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l.Introduction 

In atomic vapor laser isotope separation, the electron beam heating technique is used for 
production of metal atomic vapor containing isotopic species which is photoionized selectively by 
pulsed laser beams. We have investigated the characteristics of gadolinium vapor produced by electron 
beam heating and discussed the relation between vapor characteristics and evaporation surface 
temperature.[l-4] In those papers, we estimated the surface temperature from the deposition rate 
measured by thickness monitor using the data of the saturated vapor pressure. Thus, it is necessary to 
investigate whether the estimated surface temperature is reasonable. 

We have measured the temperature profile of the molten surface of copper during electron 
beam evaporation.[5,6] The evaporating surface was imaged by a lens through a band pass filter on 
a CCD sensor. Temperature profiles were obtained from the radiation intensity profiles detected by 
a CCD sensor using Planck's law of radiation. Then, we showed that the temperature estimated from 
the deposition rate and the data of the saturated vapor pressure agreed well with the measured surface 
temperature. In the case of evaporation of copper, the solidification plateau was observed just after the 
electron beam power was instantaneously switched off. The surface temperatures of molten copper 
were obtained from the radiation intensity ratio of the evaporating surface and the liquid copper 
surface at the freezing point. In the case of gadolinium, however, the solidification plateau was not 
observed. In the present work, we attempted to measure the temperature distributions on the surface 
of gadolinium during electron beam evaporation by optical pyrometry using a tantalum heater as a 
reference light source. 

2.Experimental 

The experimental set-up is schematically shown in Fig.l. Gadolinium in a water-cooled 
copper crucible(50 mm in diameter, 26 mm in depth) is heated and evaporated with a bent beam 
electron gun (ULVAC Japan Ltd., EGK-35) connected with a power supply of acceleration voltage 
of 10 kV and maximum emission current of 500 mA (ULVAC Japan Ltd., HP-510C). Radiation from 
the evaporating surface is reflected by a mirror, passes through the quartz window, a band pass filter 
and the lens system with a diaphragm and forms an image of the molten surface on an array of 
photosensitive elements. An image of the molten surface is recorded on a video tape recorder. A 
mirror system consisted of a glass plate was employed to avoid the deterioration of the quartz window 
transmittance due to deposition of the evaporated atoms. A band pass filter was used to calculate one-
color temperatures using Planck's law and to prevent the emission due to excitation of evaporated 
atoms at the evaporating source from entering to a CCD sensor. We selected wavelength of 650 nm 
because no emission lines of gadolinium around 650 nm are tabled in Ref.7. The video signals of the 
recorded image are connected to an image processor (Hamamatu, DVS-3000) and converted to the 
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l.Introduction 

1n atomic vapor laser isotope separation， the electron beam heating technique is used for 
production of metal atomic vapor containing isotopic species which is photoionized selectively by 
pulsed laser beams. We have investigated the characteristics of gadolinium vapor produced by clectron 
beam heating and discussed the relation between vapor characteristics and evaporation surface 
temperature.[1-4] In those papers， we cstimated the surface tempera旬re合omthe deposition rate 
measured by thickness monitor using the data of the saturated vapor pressure. Thus， it is necessary to 
investigate whether the estimated surface tempera佃reis reasonable. 

We have measured the temperature profile of the mo1ten surface of copper during electron 
beam evaporョtion.[5，6]百leevaporating surface was imaged by a lens through a band pa部自lteron 
a CCD sensor. Temperature profiles were obtained企omthe radiation intensity profiles detected by 
a CCD sensor using Planck's law of radiation.τben， we showed that the temperature estimated企om
the deposition rate and the data of the saturated vapor p四回ureagreed well with the measured surface 
tempera旬re.1n the回 seof evaporation of copper， the solidification plateau was observed just after the 
electron beam power was instantaneously switched 0百.The surface temperatures of molten copper 
were obtained企omthe radiation intensity ratio of the evaporating surface and the liquid copp巴r
surface at the f同ezingpoint. In the回 seof gadolinium， however， the solidification plateau was not 
observed. ln the present work， we attempted to measure the temperature distributions on the surface 
of gadolinium during electron beam evaporation by optical pyrometry using a tantalum heater as a 
reference light source. 

2.Experimental 

百leexperimental set-up is schematically shown in Fig.1. Gadolinium in a water-coolcd 
copper crucible(50 mm in diameter， 26 mm in depth) is heated and evaporated with a bent beam 
electron gun (ULVAC Japan Ltd.， EGK-35) connected with a power supply of acceleration voltage 
of 10 kV and maximum emission current of 500 mA (ULVAC Japan Ltd.， HP-510C). Radiation仕om
the evaporating surface is reflected by a mirror， passes through the quartz window， a band pass filter 
and the lens system with a diaphragm and forms an image of the molten surface on an array of 
photosensitive elements. An image of the molten surface is recorded on a video tape recorder. A 
mirror system consisted of a glass plate was employed to avoid the deterioration of the quartz window 
transmittance due to deposition of the evaporated atoms. A band pass filter was used to calculate one-
color temperatures using Planck's law and to prevent the emission due to excitation of evaporated 
atoms at the evaporating source 企omentering to a CCD sensor. We selected wavelength of 650 nm 
because no emission lines of gadolinium around 650 nm are tabled in Ref.7. The video signals of the 
recorded image are connected to an image processor (Hamamatu， DVS-3000) and converted to the 
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two dimensional radiation intensity profile. 
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Fig.l. Schematic drawing of experimental set-up. 

When an image was recorded during evaporation in fixed input power, the f-number of the 
lens system was varied from f/3.3 to f/22. Then, if an array was saturated due to intense radiations 
even at maximum f-number, neutral-density(ND) filters were used to avoid the saturation of an array. 
The radiation intensity profile on the molten surface can be expressed as the product of the image 
signal and f2//, where t is the transmittance of ND filter. The deposition rate was monitored with a 
quartz crystal thickness monitor at the height of 500 mm from the evaporating surface. 

The solidification plateau was not observed when the electron beam power was instantaneously 
switched off. This is because the surface of gadolinium solidifies as soon as the electron beam power 
is switched off due to high melting temperature and low thermal conductivity compared with copper. 
Therefore, we used the heater made of a tantalum tube (4 mm in diameter, 50 mm in length, 0.1 mm 
in thickness) as a reference light source, as shown in Fig.l. Before evaporation of gadolinium, the 
radiation intensity from the heater was calibrated as described in the next section. The heater is set on 
the evaporant suiface for measurements of the radiation intensity of reference. During evaporation, the 
heater was moved out of the crucible in order to avoid the deposition of evaporated atoms. The 
reflectivity of mirror varies due to deposition of gadolinium. To neglect this variation, we measured 
the radiation intensity from a reference light source every time after detection of the radiation intensity 
profile from the evaporating surface. 

3.CaIibration of the radiation intensity from a reference light source 

The radiation intensity from a reference light source was calibrated against the radiation 
intensity of the liquid copper surface at the freezing temperature. Figure 2 shows the radiation intensity 
and an image of the solidification plateau of copper at f/3.3 just after the electron beam power of 2.0 
kW was instantaneously switched off. The flat region of radiation intensity is liquid copper surface 
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When an image was recorded during evaporation in日xedinput power， the f-number of the 
]ens system was varied from f/3.3 to fl22.百len，if an array was saturated due to intense radiations 
even at maximum f-number， n巴utral-density(ND)百1terswere used to avoid the saturation of an array. 
百leradiation intensity profile on the mo1ten surface can be expressed as the product of the image 
signal and f/t， where t is the transmittance of ND fi1ter.官ledeposition rate was monitored with a 
quartz crystal thickness monitor at the height of 500 mm from the evaporョtingsurface. 

百lesolidification plateau was not observed when the electron beam power was instantaneously 
switched 0毘Thisis because the surface of gadolinium solidifies as soon部 theelectron beam power 
is switchcd off due to high melting tempera佃reand low thermal conductivity compared with copper. 
百lerefore，we used the heater made of a tantalum tube (4 mm in diameter， 50 mm in length， 0.1 mm 
in thickness) as a reference 1ight source， as shown in Fig.l. Before evaporation of gado1inium， the 
radiation intensity企omthe heater was calibrated as described in the next section. The heater is set on 
the evaporant sUlface for measurements of the radiation intensity of reference. During evaporation， the 
heater was mov巴dout of th巴 cruciblein order to avoid the deposition of evaporated atoms.τhe 
reflectivity of miπor varies due to deposition of gadolinium. To neglect this variation， we measured 
the radiation intensity企oma reference 1ight source every time after detection of the radiation intensity 
profile from the evaporating surface. 

3.Calibration of the radiation intensity from a reference light source 

百leradiation intensity from a reference 1ight source was calibrated against the radiation 
intensity of the liquid copper surface at the freezing temperature. Figure 2 shows the radiation intensity 
and an image of the solidification plateau of copper at fl3.3 just after the electron beam power of 2.0 
kW was instantaneously switched off.官leflat region of radiation intensity is liquid copper surface 
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at the freezing temperature of 1356 K. 
Figure 3 shows an image and the 
radiation intensity profile atf/11 of the 
heated tantalum at the input electric 
power of 67 A and 2 V. From Figs.2 
and 3, it is found that the heater 
radiation intensity at the maximum 
point is 60 times of that of the 
solidification plateau of copper. In this 
case, the maximum temperature of 
tantalum surface is estimated to be 
1635 K using the reported values of 
the cmissivity of the tantalum 
surface[8] and liquid copper[9]. 

4.Radiation intensity profile and 
temperature profile I 

Fig.2. An example of the radiation intensity profile and the 
image signal of the solidification plateau of copper at f/3.3 
just after the electron beam power of 2.0 k\V was 
instantaneously switched off. 

Figures 4(a) and 4(b) show 
examples of image signals of the 
evaporating surface at (a):f/3.3, 
(b):f/22+ND filten^l/ie), at the 
electron beam power of 1.5 kw. The 
two dimensional profile of the 
radiation intensity obtained from 
signal processing of the recorded image are also shown respectively. A CCD sensor saturate in the 
vicinity of the evaporating spot due to high radiation intensity except the case of Fig.4(b). Figure 5 
shows the intensity profile of light 
emitted from the evaporating surface 
at the electron beam power of 1.5 kW, 
where X direction is parallel direction 
to the transverse magnetic field of 
electron gun and Y is the 
perpendicular direction to the 
transverse magnetic field. The values 
of vertical axis were 60 times of the 
signal ratio of the evaporating surface 
and the reference heater, that is the 
radiation intensity ratio of the 
evaporation surface and the liquid 
copper at the melting point. The 
intensity at the center of crucible is 
330 times larger than that near the 
crucible wall. 

The optical pyrometry method 
used for noncontact temperature 
determination is based on the 
measurement of the intensity of light 
emitted at a particular wavelength X. 
The intensity of the radiation for the 
black body, Eb(K,T), is related to the 
temperature, T, through Planck's law: 

Fig.3. The radiation intensity profile and the image signal at 
f/11 of the heated tantalum at the input electric power of 67 
A and 2 V. On Y direction, small emission profile is 
observed due to reflection of the heater radiation from the 
heater support. 
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intensity at the center of crucible is 
330 times larger than that near the 
crucible wall. 

百leopti回 1pyrometry method 
used for noncontact tempera旬re
determination is based on the 
measurement of the intensity of light 
emiUed at a particular wavelength λ 
The intensity of the radiation for the 

Fig.3.百leradiation intensity ~rofile and the image signal at 
f/1l of the heated tanta1um at the input clectric power of 67 
A and 2 V. On Y direction， small emission profile is 
observed due to reflection of the heater radiation企omthe 

black body， Eb(λ，1)， is related to the heat巴rsupport. 
tempera旬re，T， through Planck's law: 
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Eba,T)= 
2C, 

X5[exp(C,Mr)-l] 
, (1) 

where Cj-c h and C2=ch/k are the 
first and second Planck radiation 
constants respectively, c is the speed 
of light, h is the Planck constant and 
k is the Boltzmann constant. The 
cmissivity of the evaporating surface e 
is not equal to 1.0. Thus, the intensity 
of the radiation, E(k,T), is expressed 
as 

E(\,T) = cEb(k,T). (2) 

The radiation intensity from the liquid 
copper at the melting point, Em(\ T), is 
also expressed as 

Ema,Tm)^mEb(k,Tm)A3) 

where, em is the emissivity of liquid 
copper and Tm is the melting point of 
copper. Therefore, 

b ' =UX,T ), (4) 

«*W.) * 
where IR(\T) is the image signal ratio 
of the evaporating surface and the 
liquid copper at the melting point. 
Combining above eqs., we obtain the 
following equation for determination 
of surface temperature from the image 
signal ratio shown in Fig.5: 

T= 1 
, (5) 

(a) f/3.3. 

(b) f/22+ND fllter(f=l/16). 
Fig.4. Examples of the radiation intensity profile and the 
image signal of the evaporating surface at the electron beam 
power of 1.5 kW. 

where we neglect 1 in equation(l) 
since expiCJkT )»1 in this case. We assumed that the emissivity of liquid gadolinium was constant 
from the melting point to the evaporating temperature, since Stretz and Bautista[9] reported that the 
emissivity of liquid gadolinium shows little change in the temperature range from the melting point 
to 1873 K. 

Figure 6(a) shows the temperature profile of the evaporating surface at the electron beam 
power of 1.5 kW. Maximum temperature of 2480 K was obtained. The temperature profile has 
maximum temperature at the center and large gradient toward to the water-cooled crucible wall, which 
has a peaked shape. The high temperature region was elliptic shape. It is considered that the shape of 
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2C. 
Eb(λ，T}= ，且， (1) 

・ λ;)[exp(C2
1λT)-1] 

where C1=c
2h and C2=ch/k are thc 

first and sccond Planck radiation 
constants rcspectivcly， c is thc spced 
of light， h is thc Planck constant and 
k is thc Boltzmann constant. Thc 
cmissivity of the evaporating surfacc e 
is not equal 10 1.0. Thus， 1he intensity 
of the radiation， E(λη， is expressed 
as 

E(入，T)=εEb(λ，T). (2) 

百lCradiation intensity f同mthe liquid 

copper at the melting point， Em(λ1)， is 
also expressed as 

Em(λ，Tm ) =emEb(λ，Tm )， (3) 
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where IR(ληis the image signal ratio 
of the evaporating surface and the 

liquid copper at the me1ting point. 
Combining above eqs.， we obtain the 
following equation for deterrnination 
of surface temperature合omthe image 

signal ratio shown in Fig.5: 

T=l ，O) 
1 kλεー

ー - "':'ln[~I~(λ，T )] T
m 

ch --~ e J< 

(a) t'l3.3. 

(b)町22+NDfilter(t=1/16). 
Fig.4. Examples of the radiation intensity profile and the 

image signal of the evaporating surface at the electron beam 
power of 1.5 kW. 

where we neglect 1 in equation(1) 
since exp(CiλT)バ inthisαse. We assumed that the emissivity of liquid gadolinium was constant 

貨omthe me1ting point to the evaporating temperature， since Stre包 andBautista[9] reported that the 
emissivity of liquid gadolinium shows little change in the temperature range企omthe melting point 

to 1873 K. 
Figure 6(a) shows the temperature profile of the evaporating surface at the electron beam 

power of 1.5 kW. Maximum temperature of 2480 K was obtained.τne temperature profile has 
maximum temperature at the center and large gradient toward to the water-cooled crucible wall， which 
has a peaked shape.明記 hightemperature region was elliptic shape. It is considered that the shape of 
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the electron gun filament is projected 
on the molten surface. At electron 
beam powers above 2.0 kW, 
temperature profile has not a peaked 
shape but a trapezoid shape as shown 
in Fig.6(b). In this case, the vapor 
pressure of gadolinium at the 
evaporating surface is estimated to be 
about 8.5 Torr from the maximum 
temperature 2557 K using the data of 
the saturated vapor prcssurc.[ll] 
Therefore, it is considered that the 
depression of the molten surface 
occurred due to the action of the vapor 
pressure on the molten surface. 

Maximur.1 t« mpcrature of the 
evaporating surface as a function of 
electron beam power is shown in 
Fig.7. With increasing electron beam 
input power, maximum temperature 
reaches 2730 K at power of 4.0 kW. 
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5.Discussion 

Here, we compare the 
measured temperature with the surface 
temperature estimated from the 
deposition rate measured by a quartz 
crystal sensor. The evaporation rate 
per unit area y which is expressed by 
the surface temperature T and the 
saturated vapor pressure p(7}, as 
follows: 

3000 

y-p(X\ m 
\ 2izkT ' 

(6) 

1 2500 
S3 
CD 
Q . 

e 
CD 

CD I 2000 
Z3 

CO 

where m is the atomic mass of 
cvaporant. When an angular 
distribution of the atomic vapor is 
proportional to cos"0 (6 is the 
azimuthal angle), the deposition rate R 
is 

1 1 1 1 1 1 1 1 r 

Estimated 

Melting point 

J ' ' 

R = 
(n+Y)yS 

2K pH1 
(7) 

150Cb ' 1 2 ' 3 4 
Electron beam power (kW) 

Fig.7. Maximum temperature of the evaporating surface as a 
function of electron beam power. Open circles arc measured 
values and dashed line denotes the surface temperature 
estimated from the deposition rate measured by a quartz 
crystal sensor. 

where n is the beaming exponent of an 
angular distribution, p is the density of 
evaporant, 77 is the location of the monitor, S is the evaporation area. Combining above cqs. and using 
the data of the saturated vapor pressure, surface temperature '7' can be estimated. Here, we assumed 
that // and 5 were constant over electron beam power input range. For example, when the deposition 
rate was 3.17 nm/s at 77=50 cm using the vapor pressure data of gadolinium, T was obtained to be 
2510 K, assuming that S is the ellipse of 5 mm x 3.5 mm and //=3. The estimated surface temperature 
as a function of electron beam input power is shown in Fig. 7 as dashed line. The estimated surface 
temperatures generally agree with the measured one. Thus, the estimation of the surface temperature 
from the deposition rate was confirmed to be reasonable even in the case of gadolinium. However, the 
measured values have small difference with the estimated one, with increasing electron beam input 
power. This difference begins at the input power where a peaked shape of the temperature profile 
changes into a trapezoid shape. It appears to be explained that the surface condition varies with 
increasing input power due to molten surface depression which is caused by the action of the vapor 
pressure on the molten surface. 

6.ConcIuding remarks 

We measured the temperature profiles on the molten gadolinium surface during electron beam 
evaporation by optical pyrometry with a reference light source using a CCD sensor. The measured 
temperature generally agrees with the estimated one from the deposition rate using the vapor pressure 
data. With increasing electron beam input power, however, the measured values have small difference 
with the estimated one, which corresponds that a peaked shape of the temperature profile at low input 
power changes into a trapezoid shape with increasing input power. It appears to be explained that the 
molten surface is depressed with increasing electron beam power due to the action of the vapor 
pressure on the molten surface. 
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5.Discussion 

Hcrc， wc Cllmpnrc thc 
mcasurcd tcmpcraturc with thc surftlCC 
tcmpcmlurc cstimatcd from thc 

dcposition flItc mcasurcd by a quartz 

crystal scnsor. Thc cvapomtion mtc 
pcr unit arca y which is cxprcsscd by 

thc surfacc tcmpcraturc T and thc 

saturatcd vapor prcssurc p(1)， as 

fnIlows: 

ド p(T長， (6) 

whcrc 111 is thc atnmic mass of 

cvnpornnt. Whcn an angular 
distribution nf thc atnmic vapor 1S 
proportional 10 cosno (θis thc 
azimuthal anglc)， thc dcposition ratc R 
IS 

ー(n+l)γS
-一一ーで， (7) 
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Fig.7. Maximum tcmpcraturc of thc cVtlporating surface as a 
function of clcctron bcam powcr. Opcn circlcs arc mcasurcd 

valucs and dashcd linc dcnotcs thc surfacc tcmpcraturc 
cstimatcd合omthc dcposition ratc mcasurcd by a quartz 

crystal scnsor. 

whcrc 1/ is thc bcaming exponcnt of an 

angular distribution， p is thc dcnsity of 
cvaporant， 11 is thc location of thc monitor， S is thc cvaporation arca. Combining abovc cqs. and using 
thc data of thc saturatcu vapor prcssurc， surfacc tcmpcraturc l' can bc cstimatcd. Hcrc， wc assumcd 
that 11 and S wcrc constant ovcr clcctron bcam powcr input rangc. For cxamplc， whcn thc deposition 
ratc was 3.17 nm/s at 1I=50 cm using thc vnpor prcssurc data of gadolinium， l' was obtaincd to bc 
2510 K， assuming that S is thc cllipsc of 5 mm x 3.5 mm and 11=3.官lCcstimatcd surface tcmpcrature 
as a function of clcctron bcam input powcr is shown in Fig. 7 as dashcd linc. Thc estimatcd surfacc 

tcmpcraturcs gcncrally agrcc with thc mcasurcd onc.百1US，thc cstimation of thc surfacc tcmperaturc 
from thc dcposition ratc was confirmcd to bc rcasonablc cvcn in the印 scof gadolinium. Howcvcr. thc 
mcasurcd valucs havc smal1 diffcrcncc with thc cstimated onc， with increasing elcctron beam input 
po¥Vcr. 111is diffcrcncc bcgins at thc input powcr whcrc a pcakcd shapc of thc tcmpcraturc profilc 

changcs ioto a trapczoid shapc. It appcars to bc cxplaincd that thc surfacc condition varics with 

incrcasing input powcr duc to moltcn surfacc dcprcssion which is causcd by thc action of thc vapor 

prcssurc 00 thc mo1tcn surfacc. 

6.Concluding remarks 

Wc mcasurcd thc tempcraturc profilcs on thc mo1tcn gadolinium surfacc during clcctron bcam 
cvaporation by optical pyromctry with a rcfcrcnce light sourcc using a CCD sensor. The measured 

tcmpcraturc gcncrally agrccs with thc cstimatcd onc仕omthc dcposition ratc using thc vapor pressurc 

data. With incrcasing clcctron bcam input power， howcvcr， the measured values have small di任ercnce
with thc cstimatcd onc， which corrcsponds that a pcakcd shapc of thc tempcrature profile at low input 

powcr changcs into a trapezoid shapc with incrcasing input powcr. lt appears to bc explaincd that the 
moltcn surface is dcprcssed with incrcasing clcctron bcam powcr duc to thc action of thc vapor 

prcssurc on thc mll[tcn surfacc. 
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