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"But about a 1 i . t t l e  a f t e r  sunset, whi l s t  the  twi l ight  yet  l a s ted ,  nay, t h i s  
morning a p re t t y  while a f t e r  sun r i s i n g  (but before T had been abroad i n  the  
more f r ee ly  enlightened a i r  of the  chamber) 1 could upon a l i g h t  a f f r i c t i o n  
ea s l l y  perceive t h e  stone t o  shine." Sir Robert Boyle, i n  "~bserva t ions  made 
t h i s  27th of October, 1663 about Mr .  Clayton's Diamond". 
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AMERICIUM-241 FOR ALPHA-IRRADIATIONS 
A. K. singhvi& and' M. J. Aitken 

Research Laboratary f o r  ~ r c h a e o l & ~ ~  and the  History of A r t  
Oxford TJniversity, 6 ~ & b l e  Road, Oxford U.K. 

*Present address: Physical  Research Laboratory, Navrangpura, Ahmedabad, India.  

The motivation f o r  the  present investigaf;ion was provided by the 
practical .  di.f f i cu l  ti.es encountered i n  using a Cm-242 source f o r  alpha- 
i r r ad i a t i on  i n  fine-grain dat,ing . These a re  : ( a )  short  ha l f - l i fe  ( l63d), 
(b) subsequent build up of Pu-238, which has a lower alpha-energy (5.5 MeV 
ins tead of 6.1 M ~ V )  , ( c )  source only available with a d i sc ree t  and f ragi  1.e 
window and (d) increasing d i f f i c u l t i e s  i.n i ts  commercial a?ai . labi l i ty .  It 
was therefore impera t ive  to recons ide r  the a v a i l  able a lpha sources, with 
t he  objective of flndirlg a viable a l terna  tive. The obvious cri . terion f o r  
a su i tab le  alpha-source i s  t h a t  it has a high alpha-energy, a long ha l f -  
l i f e  and tkiat, i t  does riot give a signifi.carrt dose r a t e  from any of,her 
decay modes. 

We shall. f i r s t  outl ine the d i f f i c u l t i e s  (and possible complications) 
ar.ising fron the use of a Cm-2.42 source and then describe a feasibil iGy 
study on the use of Am-241 (type AMM3, commercially available from R.C.C., 
Amersham, Bucks. England EIP7 %L). This is a robust ro l led s t r i p  i n  
which Am-241. i.s incorporated i n  a gold matrix ( -Y l p th ick, )  backed with 
s i lve r .  The act ive  surface has a protective coating of a gold-palladium 
a l loy  ( ..- 2 p th ick) .  

I P. EXPERIMENTAL 

F i r s t l y ,  the short  ha l f - l i fe  of the  source, necess i ta tes  a frequent 
reca l ib ra t ion  of i t s  strength. This i s  because the growth of Pu-238 does 

' 

not seem t o  be accurateZy predictab-le theoret,.ica'lly (po'sslbly due to 
contamination by Am-241). The construction of the  curium sources i s  such 
that  the re  i s  a protective 0.7 mg/cmi? nickel f o i l  across the  actiive area;  
the re  i.s a fur ther  nickel. window (0.11 mg/cm2), s e p r a t e d  by l mm of a i r .  
The lower alpha energy of the Pu-238 g.ives r i s e  t o  serious compl.ications 
and a s  w i l l  be shown the advantages gained by the higher alpha energy of 
Cm-24.2 ( i. e . making alpha-irradi a t ions  i n  a i r  possible) a r e  thwarted by the  
Pu-238 build up. This was investigated i n  d e t a i l  by looking a t  the  alpha- 
spectrum wider the ac tua l  experimental conditions ( i  . e. i r rad ia t ions  i n  
a i r )  used i n  fine-grain alpha i r rad ia t ions .  A surface-barr.ier detect ion 
system coupled to  a 400 channel analyzer was ~ l f ; i l i zed  f o r  the  measurements. 
For most of the measurements report,ed here, the  sources used were 1.0 
microcuries or Less. The fine-grain samples were simulated usirig al.uminiwn 
f o i l s  of varying th:ickness (.l-3.5 mg/cm2). Figure 1 gives alpha-spectra . 
( i n  a i r  and source-detector distance M 1. cm) from two Cm-242 sources, 
( a )  with only smaLl Pu-238 build up, (b)  with 3% Pu-238 bui1.d up. Figure 2 
gives a typical  alpha-spectrum recorded from these sources with a 3.5 mg/cm2 



aluminium f o i l  interposed. Figure 3 gives the  var ia t ion i n  the  normalized 
transmitted in tens i ty  with the  thickness of the  aluminium f o i l ,  f o r  the  
Cm-242 source (b) . This clearl..y .indicates tha t  f o r  sample thicknesses 

)/ 1 mg/cd, a f i n i t e  f r ac t i on  of the  alpha-flux is  stopped within the  
sample (and i t  i s  obviously due t o  PII-238). Now t h i s  has a serious 
consequence i n  the dat,ing application,  because unless the l i g h t  col lect ion 
depth i s  l e s s  than the alpha t rack  length (and t h i s  cannot be assumed to  be 
so), the amount of alpha i r rad ia ted  sample w i l l  be l e s s  than the amount of 
sample from which t he  rlatural TI, i s  received and thus an erroneously low 
value f o r  the a3 pha-sens i t i v i  ty wi1.l be obtained, thus giving too old an 
age. Thus, the  use of Cm-242 i n  a i r  implies that  Pu-238 build up may 
i.n.Eroduce e r rors  i.n estimating the  t r ue  TL alpha-sensit ivi ty and hence the 
true archaeological dose. Al.though, .in pr.inc i ple , t h i s  could be avoi.ded by 
carrying out i r rad ia t ion  i n  vacuum ( thus  avoiding the  energy l o s s  i n  a i r ) ,  
t h e  presence of a d i sc ree t  window eli.minates t h i s  poss ib i l i ty  i n  pract5.oe. 
The al.ternative of reducing the source-sampl e distance i s  not  acceptable, 
s ince t h i s  r e su l t s  i n  an increased ob.1iqui ty of t,he alpha-particles. 

i 
B. Americium-2W 

(i.) Contaminating Radiation 

Ea r l i e r  experiment S by Bowman (S. G .E. Bowman, Thesi S,  Oxford University 
1976), restllted i n  anomalous disc;repancies while usi.ng Am-24 1. This was 
a t t r ibu ted  to the presence of some contaminating radiat ion,  which could be 
S topped by using a .l9 p melinex f o i l .  The source used by her was a weak 
reference source ( type1 AMR 4, from R.C.C.) wi.thout a pr0tecti.m coating. 
1 t w a s  thus expected that  the usual Am-24 f o i l  sources (type AMM 3) with 
an in tegral  gold-palladium protect ive  coati.ng would be f r e e  of any 
contaminating radiat ion.  Thi.s proved to  be so; the  TL per alpha 
measured us.ing f i r s t  an h-241 source and then a recent (35-242 source 
(negl igi  b.le PU-238) agreed t o  wi th in  2%. Both the i rzadia t ions  (Am and CE) 
were carr ied out i n  vacuum ( the nickel window of Cm-242 bei.ng de l ibera te ly  
punctured to allow thi  S) and t he  alpha-flux was determined using the 
surface ba r r i e r  system. 

'l ( i i . )  Gamma.-coritribut;ion 
I *  

We then considered t he  extent  o f  a possi.ble interference from t h e  60 keV 
gamma emissi on i n  Am-241 decay. This was investigated experimenLa-l.l.y, using 
CaS04: Dy, by measuring the  TL induced by the  source (i.e. a combined dose 
from alphas and gammas a s  .i t i S and by meas w ing  the TL induced under 
exactly s i m i  lar/w.i t h  a1 pha-f lux stoppeci wi. th  sui table  absorbers ( 30 p 
aluminium f o i l ) .  The typical  gamma dose was found t o  be ,̂ O,O4 rad/min a s  
compared t o  equivalent beta dose of 130 rad/min from the  alpha parbicles.  
Thus the gamma-dose works out to  - 0.03% of the e f fec t ive  alpha-dose and 
hence i s  unimportant i n  the present case. Theoretically a lso ,  the  dose- 
r a t e s  were cal.cvlated using standard stopping powers and a t tenuat ion factorsgncl 
the dose r a t e  r a t i o  i s  ca lcuLated t o  be .- 0 .03%. This is t rue  f o r  CaS34:Dy, 
with its alpha-efficiency 7 = 0.3. This indicates tha t  even under the  most 
unfavourable circumstances,a ~ 0 . 0 1  ( the  lowest value expected i n  routine 
dating),  the  dose-rate w i l l  be only - 1%. An ind i rec t  proof of t he  
negl igible  gamma-contribution i s  a l s o  obtained by the  s imi la r i ty  i n  TL/~..- 
values mentioned e a r l i e r  i n  B ( i )  . 



( i i i )  M i n i m u m  Source-sample Dis.tance 

The next; s t ep  was t o  determine the best  i r r ad i a t i on  geometry, i .e .  a 
compromise between the  maximum p0ss.i.bl.e f l u x  and the  mi.nirnum ntmber of 
ob.lique dphas .  For t h i s  alpha-spectra were recorded with and without a 3.5 
mg/cd aluminium foil ( t o  simulate fine grain sample) a s  a function of 
source-foil distance. A tgpical  s e t  of alpha-spectra obtained with and 
without t he  f o i l  a t  a source-foil distance of 10 mm, through a 10 mm diameter 
window (diameter of a normal f i n e  grain  d i s c )  a r e  given i n  Fig. 4. Fig. 5 
shows the t o t a l  f 1 . u  at various source-sample distances. It therefore 
appears t h a t  the  .l0 mm spacer is the opti.mum choice. This i s  the  c loses t  
di.st;ance a t  which the fl.ux, wi.th and witihout t,he f o i l  a r e  the same, indicat ing 
t h a t  there i s  no at tenuation of alpha-flux i n  the f o i l ,  A t  lower source- 
sample distances the fa13 off  i.n the alpha-flux i s  due t o  the  absorption of 
oblique alphas within the f o i l .  

( i v )  a-value r e su l t s  

For the  basic cali.brat ion of sources, the procedure origina Led by 
Zimmerman (Radiation Effects 2, 81, 1972) and laber refined by Aitken and 
Bowman (Archaeome try 17, .L32, 1775) was used. For conveni ence, par t  i c d  a r l y  
if a su i tab le  detection system is not ava.ilable, a-values were definitivel.y 
determined f o r  three phos~hors  (viz:  CaF2: nat ;  CaF2: Dy and CaSO4: Dy). 
Thus, now, given a cali.brated be ta-source, the  ca l ib ra t ion  of an alpha-source 
car1 be eas i ly  obtained. These a-values were obtained usi.ng both a weak 
Am-241 source and a weak Cm-242 source, arid the a lpha- i r rad ia thns  were 
carr ied out i n  vacuum. The source str-engths were measured using the alpha- 
detector  and the a-values were determined by comparing the TL response 
f o r  alpha-part icles to  t h a t  with beta-part icles using a cal ibra ted 9 O ~ r  source 
and then using eqn. 1.0 of Aitken and Bowman, These values a r e  tabulated 
i n  Table 1. These values do indeed i.ndicate good agreement between Cm and 
Am. 

a -val. ue S Recommended 
S.No. Phosphor Am Cm value S 

1. CaJ2: nat  .092 .096 .092 

2. CaS04: Dy .292 293 .292 

3. Cap2: Dy . 505 .491 ,500 

Note : 

(L) Typical e r ro rs  i n  these values are:+ 3%. - 
(2) Boih CaSOq: Dy and CaF2: Dy (TLD 200) were from Harshaw and CaF2: 

nnt,was from MBLE, t y p  Super S. 
( 3 )  We suspect that  there can be some batch t o  batch vari.ation i.n 

a - v a 1 . 1 ~ ~  iri CaF2 :Dy and i n  CaF2 :nat. 



(v )  The six-seater i r r ad i a to r  

A disadvantage 9n using Am-241 i s  tha t  the  commercially available source 
s t rengths  a r e  qui te  low m d  hence Longer i r rad ia t ion  times are  needed. With 
t h i s  in mind a s i x  sea te r  automatic alpha-irradia.tor was designed, Fig. 6. 
Here s.ix &@a-foil sources (type M 3  with an act ive  area  of 12.5 mm X 12.5 mm, 
but r e s t r i c t ed  by a c i rcu la r  aperture of diameter 12 mm) a r e  used. By using 
digfererxt source-sample dis tances  s i x  d i s c s  can be irrad.i.ated simuLtaneously bo 
different; dose l eve l s  i f  required; f o r  a source-sample distance of 10 mm the  
s t rength i.s about; 0.3.3 minute-l, and f o r  40 mm i t  is lower by a f ac to r  
of 2.4. Cross-talk from alpha pa r t i c l e s  is avoided by means of a @ast,ic tube 
around each sample mount. Cross-talk from gamma radiation amounts t o  0.004% of 
the alpha contribution f o r  a = 0.1 arrd a souwce-sample di.stance of 40 mm; i t  is 
l e s s  f o r  c lose r  positions. In order to  avoid a s ignif icant  gamma dose-ratbe with 
the  shu t te r  closed, lead d i scs  of thickness 1.6 mm were f i t t e d  i n to  the shu t te r  
so as t o  be under the sources when the shu t te r  i s  i n  the  closed posit ion;  as a 
r e s u l t  the shutter-closed TIJ i s  only C1),001% of the shutter-open alpha TL fo r  
a = 0.1 and a source-sample distance of 10 mm; f o r  4.0 mm i t  i.s 0.004%. Wi.thout 

, the l ead  d i scs  the  shutter-closed dose-rate was nearly an order of magnitude 
higher; t h i s  w0ul.d have enta i led the inconvenience of not being able  to  leave 
samples i n  posi.tion overnight a f t e r  a shor t  alpha irrad.i.ation. The other features  
of t h i s  i.rrad.iator a r e  de ta i l ed  i.n Fig. 6. I t  i s  designed so tha t  i.t can be 
f i t t e d  on the top of a regular glow oven thus obviating the need f o r  a s e p r a t e  
vacuum f a c i l i t y .  

L1.L. A PRACTICAL ALPHA-SPECTRW CHECK 

On the  basis  of the simp3i.fying assumptions t ha t  the TIJ per un i t  t rack 
length is independent of alpha energy one would expect that  in terposi t ion of a 
thin aluminium foi.1 between source and sample would cause no att,enuat'ion of the 
TL unless the thickness of the samp2.e was sufficient; to  prevent complete 
penetrat ion through the sample. This car1 be used to t e s t  whether o r  not a given 
source has a good alpha spectrum. For a Cm-242 source fo r  hich the Pu-238 2 contribution was about 7%, the TI, observed with a 43.5 mg/c f o i l  of Al. 
interposed was 0.85 times the TI, with no foi..l. This was using a sparsely-covered 
d i s c  of u l t ra f ine  grai.ns of CaFz: Dy (corresponding to a s e t t l i n g  time in 
acet,one i n  excess of 20 minutes). On the other hand the corresponding value f o r  
a Cm-242 source, with a si.milar amount of Pu-238 buiJ.d-up, but with a badly 
corroded vi.ndow was only 0.4. Both these observati.ons w k r e  i n  a i r  and a r e  f o r  
a source-sample distance of 9 mm. For the Am-24-l source currently under discussion 
t he  value was 0.80, i n  vacuum and f o r  a source-sample distance of 4.0 mm. 

Fig. 7 shows the e f f ec t  of d i f f e r en t  f o i l  thicknesses using an u l t ra f ine  
di.sc of CaSO4: Dy f o r  source-sample distances of 10  mm and 4.0 mm. It wi l l  
be seen tha t  the  attenuati.on f o r  t,he 3.5 mg/cm2 f o i l  is subs tan t ia l ly  more 
severe i n  the case of CaS04:Dy than i n  the  case of CaF2:Dy. T t  i.s presumed that  
t h i s  r e f l e c t s  that  the simplifying assumpti.on of a constant TL p r  uni t  t r ack  
length, with alpha energy i s  not r igorously valid.  Bowman (Z'h.D. Thesis, Oxford 
University 1976)  has i n  f ac t  reported i n  d e t a i l  the var ia t ion i n  TLJ per un i t  
t rack length  with alpha energy f o r  CaSO4:Dy arid i.n the l i g h t  of her  resu l t s ,  
the  obsexvec-2 fa l l  off i S not a'L toge ther  unexpected. 

IV. DISCUSSION 

L t  thus appears that  Am-241 when used in vacuum provides a viable a l t e rna t ive  
t o  Cm-242. Its longer ha l f - l i fe  i s  economicaLl.y advmtageous a s  a l so  is itis 
lower . i n i t i a l  cost  (current ly  6 sources can be purchased f o r  £75). I t s  robustness 
.i.s i n  strong contrast, t o  t he  f r a g i l i t y  of the  nickel  wi.ndow incorporated i n  the 
Cm-242 source and so the changeover el imiaates a substant ia l  hazard. 



It has been suggested (I). W. Z immerman, private communication) that  the  
penetration t e s t  using a 3.5 mg/cm2 a l .~min i  urn f o i l  i s  unnecessarily rigorous. 
This is on the basis  t ha t  e f fec t ive  thickness of a fine-grain sample i s  never 
more than the  diameter of an 8-micron grai.n, 2.2 mg/cm2. Nevertheless it 
seems desirable to demand f u l l  penetration of a 3.5 rng/cm2 f o i l  ; t h i s  means t h a t  
f o r  a thickness of 2.2 mg/cm2 the  pa r t i c l e s  v i U  emerge with an energy of around 
1.5 MeV and thereby one avoids using them i n  the lower energy region where we a re  
most doubtful about the constancy of TL per u r ~ i t  track length. 
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F i q .  4 

Alpha-spectrum of Americiun-ZbL i n  vacuuu a t  a source fo i l  distance of 10 mm. 

t (1) without any f o i l  
(2) with a 3.5 mg/cm2 h1 fo i l .  

The energies shown are for a 10 microcurie source (AMM 7). For AMM 3 the energy i n  
case (1) i e  4.2 MeV due to  a thicker protective coating. 

Channel Number 
Ij d 

Fig.5 
Variation in  thc alpha-flux from Am-241 source in  vacuum with different source+etector distances 

(a  without f o i l  
(bj with a 3.5 ng/cn Al. fo i l .  

f ,  

Spacer Distance (mm) 



Fig. 6. The automatic s ix  seater irrudiator.  

(1) Alluninium housing. Has s ix  
scato (2) f o r  housing six 
f o i l  sources. 

(2) Housing for  thc sources. The 
sourcc (8) i s  kept with its 
nctivc surface facing down- 
wards. A rubber bunfy kept 
btwccn the sourcc and the 
haldcr stuh (3). 

(3) Aluminium holder with o-rings 
f o r  the vacuum. 

(4) Aluniniw disc  with s i x  holes 
appropriate t o  the source sizo. 
O p n t c d  by thc magnetic la tch  
(5)-  

(5) An clcctromgn-.tic owitch 
o p n t c d  with dc timer arwnP- 
ment. The brass rod i s  latched 
on t o  it and t h i s  s t a r t s  the 
irradiation by bringing holes 
i n  ( 4 )  i n  front of sources. 

( 6 )  SampEe mounts and seat .  

(7) Plastic tubes. 

The othcr. fcnturcs of tho systom 
are sc1f-explanatory. 

Variation i n  the  TL induced by Am-241 i n  CaS04: Dy with the thickness of the Al-foil 
(intorposod botvcen the source and tho snmp1e)normnlized t o  TL without f o i l  f o r  source- 
sample sop rn t ion  of  (1) 10 mm (2) 40 m. 

e I l l I 
l 2 7 4 

F o i l  Thickness  (mg/sq.cm) 



ATTEMPTS TO C I RCUMVENT ANOMALOUS FAD I NG 

S. R. Sutton and D. W. Zimmerman 
Center for Archaeometry 
Washington University 

S t .  Louis, Missouri 63130 

Anomalous fading (the instabil i ty of the stored TL a t  high glow- 
curve temperature) prevents the reliable d a t i n g  of most minerals other than 
quartz. We have attempted to circumvent anomalous fading using three different 
approaches; spectral resolution, thermal annealing, and slow g1 ow-curve heating 
rate. These experiments were based on the hypothesis that the stored high- 
temperature TL immediately af ter  irradiation consists of two parts; an "unstable" 
part which will anomalously fade, and a "stable" part which i s  the same p a r t  as 
i n  the natural TL. Unfortunately, a l l  three approaches were unsuccessful. 

In the f i r s t  experiment the emission spectra of various minerals exhibiting 
anomalous fading were measured immediately af ter  beta irradiation and, using a 
second aliquot, one day la ter ,  If the "stable" and "unstable" TL were emitted 
a t  different wavelengths, anomalous fading could be avoided, or a t  least  reduced, 
by doing the TL measurements using a f i l t e r  that would transmit only the wavelengths 
that faded the least,  The measurements were made w i t h  an optical multichannel 
analyzer (OMA) attached to the TL oven instead of the regular photomultiplier 
tube. The OMA consists of a polychromator and a 500 element vidicon tube w i t h  an 
image intensifier. The polychromator dlsperses the incident l i g h t  across the 
face of the vidicon tube so that each element receives a different range of 
wavelengths between 400 and 600 nm. The signal into each element i s  integrated 
over a present length of time (p 30 msec), then read out and stored i n  a computer 
memory. In this experiment, four material s were measured (zircon, apatate, ortho- 
clase, and pumice), the TL spectra being integrated between 300 and 450 C in the 
glow curve. The anomalous fading was easily measurable in a l l  four materials, 
being from 35 t o  50% in one day, b u t  was found to occur to the same degree a t  a l l  
wavelengths in al l  ,four materials. Fig. 1 shows the results for the feldspar sample. 

In the second experiment, we tried t o  accelerate the fading 0.f the "un- 
stable" TL i n  the pumice by holding samples a t  elevated temperatures af ter  irradiation 
in hopes of having rapid fading t o  a stable level. Fig. 2 shows the isothermal decgy 
curves. A1 though the fading rate i s  increased a t  high istorage temperatures, a t  120 i 
a stable level has s t i l l  not been reached after 80 days. . A t  160'~ i t  looks as if a 
stableolevel m i g h t  be reached af ter  about 30 days. Unfortunatelyd the natural TL 
a t  450 C in the glow curve decreased by 20% after  one week a t  160 C. Thus,  this 
type of thermal treatment seems to be unable t o  separate "unstable1' and "stable" 
components. 

The third experiment determined the fading using a much slower heating rate 
on the TL oven (0 .18~~ / sec  instead of our usual 7o~/sec). The motivation for this 
approach was two-fold: 1 ) a reference (Shulman, 1967) t o  unpublished data by Ginther 
that "slow-g1 ows" el imi nated anomalous fading in the dosimetry phosphor CaF2:Mn 
(in recent conversation, Ginther could not confirm this  observatton); and 
2 )  the "slow-glow" will better separate individual glow peaks, and in this respect 
make the annealing characteristics simpler. Ne found thqt the ''s~aw~glow" nicely 
separates the eaks for LiF (Fig. 3), b u t  produces essentially no separation for 
CaF2:Mn (Fig.4 ! , apatite, zircon, albite, orthoclase, and pumice. We compared 
the fading of the pumice and apatlte high-temperature TL using the normal and 
slow heating rates and the resu?ts are shown i n  Table 1. TRe '~s'l~w-glows'' pro- 
duced no substantial reduction In tRe fading o f  tRese samples. 



The fai lure of a l l  three experiments contradicts the hypothesis that the 
stored high temperature TL consists of separate "stable" and "unstable" components. 
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TABLE 1 

EFFECT' OF GLOW CURYE HEATING RATE ON ANOMALOUS FADING 

Glow Curve 
Heafjing Rate 

_( Cfsec) - 
TL. Lost 

After 1 Day A t  . Room Temperature* (%) 

*Expressed as percent of the 'TL measured 30 minutes a f te r  irradiation. 


