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ABSTRACT 

ZEEMAN EFFECTS IN THE OUTPUT OF A Nd3+ 

DOPED CaW04 LASER AT ROOM TEMPERATURE 

Antony D».Viassopoulos 

The effects of the application of a transverse, 

homogeneous, steady magnetic field up to 28,000 G 

on the spectrum and intensity of the output of a 

Nd^+ doped CaWO^ laser at room temperature have 

been studied. With the maximum field available a 

shift of the lasing transition lines of 0.25A towards 

longer wavelengths is measured. The intensities of 

the lines are unaffected. These results are independent 

of the pumping level and the relative orientation 

of the laser rod and the lines of the magnetic fild. 
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1 

INTRODUCTION 

The basic characteristics of radiation are spectrum, intensity and 

polarization. Not much is known on the effects of a steady magnetic 

field on these three characteristics of the output of a solid state 

laser. There is no complete theory accounting for the phenomena associ¬ 

ated with the application of such a field, the basic difficulty being 

caused by the presence of the electric field of the host which affects 

the active ion's levels in the crystal (Stark effect). Van Vleck'*' 

first distinguished three cases relative to various compound types: 

i) The weak field case. Here the ion's levels in the crystal approxi¬ 

mate closely those of a free ion. 

ii) Medium field case. The crystal field is found to quench the 

orbital angular momentum in the ground state, leading to a reduced 

effective orbital angular momentum in the crystal field perturbed 

ground states. 

iii) Strong field case. Here the crystal field is assumed to be so 

strong that it overc&mes the spin-spin and orbit-orbit coupling. The 

individual spins and orbits of the electrons in the ion's incomplete, 

shell are then essentially coupled to the crystal field rather than 

to each other and the spin angular momentum as well as the orbital 

angular momentum can be quenched. 

In the rare earth group case it is supposed that the incomplete 

4f-shell (which is responsible for the paramagnetic properties of the 
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group) is shielded by a completed shell more remote from the nucleus in 

such a way as to result in ion’s levels in the crystal approximating 

closely those of a free ion. 

In this work we are concerned with the effects of a transverse 

steady magnetic field on the intensity and the frequencies of the spec¬ 

if- 3+ 
tral lines of a Na compensated Nd :CaWO^ doped laser. The effects 

on the polarization of these lines as well as theoretical aspects of 

the problem will be dealt with in another paper. 
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2 

THE EXPERIMENTAL SETUP 

Fig, 1 is the block diagram representation of the experimental 

setup. The laser apparatus (Fig, 2a) is placed between the poles of 

an electromagnet (Fig. 2b) which is supplied with continuously regu¬ 

lated current by a Harvey-Wells power supply, and cooled by circulating 

water. A description of the individual components of the setup 

follows immediately. 

2-1 The Laser Apparatus 

The axis of the laser rod, being parallel to the a-axis of the 

crystal, has been placed at right angles to the lines of the magnetic 

field. Two linear flashtubes provide the pumping power. These tubes 

are placed at one of the foci of two separate elliptical reflectors 

the other foci of which coincide with the axis of the rod. The result 

is that the light from the flashtubes is concentrated on the laser 

rod thus keeping the efficiency of the pumping configuration high. 

The flash tubes are xenon-filled with an active length of 

approximately 3 inches and maximum allowable energy input of 400 

joules. They are connected in series so that the simultaneous firing 

of both is secured. The trigger is provided by the discharge of a 

small capacitor through a pulse transformer with a thyratron switch. 

Their input is provided by a power supply with adjustable voltage 

from 200 to 2000 volts dc and an energy storage capacitor of 120 |j,f 
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Fig. Ia: The laser apparatus (elevation) 



Fig. 2a: The Nd3+tCaW04 

laser (essential parts). 

Fig. 2b: The electromagnet 
with the laser apparatus. 
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and series inductances to form an approximately critically damped series 

RLC circuit with flash periods of about 200 |j,s. The pumping power 

ranges between 250 and 500 joules, the threshold for laser action for 

the NdrCaWO^ laser in this apparatus being 250 joules. 

The elliptical reflectors are made of aluminum with the cutter 

inclined at a 36.9° angle with respect to the normal to the plane of 

the ellipses. The major axis of both is 3 6/8" and the minor 2 2/8n 

so that the distance between the rod and each flashtube is 6f!. The 

micarta end-plates have been made in such a way as to fit with good 

accuracy on the conical part of the magnetic poles for reasons of 

efficiency in the pumping. 

Since the peak current through the flashtubes during the flash 

is approximately 1000 amps a magnetic field of the order of 100 Gauss 

is produced in the vicinity of the laser rod. This small field has 

been neglected herein. 

* 

2-2 The Magnet Power Supply 

The magnet power supply is a Harvey-Wells model HS-1050. It is de¬ 

signed to provide continuously regulated current to precision electro¬ 

magnets of low impedance coil design. It consists of a precision 

servo loop which includes the reference potential source, the refer¬ 

ence resistor and dc amplifier driving a bank of power transistors in 

series with the load. A secondary servo loop is incorporated which 

regulates the amount of rectified raw dc which is supplied to the pre¬ 

cision regulator so that the voltage drop across the power transistor 
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bank is maintained at an optimum level, 

. 2-3 The Spectrograph - Optical Description 

The spectrograph is a 70-000 series 3.4 meter Ebert type made by 

Jarrel^Ash. It is a precise plane grating, one capable of photographic 

and/or direct photoelectric measurements. 

The optical path is shown on the optical diagram of Fig. 3. 

Light passes through condensing lenses to the slit. The slit, bilateral, 

adjustable, determines the width of the light beam that enters the 

spectrograph. The maximum usable slit height is 15 mm. 

The light then passes over the grating to the 16" concave mirror, 

which renders it parallel and reflects it back to the grating. The 

grating is tilted at a slight angle so that the dispersed light will 

be reflected down to the mirror again. The light returned by the 

grating consists of parallel groups of rays at diverging angles in 

accordance with the groove spacing of the grating. The dispersed 

light from the lower part of the mirror then travels at slight down¬ 

ward angle to focus along the entire length of the camera. 

The Ebert mount is achromatic which makes it possible to change 

the wavelength range by merely rotating the grating. 

2-4 The Mirrors 

The fact that the axes of the laser rod and the entrance optics 

hole of the spectrograph did not coincide necessitated the use of two 

mirrors. These were made of gold of thickness of approximately 500A 

for optimum reflection at l.OOjj,. 
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3 

BRIEF THEORETICAL REMARKS 

> 

3-1 Paramagnetic Ions in Crystals 

The Hamiltonian of such an ion in a crystal subjected to a steady 

magnetic field is 

N 
H=E H+H'+H + H + H + H., + H (1) 

, a ss oo so ^ c N ' 
o=l 

The various terms are identified as follows, 

H' = \ E E 
P> vjfp, 

(2) 

(3) 

The terms, 

H = E E of S 
ss M,V u. 

v p, p ** 

H = E E P M 
00 vp, * 

M 

H = E E v M 
80 v n V * 

(4) 

(5) 

(6) 

are the contributions due to the interaction between spins, between 

orbits and between spin and orbits 

H = *r—■ H E 6 .(M. + 2S.) 
p 2mc o ^ l iy (7) 

is the term due to the effects of a steady, homogeneous magnetic field 

H on the ion. o 

H = -e £ V (r.) 
c cN i' (8) 
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is the crystal field Hamiltonian, given in terms of the crystalline 

electric potential Vc(r ) at the i-th electron in the ion. 

The terms (2) up to and including (6) form the Hamiltonian of an 

isolated N-electron atom. The first two terms of this can be treated 

with the central field approximation. As for the remaining three, 

depending on their relative magnitudes, two rather distinct cases may 

be considered. The most common of them is 

H* + H + H » H 
oo ss so 

2 
and is referred to as the Russell-Saunders or LS coupling. In this 

case the resultant angular momentum 

L = S L. 
i 

and the resultant spin angular momentum 

S = S S. 

are good quantum numbers rather than the individual orbital and spin 

angular momenta. This^in the absence of : . H
so ; results in energy 

1 3 
levels which are designated by term values of the form S, P, etc. 

The degenerate eigenfunctions for these terms define representations 

n — 9 — 9 
in which H = E H. + H1 + H +H ,L,S,L and S are diagonal, p . I oo ss’ z z 

* -2 
Linear combinations of these can be found for which H , L , 

P 
-2 - - 2 
S = (L + S) and J = L + S are diagonal. 

z z z 

In an incomplete shell containing more than a single electron the 

resultant L and S can assume a number of values and Hund’s empiri¬ 

cal rules often give$ the values appropriate to the atomic ground 

state 
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In the rare earth group case Hc is considerably smaller than 

H1, H , H and H which is attributed to the fact that the incom- 

plete 4f-shell is shielded by a completed shell further away from the 

nucleus. 

3.2 Splitting of Spectral Lines in a Magnetic Field 

Spectral lines belonging to a singlet series split in a magnetic 

field into three sharp components, the so-called Zeeman components, 

which are always symmetrical about the position of the undisplaced 

line and polarized either parallel (TT-components) or perpendicular 

(a-components) to the magnetic field. Lines not belonging to singlet 

series split into more than three components still sharp and symmetri¬ 

cal about the undisplaced line, polarized in the TT or a manner. 

Such a group of components is said to constitute a "Zeeman type11. 

3 
The displacements of the components have been found to be simple 

fractions of the Lorenz unit 0 5 m 

1 Lorenz unit = 7-^— = 0.469 X 10"“* — (9) 
4*nm c Gauss x ' 

e 

having small denominators. If the displacements of a line are 

a c 
tb ^m anc* t d ^m t*1*s commonly abbreviated to read (a)c/b where all 

TT components are enclosed in brackets. 

The quantum theory has given an admirable account of the normal 

Zeeman effect assuming that ^magnetic field does not destroy the 

coupling which links the spin and orbital vectors and that while 

J = L + S precesses round B, L (the orbital vector) and S (atomic 

spin vector) precess together round J. It also accounted for the 
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anomalous, "Zeeman type11, effect after Lande introduced the g-factor. 

4 
As the field is increased, experiment has revealed that in any 

multiplet the simple Zeeman laws fail and the components flow as if 

they attract and repel one another. Whatever the multiplet, however, 

there emerges in a sufficiently strong field the simple Zeeman triplet 

with a rr component in the center, a a component on either side and 

the normal interval. This kind of splitting is commonly known as the 

Paschen-Bach effect. The transition from Zeeman to Paschen-Bach effect 

is beautifully explained by the vector model**: A weak field does not 

break the coupling of the orbital and spin vectors but merely makes 

them precess round their resultant J, while J in turn precesses 

round the magnetic axis H; a strong field, however, breaks the coupling 

of L and S and makes these two vectors precess round H indepen¬ 

dently. 

This has two consequences. First the number of terms in a strong 

field is the same as the number in a weak; second, a state characterized 

by the weak field quantum numbers L, S, J and Jz will change to one 

characterized by the strong field numbers L, S, Lz and What 

values of J and L correspond to given values of L and S ? J 
z z z z 

is simply the sum of L and S . J was worked out theoretically by 
z z 

Pauli^ and confirmed by Heisenberg and Jordan^ with Quantum mechanics. 

It should be noted that when two multiplets combine, a magnetic 

field which is strong to one may still be weak to the other, for the 

numerical strength of the field is no criterion of whether it is nstrongn 

or "weak11 in the technical sense. When this happens the pattern is 
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said to be an example of the npartial Paschen-Bach11 effect. 

In Reference 8 the distinction between weak and strong field is 

based on an entirely different criterion. A magnetic field is called 

weak if the splitting of the energy levels is small compared to the 

natural width of the line. Otherwise it is called strong. 

3+ 
3.3 Properties of Nd :CaW0^ Lasers 

CaWO^ forms crystals which have tetragonal symmetry with space 

group The symmetry of the ions Ca and W is (the axis 

is the c-one) and those of 0 is Each unit cell has 4 molecules. 

3+ 
When the Nd ion is doped in CaWO^ it replaces divalent Ca ions 

and the local charge neutrality can not be maintained unless some 

charge compensation technique is used. The laser rod of the experiment 

+ 4 

was Na compensated. This may have introduced distortions in the 

~ 3+ 
symmetry of the crystal field acting on the Nd ion. 

Herein we are mainly concerned with properties of the above 

mentioned lasers at room temperature. 

9 
The energy diagram and lasing transitions are shown in Fig. 5. 

The transition at 10,582 has lower threshold. 

Extensive measurements on the polarization of the lasing transi¬ 

tions of interest have revealed the following facts 

i) At low pumping energy (10$ above threshold) regularly shaped spikes 

occur in the laser output, corresponding to the 10,582A line; all of 

them are linearly polarized along the b-axis of the crystal-- the a- 

axis coincidingvrtrt the one of the laser rod. This is in agreement 
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the results in Reference 10. 

ii) At higher pumping energy, besides the several regularly shaped 

spikes at the front of the lasing period, all others are randomly shaped 

and partially polarized; they correspond to the 10,650A transition and 

their polarization is almost linear along the c-axis. This is in dis¬ 

agreement with the results in Reference 10 where it is stated that the 

above transition exhibits circularly polarized coherent output. This 

point will be clarified in another paper. 

iii) As the pumping is increased the degree of polarization of these 

spikes is reduced to a value around 65$. 
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4 

EXPERIMENTAL PROCEDURE, ANALYSIS OF THE DATA 

AND ACCURACY OF THE MEASUREMENTS 

The output of the laser suffers two successive reflections on the 

mirrors to be finally directed to the entrance optics slit of the 

spectrograph. The slit has a width of lOOp.. At several pumping levels 

photographs of the lines are taken with a presensitized Kodak Spectro¬ 

scopic Safety film, type 1-Z, especially sensible to the range of 

wavelengths of interest. On the photgraphic film line spacing of 1 mm 

corresponds to a shift A\ = 5A; the thickness of the lines is 0.25 mm. 

4-1 Results Concerning the Intensity of Pumping 

The output of the xenon flashtubes is as in Fig. 6. It was de¬ 

tected by a high speed photodiode placed at a fixed distance from the 

tubes and connected to a Tektronix, type 565 Dual Beam oscilloscope. 

The front duration T^ and the half crest duration T^ (Fig. 4) were 

measured to 25|j,s and 110 p,s respectively. 

When the magnetic field is turned on the intensity of the pumping 

light, with constant voltage at the capacitor bank, is affected by 

the magnetic flux in the vicinity of the flashtubes. The above men¬ 

tioned photodiode and oscilloscope were used to find the intensity of 

the pumping light as a function of the field at the position of the 

laser rod, with constant voltage at the capacitor bank. It was found 

that with maximum field the peak of the intensity is, on the average, 
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Fig. 6: typical photographs of the pumping light intensity as a function 
of time. Time scale*50 ^s/division.Height in arbitrary units. 

Fig. 7» Photographs of the lasing transitions lines.The lines at left 
correspond to the 1.065 transition. 

(a): 50°/o above threshold.From top to bottom the magnetic field is 
increased from 0 to 28 kG in steps of 6 kG.No obvious shifts 
are observed between successive lines. 

(b) & (c): I00°/o above threshold.The top and third pair of lines 
correspond to zero fieldjthe second and last to maximum field. 
The shifts can now be observed. 
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94$ of the one with zero field; for intermediate fields this reduction 

is approximately linearly dependent on the field. 

It should be noted that an increase in the voltage on the capaci¬ 

tor bank by 2.5$ is sufficient to overcome the reduction of the peak 

intensity of the pumping light with maximum field to the one at zero 

field. 

4-2 Results Concerning Intensities of the Lines 

An increasing fading of the lasing transition lines with increas¬ 

ing field is observed, the pumping power being constant. This should 

be attributed to the reduction in the intensity of the pumping light 

in the presence of the magnetic field. 

With the maximum field, an increase of the voltage on the capaci¬ 

tor bank to 102.5$ its value at zero field, reveals lines of the same 

intensities as the ones with zero field. 

4-3 Results Concerning Frequencies of the Lines 

The spacing between the two lines at zero field was measured to 

67A. As the magnetic field gradually increases no obvious shifts of 

the lines were observed. However successive photos with zero and 

maximum field reveal a shift of both lines toward longer wavelengths 

measured to 1/20 mm; this corresponds to a shift 

Av = 0.67 X 1010[cps] 

Av = 0.223 [cm-1] 

Referring to (9) we calculate this splitting to 3.05/5 Lorenz 

units which is in very good agreement with the experimental "rule" 



of line splitting in a magnetic field stated in page 8 
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5 

CLOSURE 

The effects of a transverse magnetic field on the spectral output 

of the studied laser have been found not as spectacular as the ones in 

i 

the case of gas lasers. A gradual increase of the field from zero to 

28 KG leaves the intensities of the lines unchanged; at maximum field 

the lines are displaced by Av = 0.223 cm ^ only towards longer wave¬ 

lengths. These results are independent of the orientation of the b 

(or c) axis of the crystal relative to the magnetic flux lines as well 

as of the pumping level. 

The magnetic effects on the fluorescence spectrum and the polar¬ 

ization of the spectral lines are yet unobserved. It is hoped that 

measurements of the latter kind (at several pumping levels and with 

different relative orientations of the lines of the field and the 

principal axes of the crystal) can be performed using a version of 

the high-time-resolution polarimeter presented in Ref. 11. Hence a 

concrete experimental background will be established to be contrasted 

to corresponding phenomena concerning gas lasers and furthermore be 

compared and related to the existing theory on magnetic field effects 

on such lasers. It may probably contribute to a further theoretical 

understanding of magnetic field effects on solid state lasers. 
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