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Paleodose eValuation of porcelain：a practical regression
method of saturation exponential in pre—dose technique
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Abstract A practical regre吕si叩method of sa#urati衄旺ponen￡ia】m pje—do刖
technique i8 prop08ed． The method is maiⅡly 8pplied fo。porcelain dating 1、0 tes L

the me七hod，some simulated paleod08es of the iInitations of ancient porcel新n werc
used． The脚asured results are in good a只reement with the simulated valllcs of¨1c
paleodosesl and the average ratios of the two values by usi“g the two ways are 1(15

and 0．99 wi6h s￡andard de“a￡ions f士l盯)of 19％and 15％respec“vely．Such errors
can be a￡cepted in porcelain datiⅡg．

K。ywords Porcela．m thermoluTIline8ceⅡce(TL)da‘iIlg，Pre—dose technique，sa¨r÷p
tion exponential r。gression

CLC numbers K854．2

1 INTRoDUCTIoN

Pre—dose da妇19 of the porcelain was reported by Stoneham【1 J as early as 1983
Just as pointed out by Bailim纠t it is a te吐mique requrmg considerable experimentd

efrorts to yield dose estiIrlates dlle to the coⅡlpk】【ity of the pre—dose eH色ct on w上lich it is

based．The basis of pre—dose techIIique is the measurement of the chanEe m sensitivity of

110。C TL peak in qu甜tz．The 110。C peal【has a ha排1主fe of only several hours at room

temperture thou曲jt does not occur jIl natural TL，and jt has a“memory”ef斑ct．Once
a piece of qu缸tz is heated to the the功nal activation t哪pertllre，the 110℃TL peak
can be presented and measured，becanse it is a hi窟hly sensitive peak and exposure to

q血te a small test dose(about 10～100 mGy)is usuaUy sumcient to induce an accurately
meas砒abk TL．Because the ch孤置e of UO。C TL sensitivity is a fIlnctioⅡof tk paleodose
or the laboratory cahbrating dose，the pakodose sensitiVity can be evaluated by means of

the sensitivity of 1aboratory calibrating dose and so the paleodose can also be obtained．

It has been found that the growth of 1100C TL sensitivity with increas血g the dose is

subUnear even if the dose is less than a few Gy iIl porcelain and pottery．According to

the sublinear cha工acte—stic fbr archae0Io西cal samples，a practical regression method of

saturatinE exponential for evaluation of the paleodose is studied，

2 RELATIoN BETWEEN THE DoSE D To THE SENSITIVITY．、

C0nce工血g the pre—dose technique it is ass哪ed that the出anges in 110。C TL
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sensitiVjty wjth the dose js represented by a五ne甜』hnction． It js genef旬ly beljeved

that thjs assuⅡ1ption is correct oIlly when the dose is within the range of a few Gy．

h fhct，the nonHnear phenornena has been studied since m姐y years a西o As early as

1979，Chen【3J p 0inted out a saturatiIlg exponential form iIl the sensitivity change Later，

Aitken【4】t chenf5]，Bajlifr【2，引，Lellng et a1[7】aIld chen and Le衄g[8】矗lrther studies these
problems of nonbnear response and exponential model in the sensitivity change．For

porcelailL dating we also made some tests for studying the n幽earity． In particalar，
the sensitivity response iIl the raIIge of a few Gy was analysed． It was seen that the

hear re舀on was very n盯row，缸证the growth of sensitivity with i11creasing the dose is
sublinear eVen if the dose is witlⅡn a f毫w Gy(Lelmg et口d剐) Only in some cases the

sublinearity may act as line越approximately．In these cases the eTror is not serious wheIl

using linear relation of S and D for evaluatiIlg the paleodose in the subliIlear region，

but the calibrating dose is hdted because a larEer additional canrating dose wiu 1ead
to a grave nonⅡnearity．Conversely，a smaⅡcalibrat血g dose is not usudly smcient to
induce an acc砒ateIy measllrable sensitivity’especially for the P0rcela血dating Therefore

LeIⅡlg e￡口4驯suggested an exponential regression method for evaluat血g the pa】eodose

the pre—dose tech丑jque and carried 0ut some experiments using a piece of natllral quartz

and a piece of quartz extracted from an ancient bricl【as sanlples．A coIrlparison of the

exponential re譬ression with the standard(i e Hnear)method was carried out The results

show that the calculated values obtaind by using the exponential regression method are

very close to the actual laboratory“paleodose”(for natllral quartz)and th。age of the

ancient brick respec亡i代ly，but the v甜ues c缸clllated by the standard memod was I．5～2

tjInes Iarger th柚those of the actud ones，respectiVely(see Leung et od8】)．
It is easy to obtain the fom of sensitivity cllange with increasing dose．Due to the

captllre of holes in tr印s R is raIldom，the ch柚ge of traps丑with dose口is，

塑一1 P ⋯
dD— B“

卜’

where 1／口is the capture probability．s01viILg equation(11，we have置=冠。e一上J川，
where置is the alnount of h01e．trap uncaptured after the crystal absorbs the dose D，冠．，

is the sm ofhole-traps，and曰is a constant．It is obviaus that冗。一置=丑。(1一e—u／“)
is the amollIlt ofholes capttlred．Once these holes c叩ured(丑。一丑)transfer into trap L，
蚰e三becorrle lum缸escence center，i．e．，the sensi亡i“ty 5 increases nⅡough the jrradjatjo工t

dose D．Hence

5=咒。(1一e—D／县) (2)

where耽is the largest aIIl01Int of holes cap址ed，i．e．，the largest sensitiVity S。。achieVed
as weⅡ The S。。is expressed艄the sensitivity when the dose D rising to主Ilf商ty，and it

is called satlIration sensmvity．Then the equation(2)can be wrjtten as

s=．亨。。(1一e一口／B) (3)
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3 EVALUATIoN oF DoSE D

It is mustrated by Baili羽2，6J that the sensitivity S dIan卵s艄a result of successive

dose／actiVa“on。ycles using a single“quot and a丘xed dose．so 10ng as s is an expo—
nential fhncti帆of D，△且is血evjtably a 1inear fhction of S，where△S=S．+】一S，
in wllich最aⅡd最+1 are，respectively'the sensitivities of this st印and next step in
dose／actjVation cydes． Therefore，the paleodose P can be evaluated from the Unear
reiation between△S and S．It js eas丑y proved．Flom equation f3】

S+1=．‰(1～e一“·+l，8) C41

最=s矗(1一e—D-／口) f51
then

、7

l一曼粤：l—e一(。-+-一。t)／日 (6)1

g —g
一‘ ‘ Lu』

set卢=(Di+l—B)as a矗xed dose iⅡcrement adIniIIistered，the equation(6)becomes
the foUowing form

△S=岛十1一S=(1一e一卢／口)(氏一S)=‰(1一e一卢／占)一(1一e一卢／B)& (7)

Let n=5∞(1一e一口／日)and 6=一(1～e一闫／B)，then

-

△S=n+6S (8)
^

Eq，(8)shows alinear relation betWeen量aⅡd△且，whereⅡistheinterc印t and 6is
the gradient in the HneaT fhnction．we obtain

如=一口／6 (9)
’

曰=一p／lIL(1+6)

By ma垴_ng use of So。and曰，we can evaluate the paleodose P． Let

sensitiVity a丑d占N be the activated sensitivity of accruedⅡatural dos。

PiIlEq．(7)，we obt越n

．．．一，，
鼬一只=(如一兄)(1一e一尸／8)

SolvingEq．(11)
’

(10)

S。be the initiaJ

replacing卢with

(11)

P=一曲(1～黼) (12)
uoo uo

Note that the me船11rernent of the radiation quenched sensitivity&』is unnecessary in
tlIis method．

4 EXPERIMENTS

0w扭g to the paleodose of ancient porcel如sample canⅡot be cleady known，a
sinmlated pakodose is used for test血g the method．We coUect a few iInitations of ancient
Chines8 porcelain from diff毫rent pr钾缸ces in ChiIla．AU the porcelains were last矗red less
thaII 20 years ago，the natllral accu脚1ated dose缸the saIIlples js negligible，because the
natllral dose is much ldwer th姐the sjlrmlated paleodose．The sampling w粥made by a
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di a]∞ond core．driⅡand the core was shced into several 200“m thick slices usinE a precision

slidⅡg mach．me(Microslice 2，uLTRA TEc M龟，hc．)．In the process of the drimng
and slidng the sa如币k was c00led with water， Giving the slice a known laboratory口

dose拍the eqllivalent paleodose P，then heating it to 1500C in order to ernpty the 1100C

traps 0f the electrons acqll主red from the eqlli、ralent paleodose irradiated by a laborato’y
beta 80urce． These e删VaIent pateodoses correspond to the naturaI accrued dose of
Qing Dyllasty(1323mGy)，Ming Dynasty(2646mGy)and Tang Dynasty(5390mGy)，
repectively．AU TL measllrements were perfbfmed by usinz a filⅡy antomated coⅡlbined

TL／OsL datjIlg 5y5t锄(model Riso TL／OsL—DA-15)，manufactllred by彤so Natjon a1
Laboratory，Roskilde，De砌ark．The e叫valent pakodose，testing dose and c“brating
dose were irradiated by using the sa出e beta irradiator，which is mounted in the dating

system attachabk to the sa】Ⅱple clIanger for providing software controUed irradiation

to s棚nples in situ． The radioactive beta sollrce is an Amersh锄9“Sr(plaque source
type SIPK，1．48GBq)．A pr印缸atory porcelain s唧1e that h甜received an equiVaIent
paleodose was used for the foⅡo、】Iring rne鹅11rement procedⅡre：(1)The sample w拈heated

to 150。c(heating rate 2。c／s，the sarne below)，(2)The sensitivity咒of the 110。c TL

peak w私measllred by using a testhg dose(about 500 mGy，the same below)，(3)Heat
to the activating temperatllTe(typicaⅡy 6500c)，(4)The s皿sitiVity曲was measured
us主ng the same testj工lg dose，∞)A c吐bratj丑g dose卢wa5 adllli血stered柚d thell the

s鼬pk was heated to the same activating temperatllre，(6)The sensitiVity sN+卢was
measured by usiIlg the saIrle test dose，(7)ILepeat steps 5 and 6，the sensitiVity sN十2一
was obtained．

The response c11rves of the pre-dose sensitivmty for saIllpk No．149—2 are plotted

in Fi91 The f011r curves from 10w to lligh intensities indicate民，娟，SN+犀and踊+2卢，
respectively，where the sensitivity is expressed as intensity because aⅡ七he test doses ar8

the s础．F酶2 is the D～S curve for sampk No．“9—2 aⅡd i“s obvious工y an exponenti“
fuILction．Let△a=＆+目一瓢aIId△S2=粕+2口一SN+芦，and take a linear regression
for the(确，△s1)aIld(☆+目，△s2)data pairs．nom Eqs．(8)，(9)and(10)，s。。and B
are obtained

●5 朋 巧 蛐 1帖 1ZⅡ 1衢 150

Fig．1 Ik8ponse curve8 of the pre-dose

sensitivity Ineasured for saInple No．149·2
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Because the 110。C TL sensitivity is 10w，the testing dDse used is臣reater than the

usuaI one so as to acqllire aIl accⅢately measllrable TL．The Iarge te8ting dose rrnlst be
considerd into the cahbrating dose，and be subtracted矗om the丘nal reslllt．This method

is developed from Leung’s methodl8|，in which the nleasllrements of radiation quenched

sensitivities 5k l and SN+月l etc．were necessary，and△S=量+1～最l(for fⅡther

details，see LellIlg“口删)．F0r the c0Irlparison with Leung’s method we also carried ollt
a set 0f measllrements of 5h，Sk l，SN+p，轴+目l，SN+2序and then calclllated results
with Leung’s method【圳

This rnethod and Leung’s method are the s啪e in prmciple，but the measurement js
diffbrent．h Lelmg’s method the△S is a net血crement whereas in this method the△S，
is an apparent increⅡlent．For the aEe region of 100～1200 a the reslllts obt缸ned by the

tw口methods are the s8工ne，but for the ages less出arI 100 a the presene method is more
acctlrate and for the ages greater than 1200 a Leun91s method isⅡlore accllrate．Each of

the two methods iS s伍table fbr the a譬es ofthe upper liIIlit or the lower linlit respectively

5 RESUI用S

Tabk 1 gives the reslllts of 35 Ineasurements for 14 porcela血saInples，where且is

the dose ratio for the Ineasured／known paleodses．1、able 1 shows that the avera氍e value
of且is 1 05 and the standard deviation r士1盯1is 19％for the data The e玎or can be

accepted m porcelajn dating．The reslllts obtajned using Lelmg’s method are shown in

Table 2． The averaEe value of the丑is 0．99 aIld a standard deviation(土l盯)is 15％
in 17able 2 There is reasonable a#，eement betweent the two Inethods，but the present

method is a littk simpler thaII LeunEls method because the measuremeIIt of quenclled

sensitiyity is unnecesarH hI addj“oⅡ，the岛血Tables 1 and 2 are alrnost the s锄e except
for some sensitivities very hjgh(e．g．No．“o-l aⅡd No．140—2血Table 1)．w毫f01lnd the

￡is m抽1ly丘am the bacl【grouⅡd of TL measllremeIlt system，true瓯丘om the sanlple
is Httle，so it is re聃onable that the咒be subtracted from蹄a工ld all瓢+小efore the
regression，the results in’】址1e 1 were obtajned by P=一日ln[1一(sN／s。。)】，but the
reslllts证Table 2 were stiⅡcalclllated by using Eq．f121
The satllration exponential method is more sllitabk for porcel缸n datiIlg，it has two

advantages coⅡ甲ared with the standard method．

(1)A good accuracy The measurement is made血an exponential region so a

larger cahbrating dose can be uged，suclL that iIlduced TL wollld be raised．In addition，

血creasing the test血g dose to 500 mGy，it can also raise the TL signal． Ⅱthe sample

sensitivity is low too，the test证g dose can be increased to the level of detectable b1Tlit

with no血nuence on tlle result，becanse the testing dose is subtracted hom the矗n柚
resuIt．hl order to血crease sensitj“ty the best way is expan击ng磕e area of胁e sampie

by using two or three preparatory porcelaiⅡs锄pks(3 rnm in di啪eter for eacll sHce)
together for measllr血g TL if the quantity of saIIllpe is s皿cient．

●
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Table 1 Me船ured re8ult8 of the simulated paleod08e8 of the porcelains 11sing

the saturation exponenti出rnethod

saIn西e sn sK sN+B sN+2B s∞ BiG' R

128—1 383 3109 6080 7268 7676 5．495 D．86

128．2 301 4040 7492 9007 9801 6．115 1．【】5

129一l 483 11336 20404 25196 30083 7．896 1．35

129—2 396 10728 19965 23426 25104 5．130 0．90

135一l 373 2542 4421 5323 5782 6．862 1．2ll

135．2 364 2674 4480 5136 5146 4．072 1．1”

136—1 381 7991 14713 17133 18113 4 029 0．98

136．2 349 7728 13355 15013 16642 5 385 1，18

137．1 464 5214 10573 13626 17204 8．050 l(17

137．2 357 5636 11555 14162 15875 6 141 0．89

137．3 45l 4529 9659 12424 15231 8 184 0 92

137．4 381 6062 8347 0436 10061 6．833 1 14

138一l 373 3636 6146 7283 7851 6．359 1．36

138．2 392 3286 5735 6646 6794 5．002 1．04

138—3 399 3543 6059 7085 8046 6．801 1．30

140-1 802 48500 154040 223252 354313 11．936 0．56

140-2 780 42781 107276 】47550 213736 lO．695 0．83

143—1 325 11510 22148 26304 28643 5．358 0 96

146．1 448 7528 14162 18123 23544 9．765 1．33

148．1 370 6168 14678 21705 57231 27．8儿 】1【】

148．2 409 5603 13496 20164 56262 30．007 1．(】7

148—3 379 5340 12622 19240 84821 52．67l 1．10

148—4 354 6171 14617 21325 4686l 21．858 1．07

149．1 541 43410 91527 114378 134503 6．763 0．94

149．2 495 62304 110598 127496 136005 4．795 1．07

149．3 463 42171 87399 110544 134598 7．561 1．03

149．4 467 59784 90773 106041 120402 7．114 0．95

150—1 437 2722 5140 5949 5918 4．599 0 78

150—2 417 206l 3774 4722 5479 8．512 1 13

150_3 405 】743 3226 4327 7106 16．960 1 35

150—4 368 2520 4615 5522 5848 6．015 1．01

150．5 373 115l 2517 3072 3078 5．59l 1 04

161．1 440 1791 4037 4847 4864 4．938 0．51

16l一2 382 2634 4713 5472 5525 4．907 0 95

161—3 400 2521 4256 5134 6533 7．393 1 33

164_1 433 3224 9147 11507 12637 5．473 0．81

164—2 431 3266 8936 11526 13273 6．427 0．06

164—3 354 3411 9027 11798 “139 7．125 1．13

166—1 432 3493 6656 8248 9438 7．33S l 07

Note：The porcelaill slice s a】nples were舀ven equivaknt paleod08e8，respectiVcly’as
foll()ws：

150．5 and 164_3 co”e8pond to Qing Dynasty；137-4 and 149·4 corre8pond to T粕g DyIlasoy：

au the other8 correspond to M访g DyDa8ty

一，_^；、乳
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Table 2 Me船ured result8 of gi舢lated paleodose o“porcelain usi“g Lel】ng’8 method【8

Note：Thc samples wer8 gi、陀n oquivalent p“eod08es，re8pectivel y，as folldws：

136—7 aIld 150-7 corre8pond to Qing DyⅡasty；136-5，137—4 and 149—11 correspond to Tallg

DyⅡ船ty；all the others corre8pond to Mi“g Dynasty

(2)Expan血g measurabIe age．h pre_dose e船ct，s rjsing with口is删ck，the lin—
ear re西on is ve。y smaⅡat the beginn血g，it may act as linear appr捌mately oIlly when
D is删ch Iess than口(for details，see Lellng et以恻)Therefore，the application of the
standard method is liIrdted，aILd it is mail曲s11itable for authem访cation of mode『n imi—
tation．The expanential Inethod e坤ands the range ofⅡ地蝎砒able age and th8 p0Tcelain
made 1500 years ago caIl also be dated．
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