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- I_: Flug-in coil
MHz A

15 0.13 big
20 017 big
23 0.21 big
30 0.26 big
30 0.26 medium
33 0.30 medium
40 0.34 medium
45 0.38 medium
20 0.43 medium
29 0.47 medium
50 0.51 medium
65 0.55 medium
70 0.60 medium
73 0.64 medium
73 0.64 small
80 068 small
85 072 small
90 077 small
99 0.81 small
100 0.85 small
105 0.89 small
110 0.94 small
115 0.98 small
120 1.02 small
125 1.06 small
130 111 small

T 1. WH AV Fag ve] @42 AR I

_19_



rr

BIXIZ 6B, &
AT AgLREE SRS HEX] 22 1.5 cmo] ™ | o] 3l &5k
1%
SU =1.5c¢m-0.2— = 0.3V ©]T}.
cm
AA Mz A Uy AL Uyog = 100m-0.5% =5Vel, I .= 028A(3F
Aol RMS #h)ol a3t} vz el w3 Apolo] WS RNSEES] 24/2 o]},
(7) Z=XIAH A
] do] 2714 B 229 ZAS Tk AFEFE AxkE 4
47r-1o*7AV—S (n: 2AD 7470 8%, =g wg)
m

FE2 2
n
’ Ko
I/
n=320°]3, r=6.8 cmo]H, B = 4.23mT-j7P Ao A},

SINE B, 53
2717l sl ARk A 7F & 20 2 H A

_20_



Bq

MHz mT
15 0.55
20 0.74
25 0.93
a0 1.08
a5 1.27
40 1.46
45 1.63
50 1.82
55 1.99
&0 2.12
65 2.33
To 2.54
75 275
a0 2.86
a5 3.07
S0 3,28
95 3.38
100 3.60
105 3.81
110 4.02
115 412
120 423
125 4.44
130 4.65
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@ 0209 Wit/Bi

Atomic and Nuclear Physics

Introductory Experiments
Specific Electron Charge

Determination of
the Specific Charge
of the Electron

Objects of the experiment

B Study of the deflection of electrons in a magnetic field into a circular orbit.

B Determination of the magnetic field B as a function of the acceleration potential U of the electrons at a constant radius r.
B Determination of the specific charge of the electron.

Principles

The mass me of the electron is hard to come by experimen-
tally. It is easier to determine the specific charge of the elec-
tron
€= i (|)’

me
from which the mass me can be calculated if the elementary
charge e is known:

An electron moving at velocity v perpendicularly to a ho-
mogenous magnetic field B, is subject to the Lorentz force

F=el B an

which is perpendicular to the velocity and to the magnetic
field. As a centripetal force

V2
F=mg G— ()
r

it forces the electron into an orbit of radius r (see Fig. 1), thus

X X X X X X X X X e _ v )
X X X me rB

In the experiment, the electrons are accelerated in a fine
X X X beam tube by the potential U. The resulting kinetic energy is

m 2

el =—L2 \Y
X X > %
X X The specific charge of the electron thus is

e 2

—= (VD).
X X Me (I’ DB)2
X X
X X
X X

Fig. 1: Deflection of electrons in a magnetic field B by the Lorentz-
force F into a circular orbit of a given radius r.
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P6.1.3.1 -2- LD Physics |eaflets

The fine beam tube contains hydrogen molecules at low

Apparatus pressure, which through collisions with electrons are caused
1 Fine beam tube 555 571 to emit light. This makes the orbit of the electrons indirectly
1 Helmholtz coils visible, and their orbiting radius r can be directly measured
with holder and measuring device ..................... 555 581 with a ruler.
The magnetic field B is generated in a pair of Helmholtz coils
i B‘éb‘:)gx:’reéj;gﬁ%o t1065\900\/ 5A """"""""""" ggi 225 and is proportional to the current | in the Helmholtz coils:
p 000 A B =K Vil
2 Multimeter LDanalog 20..........ccceeeviiiieieeneannnnns 531120 i ) Vi)
The dependence on the accelerating potential U of the cur-
1 Steel tape measure, | =2 m/78" .............ccooees 31177 rent |, in the magnetic field of which the orbiting radius of the
3 Safety connecting leads, 25 cm 500 614 electrons is kept to a constant value r, follows after recasting
3 Safety connecting leads, 50 cm...........ccoccveeennne 500 624 equations (V1) and (V1)
7 Safety connecting leads, 100 cm........ccccceeeenees 500 644 U= e % 32 K2 02 il
m
Additionally recommended: € _ _
1 Universal Measuring Instrument Physics........... 531 835 The proportionality factor
1 Axial B-SENsOor S..........ccccoovvviiniiciincicicns 524 0382 2\
1 Extension cable, 15-pole ............cccoeveririiinnnne 50111 kK=po— (IX)
°T15) R

Mo = 4no0~’ X—S: magnetic field constant
m

can be calculated either from the coil radius R = 150 mm and
the winding factor n = 130 per coil, or be determined by re-
cording a calibration curve B = f(I). All determining factors for
the specific electron charge are now known.

Safety notes

The Attention: The fine beam tube requires dangerous con-
tact voltages up to 300V for accelerating the electrons.
Other voltages that are connected with this dangerous con-
tact voltage also present a contact hazard. Dangerous con- ~ S€tup
tact voltages are thus present at the connection panel of the  Note:

holder and at the Helmholtz coils when the fine beam tube

. . Perform measurements in a dark chamber.
is in operation.

. . . Helmholtz coils may be charged with more than 2 A for short
B Connect the connection panel only via safety connecting time only.

leads. . . .
The experimental setup to determine the specific electron

B Always be sure to switch off all power supplies before  charge is shown in Fig. 2, the electric connections in Fig. 3.

connecting and altering the experiment setup. - Disconnect the tube power supply and turn all rotary po-

M Do not switch on the power supplies until you have fin- tentiometers to left catch position.

[Elze] ae Rl L G - Connect the 6.3-V input end of the fine beam tube to the

M Do not touch the experiment setup, particularly the 6.3-V outlet of the tube power supply.

telialz el Uy el - Short-circuit the positive pole of the 50-V outlet of the tube

power supply with the negative pole of the 500-V outlet

Danger of implosions: The fine beam tube is a evacuated and connect with the socket *-” of the fine beam tube

glass vessel with thin walls. (cathode).
M Do not subject the fine beam tube to mechanical - Connect the socket “+” of the fine beam tube (anode) with
stresses. the positive pole of the 500-V outlet, the socket W
(Wehnelt-cylinder) with the negative pole of the 50-V out-

B Operate the fine beam tube only in the holder (555 581).

let.
. Clonn%ct the 6-pole plug of the holder carefully to the In order to measure the acceleration potential U connect
glass base. the voltmeter (measuring range 300 V.) to the 500-V out-

B Read the instruction sheet supplied with the fine beam let.
tube. - Short the deflection plates of the fine beam tube to the

anode.

- Connect the DC power supply and ammeter (measuring
range 3 A-) in series with the Helmholtz coils.
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Fig. 2 Experiment setup for determining the specific electron charge

a Helmholtz coils
b Fine beam tubes
¢ Measuring device

Fig. 3 Electric connection

- Power up the tube power supply and set acceleration
potential U = 300 V.

Thermionic emission starts after warming up for a few min-
utes.

- Optimize focussing of the electron beam by varying the
voltage at the Wehnelt-cylinder from 0...10 V until it leads
to a narrow, well defined beam with clear edge definition.

- Connect the DC power supply of the Helmholtz coils and
look for current |, at which the electron beam is deflected
into a closed orbit.

If the electron beam after leaving the anode is deflected to
the wrong (left) side:

- disconnect both power supplies.

- exchange the connections at the DC power supply in order
to change the polarization of the magnetic field.

If the electrons do not move on a closed orbit but on a helical
curve line:

- Loosen the mounting bolts of both holding brackets (read
the information manual for the fine beam tube).

- Carefully rotate the fine beam tube around its longitudinal
axis, until the electron beam runs on a closed circular orbit.

- Fasten mounting bolts.

Carrying out the experiment

Move the left slide of the measuring device so that its inner
edge, mirror image and escape aperture of the electron
beam come to lay on one line of sight.

Set the right slide for both inside edges to have a distance
of 8 cm.

Sight the inside edge of the right slide, align it with its
mirror image and adjust the coil current | until the electron
beam runs tangentially along the slide edge covering the
mirror image (see Fig. 4).

Reduce the acceleration potential U in steps of 10 V to
200 V and choose the coil current | so that the orbit of the
electron beam has a diameter of 8 cm.

Record acceleration potential U and coil current I.

Fig. 4 Measurement of the orbit diameter with the measuring

device
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Calibration of the Helmholtz magnetic field (optional):

The setup for calibrating the magnetic field is shown in Fig. 5.
The additionally recommended devices mentioned above are
required for making measurements.

- If applicable disconnect all power supply units.

- Remove the measuring device and the Helmholtz coil at
the front side, loosen the connection to the fine beam tube
and the mounting bolts of the two holding brackets (read
the instructions for the fine beam tube).

- Carefully remove the fine beam tube and place it e.g. in its
original case.

- Re-assemble the Helmholtz at the front side coil and con-
nect.

- Connect the axial B-probe to the Teslameter (measuring
range 20 mT) and calibrate the zero-point (see Instruction
Manual for Teslameter).

- Move the axial B-probe parallel to the magnetic field of the
Helmholtz coils into the center of the pair of coils.

- Raise the coil current | from 0 to 3 A in steps of 0.5 A,
measure the magnetic field B, and record the measured
values.

After conclusion of the calibration:

- Reassemble the fine beam tube according to the instruc-
tions.

Measuring example

Table 1: The Coil current | as a function of the acceleration
potential U at constant orbit radius r = 0,04 m.

U |
v A
300 2.15
290 2.10
280 2.07
270 2.03
260 2.00
250 1.97
240 191
230 1.88
220 1.83
210 1.79
200 1.75

Table 2: The Magnetic field B of the Helmholtz coils as a
function of the coil current | (this measurement requires the
above mentioned additionally recommended devices)

| B
A mT
05 0.35
1.0 0.65
15 0.98
2.0 134
25 1.62
3.0 2.05

531835

Fig. 5 Set-up for calibration of the Helmholtz magnetic field

Evaluation and results

In Fig. 6 the measured values from Tab. 1 are shown in their
linear form U = f (I2) — according to (VIII). The slope of the
resulting line through the origin is
a=653VA~Z
According to equation (VIII), the specific electron charge is

e 2o

me 2 [k2
Further evaluation thus requires the proportionality factor k.

If the light bundles impinge perpendicularly (a = ) they are
reflected back onto themselves.

If the light bundles impinge obliquely they are reflected into
other directions, but remain parallel.

Fig. 6 Presentation of the measuring results from Table 1
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200+
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S 150
100

50 1
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Determination of the proportionality factor k from the
calibration of the Helmholtz magnetic field:

Fitting of a straight line through the origin to the measuring

values of Tab. 2, or of Fig. 7 leads to
k=067mTA"

and further

1AS

€ 1
—=1800
1 kg

Me

Calculation of the proportionality factor k:

Using (I1X) one calculates
k=078 mT A*
and further

€ _ 13 [:Lollﬁ

e kg
Documented value:
e _ 176 ﬂollﬁ
me

2,5

2,04

1,54

1,04

B/ mT

0,54

0,0
0,0

0,5

1,0

15 2,0 2,5 3,0 3,5
I/A

Fig. 7 Calibration curve for the magnetic field of the Helmholtz coils
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Objects of the experiment

B To record a Franck-Hertz curve for neon.

Franck-Hertz experiment
with neon

Recording with the oscilloscope,
the XY-recorder and point by point

B To measure the discontinuous energy emission of free electrons for inelastic collision.

B To interpret the measurement results as representing discrete energy absorption by neon atoms.

B To observe the Ne-spectral lines resulting from the electron-collision excitation of neon atoms.

B To identify the luminance phenomenon as layers with a high probability of excitation.

hf

Vv

Principles

As early as 1914, James Frank and Gustav Hertz discovered in
the course of their investigations an “energy loss in distinct
steps for electrons passing through mercury vapor”, and a
corresponding emission at the ultraviolet line (\ = 254 nm) of
mercury. As it is not possible to observe the light emission
directly, demonstrating this phenomenon requires extensive
and cumbersome experiment apparatus.

For the inert gas neon, the situation is completely different. The
most probable excitation through inelastic electron collision
takes place from the ground state to the ten 3p-states, which
are between 18.4 eV and 19.0 eV above the ground state. The
four lower 3s-states in the range from 16.6 eV and 16.9 eV are
excited with a lower probability. The de-excitation of the 3p-
states to the ground state with emission of a photon is only
possible via the 3s-states. The light emitted in this process lies
in the visible range between red and green, and can thus be
observed with the naked eye.

Top: Simplified term diagram for neon.

Bottom: The electron current flowing to the
collector as a function of the acceleration voltage
in the Franck-Hertz experiment with neon
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sufficient to transfer the energy required to excite the neon
A t atoms through collisions. The collector current drops off
pparatus dramatically, as after collision the electrons can no longer

1 Franck-Hertz tube,Ne . . .. ... .. .. 555870 overcome the braking voltage Us.
i (I-:|older V\{'th soglret aT:d scrlc(se|_r|1 for 555 87’\? 2553553 g;; As the acceleration voltage U, increases, the electrons attain
onnecting cable to ranck- ertz tube, Ne the energy level required for exciting the neon atoms at ever

1 Franck-Hertz supply unit . . . . . . .. .. 55588

Recommended for optimizing the Franck-Hertz curve:

575211
57524

1 Two-channel oscilloscope 303 . . . . . . .
2 Screened cables BNC/4mm . . . ... ..

Recommended for recording the Franck-Hertz curve:

1 XY-Yt recorder SR 720 575663

Connecting leads

An evacuated glass tube is filled with neon at room tempera-
ture to a gas pressure of about 10 hPa. The glass tube contains
a planar system of four electrodes (see Fig. 1). The grid-type
control electrode G, is placed in close proximity to the cathode
K; the acceleration grid G, is set up at a somewhat greater
distance, and the collector electrode A is set up next to it. The
cathode is heated indirectly, in order to prevent a potential
differential along K.

Electrons are emitted by the hot electrode and form a charge
cloud. These electrons are attracted by the driving potential U,
between the cathode and grid G;. The emission current is
practically independent of the acceleration voltage U, between
grids G, and G,, if we ignore the inevitable punch-through.
A braking voltage Uz is present between grid G, and the
collector A. Only electrons with sufficient kinetic energy can
reach the collector electrode and contribute to the collector
current.

In this experiment, the acceleration voltage U, is increased
from 0 to 80 V while the driving potential U; and the braking
voltage U; are held constant, and the corresponding collector
current |, is measured. This current initially increases, much as
in a conventional tetrode, but reaches a maximum when the
kinetic energy of the electrons closely in front of grid G, is just

Fig. 1: Schematic diagram of the Franck-Hertz tube, Ne

KG, G,A

- - -
- - -

greater distances from grid G,. After collision, they are accel-
erated once more and, when the acceleration voltage is suffi-
cient, again absorb so much energy from the electrical field
that they can excite a neon atom. The result is a second
maximum, and at greater voltages U, further maxima of the
collector currents |a.

At higher acceleration voltages, we can observe discrete red
luminance layers between grids G, and G,. A comparison with
the Franck-Hertz curve shows them to be layers with a higher
excitation density.

Preliminary remark
The complete Franck-Hertz curve can be recorded manually.

For a quick survey, e.g. for optimizing the experiment parame-
ters, we recommend using a two-channel oscilloscope. How-
ever, note that at a frequency of the acceleration voltage U,
such as is required for producing a stationary oscilloscope
pattern, capacitances of the Franck-Hertz tube and the holder
become significant. The current required to reverse the charge
of the electrode causes a slight shift and distortion of the
Franck-Hertz curve.

An XY-recorder is recommended for recording the Franck-
Hertz curve.

a) Manual measurement:

— Set the operating-mode switch to MAN. and slowly in-
crease Uz by hand from 0V to 80 V.

— Read voltage Uz and current Ia from the display; use the
selector switch to toggle between the two quantities for
each voltage.

b) Representation on the oscilloscope:

— Connect output sockets U»/10 to channel Il (1 V/DIV) and
output sockets Ua to channel | (2 V/DIV) of the oscillo-
scope. Operate the oscilloscope in XY-mode.

— Setthe operating-mode switch on the Franck-Hertz supply
unit to "Sawtooth”.

— Set the Y-position so that the top section of the curve is
displayed completely.

¢) Recording with the XY-recorder:

— Connect output sockets U»/10 to input X (0.5 V/cm) and
output sockets Ua to input Y (1 V/cm) of the XY-recorder.

— Set the operating-mode switch on the Franck-Hertz supply
unit to RESET.

— Adjust the zero-point of the recorder in the X and Y direction
and mark this point by briefly lowering the recorder pen
onto the paper.

— To record the curve, set operating-mode switch to “Ramp”
and lower the recorder pen.

— When you have completed recording, raise the pen and
switch to RESET.
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Fig. 2: Experiment setup for Franck-Hertz experiment with neon

Setup
Fig. 2 shows the experiment setup.

First:

— Insert and secure the Franck-Hertz tube in the holder and
connect it to socket (a) on the Franck-Hertz supply unit via
the connecting cable.

Optimizing the Franck-Hertz curve:

— Set the driving potential U1 = 1.5 V and the braking voltage
U3z =5 V and record the Franck-Hertz curve (see preliminary
remark).

a) Optimizing Uy:

A higher driving potential U, results in a greater electron
emission current.

If the Franck-Hertz curve rises too steeply, i.e. the overdrive
limit of the current measuring amplifier is reached at values
below U, = 80 V and the top of the Franck-Hertz curve is cut
off (Fig. 3a):

— Reduce U; until the curve steepness corresponds to that
shown in Fig. 3c.

If the Franck-Hertz curve is too flat, i.e. the collector current I
remains below 5 nA in all areas (see Fig. 3b):

— Increase Uj until the curve steepness corresponds to that
shown in Fig. 3c.

— If necessary, optimize the cathode heating as described in
the Instruction Sheet for the Franck-Hertz supply unit.

b) Optimizing Us

A greater braking voltage U3 causes better-defined maxima
and minima of the Franck-Hertz curve; at the same time,
however, the total collector current is reduced.

If the maxima and minima of the Franck-Hertz curve are insuffi-
ciently defined (see Fig. 3¢):

— Alternately increase first the braking voltage Uz (maximum
18 V) and then the driving potential Uy until you obtain the
curve form shown in Fig. 3e.

If the minima of the Franck-Hertz curve are cut off at the bottom
(see Fig. 3d):

— Alternately reduce first the braking voltage Uz (maximum
18 V) and then the driving potential Uy until you obtain the
curve form shown in Fig. 3e.

Fig. 3: Overview for optimizing the Franck-Hertz curves by
selecting the correct parameters U; and U3

a) c)
b) d)
L
e)
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Carrying out the experiment

a) Franck-Hertz curve:

— Record the Franck-Hertz curve (see preliminary remark).

b) Light emission:

— Set the operating mode switch to MAN.

— Optimize the acceleration voltage Uz until you can clearly
see a red-yellow luminance zone between grids G1 and Go.

— Additionally, find the optimum acceleration voltages for two
or three luminance zones and log these values.

Measuring example and evaluation

a) Franck-Hertz curve:
U; =2.06V
U3=7.94V

The distance between the vertical lines (these were placed by
eye on the main points of the maxima) has an average value of
AU, = 185 V. This value is much closer to the excitation
energies for the 3p-levels of neon (18.4 — 19.0 eV) than to the
energies of the 3s-levels (16.6 — 16.9 eV). Thus, the probability
of excitation to the latter due to inelastic electron collision is
significantly less.

The substructure in the measured curve shows that the exci-
tation of the 3s-levels cannot be ignored altogether. Note that
for double and multiple collisions, each combination of excita-
tion of a 3s-level and a 3p-level occurs.

Fig. 4: Franck-Hertz curve for neon (recorded using an
XY-recorder)
IA A
nA
10+ U,=52,1V
U,=33,3V
U,=15,1V
5 4
0 -
f ; f —>
20 40 60 80 U,
\

b) Light emission:
U; =206V
U3=7.94V

The luminance layers are zones of high excitation density.
They can be compared directly with the minima of the Franck-
Hertz curve. Their spacing corresponds to an acceleration
voltage U, = 19 V. Therefore, an additional luminance layer is
generated each time U, is increased by approx. 19V (see
table 1).

Table 1: Number n of the luminance zones in relation to the
acceleration voltage U,

n U,

1 30V
2 48 V
3 68 V

Supplementary information

The emitted neon spectral lines can be observed easily e.g.
with the school spectroscope (467 112) when the acceleration
voltage U, is set to the maximum value.
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Electron spin resonance at DPPH

Determining the magnetic field as a function of
the resonance frequency

Objects of the experiment

= Determining the resonance magnetic field B as function of the selected frequency v.

= Determining the g-factor of DPPH.
= Determining the line width 6By of the resonance signal

Principles

Since its discovery by E. K. Zavoisky (1945), electron spin
resonance (ESR) has developed into an important method of
investigating molecular and crystal structures, chemical reac-
tions and other problems in physics, chemistry, biology and
medicine. It is based on the absorption of high-frequency
radiation by paramagnetic substances in an external mag-
netic field in which the spin states of the electrons split.

Electron spin resonance is limited to paramagnetic sub-
stances because in these the orbital angular momenta and
spins of the electrons are coupled in a way that the total an-
gular momentum is different from zero. Suitable compounds
are, e.g., those which contain atoms whose inner shells are
not complete (transition metals, rare earths), organic mole-
cules (free radicals) which contain individual unpaired elec-
trons or crystals with lattice vacancies in a paramagnetic
state.

The magnetic moment associated with the total angular mo-
mentum J is

Hy =-9, th_BE”— 02
hie h
= ,h =—, us: Bohr magneton,
(Ms =7 g 2 te 9

h: Planck constant, g;: Landé splitting factor,
me: mass of the electron, e: electronic charge)

In a magnetic field BO, the magnetic moment [i;gets the
potential energy

E = i, By (.

E is quantized because the magnetic moment and the total
angular momentum can only take discrete orientations rela-
tive to the magnetic field. Each orientation of the angular
momentum corresponds to a state with a particular potential
energy in the magnetic field. The component J, of the total
angular momentum, which is parallel to the magnetic field, is
given by

J, =h0ny withmy=-J,-J-1), ..., J (),

where the angular momentum quantum number is an integer
or a half-integer, i.e. the potential energy splits into the dis-
crete Zeeman levels

E =0, u‘lB DBO IjnJ with mJ:'\], '(\]'l), ,J (IV)

The energy splitting can be measured directly by means of
electron spin resonance. For this a high-frequency alternating
magnetic field

él = éHF |35|n(2TlV Dl)

which is perpendicular to the static magnetic field I§0 is radi-

ated into the sample. If the energy h [V of the alternating field
is equal to the energy difference AE between two neighbour-
ing energy levels, i.e., if the conditions

Amjy = +1 V)
and
hV = AE =g, Oig (B (V1)

are fulfilled, the alternating field leads to a “flip” of the mag-
netic moments from one orientation in the magnetic field Bo
into the other one. In other words, transitions between
neighbouring levels are induced and a resonance effect is
observed which shows up in the absorption of energy from
the alternating magnetic field radiated into the sample.

| S
1 >
B

B,

Fig. 1 Energy splitting of a free electron in a magnetic field and
resonance condition for electron spin resonance.
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In numerous compounds, orbital angular momentum is of little
significance, and considerations can be limited to the spin of
the electrons. To simplify matters, the situation is represented
for a free electron in Fig. 1: here the total angular momentum
is just the spin s of the electron. The angular momentum
guantum number is

J:s:l
2

and the Landé factor is

g1 = gs = 2.0023.

In a magnetic field, the energy of the electron splits into the
two levels

11

-, = IVa),

>3 (IVa)

which correspond to an antiparallel and a parallel orientation
of the electron spin with respect to the magnetic field. In a
transition between the two levels, the selection rule (V) is

automatically fulfilled: in analogy to Eq. (VI), the resonance
condition reads

hv =gs ug By (Via).

If now the energy which is absorbed from the alternating field
is measured at a fixed frequency v as a function of the mag-
netic field By, an absorption line with a half-width 6By is ob-
tained. In the simplest case, this line width in a homogeneous
magnetic field is an expression of the uncertainty dE of the
transition. The uncertainty principle apllies in the form

n

E = g5 Qug By ng with mg = -

OE [T = 5 vy,
where T is the lifetime of the level. Because of Eq. (V),
OE =g Qug BB, (V.
Thus the relation

h
0Bg = W (1X).

does not depend on the frequency v. In this experiment, the
position and width of the absorption lines in the ESR spec-
trum of the sample under consideration are evaluated.

From the position, the Landé factor g; of the sample is deter-
mined according to Eqg. (VI). In the case of a free atom or ion,
the Landé factor lies between g; = 1 if the magnetism is en-
tirely due to orbital angular momentum and g, = 2,0023 if only
spins contribute to the magnetism. However, in actual fact the
paramagnetic centres studied by means of electron spin
resonance are not free. As they are inserted into crystal lat-
tices or surrounded by a solvation sheath in a solution, they
are subject to strong electric and magnetic fields, which are
generated by the surrounding atoms. These fields lead to an
energy shift and influence the Zeeman splitting of the elec-
trons. Thereby the value of the g-factor is changed. It fre-
quently becomes anisotropic, and a fine structure occurs in
the ESR spectra. Therefore the g-factor allows conclusions to
be drawn regarding electron binding and the chemical struc-
ture of the sample under consideration.

From the line width, dynamic properties can be inferred. If
unresolved fine structures are neglected, the line width is
determined by several processes which are opposed to an
alignment of the magnetic moments. The interaction between
aligned magnetic moments among each other is called spin-
spin relaxation, and the interaction between the magnetic
moments and fluctuating electric and magnetic fields, which
are caused by lattice oscillations in solids and by thermal
motion of the atoms in liquids, is called spin-lattice relaxation.

In some cases, the line width is influenced by so-called ex-
change interaction and is then much smaller than one would
expect if there were pure dipole-dipole interaction of the
spins.

ESR spectrometers developed for practical applications usu-
ally work at frequencies of about 10 GHz (microwaves, X
band). Correspondingly, the magnetic fields are of the order
of magnitude of 0.1 to 1 T. In this experiment, the magnetic
field Bo is considerably weaker. It is generated by means of
the Helmholtz coils and can be adjusted to values between 0
and 4 mT by appropriate choice of the coil current. A current
which is modulated with 50 Hz is superimposed on the con-
stant coil current. The magnetic field B, which is correspond-
ingly modulated, is thus composed of an equidirectional field
Bo and a 50-Hz field Bmog. The sample is located in an HF coil
which is part of a high-duty oscillating circuit. The oscillating
circuit is excited by a variable frequency HF oscillator with
frequencies between 15 and 130 MHz.

If the resonance condition (V) is fulfilled, the sample absorbs
energy and the oscillating circuit is loaded. As a result, the
impedance of the oscillating circuit changes and the voltage
at the coil decreases. This voltage is converted into the
measuring signal by rectification and amplification.

The measuring signal reaches the output of the control unit
with a time delay relative to the modulated magnetic field.
The time delay can be compensated as a phase shift in the
control unit. A two-channel oscilloscope in X-Y operation
displays the measuring signal together with a voltage that is
proportional to the magnetic field as a resonance signal. The
resonance signal is symmetric if the equidirectional field Bo
fulfils the resonance condition and if the phase shift ¢ be-
tween the measuring signal and the modulated magnetic field
is compensated (see Fig. 2).
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2d

Fig. 2 Oscilloscope display of the measuring signal (Y or I, respec-
tively) and the modulated magnetic field (X or Il, respectively)

left: two-channel display with DC coupled channel Il
right: XY display with AC coupled channel Il

Fig. 2a phase shift & not compensated, equidirectional field B, too
weak

Fig. 2b phase shift ¢ compensated, equidirectional field B, too weak

Fig. 2c phase shift  not compensated, appropriate equidirectional
field B

Fig. 2d phase shift & compensated, appropriate equidirectional field
Bo

The sample substance used is 1,1-diphenyl-2-picryl-hydrazyl
(DPPH). This organic compound is a relatively stable free
radical which has an unpaired valence electron at one atom
of the nitrogen bridge (see Fig. 3). The orbital motion of the
electron is almost cancelled by the molecular structure.
Therefore the g-factor of the electron is almost equal to that
of a free electron. In its polycrystalline form the substance is
very well suited for demonstrating electron spin resonance
because it has an intense ESR line, which, due to exchange
narrowing, has a small width.

NO,

Fig. 3 Chemical structure of 1,1-diphenyl-2-picryl-hydrazyl (DPPH)

Apparatus

1 ESR basic unit 514 55
1 ESR control unit 514 571
1 pair of Helmholtz coils 555 604
1 two-channel oscilloscope 303 575211
2 BNC cable 1m 501 02
3 saddle bases 300 11
1 connection lead 25 cm black 501 23
1 Connection lead 50 cm red 501 25
1 Connection lead 50 cm blue 501 26
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Fig. 4 Experimental setup for electron spin resonance at DPPH.

~[2r{,

Fig. 5 Arrangement of the Helmholtz coils viewed from above.

Setup

The experimental setup is illustrated in Figs. 4 and 5.

Set up the Helmholtz coils mechanically parallel to each
other at an average distance of 6.8 cm (equal to the aver-
age radius r).

Connect the Helmholtz coils electrically in series to each
other and to the ESR control unit, note the details in Fig.
5.

Connect the ESR basic unit to the ESR control unit via the
6-pole cable.

Connect the output “ESR Signal” of the ESR control unit
to channel Il (y-Axis) of the two-channel oscilloscope and
the output “B-Signal” to channel | (x-Axis) via BNC cables.

Carrying out the experiment
Determining the resonance magnetic field Bo:

Put on the plug-in coil 15-30 MHz (the biggest one of the
three coils) and insert the DPPH sample so that it is in the
centre.

Switch the ESR basic unit on and set it up so that the
plug-in coil with the DPPH sample is located in the centre
of the pair of Helmholtz coils (see Fig. 5).

Set the resonance frequency v = 15 MHz (potentiometer
on top of the basic unit ).

Set the modulation amplitude I~ to the middle.
Set the phase shift to the right (potentiometer Phase ).
Select two-channel operation at the oscilloscope.

Dual on
time base 2
Amplitude | and Il 0.5 V/icm AC

Use the button on the control unit to switch the display of
the control unit to “A=", showing the value of I=. Slowly
enhance the equidirectional field of the Helmholtz coils
with the current I= until the resonance signals are equally
spaced (see Fig. 3). At a frequency of 15 MHz this will be
at an approximate current of 0.13 A.

ms/cm

Switch the oscilloscope to XY operation, and set the
phase shift so that the two resonance signals coincide
(see Fig. 2).

Vary the direct current I= until the resonance signal is
symmetric. Select a modulation current I~ as small as
possible.

Read the direct current I= through the pair of Helmholtz
coils, and take it down together with the resonance fre-
quency v, creating Table 1.

Increase the resonance frequency v by 5 MHz, and adjust
the new resonance condition by increasing the direct cur-
rent I=.

Again measure the current I= and take it down.

Continue increasing the high frequency in steps of 5 MHz
(use the plug-in coil 30-75 MHz for frequencies greater
than 30 MHz and the plug-in coil 75-130 MHz (the small-
est one) for frequencies greater than 75 MHz) and repeat
the measurements.

Determining the half-width dBo:

Select XY operation at the oscilloscope.
0.5 V/icm AC

Adjust the resonance condition for v = 50 MHz (medium
plug-in coil ) once more.

Amplitude Il

Extend the resonance signal in the X direction exactly
over the total width of the screen (10 cm) by varying the
modulation current I~.

Switch the control unit display to I~ and read the RMS (!)
value of the modulation current Imeg, for example 0.282 A.

Spread the X deflection(changing to 0.2 V/cm), read the
width AU of the resonance signal at half the height of the
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oscilloscope screen, and take it down, for example 1.5 Evaluation

cm. - .
The magnetic field B of the Helmholtz coils can be calculated

Measuring example from the current | through each coil:
Determining the resonance magnetic field By

42 . 7V
In Table 1, the current through the series-connected Helm- B =Hg IIE—]Z 0 with Ho =4m10 7A—S
holtz coils lg in the case of resonance is listed as a function of 5 r _ _ m _

the frequency v of the alternating high frequency field. (n: number of turns per coil, r: radius of the coils)

Table 1: the current lp as a function of the frequency v of the Withn=320andr=6.8 cmB=423mT EII— is obtained.
alternating field A

v | = Plug-in coil Determining the resonance magnetic field Bo:
MHz T In Ta_ble 2 the values calculated for the magnetic field are
compiled.
15 0.13 big
20 0.17 big Table 2: The magnetic field Bo as a function of the frequency
25 0.21 big v of the alternating field.
30 0.26 big v Bo
30 0.26 medium MHz mT
35 0.30 medium 15 0.55
40 0.34 medium 20 0.74
45 0.38 medium 25 0.93
50 0.43 medium 30 1.08
55 0.47 medium 35 1.27
60 0.51 medium 40 1.46
65 0.55 medium 45 1.63
70 0.60 medium 50 1.82
75 0.64 medium 55 1.99
75 0.64 small 60 2.12
80 0.68 small 65 2.33
85 0.72 small 70 2.54
920 0.77 small 75 2.75
95 0.81 small 80 2.86
100 0.85 small 85 3.07
105 0.89 small 90 3,28
110 0.94 small 95 3.38
115 0.98 small 100 3.60
120 1.02 small 105 3.81
125 1.06 small 110 4.02
130 1.11 small 115 4,12
120 4.23
Determining the half-width 8Bo: 125 4.44
half-width read from the oscilloscope, 1.5 cm corresponding 130 4.65
to: U =15cm [G).Zl =0.3V

cm

Calibration of the full modulation voltage Umod:

U, =10cm [ﬂ).SL =5V
cm

corresponds to Imog = 0.28 A (RMS of AC).

Peak-to-peak Amplitude is 2\/5 of RMS.
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Fig. 6 the resonance frequency as a function of the magnetic field for
DPPH

Fig. 6 shows a plot of the measured values. The slope of the
straight line through the origin drawn in the plot is

Y _pygMHz.
By mT
From this the g-factor follows:
~34\p 12
9= hw _ 6.625 IZI.0_24WS2 78 MHz ~199
Hg By 92730010 “*Am mT

Value quoted in the literature: g(DPPH) = 2.0036.
Determining the half-width dBo:

aJ _03V

a= a,., .28 A[2E/2 =0.049 A

mod

From this

By =4.23mT Dil =0.21mT

is obtained.
Value quoted in the literature:
0By (DPPH) = 0.15-0.81 mT

The line width strongly depends on the solvent in which the
substance has recrystallized. The smallest value quoted in
the literature is obtained with CS; as solvent.
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Electron spin resonance; magnetic field dependence of the resonance freguency, determination of the

g-factor

The absorption of alternating field energy of a sample in the magnetic field of a pair of Helmholtz
coils, on which a high frequency alternating field has been superimposed, is measured with ESR equipment
and an oscilloscope in xy-mode. From the relatfonship between resonance frequency and resonance field
strength B of the electromagnet, the g-factor for the spin of the electron 9. is calculated.

A paramagnetic electron spin system - a sample of
DIPHENYL-PICRYL-HYDRAZYL (DPPH) - in the coil of
the high frequency resonance circuit absorbs high
frequency energy in a BC field during resonance,
This Teads to a measurable change in the resonance
circuit's impedance.

With this resonance method, we can discover
something about the intrimsic angular momentum of
the electron (spin}; the magnetic torque, the
quantized adjustment possibilities of the spin in
outer magnetic field and the energy Tevel
connected with it. To do this, bridges between
energy levels are dinduced in high frequency
alternating current fields, corresponding to iwo
possible stable spin adjustments in the outer
magnetic field.

The organic compound Dipheny1-picfyl-hydrazy1
{DPPH) is a radical, in which an unpaired electron
appears on one of the nitrogen atoms (see Fig. 1).

| ©>N—a©

Fig. 1: DPPH

The electrons of a DPPH sample, which do not
possess any orbital anguiar momentum (1 = 0}, are
well suited for electron spin  resonance
experiments.

The sample is pTaced into a magnetic OC fie1q,
which is superimposed by a high frequency magnetic
AC field {in the coil of a resonance circuit).

During resonance (the energy of the irradjated
photons is equal to the energy difference between
two possible stable spin positions; transitions
are induced} high frequency energy is absorbed,
which s reflected in an alteration of the
rasonance circuit's impedance.

During electron spin resonance measurement, due to
experimental vreasons, the frequency of the
irradiated microwaves is not adapted, but the
strength of the outer magnetic field is varied.

Through modulation of the magnetic DC field, a
change in resistance during resonance can
periodically be brought about and therefore can be
displayed on the oscilloscope.

Vertical deflection plates: voltage proportional
to the amplitude of the high frequency field.

Horizantal deflection plates: voltage proportional
to the field of the Helmholtz coils.

The resonance frequency f is a function of the
resonance field strength B. The dependence is
datermined experimentally, is then compared with
the theoretical result derived below and is then
evaluated.

ETectron spin resonance formula

A magretic moment is linked with electron spin.
It can be clearly understood by considering the
electron as a rotating electric charge and by
virtue of the fact that a circular current
possesses a magnetic moment, Because of the
negative charge of the electron, the magnetic
moment acts in the opposite direction to the spin.
This cTear notion of a rotating electron cannot be
taken too literally, because no quantatively
correct results can be derived from 7t. In
particular it does not follow that the electron
spin has only half numbers.

The relationship between the electron spin g and
the magnetic moment gs of the electron is
expressed

in the form

bs = EE;E g.

g s Bohr's magneton, depicting the structural
unit for atomic magnetic moment; and h (read
‘h-cross'; T = h/27) Planck's action quantum




which in a similar way is the structural unit for
atomic angular momentum. The constant 9 is a

value characteristic for the electron, which is
designated as the g-factor for the spin of the
electron.

It shows the ratio of the values of the magnetic
moment to that of the anguiar momertum in the
corresponding atomic units:

_bs v
9 ° 3 -n

If the corresponding ratio of magnetic moment and
orbital angular momentum is formed, them the ex-
perimentally correct value g=1 is obtained and for
Bohr's magneton one finds wg=e«t/(2m -c); m, 1s the

calculation ¥ = e - /(2 my + c)s mg is the

resting mass of the electron. The g-factor for the
spin of an electron cannot be understood with
classical physics (see note at end). It can only
be understood by means of relativistic quantum
mechanics, It has a value of gg = 2 with a

correction factor of 0.1%, which is in agreement
with the experiment.

To derive the resonance formula, the results of
quantum mechanics are used, with which the orbital

anguTar momentum T can be calculated with the
formula =/ T {1 +1;r. 1 is the angular
momentum quantum number. Also, the observable
components of the angular momentum are quantized
in one privileged direction according to the

formula 12 =m - . m is the magnetic quantum

number. The z-direction is defined here by the
magnetic field. For the orbital angular momentum
with an orbital quantum number 1, m must have
integral values, m = 0, #1, +2 ... +1. In total,
an odd number of 21 + 1 values and the same
number of energy levels are obtained {Z-direction
corresponds to the direction of the outer field).

The angular momentum vector ¢ follows the same
rules as those of the orbital angular momentum,

; =/s(s+1) » nh

s,=m, =N

z s Mg = =5, 24y +5

When splitting up the S-basic state (1 = 0), inte
two components (even number), we can conclude
that the electron has a spin. On the other hand,

the spin quantum number must have the value s = %,
so that for all possible values of the magnetic
spin quantum number mg:
2.5 +1=2,

The magnetic spin quantum number can conly take on

the value m_ = + % , this being able to explain
the sp]ittiﬁg intd two levels,

With only two spin sets possible, the magnetic
moment of the electron which is coupled with the
intrinsic angular momentum has also only two
setting possibilities. From

¥B
§ = g4 = $and s, = =2

it follows that the z-component of the magnetic
moment is

uy = i-% Ggup-

The potential energy Em of a magnetic moment ﬁ,
which is in a magnetic field with the force flux
density E, is:

> +
Eg= » « B = uzB.
Accordingly, the energy EO’ which has an electron

without a magnetic field, divided up into the two
following levels (compare Fig. 2):

1
Ep = Eq = 9gugB.

2
T /Eo+;—gsu83
Eo E=hf
E —-lg o &
-3 7 9s¥'B
——— F

Fig. 2: SpTitting up of an energy level in a
magnetic field (total impulse
j =s + 1 =s) with resonance conditions.

Resonance absorption takes place when the energy
of the irradiation photon E = hf is equal to the
magnetic splitting up of energy. Here f is the
frequency of the beam. As the resonance formula we
obtain

hf = gough
in general, we must take into consideration the

fact that the total angular momentum J is the sum
of the orbital angular momentum and the spin.

Apparatus:

1 ESR-basic unit (sample head) ......... 514 55
1 Pair of Helmholtz coils ..... eareanas 555 06
3 Saddle bases ......... vesseenennnnn iee 300 11
1 Oscilloscope, two-channel ....... e.g. 575 20
2 Cable, screened, BNC, 4 mm socket .... 575 24

For power supply:

1 ESR-control unit ..ovvveninns ciaeeeess 514 57
and
1 Measuring instrument D, measuring range
3 A, e.g. E measuring instrument D .... 531 88
3 Connecting Teads, 50 ¢m .......ceavua0s 501 28
2 Connecting leads, 25 cm ...vvuvannnnnn. 501 23




Setting up:

Connect the Helmholtz coils in parallel, choose a
distance for the coils equal to the coil radius r
{r = 6,8 cm).

Important!

Below the current in each coil will be designated
1. Because of the parallel connection of both
coils, the ammeter displays 2 I.

Oscilloscope setting

HOR, EXT.
¥i.: Ac; 0,5 4
X.: AC, 2 4

Point of origin: The middle of the uppermost
screen line,

Carrying out the experiment:

Choose one of the following plug-in coils
corresponding to the frequency range of the
high frequency alternating current field:

Plug-in coil (E} (f approx. 13 - 30 MHz),
Plug-in coil {F) (f approx, 30 - 75 MMz},
Plug-in coil (G) (f approx. 75 - 130 MHz)

Insert the DPPH-sample.

If the amplitude of the AC field superimposed
with the magnetic DC field is too small, slowly
increase the magnetic DC field until Jmpulses
can be seen on the screen.

Note:

In general two resonance impulses can be seen.
This is because the magnetic AC field goes through
the resonance pesition twice per phase and because
there is a phase offset between the voltages shown
on the oscilloscope {(verify with a two channel
oscilloscope: instead of X-input [HOR.EXT.}:

¥, -input, TIMEBASE 1 E% ).

- Coincide resonance impulses with the phase
shifter and by varying the direct current
field, set it symmetrically to the center of the
screen (x = 0} [example: oscillogram Figure 4).

N

Fig. 4: Oscillogram
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Fig. 3: Experiment setup




- Increase the frequency f of the HF opscilfator,
so that the resonance line displaces itself to
the right on the oscilloscope screen, because
resonance only occurs when there is a Tlarge
magnetic force flux density B.

-~ By increasing the magnetic direct current
field, reset the resonance lire back to its
original position (middle of the screen)
(symmetrical to X = 0).

- Measure the frequency f and the direct current
amplitude I which is proportional to B. For an
exact measurement of I, choose a low ESR signal
by decreasing the modulation amplitude of the
outer field, and adjust the remaining ESR
signal so that it is s trical to the middle
of the screen {x = 0] with the direct current
field (see Fig. 5).

~ Determine the pair of values f and I according
to the methods described (see diagram Fig. 6).

HF-Amplitude

!

't

Fig. 5: In the case of a symmetrical resonance

. impulse its maximum marks the amplitude
of the magnetic DC-field with the force
flux density B proportional to I.
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Fig. 6: Resonance frequency f as a function of the
magnetic resonance field strength B,
proportional to the current measured on
the Helmholtz coils.

Deducing B by measuring 1:

if the amount of the current in the coil I is
known, then the force flux density B of the almost
homogenous magnetic field in the pair of Helmholtz
coils {distance between the coils = coil radus)
can be calculated with Biot-Savart's law.

n = Number of turns in the coil
r = Coil radius
I = Current in each coil

With the magnetic field constant

My = 1,2566 « 1076 ¥3

n = 320 und
r==56,8 cm
I
we get — = 4,23 —,
mT A

Recalibrate the I-abscissa in Fig. 6 according to
this relationship.

Measuring example:

The slope of the iine is taken from diagram Fig. 6

100 MHz
3,57 mT~

f
B

Evaluation and result:

The resonance frequency is proportional to the
magnetic resonance force flux density B.

From the resonance condition

= 3s7¥p
h

h = 6.625 - 10734 sz (Planck's action guantum)
g = 9,273 - 10-24 Am2 (Bohr®s magreton).

The g-factor can be calculated with the help of
the experimentally determined slope % H

hef  6,625.1073% Ws2.100 MHz
g = = = 2,0
b8 9,273.1072% Am2.3,57 mT

The g-factor (g = h - f } which was calculated
s Hg + B

with the help of the proportionality constant % ,
has the value 2.0,




Note:

The g-factor g, = 2 cannot be understood in
classical physics,

gg = 2 means that the spin generates at twice as
large a magnetic moment as a classical rotating
carge with the angular momentum 1/2 h.

Literature on electron spin resonance

{1) Elektronenspin-Resonanz
F. Schneider and M. Plato
Thiemig-Taschenbiicher, Band 40
VerTag KarT Thiemig KG, Miinchen

(2

—

Paramagnetic resonance in solids
W. Low
Academic Press 1960, New York and London

{3) Principles of Magnetic Resonance
C. P, Silichter
Harper and Row 1963

(4) Paramagnetic Resonance
(4) G.E. Pake
W. A, Benjamin 1962, New York
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The £SR basic unit is used in experiments on electron spin
resonance, the £SR controf unit provides all the required volt-
ages and also digitally indicates the frequency of the oscillatory
circuit

The ESR adapter is used in those cases where other power
supply units and fre yuency indicators are used instead of the
ESR control unit.

Measuring Principle:

A paramagnetic electron spin system — probe consisting of
DIPHENY LPICRYL-HYDRAZYL {DPPH) — placed between
the coils of an r-f oscillatory circuit and applying a constant
fieid, will absorb r-f energy thus measurably changing the im-
pedance of the oscillatory circuit. The impedance change of
the constant magnetic field as produced by the modulation
can be displayed on an oscilloscope.

Exampies of experiments:

® Verification of electron spin resonance

® Magnetic field as a function of resonant frequency
{linearity of Zeeman interaction)

® Measurement of the gyromagnetic ratio and factor of g
® ESR line width
® Signal amplitude as a function of resonant freguency

A monograph describing experiments on electron spin resonance
is in preparation.

1 Safety

0 The ESR control unit can be converted for mains volt-
ages other than 220 ¥V a. ¢. (see Section 4.2}).

0 Qutput (8 of the ESR control unit {magnet supply)

LS

2 Parts, Description, Technical Data

2.1 514 55 ESR basic unit

The basic unit consists of the following parts:

@ ESR probe hoider with frequency divider 10001 and signal
amplifier

® Measuring lead to use the apparatus as a resonance meter

© Electric resonant circuit, passive (for investigating the
relationship between resonant frequency and magnetic
field}

© DPPH probe
®, ®, © Plug-in coils for different frequency ranges

LEYBOLD

LEYBOLD DIDACTIC GMBH

Instruction Sheet 514 55/56/57
ESR Basic Unit

ESR Adapter

ESR Control Unit

5
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®
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Fig. 1

Control efements:

(3 On/off switch

(&) Potentiometer for r-f amplitude adjustment
(@ Socket for measuring cable ®

(93 Multi-core lead for supply and signal voltages
(5) Stand rod

(&) Sockets for connecting the r-f plug-in coils
(7) Variable capacitor for frequency adjustment

Technical Data:

+12 V/175 mA

with plug-in coil ®:

13 to 30 MHz approx.

with plug-in coil ®:

30 1o 75 MHz approx.

with plug-in coil @ :

75 to 130 MHz approx.

B Vpp approx. at 13 MHz
amplitude adjusted to maximum
110 6 V approx. [depending
on frequency}

Supply voltage and current:
Frequency ranges:

Voltage across the r-f coil:
{with ref. to ground}
ESR signal:

Frequency divider: 1000: 1
Frequency output for
digital counter: TTL

D. C. current (at output (3): 100 uA approx.

Test substance: Diphenyl-Picry!-Hydrazy! {DPPH)
Frequency range of the pas-
sive resonant circuit © :
Dimensions of the probe

10 to 50 MHz

holder: 130 mm x 70 mm x 40 mm
Length of stand rod: 185 mm
Weight: 0.7 kg approx.




2.2 514 56 ESR adapter
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Fig. 2

Control elements:

(& Supply voltage connection

() Signal output Y
() Frequency output
(x) Connection for the ESR

Technicaf Data:
Signal output Y:

f_.
Frequency output 7000 -

Supply voltage input
+12Vv,0, -12 v:

Socket for ESR basic unit:
Dimensions:

Weight:

basic unit {probe holder)

BNC socket
BNC socket

4-mm sockets

for 5-pin connector

95 mm x 75 mm x 25 mm
0.2 kg

2.3 514 57 ESR control unit

Fig. 3

Controf elements:
® On/foff switch

Technical Data:

Maims. conmestion
Primary fuse:

Magnetic field supply:

Phase shifter:
Digital frequency
indication:

Signal output:
Modulation output:

Magnet supply output:

Dimensions:
Weight:

1104130/ Z20 740 Y a. ., 50760 Hz
0:& A (slow Blow) for 220 V Fne.
240V (Spare Part No. 65 814

1.6 A (slow blow) for 110V ane
130 V (Spare Part No. &3 812)
0tol0Vd.c.

Oto BVac

max. current 3 A {no overload
protection!)

0 to 90°

4 digits

BNC socket

BNC socket

pair of 4-mm sockets
30cmx 21 ecm x23cm
6.2 kg approx.

3 Experiment Assemblies, Operation

3.1 Assembly for demonstrating the operating principle of the
ESR basic unit (514 55)

Un

1V

S
..:Q:D

Fig. 4 Unip with resonance

a 1=
.:
t
TmA
0

ESR adapter

(® D.C. voltage adjusting potentiometer

® Modulation volage adjusting potentiometer

® Digital frequency indication

Phase shifter

(% Signal output

(® Modulation output

Output magnet supply

@ Socket for connection to the ESR basic unit {probe holder)

Equipment: Cat. No
1 ESR basic unit {(probe holder} . . . .. ... ... .... h14 5b
1 Perforatedstandrod . .. .. ... ............. 590 13
2Saddlebases .. .. ...._ ... .. ..., .. .... 300 117
1 D. C. power supply, stabilized. .. ............ 522 30
TESRadapter .. .. ...t enrnnn 514 56

or instead of (22 20) and {514 56):

1ESRcontrolunit . . .. ..... ... ... ....... 514 57
1 Voltmeter, range 1 V a. c.
1 Ammeter, range: 1 mA d. c.

e.g. Emeasuringinstruments D. . .. . ... ... ... 53188
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Yii: AC;0.5 2
L, ms
Vi TIMEBASE: 1 om
TRIGGER: |l or LINE
Yi
Fig. 5 Experiment assembly for elactron spin resonance, with adapter
3.2 Assembly for demonstrating electron spin resonance or
i by 1ESRadapter ................ccooi. .. 514 56
s t . . -
Equip men.r ) Cat. No 1 Measuring resistor, T2 .................... 536 10
1 ESR basic unit {prob_e holder) ............... 514 55 1 D. C. power supply unit, regulated ... ......... 522 20
1 Pair of Helmholtzeoils .. ................... 65565 06 1 Low-voltage transformer SE . ................ 522 20
3Saddlebases . ..............0 i, 300 11 or
1 Two-channel oscilloscope, e.g. .. ............. 575 20 Low-voltage transformer S .. ................ 591 00
Power supply aptions: TDigitalcounter .. ................ . ccuuun.. 575 50
al TESRcontrolunit ....................... 514 57 or
and CounterP ........... e e 5765 45
1 Ammeter, range: 3 A, e.g. and stopclock,e.g9. ............ ... uun.. 31308
E measuring instrument D ... ............. 531 88

Fig. 8 Assembly for electron spin resonance, with the ESR controt unit
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Atomic and nuclear physics

Atomic shell
Normal Zeeman effect
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Leaflets

Objects of the experiment

Observing the

normal Zeeman effect

in transverse and
longitudinal configuration

B Observing the line triplet for the normal transverse Zeeman effect.

B Determining the polarization state of the triplet components.

B Observing the line doublet for the normal longitudinal Zeeman effect.

B Determining the polarization state of the doublet components

Principles
Normal Zeeman effect

The Zeeman effect is the name for the splitting of atomic energy
levels or spectral lines due to the action of an external magnetic
field. The effect was first predicted by H. A. Lorenz in 1895 as
part of his classic theory of the electron, and experimentally
confirmed some years later by P. Zeeman. Zeeman observed
a line triplet instead of a single spectral line at right angles to
a magnetic field, and a line doublet parallel to the magnetic
field. Later, more complex splittings of spectral lines were

Fig. 1: Level splitting and transitions of the normal Zeeman effect
in cadmium
M,
2
J=2 / 1
'D, - 0
& -
-2
f = 466 THz
Ao = 644 nm
Y A Y 1
p / \ 4 Y \ 4 0
od=ET N y -
T
I
:
c T G’
AM,=-1 AM,=0 AM,=+1

observed, which became known as the anomalous Zeeman
effect. To explain this phenomenon, Goudsmit and Uhlenbeck
first introduced the hypothesis of electron spin in 1925. Ulti-
mately, it became apparent that the anomalous Zeeman effect
was actually the rule and the “normal” Zeeman effect the
exception.

The normal Zeeman effect only occurs at the transitions be-
tween atomic states with the total spin S = 0. The total angular
momentum J = L + S of a state is then a pure orbital angular
momentum (J = L). For the corresponding magnetic moment,
we can simply say that:

_ "B
p=- J 0]
where

he
2me

pg = (In
wg = Bohr’'s magneton, m, = mass of electron, e elementary
charge, % = Planck’s constant)

In an external magnetic field B, the magnetic moment has the
energy

E=-u(B an

The angular-momentum component in the direction of the
magnetic field can have the values

J,=M;yh mitM3=3,J-1, ...,-J (V)
Therefore, the term with the angular momentum J is split into
2J + 1 equidistant Zeeman components which differ by the

value of Mj. The energy interval of the adjacent components
My, Myyq is

AE = pug [B (V).

We can observe the normal Zeeman effect e.g. in the red
spectral line of cadmium (Ag = 643.8 nm, fy = 465.7 THz). It
corresponds to the transition 1D, (J =2, S =0) —> 1P; (J = 1,
S = 0) of an electron of the fifth shell (see Fig. 1).
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A i Angular distribution and polarization
r . .
ppa _a us Depending on the angular momentum component AMj in the
1 Cadmium lamp for Zeeman effect . . . . . 45112 direction of the magnetic field, the emitted photons demon-
1 Optical system for observing strate different angular distributions. Fig. 2 shows the angular
the Zeemaneffect. . . .. ....... .. 47120 distributions in the form of two-dimensional polar diagrams.
1 Lummer-Gehrcke plate . . . . .. ... .. 47121 They can be observed experimentally, as the magnetic field is
1 Electromagnet for Zeeman effect . . . . . 51450 characterized by a common axis for all cadmium atoms.
1 Universal choke for 45112 . . . . . . . . . 451 30 In classical terms, the case AM; = 0 corresponds to an in-
1 High current power supply . . . . . . . .. 52155 finitesimal dipole oscillating parallel to the magnetic field. No

Connecting leads with conductor cross-section 2.5 mm?

In the magnetic field, the 1D, level splits into five Zeeman
components, and the level 1P, splits into three Zeeman com-
ponents having the spacing calculated using equation (V).

Optical transitions between these levels are only possible in
the form of electrical dipole radiation. The following selection
rules apply for the magnetic quantum numbers M; of the states
involved:

=%l
AMJ { =0
Thus, we observe a total of three spectral lines (see Fig. 1); the

 component is not shifted and the two o components are
shifted by

Af = +% (Vi)

fur o-Components
fir w-Components (V1)

with respect to the original frequency. In this equation, AE is
the equidistant energy split calculated in (V).

Safety notes

The electrical leads on the cadmium lamp and the resistors
of the starting electrodes are open and easily accessible:

B Do not touch any current-carrying (live!) parts.

The Lummer-Gehrcke plate has been manufactured with
great precision with regard to the parallelism and flatness
of its surfaces.

B Do not mechanically stress the Lummer-Gehrcke plate
by bending or in any other manner.

B Pick up the Lummer-Gehrcke plate only by the edges.

B When mounting the Lummer-Gehrcke plate, make sure
that the plate is supported evenly in its holder over its
entire length.

B Before transporting the apparatus, remove the Lum-
mer-Gehrcke plate from its holder and store it in a safe
place.

Loose ferromagnetic objects can be strongly attracted by
the electromagnet and can damage the quartz bulb of the
cadmium lamp.

B Check to make sure that the pole pieces are screwed
tight before switching on the magnet current.

B When the magnet current is switched on, do not handle
ferromagnetic objects in the vicinity of the cadmium
lamp.

Deposits of skin secretions can destroy the quartz bulb of

the cadmium lamp when it becomes hot.

B Never handle the quartz bulb of the cadmium lamp with
your bare hands.

gquanta are emitted in the direction of the magnetic field, i.e.
the m component cannot be observed parallel to the magnetic
field. The light emitted perpendicular to the magnetic field is
linearly polarized, whereby the E-vector oscillates in the direc-
tion of the dipole and parallel to the magnetic field (see Fig. 3)

Conversely, in the case AM; = £1, most of the quanta travel in
the direction of the magnetic field. In classical terms, this case
corresponds to two parallel dipoles oscillating with a phase
difference of 90°. The superpositioning of the two dipoles
produces a circulating current. Thus, in the direction of the
magnetic field, circularly polarized light is emitted; in the posi-
tive direction, it is clockwise-circular for AM; = +1 and coun-
terclockwise-circular for AM; = -1 (see Fig. 3).

@&@

n (AM, = 0) 6 (AM, = +1)
Fig. 2: Angular distributions of the electrical dipole radiation
(AMj;: angular-momentum components of the emitted pho-
tons in the direction of the magnetic field)
T AB B L B
— ¥ §
R 6 s>
> 4
=3 =
o (AM,=-1) n (AM, = 0) ' (AM, = +1)
Fig. 3: Schematic representation of the polarization of the

Zeeman components

Spectroscopy of the Zeeman components

The Zeeman effect enables spectroscopic separation of the
differently polarized components. To demonstrate the shift,
however, we require a spectral apparatus with extremely high
resolution, as the two ¢ components of the red cadmium
line are shifted e.g. at a magnetic flux density B = 1 T by only
Af = 14 GHz, respectively AN = 0.02 nm.

A Lummer-Gehrcke plate is used for this experiment. This
component has been manufactured with great precision with
respect to the parallelism and flatness of its surfaces. The light,
which is divergent in the vertical direction, passes through a
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horizontal slit via an attached prism into a long, plane-parallel
glass plate (see Fig. 4). Inside this plate, the light is reflected
back and forth repeatedly, with some part of it emerging each
time. When observed at an angle of o = 90° the reflection
within the plate occurs almost completely within the limit angle
of total reflection. The result is a high reflection coefficient, i.e.
many of the rays can interfere with each other when the plate
is long enough. The emerging waves are observed from behind
the plate using a telescope focused on infinity. For a given
wavelength \, two mirror-image identical systems of horizontal
lines can be observed above and below the plate. Each inter-
ference line can be assigned to one emerging angle « of the
component rays from the Lummer-Gehrcke plate and an angle
of incidence B at the prism.

The rays emerging at an angle of oy interfere constructively
with each other when two adjacent rays fulfill the condition for
“curves of equal inclination” (see Fig. 4):

A = 2d TVn2 = sin2a; = k D\

mitk=1,2,3,... (VI

(A = optical path difference, d = thickness of plate, n = refrac-
tive index of the glass, k = order of interference)

A change in the wavelength by 8\ appears as a shift in the
interference lines by the angle da. If a spectral line contains
multiple components with a distance 8\, each interference line
is split into a corresponding number of components with the
spacing da. It thus becomes possible to recognize a spectral-
line doublet in a doublet structure and a spectral-line triplet in
a triplet structure in the interference lines.

Fig. 4: Lummer-Gehrcke plate as an interference spectrometer
(the beam path for the angle of incidence B= 0° is drawn
as a series of unbroken lines).

The optical path difference between two adjacent emerg-
ingraysisA=nA; - A,
Setup

First-time setup:

Fig. 5 shows the complete setup in the transverse configura-
tion.

— Mount the electromagnet for the Zeeman effect on the base
plate of the optical system. When tightening the hex screw
(size 27) beneath the base plate, make sure that you can
still turn the electromagnet on the base plate when you
really try.

— Mount the pole pieces of the electromagnet (a) at a spacing
of 10 mm.

Fig. 5: Experiment setup for the Zeeman effect in the transverse
configuration
(a) pole pieces

b) cadmium lamp with holder

c) plug-in holder for red filter

d) cover

e) telescope

f) ocular

g) height adjustment for telescope

h) arresting screw for column

i) arresting screw for column base

(
(
(
(
(
(
(
(




P6.2.7.1

LEYBOLD Physics Leaflets

I=

©
=

I=

Il
©)u]
Il

=l

Fig. 6: Top view of setup in the transverse configuration (top) and

the longitudinal configuration (bottom)
(d1) holder with quarter-wavelength foil
(el) holder with polarization filter

Screw in the holder for the cadmium lamp (b) with the
opening facing the electrical connections of the electro-
magnet.

Secure the pole pieces and the holder of the cadmium lamp
using arresting screws and retaining straps.

Turn the fused point on spectral lamp toward the side with
the electrical connections so that the electrical leads do not
obstruct the beam path.

Screw in the column of the optical system so that the
column base is as far as possible from the electromagnet.
Remove the cover (d) and carefully place the Lummer-
Gehrcke plate on the velour-lined base. Make sure the plate
is aligned horizontally and is evenly supported over its
entire length. Slide the prism as close as possible to the
illuminated side.

Turn the cover together with the cylindrical attachment
toward the telescope (e) and rest it carefully against the
telescope without disturbing the Lummer-Gehrcke plate.
Then tighten the arresting screws.

Slide the red filter with collecting lens into the plug-in holder
(©).

To prevent interference from ambient light, slide the flexible
light screen onto the cylindrical attachment of the cover,
and slide the foam rubber ring over the telescope.

Switching from transverse to longitudinal observation:

Loosen arresting screw (i) on the column base and move
the column of the optical system as far as possible from
the electromagnet.

Remove the red filter with collecting lens from the plug-in
holder.

Swivel the electromagnet with cadmium lamp into the
desired position (see Fig. 6) and align it so that the edge of
the base plate of the electromagnet is parallel to the rear
edge of the base plate of the optical system.

Slide the red filter with collecting lens into the plug-in
holder.

Bring the column of the optical system and the electromag-
net as close together as possible.

Electrical connection:

Connect the cadmium lamp to the universal choke. After
switching on, wait five minutes until a sufficiently strong
light intensity is obtained.

Connect the coils of the electromagnet in parallel (connect
socket 1 to socket 3 and socket 2 to socket 4) and connect
this assembly to the high current power supply.

Adjusting the optical system for observing
the Zeeman effect:

Adjust the height of the optical system in the longitudinal
configuration, and do not change it when swiveling to the
transverse configuration.

The optical system is optimally adjusted when the red horizon-
tal interference patterns above and below the Lummer-
Gehrcke plate show maximum brightness and contrast.

Remove the ocular of the telescope (f); to optimize bright-
ness and contrast, alternately
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a) shift and swivel the entire optical system left and right
on the base plate (fix with arresting screw (i));
b) set the height of the complete optical system in relation
to the cadmium lamp and the hole in the pole pieces (fix
with arresting screw (h)).

— To improve brightness and contrast of the lines, you may
need to raise the entire cover or the red filter with collecting
lens in the plug-in holder.

Fine adjustment:

When the telescope is aimed precisely at the rear of the
Lummer-Gehrcke plate, the interference lines appear sym-
metrically distributed between the top and the bottom. The
bright inner lines are best suited for observation.

— Hold the ocular up to the light and focus the cross-hairs.

— Replace the ocular in the tube of the telescope and focus
the interference lines by shifting the ocular.

Carrying out the experiment

Note: the polarization filter is somewhat darker than the quar-
ter-wavelength foil.

a) Observing in the transverse configuration:

— First observe the pattern of interference lines without the
magnetic field (I = 0 A) and align the telescope so that the
cross-hairs of the ocular rest on an interference line.

— Slowly increase the magnet current to about | = 10 A, until
the split lines are clearly separated from each other.

To distinguish between the m and the o-components:

— Slide the foam rubber ring over the holder of the polariza-
tion filter.

— Place the holder with polarization filter (el) over the tele-
scope (see Fig. 6) and turn it around the axis of observation
until the middle component of the line triplet disappears.

— Turn the holder with polarization filter 90° further until the
outer components of the line triplet disappear.

b) Observing in the longitudinal configuration:

— First observe the pattern of interference lines without the
magnetic field (I = 0 A) and align the telescope so that the
cross-hairs of the ocular rest on an interference line.

— Slowly increase the magnet current to about | = 10 A, until
the split lines are clearly separated from each other.

To distinguish between the ¢* and the ¢~ components:

— Slide the flexible light screen onto the holder for the quar-
ter-wavelength foil.

— Mount the holder with quarter-wavelength foil (d1) on the
cylindrical attachment of the cover, and the holder with
polarization filter (e1) on the telescope (see Fig. 6).

— Turn the holder with polarization filter around the axis of
observation until one of the two doublet components dis-
appears, and turn it 90° further until the other component
disappears.

Measuring example and evaluation

a) Observing in the transverse configuration:

B>0
a) b) c)

B=0

I N ——

Fig. 7: Interference pattern for the Zeeman effect in the trans-
verse configuration
a) observed without polarization filter
b) observed with polarization direction
of the filter perpendicular to the magnetic field
c) observed with polarization direction

of the filter parallel to the magnetic field

b) Observing in the longitudinal configuration:

B=0 B>0
a) b) C)
Fig. 8: Interference pattern for the Zeeman effect in the longitudi-

nal configuration

a) observed without quarter-wavelength foil

and polarization filter

observed with quarter-wavelength foiland
polarization filter to demonstrate counterclockwise
and clockwise-circular polarization

b), c)

Additional information

The total intensity of all Zeeman components is the same in all
spatial directions. In transverse observation, the intensity of
the = component is equal to the total intensity of the two o
components.
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Duane-Hunt relation and
determination of Planck’s constant

Objects of the experiment

B To determine the limit wavelength \,j, of the bremsstrahlung continuum as a function of the high voltage U
of the x-ray tube.

B To confirme the Duane-Hunt relation.
B To determine Planck’s constant.

Principles

The bremsstrahlung continuum in the emission spectrum of an
x-ray tube is characterized by the limit wavelength ., (see
Fig. 1), which becomes smaller as the tube high voltage in-
creases (see experiment P6.3.3.2). In 1915, the American
physicists William Duane and Franklin L. Hunt discovered an
inverse proportionality between the limit wavelength and the
tube high voltage:

1
Amin ~ U (l)

This Duane-Hunt relationship can be sufficiently explained by
examining some basic quantum mechanical considerations:
As the wavelength amda and the frequency v for any electro-

) . ) . magnetic radiation are related in the manner
Fig. 1 Emission spectrum of an x-ray tube with the limit

wavelength A\, of the bremsstrahlung continuum and the _C
characteristic K, and Kg lines. A=— (In

v
¢ = 2.9979 (1108 m s~L: velocity of light

the minimum wavelength \n, corresponds to a maximum
frequency vpyax respectively a maximum energy

4 Ko Emax = h max (i
R h: Planck’s constant

of the emitted x-ray quanta. However, an x-ray quantum attains
maximum energy at precisely the moment in which it acquires

Ks the total kinetic energy
E=eJ (V)
e =1.6022 (11071° A s: elementary charge
- of an electrode decelerated in the anode. It thus follows that
e
\L » Vmax = h J V)
}\«
respectively
hifc 1
Amin = e Dlj (v1)
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Apparatus
1X-ray apparatus . . . . . ... ... ... 554811
1 End-window counter
for a, B, v and x-ray radiation . . . . . . 55901

additionally required:

1 PC with Windows 95/98/NT

Equation (VI) corresponds to Duane and Hunt’s law. The pro-
portionality factor

a-nCe (V1)
e
can be used to determine Planck’s constant h when the quan-

tities ¢ and e are known.

A goniometer with NaCl crystal and a Geiger-Miller counter
tube in the Bragg configuration together comprise the
spectrometer in this experiment. The crystal and counter tube
are pivoted with respect to the incident x-ray beam in 29
coupling (cf. Fig. 2).

Safety notes

The x-ray apparatus fulfills all regulations governing an
x-ray apparatus and fully protected device for instructional
use and is type approved for school use in Germany (NW
807/97 RO).

The built-in protection and screening measures reduce the
local dose rate outside of the x-ray apparatus to less than
1 nSv/h, a value which is on the order of magnitude of the
natural background radiation.

Bl Before putting the x-ray apparatus into operation in-
spect it for damage and to make sure that the high
voltage is shut off when the sliding doors are opened
(see Instruction Sheet for x-ray apparatus).

B Keep the x-ray apparatus secure from access by un-
authorized persons.

Do not allow the anode of the x-ray tube Mo to overheat.

B When switching on the x-ray apparatus, check to make
sure that the ventilator in the tube chamber is turning.

The goniometer is positioned solely by electric stepper
motors.

B Do not block the target arm and sensor arm of the
goniometer and do not use force to move them.

Fig. 2 Schematic diagram of diffraction of x-rays at a monocrystal
and 29 coupling between counter-tube angle and scatter-
ing angle (glancing angle)

1 collimator, 2 monocrystal, 3 counter tube

In accordance with Bragg’s law of reflection, the scattering
angle ¥ in the first order of diffraction corresponds to the
wavelength

N=20 Bin Y

d =282.01 pm: lattice plane spacing of NaCl

(V).

Setup

Setup in Bragg configuration:

Fig. 3 shows some important details of the experiment setup.
To set up the experiment, proceed as follows (see also the
Instruction Sheet for the x-ray apparatus):

— Mount the collimator in the collimator mount (a) (note the
guide groove).

— Attach the goniometer to guide rods (d) so that the distance
s; between the slit diaphragm of the collimator and the
target arm is approx. 5 cm. Connect ribbon cable (c) for
controlling the goniometer.

— Remove the protective cap of the end-window counter,
place the end-window counter in sensor seat (e) and con-
nect the counter tube cable to the socket marked GM
TUBE.

— By moving the sensor holder (b), set the distance s, be-
tween the target arm and the slit diaphragm of the sensor
receptor to approx. 6 cm.

— Mount the target holder (f) with target stage.

— Loosen knurled screw (g), place the NaCl crystal flat on the
target stage, carefully raise the target stage with crystal all
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Fig. 3 Experiment setup in Bragg configuration

the way to the stop and gently tighten the knurled screw
(prevent skewing of the crystal by applying a slight pres-
sure).

— If necessary, adjust the mechanical zero position of the
goniometer (see Instruction Sheet for x-ray apparatus).

Notes:

NaCl crystals are hygroscopic and extremely fragile. Store the
crystals in a dry place; avoid mechanical stresses on the
crystal; handle the crystal by the short faces only.

If the counting rate is too low, you can reduce the distance s,
between the target and the sensor somewhat. However, the
distance should not be too small, as otherwise the angular
resolution of the goniometer is no longer sufficient.

Preparing the PC-based measurement:

— Connect the RS-232 output and the serial interface on your
PC (usually COM1 or COM2) using the 9-pin V.24 cable
(supplied with x-ray apparatus).

— If necessary, install the software “X-ray Apparatus” under
Windows 95/98/NT (see Instruction Sheet for x-ray appara-
tus) and select the desired language.

Carrying out the experiment

— Start the software “X-ray Apparatus”, check to make sure
that the apparatus is connected correctly, and clear any

existing measurement data using the button El or the F4
key.

— Set the tube high voltage U = 22 kV, the emission current
I =1.00 mA, the measuring time per angular step At=30s
and the angular step width Ag = 0.1°.

— Press the COUPLED key to activate 29 coupling of target
and sensor and set the lower limit of the target angle to 5.2°
and the upper limit to 6.2°.

— Start measurement and data transfer to the PC by pressing
the SCAN key.

Tab. 1: Recommended parameters for recording the meas-
urement series

u i At Brmin | Bmax Ap
kv mA s grd grd grd
22 1.00 30 5.2 6.2 0.1
24 1.00 30 5.0 6.2 0.1
26 1.00 20 4.5 6.2 0.1
28 1.00 20 3.8 6.0 0.1
30 1.00 10 3.2 6.0 0.1
32 1.00 10 2.5 6.0 0.1
34 1.00 10 2.5 6.0 0.1
35 1.00 10 2.5 6.0 0.1

— Additionally record measurement series with the tube high
voltages U = 24 kV, 26 kV, 28 kV, 30 kV, 32 kv, 34 kV and
35 kV; to save measuring time, use the parameters from
table 1 for each series.

— To show the wavelength-dependency, open the “Settings”
dialog with the button §| or F5 and enter the lattice plane

spacing for NaCl.

— When you have finished measuring, save the measure-
ment series under an appropriate name by pressing the
button E§| or the F2 key.

Measuring example and evaluation

Determining the limit wavelength A\, as a function of
the tube high voltage U:

For each recorded diffraction spectrum (see Fig. 4):

— In the diagram, click the right mouse button to access the
evaluation functions of the software “X-ray Apparatus” and
select the command “Best-fit Straight Line”.

— Mark the curve range to which you want to fit a straight line
to determine the limit wavelength A ,i, using the left mouse
button.

— Save the evaluations under a suitable name using the
button E&| or by pressing F2.

Confirming the Duane-Hunt relation and determining
Planck’s constant

— For further evaluation of the limit wavelengths A\, deter-
mined in this experiment, click on the register “Planck”.

— Position the pointer over the diagram, click the right mouse
button, fit a straight line through the origin to the curve
Amin = f (1/U) and read the slope A from the bottom left
corner of the evaluation window (see Fig. 5).
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i %-Ray Apparatus | _ (O] x|
Y - . [, ]
oleBE 8= o
Bragg |F'Ianck| Tlansmissionl Mosele_l,.ll
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1/s ]
1000 —
A00 —
_ Fig. 4 Sections from the
diffraction spectra of
7 x-radiation for the tube
u—ﬁﬁﬁﬁhhﬁﬁﬁﬁ high voltages U = 22, 24,
T 26, 28, 30, 32, 34 and
o5 a0 35 kV (from right to left)
rid 4 with best-fit straight line
| [~ ® by Leybold Didactic GmbH, 1998 for determining the limit
i X-Ray Apparatus M=l
" oy b o P
olemel 8537 oo
Bragg i Transmissinnl Moseleyl
U AR [ min £ prn Ak
35.0 344 prn .
34.0 355
320 375 50
30.0 404 -
28.0 433
2B.0 4619 40 —
240 h0.a
220 AR.7 B
30—
20—
10—
o = I I 0 I I Fig. 5 Evaluation of the data
1] oo noz [ihik] o4 )\min =f (l/U) for confirm-
10U A 1K ing the Duane-Hunt rela-

tion and determining

| &=1215pmeky [h = 64310734 J5) Planck’s constant

@ by Leybold Didactic GmbH, 1938 2

The best-fit straight line gives us
A = 1215 pm kV

When we insert this value in equation (VII), we can calculate
Planck’s constant as:

h=6.4911034Js
Literature value:
h=6.626 1034Js
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Atomic and nuclear physics
lH Physics of X-rays: The waves and particle characteristics of X-rays 6.3.2-7
e , (with the X-ray apparatus 42 kV)

Duane-Hunt's displacement law; h - to be determined

- Recording the braking spectrum N = f(®) of the X-rays of a molybdenum anode for various high voltages
U, according to Bragg's rotating crystal method with a counter tube gonicmeter.
N: Counting rate
©: Angle between the primary beam and the grating plate of a monocrystal; Bragg angle.

- Determination of the angle ©nin from the graph of the measured curves N(UA) = f(o) (ehin: angle at
which the braking spectrums first occur).

~ Determination of the corresponding critical wavelength Agin from Bragg's reflection condition
Anin =2 d.5in Bmir,

d: Lattice plane distance.
- Exploring the dependency U, = f(xmin)
- Determining Planck's action quantum
h":'UA'Amin

e = Elementary charge
¢ = Speed of light

"o

With decreasingly high voltages, the braking
spectrum of the X-rays displaces itself
towards larger wavelengths. Duane and Hunt found
the proportionality between the voltage UA and the

frequency of the short wave boundary Vg in 1915:

3
Up ~ vg bzw. Apin ~-J; (1)
This proportionality can be explained only by the
quantum theory with Einstein's equation
: N
hevse Uy (2)
The energy h « v of the emitted X-ray quantum can
maximally be equal to the kinetic energy of the
fastest electrons in the X-ray tube, which is
Wmax = € « Up . (3)
From h = v = & ¢ UA’ it follows that: /
i
hec 1
by = ' —
min UA (4) Zmln e
When h = 6.66256 - 12‘34 2 L] emnconi
¢ =2,9979 « 10" m s~ 1

and 85 L6000 10 ¢
we calculate the wavelength Amin of the shortwave

boundary of the braking spectrum as: Fig. 1: Graphic determ}nation 3f the shortwave
1 boundary ©_.  (or X by extrapolating the

Apin = 1,2398 + 1076V o m » — , (5) i i

Up measured curve N = f(@).




The Duane-Hunt law is proven by the experimental
determination of Amin® Also Planck's action

quantum can be determined with the same measuring
values according to the equation

e

b UA 85 . (6)

In the experiment, the critical wavelength xmin

is determined as a function of UA. X=ray spectra

at various high voltages U, are recorded with
Bragg's configuration. The corresponding boundary
angle is determined at which radiation starts.

The braking spectrum suddenly stops at @ sbut

this is concealed during measurement by apparatus

influences. Therefore the short wave boundary must

be found by extrapolating the edge of the graph

spectra as shown in Fig.l. The boundary wavelength

STi“ then results from Bragg's reflection condi-
on

Mgin = 2.4 sin 8g4 (7)

Aggaratus:

1 X-ray apparatus, 42 kV, with counter,
angle graduation, aperture slot
collimator and holder for samples

with table .iisciusssvirpmmies sanenes D% 90
1 oraytube: ... .oniiiviiainnensiisniss ook 98
1 Sodium flouride monocrystal .......... 554 78
alternatively
1 Lithium fluoride monocrystal ......... 554 77
1 End-window counter for 8, y and X-rays 559 05
1 Cable for counter tube, 1 m length ... 559 07

1 Digital counter ....... T r—— 575 50
T Ratemeter ,uiricoviens poasvieiyesswen D10 DY
1 Interchangeable scale demonstration
meter, basic unit, measuring range
0V s csinnunemmnnsnre s B T 530 50
Power supply unit, plug-in 9.2 V ..... 530 88
module, pass scale 30 V/100 V ........ 530 58
2 Connecting leads, 50 cm, black ....... 50128

Setting up:

Pay attention to the information given in the
operating instructions of the X-ray apparatus
(554 90 ff).

Set up as shown in Fig. 2 and Fig. 3 (take the
sequence 3.1 - 3.5 into consideration).

Release the couplings by turning the knurled
screws (d) between the hinge pins for the crystal
table and the holder for the counter. Set both
pointers of the counter goniometer so that the
tips of the pointers are exactly on top of the
zero and the angle graduation (pay attention to
the parallax); couple the two pins by tightening
the knurled screws (d).

Important: You will only obtain satisfactory
results if the setup is adjusted exactly.

Voltage on the counter: approx, 460 V (control

(k)

Adjustments on the digital counter:
Frequency measurement; measuring time 100 s
Sensitivity: >1.5 Vpp

000 06 [ef

Fig. 2: Setup to record the braking spectrum as a
function of high voltage




Fig. 3.1.3.5,: Installing the apparatus for
Bragg's method, with the counter
(559 05) in the experimentation
chamber of the X-ray apparatus.

Carrying out the experiment:

1. Turn on the X-ray apparatus with switch (a);
choose an operating time of > 1 h on the clock
(b); turn on the high voltage U, at setting 1 of

the multiple step switch (e) on the probe (f). Set
the high voltage to position 8 with the multiple
step switch (e? and then set the emission current
Igy to 1 mA with the Tever (g).

2. Read the voltage U, which is proportional to the
high voltage UA’ on the demonstration meter

(g = 2+ 10% - v).

With adjusting knob (c), set the rotating crystal
arrangement to the ‘'crystal angle" © = 2.5°
(pointer (h)) and the "counter tube angle" 2© = §°
{pointer (i)) coupled to it.

Measure the number n of impulses in 100 s.

3. Increase the angle © step by step from 0.5° to
6.5°, and measure the number n of impulses in
100 s every time.

4. With the switch (e), lower the high voltage
step by step until it reaches position 2.
Determine each time, as described in experiment
parts 2 and 3, the high voltage Uy, and record the
braking spectrum n = f(@).




Measuring example:

Crystal: NaCl: 2 d = 563.94 mpm

IEM=1mA

Angle © in degrees 2.5 3,0 3,5 4,0 4,5 5,0 5,5 6,0 6,5
Counting rate U, = 41.72 kv, 25,21 15,70  133,2 285,01 348,87 358,96 352,14 325,05 524,95
N in Uy = 36.77 kVg, 24,37 8,49 15,46 117,02 224,82 264,89 279,62 264,48 402,21
g 4 Uy = 34.65 KV, 20,1 5,20 5.56 26,1 111,99 170,32 200,23 200,73 313,15
Table 1

The measured values N =
evaluation, are not reproduced here.

f(@) for the high voltage levels 5, 4, 3, and 2 (Fig. 4), used for further

t ki Uy atT2KYs
o, S
Imp 8
400 Uy*3877 kV,
300 /\ l [U}*34,65 kVy
/U,'ST,BZ kVs
200
//u)- 28,85KkV,
// /U§28.30 kY,
i 7 JU*23,33 KV Figure 4: Braking spectra N = f(o)
/U’ for the high voltages
UA determined by the
/ levels 2 and 8.
s S If ¢ Y A 8
2 275
Grad ™
Evaluation and results: Table 2
Uy Tevel b, 8 7 6 5 4 3 2
Ua KV, 41,72 36,77 34,65 31,8 28,85 26,30 23,33
Emin Grad 2,95 3,35 3,60 3,92 4,42 4,77 5,30
Anin. from (7) pm 29,0 32,9 35,4 38,6 43,5 46,9 52,7
1 -1
Ua kY, 0,0240 0,0272 0,0289 0,0314 0,0347 0,0380 0,0429
h from (6) 1073455 6,465 6,464 6,555 6,563 6,700 6,591 6,570




1. The displacement of the braking spectrum and
the shortwave boundary with decreasing high
voltages can be recognized in Fig. 4,

Graphical extrapolation gives us the values for
the critical wavelength and from this Apin 18

calculated according to Bragg's equation
A=2d sin e (7)

0O 001 002 003 004

uy'

kV,'

| 1
Fig. 5: Agip = fl—).
Ua

2. The graphical representation of the wavelength,
Nitn plotted against the reciprocal value of the

voltage UA’ gives us a straight Tine through the
origin of the coordinate system (Fig. 5).

Thus, the Duane-Hunt law is confirmed:

1
S it (1)
min »

Ua

3. Additionally, the slope of the straight line,
calculated from the values lmin = 55 pm and

Uil = 0,045 kVS'l , gives us a proportionality
factor k = 1.22 + 10°% vm. This is in agreement
with the theoretically calculated value of
1.2398+1076 vm (from (5)).

@

N

JA0*

Vs
s'40*

Fig, 6: e » Uy = f(vg)

4, In Fig. 6, the energy value e Uy calculated
from Uy plotted against the boundary frequencies
g in a graph.

Planck's action quantum can be determined both by
calculation and also graphically.

a) From the equation

o BLE gy ¥ Uy (6)
C

we optain the average h = 6,56 « 1073% Js from the
values given in table 2 of the measuring example.
b) From the slope of the line in Fig. 6, we find

h « 6.5 - 1073% Js with the set h of the line
e'UA=h-vg.

Table 3
Amin pm 29,0 32,9 38,6 43,5 46,9 52,7
inly ol 18_-1
v, = 10'% 10,34 9,12 8,47 T 6,90 6,40 5,69
9 Amin
e-U, 1015y 6,72 5,91 5,57 5,11 4,63 4,22 3,75
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" Description

2.1 Scope of delivery and brief description of the "X-ray apparatus 42 kV.," equipment

(Refer to Figure 1-5 on the folding page at the end of the book)

2.1.1 42 kV X-ray apparatus (554 90)

Apart from the basic apparatus (Figure 1), the scope
of delivery of the 42 kV X-ray apparatus (554 90)
comprises:

Slit diaphragm collimator () , which is inserted in
the beam outlet aperture and which permits stopping

down of a slim bundle of X-rays with an aperture of
approximately 0.5°,

Plug-on angular scale with 0.5 degree divisions
0°,..60°,

Counter tube holder © for the end-window counter
(559 05 or 01) for securing to the retaining disk
@ » coupled with the long pointer @ =

Shaft with sample holder @ for insertion into the
hollow shaft of the goniometer mechanism; secured
with a captive knurled screw @ 3 coupled to the
.ort pointer @ 5 on the sample holder, securing
attachments for the absorber holder (from 554 92)
and for the rotating table @ for placing mono-

crystals (554 77/78) and scattering elements @ 3
for instance.

In conjunction with a pulse-counting apparatus (e.g.
rate meter, 575 52, with digital counter 575 50),
the basic apparatus equipped with the slit diaphragm
collimator (A) , the angular scale (B), counter tube
holder (C) with end-window counter (559 05 or 01),
sample holder @ and rotating table @ forms a
counter tube goniometer which can be swivelled with
respect to the horizontal axis.

Experimenting rail ® » for insertion into the
sockets of the experimenting chamber, provided
with a millimeter scale with a zero mark located at
distance of approximately 110 mm from the cathode
spot of the X-ray tube (measured horizontally!).

Experimenting table @ s Which can be attached to
the experimenting rail ® s for instance, for
placing X-ray examination samples.

Magnetical adhesive suspension attachment @ s €.8.
v fixing X-ray examination samples.

Stepped cuvette @ after filling with chalk powder,
for instance, suitable for verification of attenua-
tion as a function of the material thickness.

Zircon sheet CI) s 0.05 mm thick;

predominately allows X-radiation of the MoK, ~1line
to pass, attenuates the shorter-wave Bremsstrahlung
and almost completely suppresses the Moﬁp-lme;
suitable for investigation of the wavelength

dependence of attenuation (K-edge) and for coarse
monochromatization.

Copper foil ® s 0.07 mm thick, mainly for verifi-
cation of the Compton effect and for investigation
of the wavelength dependence of attenuation.

Aluminium scatter element @ » especially for
verification of the Compton effect.

2 x 1.50 m stranded steel wire as hook-up cable for

connection of the basic apparatus to the TY recorder
(575 60).

2 cutter fuses each: 0.63 A slow-blow, 1.25 A slow-
blow and 2 A slow-blow.

Dust cover for the basic apparatus.

2.1.2 Accessories for the 42 kV X-ray apparatus
(554 90) with separate catalog numbers

Plate capacitors (M) (554 91), see Figure 2,

for insertion in the experimentation chamber of the
basic apparatus.

The 3 plug-in feet comprise the electrical connec-
tions which can be externally wired through the
sockets @ ’ @ of the control panel,

A low voltage of 0...25 V AC, is routed in through
@ and is converted to a DC voltage of O ...

250 V DC by a transformer incorporated into the
capacitor (see 5.2). When emitting radiation through
air, the ionization current generated between the
capacitor plates can be routed to a measuring ampli-
fier through @ .

(Refer to 1.17 and the group of experiments 4.4 for

dimensions, the current/voltage characteristics and
dose rate).

Absorption accessory (:) (554 92), see Figure 35
consisting of 2 cylindrical jacket segments with

7 slits each and a two-sided scale for attachment

to the basic apparatus,

On one segment, 6 of the 7 slits are covered with
aluminium layers having thicknesses of 0.5; 1.0;
1.5; 2.0; 2.5; 3.0 mm; this is used for quantitative

11
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i~vestigation of the dependence of attenuation on
thickness of the material (refer to experiment

4,7.2). On the second segment, 6 of the 7 slits are

provided with 0.5 mm thick layers of polystyrene,

aluminium, iron, copper, zircon and silver with

the atomic numbers 6; 13; 26; 29; 40; and 473 this

serves to investigate the dependence of attenuation

of the atomic number of the absorber (refer to

experiment 4.7.3).

Both segments each contain one open slit for

measuring the intensity of the unattenuated bundle

of rays. The segments are inserted in the sample

' holder . With the rotary knob (§) , the

I segments can be swivelle& out of the control panel of

the basic apparatus. The short pointer @ of the

basic apparatus indicates on the scale which sample

is in the path of the beam.

Film holder (B) and aperture @ (554 93),

see Figure &4,

Aperture (¢ 1 mm) which can be fitted onto the slit
diaphragm collimator for stopping out a fine
bundle of X-rays (for instance, required for Laue

and Debye Scherrer photographs; refer to experiments
4.6.1 and 4.6.4). ;

F*'m holder of transparent acrylic glass plate
\ - mm Xx 165 mm) with base foot for attachment to
the experimenting rail @ .

Singly packed flat X-ray films in a maximum format
of 9 cm x 12 cm are held on the film holder by means
of two included spring clips. A register mark for

the center of the film and the layouts of two differ-
ent, commercially available single-packing formats

of the 9 cm x 12 cm X-ray film (OSRAY from AGFA-
GEVAERT, commercially available) and the layout of
the 38 mm x 35 mm film for immediate daylight
development from Filmpack 2 (554 892) are printed

on the film holder as aids to correct positioning.

2.2 Description of the 42 kV X-ray apparatus
(554 90)

The X-ray apparatus is functionally subdivided into
the following parts (see Figure 6):

= Safety circuit (see Section 2.2.1)

- Radiation generation chamber (see Section 2.2,2)

' - Experimentation chamber (see Section 2.2.3)

= Control panel (see Section 2.2.4)

= Goniometer (2-fold swivel attachment with angular

{ 2le (see Section 2.2.5)

= ~iectrical power supply (not accessible to the
user; not described).

s

Figure 6 )
Large indicating lamp in the safety circuit
(A) Radiation generation chamber

® Experimenting chamber

@ Control panel

® shafts and pointers¥*) of the coaxial 2-fold
swivel attachment for the counter tube holder
@ and sample holder @ 3 these comprise a
goniometer in conjunction with the angular
scale . .

Housing for the electrical power supply and
mechanical facilities

®

X-ray tube with spherical cooling head (554 94) , see
Figure 5.

The tube is not included in the scope of delivery
of the basic X-ray unit (554 90). Please refer to
Sections 1.4 and 2.2.2 for technical data and a
description.

The "X-ray unit" equipment range also includes the
following parts which are not illustrated:

- Lithium fluoride monocrystal (554 77) and
sodium chloride monocrystal (554 78) for Bragg
reflection

- Lithium fluoride crystal (554 87) and sodium
chloride crystal (554 88) for Laue photography.

* When the apparatus is delivered, the pointers @
and @ are located within a recess in the housing
and can be moved to their proper operating position
by turning the knobs @ and @ to the left.
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2.2.1 Safety circuit

the apparatus is used in accordance with speci-
i1cations, the safety circuit guarantees completely
reliable protection against high-voltage or radia-
tion injury. It consists of the elements shown
schematically in Figure 7.

Elements of the safety circuit (schematic)
Pushbutton '"high voltage off"

Pushbutton "high voltage on"

Stepped switch for high voltage

Time selector switch

Safety contacts, actuated by the closed glass
sliding door

Safety contacts, actuated by the X-ray tube
screen

Bridge in the X-ray tube base

Safety contacts, actuated by the closed steel
sliding door @D

1 A slow-blow fuse 1ink

Large indicating lamp

& 8dd
®0 @0 6 PEEe®

Figure 7

2.2.2 Radiation generation chamber screws QQ on the left-hand inside wall of the
X-ray tube: vacuum X-ray tube with directly heated experimentation chamber fix the respective vertical
(ot cathode and molybdenum anode adjustment (see Figure 12).

Operating mode: half wave (half-wave rectification
of the applied AC anode voltage by the tube itself)

Operating voltage: alternating voltage from the high-
voltage transformer (Figures 10 and 11) adjustable
from 21 kV_ to 42 kV in 8 steps of approximately
3 kVp eachp(refer 218 to 1.4 and 1.5).

Cooling: The solid copper block of the anode trans-
fers the dissipated heat of the anode to the
cooling head; for this reason, this must not sit
loosely in the anode thread when the X-ray tube is
inserted. The tube and cooling head dissipate heat
to an air flow produced by a fan. In this case, the
tube screen serves as the flow duct.

Safety: The following serves the purpose of protec-
tion against high-voltage and radiation injury:
the tube screen consisting of plastic material Figure 8

Figure 9
containing lead,
the metal housing of the basic apparatus X-ray tube with X-ray spectrum of the
lead glass window and lead glass sliding door of . Cooling head radiation source at max-
the experimentation chamber. imum operating data (see
@D cathode system also 1.4)
The socket for the X-ray tube is firmmly fitted on & molybdenun anode
the bracket plate () . With a vertical adjustment lining

R AR RER SSRGS ERERERR RS

W » the radiation source can be externally
raised and lowered without the need for access to
the radiation generation chamber. Three locking

anode block of copper
cooling head
base

OO

i
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Figure 11

Radiation generation chamber, as in Figure 10, but

with

Figure 10
Radiation generation chamber with open metal
sliding door

Metal sliding door

Release pushbutton for the metal and lead
( glass sliding door @ and @
Cooling head of the X-ray tube
High-voltage transformer
High-voltage cable
Tube screen

@

Q@OOE

@

2.2.3 Experimentation chamber

The experimentation chamber (Figure 12) serves to
accommodate accessories and experimentation aids. The
cover and sliding door of lead glass provide easy
observation possibilities. Since the unit can only

be operated when the lead glass door is closed, the
experimenter is protected against radiation injury.

69

Figure 12
Experimentation chamber

@ Screw for vertical adjustment of the X-ray tube
(can only be actuated when the screws @) are
undone; refer to 3.3),

1 Locking screws for the goniometer adjusted by
2 J} manufacturer (Adjusting screws! Do not undo!)
Open lead glass door

Locking screws for the bracket plate @ with
socket @ for the X-ray tube (Figure 11); can
only be actuated during vertical ad justment of
the tube with screw !

Cable for counter tubes with socket for end
counter (559 05 or 01)

Q

R0

®

=window

additionally open tube screen @

X-ray tube
Radiation outlet aperture

@ Two contacts of the safety circuit which are

actuated by the tube screen @

Bracket plate as chassis of the radiation
source; for vertical adjustment of the tube,
this can be adjusted vertically with an
externally accessible screw @ after undoing
3 locking screws @

Socket for X-ray tube

Sockets for plugging in experimentation equip-
ment; an electrical voltage can be fed in from
the control panel through the insulated pair of
sockets; the remaining sockets are earthed by
the housing.

Luminescent screen of zinc cadmium sulphite,
diameter 150 mm, located behind a round lead
glass window. !
Important: The luminescent screen must be pro-
tected against direct sunlight as otherwise it
will become discolored.

Radiation outlet aperture, ¢ 42 mm, serving at
the same time as the mount for the slit dia-
phragm collimator @ -

The aperture allows a cone of X-radiation to
enter the experimentation chamber with an aper-
ture angle of approximately 23°,

Coaxial and shafts with attachments

for securing the shaft with sample holder @
and the counter tube holder © > €.8. for
setting up an adjusted counter tube goniometer
(refer to 2.2.5).

14
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/ ; (® Rotary knob for th-drive for setting the angle
€7D@ & -} between the cgunter tube and optical axis;
" e fisad g 4 witz:h cable drum for winding up the stranded steel
g o "SI['] "“.' u/u,,/lm wire when the goniometer is connected to the TY-
: : l‘\o e /I"’///,, recorder (575 60) or a suitable motor.
it I o

Rotary knob for 2% ~drive for setting the angle
between the sample and optical axis,
Metallic knurled screw for so-called

"2 ﬂ-coupl’ing"

Socket with 0.63 A slow-blow fuse link for the
primary circuit of the high-voltage Uf

Pilot lamp "High voltage on"

"Off" pushbutton for the high-voltage U}
Stepped switch for the high-voltage Uj

High voltage values adjustable in 8 steps of
approximately 3 kV each between approximately
21 kV  and approxigately 42 kv

"on* Bushbutton for the high-vgltage us

Slide control for adjusting the emission current
I ; adjustable from 0.05 mA to 1.0 mA

Coaxial socket for a current-sensitive measuring
amplifier (532 91), especially for measuring the
ionization current in the plate capacitor (554 91)
Input sockets for the low voltage for the plate
capacitor (554 91) in which a 0-250 V DC trans-
former is incorporated.

Counter tube output coaxial socket for connection
of the rate meter (575 52).

GG ® © ©
A

© ©® © 06

2.2.4 Control panel

The switching elements for the basic apparatus are
provided on the control panel (see also Figure 1).

. I Yy
e ey

{_g“'r

Figure 13
Control panel

@ Toggle switch for the mains voltage; pilot lamp

@ Pair of sockets for equivalence measurement of
the high voltage U4 with demonstration moving
coil instrument (531 86) or a different unit

9

8

Z

: 6

with a comparable internal resistance 5 4% o ¥)L—- 4)
1;& = 2.2 k{/V; measurement range 30 V AC; P = ‘ 3
p=&2bkp - Pursseee o @

ol /At

v 230 kv 230
Tms rms

® Pair of sockets for measuring the emission
current I _ with the demonstration multi-range
meter (53?486) or a corresponding unit,
measurement range 1 mA DC.
Time selector for preselection of the duty cycle
of the high-voltage U% Figure 13

15
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" 2.5 Goniometer (2-fold swivel attachment with
Zular scale); see Figure 14 and Figure 1

In conjunction with the angular scale © s @ coaxial
2-fold swivel attachment for the sample holder @
and counter tube holder (C) comprises a two pointer
goniometer which is included in the scope of de-
livery of the basic apparatus. By means of the goni-
ometer mechanism, it is possible to place samples
(e.g. monocrystals » absorbers or scattering
elements) centrally into a concentrated beam of
X-rays stopped down by the slit diaphragm collimator
@) and to incline it by defined angles 18 with
respect to the optical axis while at the same time
swivelling the end-window counter tube with angles

2 with respect to the optical axis concentrically
around the sample.

The counter tube holder and sample holder can be
moved irrespective of each other; however, they can

Figure 14
Goniometer mechanism (schematic)

@ Rotary knob for 1}2-drive for adjustment of the
angle ) between the counter tube and optical
axis

@ Rotary knob for*& drive for adjustment of the
angle between the sample and optical axis.

@ Metallic knurled screw for establishing the so-
called "2-1ﬂ-coupling" with @ :

. ".9‘1~poi.nter; on the angular scale , this indi-
cates the angle't’\l between the sample and optical
axis

also be coupled so that the anglesd? and Ak
covered have the ratio 2 : 1 (knurle% screws @).
The goniometer is then operated in the so-called
“2-'}-coup1ing" mode.

It is absolutely necessary to avail of a knowledge
of the details of the goniometer mechanism and the
adjustment facilities in order to use the apparatus.

Figure 14 consists of a schematic diagram.

The mechanism is invisibly concealed in the rear
part @ of the housing (Figure 6); only the two
coaxial shafts for securing the sample holder @

and the counter tube holder @ jut into the experi-
mentation chamber. The control knobs (3),(®) , (@) for
the angle drives and the "2-7}‘-coup1ing" are accom-
modated on the control panel in order to facilitate
adjustment and modification of the angles‘lﬂ and 19\2
while the experimentation chamber is closed.

@ Ig-pointer; on the angular scale , this indi-
cates the angle 1’\2 between the counter tube and
optical axis.

Captive knurled 'screw for securing the shaft
with sample holder @

Retaining disk on the ‘J‘~shaft designed as a
hollow shaft, coaxially to @ provided by two
60° mutually offset guide grooves for fitting
the counter tube holder © (see also Figure 12).

‘Rotary table which can be secured to the sample
holder @.

'l%.-shaft, coaxial to @ s With front notch and
bore for insertion of the shaft with the sample
holder

2 : 1 angular transmission for coupling both
VJ-shafts so that A’J‘z :AJ‘I =2:1

Cable pulley on the vo‘z-rotary knob for driving
the goniometer with an external motor; suitable
for connection of the TY recorder (575 60).

@ Counter tube holder for the end-window counter
(559 05 or 01) which can be optionally inserted

in one of the two guide grooves of the retaining
disk @) .

@ Sample holder with securing attachment for the
rotary table @ and slot for accommodation of
the absorber holder (from 554 92).

16
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3 Handling

3.0 General notes

Every unit is carefully adjusted by Messrs. Leybold
Heraeus, but is delivered without an X-ray tube. The
X-ray tube (554 94) with molybdenum anode belonging
to the unit is not included in its scope of delivery.

After insertion of the X-ray tube (or after replace-
ment should this become necessary later; see Section
3,1), the unit is ready for use for all experiments
which can be carried out without a slit diaphragm
collimator (&).

Due to unavoidable production tolerances, the X-ray
tube must be vertically adjusted once (see Section
3.3) for experiments with the slit diaphragm colli-
mator (&) (refer to experiments 4.6 ££).

1f the path rays has become maladjusted due to
improper handling of the unit (e.g. inadmissible
actuation of the adjustment screws s 5
readjustment should be carried out only by the ser-
vicing agents of Messrs. Leybold Heraeus if the
measures described in Sections 3.3, 3.4 and 3.5 are
of no avaii.

3.1 Inserting the X-ray tube (554 94)

| _
| ‘5*@@@ & &

Figure 15 Inserting the X-ray tube

Open the steel sliding door @ after operating the
release pushbutton @ , undo the knurled screws
on the tube screen 63 and remove its front section.

Very thoroughly clean dust, fingerprints and persis-
tent soiling from the interior and exterior of the

tube screen @ , the tube socket @ , the
jacketing of the high-voltage transformer, the high-
voltage cable 62 and, above all, the X-ray tube and
the cooling head @) with a dry, lint-free cloth in
order to avoid high-voltage arcing-over and creepage
currents.

Do not use aggressive liquids (alcohol or solvents,
etc.) for cleaning!

In order to remove persistent soiling (e.g grease),
moisten a cloth with detergent; after treating parts
in this way, carefully rub them dry with a dry cloth
to ensure that no detergent residues remain.

Carefully screw the cooling head into the anode hole
of the X-ray tube and tighten it slightly, at the
same time making sure that, as far as possible, you
touch the tube only with a clothj

hold the tube by the cooling head @ and the base
@ and, with the anode in the correct position
(see Figure 15), firmly insert it into the socket
and plug the high-voltage cable @ onto the
cooling head @ H :

once again screw the tube screw into place and close
the chamber (the locking element must engage).

3.2 Activating X-radiation (see Figure 1)

Check that the mains voltage selector @ is set to
a value which agrees with the mains voltage in the
room you are working; if necessary, change the set-
ting accordingly (see Section 3.6).

Connect the apparatus to the mains socket with the
mains cable and switch it on with switch @ s the
pilot lamp lights up.

On the time selector @, set the desired time or
any time up to 2 hours (the high-voltage can other-
wise not be activated because the time selector
switch lies in the electrical safety circuit);

set the stepped switch @ for the high-voltage

U to Stage 1 and set the slide control @ for
the emission current IEM to 0.05 mA (minimum value).

Activate the high-voltage with the "on'" pushbutton

@ .

Once all safety precautions have been taken:

a) X-ray tube correctly inserted and tube screen
properly installed (see Section 3.1),

b) Sliding doors @ and @ internally locked
(by engaging),

c) Time selector (&) operated,

d) Stepped switch @ for high-voltage set to
Stage 1,
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, “en the high-voltage pilot lamp @ and the

| -thermore visible large indicating lamp @
light up.

The X-ray tube emits a pulsating X-ray beam with a
spectral distribution corresponding to the peak
voltage 21 kVp.

If the emission current I_ and anode high-voltage
U# are to be determined, connect two suitable
measuring instruments such as demonstration multi-
range meter (531 86) to the foreseen pair of

sockets @ and @ .

Measuring range for emission current I_: 1 mA DC
for high-voltage Uj : % V AC;
R:l = 2.2 kQ/v.
The high-voltage is measured at a coil coupled in-
ductively to the primary coil of the high-voltage
transformer. Multiplied by 103 2 , the average
rms voltage indicated by the measuring instrument in-
dicates the peak value of the high-voltage U}:
1Y RN 10392’V (slight deviations from
this mean value are possible, among other things due
to production tolerances of the high-voltage trans-
former, differing operating temperatures and loads).

cuaEe e BigC oL aRe B 28pped YR P ot
approximately 42 kV_ (Stage 8); approximately 30 V
are then indicated gn the voltmeter. e

The emission current can be continuously adjusted
up to 1.0 mA with the slide control @ . An elec-
tronic regulation circuit limits and stabilizes the
emission current to the set value.

In a dimmed room, a green luminescence caused by the
emitted invisible X-radiation can now be observed on
the fluorescent screen. The apparatus is now ready
for use in experiments without slit diaphragm
collimator (%).

3.3 Vertical adjustment of the X-ray tube

A fine concentrated beam of X-rays is required for
various experiments. This is produced with the slit
diaphragm collimator(A) (see Figure 1). The diver-
gence of the beam of rays amounts to approximately
0.5°,

The longitudinal axis of the collimator defines the
optical axis of the path of rays. Vertical adjustment
of the X-ray tube means: moving the cathode spot of
the tube to the optical axis (see Figure 16.1).

Figure 16.1

iate
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Figure 16.2

Path of X-rays through the slit diaphragm collimator
when the cathode spot is in correct position (Figure
16.1) and when it is too low (Figure 16.2).

An indicator of the correct height of the X-ray tube
is the intensity maximum of the beam of rays mea-
sured with the end-window counter tube, This maximum
is found in a test setup as shown in Figure 17 by
raising and lowering the X-ray tube.

Apparatus:

~ X-ray apparatus with split diaphragm collimator @

and end-window counter 554 90/%
End-window counter for

beta and gamma rays 559 05 or 01
Cable for counter tubes, 100 cm 559 07

Rate meter. ) 575 52
Demonstration multi-range meter 531 86
Additionally:

Screwdriver

Setup:

Set up the apparatus as shown in Figure 17;

Insert the split diaphragm collimator @ in the
beam outlet opening (until it engages).

After removal of the protective cap, fit and secure
the counter in the counter tube holder,

secure the counter tube holder in the right-hand
guide groove of the retaining disk @ and con-
nect the cable for counter tubes @ to the
counter tube.

Connect the counter tube output @ to the input of

the rate meter using the cable for counter tubes
(559 07).

Connect the demonstration multi-range meter to the
output of the rate meter; measuring range of the
instrument: 10 V DC.

18
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Figure 17 @

Make the following settings on the rate meter:

- At the pushbuttons @ > set the counter tube
voltage to approximately 460 V (on older counter
tubes, it may be additionally necessary to rede-
fine the counter tube plateau)

- Rate meter measuring range (Knob (B)): 1,000 imp./s
per volt;

- Drive an audible signal generator as required.

-
£xecution:

In order to measure the intensity, set the counter
tube with the rotary knob (8) for 1}-drive to 0°

- * 0.2° on the angular scale (pointers @ ) and

* switch on the counting apparatus (rate meter) and X~

° Tay apparatus;

set the stepped switch @ for the high-voltage Uﬁ

to Stage 1;

with the slide control @ » preselect an emission

current I of 0.05 mA and set a time of approxi-

mately 15 minutes on the time selector switch @ H

do not switch on the high-voltage yet.

Loosen the locking screws @ just enough to move
the tube fixture; completely lower the tube with
¢ fixture by turning the slotted screw @ to the

2 view to well-defined adjustment, it is recom-
led always to set the required height only from
Same side (best from below) due to the slight

d play of the screw @ and the required fric-
in the tube fixture.

R
"tl_}e lead glass sliding door @ and activate
Voltage with pushbutton @ -

= SN |

]

For a rough adjustment of the intensity maximum,
continuously raise the tube by slowly turning the

screw @ to the right until the intensity maximum
is clearly exceeded.

For fine adjustment of the vertical position, lower
the tube to just below the intensity maximum and
then raise it to the now known maximum as carefully
as possible;

carefully and uniformly tighten the three locking
screws Qg) and then check that the vertical adjust-
ment has no longer changed.

When using this procedure, please remember that the
indicated rates are constantly subject to slight,
irregular fluctuations due to the pulse statistics.

Precision adjustment:

The previously described procedure leads to satis-
factory axes adjustment of the cathode spot, thus
making it possible to carry out all experiments
requiring the slit diaphragm collimator.

Figure 18
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‘ep-by-step raising of the tube and counting the
pulses with the digital counter (575 50) may produce

an

even slightly more precise adjustment with a

slightly increased pulse rate if you proceed as
follows:

1.

2.

Search for the maximum as described above, making
a note of the rate (point A in Figure 18).

Lower the X-ray tube by 3 screwdriver turns, for
instance, and raise the tube step-by-step with
1/4 screwdriver turns until the maximum is
clearly exceeded; make a note of the rate at each
setting. A graphic notation of the relationship
between 1/4 screwdriver turns and rates is recom-
mended (see Figure 18).

3.

Once the maximum has been reliably recognized,
first of all lower the tube once again (3 full
screwdriver turns below the maximum) and also pre-
cisely count down the number of quarter turns so
that you will know how many quarter turns are then
nneded to move the tube from the lower position to
its optimum height, Final adjustment of the tube
(from below due to the thread play) can now be
carried out strictly with the number of quarter
turns determined on the basis of the table (or
curve as shown in Figure 18).

Then carefully tighten the 3 locking screws @
uniformly and then check that the vertical adjust-
ment has not changed during this time.

3.4 Assembly of the goniometers for experiments with the Bragg configuration .

Carry out installation in the following sequence (see
Figures 19.1-19.5 and Figure 1).

N
al

Insert the slit diaphragm collimator @ in the
beam outlet opening (until it engages), see
Figure 19.1.

" After removal of the protective cap, insert the

c)

d)

e)

f)

g)

h)

end-window counter tube (559 05 or Ol) into the
counter tube holder @ and screw it tight.

Insert the counter tube holder with end-window
counter tube in the right-hand guide groove of the
retaining disk @ and secure it as shown in
Figure 19.2,

Ccnnect the counter tube cable @ to the counter
tube as shown in Figure 19.3.

Insert the shaft of the sample holder @ into the
hole of the '(5‘ —axis and, by firmly tightening
the captive knurled screw @ on the rear of the
X-ray apparatus, fix it in the experimentation
chamber as shown in Figure 18.4 (the face notch in
the 1} -axis holds the sample holder in a defined
position).

Fit the rotating table @ to the sample holder
with the screw and the plastic wing nut
shown in Figure 18.4,

With the wing nut @ loosened, place the mono-
crystal (554 77 or 78) in position without
touching its square surfaces with your fingers,
carefully raise the table @ with the crystal so
that the crystal is held on the table by the stop
@) of the sample holder @ (see Figure 19.5);
avoid tilting by pressing it on! Cautiously
tighten the wing nut.

Attach the angular scale and slide it to the
right until it moves no further.

as

i) With the 1X-coupling (screw (D) undone, set the

short V\~pointer @ to 20°, for instance, with
the rotary knob (8) and set the longi} -pointer
@ toto 2\; = 40° with the kaob (3.

19.1

19.2
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19.5

Important: Carry out angular setting very carefully;
observe parallaxes!

Establish 2-1’¥coup1ing by firmly tightening the

screw @ :

Important: Hold the rotary knob (:) when tightening
the screw CD !

3.5 Functional checking of the goniometer

The X-ray apparatus is delivered with the goniometer
adjusted. Thus, within the framework of the scope of
performance of the configuration, optimum conditions
have been provided for angular adjustment and indi-
cation and for the registration of sufficiently
high counting rates. If the X-ray apparatus (with
vertically adjusted and hardened tube, see Sections
and 3.7) is operated properly, these can only
ve impaired by unavoidable production tolerances
which can lead to differences between the indicated
and set angles. Such deviations can be determined

Figure 20

Experimentation chamber prepared for experiments
with the counter tube goniometer
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After connecting an apparatus for the power supply
of the end-window counter tube (559 05 or 01) and
for measurement of the pulses registered by the
counter tube (e.g. rate meter 575 52, with digital
counter 575 50 or the moving coil instrument 531 86)

to the coaxial socket CZ? > the counter tube gonio-
meter is ready for operation.

during functional checking of the counter tube
goniometer. For this purpose, find the diffraction
maxima of the first order of the molybdenum-Kec

and -Kp lines in a Bragg configuration and ascertain
whether or not the following criteria are fulfilled:

1) Separation of the lines Mo K, and Mo Kp (see
Figure 9),

2) Correct indication of the diffraction angles,

3) The expected amplitude of the pulse rate at the
diffraction maximum of the first order (approxi-
mately 2 x 10° imp./s) for the Mo Kline at
maximum X-ray apparatus operating data.
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laratus:

Slit diaphragm collimator @ )

Angular scale ) from
Counter tube holder © ) 554 90
Sample holder (D) with table @3 )

NaCl monocrystal (without yellow marking) 554 78
End-window counter tube

for beta and gamma rays 559 05 or 01
Cable for counter tubes, 100 cm 559 07
Rate meter 575 52
with demonstration multi-range meter 531 86
Alternatively (if higher accuracy required):
Digital counter 57550

Setup:

Assemble the setup as shown in Figure 21, observing
the instructions provided in Section 3.4:

On the rate meter, set a counter tube voltage of
approximately 460 V (Knobs (@ 1if the plateau is
guaranteed at this value; if necessary, record the
characteristic).

Rate meter range for pulse counting (Knob @):
0 imp./s per Volt.

Carrying out the check:

Switch on the rate meter; switch on the X-ray appar-
atus with switch @; on the time selector @, pre-
select an operating time of = 15 min; switch on the
high-voltage with pushbutton @ .

Set the high-voltage UJ to Stage 8 (42 kV ) with the
stepped switch @ and set the emission €urrent IFM
to 1.0 mA with the slide control @ .

Set the coupled goniometer to the angles 1}1 = 7.25°
and = 14.5° with the rotary knob @ .

With this set_t:.ing, a pulse rate of approximately

2 x 10° imp s ~ should be measured on the Mo Ko
line.

If this is the case, slowly adjust the goniometer to
spaller angles with the rotary knob (8) , down to the
position of the Mo Kgline (v = 12.85° and

= 6.43%);

Observe the rate meter indication during movement,

If an increase in the pulse rate has resulted,
repeat the procedure - always alternating between
the<)-pointer and V/)-pointer - until no further
improvement is achieved.

The rate shou}f now approximately lie at

2 x10% imp s ~ (Mo K« line). Now couple the 1k axis
and thevh axis with the knurled screw @ > while
the two pointers are in this position, and slowly
turn back the goniometer by the angle (2-%) = 1.65°
with the rotary knob (5). As described above, the
rate must pass through a sharp minimum in this case
and must reach 2/3 of the rate of the K¢ line at the
subsequent maximum (Mo Kﬁ line).

At the same time, the pulse rate must pass through a
sharp minimum and finally reach a maximum

- (Mo Kp line). Here, the indicated pulse rate should

be approximately 2/3 of the value measured at the
Mo Kycline. The relative position and the intensity

" of both lines are shown very clearly in Figure 9.

The apparatus is adjusted in this case.

‘1f, during the first angular adjustment (Mo K line),
the measured rgie is considerably less than

2 x 10° imp s , then carry out a step-by-step check
in the following sequence before searching for the
Mo Kﬁ, line:

a) Turn the NaCl crystal to the remaining 7 possible
positions on the rotary table one after the other
and measure the rate anew each time (mark the
optimum position of the crystal by means of adhe-
sive strips on the narrow side).

If, even in this case, a satisfactory rate can
still not be measured,

b) search for the intensity maximum in the proximity
of the set angles (7.25° and 14.5°):

After undoing the 2-1,Q-coupling (knurled screw @ X
search for an intensity maximum in the proximity of
the 7.25° setting by slowly moving the short 2 -
pointer to and fro with the rotary knob ® . Once
such a maximum has been found, an improved maximum
must be sought in the proximity of 14.5° by accor-
dingly varying the ‘va\z setting with the rotary knob
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TE
) there is a sharp separation of the lines Mo K
and Mo K3 ,

2) the angles at which the lines were found also do
not deviate by more than + 0.2° from the theore-
ticalq k ory), value and if

3) the pulse rates at the determined optimum angle
settings approximately reach the specified values,
then the apparatus is adjusted well.

Angular deviations can be noted down and used, if
necessary, for calculatory corrections (this is also
possible at deviations greater than + 0.2°),

A rate which is too low (even if the angular indi-
cations are satisfactory!) may be caused by:

a) an X-ray tube which is not hardened (see Section
3.7) or

b) inadequate vertical adjustment of the X-ray tube
(see Section 3.3) or

c) maladjustment of the goniometer axes which cannot
be remedied using the measures described in Sec-
tions 3.4 and 3.5 (inform our servicing agency in
this case).

If there is no separation of the two lines Mo Kand

Mo Kﬁ s then the goniometer is also maladjusted.

If only the angle indications no longer lie within
the specified tolerance range, then it may be neces-
sary to adjust the pointers; it is difficult to do
this and, in this case, it is thus necessary to con-
tact our servicing agency.

s

< CLO;& "‘ ;6669

®

Figure 21

3.6 Conversion to mains voltages other than 220 V AC; replacing fuses

Important:
Remove the mains plug before replacing fuses!

BEER A NAENEENEREERER

3.6.1

In order to convert to mains voltages other than

220 V AC, replace the 1.25 A slow-blow mains voltage
fuse used for 220/240 V AC (2.0 A slow-blow for
110/125/150 V AC) in the mains voltage selector (0
as shown in Figure 1.

placement order numbers for fuses; 1.25 A, slow-
ow: ET 69 816
0 A slow-blow: ET 69 808

Figure 22
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( order to replace the mains voltage fuse, insert a

coin in the slot @ and turn it until the "O" is

next to the white marking (b) as shown in Figure 22.

Catch hold of the fuse which has sprung out of the
opening @ in this position; slide a new fuse
(chosen dimensioning in accordance with the mains
voltage) into opening () and, using the tip of a
ballpoint pen or similar, push it downwards while
turning the coin in slot @ at the same time; set
the voltage selector so that the value specified on
it for the local mains AC voltage lies next to the
marking @ -

3.6.2
Replace the 0.63 A slow-blow, high-voltage fuse in
socket as shown in Figure 1.

Replacement order number for the fuse 0.63 A slow-
blow: ET 69 813

Unscrew the fuse holder with the fuse inside it,

replace the fuse and then once again screw the cap
tight,

3.7 Hardening the X-ray tube

77 an X-ray tube has not been in operation for a

{ ger period of time (more than 6 weeks), it will
become "soft" due to gas molecules from the glass
and metal surfaces. When a soft tube is put back
into operation, a drop in the emission current I

is discovered immediately after switching on,

This effect is particularly disadvantageous during
quantitative experiments. If this is the case, then
you should proceed as follows:

Connect a suitable measuring instrument to the pair
of sockets (3) in order to measure the emission

current 1 (e.g., the demonstration multi-range
meter 531556) and put the X-ray apparatus into
operation:

Switch on the X-ray apparatus with switch @, set
an operating time of 2 hours on the timer @, set
the stepped switch @ to Position 1, switch on the
high-voltage U4 with pushbutton @ and set the
eéssion current IEM to 1 mA with the slide control
Once the emission current has reached the first set
value of 1 mA after a temporary drop, set the
stepped switch @ to Position 8 and now wait at
this high-voltage stage for the emission current to

bilize to 1 mA. The tube can be considered as
w.cdened once this has occurred.

3.8 Fault-finding

3.8.1 Activation problems

The main pilot lamp @ does not light up after

switching on:

Possible causes

Remedy

a) No mains voltage

b) Fuse @ defective

c) Incandescent bulb in
@ defective

Figure 23

In order to remove the red cover hood s take hold of

it with your thumb and index finger in the direction
of the arrows, apply slight pressure and lift up the
hood at the same time. Replace the double-ended tubu-

lar 12 V, 3 W incandescent bulb (replacement order
No. ET 69 760).

Determine and eliminate
the cause,

Replace the fuse (see
Section 3.6)

This does not impair oper-
ability of the apparatus;
have the incandescent bulb
replaced during the next
visit of the servicing
technician,

24
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The large indicating lamp (& does not light up
when the high-voltage is switched on with push-
button @? :

Reason:

The safety circuit is not closed and one of the func-
tional elements shown in Figure 7 is switched off. Nc¢
high-voltage can be applied to the tube.

Possible causes Remedy
a) Time selector'@ set | Preselect a time
to zero
b) Stepped switch for Set switch to Stage 1

high-voltage @) not
set to Stage 1

c) Sliding doors QD or | Close doors properly
é} not locked

d) Tube screen @ Determine and eliminate
(Figure 10) not in- the cause (see Section
stalled or not prop- 3.1).
erly fitted

e) X-ray tube not in- Determine and eliminate
stalled or is not the cause (see Section
correctly fitted 3:1)

f) Incandescent bulb in Replace as shown in
defective Figure 23

o' “*alfunctions other Inform the servicing

( chan a)-f) agency. The 1 A slow-blow

fuse permanently installed
in the interior of the
apparatus ((:)in Figure 7)
must not be replaced by
the user since, when it
blows, it indicates a
defect which, in certain
circumstances, may be a
grave one.

3. The high-voltage pilot lamp (:) does not light up
although the large indicating lamp @ is bright.

Important:
The high-voltage may still be applied to the X-ray
tube despite a faulty indication of the lamp (:)!

Possible causes Remedy
a) Fuse in defective | Replace (see Section 3.6)

b) Incandescent bulb in |This does not impair oper-
(:) defective ability of the apparatus;
have the incandescent bulb
replaced during the next

{ visit of our servicing

technician.
¢) Malfunctions other Inform our servicing
than a) and b) agency

3.8.2 Loud crackling in the ray generation chamber
Sometimes loud crackling occurs in the ray genera-
tion chamber during operation of the X-ray appara-
tus with a very high voltage. This can be ascribed
to high-voltage arcing-over in the area of the
high-voltage cable due to soiling (e.g. due to
slight accumulation of dust). This effect is not
only an annoying accompanying phenomenon during
operation of the apparatus, but also considerably
stresses the electrical systems. Immediate elimi-
nation of the cause is therefore necessary.

First of all, carefully clean the coverplate of the
transformer, the high-voltage cable and the cooling
head of the X-ray tube with a clean, lint-free cloth
soaked in alcohol. In certain circumstances, it may
be necessary to clean the X-ray tube if the X-ray
apparatus is stored in dusty rooms; however, this
should not be done unless the first measure pra-
duces no considerable improvement because, after
removal of the X-ray tube, readjustment cannot be
avoided in most cases (see Section 3.3).

3.8.3 Unsatisfactory experimental results:

1. During screen investigations (high-voltage
Stage 8!):

Possible causes Remedy
a) Soft X-ray tube Reharden the X-ray tube
(emission current (see Section 3.7)

has dropped)

b) X-ray tube too old Replace the X-ray tube
(after more than 300 | (see Section 3.1)
hours of operation)

2. During plateau determination in a capacitor
experiment:

Possible causes Remedy

a) Soft X-ray tube Reharden the X-ray tube
(emission current (see Section 3.7)
has dropped)

b) X-ray tube too old Replace the X-ray tube

(after more than 300 (see Section 3.1).
hours of operation)

c) Voltage transformer Carry out a check in
in the capacitor accordance with experi-
defective . ment 4.4,1; if defective,
send in the capacitor for
repair
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3, «n the case of Laue or Debye-Scherrer photographs:

Possible causes

Remedy

a) Soft X-ray tube
(emission current
has dropped)

b) X-ray tube too old
(after more than 300
hours of operation)

c) Height of the X-ray
tube maladjusted

Reharden the X-ray tube
(see Section 3.7)

Replace the X-ray tube
(see Section 3.1)

Adjust the height of the
X-ray tube (see Section
3.3)

4. During the examination of spectograms in a Bragg

configuration:

In a Bragg configuration, the Mo Kxand Mo Kg lines
are not correctly resolved with the goniometer or
measured at incorrect diffraction angles.

Possible causes

Remedy

Path of rays maladjusted
(e.g. X-ray tube not

v- *ically adjusted) or
& .iometer maladjusted

If necessary, vertically
adjust the X-ray tube
(see Section 3.3) and
carry out a functional
check of the goniometer
(see Section 3.5);

If the apparatus is other-
wise maladjusted, inform
our servicing agency

5. During counter tube measurements

Too low or irreproducibly fluctuating pulse rates are
measured with the counting tube:

Possible causes

a) Soft X-ray tube
(emission current
has dropped)

Remedy

Reharden the X-ray tube
(see Section 3.7)

b) X-ray tube too old
(after more than 300
hours of operation)

Replace the X-ray tube
(see Section 3.1)

¢) X-ray tube not ver-
tically adjusted

Vertically adjust the
X-ray tube (see Section
3.3)

d) Fault in the
counting apparatus

Pursue the fault further
there

Important:

Should malfunctions or faults occur which cannot be
remedied with the measures listed in Section 3.8,
please make use of our servicing agency in all cases!
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" Solid-state physics

LEYBOLD-HERAEUS

Energy bana model, conduction phenomena: The Hall effect

7.2.1-1

The Hal!l effect for silver

'KLINGER
EDUCATIONAL
™  PRODUCTS CORP.

112-19 14TH ROAD
COLLEGE POINT, NEW YORK 11356
(718) 4611822

Verifying the proportional relationship between Hall voltage UH and magnetic flux density B, determining

the polarity of the charge carriers which are mainly responsible for charge transport in silver,

Calculating the charge carrier density n.

If a current-carrying metallic conductor band is
in a magnetic field perpendicular to the direction
ot current, a transverse electrical field and a
potential difference are produced (Hall eftect).

lhe following equation 1s valid for the Hall
voltage UH:

1 B I
Uy = ¢ — 1
H ne.e d (1)

: Magnetic flux density

: Current

: Thickness of the band-shaped conductor
Elementary charge

: Concentration of charge carriers

S?PD A~

1 s is called the Hall constant RH' RHis a value

which is dependent on material and temperature:

(2)

(2)

The conductor band consists of silver 1in the
following experiment. First, it will be proved
that UH ~ B,

The polarity of the charge carriers which are
mainly responsible for the current (polarity of
the Hall constants) can be determined from the
direction of the Hall voltage. The concentration
of the charge carriers is estabiished
experimentally since all the values in "1" except
for n can be measured. The Hall voltage U, 1s
caused by deflection of the moving charge carriers
in the magnetic t1eld by the Lorentz force, whose
dire€t1on may be predicted by tne "right-hand
rule”.

Apparatus:
1 Hall etrect apparatus, silver ....... 586 81
1 U-core with yoke .ueiveeieeeensaceans . 562 11
1 Clamping device ..vvveenvnnnne vieeass 562 12
1 Pair of bored pole p1eces teeesessees 560 31
2 Coils, 250 turns ...... eeeesess 562 13
1 Extra-Tow variable transformer ...... 522 39
2 Interchangeable scale demonstration

meters, basic units ..... 530 50
1 Measuring module U to 1000 mT/3000 mT 530 7%
1 Measuring module 0-3 A/10 A ......... 530 65
1 Shunt resistor 30 A ......cvvinnnn oo 530 90
3 Connecting leads, red, 50 ¢m ........ 501 25
2 Connecting leads, blue, 50 ¢m ....... 501 26
3 Connecting leads, black, 50 ¢m ...... 501 28
1 Connecting lead, black, 25 cm ,...... 501 23
1 Microvoltmeter .....cvvuen. eeanes ... 53213
1 Pole probe .ivvveveeennnecoeennnpenses 516 501
1 Power supply unit 0~ 12 V/20 A,

regulated .......... Ceterersensesaees 522 47
Recommended:
1 Calibrating magnet for pole probe ... 516 53

1 Multimeter 2H (15 A =) tiiiiienennnsns 531 53
2 Batteries 1.5 V/IECR6 .veveveveeso.. 685 44
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Fig. 1: Experiment setup for the Hall effect.
Ig: Field current

IQ: Transverse current

Setting up:

Note:

Only switch on circuits for a short time for a
transverse current above 15 A or magnetic currents
above 5 A because the connecting leads will heat
up and the coils designed for 5 A will overload.

In the transverse circuit, use leads which permit
a load of 20 A (e.g. connecting leads 501 20-29 or
safety connecting leads 500 65-74).

Set up the apparatus as in Fig. 1, initially
without the Hall effect apparatus. Set up the
electromagnet with exactly the pole piece spacing
that is given by the thickness of the support
plate of the Hall effect apparatus. To do this,
loosen the clamping device and place one edge of
the Hall effect apparatus between the pole pieces.
Then push the Tatter as close as possible to the
support plate.

Calibrate the Hall probe with the calibrating
magnet as described in the instructions for use
516 501. Remove the protective sleeving from the
pole probe.

Carrying out the experiment:

a) Ip - B calibrating curve:

Demagnetize the iron of the electromagnets before
recording the I-B calibrating curve and before
determining B from this curve {allow 5 A ~ to flow
through the coils for a short time).

Measure the magnetic flux density B as a function
of magnetic current IB; to do this, increase IB in

steps of 0.5 A (Fig, 3).

b) UH is a function of B for constant transverse
rrent I,:
curre Q

Mount the Hall effect apparatus in - the
electromagnet as shown in Fig. 1, with the pole
pieces pushed as close as possible ‘to the support
plate (air gap as narrow as possibie and of the
same width as tor the recording of the
calibrating curve).

Connect the Hall effect apparatus to the
microvoltmeter and the power source as shown in
Fig. 2. The field direction should be as printed
on the support plate (current direction IB; coil
connections).

Fig. 2: Electrical connections of the pole effect
apparatus; IQ: transverse current,
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Reset the measuring instrument display for the Measurement example:
Hall voltage UH to zero before switching on the o
a) Table 1/Fig. 3

magnetic current IF, but with the transverse

current switched on. Correct the zero point by Table 1:
means of button (a) (Fig. 1) on the
microvoltmeter, T
- I in A Bin T
After switching off the magnetic current, check
the zero point again and, if necessary, take into 0 0
account any fluctuations which have occurred. 0,5 0,118
1 0,200
Read off the respective zero voltage U, for each 1,5 0,295
: H 2 0,374
set current I,. Read off the effective field 2,5 0,455
strength from the I.-B calibrating curve for each 3 0,520
current I,. Transverse current Iy = 15 A and 2’5 8.228
I = 20 A (Fig. 4). 4.5 0,665
. ; . 5 0,695
Y‘ M ’
Polarity of the charge carriers 5.5 0715
To determine the polarity of the Hall voltage for 6 0,735
the chosen current direction. 6,5 0,748
7 0,760
Determination of the charge carrier concentration é,S 8,;38
. t : s
n and Hall constan RH 8.5 07800
9 0,810

Set a transverse current IQ = 15 A, and a field
current IB =8.5A (+ B =0.805 Tesla, in
accordance with calibrating curve). Measure UH'

b} Fig. 4
Repeat measurement for IQ =20 A, IB = 8.5 A,
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Fig. 3: Iy -8 calibrating curve; pole piece
distance the same as the thickness ot the Fig. 4: UH as a function of B; parameter IQ

support plate

Iy Coil current B in accordance with calibrating curve in

Fig. 3 from Ig;

B: Magnetic flux density of the field

produced by Ig. Saturation at large Hall foil made ot silver.

field currents.




c) The microvoltmeter indicates negative voltage
values for the setup chosen in Fig. 2. The
upper side of the Hall foil is thus charged
negatively with respect to the lowest side.

dl):

IQ =15 A; B = 0.805 T; foil thickness d = 5-10~5m;
107°

e=1.602° 107 ¢z u, = 1.87 * 107

d2):

I, =20 A; B =0.805T; Uy, =2.4° 107V,

Q

Evaluation and results:

For b)
The graphs in Fig. 4 show that UH A B and that UH

increases with increasing transverse current IQ.

Note:

Experimental proot of the proportional
relationship UH ~ I may easily be obtained by

measuring UH for various IQ (for constant field

current IB).

For c)

Negative Hall vo]tages are obtained for the setup
of current and tield direction chosen in Fig. 2.

If the "right-hand rule" is used, we find that the
conduction mechanism for silver is mainly effected
by negative charge carriers.

Note:

In 1916, loiman obtained certain proof that
electrons are the charge carriers in metals.

For d )

Evaluation in accordance w1th (1) and (2):
Ry = 7,74 « 10-} . c-!

n 06 - 1028 m~ 3

For 2) )

Ry = 7,45 « 10-11 m3 ¢}
n = 8,37 . 1028 m~3
Note:
Theoretical value: R, = 8.9 ° 10'11 s ¢!
= 6.6 * 108 o
(atoms density 5.8 ° 10 22 cm'3)




@ Bi 1106

Solid-State Physics

Conduction phenomena
Hall effect

LD

Physics

Leaflets P7.21.1

Objects of the experiment

Investigating the
Hall effect in silver

B Validation of the proportionality of the Hall voltage and the magnetic flux density.

B Determining the polarity of the charge carriers.

B Calculating the Hall constant Ry and the charge carrier concentration n.

Fig. 1: Hall Effect schematically: Inside a charge carrying metallic
conductor which is located in the magnetic field B the Lorentz
force F_ is causing an electrical field Ey resulting in a Hall
voltage Uy, (I denotes the transverse current).

Usc

Principles

If a current-carrying metallic conductor strip is located in a
magnetic field B perpendicular to the direction of the current I,
a transverse electrical field E4 and a potential difference is
produced (Hall effect).

The following equation holds for the Hall voltage Un (Fig. 1):
U, -2 0)
B: magnetic flux density

I: current through the metallic conductor

d: thickness of the band-shaped conductor

n: concentration of charge carriers

e=1.60210"°C: elementary charge

The Hall voltage Uy is caused by the deflection of the moving
charge carriers in the magnetic field due to the Lorentz force,
whose direction may predicted by the right hand rule. The

factor ﬁ is called Hall constant Ry:

Ry=—o (1
n-e

The sign of the Hall constant Ry is determined by the polarity
of the charge carriers.

The Hall constant depends on the material and the tempera-
ture. For metals Ry is very small, however, for semiconduc-
tors Ry becomes significantly large (compare experiments
P7.2.1.3 and P7.2.1.4).

The polarity of the charge carriers can be determined from
the direction of the Hall voltage. The concentration of the
charge carriers n can be determined experimentally by
measuring the Hall voltage Uy as function of the magnetic
field B for various currents .
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Apparatus

e
1 Hall effect apparatus (silver) .........ccccoeeeeevneenn. 586 81 —
1 U-core with YOKe .........oooviiiiiiiiieee e 562 11
1 Pair of bored pole pieces ..........cccocvverrcieeirnnenn. 560 31
2 Coil with 250 tUrNS ......eeviiiiieee e, 562 13
1 High current power supply ........ccccvverniieeinnnenn. 521 55
1 Variable extra low-voltage transformer .............. 521 39
1 Multimeter LDanalog 30............cccccoveveeeeeeennneen. 531130
4 Pair cables 100 cm, red/blue ..........cccovuuueeereennn. 501 46
2 Connecting lead 100 cm black............cccceeeeeee. 501 33 ] i
1 Leybold multiclamp .........c.ccccoeveveeeueccceee. 301 01 e e
1.Stand rod, 25 CM ....c.vvereeeeerceeeeeseeeeeenes 300 41 s p— — ——
1 Stand base, V-shape, 20 cm.........ccccovvveeirneenn. 300 02 = —

EREETERR "% ——— BRI
Option (a) . pE—
1 Microvoltmeter ..........c.coovviiiiiiee e 53213
1 Universal Measuring Instrument Physics........... 531 835 0 B @ @
1 CombiB-Sensor S.........cccoveiieeeiee e 524 0381
1 Extension cable, 15-pole .............ccoceeiiiiinnneen. 501 11
Option (b)
2 MODIIE-CASSY ..o 524 009 Fig. 2. Calibration of the magnetic field schematically
T HV-BOX oot 524 040
1 CombiB-Sensor S.........cccocviiiieiiiieeeeeee e 524 0381
1 Extension cable, 15-pole .........ccccvvvvivvvininvnrnnnnnns 501 11 . .
b) Measuring the Hall voltage as function of the mag-
netic field

After recording the calibration curve mount the Hall effect
apparatus in the electromagnet. The pole pieces have to be
pushed as close as possible to the support plate (i.e. the air
gap between the pole pieces as narrow as possible and of
the same width as for recording the calibration curve).

Safety notes

B For transverse currents over 15 A or magnet currents
above 5 A, only switch on the device briefly (overheating
of leads or overloading of the coils, which are designed
for a maximum load of 5 A).

B |n the transverse current circuit, use cables which are ®
rated for a maximum load of 20 A (e.g. connecting leads
(e g 9 | < 20 A )

501 20 ff or safety connecting leads 500 610).
B Protect the experiment setup from drafts while measur- i
ing the Hall voltage. e
) Bl |
"
B 2
/"Lr_n"“\ HU"

Setup ( )

The experiment is performed in two steps:

a) Calibration of the magnetic field et
Set up the U-core with yoke, the pair of bored pole pieces _r_ -
and the coil with 250 turns as shown in Fig 2. Set the pole N = 250
piece spacing of the electromagnet exactly to the thickness of T LASY. S A || | e v s
the support plate of the Hall effect apparatus. To do this . o
ST

loosen the clamping devices and place one edge of the Hall
effect apparatus between the pole pieces. Then push the
latter as close as possible to the pole pieces.

Connect the coils with 250 turns in series to the extra low-
voltage transformer and locate the Combi B-Sensor S be-
tween the pole pieces. Fig. 3: Experimental setup (wiring diagram) for the Hall effect.
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To measure the Hall voltage connect either the Micro-
voltmeter or the Mobile CASSY with the yV-Box to the sup-
port plate of the Hall effect apparatus.

Connect the Hall effect apparatus to the high current power
supply as shown in Fig. 3. The B-field direction should be as
printed on the support plate. For measuring the current |
through the coils the Multimeter LD analog 30 is used.

Carrying out the experiment

Note: For further notes to the experiment see also instruction
sheet 586 81 /84.

a) Calibration of the magnetic field

- Demagnetize the iron of the electromagnets before re-
cording the magnetic field as function of the current | by
allowing to flow a I =5 A AC current through the field coils
250 turns for a short time; then steadily reduce the current
to zero.

- To measure the current | trough the coils connect the
ammeter between the positive pole of the voltage trans-
former and the coil.

- Measure the magnetic flux density B as function of the
current | by increasing the current | in steps of 0.5 A DC.

b) Measuring the Hall voltage as function of the mag-
netic field

- Mounting the Hall effect apparatus between the pole
pieces (Fig. 3.).

- Before exposing the Hall effect apparatus to the magnetic
field, adjust the zero point: Apply a transverse current | of
e.g. 10 A and set the indicator of the meter for measuring
the Hall voltage Uy to zero using the adjusting knob 4 (see
instruction sheet 568 81/84). If the display changes after
switching off, switch the transverse current back on and
repeat the zero-point adjustment.

- Apply a transverse current | = 15 A to the Hall effect appa-
ratus and measure the Hall voltage Uy as function of mag-
netic field B (Read off the effective field value from the
calibration curve of part a)).

Carry out several measurements to determine a mean
value for the Hall voltage U.

For further measurement hints see also the instruction
sheets 568 81/84 (Hall effect apparatus) and 532 13 (Mi-
crovoltmeter).

- Repeat the measurement for a transverse current | = 20 A.

Measuring example
a) Calibration of the magnetic field

Table. 1: Magnetic field B as function of the current |
through the coils.

il B
A T
0.0 0.000
0.5 0.118
1.0 0.200
1.5 0.295
2.0 0.374
25 0.455
3.0 0.520
35 0.585
4.0 0.630
45 0.665
5.0 0.695
55 0.715
6.0 0.735
6.5 0.748
7.0 0.760
7.5 0.780
8.0 0.790
8.5 0.800
9.0 0.810
The data of table 1 are plotted in Fig. 4.

1,0

" an" m LR

0,6 — -

n .
o 04 .
u

0,2 ]
n

0,0-ﬂ

0 2 4 6 8 10
/A

Fig. 4: Calibration curve magnetic field as function of current .
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b) Measuring the Hall voltage as function of the mag-
netic field

Table. 2: Hall voltage Uy (absolute value) as function of the
magnetic field B for constant transverse currents |.

B Y (1=154) B Y (12204

T nv T nvy
0.20 46 0.20 6.25
0.35 8.2 0.38 11.7
0.51 12.0 0.50 15.0
0.62 14.1 0.61 18.1
0.70 16.1 0.68 205
0.73 17.0 0.70 21.0
0.76 17.7 0.72 216
0.78 18.1 076 227
0.80 18.6 0.80 24.0

The polarity of the Hall voltage Uy was determined to be
negative.

Results

b) Measuring the Hall voltage as function of the mag-
netic field

The recorded data of Table 2 for the transverse currents
I =15 Aand | =20 A are plotted in Fig. 5.

25+

20. 1=20A

15
I=15A

Uy /uVv

0,0 0,2 0,4 0,6 0,8
B/T

Fig. 5: Hall voltage Uy as function of the magnetic field B for cur-
rents | = 15 A (circles) and | = 20 A (squares). The solid lines
correspond to a fit of equation (1).

Evaluation

Form Fig. 5 follows that the Hall voltage Uy is proportional to
the magnetic field B:

Uu~B ()

Form Fig. 5 also follows that the Hall voltage Uy increases
with increasing transverse current I

Uy~ 1 ()

Note: The proportionality between the Hall voltage Uy and
transverse current | can be determined experimentally by
measuring the Hall voltage Uy as function of the transverse
current | for a constant magnetic field B.

From the fit of equation (I) to the experimental data is result-
ing the slope

4

|
MTed
An(1=15A) =232 %
A (1= 20 A) = 30.4 %

With the thickness d = 5-10° m the Hall constant can be de-
termined (absolute value):

3
Ry (I=15A)=7.7.10" %

m3

Ru(1=20A)=7.610"

3
Literature value: Ry = 8.9-10™" %

The Hall voltage is determined to be negative. This shows
that in silver the conduction mechanism is mainly effected by
negative charge carriers.

With elementary charge e = 1.602-10™"° C follows the concen-
tration of charge carriers:

n(l=15A)=8.1.10% %

n(l=20A)=8210%
m

3
Literature value: 6.6-10% ia
m
(atoms density 5.8-10% % )

Supplementary information

In 1916, Tolman obtained certain proof that electrons are the
charge carriers in metals.
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