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The change in the electric resistance of beryllium foils during pulsed laser irradiation and also after irradiation and annealing
in a temperature range between 77 and 300°K is investigated. The effective heating and cooling rates of the irradiated regions
assessed on basis of the change in the electric resistance are ~10° and ~10° deg/sec. The heating occurs in three stages with
different time dependences. An anomalous increase of the electric resistance with time is observed in samples irradiated at
77°K. Reversal of the electric resistance after annealing of the samples is studied.

APPLICATION of high-power radiation causes rapid
heating of the irradiated region of a solid, accompanied
by melting and evaporation of the substance. The nature
and the mechanisms of the processes occurring in this
case have been analyzed int'?. The most detailed studies
were made on electron emission under the influence of
laser radiation, and also on the kinetics of the damage
and the structure of the craters. Int**J we investigated
plastic deformation of beryllium single crystals after
irradiation by laser pulses. The study of the electron
emission under the influence of laser irradiation has
shown that it has a thermal character, and that the sur-
face temperature rises at a rate that reaches

10'° deg/sec. The surface temperature increases
linearly with the light-flux densityt*]. The rate of cool-
ing of the surface is usually several times lower than
the rate of heating.

The presence of a thermal effect in irradiation should
lead to a noticeable change in the electric resistance of
metals both during the irradiation process (as a result
of the change of the temperature) and after the cooling
(as a result of the change of the shape of the samples
and formation of structure defects). The electric char-
acteristics of metals irradiated by laser pulses have not
been investigated to this day. Yet such investigations
are of considerable interest. Measurement of the re-
sistance during the irradiation process makes it possi-
ble to determine the effective temperature of the irradi-
ated volume and its time variation. Rapid cooling of a
liquid metal after irradiation leads to an effective
‘‘quenching’’ of structure defects, accompanied by a
change in the structure-sensitive characteristics of the
investigated objects.

The goal of the present study was to investigate the
electric resistance of polycrystalline beryllium directly
during the course of laser irradiation, after the irradia-
tion, and as a result of subsequent low-temperature
annealing. Owing to a favorable combination of high
melting and evaporation heat and considerable electric
and thermal conductivity, beryllium is a very convenient
object for investigations of this type. It can be subjec-
ted to a considerable flux density without appreciable
damage and change of shape.

MEASUREMENT PROCEDURE

The investigated samples were beryllium foils ob-
tained by evaporation and condensation in vacuum by a
procedure described in (51, The purity of the samples
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was 99.9%. Strips of foil 10 mm long, 2 mm wide, and
0.2 mm thick were cut by the electric- spark method,
were electrically polished, and electric potential and
current contacts were then soldered to them. The sam-
ples were irradiated at 77 and 300°K. In the former
case, the samples were glued to the internal wall of a
cylindrical foamed-plastic vessel opposite the opening
for the entrance of the beam. The samples irradiated
at room temperature were glued to a bulky brass block
through a mica liner. The sample temperature was
monitored with a chromel-alumel thermocouple. To ob-
tain temperatures in the 77—300°K range while heating
the samples, two procedures were used: lowering the
liquid-nitrogen level and keeping the samples in the
cooled vapor, or heating the samples by adding alcohol
to the nitrogen.
The samples were irradiated by a free- running

GOR-100M pulsed laser. The pulse duration was

~107° sec, the radiation energy 40 J, and the average
radiation density ~10" erg/cm®. The beam was focused
on the surface of the sample by a lens with focal length
250 mm. The diameter of the irradiated region in the
central part of the sample was 2.5 mm. The electric re-
sistance was measured with an oscilloscope and a poten-
tiometer. In direct measurements of the electric resis-
tance of the samples during the irradiation process, the
voltage picked off the potential contacts was amplified
and fed to an S1-29 cathode-ray oscilloscope, and the
oscillogram was traced from the screen. The electric
resistance after the radiation was measured with the
aid of an R-348 dc potentiometer. All the measurements
were performed at constant values of the radiation en-
ergy and of the current flowing through the sample

~1 A).

( Under the indicated irradiation conditions, the change
of the electric resistance of the sample, due to shape
distortion by melting, was usually comparable with the
sensitivity of measurements, and the loss of material
due to evaporation did not exceed several per cent. The
sensitivity and relative error were 10 V and 19,
respectively in the potentiometric method and 10°V
and 159% in the oscillographic method (at a resolution
time ~ 10~ sec).

EXPERIMENTAL RESULTS

The change of the electric resistance of the irradia-
ted zone during the course of irradiation is shown in
Fig. 1. Data on the time dependence of the electric re-
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FIG. 1. Variation of the electric resistance, of the effective tempera-
ture, and of the rate of heating when beryllium is heated.

sistance can be used to determine the temperature T of
the metal and its rate of change dT/dt. However, the
solution of this problem encounters two significant diffi-
culties. First, the metal melts when heated, and the
electric resistance of a liquid metal and its variation at
the melting point are not known. Therefore T and dT/dt
can be estimated only when T < T,,. Second, the resis-
tance of the irradiated section varies with thickness

in non-uniform fashion during the course of irradiation,
since the thickness of the heated layer increases with
time. Allowance for this factor presents certain diffi-
culties.

The temperature and the heating rate were estimated
assuming a homogeneous change of the electric resis-
tance over the thickness. In this case one can determine
the effective temperature (or the temperature averaged
over the thickness) of the irradiated part at a specified
laser pulse waveform. The results of the estimate are
shown in Fig. 1. The effective temperature of the ir-
radiated zone were determined only up to the melting
point. In addition, the rate of heating was estimated with
allowance for the variation of the temperature over the
cross section of the sample (without a correction for the
jump of the resistance at the melting point). With some
simplifications, the problem can be formulated in the
following manner (see Fig. 2):

What we have is a parallel connection of two conduc-
tors with variable resistances R,(t) and Ra(t). The re-
sistance R; varies because the thickness b of the heated
layer increases and the temperature increases at a rate

dT/dt:
! aT
R'=°°;5(71,‘(‘+“3‘)~ M

The resistance R: varies only because of the decrease
in the thickness:

Ro= pol /a[d — b(1)]. (2)

FIG. 2. Diagram of irradiated region.

The total resistance is

R(t) =R ()R (1) [ (Ri(1) + Ru(2)). 3

in (1) and (2), po is the resistivity of the metal at room
temperature and o = 1072 deg™ is the temperature co-
efficient of resistivity.

Substituting (1) and (2) in (3) we obtain after simple
transformations
ﬂ:i/at[ R(t)b(t)

dt R(t)d— pok ~1]’ 4

where k = 1/a.

To determine the rate of heating from (4), it is neces-
sary to know, besides the function R(t) (Fig. 1), also the
character of time variation of the thickness of the heated
layer b(t). In the first approximation it can be assumed
that the thickness increases like b ~ hvt. The coeffi-
cient h can be estimated experimentally. The irradiated
thin samples (d = 100 ) are destroyed at the instant
when the zone of the molten metal passes through the
entire thickness. When measuring the electric resis-
tance at the instant of destruction of the sample, a volt-
age pip is observed on the oscillogram. From the time
elapsed before the destruction of the thin samples, we
obtained h ~ 50 cm/sec.

The rate of heating can be estimated by means of
formula (4) only up to values of t at which b(t) < d. In
this case this corresponds tot ~ 100 ysec. The reduc-
tion of the experimental data by means of formula (4)
shows that at t < 100 usec the rate of heating is also of
the order of 10° deg/sec.

It is seen from Fig. 1 that the change of the electric
resistance and of the temperature of the samples with
heating time goes through three stages which are con-
nected both with the waveform of the pulse and with the
properties of the metal:

1) first stage: t=0—-100 psec, Tgsp = 20—150°C,

2) second stage: t = 100—300 usec, Tt
=150—800°C,

3) third stage: t = 300—700 pusec, Toer > 800°C.

The electric resistance increases with time like
R ~ t°” during the first stage, linearly in the second,
and like R ~ t** in the third.

The effective heating rate of the irradiated zone is
lower by several orders of magnitude than the surface-
heating rate estimated for other metals by studying the
electron emission. The rate of cooling turns out to be
lower by one order than the rate of heating. This indi-
cates that the heating and cooling of the interiors and
of the surfaces of the samples are governed by different
mechanisms. The decisive role is played by radiation
when the surface is heated, but by the thermal conduc-
tivity of the metal when the entire zone is heated. The
rate of cooling decreases sharply with time, so that the
final recovery of the temperature after irradiation oc-
curs only after several dozen seconds.

Measurements of the electric resistance of beryllium
after irradiation was carried out at irradiated- sample
temperatures 77 and 300°K. After irradiation at room
temperature, an almost complete recovery of the resis-
tance was observed 90 seconds after the irradiation. A
different picture was observed in the measurement of
the resistance of the samples irradiated at 77°K (Fig. 3).
After the jump of the electric resistance at the instant
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of irradiation (which was not registered in the poten-
tiometric measurements and is shown only arbitrarily
in Fig. 3), an increase of the resistance is observed for
30—40 seconds immediately after the irradiation, after
which the resistance remains practically unchanged.
The absolute increase of the resistivity of the irradiated
zone amounted in this case to 1.2 x 10 ohm-cm, which
is 99% higher than the initial value.

The increase of the electric resistance following the
quenching of metals from high temperatures is due to
the increase of the density of the structure defects{®7J,
The change of the resistance of beryllium after quench-
ing has not been investigated, and the interpretation of
the results is therefore difficult. No increase of the re-
sistance was observed when quenched metals were
stored at a fixed temperature.

To study the recovery of the electric resistance, the
samples irradiated at 77°K were subjected to isochron-
ous (10 min) annealing at 77—300°K. The results are
shown in Fig. 4, from which it follows that in the region
below room temperature there is one recovery stage,
in which ~209% of the resistance is restored. Further
storage of the samples at 300°K for 17 hours is accom-
panied by recovery of ~45% of the electric resistance.
The results of the study of the recovery give grounds
for assuming that at least 509 of the decrease in the
electric resistance of the irradiated samples is due to
the formation of point defects. The remaining increment
can be ascribed to the formation of microscopic cracks,
to an increase of the dislocation density, and to a lesser
degree to a change in the shape of the samples. For
further analysis of this result, additional information is
necessary concerning the behavior of point defects and
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dislocations in the annealing of the beryllium and their
influence on the change of the electric resistance.

CONCLUSIONS

1. A study was made of the change of the electric re-
sistance of beryllium as it was irradiated by laser pul-
ses. The effective rate of heating of the irradiated part
was ~10°% deg/sec, and the rate of cooling was
~10° deg/sec. Heating proceeds in three stages gov-
erned by three different time dependences.

2. An increase of the electric resistance of beryllium
with increasing time was observed after irradiation at
T7°K.

3. A noticeable recovery of the electric resistance
after the irradiation at 77°K occurs at temperatures
near 200 and 300°K.
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