and coensequently
could not be used to measure the dose rate of the 300 Ci source directly.
LiF dosimeters and ionization chambers, calibrated against the Fricke
dosimeter, have been used in the radiation field of this source. A dose
rate of 51.0 + 0.6 krad/h was measured in July 1970 at a distance of 1 m

from the source (Gouverneur and Puite, 1970).
2.3.2 BARN reactor

The neutron experiments have been carried out in the irradiation
room of the 100 kW BARN reactor (Figure 11}, The reactor is a light
water moderated swimming pool type, utilizing enriched 255U fuel., The
irradiation recom is sitwated under the reactor core and is separated

from it by a Do filled diffuseor 12% cm deep. Directly under the

diffusor two bismuth shields (17.5 cm thickness totally) are present
(Bogaardt et al., 1964),
The thermal neutron flux density in the room amounted to (0.5 -
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Fig.1l. Vertical cross sectlon cof the BARN reactor,

4.5 x 107 n/s.cm2 and was measured by gold foil activation. The cadmium
rgtio for gold was 300~500, indicating a low epithermal and fast neutron
contamination of the thermal neutron beam. The gamma contamination,
mainly from the H(n,y)D reactions and from the reactor core, amounted
to 2-9 rad/h and was measured using a teflon-C0y or a Mg-COs, icnization
chamber (IAEA, 1G67).

Fast neutron irradiations could be carried out by emptying the D0
diffusor. To remove any thermal neutron contamination of the fast
neutron beam a boron shield was inserted between the two bismuth gamma
shields. Fast neutron spectroscopy and dosimetry in the irradiation rocm
have been carried out using semiconductor sandwich detectors and tissue
equivalent ionization chambers (IAR4, 1967; Chadwick and Qosterheert,
1969). The energy spectrum of the fast neutrons is shown in Figure 12
and 1s compared with a fission spectrum. The fast neuitron deose rate in
the room varied between 1-7.8 krad/h in H-0, being equivalent to a flux
density of (1-7.5) x 108 n/s.cm2, with a gamma contamination of 80-300

rad/h, This gemma dose was measured with a Mg-A ionization chamber. The
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chamber was assumed to be insensitive to fast neutrons (IAEA, 1967).
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Fig.l2. Comparison of the fission spectrum and BARN spectrum (normalized at 700 kev)
(Chadwick and Oosterheert, 1969).
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3 Experiments and Results

Two aspects of the ITAL research program could be realized to some
extent by studying the effect of radiation of thermoluminescent CaF,:Mn
powder, 7
a, the assesgment of a reliable dosimeter for routine usge during
biological experiments in the gamma facilities and in the BARN reactor.
b. the study of the radiation induced phenomens in anorganic crystals,
which would lead@ to a better understanding of these phenomena and a
better analysis of results obtained with macromolecules,

Consequently, these experiments have both a practical and a
fundamental character. Pirstly, some general properties of (aFp:Mn have
been investigated. In general, TL powder permlta only one reading but
with CaPo:Mn repeated readings could be obtained. The possible use of
CaFp:Mn in measuring the gamme contamination of the thermal and fast
neutron fields in the reactor was investigated and because of this the
radiation parameters of these fields have been measured first. The TL
regponee of Can:Mn to alpha particles, protons and to thermal and fast
neutrons are described in the following sections. Additional techniques
gsuch as TSEE and OD (optical density) measurements have been applied to

obtain information about the trapping centera in CaFpilMn.
3.1 General features of thermoluminescent CaF; :Mn

The CaF,;:Mn powder used has the following general properties,
a. a single glow peak with a Ty.. at 260 + 3°C is recorded when gamma
irradiated powder is heated at a strictly linear rate of 24°C/min (see
section 3,5.1).
b. from the initial rise of the glow curve the E and s values have been
calculated using the equations 3 and 4 of section 1.2. The values
obtained were E = 1.05 eV and 8 = 1.5 x 108 sec'l. These values differ
congiderably from the values E = 2.29 ¢V and &8 = 2.5 x 1019 sec™1
mentioned by Corbics et al., (1969b). Their calculation was based on the
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cbserved shift of the glow peak maximum of CaFoiMn developed at the
Haval Research Laboratory (Ginther and Kirk, 19%6), when this powder
was heated at different heating rates. In both cases no simple
interpretation of the E and s wvalues is possible because of the
complexity of the glow peak compsred to the single trap model assumed
in the calculatiocns.

¢. after bteing 'read out', the powder can be re-used without any
annealing procedure., Ne change in gamma ray sensitivity has been
chserved.

d. the fading of the TL response depends on the heating rate of the
powder (Schulman et al., 1969). Readings have been carried out 24 h
affter irradiztion using a moderate heating rate of 2.7°C/sec. This
procedure guarantees a negligible fading of the TL signal.

e. each batch of CaFs may have a different gamma ray sensitivity making
& new calibration necessary. Also powder from one batch which has been

stored under different conditions (e.g. humidity) should be recalibrated.
3.2 Repeated thermoluminescent readings of CaF;:Mn

publighed before as 'The effect of UV expesure on thermoluminescent
CaFpiMn' in the Internaticnal Journal of Applied Radiation and Isotopes,
1968, vol. 19, pp 397-402.

fntroduction

During irradiation of thermoluminescent powder -e.g. CaFoiMn-
electrons are ejected from the valence band into the conducticn band.,
Vacancies and other crystal imperfections can act ag trapping centers
for those electrons. These traps are situated just bemeath the
conduction band. Especially when the traps are deep they generally siore
the electrons very well., A hezt treatment can liberate the electrons
from the traps. Via the conduction band they combine witk a heole at a
mn?+ ion site resulting in an excited state of this ion. The emitted
light is measured as the thermoluminescent (PL) response (Schulman,
1967). This response a8 a function of the temperature {(glow curve) gives
peaks at g temperature corresponding to the depth o¢f the trap.

In an attempt to get more information about the mechanism of

thermoluminescence, the influence of UV light on CaFstMn has been

24




studied.
After the first read out of the irradiated powder no TI, response
is obtained when the powder is heated for a second time. Apparently the
traps concerned are completely emptied by the first heat treatment.
However, when the powder is exposed to UV light after the first read out
g second TL response is found afterwards.
Some experiments have been carried out to find a relationship
between the previous reading and the UV induced TL signal, the sort of
trapping centers which are involved in the UV transfer procese and the

possibility of repeated readings with UV exposure.
Methods

The CaFsiMn used in the experiments was obtained from Philips
{the Netherlands). This powder is less sensitive (Schayes et al., 1967)
than that prepared at the U.S. Naval Research Laboratory {Ginther and
Kirk, 1956) and its response is linear for gamme rays up to 2 % 105 rad.
The glow curve exhibits a single peak at the same temperature (260°C) as
the NRL powder,

After the normal rezad out of irradiated powder and controls
(heating rate 2.7°C/sec) the filled planchets were placed cu a turning
table and subjected te UV from a Philips HPLR mercury lamp. The energy
flux of the UV measured through a Schett UG 5 2 mm filter was 26 W’/m2 at
the position of the planchets. The variation of the light intenaity
amounted to about 1 % during the experiments. After the UV treatment the
powder was read out again. Only the previously irradiated CaFpiMn gave
a TL response.

For a gamme dose range of 0.2-50 krad the transferred TL was
measgured after a 35 min UV exposure corresponding to 5.5 W.Sec/cmz. The
heating cycle wae switched off at about 460°C because of the infrared

interference.
Results

The results are shown in PFPigure 13, From 0.2-5 krad the response
was 3.5 % of the original response. From 10-50 krad the percentage
amcunted to 5 %. Alpha (2.9-4.1 krad) and proton (0.7-2.0 krad)

irradiations gave values of 5 and 9 % respectively.
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Fig.15. The transferred TL response as a functien of various UV exposure times,

The glow curve after a short UV treatment (Figure 14) shows one
peak at about 450°C and a second one at about 285°C. The 2859C peak
increases with the time of the UV exposure, the 450°C peak remains
practically constant.

The transferred TL response as a function of various exposure times
{Pigure 15) shows a maximum at 30 min. A longer exposure time gives a
decrease of the response, whilast a treatment where the powder is exposed
to UV for several periods of two minutes, being read out after each
exposure, gives a straight line when the results are plotted on a
logarithmic time scale (Figure 16).

Likewise a strong fading was observed when irradiated CaF,:Mn was
subjected to TV exposure before the normel read out (Figure 17).

Discussion and Conclusion

The mentioned effects may be explained by assuming a tranafer of
the trapped electrons from a deeper trap to a trap nearer to the conduc-
tion band. The fact that firat the traps corresponding to the 450°C peak
are filled would indicate this. Also the main peak located at 285°C
instead of 260°C shows a direct transfer from one trap into another trap
at a somewhat higher energy level. A similar UV effect with natural based
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expressed in percentage of the original TL response

x 20 krad
& 14 krad
o 5 krad
= 3,3 krad

5%

N\

¢

v

a/
e
o

\\“

A\

¥
2 -
l:/
1 -
——
UV exposure time {min.}
0 N L " ) i P S | N " M : 1 M PR T T
1 10 102

Fig,16. CaFp:Mn exposad to UV for several pericds of two minutes, being read out after
egch exposure, The sum of the individual responses is plotted against the

logarithm of the sum of the UV exposure times.

CaFy, manufactured at MBLE, Brussels, has already been reported {Brooke
and Schayes, 1967).

Because the transferred response is higher for heavy ionizing
particles the responsible trapping centers may be created by damage to
the crystal during the irradiation. Marrone and Attix (1964) while
working with NRL CaF,:iMn, expect a damage due tc gamma irradiation aib
azbout 3 x 105 R. The increase in the transferred response for gammea

irradiation (Figure 13) starts at about 10% rad,
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ESR mesgurements '' have shown that these trapping centera are not
located at or mear the Mn2* ioms.

The height of the main peak at 285°C, close tc the original glow
peak at 260°C but still separate from it, indicates a great number of
trapping centers at the corresponding trap depth. Probably it is one of
the single peaks which constitute the composite 260°C peak (Gorbics et
al., 1967). A long UV exposure will empty also the trape corresponding
o the 285°C peak (Figure 15), resulting in a decrease of the TL
response. A transfer between the traps corresponding to the 285°C peak
and those corresponding to the 260°¢ peak has not been observed.

The results of Figure 16 offer the possibility of repeated readings
in a very simple way. Another method for repeated readings has been
described by Schulman and West (1965). Here the phosphor is heated only
rart way up the glow curve resulting in a small fraction of the total TL

response.

Furthermore, there iz a possgibility to distinguish between the

11. The ESE measurements have been carried out by Ir. J. Arends {lLaboratory for Sclid Physics,
Groningen).
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gamma gnd heavy particle component of a TL reading because the trans-
ferred TL response, expressed in percentage of the original response,
is higher in the case of a proton and glpha irradiation. Further

investigations are required on this point.
3.3 The sensitivity of CaF,:Mn for protons and alpha particles

3.3.1 The radiation parameters of the thermal and fast neutron fields
2.3.i4 Determination of the thermal neutron flux density by gold foil activation

The irradiation experiments with CaFs in a thermal neutron field
require a knowledge of the thermal neutron flux density. This information
can be obtained through the aciivation of gold foils (197Au, 100%
abundance) at the irradiation position, resulting in radiocactive 19844,
The specific saturation activity Ay of these foils can easily be measured
with a B-Y coincidence system {Puite and de Swart, 1965).

From the value of A, the neutron flux density can be calculated
knowing the thermal neutron cross section and the number of nuclel per
pg. The decay scheme of 198Au is shown in Figure 18 (Aten Jr, 1966). The
following data refer to this Figure,

f1 - Epay = 0.285 MeV, Intensity/disintegration = 0.012

fo - 0.961 0.988
B3 - 1.373 0.00025
Y, - E = 0.4118 0.955
Yo -~ 0.6759 0.0101
Vg - 1.0877 0.0018

The number of electrons emitted/disintegration (B particles + conversion
electrons) is 1.04%. 0f fthese 0.012 have a low energy with Ep., =
0.285 MeV.

When the number of § particles which are in coincidence with the

0.412 ¥MeV gamma rays are counted, the following eguations can be useds

Na(t) = €p Wy(t) 1.043 Ny(t) = ey No(t) 0.935 [859]

No(%) = &5y Wo(t) 0.955 [10]
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Nﬂ(t), Ny(t) and N (t) are the number of counts/sec in the g, Y and
coincidence channel, respectively, t sec afier the end of the irradiation
(decay time t sec),. NB(t) has to be corrected for the gamma ray response
of the B detector. Accidental coincidence counts should be subtracted to
obtain the correct value for N, (t). g and £y are the total efficiencies
of the p- and v channel, respectively. Ho(t) gives the number of dis-
integrations/sec (dps) t sec after the end of the irradiation. This value
can be calculated from the equations 8, 9 and 10.

The specific saturation activity A; is then obtained from No(t)

using the equation

Ny(t At
s On(a > T -e]:pxp((-gtto) dps/mg [11]

with m = mass of gold foil in mg.

A = decay constant of 198Au, being 2.98 x 10'6 sec“l.
t = decay time in sec.
to = irradiation time in sec.

The thermal neutron flux density @ is,

A
s 1 2
g = —— (1 -3—) n/s.cm 12
with ¢ = thermal neutron cross section for 12TAu {n,r) 198Au, being
98.8 barn at 2200 m/sec. g average = —% X 98.8 barn
¥ = number of 197au nuclei/mg, being 3.058 x 1018,
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iy = correction factor for thermal self-shielding. For a feil
thickness of 90 mg/cm2 a value of 0.93 has heen used.
Rpg = cadmium ratio, defined as the ratio of the saturation

activities of a bare and a cadmium covered fcoil.

The cadmium (o = 2450 baran) cut-off of an 0.5 mm thick cadmium
cover is at approximately 0.% eV (Hughes, 1953). Epithermal neutrons
above this energy cause activation of the gold foils due to the
resorance absorption at 4.5 eV. The value of Rpg in the irradiation
room of the BARN reactor is ~ 500,

Substitution of the above mentioned wvalues results in
g = 4.02 x 107 A_ n/s.cn? [13]
with iy in dps/mg.

The reproducibility of the value for ¢ amounts to + 0.4 %. The estimated
gystematic error is + 1.5 %.

To get an impression of the absolute accuracy of the activation
measurenents, gold foils activated in the BARN reactor with the same
neutron fluence were sent to various Institutes in the Netherlands for
intercomparison. The results are ccllected in Table 3. The absolute
neasurements using p-Y coincidence methods were within + 1 %. The
results of the measurements where the detectors relied on a calibraticn

were within + 5 %.

3308 Determination of the fast neutron spectrinm with threstiold detectors

The experimental results on CaFo:Mn irradiated in fast neutron
fields can be fruitfully used only, when the fast neutron flux density
and the neutron spectrum is known. Threshold detectors, when suitably
chosen, may give an indication of this specirum. Because the cross
sections of these foils for the particular spectrum are unknown fission
cross sections may be used leading tc an equivalent fission flux
density.

Four thresheld detectors, recommended by IARA (1967), have been

chogen for the comparison of the BARN fast neuiron spectrum measured
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with these detectors and the spectrometry sysiem (Chadwick and
Oosterheert, 1969). Kerma ‘2 rate values derived from these spectral
measurements have been compared with ionization chamber dose rate
mezgurerents,

The shape of the spectrum, which is very important for radio-
biological experiments (Chadwick et al.,, 1969), can be altered by
partially filling the D,0 diffusor, As the bottom of this tank is
hemispherical the influence of different Dy0 levels has been measured
by usirng a flat bottomed polypropylene container in the irradiation
roen gbove the irradiation pesition. Do0 levels of % and 10 cm were
chosen because a fast neutron will make on average one collision in
pasging through % cm of D50. The measuring procedure for the different
threshoid detectors is described briefly:

a, 2741 (n,a)24Na

The low flux of neutrecns haviang an energy in excess of the threshold
energy of 7.0 MeV prohibited the use of =7 coincidence counting methods.
Consequently, only the B emission was measured and the efficiency of the
f counter was determined using a B-Y coincidence measurement of an Al
foil activated in the reactor core.

b. 5BNi(n,p)5SCo

The activity of the J8Co was determined using a =Y coincidence method
{Dieck, 196&).

c. 328(n,p)>%p

The counting efficiency for the [ particles from 32p nas been determined
with an accuracy of 4 % using pellets made from sulphur and red phosphor.
The red phosphor had previously been activated in a thermal neutron flux.
d. llSIn(n,n1}115mIn

The iscmeric transition (0.335 MeV, 95 %) was measured using a Nal
erystal in conjunction with a single-channel spectrometer. The efficiency
factor was determined using 1385y, An internal conversion facior of
1.04% has been used.

The results of these measurements are presented in the Tables 4 and
5 and Pigures 19. The gymbols used in Table 4 are defined as follows
{Zijp, 1965),

12, The kerma is the energy per unit mass transferred by gamna rays or neutrons into the form
of kinetir energy of secondary charged particles at the point of interest in the
irradiated material. The kerma factor is the kerma per unit fluence.
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DO spectral indices dose rate(rad/h in tissue)

AgilAg i
= 3,0 s, )
tevel | S= e v @) E)18 03 |E>001

{crn) ] I )
threshold spectro | spectrofionisation

St |Ssiar | SNisal detectord meter | meter |chamber

890 700 1100 1100
225% | 215% | 210% | = 7%

o) 0.22 .61 Q.27

3 023 0.60 | 0.22 440 660

10 025 055 017 280 290

Tabie 5. Spectrel indices and dose rates for different D0 filters.

Ay = gpecific saturation activity induced in the detector,
oo
A, = No/cr(E) Pr(E)4E [14]
with N = number of target nuclei per unit of masgs
o(E) = differential cross section for the reaction
under consideration
Pp(E) = fast neutron flux density per unit energy

interval.

By = threshold energy and
Cafp = effective cross section, definedé in such a way that

(E) =0 for E < Ey,
[15]
o(B) = dgpr for E> By,
L]
and O/G(E) Pp(R)AE = 0 _pp . fmﬁE(E)dE [16]
eff
{Oe> = average cross section for a fission spectrum
@y = equivalent fission flux density
oo
with 9p = o/s(E) #g(E)AE /<os> [17]
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Fig.19. Faet neutron spectrum of the BAAN reactor for different D0 filters.

®orp(Boppiod) = effective flux density with

o0

Pors = of"(E) Pu(E)AE /Ogpr (18]

Thig ig a measure of the flux density above the

threshold energy.

9(B) = 8 ¢ pp in O
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The change in spectral shape caused by the D50 filters is indicated
in Figure 19. At energies abeve 1 MeV the results have been directly
calculated from the flux densities given in Table 4 and zn estimate of
the flux densities belcw 1.5 MeV has been obtained using a kerma factor
of 3 x 10=7 erg/g per unit fluence by comparing the kerma rates calculated
from the flux densities above 1.5 MeV and the dose rates measured by the
ionization chambers., The justification for this procedure comes from
Table 5 where it can be seen that there sxists 2 good correlation between i
the spectrometer and threshold detectors abeve 1.5 MeV and between the
spectrometer and ionization chambers over the total energy spectrum,

As the scattering cross section of deuterium increazses for lower
energy neuirons it may be expected that these neutronsg will be more
efficiently thermalised resulting, as shown in Figure 19, in a spectrum

which becomes sharper and where the peak moves up to higher energy.

3.3.2  Thermoluminescent response of CaFs :Mn mixed with orgenic liquids in thermal und fast
neutron fields

published before in Health Physics, 1969, veol. 17, pp. 661-667.
Introdiietion

The difference in the thermeoluminescence cf dry powder and powder
mixed with & liguid irradiated in & neutron field is due to the contri-
bution of charged particles, which are created by the neutron interaction
with the ligquid and which deposit part of their energy in the powder.

Previously attempts have been made by others to increase the TLiF
reading in a fast neutron field by mixing the TLiF with alcohol or other
hydrogenous liquids (Karzmark et al., 19%4; Wingate et al., 1965) and to
use these systems for fast neutron dosimetry (Unrun et al., 1567).
Because the gamma ray response of the wet dosimeter was different from

that of the dry dosimeter and because it was net possible to equalize

thisz response by the use of a non-hydrogenous liquid a practical dosimetry
system with LiF has not yet been developed (Unruh et al., 1967).

The aim of the work described here was o investigate the thermo-
luminescent (TL} response of CaFoiMn, irradiated in a neutron field of a
reactor, when the powder was mixed with different liguids during

irradiation.
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CaF, was mixed with different mixtures of acetone-acetonitrile and
alcohol-boric acid to investigate the TL response caused by the
145(n,p)4c and the 10B{n,a)TLi reactions occurring during a thermal
neutron irradiation. In a fast neutron irradiation the CaFs was mixed
with alcohol to determine the TL response due mainly to the proton recoil
reaction,

CaFo powder was chosen because it may be expected to have a low
neutron sensitivity and in fact it showed in these experiments no detect-
able neutron sensitivity. Handloser (1965) has reported a sensitivity for
thermal neutrons of 1.4 x 10~10 R per n/cm? and 1.1 x 10719 R per n/cm2
for 5.4 MeV neutrons. Tochiiin et al. (1969) obtained a value of 0.58
x 10710 g per n/cm2 for thermal neutrons. However, the results presented

here are unaffected by a possible neuntron sensitivity of the CaFo.
Materials and Methods

The CaFp:Mn powder has been manufactured at the Philips laboratories,
the Netherlands (Puite, 1968). The crystal diameter is 10-15 pm: Small
teflon tubes, each containing 100 mg CaFp and 0.55 em? of liguid were
irradiated in the climate controlled room under the core of the BARN
reactor (Bogaardt et al., 1964) or in the open 300 Ci 157¢e gamma, field
at ITAL. The tubes were filled 100-120 h before irradiation, because
preliminary experiments demonstrated that the pre-irradiation filling
time is important for the reproducibility of the results. During this
pre-irradiation filling time and also during irradiation the tubes were
rotated to maintain a good contact between the powder and the liquid.

Inmediately afiter irradiation the liquid was removed and the wet
powder was allowed to dry at room temperature in the dark. All TL readings
were made two days after the end of the irradiation to be sure that the
powder was completely dry and to aveid a variation of the readings due o
the fading of the TL signal. This fading is negligibly small two days
after irradiation (Schulman, 1967). The planchet, containing 45 mg of the
powder, was heated to 400°C in a modified Con-Rad Model 4100 TLD read-out
instrument at & rate of 2.T°C/sec, and the integrated light signal was
measured.

The thermal neutron flux density has been determined by the
activation of a gold foil placed inside one of the teflon tubes. The

inherent gamma contamination of the thermal neutron flux has been
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measured with a teflon-C0p ionization chamber. The fast neutron dose and
the gamma contamination of the fast neutron flux have heen determined
using acetylene equivalent and maghesium-argon ionization chambers. In
order to obtain the fast neutron dese in alcohol, the fast neutron dose
measured with the acetylene equivalent chamber has been multiplied with
the factor 1.59 (IAE4, 1967).

Experimental Results

CaFo:ln and liquids in a_thermal neutron field

Teflon tubes with CaF,; powder mixed with mixtures of acetone
(C3HgO)-acetonitrile (CpHsN) and of alcchol (CpHgO)-boric acid (E3BO3)
have been irradizted in z thermal neutron field. The amount of nitregen
and boron in the mixtures was varied between 0 and 34 % of nitrogen and
0 and 400 ppm of boron by weight. The fluence varied between (1.6-7.6) x
1012 n/cm2 and the accompanying gamma contamination of the neutron
irradigtion amounted to 200-760 rad in tissue depending upon the
irradiation position and the irradiation time (24-54 h ). The absorbed
doses in the liquids due to the reactions 1#N(n,p)Y4C and 1%5(n,«)7L1

have been calculated using 7.6 x 10'12

rad per weight percentage of
nitrogen per n/cm2 and 157 x 1 rad per weight percentage of boron
per n/cm2 (IABA, 1967). The TL readings cerrected for gamma and neutron
doge have been plotted against the proton plus carbon receil and alpha
plus lithium recoil doses in the liguids (Figures 20 and 21)}. From these
results one may derive a TL reading of 20.5 + 1.2 mV/krad proton plus
carbon recoil dose and 14.8 + 0.7 mV/krad alpha plus lithium reccil dose
in the liguids. These values may be compared with a reading of 450 mV/
krad for dry CaFp irradiated in a 13705 gamma field baged on the absorbed
dose in muscle tissue.

Dry CaF,; has been included in this series and rotated in the same
way. The TL readings of this dry CaFp and of Cals mixed with acetone and
alcchol have been compared with the readings obtained from similar
irradiations in a 137¢g gamma field using the same doses and dese rates
as the gamma contaminaticn during the thermal neutron irradiations. In
all three cases a lower reading was found when the irradiations took

place in the thermal neutron field. The data are collected in Table 6.
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Fig.20. The TL response of CaF,:Mn mixed with mixtures of acetone-acetonitrile during a

thermel neutron irradiation and due tc the protons and carbon recolils from the
14y {n, p)14C reaction, cccurring in the liguid, as a function of the dose
delivered by these charged particles in the liquid.
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Fig.21. The TL response of CaFpiMn mixed with mixtures of alcohcl-boric acid during a
thermal neutron irradiation and dus to the alpha particles and lithium reccils
from the 108 (n, oc)TI;i reaction, oceurring in the liquid, as a function of the
dose delivered by these charged particles in the liguid.

Material Ratio in %

dry Caf, 66t 4
Cal mixed with acetone 7825

CaF, mixed with alcohol 694

Table 6. The ratio of the TL response due to gamma vrays and thermal neutrons of CaF,
irradiated in a thermal neutron field compared with similar irradiations in a

gamma, field.
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Fig.22, The TL responee of CaFp:Mn mixed with alcchol during a fast nsutron irzadiation
and mainly due (92.5 #) to the proton receil reaction, occurring in ths alecohol,

ag a function of the fast neutron dose in the alecohol.

Material Ratic in%

dry CaF, rotcted 652
dry CaF; not rotated (6613

Table T. The ratio of the TL response due to gamma rays and fast nentrons of CE.F2
irradiazted in a fast neuiron field compared with similer ifrradiations in =
gemma field.




Teflon tubes with CaFs mixed with alcohol have been irradiated in a
fast neutron flux at different reactor powers for 5.5 h. Tubes filled
with dry powder have been included in these series. Two different
irrgdiation positions have been used where at maximum reactor power the
fast neutron dose rates in acetylene were 2440 rad/h and 92% rad/h and
the gamma contamination was 170 rad/h and 87 rad/h, respectively.

In order to separate the TL reading due to the contribution of the
recoils produced in the aleohol from the total TL reading the following
procedure has been followed: similar irradiations with dry CaFp; and CaFp
mixed with alcchol have been carried out in a 177cs gamma field using the
same doses and dose rates as the gamma contaminzation during the fast
neutron irradiation. In this way the ratio of the readings of the wet to
the dry powder has been determined (0.93 + 0.03). The reading of the dry
CaFs irradiated in the reactor field has been multiplied with this factor
and subtracied from the readings of the CaFp mixed with alcohol which has
been irradiated in the reactor field. The difference in the readings has
been attributed tc the response of the recocils produced in the alcoholj
proton reccils conitribute 92.5 % of the absorbed doge in the alcchol. The
resultis have been plotted in Figure 22 and show a TL reading of 47.6 +
0.9 mV/krad absorbed dose of the recoils in the alcohol.

This procedure assumes that the reduction in sensitivity caused by
the fast neutrons {see Table 7) is the same in dry CaFo and in CaFp mixed
with alcohel. There is no evidence for or against this assumpticn. The
value of 47.6 mV/krad may also be compared with the reading of 450 mV/krad
for dry CaF, irradiated in a 137¢a gamma field based on the absorbed dose
in muscle tissue.

The readings of dry CaF, irradiated in the fast neutron field have
been compared with those of dry CaF, irradiated in the 137gg gamma field
uging the same doses and dose rates as the gemma contamination during the
fast neutron irradiation. Lower readings were obtained when the
irradiations took place in the fast neutron field., The data are collected
in Table 7.

Discussion and Conclusion

Congistent results were only obteined in these experiments when a

44




considerable pre~irradiation filling time was used. One explanation for
thig could be that in the final stage of preparation the CaFp is milled
and sieved and this introduces a large number of defects in the surface
of the crystals, resulting in the formation of an amorphous layer. This
layer is easily attacked by the surrounding liquid and etch pite will be
created. Patel and Desai (1965,1968) reported that the rate of increase
in the gize of the etch pite does not remain congtant but decreases as
the powder is progressively etched, consequently, the influence of the
liquid on the crystal surface decreases with etching time, If the TL
response is dependent on crystal surface changes, a filling time before
irradiation will thus reduce the influence of the liquid on the crystal
surface during irradiation and also the dependence of the TL response on
the irradiation time. The importance of the effect of crystal surface
changes on the TL signal has been demonstrated by Carter et al. (1963)
and Zanelli (1968), Carter et al, found a remarkable dependence of the
TL responge of KC! and NaCl with sample surface area and Zanelli has
reported an effect of particle size on the thermcluminescence of LiF,

The thermoluminescent response of CaFo per krad for the alpha
particles plus lithium recolls, the protons plus carbon recoils and the
proton recoils, produced in the surrounding liguids during neutron
irradiation, compared with the response of dry unrotated CaF, per krad
irradiated in a pure gamma field was found to be 3, 5 and 11 %,
respectively. These results obviously can not be compared with the TL
efficiency of 9 % reporied from 210p, alpha particle bombardment
experiments (Wbodley and Johnson, 1967), becsuse the experimental
procedures are not the same.

The TL readinge of dry CaF, irradiated in & thermal or fast neutron
field are 65 % of the readings obtained from a 137¢ca gamma irradiation
using the same doses and dose rates as the gemma contamination during
the neutron irradiationas. This effect cannot be explained by the energy
dependence of Cal,,

Oltman et al. (1967) have reported a lower gamma sensitivity for |
TLiF in a mixed neutron~-gamma field and suggest that neutrons of less
than 1 MeV could introduce lattice vibrations similar to the thermal
effect during the heating up of the powder.

A possibility exists that the TL response produced by the charged
particles ig also'reduced by neutron interference. In this case the TL

response for a fixed charged particle dose should decrease as the
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neutron fluence is increased. It is possible to conclude that such a
dependence does not exist in the present experiments with thermal neutron
irradiations. It is remarkable that the thermal neutron as well as the
fast neutron irradiation both give the same percentage reduction in TL
response. The ratio of the flux density (n/s.cm®) to the gamms
contamination (rad/sec) has been calculated and amcunts for the thermal
neuiron irradiation 8 x 109 n/cm2.rad and for the fast neutron irradiation
6 x 107 n/cmz.rad. Measurements will be carried out to investigate if this
ratio determines the extent of the percentage drop in TL response.

It mey be concluded from the results obtained till now that Calg
cannot be used to measure the gamma contzmination of a neutren field. This
fact restricts the use of Cally mixed with liquids as a dosimetry system in

neutron irradiaticns.
3.4 The sensitivity of CaF, :Mn for thermal and fast neutrons

accepted for publicztion by 'Health Physics' as 'Thermcluminescent

sensitivity of CaFsilMn in a mixed neutron-gamma field',
Introduction

Thermoluminescent (TL) powders are often used in mixed neutron-gamma
fields in order to determine the neutron sensitivity of the phosphor or
to evaluate the gamma component of the irradiatioan field (Handloser, 19653
Magon, 19703 Fndres and Kocher, 1$68; Keddy et al., 1969). Experiments
(Puite, 1969) with CaFy:Mn have given TL yields in & mixed neutron-gamma
field which were lower than expected.

Results reported for 'LiF (Cltman et al., 1967) with neutron fluences
up to 4 x 108 n/cm2 showed, that when 7LiF was pre-exposed to gamma rays
followed by a fast neutron irradiation or exposed simultanecusly to fast
neutrons and gammz rays & TL yield was ohtained, which was lower than the
sum of the responses from the neuiron and gamma components separately.
Further experiments with 6-14 MeV neutrens (Kastner et al,, 1969) for
fluences of approximately 10% n/cm2 indicated that the decrease in TL
gignal was mainly due to permanent damage znd not to lattice heating. In
other LiP dosimetry powders and in LiQB4O7:Mn a significant reduction of
response was also observed when these powders were irradiated by gamma

rays followed by a fast neutron fluence of 3.8 % 109 n/cm2 (wallace and

46




Ziemer, 1968).

The aim of the work described here was to study the TL sengitivity
of CaFpsMn in a mixed field of nentrons and gamma rays as a function of
both componenta of the irradiation. 4 possible explanation for the
obeserved drop in TIL seneitivity is given for the case of a mixed fast
neutron ~ gamma field, which leads to a mathematical expression for the
TL sengitivity in mixed fast neutron - gamme fields.

Methods

CaFo powder doped with 4.1 mole % of manganese (Philips, the Nether-
lands) has been irradiated at different heights in the climate controlled
room under the core of the BARN reactor at Wageningen (Chadwick and
Qosterheert, 1969). In this reactor a Dy0 diffusor is situated between
the core and the irradiation room, Thermal neutron irradiations are made
with the D0 diffusor full and fast neutron irradiations are made with
the diffusor empty. To remove any thermal neutron contamination of the
fast neutron beam a boron shield is inserted between the two bismuth
gamma shields, which are situated under the d&iffusor. Thermal neutron as
well as fast neutron irradiations have been carried out with irradiation
times from 3-65 h,

The thermal neutron fluence, measured by gold foil activation,
varied from 2.5 x 1011 to 2.0 x 1013 n/cm2 with an accompanying gammea
contamination of 34 to 530 rad in tissue, determined with a magnesium-CC
jonization chamber.

The fast neutron dose and the inherent gamma contamination have been
determined using acetylene equivalent and magnesium-argon ionization
chambers. The neutron dose (for CH) varied between 1.5 and 208 krad,
being equivalent -using the BARN spectrum data- to 7 x 1011 ang 9 x 1013
n/cm2 and the gamme dose varied between 0,2 and 12 krad in tissue. The
fast neutron doses quoted in this paper are related to acetylene and the
gamma, doses refer to soft tissue material.

The CaFy powder was noi annealed prior to use because ne back-ground
signal was observed from an unirradiasted sample. During and after the
irradiations the powder was kept in the dark. All TL readings were
carried out two days after irradiatidn to avoid a wvariation in the
readings due to fading of the sigﬁal. The powder was heated to 370°C at a
rate of 2.7°C/sec in a modified Con=-Rad Model 4100 TLD reader and the

47



integral signal was measured.
Experimental Results
| Thermal neutrons

The results of the thermal neutron experiments are shewn in

Figure 23%. Only (n,Y) reactions are involved and consequently the

/
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f

Fig.23. TL signal of CaF,iMn from thermal neutrens as a function of the thermal neutron

fluence.
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linear expression
TL =a Dy + b #t [19]

hag been assumed
with Dy = gamma dose in rad (rady)
gt

and a2 = 0.53 + 0.01 oV¥/rad (from gammz calibration curve).

thermal neutron fluence in n/cm2

A linear regression caleulation '? yielded b = 0,035 + 0,004 mV per
1010 n/em?, resulting in a thermal neutron sensitivity of 0.07 % 0.01
rady per 1010 n/cm?. The errors shown in Figure 23 are large because the
thermal neutron signal arises from the subtraction of two large values.
Powder lrradiated in thermal neutron fluences up to 4 x 1012 n/cm2
and following read out irradiated with 137¢e gamme, rays did not show &
change in the gamma ray TL sensitivity. No special annealing procedure
was used between the thermal neutron irradiation and the exposure to

157058 gamma raye apart from the normal read out up to 370°C.

Fast_neutrons
The resulte of the fast neutron experimente show that as the fast
neutron dose increases the TL reaponse associated with the fast neutrons

decreases (Figure 24). They fit the expression
TL = & Dy + b Dy [20]
with D, = fast neutron dose in rad in CH (rad,).

A linear regression calculation with a = 0.53 + 0.01 mV per rady
yielded:

b = - (0.0102 + 0.0004) nV per rad, in CE
resulting in t/a of =0,019 rady/radn in CH, equivalent to =0.43 rad. per
1010 n/cmz.

13. Part of the computaticna have been carried out at the Statistical Department ABW-TNO,
VWageningen, for which thankas are especially expreesed to Ir., A. Heyting of this Depart-
ment.
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Pig.24. TL signal of Cal, tHn from fagt neutrons (average neutron energy 1.7 MeV) as a

function of the fast neutron doss.

Dose rate experiments (25 h at 10 kW, 10 h at 25 kW, 5 h at 50 kW
and 2.5 h &t 100 kW) confirmed that the results were independent of the
neutron dose rate.

When CaFp powder was irradiated with fast neutrons up to Dy =
180 krad, read out and irradiated afterwards with 15705 gamma rays no
change in the gamma ray TL sensitivity was cbserved.

In Table &8 the relative TL readings are shown of CaFp Irradiated
with 137gg gamma rays followed or preceded by a fast neutron irradiation.
The procedure was as follows, The Cal, powder was divided into four parts
{A, B, C and D}. Parte 4 and B wers subjected to a gamma dose Dy. After
irradistion, part B was read out and then all four parts were exposed to
a2 neutron dose Dy, After reading out part D, parts C and D were
irradiated with a gamma doge Dy, which was the same as initially given to
parts A and B.

The above procedure has been carried out in four series I to IV with

neutron- and gamma doses varying between 3 to 80 krad and 0.% to 3.7 krad,
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irradiation procedure relative TL reading
series [ o oI I
A, gamma irradiation followed
by a fast neutron irradiation o6 o8 101 97
B. As A, but o TL readout in 54+46 54+ 45 82+47 54+45 -
between the two irradiations (100) (o9 (o9 [(~ )]
C. fast neutron irradiation
followed by a garmmma irradiation 102 98 o »
D, As C,but a TL readout in 46+54 4%5¢55 4753 454+5%
between the two irradiations {100) {100) {100) {(100)

Table 8. Relative TL reading of CaFpiMn irradiated with gemma rays followed or preceded by a

fast neutron expasure.

regpectively. The readings were normalized for the case of D in Table 8.
The differences in TL responses az shown in Table 8 were not

significant.
Discussion

Thermal neujrons

The TL response of CaF, irradiated in a mixed thermal neutron-gamma
field can be considered to be the sum of the TL responses of the two
components of the irradiation field over the dose and dose rate range
menticoned,

In earlier experiments (Puite, 1969) with CaFo, rotated during
irradiation, a lower TL response was found wheﬁ the powder was irradiated
in a thermal neutron field compared with a pure gamma irradiation using
the same dose as the dose of the gamma contamination of the neutron field.
More recent experimenis have indicated the possibility that the measure-
ments made with the ionization chamber close to the rotating teflon
cylinder overestimated the gamma dose which the powder in the teflon
containers inside the cylinder actually received. This may explain the
difference between the gamma ray response in a mixed thermal neutren -
gamma field presented here and that presented in a previous publication
(Puite, 1969).

The thermal neutron sensitivity of CaF,:Mn barely exceeds the
experimental error and is small compared to sensitivities reported for
other powders, including (LiF {Reddy et al., 1969).
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Fast neutrons

Fast neutrons will mainly produce heavy ion recoils (Ca and F ions)

through elagtic collisions in the CaF,. These recoils loose their energy

in excitation and icnization of the lattice ions, in displacement

producticn and lattice vibrations.

4 threshold snergy Ej can be defined {(Billington and Crawford, 1961)

in such a way that when the Ca and F recoils have a primary energy

Ep > B; they locse most of their energy by ionization and excitation.

When Ep < E; nearly all the energy is lecst by elastic cellisions,

resulting in displacements and lattice vibrations. For the Ca and F ions

E; ig ~ 90 and 40 keV, respectively. The neutron energy corresponding to
this threshold energy E; can be czleulated fo be 3 and 0.7 MeV for Ca

and F ions, respectively.

It can be estimated (Billington and Crawford, 1961) that in CaF,

300 to 400 ions will take part in one displacement cascade. Due to

recombinaticn only a small fraction of these defects will be permanent

and will coumpete with the dosimetry traps for the electrens. These

defect traps will not necessarily have the same properties as the traps

emptied during normal TL read out.

Model of thermolumlnescent sengitivity for fast neutrons

In order to explain the results obtained the feollowing model is

proposeds:
Let TD =

As a

number of electrons captured by desimetry traps in CaFo!Mn at
a dose D, where D = ADy + BD,

maximum number of dosimetry traps.

probability of filling a dosimetry trap per unit dose.

nurber of neutron induced permanent electron traps P created
during the displacements. Tp = g Dy, with g = constant.

result of the evidence presented in Table 8 it may be assumed

that all the P traps are filled i.e. no influence of the neutron formed

P traps is observed when neutron irradiated CaFp is exposed tc gamma

rays. This implies that the P traps have a very large trapping cross

gection for electrons compared with the dosimetry traps. The properties

of the P traps are also assumed to be such that they will not he emptied

during the TL read out procedure.
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Because the number of electrons trapped in P traps will reduce the

number available for the dcosimetry traps, it follows that

aTy = a (AdDy + BdD, - gdD,} (N, - Tp) [21]
Integration of equation 21 leads to

Ty = Ny (1 - exp (- « [ADy + BD, - gD,])) [22]
For a [ADy + BD, - gDy] << 1 eguation 22 can be written as

Ty = ali; (ADy + BD, - gDy) r23]
The TL signal, being proportional %o Ty, can be written as

TL = aDy + b'Dy - cDy = aDy + bd, [24]
with a/b'/e = 4/B/g and with b = b' = ¢

According to the literature b/e would be defined as the fast neuiron
sensitivity although following the arguments presented here b contains a
positive sensitivity b' and a negative effect ¢ due to the formation of P
traps. The value of b has been found to be negative and this means that
for the fast neutron specirum used in this work the formation of P traps
plays an important role.

The filled permanent traps P do not influence the TL senasitivity of
CaFy; for subsequent gamma irradiations as can be seen from Table 8.
Similar results for CaFp as mentioned in this table have been obtained by
Bewley (1969). 7LiF, however, exhibits a lower TL sensitivity for gamma
rays after a fast neutron exposure (Kastner et al., 1969). This is
probably due to interference between the TL process and the neutron
induced permanent damage traps, already present.

It is alsc reasonable to assume that the filled deosimetry traps in
the CaF, present in a disordered region will release their electrena due
to lattice vibrations. This effect will not be important for fast neutron
fluences up to 1014 n/cmz, but may have a marked influence on the TL
signal if fluences of 1017 n/cm? or higher are used.

53



Comparison of neutron sensiltivities

Some recently reported neuiron sensitivities for CaFo are collected
in Table 9.

The thermal neutron sensitivity of CaFo:Mn is in part determined by
the manganese which hag a relatively important macroscopic cross section.
Thus, in order to compare the thermal neutron sensitivities of the
different CaPs:Mn samples given in Table 9 the manganese concentration

must be known.

sensitivity
type of irradiation(, per 10 nicr reference origin ar manufactory
thermal 0.58 Tochilin et al. 1969 EG and G ,hot pressed
apprax. 0,2 Ayyangar et al 1568 Con.Rad, disks
approx. 0.10-0.13 Reddy =t al 1969 Harshaw , powder
c.07 this paper Philips, powder (4.1 male*Mn)
1.7 MeV -0.43 this paper Philips, powder
(average energy
BARN spectrum)
5.4 MeV 1.1 Handloser, 1965 EG and G, powder
14.0 MeV 147 Handloser 1965 EG and G, powder
14.7 MeV 15 Goldstein et al., 1970 EG and G, hot pressed

Table 9. Neutrop sensitivities of CaFp:iMn expressed in rad per 101O n/cm2.

18} y{
- 4 Goldstein et al (1970) e
“E * Handloser {1965) Ve
ks e Puite (1570) /
€ 10}
° e
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2 Ve
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=
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fast neutron energy (MeV)

Fig.25. Reported values of fast neutron sensitivities of CaFpiMn for different neutron

energies.
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The fagt neutron sensitivity of CaFotlMn for different energies is
plotted in Figure 25. The increase in sensitivity at higher neutron
energles can be ascribed to the increase in fonization relative to the
loss of electrons in P traps, produced during displacements.

Conclusion :

CaF, thermoluminescent powdﬁr can be used for measuring the gamnse
component of a mixed thermal newtron - gamma field. The thermal neutron
gengitivity is small compared ig sensitivities reported for other
phosphors. No permanent change in TL sensitivity for gamma rsys has been
found after irradiation in a thermal neutron field for fluences up to
4 x 1012 n/cn?,

The fast neutron experiments showed that a pre-exposure to gamma
rays followed by & fast neutron|irradiation does not result in a loss of
TL response. Also no change in gamma ray TL sensitivity was obeerved when
the powder was firet exposed tof fast neutrons up to fluences of 8 x 1013
n/cmz, read out and then exposed to gamma rays. The fast neutron
sengitivity is made up of a positive ionization component which is

strongly dependent on neutron energy and a negative compenent arising

from the formation of traps, which is less energy dependent. Thus, the
gengitivity may be negative for |low neutron energies as has been found
here.

3.5 The trapping centers in CaF; :Mn\

3.5.1 The correlation between TSEE and TL in CaF;:Mn determined by the simultancous
measurement of both phenomena

Presented at the Third International Symposium on Exo-electrons,
Braunschweig, 6=8 July, 1970.

Introduction

The simple thermocluminescent (TT) glow curve of CaF,:Mn, a generally
used thermoluminescent powder, does in fact consist of several unresclved
glow peaks due to different types of trapping centers {Figure 26). This

compogsite character of the glow curve has been shown previously by
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TL signal

{arbitrary unit)

L 1 1 L
150 200 250 300 350
temperature {°C)

Pig.26. TL glow curve of CaFy: 3 mole % M (Philips) using a heating rate of 24°C/min.

Schulman et al,(1969) with & post-exposure annealing of his CaFsiMn
{Naval Research laboratory, US4}, while UV exposure of already read out
CaFoiMn from Philips {the Netherlands) (Puite, 1968) has also given
evidence for the complex character of the glow curve.

In an attempt to obtain information about the origin of the un-
resclved peaks simultanecus measurements of TL and TSEE on CaFs: 3 mole
% Mn (Philips) have been carried out. Special precautions have been
taken to prevent the light produced by the gas discharge during the TSEE
meagurements from interfering with the TL signal. Also attention has
been paid to a correct temperature assessment.

The TL and TSEE data obtained have been compared with TL data from
undoped CaFp and CaFo! 0.1 mole % Mn. Also optical density (0D) measure-
ments on single crysials of these samples and on single crystals of
CaFosi 2 mole % Mn have been carried out. These combined measurements
have resulted in s=ome ingight in the type of trapping centers, which are
regponsible for the TL and TSEE signals of CaFQ:Mn.
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w 319 « TL
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I
b=
T 300t
o
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A
5}
~ 290f 4
L
©
5
£ 280p ¢
|
o
a
£
5
- 270
]
o
260F LJ
" 1
normal  read out !
read out | followed : post-irradiation
I byWv annealing to-
1 : 1 E L 1 i L L '] A
; |

220 240 260 280 °C
read out procedure (B=24°C/min)

Fig.28. TL and TSEE peak temperatures for CaFs: 3 mole % Mn (Philips)} using different read
out procedures.

Merhods

The apparatus for measuring the TL and TSEE signals simulianeously
is shown in Figure 27. The gamma irradisted powder was heated in three
small holes which have a diameter of 0.9 mm each. A constant heating
rate of 24°C/min was used with a thermocouple situated at a distance of
%2 mm from the holes. The temperature at the position of the powder and
the influence of the gas flow on the temperature at this position was
determined with a second thermocouple in one of the holes. The
temperature difference between the positions of the thermocouples was
considerable e.g. at 250°C a difference of 15°C was measured both with
and without a gas flow. A mixture of helium gas ($58.7 %) and isobutane
(1.3 %) was flcwed through the counter, which was used in the GM regicn.
4 useful plateau could be obtained up to an cven temparature of 500°C.

The TL signal was detected with a photomultiplier on top of the

counter, Because the TL from CaFp:Mn is emitted at 500 nm, an optical
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CaF,: Mn (NRL)

15x10%
100,
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temperature (°C}

Fig.29, Effects influencing the positions of the TL and TSEE peeks of CaFotMn.

filter was used which only transmitted the spectral region of 485 -

515 nm. The TL signal proved to be distorted by the light arising from
the gas discharges in the counter. To aveid this a chopper system has
been used in order to decrease the high tension on the wire periodically
by 200 V to stop the discharges. During this pericd, being 450 msec,
only the TL signal was recorded. When the GM counter had reached its
working potential of 1220 V again only the TSEE signal was recordsed,
also over a period of 450 msec (gee also Figure 27).

Results and Conclusion

The peak temperatures of TL and TSEE for different read out
procedures are shown in Figure 28, e.g. the resulis of a post-irradiation
annealing of CaFysMn (Philips), where the powder was linearly heated up
to different temperatures. Due to the composite character of the TL glow
curve a shift of the T, peak to a higher temperature is found when the

maximum annealing temperature is increased. Apparently, the position of
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FPig.30. 'Corrected! TL and TSEE peak temperatures for (aFg: 3 mole % Mn (Philips) ueing
different read out procedures.

the TSEE maximum is less influenced by this annealing. The difference
between the TL and TSEE maxima seems to be at minimum ~ 10°C,

In the same Figure the difference between the TL and TSEE maxima,
being also ~ 10°C, is given when the gamma irradiated powder was Tirst
completely read out and afterwards exposed to TV light from a Philips
HPLR mercury lamp, This UV transferred TL belcngs to an electron trapping
center.

The theory on the shift of the TL maximum relative toc the TSEE
maximum is complicated (Nosenko and Yaskolko, 1963). Although no direct
relationship has been derived the following two effects play an important
role:

a. a decrease of the luminescence infensity at higher temperatures, due
to the increase in the number of non-radigtive fransitions compared to
the number of radiative transitions. For CaF,:Mn this so-called thermal
gquenching effect has been measured by Gorbics et al. (196%a).

b. the influence of the effective work function ¢ on the position of the
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normal read out

TS

TL and TSEE signal

(arbitrary units for each curve)

TL obtained after UV
exposure of
TSEE read out powder

150 200 250 300 350
ternperature (*C)

Fig.31. Shift of ihe positions of the TL and TSEE peake after UV exposure of read out
CaFo: 3 mole % Mn (Philipe).

TSEE maximum. A value ¢ of 0.5 eV was chosen for CaFp because Bohun and
Dolejsi (1959) have reported that the best fit between the theoretical
and experimental TSEE curves of CaF, could he obtained when the value of
0.5 eV was used.

The thermal quenching effect and the influence of the work function
are shown in Figure 29. The TL glow curves have been 'corrected' for
this temperature quenching while the TSEE curves have alsc been
‘corrected' by dividing this signal by the factor exp (- ¢/kT}. The
resulting maxima are collected in Figure 30 and show that the temperature
"difference between the positions of the TL and TSEE maxima disappears
‘when an increasing post-irradiaticn annealing temperature is used or when
the powder is exposed to TV after being read out, It should be noted that
the estimated accuracy of this temperature difference is + 7°C.
Therefore, these experiments indicate that only a part of the different
types of trapping centers which conitribute to the normal TL glow curve
also contribute toc the TSEE curve, while the remaining part of these
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gamma dose optical absorption {nrm)

origin of Caf

in Mrad LR Y+l F [y Y

Q'Conncr Harshaw 5 W V/ 7
and Chen (1963) | With 5.107*% Y 580 400 335 225
Vinor (Y free) 5.7 377 /

# i
esent

presen MRC 57 586 408 ,s/za 228

work A

Semi-Elements 57

4

I b
MRC 01 / 567|435 7 320

{ 2%Mn) 5 563 420 / 304

Table 10. Coloer centers in (aFyiMn.

MRC {powder)
- Semi-Elements 01%Mn {crystal )
----------- MRC 2% Mn (powder)
— = we  Philips 3% Mn (powder)

Thermoluminescent signal
(arbitrary units tor edch curve)

150

temperature (*C)

Fig.32, 7L glow curves of Cal, samples.
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centers are probably hole centers.

Figure 31 illustrates the difference between the peak temperatures
of the TL and TSEE curves for a normal read out and for a read out after
UV exposure.

The results of optical deneity (OD) measurements on gamma irradiated
gingle crystala of CaFf, some of which are doped with manganese, are
ghown in Table 10. These experiments were carried out at room temperature
with a Unicam SP 700 recording specircphotometer. Very pure CaFs can
hardly be colored by irraediation at room temperature. 0'Connor and Chen
(1963) have demonstrated that an absorption at very high doses can often
be ascribed to the contaminant yttrium Y+, which has the same ionic
radius as Ca'tt., Prom our samples the CaPFp of Materials Research
Corporation (MRC) and the CaF,: 0.1 mole % Mn both show the presence of
yttrium, while in the crystals doped with ~ 2 mole % of Mn the yitrium
absorption is cbviously influenced by the presence of Mn,

The Vinor crystal, which is yttrium free, shows F-center absorption
due to the presence of vacancieas intreduced by oxygen.

Figure 32 shows the TL of these samples together with the normal
glow curve of the CaFp from Philips. The undoped CaFp from MRC, which
exhibita Yt absorption bands, has only one high temperature TL peak at

LT
LTy
CaF; powders F :‘noo] Y |tribo %o;:;n e
Vinor 149 250 340 | SMrad
MR C 100 | 127 | 149 292 €krad
Semi-Elements
23 | 69 | 21 262 | 300 6 krad
0.1 % Mn
MRC 265 8krad
~2% Mn

Philips # 5 . Z{/
O 6 krad
~ 3% Mn g %
idem with UV B’/
exposure after 2 30krad
read out // A

Table 11. TL maxima of CaF; and CaFpilMn in 90, For the Philipe powder the position of
TSEE is shaded.
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292°C. The CaF, doped with 0.1 mole % Mn from Semi-Elements, which
exhibits yttrium absorption at 580 nm, has TL peaks at 262°C and 300°C.
In the CaF2 doped with 2 mole % Mn from MRC, which alsc contains
yttrium, only one brecad peak is found with a maximum at 26500; in the
normal TL powder from Philips with 3 mole % Mn the maximum occurs at
260°C., The average positions of the TL maxima of these materials are
ghown in Table 11,

If the knowledge of the various CaFp samples studied is combined,
taking into account: the chemical analysis {Table 2 of section 2.1.2),
the 0D measurements, and the TL measurementa, the following conclusions
may be drawn,

a., the TL occurring at 290 to 300°C can be ascribed to an Y'' centre and
the TL occurring at 260°C is probably associated with an Y+ + mn*t
complex.

b, the TSEE, which peaks at 292°C, the UV transferred TL, which peake at
281°C and the high temperature components of the composite TL peak in
the Philips powder are associated with the Y'' and probably v+t + mntt
centers.

¢. other divalent rare earth ioms such as Ho't, Sm*t and To't might be

present instead of Y' ions.

3.5.2 TSEE experiments with CaF; powder and single crystals of CaF;,, undoped and doped
with manganese

Introduction

In the preceeding section %.5.1 it was shown that yttrium centers
are present and yttrium + manganese centers may be present in irradiated
CanzMn (Philips) powder. From post-irradiation annealing experiments
with this powder it was concluded that only a part of the different types
of trapping centers which contribute to the normal TL glow curve alsc
contribute to the TSEE curve, whilst the remaining centers are probably
hole centers.

It is not clear where these holes are trapped, although Schulman
(1967) has mentioned the Mn*t sites as possible hole iraps.

4 comparison of TSEE and TL data of CaF, samples, undoped and doped
with manganese, could contribute to a distinction between the type of
centers in CaFEzMn.

64



Methods and Results

The TSEE experiments have been carried out with the apparatus
described in detail in section 2.2.2. A strictly linear heating rate of
24°C/min was used. The shape of the TSEE curve and the position of the
peak maximum Ty of the various samples as compared to the corresponding
TL data were of main interest.

Apart from these measurements a dose response curve for one of the
samples (CaFZ:Mn from Philips) has been recorded. The TSEE signal obeyed

the emperical equation,

scsas Semi-Elements 0,1% Mn -
== MRC 2% Mn
ceemenne PHilips 3% Mn

TSEE signal
{arbitrary units for each curve)

temperature {*C)

Lo o) 1 A 1 1

50 100 150 200 250 300 350 400

Fig.33. TSEE curves of CaF, samplea.
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TSEE signal - a DP [25]

where a is a constant and p = 0.76 for a gamma dose D between 0.5 -
30 krad.

Thigs non-linearity with dose has been found by many authors (Backer,
19703 Kramer, 1968). It ig due 1o a charging of the sample surface and
can be avoidsd by mixing the powder with graphite (Kramer, 1966),

Some typical TBEE curves are shown in Figure 33. The peak maxima of
the (aFs samples (crystals and powders) are listed in Tatle 12, in which
the position of the TL maxima is also given. The TL glow curves have
been recorded using a photomultiplier on top of the TSEE counter as

described in gection %.5.1.
Discussion and Conclusion

Comparing the twe MRC samples and the sample of Semi-Elements it is
clear that the 310°C TSEE pezgk is due to the ¥*t center. The TL maximum
for this center was found at ~ 300°C. Using squations 4 and 3 of secticn
1.2 a trap depth of 1.0 + 0.2 ¢V {estimated error) slong with a frequency
factor of 9 x 106/sec is obtained for the Y'' center in the undoped MRC
sample, Substituting these E and s values in equation 7 of section 1.4 an
E + ¢ value of 0.9 + 0.2 eV (estimated error) is calculated. Within the
limitg of accuracy of the estimation of B and s, this would imply that
¢ << BE. Therefore, the value of ¢ is procbably ~ 0 - 0.1 eV,

When a value of ¢ = 0 eV had been used in section 3.5.1 instead of
0.5 eV the temperature difference hetween the TL and TSEE maxima recorded
would have been negligible after both UV exposure of read out Ca¥p
(Philips) and post-irradiation annealing %o 270°C. This indicates that
the value of v = 0.5 eV 1s overestimated.

The Mn*t ions are situated at Catt ion lattice positions (see
gsecticn 1.%) and have an cnergy level of some eV above the valence band.
The exact position of this level is not known. It is well known that the
Mntt ions can easily be converted inio Mnot ions by trapping cane hole.
The TL peak at 25900 occurring in CaFZ: 0.1 mole % Mn is probably due to
these hole traps because no TSEE peak was observed in the neighbourhood

of this temperature for gamma doses < 12 krad. At high gamma doses
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(5 Mrad), bowever, a WSEE peak has been observed at 263°C indicating that
electrons may also be released in this temperature region. This effect
occurs only incidently and was found only twice in eight measurements.

After irradiation of CaFs: 3 mole % Mn (Philips) powder both Y+ ana
Mn3* centers are expected to cccur. (Other rare earth centers such as
Hot+, smtt and Twtt, all trapped electron centers, could alsc he present,
As the manganese conceniration is six orders of magnitude greater than
the concentration of yitrium impurities (0.03 ppm) the manganese centers
will be dominant. Both the TL and TSEE maxima are shifted to lower
temperatures, compared to the MAC samples deped with 2 mole % Mn, which
have a high contamination of 7.6 ppm of yttrium (see Table 2 of section
2.1.2),

Furthermore Table 12 indicates the presence of P-centers already
demengtrated in Vinor crystals with optical absorption measurements
(rection 3.5.1). Therefore, F-center type traps may be present in the
temperature region of 150 - 170°C.

3.6 Thermoluminescence of collagen
Introduction

The radiation induced phenomena in cellagen, a protein present in
skin, tendons, bones and teeth, are cnly partly understocd. The following
types of damage have been reported after irradiation of dry collagen
(Bailey, 19673 Bailey, 1968bh),

a, peptide chain scission. This will lead to an increased sclubility and
to reduction in the shrinkage temperature. 4 decrease in this temperature
is considered, however, to be mainly due to a disorganization of the
secondary structure znd depend primsrily on b.

b. breakage of the intramolecular hydrogen bonds that hold the three
peptide chaing together.

¢. interchain cross-links, This effect is dependent on the presence of
water and is probably due to the abstraciion of an H atom from the
molecule by the OH radical from the water and interaction of the two
molecular radicals.

Electron spin resonance (ESR) studies on irradiated collagen have
shown that at room temperature the radicals are localized at certain

specific sites (Zimmer and Muller, 196%5). The ESR signal revealed a
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composite pattern of the glycine and alanine radical and no components
characteristic of proline and bhypoproline. However, the abundance of
thege four amino acids in collagen is about 33, 11, 12 and 9 rezidues/
100 reeidues, respectively (Veis, 1964). A physical procees of exciton
migration or an excitation of collective electronic levels has heen
suggested to explain ESR data (ten Bosch, 1967).

Apart from ESR measurements thermoluminescence studies may give
valuable information on the radiation effects in collagen (see section
1.6 of this thesis).

Materials and Methods

Dry collagen (ex bovine tenden) was purchased from Koch-Light Ltd.,
Colnbrook, England, and irradiated at liquid nitrogen temperature in a
brass sample holder. This sample holder was closed by a diaphragm during
irrediation and transport to avoid light effects on the sample and a
warming up of the sample surface, A Philips deep therapy X-ray unit
(250 kVp, BEVL 1.5 mm Cu) was used and a dose rate of 0.5 krad/min was
obtained. The TL signal was recorded over the temperature range of
77 - 273°K, by heating the sample at a linear rate of 13°K/min. The time
between the end of the irradiation and the beginning of the measurement
was normally 10-15 minutes.

Results and Discussion

The glow curve of collagen (Figure 34) shows three &istinct maxima
at 138, 210 and 256°K. Water, which has a glow peak at 165°K, doass not
contribute, Initial rise calculations (equation 4 of chapter 1.2) for
the dominant peak at 210°K resulted in a trap depth E of 0.35 eV.

Comparing these data with the TL data reported by Augenstine et al.
(1960) (see also Table 1 of chapter 1.6) for all the constituent amino
aclds of collagen it follows that none of the traps present in these
amino acids is found at ~ 210%K with & trap depth of 0.3-0.4 eV. An
explanation may be that the charge distribution of the amino acids, which
could lead to the observed trap properties, ia modified in the collagen
resulting in different trapping sites. This suggestion has also been
forwarded by Augenstine et al. (1961) in relation to other proteins.
Another explanation may be that traps are located near peptide links or
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COLLAGEN ex bovine ochilles tendon

heqting rate 13°K/min
dose 1.5krad
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Fig,34. Thermolunminescent glow curve of collagen {from Koch-Light, Ltd.} in the temperature
range of 77 = 273K,

that the helix structure is of importance for electron trapping.

In general, extremely high dosges (103 - 107 rad) are required to
produce detectable effects on dried samples of collagen (Bailey et al.,
19623 Cooper and Russell, 1969). With thermoluminescence, however, doses
of 25 rad already rezult in a distinct TL response.

Further measurements will be directed to an investigation of the
trapping gites and the relation between thermoluminescence and

biological damage.
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Summary

Thermoluminescent phenomena in CaFo powder doped with 3-4 mole %
manganese and having dimensions of 10-15 ym have been studied. The
material was prepared for dosimetric purposes at the Philipa lahoratories,
Eindhoven, the Netherlands.

The gamma irradiated powder showed a single glow peak at 260°C when
the powder was heated at a constant heating rate of 24°C/min. This glow
curve in fact consisted of several unresolved peaks due to different types
of trapping centers. Normally, all these traps are empiied during one
heating cycle. However, UV exposure of already read out CaF, gave rise to
a2 second reading indicating a filling of the dosimetry traps from deeper
levels. Thermally stimulated exo-electron emission and thermeciuminescence
measurements using CaFp samples doped with 0.1 mole % and 2 mole %
manganese and undoped samples have led to the conclusion that both
electron- and hole traps are present in the CaFptMn (Philips); Y+ and
other trivalent rare earth ions, being the electron traps and Mo+
centers, being the hole traps.

The thermoluminescent sensitivity of CaFs for alpha particles and
protons compared to gamma rays wae investigated. CaFp powder, surrounded
by boron and nitrogen comtailning liquids, has been irradiated in a thermal
neutron field. The 1OB(n,a)7Li and 14N(n,p)l4c reactione occurring in the
liquids gave rise to an extra response in the CaF2 due to the alpha
particles and protons. Powder surrounded by alcchol and irradiated in a
fast neutron field gave an extra response due tc the proton recoils
produced in the alcohol. The response from these charged particles
relative to that of gamma rays was found to be 3, 5 and 11 %,
respectively, based on absorbed dose in the ligquid. Also the thermo-
luminescent genaitivity for the thermal and fast neutrons themselves has
been investigated. Por thermal neutrons a value of 0.07 rad per 1010 n/cm2
was found, whilst the fast neutron 'sensitivity' proved to be -0.43 rad
per 1010 n/cm2 for a neutron spectrum, having an average energy of
1.7 ¥eV. In order to explain this negative value a model has been
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developed assuming that the 'sensitivity' is made up of a positive
ionization component which is strongly dependent on energy and a
negative component arising from the formation of deep $raps, which is
less energy dependent.

Biological molecules often show thermoluminescent phencmena when
they are irradiated at liquid nitrogen temperature. Preliminary
experiments have been carried out with the protein collagen. Even at

doges of 25 rad a distinct TL glow curve has been obtained.
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