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1.0 INTRODUCTION

The physics teachers and research scientists who helped to
formutate the "TELTRON APPROACH TO ATOMIC PHYSICS" reasoned
that had refractory metals and good high vacuum equipment “been
available to the genuises of the "goiden era" at the turn of
the century, then thermionic emission would have replaced the
traditional gas discharge as the vehicle of atomic physics

investigations.

2.0 The Free Electron

I+ was on this basis that the historical sequence of the
evolution of this subject was disregarded and SERIES A, "THE
PRODUCTION AND PROPERTIES OF THE FREE ELECTRON", was prepared;
although it differs from the chronological evolution, the
presentation and understanding of the argument is very much
simplified and expenditure in terms of both finance and time

is reduced to a2 minimum.

Series A starts with a simple Thermionic Effect experiment in
air; this dictates the need for an evacuated experimental zone
and the thermionic diode is introduced, followed by the triode
and the development of a simple diode electron gun. Producing
free electrons in this manner a series of crucial steps is
recommended and all the experimental apparatus necessary to

perform these steps is available.

The entire programme of experiments is designed such that a
thorough examination of each phenomenon suggests the nature of

the next crucial step.

At the culmination of Series A the electron has been produced
and "weighed and measured”; but during the series, the phenom—
enon of the glowing of & luminous screen is not explained and
similarly a limitation of 5000 voits is seemingly arbitrarily
imposed for accelerating voltages. The discriminating phy-
sicist will seek both an explanation to the luminescence and

2 verification that the properties of the electron are un-

changed by accelerations induced by more than 5000 volts.

3.0 The Bonded Electron

A re-examination of the luminescent Tube, TEL 522 introduces
SERIES B, "A CONCEPT OF THE ELECTRON WITHIN THE ATOM", leading
to field emission, isotopes and electron energy levels.

4.0 High Voltage Acceleration

The employment of accelerating voltages of the order of 30,000
volts introduces SERIES D, "THE PRODUCTION, PROPERTIES AND USES
OF X-RAYS".

A simple evacuated thermionic diode is postulated having an
anode which can tolerate the increased wattage dissipation
required when a potential difference of 30,000 volts is imposed

across the cathode and anode.

In November 1895 similar very high accelerating voltages were
being employed by Professor Wilhelm Rintgen in his laboratories
at Wlrzburg in Bavaria.

Cleariy the use of 30,000 volts will introduce a hazard to
health and through RBntgen's work it is known that additional
hazards will exist which require the use of special apparatus -
the TEL-X-OMETER, TEL 580.

5.0 TEL-X—-OMETER, TEL 580

The packaging of the instrument has been carefully designed to
ensure that units are de!iyered in the same condition as they
leave the factory. If any damage is apparent when the packing
case is opened the supplier of the equipment should be notified

immediately and the instrument should not be used.
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All accessories, kits and. items are packed separately but, with
the exception of the Filmpaks, there is space allocated for
every item in alt the kits within the large Accessory Box,
marked TEL 582/3/4.

6.0 COMMISSIONING THE INSTRUMENT

Lift the instrument out of the box and remove all packing
materials, including the plastic bag which houses the power
supply lead; place the spare fuses and the miniature jack-plug
contained in the plastic bag info the Accessory Box TELS82/3/4.

6.1 Mains Power Supply
Attach a plug to the power supply cable in accordance with the

wiring instruction sheet.

With the transparent plastics Scatter Shield closed, tilt the
instrument onto its hinge and ensure that the Power Selector
on the underside of the instrument indicates the correct mains
vol tage; 1o re-adjust the selector pull out the black plug
and replace, with the arrow pointing towards the legend which

corresponds to the power supply available in the laboratory.

Check that both the Power Fuse and the EHT Fuse are securely

screwed in.

6.2 Radiation Waming Sign (Ref, ICRP Publication 13, para 20}

Remove the yellow, black and white radiation warning card from
the top lining board of the packing case; cut out the appro-
priate sign and affix to "the entrance to the enclosure or

room containing the Tel-X-Ometer™.

6.3 Mechanical Inspection

The transparent plastics Radiation Scatter Shield which com-
pletely encloses the experimental zone (ref: ICRP para 17) is
normally locked in the 'safe" position by a bali-ended spigot.

This spigot locates in a key-hole slot situated behind the
aluminium back-stop displaying the International Radiation

Symbol (ref: ICRP para 19 and see Fig.l).

To open the unit the entire Scatter Shield should be displaced
sideways with respect to the hinge; the spigot will automatic-
ally line up with the left hand or right hand release port and
the Shield can be lifted; the cover is self-supporting when

it has been lifted beyond the vertical line of the hinge.

Check that no visible screws have been loosened in transit;

that the spectrometer arm can be moved around to the scale
limits in both directions; that the lenses on the signal lamps
are tight etc.

Lower the Shield to the locked 'operating' position; repeat

the opening procedure in the opposite direction.

6.4 Safety Interlocks (ref, ICRP para 18)

To become familiar with the interlock system, displace and

open the radiation Scatter Shield and remove the two screws
which retain the hinge cover plate, see Fig.l; remove the

plate.

Open and close the Scatter Shield observing the operation of
the interlock system at the hinge; note the ball and socket
indication 61 the central position; note that the Shield can-
not be moved in a sideways direction when it is open; note
the "tail-safe" duplication of interlocks. Replace and screw

down the hinge cover plate.

Using a wide bladed screw driver turn the large screw-heads

~located at each side of the lead-glass dome, see Fig. |; note

H

that each screw-head controis a plastics plate which locks the
glass dome in position and at the same time activates a micro-
switch fixed underneath each locking plate; when these
plates are uniocked the lead-glass dome can be removed for
access to the X-ray tube.



Return each screw-head to the dome-locked position, close the

Scatter Shield and slide to the central position.

6.5 Initial Switch On {ref: ICRP para 21)

Connect the mains supply to the unit by depressing the POWER
ON switch (WHITE) on the control panel; the unit will only
function when the Time Switch is rotated to the required time
factor. When this is performed both the filament of the
X-ray tube and the POWER-ON lamp (WHITE) wilt be illuminated.

6.6 Condensation
After the instrument has experienced changes in the temper-
ature and the humidity of the surrounding air a slight conden-
sation is sometimes apparent inside the lead-glass dome; the
Tel-X-Ometer warms up after a short period in operation but at
no time should any part of the instrument seem foo hot fo the
touch of the hand.

The operating temperature is sufficient fo evaporate any con-
densation and it is therefore recommended that only the fila-
ment is energised for the first five minutes; if, on depress-
ing the X-RAYS ON button (RED), a faint 'crackling' noise is
heard then some electrical discharge due to dampness is
evident and the equipment should be aliowed to run for a

turther five minutes with only the filament operating.

6.7 X-Rays On/X-Rays Off Procedure (ref: iCRP para 18)

To switch off the EHT, displace the Scatter Shield sideways
with respect to the hinge.

Replace the Shield in the central locked position and depress
the X-RAYS ON button; the X-RAYS ON lamp (RED) will be illum
inated.

1f, at the first attempt, the red lamp does not illuminate,
check that the Shield is correctly centred; i(f centralisation
is not properly effected the micro-switches at the hinge witl
not activate the EHT circuit and the red lamp .will not illum-
inate; centralise the Shield correctly and again depress the
X-RAYS ON button.

6.8 Electronic Charge Persistence

The EHT vor the unit is derived from a solid state invertor
circuit, followed by a Cockcroft-Walton type multiplier to
provide a smooth d.c. output. In operation, the capacitors
in this circuit become charged; the EHT circuit is well in-
sulated for 30,000 volts and when the EHT is switched off the
charge on these capacitors persists for many hours. In the
absence of specia! precautions, this charge would be a hazard
to technicians who may wish to perform service work on the
electronic circuit or to change the X-ray tube; there would
also be a radiation hazard if the filament should be energised
some hours after the unit had been switched off whereupon an
X-ray pulse would be emitted whether the Shield be éafely in

position or not.

A special protection circuit has therefore been incorporated
which provides a short energy-pulse to the filament immediate-
ly after the power to the unit has been disconnected; this
pulse serves to discharge the EHT circuit and can be observed
as a bright flash each time the instrument is de-energised by

switching off the "POWER-ON" control.

6.9 Visible and Audible Signals {ref: ICRP para 19)

The X-RAYS ON tamp (RED), the POWER ON lamp (WHITE) and the
filament itseif can all be readily observed from all around

the instrument.

The EHT generator operates at high frequency (R.F.) which pro-

vides an audible indication that the instrument is operating.

An additional external and even remote.indicator can be con-
nected, if required, by inserting the jack-plug provided into
the "monitor tube ‘current" socket recessed in the contral
panei; any such external circuit must operate at 50 uA, the
normal tube current.

6.10 Radiation levels (ref: ICRP para 17}

If it is desired to monitor the radiation leve! around the
instrument, due attention should be directed to the R.F. field
which can induce false readings in the radiation monitor; o
verify the readings observe the effect of a piece of lead
sheet in various positions about the detector; if the read-
ings can be made to fall below 0.5 mR/hr at a distance of 50mm
from the external surface without placing the lead directly
between the detector and the X-ray tube anode then the R.F.

field is "swamping" an otherwise "safe level” reading.

The Tel-X-Ometer is certified by the British National
Radiation Protection Board as complying with all Codes of
Practice recommended by the International Commission-on
Radiological Protection; the instrument is also approved by
the British Government Department of Education and Science for
use in educational establishments under the provisions of
Admin?s?rafive Memorandum 1/65.

6.11 Manufacturer’s Serial Number
The Tel-X-Ometer is convection cooled, the air being drawn in
through a wire mesh underneath the unit and expelled around

the perimeter of the top of the cylindrical metal housing.
The Seria! Number of each unit is visible through the wire-

mesh on the underside of the instrument and is affixed to the

shroud of the EHT transformer.

7.0 SERVICING & MAINTENANCE

As with all Teltron equipment the Tel-X-Ometer has been design-
ed to withstand the abuse and misuse which ail apparatus used
for course demonstration and student practical work tradition-
ally experiences and it will operate for long periods without

the need for maintenance.

Some items however will require attention a+ some time during
the useful life of the instrument - the two indicator lamps,

fuses, the relay and the X-ray tube.

The indicator lamps and the X-ray fube have @ nominal life in

excess of 1,000 hours and replacement will be infrequent.

7.1 Replacement of “POWER-ON" and “X-RAYS ON" Lamps.
Switch off and disconnect from mains supply.

Open Shield and unscrew the coloured polystyrene lens.

With the end of a piece of stiff plastic tubing about [Omm in

diameter unscrew and remove the bulb.
Similarly insert and screw in the new buib.

Replace lens.

7.2 Replacement of “POWER FUSE” and “EHT FUSE"

These fuses are readily accessible on the underside of the
instrument and will only require replacement if a fault occurs
in the power unit circuits or if an incorrect fuselink has

been used.

Note that the EHT fuse (see circuit diagram, FS.2) must be
either a
I Amp, Delay Type (originally supplied)
or 2 Amp, Quick Blow Type.
The only other fuselink, FS.3 is provided to protect ‘expensive

components in the event of an abnormal failure and as such it

is located within the instrument.



7.3 Access to the Electronic Components
Switch off and disconnect from mains supply.
Open Shield and remove hinge cover plate.

Unscrew the lock nut retaining each end of the spectrometer-
arm drive cord, located at the back of the apparatus underneath

the hinges, see Fig.!.

Carefully release, in turn, each end of the drive cord, keeping
it under tension and affix it with a piece of adhesive tape to
the respective vertical side of the Manual Control, made of

orange plastics material.

from inside the hinge chamber remove the two screws used for

terminating the drive-cord.
Close the Scatter Shield.

Invert the instrument onto a piece of soft cloth and remove
the four screws fixing the flange of the cylindrical body to

the base-casting of the specirometer table.

Lif+ the flanged cylindrical housing by tilting it upwards and

away from the hinge region and carefully guide it away from

the multi-plug cable connector; disconnect the cable connector.

The electronic components on the printed circuit board are now

accessible.

7.4 Replacement of Fuselink FS. 3

This fuse protects the supply to the heater voltage stabiliser
and is fitted in an open fuseholder mounted on the printed

circuit board close to one of the transistor cooling plates.

I+ will require replacement only if the output terminals of the
stabitiser are shorted externally or if an internal short

occurs in the stabiliser circuit itself.
FUSE TYPE: 2 Amp Quick Blow Type.

7.5 Replacement of Interlock Relay

The relay controls the interlocked switching of the EHT gener-

ator and the correct function of the safety discharge circuit.

Spring off the retaining clip; unplug and replace the relay;

replace spring clip.

8.0 FAULT FINDING

It is recommended that unless professional facilities are
available the rectification of only minor and obvious faults
are attempted by the user; for more obscure faults the in-

strument shouid be returned to the supplier.

8.1 Elementary Fault: Indicator lamp fails to operate
and the tube filament fails to
illuminate.

Possible Causes: Mains plug defective.

Timer switch not operated.
Power fuse defective.

Diode bridge D2 -D5 or D6 -D9
defective.

Transformer T.| defective.

8.2 Elementary Fault: "POWER ON" lamp fails to operate
but tube fitament does illuminate.
Possible Causes: Indicator lamp defective.
EHT fuse defective.
EHT stabiliser defective.
EHT oscitlator defective.
Operate "X-RAYS ON" momentarily and observe "X-RAYS ON" lamp -
switch off instrument.

If tamp operates, then "POWER ON"

lamp or the associated wiring is defective.
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If X-Rays On lamp does not illumin-
ate, check EHT fuse; if replacement fuse blows when power is
switched on, check EHT stabiliser.

If EHT fuse blows check oscillator
transistors for VCE short or collector to chassis short.

8.3 Elementary Fauit: "POWER ON" lamp operates but tube

filament fails to iliuminate.

Possible Causes: Tube pin contact detective.

Tube heater coil defective; check
continuity.

Filament supply fuse defective.
Filament supply stabiiiser defective;
check input voltage before fuselink.
Filament supply wiring defective;

check heater supply on pins 6 and 3.

9.0 REPLACEMENT OF X-RAY TUBE, TEL 581
| MPORTANT :

ment, ensure that at least 6 hours has elapsed since the

If a tube is being replaced due to a faulty fila-

instrument was last operated; the discharge protection cir-
cuit (see 6.8) depends on the illumination of the filament for
correct operation; if the filament is not operating, the
capacitors in the EHT circuit must be allowed sufficient time

to discharge.

9.1 Disconnect the unit from main supply.

9.2 Displace and open the Scatter Shield (see 6.3) and re-

move the lead glass dome (see 6.4).

9.3 If a tube is being replaced, carefully tift off the fop
cap connector and remove the tube by pulling in a vertical

direction.

9.4 Examine the new tube and ensuré that the anode has not

been dislocated in transit.

9.5 Orient the new tube such that the bubble window is facing
the crystal post; +then push the pins of the tube into the base

connector, ensuring that the axis of the helical filament is in

the direction 26 = @ = o°.

NOTE: The bubble window may be slightly offset, but the im-

portant feature fo line up is the filament.
9.6 Carefully replace the top cap connector.
9.7 Replace the lead glass dome and tock in position.

9.8 Place the | mm Collimator, TEL 582.00l in the Basic Port
with the slot HORIZONTAL.

9.9  Place the | mm Collimator Slide, TEL 562.015 at E.S.13
with the slof HORIZONTAL.

9.10 Mount the G/M tube and holder at E.S.22.  Connect to
the Ratemeter (polarising supply about 420 volts).

9.11 Select 30KV and close and centre the Scatter Shield with
the Carriage Arm in the zero position.

9.12 Connect a 100 uA meter to the 'Monitor Tube Current'
Jack socket on the control panet, using the jack plug provided.
9.13 Switch Power On; the filament should be illuminated if
the time switch is not in the off position; if it does not
ittuminate, proceed as in para. 8.0.

9.14 Operate 'X-Rays On' button; the Red Indicator Lamp
should illuminate (see 6.7).

9.15 Check that the tube current can be varied from 20 to

80 uA and set at 50 pA.

|F THE TUBE CURRENT CANNOT BE VARIED UP TO 80 pA REPORT THIS
TO THE SUPPLIER OF THE INSTRUMENT.

taken by a trained technician).

(Adjustment can be under—



9.16 ‘Height’ Adjustment
Remove the lower black rubber grummet located just below the

hinge extension.

The screw-head thus exposed controls the "height" of the X-ray
tube.

9.17 Using a screwdriver, slowly rotate the screwhead and at

the same time observe the Ratemeter.

Note that the count rate depends on the height of the tube;

obtain a peak count rate and replace the black grummet.

Before commencing experimental work with the Tei-X-Ometer,
carry out the "tilt" adjustment procedure as detailed in para
14.0.

10.0 EXPERIMENTAL TECHNIQUES
10.1 Primary Beam:

The X-ray emission from the fube is collimated at the lead
glass dome fo be a circular beam of 5mm diameter, see Fig.1;
this primary beam diverges from the Basic Port fo give a use-
ful béam diameter at the Crystal Post of I5mm diameter, at
Experimental Station (ES) 13 of 20mm diameter and at Experimen-—
tal Station (ES) 30 of 38mm diameter.

Where the primary beam impinges on the lead back-stop it has a

diameter of 60mm and a penumbral width of approximately 20mm.

With the unit operating at 30kV and 50 yA the intensity of
radiation in the useful beam at 20cm (ES.28) from the focus is

about 2 rads per minute.

10.2 Primary Collimators:

The primary beam can be collimsted to a fine circular beam
using the Imm diameter Collimator TEL 582.002 and Yo a ribbon
beam using the Imm Slot Coliimator, TEL 582.001; each of
these collimators is installed by inserting the '0' ring shank
into the Basic. Port and pushing it home; the 'O' ring refains
the col I imator in position and allows exchange of “the col-

limators even when they become warm.

The collimators should be rofated when they are inserted to
unsure that they are securely seated.

The Imm Slot Collimator can be rotated in position to provide
a vertical ribbon of X-rays, a horizontal ribbon or any diamet-

rical ribbon.

10.3 Secondary Collimators:

There are two secondary collimators, a !mm Slot Collimator,
TEL 562.015 and a 3mm Siot Collimator, TEL 562.016.

Each of these collimators is siide mounted and can be

positioned in any E.S. on the Spectrometer Arm.

Always use an E.S. Spring Clip, see Fig.l, when positioning
these collimators (and indeed any of the experimental slides)
Yo ensure that all the slides are centred on the X-ray beam by
pressing them against the numbered side of the carriage which

acts as a datum.

The E.S. Spring Clips can be easily repositioned by springing
open the toothed jaw on the outside face of the plastics car-
riage. Six of these E.S. Spring Clips are provided, four on

the Spectrometer Arm and two on the Auxiliary Carriage.
10.4 Auxiliary Slide Carriage, TEL 582.005:
A demountable Auxiliary ‘Slide Carriage is included.

Using this carriage, Experimental Stations | to 4 can be

placed in the X-ray beam in a variety of positions.

Some of the experiments recommended in this booklet require

this carriage to be mounted in two particular modes.

Mode H (Horizontal}

Auxi tiary Carriage is placed over the Basic Port in the glass

The hole in the end face of the

dome and then held in that position by one or other of the
Primary Coll imators. In this mode the axis of the centre of
eachAexperimenfal slide is HORIZONTAL and is transcribed by

the X~ray beam.
Note that the Carriage Arm is now restricted to a maximum 20

angle of 100°.

Mode V (Vertical)

Carriage is placed over the minor diameter of the Knurled

The end face ot the Auxiliary

Clutch Plate screwed over the Crystal Post, see Fig.l; the
crystal mounting jaw and screw should be removed. In this
mode the axis of the centre of each experimental slide is
VERTICAL and co-incident with the pivot axis of the spectro-
meter table.

The X-ray beam now passes through the slides at right angles
to the centre |ine axis. The height of the Auxiliary Carriage
can be adjusted by screwing the Clutch Plate up or down accord-
ingly.

10.5 Knurled Clutch Plate

When the Clutch Plate is screwed down it exerts pressure on a
spring plate which in turn engages the 2:1 spectrometer drive
mechanism.  When it is unscrewed it disengages the drive

mechanism. This permits the Crystal Post to be manually
positioned in any desired orientation with respect to the

Carriage Arm.

10.6 The 2:1 Spe Mect

Open the Scatter Shield and rotate the Carriage Arm until the
cursor gives an accurate no-parallax zero reading on the 26

scale.

Release the drive by unscrewing the Clutch Plate and push the
Slave Plate (the inner rotating plate engraved with two datum
lines, seé Fig.!) round until the datum lines are accurately
opposite the zeros on the € scale. It may be necessary to
"mean out" small zero-reading differences on each side of the

© scale.

Check that the Carriage Arm cursor is stili at zero on the 26
scale and screw in the Clutch Plate to engage the 2:1 drive

mechanism.

Now rotate the Carriage Arm through 90° (28) and note that the
crystal Slave Plate moves through 45° ().

10.7 Choice of operating side:

Ciose the Scatter Shieid - note that the Shield can be dis-
placed in fwo directions; always slide the Shield to the same
side as that of the Carriage Arm. Note that the gap between
the Shield and the spectrometer table, where the Carriage Arm
normatly freely rotates, is eliminated on one side of the
instrument, depending on the direction of displacement at the
hinge.

To transfer the Carriage Arm to the opposite side, rotate the
arm to the smallest angle possible, about 1° (20); now open
the Shield bv sliding away from the Carriage Arm and then

rotate the arm through the zero axis to the opposite side.
10.8 Fine and Coarse Controls:

The Carriage Arm is terminated outside the Shield with an
orange plastics Manual Control; measurements can be made at

the cursor to an accuracy of 15 minutes of arc.

To achieve fine adjustment of the Carriage Arm, rest the hand
‘on the base fiange of the Tel-X-Ometer or on the bench top and
using the thumb rotate the knurled gluminium drive wheel pro-

truding from the Manual Control.



To achieve fine measurements |ine up the cursor exactly on the
most convenient 26 graduation which is central within the
region requiring detailed examination; hold the Manual Controil
rigidly in this position and "slip" the Thumb Wheel against
the friction of the drive cord until the zero on the Thumb

Wheel scale aligns exactly with the pointer.

Now the Thumb Whee! can be moved + 4° (28) about the p}ese+
centre line by an amount which can be measured at the Thumb
Whee! scale to an accuracy of 5 minutes of arc; this amount
should be added or subtracted from the selected cursor setting

according to the direction of movement of the arm.
10.9 Mounting of cubic crystals:

Select the LiF crystal (BLUE) from the box of accessories and
place one of the short edges onto the step in the Crystal Post;
ensure that a long broad face, a (100) cleavage plane, is butt-
ing against the chamfered protrusion of the post, see Fig.2.
Screw up the clamp until the crystal is held securely by the

rubber jaw.

Ensure that the crystal is vertical and flat on the step.

THE EXPERIMENTAL FACE OF THE CRYSTAL IS THAT FACE WHICH IS
COINCIDENT WITH THE CHAMFER ON THE POST.

10.10 Mounting of Geiger Muller Tube:
Plug the G/M tube MX168 (TEL 546) into the Holder, TEL 547.

Place the square fliange of the holder in E.S.26 on the carriage
arm without use of an ES Spring Clip, ensuring that the co-
axial cable is leading out from the underside and that the end-
window of the G/M tube is facing the Crystal Post. It is
advisable to leave the plastics guard over the end-window un-

less very feebte count rates are to be monitored.

The co-axial cable can be trailed out from the Shield beside
the Manual Control.

10.11 General Facilities:

There are two radiation-proof ports located at each end of the
hinge cover plate for introducing large cables, vacuum pipes,

etc. into the experimental zone.

There are four blind holes on the surface of the spectrometer
table for the mounting of innovative experiments of the
teachers' or pupils' choice; these holes are 4mm diameter,

jocated around the @ Scale and marked A, B, C and D.

11.0 MONITORING INSTRUMENTS:

During Bragg Diffraction experiments (from Experiment D.14)
count rates of 800 to 1,000 counts per second are experienced
for CuKa reflections from the Lithium Fluoride crystal.

Count rates of up to 500 cps are more normal for the other
three crystals, NaCi, KCI or RbCi.

Background count rates vary from up to' 300 cps at the top of

the "whale-back" down to 16 cps at the tail-off.

For crystallography experiments therefore a Ratemeter capable

of integrating up to 20C0 cps~is recommended.

For measurements in the main X-ray beam it should be noted

that the normal intensity of radiation will saturate the G/M
tube; the MXI68 has a dead time of 100 microseconds and hence
the G/M tube will saturate at a count rate of 10,000 cps; the
X-ray tube current must be reduced to about 5 uA to prevent
saturation and achieve a count rate of about 7,00C cps. For
quantitative experiments in the main beam therefore a Ratemeter

capable of integrating up to 7/8000 cps is recommended.

The X-ray fube current should NOT be adjusted'without monitor-
ing the current, using the jack-plug provided and an external
100 pA or 150 uA meter.
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NEVER EXCEED 80 MICROAMPS.

The polarising supply for the MX168 G/M tube should be
variable. from 250 to 450 volts d.c.; +the threshhold voltage
is about 3706 volts d.c.

When varying the tube current from 20 to 80 uA the EHT will
remain constant within 5% of the seiected value, 20 or 30 kV.
Conversely, when varying the EHT from 30 to 20 kV the regulat-

ion is such that the tube current will remain constant within

5%.
12.0 OPERATIONAL ALIGNMENT:

The Tel-X~-Cmeter has been carefully aligned during the final
stages of factory inspection; but to verity that the pre-set-
alignment has not been disturbed during transit it is recom-

mended that the following tests be performed.

12.1 Place the {mm Collimator, TEL 582.00! in the Basic Port
and the imm Collimator Stide, TEL 562.015 at E.S.30 and ensure

that both col limators are vertical.

12.2 Zero-set and lock the Slave Plate and the Carriage Arm

cursor as precisely as possible.

12.3 Spring a Spindle Clip TEL 567.008 over the chamfered
Crystal Post and carefully insert a Glass Fibre TEL 567.004 to
be truly vertical, see Fig.3.

12.4 With the Scatter Shield open, operate the POWER ON
switch and sight through the collimators to view the reflec~

tion of the fube filament in the copper target anode.

The Glass Fibre should normally be observed as central in the
"viewing column" created by the two collimators, i.e. the
direction of the primary beam and it should be possible to
obtain an uninterrupted view of the anode past each side of
the fibre; the glass dome can be rotated by a small amount if

the two dome-locks are unscrewed.

12.5 Remove the Glass Fibre and the Spindle Clip.

13.0 EXPERIMENTAL VERIFICATION:

Mount the LiF Crystal (Blue) in the Crystal Post (see "induced
Distocation", Part 2, para D.27.30).

13.1 Check that the cursor is at zero reading (28) and again
sight through the collimators; the direction of the primary
beam should lie in the surface of the crystal, as does the
axis of rotation.

13.2 The normal to the reflecting face 6f the crystal should
bisect the angle between the primary beam and the centre line
of the Carriage Arm; for Bragg reflection experiments the
arm should always be moved to the same side of the crystal as
that occupied by the chamtered Crystal Post protrusion.

13.3 Move Collimator (lmm) 562.015 to £.5.18 and mount
Col | imator (3mm) 562.016 at £.S5.13. Mount the G/M tube and
Holder at E.S.26.

Connect to the Ratemeter and energise the polarising supply
to the G/M tube (400 - 420 volts d.c).

13.4 Check that the voltage selector indicates 30kV.

13.5 Move the Carriage Arm through at teast 15° (28) in the
direction to detect Bragg Refiection.

13.6 Close and centre the Scatter Shield.

13.7 Depress the "X-RAYS ON" button; the RED signal lamp
should be illuminated.

13.8 Verify that a strong CuKa reflection (high ratemeter
count rate) is evident at a 20 angle of 45° + 30",

Record the 26 angle of the peak reflection.



{F THE PEAK OF THE REFLECTION LIES QUTSIDE THIS TOLERANCE
THEN THE X-RAY TUBE SHOULD BE ADJUSTED FOR 'TILT' AS IN PARA.
14.

Now record the equivalent reflection on the opposite side of
the table.

13.9 Return the Carriage Arm to about 12°7(20) ang open the
Shield by displacing it away from the arm.

13.10 Unscrew the Clutch Ptate, rotate the Slave Plate (and
thereby the Crystal) through 180° and again zero-set the Slave

Plate and the Carriage Arm as precisely as possible.

13.11 Repeat stages 13.5 to 13.8 and record the 26 angle of

the peak CuKa reflection.

13.12 The Mean Reading of the reflections recorded at 13.8 and
13.11 should be 44° 56' + 12!,

WHEN MAKING ACCURATE ANGULAR MEASUREMENTS EXPERIMENTAL ERRORS
SHOULD BE MINIMISED BY EMPLOYING THIS TECHNIQUE OF TAKING A
MEAN OF THE EQUIVALENT READING AT EACH SIDE OF THE SPECTRO-
METER TABLE.

13.13 The Tel-X-Ometer is now commissioned and certified as
capable of measuring angular deflections (20) to an accuracy

of » i%.

cubic crystal

clamping jaw
clamping screw ’

crystal post

14.0 “TILT” ADJUSTMENT OF X-RAY TUBE:

Before proceeding with this adjustment carefully repeat both
paras 12 and 13 fo ensure that no alignment errors have been

introduced:

14.1 Remove the upper black rubber grummet located just below

the hinge extension.

The screw-head thus exposed controls the "tilt" of the X-ray

‘tube about a central position.

14.2 Set the cursor of the Carriage Arm at the exact mean of
the reading measured at para. 13.8 and the true Bragg angle
(28) for LiF ot 44° 56'.

14.3 Obtain a peak count rate by carefully adjusting ONLY
the "tilt-control' without displacing the Carriage Arm.

14.4 Now seek and record a peak reflection by displacing the

Carriage Arm only, without operating the tube +i 1t-control.

14.5 Set the cursor at the exact mean of the reading measured
at para 14.4 and the true Bragg angle 44° 56' (20).

14.6 lteratively repeat parés 14.2, 14.3 and i4.4 until the
cursor peak reading falls within the tolerance 45° + 30,

14.7 Replace the black rubber grummet and carry out recom—
mendations 13.9 fo i3.12.

reflecting face

chamfered post

FIG. 2 MOUNTING OF CUBIC CRYSTALS

glass fibi

grease or gum

spindle cli

if mounting is loose
pack spindle clip with

re

chamfered post

P

FIG. 3 MOUNTING OF GLASS FIBRES
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PART 2 : EXPERIMENTAL MANUAL
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(High Energy elecirors?)
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] .
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|
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and
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T
D.12 DIFFRACTION EVIDENCE, LAUE
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D.15 X~-RAY EMISSION
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D.17 X~RAY SCATTERING
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0.2z ATOMIC SIZE
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D.23 THE UNIT CELL
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D.19 FINE STRUCTURE (Single Crystal, Bragg)

(Kop and Kap) I
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General Introduction:

1+ is recognised that those educational institutions teaching
pure physics probably possess neither the time nor the desire
to concentrate much attention on the application of X-ray
technology to industry or medicine; the converse may well

apply to those teaching X-ray radiography.

The range of accessories has therefore been divided into 3
groups, Kit TEL 582 being of basic universal use and Kits 583

and 584 being for specialised application.

The experiments detailed in this booklet follow the teaching
sequence of Series D, The Production, Properties and Uses of
X-rays; no claim is made that this sequence can provide
adequate coverage of the subject for all levels of education
and it is recommended that experiments are selected, dis-
regarded or embellished in accordance with the requirements

of the curriculum.

Experimental Notes:

For each Experimental Programme the recommended voltage and
current setting for the X-ray tube is indicated, together with

the relevant accessory kit required to perform the experiment.
A summary of this latter information is tabled , Appendix A.

Note that no retiance should be placed upon the timerfor
photographic exposures of less than 5 minutes duration; the
+imer has been incorporated as a safety device and it is not
sufficiently accurate for short exposures. Such exposures
can be initiated by depressing the 'X-RAYS ON' button (RED),
timed using a watch and terminated by displacing the Scatter
Shield sideways, with respect to the hinge, or by operating
the 'POWER ON' switch.

EXPERIMENTAL PROGRAMME D1 TO D6, DETECTION (2 HOURS)

D1 — THE RONTGEN OBSERVATION (15 MINUTES):

Remove Crystal Pest and Jaw.

KIT 5824584 30 kv 5C pA DARKENED LAB

Cover the lead Glass Dome and both signal lamps with a piece
of black cloth and perform these experiments in a well darkened
room ; allow sufficient time for observers to become dark-

adapted.

Di.} Insert Luminescent Screen, TEL 582.0C3 in £.5.13
with the phospher coating facing the X-ray tube;
locate the Carriage Arm in the axis of the beam,
(20 = Q).

Switch on X-rays and observe the circle cf lumines-
cence.

DI1.2 Insert Screen in E.S.20. Remove the metal back
plote from Film Cassette TEL £62.031 and place the
Backstop of the Cassette in E.S.13.

Observe an image of the backstop and its supporting-

wires on .the screen.

That barium pLatino-cyanide could be made to "flucresce” when
placed close fo a high voftage discharge in,a tube containing
ranified gas was discovered by Rontgen in 1895, two years
before J. J. Thoméon succeeded in isolating the efectron.

9

Anguments wene haging at that time reganding the nature of
cathode nays and the nelative merits of particle and wave

theosies and Rontgen shnewdly Labefled the new 'nadiation

effect' as X-radiation, pending funther enquiny as to its

nature.

The name X-rays is s3ilL in genenal use today although the
title "Rortgen nadiation”" is also used.

Prog. Rontgen wrote: "...... behind a bound book of about one
thousand pages 1 saw the §luonescent screen Light up brightly,
zthe printen's 4nk offering scancely a noticeable hindrance”.

Di.2 Invert the Screen at E.5.2C such that the phoéphor
coatirg taces away from the X-ray tube and place two
or three pieces of printed news sheet between the
screen and the tube.

Observe luminescence.

In his paper published in 1895, Rontgen also wnote "... the
X-nays proceed grom that spot whene the cathode nays sinike
the glass wakl. 1§ the cathode rays within the dischange
apparatus are deflected by means of a magnet, it is observed
that the X-nays proceed fnom another spot - namely, from that
which s the new tenminus of the cathode rays",

Dl.4 Perform "Pin-hole Camera Experimeni" as detalled in

Experimental sProgramme D.32.

Di.5 Make a right-angle bend in a piece of steel strip of
length about 15 cms and place the two magnets 562.008
together at the extremity of one arm so constructed;
pass the other arm through a Cable Port on the hinge
plate - the megnet can be rotated from belcw the
Cable Port from a position near the Scatter Shield
side-wall to close to the Glass Dome, still covered
with the black cloth.

Replace the film cassette backstop .in position E.S.13.

Locate the Collimator, 582.00!, in the Basic Port and

rotate the Imm slot to the vertical position.

Observe the image on the screen and its variation
when fhe magnets are moved close o the X-ray tube

thereby deflecting the source of X-radiation.

shadow of — Luminescent
backstop Seneen
deglected unde §lected
Amage 4image

The magnets should approach the dome as low as
possible to the base flange in order to obtain maximum

aceflecticn.

This sendes of experiments foflows Series A where the productior
and the properties of the fnree efectron have been studied; the
student will probably anticipate some evidence of high energy
electrons; he might justifiably believe that a hithento
undiscovened propenty of the efectnon is that at high enengies
it can penetrate the glass of the X-ray tube, the bfack cloth,

the newsheet and indeed the {ntervening ain.



Senies A commenced with the Theamionic Effect where Lonisation
0f ain brought about the dischange of an electrescope; 4f
X-rays ane high speed efectrons then ean ain be icnided in a
sdmilan mannen?

D2 — THE SPARK GAP (10 MINUTES):

KIT 582 kV as specified 5C HA NORMAL  LAB

Attach two stee) needles to the Auxiliary Slide Carrizge, TEL
582.005 using adhesive tape es illustrated, with points placed
3mm apar¥.

Connect the pins to the positive and regative terminals of a
5,000 vclt d.c. power supply, passing the cables through the
Cable Ports at the Hinge Plate.

Locate the Spark Gap assembly as illustrated such that the

needle points lie in the X~-ray beam.

/A%ZZV/
G
2 Pm,

-

D2.1 In the absence of arv X-radiation, increase the d.c.
voltage frem zero and note that a spark discharge
occurs 2t abcut 4kV; now reduce the volfage unti

the spark ceases.
Dz.2 Select 3CkV and operate the 'X-PAYS ON' buttfon.

Ncte that the precence of the X-rays precipitates

the spark cischarge.

Switch oft the X-rays by dislecating the Scatter

Shield and ncte that again the discharge ceases.
02.3 Select 2CkV and switch on the ¥-rays; the discharge

will cnly pass if the potential difference acrosg the
gap is INCREASED.

The X-radiation causes ionisation of the ain in the spark gap,
the degnee of which depends on the voflage across the X-xay
tube electrodes; At is evident, qualitatively, that X-nays
cause {onising events but the techrnique needs to be developed
fon meandinggul quantitative results.

D3 — THE JIONISATION CHAMBER (1 HOUR):

Remove Crystal Pcst and Jaw.

TEL 588 kV & uA  as specified NCRMAL LAB

Mount the tonisation Charter, TEL 588 in E.S.13 and 26 with
the insulator supporting the central electrode at £.5.26 and

the Carriage Arm in the Primary Beam.

Connect up the circuit as illustrated to a D.C. Amplifier with
a facility to measure currents douwn to |0-'| amps., and
pclarise the lonisation Chamber using a power supply with a

d.c. output variable to 2000 vclts.

this connection as shont as possible,

‘—l l scneened and good insulation.

i
| [ I &
1 | s dinatd ™8
. ! i
s
< 1
. b T 'iT 11¢
0 - 2000 V d.c. —

D3.1 lonisation at Atmospheric Pressure

Tabulate the collector current IC for increments of polarising

voltage V, and plot graphs A tc*D.

b
Table A Table B Table C Table 0
30RV 50 uA 20RV 50 uA 30RV 20 uA 30kV 80 pA
v
VP Zc VP Ic VP Ic p Zc
-11
1
I, | 4 anps 0
26 1
A
10 <
C
B
0 ¥ ¥
0 500 1000 Vp volis

NOTE : Do not touch the Scatter Shield during these exper-=

iments as the effect on stray capacitance due fc electrestatic
charging can disturb the un’formity cf the results.

10




This simpke ionisation chamber can be calibrated to provide an
X-nay measuring instrument capabfe of much greater quantitative
nesults than the Spark Gap; changes 4n both X-aay tube cunrent
and voltage produce measurably different Lonisation cwirents
within the chambenr.

See Experimental Programme D.35

In Senies A the Thermionic Efgect experiment was complicated
by the presence of ain; in the instance of this ionisation
chamber, fon the given geomeinry of the detecton, the onty
parameten that has not been varied i8 the nature of the gas
being ionised and does this similarly complicate the nesults?

D3.2 lonisation at Low Pressure

Connect the exhaust manifold of the lonisation chamber Yo a
rotary vacuum pump by passing thick-walied rubber vacuum
fubing through a Cable Port at the Hinge Plate; interconnect
a needle-valve between the lonisation chamber and the rotary

pump so that a controlled leak of air can be made to vary the

pressure in the chamber.

Before tabulating any resuits set the polarising voltage, Vp
at 1,000 volts and adjust the pressure in the chamber by means
of the needle-valve untii the collector current reads about

5 x IO-” amps; allow the system to stabilise in this
condition for two er three minutes to permit the vacuum pump

to warm up; the pressure at this point is about Imm Hg.

Vary the voltage V, from zero fo about 1600 volts; tabulate
and plot graphs as in D3.1.

T, x 107171 amps

10

4 T

0 500 1900 Up volis
Set - up: 5 mins.
Experimental Time: Graph A , 30 kV , 50 uA 10 mins.
Graph B , 20 kV , 50 uA 5 mins.

To verify that a continuous discharge occurs at abcut 1600
volts reduce Vp fq 140C voits and switch off X-rays; now
increase V_ until Ic avalanches without any external lonising
influence (quickly reduce V. after this verificaticn of con-

tinuous discharge to avold damage to the d.c. amplifier).

Fon a comprehensive analysis of Tonisation Characteristics
nefenence should be made 1o siandard text-books.

The Regions cf lonisation (1), Propontionality (11) and

Limited Propontionality (111} are clearly ilfustrated; fon

the punposes of Senies D the mode of Lonisation giving the
gheatest collecton cunrent, the Gediger Region (IV), will be
prefemed as a convenient and sensitive detecton of X-radiation.
Fon funther:quantitative studies see 0.35.

1

D4 — X-RAY DETECTION BY GEIGER-MULLER TUBE (20 MINUTES}

Fon a detailed study of the theory and ccnstruction of
Countern Tubes reference should be made 2o standand text-books.

The ionisation chamber was §inst developed by Johannes Geigen
whifst wonking with Progesson E. Rutherford at Manchester in
1908 o become a detector which could count individual
Lonising events and his work was subsequently further developed
by Walther Muller in 192§ at Kiek University with the then
Progesson Geigen.

In experiment D3.2 the nature of the gas expenriencing ionisa-
ion due to X-radiation was varied in pressune onby; more
detailed neseanch reveals that 'individual ionising events'
are occwuiing due to the X-radiation and that the total number
of events in a given period of time can be nreconded, using a
Scaler on integrated, o registen the numben of counts-per-
second, using a Ratemeten. The duration of the effect of the
Londsding event depends not only on the pressure but also on
the actual gas on mixture of gases used; aften the detection
04 an 'dndividual ionising event' ("count") the Geiger-Muller
tube must be 'quenched' in onder to be neady as quickly as
possible to neceive the next event; ihe Counter Tube, TEL 546
(MX168), is self-quenched by means of a mixtune of Hafogen
gases at Low pressure.

D4.1 Optimum Operating Voltage

tnsert the G.M. Tube in the Holder, TEL 547, and mount the
assembly al E.S.22 (see Part |, para 10.10) and connect to a
Ratemeter/Polarising Supply (see Part I, ‘para 11.0).

Set X-ray tube volis at 30kY; reduce the tube current to
minimum and siowly Increase the current un¥il a count rate of
about 4,000 cps Is achleved.

Tabulate and plot a graph (A) of the number of counts per
second reglstered for incremenis of polarising voltage (most
Ratereters have an Integral polarising supply with ‘practical®
IImits of about 3CO and 500 volts and the full G.M. jube

lonisatlion characteristic. cannot be recorded).

1| eps
6000 opXimum
selting /
threshobd A
4000 voltage /_____/
4
7
’
//B
2000 //-—'“""
/
0 L] T T R
[} 200 400 600 V. velts
P

The optimum voltage at which to operate the Counter Tube is
on the low voltace end of the 'plateau' about 420 volts.

D4.2 Dependence of Count Rate on kV

Plot two or three points about 400 volts with the Tel-X-
Ometer set at 20kV and observe that althcugh the count rate

varies, the value of the threshhold voltage remains constant.
D4.3 Saturation

Set the Tel-X-Ometer at 3CkV and again reduce the tube
current to a minimum; siowly and progressively increase the
current and observe that a peak count is reached after which
the count rate falls away; this peak Is the saturation
point of the G.M. Tube and the G.M. Tube must always be used
below this peak cn the side of positive gradient for meaning-
ful results.



cps
The 'Resolution Time' Tinax
of the G. M. Tube is 7000
defined as
1 .
microseconds
T max
See also para. D38 1, }4A

The detection of individual on 'quantised' events supports
zhe student's anticipation that the X-nays ane high energy
electhons and this shoutd be furthen investigated now that -
a suitable detecton of the phenomenon has been developed.

The G.M. tube permits a permanent numerical necond fo be made
of the ionising effect of X-nays; can the effect on he
Luminescent Scheen, as a visual detector of X-nays, be made
peamanent by alfowing the emitted 'Light' to stimulate a
photographic emufsion? '

D5 — PHOTOGRA#HIC DETECTION (15 MINUTES)

Remove Crysial Post and Jaw.

KIT 582 30 kV 50 uA DARKROOM

Cut out and fold a pholographic fiim enveiope as Hllustrated,
using Thin black paper

40 mm
square

§otd

Fold along dotted |ines.

In a derkroom, remove the film from a Filmpak 750/2; place
the piece of film in the black paper envelope A and fold the
four edges over the fiim; remove the Luminescent Screen,
582.003, from its slide and place the screen on the enveloped
film with the phosphor coating in contact with the film.

The white card on which the screen is mounted is relatively
tight transparent and so the piece of black paper, with the
letter B marked in pencil on one side, shouid be used to
Tback! the screen; ensure that the letter B is on the outside

face.
Place the film/salt screen assembly in Filmr Cassette 562.013.

D5.14 ina normally (it laboratcry lecate the Film
Cassette at £.5.3C with the pencilled letter B
tacing the X-ray tube and the Back Stop only of
Cassette 562.031 at E.S.29 with the Carriace Arm
in the zero beam axis. Expose tc X-rays fcr 5
seconds and remcve tc the dark room for processing.
The developed film clearly illustrates thet an
image of the Back Stop has been registered but a
penumbra exlsts around the film which coincides with

the foids cf the black paper envelope-

The paper envelcpe is impervicus tc tight and so it

must be inferred that the penetrating beam of X-rays
has been respohsible fcr 'energising' the penumbral

area of the fiilm and nct the licht from the salt

screen.

5.2 Reload the Fitm Cassette and repeat D5.1 but with
the pencilled letter B facing away frem the X-ray
tube.

Apart trom an Increase In blackening the developed
film Is identical tc that D5.1; the fiim has been
traversed and energised by the X-ray beam but the
perumbra are stitl present; the light emitted
by the salt screen is thus 'intenslfying' the

exposure of Fhe cenirasl area of the film.

X-nadiation caudes the exposure of photographic §ilm and this
exposune can be 'intensified' using Light-emitting saft
scheens.

As with Lonisation chambers, the technique of photography has
been nesearched uniquely fon X-nay detection and many special
types of §ifm and intensifyer scneens have been developed.

D6 — THE PHOTOGRAPHIC PROCESS (5 MINUTES)

Remove Crystal Post and Jaw.

KIT 582+584 30 kv 50 uA NORMAL  LAB

Remove the circular trame ptate from Film Cassette 562.013,
load with & Teltron Filmpak 750/2 and locate at E.S.30.

Place Maltese Cross 562.007 at E.S.29.
Expose tc X-rays tor 10 seconds and develop.

The special double sided X-ray film has registered an image

of the cross.

A similar Iterative experiment involving Increments in
exposure time would reveal the "characteristic curve" of the
emulsion of the film. If it is required fo perform this
experiment, an externally operated shutter must be plaged at
the Basic Fort fo prevent the 'flash puise' (see Part |,
para 6.8) from obscuring the true exposure resuits.

L"""! Ratitude

4ilm
density |\ = — T3 T AT T T T T T u:e fue
density
_____ hange
! exposwre time

14 1
X-radiographers are mainly concerned with the slope or "gamma"
of the characteristic curve; the gamma of an emulsion is
defined as the ratio of the "useful density range", d, to
the "latitude", t, and the greater the value of gamma the
larger becomes the contrast of the emulsion:
dy - 4
1 - 4

¥ emuksion ==

The upper limit d, is governed by the intensity of light from

the viewing box and the ability to discriminate in the blacker
regions of the film; the practical lower iimit is governed by
the smallest change in object thickness that can be detected,

the "sensitivity".

The stimulation of pholographic §ifm by exposure to X-rays has
nevealed a similarity between the X-nay phenomenon and Light
rays or electromagnedic radiation.

In onden to attempt to differentiate between the 'high-enengy
electron' and the 'electromagnetic' postulations the four
classdcal tests 50 often used in physics should be performed;
rectilinean propogation; the inverse square Law; defleétion
due tc efectric and magnetic fields; diffraction.

12



EXPERIMENTAL PROGRAMME D7 TC D11, PROPERTIES (2 HOURS)

D7 — RECTILINEAR PROPOGATION (10 MINUTES)

Remove Crystal Post and Jaw.

KIT 582 30 kv 50 A NORMAL LAB

D7.1 Attach twc steel needles to the Auxiliary Slide
Carriage 582.005 using Adhesive Tape, ac.illustrated.

( 1]

9 23 mm
il p——
i |
D7.2 Locate the assembly such that the needle polints lle

in the X-ray beam as iliustrated in para DZ.

D7.3 Load Flim Cassette 562.013 with Filmpak 750/2 and
locate at E.S.14 with the circular frame facing the
X-ray tube.

Expose Yo X-rays for 2 seconds.
D7.4 Remove Film Cassette 1o E.S.22, expose for 4 seconds.
p7.5 Remove to E.S.30, expose for 6 seconds.

D7.6 Measure the distances between E.5.14 and E.S.22 and
between E.S.22 and E.S.30.

07.7 Develop the flim and measure the distances between
the needle polnts for each of the three superimposed

tmages.
D7.8 Construct a diagram of the experimental layout.
—_—— stnaight
— Lin
; — e
distance - —_
between P
needle points
N N
ES 30 ES 22 ES 14

Contirm that the images of the needle points obey the

law of rectil!inear propogation.

The developed 4ifm provides evidence that, Like Light, the
Aintensity of the three exposures obey the Invense Square Law.

D8 — INVERSE SQUARE LAW (15 MINUTES):

Remove Crystal Post and Jaw.

KIT 582 30 kY 50uA NORMAL LAB

The intensity, I cof radiation coming from a point source is
inrversely proporticnal to the square of the distance, .£ ,

from the source; as in optical physics,

1=6(—) and from para D.6 d=1 %

the Law of Reciprccity, vhere d is the density of the blacken-
ing of the film in time £ .
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A photcgraphic film exposed at 2C cms from the anode of the
X-ray tube requires, therefcre, four times the exposure fc
show the same density as dces a film which is exposed to the

same radiaticn at 2 distance of 10 cms.

2
1t £
4 = 11-: B (—li) 2

a
I, Iy L,

£8.1 Lcad Film Cassette 562.013 with a Filmpak 750/2 and
tccate at E£.S5.14.

pe.z Place the Lead Mask, 584.006, at E.S.13 such thet the
exposed porticn of the film will te In the top right
hand quadrant.

Expose to X-rays for 4 seconds.

/
DB.3 Remove the Lead Mask tc E.S.18 with the exposure
Guadrani now in the bottom right hand quadrant.

£8.4 Remove the Flim Casselte to E.S.19.
D8.5 Measure the distances of the flim from }he anode a¥

E.S.14 and E.S,19 and caiculate the exposure required
at E.S.19 to give the same fl1im density as at E.S.14.

Expose to X-rays for the calculated time.

08.6 Repeat the procedure at E.S.24 and E.$.29, each time
with the Lead Mask just in front of the fiim and
rotated by 9C degrees to expose anofhe; quadrant of
the film for the respective calculated +ime.

08.7 Develop the fiim and observe at/ )

US|

3 %
Observe also that at the outside |imit of the beam
the Image is progressively more blurred and not

that there is equal blackening

of the four quadrants, confirming
that X-radiation obeys the
Inverse Square Law.

sharp, indicating that scattering of the X-ray beam
by the intervening air is taking place and this Is
more prevalent the greater the length of air traversed.

D9 — DEFLECTION EFFECTS (15 MINUTES):

Remove Crystal Post and Jaw.
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D9. | Locate Plain Electrcdes 562.009 in E.S.2 and 4 of
the Auxiliary Slide Carriage, with the circular
plates facing each other.

D9.2 Mount this assembly in Mode V (see Part {, para 10.4).

D9.3 Insert the lmm Slot Coilimator, 582.001, Into the
Basic Por? with the slot horizontal.

09.4 Adjust the Clutch Plate until the slot is central
between the Electrode Plates.

D9.5 Connect the lower electrode to the earthed negative
of a 2,000 volt d.c. voltzge supply and the upper
electrocde to positive; pass the cables through the
Cable Ports at the Hinge Plate.

D%.6 tocate the Backstcp only of Cassette 562.031 at
E.S.13, the Luminescent Screen 582.003 facing the
X-ray }ube at E.E.20 and cover the Glass Dome ard
the signal tamps with a black cloth.

09.7 Switch on X-rays and observe. that there is NO
deflection of the image even with a potential
difference across the electrodes of 2,000 volts.



D9.8 Switch off and disccnnect the voltage supply to the
electrcdes but leave the electrodes at E.S.2 and
E.S.4.

Place one cf the Magnets 562.008 under the overhang

of the lower electrode and othe other magnet similarly
above the upper electrode as illustrated, to create

a strong magnetic field between the electrodes; tfest

this with a strip of ferrous metal or a needle.

£%.9 Switch on X-rays and observe that there is NO

deflection of the image on the screen.

1t is evident from these 'nil-effects' that X-rays do not con-
8481 0f high-enengy efectrons on othen changed particles.

1§ X-radiation {8 electnhomagnetic in natune then diffraction
Will occurn using a suitable grnating; 2o achieve opticaf
diffraction the spacing of the grating must be of the same onden
a8 the wavelength of the incident Light.

In the absence of any knowfedge of the wavelength of radiation
no decision can be made regarnding the iuype of grating zZo be
used.

Funther studies must be made in ordern to assess the 'quality'

of the X-nadiation.

D10 — PENETRATION AND ABSORPTION (45 MINUTES);

Remove Crystal Post and Jaw.

KIT 582+584 kV and pA as specified NORMAL LAB

In the previous experiments X-rays have penetrated the glass
of the X-ray tube (as does light), the black cloth, paper,

cardboard and plastics-; but not the metal of the needles,

the Maifese Cross, the Film Cassette Backstop and the Lead
Mask.

DI0. t Place the Lead Mask 584.006 at ES.28 to expose the
top right hand quadrant.

010.2 Flace Aluminium Wedge, 562.014, at F.S.29 with » pin
trapped in the plastic of +the surrounding slide to

previde a datum cn the exposed film; the datum

should appear ir the first exposure in the top right
hand quadrart.

D10.3 Connect a 100 pA meter to the 'monitor tube current!

Jjack socket and with 30kV selected, adjust the tube
current to 80 pA.

DI0.4 Locate Cassette 562.013 with Filmpak 750/2 at E.S.30.
DI0.5 Expose to X-rays for {3 minutes.

DI0.6 Select 20kV and rotate the Lead Mask 90 degrees ic
expose the bottom right hand quadrant.

bl10.7 Expose To X-rays for 1} minutes.

D10.8 Remove the Film Cassette, select 30kV and adjust for
40 uA tube current.

DIO.9 Rotate the Lead Mask to quadrant 3,replace the Flim
Cassette and expose for 2 minutes.

DI0. 10  Repeat in Quadrant 4 with the tube current set to

60 A and expoce for 2 minutes.

The developed film reveals that X-rays cean penelrate
a light metal such as aluminium bu} The degree of
pernetraticn depernds rnot onty on the thickness of the
material but also on the voltage applied Yo the
X-ray tube; quadrants | and 2..

Variations in the tube curren} does not effect the
degree of peretration bu¥ only the density of film
blackening and therefore the intensity of radiation

in the beam; quadranis 3, 4 and I.

The greaten the tube voltage the greaten the penetration and
the greaten the tube cuwrent the Less the exposure time for
a given intensity.

D10.11  Hard and Soft Radiation

Eanly neseanchens noticed that the better the vacuum in an
X-ray tube the greaten the power of penetration.

The gas discharge X-hay tubes of the period, with a Low order
of vacuum and relatively 'gasdy', wene known as 's04f' tubes
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and discharged at relatively Low voltages and conversely,
tubes with a high onder of vacuum wene 'hand' tubes and onty
dischanged at high voltages. X-radiation from the tubes was
cabled "hand' on 'soft’ and these terms are still used. The
highen the voltage applied to the X-nay tube the 'harder' the
resubtant nadiation. The sefection of 20 RV with the Tel-X-
Ometen will nesult in softer radiation than that emitted at
the 30 RV selection.

D10.12 Linear absorption.

KIiT 582+584 30 kY 50 uA NORMAL LAB

tnsert the G.-M. Tute, TEL 546, in the Hoider, TEL 547, mcunt
the assembly at E.S.22 and connect to a Ratemeter or Scaler.

Mount the Auxillary Slide Carriage in Mode H using the Imm
diameter Collimator 582.002; reduce the tube current urtil a
count rate is registered of about |,000 cps below the

saturation point recorded in Experiment D4.3.

DIQ.13  tocate in turn the slides indiceted in the following
table and record the intensity of radiation (counts
per second).

Stide No.| ES | Thickness 1 Log 1 Log 1 -log 1
mn s
562.033 4 0 ——
.017 4 0.10
.018 4 0.25
.019 4 0.50
.018 3
019 4 0.75
020 4 1.00
.018 3
.020 4 1.25
.019 3
.020 4 1.50
.018 2
.019 3
.020 4 1.75
.021 4 2,00
.020 3
.021 4 3.00
019 2
.020 3
.021 4 3,50
DI10.14  Plot Graph as illustrated.

T cps

4000

ﬂ
2000+
.
0 v
4 1 mm

The graph is characteristic of an exponential curve

where 1 = 10 e ui

and u is the linear or total absorption coefficient

Log IO/I -1
= ——, mn
z
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DIC.15 ~ Tabulate and plot the graph of Zog 10/2 as. a
function of £ ; if the practical curve of DIO. 14 is
truly exponential then all points on the 'log' curve

should lie on a straight line passing through zero.

Observe that this is not so and.the curve has a

tendency to fall away at greater values of £ .

A B
Log 1, —_— e = === —
N 4 N
/

Sénce Log (To/1)4s smaller than the conrect exponential value,
zthen T alone must be responsible for the deviation and is
Langen than theony predicts; 2his in tunn infers that the
X-nadiation 4& becoming more penetrating as it passes through
zthe aluminium. This is only consistent with the Law of con-~
servation of energy 44 not just one homogeneous wavelength
but a heterogeneous mixture of wavelengths comprises the
primany X-nay beam, . This is similan to white Light and such
hetenogeneous X-radiation 48 called 'white' radiation.

The Least enengetic, soft nadiation {Longer wavelength} is
progressively absorbed by the aluminium such that the mean
wavelength of the transmitted beam proghessively decreases;
it thus appeans that the quality of the nadiation gets harder
the deepen the penetraiion.

To avoid the necessity to constantly analyse the whole spectuum
of the white nadiation, nadiographers nefex to an "effective
wavelength" of the heterogeneous primary beam; the "effective
wavelength" is- degined as that wavelength which requires the
same. thickness of absonbing medium to neduce the intemsity to
one hat§ of that of the incident beam as does the 'white'
heterogeneous beam,

D10.16 Half-Value and Tenth-Value Thickness.

From DIO.14 (I/1) or DI0.15 ( where Log 1,/1 = Log 2 = 0.301 )
the Hal f~-Vatue Thickness in aluminium for 30 kV radiation Is
about 0.2 mm . |t a theoretically exponential 'log-line’, A Is
plotted on graph DIO.15 through ( 0.2, 0.3010 ) and zero the
radiation will be theoretically completely absorbed by 2.4 mm

of aluminium where £0g T = 0 and so fog Io-lﬂg 1 is a maximum.

Since the value 2.4 mm is seriouslty in error it is apparent
that Half-Value Thickness is mainly of relevance to radio-
graphers concerned with the effects of soft radiation, for
example in medicine where the damage to the outer body tissues

due to absorption of soft radiation is closely studied.

Radiographers concerned with hard radiation and with protection
calculations more commonly use the Tenth Value Thickness where
1-= 10/10 ; from graph DiO.14 the Tenth Value Thickness in
aluminium for 30 kV radiation is -about 0.9 mm.

The s’frai‘ghrf iine B through zero and the point ( 0.9, 1.0)
where lcg‘lo/l = Log 10 = I.Q predicts that the radiation
will be completely absorbed by about 3.25 mm of aluminium
which more nearly approximates to practice. See also para D39.



D11 — THE PHANTOM (40 MINUTES)

Remove Crystal Post and Jaw.

‘KIT 582+584 30 kV 80 MA NORMAL LAB

Cereful ly locate Auxilisry Slide Carriage in Mode H without
using either of the Basic Port Collimetors.

Mount the Phantom TEL 562.012 at E.S.25.
PINA] tocate Blank Slide 562.023 at E.S.4.

Piace a Filmpak 75G/2 in Cassette 562.013 and

locate at E.S.30, with carriage arm in zero axis.

Expose for 2 minutes.

Dil.z Replace the Blank Slice with Aluminium $!lide 562.C18

(0.25mm) at £.S.4.
Reload new Filmpak in Cassette 562.013.

Calcviate, using Greph Li0.14, the exposure required
to give the same film density as in DIl.1 (this will
be more then twice since 0.25mm of zluminium is

greater than the Half-Value Thickness).
Expose for calcutated time.

D13 Add Atuminium Slides 562.017 (O.lmm) and 562.019
(0.50mm) at E-.S.3 and E.S.2 - thc total thickness of
aluminium is 0.85mm which is almost exactly the

Tenth Yalve Thickness.
Reload new Filmpak in Cassette 562.013.
Expose for 20 mirutes (2 x 10 minutes).

Compare the three developed films.

AlLthough these experiments were intended %o give equivafent
intensities, that this is not 80 is proof of the heterogeneous
nature of the X-rays; the mone enengetic wavelengths are noi
absonbed nesulting in gheaten §ilm densities.

The construction of the phantom is a sandwich of three equal
thicknesses of plastics matenial which is approximately "tissue
equivalent”" with respect to absomption.

The central Lagen of the sandwich has a bone-shaped hofe cut in
it which is §itled with caleium carbonate, approximately "bone
equivalent", and three pieces of Lead shot.

Different thicknesses of cakeium carbonate are travensed by
the X-rays; 1) the thickness of the §illing in the bone-hole,
2) zhe voids created by the movement of the Lead shot in the
powden and 3) the seepage into the separation planes of ithe
plastics Layens.

At the Fourth International Congress of Radiology in Zurich
Dr. Christen made use of the Half-Value Thickness to define
the homogeneity of a radiation beam.

I+ radiation at the Half-Value Thickness, t' = 0.2 of D10.14

is considered as incident radiation for penetrating a sub-

sequent thickness of aluminium then a progressive second Half-

Value Thickness, tz can be read off the curve at

10/2
2

= 10/4. The value for %, is about 0.5-0.2 = 0.3 mm.

Dr. Christen defined, for biological purposes only, a beam of
radiation as being homogenous when ,tz/t, = 1 and for all

values greater then 1 the incident beam is heterogeneous.

From graph Di0.14 tzltl = 90.3-70.2 = 1.5, confirming that the
radiation emitted at 30-kV' is heterogeneous.

See also para. D 37.

D12 — DIFFRACTION OF X-RAYS; LAUE {45 OR 75 MINUTES)

Adopting rcw the natioval asdumpiion that the beam is hetero-
geneous and efectromacnetic; then the emission from the X-ray
tube should ovbey the Laws of wave motion; the most classical
experimental criterion for wave mcilon 48 the demonstration of
comstructive on desatruetive intenference, the diffraction
egfect. ’

ALL the eanty attempts ancund 1901 to obtain diffraction
patterns, based on krown optical Zechniques, were not general-
Ly accepted as conclusive. The careful manufacture of the
finest possible graiings proved an“é@éue.

In 1912, Prog. Max von Laue postulated that the wavefength of
X-rays was much shonten than most expenimentens befieved; he
suggested that the basic ghanularity of mattern was {imposing
nestrictions on the consthuetion of gratings gine enough o
caude diffraction; he concluded that this very g);anuia)u‘,ty
might provide a 3-dimensional gruting foh the diffraction of
X-hays . '

In 1913, Progesson Laue's theonetical proposal was success-
fully tested by Friedrich and Knipping.

KIT 582 30 kv 80 uA NORMAL LAB

DIz, Using tweezers if available, carefully select one of
the Mini Crystals, TEL 582.007; the Crystals are

Lithium Fidoride and are very fragite.

Di2.2 By means of clear adhesive tape mount the mini
crystal over the existing aperture of the Imm diameter
Primary Beam Collimator 582.00Z.

Di2.3 Mount the Auxiliary Slide Carriage in Mode H (see
Part |, para 10.4) using the Crystal/Cellimator
assembly, assuring thet the long axis of the crystal

is vertical.

DI2.4 toad a Filmpak 750/2 into the Cassette, 562.013.

DI2.5 A good Laue pattern can be recorded with the Cassette

tocated at E.S.2 and exposed for 20 minutes.

Greater dispersion and film density is obtained with
the- Cassette focated at E.S.3 and exposed for | hour.

The Laue pattenn, an array of dots around an intense central
spot, {llustrates, with discernible symmetry, intergerence of
wave motion due to difgraction.

Late 4in 1913, W. L. Bragg sought to explain the basic
formation of the Laue diagram very simply; the primary beam
0f waves is Scattered by the atoms in successdive crystal
planes and where the path-Lengths differ by an integral
multiple n of the wavuength X, then strhong nre-inforcement
occuns.

The Laue pattern in this experiment is intended to ilLustrate
diggraction of X-rays in a quatitative sense only - in order 2o
Antenprnet a laue configuration, apart grom the complexity of
the mathemaiicaf analysis, the wavefength of the primary
nadiation must be known. This wavefength, ), is stilL %o

be established,

D13 — WAVELENGTH BY DIFFRACTION GRATING

Although suitabie man-made gratings were not available to
Friedrich and Knipping (1912) they are now menufactured but
they are expensive; furthermore, considerable time-consuming

precision is required to set up such experimental apparatus.

The Nuffield 8MM Fiimloop, PENGUIN NO.XXI,666 on this subject

is recommended; explanatory notes are included with each film.
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D14 — WAVELENGTH MEASUREMENT: BRAGG METHOD (1% HOURS)

Sir Lawrence Bragg presumed that the atoms of a crystal such
as Sodium Chloride were arranged in a cubic and regular
three-dimensional pattern.

The mass of a molecule of NaCZ is M/N Kg, where M is the
motecular weight (58.46 x 1073 kg per mole) and N is
Avogadro's number (6.02 x 102> molecules per mole).

The number of molecules per unit volume is p/% molecules
per cubic metre, where p is the density (2.16 x 103 kg m™3).
Since NaCL is diatomic the number of atoms per unit volume
is 2pN/M atoms per cubic metre.

The distance therefore between adjacent atoms, d in the
lattice is derived from the equation

3
DRI . d = M/2N
20N/M

and for NaCf, d = 0.282 nm.

The first condition, for Bragg "reflection” is that the angle
of incidence 6 equals the angle of reflection - this is as
for optical reflection and infers that any detector of the
refiected rays must move through.an angle 26, the 2:1
spectrometer relationship.

incident I neflected
wavegront ' wave gront
|
]
neglecting ‘\\\\\ ! ////// l
Layers A/,g\c d

The second condition is that reflections from several layers

must combine constructively :-

nXx =AB+ BC=2d sin @

KIT 582 30/20 kv 50 uA NORMAL LAB

Did.i Mount the NaCl crystal, TEL 582.004, in the crystal
post (see Part 1, para 10.9) ensuring that the major
face havirg "flat matt" eppearance Is in the retlect-

ing position (see Fara D27.30).

Di4.2 Locate Primary Beam Collimator 582.001 Ir the Basic
Fort with the imm slot vertical.

D14.3 Mount Slice Collimator (3mm) 562.016 at E.S.13 and
Collimator (imm) 562,015 at E.S.18.

D14.4 Zero-set and fock the Slzve Plate and the Carriage
Arm cursor as precisely s possible (see Fart |,
para. 1C.6).

D14.5 Sight through the collimating slits and observe that

the -primary beam direction lies in the surface of
the crystal.
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Dl4.6

Mount the G.M tube and it's holder at E.S.26.

D14.7 Using a2 Ratemeter track the Carriage Arm round from
it's minimum settirg (about Ilo, 20) fo maximum
settirg (about 124°, 2€).

Flot on graph paper the count rate per second at 1°
(20) irtervals, allowing time at each reading to
estimate the mean of the fiuctuations of the needle.
The -Carriage Arm should te indexed to 150 (20) and the
thumb wheel set tc zero; when the Scetter Shield is
closed, settings from 11° to 19° can e achieved using
only thumb-whee!l indications.

If the ratemeter has a loud speaker, ncte the random
"guantum" neture of the beam of radiztior at low count
rates.

Where the count rete appears to peak, plot intervals
of onty 10" arc using the thumb-whee! (see Part |,
para 10.8); at each peak, measure and record the
maximum count rate and the angle 268 as precisely as
possible.

1 400

cps

NacCe
30 kv
120 4
3
80 1 5
?
40 5 s
7 L
1
A
0 ¥ U T
0 30 60 90 26°

D14.8 Select 20kY and repeat DI4.7.

1

cpd .

$0- 4 NaCE

20 kV
404 3
é
N 1 A J{ AN
v T |
0 30 60 %0 26°

Observe that the continuous spectra of "white"
radiation exhibit peak intensities (feature Z) and
intercepts on the 20 axis (feature |) which only vary
with the voltage setting of the X-ray tube.
The six peaks, features 3 to 8, superimposéd on the
continuous spectrum do not vary in angle 26 with
voltage setting, but only in amplitude.

014.9 Tabulate the results from the six superimposed peaks

of the graph and calculate X and n.
Feature Z8 [ 4in 8 ?7d nx n
3 0.564
4 0.564.
5 0.564




Observe that the sharp peaks aré a pair of "emission
| ines" which re-appear in second and third orders of

diffraction.

The more energetic radiation, termed KB, is succes-
sively less intense than the longer wavelength, Ka,

fine.

In the absence of micno-gratings, the "reasonable argument”
was formulated by Six Lawnence Bragg that the NaCl caysial
could be used as a 3-dimensional grating whieh would neveal
diffraction infommation by means of which the wavefengih of
the primany nadiation could be established; but in the second
sentence of D14 a bland assumption is made for Avogadro's
numben. 1§, however, the wavelength of the radiation is
obtained by using a man-made grating, as in D13 then a con-
Zemporany approach is to nevernse the sequence of the Bragg
argument to provide an aceunate evaluation of Avogadro's
numbex.

Whichever didactic sequence i adopted, the Bragg expeniment
verigies that the incident nadiation is both efectromagnetic
and heterogeneous and that co-operative interference can be
induced using a crystal as a diffraction grating.

The chystal itself cannot be considered as the source of the
'dual' specthum due to photon bombardment; the continuous
specthum i modigied in both minimum wavelength and genenaf
intensity only by changing the X-ray tube aceelenating voltage,
without any variations in crysial panametens; the "emission
Lines" ane particulorly discreet in angle (20) wheneas
radiation grom the crystal due 2o photon bombardment would be
multi-dinectional.

The radiation musit be derived through some "invense phoio-
electric effect” from the impact of the thewmionic electrons
on the Coppen target within the X-ray ftube.

D15 — X-RAY EMISSION (1% HOURS)

In striking the Copper anode the majornity of efectrons expen-
dence nothing spectacubar; they undergo sequential glancing
collisions with particles of matter, dLose thein energy a
Little at a time and menely increase the average kinetic
enengy of the panticles in the tanget ; the target gets hot.
The minonity of electrons will undergo a variety of glancing
collisions of varying severity; the electrons ane decelerated
Amparting some of thein enengy to the tanget particfe and some
in the form of electrnomagnetic nadiation equivalent in enengy
10 the energy Loss experienced at each collision.

Since these colbisions usually occun at a sLight depth within
the tanget the fongen, Less enengetic, wavelengths ane
absorbed within the tanget material.

This "bremsstrnahfung” on "braking radiation” is thus a con-
nuous spread of wavefengths, the minimum wavelength lon
maximum enengy) being determined by the accelerating voltage
of the tube.

-zl "
xm-ﬁlvl or me~h

whene V 48 the X-ray tube voltage selected.

D15.1 Minimum Wavelength, Planck’s Constant.

KIT 582 " 30/20 KV 80 A NCRMAL LAB

An.accdréfé determination of the minimum wavelength

intercept on the x-axis requiresvfha? the Ratemeter
- be replaced by a Scaler; counts shounld be recorded

over at least 10 second durations., the longer the

counting period the greater the ‘accuracy of the

results.

DI5.2  Mount the auxiliary slide carriage in Mode H (see
Part 1, para 10.4) using the Imm slot Primary Bzam

Col limator, vertical.

DI5.3  Position the Slide Collimator, (Imm slot) 562.C15 at
E.S5.4 and Slide Collimator (3mm) 562.016 at E.S.I3.

DI5.4 With the NaCl crystal mounted as in 14.1, set up as
for 14.4, 5 and 6; select 30kV.

DI5.5 Measure, tabulate and plot the count rate at every
30' arc, commencing at l|°, 30", until the "whale
back" appears to fall off.

1
cps NaCt
120 1 30 V-
. minimum
carrniage
$0 o setting '
40 /‘ 20 kv
A
/
0 T — > < Y
0 5 / 10 4 15 20 26°

Di5.6 Repeat for 20kV.

Observe that the minimum setting of the Carriage Arm
requires an extended extrapolation of the 30kV curve
to obtain and intercept on the x-axis ; curves of
similar nature can be drawn for the KC& and the RbCL
crystals.

With L{F however a more precise intercept can be
plotted.

D15.7 Replace NaCl crystal by the LiF crystal, zero set and
repeat 15.5 and 15.6.

1 .
cps LiF
30 RV
1201
1
minimum
80 9 .
canriage
sedting
40 I 20 bY
/—_—/\
0 P T T T ,/‘I
5 10~ 15 20 26°

Observe that the curves fiatten out before intercept-
ing the axis, due to the ccntribution of the general

background radiation.

DI5.8 Extrapolate the theoretical intercepts and tabulate

the results:

Crujs2al [] 26 | o [sine| 2 | ) Va
Nace. |} 30 RV 0.564-

Nace [ zorv} ’ 0.564

vr || 0wy 0.403

LiF 26 kY 0.403
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1§ the theony of the "invense photoelectnic effect” is vabid
then Eirstein's assumption of 1905, that bothk emission and
absonption are "quantised", must be tested in refation to
Planck's fonmuba fon photc-electron emission

w = hv joules

where w 4is the enengy associated with each quanta , v is the
fnequency of radiation and h 48 Planck's constant.

Since v = ¢/ gon electromagnetic radiation where ¢ 4is the
velocity of Light , and w = Ve , the maximum energy that can
be acquired by any electron within the X-nay tube system, then

Ve = he/x or h=vu§) .

Di5.9 Calculate the mean value for VX from DI5.8 and

evaiuate h .

(e= 1.60 x IO"9 coulombs ; e= 3.00 x I()8 m sec_[ )

Compare with the international value for h of

6.62 x 10°%  joule-sec

The difference between the accepted standard value and
the evaluated result for h of about 5% is well
within experimental limits and illustrates why the
'inverse photo-electric effect' is considered to be a
very accurate method of determining h , the fundamental

constant in the Quantum Theory.

1t is assumed thdt previous studies of optical spectra have
established that "charactenistic Lines" in the visible
negion of the electromagnetic spectrum are emitied from
atomic enengy-Levels of high prineipal quantum number, the
N, 0, P and Q Levels; the nelatively much shoater wavelengths
of the characteristic K8 and Ko Lines indicate that these
shonter emissions are due to electron thansitions at energy-
Levels of Low principal quantum number.  Any electron grom
the X-nay tube §{lament having sufficient epergy to efect a
K efectron in a collision process will ionise the Copper
atom; the ionised atom will revent to it's stable state
through electron thansitions, each Zrnansition being accom-
panied by the emission of a photon of equivalent energy.

K-Senrdies

oAl

By definition, the KB emission hesults from thansitions grom
the N and M fevels to the K fevel and Ka fnom transitions §rom
the L to the K fevel {see para. D19); zhe N and M Levels have
a gheaten enengy difference with nespect to the K fLevel than
does the L Level and hence the wavelfength of the KB photon is
shonter and mone energetic than that of Ka.  But the closer
proximity of the L and K Levels results in more grequent
tansitions than for the N on M Revels and hence there is a
greater "population” cf Ka exhibited by the nelative inten-
sities of the peaks 3 and 4. of graphs D14.7 and 8. (See also
para. U19.7). ’
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The Bragg experiment has estabfished that a crystal can be
used Zo demonstrate the co-operative intenference of X-rays;
the wavelength Limit of the continuous "white” spectrum is
dependent uniquely on the enengu imposed upon the electrons
by the potential difference between the efectron emitting
§<Lament and the anode, négandless of it's matenial; the
"chanacteristic” Line spectrum, superimpesed upon the white
spectrum L8 due fo the efemental composition of the anode and
the enengy-Levels associated with it's individual electron
Ssystem.

The Lines are unique to emission §rom a Copper tanget and
ane thus termed CuKB and CuKa emission Lines.

Spectral analysis by the Braga technique can accurately
evaluate a) an unidentified voltage, using both a hnown
crystal and anode material, b) an unknown crystal structure
using an identified voltage and anode matenial and ¢} the
chemical composition of a material seiving as an anede Zo
emit charactenistic radiation, using an established crystal
and an accurately defined voltage.

The process of X-ray emission 48 such that the wavelength
may weld overlap both the ultna-violet and the Gamma negions
04 the broad efectnomagnetic spectrum; 4n the "Telinon
Approach to Atomic Physica" the phenomenon of Gamma radiation
has yet to be studied.

By its mode of emissdion X-nadiation is thexrefore defined,
through the "{nvense photoelectric effect”, and not by wave-
Length; "ultra-violel" nadiation nesults from classical
photoelectric events and "Gamma" radiation §rom nuclean
disintegrations.

However, consequent upon the similarnities between diffraction
o4 optical and X-nay wavelengiths, the student will sunely
anticipate 'absonption' effects in X-aay, as in optical,
spectra.

D16 — X-RAY ABSORPTION {1 HOUR}

KIT 582 30 kv 80 uA NORMAL LAB

DI16.1 Locate.the NaCl crystal in the crystal post as in
14.1.

DI6.2  Mount the Auxiliary Slide Carriage in Mode H (see
Part |, para 10.4) using the Imm stot Primary Beam
Col limator, vertical. Locate the Siide Collimator
(3mm slot) 562.016 at E.S.4.

DI6.3 Position Slide Collimator (imm) 562.0!5 at E.S.18
and the G.M. Tube Holder assembly at E.5.26;
connect the G.M. Tube to a Scaler; due to the low
count rates of this experiment, counts should be
recorded over at least 10 second durations; the
longer the counting period the greater the accuracy
of the results; it is also advisable 1o monitor the

fube current and adjust as necessary to 80 uA.
Ensure that 30kV is correctly selected.

DlI&.4 Tabulate counts, Ip from 20° (20) to 40° at 1°

intervals.

0
28 1, cps 1,, s 1,,/1,%
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D16.5 Locate the Copper Fiiter 564.006 at £.5.2 and

tabulate counts I, .

Di6.6 Calculate the ratio 1.,/Ip and plot as a Percentage

Transmission against angle 26.

Transmission %

100 K8 Ko Cu foil

504

e —— —

<
e
e

-4

AJ
36

w
ro-

20 24 28 26°
Observe that the whole spectrum has been reduced in
intensity but that the expected "self-reversal of
the KB and- Ka !iﬁes is not evident; a very abrupt
disconfinui;ty is revealed however at a wavelength
just shorter than the KB line.

DI6.7 From the graph, determine the angle 28 at which this
discontinuity occurs and calculate the equivalent

wavelength in accordance with the Bragg equation:

A '=2dsin 8

' The Copper Foil intenposed at E.S.2 has a ginite thickness,
12.5x 107 metres and, applying the Linean Absorption Co-
edficient as studied at D10.14 some absonption of the
spectrum must be expected.

That Coppenr does not 'reversibly’ absonb it's own characten-
istic emission Lines K and Ko i8 in agreement with the
theony outlined in the comments following D15.9. To Lonise
an atom of the Coppen tarnget in the tube any electron from
the gilament must have sufficient enengy to Liberate an
electron in the K Level on indeed the L fevel for LB on lLa
emission not detectable with the compact geometry of the
Tel-X-Ometen . Thus, in hypothetical teams:

3
wo,)wk“o -10 x 107 eV .

Following an M to K electron thansition a KB photon is
emitted having enengy G, 1, on ~9.9 x 10° eV (ie -10,000 +
100 eV); thene i8 thenefone a nelatively small energy
difference of 100 eV.

The discontinuity occuns at a wavelength of 6.138 nm (§rom
D16.7) which is just shonten in wavelength than the Ke
emission (about 0.140 nm drom D14.9) and it s evident there-
fore that a "classical photoelectric effect” has occuwred
wheredin some photons in the primehy X-ray beam have sufficient
enengy 2o Aonise the Coppen atoms in the foif placed at
E.S.Z. ’

Furtheamone, the value of the wavelength indicates that the
incident photons mus? be a component part of the "white”
nadiation; the infenence <4 therefore that the Coppen
foil will exhibit the "absonption edge” when exposed to
nadiation containing enengies equivalent to 0.138 nm, regand -
Less of the material of the sounce,

The discontinuity is thus unique 1o the systém and {4 referned
to as the Cuk Absorption Edge. ‘ '

Since the vé,l.en-.em‘é in the pe»v_iod;éc table have different
env:gy-leqel stnuctwnes and dendities the studént. could now

expect 1o gind an elLement which will discreetly absonb Coppen
K emission by a systematie study using §oils of different
eLements, but equal thickness.

L16.8 Remove the Copper Filter from E.5.2 and replace with
the Zinc Filter 563.006.

Repeat 16.5, 16.6 and 16.7.

100 4 Thansmission $

Ke Ke 2 foit

| |

| |

50 4 I |

| |

| |

0 |
0 %0 Y4 %5 "3 36 260

DI6.9  Remove the Zinc Filter and replace with the Nickel
Filter 564.004.

Repeat 16.5, 16.6 and 16.7.

1004 Thansmission %
k8 Ka Ni foil
| |
] |
50 I !
| |
| |
|
|
0 T T ¥ ! T
20 24 28 32 36 26°

DI6.10 Remove the Nickel Filter and replace with the Cobalt
Fitter 564.008.

Repeat 16.5, 16.6 and 16.7.

100 4 Transmission % Ke Ka
' l Co 60“

| |

| |

50 - I |

| |

' !

0 T ¥ T T T

20 24 28 32 36 26°

Observe that only the Cobalt Foil has absorbed or
"filtered out" both the CuK emission lines but that
Nickel has dramatically discriminated between the
KB and Ka radiation. '

Clearty the absorption of X-rays is dependent not only
on the thickness of the absorbing material but also

on the nature of the material itself.

The Linear Abscrption Co-etficient is not therefore
sufficiently definitive for X-ray purposes,

especially with thin foils where the effect due to

the material is greater than that due to thickness.
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The thickness % is related to the material ifselt

by the equation & = m/p per unit area, where m

is the mess and p is the mass density of the
materiat.

Di6. 11 The equation for the Absorption Co-efficient can

therefore be re-written

- um/p

Log 1o/1 z -
1= 1ge or ——— = u_,m kg

wlp = " m

B is defined as the Mass Abscrption Co-efficient

On examination of the transmission graphs drawn during
the experiment, it is apparent that W, is dependent
not only on mass but also on wavelength; where an
absorption edge occurs two values of ¥ 2 maximum
and a minimum, are defined for the particular wave-

tength.

The student may determine the maximum and minimum
Mass Absorption Co-efficients from the graphs for
each absorption edge but due tc the relatively broad
width of the beam, accounting aiso for the lack of
linearity in the practical curves, the results will

bear little retationship to published standards.

The experiments have demonstrated that Characteristic
Radiation is only emitted when the energy of the
incident photon or electron equals or exceeds that of
the Characteristic Absorption Edge.

Conversely if an Absorption Edge is observed there
must be X-radiation present which is characteristic
of the absorbing meterial; this radiation will
"fluoresce" indiscriminatety in all directions, but
the wavelength of this "secondary emission™ will
always be slightly longer than that of fhe incident

radiation.

DI6.12 Set up for Bragg Reflections as in DI4.1 to 7.
Without plotting the resulfs on paper, insert each
of the 4 filters at E.S.14 and observe the effect on

count rate at features 3 and 4.

D17 — X-RAY SCATTERING (50 MINUTES)

KIT 582 30 kV 50 uA NORMAL LAB

Foils of the elements Zn, Cu, Co and Ni are affixed to four
of the faces of a moulded plastics octagonal drum and the drum
located to rotate within a moulced plastics outer case which
locates in the crysta! post; this is the Rotary Radiator:

564.001.

The other four faces are occupied by metal elements which are

sequential when classified according to their ATOMIC WEIGHTS,

as prescribed by the study of the Mass Absorption Co-efficient
in D.16.

Zinc (Zn) 65.37 lron (Fe) 55.85
Copper (Cu) 63.54 Manganese (Mn) 54.94
Cobalt (Co) 58.93 Chromium (Cr) 52.C0
Nickel (Ni) 58.71 Vanadium (V) 50.94

The drum has eight rest positions; an attempt can be mage to
"tluoresce" the characteristic X-radiation of each element by
placing them in turn into tte wirdow in the cover which is
irradiated by the primary beam from the Copper target tube.
The symbcl of the element in the irradiation window is shown
in @ second window at the rear of the Rotary Radiator.
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ol 7.4 Remove the jaw clamp from the Crystal Post; mount
the Rotary Radiator and fix with the clamping screw
without replecing the jaw.

G17.2  Turn the Carriage Arm to rest at 90° (28) to the X~ray

beam axis and verify that the Rotary Raciator presents

the irradiation window tc the Basic Port at an angle
o

of 457,

Screw the flexible actuator cable into the socket on
the Rotary Radiator and lead it out of the experi- v
mental zone to a convenient operating position outside
the Scatter Shield.

Successive rotations of the foil drum can now be

achieved without disturbing any electrical parameters.

DI7.3  Insert the Primary Beam Co!limator 582.00) into the
Basic Port with the Imm siot in the horizontal
position.

Di7.4  Locate the G.M. Tube and Holder Assembly 2t E.S.22.
Meaningful resuits can be obtained with a Retemeter
but a Scaler provides greater accuracy.

D17.5 Locate the Blank Siide 562.033 at E.S.13.

Measure and tabulate the intensity, I, for each of
the elements on the Rotary Radiator:
RADIATOR To 1 1/1o
At. Wt. ELement cps cps
50.94 v
52.00 O
54.94 Mn
55.85 Fe
58.71 NL
58.93 Co
63.54 Cu
65.37 In

Observe that the values of intensity I, vary consider-
ably.

1t 44 interesting that there is any "secondany emission” at
alt fnom the In and Cu radiatons; expenimert D16 has
iLRustrated that CuK emission 48 too Long in wavefength to
excite the Abscnption Edge of either In oxn Cu. 1§ shont
wavelLength "white" nadiation was exciting the In on Cu then



the Level of intensity would be veny much fLess than that of
the Ni on Co nadiatcens, kncuw To be excited by the Cuk
nadiction which coratitutes a Rakge proportion Gf the primany
Ancident beam.

1t must be concluded thenedone that some sincident phelens
expenience menely elastic collisions and are "seattened” out
of the direction of the primany beam but without appreciable

Loss 0f enenrgy.

DI7.6 Remove the Biank Stide at E.S.13 and replace with
the Zinc Filter 564.009.

Measure and tabulate the intensity, I for each

element on the Rotary Radiator as in 16.5.
DI7.7 Caiculate the ratio 1/1, and plct a graph of this

ratio against Atomic Weight

/1, T4 In §ilten

[ Bl T U T T T

T
v Ch M Fe N& Co Cu In

Observe that all the points lie in a straight line
with a discrepancy near the centre; a rapid repeat
of the experiment verifies that this 'kink' is con-

sistent and is not an experimental error.

Observe also that although the values for 10 varied
considerably, when expressed as fransmission there is
a continuous increase in I/1, as the atomic weight of

the "fluorescing" elemeni increases.

As the Atomic Weight incneases so the “"population” of
elecitnons in the element incheases and this gives rise Lo an
increase in ithe intensity of "scattered" radiation foflowing
elastic collisions.

DI7.8 Replace the Zn Filter with the Copper Filter,
564.006, tabulate the results, calculate 1/10 and
pict the transmission graph.

/1, 14

0 Cu gilten

G Y T T T T ¥ T T

VvV Crn Mn Fe N Co Cu 1In

Observe that the unexplained 'kink! is still present
but that the hitherto straight |ine curves downwards
at the high Atomic Weight End.

Evidently the nadiation "fluonescing" gnom the In clement is
being partially absonbed by the Cu gilier.
"Seattening” as the pnrime cause of this reduction can be

eliminated since the effect 48 not Likeky tc be nadicakly
difherent jon nedighbourding «lements such as Cu and In,
SimAdtanky the "kRank” cannct be due te differential scatiening
since L% 48 unchanged whethen the Cu ch the In filter 4s
present.

317.9 Replace the Cu Filter with the Cobolt Filter 564.008,

tabulate the results and plet the transmission graph.
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Observe that an abrupt ciscontinuity has appeared,
althcugh a curve-down betfcre the discontinuity is
evident (for emission from the Cc radiator) and the

'kink' has disappeared.

Following D16 it 4is to be expected that emission "f§luonescing”
grom the In and Cu nadiatons will excite the efement Co; but
the Cobalt emissdion seems to be partly exciting Ltself’

Together with the absence ‘og the 'kink' the nesults are
beceming difgicult to interpret, as indeed Henny Moseley
discovened arnound 1910; 4t weuld be prudent fo continue the
senies of expeniments before making fwithen conclusions!

D17.1C Repiace the Co Filter with the Nickel Filter 564.004
and tabutzte and graph.

1, ’4 Ni gitten
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MOSELEY PERCEIVED THAT IF THE PERIODIC CLASSIFICATION OF Ni
AND Co WERE REVERSED ALL THE EXPERIMENTAL RESULTS WOULD
EXHIBIT A SIMPLE PROGRESSION.

DI7.11 Redraw the Graphs of 17.7, 17.8, 17.9 and !7.10 with

the classification of Ni and Co reversed.
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Observe that the 'kink' in all cases is eliminated and
that the curving-down of the iines progresses systemat-
ically with the new classification, as does the abrupt

discontinuity.

A review of graph 16.9 and 16.10 provides the
explanation for the curving-down; only the less
intense KB radiation is absorbed by the Ni whereas the
much more intense Ka radiation is also absorbed by the
Co filter.

1t is evident that the absonption edge of each efement occuns
between the Ko and KB Lines of the neighbouning efement in
increasing atomic numben dinection; this technique is
frequently used to fiften out KB L£ines to obtain a beam of
essentially monochhomatic, ka, radiation.

The positions of Cobalt and Nickel in the Periodic Table of
Elements showld be detenmired by the nelative vakues of thein
characteristic spectra and not by thein atomic weighta.

ELEMENT EMISSTION, nm ABSORPTI ON
At.No | At. Wi.|SYMBOL Ka Kg Mean K edge

23 50.94 v 0.255 | 0.228 | 0.242 0.227

24 52,00 Cn 0.229 | 0.208 | 0.21% 0.207

25 54,94 | Mn 0.210 | 0.191 0.200 0.189

26 55.85 | Fe 0.194 | 0.176 | 0.185 6.174

27 55.93% Co 0.179 | ¢.162 | 0.170 0.161

28 56.71% N 0.166 | 0.749| 0.157 0.148

79 T63.54 | cu 0.154 | 0.139 | 0.146-] 0.138

3¢ 65.37 | n 6,144} 0.129 | 0.137 0:128

The above table shows the Ka and K8 _emission lines and the
2 '

absorption edge wavelengﬂvs for eachof the eight. elements :
used in the experiments and has been.tabulated. from very. -
accurate measurements; ' these figures -have been extracted
from the International Tables.

Compare the Absorption Edge figures ‘given for ‘Zn; Cu, Ni and
Co with the results obtained in Di6 and: note The relative
accuracy of the experiment. -

The study of scattering, due te "elastic” and "inelastic"
collisions provides evidence that the wavelength of the
absonption edge is different and discreet for ecach efement
and that the elements can be annranged in cnder of decreasing
wavefengh.,

The discreet disposition of electrons in an atom depends on
the popubation of the electrons and this in tuwn is associated
with the nucleus. Moseley boldly postubated that "...... we
have here a proof that thene is in the atom a fundamentat
quantity which increases by negular steps as we pass grom one
element to the next. This quantity can only be. tha chmge
assocdiated with the central pou,cwe nudeuA. iyt

D18 — MOSELEY’S LAW (30 MINUTES)

In 1913 and 1914 Hewry Moseley made a systematic study, using
photoghaphic techniques, of the X-nay emission Line spectra
of all known elements from Aluminium to Gokd, placed at that
time in the Periodic Classification of the Elements according
2o thein Atomic Weights. He presented a simple Avu.u
wherein every element emits an X-rgy specthum which it pae-
dictable fnom the specitrum of its neighbouns and which is
determined by an integer 2, its atomic numbenr, in accordance
with the equation

VI =k {2 - &)

where A is the wavelength of the spectnal Line and K and &
are constants.

With this theony, Mosefey predicted that not only Cobafit but
also Agon and Tellurium were misplaced £n the Perdiodic Table
and that there wene elements as yet undiscovered having
Atomic Numbers 43, 61, 72 and 75.

Since Moseley wonked with charactenistic emission speetra, to
neproduce his work would requine a nange of X-nay tubes each
having diffenent tanget anodes and, apart §rom being costly,
this would be extnemely time consuming.

Experiment D17 illustrates that absorption edges are siightiy
different from, but just as discreet as, the emission wave-
lengths; it is therefore possible to both cost - and time -

effectively simulate Moseley's work through an analysis of
absorption edges.

A preliminary enquiry info Moseley's Law has thus already
been contributed by Experimental Programme D!7.

D18.1 Analysis of the elements {30 minutes)

KiT 582+583 30 kv 50 uA NORMAL LAB

Using the iron, Manganese, Chromium and Vanadium
Filters and the Rotary Radiator, TEL 564/001, the
aralysis of fluorescent ragiation can be extended to

provide four more graphs.

11, 11
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The experimental procedure is as for progremme CI7.

It is perhaps & more inferestiing practical exercise to

remove the identification from say 3 of fhe 8 filters

and ask the student tc-identify the elements by compaer-

ing at which wavelengths their -absorption edges occur

in relation fo those of known elements.

The labels on the eight filters have teen designed such

that the Atomic Symbol cap be cut away fo leave conly the

catalogue number for identification;

sequence of these numbters bears no relationship to the

sequence in the Periodic Table.

Nomograph of Moseley’s Law

the numerical

$ 8§ § & § s § & & & 82 =2 § 8 B8
< < < < < < < < < < < < < < <
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A A 4 ’ A A / Emission Line , K
/ ! 1 / f e
A ,/ / 4 f Emission mean , K
’
Ve /] 4 ayey
/ A / ,/ / / / Emission Line , Ka
7 / V4 / / / 7/ .
Absonption edge , K
\ |
23 24 25 26 27 . 28 29 30 ———— Atomic number , 1
v Cn Mn Fe Co N& Cu in ———— Element

No thonrough investigation of absorption and scattening should
be Zerminated without some consideration being dinected to the
"secondany efecinon emission” present when an absonption
process i8 detected ch the probability of thee being some’
2088 of enengy experienced by X-nay photons when undengoing
menely efadiic collibions. ‘
The accessonies necessany o penform experiments D20 and 021
are. not yet availabfe.
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EXPERIMENTAL PROGRAMME D22 TO D30, CRSTALLOGRAPHY (45 HOURS)

The performance of programme D22 to D30 is intended to
fami liarise the student with the basic principles of crystal-

lographic analysis.

For a comprehensive treatment of X-ray Crystallography,

reference shouid be made to standard ftext books.

tt+ is general practice in higher education to allocate 4
hours for student practical work periods; the techniques and
materials used in this section have been carefully selected
to provide the student with meaningful resutts within this
period of time ; where possible Debye-Scherrer exposures are
limited to 3 hours thus allowing | hour for setting-up, for

film development, for discussion etc.

In experimental programme D15 the LIF chystal s used to
accunately determine Planck's constant; measurements of the
Antercept on the x-axis of the ghaph are mone precise than
with NaCL due o the Rangen angle 28; the crysial spacing
given in D15,8 indicates smaller spacing for LLF and hence
Langen 20; this i in accondance with the Bragg equation.
Both Li and F Lie in the second period of the Periodic Chart
whene electrons ane present at the K and L Levels; Na and CL
are in the thind perniod and efectrons are not only present in
the K and L states but afso at the M Level; the addition of
efectrons <in the M state seems to nesult in a Largen crystal
spacing 'd'.

D22 — ATOMIC SIZE (20 MINUTES)

KIT 582+583 30 kv 80 uA NORMAL LAB

D22.} Set up for Bragg reflection as in Di4.l to DI4.6.

D22.2 Minimise the CuKg radiation by inserting the Ni filter
TEL 564.004 at E£.S.17.

D22.3 Increase the tube current to 80 uA.

D22.4 Using a Ratemeter, search and record the 26 angle for
the first diffraction peak for CuKe radiation,
A =0.154 nm.

Tabulate and calculate d , assuming
n =1 in the Bragg equation m =2 d &4in 8 .

Crystal 28 é sin 6 r/2 d nm
N“fﬁmow) 0,077
Kc(tgneen) 0.077
R"?ﬁed, 0.077

D22.5 Repeat the experiment using the KCf crystal (Green).
D22.6 Repeat the experiment using the RbCZ crystal (Recd).

Observe that the crystal spacing, d increases with the
Atomic Number of the Alkaline metals; Na in the third
period has eleven electrons at K, L and M levels; K in the
fourth period has nineteen electrons but in the K, L, M and N
states, whereas Rb has thirty seven electrons in the five
energy states, K, L, M, N and O. Chiorine is common Yo the
three compounds and thus the evidence suggests that the size

of individual atoms increases with atomic number.

Crystaklography 48 not a 'dinect' science; crystal structunes
ane postulated aften intenpretation of all the evidence avail-
able. including the monphological, the optical and the
chemical propenties cf the specimen; the alkaline halides
ane both morphoLogically and chemically similar and the
student coufd expeet that these dalis will exhibit similan
ernystal structures.

The experdimental evidence s0 fan indicates that the Bragg
postulation (that NaCl is of cubic structure] is acceptable;
it 48 newanding at this siage fon the student to build atomic
mode£s but it {s necommended that contacting dphenes are used
nathen than point-centre Lattices; this heminds the student
that the phenomenon of X-ray diffraction {8 a function of
electnon densities and Locations and is not due to the
nelatively point-centred nucleus; the student will also

find it Less confusing when studying the nreciprocal Lattice,
which will be seen to be necesswili point-centred.

D22.7 The Na atom, with 11 electrons, is thus smaller than
the CL atom (17 electrons); the K atom, in sharing
an electron with CL is of.equal size and the Rb atom
(37 electrons) is larger than that of Chlorine; the

three models should depict these relative sizes.
D22.8 The size of atoms is of great importance in metal-

lurgy when studying crystat cohesion and in the devel-

opment of alloys having specific mechanical properties.

D23 — UNIT CELL {CALCULATIONS — 5 MINUTES)

D23.1 The table of D22.4 was drawn up from angular measure-
ments of the first Bragg peaks and defines the
largest spacing within the three crystais which give
rise to constructive interference.

Clearly sets of planes can be chosen which have
greater spacing, but in the absence of any Bragg

reflections, the interference must be destructive and

not constructive.

a7 a6 a5 ll4 a3 az a,

™\ ad
beam
AZN

D23.2 A plan view of a8 model of NaCL exhibits a pattern of

(<X

repetitive symmetry; a pattern of symmetry is apparent
in the Laue photographs of experiment DI2 and one of
the first objectives in crystallography is to establish
the |inear repetition frequency of a symmetrical

pattern in each of three dimersions.
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D19 — FINE STRUCTURE (4 HOURS)

At DI5.9 electren Trarsitions at energy-levels of iow
principal quantum riumber were 'studied in reletion to the

emission of KB and Ka radiation.

In spite of the compact geometry of the Tel-X-Omever it is

possible to separate the Cuka inta its fine structure.

KIT 582+583 30 kV 80 uA NORMAL LAE

DI19.1 Mount the Auxiliary Slide Carriage in Mode H (see Part
|, para. 10.4) using the imm diameter Primary Beam
Collimator 582.002.

DI9.2 Cut open a Filmpak 75C/2 in a dark room and using a
sharp cork-punch make a hole in the centre of the film

of |Omm diameter.

DI19.3 Mount the film within a black paper envelope, as
described in para D5; do not incorporate the Lumines~
cent Screen. Mount the prepared envelope in the
Frame of Cassette 562.013 but with the square metal
backing plate removed. Mount the assembly at E.S.4.

Di19.4 Carefully mount a length of Aluminium Wire 585.005
on the crystal post by means of a Spindle Clip 567.008;

ensure that the wire is straight and vertical.
DI9.5 Select 3CkV and 80 uA.  Expose for 3 hours.
Return to the darkroom and process the film.

Observe the Debye Scherrer type pattern of two con-
centric rings recorded from back reflections of high

order angle from the AL wire (see para D27 and 28).

D19.6 Reconstruct the experiment and measure the distance

from the centre of the crystal post fo the film, £ mm.

Measure also the diameters DA and DB .

The angle A is 360 - 49, where 8 is the Bragg angle ;
similarly B is 360 - 492 .

Dy
Thus tan | 186 - 28, } = 72

D5
and mn(180-262)= 77 *

Eva luate 97 and 92 and given that the reflections are
due to the [(511) planes at a spacing of 0.0779 nm,
calculate )\1 and )‘2 B

A = 2d/n 8in 8 where d/n = 0.0779 (see D28 )

Calculate to four significant figures.

( Ag = 0.1541 and ).2 = 0.1544 nm ).

D19.7 Observe that the intensity of the circle due to
less than that due to oy .

is

%z
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At D15.9 the difference in intensity between the Ka and K8
reflections was attributed to the nelative proximities of

L and the N and M Levefs to the K Level; the greaten the
energu diffenence of the electron transition the shontern the
wavelength but the fess the intensity.

The quantun: theory postulates thnee possible enengy states
fon electnons in the L Level due to the effect of both
onbital and spin angular morentum.

‘At the K Levek, whene quantum numter n = 1 and £ = 0, the
selection nules penmit only one value, }, for § and s0 there
4is only one enengy fLevel. At the L fLevel whene n = 2, the
value of £ can be 0 on 1 and thus § can be } (£ = 0 ox 1) and
14 (&= 1].

Enengy | Sub Quantur Number Radiation | Refative
Level Levet n 2 i Emi,t/ted Intensdty
L 3 2 1 1 Ka, ?
2 4 1 i Ka, 1
1 2 0 4 - -
K - 1 0 } - -

The sefection rules nequire that S€ be *1 fon electron than-
sitions; this is not satisfied by Ly » K transitions hence
there can be no emission of energy. Trans itions by » K and
L, ~K both satisfy the selection nules for 6L and also for
6i. Energy is thus emitted i the form of Kay and Ku,
radiation and, in accondance with Summenfeld's Aintensity
rube, the relative intensity of the emissions is 2:1,

The nelative intensities of the Ka and K8 reflections can
sdmilanty be deduced to be 5:1; this ratio is not observed
exactly in the graphs of experiment D14 due to the greater
absonption of the soften Ku radiation.



In the a-direction itlustrated, ihe symmeirical
structure bordered by layers 2, and 8y is repeated by

ay and 3, by a, and 3, etc; ar identical gecmetric

3 ’
form can be repezted by choosing az/aa, 34/36 etc.

Dz2.3 Accepting the cubic propeszl a symmetrical paltern
should be evigent in both the b- zné c-axes and hence
& "building block" car be defined as indicated by the
bold line, the nature of the atoms at the vertices

being consistently either C£ or Na.

In DI4 the distance between adjacent uniike atoms, Na
and C¢, d was calcuiated to be 0.282 nm; the distance
between two like atoms, C£ and Cf is twice this spac-
ing and hence the length of the side of the "building
block" is 0.564 nm.

This repetitive geometric figure, when estabiished in
3~dimensions, is defined as the UNIT CELL. Where a
choice exists with geometric forms of identical area
then the form most clearly approaching rectangular is

usually adopted.

023.4 Experiment D22.4 establishes that the length of the
edge of the Unit Ce!l of NaCf in the arbitrary a-
direction is 2d . Similarly 'a' can be established
for the Unit Cetis of KCE and RbCL.

Unit Cell
Crystal Side a
nm
NaCe
KCE
RbCL

D23.5 Reflections are not observed for. spacings equivalent
to the side of the Unit Cell by virtue of destructive

interference.

When waves fnrom Lager a; are one wavefength behind those from
Layer a,, Zhen waves grom Layen a, must be hatf a wavelength
Lagging on those from Layer a; and exactly opposite in phase;

- sdnce the Layers throughout the crystal contain the same com-
bination of atoms of Na and CL, the efectron densities are
the same and s0 the diffractive powen of the Layens is
ddentical; the waves grom Payen a, thenefone exactly cancel
out those from a;.

It is necessary to verify that the crystals are of cubic
form and-to evaluate the length of the sides of the Unit Cell
in the b and ¢ directions; once all these shapes and
dimensicns have been deTerminéd, the position of the atoms
within it must be discovered; +tc achieve this both a datum

and 2 suitable system of co-crdinates is required.

D24 — CO-ORDINATES (30 MINUTES)

D24.1 Now that a Unit Cell for each of the three alkaline
halide crystals has Seen proposed, the croups of
layers 33/35 and above can be defined as mere repetit-
ions of all diffracting electrcr layers of the Unit
Cell group 3, to 33, all having & spacing of 'a'
narnometers. I f the facing layer of the crystal is

defined as a,, as in the illustration of D23.1, then

!
all layers with an odd suffix can be redesignated as

repetition a, layers.

]
Note that the datum is arbitrary and an 3, layer
could equally have CE& or Na as vertices but once the

decisioh has been made i1 must be concistently applied.
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D24.2 The essential condition for ditfraction from the a

1

tayers is that the Bragg law is satisfied :
nx =2 asinf .

The equation can be written in terms of 44in 6 :

sin g - M 0
_" N
and represented diagrammatically : M
1/
P Q

n/a

The point R bisects the side PO and if R is joined
<
to Q , QRP is equal to 26 .

When 26 = 0° = 8, Q coincides with P and OP can
thus be considered as the DIRECTION of the primary X-ray
wavefront ; similarly EQ represents the DIRECTION of
the diffracted wavefront due to constructive interference
of reflections from P and Q , having a separation

‘of nfa ; this is a reciprocal dimension and in real

Yerms the separation of P and Q 1is a/n nanometers.

incident
wave gront

neflected
wave gront

Since n must be an integer PQ can be represented by

a reciprocal linear scale in terms of n/a .

0 ! 2 3 4 5
——t——t—t—

P -

3

<—1/aal
le—— 2/a
€ 3/a




D24.3 PﬁO is always a right angle and for a fixed wavelength,
A fhe locus of the point.Q is a "Circle ot Reflection™
of radius A-I— and centred at R; by choosing a convenient
scale a diagram can be constructed and measurements of
angles of reflection and reciprocal spacings can be
"read-of f without the need to constantly solve the
Bragg equation for © or d. _
let 1/a nm-| = 2 cm; then | nm_l = 2acm and

A om - 22/ cm -

Hence RP = /A = 2a/A cm and for
NaCZ where a = 0.564 nm , RP = 7.30 cm , for
KCP where a = 0.629 nm , RP = 8.16 cm and for

RbCE where a = 0.655 nm , RP = 8.53 cm -

D24.4 Construct a Circle of Reflection for NaCl ;

130°
Tel~X~0meter maximum

R NaC2

7.30

10°
Tel-X-Ometer minimum

I ¥ the centre linear scale PQ were rotated about the
Origin P and the Circle of Reflection constructed to
the same scale but printed on transparent material
and graduated in degrees for increasing angles of 20
then the points for predictable diffraction Q‘, 02
etc. could be read directly.

024.5 The Reciprocal Lattice Calculator TEL 583.003 is
constructed in this manner; oniy the arcs of the
circles relevant to the Tel-X-Ometer geometry are
printed for each of the alkaline halide crystals.

small pin-holes are dritied at the origin, P, for

each circle of reflection.

Lay the Calculator on the diagram of D24.4 and locate
the NaCf origin on the point P of the diagram using a
mapping pin.  Rotate the diagram underneath the
Calculator and observe the intersection on the circle
of the integer intervals for n on the line PQ.

D24.6 Tabulate the measured angles in the 'Theoretical'

coiumn for 20.

024.7 Set up for Bragg reflection as in D22.1 to D22.3

D24.8 Using a Ratemeter, search in the theoretically pre-
dicted regions for diffraction peaks; tabulate 'the
results in the "Actual' colume for 20, noting also
the absence of any predicted peaks.

]
n
theonetical actual
1
3
3
4

D24.9 Repeat the experiment with the other crystals but
using only the Calculator and centimetre graph paper,
graduated to the scale of 2 cms on one side of the

graph paper (further constructions follow later).

The absence of peaks when n = | has been discussed in
D23.5; it is reasonable to assume that the observed
absence of peaks whenever n is odd must similarly be
due to destructive interferences.

D25 — THE UNIT CELL, TWO DIMENSIONS (40 MINUTES)

KIT 582+583 30 kV 80 uA NORMAL LAB

To confirm the hypothesis that the Unit Celi is cubic, the
length of side must be established in the 'b' direction.

In order to achieve this the crystal must be oriented to
ensure that the 'b' planes are paratlel with the primary beam

when 26 = 0° = o.

D25.1 Unlock the crystal jaw-clamp and rotate the crystal
itsett through 90°.

P
P 2
—tb— - 0-0
a planes b planes

The 'b' planes can be drawn on the graph of D24.9 by
constructing at right angles to PQ; it is assumed
that the Unit Cell is cubic and since 2 = b nm a
cursory investigation shows that identical 26 angles
will be predicted.

4 —
3 = b direction
Z-—t
a direction

1 ——————ee

>
0 2
P 0 '1 IZ ,3 l4

D25.2 Set up for Bragg reflection as in D24.7, D24.8 and
D24.9 and verify that the angle 20 for diffraction
peaks and "extinctions" are the same for the 'b'

direction as for the 'a' direction.
The crystal has now been mapped in two of the three majon
apparent axes, 'a' and 'b'; sufficient ingormation now
exists to predict the neflections fnom planes perpendiculan
2o othen axes which are not majonr.
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D25.3

D25.4

D25.5

D25.6

Construct a lattice by projecting the perpendiculars
to the integer points in both the 'a' and 'b'

directions.

4
3
S T
2 -
/ d 47
1 z 2
s 1-7
/ -~
0 Ab'l/
P 0 1 2 3 4 5 Q

Any point on the lattice such as S now has co-ordinates
(2,2) and T has (4,2).

These points represent PLANES within the crystal;
since the graph is constructed from reciprocal dimen-
sions it is called the Reciprocal Lattice and co-
ordinates are usually referred to in terms of (hk) ,

the Miller indices.

In terms of two dimensions, the reference for point S
is (22) where h = 2 and k = 2 and in real terms within

the crystal the co~ordinates are (g ,%).

In considering a three-dimensional structure the
equivalent Milier index for the 'c' direction is the
letter '2£';

Crystal Post with the 'c' ptanes horizontal and

the crystal has been located in the

paratiel to the primary beam and with no additional

orientation the index '£' is zero.

The spatial co-ordinates for the S planes and T planes
are thus (220) and (420) respectively.

The spacing of the (220) planes is PS and therefore PS
represents the direction of the normal to the planes;
again this normal must be set perpendicular to the
primary beam when 20 = O,

The k planes were oriented through 90° with respect to
the h planes in D25.1;
must be oriented through Sﬁo when the carriage arm is
set at 20 = O.

in this instance, the crystal

Draw the iine SP on the constructed diagram of D25.1
and, using the Calculator as a protractor, measure
the angle Sﬁo.

" N\

220

P\'IIZ 3 ¢ Q

D25.7 Set up for Bragg retflection as in D22.1 and D22.3.

D25.8 Unlock the 2:1 drive by turning the Knurled Clutch
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Plate in an anti-clockwise direction; with the

025.9

D25.10

D25.11

D25.12

Carriage Arm accurately held at zero, rotate the
crystal in a clockwise direction through the measured
angle SﬁQ as precisely as possible and lock up the

Knuried Clutch Plate.

scale 8 =0
sPp

scale 26 <= 0 Y

The normal to the (220) planes has been set perpendic-
ular to the primary beam when the carriage arm is at
zero.

The normal to the (220) planes is also that for the
(110), (330}, (440), etc. and so 20 angles can be
read-off the constructed Reciprocal Lattice by using

the Calculator; tabulate the measured angles.

< planes z6
SPQ (hk0) | theoneticat

110

220
330
440
430
320
640
210

420
630

310
620

Observe that 20 for the (110) planes is smailer than
SPQ and considerable absorption of the primary beam
might be expected.

Unlock the jaw clamp and carefully displace the
crystal sdch that the corner nearest the primary beam
is about Imm from the axial centre line scribed on the

Crystal Post.
ystal Po P

26 = 0 2

Using a Ratemeter, search for the predicted diffraction
peaks and tabulate the results, always noting any
"extinctions™, in the table of D25.9.

Observe that, as with Table D24.6, whenever h or k is

odd there is an extinction.
The length of PS, diagram 025.6, from simple
trigonometry is
RS
or in three-dimensional terms

vl enl by



In real terms within the crystal

a

d s ——— nm
220 /(22 + 22 + 0)

and in general , for an isometric (cubic) system

a
d = ———p nm
hke /(hz R kz + £2)

Evaluate the 20 Jargest possible spacings of sets of
planes within the Unit Cell by allocating suitable

integers to h ,k and £ such that h2+ k2+ £2 =1, 2 etc

h2 RN 0 b B Reflections R
Extinctions X
1 1o o
2 B
3 HERE
4 2 oo
5 2 1] o
6 2 |1 |1
7 | — ] - —
8 2 |0
9 2 | 2 | 1
3101 0
10 3|1 | o
1 s |1 |1
12 2 | 2 | 2
13 312 |0
14 3 | 2 | 1
15 — == —
16 ¢ 1o o
17 3 | 2 | 2
f ] 1] o0
18 5| 3| o
'ERE
19 5| 3 | 1
20 s | 2] o

025.13

Obsérve that the seventh and fifteenth terms of the
series are absent since 7 and |5 are not possible
combinations of hz + kz + L.

Compare the results with Table D24.6 for {h 0 0)
planes and table 025.9 for [h k 0) ptanes, noting in
the last column the observed presence or absence of
reflections.

To verify the presence or absence of reflections
from the 9 planes where £ is not zero it is first
necessary to establish that the "space-lattice"” is
indeed cubic by evaluating the length of the side of
the Unit Cel! in the 'c¢' direction.

The geometry of the Tel-X-Ometer will not allow the
G. M. Tube to be rotated in a vertical direction;
furthermore the construction of the Crystal Post
does not allow the crystals to be conveniently
oriented to present an adequate area to the primary
beam. '

An alternative technique can be used where a photo-
graphic record is made of reflections from a small

rotating singte crystal,

D26 — THE UNST CELL, THIRD DIMENSION (6 HOURS)

KIT 582+583

+ TEL 587 30 kv

80 uA NORMAL LAB

As the caystal is notated about the 'c' axis neflections
will occur for planes (h k £) when L is not zero only when
the Bragg condition is satisfied, but the direction of the
neflection will have a vertical component; when £ is zero,
as in all experiments so far penfommed, the G. M. tube 44
notated around the crystal in a plane parallef and co-
inedident with the X-aay beam; this {8 the Equatonial Plane
on zeno Layen.

1§ constructive intenference i8 to be achieved §rom the 'c'
planes, parallel to the X-ray beam, then the path Lengths

of the scattened rays must diffen by a whole number of wave-
Lengths, mh.

reflected
wave front

]

6"‘} <,

T

Ancident
wave gront

Thus § = ¢ cos 6 = m.

X-nays are scattered in all dinections, but fon a given 'e!,
n and ) the angle @ is ‘constant and so0 only those nays
emitted in a cone of semi-vertical angfe 6 will co-operate.
But the Bragg equation musi also be satisgied and there will
thenefore be discreet reflections around the cone as the
crystal is motated; in the Equatorial Plane ¢ is 90° and
hence onty the Bragg condition applies, but with difgerent
Antegen values for n other cones are defined wu:hdav:mwg
semi-vertical angles § as n increases.

The directions of the discreet neffections in each cone can
be predicted from an analysis of the Reciprocal Lattice.

In para D25 a Circle of Reflection was used in conjunction
with a Reciproca!l Lattice baseﬁ on the h and k planes; @
similar construction for the k and £ planes would require a
circle centred at R but perpendicular to the paper and still
rotated about P; for.a fixed A the radius of the circles,
PR is constant and:for reﬂécfioﬁs involving all three co-
ordinates h, k and £ the Bragg equation must apply and hence
the locus ot Q (h k £) is a sphere centred at R, of radius
PR and rotated in the plane of the paper about P.



026. 1

D26.2

D26.3

31

On centimetre graph paper construct a Reciprccal
Lattice to the scale a = b = 3§ cm, as in 025.3, up
toh =k =6.

On the k axis construct the Circle of Reflection
for LiF (a8 = b = ¢ = G.403 nm) such that RP is
5.2 cm radius. The reason for using LL{F and

not NaCf is discussed at D26.G.

On a second piece of centimetre graph paper construct
an elevation view of the Sphere of Reflection to the
same scale as in D26.! and draw in |ines representing
the edge view of the h k lattice at £ = 1, =2, =3.

£=3

¢ |l 3 F
- A///‘\\\G B H,//,\\\{
L= >

Observe that the Sphere does not intercept the (h k 3)
lattice and therefore no reflections are possible for

planes where £ = 3 or more for L{F and CuKa radiation.

The sphere intercepts the (h k £) lattice at the
circle AC and the cone of reflections APC can be con-

structed by joining AP and PC.
Similarly DPF is the cone for the (h k 2) reflections.

To predict the discreet directions of possible
reflections in these cones, the Sphere must be
rotated about P in the plane of the paper of graph
D26.1.

Measure the radius of the lattice/sphere intercepts
AB and DE and draw equivalent circles on the graph
D26.1 concentric with the (h k 0) circie of reflection

already constructed.

026.4

D26.5

D26.6

D26.7

Simulate rotation of the lattice by scribing arcs,
centred at F, for all lattice points; these arcs

should be drawn to intercept the three concentric

circles.
0 421
‘////, 420
302
12
\ NT—1— 300
B A
hk? =LY
NN
11 110

All these poinfs of interception represent theoretic-

ally possible reflections.

Observe that there are 28 possible reflections on the
circle for (h k 0), 26 on the circle for (h k 1) and

only 22 on the circle for (h k 2).
the left hand side of the circles can be obtained by

Reflections on

drawing arcs from lattice points where h is classically
negative; half of the above reflections are thus for
(hke) planes.

If a flat film were placed above the crystal in the
(001) i.e. at ABC in Diagram D26.2, the
reflections in cone APC would lie on a circle of
diameter AC;

plane

but reflections in the cone DPF wouid be

recorded as a circle of diameter GH.

Measure the radius BG and construct an equivalent
circle on the diagram of D26.4 concentric with the

existing circles.

Join the cenfrepoint to each of the 22 intercepts on
the circle for (h k 2).

cept the circle of diameter GH possible reflections

Where these radials inter-

will be recorded on the film.

Draw small circles aboutl 4mm in diameter at each of
the 26 intercepts on the circle for (h k 1) and the
22 intercepts on the circle GH, the transferred inter-

cepts on the circle for (h k 2).

cincle GH

The constructed diagram now represents a large scale
version of a theoretically possible photographic
record on a flat film placed above (or below) a
rotating crystal, in the 'c' direction and parallel
to the '£' planes; the small 4mm circles wil! be

filled in when reflections have been recorded.

To achieve this a small crystal must be 'bathed' by
the incident beam; there is clearly a limit to the
size of the crystal in order: that reflections will not

be completely absorbed within the crystal.



D26.8

026.9

In experiment DI0.14 the Linear Absorption Co-efficient

u is defined by the equation

- - ul
1-= 10 e

As the thickness of the crystal increases the radiation
transmitted is reduced in accordance with this

equation; but at the same time the intensity of each

diffracted beam increases as the volume of the crystal,
thus as z? .

The intensity of the diffracted beam with the longest
path is therefore proportional to

-ul 2
10 e % .
The condition for this to be a maximum is that

=2/

In paragraph DI6.11 the Linear Absorption Co-efficient
was defined in terms of the Mass Absorption Co-
efficient,

My 25
uoEeu,
where p Is the mass density of the material.
For a chemical compound
p=plpu,
where p is the proportion of each element present in

the compound,

To cleave and mount very minute crystals requires
the L{F

crystal is chosen for the Upper Layer Reflection

expensive apparatus and considerable skill;

experiment as having the smal lest Mass Absorption
Co-efficlients and thus the least diminutive crystal.

Reference to Standard Tables reveals that for LiF,
p = 2.601 x IO3 Kg per m3 and u,, for Li is 0.07 and
for F is 1.64 n? per kg. for CuKa radiation.

The percentages can be deduced from the Atomic Weights.
L,
F,

p = 6.94/25.94 = 0.27

p = 19.00/25.94 = 0.73

whence I p Uy = (0,27 x 0.07) + {0.73 x 1.64)
= 1.22 mzkper kg-

o= 2,601 x 10° x 1.22
=318 x 10° m

and £ = 0.63 x 107 metres.

To perform an experiment to verify the theoretical
LiF Minicrystal, TEL 582.007, of
dimensions of the order 0.6 x 0.6 x 8.0 mm is mounted
in a Powder Camera.

reasoning an

D26.10 Withdraw the Sample Post from the top of the Powder

Camera TEL 586.

Unscrew the chuck and using tweezers locate and lock
in position a Mini Crystal of L{F, such that the
crystal protrudes 4mm beyond the end of the chuck.

Ensure that the crystal is co-axial with the chuck.

D26.11 Remove the tid from the Powder Camera and extract the

metal backstop which is spring loaded into a recess
in the lid.

Slfde 1he'backsfop over the end of the primary beam
colliméfér inside the camera such that the X-ray
beam is reduced to 0.5mm in height by the cross-siot
in the backstop. ‘

026.12

D26.13

D26. 14

D26.15

026. 16

D26.17

D26. 18

D26.19

D26.20

D26.21

D26.22

026.23

The film should be loaded into the Powder Camera in a
DARK ROOM POSSESSING A SUITABLE SAFELIGHT (E.G.
WRATTEN SERIES 6B).

The following items are required in the dark room:

Powder Camera and Lid.

Sample Post with crystal loaded.
Flat Fiim Envelope, TEL 586.002.
Fitmpak, TEL 750/2.

Sharp pair ot scissors.

Cut oft the flat end of the Filmpak and carefully
withdraw the film;

and avoid creasing or scratching the surfaces (see

handle the film only by the edges

Introduction to Radiography, page 39 ).

Place the film in the Flat Film Envelope. Trim the

film to the size of the Envelope.

Locate the loaded Envelope in the bottom of the
Powder Camera, under the primary beam col | imator;
the Envelope should lie flat with the withdrawal tag
located in the recess in the wall of the camera
opposite the collimator, narrow backing strip upper-
most.

Replace the lid, ensuring that the keyslot on the
periphery of the {id correctly locates on the key
protruding from the top of the body of the camera.

Verify that the 1id is fully seated.

Carefuliy place the Sample Post, loaded with the
crystal into Its bore in the 1id and ensure that It Is
fully seated In its bearing.

Do not repiace the Lid with the Sample Post in position
as the piston actdon of pushing the 1id down will
propel the Sample Post out of its bore.

Transport the loaded camera out of the dark room to
the Tel-X-Ometer; open the Tel-X-Ometer by sliding
the Scatter Cover to the same side of the Instrument
as the Power On Indicator Lamp.

Locate the 1mm Diameter Collimator TEL 582.002 into
the Basic Port as in Part I, para 10.2.

Remove the Crystal Post and Jawclamp and rotate the
Carriage Arm to 20 = 90°;
switch which should be set at 30kV.

it covers the kV selector

Unlock the Clutch Plate and, keeping the Carriage Arm
at 20 = 90°, rotate the Slave Plate unti! the flat on
the central shaft is at right angles to the X-ray beam

and facing away from the X-ray tube.

Locate the Powder Camera between the Lead Glass Dome
and the central shaft such that the U-shaped projection
on the camera body is supported by the outer diameter
of the Primary Beam Collimator and the underside of
the camera rests on the Clutch Plate;
shaft locates in a recess under the Powder Camera;

the central

the Camera should lie horizontai and be a good. fit in
this position.

There is a screw in the shaft recess under the powder
camera; adjustment of this screw will ensure that

the camera is held lightly against the Primary Beam

Collimator.

This screw should only need adjustment the first time
the Camera is located; thereafter the camera will

slip-fit into its seif-aligning position.

The Clutch Plate should be screwed down until the top
of the central shaft just butts up against the
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plastic of the camera; now screw-up the Clutch Plate 026.29 There should be six intense elonoated spofs on an

by about halt a turn to ensure that the outer skirt inner ring and six on +the outer ring; each elongated
of the camera is resting on the Clutch Plate and spot is accompanied by a less intense KB reflection on
thereby preventing the camera from rocking. the shorter wavelength side of the Ka reflections (i.e.
on that si i i . :
NOTE: I+ the Cluich Plate will not screw down side which is closest to the forward direction

R ot the primary b .
sufficiently to achieve this, unscrew it completely, primary beam)

remove the cross-shaped spring and replace the Clutch. The direction of the primary beam can be ascertained

. from the shadow o i
When replaced, the centre-bore of the spring should f the collimator system.

locate on the bearing and the tips of the four arms With a pin, pierce a hole through the film at the
should press on the underside of the Clutch Plate. centre of each Ka elongated spot; ignore the KB
reflections.  Observe also the hyperbolae caused by
the white radiation.

D26.24 The Motorised Drive Unit TEL 587 is used to rotate
the crystal in the camera at about 6 revolutions per

minute.  tocate the 4mm plug on the base of the D26.30 Place the film in a Supersiide TEL 585.007 and load

into & Slide Projector having an 8.5cm, f 2.5 lens
(e.g..Rank Aldis Tutor 500).

Drive Unit in socket B, situated close to 0 = 45° on

the spectrometer table.

D26.31 Project the image onto the diagram constructed at D26.7
backed by a piece of stiff card and mounted in a

retort stand (or similar).

Orient the diagram until the 12 bright spots each

coincide with one of the small "predicted" locations;
the diagram will be about 40 cms from the lens of the
projector. Pencil in the small circlies which are
iltuminated.

Establish by means ot the diagram the co-ordinates
(h k £) for each of the reflections and tabulate these
new results in the table D25.12.

Observe that, if zero is assumed to be an even number,
only whenever h, k and £ are either all odd or all

even does a reflection occur.

D26.32 The comparison between the geometrical construction

and the experimental photographic image provides

evidence that the crystal gtructure of L{F is of

Turn the Orive Unit until the extension shaft points cubic form where a = b = ¢ for the unit cell

to the centre of the Sample Post in the Powder Camera; D26.33 To experimental ly evaluate the size of the unit cel!
use the Allen Key affixed to the mains cable to an estimate should be made, as precisely as possible,
adjust the position of the bevelled gear on the exten- of the diameter of the (h k 1) and (h k 2) circles on
sion shaft to establish correct meshing of the gears. the exposed film; these are the diameters 'ac' and

It may be necessary to raise the Drive Unit siightly; 'df' in D26.2.

the friction of the 4mm plug in the socket will D26.34 Replace the Film Envelope in the Powder Camera, without
suffice to maintain the raised position. the film inside it; as accurately as possible measure

D26.25 Hold the Drive Unit in position and trail the mains the height of the centre of the 0.5mm siot on the
cabie down the Carriage Arm and outside the Scatter collimator from the surface of the Film Envelope.
Shield; switch on the Drive Unit and ensure that the This is the dimension 'bp' in D26.2.

Sample Post is rotating.
P K 026.35 The semi-vertical angle, ¢ for each case is calculated

D26.26 Close and centralise the Scatter Shietd. Depress from

the X-rays On button (30kV already selected). tan ¢1 - jac/bp and tan éz - Jdg/bp

Adjust tube current to 80 pA.

and 'c' is determined from the equations
C26.27 Set the Time Switch to maximum. EXPOSE FOR 4 HOURS. .

NOTE T:  Meaningful nesults can be obiained in 3 hours but A =ccos ¢, and 2 =c cos '52
the (317) and more especially the (331) neflecitions will be ’
very gaint; howeven the {111) (111), [h k 2} and (h R 2) (LLF is cubic, face-centred, a = b = ¢ = 0.403 nm).

neflections are suffliciently intense for funthen analijsis. The crysial has been nciated about a vertical axis perpendic-

NOTE 2:  1f it is nequired to §ilten out the Cuks nedlections ular 2o the X-nay beam; the axis of notation does not have
(see para. D26.29) a thin piece of Nickel foif shoutd be o be vertical but it must be penpendicular fo the beam
affdixed, using adhesive Zape, on the 1mm Diameter Primary Beam 14 therefone the crystal were 1o be furthen notated about the
Collimaton; exposunes of about 6 hows ane nequired. axis of the primany beam as well as about an axis perpendic-
026.28 In the Dark Room, extract the Sample Post before ulan to the beam then the Rocus of each observed reglection

removing the 1id of the Powder Camera. would be a cone concentric with the X-ray beam.

Take out the Envelope by means of the !iffting tab. The intersection of this cone and zhe Sphene of Rgﬂtedtion

Process and dry the film. 4 a cinele, co-axiaf with the X-ray beam and in a plane
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perpendicularn to it; viewed in plan, as in 026.7, the intenr-
section i8 a straight Line, the edgewise view of the cincle,
panallel to the 'h' axis of the diagram.

D26.36 Draw two lines, paraliel 1o the 'h' axis, one through
the (22C) intercept and one through the (420) inter-
cept. Observe that these lines pass through the real
intercepts, on the theoretical circle DEF, of the
retlections (202) and (402).

The réflections (220) and (202) thus lie on a cone co-
axial with the X-ray beam and they are both referred
to as (h,k,0) type reflections, as are the (420) and
(402) retlections.

An apparatus to dmpose simultaneous rotations in these two
dinections would prove expensive; but by powdening a crystal
0§ LiF a very Large number of minute crystals could be
presented to the beam and it is neasonable to expeck that
these crystals would nandomly Lie in the correct onientation
1o produce neglections grom all possible planes; these re-
§Lections would Lie on cones co-axdal with the X-aay beam.

D27 — POWDER Al\iALYSlS (4 + 3% + 4% HOURS)

Remove Crystal Post and Jaw.

KIT 582+583 30 kv 80 uA NORMAL LAB

1, on the Diagram of D26.7, a strip of film were wrapped

around the equatorial plane of The Sphere of Reflection then

part of all the co-axial cones of reflection from an irradiated

powder source would impinge on the film.

The success of powder analysis grequently depends on the
manual expertise of the experimenten in preparing the sample
fon nadiation and in comnectly setting up the Powder Camera.

The Powden Camera 586 has been designed to provide automatic
precision alignment once the Tef-X-Ometen has been comrectly
set las fon Bragg type expeniments) and the camena adjusted

as in pana. 026,22,

Powder samples can be prepared Ain the conventional mannen by
making a paste of the powder to be analysed and gum.  Rofl
the paste in the pabm cf the hand intc a smatlf bead about

4nm in diameten; select a GLass Fibre 567.004 and push this
through the centne of the bead.  Now nolf the bead about ithe
axis of the §ibne until the paste "gnrows" along the §ibre to
a fLength of about 10mm and a diameter of not greaten than Tmm.
Trim the sample Zo be 15mm Long with the gless fibre protrud-
4ing Smm from one end.

The preparation of such samples requines considenable dexten-
ity and evidence of comect preparation is only avaifable
agter a Lengthy exposure in the camera; Af the proportions
of powden and gum ane incomrect then not only is the student
exasperated and disiflusioned but valuazble expenimental time
48 wasted. Neventheless, it is Aimpontant that the situdent
should Leann to prepare his own sampfes gon ivadiation and
therefone the ensuing nelatively aimple technique is nrecom-
mended.

£627.14

£27.2

D27.3

027.4

D27.5

Pierce the end of the tube of Acetate Cement 585.009
with a pin Imm in diameter.

Mount a Samplie Tube Wire 586.003 in the Sample Post
of the Powder Camera such that 5mm of the wire is

secured in the chuck.

Insert the wire nearly fo its full length into the

tube of Acetate Cement, rotate it once or twice and
Allow the
cement 1o dry very thoroughly, preferabiy in an oven

then extract it in one smooth movement.

or over a radiator.

When dry, remove the wire from the Sample Pbéf, place
one end in a vice and hold the other end with a pair
of serrated jaw pliers; pull the wire along its
length until it yields ; the acetate 'capillary tube!
will be released trom the copper wire.

Using sharp cutters, remove one 'spoiled' end of the
wire; the capillary tube should suffice for three
sample tubes each I5mm long.

Care should be exercised to ensure that the Sample

Tube Wire is kept very straight throughout this prepar-
ation; allowing 30 minutes drying time the preparation
will take 40 minutes.

Slide the Acetate Tube off the end of the wire until
it projects by about 10mm.

Place the L{F Powder, TEL 582.008, on a watch glass
and lightly thrust the projecting capillary tube into
the powder.  Aliow the tube to touch the watch glass
itself as this action forces the powder up into the

capiltiary.

Continue this tamping process until the projecting
length of IOmm is filled with powder. Seal the open
end of the tube by the application of a small amount

of Acetate Cement, TEL 585.009.

When dry, lightly push the copper wire to pack the
powder and, using sharp wire cutters, cut the tube/

wire assembly to contain about 5mm of copper wire.

'»«— 10 mm -|
XA

G‘. RS R

Extract the Sample Post from the Powder Camera Lid and
the end

of the sample tube containing the copper wire should

mount the L{F powder sample into the chuck;

be inserted inTb the chuck thus ensuring that (Omm of
LiF sample will be irradiated and none of the copper

wire.

Remove the Lid of the Powder Camera and establish that
the metal backstop is mpunted in the recess in the
lid and is NOT acting as a beam |imiter on the internal

primary beam collimator.

The film should be loaded into the Powder Camera in a
CARK RCOM.

dark room:

The following items are required in the

Powder Camera and Lid.
Sample Post with Sample Loaded.
Filmpak, TEL 750/4.

Sharp pair of scissors.
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D27.6 Cut off the end of the Filmpak across the two fixing
holes at the 'injection' end and carefully withdraw
the film; 0o not withdraw the film quickly as this

can create electrostatic etfects which mar the film.

D27.7 Insert the film around the inner periphery of the
Powder Camera; the ends of the film should be on
each side of the internal primary beam collimator.
Ensure that the film is held against the wall of the
Powder Camera by the two small posts which protrude
from the floor of the camera near the internal col-
limator. These posts cast shadows on the film which
provide identification of the top and bottom and of
the left and right hand sides of the camera in the
event that the processed film indicates some form of
camera fault.

D27.8 Replace the lid and ensure that it is fully seated.

027.9 Carefully place the Sample Post loaded with the LiF
sample tube into its bore in the lid and ensure that
it is fully seated in its bearing.

Transport the loaded camera out of the dark room 1o
the Tel-X-Ometer and proceed as in D26.17 to D26.26
but use the lmm Slot Collimator TEL 582.001 in the
Basic Port instead of the Imm Diameter Collimator;

the Imm slot should be vertical.

1t 44 not necessany to use the Motonised Dnive Unit TEL 587
but with it the quality of the photognaphic necond is much
improved (see D28.4}.

D27.10 Expose for 3 hours.

D27.11 IN THE DARK ROOM, exiract the Sampie Post before
removing the 1id of the Powder Camera.

Take out, process and‘dry the strip of film.

.IL Y AN KK XY ¥

D27.12 The film reveals the familiar arcs typical of this
technique, developed by Debye & Scherrer in [916.

The top half of the film is less exposed than the
lower half; +this is due to the presence around the
camera |id of a strip of Nickel foil which absorbs the

KB radiation.
The KB arcs can thus be readily identified and ignored.

D27.13 Using internal calipers measure the diameter of the
Powder Camera with and without the film in position.

Calculate the Mean Diameter, C.

D27.14 Calibrate the Fowder Camera:

7m0 mm = 360 degrees.
I mm = 360/%D

= K degrees.

D27.15 The forward direction of the X-ray beam is apparent
from the shadow of the backstop. The cones of
reflection impinge on the film on each side of the
X-ray beam where 20 = O; there are fhu§ arc pairs,
"lines", which represent identical reflections.

D27.16 Select the 5 or 6 strongest pairs of lines and
measure the distance between them along the centre
line of the film; ignore the weaker reflections and

also the K8 reflections.
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A convenient way of measuring these distances, equiva-
tent to the angle 46, is to pin-prick through the film
onte a piece of white paper at each line and measure

the distance between the corresponding pairs.

Tabulate the results and calculate d/ to three

significant figures.

Line 46 [] 8 x K s4n 6 d/n = A/2 sin 6
Pains o
mm mm [ x/2 = 0,077
A
B
c
0

D27.17 Neither d nor n is known, but from D25.12, n2 must be
an integer and the length of side of the unit cell as
well as the co-ordinates of the reflecting planes can
be extrapolated from the following Table when com-

pteted to 4 significant figures.

2 2
Line d ¢ d
Pains n n 7
x n’= 2| 3] 4} 51 6| 8 9|10{ete 2o 20
A
B
C
D

It is not necessary 1o work laboriously through all
the calculations, because an approximation of the
common value for d2 emerges after the first three or
four lines are resolved; thereaffer the use of a
slide rule enables the nearest integer for n2 1o be
rapidly selected and accurate calculations for d2 can

be worked out for this nearest integer only.

nz = h2+ kl+ lz

Miller indices (h k £) for all lines where d2 is most

D27.18 From the equation al focate

nearly identical.

for the respective integers of n2 calculate the mean
2 .

value for d”; since angular errors are greatest for

small angles, it is recommended that d2 for lines of

smal lest 20 are ignored when calculating d.

Alternatively, since angular errors progressively
decrease as the angle increases, plot © against d2 and
extrapolate the intercept of the curve on the y-axis,
where 0 = 90°.

d?
0.1630 =
0.1620 —
0.1616 —
0.1600
[’

G.1590 T ¥ T T T T T T 1

90 60 30 0




Observe that, as in the completed table of D25.12 the
only reflections present are those where the indices

are all odd or all even.
The size of the unit cell is
a=b=c=/(32 nm.

Note that this technique gives an accuracy of better
than 1%; for LF, a = b = ¢ = 0.403 nm.

D27.19 This itenative technique illustrates the advantages of
making use of computers in crystallographic analysis;
the alternative method of plotting 'a' against 'd' gon
some 16 planes and indexing the §i&m on the diagram
does not fLend itself to any great accuracy fon a
camera of such smalf geometny.

D27.20 Repeat D27.1 to D27.18 but use NaF Powder (99.0%)
TEL 585.001 in place of the L{F powder.

Expose for 3 hours.

D27.21 Observe that, as expected following D23.4 because Na
has a higher Atomic Number than L{, the length of side
of the Unit Cell for NaF (0.462 nm) is greater than
that for LiF.

D27.22 Observe also the "extinction™ of all reflections with
odd indices, (I111) (311} (331).

Careful observation of the LLF photograph will reveal that
these neflections with odd indices are all weaken than the
even indices.

The contacting sphere modefs from D22 could equally well
senve fon LiF (instead of NaCL) and NaF (instead of KCL}
since the difference is merely a quesiion of scale.

Examination of the modefs neveals that fon the {111) reftec-
tion, waves §rom the Fluonine ions are in phase but the
waves grom Lithium Lons oppose those of Fluonine ions, being
mid-way between the Fluonine planes.  Simikarty for Sodium
and Fluorine, but the effective population of electrons in
the Lithium ion is only 2 whilst that of both Sodium and
Fluonine is 10, one efectron being 'shared' in the ionic
bond.

LiF oo, LiT 31, F9 +1
NaF ..... Na'11-1, F9 41

The oppos.ing wavesd grom Lithium, having Less electrons and
thus Less diffracting powen than Fluonine, will only weaken
the neflection from Fluonine ions, Sodiwn and FLuonine Lons
have equal diffracting power, hence the opposition of the

waves §rom Sodium ions will extinguish the FLuonine reglection.

D27.23 This is strong evidence that the alkaline halide
compounds are, as Bragg predicted, face-centred cubic
systems; the metallic ions form, by themselves, a
perfect face-centred lattice interlinking in absolute
cubic symmetry with an equal number of halogen ions
forming, by themselves too, an equally perfect face-

centred lattice..

D27.24 Repeat D27.1 to D27.18 but use Sie powder, TEL 585.002,
in place of the L{F powder (or NaF Powder).

In preparing the sample i+ will be noted that the SiC
powder, being very dry, tends to fall out of the fube
when using the tamping technique; if however the
sample tube is pushed horizontally into the powder a
few millimetres of the tube is filled; invert the
tube and tap gently; the powder will progress to the
copper wire. Repeat the process until about |Omm of
the sample tube is filled and seal the end as in D27.2.

Expose for 4 hours; meaningful results can be
obtained in 3 hours but the important (111) reflection

will not be very intense.

027.25 It is apparent from the results that SiC has a face-
centred cubic lattice of Unit Cell length 0.438 nm

but there are obvious anomalies.

027.26 The reflections (200) (222) and (400) are absent (also
the (331) but this is usually weak in any case );
further inspection of the film reveals that in the
region where the (400) and (331) reflections are ex—
pected there is a series of many more than two weak

reflections.

There are also relatively strong reflections present,
one close to the (111) line and one between the (422)
and (511, 333) reflections.

Reviewing Zhe total number of equivalent reflections fon

the (111) and the {200} planes it is reasonable to expect
Zype (200}, with 6 possible neflections, to neglect with
only a marginal difference .in intensity with nespect to type
(111}, with § possible neflections, namely 111, 111, 171,
111, 171, 171, 117,and 777,

A difference in the anticipated intensity of reflections
§requently provides a Lead to the type of possible structure.

Forn cubic systems the theonetical number of equivalent
neflections is:

Type of neflection 100 | kho | heo | khh | hhe | hke

Number of heflections 6 12| 24} 8| 24| 48

There is thus evidence that the holosymmetny observed -fon LiF
and NaF is not paesent in the SiC Rattice; also that some
matenial &8 present which is not cubic and face-centned.

027.27 An itenative analysis of why (200}, (222) and (400)
reglections are absent can be found in standarnd text
"books in neferences to the structures of CuCl and InS;
SEC 48 also of this type exhibiting the tetrahedral
congigunation, usually preferred by carbon bonds,
wheredn each Carbon atom is tetrahednally suwrounded
by four Sificon atoms.

D27.28 Chemical anafysis of the powden indicates that it is
nelatively pune so0 the only othen possible explanation
o4 the additional non-cubic neflections is that SiC
can take up abtennative Lattice configurations on
phases; neference to standand works reveals that this
is true. The founth phase is cubic but the othen
phases ane all hexagonal,

Judging by the relative strength of the neflections
due fo cubic Rattice, thene is8 a predominance of SiC
{1V) in the powder sampled.

D27.29° Powder photographs usually exhibit a general nreduetion
An dntensity with incneasing angle 20 (equivalent to
decreasing planan spacing 'd') and this phenomenon is
also observed in single crystal Bragg experiments.

Some variation of intensity grom one type of reflection
Zo another is to be expected as a result of the
different diffracting powers of atoms (the crystal
stwctune amplitude} and of the possible number of
equivalent reflections.

For a complete treatment of othen factons aﬁeoang
the intensity of neffections, high electron density
fon high enden diffnactions, thermal vibration and’
absorption, nefenence should be made to standard text
books.
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D27.30 For single crysial Bragg experiments howeven the

D27.31

nefative purnity cf the crystal has an effect on the
intensity of neflections.

To obtain difgraction of a parallel beam of X-rays,
the Bragg equation must be satisfied exactly; Af 2he
cruystal is penfect then the incident beam will be

dif gracted onty when the angle is exactly sin Tas2d .

In practice, the coflimated beam is not thuly paratllel
but diverges sLightly s0 that if a perfect crystal &s
iwvadiated, only a small proportion of the beam can
satisdy the Bragg condition.

14, howeven, the sunface Layens of such a crystal are
"disfocated” to create a mosaic of crystallites tilted
sLightty at nandom, then the propontion of rays that
will satisfy the Bragg equation is significantly in-
creased, nesulting in enhanced intensity of reglection.

The foun crystals used in this programme of instruction
are especially grown, cleaved and disfocated for use
with the Tel-X-Ometer; one mafjor cledvage face 48 dis-
Located by an abrasion Zechnique and can be recognised
grom the “"4Lat matt" appearance of the gace.

The crystals LiF and NaCf are parnticularly pure and
exhibit a marked improvement in intensity of reglections
§rom the dislocated surfaces compared to the opposite,
as cleaved, face; o obtain cnystaks of KCL and RbCE
of nean penfection is veny difgicult and the REDUCTION
of intensity of neflections grom the disfocaied faces
indicates that the process has merely created even
furnthen impenfection.

An additional cause of Lack of intensity using a nearn
perfect cnystal is "extinetion" whene the phase and
angle of centain reflections contrnibute to annihilate
a proportion of the incident beam, as distinet grom
the neflected beam; this effect is relatively small
but it nevertheless is amelionated by disfocating the
sunface Layens.

In some humid climates the crystals may deliquesce
profusely in spite of the presence of silica-gel in
the phiaks; the crystals may be pw/tectefl with a Light
coating of colounfess nail varnish; care should be
exencised to avodd dissofving the colour code by which
the caystals are necognised. The vawnish witl also
camouglage the matt appearance of the disfocated face

which must be thenreafter detenmined by intensity
measurements.

The S{C Debye-Scherrer photograph reveals that
variations in the symmetry within a cubic lattice are
possible although L{F and NaF both exhibit holosymmetry.

The experiments illustrate that within a face-centred
cubic "space-lattice" different types of pattern-unit
or "space group" exist which give rise to reflections,
discreet both in direction and in intensity; an
iterative analysis of these reflections leads to an
understanding of the space-group, space-lattice and
size of the unit cell for the material under investi-

gation.

There ane fournteen types of space Lattice, the Bravais
Lattices; his proghamme of experiments is intended to
famitianise the student with the basic principles of cupstal-
Lography and s0 only the most simple systems ane examined,
the three cubic systems. ‘
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D28 ~ CRYSTAL SYSTEMS (3% + 4+ 4 HOURS)

KIT 582+583 30 kv 80 pA NORMAL LAB

The material under investigation does not have to be in
powder form; the crystalline structure of a solid solution

can be determined using the Cebye-Scherrer technique.

D28.1 Repeat D27.1 to D27.18 but use Aluminium Wire
(Purity 99.9%) TEL 585.005 as the sample, in place
of L(F.  Expose for 3 hours.

The results show that Aluminium, even in-wire form,
has a face-centred cubic structure of Unit Cell length
0.405 nm.

Observe that the high order (5!1) lines show evidence
of doublet structure (see Para DI9).

D28.2 In place of Aluminium, the Copper wire TEL 586.003
may be conveniently used, cut to a length of 15mm
and similarly exposed for 3 hours; Copper has a face-
centred cubic lattice of Unit Cel} length 0.362 nm.
Observe the blackening of the film towards the ends
due to fluorescent scattering of the short wavelength
white radiation, from the side of the copper sample

facing the beam.

D28.3 Repeat D27.1 to 027.18 but use Niobium Wire (Purity
99.9%) TEL 585.003, as the sample in place of L{F.

Expose for 33 hours.

The results show that Niobium has a Unit Cell of length
0.330 nm, but a study of the Miller indices reveals
that, instead of being either all even or ail} odd, the
planes which give rise to constructuve  interference

have
h + k + £ always EVEN
This typifies a body~centred cubic system.

D28.4 Repeat D27.1 to D27.18 but use Ammonium éhloride,
NH4C£, TEL 585.004 as the sample in place of LiF.

NH4C£ (99.5%) is very crystalline in powder form and
does not respond fo being finely divided by pestle
and nnffar; however it does readily sublime to a fine

powder.

Mount a small diameter test tube, filled to about one
third with cold water, inside a larger test tube
(about twice the diameter) coniéining a few grammes of
NH4C£; the water filled test tube should be about
20mm above the surface of the powder.

Gently apply heat from a blue flame in the area of

the NH4C£.

The compound readily sublimes to condense on the

water filled test tube; after a few minutes sufficient
fine powder should be created to scrape onto a watch
glass and the Sample Tube can be prepared as in

D27.2.

Expose for 3} hours.

The results show that NH4CZ has a Unit Cell of length
.388 nm, but a study of the indices reveals that ALL

planes give rise to constructive interference.
This typifies a primitive or simple cubic system.

Note I: = The (100) smallest angle reflection can be

observed, but it is>very faint.

2: The cell is considered as being constructed

of ammonium and chlorine ions.



The reascn fon recommerging the sublimation process is that
if the size of grain Ain the sample 44 loo Large, thene ane
insufficient panticles prnesent fon the specimen 10 possess
nandom onientation; the nesultant phetograph appeors

'spotty’ and usually a fLonger exposune L8 necessany than

for fine grain powderns.

1§ a powder sample is stationary, the maximum grain size
shoutld not exceed 10 microns if 'spottiness’ is tc be avoided.

14 a powder sample is notated using the Motorised Prive Unit,
the Limit of particle size may be increased to 45 michons.

The presence of 'spottiness’ on a photoghraph can also be use-
§ul in nevealing the 'sitate' of the specimen.

D29 — MATER IAL STATE (4% + 1 HOUR OR + 22 HOURS)

KIT 5824583
+ JEL 587

30 kv 80 MA NORMAL LAB

D29.}1 Prepare a mixture of Aluminium Powder 585.006 and
Lithium Fluoride Powder 582.008 in equal volumes.

D29.2 Repeat D27.) to D27.18 and expose in two parts,
stationery for 2 hours followed by rotation for 2 hours
using the Motcrised Drive Unit, 587.

D29.3 A cursory analysis of the processed film reveals that
jines can be attributed to each of the constituents of
the mixture merely by distinguishing between "spotty

lines" and "clean lines'".

Make side by side comparisons using the photographic
results of D27.11 and D28.1 to provide an "index" of
identification for AL and LiF.

The "spottiness” of the neglections grom the Aluminium Powder
indicates that the grain size of the meial powden 48 much
fangen than that of the halogen compound.

This technique 48 frequently used to assist in "separating"
grhoups of neflections prion to funthen anakysis, especially
in work involving the development and manugactine of metallic
alloys and of ceramics.

Laue type patterns can be used to not only indicate the

'state' of granularity but also the 'state' of stress en-

dured by a crystalline structure.

D29.4 Set up for the Laue photograph as in DIi2 but use a
Polyethylene Monofilament 585.006 in place of the
Mini-Crystal.

Ensure that the axis of the monofilament is vertical
and that the monofilament is centralised over the Imm

diameter port.
Select 30kV, 80 uA.

Expose for 20 minutes, at E.S.Z or | hour at E.S.3

depending on time available.

D29.5 Remove the monofilament and menually stretch the
central portion of the filament until it obfains a

clearly "arawn' form.

Replace the monofilament over the Imm aperture with

the drawn portion centralised over the port.
D25.6 Replace the exposed film with a fresh Filmpak 750/Z.
Expose for ZO0 minutes or | hour as chosen for D29.4.

D29.7 Compare the photographs of the "amorphous" polyethy-
lene (D29.4) with the "oriented" material (D29.6).

In the amosphous sitate the Long motecutar chain of polyethy-
fene is coifed up Like a spring and the X-nay diffraction

pattern bears a nesemblance 1o a ffat-§ifm Debie-Schenren
photogiaph nesulting from ravdom onientation.

But 4in tie sinessed state the molLecularn chain is dnawn out
and the diffraction patienn nresembles that of a single
crystal with neffections in the equatonial plane; when
pergormed with greaten precision this techniyue akso neveals
upper Layer neflections.  From such precisdion photoghaphs it
45 often possible to estimate the unit cell dimensions, to
construet a neciprocal Lattice and deduce the cnystalline
propenties of the stnessed polymer chain.

The diffraction patterns nevealed in thesde experiments and
in those of the previous paraghraphs are unique to the partic-
wlan matenial being innadiated; 4t 48 this uniqueness that
pemits X-nay diffraction techniques to not only Lidentify
single. crystals but also to determine the composition of
mixtuwries.

D30 — MATERIAL COMPOSITIONS (7 HOURS)
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The unique nature of difgraction pattens has Led to Debye-
Scherrenr type techniques being widefy used for the identifi-
cation and analysis of mixtuwwes where the component parts
exist as sepanate crystals. The identification of mixtwres
does not diffen in principfe grom that of single substances,
whenein the component parts of the mixture are identified by
the spacing of the strongest Lines and the composition by
welght is estimated by meMan Zhe intensity of those Lines.

The technique 45 howeven not veny semsitive and to detect
even a 5% composiifion nequires careful analysis of the
effects of absoaption and angular differences.

If it is of didactic importance, the student can perform
identification and analysis experiments using the Tel-X-

Ometer.

Mixtures of powders already used in the previous part of
the programme witl ailow the student to refer to the single
substance photographs and numerical calculations already
achieved and thus simulate the Uppsala Photographic Index
and the Powder Data Card Index published by the American
Society for Testing Materials.

In order to obtain adequate line separation, mixtures of
NH,CL with LiF and of Mgl with NaF are recommended ;
exposures of up to 6 hours are required for compositions in

the ratio 2:1 by weight.

The experimental resulits illustrnate the need forn maximum Line
separation and thus the nequinement to employ the Longest
possible wavelengths, Lange diameten cameras and small
diameten specimens.

NOTE : The elements Fe , Crand V, alf cubic and body
cenined have not been necommended eithen in wine on powden
form fon this senies of experiments ; these elements are highly
excited by both Cuks and CuKe radiation resulting 4in such a
nadical £oss of Cu characteristic nadiation that no signif-
Leant strwetwre information 48 revealed on photopraphs made
duning exposurnes of up to fowr houns. :



EXPERIMENTAL PROGRAMME D31 TO D34, RADIOGRAPHY (4 HOURS)

The perfonmance of programme D31 to D24 s intended to Ampress
upon the siudent that the quality of diagrosiic nadiographs,
both industrial and medical, depends upon the conrect applic-
ation of a hnowledge of the principles of the Froduction and’
Propenties of X-rays.

Although the Fifm Technique 48 used throughout the programme,
no attempt has been made to gfamilianise the student with the
Ampontance of the comrect choice of §4€m type, development,
fixing, posit-exposure density adjusiment, ete; f§or a compre-
hensive treatment of this subject, nrefenence should be made to
standard text books. It is Ampontant howeven Lo recognise
that mishandling of $ilm can nesult in a nadical Loss of
information on a nadiognaph; 4in Zthe Teltron FLbnﬁakA, zhe
double-s4ided fast 4ifm is sealed into p.v.c. envelopes by

the R.F. process; 1ithis sometimes causes pressure Lo be
exented on the edges of the §ifm and furthenmonre, whilst being
handled in the dankroom, the §ifms sometimes become subfected
to creasing and bending.  After processing the radiographs
exhibit dense blfackening akong some edges and occasionally
crescent shaped images in the central negion ; both these
effects ane typical of "pressure exposwre” and LLustrate
that cane should be exercised in handling §ifms.

Blemishes o0f this nature are more confusing when viewing
"shadowghaph” images as a result of exposure to X-radiation
compared with "realistic" images following 'optical' exposuwre.

D31 — CONTRAST (30 MINUTES)

Remove Crystal Post and Jaw.
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kV and uA as specified
k4

D31.1 Place the Lead Mask 584.006 at E.S.28 such that the
exposed portion of the film will be in the top right
hand quadrant.

D31.2 Place Buried Elements 584.002 at £.5.29 with a pin
trapped in the plastic of the surrounding slide to
provide a datum on the exposed film; the datum
should appear in the first exposure in the top right

hand quadrant (see para. DIO).

D31.3 Connect a 100 uA meter to the "monitor tube current"

Jjack socket.

D31.4  lLocate Fiim Cassette 562.013, loaded with a Filmpak
750/2, a2t E.S.30 with the circular frame facing the
X-ray tube.

D31.5 - Select 20kV, 50 pA.
Expose to X-rays for |3 minutes.

D3t.6 Rotate the Lead Mask 90 degrees to expose the second
quadrant.

Select 30kV, 50 pA.
Expose for 40 seconds.
D31.7 Rotate the Lead Mask to expose quadrant 3.
At 30kV expose to 80 pA for 25 seconds.
D31.8 Rotate Lead Mask to expose quadrant 4.
Select 20kV, 50 pA.

Caretully locate Auxiliary Slide Carriage in Mode H
without using either of the Basic Port Collimators.

Locate the Nickel Filter 564.004 at E.S.Z.
Expose for 4 minutes.

Process the film and compare the quadrants.
39

B31.9 A Greek Tragic Mask (the primany image} is silk-screen
printed in white Lead-based ink on a white cand and
then ovenpninted with the Comic Mask (the secondany
image) in black ink.

To neveal the primany image with maximum contrast
against the background as in quadrant 4 nequires soft
nadiation; this is common practice when analysing sub-
fects of a thin-§ifm nature.

The use of 20kYV and the neduction in intensity of wave-
Lengths shorten than CuKa by the Nickel §iften has
nesulted in maximun absonption by the thin Layen of
Lead-based ink; but to achieve good blackening of the
film whene there is no paint has necessitated a Longer
exposune time.

The expeniment could be §urthen extended by an exposure
using the Cobalt Filten 564,008, which eliminates the
CuKa radiation as well as minimising the shonter wave-
Lengths; quadnants should be expesed fon 4, 5, 6 and
7 minutes successively. This, however, treblfes the
total duration of the experiment without introducing
any additional didactic principle.

D31.10 To analyse the texture of the fLead-based ’undercoat’
at maximum contrast, the best nesults are exhibited
by quadnant 2 in conjunction with an eyeglass and
stnong LLLumination,

The paint is seen to comprise panticles of material
nefatively thansparent to X-nays covered by a material
opaque to X-nays and suspended in a Zranspanent
solidified solute, The opaque coating contrasts with
Zhe dnnen panticle sénce the path Length is gneaten
through the edge than across the diameter and the
nadiation is mone absonbed.,

The practice of operating at ithe high density end
(dy)) of the characteristic curve (see para. D8) and
employing intense vieming boxes is more common in
indusirial than in medical nadiography.

D31.1

For medical diagnosis, exposure times are kept to a
minimun and (since an intensifying scheen is not

being employed) the same contrast of quadrant ? could
be achieved in a shonten time by application of the Law
04 Reedlprocity (see para. D§).

Fon quadnant 2, d = 1t = 50 x 40 = 2000 A secs. and
4§ 1= 80 nA then t neduces to 25 secs. as in quadrant
3.

D31.12 Medical radiographens seek to Limit exposures to 1
second and Less; Aif a §lash exposwre of only 0.2
seconds 48 nequired, the Reciprocity caleulation
4indicates that a cunrent of 10mA musit be used to
produce the same contrast as in quadrant 2.

D31.13 Loss of contrast can be caused by scatten, see para.
D17; high Zube curnnents are required in onden to
dehieve adequate experimental results in a neasonabfe
period of time.

Such cuwrents are not avaifable with the Tel-X-(meten
but good evidence of the undesinable effect of



scatrered nadiation 4is apparent in the Debye-Schm.en
photograph of expeniment D28.2, the expesure of which
takes 3 houns at 30kV and §0 pA. )

The blackewing towards the ends of the §ifm ane tend-
4ing to obLiterate the black diffraction Lines which
are the veny featunes which nequine detaifed analysis.

1t can be again deduced, §rom the Law ¢f Reciprocity,
zhat equivalent blackening would be present in a §ifm
exposed fon only §.64 seconds at 100mA and 30kV.

Scattened nadiation is a hazand o adequate contrasi
in industrial and in medical diagnosis and both
disciplines have developed masks, gnills, screens and
blocking media which, when suitabfy placed, minimise
zthe effects of scattered nadiation.

Crystatlographens, however, can narely use ebimination
Zechniques and, when measuning the intensity of
neflections with densitometer instnruments, the con-
tribution due Lo scatter must be estimated grom the
suwvwounding §48m,

D32 — DEFINITION (45 MINUTES)

The Definition on shanpness of images depends to a very Large
extent on the size of the focal spot of the X-ray tube.

kV as
specified
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032.1 Place the Pin-Hole 582.006 centrally in the Crystal
Post adjusted such that the beam passes through the
centre |ine both of the collimator and of the Carriage
Arm (i.e. © = 90° and 26 = 0°).

D32.2 Load Film Cassette 562.013 with a Filmpak 750/2 and
locate at E.S.21; note that E.S5.21 is 16 cms from
the focus, twice that of the collimator at 8 cms and

the set-up thus represents a Pin-Hole Camera.
Select 30kV and 50 pA and expose for | -minute.
Process the film.

Observe that the apparent focus is about lmm in
diameter; the actual focus at the anode is Imm by 5mm,
being the image of the filament, but the foreshortened
view of this represents the apparent focus, which is
sean »1 closer inspectint tn be a Imm square with

reunded corners.

anode T
& cm
pin-hole _—
collimaton
. & em
§4em

D32.3 Remove Collimator, Crystal Post and Jaw.
Place Cracks 584,004 at E.S.29 with a pin trapped in

the surrounding slide as in D31.2.

D32.4  Locate Film Cassette 562.013 loaded with a Filmpak
750/2 at E£.5.30.

Select 30kV and expose for | minute.

Process the film.

The s8ide comprises a thin piece of glass covered on both
sides by papen adhesive tape; nadial cracks have been induced
by sinessing the glass to yield at the centre.

The devekoped {ilm neveals these cracks as dark Lines on a
Lighter backghound; the X-nays have penetrated the paths of
the cracks and are fess absonbed than through the body of the
glass. '

D32.5  Select the quadrant with the greatest number of
cracks and mark the paper covering the slide
accordingly by referring to the datum pin; remove the
pin. :

Throughout all the following eight exposures rotate
both the Cracks Slide and the Lead Mask such that

the marked quadrant is always radiographed.

The natio of the subject/focus distance to the subject/§itm
distance 48 also an dmpontant facton influencing deginition.

D32.6 Place the Lead Mask 584.006 at E.S.29 to expose the
first quadrant.

B32.7 Locate the Cracks 584.004 at E.S.28 with the marked
quadrant in the same angular mode as the Lead Mask.

D32.8 Locate Film Cassette 562.013 loaded with a Filmpak
750/2 at E.S.30.
Select 30kV, 50 pA.
Expose for | minute.

D32.9 Rotate the Lead Mask and Cracks to quadrant 2.
Select 20kV, 50 puA.
Expose for | minute.

D32.10 - Rotate the Lead Mask and Cracks to quadrant 3,
replace Cracks in the correct angular mode at E.S.21.
Select 30kV, 50 pA.
Expose tfor | minute.

D32.11 Rotate the Lead Mask and Cracks to quadrant 4,
replace Cracks in the correct angular mode at E.S.l4.

Select 30kv, 50 pA.

Expose for | minute.

Process the fiim.
Quadnant 2 neveals that 20 heV radiation is not sufficiently
enengetic 2o produce a nadiograph.

Quadnants 1, 3 and 4 show that maximum definition is obtained
when the subjfect/{itm distance is a minimum; +the presence of
penumbha 48 noi obvious in these images but it is apparent
that the Langen the natio between subject/focus and subject/
§4ifm distances the smalfer will be the penumbra and consequent-
Ly the "geomeinie unshanpness” will be neduced.

focus ———

subject

_M—



Magrigication such as exhibited by quadrants 3 and 4 may be
desinable and optimu conadtions must be established fon
maximun degdnition; the greaten the focus/{ilm distance the
Longen the exposure (on the gheaten the intensity). Tndustriak
nadiographens can accept nelatively Large expesures but for
medicak applications this may nesult in funthen unsharpness
due to 'bLux' caused by the movement of the subject;

optimun; conditions must again be based on The maximum tube
cuvent avaifable and the Law ¢f Reciprociiy.

Sharpness can also be seniocusly egfected by vieming angle.

032.12 Roteate Cracks to the same angular mode as in D32.3
and locate it at an angle to the primary beam across

€.5.28 and E.S.25.

D32.13 Locate Film Cassette 562.013 loaded with a Filmpak
750/2 at E.S.30.

Select 30kV, 50 nA.

Expose for | minute.

Process the film.

Compare the film with that of D32.4.

Observe that some cracks have been accentuated whereas
ofhers, although still apparent, have lost their sharp

definition.

A technigue used by indusirial radioghaphers is to mount
elthen the subject on the X-nay tube head such that it can

be oniented nelative to the othen; by using the "fluoroscopy”
method and electronic image intensification, any chracks
Rocated can be angfed to give the shanpest deginition.  Such
cracks often occun whene there i8 a majon change of section
in a casting and the inspector may increase the volilage on
the X-nay Zube to provide greaten penetration thiough the
thicken sections, especially Lf the chack {4 a surface crack
and has not propogated through the material.  The inspecton
thus adjusts the 'sensitivity' of the investigation.

D33 — SENSITIVITY (2% HOURS)

Remove Crystal Post and Jaw.

kV as

KIT 582+584 o 50 nA NORMAL LAB
specified

When, on viewing a radiograph, no anomalies are evident, it
cannot be inferred that no defects or inclusions are present;
they may be there but the practical parameters may not be
sufficiently sensitive for their detection. Information that
any defects that are present cannot exceed a maximum thickness
is a valuable guide to the efficiency of the radiographic

technique.

D33.1 Remove the circular frame from a Fiim Cassette 562.013
and load a Filmpak 750/2.

Remove the keeper plate from magnets 562.008 and place
a magnet on each side of the film cassette such that
the magnet on the 'exposure' face is masking exactly

one haff of the filmpak.

tocate the assembly at E.S.30; the magnet should
mask the left-hand vertical side of the filmpak, as

viewed from the back of the cassette.

D33.2  Locate Lead Mask 582.006 at E.$.28 to expose the top
right=hand quadrant of the film.

D33.3 Aftix the two O.imm thick strips of aluminium to the
flat back of the Aluminium Wedge 562.014, using
adhesive tape, as illustrated.
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Locate the assembly at E.S.27 with the strips forming
an inverted V; raise the slide about Smm from the

bottom of the slot of the carriage arm:

Vs g——

5 mm

D33.4  Select 20kV.
Expose for 10 minutes.

D33.5 Remove the Lead Mask from E.S.28.
Expose for a further |0 minutes.

D33.6 Slide the Magnets across the cassefte to now mask the

already exposed right-hand side of the film.
Select 30kV. -
Expose for 1% minutes.

D33.7 Replace the Lead Mask at E.S.28 to expose only the
top left-hand quadrant of the fiim.
Expose for a further 20 minutes.

Process the film.

A comparison of the quadnants reveals the impontance of
penetration (RV) and intensity (exposure time on tube cuwwrent)
in providing adequate 'contrast' to detect a 0.1mm difference
in the various thicknesses of the Aluminium Wedge.

Obsenve that 20 keV radiation is not sufficiently energetic
to penetrate mone than the back plate and the §inst step of
the wedge (Quadrant 1),

In quadrant 2 the 0.1mm sindp 4s clearly discenible through
the back plate but barely Zhrough the ginst step.

In quadnant 3 the strip {8 nevealed through the §inst and
second steps as well as the back plate.

The sinip 44 uisible through even the thind step and just
discennible in the gfournth and thickest step.

033.8  The steps and back plate are O.75mm thick and the
'sensitivity' exhibited by the quadrants can be

expressed as a percentage of the thickness penetrated.



0.1 mm (stnip)
Sensitivity = - - x 100
Thickness o4 atuip + wedge

Thickness in mm

Back Step Step Step Step

Quadnant Peate ] 2 3 4
‘ 0.85 1.60 2.35 3.10 3,85

] - - - - -

? 12 % 6 % - - -

3 12 % 6% 44 - -
4 - - 43 34 253

Observe, in quadrant 4, that during the longest
exposure the image of the central hole is biurred due
to scatter from the film itself with some contri-

bution from the aluminium of the wedge.

The contrast at Step 4 in quadrant 4 is poor
(similarly Step | in quadrant 2 and Step 2 in quadrant
3) and any further loss of 'definition' would cause

the image of the sirip to be indiscernible.

D33.9 Load the cassette with Filmpak and magnets as in
D33.1.

D33.10 Locate the Lead Mask at E.S.28 to expose the top
right-hand quadrant.

D33.11 Llocate Atuminium Wedge (with strips) at £.5.20 in the
normal manner and not raised by 5Smm.
Select 30kV.
Expose for [0 minutes.

D33.12 Remove Lead Mask from £.5.28.
Expose for a further 10 minutes.

033.13 Remove both Magnets - the film is now unmasked.
Expose tfor 20 minutes.

D33.14 Replace Lead Mask at E.S5.28 to expose the top left-
hand quadrant.

Expose for further 30 minutes.
Process the film.

Observe that even after 50 minutes exposure {Quadrant 4) it
48 verny difficult to distinguish the end of the strip and

4in the thind step discernibility is at its Limit in quadrants
2 and 3.

The increase in §ifm to object distance and the consequent
£Loss of deﬁinit,é;n has thus neduced the sensitivity of the
diagnosis from 2}% 20 3 on even 43.

The qualitative measurement of senditivity is mainly practised
by industrial nadiographens using glat, sitep and wire type
penetnametens or Image Quality Indicatons (1.Q.1).

1.0.1 Sensitivity = dimension of thinnest step on winre x 100
Thickness of specimen

1t is mone difficult 1o employ simifan indicators in medical
dlagnosis, where sensitivity 4s neferrned to as 'good’, 'bad’,
betten', 'wonse', etc. when assessing the extent of Negative
Diagnosdis. :

The employment, 4in the foregoing iwo experimernts, of the

proghressive exposure technique has neduced the total exposure
Lime fon this section, 53 + 140 (193) o 43 + 70 (113] minutes.

D34 — RESOLUTION (45 MINUTES)

Remove Crystal Post and Jaw.

KIT 582+584 20 kv 50 A NORMAL LAB

Even when a defect has been detected, a knowfedge of the
'nesolution’ of the nadiographic process is necessany in
onder to estimate the neal nature of the fault.

D34.1 Mount Porosity, 584.003, at E.S5.27. Locate Film
Cassette, 562.013, without the circular frame and
loaded with a Fitmpak 750/2, at E.S.28.

D34.2  Select 20kV, 50 pA.
Expose for 5 minutes.

Process the film.

The included inon §ilings are nrevealed as white dots and the
trapped bubbles as dark dots.

D34.3  Remove Porosity, 584.003, to E.S.24. Place Lead
Mask 584.006 at E.S.27 to expose one quadrant.

Reload a Filmpak 750/2.
D34.4  Select 20kV, 50 pA.
Expose for 5 minutes.

D34.5 Remove Porosity to E.S.21, E.S.17 and E.S.13 in turn

and rofate the Lead Mask to expose successive quadrants
alternatively.

Expose each quadrant for 5 minutes.

Process the film.

Cbserve the progressive loss of resolution; the
inclusions become more fused as the object to film

distance increases.

The resolution of a radiograph can be quantised by
using special grids which enable the inspector to
determine the number~of 'lines!' per millimetre which

can be seen as discreet images.

STUDENT ENQUIRY

Faulty Weld, 584.005 is included as a practical test for the
student; based on the prcgramme D3l to D34 the student might
measure the thickness of the subject and then

* assess the quality of radiation required (30 kV),

* estimate the tube current and exposure time to give the
required intensity (125 pA min),

* determine the location of the defect (use pin datum) and

* estimate the size and nature of the defect (the method used
to induce the fault in the otherwise high quality butt weld
always produces inciusions and frequently some porosity but

not with each and every fault).
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RADIATION UNITS AND MEASUREMENTS, D35 TO D40 (3 HOURS)

Throughout the entire series of experiments, from DI to D34 ,
the X-ray emission has been cefined by its wavelength and
in+ensify, the latfer in etfect being the power of X-rays to
produce ionisation, whether in a photographic emulsion, a
Geiger— MUl ler tube or an lonisation Chamber; a similar state
of affairs existed from the time of Professor Wilheim RBntgen's
discovery in 1895 until the First International Congress of
Radiology was convened at Stockhclm in 1928. Then, in honcur

of the Professor's work, the "power of X-rays to produce
jonisation” was defined as the 'roentgen' and given the

symbo! R where
1 R = | esu of ionic charge |iberated per.cm3 of air at STP.

Since the.CGS system is no longer generally preferred, the
est is replaced by the Coulomb, where | Coulomb = 3 x lOg esu
and the volume of air at STP is defined by mass which for

| cm> of air is 1.293 x 1070 kg.
! |
3% 107 1,293 x 1070

1R - = 2.58 x 10°% ¢ kg™l

In experimental programme D3 an lonisation Chamber is used to
detect the presence of ionising events in the enclosed volume
of air; the results are recorded in terms of amperes, A and
making use of the definition 'Coulombs per second', the above
equation may be rewritten

1 Rsec™! = 2.58 x 1074 A kg,

This is the "exposure dose rate" and the term is applied only
to electro-magnetic radiation; thus it is also used when

measuring exposure to gamma radiation.

D35 — EXPOSURE DOSE RATE {1 HOUR)

Remove Crystal Post and Jaw.

KIT 5824584
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kV and uA as specified

D35.1 Remove the plastics window which incorporates the
evacuation manifold from the lonisation Chamber, 588
and measure the internal diameter, d and length, L

ot the chamber.

. d2 3
Calculate the enciosed volume of air, wd“L/4 cm™.
Calculate the mass of this volume.

M= (nd?L/a)x 1.293 x 1070 kg.

Specifically for an lonisation Chamber of the volume
of TEL 588 therefore the calibration factor, F is

given by
i - ~
| ampere = " x 60 R min .
2.58'x 10 7 x M
whence F - 4.58 x 10° Rmin
and conversely
( Rmin™' = 21.85 x 107" A,

but this is not an absolute equivalent since the air

in the lonisation Chamber is not at STP.

D35.2 Do not replace the evacuating plastics window but
mount the lonisation Chamber with the plastics flange
supporting the anoce at £.5.26 and the alternative
plastics flange with the central hole supporting the
front of the chember at £.5.13.

Connect up the circuit as illustrated at para. D3 to

a DC Ampiifier with a facility to measure currents down
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-12 .
tc 10 amps and polarise the lonisation Chamber using

a power supply with a8 dc output variable to 500 volts.

D35.3 Set the potarising voltage Vp at 300 volts and
select 20 kV.

Tabulate the collector current Ic for increments of
X-ray tube current Ia’ moritoring this by means of an

external meter; complete the Table and plot the graph.

Dose nate

10

20
30

40
50

60

70

80

1.07 Rmin

0 1 L] T 1]
0 20 40 60 g0 x10°¢

The non-Lineanity of the graph i8 due to the §inite negufation
04 the high voltage supply; as the tube cuwvrent is incneased
50 the e.h.t. dnifts sLightly and consequently the radiation
emitted will be manginally Less enengetic and thus monre ab-
sonbed by the glass of the X-nay tube and by the ain traversed.

The non-Linearity is not 50 apparent with the harden nadiation
emitted fon 30 kV anode voltage , see next paragraph.

The graph represents the dose rate at the mid-point of
the lonisation Chamber, some |5 cm from the X-ray source
(about G.7 R min—I at 50 uA tube current and 20 kVJ).

D35.4 In 1968 the International Commission on Radiological
Protection adopted a report (ICRP Publication 13) which
recommends that the exposure under maximum operating
conditions does not exceed 0.5 mR in one hour at a
distance of 5 c¢cm from the shielding, measurements being

averaged over an area of 10 cm3 (about 3.6 cm diameter).

The X-ray beam impinges cn the scatter shield about
25 ém from the anode; the theoretical exposure 5 cm
beycnd this and without the scatter shield can be cal-

culated by applying the Inverse Square Law, see D8.



Select 30 kV and record the collector current, Ic at
tube currents, la of 20, 40, 60 ang 80 pA.

K min

4
Iy To xFh e 1
x 1678 x 10777A) R min! 31 :
20 R i
Z i
40 1
60 1 :
0 x 1078 :
0 . . |
0

0 20 40 60 3

The theoretical exposure at 30 kV and 8C pA (maximum
operating conditions) and 5 cm beyond the scatter shield
thus is R x (IS/SO)Z, typically 55 R in one hour ang

averaged over an area of =nd /4 cm.

The radiation of the primary beam must therefore be

severely attenuated.

D35.5 Rest the Shielding Plastic 562.029 in front of the open

end of the lonisation Chamber to attenuate the beam.
Select 30 kV, 80 uA.

Measure the colliector current, lc allowing time for the
amplifier to stabilise; currents of the order of
1.5 x IO—'2 A .are typical.

D35.6 Calculate the reduced exposure and determine the
percentage transmission, T relative fo the dose rate
at 80 uA recorded in D35.4 (typically 0.25 % ).

D35.7 Estimate the reduced dose rate at 5 cm from the
scatter shield as in D35.4.

This is in excess of 100 mR hr'-l and so the plastics
material of the scatter shield by itself does not

provide adequate attenuation of the primary Béam.

D35.8 Remove the Shielding Plastics and place the Lead (0.5mm)
562.028 in front of the open end of the lonisation

Chamber.

Observe that the collector current is reduced to zero.

The primany beam backstop affixed to the scatter shiefd
compnises a sheet of Lead, 1 mm thick sandwiched between the
plastics matenial and the aluminium extennal plate ; the
primany beam is thus totally absorbed by the backstop3.

D35.9 The Shielding Flastic has been shown to have attenusted

the primary beam by some 55 R hr—|

. The phctons not conly
ionise the plastics material but they also experience
Compton and ccherent scattering; the roentgen, by
definition applies only to a mass of air and hence

cannot be used for the plastics material.

There is therefore a need to express not only the
ionisation effect but also the total energy extracted

from the X-ray beam by a particular material.

D36 — RADIATION ABSORBED DOSE, THE RAD.

In 1953 the #rad was introduced as strictly a measure of the
absorbed dose in a specified material without reference tc the

type and energy of the radiation, not just X-rays.

| nad = 100 ergs per gramme

and in contemporary units

!t nad = 107% Joules per kilogramme.

The average energy required to produce an ion pair in air is
34 eV or 34 x 1.6 x 107'°

the radiation absorbed by the air in the lorisation Chamber can

Joules, since | eV = 1.6 x 1077y

B

therefore be readily calculated in terms of nrad .

D36.1 1f n is the number of ions resulting from an exposure
of )} R in air then
no= B 28 x10% /16 x 1079 ) kgL
e

The energy thus absorbed

~19 -1
Eabd =nx34x 1.6 x 10 J kg

or 0.877 nad per roentgen.

D36.2 The energy absorbed by a medium other than air is given
by the equation
u_ medium

m -1
Eabb = :ﬁ;—QﬁTr—- x 0.877 nad R

where L is the mass energy absorption co-efficient.

This ratio is dependent on the wavelength where X-rays are

concerned and also on the atomic number Z of the medium.

However the #nad was primarily introducea as a practical
unit for radiation protection and for soft tissue the

relationship is reasonably constant at 0.98 rad R_'.

This is very nearly | nad and for most practical
purposes relating to biological protection a measure of
exposure in air expressed in roentgens can be taken as

giving the absorbed dose in soft tissue in aad.

For materials other than soft tissue the energy absorbed
cannot be taken as the roentgen air equivalent due to the
often very marked difference in the mechanism of the
absorption process.

The absorption properties of elements of similar atomic
numbers and hence electron densities reveal substantial
differences tor 'qualities' of radiation even as similar
as CuKg and CuKa.

D37 — THE QUALITY FACTOR, QF (50 MINUTES)

KIT 582

+ TEL 588 30 kv 80 HA

NORMAL LAB

The main characteristic radiations of Copper can be segregated
from the 'white' radiation using the diffraction properties of
a crystal, see pars. DI4.

D37.1 Mount an LiF crystal, 563.005 in the crystal post with
the matt face of the crystal in the primery beam.

D37.2 Zero set the Carriage Arm and Slave Plate as precisely
as possible.

D37.3 With the lonisation Chamber located between E.S.13 and
E.5.26, rotate the carriage arm to 26 = 45°.

D37.4 Connect the lonisation Chamber to the amplifier circuit
and polarise fo 300 volts.

D37.5 Select 30 kV, 80 uA.

12 A

and with further attenuation .accurate measurements would

Observe  that the current in the chamber is about 10~

require the use of an expensive DC Amptifier.
There is clearly a need for improved detection sensitivity.
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1§ it is Angended to cortinue wiith experdiments using diffenent
presdsunes ch gases then it {8 necemmended that the evacuating
plastics window fLange be mounted, the percentage thansmission
determined and the calibration curve of 0P35.4 corrected
accorndingly.

For the punposes cf this programme a G. M. Tube 48 used for
improved sensitivity, see D3.

D37.6 Switch off the polarising supply to the lonisation

Chamber and remove the chamber from the Carriage Arm.

D37.7 Mount G.M. Tube 546 with the Tube Holder 547 located
at £.S.22 and connect to a Ratemeter capable of

integrating up to 5000 counts per second.

D37.8 Locate Cotlimator 562.G15 at E.S.13 with the | mm

siot vertical to discriminate for the CuKa radiation

at 20 = 45°.

Select 30 kV, 80 uA.
Record the count rate, 10 in the collimated beam of

CuKa radiation.

037.9 Rotate the Carriage Arm to 20 = 403° to intercept the

CuKB radiation and likewise record the count rate.

D37.10 Locate in turn the filters of Zn, Cu, Ni and Co at
E.S.14 and tabulate the results.

Trhansmission

CuKs CuKa

cpd 1/1 % cps 1/1

e

in

For equal doses of alpha and X-radiation, the alpha
particles cause 10 times more damage per rad to
biological tissue and in 1955 the term Relative
Biological Effectiveness, RBE was introduced. this
term relates the absorbed dose of defined X- and gamma
radiation to that of other radiation.producing identi-
cal biological damage and since 1962 the RBE has been
generally confined to radiobiology and furthermore

the conditions of measurement must be precisely

recorded.

The term QF is currently preferred for the analysis
of radiation protection; both the RBE and QF depend
on the Linear Energy Transfer, LET of a particle in
traversing a medium and this effect is already taken

into account in the Table.

Difterent radiations may be present at any one time,
for example, outside the shielding of a cyclotron and
it is necessary to equate the effects of the various

exposures.

D38 — RADIATION EQUIVALENT MAN, THE REM (50 MINUTES)

KIT 582 kV and pA as specified NORMAL LAB

The dose equivalent can be defined as the probability of
the development of a particular biological effect; in xem
it represents the asbsorbed dose, in rad multiplied by all
appropriate factors such as QF.

D38. 1 Calculate the dose equivalent of the following combined
radiations detected in the vicinity of a cyclotron.

Radiation Dose rate QF m nem !

Cu

L B

Gamma-rays 0.5 mR !

The presence of the absorption edges of Ni and Co
introduce abrupt differences in the progressive
increase or decrease in transmission with atomic

number, see paras DI6, D!7 and DI8.

Relative to biological exposure only these 'quality'
effects are not very prominent for X- and gamma
radiation but they are very different for the

absorption of particle radiation.

D37.11 In making health physics measurements a Qual ity Factor
QF is introduced in order o assess the biclogical

effect of different radiations.

Rédiation ' oF
X- and gamma rays 1
ELectrons | and beta nadiation ) 1
Thenmak neuthons 3
Fast neutrons 10
Protons - I 10
Alpha nadiation : 10
Heavy <ons 20

45

Thenmat neutnons| 0.2 muad hn

Fast neutrons 0.1 mad b’
Total monitoned 0.8 mad lm"’ Total dose
dose nate ' & equivalent

For X-rays and. relevant only to health physics measure-
ments

1R = 1rad = 1 2em

The maximum intensity outside the primary beam of the
Te!-X-Ometer is associated with CuKa radiation; in
order to estimate the dose equivalent beyond the
scatter shield the G.M. Tube must be calibrated.

D38.2 With the Carriage Arm in the primary beam, mount the
G.M. Tube and Holder assembly at E.S.22; the mid-point
of the G.M. Tube is |15 cms from the anode of the X-ray

tube, as was the lonisation Chamber.
Ensure that the crystal jaw and post are removed.

The G.M. Tube will saturate when exposed to the full

beam and severe attenvation is required, see D4. -
D38.3  Locate Colfimator 562.015 at E.S.13 with the Imm siot

verticai.

Locate Coliimator 562.016 at E.S.14 with the 3mm siot
horizontal.



The primary beam is thus reduced To a rectangle
0.1 x 0.3 cm at the end window of the tube.

Select 20kV.
D38.4 Ensure that the G.M. Tube is correct!y polarised, see
D.4 and tabulate the count rate 1 _ tor increments of
X-ray tube current Za monitoring this by means of an
external meter.
D38.5 The dose rate has been reduced from that of D35.3 by
the crossed collimators.
Calculate the collimator tactor, §-
Area of collimated beam
Area of lonisation Chamber
Complete the Table and plot the graph.
Dose rate
1, grom X § Ig
035.3
-6 . -1 . -1
x 10°°A R min mR min cps
10
20
30
40
50
60
70
3000
2000 -
1000 -
D38.6 Remove the collimetors and replace the LF crystal in

fThe crystal post.

Rotate the Carriage Arm to 26 = 45°.

Select 30kV and close the Scatter Shield.

Mount the G.M. Tube and Holder outside the Scatter
Shield using a retort stand or similar device at a
height and direction to intercept the CuKa radiation;
the mid-point of the G.M. Tube should be 5 cm from the

surface of the plastic.

Select 80 uA and, using a Scaler, record the total
number of counts over 100 seconds; 3 cps is typical

and therefore a ratemeter is not suitable.

Such a count rate is too small to read the exposure
on the graph of D38.5. However, the graph is nearly
linear up to 2C00 cps and the exposure can be deduced

from the equivalent exposure at 1000 cps.

Adequate safeguond against excessive exposwre can be obtained,
as An the case of the Tel-X-Ometexr, by both working at a Lange
eriough distance §rom the source and by using shielding
materials .

But most Anstnuments used to moniton the exposure in a working
area sample only a naviw portion of the nadiation and when
estimating wonking times on shielding parameiens an account
musi be made of the area cf the primary beam.

D39 — BUILD UP FACTOR (20 MINUTES)

KIT 582+584 30 kv 50 yA NORMAL LAB

In standard works of reference the shielding efficiency of a
range of constructional materials is given in terms of

"narrow beam" or "broad beam" conditions.
D39. 1 Locate the G.M. Tube and Holder at E.S.22.

Mount the Collimator 562.015 at E.S5.13 with the Imm
slot vertical and Collimator 562.016 at E.S.14 with

the 3mm slot horizontal.
Select 30kV, 50 pA.
Record the count rate.

D39.2 Insert Collimator, Imm tubular, 582.002 into the Basic
Port.

Record the count rate and calculate the percentage

reduction of the exposure.

D39.3 Clamp one edge of the Shielding Plastic 562.029 on
the crystal post and rotate the slave plate until the
shielding plastic intercepts the primary beam at right
angles to the beam axis.

Record the counts over a period of |10 seconds using a

scaler.
D39.4 Withdraw fhe collimator from the Basic Port.

Record the counts over a period of 10 seconds using a
scaler and calculate the percentage reduction of

exposure.

Compare with D39.2.

The build-up of radiation monitored in the broad-beam
[typically 20%) is due to the collection of hadiation
scattened by the absonber; the methods of cafeufation of
build-up factons are complex and it is usually sufficient
to nefen to publLished tables and chants.

1% is neventheless siandand practice, whenever possible,
to perform an experimental measurement of dose hate at the
shielded position and then neview this in tenwms of the
geometrical nelationships of the sounce, any shielding and
the detector.

VERY IMPORTANT NOTE:

I T SHOULD BE NOTED THAT THE CALIBRATION OF THE G.M. TUBE IN
THIS PROGRAMME. IS NOT ABSOLUTE AS |T IS RELATED -TO A VERY
SIMPLE |ONISATION CHAMBER WHICH HAS BEEN DESIGNED FOR DIDACTIC
PURPOSES ONLY; FURTHERMORE, THE APPROXIMATE CALIBRATION IS
VALID ONLY FOR THE PARTICULAR G.M.TUBE, SINCE THEY VARY QUITE
CONS1DERABLY AND, DUE TO THE PREVAILING GEOMETRICAL CONDITIONS,
IT IS ONLY VALID FOR TEL-X-OMETER MEASUREMENTS.

THIS CALIBRATION SHOULD NEVER BE USED FOR EXPERIMENTAL WORK
WITH OTHER X-RAY UNITS OR FOR o , B AND y RADIATION MEASUREMENTS.
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D40 — INTRODUCTION OF S.I. UNITS

Most of the definitions given in this instructional programme
are still commonly quoted aithough the International Commission
on Radiological Units and Measurements (1.C.R.U.) issued
Report No. 19 in July 1971 recommending that the following
definitions be adopted in or by 1978.

D40.1 Exposure, — X.

The roentger, R is accepted as & special unit of
exposure, X.

B "

X =

where dQ is the absclute value of the total charge of
the ions of one sign preduced in air when all the
electrons (negatrons and positrons) liberated by photons
in a volume element of air whose mess is dm are

completely stopped in air.

The word 'dose' is deliberately omitted and retained

only for the term absorbed dose.

DA40.2 Exposure rate, —— X.

The quotient of roentgen by a suitable unit of time
(R mén—l, mR k! etel) is accepted as a special unit

ot exposure rate, X.

where dX is the increment of exposure in the time
interval dt .

DA40.3 Absorbed dose, —— 7.

The nad is accepted as a special unit of absorbed

dose, D. _
de
L
where dE is the mean energy imparted by ionising
radiation to the matter in a volume element and dm is

the mass of the matter in that volume element.

A5 with exposure and exposure rate so

- dD
0=

where 13 is the Absorbed Dose Rate.

D40.4 CQuality Factor, Q.

The symbol Q is preferred to the former QF; for X-rays

this factor is I.

D40.5 Dose equivalent, — H.

The haem is accepted as a special unit of dose

equivalent, H.
H=DxQxN

where N is the product of any other modifying factors
such as those allowing for distribution ot absorbed dose
in space and time. This factor is currently assigned a

value of 1 for external sources such as the Tel-X-Cmeter.

D40.6 Maximum permissible level, —— MPL.

For radiation protection relative only to X-rays and 1o

soft tissue

47

ICRF Fublication 13, 1968 recommends the following

maximum permissible levels per year for school exposure:;

Gonads and nred bone marrow 50 mrem

Skin, bone and thyroid 300 mrem

Thyrodd for children unden 16 | 150 mrem

Leg and wun extremities 750 mrem

Cthen single organs 150 meem
Adherence to these MPL figures will "prevent or minimise

somatic injuries and minimise the deterioration of the

genetic constitution of the populfation".

The duration of the entire programme DI to D39 is about
75 hours, including some 42 hours film exposure time.
Presuming therefore that the student will be working in
close proximity to the Tel-X-Ometer, even during film
exposures and thus be exposed to a maximum exposure rate
of 0.5 mR per hour, the total absorbed dose will not
exceed 38 mrem.



TABULAR SUMMARY APPENDIX A

RECOMMENDEC  ACCESSORIES
5 _ ce |8 S8y 5| 2
E, o DESCRIPTION §§l§ ég Lé-' 2 g EQ&, x E E -
g4 o RE R el s B 22282 2|83
x z EXPERIMENT E %218l 2G| E|g| 3| Pl
HR MIN | HR MIN i 5821583 | 584587 | 588 546] 547806 | 807} 808 {613 | 750/2} 750/4]
DETECTION (2 Hours)
] The R'c')nfgen Observation - 15 - X X
D2 “he Spark Gap - 10 - x x
D3 The lonisation Chamber 1,0 - X x| x
D4 The Geiger-Muiler Tube - 20 - x x
D5 Photographic Detecticn - 5 - x 2
D6 The Photographic Process - 5 - x x !
PROPERTIES (2 Hours)
D7 Rectilinear Propogation - 10 - X |
b8 Inverse Square Law - 15 - X 1
D9 Deflection Effects - 15 - X X X
Dio Penetration and Absorption - 45 - X X X X i
DI The Phantom - 40 - X X 3
ELECTROMAGNETIC RADIATION AND THE QUANTUM THEORY (10 Hours)
DI2 Diffraction of X-rays, lLaue - 15 1, C X }
Di3 Wavelength by Diffraction Grating - -
Di4 Wave length measurement, Bragg 1., 30 - X X X
D15 X-ray emission 1, 15 - X x | x
Dl6 X-ray absorption t, O - X x | x
D17 X-ray scattering - 50 - X x| x
D8 Moseley's law - 30 - x | x X | x
D19 Fine Structure I, 0|3, O x | x |
CRYSTALLOGRAPHY (45 Hours)
D22 Atomic Size . - 20 - x X X X
D23 Unit Cell, one dimension - -
024 Co-ordinates - 30 - X
025 Unit Cell, two dimensions - 40 - X X X X
D26 Unit Cell, third dimension 2, 0}4, O X X X |
027 Powder Analysis 2, 00, O X X (x) 3
D28 Crystatl Systems l, 3 jic, O X X (x) 3
029 Material State 1, O}J6, O X X X 2 !
D30 Material Compositions i1, 0}l6, ©C x X (x) |
RADICGRAPHY (4 Hours)
D31 Contrast - 30 - X X !
D32 Definition - 45 - X x 4
D33 Sensitivity 2, 15 - x x 2
034 Resolution - 45 - X x 2
RADIATION UNITS AND MEASUREMENTS (3 Hours)
D35 Exposure Dose Rate i, O - 3 X X x | %
D36 The RAD - -
037 Quality Factor, QF - 50 - X X X X X | x
D3¢ The REM - %0 - x x X
C39 Build up facter - 20 - X X . X x | x
D40 S. 1. Units - -
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APPENDIX B TEL-X-OMETER ACCESSORIES

R DESCRPTION Se2 | 5ea | sea | seer. iova
562.007 Maltese Cross X
008 Magnetic Field x
008 FPlain Electrode (2) X
G112 Phantom X
013 Film Cassette, nc backstop X
ol4 Aluminium Wedge X
oie Collimator, Imm slot x
016 Col | imator, 3mm slot x
017 Atuminiuvm, O.lmm X
018 Alurinium, C.25mm x
019 Aluminium, 0.50mm X
020 Afuminium, [.Omm x
0z Aluminium, 2.0mm X
028 Lead, 0.5mm X
029 Shielding Plastic X
034 Film Cassette, with backstop X
033 Blank Slide X
563.005 Crystal, LLF x
564.001 Rotary Radiator & Actuator X
002 Filter, Fe X
003 Filter, V X
004 Filter, N X
5 Filter, Mn X
00e Filter, Cu x
007 Filter, Cx X
008 Filter, Co X
009 Fitter, In x
567.004 Glass fibres T x
005 Powder, Mgo X
008 Spindle Clips (5) x
582.001 Col | imator, Imm slot X
002 Col | imator, Imm tubular X
003 Luminescent Screen X
004 Crystal, NaCl X
005 Auxiliary -Slide Carriage X
006 Pin Hole X «
Q07 Mini-Crystatl, L{F (2) X «
008 Powder, L{F X «
583.001 Crystal, KCL X
002 Crystal, RbCL X
003 Reciprocal lLattice Calculator
584.002 Buried Flements X
003 Porosity X
004 Cracks X
005 Faulty Weld X
G006 tead Mask X
585.001 Powder, NaF x +
002 Powder, SiC x «
003 Wire, Nb (3 x I5mm) x -
004 Powger, NH,CL X +
005 Wire, AL (3 x 15mm) X “
006 Polyethylene Monofilament (10) X -
007 Blank Superslide x «
o8 Powder, AL X «
009 hcetate Cement X «
586.000 Powder Camera X +
003 Samp le Tube Wires (10} x +
546 G. M. Tube, MX168
547 G. M. Tube holider
587 Motorised Drive Unit «
588 lonisation Chamber +
750/2 Filmpak, for radiographs (20)
750/4 Fitmpak, for powder camera (12)
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