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We mounted a versatile atomic beam system, that can be operated with a large variety of
chemical elements in their fundamental state or in metastable levels. This system permits
to observe the electrical discharge region, turning possible to take the emission spectra of
the excitation processes. The spectrum done for calcium is the �rst one in the literature
in this condition, to our knowledge. After the excitation region, we found 45% of the
atoms in the (4s4p) 3P1;2;3 metastable triplet. In this work we present a general description
of an atomic beam system, with the expected values for calcium and magnesium, and a
detailed description of the vacuum system and the atomic source. We discuss the processes
of excitation to the metastable levels, the characterization of the e�ciency of the discharge
to populate the metastable triplet and the emission spectra of the discharge region.

I. Introduction

This paper describes the construction of an atomic

beam system and some initial measurements done to

characterize the beam. The system is versatile, per-

mitting the operation with several di�erent chemical

elements, in the ground state or in a mixture of funda-

mental and metastable states. We built the exit con-

�guration of the oven with a geometry that permits to

choose the type of beam to work.

The scope is to realize high resolution spectroscopy

and laser manipulation of atoms in a beam, preparing

the future construction of an atomic frequency stan-

dard (AFS). We are now working with calcium and, in

the near future, with magnesium. The diagram level

of the �rst excited states of these elements is shown in

Fig. 1. Calcium has an important role in the theoreti-

cal and experimental development of atomic physics[1].

In the periodical table it is the �rst element before the

ful�llment of the 3d orbital, presenting interesting re-

sults in orbital correlation[2]. The �rst photoelectronic

spectrum using synchrotron radiation in a single ion-

ized atom was done with calcium in an atomic beam[3].

Its nucleus has a magic number of protons and there-

fore various stables isotopes, with two of them (40Ca

and 48Ca) presenting also magic number of neutrons,

being of great interest for isotopic shift studies[4;5].

The magnetic dipole transitions of the metastable

triplet 3P �ne structure are suitable for an AFS in

the far infrared region of the spectrum, as proposed by

Strumia[6], or in the visible, using the intercombination

line 1S0 - 3P1
[7]. In the proposal of [6], the clock inter-

rogation is between 3P0 - 3P1 or 3P2 - 3P1, respectively

with 0.6 or 1.2 THz for Mg, and 1.6 or 3.2 THz for

Ca. The signal is the Ramsey type uorescence emit-

ted in the intercombination line, caught some distance

downstream by a photomultiplier.

A Mg AFS prototype in the 0.6 THz transition is

now operating at the Istituto Elettrotenico \Galileo

Ferraris", in Turin, with a short term stability of 10�12

in one second. Its experimental arrangement is shown

in Fig. 2 [8]. Experiments of laser cooling and optical

pumping are being done to improve the performance of

the Mg AFS and to construct the Ca AFS[9�12].

We present in the next section a general description

of an atomic beam system, with the expected values for

calcium and magnesium, and a detailed description of

the vacuum system and the atomic source. In section

III the processes of excitation to the metastable lev-
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els and the longitudinal electrical discharge used is dis-

cussed with the characterization of the e�ciency of the

discharge to populate the metastable triplet. Section

IV has the emission spectra of the discharge region, the

�rst reported in the literature to our knowledge, and

we discuss the obtained results.

Figure 1. a) Diagram level of the �rst excited states of Magnesium; b) Transitions in the �rst excited states of Calcium.
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Figure 2. Experimental set-up of the Mg clock[8]. The distances are: z1 = 1.12 m; L = 0.3 m; zB = 0.6 m; lc = 0.97 m.

II. Atomic beam system

II.1. General description

A typical atomic beam is constituted of a source of

atoms and an evacuated medium where it passes, and

it is described in various works, as the classic of N.F.

Ramsey[13]. We designed the source of atoms to pro-

duce a well-de�ned beam of particles. The vacuum in

the medium must be high enough to make the mean

free path, �MS , much greater than the dimensions of

the apparatus. The mean free path is given by

�MS = 7:3� 10�20T=(P�) [cm] (1)

where � the cross section for atomic collisions in cm�2,

T the absolute temperature and P the pressure in

Torr[13]. In our case, the distance from the oven aper-

ture until the window at the end of the atomic path

is 116 cm. For high resolution spectroscopy purpose

a pressure of 10�6 Torr is su�cient. In experiments

of laser deceleration of atoms we have to work around

10�7 Torr, and with atomic molasses 10�9 Torr.

The atomic source of the system is a cylindrical oven

with a 2 mmdiameter and 3 mm lenght aperture, to al-

low the atoms to efuse from the source. To have e�usion

the mean free path of the atoms inside the oven must

be greater or of the same magnitude of the dimension

of the oven exit, that is, its diameter (2r) and its lenght

(1). At the temperature of operation with calcium, 970

K, the mean free path is 0.9 mm, and with magnesium,

800 K, it is 1.5 mm. As a matter of fact, for most

purposes sources are found e�ective when 2r �= MS,

even for diameters slightly greater than �MS as in our

case[13].

The total number of atoms per second that exit the

oven, Q, is given by[13]

Q = (1=4k)nhviAs (2)

where n is the atomic density inside the oven, hvi is

the average velocity of the atoms in the oven, As is

the area of the aperture (As = 3:2 mm2), and 1=k is a

factor that depends on the diameter and width of the

aperture, equal to 0.9 in our case[13]. For calcium at 973

K, n = 1:24� 1015 atoms/cm3 [16], hvi = 717 m/sec,
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and Q � 6:4� 1017 atoms/sec. For magnesium at 800

K, n = 1:3 � 1015 atoms/cm3 [16], hvi = 831 m/sec,

and Q � 7:8� 1017 atoms/sec.

II.2. vacuum system

In our atomic beam system, there are two vacuum

chambers separated by a collimator with 2 mm diam-

eter. Each chamber is evacuated by a turbomolecular

pump with a ow rate of 240 1/s, each one connected

to a double rotary vane mechanical pump. A view of

the apparatus is shown in Fig. 3.

Figure 3. Atomic beam system constructed at Unicamp. F:
oven region; J: window; G: Penning gauge head; P: pyrex
tube; B: bellows; T: turbomolecular pump; M: double vane
rotary pump.

The �rst chamber is a \T" shaped stainless steel

construction, where is located the oven and, in one of

the con�gurations, the electrical discharge. It has two

side derivations with Pyrex windows, enabling direct

observation of the oven exit. Because of this it was

possible to observe the emission spectra in the discharge

region. The \T" is connected through a bellow to the

vacuum pump system. A Conat ange closes the rear

side of the T's upper arm. The oven is �xed in this

ange, that also has two feedthroughs for the thermo-

couples and electrical signals. At the other side of the

upper arm is another ange with the collimator, 11 cm

apart from the oven exit, to reduce the divergence of

the atomic beam. The second chamber is connected

to the �rst one through this ange. It is basically a

Pyrex tube with 5 cm diameter and 100 cm long, with

Pyrex windows at its sides and end, giving access to the

atomic beam to make high resolution spectroscopy and

laser cooling. The tube is connected through a bellow

to the other vacuum pump system.

The pressure is measured by two cold cathode gauge

heads, one at the \T" and the other between the Pyrex

tube and the turbomolecular pump, which permits to

measure in the range from 10�3 to 10�10 Torr. A Pi-

rani gauge head is placed between each turbomolecular

and rotary pumps. Both sets of Penning-Pirani gauge

heads send the signal to the pressure meter.

All the seals are of copper, with the exception of two

Viton with centering ring seals at the Penning gauge

heads. The �nal pressure of the system in this con�gu-

ration is around 2�10�3 Torr, that increases to 2�10�7

when the oven is at the working temperature.

II.3. Atomic source

The source of atoms is basically a cylindrical oven

designed for minimumheat loss to the exterior medium.

The central structure is a stainless steel beaker (S),

where we put the chemical element, surrounded by a

copper wrapper, to permit a good thermal contact. The

copper cover is surrounded by a coaxial resistor (H) that

heats the oven. A schematic diagram of the atomic

source with the electrical discharge is shown in Fig. 4.

A stainless-steel double-wall cylinder (D) coaxial

to the central structure reduces the thermal radiation

losses. The ensemble oven-double cylinder is supported

by an external cylinder by means of screws that touch

the oven in the minimum area possible. This external

cylinder is �xed in the rear ange. In the con�gura-

tion designed to excite the atomic beam, the electrical

discharge is mounted at the top of this structure, as in

Fig. 4.

Figure 4. Schematic diagram of the oven with the electrical
discharge. S: stainless steel beaker; H: resistance with the
copper wrapper; D: double-wall cylinder; T: termocouple;
C: cathode; A: double ring anode; M: magnet.

The coaxial resistor is fed by a thyristor power mod-

ule. In the base of the oven is installed a K-type ther-

mocouple. A PID temperature controller compares the
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temperature set with the oven temperature and acts in

the thyristor to send pulses of current to the resistor to

approach the set point in a soft way, so that there is no

signi�cant uctuation in the programmed temperature

(less than 1 K).

The design of the oven exit changes with the type

of atomic beam used. The exit temperature must be

higher than the oven temperature itself, to avoid con-

densation of metal �lms in the aperture. The cathode

heats the oven when we work with excited states and

an additional resistor with another temperature con-

troller is used when the beam is in the fundamental

state, without the electrical discharge.

III. E�cient production of metastable states

III.1. Excitation processes

At the oven aperture almost all of the atoms are in

the fundamental state. In fact, the relative population

of the energy levels is given by the Boltzmann equation

Nj=Ni = (gj=gi)e
��E=kT (3)

where i and j are the initial and �nal states, respec-

tively, Nj and Nj are the atom density, gi and gj the

statistical weight of the states, k the Boltzmann con-

stant, and T the absolute temperature. If j is referred

to 3P1 and i is the ground state, Nj=Ni � 5�10�10 for

calcium and Nj=Ni � 10�18 for magnesium.

Then it is necessary to intervene externally to pop-

ulate the excited states. This can be done radiating the

atomic beam with intense resonant light or bombard-

ing the atoms in an electrical discharge. We choose the

later because of the high e�ciency of the electron-atom

collisions to populate the excited states.

For the �rst metastable triplet of the alkaline-earth

elements, the transitions from the fundamental state
1S0 to 3P0;1;2 are strongly forbidden, but because of a

mixture of the wavefunctions of the sublevel 3P1 and

the singlet 1P1,
3P1 decays to the ground state with

a lifetime of the order of milliseconds. The electrical

discharge populates e�ciently the metastable triplet,

through direct excitation from the fundamental state

or by cascade decay from the upper excited states. For

all the alkaline-earth elements, departing from calcium,

the energy of the �rst 1D2 singlet is lower than the

�rst 1P1 singlet. It decays to the fundamental state

by means of a electric quadrupole transition or by a

spin forbidden decay to the 3P1 and then to 1S0, with

a lifetime of 4.2 msec for Ca. Therefore in the calcium

beam we have a mixture of atoms in the fundamental

state (4s2) 1S0 and metastable states (4s4p) 3P0;1;2 and

(4s3d) 1D2:

The electrical discharge can be longitudinal or

transversal to the atomic beam. As we are working with

the metastable states without decelerating the atoms,

the longitudinal con�guration is chosen because it has a

higher e�ciency to populate them than the transversal

one. The longitudinal discharge changes the velocity

pro�le of the atoms in the beam[14].

III.2. The longitudinal electrical discharge

The electrical discharge is basically constituted by a

cathode (C) and an anode (A) submitted to a magnetic

�eld in the cathode-anode distance, as in Fig. 4. This

structure is mounted on an iron disk that is �xed in

the external stainless-steel cylinder of the oven. In this

disk we put the electrical contacts for the cathode and

anode and four rods which sustain the permanent mag-

net (M) that gives the magnetic �eld in the discharge

region.

The cathode, made of tantalum wire wounded in a

thoroidal form, is positioned near the oven aperture. It

is coated by a high emissivity mixture of BaO and SrO,

obtained from BaCO3 and SrCO3 through the reaction

BaCO3 +�E ! BaO +CO2

SrCO3 +�E ! SrO + CO2

This oxide mixture has a low extraction potential

for the electrons (1 eV), while for tantalum it is of 10

eV. The cathode is heated by a current around 6 A,

which represents a temperature around 1200 K in the

cathode.

The anode is made of two tantalum rings sepa-

rated from each other by 1 cm. An axial static mag-

netic �eld of the order of 300 G forces the electrons to

describe funnel-like trajectories, increasing the atom-

electron collision probability. The discharge works in

two distinct regimes. In the regime before the rupture

of the plasma formed between the electrodes, we have
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a working point with 250 V and 50 mA, with the dis-

charge working like a diode. Applying a potential dif-

ference of 1200 V with a capacitor bank, a self-sustained

regime is stablished, with a working point of 35 V and

150 mA.

III.3. Production e�ciency of the (4s4p) 3P

metastable triplet

To perform this measurement we used the (4s4p)
3P0 - (4s5s) 3S1 Ca transition, at 610.2 nm. The laser

resonant with this transition is sent perpendicular to

the atomic beam, 20 cm after the collimator. The ra-

diation is obtained with a ring dye laser CR 699-21

working with Rhodamine 590, pumped by an argon ion

laser Innova 200. We have measured the absorption

of the laser by the atomic beam at the center of the

transition.

We can make an evaluation of the absorber density

at the line center when the population of (4s5s) 3S1 is

much lower than that of the (4s4p) 3P0 and the line

shape of the transition is Gaussian, with width ��. In

our case, from the geometry of the beam, we arrive

to a Doppler linewidth transversal to the atomic beam

of ��D = 70 Mhz, which is greater than the natural

linewidth ��n = 15 MHz, and justi�es the use of this

aproach. Our measured value for this line is ��D = 106

Mhz as can be seen in Fig. 6. As is discussed in[15], the

absorption coe�cient �� at the frequency � is de�ned

by the equation

I� = I0 exp(���x) (4)

where x is the thickness of the absorber and I0 and Iv

are the intensities of the incident and transmitted light,

respectively. In the interaction region, x = 1 cm.

For a Doppler-broadened line of width ��D the ab-

sorption can be expressed in terms of �0, the absorption

coe�cient at line center,

�0 =
2

��D

�
ln 2

�

�1=2
�20
8�

�
g2
g1

�
NA (5)

where �0 is the absorption wavelength, g2 and g1 are the

statistical weights of the upper and lower states, respec-

tively, N is the (4s4p) 3P0 level population and A is the

upper state (4s5s) 3S1 spontaneous transition probabil-

ity. The lifetime of the (4s5s) 3S1 level is � = 10:7ns [16]

and Iv=I0 = 0.94 at line center, with a cathode-anode

electrical current of 200 mA. Then we found

N (3P0) = 1:7� 108 atoms/cm3 (6)

Considering the relative populations of the

metastable triplet, 3P0:
3P1:

3P2 as 1: 3: 5, it is

possible to determine the density of atoms in the 3P0

state and the percentage of atoms in the metastable

triplet. The atom density 31 cm after the discharge

region is given by[13]

N =
1

4�
Nf

Ac

d2
(7)

where Nf is the atomic density in the oven, equal to

1:24� 1015 atoms/cm3 at 974 K, Ac is the collimator

area and d the distance between the oven and the inter-

action region. Then, the atomic density at d is 3:3�109

atoms/cm36. In this way, we have around (45�10)% of

the beam atoms in the metastable triplet. This e�-

ciency value for the production of metastable triplets

in Ca is of the same order of magnitude as that mea-

sured for Mg is a similar atomic beam apparatus[17]

IV. Emission spectra of the electrical discharge

region

The system was constructed to permit detection of

the light emitted in the discharge region, through a win-

dow distant 30 cm from it. To avoid deposition of cal-

cium �lms in the window, we put an iron disk inside

the vacuum chamber, in front of the window, that can

be dislocated with a magnet to let the light pass when

we are making the measurements.

The uorescence from the discharge is focalized in

the entrance slit of a double grating spectrometer SPEX

1402 and detected by a RCA C31034 photomultiplier.

The signal from the photomultiplier is sent to a SR

570 low-noise current preampli�er and then to the com-

puter.
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Figure 5. Spectrum obtained from the discharge region, be-
tween 4225 A and 5405 A.

Spectra from 3600 �A to 7340 �A were obtained dur-

ing the pre-breakdown and self-sustained regimes of the

discharge. In the pre-breakdown regime we observed al-

most only singlet transitions of low intensity, with the

exception of the resonance line. When the discharge is

in the self-sustained regime the intensities of the sin-

glet transitions become orders of magnitude higher and

then appear the lines of the triplet and single ionized

transitions. In Fig. 5 we show the spectrum obtained

between 4225 �A and 5405 �A. The more intense lines,

with their relative intensities, are in the tables I, II and

III, for the singlet, triplet and single ionized calcium,

respectively. The intensity is given for the peak value,

with the resonant transition (4s2) 1S0 - (4s4p)
1P1 equal

to 1000.

We are doing calculations to identify the intensities

of the uorescence contributions from the various chan-

nels that populate the metastable states. With this we

can determine the role developed by the direct excita-

tion from the ground state or by the cascade decay from

the higher excited levels to the metastable states.

From the data obtained, we observe that the inten-

sities of the stronger lines of Ca II are comparable to

that of the resonant line of Ca I. In fact, to obtain the

self- sustained discharge condition by the atomic ux,

the ion generation rate must garantee the charge con-

servation in the neutral region of the discharge. The

intensity of the intercombination line (4s2) 1S0 - (4s4p)
3P1 is equal to 130.

The cascade decay from the higher levels is not

taken into account in the theoretical models[14] and

from the �rst experiments it seems to be very impor-

tant in the population of the metastable triplet. To

verify these hypothesis, it is necessary to change the

parameters of the electrical discharge and look at the

uorescence intensities and the e�ciency of production

of metastable states. We have changed the data aqui-

sition system to take spectra in lower time to achieve

this scope.
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Figure 6. Optical pumping spectrum of the 610.2 nm Cal-
cium line together with transmission peaks from a 75 MHz
Fabry-Perot frequency marker. In the insert we can see data
obtained from a gaussian �t of the line.

IV. Conclusions and perspectives

We have constructed with success, a versatile atomic

beam system that permits operation with a large vari-

ety of atomic elements, in the fundamental state or in a

mixture of fundamental and metastable states. We de-

scribed the characteristics of this apparatus in general

aspects and in our case using calcium and magnesium.

The production e�ciency of the triplet (4s4p) 3P1;2;3

metastable state was determined by laser absorption.

The design of the system permits to observe directly

the region around the oven exit. In this way, we took

the emission spectra of the discharge region when we

worked with calcium. These are the �rst spectra of cal-

cium in these conditions reported in the literature, to

our knowledge. It is possible, having the relative in-

tensities and the wavelength of the transitions involved

in the production of the metastable triplet, to carry

out calculations to know the role of the various types

of mechanisms that determine the population of the

triplet. These calculations are being done and we be-

lieve that this will help to clarify the dynamics of pro-

duction of these states, which is important to stabilish

an Ca or Mg atomic frequency standard.

We improved the data aquisition to take the spectra

from the discharge region in lower time. It will permite

to detect the relative intensities of all the lines as we

change the electrical discharge conditions. This will im-

prove the experimental data that will be used to make

the Multicon�guration Hartree-Fock calculations.

In this moment we are measuring the velocity dis-

tribution of the metastable states to �nalize the carac-

terization of the most important beam variables. Laser

pumping of the 3P states using the 3P0;1;2 -
3S1 tran-

sitions are also being done, with and without magnetic

�eld, to determine the role of the � and � transitions.

Otherwise, the applications of this atomic beam

system are multiple, in high resolution atomic spec-

troscopy, involving lasers as well as other light sources,

as syncrotron radiation, in atomic manipulation with

light, or as an AFS.
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