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ABSTRACT

To study radiation damage in non-

metals, two facilities have been

developed for making optical absorp-

tion, luminescence and other meas-

urements—on a single sample—be-

fore, during and after irradiation.

One facility uses 50Co gamma rays'

and the other 0.5 to 3 MeV elec-

trons from an accelerator. Optical

relays function as spectrophotom-

eters, luminescence detectors, etc.

All radiation sensitive components

are outside of walk-in irradiation

chambers; all measurement control

and data recording is computerized.

Irradiations are made at controlled

temperatures between SK and 900"C.

The materials studied include

glasses, quartz, alkali halldes—

especially natural rock salt, or-

ganic crystals, etc. As determined

from color center measurements the

damage formation rate in all materi-

als studied at 25 °C or above is

strongly temperature dependent. The

defect concentration during irradi-

ation is usually much greater than

that measured after irradiation.

The fraction of defects annealing

after irradiation and the annealing

rate usually increases as the ir-

radiation temperature increases.

The completed studies demonstrate

that, in most cases, the extent of

maximum damage and the damage form-

ation and annealing kinetics can be

determined only by making measure-

ments during irradiation.

Keywords: Radiation damage, Irrad-

iation Facilities, Defects, Color

centers, Luminescence

1. INTRODUCTION

To study radiation effects in crys-

tals, glasses, ceramics, and other

nonmetals, two unique facilities

have been constructed at Brookhaven

National Laboratory for making op-

tical and other measurements

^Research supported by the U.S. Department of Energy Materials Science
Division under contract DE-AC02-76CH00016.



before, during, and after irradia-

tion. One, called the BRICKPILE,

utilizes 60Co gamma ray irradia-

tion. The second, called OEEF -

for j)ptical JSlectron Radiation

Facility, uses 0.5 to 3.0 MeV elec-

trons from an electron accelera-

tor. A number of advantages are

associated with studying transpar-

ent materials, e.g. one may observe

directly the growth during irradia-

tion and the decay after irradia-

tion of the many defects that are

also color centers. Damage in

translucent or opaque substances

can occasionally be studied by ob-

serving luminescence. The princi-

pal disadvantage is the necessity

for coupling a spectrophotometer

and/or other optical equipment to a

radiation source. This requires

solutions of numerous shielding,

optical design, and other prob-

lems. For example, it is quite

difficult to make precise optical

absorption measurements on samples

emitting radiation induced lumines-

cence, i.e. radioluminescence, 100

times or more the intensity of the

monochromator light available from

a spectrophotometer light source.

In a sense, this pap?r describes

two successful solutions of such

problems•

1.1 Basic Radiation Damage Proc-

esses in Nonaetals

It is essential to emphasize the

fact that radiation damage forma-

tion in nonmetals can be divided—

with one important exception de-

scribed below—into lonization and

atom displacement processes. In

marked contrast, only displacement

processes are important in metals,

i.e. ionizatlon processes are

negligible.

1.1.1 Ionization. As all charged

particles, electrons, alpha-parti-

cles , ions, recoil nuclei, muons,

etc., pass through matter they

transfer energy to the material by

exciting bound and free electrons.

If the energy transferred to an

electron is sufficient to separate

it from its parent atom an elec-

tron-hole ionization pair is

formed. In insulators this is us-

ually depicted as the excitation of

an electron from the valence band

to the conduction band. In a solid

the energy required to produce a

single ion pair is roughly twice

the band gap energy. Roughly half

of this energy excites (heats) the

solid by the creation of phonons.

In typical nonmetals approximately

99 percent of the ionization elec-

trons immediately recombine with

trapped holes by radiative light

emitting processes (luminescence)

or nonradiative phonon emitting

processes. The remaining electrons

and holes are trapped at defects

and/or impurities. Often the de-

fect and its trapped charge consti-

tute a color center and can be



observed as a color-center absorp-

tion band. Most importantly, from

color center absorption band meas-

urements the concentration and

growth and decay of these defects,

I.e. traps, can be determined.

This includes defects present prior

to irradiation, defects formed dur-

ing irradiation, and the annealing,

or disappearance, of defects after

Irradiation.

1.1.2 Displacement Damage. Elas-

tic and nonelastic collisions be-

tween lattice atoms and magnetic

particles such as electrons, recoil

nuclei, ions, etc. often transfer

erough energy to a lattice atom to

displace it from its normal lattice

position, creating a vacancy and an

interstitial atom pair (not an

electron-hole ionisation pair).

This displacement damage process

accounts for almost all damage in

metals. Sufficiently high energy

gamma rays produce displacement

damage by a two-step process. The

initial step is the creation of a

photo, Compton or pair electron

sufficiently energetic to cause

displacement damage. Once formed

such electrons are indistinguish-

able from all other energetic elec-

trons and displace atoms in the

usual way. In insulators the dis-

placement damage induced defects,

which may be identical to or dif-

ferent from the defects present be-

fore irradiation, often are observ-

able as color centers-—as shown

below.

1.1.3 Ionization Damage. In the

alkali halides, and perhaps one or

two other solids, radiation creates

defects by a very interesting pro-

cess that is not completely under-

stood. Called ionization damage it

occurs when a coupled electron—hole

pair, i.e. an exciton, is trapped

on a negative lattice ion. Before

and/or during electron hole recom- .

bination the lattice surrounding

the exciton distorts and the energy

released is transferred to the neg-

ative ion. In the alkali halides

this energy is often sufficient for

the negative ion to be ejected from

its normal position and a vacancy-

interstitial pair is formed. As

described later this process is

important for an application as

practical as radioactive waste

disposal.

1.2 Radiation Damage Formation in

Insulators

Radiation damage formation in in-

sulators is readily described in

terms of the process sketched

above. As soon as radiation is in-

itiated ionization created elec-

trons and holes are trapped on de-

fects and impurities existing In

the lattice. If additional defects

are not formed the trapped charge

produced color centers become in-

creasingly subject to electron-hole

or hole-electron recombination back

reactions that tend to reduce the

trapped charge concentrations. In

this case the color centers will



increase to a saturation level that

depends on the trap concentration

and other factors.' Note however,

if the irradiation creates defects

(either the kind present before ir-

radiation or a different kind) the

color center growth curves will

contain a saturating component

and/or increasing components. At

very large doses defect recombina-

tion may produce a second satura-

tion level.

After the irradiation is terminated

two distinctly different processes

can alter the color center concen-

trations. Firstly, charges may be

thermally untrapped from traps and,

secondly, defect diffusion may give

rise to lattice restoration. Actu-

ally more complicated processes may

also reduce color-center concentra-

tions. In any case, post irradia-

tion annealing can be studied by

measuring the changes in color

center concentration occurring

after irradiation. The processes

described here, and some others,

are illustrated in sections below.

2. THE GAMMA. RAY IRRADIATION

FACILITY,

The major optical components in the

double beam spectrophotometer used

for making measurements during Co

irradiation are shown in Fig. 1.

All radiation sensitive elements

are located outside of the shielded

walk-in irradiation chamber. After

Fig. 1. Major components in the
apparatus for making optical
measurements during Co gamma-ray
irradiation.

samples are installed in the tem-

perature controlled furnace, dewer,

or some device such as a strain

machine, the Co source is

"raised" pneumatically to initiate

the irradiation. The gamma-ray

intensity at the sample may be

altered, even during irradiation,

by remotely moving the source back

and forth. Currently, the maximum

dose rate is in the 2-5x10 "* rad per

hour range. At the moment the

apparatus is being modernized.

When completed, optical absorption

and/or luminescence spectra can be

recorded, at wavelengths between

210 and 1000 mm, as often as every

10 to 20 minutes; depending on the



Fig. 2. The 60Co gamma ray source, showing the radiation "port," a tem-
perature controlled irradiation chamber for studies on Cl emission from
rock salt during irradiation and a dewer for optical measurements below
room- temperature.

number of points measured—typical-

ly 200 to 500. Apparatus control,

all data recording and most of the

data analysis will be done "on-

line" with a DEC 11/34a computer.

The area immediately adjacent to

the gamma-ray port and two irradia-

tion chambers are shown in Fig. 2.

For irradiations continuing a month

or more, Irradiation chambers are

being developed that will permit 10

or more samples to be irradiated

simultaneously and cyclically meas-

ured one-at-a-time. This is pos-

sible only because the radiation

field is uniform over large areas

in planes at fixed distances from

the source. One "sample-changer"

will operate at room temperature

and the other between 25 and 500°C.

3. EXAMPLES OF MEASUREMENTS MADE

WITH THE GAMMA-RAY IRRADIATION

FACILITY

3.1 F-Center Formation in KC1 at

Room Temperature

The radiation induced growth and

decay of F-centers (electrons

trapped on Cl~ ion vacancies) in

KC1 irradiated with 60Co at room

temperature is illustrated in Fig.

3. The crystal was alternately ir-

radiated for 30 minutes, and allowed

to decay for 30 minutes. The

dashed line shows typical published

data obtained by measuring the
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Fig. 3. F-center absorption in KCI,
at room temperature, measured as the
60Co source is alternately "on" or
"off" for 30 minute periods.

absorption 30 or more minutes after,

irradiation. This data clearly

shows that a meaningful study of

F-center formation at room tempera-

ture can be made only by making

measurements during irradiation.

Such measurements demonstrate that

the growth of F-centers is precise-

ly described by an equation con-

taining 3 saturating exponential

and 1 linear component and the de-

cay after irradiation is precisely

described by 4 exponential compon-

ents. Detailed results are given

in reference (1).

3.2 F-center Formation in KCI

Crystals Strained During Irradia-

tion

An example of a study that exploits

the space available in the irradia-

tion chamber is shown in Fig. 4.

The F-center growth curves were re-

corded during irradiation before,

during, and after samples were

8.0

7.0

J 6-0

W 4.0

i.i)

KCI F-CENTER ABSORPTION BEFORE
AND AFTER STRAIN

STRAIN
APPLIED

O.S 1.0 1.5 2.0
TIME (IN UNITS OF 10* SECONOS)

Fig. 4. F-center growth in KCI, at
room temperature, measured before
and after straining during
irradiation.

strained. The single pre-strain

curve is typical for all samples.

Strain was applied, in a few min-

utes, with a strain machine that

does not interfere with the optical

measurements. The data in Fig. 4

provides strong evidence to con-

clude that vacancies, i.e. F cen-

ters, originate dislocations as the

strain increases.(2)

3.3 Radioluminescence Measurements

It is not generally realized that a

long lived gamma-ray emitter, e.g.

Co, is an extraordinarily con-

"stant excitation source. This

property can be exploited in numer-

ous ways, e.g. to study radiolumin-

escence as a function of tempera-

ture. The luminescence emission

spectrum of crystalline anthracene,

measured at uniformly spaced tem-

perature intervals between room



temperature and liquid nitrogen

temperature is shown in Fig.

5.(3) For luminescence measure-

ments a scanning spectrometer is

installed at the sample beam focal

point of the optical relay system.

4. THE FACILITY FOR MAKING OPTICAL

MEASUREMENTS DURING ELECTRON

IRRADIATION

The principal optical components

used for making measurements during

electron irradiation are shown in

Fig. 6. All radiation sensitive

components are outside the walk-in

irradiation chamber. A DEC 11/34

computer is used for all data re-

cording and.control functions.

However, a large CDC computer is

used for data analysis. With the

double beam spectrophotometer con-

figuration 256 point absorption and

luminescence spectra are recorded,

as often as every 40 second?, in

the 200 to 400 or 400 to 800 nm

range—depending on the light

source used. Dose rates greater

than 109 rad/hr are readily avail-

able; the limit is fixed by beam

heating and the deg.ee of tempera-

ture control required. Irradi-

ations above room temperature are

made in a temperature controlled

furnace—Fig. 7—containing He ex-

change gas, fused silica windows

for light transmission and thin

Havar windows to transmit the elec-

tron beam. With this chamber spec-

tra have been recorded at -900°C.

LIQUID
NITROGEN
TEMPERATURE

c
Ul
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u
i-

ROOM
TEMPERATURE I—r-

4.0 3.0 2.0
PHOTON ENERGY.tV

Fig. 5. Anthracene radiolumines-
cence, measured at uniformly spaced
temperatures between room and
liquid nitrogen temperature.

5. EXAMPLES OF MEASUREMENTS MADE

WITH THE ELECTRON IRRADIATION

FACILITY

-5.1 Radiation Damage in Glass

A typical measurement of radiation

damage,' i.e. color center forma-

tion, during irradiation with 1.5

MeV electrons is shown in Fig.

8.(4) Numerous spectra were

recorded during and after irradia-

tion. The growth to a saturation

level, described above, is appar-

ent. Also apparent is the decay

occuring after irradiation. De-

tailed information on the decay is

shown in Fig. 9. For example, as

the temperature increases the rate

of decay increases. From this and

similar data a large amount of in-

formation Is obtained about the
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COMPUTER CONTROLLED
MONOCHROMATOR No.1 LIGHT

SOURCE

COMPUTER CONTROLLED
MONOCHROMATOR No. 2
{TUNABLE OPTICAL
BANDPASS FILTER)

SAMPLE BEAM
DETECTOR

SYNC-SIGNAL
PICKUP
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BEAM
SPLITTER

CONTROLLED
SAMPLE
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COMPUTER CONTROLLED
MONOCHROMATOR No. 3

(TUNABLE OPTICAL
BANDPASS FILTER)

\ VERTICAL
]ELECTRON
/ACCELERATOR

' BEAM BENDI"
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Fig» 6. The principal components in the fac i l i ty for making optical
measurements before, during, and after electron irradiation. All
radiation sensitive components are outside of the irradiation chamber.
A computer is used for control and data recording.



Fig. 7. The beam line, a segment of the optical relay system and the
temperature controlled chamber for making optical measurements during
electron irradiations between 20 and 900"C.

NBS 7K> GLASS - ABSORPTION MEASURED DURNG AND AFTER L5 M.V ELECTRON ftRAOATION

Fig. 8. The growth during irradiation
and the decay after irradiation of
radiation induced color centers
in a typical glass.



OPTICAL ABSORPTION AND LUMINESCENCE
SPECTRA Of NATURAL ROCK SALT

RECORDED OURING ELECTRON IRRADIATIQ:

• It 24 32 40 4*

DECAY TIME, IN UNITS OF 10* SEC

Fig. 9. The decay of radiation
induced color centers in glass
after irradiation.

kinetics of damage formation and

annealing in glass. For example,

the annealing of radiation damage

in this glass is described by a

distribution of activation ener-

gies; not the single valued E oc-

curring in the familiar exp(-E/kT)

Boltzmann term.

5.2 Radiation Damage in Natural

Rock Salt

Recently the electron irradiation

facility has been used primarily to

study radiation damage in natural

and synthetic rock salt.t5-6) To

be determined is the damage formed

in rock salt exposed to radiation

from radioactive waste canisters.

Typical damage format! n data for

natural rock salt is shown in Fig.

10. As soon as the irradiation is

initiated F centers are observed

and they grow to a saturation level

I Z 3 <
IRRAOIATION TIHC.

ill Uftitt Of 10* MC

Fig. 10. Natural rock salt: Color
center formation and radiolumines-
cence recorded during 1.5 HeV
electron irradiation.

as the irradiation continues. At

about the dose where F centers

reach saturation a separate absorp-

tion band appears that has been at-

tributed to radiation induced Na

metal colloid particles. The col-

loid particle growth is well de-

scribed by classical nuclsation and

growth curves. At low doses the

colloids cannot be seen but are be-

ing nucleated by one or more mech-

anisms that have not been identi-

fied. Once nucleated the particles

are sinks for diffusing F centers

and vacancies. Each vacancy arriv-

ing at a particle surface adds one

Na atom to the particle. These

studies have important practical

consequences. The radiation levels



SYNTHETIC ROCK SALT
F CENTER DECAY FOLLOWING IRRAOIATiON
OIFFERENT TEMPERATURES

O.5XIO

TIME AFTER IRRADIATION, u e

Fig. 11. Decay of radiation induced
F centers after terminating the
irradiation.

by Fig. 11. This plot shows the

F-center decay after irradiation

and indicates that the center con-

centration is appreciably higher

during irradiation Lhan afterwards,

particularly at high temperatures.

These measurements, as well as

others requiring explanations too

long for the space available here,

indicate that at least one defect

in NaCl exists and/or is mobile

only during irradiation.

6. SUMMARY

and long exposures emitted by

buried radioactive waste canisters

will convert between 1 and 50 per-

cent of any salt adjacent to the

planned canisters to colloid Na

metal and Cl gas. Such salt is

chemically very reactive and the

canisters must be resistant to

chemical attack, especially if

water - or brine — enters some

years after emplacement.

The colloid growth is accompanied

by processes that have not been

studied. For example, copious lum-

inescence is emitted during irradi-

ation—see Fig. 10. It is most in-

tense at the start of irradiation

and decreases with increasing

dose. The decrease is not due to

self-absorption. Another phenom-'

enon, one that demonstrates the

importance of making measurements

during irradiation, is illustrated

Two facilities ha^e been developed

for making radiation damage meas-

urements on nonmeCals before, dur-

ing,' and after irradiation with

60Co gamma rays or 0.5 to 3.0 MeV

electrons. Samples can be irradi-

ated, in a. variety of chambers, at

controlled temperatures between 5K

and 900°C. As expected, damage

formation rates are strongly tem-

perature dependent. Most signifi-

cantly, above room temperature and

in all nonmetals studied to date,

the defect concentrations measured

during irradiation are higher—

often appreciably higher—than

those measured after irradiation.

These observations have important

practical applications. Further-

more, they demonstrate that most

basic and applied radiation damage

studies on'nonmetals require that

measurements be made during irradi-

ation.
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