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ABSTRACT

This study investigates the possibility of tritium
build-up in TLD-600 chips irradiated with neutrons and the
causes of spurious readings in the Harshaw TLD cards used
for personnel dosimetry.

Experiments indicated that spurious readings in
TLD-600 chips, previously irradiated with neutrons, might
occur in cases where the cardg had been accidentally read
at temperatures lower than 300 C as a result of bad contact
between the hot finger in the reading system and the chips.
Because a TLD card contains glue and Daper bar-code labels,
the postannealing is performed at 80 C for 17 hours. This
annealing procedure alone does not effectively deplete the
high-energy traps, such as those near 260 C, populated by
high-LET (Linear Energy Transfer) particles. TLD-600
chips, irradiated on a phantom by 400 mrem of moderated
fission neutrons, read at 240°C, annealed at 80°C for 17
hours, and then reread at 280 C, showed residual doses as
large as 200 mrem (equivalent photons).

Calculations and experiments show that for neutron
exposures around 1 rem of moderated fission neutrons with
an average energy of 500 keV, the maximum build-up of dose
as a result of tritium formation is less than 1 mrem. The
dose build-up in properly annealed TLD-600 and TLD-700
chips, is nearly the same, even though the TLD-600 chips
were previously irradiated by neutrons. Both kinds of"
chips show natural background accumulation.

A mechanism for annealing the Harshaw cards at high
temperatures, without destroying the label or the adhesive
material, was developed and found to be useful.



I . INTRODUCTION

In the pas t , spurious readings have been noticed in Harshaw TLD cards

used as personnel dosimeters at the Los Alamos National Laboratory. I t

was found that in some of these cases , the readings appeared in TLD-600

chips . The his tory of the chips showed that on many of these occasions,

the cards had once been exposed to neutron dose equivalents up to 1 rem

during routine usage.

The causes for spurious readings created by nonradiation sources are

the same for both TLD-600 and TLD-700 c h i p s . The sources i nc lude
p

mechanical stress, dirt, ultraviolet light, etc. Spurious readings

caused by radiat ion might be more pronounced in TLD-600 chips than in

TLD-700 chips . These readings can be caused by inappropriate

postannealing of the i r radia ted chips or by t r i t ium build-up in TLD-600

chips . When TLD cards are recycled in the reader many times without

proper postannealing, appearance of spurious readings resul t ing from

growth of the main peak i s most probable.^

Measurements were carried out with s ingle TLD chips to invest igate

the following:

• Is standard postannealing procedure at 80 C effect ive in erasing a l l
effects resu l t ing from previous i r rad ia t ions?

• What are the residual doses remaining in TLD-600 and TLD-700 chips
expgsed tg neutrons and gamma rays , read at temperatures between
210 - 260 C, and then reread at higher temperatures between 280 -
300 C?

• Is there any signif icant dose build-up from tr i t ium formation in
TLD-600 chips exposed to about 1 rem of moderated fission neutrons,
during 3 months of storage after reading and annealing?

This study also describes a system for annealing the Harshaw TLD cards

without destroying the i r s t ruc ture .

I I . THEORETICAL CONSIDERATIONS

A. The TLD Card

The Harshaw dosimeter card consis ts of three TLD-700 chips and

one TLD-600 chip . For their protect ion, the chips are sandwiched

between Teflon f o i l s , which are glued to the aluminum frame of the

card. The card also includes a paper bar-code l abe l . Neither the



paper nor the glue can tolerate temperatures higher than 120 C. The

Teflon foils soften and melt above a temperature of about 300°C.

B. Reading and Annealing Procedures

TLD-600 and TLD-700 chips behave similarly when irradiated by

low-LET particles such as photons, and their glow curves are

dominated by the 190 C peak. However, when TLD-600 chips are exposed

to thermal neutrons, high-LET particles such as tritons and alpha

particles, created in the reaction Li(n,a)-5H, are responsible for

the thermoluminescent effects. These high-LET particles also

populate trapping states higher than 190°C. A significant peak is

shown at a temperature of about 260°C.

The trapped carr iers are measured in the Harshaw reader by

placing the TLD chips in contact with a hot finger that is

progressively heated to 300 C. This temperature is sufficient to

deplete the traps filled either by the low- or high-LET particles.

However, there might be occasions when the temperature of the hot

finger is 300 C, yet the chip is heated to a lower temperature. This

can occur, for instance, when the hot finger is dirty or when the

chip is displaced from i ts original position by repeated readings.

Thermoluminescent lithium fluoride chips need to be annealed in

order to erase all effects caused by previous irradiations.

Zimmerman et al . proposed an annealing process of three steps:

1. 1-hour heating at 400°C,
2. cooling at constant rate,
3. 20-hour storage at 80 C.

Slight modifications of th is procedure are tolerable. The

higher temperature anneal depletes all occupied traps and

redistributes impurities and defects in the lat t ice. The lower

temperature anneal results in rearrangement of the trapping levels.

Single TLD chips, used at Los Alamos for extremity dosimetry,

are annealed at 400°C for 1 hour, then at 100°C for 2 hours, and then

cooled rapidly. (This annealing procedure is denoted for further

discussion as the standard 400°C procedure.) The only annealing used

at Los Alamos for the Harshaw card is an 80°C bake-out for 17 hours.



Utilization of this procedure is affected by limitations of the card

mentioned in Section A; in addition, i t will not sufficiently deplete

the thennolurainescent traps at 190 C and is especially inadequate at

higher trap temperatures such as 260°C. The regular reading cycle of

the Harshaw 2276 reader does not provide any of the effects caused by

the standard 400cC procedure, especially for high doses.

C. Tritium Build-Up

Burgkhardt and Piesch indicate in a recent paper that the

build-up of dose caused by the production of tritium is 13 mrem after

100 days of storage when the TLD-600 is exposed to 10 rem of thermal

neutrons. Assuming that a worker is exposed to 1 rem of moderated

fission neutrons with an average energy of 500 keV, the fraction of

thermal albedo flux impinging the TLD-600 chip is about 10 percent of

the incident flux. One rem of 0.5-MeV neutrons corresponds to a

flux of 1.3 x 107 n/cm2. Therefore, the thermal albedo flux

returning from the body is H.3 x 10 n/cm . This flux corresponds to

about 4.3 mrem of thermal neutrons. On the basis of Reference 2,

after 100 days of storage, this thermal exposure leads to a build-up

of dose due to tritons of 1.85 x 10 mrad.

The dose build-up can also be estimated by calculating the

number of electrons (beta particles) produced in the TLD-600 chip

during 100 days of storage after annealing when the chip is exposed

to t .3 mrem of thermal neutrons. The calculation, based on energy

deposition, will not be accurate because the thermal neutrons are

highly attenuated when passing through the TLD-600 chip and also

because the ranges of the beta par t ic les (E = 1 8 keV) are
max

significantly smaller than the chip dimensions. These factors lead

to a dose which is not uniformly distr ibuted in the chip. A
thickness of 29 mg/cm LiF absorbs half of the thermal neutron flux.

p
(The thickness of the TLD-600 chip is 210 mg/cm .) Assuming that the

average energy of the beta particle is 6 keV and that all albedo

thermal neutrons are absorbed, the total energy deposited is less

than 0.2 mrad during 100 days of storage.



I I I . EXPERIMENTS AND RESULTS

A. Selection of Equally Responding Chips

A batch of 80 single TLD-700 chips was exposed to 18C0 mR of

-"Cs gamma rays . Another batch of 90 s ing le TLD-600 chips , mounted

on a polyethylene phantom 30 x 30 x 15 cwP, was exposed to 150 mrem

neutrons of -* Cf moderated by a 30-cm-diameter DO sphere. Before

i r r a d i a t i o n , a l l chips were annealed by the standard 400 C procedure.

The chips were read in an Eberline TLR-5 reader set at a temperature

of 280°C, and those chips with a l i gh t output within 1a(±10t) from

the average reading were used for these experiments. The l i g h t

output of the TLD-600 ch ips i r r a d i a t e d in the above manner was

equivalent to approximately 800 mR of gamma rays .

B. Comparison of 400 C and 80 C Annealing Procedures

All chips were again annealed with the standard 400°C procedure.

Then some of the TLD-700 chips were exposed to 1800 mR of 1 ^7c s gamma

rays , and the TLD-600 chips were exposed on a phantom to 400 mrem of

neutrons from a moderated *^Cf source. The remainder of the TLD-600

and TLD-700 chips were used as background con t ro l s . All chips were

read in an Eberline TLR-5 reader for 12 seconds at a 100°C preheat

period and then for 14 seconds a t 240°C. The reader was ca l ib ra ted

so that 1 mR was approximately equal to 1 in tegra t ing charge un i t .

Without rereading the chips at a temperature higher than 240°C,

( i . e . , 280°C) the chips were then divided into eight groups. Groups

1 and 2 included previously read unirradiated TLD-600 and TLD-700

c h i p s , and groups 3 and 4 inc luded p r e v i o u s l y read TLD-600 and

TLD-700 chips i r rad ia ted with 400 mrem of neutrons and 1800 mR of

gamma rays , r espec t ive ly . Groups 5, 6, 7, and 8 were iden t ica l to

groups 1, 2, 3» and 4, respec t ive ly .

Groups 1 through 4 were then annealed by the standard 400°C

procedure, and groups 5 through 8 were annealed a t 80°C for 17 hours.

The c h i p s were then re read in the TLR-5 reader a t 280°C; t h e

res idua ls are summarized in Table I . All chips were annealed again

by the s tandard 400°C procedure and, a g a i n , TLD-600 ch ips were
252i r rad ia ted on a phantom to 400 mrem moderated Cf neutrons. The

137TLD-700S were i r rad ia ted with 1800 mR •''Cs gamma rays . However,
o

t h i s time the chips were read at 260 C in a Harshaw 2000C reader t ha t



was calibrated so that 1 mR i s approximately equal to 1 integrating

charge unit . After being read, the chips were divided into eight

groups (as previously described) of which four groups were

postannealed by the regular 400°C procedure and four groups were
o o

annealed at 80 C. The chips were then reread at 280 C, the residuals

are summarized in Table II .

Tables I and II show that the annealing at 80 C i s not e f fect ive

either for TLD-600 or TLD-700 chips i f some residuals are l e f t over

after reading either at 240°C or 260°C. The residuals are especial ly

signif icant for TLD-600 chips irradiated with neutrons. Residuals

l e f t over in the TLD-600 chips that are read at 240 C are larger than

those read at 260 C. Also, the fluctuations of the residuals for

irradiated TLD-600 chips are larger than for those of irradiated

TLD-700 chips.

C. Comparison Between 400°C, 300°C, and 80°C Annealing Procedures on

TLD-600 Chips

TLD-600 chips that were irradiated with 400 mrem of neutrons and

read at 240°C were divided into three groups. The f i r s t group was

postannealed with the standard 400°C procedure; the second group was
o

postannealed at 80 C for 17 hours; and the third group was
postannealed at 300 C for 2 hours, then at 100 C for 2 hours, and

then cooled rapidly to room temperature. All of the TLD chips were

then read in the TLR-5 reader at a temperature of 280°C. The

residuals are summarized in Table I II . It can be observed that the

residuals might be as large as 170 mR gamma equivalent when TLD-600

chips irradiated with 400 mrem neutrons are read at a temperature of

240°C and then annealed at 80°C. The residuals after annealing at

400°C or at 300°C were consistent with background.

D. Dose Build-Up Caused by Tritium in TLD-600 Chips

The TLD-600 and TLD-700 chips used in the previous experiments

(read and annealed several times) were used to measure the dose

build-up caused by tritium. Some of these TLD-600 and TLD-700 chips

have been exposed during previous experiments to 950 mrem of

moderated fission neutrons- and to approximately 5 R of 1 ^Cs gamma

rays, respectively. The remaining TLDs were used^ for background

control.



TABLE I

LIGHT OUJPUT
( R e a d i n g a t 2 4 0 C a n d R e r e a d i n g a t 2 8 0 C , R e a d e r D a r k C u r r e n t i s 1 7 + 1 )

400 C Annealing

GROUP 1

TLD-600
Background

19 + 1

GROUP 2

TLD-700
Background

17 + 1

GROUP 3

TLD-600
Previously
Irradiated

17 + 1

GROUP 4

TLD-700
Previously
Irradiated

17 + 1

80 C Annealing

GROUP 5

TLD-600
Background

18 ± 1

GROUP 6

TLD-700
Background

22 + 1

GROUP 7

TLD-600
Previously
Irradiated

126 i 22

GROUP 8

TLD-700
Previously
Irradiated

32 + 2



TABLE II

LIGHT OUTgUT
(Reading at 260 C and Rereading at 280 C, Reader Dark Current is 4 + 1)

400 C Annealing

GROUP 1

TLD-600
Background

11 + 1

GROUP 2

TLD-700
Background

10 + 1

GROUP 3

TLD-600
Previously
Irradiated

12 + 1

GROUP 4

TLD-700
Previously
Irradiated

10 + 1

GROUP 5

TLD-600
Background

10 + 1

80 C

GROUP 6

TLD-700
Background

9 + 1

Annealing

GROUP 7

TLD-600
Previously
Irradiated

2 5 + 4

GROUP 8

TLD-700
Previously
Irradiated

12 + 1

8



TABLE I I I
Dose (TLDg6OO chips) in mRem

(Reading at 240 C and Rereading a t 280 C)

80°C Annealing 300°C Annealing 400°C Annealing

(170 + 18)
(Gamma Equivalent)

Background Background

All chips were fir st annealed with the standard 400° C procedure

and then separated into four groups. The f i r s t two groups included

the background control TLD-600 and TLD-700 chips, and the other two

groups included the TLD-600 and TLD-700 chips exposed to 950 mrem

neutrons and 5 R gamma rays, respectively.

A separate group of TLD-700 chips was annealed by the standard

400°C procedure and was used to control the s tabi l i ty of the reading

system during the 3-month period of measurements after the annealing.

This group of TLD-700 chips was divided into three subgroups. One

group was not irradiated and was left for background control. The

other two groups were irradiated with 1300 mR '^Cs and 1000 mR Co

gamma rays, respectively. The dose build-up was measured during 3

months after the above annealing.

During the measurement period, five readings were carried out on

chips from the seven groups mentioned above. Reading temperature was

240°C to decrease the infrared noise. The signal was not affected by

decreasing the hot finger temperature. Between measurements, unread

chips were kept in a nonradiation area. Figure 1 displays the net

dose of previously irradiated TLD-600 and TLD-700 chips as a function

of the days passed after annealing. The accumulated dose is defined

in the following way:

Dose (mR) = (Chip reading-Dark current) ( 1 )

Reader calibration (count/mR)



The reader calibration in counts/mR was determined by reading

TLD-700 chips irradiated with 137Cs and 60Co gamma ray3.

One can observe that the behavior of dose build-up with time i s

almost identical for TLD-600 and TLD-700 chips. The s t a t i s t i c a l

uncertainty at each point i s estimated to be + 20? where the largest

difference between the two types of chips i s 15%. Figure 2 shows the

differences in readings between chips previously irradiated and

previously nonirradiated as a function of days passed after

annealing. The differences are similar for TLD-600 and TLD-700 and

they are consistent with zero. (Experimental uncertainty of the

f irs t point represents uncertainties of the other points.) Figures 3

and 4 show the natural background build-up during storage measured

with nonirradiated TLD-700 chips of the working batch and of the

control batch. The results obtained from both batches are consistent

^ 30
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ATLD-700 pravlously Irradlatad

10 20 30 40 SO 60 70 80 90

DAYS AFTER ANNEALING

Fig. 1. Dose build-up of
TLD-600 and TLD-700 chips as a
function of storage time after
annealing. Before annealing,
the chips were i rradiated to
about 1 rem of 252Cf neutrons
moderated by D20 and to about
5 R of 137Cs gamma r a y s ,
respectively.
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• (TLD-600) Irradlatad —(TLD—600) background.
A (TLD-700) Irradiated — (TLD—700) background

10 20 30 40 50 60 70 80 90

DAYS AFTER ANNEAUNG

Fig. 2. Dose differences
between reading of chips
irradiated before annealing and
nonirradiated chips as a
function of storage time after
annealing. Dose differences
are displayed for both TLD-600
and TLD-700 chips.
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TLD—700 background-working batch
Slop*—0.3 mr par day natural background

0 10 20 30 40 SO 60 70 80 90 100
DAYS AFTER ANNEALING

10 20 30 40 50 80 70 80 90 100

DAYS AFTER ANNEAUMG

Fig. 3. Dose build-up in
TLD-700 chips used to control
the background in the working
ba tch given as a funct ion of
storage time after annealing.

Fig. 4. Dose build-up in
TLD-700 c h i p s of the c o n t r o l
group given as a func t ion of
storage time after annealing.

with each other and give a na tura l background of 0.030 ± 0 . 0 4 raR/day.

IV. ANNEALING SYSTEM FOR HARSHAW TLD CARDS

The annealing procedure proposed by Zinmerman et a l . i s not

applicable to Harshaw TLD cards . F i r s t , since the chips are sandwiched

between Teflon l ayers , the anneal cannot be performed a t temperatures

higher than about 300 C. At higher temperatures, the Teflon wil l soften

or melt , and the opt ica l proper t ies wil l be dramatically changed. Second,

the adhesive material present in the card and the bar-code label prevent

heating the en t i re card above 120°C.

A prototype system for annealing the Harshaw TLD cards was b u i l t and

tes ted . The system heats the TLD chips homogeneously to 300°C for 12

minutes, while the remainder of the card i s maintained at a temperature

lower than 120°C. This d i f f e ren t i a l heating i s achieved by covering the

TLD card, except for the chip area, with an insulat ing mater ial and by

thermally attaching a brass water-cooling jacket to the card. Heat i s

supplied by hot air flow and two temperature sensors are used. The f i r s t

i s in contact with one of the chips and the other i s in contact with the

aluminum frame of the card. The two sensors assure tha t the temperatures

11



in the chip areas and the aluminum frame are not increased beyond 300 C

and 120°C, r e spec t i ve ly .

The prototype system was tes ted with four Harshaw ca rds , which were

exposed both to the 1 R of 3'Cs gamma rays and (on a phantom) to 150 mrem

of D-O-moderated f i s s i o n n e u t r o n s . The c a r d s were then annealed a s

described above and then read with the Harshaw 2276 system. The res idua l

doses were c o n s i s t e n t wi th background. This procedure was r e p e a t e d

several times with reproducible r e s u l t s . Additional experiments indicated

tha t the s e n s i t i v i t y of the chips did not change with repeated anneal ings,

although the r e s u l t s obtained are preliminary and further t e s t s wi l l be

conducted.

V. SUMMARY AND CONCLUSIONS

The experiments show tha t i f i r r ad ia t ed TLD-500 or TLD-700 chips are

acc iden ta l ly read at temperatures lower than 300 C in the Harshaw 2276

reader , annealing at 80 C for 17 hours does not e f fec t ive ly deplete the

high-energy t r a p s (for ins tance , at 190°C or a t 260°C). This annealing

procedure i s , in p a r t i c u l a r , not e f fec t ive for deplet ing the high-energy

t r aps of TLD-600 chips tha t are f i l l ed by high-LET p a r t i c l e s formed by the

Li(n , a )^H r eac t i on .

TLD-600 ch ips , mounted on a phantom and i r r ad i a t ed with 400 mrem of

" c f n e u t r o n s moderated by a 30-cm-diameter DO s p h e r e , might show

res idua l s as l a rge as 200 mR (gamma equivalent) i f f i r s t read a t 2**0°C and

then reread a t high temperatures between 280-300°C.

The experiments a lso show tha t the build-up of dose in TLD-600 ch ips ,

caused by t r i t i um formation r e su l t i ng from neutron exposures around 1 rem

of moderated f i ss ion neutrons, i s l e s s than 1 mrad during the 3 months

following annealing. The dose bui ld-up, a f te r high-temperature annealing,

in TLD-600 and TLD-700 chips previously i r r ad i a t ed or nonirradiated i s

nearly the same and shows na tura l background of the order of 0.3 mR/day.

In conclusion, in order to avoid spurious readings , TLD chips should

be annealed a t high temperatures near 300°C and then be annealed a t 80°C

for 17 hours .

A method for annealing the Harshaw cards a t high temperatures near

300°C without destroying the label or the adhesive mater ia l was developed

and found to be usefu l .
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